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Energetic salts comprised of substituted 1,2,4-triazolium and tetrazolium cations and 3-nitro-1,2,4-tri-
azolate-5-one (NTO), 5-nitroimino-tetrazolate, 3-nitro-5-trifluoromethyl-1,2,4-triazolate, 3,5-dinitro-1,2,4-
triazolate, 4,5-dinitro-imidazolate, 3,5-dinitro-pyrazolate, and 5-nitro-tetrazolate anions were synthe-
sized and characterized. The structures of 3-amino-1,2,4-triazolium 3-nitro-5-trifluoromethyl-1,2,4-triazolate
(6), and 1-propyl-1,2,4-triazolium 5-nitroimino-tetrazolate (20) were confirmed by X-ray analysis. Standard
enthalpies of formation were calculated using the computationally feasible DFT(B3LYP) and MP2 methods
in conjunction with an empirical approach based on densities of salts. Cheetah 4.0 was used to calculate
detonation properties. Salts2, 14, 20, and21 fall into the ionic liquid class (mp< 100 °C).

Introduction

The synthesis of energetic heterocyclic compounds has
attracted considerable interest in recent years,1-7 especially
the syntheses and application of new members of heterocyclic-
based energetic, low-melting salts.8,9 Energetic materials that
are salt-based often possess advantages over nonionic
molecules since these salts tend to exhibit lower vapor
pressure and higher densities than their atomically similar

nonionic analogues. The cation is generally a bulky organic
nitrogen-containing heterocycle with low symmetry. The
anions most frequently are inorganic, such as nitrate,8,9,10e

perchlorate,8,9,10edinitramide,8,9c,10azide,10e and tetraazidobo-
rate.11 However, reports are available that describe ionic
liquids with organic anions, such asR-cyano-4-hydroxy-
cinnamate, anthraquinone-2-sulfonate,12 salicylate and lac-
tate,13 imidazolate and triazolate, tetrazolate, and picrate.9,14,15
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Some metal salts composed of organic anions, such as lithium
4, 5-dicyano-1,2,3-triazolate, were reported as electrolytes,16

and alkali metal salts of 5,5′-azotetrazolate were also
synthesized as potential explosives.9d,17

3-Nitro-1,2,4-triazol-5-one (NTO), an explosive of low
sensitivity, has several desirable features, such as a slightly
negative heat of formation (-101.1 kJ/mol) and high density
(1.93 g/cm3).18 It is a dibasic acid (pK1 ) 3.76, pK2 )
11.25),5 and because of its acidic nature it is possible to
synthesize its salts with metals18,19 and organic bases.5,18,20

The main explosive characteristics of NTO salts with
ethylenediamine, guanidine, and amino-, diamino-, and
triaminoguanidine have been studied in detail.5,18,20All these
salts are less sensitive than RDX (1,3,5-trinitro-1,3,5-
triazacyclohexane), HMX (1,3,5,7-tetranitro-1,3,5,7-tetraaza-
cyclooctane), and triaminoguanidinium nitrate. Another
example of a superior precursor to energetic salts is the
dibasic acid, 5-nitroaminotetrazole,21 whose heat of formation
is +252.3 kJ/mol21d and density is 2.06 g/cm3. Earlier
advantage was taken of its acidity (pKa ) -0.72( 0.50) to
synthesize salts with organic bases, such as pyridine,
N-diethylaniline, ethylenediamine, and guanidine.21abeFew
thermodynamic studies on the salts were carried out.
Recently, we have reported the syntheses of energetic
azolium-azolate salts.9e,f

In this work, new energetic salts containing either energetic
substituted triazolium or tetrazolium cations and 3-nitro-
1,2,4-triazolate-5-one, 5-nitroimino-tetrazolate, 3-nitro-5-
trifluoromethyl-1,2,4-triazolate, 3,5-dinitro-1,2,4-triazolate,
4,5-dinitro-imidazolate, 3,5-dinitro-pyrazolate, and 5-nitro-

tetrazolate anions were synthesized with concomitant deter-
mination of structural and thermal properties.

Experimental Section

Caution: Although we experienced no difficulties in handling
these materials that possess positive heats of formation and rather
impressive detonation properties, they should be handled in very
small amounts using the best safety practices.

General Methods. 1H and13C NMR spectra were recorded on
a 300 MHz nuclear magnetic resonance spectrometer operating at
300.13 and 75.48 MHz, respectively, using DMSO-d6 as solvent
unless otherwise indicated. Chemical shifts are reported relative to
Me4Si. The melting and decomposition points were obtained on a
differential scanning calorimeter and a thermogravimetric analyzer
at a scan rate of 10°C/min, respectively. IR spectra were recorded
using NaCl plates for neat liquids and KBr pellets for solids.
Densities of ionic liquids were measured at room temperature with
a pycnometer. Densities of solid salts were obtained at room
temperature by employing a Micromeritics Accupyc 1330 gas
pycnometer. Elemental analyses were determined using a CE-440
elemental analyzer.

X-ray Crystallography. Crystals of compounds6 (20) were
removed from the flask, a suitable crystal was selected and attached
to a glass fiber, and data were collected at 89(2) K using a Bruker/
Siemens SMART APEX instrument (Mo KR radiation,λ ) 0.71073
Å) equipped with a Cryocool NeverIce low-temperature device.22

Data were measured using omega scans of 0.3° per frame for 40 s
for both, and a full sphere of data was collected. A total of 2400
frames were collected for each structure with a final resolution of
0.83 Å. Cell parameters were retrieved using SMART23 software
and refined using SAINTPlus24 on all observed reflections. Data
reduction and correction for Lp and decay were performed using
SAINTPlus. Absorption corrections were applied using SADABS.25

The structures were solved by direct methods and refined by least-
squares method onF2 using the SHELXTL program package.26

The structure of6 (20) was solved in the space groupP2(1)/n (P1h)
by analysis of systematic absences. All non-hydrogen atoms were
refined anisotropically. Diffraction for6 was very weak with little
high-angle data for the four ion pairs per asymmetric unit. No
decomposition was observed during data collection. Details of the
data collection and refinement are given in Table 1. Further details
are provided in the Supporting Information.

1-Propyl-1,2,4-triazole,27 1-amino-1,2,4-triazole,9b 3-azido-1,2,4-
triazole,9a 1,5-dimethyl-tetrazole,9a 1,5-diamino-tetrazole,10g 3-nitro-
1,2,4-triazol-5-one,28 3,5-dinitro-1,2,4-triazole,29 3,5-dinitro-pyra-
zole,30 5-nitro-tetrazole,31 and 5-nitroamine-tetrazole21e,f were
synthesized according to literature procedures.
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3-Amino-1,2,4-triazolium 3-Nitro-1,2,4-triazolate-5-one (1).
Compound1 was synthesized according to the literature,20b mp 242
°C; IR (KBr) 3458, 3159, 3043, 2438, 1804, 1689, 1623, 1518,
1381, 1313, 1156, 1114, 1060, 1028, 941, 867, 833, 777, 715, 674,
620 cm-1; 1H NMR δ 5.86 (s, 2H), 7.51 (s, 1H), 12.66 (s, 3H);
13C NMR δ 156.71, 156.42, 150.52, 145.68.

1-Amino-1,2,4-triazolium 3-Nitro-1,2,4-triazolate-5-one (2).A
dry, nitrogen-filled Schlenk glass tube was charged with 1-amino-
1,2,4-triazole9b (0.084 g, 1.0 mmol), dry methanol (5 mL), and
3-nitro-1,2,4-triazol-5-one28 (0.130 g, 1.0 mmol). The mixture was
stirred 8 h atroom temperature. The solvent was evacuated under
vacuum overnight to give a white solid (1): 95% yield (0.20 g),
mp 71 °C; IR (KBr) 3316, 3219, 2809, 2479, 1715, 1548, 1469,
1373, 1206, 1131, 1016, 990, 877, 854, 827, 793, 755, 729, 676,
621 cm-1; 1H NMR δ 6.53 (s, 2H), 7.81 (s, 1H), 8.29 (s, 1H),
12.81 (s, 2H);13C NMR δ 154.21, 148.79, 147.83, 142.17. Anal.
Calcd for C4H6N8O3‚0.5H2O (MW ) 221.3): C, 21.52; H, 3.14;
N, 50.22. Found: C, 21.50; H, 2.39; N, 50.21.

4-Amino-1,2,4-triazolium 3-Nitro-1,2,4-triazolate-5-one (3).
Compound3 was prepared the same as2 from 4-amino-1,2,4-
triazole (0.084 g, 1.0 mmol) and 3-nitro-1,2,4-triazol-5-one28 (0.130
g, 1.0 mmol) to give a yellow solid in 96% yield, mp 131°C; IR
(KBr) 3319, 3215, 3151, 3100, 2951, 2357, 1964, 1908, 1638, 1521,
1383, 1307, 1273, 1213, 1172, 1049, 1022, 987, 897, 773, 740,
665, 621 cm-1; 1H NMR δ 6.21 (s, 2H), 8.38 (s, 1H), 12.80 (s,
2H); 13C NMR δ 155.95, 149.61, 145.53. Anal. Calcd for C4H6N8O3

(MW 214.2): C, 22.44; H, 2.82; N, 52.33. Found: C, 22.21; H,
2.53; N, 52.04.

1-Methyl-5-amino-tetrazolium 3-Nitro-1,2,4-triazolate-5-one
(4). Compound4 was prepared the same as2 from 1-methyl-5-
amino-tetrazole9a (0.099 g, 1.0 mmol) and 3-nitro-1,2,4-triazol-5-
one28 (0.130 g, 1.0 mmol) to give a white solid in 95% yield, mp
187°C; IR (KBr) 3320, 3158, 2742, 2552, 2455, 2378, 2015, 1716,
1665, 1595, 1547, 1483, 1354, 1321, 1184, 1092, 1007, 827, 789,
756, 729, 677 cm-1; 1H NMR δ 3.70 (s, 3H), 6.65 (s, 2H), 12.78

(s, 2H); 13C NMR δ 157.31, 155.91, 149.53, 32.96. Anal. Calcd
for C4H7N9O3 (MW 214.2): C, 20.97; H, 3.08; N, 55.01. Found:
C, 20.74; H, 3.02; N, 54.51.

3-Nitro-5-trifluoromethyl-1,2,4-triazole (5). 3-Amino-5-tri-
fluoromethyl-1,2,4-triazole5b (3.04 g, 20 mmol) was slowly added
to a solution of sodium nitrite (1.58 g) in concentrated sulfuric acid
(7.0 mL) at 0-5 °C. After 1 h, water (50 mL) was added at a
temperature not exceeding 5°C. The mixture was well-stirred and
then poured slowly into 50 mL of a 40% aqueous solution of sodium
nitrite (20 g) at 35-40 °C. The mixture was set aside at room
temperature overnight and then extracted three times with ethyl
acetate and dried over MgSO4. A colorless liquid was obtained,
55% yield,Rf ) 0.35 (hexane/ethyl acetate) 2:1). IR (NaCl) 3080,
2701, 1955, 1711, 1625, 1562, 1479, 1400, 1345, 1311, 1177, 1002,
839, 752, 656 cm-1; 1H NMR (acetone-d6) δ 11.0 (s, 1H);13C NMR
(acetone-d6) δ 158.56, 148.87 (q,JC-C-F ) 41.50 Hz), 117.38 (q,
JC-F ) 272.89 Hz);19F NMR (acetone-d6) δ -65.90 (s, 3F); GC-
MS (EI) m/z 182 (M+, 30), 163 (25), 154(13), 137(34), 117 (2),
88 (6), 76 (11), 69 (100), 46 (94), 41 (16). Anal. Calcd for C3-
HN4O2F3‚0.05CH3COOC2H5 (MW ) 186.4): C, 20.60; H, 0.75;
N, 30.04. Found: C, 20.67; H, 0.69; N, 29.89.

3-Amino-1,2,4-triazolium 3-Nitro-5-trifluoromethyl-1,2,4-tria-
zolate (6).Compound6 was prepared the same as2 from 3-amino-
1,2,4-triazole (0.084 g, 1.0 mmol) and 3-nitro-5-trifluoromethyl-
1,2,4-triazole (5) (0.182 g, 1.0 mmol) to give a white solid in 98%
yield, mp 168°C; IR (KBr) 3468, 2985, 2761, 2597, 1685, 1550,
1510, 1463, 1408, 1357, 1306, 1269, 1199, 1151, 1043, 950, 870,
838, 750, 717,663, 626 cm-1; 1H NMR δ 8.30 (s, 1H), 8.02 (s, br,
2H); 13C NMR δ 165.25, 152.44 (q,JC-C-F ) 35.47 Hz), 150.92,
139.37, 120.61 (q,JC-F ) 269.57 Hz);19F NMR δ -62.32 (s, 3F).
Anal. Calcd for C5H5F3N8O2 (MW 266.2): C, 22.56; H, 1.88; N,
42.11. Found: C, 22.64; H, 1.85; N, 41.88.

3-Amino-1,2,4-triazolium 3,5-Dinitro-1,2,4-triazolate (7).Com-
pound7 was prepared the same as2 from 3-amino-1,2,4-triazole
(0.084 g, 1.0 mmol) and 3,5-dinitro-1,2,4-triazole29 (0.159 g, 1.0
mmol) to give a yellow solid in 98% yield, mp 149°C; IR (KBr)
3460, 3379, 3290, 2978, 2750, 1681, 1558, 1493, 1352, 1299, 1253,
1111, 1061, 948, 845, 744, 692, 648 cm-1; 1H NMR δ 8.25 (s,
1H), 7.70 (s, br, 2H);13C NMR δ 162.90, 151.21, 139.73. Anal.
Calcd for C4H5N9O4 (MW 243.2): C, 19.76; H, 2.07; N, 51.85.
Found: C, 20.10; H, 2.00; N, 51.49.

1-Amino-1,2,4-triazolium 3,5-Dinitro-1,2,4-triazolate (8).Com-
pound8 was prepared the same as2 from 1-amino-1,2,4-triazole9b

(0.084 g, 1.0 mmol) and 3,5-dinitro-1,2,4-triazole29 (0.159 g, 1.0
mmol) to give a yellow solid in 98% yield, mp 167°C; IR (KBr)
3348, 3129, 3020, 2919, 2837, 2687, 2601, 1637, 1540, 1491, 1448,
1392, 1357, 1300, 1116, 1093, 997, 972, 929, 868, 698, 657, 619
cm-1; 1H NMR δ 7.75 (s, 2H), 8.46 (s, 1H), 9.20 (s, 1H);13C NMR
δ 162.74, 144.87, 140.57. Anal. Calcd for C4H5N9O4 (MW
243.2): C, 19.76; H, 2.07; N, 51.85. Found: C, 19.75; H, 1.93; N,
51.47.

(32) (a) Baouab, L.; Guerfel, T.; Soussi, M.; Jouini, A.J. Chem. Cryst.
2000, 30, 805-809. (b) Lynch, D. E.; Smith, G.; Byriel, K. A.;
Kennard, C. H. L.Acta Crystallogr.1994, C50, 1291-1294. (c) Lynch,
D. E.; Latif, T.; Smith, G.; Byriel, K. A.; Kennard, C. H. L.; Parsons,
S. Aust. J. Chem.1998, 51, 403-408. (d) Lynch, D. E.; Smith, G.;
Byriel, K. A.; Kennard, C. H. L.Acta Crystallogr.1992, C48, 1265-
1267. (e) Byriel, K. A.; Kennard, C. H. L.; Lynch, D. E.; Smith, G.;
Thompson, J. G.Aust. J. Chem.1992, 45, 969-981. (f) Lynch, D.
E.; Dougall, T.; Smith, G.; Byriel, K. A.; Kennard, C. H. L.J. Chem.
Cryst.1999, 29, 67-73. (g) Lynch, D. E.; Smith, G.; Byriel, K. A.;
Kennard, C. H. L.; Whittaker, A. K.Aust. J. Chem.1994, 47, 309-
319. (h) Li, J.-R.; Chen, B.-R.; Ou, Y.-X.; Cui, X.-S.; Liu, Z.-C.Acta
Crystallogr. 1992, C48, 1540-1542. (i) Smith, G.; Lynch, D. E.;
Byriel, K. A.; Kennard, C. H. L.Acta Crystallogr.1996, C52, 231-
235.

Table 1. Crystallographic Data and Structure Refinement
Parameters for 6 and 20

6 20

formula C5H5F3N8O2 C6 H11 N9 O2

mol wt 266.17 241.24
cryst syst monoclinic triclinic
space group P2(1)/n P1h
a (Å) 10.9690(18) 5.0235(16)
b (Å) 32.719(5) 10.636(3)
c (Å) 12.317(2) 12.018(4)
R (deg) 90 106.15(3)
â (deg) 108.898(3) 98.63(4)
γ (deg) 90 100.48(3)
V (Å3) 4182.1(12) 592.7(4)
Z 16 2
T (K) 89(2) 89(2)
λ (Å) 0.71073 0.71073
Fcalcd(Mg/m3) 1.691 1.352
µ (mm-1) 0.167 0.107
F(000) 2144 252
crystal size (mm3) 0.25× 0.10× 0.04 0.38× 0.06× 0.04
θ range (deg) 1.86 to 25.25 1.81 to 25.24

-13 e h e13 -6 e h e 6
index ranges -39 e k e 39 -12 e k e 12

-14 e l e 14 -14 e l e 14
refl. collected 45512 12288
indep. reflections 7565 [R(int) ) 0.0579] 2127 [R(int) ) 0.0270]
data/restraints/param. 7565/0/649 2127/0/156
GOF 1.085 1.041
R1 [I > 2σ(I)]a 0.0642 0.0365
wR2 [I > 2σ(I)]a 0.1345 0.0936
largest diff. peak,
<ind:1>hole (e Å-3)

0.640 and-0.402 0.238 and-0.188

a R1 ) Σ|Fo| - |Fc|/Σ|Fo|; wR2 ) {Σ[w(Fo
2 - Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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4-Amino-1,2,4-triazolium 3,5-Dinitro-1,2,4-triazolate (9).Com-
pound9 was prepared the same as2 from 4-amino-1,2,4-triazole
(0.084 g, 1.0 mmol) and 3,5-dinitro-1,2,4-triazole29 (0.159 g, 1.0
mmol) to give a yellow solid in 98% yield, mp 126°C; IR (KBr)
3326, 3242, 3154, 3001, 2465, 1794, 1639, 1555, 1498, 1384, 1355,
1301, 1205, 1163, 1074, 1028, 993, 930, 871, 842, 648, 613 cm-1;
1H NMR δ 7.51 (s, 2H), 9.43 (s, 2H);13C NMR δ 162.81, 143.94.
Anal. Calcd for C4H5N9O4 (MW 243.2): C, 19.76; H, 2.07; N,
51.85. Found: C, 19.71; H, 1.92; N, 51.25.

1-Methyl-5-amino-tetrazolium 3,5-Dinitro-1,2,4-triazolate (10).
Compound10was prepared the same as2 from 1-methyl-5-amino-
tetrazole (0.099 g, 1.0 mmol) and 3,5-dinitro-1,2,4-triazole29 (0.159
g, 1.0 mmol) to give a yellow solid in 98% yield, mp 139°C; IR
(KBr) 3372, 3137, 3076, 2708, 2229, 1681, 1550, 1500, 1392, 1357,
1305, 1236, 1122, 1037, 848, 779, 709, 646 cm-1; 1H NMR δ 3.72
(s, 3H), 7.31 (s, 2H);13C NMR δ 163.39, 155.81, 32.56. Anal.
Calcd for C4H6N10O4 (MW 258.2): C, 18.61; H, 2.34; N, 54.26.
Found: C, 18.88; H, 2.27; N, 53.73.

3-Amino-1,2,4-triazolium 4,5-Dinitro-imidazolate (11).Com-
pound11 was prepared the same as2 from 3-amino-1,2,4-triazole
(0.084 g, 1.0 mmol) and 4,5-dinitro-imidazole9e (0.158 g, 1.0 mmol)
to give a yellow solid in 98% yield, mp 163°C; IR (KBr) 3482,
3377, 3152, 2963, 2904, 2743, 2436, 1759, 1681, 1608, 1531, 1455,
1381, 1346, 1303, 1249, 1182, 1033, 948, 881, 852, 751, 719, 623
cm-1; 1H NMR δ 8.24 (s, 2H), 7.10 (s, 1H), 7.02 (s, br, 2H);13C
NMR δ 151.33, 139.90, 139.52, 138.63. Anal. Calcd for C5H6N8O4

(MW 242.2): C, 24.80; H, 2.50; N, 46.27. Found: C, 24.35; H,
2.20; N, 45.50.

4-Amino-1,2,4-triazolium 3,5-Dinitro-pyrazolate (12).Com-
pound12 was prepared the same as2 from 4-amino-1,2,4-triazole
(0.084 g, 1.0 mmol) and 3,5-dinitro-pyrazole30 (0.158 g, 1.0 mmol)
to give a yellow solid in 98% yield, mp 145°C; IR (KBr) 3437,
3333, 3271, 3144, 3051, 2831, 1965, 1626, 1542, 1487, 1357, 1325,
1186, 1072, 1030, 995, 916, 870, 835, 752, 625 cm-1; 1H NMR δ
4.88 (s, 2H), 7.70 (s, 1H), 8.76 (s, 2H);13C NMR δ 153.49, 144.07,
99.23. Anal. Calcd for C5H6N8O4 (MW 242.2): C, 24.80; H, 2.50;
N, 46.27. Found: C, 24.71; H, 2.46; N, 45.85.

3-Amino-1,2,4-triazolium 5-Nitro-tetrazolate (13).Compound
13 was prepared the same as2 from 3-amino-1,2,4-triazole (0.084
g, 1.0 mmol) and 5-nitro-tetrazole31 (0.115 g, 1.0 mmol) to give a
colorless oil in 98% yield, mp 151°C; IR (KBr) 3329, 3159, 2981,
2756, 2078, 1690, 1558, 1454, 1428, 1362, 1322, 1250, 1184, 1149,
1076, 1028, 950, 834, 715, 661, 632 cm-1; 1H NMR δ 8.31 (s,
1H), 8.05 (s, br, 2H);13C NMR δ 168.65, 150.64, 139.05. Anal.
Calcd for C3H5N9O2 (MW 199.1): C, 18.10; H, 2.53; N, 63.30.
Found: C, 18.21; H, 2.39; N, 62.84.

1,5-Dimethyl-tetrazolium 5-Nitro-tetrazolate (14).Compound
14was prepared the same as2 from 1,5-dimethyl-tetrazole9a (0.098
g, 1.0 mmol) and 5-nitro-tetrazole31 (0.115 g, 1.0 mmol) to give a
colorless oil in 98% yield,Tg -55 °C; IR (NaCl) 3342, 3068, 2839,
2642, 1954, 1558, 1437, 1315, 1192, 1095, 1042, 1015, 963, 836,
725, 662 cm-1; 1H NMR (acetone-d6) δ 2.56 (s, 3H), 4.06 (s, 3H),
11.70 (s, 1H);13C NMR (acetone-d6) δ 166.13, 151.70, 32.26, 7.14.
Anal. Calcd for C4H7N9O2 (MW 213.1): C, 22.53; H, 3.31; N,
59.14. Found: C, 22.43; H, 3.49; N, 57.52.

5-Amino-tetrazolium 5-nitro-tetrazolate (15). Compound15
was prepared the same as2, using water as solvent, from 5-amino-
tetrazole (0.085 g, 1.0 mmol) and 5-nitro-tetrazole31 (0.115 g, 1.0
mmol) to give a white solid in 98% yield, mp 159°C; IR (KBr)
3378, 2474, 1692, 1538, 1481, 1429, 1380, 1317, 1192, 1162, 1078,
1045, 974, 868, 833, 735, 677 cm-1; 1H NMR δ 8.30 (s, 2H);13C
NMR δ 168.46, 155.30. Anal. Calcd for C2H4N10O2 (MW 200.1):
C, 12.00; H, 2.01; N, 69.99. Found: C, 12.63; H, 2.07; N, 69.57.

1,5-Diamino-tetrazolium 5-Nitro-tetrazolate (16).Compound
16 was prepared the same as2, using water as solvent, from 1,5-
diamino-tetrazole10g (0.010 g, 1.0 mmol) and 5-nitro-tetrazole31

(0.115 g, 1.0 mmol) to give a white solid in 98% yield, mp 128
°C; IR (KBr) 3344, 3267, 3099, 2861, 2660, 2482, 1713, 1634,
1542, 1507, 1446, 1426, 1371, 1321, 1186, 1161, 1125, 1078, 1006,
948, 838, 687 cm-1; 1H NMR δ 6.24 (s, 2H), 6.74 (s, 2H);13C
NMR δ 168.43, 153.50. Anal. Calcd for C2H5N11O2 (MW 215.2):
C, 11.17; H, 2.34; N, 71.62. Found: C, 11.60; H, 2.35; N, 70.87.

4-Amino-1,2,4-triazolium 5-Nitroimino-tetrazolate (17).Com-
pound17 was prepared the same as2 from 4-amino-1,2,4-triazole
(0.084 g, 1.0 mmol) and 5-nitroamino-tetrazole21e,f (0.130 g, 1.0
mmol) to give a white solid in 98% yield, mp 143°C; IR (KBr)
3289, 3186, 3136, 2840, 2011, 1792, 1619, 1538, 1433, 1328, 1209,
1150, 1070, 1036, 918, 856, 742, 677, 655, 613 cm-1; 1H NMR δ
9.18 (s, 2H), 9.22 (s, 2H);13C NMR δ 156.03, 143.99. Anal. Calcd
for C3H6N10O2 (MW 214.2): C, 16.83; H, 2.82; N, 65.41. Found:
C, 16.73; H, 2.60; N, 64.03.

5-Amino-tetrazolium 5-Nitroimino-tetrazolate (18). Com-
pound18was prepared the same as2 from 5-amino-tetrazole (0.085
g, 1.0 mmol) and 5-nitroamino-tetrazole21e,f (0.130 g, 1.0 mmol)
to give a white solid in 98% yield, mp 165°C; IR (KBr) 3428,
3300, 2706, 1703, 1651, 1601, 1539, 1445, 1315, 1237, 1148, 1097,
1059, 974, 871, 740, 692 cm-1; 1H NMR δ 6.27 (s, 2H);13C NMR
δ 156.27, 153.15. Anal. Calcd for C2H5N11O2 (MW 215.2): C,
11.17; H, 2.34; N, 71.62. Found: C, 11.44; H, 2.35; N, 69.28.

1,2,4-Triazolium 5-Nitroimino-tetrazolate (19).Compound19
was prepared the same as2 from 1,2,4-triazole (0.069 g, 1.0 mmol)
and 5-nitroamino-tetrazole21e,f (0.130 g, 1.0 mmol) to give a white
solid in 98% yield, mp 177°C; IR (KBr) 3140, 2892, 2791, 1942,
1866, 1579, 1535, 1423, 1336, 1281, 1217, 1195, 1150, 1084, 1053,
987, 935, 882, 802, 772, 743, 686, 663, 630 cm-1; 1H NMR
(acetone-d6) δ 8.75 (s, 2H), 10.22 (s, 3H);13C NMR (acetone-d6)
δ 154.60, 145.04. Anal. Calcd for C3H5N9O2 (MW 199.1): C,
18.10; H, 2.53; N, 63.30. Found: C, 18.55; H, 2.49; N, 63.02.

1-Propyl-1,2,4-triazolium 5-Nitroimino-tetrazolate (20).Com-
pound20was prepared the same as2 from 1-propyl-1,2,4-triazole27

(0.111 g, 1.0 mmol) and 5-nitroamino-tetrazole21e,f (0.130 g, 1.0
mmol) to give a white solid in 98% yield, mp 69°C; IR (KBr)
3103, 2752, 1962, 1801, 1701, 1541, 1448, 1354, 1307, 1228, 1167,
1068, 989, 903, 881, 774, 745, 690, 668, 627 cm-1; 1H NMR
(acetone-d6) δ 0.91 (t, 3H,J ) 6.0 Hz), 1.89 (tq, 2H,J ) 7.23
Hz), 4.25 (t, 2H,J ) 6.0 Hz), 8.00 (s, 1H), 8.51 (s, 1H), 9.16 (s,
2H); 13C NMR (acetone-d6) δ 153.58, 151.53, 144.36, 51.99, 23.93,
11.28. Anal. Calcd for C6H11N9O2 (MW ) 241.1): C, 29.88; H,
4.60; N, 52.26. Found: C, 29.51; H, 4.42; N, 51.48.

3-Azido-1,2,4-triazolium 5-Nitroimino-tetrazolate (21).Com-
pound21was prepared the same as2 from 3-azido-1, 2, 4-triazole9a

(0.110 g, 1.0 mmol) and 5-nitroamino-tetrazole21e,f (0.130 g, 1.0
mmol) to give a white solid in 98% yield, mp 89°C; IR (KBr)
3502, 3452, 3117, 2565, 2166, 1847, 1588, 1541, 1510, 1448, 1315,
1224, 1155, 1080, 1057, 991, 868, 775, 744, 709, 620 cm-1; 1H
NMR (acetone-d6) δ 8.42 (s, 3H), 10.80 (s, 3H);13C NMR (acetone-
d6) δ 157.29, 151.51, 144.32. Anal. Calcd for C3H4N12O2‚H2O (MW
) 258.1): C, 13.95; H, 2.33; N, 65.11. Found: C, 13.56; H, 2.18;
N, 65.33.

Results and Discussion

Five-membered nitrogen-containing heterocycles are ex-
cellent precursors to energetic materials, and considerable
attention is currently focused on azoles as energetic com-
pounds, especially the 1,2,4-triazole series.4,5,9 Within the
series of azoles, the relative energy characteristics (∆Hf°)
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are dependent on the ring structures and their substituents.
Both NTO and 5-nitroamino-tetrazole are dibasic acids, and
some of their simple salts have been prepared and thermo-
dynamic properties determined, such as the heats of forma-
tion of ammonium 3-nitro-1,2,4-triazolate-5-one and guani-
dinium 5-nitroamino-tetrazole (-47.1 kJ/mol20c and+111.3
kJ/mol,21d respectively). For the 3-amino-1,2,4-triazolium salt
of NTO, the proton is bonded at the 4-position of the
triazolium ring, and the charge of the anion is mainly
concentrated at the N4 atom of NTO.20b However, no thermal
properties and energetic characteristics were cited. Here, we
report the syntheses of several new salts based on energetic
triazolium or tetrazolium cations and azolate anions. Dis-
played in Scheme 1 are the preparative equation and the
cations and anions of the new salts.

Derivatives of 1,2,4-triazole were readily quaternized at
N-4 with a concentrated solution of strong acid (nitric or
perchloric acid).8,9a,b,e5-Amino-tetrazole was found to react
with picric acid to form 5-amino-tetrazolium picrate,9h and
1,5-diamino-tetrazole reacted with nitric acid or perchloric
acid to form the corresponding energetic quaternary salts.8e,10g

The azoles chosen for this study that have electron-
withdrawing nitro-substituents on the ring are typical NH
acids (pKa ) 3.67,18b -0.66,29 -0.8,31 and -0.72 ( 0.50
for NTO, 3,5-dinitro-1,2,4-triazole, 5-nitro-tetrazole, and
5-nitroamino-tetrazole, respectively) and can be reacted to
form derivatives of variously substituted 1,2,4-triazoles or

tetrazoles. The salts form in nearly quantitative yields and
in high purity (1-4, 6-21). The structures of6 and20were
confirmed by single-crystal X-ray analysis (Table 1, Figures
1 and 2).

Structure Discussion.Crystals of both6 and 20 were
obtained by slow evaporation of methanolic solutions at room
temperature. Compound6 is shown in Figure 1. As can be

Scheme 1. Syntheses of Triazolium or Tetrazolium Salts of 3-Nitro-1,2,4-triazolate-5-one,
3-Nitro-5-trifluoromethyl-1,2,4-triazolate, 3,5-Dinitro-1,2,4-triazolate, 4,5-Dinitro-imidazolate, 3,5-Dinitro-pyrazolate,

5-Nitro-tetrazolate, and 5-Nitroimino-tetrazolate

Figure 1. Thermal ellipsoid plot (30%) of6 showing the four independent
ion pairs in the asymmetric unit. Hydrogen atoms on the amino groups are
shown to illustrate the pseudo planarity of these moieties. All other hydrogen
atoms are omitted for clarity.
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seen, there are four independent ion pairs in the asymmetric
unit, indicating the difficulty in crystallization and packing
of this compound in the solid state. Stabilization of the
negative charge over the whole anion is seen with the “in-
plane” arrangement of the nitro groups. The loss of pyra-
midalization of the exocyclic nitrogen NH2 groups indicates
lone pair donation into the ringπ system to stabilize the
cation. The extended structure (see Supporting Information)
shows the packing arrangement of6 where the alternating
head to toe anions form stacks perpendicular to the crystal-
lographic 1, 0, 1 direction. Each cation in6 can form a variety
of hydrogen bonds. Each cation forms a contact between
adjacent cations via the amino NH2 group and the non-
protonated ring nitrogen (N1‚‚‚N22, 2.968(4); N19‚‚‚N4,
2.972(4); N37‚‚‚N58, 3.001(4); N55‚‚‚N40, 2.994(4) Å) and
each cationic protonated ring nitrogen forms hydrogen bonds
to two neighboring anionic ring nitrogen atoms (N3‚‚‚N11,
2.876(3); N6‚‚‚N49, 2.807(4); N21‚‚‚N47, 2.889(3); N24‚‚
‚N31, 2.778(4); N39‚‚‚N29, 2.852(4); N42‚‚‚N67, 2.787(4);
N57‚‚‚N65, 2.858(4); N60‚‚‚N13, 2.792(4) Å). There are also
weak nonclassical hydrogen bonds between the cationic ring
C-H and the nitro group oxygen atoms, e.g., bifurcated C5‚
‚‚O44, 3.291(4); C5‚‚‚O61, 3.164(4); C23‚‚‚O7, 3.157(4) Å.
There are relatively few structurally characterized compounds
containing the 5-amino-1,2,4-triazolium cation,32 and all
display the charge stabilization via lone pair donation seen
in 6. Compound20 (Figure 2) contains the more unusual
anion, 5-nitroimino-tetrazolate. In this moiety, the nitroimino
group is twisted ca. 20° from the plane of the ring which is
similar to the anion conformation in diammonium 5-nitra-
mino-1,2,4-tetrazoldiide.33aApart from cesium 5-nitramino-
tetrazolide33b (ca. 10.5° dihedral) all other nitroimino groups
are approximately planar.33 The imino distances (N10-N9,
1.323(1); C11-N10, 1.377(1) Å) are similar to many of the

reported structures.33 The packing of20 is less complex than
6 (see Supporting Information). There is a strong intramo-
lecular hydrogen bond between the tetrazolate ring N-H and
the nitro group oxygen (N15‚‚‚O2, 2.6326(19) Å) and both
nitro group oxygen atoms are acceptor atoms for weak
nonclassical hydrogen bonds from the cation C-H groups
(C3‚‚‚O2, 3.426(2); C8‚‚‚O1, 3.202(2) Å). Another important
hydrogen bond is between the cation N-H and the imino
nitrogen (N7‚‚‚N10, 2.789(1) Å) and the cation/anion stacks
are weakly associated by a nonclassical C-H‚‚‚N and C-H‚‚
‚O bonds (C6‚‚‚N13, 3.401(2); C8‚‚‚O1, 3.202(2); C3‚‚‚O2,
3.426(2) Å). It is interesting to note that both monoammo-
nium salts of 5-nitroamino-triazole and 5-nitroamino-tetrazole
formerly known as ammonium 5-nitroamino azolates are in
fact N-nitroimines rather than primaryN-nitroamines.34

The syntheses of salts which contain the NTO or 5-ni-
troimino-tetrazolate anion are of considerable interest because
of the reputation of the precursor as a relatively dense (1.93
or 2.06 g/cm3), insensitive explosive with a first ionization
potential at least an order of magnitude larger than that of
acetic acid. Density contributes markedly to the magnitudes
of the detonation properties of these energetic materials.
Therefore, it is worthwhile to synthesize ionic derivatives
in an attempt to generate materials that may retain the parent
molecule’s energetic character as well as its relatively high
density.

As is typical of energetic salts, attempts to use our
experimental observations as a basis to generalize cation and
anion contributions to important properties and thus to assist
in the design of materials with a majority of desirable
properties is extremely difficult if not impossible! Based on
the syntheses and study of a large number of ionic materials,
we found that perchlorate ion contributes most positively to
the decomposition temperature, density, and most often to
the heat of formation (invariably when compared with nitrate
but rarely with nitroheterocyclic anions). Perchlorate salts
also exhibit the highest decomposition pressures and veloci-
ties and values for specific impulse. While polynitrohetero-
cyclic anions are not strictly competitive with perchlorate,
they do appear to be superior to other anions. Of course,
they are more environmentally friendly than perchlorates.
Here we were interested in examining properties of salts
where the anions were primarily from the acids NTO,
5-nitroamino-tetrazole, 3,5-dinitrotriazole, and 5-nitrotetra-
zole, and the cations from triazole and tetrazole bases (Table
2).

Immediately, it is obvious that14 and 20, although
containing energetic anions, have low thermal stabilities/low
melting points as well as noncompetitive density values
perhaps due to the lower tendency of the cations to hydrogen
bond and thus are of little value for energetic applications.
Not surprisingly, because of the azide substituted cation,21
(3-azidotetrazolium 5-nitroimino-tetrazolate), while having
low melting point and thermal stability, exhibits the highest
heat of formation (694.2 kJ/mol; 2.89 kJ/g) and good
detonation properties. The remaining three 5-nitroimino-

(33) (a) Astakhov, A. M.; Vasil’ev, A. D.; Molokeev, M. S.; Sirotinin, A.
M.; Kruglyakova, L. A.; Stepanov, R. S.Zh. Strukt. Khim.2004, 45,
181-186. (b) Tappan, B. C.; Incarvito, C. D.; Rheingold, A. L.; Brill,
T. B. Thermochim. Acta2002, 384, 113-120. (c) Vasil’ev, A. D.;
Astakhov, A. M.; Nefedov, A. A.; Stepanov, R. S.Zh. Strukt. Khim.
2003, 44, 359-363. (d) Astakhov, A. M.; Vasil’ev, A. D.; Molokeev,
M. S.; Kruglyakova, L. A.; Sirotinin, A. M.; Stepanov, R. S.Zh. Strukt.
Khim. 2004, 45, 562-565. (e) Astakhov, A. M.; Vasil’ev, A. D.;
Molokeev, M. S.; Sirotinin, A. M.; Stepanov, R. S.Zh. Strukt. Khim.
2005, 46, 529-534.

(34) Astakhov, A. M.; Vasil’ev, A. D.; Molokeev, M. S.; Revenko, V. A.;
Stepanov, R. S.Russ. J. Org. Chem.2005, 41 (6), 910-915.

Figure 2. Thermal ellipsoid plot (30%) of20. Hydrogen atoms included
but unlabeled for clarity.
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tetrazolate salts where the cations are triazolium (19),
4-amino triazolium (17), and 5-amino-tetrazolium (18)
exhibit lower densities by 0.30-0.40 g/cm3 relative to the
parent 5-nitroamino-tetrazole, and the magnitude of their
detonation properties is much reduced. However, the heats
of formation of (17) and (18) (except19) exceed the parent
(252.3 kJ/mol; 1.94 kJ/g) with values of (440.6 kJ/mol; 2.06
kJ/g) and (487.5 kJ/mol, 2.27 kJ/g), respectively. The
triazolium derivative (19) has the highest density of this
group. Comparing the four salts which contain the NTO
anion shows that their densities are nearly the same (1.65-
1.71 g/cm3) but the values are much lower than that of the
parent NTO (1.93 g/cm3). Three of the cations are the 1, 3,
and 4 isomers of amino-triazole. The 1-amino- and 4-amino-
triazolium NTO salts (2, 3) are remarkably lower melting
(71 and 131°C) and thermally decomposing (188 and 175
°C) than the 3-amino-triazolium salt (1) which decomposes
upon melting at 242°C. The detonation properties for the
four salts are similar but the heats of formation for2, 3, and
4 far outstrip1, viz., 498.8 kJ/mol (2.33 kJ/g), 497.8 kJ/mol
(2.32 kJ/g), 502.5 kJ/mol (2.19 kJ/g), and 363.6 kJ/mol (1.70
kJ/g), respectively. Compound4, 1-methyl-5-amino-tetra-
zolium NTO salt, melts and decomposes at higher temper-
atures than2 and3.

Replacing the NTO anion by 3,5-dinitro-triazole in 1-ami-
no- and 4-amino-triazolium salts (8 and9) gives rise to salts
with similar detonation property values, but lower heats of
formation which again are nearly identical for both salts.
As was the case for4 vis-à-vis 2 and 3, 10 (1-methyl-5-
amino-tetrazolium) is somewhat less energetic and slightly
less dense than8 and 9. 4,5-Dinitro-imidazolate almost

invariably contributes no worthwhile property to energetic
materials. This is demonstrated by comparing 3-amino-
tetrazolium 4,5-dinitro-imidazolate (11) with 4-amino-tetra-
zolium 3,5-dinitro-pyrazolate (12) where the heat of forma-
tion of (11) is ca. one-half of12 (0.88 vs 1.67 kJ/g).

Although 5-amino-tetrazolium 5-nitro-tetrazolate (15) melts
and decomposes at less than 170°C, it exhibits the highest
density and the highest heat of formation (2.86 kJ/g (except
azide,21) in this group of new salts, and by far the most
positive detonation properties. Salt15 at 70% nitrogen
content as well as16 (71.6%, 3.03 kJ/g),18 (71.6%, 2.27
kJ/g), and21 (70%, 2.89 kJ/g) strongly support the view
that high nitrogen content contributes markedly to the energy
of the system.

From the heats of formation for1, 7, and11, it can be
seen that, for the same cation (3-amino-1,2,4-triazolium), the
impact of the anion on the heats of formation of the salts
varies as NTO anion (1) > 3,5-dinitro-1,2,4-triazolate (7)
> 4,5-dinitro-imidazolate (11) [363.6 (1.70), 274.1 (1.13),
and 213.9 (0.88) kJ/mol (kJ/g)]) respectively. To compare
properties with7, 3-nitro-5-trifluoromethyl-1,2,4-triazolate
was introduced as the anion, primarily to examine the impact
on density; however, both the density of6 (1.63 g/cm3) and
its heat of formation [-439.2 kJ/mol (-1.65 kJ/g)] are not
competitive with (7, 1.72 g/cm3). When 4-amino-1,2,4-
triazolium is the cation, anionic impact on the heats of
formation of the salts varies as 5-nitro-tetrazolate (23) >
3-nitro-1,2,4-triazolate-5-one (NTO) (3) > 5-nitroimine-
tetrazolate (17) > 3,5-dinitro-1,2,4-triazole (9) > 3,5-dinitro-
pyrazole (12) > 4,5-dinitro-imidazolate (22) [545.2 (2.77),

Table 2. Phase Transition, Decomposition Temperatures, Densities, Oxygen Balance (OB), Nitrogen Content (N), and Thermochemical Results
for Salts (298 K)

compd
Tm/Tg

a

(°C)
Td

b

(°C)
dc

(g/cm3)
OBd

(%)
N

(%)
∆fHc° e

(kJ/mol)
∆fHa° f

(kJ/mol)
∆HL° g

(kJ/mol)
∆fHm° h

(kJ/mol)
∆fHm° h

(kJ/g)
Pi

(GPa)
νDj

(m/s)
Isp

k

(s)

1 242 242 1.71 -60 52.3 804.5 63.9 504.8 363.6 1.70 24.8 8021 223.0
2 71 188 1.67 -60 52.3 936.5 63.9 501.6 498.8 2.33 24.8 7973 238.3
3 131 175 1.68 -60 52.3 936.3 63.9 502.4 497.8 2.32 25.1 8016 238.2
4 187 202 1.65 -59 55.0 929.9 63.9 491.3 502.5 2.19 24.4 8010 233.9
6 168 216 1.63 -54 42.1 804.5 -772.4 471.2 -439.2 -1.65 16.5 6808 179.9
7 149 180 1.72 -43 51.9 804.5 -41.2 489.1 274.1 1.13 25.2 7945 219.0
8 167 201 1.72 -43 51.9 936.5 -41.2 489.1 406.2 1.67 26.5 8054 233.7
9 126 176 1.69 -43 51.9 936.3 -41.2 486.9 408.2 1.68 25.4 7930 234.0
10 139 195 1.63 -43 54.3 929.9 -41.2 474.9 413.7 1.60 23.5 7763 229.8
11 163 163 1.69 -59 46.3 804.5 -103.2 487.4 213.9 0.88 21.7 7539 208.8
12 145 212 1.64 -59 46.3 936.3 -47.4 484.1 404.8 1.67 23.5 7519 228.7
13 151 197 1.63 -52 63.3 804.5 112.8 508.0 409.2 2.06 22.6 7865 219.2
14 -55 (Tg) 131 1.38l -71 59.1
15 159 163 1.75 -32 70.0 975.6 112.8 516.9 571.4 2.86 31.4 8843 246.0
16 128 161 1.71 -33 71.6 1042. 2 112.8 504.1 650.8 3.03 30.7 8844 249.2
17 143 184 1.72 -52 65.4 936.3 9.8 505.5 440.6 2.06 27.0 8506 218.9
18 165 165 1.63 -33 71.6 975.6 9.8 497.9 487.5 2.27 25.5 8276 229.0
19 177 177 1.74 -52 63.3 835.0 9.8 516.8 328.0 1.65 26.0 8334 208.7
20 69 122 1.48 -103 52.3
21 89 135 1.68 -40 70.0 1172.1 9.8 487.7 694.2 2.89 25.9 8230 233.5
22m 137 149 1.65 -59 46.3 936.3 -103.2 484.9 354.4 1.48 23.6 7383 221.1
23n 102 190 1.58 -52 63.3 936.3 112.8 503.9 545.2 2.77 23.1 7792 233.7
24o 1.65 -27 83.9 0.57 27.1 8536 219.2
NTO 1.93 -25 -101.0 -0.78 33.4 8655 210.5
5-nitro-amino-tetrazole 2.06 -12 252.3 1.94 48.5 10358 257.6

a Melting point/phase transition temperature.b Thermal degradation.c Density, gas pycnometer, 25°C. d OB(%) is oxygen balance, for CaHbNcOd: OB
(%) ) 1600(d - 2a - b/2)/MW, MW ) molecular weight of salt.e Molar enthalpy of the formation of cation.f Molar enthalpy of the formation of anion.
g Lattice energy.h Molar enthalpy of the formation of salt.i Detonation pressure. All values given in this column were calculated using Cheetah 4.0.41

j Detonation velocity. All values given in this column were calculated using Cheetah 4.0.41 k Specific impulse. All values given in this column were calculated
using Cheetah 4.0.41 l Density, pycnometer, 25°C. m Reference 9e,22 (4-amino-1,2,4-triazolium 4,5-dinitro-imidazolate).n Reference 9e,23 (4-amino-
1,2,4-triazolium 5-nitro-tetrazolate).o Reference 33,24 (ammonium 5-nitroimine-tetrazolate).
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497.8 (2.32), 440.6 (2.06), 408.2 (1.68), 404.8 (1.67), and
354.4 (1.48) kJ/mol (kJ/g)], respectively.

Oxygen balance (OB) values are calculated by a literature
method.35 Energetic salts which incorporate a nitro group
can substantially improve the oxygen balance of the corre-
sponding compounds and eventually result in higher exo-
thermicities of the combustion and detonation processes.
Most of the OB values for the new salts range from-32 to
-71% (Table 2), which are slightly more negative than NTO
(-25%) and 5-nitroamino-tetrazole (-12%), but reasonably
close to those for TNT (-74%) and tetryl (N-methyl-N-nitro-
2,4,6-trinitroaniline (-47%).

Calculations

The standard molar enthalpy of formation (∆fHm°) for all
the salts (except14 and 20) plus NTO and 5-nitroamino-
tetrazole were calculated by using Born-Haber energy cycles
(Scheme 2). Calculations were performed with the Gaussi-
an03 (Revision D.01) suite of programs.36 The geometric
optimization of the structures based on single-crystal struc-
tures, where available, and frequency analyses are carried
out using B3-LYP functional with 6-31+G** basis set,37 and
single energy points were calculated at the MP2(full)/6-
311++G** level. All of the optimized structures were
characterized to be true local energy minima on the potential
energy surface without imaginary frequencies.

Based on Born-Haber energy cycles (Scheme 2), the heat
of formation of an ionic salt can be simplified by the formula

where∆HL is the lattice energy of the ionic salts which could
be predicted by the formula suggested by Jenkins et al.38 as

wherenM andnX depend on the nature of the ions Mp
+ and

Xq
-, respectively, and are equal to3 for monatomic ions,5

for linear polyatomic ions, and6 for nonlinear polyatomic
ions. The equation for lattice potential energyUPOT (eq B)
has the form

(35) (a) Martin, A. R.; Yallop, H. J.Trans. Faraday Soc.1958, 54, 257-
267. (b) Krukovskii, I. M.; Molchanova, M. S.; Evtushenko, A. V.;
Shlyapochnikov, V. A.Russ. Chem. Bull.1998, 47 (7), 1266-1273.

(36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03, Revision D.01; Gaussian, Inc.: Wallingford CT, 2004.

(37) Parr, R. G.; Yang, W.Density Functional Theory of Atoms and
Molecules; Oxford University Press: New York, 1989.

(38) Jenkins, H. D. B.; Tudeal, D.; Glasser, L.Inorg. Chem.2002, 41,
2364-2367.

Scheme 2. General Born-Haber Cycle for the
Formation of Salts

Scheme 3. Isodemic Reactions and Protonation Reactions
for the Heats of Formation of Both Cations and Anions

∆Hf
o(ionic salt, 298 K))

∆Hf
o(cation, 298 K)+ ∆Hf

o(anion, 298 K)- ∆HL

∆HL )UPOT + [p(nM/2-2) + q(nX/2-2)]RT (A)
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whereFm is density, g/cm3, Mm is the chemical formula mass
of the ionic material,g, and the coefficientsγ (kJ/mol cm)
andδ (kJ/mol) take their values from the literature.38

Then the heats of formation of the cations and anions are
computed using the method of isodesmic reactions or
protonation reaction (NTO anion at G2MP2 level, and heat
of formation of H+ is 1530 kJ/mol39) (Scheme 3).40 The
enthalpy of reaction (∆Hr

o
298k) is obtained by combining the

MP2(full)/6-311++G** energy difference for the reaction,
the scaled zero point energies(B3LYP/6-31+G**), and other
thermal factors(B3LYP/6-31+G**). Thus, the heat of forma-
tion of the cations and anions being investigated can be
readily extracted.

The detonation properties of the new energetic salts,
detonation pressure (P, Gpa), velocity of detonation (νD,
m/s), and specific impulse (Isp, s) were calculated based on
traditional Chapman-Jouget thermodynamic detonation theory
using Cheetah 4.0 (Table 2).41 The calculated detonation
pressures and detonation velocities range between (P ) 16.5
GPa,νD ) 6808 m/s (6)) and (P ) 31.4 GPa,νD ) 8843
m/s (15)). Although the denotation pressures are lower than
the corresponding values for RDX (1,3,5-trinitro-1,3,5-
triazacyclohexane,P ) 34.4 GPa,νD ) 8750 m/s), most of
them are superior to TNT (P ) 20.6 GPa,νD ) 6850 m/s)
and may well be of interest as potential solid propellants.

Conclusions

New energetic salts composed strictly of azolium cations
and azolate anions (3-nitro-1,2,4-triazolate-5-one (NTO),
5-nitroimino-tetrazolate, 3-nitro-5-trifluoromethyl-1,2,4-tria-
zolate, 3,5-dinitro-1,2,4-triazolate, 4,5-dinitro-imidazolate,
3,5-dinitro-pyrazolate, and 5-nitro-tetrazolate) were synthe-
sized and characterized. Most of the new salts exhibit good
physical properties which include relatively high densities
(1.38-1.75 g/cm3) and high positive heats of formation and
moderate detonation properties. To design salts with the most
attractive energetic properties, both cation and anion should
have the highest nitrogen content which in turn enhances
the density and concomitantly the detonation characteristics.
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