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1,2,4-Triazolium and Tetrazolium Picrate Salts: “On the Way” from
Nitroaromatic to Azole-Based Energetic Materials
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A family of energetic salts based on the picrate anion and
several azolium cations were synthesized either by new
methods or by known literature procedures. The cations of
choice were the following: 5-amino-1H-tetrazolium (1), 5-
amino-1-methyl-1H-tetrazolium (2), 5-amino-2-methyl-1H-
tetrazolium (3), 5-amino-1,4-dimethyl-1H-tetrazolium (4), 5-
amino-1,3-dimethyl-1H-tetrazolium (5), 1,5-diamino-1H-tet-
razolium (6), 1,5-diamino-4-methyl-1H-tetrazolium (7), 3,4,5-
triamino-1,2,4-triazolium or guanazinium (8) and 3,4,5-tri-
amino-1-methyl-1,2,4-triazolium or methylguanazinium (9).
A summary of the >N NMR shifts for all compounds is given,
and the proton-/methyl-induced shifts (PISs/MISs) are dis-
cussed with relation to the crystal structures. Because hydro-
gen bonding plays an important role in determining the den-
sity and thus the performance of energetic materials, the
crystal structures are discussed in detail. In addition, tests to

assess the impact (i) and friction (f) sensitivities of the com-
pounds and thermal stability measurements (DSC) were also
carried out, revealing insensitive compounds (i > 40J, f >
360 N) with high thermal stabilities (Tq >175 °C). The con-
stant volume energies of combustion were determined ex-
perimentally by oxygen bomb calorimetry and their validity
was checked by quantum chemical calculation (MP2) of elec-
tronic energies. The detonation pressures and velocities of 1
(7795 ms™!, 25.6 GPa), 2 (7343 ms™, 21.2 GPa), 3 (7213 ms!,
20.4 GPa), 4 (6876 ms™, 17.8 GPa), 5 (6846 ms™, 17.6 GPa),
6 (7864 ms™!, 25.4 GPa), 7 (7492 ms™?, 22.1 GPa), 8 (7495 ms™,
22.5 GPa) and 9 (7162 ms™!, 19.8 GPa) were predicted by use
of the EXPLOS code. Lastly, the ICT code was used to predict
the decomposition gases of all salts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Interest in high-energy density materials (HEDMs) con-
tinues.!"71 New energetic compounds offering high per-
formance and low sensitivity are sought for both military
and civilian applications, though the two properties often
play opposite roles.[®-*] The search for new and/or modified
energetic materials that display the desired properties for
use as pyrotechnics, propellants or high explosives is a con-
tinuing challenge. Classical energetic materials such as TNT
(trinitrotoluene) or RDX (cyclotrimethylenetrinitramine)
derive their energy from the oxidation of their carbon back-
bones,['%!1] whereas nitrogen-rich HEDMs owe their ener-
gies to their high positive heats of formation.!'>!3! The ex-
plosive yield of TNT is considered one of the standard mea-
sures of strength of bombs and other explosives.!'¥ The
compound has a relatively high detonation velocity and a
high decomposition point.l'>) The high thermal stabilities
of nitroaromatic compounds are attractive for military ap-
plications. On the other hand, formal replacement of TNT’s
methyl group by a hydroxy group, as in the parent picric
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acid, results in detonation parameters better than those of
TNT.!! Picric acid, however, is more sensitive to classical
stimuli (i.e., impact and friction) than TNT and accidents
have occurred in the past. As an example, picric acid is
known to react with surrounding metals (e.g., in a shell-
casing) to yield very sensitive compounds. Not only is salt
formation known to stabilize the materials through the for-
mation of hydrogen-bonded networks,'® but such com-
pounds also tend to display lower vapour pressures and
higher densities than their atomically similar non-ionic de-
rivatives.!'”l Whereas reports describing energetic nitrate,
perchlorate or azide salts are becoming more common,'®]
reports on energetic picrate salts are much more elusive in
the literature. Recently, Shreeve et al. introduced a new fam-
ily of mono- and bridged azolium picrate salts with pro-
spective use as energetic materials,') although many of the
compounds (e.g., 5S-amino-1H-tetrazolium picrate) were not
studied in detail from the energetic point of view. In ad-
dition to the latter work, there exist some structural reports
of tetrazolium picrate salts,'>2% but energetic data are
scarce. Salts of picric acid, either with nitrogen-rich anions
(e.g., ammonium or guanadinium) or with heavy metals
(e.g., lead)!'! have interesting properties for use as explo-
sives in military charges and as active components in initiat-
ing mixtures, respectively. In high-nitrogen chemistry, azole-
based energetic materials are often the favourite choice, due
to the reduced sensitivity and good thermal stabilities of
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the resulting compounds, regardless of their many N-N
bonds and relatively high performance.?!! We therefore de-
cided to undertake an in-depth study of the energetic prop-
erties of picrate salts with triazolium and tetrazolium cat-
ions as intermediates between commonly used nitroaro-
matic energetic materials and (nitrogen-rich) azole chemis-
try (Figure 1). The nitrogen-rich azolium cation should
contribute positively to the heats of formation and to en-
hanced densities. Lastly, in view of the negative oxygen bal-
ances of the picrates salts studied here, the energetic proper-
ties of mixtures of the materials with oxidizers such as am-
monium nitrate or ammonium dinitramide were calculated
in order to study the suitability of the mixtures as high ex-
plosives and/or propellants.

CH; OH
O,N NO, O,N NO, H
N N7 NH
\ /=
N—N
NO, NO,

Figure 1. From left to right: formula structures of TNT, picric acid,
1,2,4-triazole and 1H-tetrazole.

Results and Discussion

Synthesis

5-Amino-1H-tetrazolium picrate (1),!) 5-amino-1-
methyl-1H-tetrazolium picrate (2),°°®1 5-amino-2-methyl-
1 H-tetrazolium picrate (3), 1,5-diamino-1H-tetrazolium
picrate (6)?% and guanazinium picrate (8)1>°4 were synthe-
sized through reactions between equimolar quantities of the
appropriate free bases and picric acid either in water or eth-
anol as the solvent. On the other hand, the synthesis of
5-amino-1,4-dimethyl-1H-tetrazolium (4),1*°°! 5-amino-1,3-
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dimethyl-1H-tetrazolium (5),°°?! 1,5-diamino-4-methyl-1H-
tetrazolium (7) and methylguanazinium (9)1°°®! picrates pro-
ceeded through reactions between the appropriate azolium
iodide salts and picric acid in boiling aqueous solution (Fig-
ure 2). The insolubilities of the products in the reaction sol-
vent are the driving force for this reaction.

Lastly, apart from 8, which is only slightly soluble in hot
water but readily soluble in DMSO and DME, the remain-
der of the compounds are readily soluble in hot water,
DMSO, DMF and alcohol, whereas all materials are insol-
uble in less polar or nonpolar solvents such as acetone and
ether.
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Vibrational Spectroscopy

The vibrational modes of picrate salts 2, 4, 5, 8 and 9
have already been described in a preliminary report from
our groupt®! and are therefore not considered in this sec-
tion. As expected, both IR and Raman spectra are strongly
dominated by the bands of the picrate anion. The asymmet-
ric nitro group N-O stretching is observed as an intense
band at 1565 (1), 1562 (3) and 1563 (6 and 7) cm™! in the
IR spectra and is inactive in the Raman spectra. The sym-
metric N-O stretching is observed in both IR and Raman
spectra of the compounds. The differences between starting
material (picric acid, PicH) and its salts are especially to be
found in the Raman spectra, due to the splitting of the N-
O stretch in many other peaks of high intensity and with
maxima for the different compounds at the following wave-
numbers: 1267 (1), 1261 (3), 1271 (6) and 1269 (7) cm ' (IR)
and 1296 (1), 1346 (3), 1348 (6) and 1334 (7) cm~' (Raman).
In addition, the IR spectra also show ring deformation
modes for the anion at ca. 745cm™!. As for the cations,
these show broad bands in the 3400-3100 [v(N-H)] and
3000-2850 [v(C—H)] cm™' ranges in their IR spectra. The
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®/le HsC @)N\HZ H,N EHZ HoN EHZ
HE AL _NH, HiC-E A _NH, H, NH, H, NH,
N" N N" N ~ ~
N=N N=N N—N \@ N—N \@
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OH 0@ A e +
O,N NO O,N NO :*— fl\?ﬂ* (;) A’ =DATH' (6)
2 2 AorA'T 2 2 ATSAMAT(2)  a+ 2 MeDAT* (7)
A" =2MAT (3) At =Gzt (8)
H,0 or EtOH A"=14DMAT" (4)  p+_ yog (9)
A*= 13DMAT" (5)
NO, NO,
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Figure 2. Reaction equation for the synthesis of azolium picrate salts.
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IR spectra show bands of strong to very strong intensity in
the range between 1696 (3) and 1722 (6) cm !, correspond-
ing to the simultaneous elongation and deformation of the
C-NH, and NH, bonds, respectively. The larger wave-
numbers for 6 (1722 cm ') and 7 (1711 cm™") relative to the
rest of the materials indicate stronger C—N bonds (i.e., more
double bond character) in the exo carbon bound amino
group, in keeping with structural reports on salts containing
the cations 5-At*[18P] OMAT™ 221 DAT*18d:20a]  apnd
MeDAT?,[184:231 which display longer C-NH, distances.
Lastly, many other bands of lower intensity are also present
in both IR and Raman spectra of the salts and can be as-
signed as follows: 1550-1350 cm™! [v(tetrazole ring),
0.s(CH3), d(N-H)], 1380 cm™' [8(CH3)], 1350-700 cm!
[VIN1-C1-N4), Vv(N-N), 9(CN), J(tetrazole ring)],
<700 cm™! [6 out-of-plane bend(N-H) w(NH,)].[18¢:241

NMR Spectroscopy

As mentioned above, only the compounds not described
in our preliminary reportsi®” are discussed in detail here. In
order to provide a better understanding of the importance
of >'N NMR as a characterization tool for azolium salts
and to show the overall picture better, a summary of the
NMR shifts for those compounds reported previously!™! is
given, as well as those described here for the first time
(Table 1).

The 'H NMR spectra of the azolium picrate salts each
show a sharp resonance at ca. 8.6 ppm corresponding to
the aromatic protons in the anion. The N-1 methyl group
protons (see Figure 4 for NMR labels) show similar shifts
for all four cations in the 3.5-3.9 ppm range, whereas the
N-3 methyl group protons in 3 are shifted to lower field (6
= 4.1 ppm). The different natures and acidities of the amino
group protons in the picrate salts reported in this study can
be observed in the 'H NMR spectra. Compounds 1 and 7
have protons that are all very acidic, as suggested by their
proton signals above ca. 9.0 ppm, whereas the rest of the
compounds show (in general) averaged NH and NH, reso-
nances, due to the fast exchange in the NMR solvent, at
higher field.

Figure 3 shows the '3C NMR spectrum of the new
2MAT™ cation in 3. It is interesting to note that the forma-
tion of picrate salts results in a strong shift of the resonance
of the carbon atom with the NMR label C-4 to high field
(ca. 125 ppm) with respect to picric acid, and that this sig-
nal almost overlaps with that of the non-substituted carbon
atoms (C-3/C-5). This is interesting because it confirms the
formation of the picrate salts. Apart from the resonances
for the aromatic carbon atoms in the anion in the ca. 125-
160 ppm range (see Experimental Section),**! the 3C NMR
spectra of the azolium picrate salts also each show the ex-
pected resonances for the cation. Analogously with the 'H
NMR spectra, the N3-substituted (NMR labels) compound

Table 1. "N and '*C NMR chemical shifts (ppm), PIS/MIS values (ppm) and coupling constants (J) for the azolium picrate salts studied.

Compounds(@-b-l N-1 N-2 N-3 N-4 N-5 N-6 C-NH,
5-At -137.1 -13.1 -13.1 -137.1 -338.9 - 157.2
1 —-168.1 -27.4 -27.4 -168.1 -326.2 - 155.0
(-31.0) (-14.3) (-14.3) (-31.0) (12.7)
17 86.9
IMAT -185.3 -233 -2.0 -92.9 -339.4 - 156.4
20 -184.2 -24.0 -12.9 -129.3 -331.1 - 155.1
(1.1) (-0.7) (-10.9) (-36.4) (8.3)
2J 1.9 3J1.6
4idl -182.9 -29.3 -29.3 -182.9 -320.0 - 148.3
(2.4) (~6.0) (-27.3) (-90.2) (18.2)
319 37 1.9
2MAT -116.1 -6.2 -83.0 -116.1 -339.3 - 167.7
3 -114.4 -9.0 -89.2 -114.9 -339.1 - 167.1
(1.7) (-2.8) (-6.2) (1.2) 0.2)
314
5Mdl —-180.2 -31.6 -108.5 -110.3 -325.6 - 157.8
(~64.1) (-24.4) (-24.5) (5.8) (14.7)
3723 17 89.6
DAT -167.0 -5.5 -20.8 -97.5 -338.3 -315.2 155.0
6 -165.6 -20.9 -35.8 -173.8 -330.2 -320.1 153.1
(1.4) (~15.4) (~15.0) (-76.3) (8.1) (-4.9)
7 -168.1 -24.2 -36.0 —-186.9 -323.8 -312.1 147.4
(-1.1) (~18.7) (-15.2) (-89.4) (14.5) 3.1)
2J 1.8 372.0 2J2.0 1J75.9
Gz —156.0 —-156.0 -238.1 -340.2 -340.2 -326.4 152.1
8l -177.1 -177.1 -238.9 -330.2 -330.2 -323.4 150.4
(21.1) (221.1) (~0.8) (10.0) (10.0) (3.0)
9ld] -239.8 -163.8 -238.3 -323.0 -335.2 -322.1 150.7, 147.7
(-83.8) (-7.8) (-0.2) (17.2) (-5.0) 4.3)
1790.9 17 89.7 17824

[a] PIS/MIS values in curved brackets and coupling constants in Hz. [b] All shifts were measured with respect to CH3;NO, as internal
standard; negative shifts are upfield from CH;NO. [c] In [Dg]DMSO. [d] From ref.5%! [¢] From ref.>%l
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Figure 3. 13C NMR spectrum of 3 in [Dg]DMSO with the assignments.
3 has a resonance for the tetrazole ring carbon atom (J :le LRI_R—H
=167.1 ppm), which is at lower field than those of the rest s 4*1 , ZR-CL.R-n
of the compounds, whereas the 1,4-disubstituted tetrazol- RESNZIN-RT BRZH R CHy
ium salt 7 has the highest field shift for the same carbon 3@2 5:R=R?=CH,
atom (6 =147.4 ppm). The resonances for the methyl group R{ 5 E: ngi EngHz
carbon atoms vary over a relatively large range. The N3— ) ‘
CHj3; group in 3 has a resonance at 6 = 38.8 ppm and over- 6
lap with the solvent (see Figure 3), whereas the N-1-bound A r]le
carbon atom in 7 shows a high-field resonance at 6 = HzN\ciN\c/i‘Hz
39.6 ppm. @

The '>N NMR spectra of ca. 0.2 M solutions of the azol- 2N \' 8 R-H

ium picrate salts in [Dg]DMSO show the resonances for the R 9Rr=CH,

two picrate anion nitro groups at ca. —12 and ca. —15 ppm.
These pairs of resonances coalesce into one and can already
be observed in the *N NMR spectra at ca. —12 ppm,
whereas the signals for the nitrogen atoms in the cation are
broad. In addition to providing a quick method for unique
identification of the picrate salts synthesized, protonation-
and methylation-induced shifts (PISs and MISs) can also
be used to obtain information about the structure and inter-
ionic interactions in solution. The PISs and MISs for the
azolium salts described here can be calculated as the differ-
ences in "N NMR shifts between analogous nitrogen sig-
nals in neutral 5-At, IMAT, 2MAT, DAT and Gz and the
compounds. PIS and MIS values have been shown to be
useful in determining the sites of protonation/methylation
unequivocally for several heterocyclic compounds.['84-20]
Table 1 contains the >’N NMR (and some '3C NMR) shifts
for all salts in this study, together with those of the corre-
sponding neutral materials for comparison purposes, as
well as the calculated PIS/MIS effects in brackets and the
coupling constants (J; Figure 4).

Protonation of 5-At to yield the corresponding picrate
salt (1) is accompanied by shifts (PISs) in the resonances of
all nitrogen atoms (Table 1), which is more unexpected in
the case of the protonated nitrogen atom (either N-1 or N-
4) in keeping with the report on the crystal structure of the
compound.['! In a similar way, treatment of IMAT with
picric acid to yield 2 results in small PIS values in the range

Eur. J. Inorg. Chem. 2008, 5350-5366
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Figure 4. NMR labeling scheme for the tetrazolium and triazolium
cations.

between —10.9 and +8.3 ppm for the nitrogen atoms N-1,
N-2, N-3 and N-5 and a markedly larger value (-36.4 ppm)
for N-4, indicative of protonation of this nitrogen atom, as
is also confirmed by the crystal structure of the compound
(see discussion below).?°?! Formal methylation, rather than
protonation, of IMAT to form 4, results in MIS values be-
tween —27.3 (N-3) and +18.2 (N-5) ppm for all nitrogen
atoms apart from the methylated one (N-4), which is shifted
by -90.2 ppm with respect to the analogous nitrogen atom
in 1IMAT. Unexpectedly, the formation of 3 is not ac-
companied by large shifts in the resonances of the nitrogen
atoms. Preliminary results involving the crystal structures
of salts containing the 2MAT™" cation!??l showed proton-
ation to take place on N-1; however, NMR studies do not
conclusively support this observation and the expected pro-
tonated nitrogen atom (N-1) shows the largest positive
(small) PIS in comparison with neutral 2MAT. A plausible
explanation for this might be related with the relatively low
basicity of 2MAT in the NMR solvent ([Ds]DMSO).
Whereas the reaction between picric acid and 2MAT pro-
ceeds readily in water to form 3 (see Exp. Sect.), we ob-
served that in less polar solvents (e.g., ethanol, CH;CN or
acetone), and possibly in [Dg]DMSO, picric acid (PicH) and
5353
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2MAT are recovered. We therefore conclude that the small
PIS values observed for the N NMR spectrum of the
compound are due to the deprotonation of 3 to form
2MAT and PicH in the solvent used and over the large
timescale of '>'’N NMR measurement (in comparison with
'"H and '3*C NMR), which support formation of the salt.
The MIS values for picrate salt 5 are lower than those for
the majority of the compounds described here and vary be-
tween —24.5 (N-4) and +14.7 (N-5) ppm, and the methyl-
ated nitrogen atom (N-1) has the largest (negative) shift of
all tetrazolium salts with a value of —64.1 ppm. Lastly, the
diaminated salts 6 and 7 show PIS and MIS values of -76.3
and —89.4 ppm for the protonated (6) and methylated (7)
nitrogen atoms, respectively, by comparison with DAT,
whereas comparison of the shifts of neutral Gz with those
of the triazolium salts 8 and 9 also shows relatively small
MIS values between —0.2 and +10.0 ppm for the nonmeth-
ylated nitrogen atoms, whereas N-1 has the largest shift
(PIS = -21.1 ppm for 8 and MIS = -83.8 ppm for 9).

For the tetrazolium salts 1, 2, 4, 6 and 7, the nitrogen
atoms with the labels N-2 and N-3 have ''’N NMR reso-
nances at lower field (less negative), below —36 ppm. The
other two tetrazolium salts (3 and 5) are exceptions to these
low-field shifts, and the resonances for the methylated nitro-
gen atom (N-3) are observed at —89.2 and -108.5 ppm,
respectively, due to the MIS effect. The amino group nitro-
gen atoms (N-5) are easily identified by their resonances
at the highest field (between —310 and —340 ppm). For the
diaminated tetrazolium (6 and 7) and triazolium (8 and 9)
salts, the two amino group resonances (three in the case

Table 2. Structure solution and refinement for azolium picrate salts.[?]

of the triazolium salts) can be differentiated by the larger
inductive effect of nitrogen over carbon, which shifts the
N-NH, group resonances to lower field than the C-NH,
resonances. Finally, for the tetrazolium salts, N-1 and N-4
resonate in the middle of the negative region between ca.
—110 and ca. —190 ppm, and can be distinguished by the
larger PIS/MIS effect on the methylated nitrogen atom (i.e.,
more negative shift). In 9, the three amino groups (N-4, N-
5 and N-6) have very similar resonances between —322 and
—335 ppm, comparable to the remainder of the compounds.
The amino group-bound nitrogen atom (N-3) has a shift
very similar to that of the methylated nitrogen atom (N-1)
at ca. —239 ppm and more negative than that of the other
triazole ring nitrogen atom (N-2, 6 = —163.8 ppm). This is
in contrast to 8, in which the PIS effect on N-1 is smaller
than the MIS on N-1 in 9 and the two signals have distinc-
tive resonances (for N-1: —177.1 and N-3: -338.9 ppm).
Lastly, for all compounds the observed coupling constants
at two and three bonds (%/ and 3J) have values that in gene-
ral are in the range between 1.5 and 2.5 Hz, whereas those
to the amino group protons are much larger (!J ca. 80—
90 Hz). A summary of the coupling constants is also given
in Table 1. These coupling constants are in good agreement
with typical values for 'J, 2J and 3J('H,!PN).[27]

Molecular Structures

Crystals of the azolium picrate salts were obtained by
slow cooling of concentrated solutions of the compounds
in hot water. Recrystallization of 3 from several solvents

Parameter 2 4 5 8 9
Emplrlcal formula C8H8N807 C9H10N307 C9H10N807 CgH9N907 C9H1 1N907
Formula weight [gmol™']  328.22 342.25 342.25 343.214 357.27
Temperature [K] 200(2) 200(2) 100(2) 200(2) 100(2)
Crystal size [mm] 0.35%0.25%0.20 0.35%0.25%0.20 0.30X0.15%0.04 0.35%0.25%0.03 0.20 X 0.05 % 0.05
Crystal system triclinic monoclinic monoclinic triclinic monoclinic
Space group Pl P2/c P2/c Pl P2/c
a[A] 5.895(1) 14.862(1) 14.6340(4) 3.789(1) 13.030(1)
b [A] 10.126(1) 5.7352(4) 5.9538(2) 12.833(1) 3.8299(2)
¢ [A] 11.578(1) 16.839(1) 16.3299(4) 13.935(1) 28.5923(2)
a[°] 106.96(1) 90.00 90.00 103.78(1) 90.00
B 100.88(1) 104.96(1) 102.396(3) 90.38(1) 99.184(5)
7 [°] 98.02(1) 90.00 90.00 96.94(1) 90.00
Ve [A] 635.1(1) 1386.7(2) 1389.62(7) 652.84(1) 1408.5(1)

2 4 4 2 4
Peate [gem 3] 1.716 1.639 1.636 1.746 1.685
u [mm] 0.152 0.143 0.142 0.154 0.146
F(000) 336 704 704 352 736
0 range [°] 4.16-30.06 3.91-30.07 3.65-26.00 3.93-29.99 3.69-27.00
Index ranges +8, +14, =16 +8, £20, 23 +18, =7, =20 +4, =15, =17 +16, =4, =36
Reflections collected 8662 17842 13086 6632 13091
Independent reflections 3712 4058 2724 2560 3050
Data/restraints/parameters 3712/0/240 4058/0/257 2724/0/257 2560/0/253 3050/0/270
Goodness-of-fit on F? 1.110 1.180 1.114 1.083 1.056
R, [F > 40(F)] 0.0437 0.0649 0.0445 0.0542 0.0539
Ry (all data) 0.0577 0.0951 0.0780 0.0671 0.0919
WR, [F > 4o(F)] 0.1192 0.1303 0.0800 0.1445 0.1187
WR, (all data) 0.1302 0.1475 0.0941 0.1581 0.1210

[a] Rl =% ”Fol - |Fc”/2 |F0|- Rw = [2 (Fo2 - FCZ)/Z w (Fo)z]”z- w = [602 (Foz) + (XP)z + yP]il, P = (Foz - 2F02)/3
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(e.g., alcohol, water or acetone) resulted in all cases in the
recovery of the powdery compound, whereas 7 forms as a
microcrystalline solid (after recrystallization from water)
with bad quality (i.e., not measurable) crystals. Therefore
any diffraction analysis of these two compounds was omit-
ted. The X-ray crystallographic data for 2 and 4 were col-
lected with an Enraf-Nonius Kappa CCD diffractometer.
Data sets for 5, 8 and 9 were collected with an Oxford Dif-
fraction Xcalibur 3 diffractometer fitted with a CCD detec-
tor.1?81 All data were collected by use of graphite-monochro-
mated Mo-K,, radiation (1 = 0.71073 A). No absorption
corrections were applied to data sets collected for any of the
compounds. All structures were solved by direct methods
(SHELXS-97 and SIR97)1?%-3% and refined by means of full-
matrix, least-squares procedures by use of SHELXL-97. All
non-hydrogen atoms were refined anisotropically. For all
compounds, all hydrogen atoms were located from differ-
ence Fourier electron density maps and refined iso-
tropically. Crystallographic data are summarized in Table 2,
selected bond lengths and angles are reported in Table 3,
and hydrogen-bonding geometries in Table 4. The Support-
ing Information contains the tabulated results of the graph-
set analysis (Table S1, Table S2, Table S3 and Table S4).

Table 3. Selected bond lengths and angles in the azolium cations of
picrate salts.[

Distances

[A] 2 4 5 8 9

B-N 1.316(2) 1.315(2) 1.324(3) 1.394(3) 1.407(3)
B-A, 1.336(1) 1.337(2) 1.356(3) 1.355(3) 1.382(3)
B-A, 1.366(1) 1.371(2) 1.339(3) 1.387(3) 1.353(3)
AR, 1.452(2) 1.459(3) 1.461(3) 1.322(3) 1.345(4)
A-N 1.357(2) 1.364(2) 1.337(2) 1.326(3) 1.311(3)
N-N 1.271(2) 1.273(3) 1.289(2) 1.400(2) 1.408(3)
N-R; 1.463(3) 1.450(3)
N-A, 1.335(2) 1.340(2) 1.340(2) 1.305(3) 1.316(3)
AR, 1.458(3) 1.357(3)  1.323(4)
Angles [°]

N-B-A, 128.1(1) 127.9(2) 124.8(2) 122.5(2) 131.4(2)
N-B-A, 127.1(1) 127.3(2) 126.6(2) 130.1(2) 121.0(2)
A,-B-A, 104.6(1) 104.8(2) 108.6(2) 107.3(2) 107.6(2)
B-A,-R; 128.9(1) 128.8(2) 128.9(2) 125.2(2) 122.8(3)
N-A,-R; 121.7(1) 121.2(2) 121.1(2) 128.9(2) 126.6(3)
B-A,-N 109.4(1) 109.5(2) 109.9(2) 106.0(2) 110.5(2)
A|-N-N 107.9(1) 107.8(2) 102.7(2) 111.8(2) 104.1(2)
N-N-R; 121.2(2) 119.1(2)
R;-N-A, 122.2(2) 128.7(2)
N-A,-R, 121.7(2) 126.9(2) 128.7(3)
N-A,-B 109.8(1) 109.5(2) 102.1(2) 110.92) 106.5(2)
N-N-A, 108.1(1) 108.2(2) 116.6(2) 104.0(2) 111.3(2)
B-A>R, 128.6(2) 122.1(2)  124.8(3)

[a]2: B=Cl, A, =N2, A, =N5 R, =C2;4:B=Cl A, = N2,
A,=N5 R, =C2,R,=C3;5:B=Cl, A, =N2, A, = N5, R, =
C2,R;=C3: 8 B=N4 A, =C3, A, = C4, R, = N3, R, = N5.
9:B=N2, A, =C3, A, =Cl, R, = N6, R, = N3, R; = C2.

CCDC-694277 (for 4), -694278 (for 5), -644039 (for 8)
and -650723 (for 9) contain the supplementary crystallo-
graphic data for this paper. This data can be obtained free
of charge from The Cambridge Crystallographic Data Cen-
tre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 4. Selected hydrogen bonds for azolium picrate salts (dis-
tances in A, angles in °).[al

D-H--A D-H H--A D-H+A D-H-A
2@@)
leHlA---OZf 0.92(2) 2.14(2) 3.035(2) 163(2)
NI-HI1B--O1" 0.88(2) 2.35(2) 3.019(2) 132(2)
NI-HIB--O2i 0.88(2) 2.52(2) 3.1992)  134(2)
N5-H5--01i 0.94(2) 1.82(2) 2618(1)  134(2)
N5-H5--07i 0.94(2) 2.16(2) 2.896(2)  140(2)
4®
NI-H1A-Ol 1.00(2) 1.76(2) 2.7472)  170(2)
NI-H1A---0O2 1.00(2) 2.45(2) 2.970(2) 112(1)
NI1-H1B--03! 0.87(3) 2.05(3) 2.894(2) 163(2)
5le)
leHlA---O3.‘. 0.90(3) 2.20(3) 3.019(3) 151(2)
NI1-H1B--O1" 0.88(3) 1.95(3) 2.686(2)  140(2)
8D
NI1-H5---04 0.86(3) 2.57(3) 3.157(3) 126(3)
N3-HI1-NI 0.88(3) 2.49(3) 2.867(3) 107(2)
N3-HI--O7" 0.89(3) 2.24(3) 3.072(3) 154(2)
N4-H7--01" 0.90(3) 1.92(3) 2.653(2) 137(2)
N4-H7--02 0.90(3)  2.253)  3.0142) 1422
N5-H3--N6" 0.90(3) 2.12(3) 2.993(3) 162(3)
N1-H6--O5™ 0.86(3) 2.26(3) 3.034(3) 150(2)
N3-H1:-06" 0.88(3) 2.27(3) 3.136(3) 168(3)
9(©)
N3-H3A--Nl 0.80(3) 2.52(3) 2.834(4) 105(2)
N3-H3A--03 0.80(3) 2.26(3) 2.779(3) 123(3)
N3-H3B--05" 0.89(4) 2.15(4) 3.018(4) 165(3)
N6-H6A Ol 0.86(4) 2.11(4) 2.944(3)  163(3)
N6-H6A-O7il 0.86(4)  2.56(4)  3.118(3)  124(3)
N1-H1B--Olil 0.84(4)  2.12(4)  2.924(4)  160(3)
N1-H1B--02% 0.84(4) 2.34(3) 2.834(4) 118(3)
N6-H6B-+NS5iii 0.93(4)  2.18(4)  3.062(4)  158(3)

[a] Symmetry codes: @ (i) 1 + x, 1+ y, z; (i) —x, 1 —y, 2 —z. ®
H1-x05+3%05-290O1-x,2-y —z(@i)x,25-05
+z2. D)+ x, p 1+ @) +x 0,2 (V)2 -x, —y, 1 -2 ©
Dl -x,05+»05-z@01-x2-y1-z(i)2-x4-y
1 -z

The crystal structure of 2 was reported during the course
of our research on azolium picrate salts,?°®! so only the fea-
tures in the structure not described before are highlighted
(i.e., graph-sets). The rest of the picrate salts have been crys-
tallographically characterized for the first time in this work
and a detailed description of their molecular structures and
packing follows. Since the picrate anion is well established,
its structure is not discussed in detail here.

Among the picrate salts studied here, 2 and 8 are the
only ones that crystallize in triclinic cells in the space group
P1, whereas the rest of the compounds have monoclinic
cells in the space group P2,/c. In the structure of 2, poly-
meric chains are formed along the « axis with simple van
der Waals interactions between chains. Although cations
and anions do not pack in a layered structure (Figure 5),
coplanarity exists between cations and anions. Since the
performance of a material is a function (among other prop-
erties) of its density and this is governed by the molecular
structure and hydrogen bonding, it is of interest to take a
closer look at the hydrogen-bonding motifs formed in the
5355
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Figure 5. Layers of cations and anions in the unit cell of 2 (view along the a axis).

crystal structure. The formalism of graph-set introduced by
Bernstein et al.’!] and the program RPLUTOR? are useful
for assigning and describing patterns in the hydrogen bond-
ing. The five hydrogen bonds tabulated in Table 4 could be
identified by the program as forming common finite inter-
actions of the type D1,1(2) at the primary level (see Sup-
porting Information Table S1). These dimeric interactions
combine at the secondary level to form exclusively ring
graph-sets of variable sizes going from the small R2,2(4) to
the large R4,4(26) graph sets. Some of the most characteris-
tic patterns are depicted in Figure 6. For example, the phe-
nolate oxygen atom interacts (together with one of the o-
NO, oxygen atoms) with two of the cation hydrogen atoms
to form one very strong [N5--O1i 2.618(1) A] and three
medium [N1-+O1%, N1--02" and N5-+-07% 2.9-3.2 A; sym-
metry code: (ii) —x, 1 — y, 2 — z] hydrogen bonds, which
describe two R2,1(6) motifs. A similar pattern is also
formed by the cation; in this case it enters into two interac-
tions through two different hydrogen atoms and thus takes
the label R1,2(6). Lastly, two symmetrically generated cat-
ions and anions are linked together through interaction
with the amino group protons, yielding a larger R2,4(8) ring
graph-set. This is identical to the patterns found in com-
pounds containing the 14DMAT™ cation and analogous to
the R4,4(12) motif found in the perchlorate salt.[!8¢]
Unlike in 2, in which the amino group protons are ap-
proximately coplanar to the tetrazole ring, in the structure
of 4 these are bent out of the plane [HIB-N1-C1-N2
165(1)°]. The formal exchange of a proton in 2 for a methyl
group in 4 results in a less efficient packing, as represented
in Figure 7 and reflected in a decrease in the density from
1.716 to 1.639 gem3. In addition, fewer hydrogen bonds
are formed (5 vs. 3).
5356
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Figure 6. Hydrogen bonding in the crystal structure of picrate salt
2 showing some characteristic ring graph-sets [symmetry codes:
M1l+x, l+yz@0)-—x,1-y2-zG)l-x,2-y2-z]

Once again, the phenolate anion participates in the for-
mation of an R2,1(6) graph-set and the N5-bound methyl
group forms a nonclassical hydrogen bond to O7 [C3---O7
3.401(3) A]. As can be seen in Figure 8, the orientation of
the ions does not allow the formation of the R2,4(8) pattern
mentioned above for 2, but one of the cations interacts
through N1 with two picrate anions [N1--:O1 2.747(2) and
N1--+03 2.894(2) A; symmetry code: (i) 1 — x, 0.5 + », 0.5 —
z], which in turn form a hydrogen bond to two crystallo-
graphically related cations [N1' and N1%; symmetry code:
@)1 — x, 0.5 + y, 0.5 — z]. This is in contrast with the
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Figure 7. View of the unit cell of picrate salt 4 along the b axis,
showing the hydrogen bonding [dotted lines, symmetry code: (i) 1 —
x, 0.5+ 05—z

iodide,® azide and perchlorate salts and is analogous to
the dinitramide compound.l'® Lastly, two chain graph-sets
of the type C2,2(X) (X = 6, 8) are found at the secondary
level (Supporting Information Table S2).

3 N4

Figure 8. Hydrogen bonding in the crystal structure of 4 showing
some characteristic ring graph-sets [symmetry codes: (i) 1 —x, 0.5 +
1,05z @)1 -x,-05+y 05—z

Compound 5 (Figure 9) is the “asymmetric” isomer of 4.
Both compounds crystallize in the same monoclinic space
group (P2i/c¢) and have very similar cell parameters
(Table 2) and almost identical unit cell volumes (ca.
1390 A3). Views along the b-axes of the unit cells of 4 (Fig-
ure 7) and 5 (Figure 10) make the similarities in the struc-
tures of the two compounds obvious. Only one medium hy-
drogen bond [N1-+03' 3.019(3) A] and one strong hydrogen
bond [N1-+01% 2.686(2) A] are formed [symmetry codes:
W1 -x,2-y -z {)x, 25 -y 0.5 + z]. As in 4, two
cations and two anions are connected through hydrogen
bonds (Table 4) and again the two picrate anions are linked
once to the same cation and once to two crystallographi-
cally related cations.
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Figure 9. Asymmetric unit of picrate salt 5 with the labelling
scheme.

Figure 10. View of the unit cell of picrate salt 5 along the b axis
showing the hydrogen bonding [dotted lines, symmetry codes:
D1 -x,2-y -z (i)x, 2.5- 0.5+ z].

In 5, the arrangement of the anions does not allow the
formation of the R2,1(6) graph-set described for 4, and only
a chain C2,2(8) motif involving both hydrogen bonds is
found (Supporting Information Table S3) instead of the ex-
pected R2,2(16) pattern that would form if the interacting
cations and anions were to lie in the same plane. This lack
of efficiency in the packing is reflected in the lower density
values (ca. 1.64 gecm3) of both compounds with respect to
the other salts reported here.

In 9 the picrate anion shows two essentially planar nitro
groups whereas the third one is clearly out of the plane
formed by the aromatic ring with a torsion angle (C4-C9-
N9-0O7) of ca. —38°. It is precisely this out-of-plane nitro
group that participates in the formation of a nonclassical
hydrogen bond with the methyl group in the methylguanaz-
inium cation [C2-+-O7" 3.259(4) A; symmetry code: (iv) 1 +
x, 1 + y, z] with H1-+O7" 2.54(5) A (sum of the van der
Waals radii ro + riy = 2.70 A),13¥ as already observed for
other picrate salts.?° As shown in Figure 11, cations and
anions alternate along the ¢ axis, whereas there exist -
stacks of anions and cations along the b axis connected by
extensive hydrogen-bonding. The presence of three amino
groups in the cation is reflected in the larger number of
hydrogen bonds formed in relation to the other picrate salts
described in this report (Table 4).
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Figure 11. View of the unit cell of picrate salt 9 showing the stacks
of cations and anions along the b axis.

In addition to the non-classical C-+-O hydrogen bond, ev-
ery cation is involved in the formation of eight other hydro-
gen bonds (Figure 12), two of which are to another cation,
yielding an R2,2(8) subset at the primary level [N6-+-N5i
3.062(4) A; symmetry code: (iii) 2 — x, 4 — y, 1 — z]. Also at
the primary level, an S(5) motif [N3-+N1 2.834(4) A] is
found, analogously with 8% and common to other 1,2-
diaminosubstituted azoles.!'8¢-38:341 The rest of the hydrogen
bonds are to three crystallographically related anions. It is
interesting to note that one of these anions alone forms up
to four different medium-to-strong hydrogen bonds to the
same triazolium cation [NI--Ol1% 2.924(4), NI--Q2i
2.834(4), N6--O11 2.944(3) and N6--O7% 3.118(3) A; sym-
metry code: (ii) 1 — x, 2 — y, 1 — z], describing two R2,1(6)
subsets (similarly to 2) and one R1,2(7) motif through inter-
action of the phenolate oxygen atom (O1%), N1 and N6 at
the same time. Lastly, apart from the graph-set described
above there exist (among others) many large ring patterns
of the type R4,4(X) (X = 18, 22, 24, 28) and infinite hydro-
gen-bonded chains, which take the label C2,2(X) (X = 10,
13, 14, 15) (see Supporting Information Table S4).

Figure 12. Hydrogen bonding in the crystal structure of 9 showing
some characteristic ring graph-sets [symmetry codes: (i) 1 — x, 0.5
+9,05-z@0)1—x,2-y1-zGi)2-x,4-yp1-2z]
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Energetic Properties

Computational Methods

All quantum chemical calculations were carried out by
use of the Gaussian03W software package.*>! Electronic en-
ergies for all cations and the picrate anion were calculated
by Moller—Plesset perturbation theory truncated at the sec-
ond-order (MP2)B¢ and were used unscaled (Supporting
Information Table S5). The structures of the cations and
anion were optimized from the single-crystal structures by
use of the correlation consistent polarized double-zeta basis
set cc-pVDZ.B71 All of the optimized structures were char-
acterized to be true minima on the potential energy surface
without imaginary frequencies.

The heat of formation (AH®) of an ionic salt can be cal-
culated from the heats of formation of cation and anion and
the lattice energy (AH;) by Born—Haber energy cycles?®!
through Equation (1). The lattice energy can, in turn, be
calculated by application of Jenkins’ Equation [Equa-
tion (2)]**! from the lattice potential energy (Upor) and ny
and ny, which are indexes for the ions X,* and Y, and are
equal to 3 for monoatomic ions, 5 for polyatomic ions and
6 for nonlinear polyatomic ions. Lastly, the lattice potential
energies can readily be derived from the density of the mate-
rial (p) in gcm >, the chemical formula mass (M) in g, and
the coefficients y (kJmol'cm™) and § (kJmol™!) that take
their values from the literaturel®?! according to Equation

3).
AH®; (ionic salt, 25°C) = AH® (cation, 25°C) + AH°: (anion,

25°C) — AH )]
AH, = Upor + [a(nJ2 — 2) + b(n,/2 — 2)]RT )
Upor = 7 (0/M)'7 + 0 (3)

In order to assess the energetic properties of the azolium
picrate salts, the thermal stability (DSC measurements) and
sensitivity to friction, impact, electrostatic discharge and
thermal shock of each salt was experimentally determined.
For each salt the constant volume energy of combustion
was determined experimentally by oxygen bomb calorime-
try and was also predicted on the basis of calculated elec-
tronic energies (see Computational Methods section above
and Supporting Information Table S5) and an estimation of
lattice enthalpy.*% Prediction of thermochemical proper-
ties of energetic materials by similar methods has been de-
scribed before.f*!! The energies of formation were calculated
from the experimentally measured combustion data and
used in conjunction with the calculated (from the X-ray
measurements) or experimentally determined (from picno-
meter measurements) densities and the molecular formulas
to calculate the detonation pressures and velocities with the
aid of the EXPLOS5 computer code.[*?!

DSC measurements on a small sample of each salt in this
study show distinctive melting points for the methylated de-
rivatives (2-5 and 9) between 175 and 210 °C (Table 5), well
apart from their decomposition temperatures (all of them
above 250 °C). Compound 2 melts at 175 °C, whereas the
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replacement of one of the protons in the compound by a
methyl group in 4 results in an increase of the melting point
to 210 °C, as also observed for other salts with the IMAT™
and 14DMAT" cations.['®] Compound 9 shows a defined
melting point at 207 °C, which is in contrast with nonmeth-
ylated guanazinium salts, which generally melt with con-
comitant decomposition,[>7-38:3%1 whereas the isomer of 4
(5), as would be expected because of the asymmetric substi-
tution pattern that makes the packing in the solid state less
effective, has a lower melting point similar to that of the
monomethylated picrate salt 2 (7,, = 180 °C). All com-
pounds have excellent (very similar) thermal stabilities
above 250 °C. The liquid ranges (differences between melt-
ing and decomposition points) of 2, 4, 9 and 5 are ca. 95,
ca. 59, ca. 43 and ca. 98 °C, respectively, making 2 and 5 of
prospective interest as new energetic compounds for use in
melt-casting explosives. On the other hand, the nonmethyl-
ated compounds (1, 6 and 8) cither have narrow liquid ran-
ges (e.g., 1: ca. 30 °C) or melt with concomitant decomposi-
tion. Apart from 1 and 6, which decompose slowly at tem-
peratures above 170 °C, the rest of the materials have excel-
lent thermal stabilities to temperatures as high as 278 °C
(5). The trend in the decomposition (and melting) points is,
in general, to increase with the number of carbon atoms;
however, the guanazinium salts with three amino groups
readily enter into extensive hydrogen bonding (see X-ray
discussion), which increases thermal stability. In compari-
son with commonly used high explosives, the azolium pic-
rate salts discussed here have melting points that are as a
rule between that of TNT (81°C) and that of RDX
(204 °C),I'31 whereas the decomposition points are generally
comparable to that of RDX (230 °C). In addition to DSC
analysis, the response of the compound to fast heating in
the flame of a Bunsen burner was also tested. In all cases
the picrate salts burned nicely with little smoke, and in the

Table 5. Physico-chemical properties of azolium picrate salts.
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case of the more energetic 5At*, DAT* and Gz* salts the
compounds burned markedly more rapidly, as might be ex-
pected from the higher detonation parameters of the com-
pounds (see discussion below). This is a response similar to
that observed in high explosives such as TNT or picric acid.
From these “flame test” observations it would seem that
the azolium picrates containing higher percentages of nitro-
gen are more sensitive to thermal shock.

Data collected for friction, impact and electrostatic dis-
charge sensitivity testing are summarized in Table 6. None
of the compounds exploded under the drop hammer (im-
pact sensitivity >401J) and they were also not sensitive
towards friction at the maximum setting of a BAM tester
(friction sensitivity >360 N).[44-46] These observations are
interesting since picric acid itself is more sensitive to both
impact and friction!"™! and puts into perspective the poten-
tial of azolim picrate salts as insensitive energetic materials
regardless of their higher (less negative) heats of formation
in relation to picric acid. Additionally, each salt was also
roughly tested for sensitivity to electrostatic discharge by
spraying of sparks across a small sample of the material
with the aid of a Tesla coil (electrostatic discharge from an
HF-Vacuum-Tester type VP 24). None of the compounds
turned out to be sensitive to an electrostatic discharge of
ca. 20 kV, similarly to TNT.#7] Lastly, all of the compounds
in this study can be classified as insensitive according to
the UN Recommendations on the Transport of Dangerous
Goods as described in ref.[*4

Apart from sensitivity issues, the performance of ener-
getic materials is also of critical importance. The EXPLOS5
computer code*?! can be used to predict the performance
of CHNO-based energetic compounds. Therefore, the ener-
gies of formation of the azolium picrate salts in this study
were back-calculated from their heats of combustion on the
basis of their combustion equations (see below) by applica-

1 2 3 4 5 6 7 8 9
Formula C7H6N807 CgHgNgO7 CgHgNgO7 C9H|0Ngo7 C9H10N807 C7H7N907 C8H9N907 C8H9N907 CgH] ]N907
Mol. mass 314.17 328.05 328.05 342.25 342.25 329.19 343.21 343.20 357.24
[gmol ']
T [°CI 148 175 161 210 180 170 148 - 207
T4 [°CI®! >175 270 242 269 278 174 154 269 250
N (Yo) 35.7 34.1 34.1 32.7 32.7 38.3 36.7 36.7 353
N+ 0 (Y)d 71.3 68.3 68.3 65.5 65.4 72.3 69.3 69.3 66.6
Q (Yo)e -50.9 -63.4 -63.4 -74.8 -74.8 -51.0 -62.9 -62.9 -73.9
p [gem?|t] 1.840 1.716 1.7110 1.639 1.636 1.756 1.688IK] 1.746 1.685
AU [calg "=l —2650(10)  —3000(35)  -2990(20)  —3320(30)  -3310(25) -2780(10)  —3100(10)  —3000(30)  -3310(15)
[-2899] [-3251] [-3236] [-3572] [-3558] [-2936] [-3267] [-3179] [-3486]
o 1
[%J[]] e [kTke ] -320(30) -440(145)  —460(80) -540(130)  —580(100)  330(50) 160(40) -250(130)  —370(60)
[718] [609] [549] [506] [448] [962] (838] [470] [369]
o 1
[éjf] e [kTke ] -410(30) -520(145)  —550(80) —630(130)  —670(100)  240(50) 65(40) -350(130)  —470(60)
[635] [522] [463] [416] [357] [875] [748] [380] [276]

[a] Chemical melting point and [b] decomposition point (DSC onsets) from measurement with f = 5°C min'. [c] Nitrogen percentage.
[d] Combined nitrogen and oxygen percentages. [e] Oxygen balance according to ref.[*3]. [f] Density from X-ray measurements. [g] Calcu-
lated constant pressure heat of combustion. [h] Standard heat of formation (back-calculated from AH o). [i] Standard heat of formation.
[j] Uncertainties are given in parentheses, calculated values (from MP2 electronic energies) are given in square brackets. [k] Experimentally
determined density from picnometer measurements.
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Table 6. Initial safety testing results and predicted and calculated!® energetic performances of azolium picrate salts by use of the EXPLOS3

code.
T, [K]P Vo [Lkg 'l P [GPa]l¥] D [ms ']l Impact [J]H Friction (N)1  ESD (+/-)lgl  Thermal
shock
1 3395 665 25.6 7795 >40 >360 - burns rapidly
[3978] [674] [30.1] [8308]
2 3205 672 21.2 7343 >40 >360 - burns
[3745] [681] [24.5] [7755]
3 3168 672 20.4 7213 >40 >360 - burns
[3718] [681] [24.2] [7722]
4 3005 675 17.8 6876 >40 >360 - burns
[3555] [682] [21.2] [7384]
5 2986 674 17.6 6846 >40 >360 - burns
[3501] [682] [20.4] [7252]
6 3663 694 25.4 7864 >40 >360 - burns rapidly
[4011] [699] [27.8] [8143]
7 3429 694 22.1 7492 >40 >360 - burns
[3755] [700] [23.7] [7682]
8 3201 688 22.5 7495 >40 >360 - burns rapidly
[3580] [693] [25.0] [7808]
9 3029 688 19.8 7162 >40 >360 - burns
[3403] [693] [22.1] [7486]

[a] Calculated values in square [] brackets. [b] Temperature of the explosion gases. [c] Volume of the explosion gases. [d] Detonation
pressure. [e] Detonation velocity. [f] Tests by BAM methods (see refs.*+46]). [g] Rough sensitivity to 20 kV electrostatic discharge (ESD);

+ sensitive, — insensitive from an HF-Vacuum-Tester type VP 24.

tion of Hess’s Law and the known standard heats of forma-
tion for water and carbon dioxide™®! and a correction for
change in gas volume during combustion. No corrections
for the non-ideal formation of nitric acid (typically ca. 5%
of the nitrogen content reacts to form HNO;) were made.
This is justified by the relatively large standard deviation
from the combustion measurements. The EXPLOS5 code
was used, with the following values for the empirical con-
stants in the Becker—Kistiakowsky—Wilson equation of state
(BKWN-EOS): a = 0.5, = 0.176, x = 14.71 and 6 = 6620.
Because of the reasonably large standard deviations of ex-
perimental combustion measurements, the enthalpies of
combustion for each material were predicted on the basis
of published methods, with use of calculated electronic en-
ergies and an approximation of lattice enthalpy,4% in or-
der to validate the experimentally determined values.

Compound 1: [CH4Ns]* [CsH,N304] (s) + 5 0, —

7 CO, (g) + 3 H,O () +4 N, (g

COmpOund 2: [C2H6N5]+ [C6H2N307] (S) + 6.5 02 —

8 CO, (g) +4 H,O () +4 N, (g

COmpOund 3: [(:zH(,I\IS]+ [C6H2N307] (S) + 6.5 02 -

Compound 4: [C3HgNs]" [CsH,N304] (s) + 8 O, —

9 CO, (g) + 5HO (1) + 4 N, (g)

COmpOund 5: [C3H3N5]+ [C6H2N307] (S) + 8 02 —

9 CO, (g) + 5SHO () +4 N, (g)

Compound 6: [CHsNg]* [CcH,N304] (s) + 5.25 O, —

7 CO; (g) + 3.5 H,O (1) + 4.5 N, (g)

Compound 7: [C,H;Ng]" [CcH,N304] (s) + 6.75 O, —
8 CO, (g) + 4.5 HO (1) + 45N, (g)

Compound 8: [C,H;Ng]" [CcH,N304] (s) + 6.75 O, —
8 CO, (g) + 4.5 H,O (1) + 4.5 N, (g)
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COmpOund 9: [(::;H(;Né]+ [C6H2N3O7] (S) + 8.25 02 —
9 CO, (g) + 5.5 HyO (1) + 4.5 N, (g)

The experimentally determined constant volume energies
of combustion [A U] of all azolium picrate salts were
determined by oxygen bomb calorimetry to be
—2650(10) calg™" (1), —=3000(35) calg™! (2), —2990(20) calg™!
(3), -3320(30)calg’ (4), -331025)calg! (5),
~2780(10) calg™! (6), —3125(10) calg™ (7), —3160(30) calg™!
(8) and -3310(15) calg™' (9). If it is kept in mind that calcu-
lated values systematically tend to overestimate the experi-
mentally determined ones, the predicted constant volume
energies of combustion [AUpreq)] calculated by this method
are in good agreement with the experimentally determined
values. The overestimation in the values for the energies of
formation is, in general, below 4%, in keeping with other
compounds with low potential to form hydrogen bonds.[*]
The largest disagreement is found (in general) for the non-
methylated salts 8, 1 and 6, which form more hydrogen
bonds and is due to the low capacity of the method to ac-
count for “strong” hydrogen bonding. Accordingly, the cal-
culated heats (or energies) of formation have all more posi-
tive (or less negative) values than the heats of formation
back-calculated from the heats of combustion. The experi-
mentally determined values all vary all within a relatively
narrow range and are slightly negative [e.g., A Uiexp)(5) =
—670(100) kJ g '] or slightly positive [e.g., AcUexp)(6) =
+240(50) kJ kg ']. The density values vary between moder-
ate [p(5) = 1.636 gcm ] and high [p(1) = 1.840 gcm 3] and
are approximately in the range of commonly used high ex-
plosives [e.g., p(TNT) = 1.654gcm> or p(RDX) =
1.800 gcm ™).

From the experimentally determined densities, chemical
compositions and energies of formation (back-calculated
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from the heats of combustion), the detonation pressures
and velocities of 1 (7795 ms!, 25.6 GPa), 2 (7343 ms!,

212GPa), 3 (7213ms”!, 204 GPa), 4 (6876ms,
17.8 GPa), 5 (6846ms!, 17.6GPa), 6 (7864 ms,
254 GPa), 7 (7492ms’!, 22.1GPa), 8 (7495ms’,

22.5GPa) and 9 (7162 ms™', 19.8 GPa) were predicted by
use of the EXPLOS code. These values are as a rule higher
than those calculated for TNT (at p = 1.60 gcm™:
7073 ms~!, 19.4 GPa) and in some instances also higher
than those of picric acid itself (at p = 1.70 gem 3
7185 ms!, 20.1 GPa)!'! and fit nicely with the computed
ones from MP2 energies. In comparison with other azolium
salts for which predicted performance data are reported, the
azolium picrate salts in this study are predicted to outper-
form methylated aminotetrazolium salts (6200 ms™!,
15.5 GPa)*¥ and some of them have performances compar-
able to those of substituted triazolium salts (7500—
7900 ms~!, 20-25 GPa).[>*38:41]

A closer look into the heats of formation and detonation
parameters (“experimentally determined” or computed) of
the azolium picrates studied here clearly illustrates the influ-
ence of the cation in these values and allows one to draw
conclusions about what sort of cations are best suited for
a given application. Compound 1 has a negative heat of
formation of —410(30) kJ kg !, and substitution of a proton
in the ring by a methyl group as in 2 and 3 results in
an increase in the exothermicity of the compounds
(<-520 kJkg"). A second methyl group as in the isomeric
4 and 5 results in further decreases in the heats of formation
(<-620 kJkg"). However, exchange of a proton in the ring
of 1 for an amino group (6) yields an endothermic com-
pound [+240(50) kJ kg '], and quaternization of the ring to
form 7 again decreases the heat of formation
[65(40) kJkg']. On the other hand, although triazoles are
as a rule less endothermic compounds than tetrazoles
(1,2,4-triazole; A;H®,,,, = 26.1 kcalmol™') in relation to 5-
H-tetrazole (A/H°,,,, = 56.7 kcalmol 1),1>! the three amino
groups in the guanazinium salts 9 and 8 make the com-
pounds more endothermic than the analogous tetrazolium
salts with equal numbers of carbon atoms. The effect of the
cation on the heats of formation is accordingly observed in
the detonation parameters. The most endothermic com-
pound (6) has the highest calculated values. The negative
heat of formation of 1 is compensated by its high density
(1.840 gcm ™) and the salt has the second highest detona-
tion velocity of the picrate salts described here, whereas the
rest of the compounds have accordingly higher perform-
ances the higher their density.

All compounds have high combined oxygen and nitrogen
contents (>65%) and the calculated oxygen balances range
from —50 to —75%, which are comparable to those of picric
acid (-43%) or TNT (-74%) and only slightly more nega-
tive than that of RDX (-22%). In view of the negative oxy-
gen balances of the azolium picrates salts in this work, it
was of interest to study the performances of mixtures of the
compounds with an oxidizer. Therefore, the EXPLOS code
was used to predict the performance of mixtures of the pic-
rate salts with ammonium nitrate (AN) and ammonium di-
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nitramide (ADN) at an approximately neutral oxygen bal-
ance in order to increase the performance further with re-
spect to the stand-alone compounds. The results of the cal-
culations are summarized in the Supporting Information,
Table S6 and Table S7. Formulations with AN are predicted
to have highly negative heats of formation below
-3200 kJkg ! but better detonation velocities than the
stand-alone compounds in the 8000 to 8200 ms™! range. On
the other hand, mixtures with ADN as the oxidizer are pre-
dicted to have less negative heats of formation between —700
and —1100 kJkg! and much higher detonation parameters
(8700-8900 ms! and 31.0-33.0 GPa).

Lastly, it is important to point out that all performance
values reported in the literature are based exclusively on
heats of combustion predicted from electronic energies as
discussed above. This method systematically tends to over-
estimate the heats of combustion, and the resulting per-
formance values are therefore exaggerated. This overestima-
tion is higher, the higher the possibility of a compound to
enter into extensive hydrogen bonding. On the other hand,
however, experimentally determined heats of formation
tend to be underestimated, and performance predictions
based on these should thus also be underestimated.

Decomposition Gases and Long-Term Stability

The ICT codelP!! was used to predict the heats of ex-
plosion and the decomposition gases formed upon ex-
plosion/decomposition of the azolium picrate salts in this
work from the experimentally determined heats of forma-
tion (back-calculated from the heats of combustion), the
densities (from X-ray) and the molecular formulas. The re-
sults of the calculations are summarized in Table 7, which
also contains the predicted data for TNT and PicH for
comparison purposes.

As might be expected from a nitrogen-rich cation, nitro-
gen gas is predicted to be the major decomposition product
(ca. 315-375 gkg™!) for the azolium picrate salts and is ex-
pected to be formed in amounts almost twice as high as
those predicted for classical nitroaromatic explosives (i.e.,
TNT and PicH). The amounts of carbon soot are also rela-
tively high, due to the picrate anion, but still much lower
than those formed by TNT (262 gkg!) and in the case of
the nitrogen-richer 1 and 6 salts only slightly higher than
those formed by PicH (ca. 182 vs. 158.5 gkg™!). The major
decomposition product expected from the explosion of clas-
sical nitroaromatics is anticipated to be CO,, which is also
expected to be formed in relatively large (although much
smaller) amounts for 1 and 6 (269.7 and 227.7 gkg!,
respectively). Water (gas) is expected to be generated in a
higher ratio for the carbon-richer azolium salts and in
larger amounts than for neutral nitroaromatics. In addition,
only small amounts of CO are predicted by the code (20—
30 gkg!) and there is expected to be little nitrogen going
into the formation of NH; (3-13 gkg!) and negligible
amounts of CH, (<2.1 gkg!) and highly toxic HCN
(<0.4 gkg") formed. Lastly, the heats of explosion all have
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Table 7. Predicted decomposition gases and heats of explosion of azolium picrate salts and comparison with commonly used high explos-

ives (from the ICT code).[®l

Compound CO, H,O N, cO H, NH; CH, HCNPI - C AH, [calg ']l
1 269.7 163.1 3534 26.7 0.2 3.7 0.2 - 182.1 1117
2 199.2 202.9 335.9 279 0.5 6.4 0.8 0.3 225.6 1093
3 199.1 202.8 335.9 28.1 0.5 6.5 0.8 0.3 225.5 1085
4 141.5 235.1 318.9 26.8 0.8 10.1 2.0 0.4 263.9 1066
5 141.5 234.9 318.8 26.9 0.8 10.1 2.1 0.4 263.8 1056
6 227.7 179.5 378.5 26.1 0.3 5.0 0.4 0.3 181.5 1245
7 165.2 215.5 360.3 25.6 0.6 8.3 1.0 0.3 222.9 1226
8 165.1 216.9 360.3 23.3 0.4 8.1 0.8 0.3 224.0 1265
9 113.5 245.8 342.2 21.7 0.8 12.7 1.9 0.4 260.6 1081
TNT 318.1 184.8 182.2 47.0 0.6 3.2 1.2 - 262.0 1350
PicH 495.9 113.5 182.3 47.5 0.2 1.1 0.2 - 158.5 1272

[a] The amount of gases formed at 298 K is given in grams of gas
predicted for 1, TNT and PicH. [c] Heat of explosion.

a)

Oven
120HE SAte
100
o 80
£ s
E«l
20
Dt . T

12 24 36 48
Time []

Figure 13. Thermal safety calorimetry (TSC) plots for a) 1 and b) 6.

values above 1000 calg™!, and are higher for the more endo-
thermic compounds 6, 7 and 8 (>1200 calg ') and compar-
able to those of TNT and PicH.

The long-term stabilities of the two highest-performing
picrate salts in this study (i.e., 1 and 6) were measured with
a Systag FlexyTSC (thermal safety calorimetry) machinel>?!
in combination with a RADEX V5 oven and SysGraph
software. The tests were run on ca. 500 mg of the pure pic-
rate samples in glass test-vessels at atmospheric pressure.
The substances were tempered at ca. 50 °C below their de-
composition temperature for 48 h. Figure 13 shows the TSC
plots for both compounds, together with the oven curve.
The TSC curves for both pure materials are identical to that
of the oven (i.e., the substances are stable over the measure-
ments). This can be extrapolated to estimate the long-term
stability at room temperature (r.t.). Under the test condi-
tions, 1 and 6 are expected to be stable for longer than 50
years at room temp. We conclude then, that both materials
show excellent long-term stabilities, which is the basic
requirement for possible application.

Conclusions

We have successfully synthesized and fully characterized
(analytically and spectroscopically) a new family of picrate
salts with triazolium and tetrazolium cations. A full de-
scription of the "N NMR shifts and PIS/MIS values is
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per kilogram of energetic compound. [b] No HCN formation was
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given, which helps to determine the protonation/methyl-
ation site unequivocally without the need for expensive
equipment. When suitable, the crystal structures of the
compounds were determined by X-ray diffraction tech-
niques, and a complete description of the hydrogen-bonding
patterns in the structure, based on graph-set analysis, is
given. Energetic testing on the sensitivities of the com-
pounds towards impact and friction revealed insensitive pic-
rate salts (i >40 J, £>360 N), which is advantageous in rela-
tion to picric acid. DSC analysis showed highly thermally
stable compounds [e.g., T.A5) = 278 °C] with melting points
relatively close to the decomposition temperatures. Bomb
calorimetry measurements were used to determine the heats
of formation of all materials and the results were verified by
means of MP2 electronic energy calculations. Calculation
of the detonation parameters by use of the EXPLOS code
predicted performance values higher than those of TNT
and in many cases comparable or higher than those of pic-
ric acid. The ICT code for predicting decomposition gases
anticipates larger amounts of environmentally friendly ni-
trogen gas with less carbon soot residue than TNT, which
puts into perspective the fact that classical nitroaromatics
derive their energies from oxidation of their carbon back-
bones whereas azole-based energetic materials obtain their
thrust from the formation of nitrogen gas. In addition, the
best performing picrate salts in this study (1 and 6) also
show excellent long-term thermal stabilities. Lastly, the
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compounds described here are interesting examples of inter-
mediates between classical nitroaromatic explosives and ni-
trogen-rich chemistry and might be of interest as prospec-
tive insensitive energetic compounds with moderate per-
formances.

Experimental Section

Caution Note! Although we had no difficulties handling the picrate
salts described here, and initial safety testing reveals decreased sen-
sitivities for all compounds, they are nevertheless energetic materi-
als and their explosive properties are not well established. Picric
acid is sold as a water suspension and tends to detonate under
certain conditions. It is recommended the synthesis be carried out
only by expert personnel, wearing protective gear, using conductive
equipment and on a small scale.

General: All chemical reagents and solvents were obtained from
Sigma-Aldrich, Inc. or Acros Organics (analytical grade) and were
used as supplied. 1-Methyl- and 5-amino-2-methyl-1H-tetrazole,!>]
5-amino-1,4-dimethyl-1H-tetrazolium iodide,”* 5-amino-1,3-di-
methyl-1H-tetrazolium iodide,* 1,5-diamino-1H-tetrazole,>®! 1,5-
diamino-4-methyl-1H-tetrazolium iodide,'8d  guanazinel®” and
methylguanazinium iodide!>¥! were prepared by previously pub-
lished procedures. In addition, 5-amino-1H-tetrazolium picrate,!"]
1,5-diamino-1H-tetrazolium picrate* and guanazinium pic-
ratel>*2 were synthesized by modified literature procedures as indi-
cated below. 'H, '*C and '"N NMR spectra were recorded on a
JEOL Eclipse 400 instrument in [Dg]DMSO at or near 25 °C. The
chemical shifts are given relative to tetramethylsilane ('H, *C) or
nitromethane (°N) as external standards, and coupling constants
are given in Hertz (Hz). Infrared (IR) spectra were recorded on a
Perkin—Elmer Spectrum One FT-IR instrument as KBr pellets at
20 °C.I%%I Transmittance values are qualitatively described as “very
strong” (vs), “strong” (s), “medium” (m) and “weak” (w). Raman
spectra were recorded on a Perkin—-Elmer Spectrum 2000R NIR
FT-Raman instrument fitted with a Nd:YAG laser (1064 nm). The
intensities are reported as percentages of the most intense peak and
are given in parentheses. Elemental analyses were performed with
a Netsch Simultaneous Thermal Analyzer STA 429. Melting points
were determined by differential scanning calorimetry (Linseis DSC
PT-10 instrument®! calibrated with standard pure indium and
zinc). Measurements were performed at a heating rate of 5 °Cmin™!
in closed aluminium sample pans with a 1 um hole in the top for
gas release under a nitrogen flow of 20 mLmin! with an empty
identical aluminium sample pan as a reference.

Bomb Calorimetry: For the calorimetric measurements of the pic-
rate salts, a Parr 1356 bomb calorimeter (static jacket) fitted with
a Parr 207A oxygen bomb for the combustion of highly energetic
materials was used.[®?l A Parr 1755 printer, furnished with the
Parr 1356 calorimeter, was used to produce a permanent record of
all activities in the calorimeter. The samples (ca. 200 mg each) were
carefully mixed with analytical grade benzoic acid (ca. 800 mg) and
carefully pressed into pellets, which were subsequently burned in
pure oxygen (3.05 MPa). The experimentally determined constant
volume energies of combustion were obtained as the averages of
five single measurements with standard deviations calculated as a
measure of experimental uncertainty. The calorimeter was cal-
ibrated by the combustion of certified benzoic acid in oxygen at a
pressure of 3.05 MPa.

5-Amino-1H-tetrazolium Picrate (1): Picric acid (1.035g,
4.52 mmol) was dissolved in methanol (60 mL), giving a bright yel-
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low solution, and was treated with neat anhydrous 5-amino-1H-
tetrazole (0.372 g, 4.38 mmol) at 60 °C for 32 h. At this point the
solvent was stripped by rotary evaporator at 40 °C and 100 mbar
to give a yellow oil, which became solid under high vacuum
(103 mbar). The crude product was recrystallized from a methanol/
dichloromethane mixture (1:2, 8 mL), and the pure compound sep-
arated as a crystalline solid on cooling overnight (0.723 g). The
solvent was then stripped again and the crude compound was
recrystallized a second time from the same solvent. The crystalline
compound that separated from the cold solution (0.381 g) was pure
by elemental analysis and was combined with the first fraction
(1.104 g, 80%). m.p. (uncorrected): 147.2-148.5°C; DSC
(5°Cmin', °C): 148 (m.p.), >175 (non-explos. dec.). 'H NMR
([Dg]DMSO, 400.18 MHz, 25 °C, TMS): 0 = 10.13 (broad, 4 H,
NH/NH,), 8.56 (s, 2 H, arom. H) ppm. *C{I1H} NMR ([Dg]-
DMSO, 100.63 MHz, 25 °C, TMS): 6 = 160.6 (1 C, C-1), 155.0 (C—
NH,), 141.8 (2 C, C-2), 125.3 (2 C, C-3), 124.8 (1 C, C-4) ppm.
4N NMR ([Dg]DMSO, 28.92 MHz, 25 °C, MeNO,): 6 = -12 (Avy,
» = 170 Hz, NO,) ppm. SN NMR ([Ds]DMSO, 40.55 MHz, 25 °C,
MeNO,): § = -12.0 (2 N, NAO,), -15.2 (1 N, NBO,), -27.4 (2 N,
N-2/N-3), -168.1 (2 N, N-1/N-4), -326.2 (t, 'J = 86.9 Hz, 1 N, N-
5) ppm. Raman (rel. int.): ¥ = 3030 (3) 1559 (35) 1488 (16) 1366
(32) 1324 (81) 1296 (100) 1164 (21) 1090 (28) 945 (17) 913 (7) 828
(35) 750 (18) 417 (9) 344 (20) cm™'. IR (KBr, rel. int.): ¥ = 3382 (s)
3250 (m) 3078 (m) 1706 (vs) 1636 (vs) 1580 (m) 1565 (s) 1484 (m)
1432 (m) 1364 (m) 1336 (vs) 1317 (s) 1267 (s) 1159 (m) 1079 (m)
1055 (m) 1027 (m) 992 (w) 944 (w) 925 (w) 911 (w) 830 (w) 791
(w) 745 (m) 716 (w) 703 (w) 625 (w) 547 (w)cm . MS (FAB+,
xenon, 6 keV, m-NBA matrix): m/z = 73.1 (72), 86.1 [CH4N;]*
(100), 171.2 [(CH3Ns),H]* (18), 207.2 (9), 221.2 (7), 239.2 (29),
327.1 (4). MS (FAB-, xenon, 6 keV, m-NBA matrix): m/z = 212.0
[C¢HoN3O4] (31), 228.0 [CeH,N304] (100), 313.0 (17), 381.0 (3).
C,H¢NgO; (314.17 gmol 1): caled. C 26.76, H 1.92, N 35.67; found
C 26.76, H 2.08, N 35.72.

5-Amino-1-methyl-1H-tetrazolium Picrate (2): The compound was
synthesized as described in ref*® in a 93% yield. The elemental
analysis and NMR shifts matched the reported values. 1H NMR
([Dg]DMSO, 400.18 MHz, 25 °C, TMS): 0 = 8.58 (s, 2 H, arom.
H), 5.64 (broad, 3 H, NH/NH,) 3.72 (s, 3 H, CH3) ppm; *C{1H}
NMR ([Dg]DMSO, 100.63 MHz, 25 °C, TMS): 6 = 160.4 (1 C, C-
1), 155.0 (1 C, C-NH,), 141.7 (2 C, C-2), 125.1 (2 C, C-3), 124.7
(1 C, C-4),31.9 (1 C, CH3) ppm. CgNgH3O- (328.20 gmol): caled.
C 29.28, H 2.46, N 34.14; found C 29.44, H 2.61, N 34.30.

5-Amino-2-methyl-1H-tetrazolium Picrate (3): 5-Amino-2-methyl-
1 H-tetrazole (0.220 g, 2.2 mmol) was dissolved in water (5 mL) and
added to a solution of picric acid (0.512 g, 2.2 mmol) in the same
solvent (5 mL) at 60 °C. The reaction mixture was brought to boil-
ing and allowed to react for 2 h at this temperature. After this time,
the solvent was stripped by rotary evaporator, and the crude prod-
uct was recrystallized from a minimum amount of hot water. The
product separated as a dark yellow powder, which was filtered un-
der vacuum and washed with a little cold ethanol and then ether.
The dry compound was pure by elemental analysis (0.502 g, 75%).
m.p. (uncorrected): 161.6-163.4°C; DSC (5°Cmin!, °C): 161
(m.p.), 242 (non-explos. dec.). '"H NMR ([D¢]DMSO, 400.18 MHz,
25°C, TMS): ¢ = 8.60 (s, 2 H, arom. H), 5.43 (broad, 3 H, NH/
NH,) 4.07 (s, 3 H, CH;)ppm. BC{IH} NMR ([Ds]DMSO,
100.63 MHz, 25 °C, TMS): 0 = 167.1 (1 C, C-NH,), 160.5 (1 C, C-
1), 141.8 (2 C, C-2), 1252 (2 C, C-3), 124.7 (1 C, C-4), 38.8 (1 C,
CH;) ppm. '>'N NMR ([Dg]DMSO, 40.55 MHz, 25 °C, MeNO.): §
=-90(q, J = 14Hz 1 N, N-2), -11.9 (2 N, NAO,), -15.1 (I N,
NBO,), -89.2 (s, 1 N, N-3) -114.4 (s, 1 N, N-1 or N-4), -114.9 (s,
1 N, N-4 or N-1), -339.1 (s, I N, N5H2) ppm. Raman (rel. int.): ¥
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=3107 (2) 2961 (3) 1633 (7) 1612 (7) 1562 (12) 1530 (15) 1346 (100)
1279 (26) 1178 (21) 1087 (4) 942 (13) 832 (25) 649 (5) 401 (7) 350
(9) 329 (11) 208 (8) cm™'. IR (KB, rel. int.): v = 3373 (m) 3302 (m)
3214 (m) 3104 (m) 2958 (w) 2923 (w) 1696 (s) 1630 (s) 1607 (s)
1572 (w) 1562 (m) 1548 (s) 1527 (s) 1502 (m) 1468 (w) 1440 (m)
1428 (s) 1409 (m) 1391 (w) 1339 (s) 1313 (s) 1261 (s) 1204 (m) 1177
(m) 1148 (m) 1086 (s) 1016 (m) 941 (w) 918 (s) 832 (w) 808 (w) 783
(m) 763 (s) 701 (s) 647 (s) cm . MS (FAB+, xenon, 6 keV, m-NBA
matrix): m/z = 100.1 [C,HgNs]™ (100), 115.1 (18), 253.2 (15). MS
(FAB-, xenon, 6 keV, m-NBA matrix): m/z = 212.0 [CcH,N3;Oq4]
(39), 228.0 [CeH,N304] (100), 381.0 (6). CgNgHgO; (328.20
gmol™): caled. C 29.28, H 2.46, N 34.14; found C 29.22, H 2.51,
N 33.81.

5-Amino-1,4-dimethyl-1H-tetrazolium Picrate (4): The compound
was synthesized as described in ref.>?"! in a 81% yield. The elemen-
tal analysis and NMR shifts matched the reported values. "H NMR
([Dg]DMSO, 400.18 MHz, 25°C, TMS): 6 = 9.19 (broad, 2 H,
NH,), 8.64 (s, 2 H, arom. H), 3.93 (s, 6 H, CH;) ppm. '3C{'H}
NMR ([Dg]DMSO, 100.63 MHz, 25 °C, TMS): ¢ = 160.5 (1 C, C-
1), 148.5 (C-NH,), 141.7 (2 C, C-2), 125.1 (2 C, C-3), 124.3 (1 C,
C-4), 33.9 (2 C, CH3) ppm. CoH;(NgO; (342.25 gmol™'): caled. C
31.59, H 2.94, N 32.74; found C 31.64, H 2.87, N 32.92.

5-Amino-1,3-dimethyl-1H-tetrazolium Picrate (5): The compound
was synthesized as described in ref.5°?! in a 85% yield. The elemen-
tal analysis and NMR shifts matched the reported values. 'H NMR
([Dg]DMSO, 400.18 MHz, 25 °C, TMS): § = 8.55 (s, 2 H, arom.
H), 8.17 (broad, 2 H, NH,), 4.34 (s, 3 H, N3-CH3;), 3.95 (s, 3 H,
N1-CH3;) ppm. BC{'H} NMR ([Dg]DMSO, 100.63 MHz, 26.1 °C,
TMS): 6 = 160.8 (1 C, C-1), 158.1 (1 C, C-NH,), 141.7 (2 C, C-2);
1253 (1 C, C-3), 124.6 (1 C, C-4), 42.6 (1 C, N3-CH,), 34.1 (1 C,
NI1-CH;) ppm. CoH;(NgO; (342.20 gmol!): caled. C 31.59, H
2.94, N 32.74; found C 31.65, H 2.98, N 32.54.

1,5-Diamino-1H-tetrazolium Picrate (6): 1,5-Diamino-1H-tetrazole
(0.500 g, 5.00 mmol) was added to a solution containing an equiva-
lent amount of picric acid (1.146 g, 5.00 mmol) in ethanol (60 mL),
forming a bright yellow suspension. The reaction mixture was
stirred for 20 h at 70 °C and left to cool slowly. Yellow crystals of
the product started to separate after a short time and were filtered
off and washed with diethyl ether, yielding a first crop of the com-
pound (0.889 g). The filtrate was rotavaporated to dryness, and the
crude product was recrystallized from ethanol (20 mL) to give a
second crop, which was combined with the first (1.269 g, 77%).
No further purification was necessary. m.p. (uncorrected): 169.1—
170.4 °C; DSC (5°Cmin!, °C): 170 (m.p.), 174 (dec.), ca. 250
(dec.). '"H NMR ([D¢]DMSO, 400.18 MHz, 25 °C, TMS): 6 = 8.59
(s, 2 H, arom. H), 8.00 (5 H, broad, NH/NH,) ppm. *C{I1H}
NMR ([Dg]DMSO, 100.63 MHz, 25 °C, TMS): ¢ = 160.7 (1 C, C-
1), 153.1 (1 C, C-NH,), 142.0 (2 C, C-2), 125.5 (2 C, C-3), 125.2
(1 C, C4ppm. “N NMR ([Ds]DMSO, 28.92 MHz, 25°C,
MeNO,): § = 12 (Avy;, = 180 Hz, NO,) ppm. SN NMR ([Dg]-
DMSO, 40.55 MHz, 25 °C, MeNO,): 6 = -11.7 (2 N, NAO,), -14.8
(I N, NBO»), -20.9 (1 N, N-2), -35.8 (1 N, N-3), -165.6 (1 N, N-
1), -173.8 (1 N, N-4), —320.1 (1 N, N6H2), —330.2 (1 N, N-5) ppm.
Raman (rel. int.): ¥ = 3017 (2) 1549 (28) 1482 (11) 1369 (53) 1355
(41) 1334 (83) 1348 (100) 1270 (72) 1166 (18) 1087 (15) 950 (12)
940 (23) 915 (7) 823 (54) 780 (12) 716 (5) 335 (18) 309 (11) 212
(9)em™'. IR (KBr, rel. int.): ¥ = 3385 (s) 3307 (m) 3257 (m) 3069
(m) 1876 (w) 1722 (vs) 1634 (s) 1612 (s) 1581 (s) 1563 (s) 1536 (s)
1482 (s) 1429 (s) 1366 (s) 1334 (vs) 1271 (vs) 1165 (s) 1127 (m) 1085
(s) 997 (m) 940 (m) 913 (m) 869 (s) 794 (m) 779 (w) 749 (w) 707
(s) 691 (m) 660 (w) 518 (m) 479 (m) cm'. MS (FAB+, xenon, 6 keV,
m-NBA matrix): m/z = 101.1 [CH5Ng]" (30), 167.1 (7), 254.2 (12).
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MS (FAB-, xenon, 6keV, m-NBA matrix): m/z = 2119
[CsHoN3Og]™ (28), 227.9 [C¢H,LN505] (92), 253.0 (7), 380.9 (8).
C;H;N,O5 (329.19 gmol '): caled. C 25.54, H 2.14, N 38.29; found
C 2527, H 2.12, N 38.42.

1,5-Diamino-4-methyl-1H-tetrazolium Picrate (7): Picric acid
(0.899 g, 3.93 mmol) was dissolved in boiling water (15 mL) and
treated with a solution of MeDATI (0.950 g, 3.93 mmol) in water
(7mL) at room temperature. The reaction mixture was stirred for
25 min. and left to cool overnight. Large crystals of picric acid
(0.323 g) separated upon cooling and were filtered off and kept for
another reaction. Filtration resulted in cloudiness in the solution
and eventual precipitation of a yellow powder, which was filtered
off and left to air-dry. The compound was identified as the desired
product and no further purification was necessary (0.692 g, 51%).
DSC (5°Cmin™!, °C): 148 (m.p.), 154 (dec.). 'H NMR ([Dg]-
DMSO, 400.18 MHz, 25 °C, TMS): 0 = 8.97 (2 H, broad, N-NH,);
8.57 (s, 2 H, arom. H), 7.02 (2 H, broad, C-NH,), 3.84 (s, 3 H,
CH;) ppm. BC{'H} NMR ([Dg]DMSO, 100.63 MHz, 25 °C,
TMS): 6 = 160.7 (1 C, C-1), 147.4 (1 C, C-NH,), 141.8 (2 C, C-2),
125.1 2 C, C-3), 124.1 (1 C, C-4), 39.6 (1 C, CH3) ppm. “N NMR
([Dg]DMSO, 28.92 MHz, 25 °C, MeNO,): 6 = 14 (Av,;, = 175 Hz,
NO,) ppm. ’N NMR ([D¢]DMSO, 40.55 MHz, 25 °C, MeNO,): §
=-11.8 (2 N, NAO,), -14.5 (1 N, NBO,), -24.2 (1 N, N-2), -36.0
(q,3/=2.0Hz, I N, N-3), -168.1 (t, 2/ = 1.8 Hz, I N, N-1), -186.9
(q, 2J = 2.0Hz, 1 N, N-4), -312.1 (t, 'J = 75.9 Hz, 1 N, N6H?2),
-323.8 (1 N, N5H2) ppm. Raman (rel. int.): ¥ = 3425 (2) 3076 (3)
2966 (3) 1607 (7) 1568 (22) 1547 (21) 1487 (11) 1433 (12) 1372 (41)
1337 (100) 1316 (67) 1300 (42) 1270 (47) 1163 (20) 1085 (7) 944
(15) 920 (6) 888 (4) 825 (51) 794 (15) 766 (5) 719 (7) 602 (6) 545
(5) 399 (7) 368 (10) 331 (18) 287 (8) 202 (11) cm'. IR (KB, rel.
int.): ¥ = 3357 (s) 3236 (s) 3188 (s) 3118 (s) 3048 (s) 1866 (vw) 1711
(s) 1634 (s) 1612 (s) 1563 (s) 1544 (s) 1495 (s) 1484 (m) 1431 (m)
1368 (s) 1334 (vs) 1269 (vs) 1162 (m) 1082 (m) 1037 (w) 1006 (vw)
964 (w) 936 (w) 913 (m) 839 (vw) 795 (w) 788 (w) 751 (w) 746 (w)
710 (m) 664 (vw) 635 (vw) 574 (w) 547 (w) 527 (vw)cm!. MS
(FAB+, xenon, 6 keV, m-NBA matrix): m/z = 115.1 [CoH;Ng]*
(100), 268.2 (14), 421.2 (2). MS (FAB-, xenon, 6 keV, m-NBA ma-
trix): m/z = 212.0 [CsH,N3O6]™ (18), 227.9 [CsH,N304] (100),
381.0 (6). CgHoNoO; (343.21 gmol™): caled. C 28.00, H 2.64, N
36.73; found C 27.77, H 2.56, N 36.55.

3,4,5-Triamino-1,2,4-triazolium Picrate (8): 3,4,5-Triamino-1,2,4-
triazolium bromide (0.867 g, 4.45 mmol) was dissolved in water
(25 mL) and treated with neat picric acid (1.018 g, 4.44 mmol), pro-
ducing immediate precipitation of the product. The reaction mix-
ture was stirred at reflux for 1 h and left to cool. The product was
then filtered off, washed with a little water and ethanol and left to
air-dry. The compound was obtained as a yellow powder and no
further purification was necessary (1.326 g, 87%). The elemental
analysis and NMR shifts matched the reported values. 'H NMR
([Dg]DMSO, 400.18 MHz, 25°C, TMS): 6 = 8.60 (s, 2 H, arom.
H), 7.03 (broad, 4 H, N-NH,), 5.56 (broad, 2 H, C-NH,) ppm.
BC{'H} NMR ([D¢]DMSO, 100.63 MHz, 25 °C, TMS): 6 = 161.2
(1C, C-1), 150.5 (1 C, C-NH,), 142.2 (2 C, C-2), 125.7 (2 C, C-3),
124.7 (1 C, C-4) ppm. CgHoNyO- (343.21 gmol !): caled. C 28.00,
H 2.64, N 36.73; found C 27.88, H 2.68, N 36.53.

3,4,5-Triamino-1-methyl-1,2,4-triazolium Picrate (9): The com-
pound was synthesized as described in ref.>?® in a 90% yield. The
elemental analysis and NMR shifts matched the reported values.
'H NMR ([Dg]DMSO, 400.18 MHz, 25 °C, TMS): 6 = 8.61 (s, 2
H, arom. H), 7.90 (broad, 2 H, N6H?2), 6.48 (broad, 2 H, N5H2),
5.65 (broad, 2 H, N4H2), 3.41 (s, 3 H, CH;) ppm. 3C{'H} NMR
([Dg]DMSO, 100.63 MHz, 25 °C, TMS): 0 = 161.1 (1 C, C-1), 150.6
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(1 C, C-N4H2), 147.7 (1 C, C-N5H2), 141.7 2 C, C-2), 12552 C,
C-3), 1250 (1 C, C4), 344 (1 C, CHjz) ppm. CoH;;NyO,
(353.24 gmol '): caled. C 30.26, H 3.10, N 35.29; found C 30.19,
H 3.09, N 35.21.

Supporting Information (see also the footnote on the first page of
this article): The results of the graph-set analysis, MP2 calculations
and calculations of the explosive properties of mixtures of picrate
salts 1-9 with an oxidizer can be found in the Supporting Infor-
mation.
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