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ABSTRACT: A new, safer, and more cost-effective methodology
to synthesize salts based on gem-dinitromethyl-functionalized 5-
amino-1,3,4-oxadiazolate is given. Cyclization, deprotection,
nitration, and neutralization reactions were conducted to obtain
products in high yield. All compounds were fully characterized by
NMR and IR spectroscopy, elemental analysis, and differential
scanning calorimetry. Crystal structure analysis, property tests, and
theoretical calculations confirm good detonation performance and
high mechanical stabilities of the salts.

Energetic materials have been widely used in military and
civilian applications because of their special properties of

releasing a large amount of energy quickly. As a growing
number of scientists join this study, the field of energetic
materials has experienced rapid development in the past few
decades.1−4 Many novel heterocyclic energetic molecules
composed of an energetic framework and some explosive
groups have been reported in recent years, and their energetic
performance has reached a high level.5,6 However, along with
the increasing consideration of safety and the availability of
energetic materials, the research is no longer a simple
successful synthesis and characterization but a move toward
structural design, synthesis and property optimization, and
application development.7−11

Before design of an energetic molecule, the properties of its
composition and effects on the whole must be analyzed.
Oxadiazole, which has played an important role in the
synthesis of high energy density materials,12−15 includes four
isomers, namely, 1,2,5-, 1,2,4-, 1,3,4-, and 1,2,3-oxadiazole
(Figure 1).16−19 Among them, except the unstable 1,2,3-
oxadiazole, the 1,2,5-, 1,2,4-, and 1,3,4-oxadiazoles have been
widely studied as energetic backbones because of their high
nitrogen and oxygen content. Especially for 1,3,4-oxadiazole,
the distribution of heteroatoms is more uniform, and there is
no weak N−O bond (two N−O bonds in 1,2,5-oxadiazole, one
N−O bond in 1,2,4-oxadiazole), which helps to ensure that
this member will show high stability.20,21 The nitro group was
used to improve the density and detonation performance.
However, the incorporation of multiple nitro groups can
significantly reduce the stability of these energetic compounds.

For example, trinitromethyl-functionalized compounds often
exhibit low thermal and mechanical sensitivities because of the
weak trinitromethyl C−N bond and the large space that the
three nitro groups occupy. One of the best choices to increase
the energy density and enhance stability is the gem-
dinitromethyl group. Unlike the trinitromethyl group, the
gem-dinitromethyl group has a planar structure and a strong
C−N bond, which helps to stabilize energetic com-
pounds.22−24

In this work, gem-dinitromethyl-1,3,4-oxadiazolate deriva-
tives are obtained by using a new, safer, and more cost-effective
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Figure 1. Design selection of energetic molecules.
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way. All intermediates and energetic products are fully
characterized. Thermal stabilities, impact sensitivities, as well
as calculated detonation performance of AAOD (ammonium
(5-amino-1,3,4-oxadiazol-2-yl)dinitromethanide) and hydrox-
ylammonium salt 8 were determined. The crystal structures of
these compounds were determined. High performance coupled
with low sensitivity suggest that 8 has good potential as an
energy-safe balanced explosive.
As shown in Scheme 1, in the earlier method, the energetic

AAOD salt was synthesized from a zwitterionic com-

pound(5-iminio-4,5-dihydro-1,3,4-oxadiazol-2-yl) dinitro-
methanide (4)which was prepared using a four-step
synthesis route from commercially available ethyl potassium
malonate.25 Among all of the intermediates, the dinitromethyl
potassium salts, specifically potassium (5-amino-1,3,4-oxadia-
zol-2-yl) dinitromethanide (3), have high mechanical
sensitivity. Potassium 2-hydrazinyl-1,1-dinitro-2-oxoethan-1-
ide (2) is unstable and can not be stored for extended
periods. For these reasons, the previous method for the
synthesis of AAOD was limited by utilization of the formation
of unstable intermediates and hidden safety hazards. In this
study, the ammonium salt AAOD and the hydroxylammonium
salt 8 were obtained from 2-(2-methyl-1,3-dioxolan-2-yl)
acetohydrazide (5)26,27 following a three-step route. Initially
5-((2-methyl-1,3-dioxolan-2-yl)methyl)-1,3,4-oxadiazol-2-
amine (6, 88%) resulted from reacting 5 with cyanogen
bromide in a solution of potassium bicarbonate. Compound 6
was deprotected by using a 2 M HCl solution and then treated
with sodium bicarbonate to give 1-(5-amino-1,3,4-oxadiazol-2-
yl)propan-2-one (7, 75%) as a white solid. AAOD and 8 were
obtained after nitrating 7 and subsequently neutralizing it with
the corresponding base. Our process employs inexpensive raw

materials and removes the necessity to utilize unstable
intermediates. The detailed description of the synthesis process
is given in the experimental section of the Supporting
Information (SI).
Crystals of AAOD (293 K) suitable for single-crystal X-ray

diffraction were obtained by dissolving AAOD in a small
amount of methanol and allowing the solvent to slowly
evaporate. The unit cell of AAOD contains four formula
moieties, with a crystal density of 1.750 g cm−3 at 293 K (SI).
To further examine the structures of 3, 4, and AAOD (173 K)
as well as to evaluate the differences between them, crystal data
of 3, 4, and AAOD (173 K) were studied.25 The structures of
these gem-dinitromethyl-functionalized 5-amino-1,3,4-oxadia-
zoles are a cross-shaped conformation, in which the dihedral
angles between the gem-dinitromethyl group and oxadiazole
are 75.9° (3), 83.9° (4), 78.3° (AAOD (173 K)), and 79.0°
(AAOD (293 K)), respectively. In general, a planar
configuration helps to improve molecular stability;28,29 thus
compound 4 with a high degree of molecular distortion likely
generates hot spots when mechanically stimulated. The free
space per molecule in the unit cells of 3, 4, and AAOD (173
K) is 21, 44, and 50 Å3, respectively. In light of a sensitivity−
free space relationship, the sensitivity value of these
compounds will decrease according to 3 > 4 > AAOD (173
K).30−32

From a crystallographic perspective, layer by layer stacking is
beneficial to improve the stability of energetic materials
(Figure 2). However, the premise of layer by layer stacking

is planar molecular structure. For dinitro-1,3,4-oxadiazole
derivatives, which all possess cross structures, an interesting
3-D cube layer by layer assembly was found.33 gem-
Dinitromethyl-1,3,4-oxadiazolates form a columnar body
through spiral arrangements in a certain direction, and
columnar bodies are arranged to form a 3-D layer. This
interesting arrangement is believed to help the compounds
have optimal balance between stability and performance.
As seen from Figure 3, these materials all exhibit 3-D cube

structures. Moreover, each 3-D cube of these materials consists
of molecules arranged in two distinct ways. For the layered
structure, the interlayer distance is an important parameter that
affects the density and even the performance of the compound.
The average distances between neighboring cubes are 5.0250 Å
(3), 4.1344 Å (4), 4.9541 Å (AAOD (173 K)), and 4.9681 Å
(AAOD (293 K)), respectively. Compound 4 with small
intermolecular spacing is likely to be more dense. In the cubes
of 3 and AAOD, two neighboring molecules generate a large

Scheme 1. Synthetic Route to AAOD and 8

Figure 2. Planar/cross structures form 2-D and 3-D cube layer by
layer stacking with different arrangements, respectively.
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and open quadrilateral channel along the [100] direction. The
distances between the neighboring channels in the same cube
were 7.5626 Å (3), 6.1121 Å (4), 7.8116 Å (AAOD (173 K)),
and 7.8993 Å (AAOD (293 K)), respectively. The length of
the quadrilateral channels varied between 4.3513 and 4.4388
Å. The width of quadrilateral channels ranged between 3.3456
and 3.5042 Å. However, 4 is arranged slightly differently from
3 and AAOD, with the channel being small because the
molecules creating the channel were closely packed. Seen from

the [100] direction, molecules in two different directions in
each quadrilateral channel were stacked in a helical shape, and
the molecular distances in the vertical direction were 9.6783 Å
(3), 13.2779 Å (4), 9.9589 Å (AAOD (173 K)), and 9.9694 Å
(AAOD (293 K)), respectively.
In Table 1, some key physical properties, such as thermal

stability, density, and detonation performance, are given for the
energetic materials. The onset decomposition temperature of
AAOD is 195 °C, which is slightly lower than the literature
value (202 °C).25 The hydroxylammonium salt 8 has a lower
thermal stability than AAOD, decomposing readily at 145 °C;
however, the value was higher than that of the zwitterionic 4
(138 °C). As shown in Figure 4, the sharper peak of 8

compared to that of AAOD implies a more intense exothermic
reaction than that of AAOD. The thermal stability of these
new compounds is less than that of cyclotrimethylene
trinitramine (RDX, 220 °C) and 1,1-diamino-2,2-dinitroethene
(FOX-7, 204 °C).
The densities of AAOD and 8 were determined

experimentally at room temperature using a gas pycnometer.
The density of 8 (1.88 g cm−3) is higher than that of AAOD
(1.75 g cm−3) and comparable to traditional explosives FOX-7
(1.88 g cm−3) and RDX (1.82 g cm−3). The gas-phase heats of
formation were calculated by the Gaussian 03 suite of
programs with isodesmic reactions.36 Based on the exper-
imental densities and the calculated heats of formation,
detonation velocities and detonation pressures were calculated
using EXPLO5 (v6.01).37 Benefiting from the existence of the
oxadiazole backbone, 8 and AAOD have larger ΔfH values
(−0.14 to −0.36 kJ g−1) than FOX-7 (−0.88 kJ g−1) but much
lower than RDX (0.36 kJ g−1). The calculated heat of
formation (−0.36 kJ g−1), detonation velocity (8365 m s−1),
and detonation pressure (29.1 GPa) of AAOD were slightly
lower than those reported in the literature (ΔfH = −0.36 kJ
g−1, D = 8554 m s−1, P = 30.1 GPa) because of the lower
experimental density value used.25 As shown in Figure 5a, the
calculated detonation velocity and pressure of 8 are 8956 m s−1

and 37.1 GPa, respectively, which are slightly higher than those
of FOX-7 (D = 8870 m s−1, P = 34.0 GPa) and RDX (D =
8748 m s−1, P = 34.9 GPa) and comparable to the highly dense
3 (D = 9035 m s−1, P = 33.0 GPa) and zwitterionic 4 (D =
8828 m s−1, P = 34.6 GPa).
The experimental impact and friction sensitivity values were

determined with standard BAM drop hammer and friction
tester techniques.38 AAOD has almost the same friction (160
N) and impact sensitivity values (22 J) as those given in the

Figure 3. (a1)−(d1) Molecular structures of 3, 4, AAOD (173 K),
and AAOD (293 K); (a2)−(d2) three-dimensional packing diagrams
of 3, 4, AAOD (173 K), and AAOD (293 K) along [001]; and (a3)−
(d3) helical structures of 3, 4, AAOD (173 K), and AAOD (293 K)
along [100].

Figure 4. DSC curves of compounds AAOD and 8.
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literature (IS = 20 J, FS = 160 N).25 For 8, the impact and
friction sensitivity were 30 and 240 J (Figure 5b), respectively,
showing that it is more insensitive than other derivatives and
RDX (IS = 7.4 J, FS = 120 N).
In summary, the gem-dinitromethyl-functionalized 5-amino-

1,3,4-oxadiazolate-based energetic salts AAOD and 8 were
synthesized according to a new route, using less-expensive raw
materials and a safer process. Remarkable 3-D cube layer by
layer stacking and quadrilateral channels as well as helical
structures were observed from crystal structure analyses of 3, 4,
and AAOD. The interesting and structurally compact assembly
imparts these compounds with a good balance between high
energy density and stability. The hydroxylammonium salt 8 has
a high density (1.88 g cm−3) and good detonation properties
(D = 8956 m s−1, P = 37.1 GPa), comparable to those of FOX-
7 (D = 8870 m s−1, P = 34.0 GPa), and low impact sensitivities
(IS = 30 J, FS = 240 N), which indicate its potential as a high-
performance insensitive explosive.
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Table 1. Physical and Detonation Properties of the Reported Compounds in Comparison with FOX-7 and RDX

compd. Td
a [°C] ρb [g cm−3] ΔfH

c [kJ mol−1/kJ g−1] Dd [m s−1] Pe [GPa] ISf [J] FSg [N]

AAOD 195 1.75 −73.9/−0.36 8365 29.1 22 160
8 145 1.88 −30.3/−0.14 8956 37.1 30 240
3h 235 2.051i −203.2/−0.89 9035 33.0 10 80
4h 138 1.872i 62.0/0.33 8828 34.6 25 120
AAODh 202 1.776i −72.2/−0.35 8554 30.1 20 160
FOX-7j 220 1.88 −130.0/−0.88 8870 34.0 25 340
RDXk 204 1.82 80.0/0.36 8748 34.9 7.4 120

aThermal decomposition temperature (onset) under nitrogen gas (DSC, 5 °C/min). bMeasured densities at room temperature. cCalculated heat of
formation (gas phase). dCalculated detonation velocity. eCalculated detonation pressure. fImpact sensitivity. gFriction sensitivity. hRef 25. iCrystal
density at 173 K. jRef 34. kref 35.

Figure 5. Detonation performance (a) and sensitivity (b) of the 3, 4,
8, and AAOD in comparison to FOX-7 and RDX.
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