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(EMs)+
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Two powerful yet safe energetic materials (EMs) have been synthesized with high yield via a facile method.
We used low-cost industrial products as starting materials and water as a solvent rather than organic
solvents without generating harmful by-products during the two-step synthetic procedure. Purification
of the target materials could be obtained through a simple separation process with low energy
consumption. Moreover, the thermal stability, insensitivity, and explosive performance of these two EMs
are better than that of commonly used energetic materials such as TNT and TATB (2,4,6-triamino-1,3,5-

rsc.li/rsc-advances trinitrobenzene).

Energetic materials (EMs) have a long application history and
play an indispensable role in both military and civilian fields,
such as aerospace propellants, mining engineering, and pyro-
technics.”™ Over the past few years, researchers have devoted
their efforts to balance the power and safety of EMs through
designing novel molecular structures or developing innovative
synthetic methods. Recently, EMs have attracted tremendous
attention for the sake of global sustainability, improving cost-
effectiveness and developing simple synthetic procedures.
Often times, EMs may contain extremely toxic substances
such as lead cations or perchlorate anions. Nitrogen-rich ionic
energetic salts are promising candidates for green EMs, since
the main composition of their explosion products will be dini-
trogen.>” These energetic materials show remarkable thermal
stability, low sensitivity to physical stimuli, and excellent deto-
nation performance.*® Up to now, some pioneering work on
ionic energetic materials, such as 3,3’-dinitroamino-4,4’-azox-
yfurazan,' 3,6,7-triamino-[1,2,4]-triazolo-[4,3b][1,2,4]-triazole,**
have been reported by T. M. Klapotke,”>™ J. n. M. Shreeve*™"®
and other groups.'?* Despite their remarkable high energy and
low sensitivity, these nitrogen-rich ionic materials have some
disadvantages: raw materials are usually expensive; harsh
condition and long reaction time are needed; high boiling-point
solvents are employed that raises the difficulty of the following
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purification; reaction procedures are usually complicated yet
the yields are often low.

In this research, we reported a facile two-step synthetic
strategy to prepare two nitrogen-rich energetic salts (EM-1 and
EM-2) with high yield and purity under mild conditions by using
low-cost industrial products as raw materials through a hydro-
thermal approach without the production of environmentally
harmful by-products. Comprehensive studies of the reaction
conditions and the effects of the substituent groups in the
starting materials allowed for the synthesis of energetic salts.
Their crystal structures, thermal decomposition behaviors, non-
isothermal kinetics and sensitivities and calculated their deto-
nation velocities and detonation pressures were investigated.
Both of these salts possess high enthalpy of formation and good
explosive performance with high thermal stability, insensitivity
towards impact, friction, and electrostatic discharge. This
strategy presents an alternative synthetic procedure that suit-
able for industrial preparation and applications.

Based on the following considerations, we designed and
synthesized 1,2-bis(hydrazinocarbonyl)hydrazine (BHCH) as
the cation component of the energetic salts through the reac-
tion of commercial available dialkyl azodicarboxylates and
hydrazine hydrate in high yield. Firstlyy, BHCH has high
nitrogen content and multiple energetic N-N and N-C bonds,
which give rise to high enthalpy of formation and good explo-
sive performance. Secondly, the carbonyl group and hydrazine
group of BHCH can form hydrogen bonds with other energetic
anions, which may improve the thermal stability and safety of
the energetic materials.”*** Moreover, the flexible chain struc-
ture of BHCH is beneficial for the formation of more hydrogen
bonds compared to normal N-heterocyclic compounds with
rigid structure. Thirdly, it is worth noting that the starting
materials, dialkyl azodicarboxylates, are cost effective and
widely used in industry as foaming agents and plasticizers.
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Fourthly, the by-products of the reaction are N,, H,O and
alcohols. Finally, the BHCH is able to react with picric acid (PA)
or 2,4,6-trinitroresorcinol (TNR) to obtain halogen-free and
metal-free BHCH-containing EMs in water at 60 °C minimizing
pollution (Scheme 1).

Initially, we focused our efforts on optimizing the reaction
conditions for the synthesis of BHCH. Five industrially abun-
dant and inexpensive dialkyl azodicarboxylates, dimethyl azo-
dicarboxylate (DMAD), diethyl azodicarboxylate (DEAD),
diisopropyl azodicarboxylate (DIAD), di-tert-butyl azodicarbox-
ylate (DTAD) and dibenzyl azodicarboxylate (DBAD), were
chosen to react with 60% hydrazine hydrate solution that acts as
both nucleophilic reagent and reducing agent in a 1 : 3 ratio.
The reaction was carried out at 70 °C temperature overnight.
Pure BHCH could be obtained via simple precipitating in
ethanol without the need of recrystallization or column purifi-
cation. The yields could reach 43%, 52%, 34%, 31%, and 39%
for DMAD, DEAD, DIAD, DTAD, and DBAD as starting materials,
respectively. Single-crystal X-ray analysis (SXRD), "H-NMR, IR
and MS spectra confirmed the structure and purity of the
resultant product.

We chose DEAD as starting material and further investigated
the effects of the ratio of the starting materials and reaction
temperatures to optimize its reaction conditions. The yields
were improved by increasing the amount of hydrazine hydrate
and hit a plateau at a ratio of 1 : 5 (Fig. 1c). It reached maximum
yield of 92% with a reaction temperature of 70 °C (Fig. 1d),
further increasing the temperature would lead to cyclization
side reactions and formation of by-products.

After optimizing the reaction conditions for BHCH, we
prepared energetic salts by reacting BHCH with PA or TNR in
water at 60 °C for 1 h. Then, the mixtures were cooled to room
temperature, and EM-1 (PA™ as counter ion) or EM-2 (TNR™ as
counter ion) were precipitated out of solution and recovered
through filtration with up to 87% and 82% yield, respectively.
The structures and purities of EM-1 and EM-2 were confirmed
by IR, elemental analyses and SXRD. The synthesis of these two
EMs undergo an acid-base reaction in water avoiding both the
use of organic solvents and the formation of toxic by-products to
produce two metal-free and halogen-free materials. Compared
with commonly used decomposition reaction for the syntheses
of energetic salts, the acid-base reaction is more eco-friendly
and simple.

SXRD analyses showed that EM-1 is composed of the
univalent cation of BHCH and PA™ with the ratio of 1: 1 and
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Scheme 1 Synthetic strategies to prepare EM-1 and EM-2.
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Fig. 1 (a) Yields of BHCH using different starting materials; (b) the
structure of BHCH; (c) yields of BHCH with different mole ratios of
DEAD and hydrazine hydrate; (d) yields of BHCH with different reaction
temperatures.

EM-2 is composed of the divalent cation of BHCH and TNR™
with the ratio of 1 : 2. As shown in Table S1 (ESI}), these two EM
crystals belong to the monoclinic system with space group
P2(1)/c. The energetic N-N bond lengths in the EMs range from
1.378(4) to 1.421(4) A. Due to intramolecular hydrogen bonding
and distortion of BHCH, the N-N single bonds between carbon
of EM-1 (1.3812 A) and EM-2 (1.378 A) are much shorter than
normal N-N single bonds (1.454 A) and even shorter than N=N
double bonds (1.245 A). The energetic N-C bond lengths in the
EMs range from 1.348(4) to 1.467(2) A. As the different group
connected to N-C bond, the N-C bond connected to hydrazine
group (1.424 to 1.467 A) are longer than N-C bond connected to
nitro group (1.348 to 1.385 A). There exists significant hydrogen
bonding between ion and m-m action between the benzene
rings, which may contribute to their densities and stabilities.
For example, EM-1 has three types of hydrogen bonds, which
are an intramolecular hydrogen bond of BHCH (N2-H2---02),
an intermolecular hydrogen bond of BHCH (N5-H5---02) and
an intermolecular hydrogen bond between BHCH' and PA™
(N1-H1A---03) (Fig. 2).

Thermal decomposition temperature of explosives is
a crucial parameter in terms of performance.”® The thermal
behaviors of EM-1 and EM-2 were investigated by differential
scanning calorimetry (DSC) measurements with a linear heating
rate of 5, 10, 15, 20 °C min~' (Fig. 3). At the heating rate is
5°C min~ ", the DSC curve of EM-1 has an endothermic peak at
199.11 °C and an exothermic peak at 211.05 °C, corresponding
to the melting process and the energy release process, respec-
tively. EM-2 demonstrated one exothermic processes at
215.51 °C under the same heating rate, revealing its capability
in heat generating. Typically, energetic materials with higher
than 200 °C decomposition temperature imply good thermal
stability.

Apparent activation energies (E,) can be used to estimate the
rate constants of the initial thermal decomposition process. We
utilized both Kissinger's method and Ozawa's method to

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Packing diagram of EM-1 and hydrogen bonds of EM-1in the
crystal structure; (b) packing diagram of EM-2 and hydrogen bonds of
EM-2 in the crystal structure.

calculate the activation energies of these two EMs based on the
following equations,>>*
Kissinger's method

dIn(B8/T, E,

This journal is © The Royal Society of Chemistry 2017
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Fig.3 (aand b) DSC curves of (a) EM-1and (b) EM-2 at heating rates of

5,10, 15 and 20 °C min~*.

Ozawa's method

0.4567E,
+ —=

1
og B RT,

C 2)
where § is the linear heating rate, °C min '; 7}, is the peak
temperature, °C; R is the gas constant, 8.314 ] mol ' K™'; C is
a constant.

According to the exothermic peak temperatures determined
at four different heating rates of 5, 10, 15 and 25 °C min ™", the
thermo-kinetic parameters of exothermal processes for EM-1
and EM-2 are calculated and shown in Table 1, including the
apparent activation energies Eo and Ey, pre-exponential factor
Ak and linear correlation coefficients Rx and R. The E, values of
both EM-1 (Eg, 225.7 k] mol™*; Eo, 222.4 k] mol ') and EM-2
(Ex, 240.7 k] mol™"; Eo, 236.7 k] mol ") are much higher than
RDX (144 kJ mol %).

The safety of these EMs to mechanical stimulation,
including impact, friction and electrostatic discharge, were
tested according to the corresponding standard methods and
corresponding data are summarized in Table 2. The impact
sensitivities (IS) of EM-1 and EM-2 are higher than 40 ], indi-
cating that the compounds are insensitive to the impact. These
IS values are lower than that of TNT (15 J) and even lower than
3D energetic metal organic frameworks famous for their
insensitivies.**** No friction sensitivities are observed up to
360 N for these two EMs, while the value of which for RDX is

Table 1 Peak temperatures of the first main exothermic stage at
different heating rates and kinetic parameters for EM-1 and EM-2

EM-1 EM-2

T, (°C) 5 211.05 215.51
10 217.32 220.32
15 220.81 224.17
20 222.68 226.74

Kissinger's method

Ex [k] mol™] 225.7 240.7

In Ag 22.33 23.75

Ry —0.998 —0.9972

Ozawa's method

Eo [kJ mol '] 222.4 236.7

Ro —0.9981 —0.9974

RSC Aadv., 2017, 7, 48161-48165 | 48163
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Table 2 Properties of EMs with TNT, TATB and RDX

Salts D* AH,? AHf cation AH{ anion AH¢ P D? Is" FS' EDS
EM-1 1.817 440.3 643.2 —108.5 94.4 28.5 (27.25) 8046 (8124 >40 >360 >24.75
EM-2 1.719 967.0 2088.1 —318.6 483.9 29.0 (30.75) 8197 (8330 >40 >360 >24.75
TNT?%31 1.65 — — — 95.3 19.5 6881 15 353 0.57
TATB*? 1.93 — — — —139.7 30.5 8179 30-40 — —
RDX*? 1.82 — — — 83.8 34.9 8748 7.4 120 0.15

“ Densities obtained from X-ray measurements (g cm~>). ? Lattice energy (kJ mol ). © Molar enthalpy of the formation of cation (k] mol~*). ¢ Molar
enthalpy of the formation of anion (k] mol™"). ¢ Molar enthalpy of the formation of salt (k] mol )./ Detonation pressure (GPa). ¢ Detonation
velocity (m s™*). * Impact sensitivity (J). ’ Friction sensitivity (J).” Electrostatic sensitivity (J). © Detonation velocity calculated by Explo 5 (m s~ %).

! Detonation pressure calculated by Explo 5 (GPa).

120 N. In addition, the two EMs are insensitive to electrostatic
discharge (Table S57), which are safer than TNT, RDX and HMX.
The significantly high safety of these two EMs may be attributed
to the multiple intramolecular and intermolecular interactions
in the stacking structures, including hydrogen bonds, ionic
bonds and m-7 interactions as shown in literature.>»**

The thermal stabilities of these EMs were characterized after
48 h heat treatment at 75 °C. Both EM-1 and EM-2 easily with-
stood a temperature of 75 °C after two days. Even higher
temperatures of 90 °C did not lead to decomposition for one
week. The results show that both EM-1 and EM-2 have a good
thermal stability.

The enthalpy of formation is an important parameter for
evaluating the performance of energetic salts, which is directly
related to the number of nitrogen-nitrogen bonds in ionic
species. The enthalpy of formation of EMs was calculated by
quantum chemical calculations (ESL1 Section 6) and the results
were summarized in Table 2. Both EM-1 and EM-2 exhibit
positive heats of formation. In particular, the value of EM-2
(483.9 kJ mol™") is much higher than TNT (95.3 k] mol %),
TATB (—139.7 k] mol™ '), RDX (80.0 k] mol ') and HMX
(104.8 k] mol ™).

Based on the calculated values of the heats of formation and
the densities of the EMs, the detonation velocities (D) and
detonation pressures (P) were calculated by classic Kamlet-
Jacobs equations®* and Explo 5. As shown in Table 2, the
calculated detonation pressures of EM-1 (28.5 GPa by K-J
equations and 27.2 GPa by Explo 5) and EM-2 (30.3 GPa by K-J
equations and 30.7 GPa by Explo 5) are superior to TNT (19.5
GPa). The calculated detonation velocities of EM-1 are
8046 m s~ ! by K-J equations and 8124 m s~ by Explo 5 and the
calculated detonation velocities of EM-2 are 8197 m s~ ' by K-J
equations and 8330 m s~ by Explo 5, all of which outperform
TNT (6881 m s ).

Conclusions

In conclusion, two energetic materials have been synthesized
with high yield and low energy-consumption separation
process. The synthetic procedure utilized cost-effective simple
chemicals as the starting materials, water as solvent and did not
generate any toxic by-products. The two EMs are metal-free and
halogen-free and exhibit high thermal stability. The apparent

48164 | RSC Adv., 2017, 7, 48161-48165

activation energies are much higher than those of the normal
explosives such as TNT and RDX. Both EM-1 and EM-2 are
insensitive to impact, friction, and electrostatic discharge,
which indicates enhanced material safety for practical usage.
The heats of formation, calculated detonation velocity and
calculated detonation pressures of these two EMs demonstrate
that they have high explosive power. This facile strategy offers
a versatile method to synthesize safe energetic materials.
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