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Experimental Section:

Caution! The compounds in this work are energetic materials that could potentially explode
under certain conditions (e.g., impact, friction, or electric discharge). Appropriate safety
precautions, such as the use of shields in a fume hood and personal protection equipment (safety
glasses, face shields, ear plugs, as well as gloves) should be always taken when handling these
materials.

General. All reagents (analytical grade) were purchased from AK Scientific, VWR or
Oakwood chemicals and were used as supplied. 'H, 3C, “N and ’'N NMR spectra were
recorded using a 500 MHz (Bruker AVANCE 500) NMR spectrometer operating at 500.19,
125.78, 36.14, and 50.69 MHz, respectively. Chemical shifts in 'H and 3C NMR spectra are
reported relative to MeySi; N and N NMR spectra to MeNO, as an external standard.
Abbreviations for multiplicities and descriptors are: s = singlet, br = broad, m = multiplet
(denotes complex pattern), and q = quartet. The decomposition points (onset temperature) were
obtained using a differential scanning calorimeter (TA Instruments Company, Model: Q2000).
Infrared spectra were recorded on a FT-IR spectrometer (Thermo Nicolet 6700) equipped with
an ATR assembly. The densities were measured at ambient temperatures by employing a gas
pycnometer (Micromeritics AccuPyc II 1340). The impact and friction sensitivities were
determined by using a standard BAM drop hammer and BAM friction tester, respectively.

Elemental analyses were carried out on a Vario Micro cube Elementar Analyser.

Synthesis of pyrazine-2,5-dicarbohydrazide (2): Thionyl chloride (6 mL, 0.0713 mol) was
added dropwise to a suspension of pyrazine-2,5-dicarboxylic acid (1) (2.0 g, 0.0118 mol) in
ethanol (30 mL) at 0 °C. The resulting mixture was refluxed for 4 h, cooled to room
temperature, and the solvent was evaporated under reduced pressure. A freshly prepared
saturated solution of sodium acetate (12 mL) was then added to the residue, and the resulting
precipitate was collected by filtration and washed with cold water. The solid obtained was
dissolved in 80% hydrazine hydrate (10 mL) and heated in an oil bath at 70 °C for 4 h. After
cooling to room temperature, the mixture was filtered, and the solid was washed with ethanol
to afford compound 2 as a yellow solid. Yield (0.775 g, 0.003 mmol, 88.6%). '"H NMR (500
MHz, DMSO-d6): 8 10.27 (s, 2H), 9.10 (s, 2H), 4.68 (s, 4H). BC{'H} NMR (126 MHz,
DMSO-d6) o 154.3, 146.5, 141.6. IR (ATR ZnSe): ¥ 3308, 3087, 2953, 1691, 1578, 1512,
1436, 1332, 1275, 1214, 1179, 1088, 1023, 1006, 937, 864, 720 cm!. Elemental Analysis:
Calcd for C¢HgN¢O, : C, 36.74; H, 4.11; N, 42.84. Found: C, 36.84; H, 4.09; N, 43.30.
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Synthesis of diethyl 2,2'-(pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-diyl))diacetate (3): Ethyl
3-ethoxy-3-iminopropanoate (6.0 g, 0.0306 mol) was dissolved in acetonitrile (30 mL), and
triethylamine (2.06 g, 2.84 mL, 0.0232 mol) was added with stirring at room temperature for
30 min. Subsequently, compound 2 (1.0 g, 0.0050 mol) and glacial acetic acid (10 mL) were
added, and the reaction mixture was refluxed for 15 h. After completion of the reaction, the
excess solvent was evaporated, and water was added. The mixture was sonicated to afford a
pale-yellow solid, which was collected and dried to give compound 3 (1.57 g, 0.0040 mol,
80%). '"H NMR (500 MHz, DMSO-d6): 6 9.29 (s, 2H), 4.15 (q, 4H), 3.87 (s, 4H), 1.21 (t, 6H).
BC{'H} NMR (126 MHz, DMSO-d6): 168.5, 160.6, 146.3, 141.8, 141.6, 60.7, 33.2, 13.9. IR
(ATR ZnSe): v 3435, 3309, 3235, 2985, 1739, 1691, 1578, 1512, 1462, 1368, 1269, 1213,
1165, 1088, 1061, 1029, 1003, 936, 868, 719 cm’!. Elemental Analysis: Calcd for C;sH;sNgO4
(CH3CN): C, 50.58; H, 4.95; N, 29.49. Found: C, 50.83; H, 4.87; N, 29.51.

Synthesis of 2,2'-(pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-diyl))diacetic acid (4):
Compound 3 (1.0 g, 0.0025 mol) was dissolved in an aqueous solution of sodium hydroxide
(0.40 g, 0.0100 mol) in 12 mL of distilled water. The resulting mixture was stirred at 70 °C for
1 h, then cooled to 0 °C. Concentrated sulfuric acid was added dropwise to adjust the pH to
approximately 3, and the mixture was stirred at room temperature. The resulting yellow
precipitate was collected by filtration and dried at room temperature to afford pure compound
4 as a yellow solid. Yield (0.77 g, 0.0023 mol, 90%). '"H NMR (500 MHz, DMSO-d6): 5 9.29
(s, 2H), 3.86 (s, 4H). *C{'H} NMR (126 MHz, DMSO-d6): 5 170.0, 155.6, 154.9, 143.5,
141.8, 33.3. IR (ATR ZnSe): v 3177, 2925, 1721, 1548, 1462, 1389, 1267, 1192, 1059, 1032,
996, 923, 821, 821, 752 cm™!. Elemental Analysis Calcd for C;,H;(NgO,: C, 43.64; H, 3.05; N,
33.93. Found: C, 43.75; H, 3.48; N, 34.01.

Synthesis of 2,5-bis(3-(trinitromethyl)-1H-1,2,4-triazol-5-yl)pyrazine (5, I1** method):
Compound 4 (500 mg, 1.513 mmol) was added portion wise to the mixture of fuming nitric
acid (3 mL) and 4 mL conc. sulfuric acid (98%) in ice-water bath at 0 °C. After addition,
reaction mixture was stirred at same temperature for 20 mins, further stirred for 12 hrs at room
temperature and poured into crushed ice with stirring. The precipitate was washed with water
and dried in air to get white solid compound 5. Yield (620 mg, 1.210 mmol, 80%). Ty (onset):
150 °C. '"H NMR (500 MHz, DMSO-d6): 6 9.44 (s, 2H). 13C NMR (126 MHz, DMSO-d6) 3
154.7, 148.7, 142.5, 141.6, 122.7. IR (ATR ZnSe): ¥ 3384, 3178, 2884, 1772, 1595, 1488,
1437, 1338, 1283, 1165, 1081, 1049, 1006, 966, 843, 801, 743, 682, 646 cm!. Elemental
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Analysis Calcd for C;(H4N1401, : C, 23.45; H, 0.79; N, 38.28. Found: C, 23.46; H, 1.10; N,
37.76.

Synthesis of diethyl  2,2'-(pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-diyl))bis(2,2-
dinitroacetate) (6): Compound 3 (500 mg, 1.294 mmol) was added portion wise to the mixture
of fuming nitric acid (3 mL) and 4 mL conc. sulfuric acid (98%) in an ice-water bath at 0 °C.
After addition, the reaction mixture was stirred at same temperature for 20 mins, further stirred
for 12 hrs at room temperature and poured into crushed ice with stirring. The precipitate was
washed with water and dried in air to get white solid compound 6. Yield (601 mg, 1.061 mmol,
82%). 'H NMR (500 MHz, DMSO-d6): & 9.40 (s, 2H), 4.65 (q, 4H), 1.36 (t, 6H). 3C NMR
(126 MHz, DMSO-d6) 6 156.1, 153.9, 151.8, 142.3, 141.7, 113.6, 66.8, 13.4. IR (ATR ZnSe):
v 3383, 3186, 2982, 1772, 1585, 1470, 1440, 1372, 1301, 1243, 1160, 1080, 1037, 1004, 952,
847, 801, 748, 723 cm!. Elemental Analysis Calcd for CigH4N,Oy, : C, 33.93; H, 2.49; N,
29.68. Found: C, 33.75; H, 2.58; N, 29.96.

General procedure for the synthesis of salts 7-9

Ammonia (35 mg, 0.998 mmol) or hydrazine hydrate (50 mg, 0.998 mmol), or hydroxylamine
hydrate (33 mg, 0.999 mmol), was slowly added to compound 5 (200 mg, 0.390 mmol) or 6
(200 mg, 0.353 mmol) in methanol (5 mL) at room temperature. After stirring for 6 hrs at room
temperature, the precipitate was collected by filtration and dried in air to give the desired
products in quantitative yields. However, despite using an excess of base to obtain the
tetracationic salts, we did not achieve the desired product; instead, the reactions yielded the

dicationic salts 7-9.

Diammonium (pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-diyl))bis(dinitromethanide) (7):
Yield: (145 mg, 0.317 mmol, 90%) as a yellow solid. T4 (onset): 205 °C. 'H NMR (500 MHz,
DMSO-d6): 8 9.32 (s, 2H), 6.15 (s, 8H). 3C NMR (126 MHz, DMSO-d6) 6 156.9, 151.2,
144.2,141.9, 124.8. IR (ATR ZnSe): ¥ 3354, 3222, 3097, 1628, 1520, 1479, 1442, 1393, 1349,
1256, 1176, 1129, 1074, 1037, 995, 940, 831, 751, 686, 482 cm’'. Elemental Analysis
Calculated for C;gH,N1405: C, 26.32; H, 2.65; N, 42.98. Found: C, 26.77; H, 3.00; N, 43.47.

Dihydrazinium (pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-diyl))bis(dinitromethanide) (8):
Yield: (156 mg, 0.320 mmol, 91%) as a yellow solid. Ty (onset): 215 °C. 'H NMR (500 MHz,
DMSO0-d6): 6 9.32 (s, 2H), 5.23 (s, 10H). *C NMR (126 MHz, DMSO-d6) 6 156.9, 151.1,
144.2,141.9, 124.7. IR (ATR ZnSe): v 3342, 3259, 2917, 2643, 1622, 1532, 1488, 1451, 1399,
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1355, 1271, 1225, 1171, 1091, 1032, 999, 977, 826, 748, 684 cm’!. Elemental Analysis
Calculated for C;¢H 4N s0g: C, 24.70; H, 2.90; N, 46.08. Found: C, 24.62; H, 3.46; N, 45.77.

Dihydroxyl ammonium (pyrazine-2,5-diylbis(1H-1,2,4-triazole-5,3-
diyl))bis(dinitromethanide) (9): Yield: (150 mg, 0.307 mmol, 87%) as a yellow solid. Ty
(onset): 210 °C. 'H NMR (500 MHz, DMSO-d6): & 9.31 (s, 2H), 3.55 (broad, NH;OH",
overlapped with residual water signal of DMSO-d6). 3C NMR (126 MHz, DMSO-d6) 6 156.9,
151.1,144.2,141.9, 124.6. IR (ATR ZnSe): ¥ 3447, 2721, 1640, 1536, 1492, 1454, 1398, 1362,
1276, 1236, 1203, 1174, 1129, 1096, 1032, 1000, 828, 747, 678, 519 cm™!. Elemental Analysis
Calculated for C;oH,N140,0: C, 24.60; H, 2.48; N, 40.16. Found: C, 24.74; H, 2.97; N, 40.36.

Synthesis of 2,5-bis(3-(trinitromethyl)-1H-1,2,4-triazol-5-yl)pyrazine (5, 2" method) from
ammonium salt 7: Compound 7 (500.0 mg, 1.095 mmol) was added portion wise to a stirred
mixture of fuming nitric acid (3.0 mL) and concentrated sulfuric acid (4.0 mL, 98%) in an ice—
water bath at 0 °C. After the addition was complete, the reaction mixture was stirred at 0 °C
for 20 min, then allowed to warm and stirred at room temperature for 12 h. The reaction mixture
was quenched by pouring onto crushed ice with stirring. The resulting precipitate was collected,
washed with water, and dried in air to give the white solid 5 in 78% yield. All characterisation

data matched well with those of compound 5 prepared by the first method.
X-ray crystallographic details and crystallographic data Section
Sample preparation:

Single crystals of compound 5 suitable for single-crystal X-ray analysis were obtained from

methanol solution.
Data collection:

A suitable crystal with dimensions 0.17 x 0.14 x 0.09 mm? was selected and mounted on a
nylon loop with Paratone oil on a XtaLAB Synergy, Dualflex, HyPix diffractometer. The
crystal was kept at a steady 7= 100.00(10) K during data collection. The structure was solved
with the ShelXT! solution program using dual methods and by using Olex2.?> The model was
refined with ShelXL? using full matrix least squares minimisation on F2. The thermal ellipsoids
and packing diagrams of X-ray structures in the main article and supplementary material are

plotted using Olex 2 software.?

Crystal structures and crystallographic data
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Figure S1. Crystal structure of compound 5, drawing at 50% ellipsoid showing the labelling
of the hetero atoms.
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Figure S2. The following hydrogen bonding interactions with a maximum D-D distance of
3.1 A and a minimum angle of 110 ° are present in JS825H: N2-N4_1: 2.888 A.
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Figure S3. Packing diagram of § viewed along the c-axis.
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Figure S5. Packing diagram of § viewed along the c-axis.
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Table S1: Crystallographic data for 5.

Compound
CCDC No.
Formula
Dcalc./ g cm?
m/mm-!

Formula Weight

Colour

Shape
Size/mm?

T/K

Crystal System
Space Group
a/A

b/A

c/A

al’

b

g/

V/A3

VA

Z!
Wavelength/A
Radiation type
Qmin/ ’

Qmax/ ’

Measured Refl's.

Indep't Refl's
Refl's I>2 s(I)
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR; (all data)
WR2

R; (all data)
R,

5

2497606
CioHsN 14,01,
1.772

1.452
512.27
colourless
block-shaped
0.17x0.14x0.09
99.99(10)
monoclinic
P21/I’l
6.76375(14)
14.2639(3)
9.97845(16)
90
94.1732(18)
90
960.14(3)

2

0.5

1.54184
CuK,
5.420
79.901

8284

2046

1909

0.0273

171

0

0.237
-0.246
1.097
0.1089
0.1073
0.0432
0.0408
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Copies of 'H, BC{'H} and '“N spectra, IR, and DSC plots
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Figure S7: BC{'H} NMR Spectrum of compound 2 (recorded in DMSO-d6; 126 MHz).
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Figure S9: '"H NMR Spectrum of compound 3 (recorded in DMSO-d6; 500 MHz).
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Figure S12: '"H NMR Spectrum of compound 4 (recorded in DMSO-d6; 500 MHz).
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Figure S13: BC{'H} NMR Spectrum of compound 4 (recorded in DMSO-d6; 126 MHz).
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Figure S20: BC{'H} NMR Spectrum of compound 6 (recorded in DMSO-d6; 126 MHz).
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Figure S22: '"H NMR Spectrum of compound 7 (recorded in DMSO-d6; 500 MHz).
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Figure S27: BC{'H} NMR Spectrum of compound 8 (recorded in DMSO-d6; 126 MHz).
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Figure S33. DSC Plot of compound 9 at heating rate 5 °C min-'.

Computational details
Calculations of the heats of formation were carried out using Gaussian 09 suite of programs.*

Compound 5§, and the anion of 5 were determined using isodesmic reactions (Scheme S1). The
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geometric optimization and frequency analyses of the structures were calculated using
B3LYP/6-31+G** level and single energy points were calculated at the MP2/6-311++G**
level.’ The gas phase enthalpies of formation were computed using isodesmic reactions and the
enthalpies of reaction were obtained by combining the MP2/6-311++G** energy difference for
the reactions, the scaled zero-point energies (ZPE), values of thermal correction (HT), and
other thermal factors (Table S2). The atomization energies for cations were calculated by using
the G?ab initio method.® The solid-state heat of formation for neutral compound (5) was
calculated by subtracting the corresponding enthalpy of sublimation (AHy,) from the gas phase
enthalpy as shown in equation 1. The heat of sublimation was obtained using Trouton's rule’
as shown in equation 2, where T represents either the melting point or the decomposition

temperature when melting does not occur prior to decomposition.

HOFsolid - HOFgas - HOFsub (1)

AH_, =188//mol 'K~ ' xT 2

The HOFs of energetic salts were predicted using the Born—Haber cycle (Figure S34) and can
be simplified by the equation (3),

HOF (salt, 298 K) = HOF (cation, 298 K) + HOF (anion, 298 K) — H, 3)

In the above equation, Hy is the lattice energy of the salts (see Table S3), which can be
predicted by using the formula proposed by Jenkins et al.?

n n
H, =Upor +[p(—2--2) + q(—=--2)IRT
: : 4)
The nature of the cation M," and anion X~ decide n),and ny values, respectively and are equal
to three for monoatomic ions, five for linear polyatomic ions, and six for nonlinear polyatomic
ions. Upor is the lattice potential energy, calculated using the density (p in g/cm?) and the

chemical formula mass (M in g/mol) of the ionic salt.

[ j+ 24‘\ + 4H;C—CHz + 6CH3NO, - 5 ON >\/ /H< + 12CH,
H

H
A N

[ j+ 24 N+ 4HC—CHy + 2CHNO); — 5 /H/ \ + 8CH,
N

- _NO.
N\N 2

5 Anion ON
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Scheme S1. Designed isodesmic reactions for the prediction of HOF 4,5 of compound S and its

anion.

. . . -AHOF
Cation” Anion™ (Solid) >

l

Cation" (gas) + Anion™ (gas)

Figure S34. Born-Haber cycle for the formation of energetic salts.

mC(s) + nHy(g) + oN,(g) + pO,(g)

Table S2. Calculated zero-point energies (ZPE), and thermal corrections (Hr) and HOF g, of
reference and target compounds at the B3LYP/6-31+G** level and single energy points were

calculated at the MP2/6-311++G** level.

Mp-6-
31 lf+g** HOFgas
Compd. ZPE (au) Hr (au)
(kJ/mol)
NO,
OZN>\/N N H\N
N T \>_<:—>_<\N &NOZ 0223907 0.031295 -2047.587917 | 575.4421746
N 5 o NO,
NO, "
O,N" NN N N~N
Ny $ }%\N&/Noz 0196313 0.025186 -1638.329828 196.12325
" 5 Anion ON
Table S3. Energy content of energetic salt 7-9.
Salt HOF# | HOF,’ H¢ HOF,¢
NO, 2 NH, .
N N-
O:N NN 1 626.4 196.1 1168.976 279.94
N\\N>_§::‘N>_<\N S NOZ
H O,N
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No, 2N
NN N N 770 | 196.1 | 1145461 | 590.63
NI‘N\>‘§;N>f<\NJYNOZ
Ho O.N
No, 2 NH:OH y
_ N-
OzNJ\r" NN 669.5 | 196.1 | 1139.032 | 396.06
NI\N\>_§:‘N>—<\NJ\-(N°2
Ho ON

aHeat of formation of cation (kJ mol"). PHeat of formation of anion (kJ mol-!. *Lattice energy

(kJ mol"). dHeat of formation of salt (kJ mol!).
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