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Abstract — 4,4'-(Triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) was designed
and synthesized with 3,4-diaminofurazan and triazene bridges, which was fully
characterized by NMR, IR, elemental analyses, and single crystal X-ray
diffraction. The results of structural and physicochemical characterization of
4,4'-(triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) ~ showed  that  this
compound exhibits particularly high formation heats (AH~=926.32 kJ mol™?)
which is higher than that of all currently reported furazan-based energetic
compounds, excellent detonation performance (D=8151 m s, P=28.55 GPa). In
addition, this compound is insensitive to external mechanical stimuli (I1S=40 J
FS=289 N). Its crystal packing, intermolecular interaction and ESP play an
important role in reducing sensitivity. Further, its thermal decomposition
temperature is 172.6 °C. This work provides the inspiration for designing

nitrogen rich energetic compounds, especially triazene bridges.

INTRODUCTION

Nitrogen-rich compounds are the most promising candidates for energetic compounds because they are
environmentally friendly and high-exothermic, high-energy and low-signal.l® In recent years,
nitrogen-rich heterocyclic energetic compounds containing bridging structures have received much

attention in the military and aerospace fields. Bridging is regarded as an excellent strategy to combine
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high formation heats and high energy to obtain better performance. Among many bridged structures,
nitrogen bridged structures are the most desirable, which are different from carbon bridged and oxygen
bridged (-CH2-CH-, -CH=CH-, -O-), because their energy does not come from the conventional
intramolecular or intermolecular redox reactions of oxygen atoms, but rather from the higher bond energy
of the -HN-NH-, -N=N- bonds.”® A typical nitrogen bridging structure is listed, the azo (-N=N-) is one of
the most efficient bridging structures currently available. Azo-bridged energetic compounds generally
have high formation heats and detonation properties, such as the well-known DAAzF (1) and TATT
(5),1%% especially TATT has the highest heats of formation among the reported energetic compounds.
Therefore, people are striving to explore new energetic compounds for nitrogen bridging.

The triazene bridges (-N=N-NH-) have a longer chain of nitrogen atoms than the widely studied
azo-bridges. A longer catenated nitrogen atom chain represents that the energetic compounds will have
higher heats of formation, which is helpful to increase detonation performance. At the same time, the
-NH- of triazene bridges can form hydrogen bonding interaction with electron-absorbing groups, which
can reduce the sensitivity of energetic compounds. However, it is very difficult to synthesize long
nitrogen atom bridges, and this difficulty from their high heat absorption and thermodynamic instability.
Therefore, triazene bridges are not common in energetic compounds. The most typical compound with a
triazene bridge is 1,1'-(triaz-1-ene-1,3-diyl)bis(1H-tetrazol-5-amine) (2),'? which has a continuous N11 in
its molecular structure. Its theoretical detonation velocity is 7220 m s, and the mechanical sensitivity is
lower than that of RDX. However, the neutral compound cannot be obtained in isolation because it is
unstable. Mel'nikova reported a triazene bridges compound, 4,4'-(triaz-1-ene-1,3-diyl)bis(3-nitro-1,2,5-
oxadiazole) (4),*® but its detonation properties and stability were not reported. In 2009, Klapotke's group
synthesized a high-energy nitrogen-rich compound, bis(methyltetrazolyl)triazenes (6), with a triazene
bridge from 1-methyl-3-aminotetrazolium by a diazo-N-coupling reaction.!* The compond shows high
detonation properties (p = 1.532 g cm™ D = 7982 m s™), and impact sensitivity (IS = 2.5 J). In 2021,
5,5'-(triaz-1-ene-1,3-diyl)bis(2-methyl-4-nitro-2H-1,2,3-triazole) (3) was synthesized,’® which is an
excellent insensitive energetic compound (IS>50J, FS=216N), as well as possessing good detonation
performance (D=7720 m/s). Jiang reported 5,5'-dinitro-3,3'-triazene-1,2,4-triazole (7) and their ionic
compounds that all exhibit excellent detonation properties and mechanical insensitivity.'® Given these
studies, triazene bridges are important for the exploration of novel nitrogen-rich heterocyclic energetic
compounds as a rare and excellent bridging structure.

Furazan is one of the most interesting nitrogen-rich structures in the field of energetic compounds, it
consists of a five-membered ring composed of C,N,O. It has different characteristics from imidazole,
pyrazole, triazole and tetrazole due to the oxygen atoms. It exhibits higher density more excellent oxygen

balance and high formation heats, which has led to the birth of many excellent energetic compounds. The
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nitrogen rich high-energy compounds of furazan and triazene bridges have been synthesized by
Sheremetev, but its performance has not been studied.’ In this work, 4,4'-(triaz-1-en-1,3-diyl)bis(1,2,5-
oxadiazol-3-amine) (8) was synthesized using a new route and its structure was characterized. Its
detonation properties, thermal stability and mechanical sensitivity were investigated. These compounds

show important physical and chemical properties, which give inspiration to the exploration of energetic

compounds.
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Figure 1. Nitrogen-rich energy-containing compounds linked by azo and triazene bridges

RESULTS AND DISCUSSION

SYNTHESIS

The synthetic route of compound 8 was divided into two steps. First, a portion of 3,4-diaminofurazan (9)
was diazotized with sodium nitrite in aqueous HNO3 solution to give 10. Unreacted 9 and 10 in solution
are dehydrated and bridged to give 8.

NH H,N
/O\ N\ 2 2 N N NH2 H2N
N N NaNO, / =\ /S —=N
\ / — > O + O ———  » O \
HNO, \N/ \N/ 12h N “ /o
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Scheme 1. Synthesis route for 8

SINGLE CRYSTAL STRUCTURE ANALYSIS

Crystals of compound 8 were obtained by slow evaporation of the ethanol solution at room temperature.
Single crystal X-ray structure analysis as in Figures 2 and 3. Figure 2a shows the molecular structure of
compound 8. It is evident from the molecular structure and Figure 2b that the molecular structure is

nonplanar. The furazan near the NH side has a smaller dihedral angle with the triazene bridge (4.0°),
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while the furazan on the other side has a larger dihedral angle with the triazene bridge (19.3°) and the
dihedral angle between the two furazan planes is larger (30.7°) with multiple torsions of the longer
triazene bridge. In Figure 2c, the molecule crystallizes in the monoclinic system. It belongs to the P 21/n
space group with four molecules per cell and has a crystal density of 1.681 g/cm? at 273 K (1.675 g cm™
at 298 K). Figure 3 shows the compound 8 packing at different angles, and the molecular layer spacing of
8 is 3.34 A which belongs to IT stacking.'® Combined with Figure. 3a, b and c, it can be seen that a
hydrogen bonding was formed among molecules and molecular layers, which may drastically reduce the

sensitivity of the compound.

(b) (c)
Figure 2. X-Ray structures (single crystal) of 8(a). Torsion angle of 8(b). A cell of 8(c)
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Table 1. Crystal data and structure refinement for crystals
4,4'-(triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) (8)

Moiety formula CsHs Ng O v [°] 90
Formula weight 211.17 V [A%] 834.18(14)
TIK] 273 Z 4
p.[g cm?] 1.681 i [mm?] 1.212
Crystal description Monoclinic system FO00 432.0
Space group P21/n h, k, Imax 7,25,8
a[A] 6.1615(6) Tmin, Tmax 0.865, 0.908
b [A] 21.2629(19) 6(max) 66.782
c[A] 7.0630(6) R 0.0802(1178)
a[°] 90 wR2 0.2083(1484)
BI°] 115.645 CCDC number 2290524

PHYSICOCHEMICAL PROPERTIES

Detonation velocity and pressure are important properties that reflect the energy level of energetic
compounds. Thus, they have received great attention. After synthesizing 8, its detonation properties and
performance have been investigated. The heats of formation (AHs) of 8 was calculated to be about 926.32
kJ mol! by Gaussian 09 (Revision D.01), isobonding reaction combined and atomization method,%2
which shows the high heats of formation. The detonation velocity (D) and pressure (P) of 8 were
evaluated by the K-J formula using the crystal density and the calculated heat of formation.?? The results
show that the detonation velocity and pressure of 8 are 8151 m s and 28.55 GPa, which are better than
TNT (D=6881 m s P=22.80 GPa) and DAAzF (D=7592 m s P=24.94 GPa), and are close to the energy
level of RDX (D=8560 m/s P=34.55 GPa).

The safety properties of energetic compounds are great important in their production, storage and use.
The standard safety properties include thermal stability and mechanical sensitivity.
Thermogravimetric-differential thermal analysis (TG-DTA) was taken to analyze the thermal stability
properties of 8. Compound 8 was tested in a nitrogen atmosphere at a heating rate of 5 °C min*. There
was only one peak of 8 on the DTA curve with a peak value of 172.6 °C. The TG curve showed that 8
decomposed rapidly near 172.6 °C with a weight loss of 88.9%. The results indicate that the thermal
decomposition temperature of 8 is low than that of the similar structure DAAzF, which may be caused by
the fast break of the triazole bridge under thermal action. To verify this supposition, we use bond

dissociation enthalpies (BDES) as a measure of thermal decomposition.?® The calculations showed that
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the BDEs of the triazene bridges N-NH in compound 8 are about 138.5 kJ mol™, which is lower than that
of DAAZF (azo and furazan N-C, 206.2 kJ mol™), which is in agreement with the experiment.

Table 2. Physicochemical properties of 8, DAAzF, RDX and TNT

8 DAAzF RDX TNT
Formula C4HsNgO2 C4HsNsO2 C3HsNsOs C7HsN30s
Molecular mass 211 196 222 227
[g/mol]
p? [gcm?] 1.68 1.72 1.81 1.64
QP [%] -64.45 -65.31 -21.62 -74.01
IS¢ (J) 40 >60 7 15
FS? (N) 289 >360 120 >353
T gec® [°C] 172.6 327 210 295
Vet [m 7] 8151 7592 8560 6881
P9 [GPa] 28.55 24.94 34.55 22.80
A Him [kJ mol™] 926.32" 536' 86.3 -63.0
Egpg[kJ mol?] 138.50 206.2% - -
N+O/% 74.9 735 81.1 60.8

aDensity (measured with a gas pycnometer at 298 K), °Oxygen balance based on  CO; for C H N Oabcd
OB (%) = 16x(d-2xa-1/2xb)/Mw, ‘Impact sensitivity evaluated by a standard BAM fall-hammer,
dFriction sensitivity evaluated by a BAM friction tester, ®Decomposition temperature, ‘Detonation
velocity, 9Detonation pressure, "Calculated heat of formation, 'Data from the literature, *Calculated Bond
Dissociation Energy of 8 and DAAzF.
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Heats of formation(kJ/mol)
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6800

8 DAAzF RDX INT

I Density [ Heats of formation —e—Detonation Velocity

Figure 4. Comparison of density, enthalpy of production, and detonation velocity of 8, DAAzF, RDX and
TNT
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Figure 5. TG-DTA curves for 8

The mechanical sensitivity of compound 8 was evaluated by BAM-type impact and friction tester. Its
impact sensitivity and friction sensitivity are 40 J and 289 N. These results show that compound 8 has
very excellent insensitivity, which is superior to TNT, RDX. For this, we find the reason to explain it
rationally.

There is usually a relationship between surface electrostatic potential (ESP) and sensitivity in energetic
materials. According to previous studies, the higher positive ESP value and area leads to compounds
having higher sensitivity.?* For this reason, their ESP was visualized by VMD.?®? In Figure 6, the
positive charge of the hydrogen atom in compound 8 causes the amine groups and triazine bridges to
show a positive ESP (red region), and the furazan rings shows negative ESP (blue region). The bars show
the area of different electrostatic strengths, the ESP of compound 8 being larger in the negative and low

positive areas, while smaller in the high positive areas. Thus compound 8 has a lower sensitivity. This is
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Figure 6. Surface electrostatic potential of 8, DAAzF, TNT and RDX
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similar to DAAzF. TNT and RDX have larger areas at higher positively charged values than compound 8
and DAAzF, which is why they are more sensitive than compound 8.

Previous studies have shown that hydrogen bonding in energetic compounds mitigates internal strains due
to impact and friction, thus making energetic compounds insensitive.?’ IRI, Hirschfeld surfaces, and 2D
fingerprinting are useful as a tool that can quickly show the hydrogen bonding regions of compounds, as
well as the intermolecular hydrogen bonding (H...O O...H and H...N N...H) percentage, which is very
important for the study of the stability of energetic compounds.?®?® Therefore, we investigated the
hydrogen bonding of compound 8 by IRI, Hirschfeld surface and 2D fingerprinting. The IRI data in

Figure 7a and b, they show that there is no intramolecular hydrogen bonding interaction for 8, only van

DAAzF TNT RDX

BN
B.H
H/H..N
B N...0/0..N
B o..1HH..0
o.o

Figure 7. IRI, Hirschfeld surfaces and 2D fingerprint maps of 8
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der Waals forces and intermolecular hydrogen bonding. Figure 8c shows the Hirschfeld surface at
different angles, some red dots represent intermolecular hydrogen bonding or weak hydrogen bonding of
8. They are mainly distributed around the amino group, the triazole bridge, and the oxygen atom of the
furazan. These weakly interacting populations can also be obtained directly from the 2D fingerprinting.
Combined with Figure 7d and 7e, it can be seen that the intermolecular hydrogen bonding of 8 (H...O
O...H and H...N N...H) neighborhood's accounted for 63.1% of the weak interactions, which is better than
TNT (44%), RDX (59.1%), and DAAzF (61.7%). The higher hydrogen bonding occupancy reduces the
free space in the crystal structure to reduce the generation of localized hot spots due to impact and
friction.

In addition to hydrogen bonding, the type of crystal packing is also an important factor affecting
sensitivity. For example, DAAZzF, its molecular packing type, is planar layered packing. When receiving
external impacts and friction, it allows interlayer sliding to avoid the generation of hot spots, which
reduces the sensitivity, as does the wavelike layered packing.?” These two stacking modes facilitate the
desensitization of energetic compounds. Therefore, we investigated the stacking type of 8. In Figure 8, 8
possesses a wavelike layered packing with a small angle. This will allow the molecular layer of 8 to slide

better to obtain low sensitivity.

DAAzZF TNT
Figure 8. Type of molecular layer stacking for 8, DAAzF, RDX and TNT
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CONCLUSIONS

In summary, 4,4'-(triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) was synthesized and characterized by
elemental analyses, IR, NMR, and single-crystal X-ray diffraction. A study of the molecular structure and
physicochemical properties of 4,4'-(triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) reveals that this
compound exhibits particularly high formation heats (A H=926.32 kJ mol™) which is higher than that of
all currently reported furazan-based energetic compounds, excellent detonation performance (D=8151 m
s, P=28.55 GPa). In addition, this compound is insensitive to external mechanical stimuli (1S=40 J
FS=289 N). Its crystal packing, intermolecular interaction and ESP play an important role in reducing
sensitivity. Further, its thermal decomposition temperature is 172.6 °C. Good performance not only
highlights 4,4'-(triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) as an excellent energetic compound, but
also shows that the pairing of triazene bridges and furazans is a good choice for building energetic

compounds.

EXPERIMENTAL

Caution: Although we have not experienced any difficulties in preparing and handling these new
energetic materials, proper protective precautions must be used. All compounds should be handled with
care using the best safety practices.

4,4'-(Triaz-1-ene-1,3-diyl)bis(1,2,5-oxadiazol-3-amine) (8) At low temperature (0 °C) with stirring, 5
mL of distilled water was poured into a 25 mL three-necked flask and 3,4-diaminofurazan (0.1 g, 0.001
mol) was added to form a suspension. Nitric acid solution of sodium nitrite (NaNO2 0.42 g, 0.00061 mol;
98% nitric acid 0.5 mL; water 2 mL) was prepared and slowly added to the reaction mixture. The
temperature was then raised to 25 °C and the reaction was kept this temperature for 12 h. At the end of the
reaction, yellow particles were obtained by filtration in 81.3% yield. IR cm™: 3462, 3350, 2872, 1638,
1598, 1561, 1494, 1440, 1415, 1337, 1231, 1121, 1001, 932, 873, 743, 669, 607. 'H NMR(500MHz,
DMSO-dg, 25 °C, ppm) &: 6.81, 13.85-14.57. 3C NMR(150MHz, DMSO-ds, 25 °C, ppm): 150.76,
151.12.

Elemental analysis for C4HsNyO2, Anal. Calcd (%): C 22.75, H 2.39, N 59.70. Found(%): C 22.73, H
2.29, N 59.58.
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