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A B S T R A C T   

In the quest for efficient and thermally stable insensitive materials, the inclusion of a bridging molecule between symmetric or asymmetric azole units has recently 
emerged as a fruitful approach. However, the synthesis of new compounds with high density in combination with high thermal stability and insensitivity often occurs 
only with difficulty. Now a new class of pyrazole-bridged bistetrazole and bis(1-hydroxytetrazolyl) compounds was synthesized and fully characterized by NMR, IR 
spectroscopy, and elemental analysis. Thermal behavior was investigated by using differential scanning calorimetry (DSC), and thermal gravimetric analysis (TGA). 
The solid-state structures of the diammonium salt (9) based on 4-nitro-1H-pyrazole, and 5,5′-(4-chloro-1H-pyrazole-3,5-diyl)bis(1H-tetrazole) (18) were determined 
by single-crystal X-ray diffraction. These pyrazole-bridged bistetrazole compounds exhibit excellent thermal stabilities with high decomposition temperatures, 
moderate heats of formation, high nitrogen content, and insensitivities to impact and friction. Additionally, introduction of a halogen atom at the 4-position of the 
pyrazole ring gives rise to a new active heterocycle which holds considerable promise as a suitable substrate for further transformation.   

1. Introduction 

Growing demand for thermally stable insensitive materials, in tan
dem with increasing initiatives to shed dependence on carbon-based 
compounds, has motivated the study of nitrogen-rich high-density ma
terials.[1] Our aim is to develop safe and eco-friendly compounds with 
high decomposition temperatures, moderate heats of formation, and low 
sensitivities.[2] This can be realized via the syntheses of azole- 
containing compounds with N––N, N–N, C––N, and C–N bonds in 
order to attain quality heats of formation, and increasing hydrogen-bond 
networks through the introduction of nitro (−NO2), nitroamino 
(−NHNO2), azido (N3), or N-oxide (N → O) groups which lead to high 
density.[3] Among the nitrogen-rich azoles, the tetrazole moiety con
tinues to attract considerable research attention owing to good heats of 
formation arising from the presence of many nitrogen-nitrogen bonds 
and its high level of environmental compatibility.[4] The quest for new 
tetrazole-containing compounds has been an integral part of such 
research, which, in turn, has resulted in many tetrazole combined 
frameworks with density increasing functional groups. Some of these 
compounds have been successfully applied in a multitude of roles such 
as gas generators in automobile airbags (Fig. 1).[5] However, com
pounds which contain the tetrazole ring with such functional groups are 
often sensitive to external stimuli and exhibit low decomposition tem
peratures, which limit their practical applications.[6] Therefore, it is of 
significant fundamental and applied interest to synthesize tetrazole 

compounds that are thermally stable, insensitive to friction, impact, and 
sparks, and that can meet requirements for both military and civilian 
purposes.[7]. 

Enormous progress in the synthesis of such materials has led to the 
emergence of strategies to tailor their properties.[8] A complementary 
approach to achieve good thermal stability and low sensitivity requires 
the inclusion of a bridging molecule between symmetrical or asym
metric azole units.[9] Bridging moieties such as -N = N-, -NH-, -C(O)- 
and -C–C- have been extensively used to connect two or more energetic 
rings.[10] Recently, azole bridges such as 1,2,4-oxadiazole, and 1,3,4- 
oxadiazole have attracted considerable research attention as being 
newly important to synthesize thermostable and insensitive materials. 
[11,12] To this end, realization of new azole-bridged compounds with 
easy functionalization, up scalable procedures and improved thermo
stability is essential to satisfy safety requirements and practical 
applications. 

Pyrazoles are five-membered aromatic heterocycles that constitute a 
class of compounds particularly valuable in organic transformations. 
[13] Substituted pyrazoles have found application in a plethora of cases, 
ranging from agriculture and technology to exploiting a full spectrum of 
biological activities.[14] They have also been investigated owing to 
their high thermal stabilities. The use of the pyrazole ring in the syn
thesis of new materials not only improves the thermal stability but also 
provides opportunities for easy functionalization at the three-carbon 
centers, making the new heterocycle a more useful and suitable 
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substrate for further transformations.[15] Now we have synthesized 
substituted pyrazole-bridged bistetrazole derivatives including 5,5′-(1H- 
pyrazole-3,5-diyl)bis(1H-tetrazole), 3, and 5,5′-(4-nitro-1H-pyrazole- 
3,5-diyl)bis(1H-tetrazole), 4, using 1H-pyrazole-3,5-dicarbonitrile, 1, 
and 4-nitro-1H-pyrazole-3,5-dicarbonitrile, 2, as precursors. Mild halo
genation of 5,5′-(1H-pyrazole-3,5-diyl)bis(1H-tetrazole), 3, at the 4-po
sition was carried out using Oxone® (potassium peroxymonosulfate) 
with halide salts. The resulting halo-nitrogen-rich compounds were 
found to be highly stable with good density, lower sensitivity, and good 
heats of formation. In addition, the oxidation of compound 3 with 
Oxone® gave the pyrazole-bridged bis(1-hydroxytetrazolyl) derivative 
20. Compound 20 and its salts (21, 22) also exhibit good density high 
thermal stability and lower sensitivity. 

2. Results and discussion 

2.1. Synthesis 

The reaction of 1H-pyrazole-3,5-dicarbonitrile (1) with sodium azide 
in the presence of zinc chloride resulted in the formation of the pyrazole- 
bridged derivative 5,5′-(1H-pyrazole-3,5-diyl)bis(1H-tetrazole), 3, as a 
white solid in 93% yield (Scheme 1). Compound 4 with 4-nitro-1H- 
pyrazole and bis(1H-tetrazole) was formed when 2 was reacted with 
sodium azide in the presence of zinc chloride (Scheme 1). 

The 4-position of compound 3 was halogenated using Oxone®/KX 
(X = Cl, Br, I) (Scheme 2). The chloro and bromo derivatives were ob
tained selectively and quantitatively, whereas the iodo derivative was 
obtained as an inseparable mixture with the starting material. The 
oxidation of compound 3 with Oxone® formed the pyrazole-bridged bis 
(1-hydroxytetrazolyl) derivative 20. As is well known, salt formation 
can improve sensitivity and thermal stability; therefore, 3, 4, 13 and 20 

were reacted with various nitrogen-rich bases in acetonitrile to give 1:2 
salts (Schemes 1 and 2). 

2.2. Spectral studies of compounds 

New compounds have been fully characterized by NMR [1H, 13C 
{1H}, and 15N{1H}] and IR spectra as well as elemental analysis. In the 
13C{1H} NMR spectra, signals corresponding to the tetrazole carbon 
atoms in compounds 3–19 were observed over the range of 147.8 to 
159.8 ppm. Due to the similar electronic environment at the 3,5-posi
tions in the pyrazole ring, the two carbon signals in compounds 3–19 
are averaged to one signal in the range of 131.5 to 140.2 ppm. The 
carbon at the 4-position of the pyrazole ring was observed at 105.6 ppm 
in compound 3, 131.5 ppm in compound 4, 94.2 ppm in compound 13, 
109.0 ppm in compound 18, and 61.9 ppm in compound 19. The bromo 
and iodo substitution results in the upfield shift of the carbon at the 4- 
position of the pyrazole ring, whereas the chloro substitution results 
in the downfield shift. The downfield shift of carbon at the 4-position of 
the pyrazole ring was observed at 109.1 ppm in compound 20, 104.9 
ppm in compounds 21 and 22. Upfield shifts of C4-carbon signals were 
observed concomitantly with salt formation in 5–22. The 15N NMR 
spectra of 8, 12, and 17 are given in Fig. 2. Signals corresponding to the 
tetrazole nitrogen atoms attached to the pyrazole moiety are averaged to 
two signals, 4.06 to 8.53 ppm for anionic nitrogen atoms and −34.58 to 
−82.92 ppm for the other two nitrogen atoms. Signals of the pyrazole 
ring nitrogen atoms are in the range −166.29 to −187.94 ppm. The 15N 
signals corresponding to the nitro group in compounds 2, 4 and 9–12 are 
in the range of −15.93 to −24.10 ppm. 

2.3. Crystal structure 

Crystals suitable for single-crystal X-ray analysis for compounds 9 
and 18 were obtained through the slow evaporation of a saturated so
lution in a methanol/water mixture at room temperature. Crystal 
structures are given in Figs. 3 and 4. Crystallographic data and data 
collection parameters, bond lengths, and bond angles are given in the SI. 
Compound 9⋅0.5H2O crystallizes in the monoclinic space group C2/c 
with a calculated crystal density of 1.675 g cm−3 at 100 K. In the crystal 
structure are two NH4

+ cations with 0.5 water molecules per molecule 
dianion. In the crystal packing of 9⋅0.5H2O, there are many strong 
intermolecular hydrogen bonds between the NH4 cations and the nitro 
groups and ring nitrogen atoms of the tetrazole moiety (Fig. 3b). Addi
tionally, the three rings are stacked in a zig-zag fashion, giving rise to π-π 
interactions. All these interactions which arise from the presence of the 
cations contribute significantly to the high thermal stability and reduced 
sensitivity. Compound 18⋅H2O crystallizes in the monoclinic space 
group P21/c with a calculated crystal density of 1.768 g cm−3 at 100 K. 
The compound crystallizes with water molecules in the lattice which 
gives rise to intermolecular hydrogen bond interactions (Fig. 4). 

Fig. 1. Examples of various types of mono and bistetrazole compounds.  

Scheme 1. Synthesis of pyrazole-bridged bistetrazole compounds 3 and 4 and their salts.  

J. Singh et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 431 (2022) 133282

3

Scheme 2. Halogenation of pyrazole-bridged bistetrazole compound 3; conversion of 3 to bis(1-hydroxytetrazol-5-yl) derivative 20; and syntheses of salts 14–17 
and 21–22. 

Fig. 2. 15N NMR spectra of (a) 8, (b) 12, and (c) 17.  
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2.4. Hirshfeld surface and Non-covalent interactions 

Since crystal packing strongly influences the physical properties of 
compounds, two-dimensional (2D) fingerprints and the associated 
Hirshfeld surfaces [16,17] were employed by using Crystalexplorer17.5 
to understand structure-properties and intermolecular interactions in 
9⋅0.5H2O. Red and blue dots on the Hirshfeld surface analysis represent 
high and low close contacts, respectively. In Fig. 5a–5c, stabilizing in
teractions such as N‧‧‧H (51.5%) and O‧‧‧H (13.8%) are seen in 9⋅0.5H2O, 
which contribute to the total weak interactions of 65.3%. As shown in 
Fig. 5c, high percentages (17.8%) of N⋅⋅⋅N, and N⋅⋅⋅C interactions were 
observed which denote π − π stacking for 9⋅0.5H2O. This is also sup
ported by noncovalent interaction (NCI) plots of gradient isosurfaces for 
9⋅0.5H2O. The green surface can be clearly seen from the Fig. 5d due to 
the presence of π-π interactions.[18] The combination of N‧‧‧H, O‧‧‧H and 
π-π interactions leads to the high insensitivity and high molecular sta
bility of compound 9⋅0.5H2O (Fig. 5). The calculated results agree well 
with the sensitivity data from experiment, which shows impact sensi
tivity and friction sensitivity of 9⋅0.5H2O is > 40 J and > 360 N, 
respectively. 

2.5. Physicochemical and energetic properties 

The thermal stabilities of the new energetic materials 3–22 were 
determined using Differential scanning calorimetry (DSC) at a heating 
rate of 5 ◦C min−1 (Table 1). The DSC and TGA for compounds 3, 4, 13, 
and 17 are given in the Supporting Information. The decomposition 
temperatures for all the compounds occur between 212 (10) and 307 (6) 

◦C. The densities were measured using a gas pycnometer at 25 ◦C and the 
values range between 1.56 (6) to 2.06 (13) g/cm3. Compound 3 exhibits 
a density of 1.61 g cm−1 at 298 K. The introduction of an NO2 group at 
the C4-position increases the density from 1.61 g cm−1 to 1.71 g cm−1. 
The NO2 group at the 4-position of pyrazole increases the possibility of 
inter- and intra- molecular H-bonding, which makes a positive contri
bution to the density. The densities of compounds 13–17 were found to 
be higher due to the presence of the bromine atom. Compound 13 ex
hibits density of (2.06 g/cm3), and its energetic salts have densities 
range between 1.86 and 1.94 g/cm3. With the exception of compounds 5 
and 6, all other compounds are more dense than TNT. Compound 20 
exhibits higher density (1.71 g cm−1 at 298 K) in comparison to com
pound 3 due to the presence of bis(1-hydroxytetrazol-5-yl) units. En
ergetic salts 21 and 22 also exhibit higher density in comparison to 
compounds 5 and 6. 

Heats of formation of compounds 3–22 were calculated based on 
isodesmic reactions using the Gaussian 03 (revision D.01) suite of pro
grams. All the compounds (except 5, 6 and 18) have relatively high 
positive heats of formation (ΔHf) which fall between 496.2 and 2200.3 
kJ mol−1 and are significantly higher than TNT (−59.4 kJ mol−1), and 
TATB (−154.2 kJ mol−1) (Table 1). Based on the values of the calculated 
heats of formation and experimental densities, detonation properties of 
3–12 and 18–22 were determined using EXPLO5 (version 6.01). The 
detonation properties of 13–17 were calculated using the Cheetah 8.0 
program. The detonation pressures (P) for 3–22 range between 9.70 and 
26.9 GPa with the detonation velocities (Dv) between 5553 and 8338 m 
s−1. All compounds, except 3, 13 and 18, have better detonation prop
erties than TNT, while compounds 10 (P: 25.0 GPa, Dv: 8338 m s−1), 11 
(P: 25.4 GPa, Dv: 8235 m s−1) and 22 (P: 24.0 GPa, Dv: 8336 m s−1), 
exhibit detonation properties approaching TATB (P: 31.2 GPa, Dv: 8114 
m s−1). Impact and friction sensitivity values were obtained by using a 
BAM drop hammer apparatus and BAM friction tester, respectively. 
Except for 4 (IS: 20 J, FS: 240 N) (Table 1), all the compounds were 
found to be insensitive (IS > 35 J, FS > 360 N) to both impact and 
friction. 

3. Conclusions 

Azole-bridged compounds offer powerful synthetic routes to new 
molecules with tunable properties. Insertion of a pyrazole-bridge be
tween two tetrazole units increases the thermal stability while 
concomitantly decreasing sensitivity to impact and friction. The den
sities of the new compounds are in the range 1.56 to 2.06 g/cm3, which 
places most of them in a class of relatively dense compounds with good 
heats of formation. Mild, green halogenation of 5,5′-(1H-pyrazole-3,5- 
diyl)bis(1H-tetrazole) at the 4-position was possible using Oxone® and 

Fig. 3. (a) Thermal ellipsoid plot (50%) and labeling scheme for 9⋅0.5H2O. (b) Ball-and-stick packing diagram of 9⋅0.5H2O .  

Fig. 4. Thermal ellipsoid plot (50%) and labeling scheme for 18⋅H2O.  
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halide salts. This method can be utilized to further functionalize azole 
rings in a variety of materials. The oxidation of compound 3 with 
Oxone® gave the pyrazole-bridged bis(1-hydroxytetrazolyl) derivative 
with good density, thermal stability, and insensitivity. Overall, insertion 
of pyrazole-bridges between tetrazole rings offers a positive route to 
improve thermal stability and sensitivity with the option of functional 
substitution to enhance density. 

4. Experimental section 

Caution! Although no explosions or hazards were observed during 
the preparation and handling of these compounds, all the compounds 
investigated are energetic materials. Mechanical actions involving 
scratching or scraping must be avoided. In addition, all the compounds 
must be synthesized only on a small scale. All manipulations must be 
carried out in a hood behind a safety shield. Eye protection and leather 
gloves must be worn at all times. 

4.1. General methods 

All reagents were purchased from VWR or AK Scientific in analytical 
grade and were used as supplied, if not stated otherwise. 1H and 13C 
NMR spectra were recorded using a 300 MHz (Bruker AVANCE 300) 
NMR spectrometer operating at 300.13 and 75.48 MHz, respectively. A 
500 MHz (Bruker AVANCE 500) NMR spectrometer operating at 50.69 
MHz was used to obtain 15N NMR spectra. Chemical shifts in the 1H and 
13C NMR spectra are reported relative to Me4Si and 15N NMR spectra to 

MeNO2. The melting and decomposition (onset) points were obtained on 
a differential scanning calorimeter (TA Instruments Company, Model: 
Q2000) at a scan rate of 5 ◦C min−1. IR spectra were recorded on a FT-IR 
spectrometer (Thermo Nicolet AVATAR 370) as thin films using KBr 
plates. Density was measured at room temperature by employing a 
Micromeritics AccuPyc II 1340 gas pycnometer. The impact (IS) and 
friction sensitivities (FS) were measured by employing a standard BAM 
drop hammer and BAM friction tester. Elemental analyses (C, H, N) were 
determined using a Vario Micro cube Elementar Analyser. 

A yellow block-shaped crystal (9⋅0.5H2O) with dimensions 0.10 ×
0.10 × 0.08 mm3 and a colorless irregular-shaped- crystal (18⋅H2O) with 
dimensions 0.18 × 0.09 × 0.05 mm3, were mounted on a nylon loop 
with Paratone oil. Data were collected using a XtaLAB Synergy, Dualflex, 
HyPix diffractometer equipped with an Oxford Cryosystems low- 
temperature device, operating at T = 100.00(10) K. The structures 
were solved by a dual method using the ShelXT [23] structure solution 
program. The structure was refined by Least Squares using version 
2018/2 of XL [24] incorporated in Olex2.[25] All non-hydrogen atoms 
were refined anisotropically. Hydrogen atom positions were calculated 
geometrically and refined using the riding model, except for the 
hydrogen atom on non-carbon atom(s) which were found by difference 
Fourier methods and refined isotropically when data permits. In struc
ture 18⋅H2O, the value of Z’ is 0.5. This means that only half of the 
formula unit is present in the asymmetric unit, with the other half 
consisting of symmetry equivalent atoms. 

Fig. 5. (a) Hirshfeld surface graph of 9⋅0.5H2O. (b) 2D fingerprint plot of 9⋅0.5H2O. (c) percentage contributions of the individual atomic contacts to the Hirshfeld 
surface for 9⋅0.5H2O. (d) NCI plots of gradient isosurfaces for 9⋅0.5H2O. 

J. Singh et al.                                                                                                                                                                                                                                    



Chemical Engineering Journal 431 (2022) 133282

6

4.2. Theoretical study 

The heats of formation for 3–22 and their salts were obtained by 
using isodesmic reactions (SI). The geometric optimization and fre
quency analyses of the structures are based on available single crystal 
structures and using the B3LYP functional with the 6–31 + G** basis set. 
Single-point energies were calculated at the MP2/6–311++G** level. 
[26] Atomization energies for cations were obtained by employing the 
G2ab initio method.[27] All of the optimized structures were character
ized to be true local energy minima on the potential energy surface 
without imaginary frequencies. For energetic salts, the solid-phase heats 
of formation were calculated based on the Born–Haber energy cycle. 
[28] All calculated gas-phase enthalpies for covalent materials are 
converted to solid phase values by subtracting the empirical heat of 
sublimation obtained based on Trouton’s rule.[29] 

4.2.1. Synthesis of 1H-pyrazole-3,5-dicarbonitrile (1) 
To a mixture of 1H-pyrazole-3,5-dicarboxamide (3.72 g, 24.00 

mmol) in acetonitrile (70 mL) at 0 ◦C was added POCl3 (11.25, mL, 120 
mmol). The mixture was stirred with heating in a sealed stainless-steel 
tube at 120 ◦C for 12 h. It was poured into water/ice and extracted 
with CH2Cl2 (3 × 50 mL). The organic layer was dried over Na2SO4, 
filtered, and evaporated to give 1 as a white solid. Yield: 71%; Tm 
(onset) = 194 ◦C; 1H NMR (300 MHz, d6-DMSO): 7.84 (s, 1H); 13C NMR 
(75 MHz, d6-DMSO): 119.9, 118.6, 111.4; IR (ν, cm−1): 3248, 3147, 
2258, 1537, 1410, 1269, 1201, 1134, 1024, 993, 837, 776, 679, 659. 
Elemental analysis: Calcd (%) for C5H2N4 (118.10): C, 50.85; H, 1.71; N, 
47.44; Found: C 51.14, H 2.10, N 46.59. 

4.2.2. Synthesis of 4-nitro-1H-pyrazole-3,5-dicarbonitrile (2) 
To a mixture of 4-nitro-1H-pyrazole-3,5-dicarboxamide (3.00 g, 

15.00 mmol) in acetonitrile (70 mL) at 0 ◦C was added POCl3 (7.00 mL, 
75.00 mmol). It was stirred with heating in a sealed stainless-steel tube 
at 120 ◦C for 12 h. The mixture was poured into water/ice and extracted 
with ethyl acetate (3 × 50 mL). The organic layer was dried over 
Na2SO4, filtered, and evaporated to give 2 as a yellow solid. Yield: 80%; 
Tm (onset) = 120 ◦C; 13C NMR (75 MHz, d6-DMSO): 138.8, 119.7, 111.7; 
IR (ν, cm−1): 3186, 3148, 3013, 2877, 2833, 2740, 2589, 2266, 1699, 
1582, 1546, 1473, 1449, 1361, 1296, 1192, 1141, 1050, 829, 797, 744, 
665. Elemental analysis: Calcd (%) for C5HN5O2 (163.09): C, 36.82; H, 
0.62; N, 42.94; Found: C 37.08, H 0.92, N 42.50. 

4.2.3. Synthesis of 5,5′-(1H-pyrazole-3,5-diyl)bis(1H-tetrazole) (3) 
To a 100 mL round-bottomed flask was added 1 (0.70 g, 6.0 mmol), 

sodium azide (0.84 g, 13.0 mmol), zinc chloride (0.40 g, 3.0 mmol), and 
water (30 mL). The reaction mixture was stirred at reflux for 24 h. After 
cooling, HCl (3 M, 20 mL) was added to the reaction mixture with 
vigorous stirring. The reaction mixture was heated at 50 ◦C (until the 
white solid disappeared) and allowed to cool at room temperature. The 
crystalline compound was filtered and dried to give 3 as a white solid. 
Yield: 93%; Td (onset) = 292 ◦C; 1H NMR (300 MHz, d6-DMSO): 7.4 (s, 
1H); 13C NMR (75 MHz, d6-DMSO): 149.3, 134.8, 105.6; IR (ν, 
cm−1): 3428, 3111, 2904, 2677, 1613, 1528, 1475, 1379, 1336, 1249, 
1204, 1143, 1079, 1045, 968, 873, 834, 742, 534; Elemental analysis: 
Calcd (%) for C5H4N10 (204.15): C 29.42, H 1.97, N, 68.61; Found: C 
29.11, H 2.71, N 68.27. 

Table 1 
Energetic properties of compounds 3–22.   

ρa (g/cm3) Dv
b (m s¡1) Pc (GPa) ΔHf 

d (kJmol¡1) Td
e (◦C) ISf (J) FSg (N) Nh% 

3  1.61 5755  9.70  151.0 293 >40 >360  68.6 
4  1.71 6940  16.8  136.2 247 20 240  61.8 
5  1.58 7393  17.6  496.2 302 >40 >360  70.5 
6  1.56 7939  21.0  850.8 307 >40 >360  73.1 
7  1.67 8297  24.6  619.0 285 >40 >360  62.2 
8  1.69 7829  21.0  1330.5 248 >40 >360  71.0 
9  1.68 7998  22.8  498.2 278 35 >360  64.2 
10  1.65 8338  25.0  844.3 212 36 >360  67.0 
11  1.66 8235  25.4  640.3 258 39 >360  57.7 
12  1.65 7968  22.6  1741.0 260 >40 >360  67.8 
13  2.06 6396  17.4  578.1i 286 >40 >360  49.5 
14  1.94 7524  23.8  996.4i 285 >40 >360  53.0 
15  1.90 7986  26.9  1309.4i 289 >40 >360  56.5 
16  1.91 7710  26.5  1108.6i 252 >40 >360  48.1 
17  1.86 8019  25.3  2200.3i 255 >40 >360  61.6 
18  1.72 5553  9.98  124.01 276 >40 >360  58.7 
20  1.71 7887.5  23.7  800.3 270 >40 >360  59.3 
21  1.69 7849.2  20.8  214.1 291 >40 >360  62.2 
22  1.65 8335.8  24.0  566.4 296 >40 >360  65.3 
TNTj  1.65 6824  19.4  −59.4 295 15 >353  18.5 
TATBk  1.94 8201  28.0  −154.2 360 50 >360  32.5 
LLM-116l  1.90 8240  32.8  96.3 182 >40 >360  40.4 
LLM-105m  1.91 8560  33.4  −12.0 342 28 >360  38.9  

a Density – gas pycnometer at 25 ◦C. 
b Calculated detonation velocity. 
c Calculated detonation pressure. 
d Calculated molar enthalpy of formation. 
e Temperature of decomposition (onset). 
f Impact sensitivity. 
g Friction sensitivity. 
h Nitrogen content. 
i Calculated using Cheetah 8.0 program. 
j Ref. [19]. 
k Ref. [20]. 
l Ref. [21]. 
m Ref. [22]. All compounds were obtained as anhydrous powders to determine the properties in Table 1. 
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4.2.4. Synthesis of 5,5′-(4-nitro-1H-pyrazole-3,5-diyl)bis(1H-tetrazole) 
(4) 

To a 100 mL round-bottomed flask was added 1 (0.81 g, 5.0 mmol), 
sodium azide (0.71 g, 11.0 mmol), zinc chloride (0.34 g, 2.5 mmol), and 
water (30 mL). The reaction mixture was stirred under reflux for 24 h. 
After cooling, HCl (3 M, 20 mL) was added to the reaction mixture with 
vigorous stirring. The reaction mixture was heated to 50 ◦C (until the 
white solid disappeared) and allowed to cool at room temperature. The 
mixture was extracted with ethyl acetate (3 × 20 mL). The combined 
organic layers were dried over Na2SO4, filtered, and evaporated to give 
4 as a yellow solid. Yield: 89%; Td (onset) = 251 ◦C; 13C NMR (75 MHz, 
d6-DMSO): 147.8, 131.5 ; IR (ν, cm−1): 3495, 3243, 2754, 2671, 1895, 
1655, 1615, 1549, 1480, 1392, 1304, 1236, 1164, 1140, 1112, 1081, 
1027, 1003, 976, 955, 878, 827, 773, 740, 712, 648; Elemental analysis: 
Calcd (%) for C5H3N11O2 (249.15): C, 24.10; H, 1.21; N, 61.84; Found: 
C, 24.19; H, 1.43; N, 61.27. 

4.2.5. Synthesis of 5,5′-(4-bromo-1H-pyrazole-3,5-diyl)bis(1H-tetrazole) 
(13) 

To a 100 mL round-bottomed flask was added 3 (0.5 g, 2.4 mmol), 
potassium bromide (0.57 g, 4.8 mmol), Oxone® (0.73, 4.8 mmol), and 
water (40 mL). The reaction mixture was stirred at room temperature for 
3 hr. The resulting precipitate was filtered and washed with water (3 ×
10 mL) to give 5 as a light-yellow solid. Yield: 88%; Td (onset) = 286 ◦C; 
13C NMR (75 MHz, d6-DMSO): 149.7, 135.1, 94.2; IR (ν, cm−1): 3509, 
3084, 2899, 1850, 1615, 1514, 1461, 1376, 1321, 1293, 1227, 1099, 
1045, 954, 840, 749, 676, 601; Elemental analysis: Calcd (%) for 
C5H3BrN10 (283.05): C, 21.22; H, 1.07; N, 49.49; Found: C, 21.41; H, 
1.25; N, 49.65. 

4.2.6. General procedure for the synthesis of energetic salts (5–17) 
Aqueous ammonia, hydrazine hydrate, hydroxylamine or 3,6,7-tri

amino-7H-[1,2,4]triazolo[4,3-b][1,2,4]triazol-2-ium) (2.0 mmol) was 
added to a suspension of 3, 4 or 13 (1.0 mmol) in CH3CN (50 mL). The 
reaction mixture was heated to 50 ◦C and stirred for 30 min. The pre
cipitate was collected by filtration to give the product, which was pu
rified further by washing with CH3CN (3 × 10 mL). 

5: Yield: 92%; Td (onset) = 302 ◦C; 1H NMR (300 MHz, d6-DMSO): 
8.50 (s, 8H), 6.89 (s, 1H); 13C NMR (75 MHz, d6-DMSO): 154.8, 140.1, 
101.4; IR (ν, cm−1): 3045, 1905, 1700, 1622, 1423, 1369, 1236, 1208, 
1136, 1093, 1037, 979, 829, 756, 533; Elemental analysis: Calcd (%) for 
C5H10N12 (238.21): C, 25.21; H, 4.23; N, 70.56; Found: C 26.03, H 3.71, 
N 68.94. 

6: Yield: 90%; Td (onset) = 307 ◦C; 1H NMR (300 MHz, d6-DMSO): 
7.18 (s, 10H), 6.93 (s, 1H); 13C NMR (75 MHz, d6-DMSO): 154.8, 140.2, 
101.2; IR (ν, cm−1): 3316, 3136, 2922, 2631, 1628, 1519, 1395, 1369, 
1339, 1247, 1180, 1131, 1037, 976, 960, 822, 755, 534; Elemental 
analysis: Calcd (%) for C5H12N14 (268.24): C, 22.39; H, 4.51; N, 73.10; 
Found: C 22.49, H 4.53, N 70.47. 

7: Yield: 94%; Td (onset) = 307 ◦C; 1H NMR (300 MHz, d6-DMSO): 
9.00 (s, 6H), 7.00 (s, 1H); 13C NMR (75 MHz, d6-DMSO): 153.1, 138.9, 
101.5; IR (ν, cm−1): 3027, 2727, 1617, 1547, 1479, 1404, 1375, 1350, 
1245, 1206, 1182, 1138, 1046, 982, 824, 755, 536; Elemental analysis: 
Calcd (%) for C5H10N12O2 (270.21): C, 22.22; H, 3.73; N, 62.20; Found: 
C 22.25, H 3.76, N 61.33. 

8: Yield: 85%; Td (onset) = 248 ◦C; 1H NMR (300 MHz, d6-DMSO): 
7.12 (s, 1H), 6.95 (s, 8H), 5.76 (s, 4H); 13C NMR (75 MHz, d6-DMSO): 
159.6, 152.0, 148.2, 142.4, 138.0, 102.2; IR (ν, cm−1): 3321, 3126, 
2892, 1667, 1576, 1507, 1408, 1366, 1247, 1178, 1084, 1036, 974, 893, 
841, 709, 604, 536; Elemental analysis: Calcd (%) for C11H16N26 
(512.42): C, 25.78; H, 3.15; N, 71.07; Found: C 26.19, H 3.03, N 71.09. 

9: Yield: 93%; Td (onset) = 278 ◦C; 1H NMR (300 MHz, d6-DMSO): 
7.04 (s, 8H); 13C NMR (75 MHz, d6-DMSO): 151.8 1, 135.8 3, 130.1; IR 
(ν, cm−1): 3175, 3058, 2885, 1871, 1700, 1612, 1565, 1519, 1452, 
1389, 1359, 1310, 1268, 1194, 1137, 1081, 969, 827, 751, 711, 663; 
Elemental analysis: Calcd (%) for C5H9N13O2 (283.21); C, 21.20; H, 

3.20; N, 64.29; Found: C 21.39, H 3.57, N 62.89. Calcd (%) for 
C5H9N13O2⋅0.5H2O (292.22); C, 20.55; H, 3.45; N, 62.31; Found: C 
20.78, H 3.24, N 61.37. 

10: Yield: 92%; Td (onset) = 212 ◦C; 1H NMR (300 MHz, d6-DMSO): 
6.70 (s, 10H); 13C NMR (75 MHz, d6-DMSO): 152.0, 135.9, 129.9; IR (ν, 
cm−1): 3023, 1609, 1507, 1387, 1356, 1315, 1195, 1105, 968, 829, 753, 
703, 656; Elemental analysis: Calcd (%) for C5H11N15O2 (313.24): C, 
19.17; H, 3.54; N, 67.07; Found: C 19.36, H 3.81, N 62.33. 

11: Yield: 92%; Td (onset) = 258 ◦C; 1H NMR (300 MHz, d6-DMSO): 
8.66 (s, 6H); 13C NMR (75 MHz, d6-DMSO): 152.2, 151.7, 135.6; IR (ν, 
cm−1): 3145, 3036, 2736, 1612, 1519, 1453, 1386, 1207, 1140, 1062, 
1002, 965, 829, 751, 700; Elemental analysis: Calcd (%) for C5H9N13O4 
(315.21): C, 19.05; H, 2.88; N, 57.77; Found: C 18.98, H 2.74, N 57.56. 

12: Yield: 84%; Td (onset) = 260 ◦C; 1H NMR (300 MHz, d6-DMSO): 
7.64 (s, 2H), 7.07 (s, 2H), 6.71 (s, 2H), 5.76 (s, 2H); 13C NMR (75 MHz, 
d6-DMSO): 159.8, 150.8, 147.8, 141.8, 135.0, 130.0; IR (ν, cm−1): 3387, 
3235, 3127, 2917, 2740, 1659, 1510, 1389, 1345, 1163, 1040, 963, 837, 
715, 623; Elemental analysis: Calcd (%) for C11H15N27O2 (557.42): C, 
23.70; H, 2.71; N, 67.85; Found: C 23.23, H 3.02, N 65.87. 

14: Yield: 94%; Td (onset) = 286 ◦C; 1H NMR (300 MHz, d6-DMSO): 
8.16 (s, 8H); 13C NMR (75 MHz, d6-DMSO): 153.3, 138.8, 90.5; IR (ν, 
cm−1): 3285, 3171, 3050, 2843, 2172, 1883, 1680, 1434, 1356, 1322, 
1199, 1166, 1065, 995, 960, 707, 601; Elemental analysis: Calcd (%) for 
C5H9BrN12 (317.11): C, 18.94; H, 2.86; N, 53.00; Found: C 19.05, H 
2.89, N 52.41. 

15: Yield: 93%; Td (onset) = 212 ◦C; 1H NMR (300 MHz, d6-DMSO): 
7.63 (s, 10H); 13C NMR (75 MHz, d6-DMSO): 153.4, 139.0, 90.3; IR (ν, 
cm−1): 3321, 3227, 3127, 3045, 2909, 2725, 2635, 1608, 1534, 1495, 
1398, 1356, 1319, 1254, 1108, 963, 801, 600; Elemental analysis: Calcd 
(%) for C5H11BrN14 (347.14): C, 17.30; H, 3.19; N, 56.49; Found: C 
17.33, H 3.16, N 55.60. 

16: Yield: 95%; Td (onset) = 252 ◦C; 1H NMR (300 MHz, d6-DMSO): 
8.51 (s, 6H); 13C NMR (75 MHz, d6-DMSO): 152.9, 138.6, 90.4; IR (ν, 
cm−1): 3145, 3046, 2908, 2734, 1616, 1435, 1356, 1323, 1204, 1131, 
995, 962, 816, 759, 706, 602; Elemental analysis: Calcd (%) for 
C5H9BrN12O2 (349.11): C, 17.20; H, 2.60; N, 48.15; Found: C 17.65, H 
2.99, N 49.46. 

17: Yield: 90%; Td (onset) = 255 ◦C; 1H NMR (300 MHz, d6-DMSO): 
6.83 (s, 4H), 5.70 (s, 2H); 13C NMR (75 MHz, d6-DMSO): 159.4, 151.1, 
148.2, 142.3, 137.3; IR (ν, cm−1): 3277, 3178, 3087, 1683, 1508, 1444, 
1415, 1354, 1323, 1165, 1111, 1029, 951, 838, 721, 596; Elemental 
analysis: Calcd (%) for C11H15BrN26 (591.32): C, 22.34; H, 2.56; N, 
61.59; Found: C 22.35, H 2.68, N 61.25. 

4.2.7. Synthesis of 5,5′-(4-chloro-1H-pyrazole-3,5-diyl)bis(1H-tetrazole) 
(18) 

To a 100 mL round-bottomed flask was added 3 (0.50 g, 2.40 mmol), 
potassium chloride (0.36 g, 4.80 mmol), Oxone® (0.73, 4.8 mmol), and 
water (40 mL). The reaction mixture was stirred at room temperature for 
3 hr. The resulting precipitate was filtered and washed with water (3 ×
50 mL) to give 5 as a light-yellow solid. Yield: 83%; Td (onset) = 276 ◦C; 
13C NMR (75 MHz, d6-DMSO): 149.2, 132.4, 109.0; IR (ν, cm−1): 3436, 
3162, 3076, 2909, 2749, 2679, 2140, 1618, 1506, 1477, 1334, 1265, 
1174, 1039, 952, 612; Elemental analysis: Calcd (%) for C5H3ClN10 
(238.60): C, 25.17; H, 1.27; N, 58.70; Found: C, 25.22; H, 1.61; N, 57.63. 

4.2.8. Synthesis of 5,5′-(4-iodo-1H-pyrazole-3,5-diyl)bis(1H-tetrazole) 
(19) 

To a 100 mL round-bottomed flask was added 3 (0.50 g, 2.40 mmol), 
potassium iodide (0.79 g, 4.80 mmol), Oxone® (0.73, 4.8 mmol), and 
water (40 mL). The reaction mixture was stirred at room temperature for 
3 hr. The resulting precipitate is filtered and washed with water to give 5 
and 3 as an inseparable mixture. 13C NMR (75 MHz, d6-DMSO): 150.6 
(CHN4), 139.4 (C3,C5), 61.9 (C4 − I). 
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4.2.9. Synthesis of 5,5′-(1H-pyrazole-3,5-diyl)bis(1H-tetrazol-1-ol) (20) 
To a 100 mL round-bottomed flask was added 3 (0.50 g, 2.40 mmol) 

and NaOH (2 eq) in water (40 mL). Oxone® (0.73, 4.8 mmol) was added 
to the reaction mixture and stirred at 40 ◦C for 12 hrs. Concentrated HCl 
was added dropwise to the reaction mixture at room temperature until 
the product precipitated. The resulting precipitate was filtered and 
washed with water (3 × 50 mL) to give 20 as a white solid. Yield: 70%; 
Td (onset) = 270 ◦C; 1H NMR (300 MHz, d6-DMSO): 7.50 (s, 1H); 13C 
NMR (75 MHz, d6-DMSO): 149.23, 132.1, 109.1; IR (ν, cm−1): 3524, 
3162, 3068, 2842, 2668, 1870, 1621, 1511, 1381, 1307, 1220, 1098, 
1037, 950, 827, 749, 613; Elemental analysis: Calcd (%) for C5H4N10O2 
(236.15): C, 25.43; H, 1.71; N, 59.31; Found: C, 25.03; H, 1.67; N, 58.14. 

21: Yield: 92%; Td (onset) = 291 ◦C; 1H NMR (300 MHz, d6-DMSO): 
8.03 (s, 8H), 6.95 (s, 1H); 13C NMR (75 MHz, d6-DMSO): 153.0, 137.2, 
104.9; IR (ν, cm−1): 3289, 3170, 3051, 2851, 1885, 1678, 1613, 1438, 
1361, 1168, 1132, 1066, 1002, 963, 763, 612; Elemental analysis: Calcd 
(%) for C5H10N12O2 (270.21): C, 22.22; H, 3.73; N, 62.20; Found: C 
22.63, H 3.72, N 61.25. 

22: Yield: 90%; Td (onset) = 296 ◦C; 1H NMR (300 MHz, d6-DMSO): 
9.28 (s, 10H), 7.73 (s, 1H); 13C NMR (75 MHz, d6-DMSO): 153.1, 137.2, 
104.9; IR (ν, cm−1): 3329, 3219, 3132, 2912, 2733, 2626, 1609, 1532, 
1486, 1398, 1357, 1323, 1258, 1105, 961, 814, 690; Elemental analysis: 
Calcd (%) for C5H12N14O2 (300.24) C, 20.00; H, 4.03; N, 65.31; Found: C 
20.08, H 3.74, N 64.84. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

The Rigaku Synergy S Diffractometer was purchased with support 
from the MRI program of the National Science Foundation (Grant no. 
1919565). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2021.133282. 

References 

[1] J.P. Agrawal, High Energy Materials, Wiley, 2010. https://doi.org/10.1002/ 
9783527628803. (b) T. M. Klapötke, High Energy Density Materials, Springer: Berlin, 
2007. https://doi.org/10.1007/978-3-540-72202-1. 

[2] H. Gao, J.M. Shreeve, Azole-based energetic salts, Chem. Rev. 111 (2011) 
7377–7436, https://doi.org/10.1021/cr200039c. 

[3] (a) H. Wei, C. He, J. Zhang, J.M. Shreeve, Combination of 1,2,4-oxadiazole and 
1,2,5-oxadiazole moieties for the generation of high-performance energetic 
materials, Angew. Chem., Int. Ed. 54 (2015) 9367–9371, https://doi.org/10.1002/ 
anie.201503532; 
(b) P. Yin, J. Zhang, G.H. Imler, D.A. Parrish, J.M. Shreeve, Polynitro- 
functionalized dipyrazolo-1,3,5-triazinanes: energetic polycyclization toward high 
density and excellent molecular stability, Angew. Chem., Int. Ed. 56 (2017) 
8834–8838, https://doi.org/10.1002/anie.201704687; 
(c) J. Zhang, P. Yin, L.A. Mitchell, D.A. Parrish, J.M. Shreeve, N-functionalized 
nitroxy/azido fused-ring azoles as high-performance energetic materials, J. Mater. 
Chem. A. 4 (2016) 7430–7436, https://doi.org/10.1039/C6TA02384C. 

[4] G. da Silva, J.W. Bozzelli, Retro-[3 + 2]-cycloaddition reactions in the 
decomposition of five-membered nitrogen-containing heterocycles, J. Org. Chem. 
73 (2008) 1343–1353, https://doi.org/10.1021/jo701914y. 
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