Open Access Article. Published on 17 June 2020. Downloaded on 1/20/2026 8:48:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Ad\v., 2020, 10, 23250

ROYAL SOCIETY
OF CHEMISTRY

(3
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A novel high-energy salt with good oxygen balance, dihydrazine tetranitroethide (5), has been synthesized

Received 27th March 2020
Accepted 4th June 2020

and characterized by FT-IR spectroscopy, NMR spectroscopy, elemental analysis, and X-ray single crystal

diffraction. Compound 5 exhibits high crystal density (1.81 g cm™) and impressive detonation velocity
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For applications in propellants, explosives and pyrotechnics,
new energetic materials are required with high energy, insen-
sitivity, high thermal stability and environment-friendly
decomposition gases." To achieve these goals, chemists have
adopted a variety of strategies, such as construction of nitrogen-
rich compounds,* energetic salts,® metal organic framework
(MOFs)* and cage structure molecules.” Oxygen balance (OB) is
an important parameter to weigh the detonation performance
of the nitrogen-rich compounds. Generally explosives may
exhibit good performance when the OB close to zero.® One
conventional method of increasing the OB of energy materials is
to introduce nitro groups, a typical high-energy and oxygen-rich
substituent.” Recently, gem-nitro and poly-nitro fragments, such
as dinitromethyl,® trinitroethyl® and trinitromethyl,*® have been
of interest to researchers. The compounds consisting of poly-
nitro groups exhibit good OB, which largely improves their
detonation velocities and pressures.'* In our recent study,' we
considered using tetranitroethylene instead of nitro as a pre-
packaged module, linked to insensitive backbones, just like
building blocks. The tetranitroethylene fragment has a high
nitrogen content, a positive OB, and high energy within the
molecule.”® The molecules consisting of the tetranitroethylene
fragment are expected to be excellent energetic materials with
superior properties.”” But tetranitroethylene is an unstable
intermediate, which is difficult to isolate.** Hexnitroethane,
a stable tetranitroethylene derivative, can be effectively used to
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(9508 m s1) and detonation pressure (37.9 GPa), showing potential applications as a high performance
explosive and a promising additive of propellants.

synthetize poly-nitro bridged compound (Scheme 1). Previously,
we discussed the possibility of constructing poly-nitro bridged-
ring compounds with nitrogen-containing heterocycles and
tetranitroethylene by using the Diels-Alder reaction.'>*®

Dipotassium tetranitroethide,” another tetranitroethylene
derivative, lead another thought to synthesize high energy salts
with the tetranitroethane anion. The salt-based energetic
materials often exhibit lower vapour pressure and higher
densities than the non-ionic energetic materials.* In addition,
the energetic salt can improve the properties by selecting
different constituent ions.'® Based on the advantages of high-
energy salt, we chose tetranitroethane anion and hydrazine
cation to construct energetic salt by considering both energy
and sensitivity. The synthetic route can be seen in Scheme 2.
The good OB and large amounts of hydrogen-bonds prompt the
target compound (dihydrazine tetranitroethide, 5) with suitable
sensitivity and good performance. 5 possesses a crystal density
of 1.81 g em >, detonation velocity of 9508 m s~ ' and detona-
tion pressure of 37.9 GPa, which are higher than those of RDX.
In addition, the salt-formation improves the carcinogenic and
high toxic properties of hydrazine.

The intermediate dipotassium tetranitroethide (3) was
prepared from tetraiodoethylene (1) after two nitrification
reactions, according to literature.” The suspension of 3 in
dichloromethane dissolves in concentrated sulfuric acid to give
the solution of tetranitroethane (4) in dichloromethane. Treat-
ment of the solution of 4 with hydrazine hydrate resulted in

O,N NO, OaN
OZN%—QNOZ + @ —» ON
O,N NO, OzN
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Scheme 1 Synthetic pathway for poly-nitro bridged compound.**
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Scheme 2 The route to synthesis of 5.

dihydrazine tetranitroethide (5), a yellow solid precipitated, that
was confirmed by single crystal X-ray diffraction. Single crystal 5
is crystallized by using the method of the evaporation of water.

Tetranitroethane 4 is also an unstable compound that is
soluble in dichloromethane and difficult to isolate. It decom-
posed and released a brown gas as the solvent removed. Thus,
we analysed the UV spectrum of the solution of 4, instead of the
pure compound 4. Compared with the experimental and
calculated UV spectrum of solution 4 (Fig. 1), we find that the
maximum absorption wavelengths of the two curves match well,
240 nm (tested) and 239.5 nm (calculated). It can be inferred
that compound 4 would be tetranitroethane.

Dihydrazine tetranitroethide 5 in the monoclinic space
group C2/c with a good density of 1.81 g cm > (298 K). The gem-
dinitro group is nearly planar, with the torsion angle of O5-N3-
C2-N4, 179.52(17)°. However, the torsion angle of N3-C2-C2'-
N4’ and N4-C2-C2'-N3’ are 77.57 (255)° and 77.57 (255)°,
respectively, which shows the twist of adjacent dinitromethyl
groups is caused by the steric effect. The strong hydrogen-bond
interactions are presented between ammonium and nitro
groups (Fig. 2b). The details of donor-acceptor distance are
given in the ESL{ Many studies have shown that the hydrogen-
bonds enhance the stability of energetic molecules. At the

molecular level, intermolecular hydrogen bonds between

solution(CH,Cl,)
—— sample(C,H,O,N,)
calculated(C,H,0,4N,)
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Fig.1 The UV spectrum curve of tetranitroethane 4.
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Fig. 2 (a) Molecular structure of 5; (b) hydrogen-bonding interactions
of 5 between hydrazine cation and tetranitroethide anion; (c) packing
diagram of 5 (unit cell viewed along the b axis).

hydrazine cation and nitro groups play an important role in
stabilizing energetic compounds. This kind of hydrogen-
bonding interaction and cation-anion contact in the energetic
salt is suggested as part of the explanation for closer packing,
which causes the good density. As seen in Fig. 2c, the tetrani-
troethide anions are found in cross-stacking arrangements and
layer by layer. While the hydrazine cation in the crystal, as the
adhesive between the bricks, help to create a better stacking
arrangement.

The physical properties and calculated detonation perfor-
mances are summarized in Table 1. 5 exhibits moderate

Table 1 Physical properties of dihydrazine tetranitroethide 5 and
comparison with ADN, RDX and HMX

Comp. 5 ADN' RDX HMX
OB [%)] 5.8 25.8 0 0

d” [g em™?) 1.81 1.81 1.82 1.91
AeHC [K] mol ] —17.4 —149.8 93 105
Ta? [°C] 105 159 230 287
Vo [m s 9508 7860 8977 9320
P'[GPa] 37.9 23.6 35.2 39.6
1S5 1] 1.25 3-5 7.4 7.4
Fs" [N] 34 64-72 120 120

¢ Oxygen balance (based on CO) for C,H,ON4, 1600 (¢ —a — b/z)/Mw, M,
= molecular welght Density calculated by crystal information. © Heat
of formation. ¢ Decomposmon temperature (onset) under nitrogen gas
DSC, 5 °C min™"). ¢ Detonation velocity (calculated with Explo5 v6.01).

Detonatlon pressure (calculated with Explo5 v6.01). ¢ Impact
sensitivity.  Friction sensitivity. * Ref. 6a.” Ref. 3c.
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thermal stability with a decomposition temperature of 105 °C.
The OB of 5 (5.8%) is significantly enhanced by four nitro
groups. OB is calculated based on the formation of carbon
monoxide during the combustion process. The oxygen content
of 5 is 46.7% which exceeds that of hexogen (RDX, 43.2%). The
density of 5 is 1.81 g cm*, which is a high grade in organic
energetic salt. The heat of combustion (A.H) is measured by
oxygen bomb calorimetry; the A.H of compound 5 is 7797 J ¢~ .
The heat of formation (A¢H), —17.4 k] mol ', is obtained from
the heat of combustion by Hess's law. Using the density and the
calculated A¢H, the detonation performance including detona-
tion velocity (V) and detonation pressure (P) were evaluated
using EXPLO5 program package.”* Compound 5 has a detona-
tion velocity of 9508 m s~ and a detonation pressure of P:
37.9 GPa, which is better than RDX (8748 m s~ '; 34.9 GPa) and
similar to HMX (9320 m s~ '; 39.5 GPa). The sensitivities to
impact and friction are 1.25 J and 34 N, respectively.

In summary, the energetic salt 5 was synthesized and fully
characterized by FT-IR, "H NMR, >C NMR, DSC and elemental
analysis. The structure of 5 was confirmed by single-crystal X-ray
diffraction analysis. The results show that 5 has high crystal
density of 1.81 g cm 3, 298 K, positive oxygen balance (5.8%),
good sensitivities (IS = 1.25 J, FS = 34 N), and good detonation
properties (Vp = 9508 m s ', P = 37.9 GPa). Its promising
energetic properties highlight the application prospects as
a high rocket propellant constituent.

Experimental section
Synthesis of dihydrazine teranitroethide (5)

Synthesis of dipotassium tetranitroethide (3) was based on
a literature procedure.*® Concentrated sulfuric acid was added
to a suspension of 3 (4 mmol, 1.1 g) dichloromethane (30 mL) at
—40 °C and stirred for 1 h. Then the mixture was treated by
a quick separation using a separating funnel, which gave the
solution of tetranitroethylene in dichloromethane 4 (3 mmol,
quantitative analysis using ultraviolet spectrum). Hydrazine
hydrate (6 mmol) was added dropwise to the tetranitroethylene
solution at —40 °C, collected the yellow precipitate by suction
filtration, yield 5 (0.65 g). Yellow solid, 80% yield. T4 (onset):
105 °C. "H NMR (400 MHz, deuterium oxide): 6 8.26 (s, 1H) ppm.
3C NMR (101 MHz, deuterium oxide): 4 166.61 ppm. IR (KBr
pellet): v 3436, 3325, 3137, 1611, 1540, 1462, 1308 cm .
C,H(NgOg (274.15): caled C, 8.76; H, 3.68; N, 40.87%. Found: C,
8.10; H, 3.71; N, 41.23%.

Theoretical section

The low-lying singlet electronic transition was explored using
the time-dependent DFT (TD-DFT) method at the CAM-B3LYP/
6-31G* level of theory to simulate the UV spectra of compound
4.>* The IEFPCM continuum solvent model was adopted to
simulate the dichloromethane surrounding. All calculations
were performed with the Gaussian 09 suite of programs.>
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