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Potassium 4,4'-Bis(dinitromethyl)-3,3'-azofurazanate: A Highly
Energetic 3D Metal-Organic Framework as a Promising Primary

Explosive

Yongxing Tang, Chunlin He, Lauren A. Mitchell, Damon A. Parrish, and Jean'ne M. Shreeve*

Abstract: Environmentally acceptable alternatives to toxic
lead-based primary explosives are becoming increasingly
important for energetic materials. In this study, potassium
4,4'-bis(dinitromethyl)-3,3'-azofurazanate, comprising two
dinitromethyl groups and an azofurazan moiety, was synthe-
sized and isolated as a new energetic 3D metal-organic
framework (MOF). Several attractive properties, including
a density of 2.039 gcm™, a decomposition temperature of
229°C, a detonation velocity of 8138 ms™', a detonation
pressure of 30.1 GPa, an impact sensitivity of 2 J, and friction
sensitivity of 20 N make 4 a good candidate as a green primary
explosive.

The design and synthesis of green primary explosives beyond
the current lead-based systems (lead azide and lead styph-
nate) are important goals in the field of energetic materials.!!
There have been numerous attempts to synthesize suitable
alternative candidates. Although metal-free primary explo-
sives, including cyanuric triazide (CTA) and 2-diazo-4,6-
dinitrophenol (DDNP), have been reported,”! they do not
meet the requirement of good thermal stability (>180°C).
Metal-organic primary explosives, such as copper(I) 5-nitro-
tetrazolate (DBX-1),”) potassium 1,1'-dinitramino-5,5'-bis-
(tetrazolate) (K,DNABT),! potassium 1,5-(dinitramino)-
tetrazolate,”! potassium 4,5-bis(dinitromethyl)furoxanate,®
and other nontoxic metal-organic energetic compounds,
have received considerable attention.”) Among them, potas-
sium salts are frequently considered as a green alternative to
lead as a result of the good coordinating ability and environ-
mentally friendly nature of this metal.

Energetic 3D metal-organic frameworks, usually based
on metal-ion-containing, nitrogen-rich heterocyclic com-
pounds, have been suggested as suitable materials for the
synthesis of next-generation promising primary explosives.*!
Nitrogen-rich heterocyclic compounds as ligands play impor-
tant roles in ensuring high density, high heat of detonation,
and good thermal stability.”] In particular, furazan has two
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C=N and two N—O bonds, which can enhance the density and
oxygen balance. Subsequent introduction of an azo bridge to
form the azofurazan moiety increases the heat of formation.
However, in the design of primary explosives, in addition to
stability, sensitivity to detonation is also an important factor.
An intelligent choice is to gather energetic groups (such as
NO,, NHNO,, or N;) in a relatively small molecule. The
dinitromethyl moiety should be a suitable candidate as
a superior energetic functional group with good thermal
stability,’*% unlike trinitromethyl-containing compounds that
invariably have low decomposition temperatures."!! Since the
combination of the azofurazan moiety and the dinitromethyl
group appears promising, the potassium salt should be a likely
primary explosive candidate. With this strategy in mind, we
describe herein the synthesis and characterization of
potassium 4,4'-bis(dinitromethyl)-3,3'-azofurazanate (4).

As shown in Scheme 1, 4,4'-dicyano-3,3"-azofurazan (1)
was prepared by the oxidation of 3-amino-4-cyanofurazan!'!
according to a reported procedure.®! Compound 1 was then
treated with 50% aqueous hydroxylamine in ethanol, fol-
lowed by diazotization in dilute HCI, to form 4,4"-bis-
chlorohydroximoyl-3,3"-azofurazan (2). The nitration of 2
with a mixture of 100% nitric acid and trifluoroacetic acid
anhydride (CF;CO),0O resulted in the formation of inter-
mediate 3. Species 3 was subsequently dissolved in methanol
and treated with KI to give the product potassium
4,4'-bis(dinitromethyl)-3,3"-azofurazanate (4).

The molecular composition of 4 was determined by
BC NMR spectroscopy and elemental analysis as well as by
single-crystal X-ray diffraction.!'"¥) Compound 4 crystallizes in
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Scheme 1. Synthetic route to potassium 4,4'-bis(dinitromethyl)-3,3"-
azofurazanate (4).
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Figure 1. X-ray crystal structure of 4 with cation coordination.!"

Thermal displacement ellipsoids are set at 50% probability. Symmetry
codes: ) 1=x, 2=y, —z; i) 14X, y, =1+2z;ii) x, y, =14+2z;iv) x, 1+,
—1+z;v) 1=x, 1=y, T=2z; vi) —x, 2—y, 1—2z; vi)) 1—x, 2—y, 1—z.

the triclinic space group Pl with a calculated density of
2.059 gecm ™ at 20°C. The molecular structure is shown in
Figure 1. The azofurazan moiety together with C5 and C5A
atoms are approximately in the plane, which can be seen from
the C5-C9-N10-O11 torsion angle of 176.7(8)° and the N12-
C13-N14-N14A torsion angle of 178.2(10)°. The dihedral
angle between the two planes defined by the two nitro groups
([07, N6, O8] and [O2, N4, O3]) is 11.245°. In addition, the
plane of [N6, C5, N4] forms a dihedral angle of 53.27° with the
azofurazan plane. The Kions are chelated by five oxygen
atoms from nitro groups with O—K* distances ranging from
2.733(7) A to 2.836(8) A. Bridging nitro groups connect the
K centers into chains of K-O-N-O-K that extend parallel to
the a axis with K-K =4.9299(42) A, whereas along the b-axis,
the Kions are bridged (K-K=7.5171(34) A) by dinitro-
methyl groups (Figure 2a). These chains are further linked by
the azofurazan moieties to form a three-dimensional network,
which indicates that 4 is a 3D MOF (Figure 2b). However, the
irregular pores (A and B) in 4 are not as big as those in the
other MOFs."*! In 4, the coordinate of pore A is (0.458, 0.432,
0.042) with the volume of 6.1 A* judged by using a probe
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radius of 0.4 A, which can be ignored due to its small volume,
whereas the pores of B are much smaller (see Figure S1 in the
Supporting Information). Better insight into the complicated
3D network can be attained by topology analysis (Figure 2c¢).
In this network, each potassium(I) ion can be simplified to
a S5-connected node, while each azofurazan ligand can be
regarded as a 10-connected node. Therefore, the overall 3D
network can be simplified as a (5,10)-connected fit network
with the point symbol of {4'°},{4%.6'.8}.

To evaluate the possibility of 4 as a suitable green primary
explosive candidate, the thermal stability, sensitivity towards
impact and friction, as well as the detonation performance
were investigated (Table 1). Compound 4 has good thermal
stability with an onset decomposition temperature (7y.) of

Table 1: Physicochemical and energetic properties of compound 4
compared with lead azide.

Property 4 Pb(N;),
Formula CeK,N14040 PbNg
M [gmol™] 450.3 291.3
Tgee [°CI7 229 315
Qco [%6]" 10.66 -11.0
N [%]1 31.1 28.9
N+ 0O [%]9 66.6 28.9
o [gem 3 2.039 4.80011
Is e 2 2.5-4
FS [N 20 0.1-1
AH [k} mol ™1 110.1 450.1
Tyee [0 3858.3 3353
vD [ms ' 8138 5877
P [GPa]" 30.1 33.4

[a] Decomposition temperature (onset temperature at a heating rate of
5°Cmin"). [b] Oxygen balance assuming the formation of CO.

[c] Nitrogen content. [d] Nitrogen and oxygen content. [e] Density,
measured with a gas pycnometer (25°C). [f] Ref.[4]. [g] Impact sensi-
tivity. [h] Friction sensitivity. [i] Heat of formation. [j] Detonation tem-
perature calculated with EXPLOS5 v6.01. [k] Detonation velocity calcu-
lated with EXPLOS5 v6.01. [I] Detonation pressure calculated with
EXPLO5 v6.01.

Figure 2. a) A 2D layer (ab plane) formed by dinitromethyl moieties and K ions. b) The full 3D framework of 4 along the a axis. c) A schematic
representation of the topology, in which the dinitromethylazofurazan ligands are represented by small spheres and the K ions are represented by

large spheres.
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229°C. The impact and friction sensitivity are 2 J and 20 N,
respectively. With a calculated heat of formation of
110.1 kJmol ' and a measured density (2.039 gcm ), the
detonation performance was calculated by using EXPLOS5
v6.01.1%1 The detonation velocity and pressure are 8138 ms™
and 30.1 GPa, respectively. In addition, the oxygen balance of
4 is 10.66 %, whereas the content of oxygen and nitrogen is
66.6%.

In summary, we have designed and synthesized a new 3D
nitrogen-rich energetic MOF, potassium 4,4'-bis(dinitro-
methyl)-3,3"-azofurazanate (4), comprising an azofurazan
moiety, dinitromethyl groups, and a nontoxic potassium ion.
Compound 4 exhibits excellent thermal stability (73=
229°C), good detonation performance, and sensitivity to
external stimuli with an impact sensitivity of 2 J and a friction
sensitivity of 20 N. Considering all the properties, 4 appears to
be a very promising primary explosive.

Experimental Section

Caution: Although we have not experienced any difficulties in
synthesizing and handling these compounds, they are potentially
dangerous explosives. Proper protective precautions must be used.

4,4 -Bischlorohydroximoyl-3,3"-azofurazan (2): Compound 10
(2.16 g, 10 mmol) was suspended in 30 mL ethanol, and 50 % aqueous
hydroxylamine (1.65 g, 25 mmol) was added. After stirring for 30 min
at room temperature, the solvent was removed and the remaining
solid was washed with water and dried in air. Then the solid (2.8 g)
was dissolved in a mixture of concentrated HCI (30 mL) and water
(40 mL), and the solution was cooled to 0°C. A solution of sodium
nitrite (1.75 g, 25 mmol) in 10 mL water was added while keeping the
temperature below 0°C. The reaction mixture was stirred for 2 h at
the same temperature. The solid was collected by filtration, washed
with ice-water, and dried in air to give 2 as a yellow solid (1.96 g,
61%). T,=168°C. T,;=180°C. '"HNMR (300 MHz, [D;]DMSO):
6=13.73ppm (s, 2H). *CNMR (75 MHz, [D¢]DMSO): § =160.7,
146.9, 123.3 ppm. IR (KBr): 7 =3344, 3029, 1697, 1614, 1546, 1479,
1384, 1267, 1237, 1032, 942, 887, 677, 610, 567 cm'. Elemental
analysis calcd (%) for C¢H,Cl,NO, (321.04): C22.45, H 0.63, N 34.90;
found: C 22.68, H 0.56, N 35.48%.

Potassium 4,4’-bis(dinitromethyl)-3,3"-azofurazanate (4): A sus-
pension of 2 (1.96 g, 6.1 mmol) in CHCI, (20 mL) was added dropwise
to a stirred mixture of 100% HNO; (5 mL) and trifluoroacetic acid
anhydride (8.8 mL) at 0°C. The mixture was allowed to warm slowly
to room temperature and stirred for 2 h. It was poured into ice water
(60 mL) and extracted with CHCL, (3 x30 mL). The organic phases
were combined, washed with water and brine, dried over magnesium
sulfate, and then concentrated under vacuum to provide the
intermediate 3 as a yellow oil. Compound 3 was dissolved in methanol
(20 mL), and a solution of potassium iodide (2.02 g, 12.2 mmol) in
methanol (30 mL) was added dropwise. The reaction mixture was
stirred overnight at room temperature. The precipitate formed was
collected by filtration and washed with cold water (5mL), then
methanol (5 mL), and ethyl ether (10 mL) to give 4 (0.92 g,33.5%) as
an orange solid. T;=229°C. "CNMR (75 MHz, [D]DMSO): 6 =
162.1, 139.9, 121.9 ppm. IR (KBr): 7 =1746, 1630, 1557, 1500, 1463,
1398, 1225, 1145, 1067, 1001, 922, 820, 748, 698 cm'. Elemental
analysis caled (%) for C(K,N (O (450.32): C 16.00, H 0.00, N 31.10;
found: C 16.36, H 0.17, N 30.36%. Impact sensitivity (IS)=217;
friction sensitivity (FS) =20 N.
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