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S1 Synthetic details and characterization of products 

S1.1 General information  

All reagents and solvents used were of analytical grade. 2,6-dimethyl-4-amino-phenol 

was produced according to the methods described in the literature (30). Electrospray 

ionization (ESI) mass spectra were recorded on a Finnigan TSQ Quantum ultra AM mass 

spectrometer. The samples were dissolved in methanol, and infused via a syringe pump a 

5 μL/min. The instrument was run in the negative ion mode with the capillary voltage at 

−3000 V and the dissociation potential (source CID) at −20 V. In the MS/MS mode, the 

quadrupole mass analyzer was set to pass the parent ion at unit mass resolution using Ar 

as the collision gas. NMR spectra were obtained on a Bruker Avance III 500 MHz 

instrument equipped with Magnex Scientific superconducting magnets. 1H NMR 

spectrum was referenced to tetramethylsilane (0 ppm), and 15N NMR spectra were 

referenced externally to neat CH3NO2 (0 ppm). FT-IR spectra were recorded on a Thermo 

Nicolet IS10 instrument. Raman spectra were measured with a Renishaw (inVia) Raman 

spectrometer (785 nm excitation). TG-DSC-DTG-MS-IR measurements were performed 

on a Netzsch STA 409 PC/PG thermal analyzer coupled to a Thermo Nicolet IZ10 FTIR 

spectrometer equipped with a TG-MS-IR gas cell at a heating rate of 10 K/min under 

nitrogen (argon) atmosphere. 

S1.2 Synthesis of 3,5-dimethyl-4-hydroxyphenylpentazole (HPP) 

The synthesis of HPP and its 15N-labeled compounds was performed according to our 

previous report (17), and the corresponding synthetic routes were described in Figure S1. 

S1.3 Synthesis of pentazolate salt 

An aqueous solution of ferrous bisglycinate (2.65 g, 13 mmol) was added to a solution of 

HPP (0.993 g, 5.2 mmol) in a mixture of solvents (160 mL) of acetonitrile and methanol 

(v/v, 1/1) and stirred at −45 °C for 30 min. A cold methanol solution of m-

chloroperbenzoic acid (4.26 g, 21mmol) was added. The reaction mixture was stirred at 

−45 °C for more than 24 h, the insoluble materials were eliminated by filtration. The 
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collected filtrate was evaporated under vacuum to furnish a dark-brown solid. The pure 

product could be isolated through a column of silica gel (ethyl acetate/ethanol, 10/1) with 

an acceptable yield (19%, based on the number of moles of HPP) of (N5)6(H3O)3(NH4)4Cl 

as an air-stable white solid. 
1H NMR (DMSO-d6, TMS): δ 7.17 ppm (s). 15N NMR (DMSO-d6, MeNO2): δ 

−356.18 ppm (s). IR: 3132 (m), 3020 (s), 2917 (m), 2827 (m), 2036 (w), 1696 (w), 1490 

(w), 1418 (s), 1224 (s), 1015 (w), 950 (w) cm−1. Raman: 1428, 1184, 1117, 1021 cm−1. 

S1.4 Synthetic routes of pentazolate salts 

 

Figure S1 Synthesis of pentazolate salts. 
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S1.5 Electrospray Ionization (ESI) Mass Spectrometry 

T: - c Q1MS [ 30.00-150.00]
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Figure S2: The mass spectrum of cyclo-N5ˉ (m/z of 70). 

T: - c Full ms2 70.00@20.00 [ 30.00-100.00]

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

42.24

70.14

 

Figure S3: The mass spectrum of fragmentation of cyclo-N5ˉ (m/z of 70)                                            

at low collision energy (20 eV). 
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T: - c Q1MS [ 30.00-150.00]
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Figure S4: The mass spectrum of cyclo-N5ˉ (m/z of 71), labeled 15N atom at N-1 position. 

T: - c Full ms2 71.00@20.00 [ 30.00-100.00]
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Figure S5: The mass spectrum of fragmentation of cyclo-N5ˉ (m/z of 71), labeled 15N 

atom at N-1 position at low collision energy (20 eV). 
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T: - c Q1MS [ 30.00-150.00]

30 40 50 60 70 80 90 100 110 120 130 140 150
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

72.08

 

Figure S6: The mass spectrum of cyclo-N5ˉ (m/z of 72), labeled 15N atom at N-1 and N-2 

positions. 

T: - c Full ms2 72.00@20.00 [ 30.00-100.00]
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Figure S7: The mass spectrum of fragmentation of cyclo-N5ˉ (m/z of 72), labeled 15N 

atom at N-1 and N-2 positions at low collision energy (20 eV). 
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T: - c Q1MS [ 30.00-150.00]
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Figure S8: The mass spectrum of aqueous solution of pentazolate salt after treating with 

silver nitrate. (A) The aqueous solution of pentazolate salt; (B) The aqueous solution of 

pentazolate salt after treating with silver nitrate. 
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Figure S9: The mass spectrum of aqueous solution of pentazolate salt after treating with 

Nessler's reagent. (A) The aqueous solution of pentazolate salt; (B) The aqueous solution 

of pentazolate salt after treating with Nessler's reagent. 
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S1.6 1H NMR Spectrum 

 

Figure S10: 1H NMR spectrum of (N5)6(H3O)3(NH4)4Cl in DMSO. 

 

S1.7 Decomposition process of pentazolate salt according to thermal analysis 
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Figure S11: The proposed thermal decomposition process of (N5)6(H3O)3(NH4)4Cl. 
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S1.8 Mass spectra of TG-DSC-DTG-MS-IR 

 

Figure S12: The mass spectra of full scan of the gas products obtained from the thermal 

decomposition of the (N5)6(H3O)3(NH4)4Cl under nitrogen. 

 

Figure S13: The mass spectra of selected ion monitoring scan of the gas products 

obtained from the thermal decomposition of the (N5)6(H3O)3(NH4)4Cl under argon. 

HN3

H2OHN3



 
 

9 
 

S1.9 Infrared Spectrum 

 

Figure S14: The infrared spectrum of residues formed at the first stage of the 

decomposition process of pentazolate salt. 
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S2 X-ray Diffraction Studies 

Colorless crystals of pentazolate salt suitable for single crystal X-ray diffraction were 

grown by dissolving the solid in a minimum amount of the mixed solution of ethanol 

(C2H5OH 95%) and ethyl acetate and holding at −18 °C for two weeks. All data were 

collected with a Bruker D8 Venture single-crystal diffractometer (Cu Kα, λ = 1.54178 Å). 

The corresponding data were collected with Bruker APEX2 program and reduced with 

Bruker SAINT program. Absorption correction was performed by semi-empirical method 

implemented in SADABS. The structure was solved by direct methods with SHELXT 

program (31) and refined by least-square methods with SHELXL-2014 program (32, 33) 

contained in OLEX2 suite (34). The non-hydrogen atoms were identified by SHELXT 

program directly and refined anisotropically. The hydrogen atoms were located from 

difference Fourier map inspection and freely refined with Uiso(H) = 1.5Ueq (N, O). 

Relevant crystal data and refinement results are summarized in Table S1. 
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Table S1: Crystallographic Data for (N5)6(H3O)3(NH4)4Cl. 

N34H25O3Cl 

Formula (N5)6(H3O)3(NH4)4Cl 

Formula weight 584.99 g·mol−1 

Temperature 123 K 

Wavelength 1.54178 Å 

Crystal system cubic 

Space group Fd-3m 

Cell parameters a=b=c=17.9681(5)Å 

α=β=γ=90° 

Cell volume 5801.0(5) Å3 

Formula Z 8 

Calc. density 1.340 g·cm−3 

Absorption coefficient 1.800 mm−1 

F(000)   2432 

Crystal size 0.20 × 0.20 × 0.25 mm 

Theta range for data collection 4.262 to 66.372 ° 

Limiting indices -21<=h<=19, -21<=k<=21, -21<=l<=21 

Reflections collected / unique 22726 / 279 [R(int) = 0.0337] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.1665 and 0.0682 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2 1.208 

Final R indices [I>2sigma(I)] R1 = 0.0580, wR2 = 0.1663 

R indices(all data) R1 = 0.0580, wR2 = 0.1663 

Largest diff. peak and hole  0.523 and -0.940 e·Å−3 

CSD 431382 
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Table S2: Bond lengths. 

parameter bond length(Å) parameter bond length(Å) 

O(2)-H(2) 0.83(2) N(2)-N(1) 1.324(4) 

O(1)-H(1) 0.84(2) N(1)-N(1)#1 1.309(5) 

N(3)-N(2) 1.310(3) N(4)-H(4A) 0.82(2) 

N(3)-N(2)#1 1.310(3) N(4)-H(4B) 0.83(2) 

Symmetry code: #1: 1.75-x, 1.75-y, z 

Table S3: Bond angles. 

parameter bond angle(°) parameter bond angle(°) 

N(2)-N(3)-N(2)#1 107.8(3) N(1)#1-N(1)-N(2) 107.8(2) 

N(3)-N(2)-N(1) 108.3(3) H(4A)-N(4)-H(4B) 113(2) 

Symmetry code: #1: 1.75-x, 1.75-y, z 

Table S4: Hydrogen bonds for (N5)6(H3O)3(NH4)4Cl. 

D-H...A D-H(Å) H…A(Å) D…A(Å) D-H…A(°) 

O(2)-H(2)…N3 0.83(2) 2.26(2) 3.090(4) 180 

O(1)-H(1)...N1 0.84(2) 2.17(3) 2.995(3) 168 

N(4)-H(4A)...N2 0.82(2) 2.10(2) 2.912(3) 171 

N(4)-H(4B)...Cl1 0.83(2) 2.44(2) 3.265(4) 180 

Table S5: Torsion angles. 

parameter torsion angle(°) parameter torsion angle(°) 

N(1)#1-N(1)-N(2)-N(3) 0.000(1) N(1)-N(2)-N(3)-N(2)#1 0.000(1) 

Symmetry code: #1: 1.75-x, 1.75-y, z 
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Figure S15: (A) Unit cell view along the a axis. (B) Unit cell view along the [605] 

direction. The unit cell of pentazolate salt contains 192 asymmetric units, each of which 

consists of 1/24 Clˉ, 1/6 NH4
+, 1/4 cyclo-N5ˉ, 1/12 H3O

+ (O1) and 1/24 H3O
+ (O2) 

moieties held together by cation-anion interactions. The Clˉ, NH4
+, cyclo-N5ˉ, H3O

+ (O1) 

and H3O
+ (O2) moieties are located on the b, e, b, d and a Wyckoff positions with 

multiplicities of 8, 32, 48, 16, 8, respectively. Because of the site symmetry, the O1 

position 16d and O2 position 8a are surrounded by six symmetry-equivalent disordered 

H1 atoms on position 96g and disordered H2 atoms on position 48f, respectively, all of 

which are also assumed to be half-occupied.  
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Figure S16: Unit cell view along the c axis. 

 

Figure S17: Unit cell view along the [101] direction. 
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Figure S18: The schematic representation of the hydrogen bonds in the unit cell view 

along the [101] direction. Ellipsoids are plotted at the 50% probability level. Hydrogen 

bonds are indicated as green dotted lines. 

 

Figure S19: The schematic representation of the hydrogen bonds in the unit cell view 

along the a axis. Ellipsoids are plotted at the 50% probability level. Hydrogen bonds are 

indicated as green dotted lines. 
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Figure S20: Ellipsoid plot of NH4N3 at 50% probability level. The occupancies of NH4
+, 

N3ˉ are 1/2, 1/4, respectively. Symmetry codes: (i) 1.5-x, y, 0.5-z; (ii) 1-x, 1-y, 1-z; (iii) x, 

1-y, z. 
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