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Abstract: Compartmentalized molecu-
lar level design of new energetic mate-
rials based on energetic azolate anions
allows for the examination of the ef-
fects of both cation and anion on the
physiochemical properties of ionic lig-
uids. Thirty one novel salts were syn-
thesized by pairing diverse cations (tet-
raphenylphosphonium, ethyltriphenyl-
phosphonium, N-phenyl pyridinium, 1-
butyl-3-methylimidazolium, tetrameth-
yl-, tetraethyl-, and tetrabutylammoni-
um) with azolate anions (5-nitrobenz-

Robin D. Rogers*!*!

dinitroimidazolate, 4-nitro-1,2,3-triazo-
late, 4,5-dinitroimidazolate, 4,5-dicya-
noimidazolate, 4-nitroimidazolate, and
tetrazolate). These salts have been
characterized by DSC, TGA, and
single crystal X-ray crystallography.
The azolates in general are surprisingly
stable in the systems explored. Ionic
liquids were obtained with all combina-
tions of the 1-butyl-3-methylimidazoli-
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um cation and the heterocyclic azolate
anions studied, and with several combi-
nations of tetraethyl- or tetrabutylam-
monium cations and the azolate anions.
Favorable structure—property relation-
ships were most often achieved when
changing from 4- and 4,5-disubstituted
anions to 3,5- and 24-disubstituted
anions. The most promising anion for
use in energetic ionic liquids of those
studied here, was 3,5-dinitro-1,2,4-tria-
zolate, based on its contributions to the
entire set of target properties.

imidazolate, 5-nitrobenzotriazolate, g g
o . organic anions
3,5-dinitro-1,2,4-triazolate, 2.4-
Introduction

Tonic liquids (ILs), due to their structural composition, form
a unique architectural platform on which, at least potential-
ly, the properties of cation and/or anion components can be
independently modified."! This allows for tunability in the
design of new functional materials, while retaining the core
features of the IL state of matter. Assessable properties of
ILs such as high ion content, liquidity over a wide tempera-
ture range, low viscosity, limited volatility, and high ionic
conductivity, have obvious and immediate advantages over
traditional solvents. Over the last several years these proper-
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ties have proven to be important drivers?”! supporting nu-
merous advances beyond initial investigations of ILs as
liquid electrolytes.®! Current topics of interest include elec-
trochemistry,®'? separation science,'*¥ chemical synthe-
sis,>>619241 catalysis,>*?>2 and many others. The prepara-
tion of ILs, their properties, and application in various fields
of chemistry have been recently extensively reviewed.?*?"
It is now believed that it is possible to form any specific
IL composition depending on the user’s needs, and that the
desired chemical and physical properties can be realized in
a single salt, by proper selection of the component ions, or
in mixtures of component ions. These IL design approaches
can be used as a platform strategy to deliver different func-
tional attributes, in the corresponding cationic and anionic
components of the ILs (Figure 1). Thus, essentially IL versa-
tility arises from the inherent modularity in ILs themselves,
where a suitable combination of ions can be developed to
solve each given problem, by providing the exact combina-
tion of physical and chemical properties needed.
Additionally, the growing social pressure for new green
technologies, and the promise of ILs to deliver such, has led
to high academic and industrial interest in IL technologies
and applications.”®?*"*! These include utilization of ILs for
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Figure 1. Cations and anions may incorporate functionality independently
into ILs.

the processing of cellulose,’!! biphasic processes (e.g.,
BASF’s BASIL process),* photovoltaics,™ fuel cell elec-
trolytes,**> thermal fluids,””*! lubricants,”*] and many
new materials applications. One such new application is in
the field of energetic materials.*!! Our interest in functional-
ized heterocycles in this context comes from i) the ongoing
study of the formation of ILs containing energetic compo-
nents, in which heterocycles furnish either: the cation, the
anion, or both, and ii) investigation of the influence of het-
erocycle substitution patterns on the ability of these materi-
als to form TLs."]

Safety issues and environmental concerns have produced
an outstanding need for new, safe, high performance ener-
getic materials.*¥! Ideally, materials development has fo-
cused upon designing products that excluded the use of haz-
ardous and potentially toxic compounds such as hydrazine,
metals, halides, and perchlorates. Currently used energetic
materials often inherit the problematic issues associated
with their physical and chemical properties (e.g., poly-
morphism, which may influence the sensitivity of the materi-
al; high melting points, and the need to use plasticizers for
the processing of materials for energetic applications).’!
Such issues present limitations in the safe storage and han-
dling of these energetic materials.

There are a number of benefits of having liquid rather
than solid energetic materials; however, in most cases, ener-
getic liquids tend to have high vapor pressures, which can
result in loss of material, composition changes, and/or in-
creased hazards. Thus, endowing energetic materials with IL
behavior rather than merely the liquid state is an attractive
venture.[*!]

Energetic ILs are potentially new materials with thermo-
dynamically high energy yields on combustion®™ that are
“ionic liquids” in physical form. By exploiting the unique at-
tributes of the IL state of matter (especially broad liquidus
ranges), many of the problems previously mentioned with
energetic materials may be overcome. Polymorphs would
not be possible as in the solid state, and additionally, sensi-
tivity of the material to shock would be suppressed.’!! Due
to the negligible vapor pressure, safety issues related to
transportation, handling, and processing become favorable
from production to end-use.

ILs containing azolate anions (imidazolate, triazolate, tet-
razolate, benzimidazolate, or benzotriazolate) have received
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much less attention than those containing azolium cations,
although more results are now starting to appear. A small
number of tetraalkylammonium and tetraalkylphosphonium
1,2,4-triazolates and imidazolates have been described as
solvents and highly active catalysts for oligomerization of
isocyanates in the patent literature.’” Stearcey et al. has re-
ported tetrabutylammonium 4-nitroimidazolate,** a higher
melting salt, as an intermediate for the synthesis of N-alkyl-
4-nitroimidazoles. Ohno et al. described the preparation and
electrochemical properties of two ILs, 1-ethyl-3-methylimi-
dazolium tetrazolate and triazolate, which were prepared
via reaction of imidazolium hydroxide (generated by anion-
exchange from the halide) with the corresponding azole.’*>!
Moreover, Shreeve and co-workers®®” have reported a
wide range of energetic azolium azolate salts based on 4,5-
dinitroimidazolate and 3,5-dinitro-1,2,4-triazolate anions
with melting points approaching the definition of ionic lig-
uids and with high heats of formation. Recently, Liotta
et al.’! disclosed, in a patent application, a method for the
formation of a novel energetic ionic liquid comprised of a
tetrazolate anion and a tetrazolium cation. Klapotke et al.[%!]
recently reported on the preparation of the energetic alkali
metal salts based on the S-nitrotetrazolate anion. Authors
speculated on use of those compounds as an environmental-
ly friendly alternative to lead(II) azide; commonly used,
highly toxic primary explosive in initiating devices.

Over the past few years, our group has also investigated
the possible use of azolate anions for the preparation of low
melting energetic ionic liquids.””l From our perspective, the
use of such anions to form energetic salts, specifically with
the addition of energetic substituents (nitro or cyano
groups) to enhance their energetic capabilities is a very in-
teresting approach. We recently reported a series of ILs con-
taining substituted imidazolate, triazolate, tetrazolate anions
paired with different cations and showed that salts of a wide
range of heterocyclic azolate anions with 1-butyl-3-methyl-
imidazolium cation gave several examples of room tempera-
ture ionic liquids.***’ In general it was found that these or-
ganic anion-based salts allowed for a similar degree of facile
functionalization, due to structural similarity with the well-
studied azolium cations.F”%-%4

To extend the scope of ILs, greater availability of organic
anions providing the same, or similar, architectural flexibili-
ty as the commonly used organic cations (e.g., substituted
imidazolium cations) needs to be achieved. Parallel to this,
improvements in the basic understanding of the key physical
and chemical properties of complex azolate-based ionic lig-
uids must be obtained.

Here, we report the synthesis and characterization of 31
novel organic salts based on tetraalkylammonium, 1,3-di-
alkylimidazolium, pyridinium, and phosphonium cations
combined with energetically-substituted tetrazolate, triazo-
late, imidazolate, benzimidazolate, and benzotriazolate
anions (Figure 2). Many of the neutral azoles used as precur-
sors to the azolate anions, are energetic heterocyclic com-
pounds which have been previously extensively studied as
potential propellants and/or explosives.”*! The ability to
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readily form azolate-based IL examples with enhanced sta-
bility relative to the starting heterocycles (controlled melt-
ing points, higher thermal decomposition temperatures, re-
duced volatility, etc.), and the generic observation that IL
materials can be formed from a wide range of flat heterocy-
clic anions by modification or selection of the appropriate
ions, sets out principles by which ILs containing this class of
anions can be developed and exploited.

[Qx
— KAzl ———— [Ql[AZ] + KX |
acetone/CH,Cl,
K,CO; ga—c 3-9a-b
7S ] e—
azole acetone 9 3-5¢,e-g
1a-i QX
L [K[Az] ) [QAZ] + KX ¥
acetone/CH,Cl,
2d, h-i 3d, h-i
in situ 4d, h-i

Scheme 1. Synthetic routes utilized to form azolate-based salts.
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Figure 2. Cation and anion combinations explored in this work.

Results and Discussion

A diverse set of organic salts, combinations of cations 3-9
(Q) and anions a-i (Az) (Figure 2), were prepared by meta-
thesis chemistry. Corresponding potassium azolates were
combined with the corresponding ammonium or phosphoni-
um halides in a solvent mixture of acetone/dichloromethane
1:1, at 20-25°C (Scheme 1). The cations included tetraphe-
nylphosphonium 3 ([Ph,P]*"), ethyltriphenylphosphonium
([EtPh;P]*) 4, N-phenylpyridinium 5 ([N-PhPyr]*),
1-butyl-3-methylimidazolium 6 ([1-Bu-3-Me-im]*) (com-
monly known as [Cymim]T), tetrabutylammonium 7
([Bu,N]™), tetraecthylammonium 8 ([Et,N]*), and tetrame-
thylammonium 9 ([Me,/N]*). The anions included 5-nitro-
benzotriazolate a ([5-NO,-benztri] "), 5-nitrobenzimidazolate
b ([5-NO,-benzim]~), 4-nitro-1,2,3-triazolate ¢ ([4-NO,-1,2,3-
tri]”), 4-nitroimidazolate d ([4-NO,-im]"), 3,5-dinitro-1,2,4-
triazolate e ([3,5-diNO,-1,2,4-tri]7), 2,4-dinitroimidazolate f
([2,4-diNO,-im]7), 4,5-dinitroimidazolate g ([4,5-diNO,-
im]7), 4,5-dicyanoimidazolate h ([4,5-diCN-im]~), and tetr-
azolate i ([tetr]”).

Potassium azolate salts 2a—c, e—g were prepared by treat-
ment of the corresponding azoles 1a—c, e-g with potassium
carbonate in acetone. The potassium azolates 2a-c, e-g
were reacted with equimolar amounts of halide salts of 3-9
and precipitated KX was filtered. Isolation of the corre-
sponding azolates 3-9a-b and 3-5¢, 3-5e-g was performed,
in vacuo from the filtrate, in 88-99 % yield. Difficult isola-
tion of pure salts 2d, h, and i was bypassed, by in situ gener-
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mental Section). As presented

in the Experimental Section,

the crude products were mostly

isolated as hydrates, supported
by the elemental analyses. Most of the samples were recrys-
tallized from alcohol prior to further thermal and crystallo-
graphic analysis. Eighteen of the salts were characterized by
single crystal diffraction techniques. The family of [Ph,P]*
salts are discussed in detail throughout the text, however cif
files for all 19 salts can be obtained from The Cambridge
Crystallograpic Data Centre.

Thermal characterization

The thermal behavior of the salts was characterized by dif-
ferential scanning calorimetry (DSC; see Table 1), and ther-
mogravimetric analysis (TGA ; see Table 2). The salts varied
from high melting solids (3a, c-i; 4a, e; 5c, e-g; 8b; 9a, b)
to ILs (m.p. <100°C; 3b; 4b-d, f-i; 5a; 6a, b; 7a, b; 8a).

DSC analyses: All crystalline salts displayed a sharp melting
transition on heating, and crystallized on cooling from the
melt. However, several of the lower melting salts crystal-
lized very slowly on cooling from the melt and the melting
transitions were poorly defined in the DSC, commonly
having a characteristic broad transition with a strong “lead-
ing edge”. In contrast, the crystallization peaks during heat-
ing cycles were exceptionally sharp for those examples. This
behavior has been observed for other IL-forming salts.[’]
The melting points and glass transitions for 3a—i to 9a-i are
shown in (Table 1).

A few of the salts analyzed gave irreversible thermal tran-
sitions observable only during the first DSC heating cycle.

Chem. Eur. J. 2010, 16, 15721584
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Table 1. Melting point and glass transitions [°C] for 3ai to 9a-i.l"
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[PhP|* (3)  [EPh:P]* (4)

[N-PhPyr]* (5)

[1-Bu-3-Me-im|* (6) [Bu,N]* (7) [ELN]* (8) [Me,N]J* (9)

m.p. [°C] m.p. [°C] m.p. [°C] m.p. [°C] m.p. [°C] m.p. [°C] m.p. [°C]
[5-NO,-benztri] - (a) 1450 1310 750! —q 600> 640! 192 (at Taecomp)
[5-NO,-benzim] (b) 550 8sll - —34u 810! 1010l 11900l
[4-NO,-1,2,3-tri]~ (¢) 155 970! 13500l —73d¢l 87l 820l 157!
[4-NO,-im]~ d 171 100 - —6314¢l 106! 12411 18511 (at Tiecomp)
[3,5-diNO,<124-tri]  (e) 171 1270 167 330l 139%! 1140 214" (at T gecomp)
[2,4-diNO,-im]” ® 195 700! 143 —53del 81l 86! 1810
[4,5-diNO,-im] (g) 1450 970! 140 —6414¢ 85!c! 84\! 215" (at Tyecomp)
[4,5-diCN-im]~ (h) 1490 —290 - —741¢l 791l 1180 197 (at Tiecomp)
[tetr]” 290 (at Tyeeomp) 51 - — 820l —6614<! 1140 216! (at T gecomp)

[a] Melting (m.p.) or glass transition (7,) points were measured from the transition onset temperature and determined by DSC from the second heating

cycle at 5°C min~!

, after initially melting and then cooling samples to —100°C unless otherwise indicated. Salts meeting the definition of ionic liquids

(m.p. <100°C) are in bold. [b] Glass transition temperatures (°C) of supercooled liquids (i) with consecutive crystallization and melting on heating; 3a,
30; 3b, 22; 3g, 15; 4a,9; 4¢, —8; 4e, —5; 5¢, —19; Ta, —32; 7b, —21; 8a, —38; 8b, —30; 9b, 22 (°C); (ii) with no crystallization and melting under experi-
mental conditions: 4b, 15; 4f, —4; 4g, —11; 4i, 2; 5a, 7 (°C). [c] Irreversible transition, from first heating; 3a, 133; 3g, 151; 3h, 159; 4d, 71, 4h, 159; 4i,
94; 5¢, 114;7a, 92; 8b, 37; 9b, 66 (°C). [d] Glass transitions on heating. [e] Ref. [62].

We speculate that in the cases of 4h, 4i, Sc¢, 7a, 8b, and 9b
the observed transitions were related to the thermal transi-
tion of the hydrate form of the salt. The presence of the hy-
drate in these samples was supported additionally by the ob-
servation in TGA analysis of a first small decomposition
step (~100-120°C) in the original samples, prior to major
decomposition. For samples 3a, 3g, 3h, and 4d that showed
an irreversible thermal transition during the first heating
cycle but no presence of a decomposition step in the TGA
experiment that could be ascribed to evaporation of water,
possible formation of a thermally more stable polymorph of
the salt could not be ruled out.

The tetraphenylphosphonium 3 salts exhibited high melt-
ing points between 145-290°C, with the exception of [Ph,P]
[5-NO,-benzim] 3b. The less symmetric [EtPh;P]* 4 salts
showed significantly lower melting points. The melting
points between phosphonium cations 3 and 4 with the
anions [3,5-diNO,-1,2,4-tri] e, [4-NO,-1,23-tri] ¢, and
[4-NO,-im] d differed by nearly 50°C. The large decrease in
melting points was observed without any significant change
in the thermal stability of the analogous compounds and a
widened liquidus range was noted. These are the first re-
ported examples of phosphonium-based azolate ILs.

All but one of the investigated [N-PhPyr]* 5 salts were
solids, and in most cases melting points were in a range be-
tween those of [Ph,P]* and [EtPh;P]" salts (see Table 1). Of
the investigated pyridinium salts, only Sa exhibited a melt-
ing point <100°C.

Consistent with previous observations,® salts of cation 6,
in particular [1-Bu-3-Me-im][5-NO,-benztri] 6a and [1-Bu-3-
Me-im|[5-NO,-benzim] 6b, exhibited the lowest glass transi-
tion temperatures of —41 and —34°C, respectively. As ex-
pected, the freezing and melting transitions were sup-
pressed, due to the lower symmetry, charge diffuse, [1-Bu-3-
Me-im] cation. In contrast, almost all of the [Ph,P]* salts
melted above 100°C, except for 3b. Salts 3c—f, h—i exhibited
simple thermal behavior, with broad melting and sharp crys-
tallization, independent of the sample’s thermal history.
After forming supercooled liquids, though an initial melting
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and cooling cycle, 3a and 3g crystallized on heating prior to
the expected melting point transition. Thermal analysis of
the first DSC cycle, indicated 3a and 3g, regardless of their
initial melting point temperatures (133 and 151°C, respec-
tively), remained liquid until cooled to 30 and 15°C, respec-
tively. The observed phase transitions were recognized as
glass transitions, possibly affected by change in the mobility
of the cations in the supercooled phase.

A large number of salts exhibited similar supercooled
liquid characteristics under the same conditions during DSC
analysis; representative examples 3a, 4a, 4f, and 4g are
shown in Figure 3. Observable close-to-ambient glass transi-
tion temperatures on cooling and heating are related to
thermally dependent mobility of transitions followed by
crystallization and consecutive melting on heating, were re-
corded for 3a,b,g, 4a,c.e, 5c, 7ab, 8ab, and 9b, or, followed
by no crystallization/melt at all, were recorded for 4b,fg.i,
and Sa.

The effect of the anion structure and its composition was
examined in relation to the melting point change. It was
noted that the triazole [4-NO,-1,2,3-tri]” salts (3,4,6-9c)
melt at lower temperatures than the imidazole [4-NO,-im]~
salts (3,4,6-9d) suggesting that the presence of an additional
nitrogen atom in the former heterocycle plays an important
role in melting point variation (Table 1). Moreover, the salts
based on [4-NO,-1,2,3-tri] -, not only exhibit lower melting
points, they generally possess higher thermal stabilities than
analogous [4-NO,-im]~ salts (Table 1, row ¢ and d). Structur-
al differences between the [4-NO,-im]~ and [4-NO,-1,2,3-
tri]~ anions, that is, replacement of the C2 atom with a nitro-
gen atom in [4-NO,-1,2,3-tri]~, may increase the number of
available hydrogen-bond acceptor sites in the anion. Since
there are more hydrogen-bonding active sites, the overall
electron density around the ring would be more delocalized,
thus the interactions with the heterocyclic ring would be
weaker, presumably lowering the lattice energy and the
melting point of formed salts. From an energetic materials
applications point of view, utilization of compounds based
on triazolate anions, instead of the imidazolate anions also
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Figure 3. Examples of supercooled liquid behavior. The first heating
cycle is shown as a dashed line and the second heating cycle is shown as
a solid line. Samples 3a and 4a after initial melting did not crystallize on
cooling, but formed supercooled phases, which upon the second heating
cycle underwent a consecutive glass transition, crystallization, and melt-
ing. Samples 4f and 4g after initial melting did not crystallize, but
formed supercooled phases, which upon heating exhibited glass transi-
tions with no further thermal phase transitions.

gives the additional advantage that both oxygen balance
(amount of oxygen required vs present needed for complete
combustion of the compound) and nitrogen content
(amount of nitrogen in the molecule expressed in value of
mass %) of the product are greatly improved. For example,
energetic applications that require low combustion tempera-
tures (e.g., gas generators for airbags or fire extinguishing
systems) strongly benefit from reduced carbon content and
increased nitrogen content.

The similar melting points of [4,5-diNO,-im]~ and [4,5-
diCN-im]~ anion-based salts suggest that melting point may
be influenced more by spatial contributions of substituents
in the C4 and C5 positions, rather than by the electronic
character as shown in the solid-state where similar packing
efficiencies and hydrogen bonding are observed. We found

Table 2. Thermal stabilities [°C] for 3a-i to 9a-i.l*!

that the introduction of more oxygen-rich NO, groups on
the anion ring, such as in [2,4-diNO,-im]~ and [4,5-diNO,-
im]~, compared to [4-NO,-im]~, did not significantly influ-
ence the melting points of the salts, with a maximum differ-
ence of 40°C for 8d and 8g. These observations, if generally
applicable, are beneficial for maintaining IL. behavior while
introducing additional energetic functionalities into the
structure of the azolate anion ring.

TGA analyses: Thermal data for 3-9a-i are shown in
(Table 2). All of the salts are stable to greater than 150°C
with the exception of [Me,N][5-NO,-benzim| 9b, for which
the Tso, gecomp temperature was recorded at ~141°C. It was
noted that the stabilities of the [Ph,P]* salts (decomposition
temperatures ranging from 223-368°C) were markedly
higher than those of the [EtPh;P]* salts (ranging from 219-
291°C). Future utilization of phosphonium salts appears
promising for high temperature applications.

Few of the investigated salts exhibited simple thermal de-
composition behavior. The tetraalkylammonium salts did
show single step decomposition with an 85 % mass loss over
a 70°C window, except for [Me,N][5-NO,-benzim] 9b, which
exhibited a less defined decomposition thermogram. In most
other cases, the samples decomposed in two consecutive
steps. The first decomposition step for most of the [Ph,P]*
salts (except for samples 3b and 3g which exhibited single-
step decomposition) was found in the range of 223-368°C
and the second decomposition step in the range of ~490-
528°C, with sample masses remaining after the first decom-
position step in the range of 12 to 35% (Figure 4, example
3h). A two-step decomposition also occurred for [EtPh,P]*
salts, with the first decomposition in the range 219-291°C,
and the second decomposition step in a much narrower
range of 471-500°C, with sample masses remaining after the
first decomposition step in the range of ~9-35% (Figure 4,
example 4a). (Multiple decomposition steps for tetralkyl-
phosphonium-based salts have been previously reported in
the literature.[*)

[Ph,P]" (3)  [EtPh,P]" (4)

[N-PhPyr]* (5)

[1-Bu-3-Me-im]* (6) [Bu,N]* (7) [EtN]*(8)  [Me,N]* (9)

Tsy, decomp Tsy, decomp Tsy, decomp Tso, decomp Tsy, decomp Tso, decomp Tso, decomp

(Taceomp) [°Cl (Taccomp) [°C] (Taccomp) [°C] (Tecomp) [°C] (Taccomp) [°Cl (Taccomp) [°C] (Taecomp) [°C]
[5-NO,-benztri]~ (a) 273 (305)" 247 (279)! 158 (162)" 186 (209)"! 174 (202) 178 (205) 177 (197)
[5-NO,-benzim]~ (b) 223 (256) 220 (270)! - 177 (189)" 169 (194) 169 (193) 141 (161)™
[4-NO,-1,2,3-tri] (¢) 273 (308)" 241 (284) 192 (201)1 219! 1921 194 1801
[4-NO,-im]~ (d) 232 (283)" 220 (253)0! - 200! 1931 188l 165
[3,5-diNO,-12.4-tri]”  (e) 368 (402)"" 284 (321) 277 (296)1! 239l 219! 205! 235l
[2,4-diNO,-im]~ ® 339 (379)" 281 (317) 258 (281)! 254kl 2211 216! 2221
[4,5-diNO,-im]~ (8) 279 (322) 248 (289) 204 (224) 241l 222l 215! 225!
[4,5-diCN-im]~ (h) 361 (399)" 291 (330)! - 230l 215 212! 2021
[tetr]~ @i 291 (311)™ 248 (285)0! - 208! 1801 1841 1981

[a] Decomposition temperatures shown were determined by TGA, heating at 5°C min~

! under dried air atmosphere and are reported as i) onset to

5 wt % mass 10ss (75, gecomp) and ii) onset to total mass 10ss (7gecomp) (in parentheses). [b] 7, data for a second decomposition step at temperature (°C)

with percent decomposition (%), respectively: 3a, 495 (35%), 3¢, 487 (12%); 3d, 490 (18%); 3e, 509, (20%); 3£, 509 (13%),3h, 528 (14%); 3i, 501
(10%)), 4a, 466 (35%); 4b, 497 (17%); 4¢, 471 (12%); 4d, 480 (16%); 4e, 535 (8%); 41, 482 (11%); 4h, 486 (9%); 4i, 500 (10%); 5a, 441 (65%); 5S¢,
454 (61%); Se, 486 (59%); 51,499 (62%); 5g, 440 (60%); 6a, 499 (36 %); 6b, 511 (45%); 9b, 328 (31 %). [c] Ref. [62].
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Figure 4. Examples of the observed thermal decomposition with distin-
guishable two step degradation: [Ph,P][4,5-diCN-im] 3h (-¢-), [Ph;EtP]
[5-NO,-benztri] 4a (-[J-), [N-PhPyr][2,4-diNO,-im] 5 f (-A-), and [1-Bu-3-
Me-im][5-NO,-benzim] 6b (-O-).

The [N-PhPyr]* salts also exhibited two-step decomposi-
tion with a broad range first decomposition step between
158-277°C and a narrow second decomposition step be-
tween ~440-499°C. The quantity of residue left after the
first decomposition step exceeded 60% in all cases
(Figure 4, example 5f). The same two-step decomposition
was observed for [1-Bu-3-Me-im][5-NO,-benztri] 6a and [1-
Bu-3-Me-im][5-NO,-benzim] 6b which started decomposi-
tion at 177 and 186°C, respectively. The remainder of 6a
(36 %) and 6b (45 %) underwent their respective second de-
composition steps at 511 and 499°C (Figure 4, example 6b).

Comparison of the current and previously reported data
shown in Table 2, indicated that all tetraalkylammonium
and [1-Bu-3-Me-im]* salts decompose at much lower tem-
perature ranges, between 141 (9b) and 254°C (6f), in com-
parison with their phosphonium, and [N-PhPyr]* analogues
between 158 (5a) and 368°C (3e). Unfortunately, the melt-
ing points of the new phosphonium salts were higher, al-
though the [EtPhyP]" salts exhibited relatively lower melt-
ing points, similar to those of the tetrabutyl- and tetraethyl-
ammonium analogues of the same anions. Thermal stability
analyses revealed that again the phosphonium salts exhibit-
ed substantially higher temperatures of decomposition (e.g.,
up to 129°C more stable for 3e vs 6e) in comparison with
[1-Bu-3-Me-im]* and tetraalkylammonium salts.

The type of anions also affected the thermal stabilities ob-
served. In most cases, [3,5-diNO,-tri]~ salts exhibited the
highest thermal stabilities with decomposition temperatures
as high as 368°C, for 3e. The high thermal stability, along
with the anion’s zero oxygen balance (which by definition is
the exact amount of oxygen atoms in the molecule to fully
oxidize it to CO, and H,0) makes it a very valuable candi-
date for utilization in energetic ionic liquids and high energy
performance materials.

Salts of the structural isomers, [2,4-diNO,-im]~ (f) and
[4,5-diNO,-im]~ (g), were noted to give slightly different
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thermal stabilities. The higher thermal stability of salts of
[2,4-diNO,-im]~ than [4,5-diNO,-im]~, with a difference in
Tsy, gecomp Tanging from 2°C for [Bu,N]* salts, to 89°C for
[Ph,P]* salts, was likely due to the replacement of the C2
hydrogen with a NO, group preventing decomposition via
cleavage of the C2 hydrogen and further ring decomposi-
tion.

In general, for all cation combinations of [5-NO,-
benzim]~ (b) versus [5-NO,-benztri]~ (a) the [5-NO,-benz-
tri]” (a) salts exhibited slight increased thermal stability
(and lower melting points for 6a, 7a, 8a, and 9a). Compari-
son of [4-NO,-im]~ (d) and [4-NO,-tri]~ (c¢) salts yields simi-
lar conclusions; the salts of the triazolate core anion tend to
exhibit higher decomposition temperatures (up to 42°C)
than those of the imidazolate anion.

It was also noted that for the [Me,N]* salts (9a-i), the
melting points are either very close to their decomposition
temperatures, leaving a very small liquid range before they
decompose, or the samples melt at the decomposition point.
These experimental results suggest that further tuning of the
cation would have to be achieved if these ions were to find
specific application.

X-ray crystallography

In total, 19 crystal structures were obtained for the salts
studied herein (3a, c-i; 4a, 4b-H,O, e-g, i; S¢, e; 7a-H,0,
7b-0.5H,0; 9a) with the most complete series the tetraphe-
nylphosphonium salts of eight of the anions 3a, c¢-i. Com-
pounds 4e and 4f are isostructural. In general and as shown
below, the structures can be explained by efficient packing
of the ions with modest differences arising from a combina-
tion of weak inter-ion interactions (e.g., C-H-+(N or O), n-
stacking, etc.) or the presence of a strong hydrogen bond
donor water molecule.

The majority of the [Ph,P]* (3) salts crystallize with the
cations completely surrounding the anions and all close con-
tacts to the anions being weak C-H--(N or O) interactions
(exclusively these for 3¢, i) as illustrated in Figure 5 by 3c.
Compound 3a also has some cation hydrogen atoms (all
phenyl) directed toward the more electron-rich portions of
the six-membered ring in the anions.

Salts 3g and 3h are the only compounds in this series to
exhibit anion-anion interactions. The anions in 3g form
linear hydrogen-bonded polymers of the anions via head-to-
tail interactions between the acidic ring C-H atom donating
to one oxygen each of both nitro substituents in a neighbor-
ing anion (Figure 5). Compound 3h with the cyano rather
than nitro substituents, exhibits head-to-head hydrogen
bonding between two anions resulting in a dimer (Figure 5).
In both cases the remaining interactions with the anions are
from the phenyl hydrogen atoms.

The anhydrous [EtPh;P]* (4) salts pack in a similar fash-
ion to the majority of the salts of 3, that is with anions com-
pletely surrounded by cations and a variety of weak C-H in-
teractions (both phenyl C-H or CH,) with the ring nitrogen
atoms and oxygen atoms of the anions (Figure 6). The hy-
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Figure 5. Major interactions in the crystal structures of [Ph,P][4-NO,-
1,2,3-tri] (3c-top), [Ph,P][4-NO,-im] (3g-middle), and [Ph,P][4,5-diCN-
im] (3h-bottom). The interactions represented are those which are 0.1 A
less than the sum of the van der Waals radii; some hydrogen atoms in the
cations have been omitted for clarity. Cation/anion interactions in 3h are
not shown.

drates, 4b and 4i, on the other hand, form water bridged
linear polymers of hydrogen bonded anions (Figure 6). In
4b, phenyl C-H interactions to the nitro groups complete
the close contacts around the anions; however, in 4i the
lone C-H in the anion takes part in anion to anion hydrogen
bonding.
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Figure 6. Major interactions in the crystal structures of [EtPhs;P][3,5-
diNO,-1,2,4-tri] (4e-top), [EtPh;P][5-NO,-benzim]-H,O (4b-H,0-middle),
and [EtPh;P][tetr]-0.5H,0O (4i-0.5H,0-bottom). The interactions repre-
sented are those which are 0.1 A less than the sum of the van der Waals
radii; some hydrogen atoms in the cations have been omitted for clarity.
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The geometry of the [N-PhPyr]* (5) cations should allow
some form of classical “m-stacking” electrostatic interactions
with charge-rich regions of the anions and this is indeed ob-
served for 5c¢ (Figure 7) where the pyridinium portion of the
cation resides above and below the plane of the anion at an
interplanar distance of 3.48(3) A to one cation and
3.56(4) A to another. The pyridinium/phenyl dihedral angle
is 107.8(4)° indicating a serve twist of these rings.

Interestingly, in 5e the anions exhibit offset stacking with
each other (Figure 7) rather than with the cations and the
interplanar spacings are longer at about 3.812(1) A. The
close contacts of the cation with the anions are via weak C-
H interactions and in this case, the dihedral angle between
the phenyl and pyridinium planes is only 41.6(5)°.

The two [BuyN]* (7) salts, both hydrates, exhibit interest-
ing packing behavior as illustrated in Figure 8. Compound
7a (a monohydrate) crystallizes with planes of water
bridged, hydrogen bonded anion dimers separating planes of
flattened [Bu,N]* cations, while in 7b (a hemihydrate), the
water molecules bridge hydrogen bonded anion dimers
forming corrugated sheets of anions which separate the
cation layers.

Figure 7. The nature of the different stacking interactions observed in the
crystal structures of [N-PhPyr][4-NO,-1,2,3-tri] (5¢-top) and [N-PhPyr]|[4-
NO,-1,2,3-tri] (5e-bottom). The interactions represented are those which
are 0.1 A less than the sum of the van der Waals radii; some hydrogen
atoms in the cations have been omitted for clarity.
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Figure 8. Crystal packing diagrams for [Bu,N][5-NO,-benztri] (7a down a
axis (top) and down b axis (middle)) and [Bu,N][5-NO,-benzim] (7b-
bottom). Only the water hydrogen bonds are shown; hydrogen atoms
have been omitted for clarity.
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The only [Me,N]* structure obtained, 9a, has a relatively
salt like structure, although the anions do stack with a nitro
group from a neighboring anion above and below the elec-
tron-rich phenyl ring at a distance of 3.72(1) A (Figure 9).
All remaining close contacts to these anions are from the
cation hydrogen atoms.

Figure 9. The anion environment in [Me,N][5-NO,-benztri] (9a).

While in general the variation in the structures is interest-
ing, there is little yet to allow us to point to specific interac-
tions which might be responsible for observed physical prop-
erties or which could be used to predict performance when
combined with other ions. Nonetheless, we will continue to
analyze such structures in the hope that a larger database of
available crystal structures might ultimately provide theoret-
ical chemists with sufficient ammunition to be able to pre-
dict properties from knowledge of the component ions
alone.

Conclusions

We have studied a series of salts to gain insight in how ener-
getic functionalities might be introduced into potential EILs
while retaining key physical properties desired for applica-
tion. Electron-withdrawing groups, such as nitro or nitrile,
may act as destabilizing substituents on the aromatic core of
many heterocyclic cations, as well as stabilizing substituents
on many heterocyclic anions, and a wide range of azolate
anion-based salts can thus be used to prepare EILs. Here
we have presented 31 such examples. The azolates have
been found to not only introduce properties required for
EIlLs, but also allow for the formation of low melting salts,
and indeed in some cases ILs. They are surprisingly stable in
the systems explored, and allow a degree of structural modi-
fication in a similar fashion to azolium cations.

Ionic liquids were obtained with all combinations of [1-
Bu-3-Me-im|* and the heterocyclic azolate anions studied,
and with several combinations of [Bu,N]* or [Et,N]*. The
[1-Bu-3-Me-im]* azolates were liquid at room temperature,
forming glasses on cooling with transition temperatures in
the range —53 to —82°C (except for the [3,5-diNO,-tri]~ salt,
m.p. 33°C). Additionally, one of the most interesting find-
ings was that the melting points and thermal stabilities of
the [1-Bu-3-Me-im]* salts allow for handling, operation, and
usage over a wide liquidus range (Figure 10).
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Figure 10. Liquidus ranges of the [1-Bu-3-Me-im]* salts.

Taking into the account the specific properties analyzed
(liquid range, thermal stability, oxygen balance) the most
promising anion for the application in energetic ionic liquids
seems to be [3,5-diNO,-tri]-. Other trends discovered
(Table 3) include favorable structure—property relationships
when moving from 4- and 4,5-disubstituted anions to 3,5-
and 2.4-disbstituted azolate anions. For example, it was
found that the [2,4-diNO,-im]~ anion contributes to low
melting point, very good thermal stabilities, high oxygen bal-
ance, high nitrogen content, and high solid-state density for
most of the analyzed salts. Overall, the development of ILs
based on azolium azolate cores seems to be an attractive
avenue for the future of not only energetic ionic liquids, but
ILs in general.

Experimental Section

General methods: The melting points were determined using both a hot
stage apparatus (presented in the experimental section), as well as a dif-
ferential scanning calorimeter (DSC; shown only in the Table 1). The dis-
crepancy between some of the melting points in Table 1 and in the exper-
imental section arises from the analysis of the salts prior to recrystalliza-
tion (typically a hydrate) and often corresponds to a first irreversible
thermal transition obtained by DSC reported in Table 1.

NMR spectra were obtained in CDCIl; (unless otherwise stated) with
TMS as the internal standard for "H (300 MHz) or the solvent as the in-
ternal standard for "*C (75 MHz). All of the chemicals were employed as
supplied. It should be noted that in the syntheses of these new materials,
the presence of compounds that precipitated as hydrates were first recog-
nized in elemental analyses, and then further found in the crystal struc-
tures, as monohydrates or anhydrous salts.

Materials: Potassium 3,5-dinitro-1,2,4-triazolate was prepared according
to the published one-pot procedure by the reaction of cyanoguanidine
with hydrazine followed by diazotization of intermediate 3,5-diamino-
1H-triazole and substitution at the diazonium group in 46% yield."” 4-
Nitro-2H-1,2,3-triazole was prepared according to a published procedure
from 2-phenyl-2H-1,2,3-triazole by the trinitration followed by treatment
of intermediate 2-(2,4-dinitrophenyl)-4-nitro-2H-1,2,3-triazole ~ with
sodium methoxide in methanol under reflux.”"! 2,4-Dinitroimidazole m.p.
260-263°C (lit. 264-267°C)[™ was prepared by N-nitration of 4-nitroimi-
dazole followed by isomerization of the intermediate 1,4-dinitroimidazole
in chlorobenzene at 115°C."*74

Procedure for the preparation of 4,5-dinitroimidazole (1g): To 4-nitroimi-
dazole (2.0 g, 18 mmol) dissolved in a minimum quantity of concentrated
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Table 3. Summary of structure—property relationships.
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phenylphosphonium, or N-phenylpyri-

Structure—property relationship m.p. Tgecomp Oxygen
balance
(OB)[“]

Nitrogen  Solid density ~ dinium halide (2 mmol) in dichlorome-
content™®] thane (30 mL) was added and the re-
action mixture was stirred for 3 h. The

Desired change in property mixture was filtered and concentrated

A T

T under vacuum. The product was ex-

OaN N, OaN N, data
C-H —— N . . T T
N N inconclusive

S vo T +29°Cl! T
2
N N
I — N +38°Cld T T
T Yo,
7 N
dy — /Yy \ T T
N
o - I Y o,  E50°CY T =
2

N
/) — 7 +36°CH £43°Cl {

0N .
Z/—N moderate high

N\ _
2~no, 33-214°C 326(;i c

highest +0

tracted with acetone, the extract was
1 filtered, and the solvent was removed
to give 3-4d, h-i.
Tetraphenylphosphonium 5-nitroben-
T 1 zotriazolate (3a) monohydrate: Micro-
crystals from acetone (95%), m.p.
141-143°C (DSC 2nd cycle m.p.
1 0 145°C); 'TH NMR (CDCLy): 6 = 7.46—
7.53 (m, 8H), 7.65-7.74 (m, 9H), 7.77-
7.86 (m, 5H), 8.67 ppm (d, /J=1.8 Hz,
1 1 1H); B*CNMR (CDCly): 6 = 114.5 (d,
J=23Hz, 1C), 115.1, 116.0, 117.1 (d,
J=89.9 Hz, 4C), 130.5 (d, /=12.6 Hz,
8C), 134.1 (d, /=10.3 Hz, 8C), 135.6
(d, J=34Hz, 4C), 1412, 1444,
148.6 ppm; elemental analysis calcd
4 (%) for C;H,sN,O5P: C 69.22, H 4.84,
- N 10.76; found: C 70.16, H 4.47, N
11.15.

Tetraphenylphosphonium 5-nitroben-
zimidazolate (3b) monohydrate: Col-
) orless o0il (91%); DSC m.p. 55°C;
high high!* 'HNMR (CDCLy): 6 = 7.53-7.60 (m,
4439% 1.36- 9H), 7.71-7.77 (m, 8H), 7.86-7.91 (m,

3

1.55gem™ 5H), 8.27 (s, 1H), 8.50 (d, /=1.6 Hz,

T {

[a] The oxygen balance (OB) is calculated from the empirical formula of a compound in percentage of oxygen 1 H); PCNMR (CDCL): 6 = 1134,
required for complete conversion of carbon to carbon dioxide, hydrogen to water, and metal to metal oxide. 114.8,115.6, 117.1 (d, J=89.9 Hz, 4C),
[b] Nitrogen content is defined as the amount of nitrogen in the molecule expressed in mass %. [c] Maximum 1305 (d, /=132 Hz, 8C), 134.0 (d, /=
variation in temperature of melting point between salts of considered set of anions. [d] Maximum variation in 10.3 Hz, 8C), 135.6 (d, /=2.9 Hz, 4C),
temperature of decomposition between salts of considered set of anions. [¢] The [3,5-diNO,-tri]~ anion contrib- ~ 140.9, 142.0, 146.9, 152.1 ppm; elemen-

utes to one of the higher densities among the analyzed family of salts.

sulfuric acid was added a mixture of concentrated sulfuric acid (10 mL)
and fuming nitric acid (90 %, 8 mL, 0.17 mol). The mixture was heated
under reflux for 5 h. After cooling, the mixture was poured into ice, and
the pH was adjusted to 2 by the addition of sodium bicarbonate. The
product was extracted with ethyl acetate. The extract was concentrated
to give 4,5-dinitroimidazole as yellow crystals from water (1.55 g, 55%).
M.p. 166-169°C (lit. 188-189°C);™ 'HNMR ([D¢]DMSO): 6 = 12.37
(brs, 1H), 8.06 ppm (s, 1H); *CNMR ([D(]DMSO): 6 = 135.5, 134.9.
General procedure for the preparation of potassium azolates 2a—c, e-g:
Potassium carbonate (0.85 g, 6 mmol) was added to a solution of appro-
priate azole (4 mmol) in acetone (40 mL) (Scheme 1). The mixture was
stirred at 20°C for 6 h, filtered and the precipitate was washed with ace-
tone. The solvent was evaporated and the residue was dried under
vacuum to give potassium azolates 2a—c, e-g.

General procedure for the preparation of azolates 3-9a-b and 3-5¢, e-g:
A solution of appropriate tetraphenylphosphonium, ethyltriphenylphos-
phonium, N-phenylpyridinium, 1-butyl-3-methylimidazolium, or tetraal-
kylammonium halide (2 mmol) in dichloromethane (30 mL) was added
to a solution of potassium azolate 2a—c, e-g (2 mmol) in acetone (30 mL)
at 20-25°C. The reaction mixture was stirred for 3 h, but 24 h for the
preparation of tetramethylammonium salts. The resultant potassium
halide precipitate was removed by filtration and the solvent was evapo-
rated under vacuum. The residue was dried under vacuum. The product
was extracted with acetone, the extract was filtered, and the solvent was
removed to give 3-9a-b and 3-5¢, e-g.

General procedure for the preparation of azolates 3-4d, h-i: Anhydrous
potassium carbonate (0.7 g, 5 mmol) was added to a solution of appropri-
ate azole (2 mmol) in acetone (30 mL) and the mixture was stirred for
30 min at 20-25°C. Then a solution of tetraphenylphosphonium, ethyltri-

tal  analysis caled (%) for

C3HyN;0;P: C 71.67, H 5.04, N 8.09;

found: C 70.55, H 4.78, N 8.47.
Tetraphenylphosphonium  4-nitro-1,2,3-triazolate (3¢) monohydrate:
Light yellow microcrystals from acetone (95%), m.p. 157-159°C (DSC
2nd cycle m.p. 155°C); 'H NMR (CDCL,): 6 = 7.56-7.63 (m, 8H), 7.72—
7.78 (m, 8H), 7.86-7.91 (m, 4H), 8.05 ppm (s, 1H); *C NMR (CDCL):
0=117.1 (d, /=89.3 Hz, 4C), 130.0, 130.5 (d, J=13.2 Hz, 8C), 134.1 (d,
J=11.3 Hz, 8C), 135.6 (d, J=2.8 Hz, 4C), 154.4; elemental analysis calcd
(%) forr C,sH,3N,O5P: C 66.38, H 4.93, N 11.91; found: C 66.08, H 4.36,
N 13.51.

Tetraphenylphosphonium 4-nitroimidazolate (3d): Microcrystals from
acetone (94 %), m.p. 162-165°C (DSC 2nd cycle m.p. 171°C); '"H NMR
(CDCLy): 6 = 7.29 (s, 1H), 7.54-7.62 (m, 8H), 7.70-7.76 (m, 8H), 7.84—
7.90 ppm (m, SH); "CNMR (CDCL): 8 = 117.2 (d, J=89.3 Hz, 4C),
130.5 (d, J=12.6 Hz, 8C), 132.1, 134.1 (d, /=103 Hz, 8C), 135.6 (d, /=
3.4Hz, 4C), 146.7, 146.7 ppm; elemental analysis caled (%) for
Cy;;H,N;0,P: C 71.83, H 4.91, N 9.31; found: C 71.01, H 4.79, N 9.24.
Tetraphenylphosphonium 3,5-dinitro-1,2,4-triazolate (3e): Microcrystals
from acetone (99%), m.p. 175-178°C (DSC 2nd cycle m.p. 171°C);
'HNMR (CDCL): 6 = 7.58-7.65 (m, 8H), 7.73-7.79 (m, 8H), 7.87-
7.92 ppm (m, 4H); *CNMR (CDCLy): 6 = 1172 (d, J=89.9 Hz, 4C),
130.5 (d, /=13.1 Hz, 8C), 134.2 (d, /=10.3 Hz, 8C), 135.6 (d, /=29 Hz,
4C), 163.2 ppm; elemental analysis calcd (%) for C,sH,)Ns;O,P: C 62.78,
H 4.05, N 14.08; found: C 62.65, H 3.88, N 14.26.

Tetraphenylphosphonium 2,4-dinitroimidazolate (3 f): Microcrystals from
acetone (90%), m.p. 195-197°C (DSC 2nd cycle m.p. 191°C); '"H NMR
(CDCLy): 6 = 7.57-7.64 (m, 8H), 7.67 (s, 1H), 7.72-7.78 (m, 8H), 7.86—
7.91 ppm (m, 4H); "CNMR (CDCL): 6 = 1172 (d, J=89.9 Hz, 4C),
130.3, 130.5 (d, J=12.6 Hz, 8C), 134.1 (d, J=10.9 Hz, 8C), 135.6 (d, /=
29Hz, 4C), 147.1, 1542 ppm; elemental analysis caled (%) for
C,H,N,O,P: C 65.32, H 4.26, N 11.29; found: C 64.48, H 4.18, N 11.26.
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Tetraphenylphosphonium 4,5-dinitroimidazolate (3g): Microcrystals from
acetone (92%), m.p. 159-162°C (DSC 2nd cycle m.p. 145°C); '"H NMR
(CDCL): 6 = 7.00 (s, 1H), 7.58-7.65 (m, 8H), 7.72-7.79 (m, 8H), 7.88-
7.93 ppm (m, 4H); *CNMR (CDCL): 6 = 116.9 (d, J=89.9 Hz, 4C),
130.3 (d, J=12.6 Hz, 8C), 133.9 (d, J=10.3 Hz, 8C), 135.4 (d, J=2.8 Hz,
4C), 139.5, 139.6, 140.3 ppm; elemental analysis caled (%) for
Cy;H, N,O,P: C 65.32, H 4.26, N 11.29; found: C 64.37, H 4.05, N 11.37.

Tetraphenylphosph 4,5-dicyanoimidazolate (3h): Microcrystals
from acetone (88%), m.p. 157-159°C (DSC 2nd cycle m.p. 149°C);
'HNMR (CDCL): 6 = 7.37 (s, 1H), 7.56-7.64 (m, 8H), 7.71-7.78 (m,
8H), 7.87-7.92 ppm (m, 4H); ®*C NMR (CDCL): 6 = 116.9, 117.2 (d, J=
89.4 Hz, 4C), 1305 (d, J=13.2 Hz, 8C), 134.1 (d, /=10.3 Hz, 8C), 135.6
(d, J=3.4Hz, 4C), 148.9, 148.9 ppm; elemental analysis caled (%) for

CyoHyN,P: C 76.30, H 4.64, N 12.27; found: C 75.42, H 4.46, N 12.74.

Tetraphenylphosphonium tetrazolate (3i) monohydrate: Microcrystals
from acetone (85%), m.p. 308-311°C (DSC m.p. at Tyecomp 290°C);
'"HNMR (CDCly): 8 = 7.55-7.62 (m, 8H), 7.71-7.78 (m, 8H), 7.88-7.91
(m, 4H), 8.31 ppm (s, 1H); *C NMR (CDCL): 6 = 117.1 (d, J=89.4 Hz,
4C), 130.5 (d, J=13.2 Hz, 8C), 134.0 (d, J=10.3 Hz, 8C), 135.5 (d, J=
3.4 Hz, 4C), 149.6 (d, J=2.9 Hz, 1C); elemental analysis calcd (%) for
C,sH,3N,OP: C 70.41, H 5.44, N 13.14; found: C 71.64, H 5.04, N 13.52.

Ethyltriphenylphosphonium S-nitrobenzotriazolate (4a) monohydrate:
Light brown microcrystals from acetone (99 %); m.p. 120-122°C (DSC
2nd cycle m.p. 131°C); '"H NMR (CDCLy): 6 = 1.29 (dt, J=19.8, 7.5 Hz,
3H), 3.18-3.30 (m, 2H), 7.51-7.65 (m, 12H), 7.72-7.85 (m, 4H), 7.83 (dd,
J=9.0, 22 Hz, 1H), 8.65ppm (d, /=22 Hz, 1H); "CNMR (CDCl):
0=6.6, 163 (d, J=52.7Hz, 1C), 1143 (d, /=3.4Hz, 1C), 115.2, 115.9,
117.2 (d, J=86.4 Hz, 3C), 130.3 (d, /=12.0 Hz, 6C), 133.0 (d, /=9.8 Hz,
6C), 135.1 (d, J=2.8 Hz, 3C), 141.3, 144.3, 148.5 ppm; elemental analysis
caled (%) for C,sH,sN,O5P: C 66.09, H 5.33, N 11.86; found: C 65.56, H
4.89, N 11.35.

Ethyltriphenylphosphonium 5-nitrobenzimidazolate (4b) monohydrate:
Red oil (98%); DSC 1st cycle m.p. 88°C; 'HNMR (CDCl;): 6 = 1.28
(dt, J=19.8, 7.4 Hz, 3H), 3.15 (dq, /J=12.6, 7.4 Hz, 2H), 7.50-7.58 (m,
7H), 7.61-7.68 (m, 6H), 7.76-7.81 (m, 3H), 7.89 (dd, /=8.8, 2.2 Hz, 1H),
8.26 (s, 1H), 8.48 ppm (d, J=22Hz, 1H); *"CNMR (CDCL): 6 = 6.4,
16.3 (d, /J=52.1Hz, 1C), 113.5, 114.1, 1152, 1172 (d, /=859 Hz, 3C),
130.3 (d, /J=12.6 Hz, 6C), 132.9 (d, /=9.7 Hz, 6C), 135.1 (d, /=29 Hz,
3C), 139.2, 144.8, 151.8, 158.1 ppm; elemental analysis caled (%) for
C,;HyN;O5P: C 68.78, H 5.13, N 8.91; found: C 67.43, H 5.61, N 7.94.
Ethyltriphenylphosphonium 4-nitro-1,2,3-triazolate (4c): Light yellow mi-
crocrystals from acetone (99%); m.p. 90-92°C (DSC 2nd cycle m.p.
97°C); '"HNMR (CDCL): 6 = 1.38 (dt, J=19.8, 7.4 Hz, 3H), 3.44 (dq,
J=12.8,7.5 Hz, 2H), 7.65-7.72 (m, 12H), 7.70-7.84 (m, 3H), 8.07 ppm (s,
1H); "C NMR (CDCL): 6 = 6.6 (d, J=52Hz, 1C), 16.4 (d, J=52.7 Hz,
1C), 117.4 (d, J=86.5 Hz, 3C), 130.1, 130.4 (d, J=12.6 Hz, 6C), 133.2 (d,
J=9.7Hz, 6C), 135.1 (d, J=2.9 Hz, 3C), 154.5 ppm; elemental analysis
caled (%) for C,,Hy;N,O,P: C 65.34, H 5.23, N 13.85; found: C 64.36, H
5.13,N 13.71.

Ethyltriphenylphosphonium 4-nitroimidazolate (4d) monohydrate: Light
yellow microcrystals from acetone (98 % ); m.p. 89-91°C (DSC 2nd cycle
m.p. 100°C); '"HNMR (CDCly): 6 = 1.35 (dt, J=19.8, 7.4 Hz, 3H), 3.44
(dq, J=12.7,7.5 Hz, 2H), 7.28 (s, 1H), 7.60-7.72 (m, 12H), 7.78-7.84 (m,
3H), 7.89 ppm (s, 1H); "CNMR (CDCL): 6 = 6.5 (d, J=52Hz, 1C),
16.3 (d, J=52.7Hz, 1C), 117.3 (d, J=86.2 Hz, 3C), 130.4 (d, /=12.6 Hz,
6C), 132.3, 133.1 (d, J=10.3 Hz, 6C), 135.1 (d, J=2.9 Hz, 3C), 146.7 (d,
J=40Hz, 1C), 1483 ppm; elemental analysis caled (%) for
CyHyN;O3P: C 65.55, H 5.74, N 9.97; found: C 66.57, H 5.40, N 9.85.
Ethyltriphenylphosphonium 3,5-dinitro-1,2,4-triazolate (4e): Microcrys-
tals from acetone (96 %), m.p. 124-125°C (DSC 2nd cycle m.p. 127°C);
'"HNMR (CDClL): 6 = 1.44 (dt, J=19.8, 7.6 Hz, 3H), 3.38 (dq, J=12.6,
7.4 Hz, 2H), 7.64-7.75 (m, 12H), 7.79-7.86 ppm (m, 3H); “CNMR
(CDCL): 6 = 6.6 (d, J=5.7Hz, 1C), 16.6 (d, /=533 Hz, 1C), 117.2 (d,
J=86.5Hz, 3C), 130.5 (d, /=12.6 Hz, 6C), 133.2 (d, /=9.7Hz, 6C),
135.3 (d, J=3.5Hz, 3C), 163.2 ppm; elemental analysis calcd (%) for
C,H,NsO,P: C 58.80, H 4.49, N 15.58; found: C 58.63, H 4.35, N 15.19.
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Ethyltriphenylphosphonium 2,4,-dinitroimidazolate (4f) monohydrate:
Light yellow microcrystals from acetone (96 % ); m.p. 68-70°C (DSC 1st
cycle m.p. 70°C); '"H NMR (CDCL): 6 = 1.41 (dt, J=19.6, 7.4 Hz, 3H),
3.39 (dq, J=12.6, 7.4 Hz, 2H), 7.63-7.74 (m, 13H), 7.78-7.86 ppm (m,
3H); "CNMR (CDCL): 6 = 6.5, 16.4 (d, J=53.3Hz, 1C), 117.1 (d, J=
85.9 Hz, 3C), 130.3, 130.4 (d, /=12.6 Hz, 6C), 133.0 (d, J=9.6 Hz, 6C),
135.1 (d, J=2.9 Hz, 3C), 147.0, 154.1 ppm; elemental analysis calcd (%)
for C;3HpN,OsP: C 59.23, H 4.97, N 12.01; found: C 60.29, H 4.64, N
11.40.

Ethyltriphenylphosphonium 4,5-dinitroimidazolate (4g): Yellow micro-
crystals from acetone (95%); m.p. 91-93°C (DSC 1st cycle m.p. 97°C);
'"HNMR (CDCl;): 6 = 1.39 (dt, J=19.8, 7.4 Hz, 3H), 3.25 (dq, J=12.7,
7.5Hz, 2H), 7.00 (s, 1H), 7.59-7.73 (m, 12H), 7.79-7.85 ppm (m, 3H);
BCNMR (CDCL): 6 = 6.6, 16.6 (d, J=52.7Hz, 1C), 1172 (d, J=
86.4 Hz, 3C), 130.5 (d, J=12.6 Hz, 6C), 133.2 (d, /=9.7Hz, 6C), 1353
(d, J=3.5Hz, 3C), 139.8 (d, /=5.7 Hz, 1C), 140.6 ppm; elemental analy-
sis caled (%) for C;3H, N,O,P: C 61.61, H 4.72, N 12.49; found: C 61.33,
H 4.74, N 12.36.

Ethyltriphenylphosphonium 4,5-dicyanoimidazolate (4h): Light yellow
oil (96%); DSC 2nd cycle m.p. —29°C; 'H NMR (CDCl;): 6 = 1.40 (dt,
J=19.5, 7.3 Hz, 3H), 3.21 (dq, J=12.7, 7.4 Hz, 2H), 7.39 (s, 1H), 7.59-
7.66 (m, 6H), 7.68-7.74 (m, 6H), 7.81-7.86 ppm (m, 3H); “C NMR
(CDCL): 6 = 6.6, 16.6 (d, J=53.2Hz, 1C), 116.9, 117.1 (d, J=85.9 Hz,
3C), 118.4, 130.5 (d, J=12.6 Hz, 6C), 133.1 (d, J=9.7 Hz, 6C), 135.4 (d,
J=3.4Hz, 3C), 148.9 ppm (d, J=8.0 Hz, 1C); elemental analysis calcd
(%) for C,sH;N,P: C 73.52, H 5.18, N 13.72; found: C 72.87, H 5.33, N
13.44.

Ethyltriphenylphosphonium tetrazolate (4i) monohydrate: Light yellow
microcrystals from acetone (89%); m.p. 83-85°C (DSC 1st cycle m.p.
51°C); 'HNMR (CDCL): 6 = 1.32 (dt, J=20.0, 7.6 Hz, 3H), 3.38 (dq,
J=12.7,7.8 Hz, 2H), 7.62-7.72 (m, 12H), 7.76-7.82 (m, 3H), 8.30 ppm (s,
1H); ®C NMR (CDCL): 6 = 6.4 (d,/=5.2Hz, 1C), 16.0 (d, J=52.7 Hz,
1C), 117.5 (d, /=859 Hz, 3C), 130.3 (d, J=12.6 Hz, 6C), 133.1 (d, J=
10.3 Hz, 6C), 134.9 (d, J=2.9 Hz, 3C), 149.6 ppm (d, J=4.0 Hz, 1C); ele-
mental analysis caled (%) for C,H,;N,OP: C 66.65, H 6.13, N 14.81;
found: C 66.87, H 5.94, N 14.57.

N-Phenylpyridinium S-nitrobenzotriazolate (5a) monohydrate: Black mi-
crocrystals from acetone (96%); m.p. 79-81°C (DSC 1st cycle m.p.
75°C); '"H NMR ([Dg]DMSO): 6 = 7.73-7.76 (m, 4H), 7.83 (dd, J=9.0,
2.1Hz, 1H), 7.88-7.92 (m, 2H), 8.29-8.34 (m, 2H), 8.62 (d, /=2.0 Hz,
1H), 8.79 (t, J=7.8Hz, 1H), 9.36 ppm (d, J=5.6 Hz, 2H); “C NMR
([Dg]DMSO): 6 = 113.5 (d, J=3.4Hz, 1C), 115.0, 115.7, 124.7, 128.1,
130.2, 131.2, 140.7, 142.8, 143.8, 144.9, 146.6, 147.8 ppm; elemental analy-
sis caled (%) for C;;H;sNsO5: C 60.53, H 4.48, N 20.76; found: C 59.92, H
421, N 21.11.

N-Phenylpyridinium 4-nitro-1,2,3-triazolate (5c): Microcrystals from ace-
tone (94%); m.p. 129-131°C (DSC 2nd cycle m.p. 135°C); 'H NMR
([Dg]DMSO): 6 = 7.73-7.76 (m, 3H), 7.89-7.92 (m, 2H), 8.02 (s, 1H),
8.30-8.34 (m, 2H), 8.80 (t, J=7.8 Hz, 1H), 9.36 ppm (d, /=5.5 Hz, 2H);
BCNMR ([Dg]DMSO): 6 = 124.7, 128.1, 129.5, 130.2, 131.2, 142.8, 144.9,
146.6, 154.1 ppm; elemental analysis caled (%) for C;3H;NsO,: C 57.99,
H 4.12, N 26.01; found: C 57.75, H 3.95, N 26.28.

N-Phenylpyridinium 3,5-dinitro-1,2,4-triazolate (5e): Microcrystals from
acetone (88%); m.p. 158-160°C (DSC 2nd cycle m.p. 167°C); '"H NMR
([Dg]DMSO): 6 = 7.73-7.77 (m, 3H), 7.88-7.92 (m, 2H), 8.30-8.35 (m,
2H), 8.80 (t, J=7.8Hz, 1H), 9.36 ppm (d, J=5.5Hz, 2H); "C NMR
([Dg]DMSO): 60 = 1247, 1281, 130.2, 131.2, 142.8, 145.0, 146.6,
162.9 ppm; elemental analysis caled (%) for C;3H;(N4O,: C 49.69, H 3.21,
N 26.74; found: C 49.53, H 2.99, N 26.27.

N-Phenylpyridinium 2,4-dinitroimidazolate (5f): Light yellow microcrys-
tals from acetone (93 %), m.p. 140-142°C (DSC 2nd cycle m.p. 143°C);
'HNMR ([D,]DMSO): 6 = 7.71 (s, 1H), 7.74-7.77 (m, 3H), 7.89-7.92
(m, 2H), 8.30-8.35 (m, 2H), 8.80 (t, J=7.8 Hz, 1H), 9.37 ppm (d, /=
5.7Hz, 2H); "CNMR ([Dg]DMSO): 6 = 100.1, 124.8, 128.1, 130.2,
130.3, 131.2, 142.8, 145.0, 146.6, 146.8 ppm; elemental analysis calcd (%)
for C;,H;;N;O,: C 53.68, H 3.54, N 22.36; found: C 53.99, H 3.40, N
22.29.
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N-Phenylpyridinium 4,5-dinitroimidazolate (5g): Light brown microcrys-
tals from acetone (91 %), m.p. 129-132°C (DSC 2nd cycle m.p. 140°C);
'HNMR ([Dg]DMSO): 6 = 6.94 (s, 1H), 7.74-7.77 (m, 3H), 7.88-7.91
(m, 2H), 8.29-8.34 (m, 2H), 8.79 (t, J=7.8 Hz, 1H), 936 ppm (d, /=
5.8 Hz, 2H); "CNMR ([D¢]DMSO): 6 = 124.7, 128.1, 130.2, 131.2,
139.3, 139.4, 142.8, 145.0, 146.5 ppm; elemental analysis calcd (%) for
C,H;]NsO,: C 53.68, H 3.54, N 22.36; found: C 53.45, H 3.34, N 22.29.

1-Butyl-3-methylimidazolium 5-nitrobenzotriazolate (6a): Colorless oil
(94%); DSC 2nd cycle T, = —41°C; 'THNMR (CDCL): 6 = 0.83 (t, J=
7.3 Hz, 3H), 1.15-1.28 (m, 2H), 1.66-1.76 (m, 2H), 3.92 (s, 3H), 4.09 (t,
J=74Hz, 2H), 724 (t, J=1.8 Hz, 1H), 7.28 (t, J=1.6 Hz, 1H), 7.82 (d,
J=89Hz, 1H), 7.94 (dd, /=89, 2.1 Hz, 1H), 8.78 (d, /=2.1Hz, 1H),
9.81 ppm (s, 1H); "CNMR (CDCL): 6 = 13.1, 19.2, 31.7, 36.2, 49.7,
1142, 116.0, 116.1, 121.8, 123.2, 137.2, 142.0, 144.2, 148.3 ppm; elemental
analysis caled (%) for C;;HxN4O,: C 55.62, H 6.00, N 27.80; found: C
54.65, H 6.16, N 27.00.

1-Butyl-3-methylimidazolium S-nitrobenzimidazolate (6b) monohydrate:
Colorless oil (98%); DSC 2nd cycle 7, = —34°C; '"HNMR (CDCl):
0=0.87 (t, /=73 Hz, 3H), 1.16-1.29 (m, 2H), 1.64-1.74 (m, 2H), 3.79 (s,
3H), 3.99 (t, J=7.3 Hz, 2H), 7.15-7.17 (m, 2H), 7.57 (d, /=89 Hz, 1H),
7.93 (dd, /=89, 22 Hz, 1H), 829 (s, 1H), 8.50 (d, J=2.2Hz, 1H),
9.42 ppm (s, 1H); "CNMR (CDCl;): 6 = 13.1, 19.2, 31.7, 36.0, 49.5,
113.1, 115.2, 115.2, 121.8, 123.1, 136.5, 140.4, 143.0, 149.2, 154.7 ppm; ele-
mental analysis caled (%) for C;sH,N;O;: C 56.41, H 6.63, N 21.93;
found: C 56.42, H 6.62, N 21.89.

Tetrabutylammonium S-nitrobenzotriazolate (7a) monohydrate: Micro-
crystals from acetone (96 %), m.p. 91-93°C (DSC 2nd cycle m.p. 60°C);
'"HNMR (CDCL): 6 = 0.92 (t, J=7.2 Hz, 12H), 1.32 (sextet, J=7.2 Hz,
8H), 1.43-1.53 (m, 8H), 3.03-3.09 (m, 8H), 7.82 (d, J=8.9 Hz, 1H), 7.94
(dd, J=89, 2.1Hz, 1H), 880ppm (d, J=2.1Hz, 1H); "CNMR
(CDCLy): 6 = 134, 194, 23.6, 58.4, 114.3, 115.7, 116.0, 141.7, 144.1,
148.3 ppm; elemental analysis calcd (%) for C,,H,NsO5: C 62.38, H 9.76,
N 16.53; found: C 61.97, H 10.04, N 15.98.

Tetrabutylammonium 5-nitrobenzimidazolate (7b): Microcrystals from
acetone (99%), m.p. 99-101°C (DSC 2nd cycle m.p. 81°C); '"HNMR
(CDCLy): 6 = 0.94 (t, /J=7.0 Hz, 12H), 1.22-1.40 (m, 16 H), 2.75-2.80 (m,
8H), 7.53 (d, J=8.8 Hz, 1H), 7.89 (dd, J=8.8, 2.3 Hz, 1H), 8.21 (s, 1H),
8.51 ppm (d, J=2.3 Hz, 1H); "CNMR (CDClL,): 6 = 13.5, 19.4, 23.5,
58.2, 113.6, 114.2, 115.5, 139.4, 144.9, 152.0, 158.4 ppm; elemental analysis
caled (%) for C,3H,N,O,: C 68.28, H 9.96, N 13.85; found: C 67.17, H
10.42, N 13.35.

Tetraethylammonium 5-nitrobenzotriazolate (8a): Colorless oil (98%);
DSC 2nd cycle m.p. 64°C; 'HNMR (CDClL): 6 = 1.15 (dt, J=7.3,
1.7 Hz, 12H), 3.08 (q, J=7.3 Hz, 8H), 7.81 (d, /=9.0 Hz, 1H), 7.93 (dd,
J=9.0, 2.1 Hz, 1H), 8.78 ppm (d, J=2.1 Hz, 1H); "CNMR (CDCL):
0=73, 522 (t, J=3.0Hz, 4C), 1141, 1157, 116.0, 141.7, 1442,
148.4 ppm; elemental analysis calcd (%) for C,,H,;NsO,: C 57.32, H 7.90,
N 23.87; found: C 56.01, H 8.17, N 22.58.

Tetraethylammonium 5-nitrobenzimidazolate (8b) monohydrate: Micro-
crystals from acetone (99 %), m.p. 42-43°C (DSC 2nd cycle m.p. 101°C);
'"HNMR (CDCLy): 6 = 1.11 (tt, J=7.3, 1.6 Hz, 12H), 2.97 (q, J=7.3 Hz,
8H), 7.59 (d, J=8.8 Hz, 1H), 7.94 (dd, /=8.8, 2.3 Hz, 1H), 8.28 (s, 1H),
8.53 ppm (d, J=2.2 Hz, 1H); *"CNMR (CDCly): 6 = 7.12, 52.1 (t, J=
2.9 Hz, 4C), 113.1, 115.0, 115.2, 140.3, 143.2, 149.4, 155.1 ppm; elemental
analysis caled (%) for C;sH,N,O;: C 58.04, H 8.44, N 18.05; found: C
58.80, H 8.47, N 17.88.

Tetramethylammonium S-nitrobenzotriazolate (9a): Microcrystals from
acetone (89%), m.p. 192-195°C (DSC m.p. at Tyeomp 192°C); 'H NMR
([Dg]DMSO): 6 = 3.13 (s, 12H), 7.74 (d, /=8.8 Hz, 1H), 7.82 (dd, J=
8.8, 2.1 Hz, 1H), 8.62 ppm (d, /=2.1 Hz, 1H); "C NMR ([D,]DMSO):
0=54.3 (t, J=4.4Hz, 4C), 1135, 114.6, 115.8, 140.5, 144.1, 148.4 ppm;
elemental analysis calcd (%) for C,(H;sNsO,: C 50.62, H 6.37, N 29.52;
found: C 50.29, H 6.73, N 28.46.

Tetramethylammonium 5-nitrobenzimidazolate (9b) monohydrate: Mi-
crocrystals from acetone (93%), m.p. 66-68°C (DSC 2nd cycle m.p.
119°C); 'HNMR ([D¢]DMSO): 6 = 3.10 (s, 12H), 7.37 (d, J=8.8 Hz,
1H), 7.73 (dd, /=8.8, 2.3 Hz, 1H), 7.98 (s, 1H), 8.27 ppm (d, /=2.3 Hz,
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1H); ®*CNMR ([D¢]DMSO): 6 = 54.4, 112.5, 113.0, 115.0, 137.9, 145.4,
152.9, 158.8 ppm; elemental analysis calcd (%) for C;;H;sN,O;: C 51.96,
H 7.13, N 22.03; found: C 53.54, H 6.45, N 21.06.

Analyses: Melting points were determined by differential scanning calo-
rimetry (DSC) TA Instruments model 2920 Modulated DSC (New
Castle, DE) cooled with a liquid nitrogen cryostat. The calorimeter was
calibrated for temperature and cell constants using indium (m.p.
156.61°C, AH = 28.71Jg"). Data were collected at constant atmospher-
ic pressure, using samples between 10-40 mg in aluminum sample pans.
Experiments were performed with heating at a rate of 5°Cmin~". The
DSC instrument was adjusted so that zero heat flow was between 0 and
—0.5 mW, and the baseline drift was less than 0.1 mW over the tempera-
ture range 0-180°C. An empty sample pan was used as reference.

Thermal decomposition temperatures were measured in the dynamic
heating regime using a TGA 2950 TA Instrument under dried air atmos-
phere. Samples between 5-15 mg were heated from 40-800°C with iso-
cratic heating rate at 5°Cmin~' under air atmosphere. Decomposition
temperatures (7sy, gecomp) Were determined from both i) the onset to 5
wt % mass loss in an isocratic TGA experiment, which provides a more
realistic representation of thermal stability at elevated temperatures, and
ii) from the onset to complete decomposition.

X-ray crystallographic studies: Samples were recrystallized in dry ethanol
by slow vapor diffusion of diethyl ether at 23°C. Single crystals suitable
for X-ray analysis were isolated in air or polyfluorinated oil, mounted on
fibers, and transferred to the goniometer. The crystals were cooled to
—100°C with a stream of nitrogen gas and data were collected on a Sei-
mens SMART diffractometer equipped with a CCD area detector, using
graphite monochromated Moy, radiation. The SHELXTL software (ver-
sion 5) was used for each solution and refinement.” Absorption correc-
tions were made with SADABS." Each structure was refined by using
full-matrix least-squares methods on F°.

All atoms were readily located and the positions of all non-hydrogen
atoms were refined anisotropically. In a few cases disorder or possible
twinning was observed. In 3i, the one ring atom position was disorded
such that it needed to be properly refined as one half C and one half N.
Compound Sc¢ showed signs of twinning; however, PLATON could not
provide a suitable twin law for successful refinement using the TWIN
command. The structure for 7b-0.5H,0 was found to have rotational dis-
order in the cation alkyl chain. An alternate position for this alkyl group
was found and refined appropriately.

The hydrogen atoms were added in approximated positions and allowed
to refine unconstrained in order to obtain proper close-contact interac-
tions, with a few exceptions. Because of the disorder in 3i, a hydrogen
atom was added with fixed thermal parameters in a calculated position
on the tetrazolate ring. Hydrogen atoms were fixed in appropriate posi-
tions for the disorder in 7b-0.5H,0 with fixed thermal parameters.

CCDC 733814, 733815, 733816, 733817, 733818, 733819, 733820, 733821,
733822, 733823, 733824, 733825, 733826, 733827, 733828, 733829, 733830,
733831, and 733832 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif
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