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Abstract: This study presents the preparation of 1-(5-azido-1H-1,2,4-triazol-3-
yl)tetrazole (5) from commercially available chemicals in a five step synthesis. 
The energetic title compound was comprehensively characterized by various 
means, including vibrational (IR, Raman) and multinuclear (1H, 13C, 14N, 15N) 
NMR spectroscopy, mass spectrometry and differential scanning calorimetry.  
The sensitivities towards various outer stimuli (impact, friction) were determined 
according to BAM standards.  The enthalpy of formation was calculated at the 
CBS-4M level of theory.
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1 Introduction

Several research groups world-wide are focused on the development and 
characterization of energetic nitrogen-rich heterocycles, due to their high 
enthalpies of formation [1].  The latter can be further increased by introducing 
the azido group.  When heterocycles with at least two carbon atoms are present, 
then one carbon can be linked to a second nitrogen-rich heterocycle, for 
example a tetrazole, while the other can carry a highly energetic group like the 
aforementioned azide.  Two recently published compounds featuring a 5-azido-
1H-1,2,4-triazole and a tetrazole are 5-(5-azido-1H-1,2,4-triazol-3-yl)tetrazole 
(AzTT) and its hydroxy-analogue 5-(5-azido-1H-1,2,4-triazol-3-yl)tetrazol-1-
ol (AzTTO) [2].  Both compounds have a C–C bond between the two rings.  
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A second possibility would be a C–N inter-ring connection, resulting in a higher 
energy content due to the nitrogen linked tetrazole in the form of 1-(5-azido-
1H-1,2,4-triazol-3-yl)tetrazole (5).  This compound was recently reported for 
the first time [3], but interestingly the decomposition temperature was stated as 
quite high (223 °C with a heating rate of 10 °C·min−1). The present investigation 
reports a clearly different value. 

The goal of this study has therefore been the preparation and characterization 
of 5, and its comparison with AzTT and AzTTO (see Figure 1), especially with 
respect to decomposition temperatures and sensitivity towards external stimuli.

Figure 1. Structures of AzTT, AzTTO and 5.

2 Results and Discussion

The first step in the synthesis of 5 was the formation of 1-acetyl-3,5-diamino-
1,2,4-triazole (1) [4]. The literature method is the direct reaction of the rather 
expensive 3,5-diamino-1H-1,2,4-triazole (DAT) with acetic anhydride, resulting 
in yields of around 80%.  A more cost-effective way on a laboratory scale is 
the synthesis of DAT utilizing cyanoguanidine and hydrazinium dichloride, 
which can be reacted with acetic anhydride directly in the reaction mixture after 
neutralization with sodium acetate [5].  The resulting yield of 1 was around 
64%.  Isolation and purification of the DAT intermediate is not necessary, and 
is also rather complicated, often resulting in low yields.  The next step was the 
rearrangement of 1 to 5-acetamido-3-amino-1H-1,2,4-triazole (2) at temperatures 
above 180 °C [4], thus resulting in the protection of one of the amino groups.  
The two isomers, 1 and 2, are easy to distinguish due to the much lower solubility 
of 2 in practically all common solvents, as well as the shift of the C=O vibration 
from 1710  to 1682 cm−1 in the IR spectra.  The remaining free amine was then 
reacted with triethyl orthoformate and sodium azide in acetic acid, a method 
analogous to that first described by Gaponik et al. for various primary amines 
[6], to yield 1-(5-acetamido-1H-1,2,4-triazol-3-yl)tetrazole (3) [7].  Although 
the literature procedure for this particular compound reported a yield of around 
80% [7], it was not possible to obtain any product; only starting material could be 
recovered.  Even variations in the amount of acetic acid, heating time or heating 
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temperature did not yield any product.  Whilst the utilization of trifluoroacetic 
acid as solvent resulted in a clear solution (acetic acid gives a slurry), it still did 
not yield any detectable product.  Only stirring of the reaction mixture for several 
days at room temperature prior to heating overnight finally yielded the desired 
result.  Further reaction of 3 with hydrazine hydrate resulted in the deprotection 
of the amine, yielding 1-(5-amino-1H-1,2,4-triazol-3-yl)tetrazole (4) [7].  The 
final step was diazotization with sodium nitrite in sulfuric acid, followed by 
reaction with sodium azide to yield the title compound 1-(5-azido-1H-1,2,4-
triazol-3-yl)tetrazole (5). 

Scheme 1. Synthetic route to 1-(5-azido-1H-1,2,4-triazol-3-yl)tetrazole (5).

Compound 5 was characterized by NMR, IR and Raman spectroscopy, mass 
spectrometry and differential scanning calorimetry.  Additionally, the sensitivity 
towards common external stimuli (impact, friction) was determined according 
to BAM standards (Bundesanstalt für Materialforschung und -prüfung, see 
Experimental Section).  Unfortunately, it was not possible to obtain single crystals 
for X-ray diffraction, utilizing several solvents and techniques.

Figure 2. Calculated structure of 5 (B3LYP/aug-cc-pVDZ), showing the 
atom numbering scheme. C1–N4 1.401 Å, N8–N9–N10 171.95°, 
N3–C1–N4–N5 179.99°, N3–C2–N8–N9 0.00°.
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The 1H NMR spectrum only shows the signal of the tetrazole CH proton 
at 10.10 ppm.  The NH proton of the triazole could not be observed, probably 
due to its acidity and thus fast exchange in DMSO-d6.  The 13C NMR spectrum 
(see Figure 3) shows, as expected, three signals at 151.6 (C2), 150.4 (C1), and 
142.9 ppm (C3).  The shift of the tetrazole carbon (C3) is similar to the shift found 
in 1H-tetrazole (142.9 ppm), 1-phenyltetrazole (140.5 ppm), 1,2-di(tetrazol-1-yl)
ethane (144.3 ppm), and 5-(tetrazol-1-yl)-2H-tetrazole (143.8 ppm) [8], and quite 
different from the C-bonded tetrazole of AzTT (148.4 ppm, see Figure 3).  The 
corresponding shifts of the amine precursor 4 are located at 157.6 (C2), 150.1 
(C1), and 142.7 ppm (C3).  The broad signal observed in the 14N NMR spectrum 
at −139 ppm (ν½ = 384 Hz) can be attributed to the azide beta nitrogen atom 
(N9), owing to its sufficiently high linear symmetry and the absence of a lone 
pair.  Tetrazole and triazole nitrogen atoms are usually not visible in a 14N NMR 
spectrum due to their lone pairs and the delocalized electron systems, resulting in 
strong line broadening.  On the other hand, all ten atoms are clearly observable 
in the 15N NMR spectrum.  The tetrazole moiety exhibits signals at 12.0 (d, 3JNH 
= 3.43 Hz, N6), −20.2 (N5), −52.4 (d, 2JNH = 12.11 Hz, N7), and −147.3 ppm 
(d, 2JNH = 9.29 Hz, N4), matching the reported shifts for 1-aryltetrazoles very 
well [9].  The signals at −119.4 (N2), −166.8 (N3), and −185.7 ppm (N1) can be 
attributed to the triazole moiety and are also in accordance with other C-azido-
1,2,4-triazoles [2, 10].  The three remaining signals at −143.8 (N9/N10), −146.0 
(N10/N9), and −293.8 ppm (N8) belong to the azido group [11], and also show 
similar shifts to other C-azido-1,2,4-triazoles [2, 10].  For the clear assignment of 
N9 and N10 a 15N labelled azide would be needed, because the gamma atom can 
have a lower high field shift than the beta atom when the azide is connected to an 
electron deficient system [12].  Quantum-chemical calculations (MPW1PW91/
aug-cc-pVDZ) indicated that in this particular case N10 has indeed the lower high 
field shift, similar to AzTTO [2b] and 5-azido-3-nitro-1H-1,2,3-triazole (AzNT) 
[10], but the intensities of the signals at −143.8 and −146.0 ppm in 5 are almost 
identical, whilst in the spectra of AzTTO and AzNT the assumed beta nitrogen 
atom has a noticeably higher intensity than that of the gamma nitrogen atom.

The only clearly assignable band in the rather complicated IR spectrum is the 
stretching mode of the terminal azide bond at 2156 cm−1, which is also present 
in the Raman spectrum at 2166 cm−1.

Low resolution mass spectrometry (DEI+) shows the molecular peak at 
m/z = 178.2 with a low abundance.
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Figure 3. Left: 13C NMR spectrum of 5 (the dashed lines represent the shifts 
of AzTT); right: 15N NMR spectrum of 5; recorded in DMSO-d6 at 
room temperature.

The most striking result was the thermal stability, which is practically 
identical to that of AzTT and AzTTO at, a rather low, 152 °C.  The DSC plots 
of the three compounds are presented in Figure 4.  The two endotherms are 
loss of crystal water (AzTT; measurement was performed with the dihydrate) 
and melting (AzTTO).  This could indicate that the weakest link is indeed the 
azidotriazole unit and neither the type nor the linkage of the tetrazole ring on 
the second carbon atom really matters.  The nitramine analogue, 1-(5-nitramino-
1H-1,2,4-triazol-3-yl)tetrazole, reportedly decomposes already at 91 °C [7].

Figure 4. DSC plots for AzTT dihydrate, AzTTO and 5 at a heating rate of 
5 °C min−1. The dashed line indicates the decomposition onset for 
AzTT and 5.
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Regarding the sensitivities, 5 is rather sensitive to impact (4 J) and extremely 
sensitive to friction (10 N).  These values are comparable to AzTT (1 J, 20 N) 
and AzTTO (4 J, 120 N), although AzTT is surprisingly more sensitive to impact, 
while AzTTO is much less sensitive to friction.

Nitrogen-rich highly energetic compounds tend to burn incompletely in 
bomb calorimetric measurements due to the tendency for explosion.  Often the 
wrong enthalpies of combustion (∆cH) and thus the wrong enthalpies of formation 
(∆fH°) are obtained.  Therefore the enthalpies of formation of AzTT and 5 have 
been calculated at the same level for a better comparison.  All calculations were 
carried out using Gaussian 09 (revision C.01) [13].  The enthalpies (H) were 
calculated using the complete basis set (CBS) method described by Petersson and 
co-workers in order to obtain very accurate values.  In this study the modified 
CBS-4M method (M referring to the use of minimal population localization) 
was applied, which is a reparameterized version of the original CBS-4 method 
and also includes some additional empirical corrections [14].  According to the 
calculations, the tautomer with the proton being on the nitrogen atom closer to 
the tetrazole ring has a lower energy than the tautomer where the proton is on 
the nitrogen closer to the azide (see AzTT or AzTTO), although the difference is 
practically negligible (0.49 kJ·mol−1).  Thus the latter was used for the following 
calculations and the numbering of the atoms (see Figure 2).  The molecule itself 
shows a completely planar structure (both CBS-4M and B3LYP/aug-cc-pVDZ), 
similar to AzTT, with a C1–N4 single bond (1.401 Å) connecting the two rings.  
The aforementioned 1-(5-nitramino-1H-1,2,4-triazol-3-yl)tetrazole on the other 
hand consists of two twisted rings in the crystal structure [7];  however the torsion 
angle was not given.

The enthalpies of the gas-phase species M were calculated by the atomization 
energy method according to Equation 1 [15], using literature values for the 
atomic ∆fH°(g,A) values [16].

∆fH°(g,M) = H298
(g,M) − ∑ H298

(g,A) + ∑ ∆fH°(g,A) (1)

The solid-state enthalpy of formation for neutral compounds can be estimated 
using Trouton’s rule according to Equation 2 [17], where T is either the melting 
point or the decomposition temperature (in K) if no melting occurs prior to 
decomposition. 

∆fH°(s) = ∆fH°(g) − ∆subH = ∆fH°(g) − (188 J∙mol−1∙K−1 × T) (2)

Finally, the solid-state molar enthalpies of formation (∆fH°) were used to 
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calculate the solid-state energies of formation (∆fU°) according to Equation 3, 
with ∆n being the change in the number of moles of the gaseous components.

∆U = ∆H − ∆nRT (3)

The results of the calculations are compiled in Table 1.  As expected, the 
C–N linked isomer 5 shows a higher enthalpy of formation (819.0 kJ·mol−1) than 
the C–C linked isomer AzTT (779.5 kJ·mol−1).

Table 1. CBS-4M calculation results

M PG [a] −H / a.u. [b] ∆fH°(g), 
[kJ·mol−1] [c] −∆n [d] ∆fH°(s), 

[kJ·mol−1][e]
∆fU°(s), 

[kJ·kg−1] [f]

AzTT C1 662.043029 859.5 6.0 779.5 4460.2
5 C1 662.028006 898.9 6.0 819.0 4681.6
H 0.500991
C 37.786156
N 54.522462
O 74.991202

[a] Point group, [b] CBS-4M calculated enthalpy, [c] gas-phase enthalpy of formation, 
[d] change in moles of gaseous components, [e] solid-state enthalpy of formation,  
[f] solid-state energy of formation.

AzTT and AzTTO [18], together with other C-azido-1,2,4-triazoles, like 
AzNT [10] and 5-azido-1H-1,2,4-triazole-3-carbonitrile [19], are able to form 
ionic primary explosives when paired with metal cations like silver.  Compound 5 
could unfortunately not be tested in this regard, due to our failed attempts at 
preparing a silver salt, which always resulted in a brown slurry.

3 Conclusions

The goal of the present study has been the preparation and characterization 
of the energetic nitrogen-rich heterocycle 1-(5-azido-1H-1,2,4-triazol-3-yl)
tetrazole (5).  The potential for salt formation was tested with silver nitrate, but 
unfortunately this always resulted in a brown slurry. The ability to form ionic 
primary explosives was therefore not further investigated.  It is nevertheless quite 
interesting to see that the linkage to the azide is apparently still weaker than that to 
the C–N bonded tetrazole, resulting in practically identical decomposition onsets 
for AzTT, AzTTO and 5 (around 150 °C), independent of the type and linkage 
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of the tetrazole ring.  The sensitivities towards external stimuli are comparable 
for the three compounds. 

4 Experimental Section

All chemicals were used as supplied (ABCR, Acros Organics, AppliChem, 
Sigma-Aldrich, VWR), if not stated otherwise.

NMR spectra were recorded using the spectrometers JEOL Eclipse 270, 
Eclipse 400 and JEOL ECX 400.  The measurements were conducted in 
regular glass NMR tubes (Ø 5 mm) and, if not stated otherwise, at 25 °C.  
Tetramethylsilane (1H, 13C) and nitromethane (14/15N) were used as external 
standards. As an additional internal standard the reference values of the partially 
deuterated solvent impurity (1H) and the fully deuterated solvent (13C) were 
used [20].  Infrared (IR) spectra were recorded on a PerkinElmer BX FT IR 
spectrometer equipped with a Smiths DuraSamplIR II diamond ATR unit using 
pure samples.  Transmittance values are qualitatively described as “very strong” 
(vs), “strong” (s), “medium” (m) and “weak” (w).  Raman spectra were recorded 
on a Bruker RAM II spectrometer equipped with a Nd:YAG laser (300 mW) 
operating at 1064 nm and a reflection angle of 180°.  The intensities are reported as 
percentages of the most intense peak and are given in parentheses.  Low resolution 
mass spectra were recorded on a JEOL MStation JMS-700.  The determination 
of the carbon, hydrogen and nitrogen contents (EA analysis) was carried out by 
combustion analysis using an Elementar Vario EL.  The determined nitrogen 
values are often lower than the calculated ones.  This is common with nitrogen-
rich compounds and cannot be avoided.  Differential scanning calorimetry was 
conducted with a Linseis DSC-PT10 in closed aluminum pans, equipped with 
a hole (Ø 0.1 mm) for gas release, and at a heating rate of 5 °C min−1.  Melting 
points were checked with a Büchi Melting Point B-540 apparatus, in open 
glass capillaries.

The sensitivities to impact (IS) and friction (FS) were determined according 
to BAM [21] standards using a BAM drop hammer (100 cm maximum drop 
height; 1, 5 and 10 kg weights; compound contained between two steel cylinders 
held together by a steel ring) and a BAM friction apparatus (5 to 360 N range) 
[22]. The compounds were sieved to determine the grain size (< 100 µm, 100 
to 500 µm, > 500 µm).

Caution! The title compound 5, as prepared here, is an energetic compound 
sensitive to impact and friction.  Although there were no problems in handling 
the compound, proper protective measures (ear protection, Kevlar® gloves, face 
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shield, body armor and earthed equipment) should be used.

1-Acetyl-3,5-diamino-1,2,4-triazole (1): Cyanoguanidine (85.0 g, 1.00 mol) 
and hydrazinium dichloride (105 g, 1.00 mol) were dissolved in water (200 mL) 
and stirred for four hours at 60 °C.  The reaction mixture was neutralized with 
a solution of sodium acetate (90.4 g, 1.10 mol) in water (300 mL).  Acetic 
anhydride (123 g, 1.20 mol) was then added dropwise at room temperature and 
the suspension was stirred for one hour.  The precipitate was filtered off, washed 
with water and ethanol, and then suspended in ethanol and refluxed for five 
minutes.  The precipitate was filtered off to yield a colorless powder (89.7 g, 
636 mmol, 64%).  EA (C4H7N5O): calcd. C 34.04, H 5.00, N 49.62%; found C 
33.89, H 4.81, N 49.59%.  1H NMR (DMSO-d6): δ = 7.38 (s, 2H, NH2), 5.66 (s, 
2H, NH2), 2.34 (s, 3H, CH3).  13C NMR (DMSO-d6): δ = 170.5, 162.1, 157.0, 
23.5.  IR (ATR): ν = 3415 (w), 3389 (m), 3297 (w), 3130 (m), 1710 (s), 1641 
(vs), 1568 (s), 1449 (m), 1392 (s), 1366 (vs), 1337 (s), 1178 (m), 1117 (m), 1066 
(m), 1044 (s), 973 (s), 839 (m), 758 (m), 699 (m), 670 (w), 656 (s) cm−1. MS 
(DEI+): m/z = 141.2 (20, [M]+), 99.2 (100, [M−C2H3O]+). DSC (5 °C min−1): 
Tr = 213 °C, Td = 269 °C.

5-Acetamido-3-amino-1H-1,2,4-triazole (2): A suspension of 1 (60.0 g, 
425 mmol) in decalin (750 mL) was heated for seven hours at 180 °C without 
stirring.  The precipitate was filtered off and washed with ethanol and diethyl 
ether to yield a very fine, pale brown powder (59.6 g, 422 mmol, 99%).  EA 
(C4H7N5O): calcd. C 34.04, H 5.00, N 49.64%; found C 34.23, H 4.87, N 49.46%.  
IR (ATR): ν = 3422 (w), 3250 (m), 2953 (w), 2869 (w), 2824 (w), 2166 (w), 
1682 (s), 1597 (vs), 1582 (vs), 1450 (s), 1375 (m), 1360 (m), 1295 (s), 1267 (s), 
1159 (w), 1080 (s), 1041 (w), 1024 (m), 1006 (m), 833 (w), 817 (w), 759 (w), 
712 (s), 687 (m) cm−1.  DSC (5 °C min−1): Td = 273 °C.

1-(5-Acetamido-1H-1,2,4-triazol-3-yl)tetrazole (3): Acetic acid (350 mL) 
was added in one portion to a stirred mixture of 2 (35.3 g, 250 mmol), triethyl 
orthoformate (55.6 g, 365 mmol) and sodium azide (19.5 g, 300 mmol).  A reflux 
condenser was attached and the resulting suspension was stirred first for 72 hours 
at room temperature, and then for 20 hours at 90 °C.  Concentrated hydrochloric 
acid (30 mL) was added after cooling to room temperature (evolution of HN3!) 
and stirred for one hour.  The solvent was removed under reduced pressure, the 
residue was fully suspended in toluene (about 150 mL) and stirred for about 
one hour, then again evaporated again to dryness.  This procedure was repeated 
once more.  The residue was suspended in water (250 mL) and refluxed until the 
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solid was fully suspended.  The precipitate was filtered off, washed with water 
and dried at 102 °C to yield a pale brown powder (35.1 g, 181 mmol, 72%).  
EA (C5H6N8O): calcd. C 30.93, H 3.11, N 57.71%; found C 32.11, H 3.67, N 
51.26%.  IR (ATR): ν = 3315 (w), 3230 (m), 3107 (m), 1687 (vs), 1589 (vs), 
1577 (vs), 1559 (vs), 1530 (s), 1492 (s), 1367 (s), 1324 (w), 1263 (s), 1248 (vs), 
1188 (w), 1160 (w), 1117 (w), 1088 (s), 1068 (m), 1040 (w), 1014 (m), 1003 (m), 
979 (m), 953 (w), 906 (w), 791 (m), 777 (w), 737 (s), 690 (w), 656 (w) cm−1.  
MS (DEI+): m/z = 195.1 (2, [M]+).

1-(5-Amino-1H-1,2,4-triazol-3-yl)tetrazole (4): Compound 3 (35.1 g, 
181 mmol) and hydrazine hydrate (36.2 g, 724 mmol) were stirred for three hours 
at 100 °C, then cooled down.  Water (30 mL) was added and the solution was 
acidified with hydrochloric acid (10%) to pH 6.  The suspension was stirred for 
30 minutes, after which the precipitate was filtered off and washed with moderate 
amounts of water, ethanol and diethyl ether, then finally dried at 102 °C to yield 
a pale brown powder (5.22 g, 34.3 mmol, 19%).  EA (C3H4N8): calcd. C 23.69, 
H 2.65, N 73.66%; found C 24.16, H 3.15, N 70.50%.  1H NMR (DMSO-d6):  
δ = 11.88 (vbr, NH), 9.91 (s, 1H, CH), 6.66 (s, 2H, NH2).  13C NMR (DMSO-d6): 
δ = 157.6 (C2), 150.1 (C1), 142.7 (C3).  IR (ATR): ν = 3385 (w), 3257 (w), 3160 
(w), 3097 (w), 1650 (vs), 1570 (s), 1518 (vs), 1452 (m), 1423 (w), 1330 (w), 
1275 (m), 1192 (w), 1163 (w), 1096 (m), 1078 (m), 1021 (w), 980 (s), 960 (w), 
897 (w), 755 (w), 724 (w), 707 (w) cm−1.  MS (DEI+): m/z = 153.2 (3, [M]+).

1-(5-Azido-1H-1,2,4-triazol-3-yl)tetrazole (5): Sodium nitrite (414 mg, 
6.00 mmol) in water (10 mL) was added dropwise at 0 °C to a suspension of 
4 (761 mg, 5.00 mmol) in sulfuric acid (25%, 30 mL).  The suspension was 
allowed to warm to room temperature, followed by stirring for 30 minutes at 
40 °C.  A small amount of urea was added after cooling to room temperature, 
followed by the dropwise addition of sodium azide (1.30 g, 20.0 mmol) in water 
(10 mL).  The reaction mixture was stirred overnight, then extracted with ethyl 
acetate (3 × 75 mL).  The combined organic phases were dried over magnesium 
sulfate, and then concentrated under reduced pressure.  The residue was taken 
up in a minimal amount of ethyl acetate, mixed with n-pentane (about 200 mL) 
and the resulting precipitate was filtered off to yield a colorless solid (629 mg, 
3.53 mmol, 71%).  EA (C3H2N10): calcd. C 20.23, H 1.13, N 78.64%; found C 
20.63, H 1.71, N 73.66%.  1H NMR (DMSO-d6): δ = 10.10 (s, CH).  13C NMR 
(DMSO-d6): δ = 151.6 (C2), 150.4 (C1), 142.9 (C3).  14N NMR (DMSO-d6): 
δ = −139 (N9).  15N NMR (DMSO-d6): δ = 12.0 (d, 3JNH = 3.43 Hz, N6), −20.2 
(N5), −52.4 (d, 2JNH = 12.11 Hz, N7), −119.4 (N2), −143.8 (N9/N10), −146.0 
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(N10/N9), −147.3 (d, 2JNH = 9.29 Hz, N4), −166.8 (N3), −185.7 (N1), −293.8 
(N8).  IR (ATR): ν = 3310 (m), 3167 (m), 3080 (m), 2932 (w), 2856 (w), 2237 
(w), 2156 (vs), 1646 (w), 1572 (m), 1552 (vs), 1534 (vs), 1510 (vs), 1493 (vs), 
1440 (m), 1411 (m), 1391 (m), 1353 (m), 1329 (m), 1312 (m), 1286 (m), 1266 
(s), 1257 (s), 1191 (s), 1174 (m), 1160 (m), 1107 (m), 1088 (vs), 1043 (m), 1030 
(m), 1006 (m), 982 (m), 975 (m), 965 (m), 917 (w), 870 (w), 792 (m), 721 (s), 
682 (w), 667 (w) cm−1.  Raman (300 mW): 3168 (6), 2166 (15), 1572 (100), 
1559 (10), 1535 (5), 1508 (11), 1461 (8), 1398 (22), 1330 (10), 1264 (14),  
1255 (5), 1193 (5), 1175 (6), 1090 (7), 1035 (6), 1011 (29) cm−1.  MS (DEI+): 
m/z = 178.2 (2, [M]+). DSC (5 °C min−1): Td = 152 °C.  Sensitivities (grain size 
< 100 µm): IS 4 J, FS 10 N.

Acknowledgement
Financial support of this work by the Ludwig-Maximilian University of 
Munich (LMU), the U.S. Army Research Laboratory (ARL), the Armament 
Research, Development and Engineering Center (ARDEC), the Office of 
Naval Research (ONR) under grant no. ONR.N00014-12-1-0538, and the 
Bundeswehr – Wehrtechnische Dienststelle für Waffen und Munition (WTD 
91) under grant no. E/E91S/FC015/CF049 is gratefully acknowledged.  The 
authors acknowledge collaborations with Dr. Mila Krupka (OZM Research, 
Czech Republic) in the development of new testing and evaluation methods for 
energetic materials and with Dr. Muhamed Sućeska (Brodarski Institute, Croatia) 
in the development of new computational codes to predict the detonation and 
propulsion parameters of novel explosives.  We are indebted to and thank Drs. 
Betsy M. Rice, Jesse Sabatini and Brad Forch (ARL, Aberdeen, Proving Ground, 
MD) for many inspired discussions.  Stefan Huber is thanked for assistance 
during sensitivity measurements.

5. References

 [1] a) Klapötke T.M., Chemistry of High-Energy Materials, 2nd ed., Walter de Gruyter, 
Berlin, 2012, ISBN 978-3-11-027358-8;  b) Lee K.-Y., Chapman L.B., Coburn 
M.D., 3-Nitro-1,2,4-triazol-5-one, a Less Sensitive Explosive, J. Energ. Mater., 
1987, 5, 27-33;  c) Lee K.-Y., Storm C.B., Hiskey M.A., Coburn M.D., An Improved 
Synthesis of 5-Amino-3-nitro-1H-1,2,4-triazole (ANTA), a Useful Intermediate 
for the Preparation of Insensitive High Explosives, J. Energ. Mater., 1991, 9, 415-
428;  d) Hiskey M.A., Goldman N., Stine J.R., High-nitrogen Energetic Materials 
Derived from Azotetrazolate, J. Energ. Mater., 1998, 16, 119-127;  e) Pagoria 
P.F., Lee G.S., Mitchell A.R., Schmidt R.D., A Review of Energetic Materials 



414 D. Izsák, T.M. Klapötke

Synthesis, Thermochim. Acta, 2002, 384, 187–204;  f) Singh R.P., Verma R.D., 
Meshri D.T., Shreeve J., Energetic Nitrogen-rich Salts and Ionic Liquids, Angew. 
Chem. Int. Ed., 2006, 45, 3584-3601;  g) Talawar M.B., Sivabalan R., Mukundan T., 
Muthurajan H., Sikder A.K., Gandhe B.R., Rao A.S., Environmentally Compatible 
Next Generation Green Energetic Materials (GEMs), J. Hazard. Mater., 2009, 161, 
589-607;  h) Wang K., Parrish D.A., Shreeve J.M., 3-Azido-N-nitro-1H-1,2,4-
triazol-5-amine-Based Energetic Salts, Chem. Eur. J., 2011, 17, 14485-14492; i) 
Fronabarger J.W., Williams M.D., Sanborn W.B., Parrish D.A., Bichay M., KDNP 
– A Lead Free Replacement for Lead Styphnate, Propellants Explos. Pyrotech., 
2011, 36, 459–470;  j) Chavez D.E., Parrish D.A., Synthesis and Characterization 
of 1-Nitroguanyl-3-nitro-5-amino-1,2,4-triazole, Propellants Explos. Pyrotech., 
2012, 37, 536-539;  k) Liang L., Huang H., Wang K., Bian C., Song J., Ling L., 
Zhao F., Zhou Z., Oxy-bridged bis(1H-tetrazol-5-yl)furazan and Its Energetic Salts 
Paired with Nitrogen-rich Cations: Highly Thermally Stable Energetic Materials 
with Low Sensitivity, J. Mater. Chem., 2012, 22, 21954-21964;  l) Zhang Y., Parrish 
D.A., Shreeve J.M., Derivatives of 5-nitro-1,2,3-2H-triazole – High Performance 
Energetic Materials, J. Mater. Chem. A, 2013, 1, 585-593.

 [2] a) Dippold A.A., Klapötke T.M., Synthesis and Characterization of 5-(1,2,4-Triazol-
3-yl)tetrazoles with Various Energetic Functionalities, Chem. Asian J., 2013, 8, 
1463-1471;  b) Dippold A.A., Izsák D., Klapötke T.M., A Study of 5-(1,2,4-Triazol-
C-yl)tetrazol-1-ols: Combining the Benefits of Different Heterocycles for the Design 
of Energetic Materials, Chem. Eur. J., 2013, 19, 12042-12051.

 [3] Srinivas D., Ghuleb V.D., Muralidharan K., Synthesis of Nitrogen-rich Imidazole, 
1,2,4-Triazole and Tetrazole-based Compounds, RSC Adv., 2014, 4, 7041-7051.

 [4] a) Pevzner M.S., Gladkova N.V., Kravchenko T.A., 5-Amino-3-nitro-1,2,4-triazole 
and 5-(nitroamino)-3-nitro-1,2,4-triazole, Zh. Org. Khim., 1996, 32, 1186-1189; 
b) van den Bos B.G., Investigations on Pesticidal Compounds. II. The Structure of 
Phosphorus Compounds Derived from 3-amino-1,2,4-triazole, Rec. Trav. Chim., 
1960, 79, 836-842.

 [5] Chernyshev V.M., Gaidukova G.V., Zemlyakov N.D., Taranushich V.A., Synthesis 
of 1-Acyl- and 1-Arylsulfonyl Derivatives of 3,5-Diamino-1,2,4-triazole, Russ. 
J. Appl. Chem., 2005, 78, 776-780.

 [6] Gaponik P.N., Karavai V.P., Grigor’ev Y.V., Synthesis of 1-Substituted Tetrazoles 
by Heterocyclization of Primary Amines, Ethyl Orthoformate and Sodium Azide, 
Khim. Geterotsikl. Soedin., 1985, 1521-1524.

 [7] Martin F.A., Novel Energetic Materials Based on 1,5-Diaminotetrazole and 
3,5-Diamino-1H-1,2,4-triazole, Dissertation, LMU Munich, 2011.

 [8] a) Klapötke T.M., Stein M., Stierstorfer J., Salts of 1H-tetrazole – Synthesis, 
Characterization and Properties, Z. Anorg. Allg. Chem., 2008, 634, 1711-1723; 
b) Dighe S.N., Jain K.S., Srinivasan K.V., A Novel Synthesis of 1-Aryl Tetrazoles 
Promoted by Employing the Synergy of the Combined Use of DMSO and an Ionic 
Liquid as the Solvent System at Ambient Temperature, Tetrahedron Lett., 2009, 50, 
6139-6142; c) Joas M., Klapötke T.M., Polynuclear Chlorido Metal(II) Complexes 



415Preparation and Characterization of 1-(5-Azido-1H-1,2,4-triazol-3-yl)tetrazole

with 1,2-Di(1H-tetrazol-1-yl)ethane as Ligand Forming One- and Two-dimensional 
Structures, Z. Anorg. Allg. Chem., 2014, 640, 1886-1891; d) Fischer N., Izsák D., 
Klapötke T.M., Stierstorfer J., The Chemistry of 5-(Tetrazol-1-yl)-2H-tetrazole: 
An Extensive Study of Structural and Energetic Properties, Chem. Eur. J., 2013, 
19, 8948-8957.

 [9] Aridoss G., Zhao C., Borosky G.L., Laali K.K., Experimental and GIAO 15N NMR 
Study of Substituent Effects in 1H-Tetrazoles, J. Org. Chem., 2012, 77, 4152-4155.

 [10] Izsák D., Klapötke T.M., Scharf R., Stierstorfer J., Energetic Materials Based on 
the 5-Azido-3-nitro-1,2,4-triazolate Anion, Z. Anorg. Allg. Chem., 2013, 639, 
1746-1755.

 [11] Beck W., Becker W., Chew K.F., Derbyshire W., Logan N., Revitt D.M., Sowerby 
D.B., Nitrogen-14 Nuclear Magnetic Resonance of Covalent Azides, J. Chem. Soc. 
Dalton Trans., 1972, 245-247.

 [12] a) Müller J., Nitrogen-15 NMR Spectroscopy of Carbon Azides, Z. Naturforsch., 
1979, 34B, 437-441;  b) Wrackmeyer B., Calculation of 15N NMR Parameters of 
Azides and Some Related Compounds. Revisiting the Methylation of Nitrous Oxide 
N2O, Z. Naturforsch., 2011, 66B, 1079-1082.

  [13] Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb M.A., Cheeseman 
J.R., Scalmani G., Barone V., Mennucci B., Petersson G.A., Nakatsuji H., Caricato 
M., Li X., Hratchian H.P., Izmaylov A.F., Bloino J., Zheng G., Sonnenberg J.L., 
Hada M., Ehara M., Toyota K., Fukuda R., Hasegawa J., Ishida M., Nakajima T., 
Honda Y., Kitao O., Nakai H., Vreven T., Montgomery J.A. Jr., Peralta J.E., Ogliaro 
F., Bearpark M., Heyd J.J., Brothers E., Kudin K.N., Staroverov V.N., Keith T., 
Kobayashi R., Normand J., Raghavachari K., Rendell A., Burant J.C., Iyengar 
S.S., Tomasi J., Cossi M., Rega N., Millam J.M., Klene M., Knox J.E., 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., Martin R.L., Morokuma K., 
Zakrzewski V.G., Voth G.A., Salvador P., Dannenberg J.J., Dapprich S., Daniels 
A.D., Farkas O., Foresman J.B., Ortiz J.V., Cioslowski J., Fox D.J., Gaussian 09 
Revision C.01, Gaussian, Inc., Wallingford, CT, USA, 2010.

 [14] a) Ochterski J.W., Petersson G.A., Montgomery J.A., A Complete Basis Set Model 
Chemistry. V. Extensions to Six or More Heavy Atoms, J. Chem. Phys., 1996, 104, 
2598-2619;  b) Montgomery J.A., Frisch M.J., Ochterski J.W., Petersson G.A., 
A Complete Basis Set Model Chemistry. VII. Use of the Minimum Population 
Localization Method, J. Chem. Phys., 2000, 112, 6532-6542.

 [15] a) Rice B.M., Pai S.V., Hare J., Predicting Heats of Formation of Energetic Materials 
Using Quantum Mechanical Calculations, Combust. Flame, 1999, 118, 445-458;  
b) Rice B.M., Hare J.J., A Quantum Mechanical Investigation of the Relation 
between Impact Sensitivity and the Charge Distribution in Energetic Molecules, 
J. Phys. Chem. A, 2002, 106, 1770-1783; c) Byrd E.F.C., Rice B.M., Improved 
Prediction of Heats of Formation of Energetic Materials Using Quantum Mechanical 
Calculations, J. Phys. Chem. A, 2006, 110, 1005-1013.

 [16] a) NIST Standard Reference Database Number 69, (Linstrom P.J., Mallard W.G., 



416 D. Izsák, T.M. Klapötke

Eds.),  http://webbook.nist.gov/chemistry (accessed December 31, 2012);
  b) Cox J.D., Wagman D.D., Medvedev V.A., CODATA Key Values for 

Thermodynamics, Hemisphere Publishing Corp., New York, 1984.
 [17] a) Trouton F., IV. On Molecular Latent Heat, Philos. Mag., 1884, 18, 54-57; 

b) Westwell M.S., Searle M.S., Wales D.J., Williams D.H., Empirical Correlations 
between Thermodynamic Properties and Intermolecular Forces, J. Am. Chem. Soc., 
1995, 117, 5013-5015.

 [18] a) Huber S., Izsák D., Karaghiosoff K., Klapötke T.M., Reuter S., Energetic Salts 
of 5-(5-Azido-1H-1,2,4-triazol-3-yl)tetrazole, Propellants Explos. Pyrotech., 2014, 
39, 793-801;  b) Izsák D., Klapötke T.M., Reuter S., Salts of 5-(5-Azido-1H-1,2,4-
triazol-3-yl)tetrazol-1-ol: From Highly Sensitive Primary Explosives to Insensitive 
Nitrogen-Rich Salts, Eur. J. Inorg. Chem., 2013, 2013, 5641-5651.

 [19] Izsák D., Klapötke T.M., Reuter S., Rösener T., Silver Salt and Derivatives of 
5-Azido-1H-1,2,4-triazole-3-carbonitrile, Z. Anorg. Allg. Chem., 2013, 639, 
899-905.

 [20] Fulmer G.R., Miller A.J.M., Sherden N.H., Gottlieb H.E., Nudelman A., Stoltz B.M., 
Bercaw J.E., Goldberg K.I., NMR Chemical Shifts of Trace Impurities: Common 
Laboratory Solvents, Organics, and Gases in Deuterated Solvents Relevant to the 
Organometallic Chemist, Organometallics, 2010, 29, 2176-2179.

 [21] Bundesanstalt für Materialforschung und –prüfung, http://www.bam.de/de/index.
htm (accessed August 21, 2014).

 [22] a) Sućeska M., Test Methods for Explosives, Springer, New York – Berlin – 
Heidelberg, 1995, ISBN 0387945555; b) NATO Standardization Agreement 4489, 
September 17, 1999; c) WIWeB-Standardarbeitsanweisung 4-5.1.02, November 8, 
2002; d) NATO Standardization Agreement 4487, August 22, 2002;  e) WIWeB-
Standardarbeitsanweisung 4-5.1.03, November 8, 2002; f) Reichel & Partner 
GmbH, http://www.reichel-partner.de (accessed August 21, 2014).


