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Abstract: The diammonium (1) and bishydrazinium (2) salts
of 4,455 ~tetranitro-2,2"-biimidazolate (TNBI) were synthe-
sized and their physical properties as well as predicted ex-
plosive performance characteristics are described. These di-
anionic salts are easily formed in good yields by reaction of
TNBI with aqueous solutions of the cationic species. TNBI is
synthesized from 2,2'-biimidazole, which is ultimately syn-
thesized by the condensation of aqueous glyoxal with am-
monium acetate. The compounds were characterized by

NMR spectroscopy, vibrational (FT-IR and Raman) spectros-
copy, elemental analysis, thermal analysis (DSC, VTS and
calorimetry), and small scale safety testing (impact, friction,
ESD). The measured densities and heats of formation are re-
ported. The materials show promise for use in IM explosive
and propellant formulations due to the combination of
their calculated performances, thermal stability and insensi-
tivity to stimuli.
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1 Introduction

The synthesis of new powerful yet insensitive energetic
compounds is a continuous goal of the energetics com-
munity. The isomeric explosive materials 1,4-dinitroimida-
zole (1,4-DNI) and 2,4-dinitroimidazole (2,4-DNI) have gen-
erated much interest due to the low-melting point of the
1,4-isomer (which renders it melt-castable), its tendency
with continued heating to undergo thermal rearrangement
to 2,4-DNI in the molten state, and the excellent thermal
stability/insensitivity to impact of the resulting 2,4- isomer
[1]. The related material 4,4',5,5-tetranitro-2,2’-biimidazole
(TNBI) structurally represents two conjoined 2,4-DNI mole-
cules connected by a central C—C bond, resulting in higher
density and improved oxygen balance in TNBI when com-
pared to the monocyclic compounds. TNBI has been the
subject of much research due to its combination of excel-
lent thermal stability, favorable calculated performance
characteristics, and relative insensivity to stimuli [2]. How-
ever, the strong affinity of TNBI towards atmospheric mois-
ture (approximately 10% by weight at 80% relative humidi-
ty) has hindered its utility as an energetic ingredient.

One strategy previously utilized to overcome the inher-
ent hygroscopicity of TNBI is substitution of the hydrogen
atoms attached to the imidazole ring hydrogen atoms with
covalently bound N-amino and N-methyl groups. These ap-
proaches have been successfully demonstrated on the lab-
oratory scale [3], but with regard to potential scale-up the
synthetic processes and the reagents involved [e.g. — mesi-
tylene O-sulfonyl hydroxylamine (MSH)] may be problemat-
ic. Alternative approaches to solving the hygroscopicity
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issues associated with TNBI have focused on the ability of
this compound to co-ordinate with metals (for use in pyro-
technic applications) [4] and form the deprotonated ener-
getic di-anion in nitrogen-rich energetic salts. Examples of
these latter salts include the 3,6-bishydrazine-1,2,4,5-tetrazi-
nium salt [5] and the more recently described bisguanidini-
um, bishydroxylammonium, and bis mono-, di- and tri-ami-
noguanidinium salts [6].

The crystal structure of the diammonium salt (1) of TNBI
has been published [7], but other attributes of the material
facilitating accurate estimation of performance characteris-
tics were not measured. This article describes previously
unreported properties and explosive performance calcula-
tions of the diammonium salt (1) as well as the synthesis,
properties and performance calculations for the bishydrazi-
nium salt (2).
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Bishydrazinium and Diammonium Salts of 4,4',5,5'-Tetranitro-2,2'-biimidazolate
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Scheme 1. Synthesis of diammonium (1) and bishydrazinium (2)
salts of TNBI.

2 Results and Discussion

2.1 Synthesis

The synthetic routes utilized are summarized in Scheme 1.
The published synthesis of non-energetic precursor 2,2"-bii-
midazole (Bl) from aqueous glyoxal and ammonium acetate
[8] was slightly modified to facilitate scale-up with moder-
ate yields of approximately 47-48% Bl based on glyoxal.
Nitration with sodium nitrate in concentrated sulfuric acid
according to literature methods affords TNBI dihydrate in
55-60% yield. [2] The diammonium salt 1 rapidly precipi-
tates from aqueous solutions of TNBI upon addition of
aqueous ammonium hydroxide. Similarly, the precipitated
dihydrazinium salt 2 is formed by the reaction of an aque-
ous suspension of TNBI with hydrazine monohydrate. Alter-
natively, 2 can be synthesized by the formation of the diso-
dium salt of TNBI in water followed by metathesis with

Table 1. Performance and sensitivity properties.
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aqueous hydrazine monohydrochloride at elevated temper-
ature, thereby avoiding the handling and use of the flam-
mable and acutely toxic liquid reagent hydrazine monohy-
drate.

2.2 Explosive Performance and Sensitivity Properties

The physical and explosive properties of TNBI salts 1 and 2
are listed in Table 1 along with common nitramine-based
explosive RDX and insensitive explosive ingredient NTO for
comparison purposes.

Compounds 1 and 2 are extremely thermally stable, as
reflected by both the high DSC onset temperatures as well
as the extremely low volumes of gas evolved at tempera-
ture under vacuum as determined by vacuum thermal sta-
bility (VTS) testing. Both TNBI salts rank slightly lower than
RDX and NTO with regard to calculated detonation pres-
sure and velocity of detonation, however, the calculated
total energies of detonation are significantly higher for the
TNBI salts than that of NTO. This suggests that the actual
work output of these materials will be significantly better
than NTO, in theory approaching that of RDX. The calculat-
ed temperatures of detonation for both TNBI salts are also
significantly higher than that of NTO. Both salts are quite
insensitive to stimuli; the diammonium salt 1 in particular
is remarkably insensitive to impact, proving less sensitive
than NTO in the BAM Impact tester. This data suggests
both salts 1 and 2 may be useful in future IM explosive and
propellant applications as potential nitramine replace-
ments.

3 Experimental Section

Caution: The materials described are energetic/explosive in
nature. While they were prepared and handled without in-
cident, they should only be prepared by trained, qualified

RDX NTO 1 2
Formula C5HgNgOg C,H,N,04 CgHgN,oOg CgH;oN;,04
FW? [gmol '] 222.1 130.1 348.2 378.2
Tie [°C] 219 273 269 220
09 [gem™] 1.816 1.93 1.806 (pyc), 1.805 [7] 1.786 (pyc)
AH? [kJmol™] 16.7 —129.4 265 184
P, [GPal 332 33.1 309 30.0
D, [kms™] 8.840 8.767 8.471 8.477
Tee [K] 34254 2288.1 3266.2 2910.6
OB" [%] -216 —246 —36.8 —38.1
IS” [cm] 29.8 (7.3 )) 82.5(20.2)) >100 (>24.5)) 492 (12.1))
FS [N] 168 >360 >360 360
ESD¥ [J] - - >0.25 >0.25J
Tot E of Det” [kJcm™] 104 7.26 937 9.04
VTS™ [mLg~'] at 100°C per 48 h - 0.20 0.010 0.044

a) FW=formula weight. b) T4, =temperature of decomposition. c) p=density. d) AH;=heat of formation. e) P;=CJ Pressure. f) Dy =veloci-
ty of detonation. g) T4.=temperature of detonation. h) OB=oxygen balance. i) IS=impact sensitivity in cm (converted to PE [J]). j) FS=
friction sensitivity. k) ESD =electrostatic discharge. I) Tot E of Det =total energy of detonation. m) VTS =vacuum thermal stability.
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and authorized individuals working in a suitable environ-
ment using proper safety precautions and protocols.

3.1 General Considerations

All starting materials were purchased from Aldrich Chemical
and used without further purification unless otherwise indi-
cated. Differential scanning calorimetry (DSC) measure-
ments were recorded with a Perkin-ElImer DSC 4000 with
a scan-rate of 5°C per minute. 'H and *C NMR spectra
were recorded with a Bruker Avance 400 MHz NMR spec-
trometer. Infrared spectra were recorded with a Perkin-
Elmer Frontier FT-IR with Diamond ATR. Raman spectra
were obtained with a confocal Horiba-Jobin Yvon LabRam
micro-Raman spectrometer with a 20 mW HeNe laser
source emitting at a wavelength of 632.8 nm focused to
a spot size of 10 um with a 10x lens. The system was run
at maximum laser intensity, with the following parameters:
300 um hole, 200 um slit, 2x 15 sec acquisition time. Calo-
rimetry samples were run with a Parr Instruments Calori-
metric Thermometer and Semimicro Calorimeter (30 atm,
(3.4 MPa) oxygen with 2 cm® of de-ionized water in the
cell). For each experiment the sample (ca. 0.15g) was
hand-pressed into a pellet. Proper function and measure-
ment was validated with a benzoic acid standard just prior
to testing. Complete combustion was evident by absence
of residue on bomb walls. The water in the bomb was
rinsed and titrated for nitric acid formation in the combus-
tion products. Impact sensitivity tests were carried out ac-
cording to STANAG 4489 [9] using an ERL impact tester
with a 2.5 kg weight. Friction sensitivity tests were carried
out according to STANAG 4487 [10] using the BAM friction
tester. Electrostatic discharge sensitivity tests were carried
out using an electric spark tester (Albany Ballistic Laborato-
ries). VTS testing was conducted according to STANAG
4556 [11] measuring the volume of gas evolved under
vacuum at 100°C for 48 h. Explosive performance values
for CJ Pressure, detonation velocity, temperature of detona-
tion, and total energy of detonation were all calculated
with CHEETAH 6.0 using the exp 6.3 library. The per-
formance values as reported for NTO and RDX are provided
for comparison purposes and were generated using the
CHEETAH 6.0 reactant library values for heat of formation
and density for these materials.

3.2 Synthetic Procedures
3.2.1 Synthesis of 2,2'-Biimidazole (BI)

Ammonium acetate (1593 g, 20.67 mol) was slurried in de-
ionized water (1000 mL) and heated to 40°C with heating
mantle with stirring. The heating source was turned off and
glyoxal (1122 g of 40% aqueous glyoxal; 7.73 mol) was
added dropwise with stirring over the course of 5 h such
that the heat of reaction maintained the reaction tempera-
ture at 40-50°C throughout the addition. The reaction was
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cooled to room temperature and the resulting precipitated
product was collected by vacuum filtration and dried in an
air-swept oven at 60°C overnight yielding 163.2¢g
(1.22 mol) of solid Bl (47.2% based on glyoxal), which
matches previously reported properties for this material [8].

3.2.2 Diammonium-4,4',5,5'-tetranitro-2,2'-biimidazolate (1)

4,4'5,5'-Tetranitro-2,2’-biimidazole dihydrate (10.00 g,
28.56 mmol) was suspended in 250 mL of deionized water.
Ammonium hydroxide 28-30% NH; (10.0 mL, 71.9 mmol,
2.5 equiv.) was added dropwise while stirring. The resulting
pale yellow suspension was stirred at 20°C for 24 h and
then cooled to 5°C. The yellow solid product was collected
by vacuum filtration, washed with 50 mL of isopropyl alco-
hol, air-dried for 1 h, and further dried in a vacuum oven at
60°C for 24 h yielding 9.45 g (27.14 mmol) of 1 as yellow
needles (95%). DSC (5°Cmin™"): T4 =269°C; EA for
CgHgN,,0g (348.2 gmol™"): C 20.70 (calcd. 20.93), N 40.23
(39.16), H 2.32 (2.22)%. "H NMR (DMSO-d,, 25°C, ppm): 6 =
3.58 (br. s, 3 H). *C NMR (DMSO-d, 25°C, ppm): 6 =140.19,
143.84. IR (ATR): 1/A=3210 (m, br), 2927 (w), 2721 (m, br),
2486 (w), 1475 (s), 1441 (s), 1387 (s), 1365 (s),1304 (s), 1242
(s), 1114 (s), 950 (m), 854 (s), 810 (s), 754 (s), 706 (m) cm .
Raman: 1/4 (%)=1561 (100), 1553 (20), 1484 (5), 1476 (28),
1386 (15), 1342 (30), 1300 (76), 1255 (93), 1024 (30), 864
(33), 809 (9), 768 (19), 755 (19), 686 (8), 660 (8), 524 (7), 427
(8), 391 (10) cm™'. Sensitivities: IS >100cm (>24.5)),
FS: 10 No Go at 360N; ESD: 20 No Go at 0.25).
Density (helium pycnometry): 1.8065 gcm >, AH; measureq)’
+265 kJmol™". VTS (0.04 mLg ™' at 100°C per 48 h).

3.2.3 Bishydrazinium-4,4',5,5 -tetranitro-2,2'-biimidazolate (2)
via Deprotonation with Hydrazine Monohydrate

4,4'5,5'-Tetranitro-2,2’-biimidazole dihydrate (3.50 g,
10.0 mmol) was suspended in de-ionized water (50 mL) and
heated to 80°C. Hydrazine monohydrate (1.10 mL, 1.10 g,
22.0 mmol) was added dropwise with stirring at tempera-
ture. The resulting bright orange suspension was stirred at
temperature for 30 min and then cooled to room tempera-
ture. The resultant orange solid precipitate was collected
by vacuum filtration, washed with cold water (300 mL), air
dried for 1h and further dried in a dessicator under
vacuum to constant weight of 3.545 g (9.37 mmol) of 2 as
orange needles (94 %).

3.2.4 Bishydrazinium-4,4',5,5 -tetranitro-2,2'-biimidazolate (2)
via Metathesis with Hydrazine Monohydrochloride

4,4'5,5'-Tetranitro-2,2’-biimidazole dihydrate (40.00 g,
114.2 mmol) was suspended in de-ionized water (700 mL).
A solution of sodium hydroxide (9.12 g, 228.5 mmol) in
water (100 mL) was added dropwise with stirring. The re-
sulting bright orange suspension was heated with stirring
(became orange solution at approximately 58 °C). When the
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reaction temperature reached 65°C a solution of hydrazine
monohydrochloride (15.75 g, 229.9 mmol) in water (50 mL)
was added dropwise over the course of 10 min with vigo-
rous stirring; a flocculent orange precipitate immediately
formed with each drop. The reaction was further heated
and stirred at 70-75°C for 1 h, after which it was allowed
to cool to room temperature. The resultant orange solid
precipitate was collected by vacuum filtration, washed with
cold water (200 mL), air dried for 1 h and further dried in
a vacuum oven at 60°C for 24 h yielding 40.941¢g
(108.2 mmol) of 2 as orange needles (95%). DSC (5°C
min~"): Ty.=220°C; EA for CgH,(N,,0; (378.2 g-mol™"): C
19.05 (calcd. 19.37), N 44.44 (43.35), H 2.63 (2.66)%. 'H
NMR (DMSO-d,, 25°C, ppm): 6=7.32 (br. s, 6 H). *C NMR
(DMSO-d,, 25°C, ppm): 0=140.19, 143.86. IR (ATR): 1/A=
3353 (m), 3341 (m), 3235 (m, br), 2602 (m, br), 1626 (w),
1595 (w), 1541 (m), 1515 (m), 1469 (s), 1394 (s), 1368 (s),
1308 (s),1268 (m), 1115 (s), 1104 (m), 1088 (s), 973 (s), 953
(m), 854 (s), 810 (s), 753 (m), 704 (m), 663 (w) cm™'. Raman:
1/4 (%)=1559 (81), 1539 (36), 1503 (19), 1474 (52), 1387
(27), 1303 (78), 1249 (100), 1108 (18), 1029 (36), 973 (12),
865 (42), 809 (18), 769 (16), 752 (16), 697 (12), 682 (11), 652
(11), 651(11), 524 (10), 440 (11), 426 (12), 392 (15) cm ™. Sen-
sitivities: IS 49.2 cm (12.1J), FS: 10 No Go at 360 N; ESD:
20 No Go at 0.025J). Density (helium pycnometry):
1.79 gcm™>. AHgmeasureay + 184 kJmol™". VTS (0.044 mLg™"'
at 100°C per 48 h).

4 Conclusions

The diammonium (1) and bis(hydrazinium) (2) salts of TNBI
can be synthesized in good yields from inexpensive and
widely available starting materials. The salts are both ex-
tremely insensitive to stimuli such as impact, friction, and
electrostatic discharge (ESD). The calculated performance
characteristics of these materials based on their measured
densities and measured heats of formation compare favora-
bly with common nitramine RDX, particularly with regard
to total energy of detonation. This suggests that these ma-
terials may find utility in future IM explosive and propellant
applications as nitramine replacements.
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