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Abstract: Two novel energetic ionic and coordination frameworks based on 3,
5-dinitropyrazole (3, 5-DNP) were prepared under the facile reaction conditions. They
were characterized by FT-IR spectroscopy, Raman spectrum, single-crystal X-ray analysis
and differential scanning calorimetry thermal analysis (DSC). Hirshfeld analysis showed
that they both presented strong hydrogen-bond intermolecular interactions. Thermal
properties and the nonisothermal thermokinetic parameters were obtained by differential
scanning calorimeter (DSC) as well as Kissinger, Ozawa and Starink methods. The two
energetic materials exhibit excellent thermal stabilities ([DNP] NH (Et)s: Tm=251°C,
Teg=377°C; Cu [DNP]2[H20]2: T«=350°C). They can be potential candidates for
heat-resistant energetic materials for military uses.

1. Introduction

Developing different forms of energetic materials (EMs) has become a fascinating research area
in recent years, not being limited in neutral organic compounds. Among them, ionic salts and
coordination compounds (including metal-organic frameworks) are the hotspot materials in the
investigations of EMs and they behave significant and special physicochemical performance than
other neutral compounds in most cases. [*?]

Azole-based energetic ionic materials are always a fascinating calls of multi-nitrogen
frameworks, which contain multiple N-N, C-N chemical bonds and stable electrovalent bond
depositing sufficient energy. Since 2010, many energetic ionic compounds grounding on pyrazole
were massively prepared, which were mainly consist of 3,4,5-trinitropyrazole (3,4,5-TNP)-, 4]
3,4,5-trinitropyrazole-1-ol (TNPO)-, B! 4-amino-3,5-dinitropyrazole (ADNP)- , 4-nitramino-3,
5-dinitropyrazole (4-NADNP)- and 1-nitramino-3,5-dinitropyrazole (1-NADNP)-based organic
salts. 81 Recently, metal ions were introduced into ADNP and 3,5-DNP, including K*, Na*, Li*, Au*,
Cu?*, Pb?*, Sr?*, Ba?*, etc.["® However, Drukenmller et al supposed that salts of 3,5-DNP did not
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tend to form single crystals in experiments. [']

In the present work, two novel energetic materials based on 3, 5-dinitropyrazole (3, 5-DNP) were
synthesized and their single crystals were also cultivated with structure confirmed by X-ray
diffraction. Moreover, their intermolecular interactions were further investigated by the
Hirshfeld-Surface analysis and the thermal performance were evaluated by non-isothermal kinetic
methods.

2. Experimental Section
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Scheme 1: Synthesis of two 3, 5-DNP based energetic materials.
2.1 Synthesis of 3, 5-dinitropyrazole (1):

3,5-dinitropyrazole was synthesized referred to the literature®® and slightly improved in this
work. 1,3-dinitropyrazole (1g, 6.3mmol) was dissolved in anisole (25mL) instead of benzonitrile
(since the latter one is very toxic), and then heated to 147 °C for reaction in another 21 h.
Subsequently, the anisole was evaporated and the left mixture was washed using little n-hexane.
Then the crude product was recrystallized from benzene or toluene, and pale yellow solid were
obtained (0.51g, yield 51%). DSC (5°C/min): 172 °C (m.p.), 333°C (dec.) (lit.*2 m.p. 174-175°C).
'H NMR (400 MHz, Acetone-ds): 7.75 (1H, s). 3C NMR (400 MHz, Acetone -ds): 152.38, 100.08.
Elemental analysis calcd for CsH2N4O4 (%) C 22.80, H 1.28, N 35.44, found C 22.62, H 1.33, N
35.40.

2.2 Synthesis of [DNP] NH (Et)3 (2):

3,5-dinitropyrazole (3,5-DNP) (0.158g, 1mmol) was dissolved in anhydrous ethanol (10 ml),
then triethylamine (1 mmol) was added. The synthesis route is shown in Scheme 1. Then the
mixture was stirring until clear and then filtered, the solution was left for evaporation in 5 days. The
yellow crystal sheets were obtained (0.202g, yield 77.9%). DSC (5°C/min): 249 °C (m.p.), 377°C
(dec.). IR (KBr, cm™): y=3443 (m), 3009 (m), 2817 (w), 2683 (m), 2504 (m), 1537 (s), 1474 (s),
1358 (s), 1148 (w), 1007 (w), 822 (w), 745 (w); Raman (cm™): v=3316, 3130, 3054, 2292, 1461,
1403, 1231. *H NMR (400 MHz, DMSO-de): 7.27 (1H, s), 3.08 (9H, q), 2.47 (6H, s). °C NMR
(400 MHz, DMSO-ds): 156.85, 98.75, 46.23, 9.08. Elemental analysis calcd for CoH17Ns04 (%) C
41.69, H 6.61, N 27.01, found C 41.85, H 6.58, N 27.32.

2.3 Synthesis of Cu [DNP] 2[H20]2 (3):
3,5-dinitropyrazole (3,5-DNP) (0.158g, 1mmol) was dissolved in anhydrous ethanol (10 ml),
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then copper (Il) sulfate pentahydrate (0.274 g, 1.1 mmol) was added to the above solution in a
intense stirring. Then the precipitate was filtered, and the solution was left for evaporation in 24
hours. Several blue crystals appeared in the solution. Then the product were filtered and obtained
(0.314g, yield 75.6%). DSC (5°C/min): 347°C (dec.). IR (KBr, cm™): y=3386(m), 3341(m), 3149(s),
1614(w), 1550(s), 1493(s), 1448(s), 1358(s), 1327(s), 1275(m), 1192(w), 1032(m), 994(m), 828(m),
744(m), 712(w); Raman (cm™): v=3443, 3373, 3322, 1736, 1595, 1537, 1474, 1390, 1307, 1205,
1039, 719. Elemental analysis calcd for CeHsCuNsO10 (%) C 17.42, H 1.46, N 27.09, found C 17.35,
H 1.51, N 27.14.

3. Results and discussion
3.1 X-ray diffraction crystallography

Crystals of compound 2 and 3 were obtained using slow evaporation of ethanol for 24 h in the
room temperature(CCDC number: 1452000 and 1452001). All crystal parameters including bond
lengths, bond angles, torsion angles and other relative data can be found in the Supporting
Information. The optical microscopies of 2 and 3 are captured in Figure 1, which present the
different appearance of the two compounds in sheets or blocks.

Figure 1: Optical microscopies of [DNP]NH(Et)s (a) and Cu [DNP]2[H20]2 (b) grown from slow
evaporation in a ethanol solution.

As shown in Figure 2a, compound 2 contains one crystallographically independent anion and
cation. The geometric structure of anion is the same with those of the units in compound 3. Due to
the hydrogen bonding and electrovalent bonding, the nitrogen atoms between triethylamine and
3,5-DNP in compound 2 can form the stable molecular structure. The torsion angles suggesting that
the two nitro groups are coplanar with the pyrazole ring. Figure 3a shows the crystal structure of
coordination compound 3. For 3, the coplanar characteristics also exist. This indicates that the
structures between copper and each 3,5-DNP molecule are nearly symmetrical. Comparing with
3,5-dinitropyrazole (1.430 and 1.452 A)P!, the bond length of C-NO2 in compound 2 and compound
3 are little different, which are 1.427 and 1.447 A in compound 2 as well as 1.430 and 1.450 A in
compound 3.

The crystal packing of 2 and 3 are shown in Figure 2b and Figure 3b, 3c. It can be described as a
layered arrangement in compound 2, and a similar like metal-organic framework (MOF) structure
for compound 3 while along the (100) crystal-facet.
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Figure 2: (a) Thermal ellipsoid plot (50%) and labeling scheme for 2. (b) Ball-and-stick packing
diagram of 2 viewed down a axis. Dashed line indicates the strong intermolecular.
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Figure 3. (a) Thermal ellipsoid plot (50%) and labeling scheme for 3. (b) 2>2>2 crystal packing

viewed down the b axis. Dashed line indicates the strong intermolecular. (c) Ball-and-stick packing
frameworks of 3 along the (100) facet.

3.2 Structure description

The sum of molecular interactions in compound 2 and 3 are depicted in fingerprint plots and
their contributions for intermolcular close contacts are also summerized in Figure 4. The similarity
of the two compounds is that the O --H and H --O close contacts are dominating interaction in the
crystal packing, H --H contacts of 2 are more than those of 3 while O --O contacts of 2 are less than
those of 3. However, the hydrogen-bond (HB) interactions are distinct in the two crystals. In
compound 2, triethylamine cations provide more H atoms which can form sufficient HB
interactions. But in compound 3, the HB interactions are mostly from the two H20 molecules and
O --O contacts can attribute to the nitro groups from two DNP molecules. Meanwhile, the
distributions of Cu --N and Cu --O contacts in 3 are close to those of C --H and H --C contacts.
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Figure 4: Fingerprint plots of 2 and 3 and their relative contributions to the Hirshfeld surface for
intermolecular close contacts.
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3.3 Vibrational analysis

The IR and Raman spectra of [DNP]NH(Et)s (2) and Cu [DNP]2[H20]2 (3) are shown in the
Figure 5a, 5b. It is worthy of noting that IR spectra of compound 2 are dorminated by the C-H
stretching bands at around 2500-3000 cm™ and N-H stretching bands at 3000-3500 cm* while those
of compound 3 are taken up by the O-H stretching bands at 3100-3400 cm™. 1200-1500 cm* belong
to the nitro groups. For compound 2, the stretching modes of the (C-N)ring and (N-N)ring are
observed as peaks of low intensity at y=~1007, 1358, 1474 and 1537 cm™* (IR). For compound 3, the
stretching modes of the (C-N)ring and (N-N)ring are observed as peaks of low intensity at y=~1032,
1448, 1493 and 1550 cm™ (IR), which are basically in agreement with the results from Raman
spectrum. Evidently, the energetic salt 2 and the coordination compound 3 show similar vibration
bands between 1200 and 1500 cm™ both in IR and Raman spectrums.
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Figure 5: IR and Raman spectra of [DNP]NH(Et)3 (a) and Cu [DNP]2[H20]2 (b).
3.4 Thermal behaviors and non-isothermal Kinetics performance

Thermal behaviors concern about the stability of an energetic material. The thermal stabilities of
two compounds were determined by differential scanning calorimetry (DSC) at different heating
rates of 5, 10, 15, 20 K min™* in Aluminum pans. Figure 6a, 6b shows that 2 melts at 249 °C (peak
maxima) and decomposes at 377 °C (peak maxima) while 3 decomposes at 347 °C (peak maxima)
at the heating rate of 5 K min%, which are both higher than those of RDX (Tm=205 °C, T¢=210 °C).
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Figure 6: DSC curves for 2 (a) and 3 (b) at the heating rate of 5, 10, 15, 20 K min™,

To obtain the non-isothermal decomposition properties such as apparent activation energy Ea and
pre-exponential constant A after the exothermic decomposition reaction, three multiple heating
methods (Kissinger’s, Ozawa’s, and Starink’s methods -121) were employed.
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Here, f is heating rate (K min), T, is the decomposition peak (°C), Ea is the apparent activation
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energy (kJmol?), C1 and C2 are constant taken from the references. The calculation results are
summarized in Table 1.

Table 1: The peak temperatures of the exothermal peaks at different heating rates and the chemical
reaction kinetic parameters.

Heating rates 3 To(°C) Kinetic Kissinger’s Ozawa’s Starink’s
(K min) P parameters method method method
Comp. 2

5 377 E(kJ mol ) 275.07 272.90 274.68
10 383 In(A) (s7) 49.95 — —
15 390 R -0.9624 -0.9670 -0.9612
20 394
Comp. 3

5 347 E(kJ mol?) 319.89 315.72 318.71
10 354 In(A) (s7) 61.34 — —
15 358 R -0.9939 -0.9938 -0.9939
20 360

The self-accelerating decomposition temperature (Tsapt) and critical temperature of thermal
explosion (Tb) were obtained by Equation (3) and Equation (4), respectively. 1314 The results show
that Tsapr and Tp of compound 2 are 370.0 °C and 383.0 °C respectively, and Tsapt and To of
compound 3 are 337.5 °C and 347.5 °C respectively. The calculation results are summarized in
Table 2. They are all higher than 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), while slightly lower

than octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), indicating that the referenced
compound possesses splendid thermal stability.

T, =T, +bB +cp’ 2)

Tonor =Tho 3)

Here, b and ¢ are coefficients, £ is the heating rate (K min™).

T, = (E, —/EZ ~4E,RT,,) /2R (4)

Table 2: The self-accelerating decomposition temperature (Tsapt) and critical temperature of
thermal explosion (Tb) for the referenced compound comparing with other commercial explosives.

2 3 RDX!! NTOM! Tetryl™¥ HMX!!
Tsaot[°C] 370.0 3375 195.0 237.4 169.2 261.1
To[°C] 383.0 3475 208.9 247.8 178.9 267.8

The entropy of activation (AS?), enthalpy of activation (AH?), and Gibbs free energy of
activation (AG?) at Tpo can be obtained by applying the Equations (5)—(7). For compound 2, AH?
and AG” of the reaction and the critical temperature of thermal explosion are calculated as follows:
AS#=-218.79 J K1 mol?, AH#=269.72 kJmol?, and AG*=410.44 kJmolt. For compound 3,
AS#=-216.65 J Kt mol?, AH#=219.18 kJ mol?, and AG#=447.11 kJ mol .

A:kBTTeAS¢/R (5)

AH* =E —RT (6)
AG* = AH* —TAS" )
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Here, ks is the Boltzmann constant and h is the Planck constant, T=Tpo, Ea=Ex and A=Ak
(adopted from Kissinger’s method).

3.5 Heat of formation and energetic performance

The heat of formation (HOF) of two energetic salts were predicted using density functional
theory (DFT) method by Guassian 09 package. [ The heats of formation (HOFs) for cation and
anion of compound 2 were computed using isodesmic reaction (Scheme 2) at B3LYP/6-311G(d,p)
level.
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Scheme 2: Isodesmic reactions for anion and cation of [DNP]NH(Et)s (a) and Born-Habor Cycle for
predicting the heat of formation of the energetic salts (b).

-ZH;" (Anion)

Based on a Born-Haber energy cycle, the solid HOF of organic energetic salt [DNP]NH(Et)s can
be simplified as the following equation: [*6]

AH? (ionicsalt298K) = AH ¢ (cation,298K) + AH { (anion298K) — AH, (8)

Where AHL is the lattice energy of the salts that can be predicted by the following formula
suggested by H. D. B. Jenkins et al.: [*7]

AHL:UPOT+[p((nM/2_2)+q(nx/2_2)]RT 9)

Where nm and nx depend on the numbers of the ions Mp+ and Xq- respectively, which are equal to
3 for monatomic ions, 5 for linear polyatomic ions, and 6 for nonlinear polyatomic ions. The
equation for lattice potential energy Upor is shown as follows:

Upor =7(L) 46 (10)

Here, p is the density and M is the formula mass of the ionic materials. For 1:1 (charge ratio)
salts, the coefficients y and ¢ are 1981.2 KJ mol* ¢m? and 103.8 kJ mol™, respectively. For 1:2
salts, the coefficients y and ¢ are 8375.6 kJ mol™* em™ and -178.8 kJ mol, respectively.

HOF for coordination compound 3 was calcualted at Lanl2dz level using the atomization method
(shown in Scheme 3) due to the exist of metal atoms.[*®]

aC +bH +cN +dO+eCu

AHY (M,298K)

M

N a%mx(H(:((OK) — H} (298K)) H, (298K) — H., (OK)T
0
aC® +bH® + cN°® + dO° + eCy® 2 MOO o o

Scheme 3: The atomization method.
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4. Conclusion

In this study, two novel energetic materials based on 3, 5-dinitropyrazole (3, 5-DNP) (2 and 3)
were synthesized and their structures were confirmed by X-ray diffraction for the first time.
Hirshfeld analysis showed that they both presented strong hydrogen-bond intermolecular
interactions as shown in dominating H --H, O --H and H --O contacts. Moreover, thermal-dynamic
performance were evaluated by non-isothermal kinetic methods based on the results of differential
scanning calorimeter (DSC), indicating that the two energetic materials possess excellent thermal
properties (2: Tm=251°C, Ta=377°C; 3 : T¢=350°C). For 2, the apparent activation energy (Ea)
evaluated by Kissinger’s, Ozawa’s, and Starink’s methods are 275.07, 272.90 and 274.68 kJ mol?,
respectively. And for 3, Ea estimated by three methods are 319.89, 315.72 and 318.71 kJ mol?,
respectively. Remarkably, 2 and 3 possess excellent thermal stability since the exothermic
temperatures of them exceed 300 °C, which are superior to those of reported copper-based
nitrogen-rich salts or coordination compounds. Considering these above, it is worthwile to further
explore the electronic properties of metal complexes of the DNP based energetic frameworks.
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