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Experimental Methods
General Safety Precautions
Caution! The materials prepared in this work are energetic with potential sensitivity to various stimuli. While no issues were 
encountered in the handling of these compounds, proper protective measures (face shield, ear protection, body armor, Kevlar 
gloves, and earthened equipment) are recommended.

General Methods
All reagents and solvents were used as received unless otherwise stated. 3-Azido-5-amino-6-nitro-1,2,4-triazine was prepared 
according to literature.1 1H and 13C NMR spectra were recorded with a Bruker AV-III-500-HD and Bruker Avance-III-800 (5mm 
QCI Z-gradient cryoprobe) NMR spectrometer. All chemical shifts are quoted in ppm relative to TMS (1H, 13C). Infrared spectra 
were recorded with a PerkinElmer Spectrum Two spectrometer with UATR (Universal Attenuated Total Reflectance) accessory. 
Transmittance values are described as “strong” (s), “medium” (m), “weak” (w), and “very weak” (vw). Melting and decomposition 
points were measured with a TA Instruments Q50 TGA using heating rates of 5 °Cmin-1. Low resolution mass spectra were 
measured with an Agilent 1260 Infinity II Quaternary LC instrument. Sensitivity data were determined using a BAM friction tester 
and BAM Drophammer (OZM research). Elemental analysis was performed using an Elementar vario EL cube elemental analyzer.

3,5-diamino-6-nitro-1,2,4-triazine (DANT) 
3-azido-5-amino-6-nitro-1,2,4-triazine (AANT) (2 g; 10.98 mmol) was dissolved in ethanol (175 mL) and heated to 60°C. 
Stirring vigorously triphenylphosphine (1 eqv.; 2.89 g; 11.02 mmol) was added in portions. Upon the formation of 
precipitates nitric acid was added in 1 mL portions until solids dissolved. After AANT fully reacted with 
triphenylphosphine (2 hr) water (100 ml, 500 eqv.) was added to the reaction solution and stirred overnight at 60°C. The 
solvent was then removed via vacuum and the remaining solid extracted with hot ether (5x; 25 mL) to give DANT a pale-
yellow solid (1.171 g; 68% yield). Recrystallization from hot water gives shiny-yellow flakes. 1H NMR (DMSO-d): δ 8.26 (s, 
1H), 7.98 (s, 1H), 7.84 (s, 1H) 7.63 (s, 1H); 13C NMR: δ 162.49, 151.12, 143.07; LRMS: 156m/z; IR: 3419 (w), 3392 (w), 3315 (w), 
3315 (w), 3215(w), 3169 (w), 3053 (w), 2840 (w), 2688 (w), 2154 (w), 1947 (w), 1623 (m), 1546 (m), 1499 (m), 1464 (m), 1432 
(m), 1350 (m), 1306 (m), 1266 (w), 1194 (m), 1163 (m), 1120 (m), 1020 (m), 971 (m), 852 (m), 788 (m), 768 (m), 736 (m), 689 
(m), 668 (m), 559 (s), 472 (s); Elemental Analysis (%) for C3N6H4O2 (156.1029 gmol-1): Calcd. C 23.08; H 2.58; N 53.85; O 
20.50; Found C 22.56; H 2.55; N 52.66; TGA: Tdec. 240°C; Impact Sensitivity: >40 J; Friction Sensitivity: 160-192 N.

3,5-diamino-6-nitro-1,2,4-triazine-2-oxide (DANTX)
DANT (200mg; 1.28mmol) and Oxone® (0.6 eqv.; 472.6 mg) were stirred in water (5 mL) at 40°C for 12 hr. Additional 
portions of Oxone® (3x; 0.2 eqv.; 157.5 mg) were added in 12hr intervals and the reaction stirred at 40°C until completed. 
The solution was then extracted with hexane (3x; 10 mL), filtered and washed with water giving a reddish-orange solid 
(60 mg; 27% yield). The solid crystallized out of nitromethane and a THF/water mixture. 1H NMR (DMSO-d): δ 9.11 (s, 
1H), 8.68 (s, 1H), 8.49 (s, 1H), 8.22 (s, 1H); 13C NMR: δ 152.13, 146.42, 127.27; LRMS: 172m/z; IR: 3480 (w), 3455 (w), 3419 (w), 
3386 (w), 3362 (w), 3297 (w), 3224 (w), 3176 (w), 2157 (vw), 1664 (m), 1645 (m), 1606 (m), 1566 (m), 1525 (w), 1463 (m), 1435 
(m), 1348 (w), 1320 (w), 1277 (m), 1189 (m), 1127 (m), 1080 (m), 965 (m), 912 (m), 868 (m), 803 (m), 758 (m), 744 (m), 721 
(m), 690 (m), 668 (m), 643 (m), 601 (m), 552 (s), 498 (s), 470 (s); Elemental Analysis (%) for C3N6H4O3 (172.1023gmol-1): 
Calcd. C 20.94; H 2.34; N 48.83; O 27.89; Found: C 20.32; H 2.21; N 47.97; TGA: Tdec. 200°C; Impact Sensitivity: >40 J; 
Friction Sensitivity: 144 N (Sensitivity reported for the low-density DANTX polymorph).

Crystallographic Data
Single crystal X-ray diffraction data for DANT were collected on a Bruker Quest diffractometer with a fixed chi angle, a 
Mo K wavelength (λ = 0.71073 Å) sealed tube fine focus X-ray tube, single crystal curved graphite incident beam 
monochromator, and a Photon II area detector. Data for the DANTX samples were collected on a Bruker Quest 
diffractometer with kappa geometry, a Cu K wavelength (λ = 1.54178 Å) I-μ-S microsource X-ray tube, laterally graded 
multilayer (Goebel) mirror for monochromatization, and a Photon III C14 area detector. Both instruments were equipped 
with an Oxford Cryosystems low temperature device and examination and data collection were performed at 150 K. Data 
were collected, reflections were indexed and processed, and the files scaled and corrected for absorption using APEX32 
and SADABS3. The space groups were assigned using XPREP within the SHELXTL suite of programs4, 5 and solved by 
direct methods using ShelXS5 and refined by full matrix least squares against F2 with all reflections using Shelxl20186, 7 
using the graphical interface Shelxle8. H atoms attached to carbon atoms were positioned geometrically and constrained 
to ride on their parent atoms. C-H bond distances were constrained to 0.98 Å for aliphatic CH3 moieties and were allowed 
to rotate but not to tip to best fit the experimental electron density. The solvate molecule in the DANTX acetonitrile 
solvate is located on a two-fold axis and the methyl H-atoms are thus 1:1 disordered. N-H bond distances were either 
constrained to 0.88 Å and NH2 groups were constrained to be planar (sp2 hybridized) (for DANT, DANTX-DMSO solvate) 
or  amine H atom positions were freely refined (DANTX low and high density polymorphs, DANTX-ACN solvate). Uiso(H) 
values were set to a multiple of Ueq(C) with 1.5 for CH3 and 1.2 or 1.5 for NH2 units, respectively. 
Additional data collection and refinement details are given in the table below. Complete crystallographic data, in CIF 
format, have been deposited with the Cambridge Crystallographic Data Centre. CCDC 2057283-2057287 contain the 
supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

http://www.ccdc.cam.ac.uk/data_request/cif
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Table 1. Crystallographic Data

DANT DANTX

Name DANT Low density 
polymorph

High-density 
polymorph

Dimethyl sulfoxide 
solvate

Acetonitrile 
solvate

Crystallization Solvent Water Nitromethane Tetrahydrofuran Dimethyl Sulfoxide Acetonitrile

Formula C3H4N6O2 C3H4N6O3 C3H4N6O3 C3H4N6O3●C2H6OS 2(C3H4N6O3)●C2H
3N

Formula Weight [g 
mol–1]

156.12 172.12 172.12 250.25 385.30

Temperature [K] 150 150 150 150 150

Crystal System monoclinic triclinic monoclinic triclinic monoclinic

Space Group P /c21 P1 P /c21 P1 C2/c

a [Å] 4.6115 (11) 6.6850 (5) 5.0535 (3) 5.4545 (2) 16.754 (4)

b [Å] 16.953 (4) 8.7556 (6) 5.3907 (3) 9.4042 (3) 12.645 (2)

c [Å] 7.4329 (19) 11.9207 (8) 22.3375 (11) 10.8334 (5) 7.1381 (15)

α [°] 90 79.812 (3) 90 98.907 (2) 90

 [°] 100.679 (10) 81.840 (3) 93.131 (4) 102.005 (2) 95.214 (11)

γ [°] 90 69.876 (3) 90 99.824 (1) 90

V [Å3] 571.0 (2) 642.32 (8) 607.61 (6) 525.03 (4) 1506.0 (5)

Z 4 4 4 2 4

ρ [g cm-3] [150 K] 1.816 1.780 1.882 1.583 1.699

R1 /wR2 (all data) 0.1265/0.1858 0.0463/0.1373 0.0376/0.1043 0.0476/0.1215 0.0383/0.1019

 R2/wR2 (I>2σ) 0.0707/0.1612 0.0430/0.1337 0.0359/0.1024 0.0442/0.1181 0.0355/0.0990

S 1.01 1.12 1.14 1.07 1.04

No. of reflec. 1408 2587 1308 2140 1455

Restraints 0 0 0 0 0

CCDCa 2057283 2057287 2057284 2057286 2057285

aThese data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.

http://www.ccdc.cam.ac.uk/data_request/cif
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Figure 1. Ribbon rotation for mixed crystal  structure of high-density DANTX.

Figure 2. a) DMSO solvated-crystal X-ray structure of DANTX; b)  Packing diagram of DANTX●DMSO solvated crystal



5

Figure 3. a) MeCN solvated-crystal X-ray structure of DANTX; b)  Packing diagram of DANTX●1/2MeCN solvated crystal

Heats of Formation and Sublimation
Table 2. Heats of formation and sublimation for DANT and DANTX

Solid-State ΔfHm 
[kJ mol-1]

Gas-phase ΔfH 
[kJ mol-1]

ΔHsub

[kJ mol-1]

DANT 134.1 236.04 101.95

DANTX 102.1 205.66 103.55

Thermal Stability
Thermal stabilities were measured by TGA in platinum pans with a heating rate of 5°C per minute; onset of 
decomposition temperatures were determined as the temperature at which 5% mass loss occurred.

Figure 4. Graph of DANT and DANTX TGA curves generated by TA Instruments Trios V4.4.0.40883



6

Mechanical Sensitivity
For initial safety testing, impact and friction sensitivities were determined for DANT and DANTX. Impact sensitivity was 
carried out according to STANAG 44899 and modified according to instruction10 on an OZM drophammer by the BAM 
method11. Friction sensitivity was carried out in accordance with STANAG 448712 and modified according to instruction13 
using a BAM friction tester. The determination of DANT decomposition was made based on color-change from yellow 
to orange. 

Energetic Properties
With the Gaussian09 program package14, the molecular geometries of DANT and DANTX were optimized using the 
B3LYP spin-restricted Kohn-Sham density functional theory (KS-DFT)15-18  with the 6-31G** Pople Gaussian basis set19-21. 
Using the Byrd and Rice method22-24 for neutral molecules, computational enthalpies of formation and densities were 
calculated. The computational densities were obtained by dividing the mass of the molecule by the volume calculated 
from the volume contained within the B3LYP/6-31G** 0.001 electron/bohr3 isosurface of the electron density, and 
subsequently modified by electrostatic parameters generated from charge distributions of said isosurface. For the 
computational heat of formation, the B3LYP/6-311++G(2df,2p) energy was computed from the B3LYP/6-31G* optimized 
geometry to obtain the gas phase heat of formation.

The detonation parameters, for the compounds, at the CJ point were calculated with the EXPLO6.05 software package25, 

26 using the computational heat of formation and the density measured by single-crystal X-ray at room temperature. For 
solid carbon the software uses the Becker-Kistiakowsky-Wilson’s equation of state (CFEOS) 27. The equilibrium 
composition of detonation products was calculated utilizing the modified White, Johnson, and Dantzig’s free energy 
minimization technique. BKWN parameters (α, β, , θ) were used in the following BKW equation, with Xi representing 
the mol fraction of the ith gaseous product and ki being the molar co-volume of said ith gaseous product: 26, 28-30

𝑝𝑉
𝑅𝑇 = 1 +  𝑥𝑒𝛽𝑥 𝑥 =

(𝜅 Σ Χ𝑖𝑘𝑖)

[ 𝑉 (𝑇 +  𝜃 )]𝑎

 = 0.5,  = 0.38,  = 9.41,  = 4250

Table 3. Energetic properties and detonation parameters of DANT and DANTX polymorphs 

DANT DANTX DPX-2631 DPX-2731 ICM-10232 TATB32 RDX

Formula C3H4N6O2 C3H4N6O3 C4H2N8O4 C4H2N8O5 C4H6N6O4 C6H6N6O6 C3H6N6O6

FW [g mol–1] 156.10 172.10 226.11 242.12 202.13 258.15 222.12

IS [J] [a] >40 >40[m] 29 10.3 >60 >60 7.5

FS [N] [b] 160-192 144[m] >360 258 >360 >360 120

N [%][c] 52.7 47.97 46.30 46.3.0 - - 37.84

Ω [%][d] -61.49 -46.48 - - -55.45 -55.81 -21.61

Tdec [°C][e] 225 190[m]/196[n] 232 138 284 360 205

ΔfHm
o [kJ mol–1] [f] 134.1 102.1 387 378 -8.1 -139.5 86.3

 [g.cm–3]calc 1.742 1.814 - 1.904 - - -

Low-
Density

High-
Density

 [g.cm–3][g] 1.778 1.747 1.852 1.86 - 1.95[o] 1.94[o] 1.80[p]

EXPLO6

–ΔExU° [kJ kg–1][h] -3445 -4046 -4065 - - - - -5740

Tdet [K][i] 2584 2973 2915 - - - - 3745

PCJ [GPa][j] 22.91 24.20 27.82 32 35.4 34.3 32.4 33.63

VDet. [m s–1][k] 7896 7938 8407 8700 8970 9169 8114 8801

Vo [cm3 g–1][l] 774 772 761 - - - - 784

[a] impact sensitivity (BAM drophammer (1 of 6)); [b] friction sensitivity (BAM friction tester (1 of 6)); [c] nitrogen content; [d] 
oxygen balance (Ω = (xO–2yC–1/2zH)M/1600); [e] onset decomposition temperature from DSC or TGA (β = 5 °C); [f] calculated 
solid-state heat of formation; [g] room temperature density by X-ray diffraction; [h] energy of explosion; [i] detonation 
temperature; [j] detonation pressure; [k] detonation velocity; [l] volume of detonation gases (assuming only gaseous products); 
[m] value determined for low-density DANTX polymorph; [n] value determined for high-density DANTX; [o] density measured 
by gas pycnometry; [p] density referenced from 33 
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Figure 5. Structures for compounds referenced in Table 2.
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