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Energetic salts provide many advantages over conventional energetic molecular compounds. Their high
densities, high heats of formation and low vapor pressures make them an important class of compounds

for the development of energetic materials. More and more novel energetic ions are being obtained, but
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energetic cations are reported to a much lesser extent. Energetic cations develop from simple linear

structures to form N-heterocyclic structures. Together with the introduction of various energetic groups,
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1. Introduction

In the pursuit of high performance energetic materials, nitrogen-
rich heterocyclic compounds have received significant attention.*
Subsequently, energetic salts have developed to be an important
class of high-nitrogen content compounds as a result of their
excellent properties, such as low vapor pressures, high densities
and high thermal stabilities.®** In addition, nitrogen-rich hetero-
cyclic ring compounds possess high heats of formation and their
low carbon contents make it easier to achieve oxygen balance. To
construct the energetic salts, nitrogen-rich heterocyclic
compounds are always modified into energetic cations/anions.
The typical compounds used for constructing such energetic
salts usually include imidazole, pyrazole, 1,2,4-triazole, 1,2,3-tri-
azole, tetrazole, triazine, tetrazine and so on (Scheme 1).
Energetic salts consist of cations and anions, where the
cations act as fuels and the anions act as oxidizers. Various
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Scheme 1 The N-heterocyclic bases used for constructing energetic
salts.
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the energetic properties of energetic salts are significantly promoted. The development of energetic
cations is becoming the major restriction for improving the performance of energetic salts.

energetic groups can be introduced into the nitrogen-rich
heterocyclic rings, which makes the compounds exhibit
different acidities/alkalinities in becoming energetic cation/
anion substrates. Oxygen-rich groups (e.g. -NO,, -NHNO,,
—(NO,); and -OH) and high heats of formation groups (e.g. -N3)
are electrophilic, whose introduction can turn the compounds
into energetic anion bases, which could promote the oxidizing
ability of the anions. While alkyl and amino groups (e.g. -NH,)
are electron-rich, whose introduction can make the compounds
energetic cation bases. Alkyl groups are useful for lowering
melting points while amino groups are significant for lowering
the sensitivities of energetic compounds. Therefore, energetic
cations play important roles in determining the performance of
energetic salts (Fig. 1). However, with a lack of oxygen in the
substituted groups, energetic cations possess lower densities and
worse oxygen balance than energetic anions. Meanwhile,
compared with energetic anions, energetic cations are reported
less frequently, and most energetic cations are amino-substituted
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Fig.1 The roles of cations and anions in energetic salts.
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or alkyl-substituted cations, which decrease the oxygen balance
of the corresponding ionic salts. Density and oxygen balance are
two important factors of energetic cations that restrict the
promotion of energetic properties of the energetic salts.

Over the past few decades a large number of publications
focusing on energetic salts have been reported.**'® Meanwhile,
many novel energetic cations have also been reported. Research
on energetic salts and liquids has been summarized in several
reviews, but no review with the emphasis on energetic cations is
currently available. Our continuing interest in energetic salts
prompted us to review this unique field. In this review, energetic
salts are discussed according to the backbones and substituted
groups of the energetic cations, from 2002 to June 2016.

2. Noncyclic cations-based ionic salts

Ammonium, hydroxylammonium, hydrazinium, guanidinium
and carbamide cations have been frequently used for the
construction of energetic salts (Scheme 2), as they are easy to
obtain. However, their simple structures only supply a few
positions to modify, which limits the promotion of energetic
performance of the ionic salts. Metal ions can also be used to
construct ionic salts and have often been employed in primary
explosives. The energetic performance of energetic salts based
on metal ions has been studied to a less extent, therefore, the
following review does not cover metal cations containing ionic
salts.

In a number of publications regarding energetic salts,
noncyclic cations were employed to cooperate with newly ob-
tained energetic anions to produce target energetic salts.”””*
Among these noncyclic cations, ammonium possesses the
simplest structure, and its energetic salts are very easy to obtain.
Hydroxylammonium and carbamide derivatives are oxygen
containing cations that are useful for the promotion of oxygen
balance in ionic salts. Compared with carbamide derivatives,
hydroxylammonium packing is more denser, therefore, ener-
getic salts based on hydroxylammonium usually exhibit the best
detonation properties. In addition, for poly-amino structures,
energetic salts based on guanidinium usually possess the best
thermal stabilities.

In 2015, Forquet et al.” reported a novel linear cation 2,2-
dimethyltriazanium through the reaction of 1,1-dimethylhy-
drazine with an aminating agent, which was used to obtain
a series of energetic salts (Scheme 3). Some of the salts
produced had an ionic liquid character with melting points
below 100 °C, which might be attributed to the dimethyl
substitution. The sensitivities of the DMTZ salts towards impact
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Scheme 2 Noncyclic energetic cations commonly used.
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Scheme 4 Energetic salts based on tetramethylethylenediamine
cations.

and friction varied between insensitive and very sensitive, which
could be explained in terms of hydrogen-bonding stabilization.
However, their detonation properties were not studied.

Fei et al.”® reported a selection of ionic liquids based on
a tetramethylethylenediamine cation (Scheme 4). Though their
detonation properties were much lower than those of TNT, the
dicyanamide salt is hypergolic with 100% HNO; and exhibited
potential as a green fuel for biopropellants.

3. Monocyclic cations-based ionic
salts

Imidazole, pyrazole and triazole are five-membered heterocyclic
compounds that exhibit weak alkalinities and can directly react
with strong acids to form energetic salts. Amino and hydrazine
groups can be introduced into heterocycles to enhance their
alkalinity to form energetic cations. The heterocycles can also
be used with alkylation reagents to produce energetic cations.
In recent decades, various energetic salts based on five-
membered heterocyclic cations have been reported.
Conversely, for six-membered N-heterocyclic ring compounds,
such as triazine and tetrazine, energetic cations could only be
obtained after being ionized through the introduction of
electron-rich groups such as amino, hydrazine and so on.
Energetic salts based on triazine and tetrazine cations have
been less reported. In this review, energetic salts based on
monocyclic cations were summarized by the differences in their
substituted groups.

3.1 Unsubstituted monocyclic cations-based ionic salts

1,2,3-Triazole and 1,2,4-triazole show weak alkalinities and can
react with strong acids directly to form energetic salts. Drake”®
used 1,2,3-triazole and 1,2,4-triazole with nitric acid, perchloric
acid and dinitramide to obtain a series of energetic salts
(Scheme 5). The melting points of the energetic salts based on
1,2,4-triazolium were lower than the corresponding 1,2,3-tri-
azolium analogues. In addition, the melting points of perchlorate

This journal is © The Royal Society of Chemistry 2017
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Scheme 5 Energetic salts based on unsubstituted triazolium.

and dinitramide were below 100 °C, which is in the range of ionic
liquids.

3.2 Amino substituted monocyclic cation-based ionic salts

The incorporation of amino groups into a heterocyclic triazole
ring has been proven to be one of the simplest paths to
enhancing thermal stability.”” Meanwhile, the H atoms in the
amino group can form more hydrogen bonds, which can
increase the tolerance ability of the compounds towards
external impact and friction. Energetic salts based on amino
substituted cations have been studied on a large scale, and the
involved substrates including triazole, tetrazole, triazine and
tetrazine, are discussed in detail in the following section.

3.2.1 Amino-substituted triazolium-based ionic salts. 1-
Amino-1,2,4-triazole and 4-amino-1,2,4-triazole can react with
nitric acid, perchloric acid and dinitramide directly to form
energetic salts.”®”® The diamino-substituted compound 1,5-
diamino-1,2,4-triazole could also react with nitric acid and
perchloric acid directly to form energetic salts (Scheme 6). In
addition, 1-amino-1,2,4-triazole and 4-amino-1,2,4-triazole
react with iodomethane can lead to the formation of quater-
nary salts, metathesis of which with various metal salts result in
the corresponding energetic salts (Scheme 6).”
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Scheme 6 Energetic salts based on amino-substituted 1,2,4-
triazolium.
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Scheme 7 Energetic salts based on amino-substituted 1,2,3-
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Following the above methods, Drake et al.** designed and
synthesized a series of nitrate of alkyl-substituted 1-amino-
1,2,3-triazolium, involving alkyl groups including methyl,
ethyl, n-propyl, allyl and n-butyl (Scheme 7a). The melting
points of all nitrates were below 100 °C, which is in the range of
energetic ionic liquids. Based on the existing research, Lin
et al.** systematically produced a series of energetic salts based
on 1-amino-1,2,3-triazolium and 1-amino-3-methyl-1,2,3-
triazolium (Scheme 7b), and their energetic properties were
discussed in detail. For the same anion, energetic salts based on
1-amino-1,2,3-triazolium exhibited higher heats of formation
and better detonation properties than the 1-amino-3-methyl-
1,2,3-triazolium analogues.

Guanidines were incorporated in 3-amino-1,2,4-triazole and
3,5-diamino-1,2,4-triazole to form a guanidine substituted 3-
amino-1,2,4-triazolate cation, which was combined with dini-
tramide to form energetic salts (Scheme 8).”

In 2015, Wu et al.®*®* prepared a series of energetic salts
based on 3,4-diamino-1,2,4-triazolium (Scheme 9), and several
salts exhibited useful thermal stabilities and low sensitivities
towards impact as expected. In addition, most of these salts
possess detonation properties comparable to those of TATB,
which might be of interest for future applications as insensitive
nitrogen-rich energetic materials.

Klapotke' processed the obtained 3,4,5-triamino-1,2,4-
triazole with iodomethane and combined it with an oxygen-rich
anion to form a series of energetic salts (Scheme 10). The salts
exhibited excellent thermal stability and low sensitivity, meaning
they have potential used as high detonation energetic materials.

3.2.2 Amino-substituted tetrazolium-based ionic salts.
Tetrazoles are five-membered heterocycles with four nitrogen
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Scheme 11 Energetic salts based on amino substituted tetrazolium.

atoms in the ring. From 1,2,4-triazole (+109.0 kJ mol ') to tet-
razole (237.2 k] mol "), the heats of formation increase signif-
icantly. Energetic salts based on tetrazolium have been less
frequently reported, with most studies referring to amino-
substituted tetrazolium.

Denffer et al.®* synthesized a 5-aminotetrazolium nitrate
(Scheme 11), whose detonation properties were computed
through the Kamlet-Jacobs equation, with a detonation press at
35.7 GPa and a detonation velocity at 8898 m s~ ', higher than
those of RDX, and close to those of HMX.

Methyl groups can be incorporated in 1-aminotetrazole and
2-aminotetrazole to construct energetic salts. Shreeve et al.”®*
reported the synthesis of nitrates and perchlorates based on
dimethyl-substituted 1-aminotetrazole and 2-aminotetrazole
(Scheme 12), which exhibited excellent thermal stabilities and
could be applied as components of low signal propellants.

Klapotke et al.®® processed 1-methyl-5-aminotetrazole with
iodomethane to achieve 1,4-dimethyl-5-aminotetrazolium
iodate, the metathesis of which with silver 5-nitrotetrazolium
to produce 1,4-dimethyl-5-amino-tetrazolium 5-nitrotetrazolate
(Scheme 13). The obtained energetic ionic salt exhibited a safe
energetic material, but its low detonation velocity, even lower
than that of TNT, limited its application. Subsequently, Kar-
aghiosoff et al.*” reported the synthesis of the nitrate, perchlo-
rate, azide and dinitramide of 1,4-dimethyl-5-aminotetrazolium
(Scheme 9), which all exhibited excellent thermal stabilities
with decomposition temperatures mostly over 200 °C. The
impact sensitivities of the nitrate and dinitramide were over 30
J, but the perchlorate was sensitive to impact. Meanwhile,
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Scheme 13 Energetic salts based on dimethyl-substituted 5-
aminotetrazolium.

another nitrate and perchlorate were obtained through the
direct acidification of nitric and perchloric acids.

Klapotke et al®® reacted 1-methyl-5-aminotetrazole with
iodomethane, resulting in the formation of two isomeric
cations, which were combined with 5-aminotetrazolium to form
the corresponding energetic salts (Scheme 13). Both the ob-
tained energetic salts exhibited decomposition temperature
over 200 °C and insensitivities towards both impact and fric-
tion. Their detonation velocities were at about 8000 m s ?,
higher than that of TNT, meaning they could be used as
insensitive energetic materials.

In 2009, Klapotke et al.®* not only reported the synthesis of
energetic salts based on 5-aminotetrazolium and 1-methyl-5-
aminotetrazolium, but also obtained novel silver substituted
5-aminotetrazolium derivative cations (Scheme 14). The ener-
getic salts based on silver substituted cations were extremely
sensitive, but they were more environmental friendly than lea-
d(u) diazide in initiation devices for civil and military
applications.

The hydrogen atom of 5-aminotetrazole can be substituted by
another amino group to form 1,5-diaminotetrazole, which could
undergo acidification or methylation into energetic cations that
can be used to construct energetic salts. Klapotke et al® first
obtained 1,5-diamino-4-methyltetrazolium iodate through the
methylation of 1,5-diaminotetrazole. Subsequently, 1,5-diamino-
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4-methyltetrazolium dinitramide was obtained through metath-
esis (Scheme 15). Later on, Klapotke et al.®* reported a safer path
to  synthesizing  1,5-diamino-4-methyltetrazolium  5-nitro-
tetrazolate (Scheme 14), but its detonation property was just
comparable to that of TNT. Following the same methods, Ruiz
et al® synthesized other energetic salts of 1,5-diamino-4-
methyltetrazolium, including a nitrate, a dinitramide and an
azide (Scheme 15), whose detonation properties were calculated
through the Kamlet-Jacobs equation. The detonation velocities of
the nitrate and dinitramide were both comparable to that of RDX,
while the nitrate was insensitive to impact (>40 J), but other salts
were sensitive to impact. In addition, Ruiz et al. obtained the
nitrate and perchlorate of 1,5-diaminotetrazolium through the
acidification of nitric acid and perchloric acid, respectively. Tao
et al.”® obtained other oxygen-rich salts of 1,5-diaminotetrazolium
through acidification directly, including 5-nitrotetrazolate, 3,5-
dinitro-1,2,4-triazolate and 2,4,5-trinitroimidazolate (Scheme 15).
These three oxygen-rich salts all exhibited thermal stability with
decomposition temperatures over 180 °C.

In 2012, Klapotke et al.®* obtained the first tetrazolium cation
containing three amino groups on the same tetrazole ring
through the amination of the neutral tetrazole species (1,5-
diaminotetrazole) (Scheme 16). The target cation, 1,4,5-tri-
aminotetrazolium, at over 84% nitrogen extends its use in
explosive materials as well as propellant formulations. Mean-
while, its energetic salt nitrate and nitrotetrazolate 2-oxide were
synthesized and fully characterized. The two salts possessed
moderate densities of 1.663 g cm > and 1.710 ¢ cm ™3, respec-
tively. Their detonation properties were comparable to those of
RDX. Their low thermal stabilities prevent them from being
practical energetic materials; however, the study did indicate
that there is a limit to the thermal stability as heats of formation
and the associated nitrogen content increase.

3.2.3 Amino-substituted triazine cation-based ionic salts.
1,3,5-Triazine possesses a high density, a high heat of formation
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Scheme 15 Energetic salts based on 1,5-diaminotetrazolium and its
derivatives.
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Scheme 16 Energetic salts based on 1,4,5-triaminotetrazolium.
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and excellent thermal stability, and is important precursor for
the synthesis of energetic materials. 1,3,5-Triazine has three
positions for modification, therefore various energetic groups
such as amino and nitroamino groups can be incorporated in
the triazine ring to construct energetic backbones. The
hydrogen atoms of 1,3,5-triazine can all be substituted by amino
groups to form 2,4,6-triamino-1,3,5-triazine, which is an excel-
lent backbone for constructing energetic materials. Mostly
research on triazine is based on triazine anions. Shreeve et al.*®
and Srinivas et al.>® reported two salts based on a 2,4,6-triamino-
1,3,5-triazine cation (Scheme 17a). Both showed excellent
thermal stabilities with decomposition temperatures at about
300 °C, and were not sensitive towards impact (IS > 40 J). Based
on the obtained triazine energetic cation, first discovered in the
1930s, the author a reported series of energetic salts based on
the first triazine energetic cation (Scheme 17b). The novel
oxygen-containing triazine cation was the first oxygen-
incorporated heterocyclic cation, which improved the oxygen
balance of the energetic cation. Those obtained energetic salts
exhibited excellent thermal stabilities and safety, while some of
them possessed detonation properties comparable to TATB,
meaning they could be potential substitutes for TATB.

3.3  Alkyl-substituted monocyclic cation-based ionic salts

The incorporation of methyl groups into heterocycle
compounds can lower the melting points of the compounds,
especially for imidazole compounds, which can be used as
energetic cations to synthesize energetic ionic liquids. In 2004,
Ogihara et al.®® combined 1-ethyl-3-methyl-imidazolium with
1,2,4-triazolate and tetrazolate (Scheme 18) separately, to
synthesize the corresponding energetic ionic liquids. In 2005,
Katritzky et al.®® combined 1-butyl-3-methyl-imidazolium with
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Scheme 17 Energetic salts based on amino-substituted triazine
cations.
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Scheme 18 Energetic salts based on methyl-substituted imidazolium.
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R3;=CHj;, H; R4=NO,, H;

Scheme 19 Energetic salts based on nitro or azide substituted
imidazolium.

rigid 3,5-dinitro-1,2,4-triazolate to produce a novel energetic
ionic liquid (Scheme 16) that exhibited very low melting point.

Xue et al.®” incorporated nitro or azide into imidazole to
produce an energetic cation, which was combined with the
nitrate or perchlorate to obtain the corresponding energetic
salts (Scheme 19). These energetic salts exhibited relatively high
melting points, and the melting point of the nitrate was lower
than that of the perchlorate.

The incorporation of azido groups into the triazole ring can
greatly increase the heat of formation, but at the same time it
decreases the safety of the compound. The heat of formation of
1,2,4-triazole is 109 k] mol™*, which increase to 458 k] mol™*
after the incorporation of azido, with the sensitivity of the azido
substituted triazole also increasing significantly. The azido-
substituted triazoles react with nitric acid or perchloric acid
directly to form energetic salts (Scheme 20).*>°” The azido-
substituted triazole could also undergo methylation by iodo-
methane to form an energetic cation, which could be used to
construct energetic salts through metathesis.®”

The processing of a fluoroalkyl-substituted ethyl acetate
derivative with hydrazine hydrate produces a fluoroalkyl
substituted 1,2,4-triazole, which could be methylated to form
fluoroalkyl-substituted 1,2,4-triazolium cation. Following this
method, Xue et al.*® designed and synthesized a series of ener-
getic salts based on a fluoroalkyl-substituted 1,2,4-triazolium
cation (Scheme 21a). And if fluorine containing methylation

H;C
N; N3 X\ N3
N\( N;
R (/ \| ' KOHCHUCH;0H 7\ _cHy < Wi
N R=H ~N -N
N N N
H | |
CH, CH;
R=H
HX AgX
CH x=xo, o X=NOs
3 Clo, cio, Clo,
. HC, N,
+ 5 =NH \ s
HN N \ X
N
r—d X He” NN L~
N7 X N
H |
CH;
HiC, HyC,
\ \N,
4_\ 1 aex 4_\\ -
NY
Y= M) Cl0; N7
|
4 \ Ca« cnzcnzN3 CH,CH,N3
NO;; ClO4
& HN_\ 3 4
NO.
CH,CH,Ny 4 o 2 x
i N T Yo
CH,CH,N; N 2
2CH N3 N\y N\N
X=NO3;ClOy;4,

Scheme 20 Energetic salts based on azido-substituted triazolium.
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Scheme 21 Energetic salts based on

triazolium.

fluoroalkyl-substituted

reagent is involved in the ionization, the fluoroalkyl substituted
energetic cation could also be produced. Based on this method,
Mirazei et al.*® synthesized another series of energetic salts
based on the fluoroalkyl-substituted 1,2,4-triazolium cation
(Scheme 21b). The introduction of fluorine in the substituted
groups increases the densities of the energetic salts, and the
densities would increase as the content of fluorine or the
numbers of fluoroalkyl added.

Gao et al*® processed 4-amino-1,2,4-triazole with a SFs
containing methylation reagent, and the SFs containing alkyl
substituted 4-amino-1,2,4-triazolium cation was obtained,
metathesis of which with metal salts was used to produce series
of energetic salts (Scheme 22). The obtained energetic salts
exhibited low melting points, lying in the range found for
energetic ionic liquids.

Romero' reported new energetic ionic liquids derived from
metronidazole (Scheme 23). The obtained cation contained
some oxygen-rich substituted groups (-NO, and -ONO,), which
are useful for improving the oxygen balance of energetic salts.
The synthesized energetic salts exhibited good thermal stabili-
ties with decomposition temperatures ranging from 144.0 to
192.8 °C, but their detonation properties were not studied.

3.4 Hydrazine-substituted monocyclic cation-based ionic
salts

Hydrazine cations are commonly used in the construction of
energetic salts, but energetic salts based on hydrazine-
substituted monocyclic cation are reported less frequently.

Wu et al.'® processed amino-, hydrazino- and mercapto-
substituted 1,2,4-triazole with nitrate acid or perchloric acid

l]\le NH2 NHz
N
SFsCH,CH,CH,Br
() koo, ( 7Br My ( 7Y
N—N
CHZCHZCHZSFs CHZCHZCHZSFs

MY=AgNO;, AgCIO;, NH,N(NO,),, K(SFsNNO,)

Scheme 22 Energetic salts based on SFs containing alkyl-substituted
triazolium.

H

N R=ONO,, X=NO;: ON NO;
X R=ONO,, X=Pic; Pic= _
%\/N\/\R R=N;,  X=NOj; 0
NO,
O,N

Scheme 23 Energetic salts derived from metronidazole.
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Scheme 24 Energetic salts based on hydrazine-substituted
triazolium.
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Scheme 25 Energetic salts based on hydrazine-substituted
tetrazolium.

directly, and the corresponding energetic salts were obtained
(Scheme 24), but their energetic properties were not studied.

Based on the obtained 5,5’-azobis-tetrazole, we treated it
with chlorate acid, and 5-hydrazine tetrazolium chlorate was
produced, metathesis of which with various metal salts resulted
in a series of energetic salts (Scheme 25).'* These salts possess
relatively high densities, in which perchlorate reach as high as
2.068 ¢ cm™>; meanwhile, these salts exhibited excellent
thermal stabilities, with decomposition temperatures all above
150 °C. In addition, their detonation properties are comparable
to those of HMX and these salts exhibited moderate impact
sensitivities (10 J), meaning they have wide application
prospects.

Hydrazine could also be incorporated with tetrazine to form
energetic cations, which were paired with the obtained novel
anions to produce energetic salts (Scheme 26).***>>* These salts
exhibited relatively high densities (above 1.80 g cm™>) and
detonation properties comparable to that of RDX.

Recently, Wu et al.* reported a new series of energetic salts
based on 3-hydeazino-4-amino-1,2,4-triazolium (Scheme 27).
The obtained salts exhibited relatively high densities ranging
from 1.649 to 1.858 ¢ cm ® and excellent thermal stabilities
with decomposition temperatures ranging from 168 to 266 °C.

N=N
. . .
Cation:  H;NHN —<\ />— NHNH;
N-N

Scheme 26 Energetic cation of hydrazinium-substituted tetrazine.

N

HN

NH

Cation: N*=

| N—NH,
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Paired o o 2 NF NN i
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Scheme 27 Energetic salts based on 3-hydrazino-4-amino-1,2,4-
triazolium.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

However, most of their detonation properties were lower than
those of TATB, which might limit their application.

3.5 Guanidine-substituted monocyclic cations-based ionic
salts

Guanidine is a thermally stable group with high nitrogen
content, therefore, the introduction of guanidine groups into
tetrazine could improve the nitrogen content and thermal
stability. The 3,6-diguanidine-1,2,4,5-tetrazine cation is an
excellent energetic ionic ligand, which is widely used in con-
structing energetic salts (Scheme 28).17:21:282946:49,53 Mogt of these
salts show excellent thermal stabilities, but their densities are
mostly not very high.

As for the feature of electron-withdrawing inductive effects
from the nitro groups, almost all the compounds containing
polynitro groups act as anions. Wu et al.'®® reported a novel
cation containing guanidinium group as well as a picryl moiety,
upon which a series of energetic salts were synthesized
(Scheme 29). All the energetic salts exhibited excellent thermal
stabilities, most over 180 °C, meanwhile, these salts performed
sustainable sensitivities towards impact, friction and electro-
static discharge. Moreover, these salts possessed detonation
properties comparable to those of TATB, which made them
promising candidates for energetic materials.

Recently, Klapotke et al.®® created other salts based on
guanidinium-substituted polynitroarene (Scheme 30). These salts
all exhibited excellent thermal stabilities with decomposition

HN b N-N g ~NH,
N NK
N:N NH.

H,N

Cation:
2

Scheme 28 Energetic cation of guanidinium-substituted tetrazine.
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Paired S N. N N=N N-N|
Anions: N, N N o
o
NO, No: o
B
NN oS
VA N T U
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Scheme 29 Energetic salts
polynitroarene.

based on guanidinium-substituted

NO. H,N
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Scheme 30 Other energetic salts based on guanidinium-substituted
polynitroarene.
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temperatures over 200 °C. But their detonation properties were
only comparable to those of TNT, which might limit their
potential application.

4. Dicyclic and polycyclic cations-
based ionic salts

Compared with monocyclic cations, bridged polycyclic cations
lay denser and possess higher nitrogen contents, which are
useful for improving the energetic performance.

Gao et al.'” obtained C-N bridged imidazole and triazole or
tetrazole cations through the processing of methylsulfonyl and
nitro-substituted imidazole, which were paired with nitric or
perchlorate to produce a series of energetic salts (Scheme 31).
The obtained energetic salts exhibited excellent thermal
stabilities and moderate densities, but their detonation prop-
erties were not studied.

A N-N bridge dicyclic cation has been reported. In 2005,
Shreeve et al.*®® reported the synthesis of 4,4-bis-1,2,4-triazole,
which was processed with nitric acid and perchlorate acid,
respectively, and corresponding energetic salts were obtained.
Additionally, they reported another dicyclic cation, N-4-(1,2,4-
triazole)-N-3-(4-methyl-1,2,4-triazolium)amine, and obtained its
nitrate, perchlorate and 5-nitro-tetrazolate (Scheme 32). For the
obtained energetic salts, perchlorate exhibited the best thermal
stability and the highest density.

Recently, Klapotke et al.'® designed and synthesized series
of poly-nitrogen and oxygen-rich energetic salts 5,5-bis-(3,4-
diamino-1,2,4-triazolium) cation (Scheme 33), which exhibited
relatively high densities ranging from 1.65 to 1.87 g cm . All
these energetic salts decomposed over 200 °C except for the
nitroformate salt. In addition, these energetic salts showed
excellent detonation properties, with detonation velocities
ranging from 8051 to 9053 m s~ ', detonation pressures ranging
from 22.1 to 34.3 kPa. However, the high sensitivities towards
impact (<10 J) limited their potential application.

Cations: _</ \//
N’N
H:C
H[/\ Ns N X=CHorN
N < /
/N
N
NeH, N N—

Scheme 31 Energetic salts based on C-N bridged energetic dicyclic
cations.
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Scheme 32 The N-N bridged energetic cation.
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Scheme 34 Energetic salts based on azo-bridged energetic dicyclic
cation.

In the previous study, the introduction of azo group has been
proven to be an effective path to improving the densities and
heats of formation."® To achieve high performance energetic
salts, the author synthesized a series of energetic salts based on
the azo group bridged dicyclic cation, 3,3'-diamino-4,4’-azo-
1,2,4-triazolium (Scheme 34).""* All the obtained energetic
salts exhibited high thermal stabilities with decomposition
temperatures over 200 °C except for the nitroformate. These
energetic salts showed relatively high densities ranging from
1.71 to 1.99 g cm >, Meanwhile, these energetic salts exhibited
moderate sensitivities and excellent detonation properties,
some even higher than those of HMX, making them potential
substitutes for HMX.

5. Conclusions

In the pursuit of high performance energetic salts, large
amounts of novel structured energetic anions/cations have been
reported. However, energetic cations are reported on a lesser
scale, and the reported energetic cations often possess poor
oxygen balance, which become the primary limitation to
promoting the energetic properties of energetic salts.

From simple linear structures to N-heterocyclic structures,
plenty of novel energetic cations have been reported (Fig. 2).
Simultaneously, a significant number of high performance
energetic salts have been obtained. For the linear cations, they
pack denser energetic salts, which usually possess higher
densities; however, their simple structures supply less space for
modification. As for the monocyclic cations, the N-heterocyclic
structure provide higher heats of formation than the linear

©
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of formation to modify
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Fig.2 Development of energetic cations in the research of energetic
salts.

structure, while the heterocyclic structure supplies positions for
modification, which could improve the energetic properties of
energetic salts. Compared with the monocyclic structure, the
polycyclic backbones provide more positions to modify, which
provide more space for the improvement of energetic perfor-
mance. With the introduction of various kinds of energetic
groups into the polycyclic structures, more and more novel and
excellent energetic cations would be obtained in future, which
would improve the energetic performance of energetic salts.
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