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A global increase in environmental pollution demands the de-
velopment of new “cleaner” chemical processes. Among
urgent improvements, the replacement of traditional hydrocar-
bon-derived toxic organic solvents with neoteric solvents less
harmful for the environment is one of the most vital issues. As
a result of the favorable combination of their unique proper-
ties, ionic liquids (ILs), dense gases, and supercritical fluids
(SCFs) have gained considerable attention as suitable green
chemistry media for the preparation and modification of im-
portant chemical compounds and materials. In particular, they
have a significant potential in a specific and very important
area of research associated with the manufacture and process-
ing of high-energy materials (HEMs). These large-scale manu-
facturing processes, in which hazardous chemicals and

1. Introduction

A global increase in environmental pollution has led to an
ever-increasing control over the use and disposal of hazardous
materials by the chemical industry. This means that the chemi-
cal industry is continually searching for new “cleaner” alterna-
tives to current processes. This research area is called green or
sustainable chemistry and focuses on basic and technological
improvements that allow the prevention of local and global
pollution and reduce the huge consumption of nonrenewable
resources.™ Among these improvements, careful manage-
ment of environmentally friendly solvents for the chemical in-
dustry is one of the most vital issues because traditional hydro-
carbon-derived organic solvents are now consumed in inad-
missible quantities in many chemical and purification process-
es. Furthermore, organic solvents are often toxic and contrib-
ute significantly to environmental pollution. Over the past
decades, ionic liquids (ILs),** sub- or supercritical fluids
(SCFs),” and some other neoteric solvents®®” have gained con-
siderable attention as suitable alternatives for liquid-phase
chemical processes.

ILs are low-melting salts (m.p.<100°C) that commonly con-
sist of a voluminous organic cation and an organic or inorganic
(often fluorinated) anion. They have considerable advantages
over traditional organic solvents, in particular, a negligible
vapor pressure, an ability to be in the liquid state over a wide
temperature range, high thermal stability, significant ionic con-
ductivity, structural tunability, powerful solvating properties,
and recyclability. Furthermore, a number of ILs contain Lewis
and/or Brgnsted acid or base fragments and, therefore, can act
as efficient catalysts for a variety of chemical reactions.®'? A
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extreme conditions are used, produce a huge amount of hard-
to-dispose-of waste. Furthermore, they are risky to staff, and
any improvements that would reduce the fire and explosion
risks of the corresponding processes are highly desirable. In
this Review, useful applications of almost nonflammable ILs,
dense gases, and SCFs (first of all, CO,) for nitration and other
reactions used for manufacturing HEMs are considered. Recent
advances in the field of energetic (oxygen-balanced and hyper-
golic) ILs are summarized. Significant attention is paid to the
SCF-based micronization techniques, which improve the ener-
getic performance of HEMs through an efficient control of the
morphology and particle size distribution of the HEM fine par-
ticles, and to useful applications of SCFs in HEM processing
that makes them less hazardous.

significant acceleration effect of the IL media on these reac-
tions may be attributed to a decrease in the activation energy
of the rate-determining step. On the other hand, highly polar
or charged intermediates and activated complexes could
become more stable in the IL media because of Coulombic in-
teractions with the IL cations and/or anions; this may have a
favorable impact on process efficiency and selectivity.">'¥

The physical properties of SCFs are also different from those
of ordinary gases and liquids and partially have the features of
both.®! They have a diffusivity and viscosity close to a gas and
can diffuse through solids. The densities of SCFs are similar to
the corresponding liquids so they can dissolve some chemical
compounds and materials. The properties of SCFs are strongly
influenced by changes in the pressure and temperature. Near
the critical point, even small changes of these parameters may
result in large changes in density, which allows many proper-
ties of sub- and supercritical fluid to be “fine-tuned” to better
suit corresponding industrial and laboratory processes.">'®
CO,, a commonly used SCF, is particularly attractive as reaction
and process medium because of its low cost, nontoxicity, non-
flammability, and thermal stability. The critical point of CO, is
easily accessible at the critical temperature (T¢) 31.1°C and crit-
ical pressure (P.) 7.38 MPa. Industrially available, nonflamma-
ble, and chemically resistant freons, in particular 1,1,1,2-tetra-
fluoroethane (T.=101.06°C, P.=4.06 MPa)"'"" that do not fall
into the category of ozone-depleting substances"® may also
have useful applications in chemistry and chemical engineer-
ing.

Because of the useful combination of unique properties,
both ILs and SCFs are extensively studied nowadays as green
chemistry media for the preparation and modification of im-
portant chemical compounds and materials. The pronounced
acceleration effect of ILs has been observed in Diels-Alder,"
Michael addition,”™ Knoevenagel,”" Baylis-Hillman,?? cross-
coupling,” and cyclocondensation reactions.”?**! Task-specific
ILs are useful recyclable organocatalysts of chemical (particular-
ly asymmetric) reactions.”*?* Supercritical CO, (scCO,) has
been often used in chemistry and chemical engineering as a
green extracting agent of useful substances from plant and
animal raw materials,*® as an inexpensive and efficient eluent
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for chromatography,®" and as a convenient medium for the

environmentally friendly preparation of chemical compounds
and materials. Homogeneous® and heterogeneous® catalytic
or biocatalytic (enzymatic) reactions,**>® green polymerization
processes,’> '3 and some other chemical reactions®®“*” were
performed efficiently in sub- and supercritical CO..

The global concern with regard to environmental safety in
different industrial areas also affected the production of high-
energy materials (HEMs). The application of green chemistry
methods in the preparation and processing of HEMs is a spe-
cific and very important area of research.*'*"! Of particular im-
portance is the fact that dangerous HEMs are often produced
on extremely large scales. In the corresponding manufacturing
processes, hazardous chemicals, chemically resistant solvents,
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and extreme reaction conditions are commonly needed to de-
liver the required level of accumulated energy to products.
These requirements make the HEM manufacturing processes
risky to staff and environment. Furthermore, they significantly
complicate recycling and appropriate waste disposal, particu-
larly for nitration reactions in which a large amount of hard-to-
dispose-of mixed-acid waste is produced.”® This Review sum-
marizes prospective approaches to address these concerns
based on applications of ILs and sub- or supercritical fluids
(CO, and freons) in the preparation and processing of HEMs. In
particular, useful application of these almost nonflammable
neoteric media in nitration and some other reactions used for
the manufacturing of HEMs that make these reactions less fire
and explosion risky**” are considered. Recent advances
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(published after the excellent review by Zhang and Shreeve®")
in the field of energetic ionic liquids (EILs),*** (in particular
oxygen-balanced EILs®*>” and hypergolic ElLs capable of fast
ignition upon contact with oxidizers"**?) are thoroughly ana-
lyzed. Significant attention is paid to SCF-based micronization
techniques that improve the energetic performance of HEMs
significantly through the efficient control of the morphology
and particle size distribution of the HEM fine particles without
degradation or contamination of products.”®

Application of ILs in aromatic nitration®” and the use of
scCO, in the processing of energetic materials® are partly re-
viewed. However, to the best of our knowledge, no compre-
hensive interdisciplinary review covering all these aspects of
the synthesis and modification (micronization) of HEMs using
ILs and sub- or supercritical fluids has been published so far.
Herein, we attempted to fill this gap with a focus on recent ad-
vances in these important areas of research.

591

2. IL-Based Green Approaches to the Synthesis
and Transformation of HEMs

ILs are considered as safe and environmentally friendly reac-
tion media in the dangerous preparation of HEMs (green
chemistry). They accelerate reactions and allow them to be
performed under mild conditions, thus reducing the hazard of
HEM handling. Over the past decades, a number of HEMs were
successfully synthesized in IL media. Aromatic nitration was
tested in classical room-temperature ILs and/or in the presence
of task-specific acidic ILs (Brensted-acid catalysis) using various
nitrating reagents. As a result, the required amount of mixed
acids (nitric and sulfuric) subject to disposal was reduced no-
ticeably. Significant attention was paid to target-oriented syn-
thesis and transformations of known and prospective HEMs in
the presence of ILs as solvents and catalysts. In some cases, ILs
themselves act as nitrating/nitrosating agents or HEMs. ElLs, in
particular oxygen-balanced ElLs bearing polynitrogen cations
and oxygen-rich anions and hypergolic ElLs that ignite upon
contact with oxidizers because of an exothermic redox reac-
tion, are considered as promising HEMs and green substitutes
for the toxic hydrazine-derived components of liquid propel-
lants."**? In this section, IL-mediated nitration reactions and
other syntheses of HEMs, useful applications of ILs as reagents,
and recent advances in the synthesis and characterization of
ElLs are presented.

2.1. IL-mediated aromatic nitration

The nitration of aromatic compounds is a classic chemical reac-
tion of great industrial importance. Mononitroarenes are key
precursors for aniline derivatives, which are used in the manu-
facturing of dyes®” and polymers;®? in contrast, polynitroar-
enes, especially 2,4,6-trinitrotoluene (TNT), were used in a
broad range of industrial and military application as HEMs for
decades.”™ The development of environmentally benign nitra-
tion processes is a challenge as the traditional nitration with a
huge excess of mixed nitric and sulfuric acids leads to the su-
perfluous production of acidic waste, which requires
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environmentally dangerous and energy-consuming disposal.
The use of ILs as solvents for the electrophilic nitration of
arenes could address this challenge.

The nitration of arenes in an IL medium was first published
in 2001.%9 The reactions were performed in 1-ethyl-3-methyl-
imidazolium-based ILs ([Emim][X]; X=triflate (OTf), CF,COQO,
NO;) or protonated Hinig’s base (N,N-diisopropylethylamine,
[HNEtiPr,]J[CF,COQ]) using a wide range of nitrating agents
(NH,NOS/TFAA (TFAA =trifluoroacetic anhydride), iC;H,;,ONO,/
BF;-Et,0, iCsH,;ONO,/TfOH, Cu(NO,),/TFAA, and AgNO./Tf,0
(Tf,0 =triflic anhydride). Among these, NH,NO,/TFAA (in com-
bination  with  [Emim][CF;COO] or [Emim][NOs;]) and
iCsH,;ONO,/BF;Et,0 or iC;H;;ONO,/TfOH nitration systems (in
combination with [Emim][OTf]) provided the best nitration effi-
ciency and a convenient recycling/reuse of ILs. The active ni-
tronium salt NO,BF, appeared to be unsuitable as a nitrating
agent as it nitrated the imidazolium ring of the IL solvent.
Under optimal conditions, benzene and its derivatives (toluene,
anisole, 4-methylanisole, tert-butylbenzene, mesitylene, fluoro-
benzene, etc.) afforded the corresponding mononitration prod-
ucts with the preferred formation of ortho and para isomers
(the ortho/para ratio varied from 70:30 for anisole to 8:92 for
fluorobenzene) in good-to-excellent yields (Scheme 1). In the
case of trifluoromethylbenzene, the yield of the nitration prod-
uct was lower whereas nitrobenzene could not be further
nitrated. The nitration of 4-fluorotoluene afforded (apart from
the major ortho and para isomers) the minor meta isomer, the
content of which increased with the increase of the reaction
time.

R
nitration reagent I \—NO
IL, 0°C—=20°C A2

(84-99%)

R = H, Me, OMe, ‘Bu, 4-Me-1-OMe, 1,3,5-Me;

nitration system: NH4NO3/TFAA, [Emim][CF3COO] or [Emim][NO3]
'AMONO,/TfOH, [Emim][OTf]
IAMONO,/BF 5 Et,0, [Emim][OTf]

Scheme 1. Electrophilic mononitration of aromatics in IL media. Adapted
from Ref. [64]. AmONO2 =isoamyl nitrite.

Similar results were reported for the aromatic nitration of
both activated and deactivated substrates with acetyl nitrate
(HNO5/Ac,0) in  imidazolium  ([Bmim][BF,], [Bmim][PFl,
[Bdmim][BF,]; Bmim = 1-butyl-3-methylimidazolium, Bdmim=
1-butyl-2,3-dimethylimidazolium) and pyrrolidinium ([Bmpyrr]
[OTf], [Bmpyrr]l[NTf,]; Bmpyrr=1-butyl-1-methylpyrrolidinium)
ILs.%>% The nitronium ion was evidently generated from the
acetyl nitrate and acted as the true nitrating agent in the IL
media. The best yields of mononitration products (70-96 %)
were attained in [Bmpyrr][NTf,]. However, attempts to convert
nitrobenzene into dinitrobenzene in [Bmpyrr][NTf,] failed.
Importantly, the association of acetyl nitrate with ILs improved
the para selectivity (ortho/para ratio varied from 22:78 to
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18:82) for halobenzene nitration compared to that in molecu-
lar solvents (CH,Cl, or CCl,). Unexpectedly, the nitration of tolu-
ene with nitric acid in various ILs afforded different products
depending on the IL used (nitrotoluene in [Bmim][OTf] or
[Emim][HSO,]; halogenated toluene in [Bmim]Hal (Hal=Cl, Br,
I); and benzoic acid in [Bmim][OMs] (OMs =mesylate), evident-
ly as a result of ipso substitution or oxidation reactions
(Scheme 2).18

COOH Me Me
[Bmim][OTH]
or =
D + HNO; ——2 — || —NO,
[Bmim][OMs] [Emim][HSO,] =
[Bmim]X
X=Cl, Br, |
Me
X
| —5x
=

Scheme 2. Nitration of toluene with HNO; in different ILs. Adapted from
Ref. [68].

Readily available ethylammonium nitrate (EAN)-based sys-
tems (EAN/Tf,0 and EAN/TFAA) proved to be convenient
in situ sources for triflyl nitrate (TFONO,) and trifluoroacetyl ni-
trate (CF;COONO,), respectively. These nitration systems were
used for the facile nitration of various, in particular deactivated,
arenes and heteroarenes (furan, thiophene) under very mild
conditions, with the recovery and reuse of the IL*® Metal ni-
trates were also suitable nitrating agents or catalysts for aro-
matic nitration reactions. Indeed, the nitration of phenol deriv-
atives with ferric nitrate proceeded with excellent para selec-
tivity (76-86%) in [Bmim][BF,].” Similar reactions with the
Fe(NO;)s/EAN system (either neat or supported on K-10 mont-
morillonite) were significantly accelerated under ultrasound ir-
radiation to afford para-nitration products as major isomers.”"
A suspension of Bi(NOs);:5H,0 (BN) in imidazolium-based ILs
([Bmim][PFs] or [Bmim][BF,]) effectively nitrated activated
arenes under mild conditions without external promoters.”?
The BN/[Hmim][CIO,]-HNO;/Ac,0O nitrating system proved to
be suitable for the green polynitration of activated arenes
(phenol, anisole, toluene, phloroglucinol, and trimethoxyben-
zene) to produce the corresponding trinitro compounds in
moderate-to-excellent yields. Furthermore, the IL catalyst could
be reused three times without a loss of activity. This sulfuric
acid free system has the advantages of strong nitrating ability,
environmental friendliness, low cost, and high potential for in-
dustrial application.”® An inorganic IL (Ag-K-Na nitrate eutec-
tic mixture; Ag/K/Na=0.51:0.42:0.07) served as an effective re-
agent and medium for the nitration of naphthalene and hydro-
quinone dimethyl ether. The reaction proceeded with unusual
regioselectivity, which indicated a radical process.” Highly ef-
fective systems for the nitration of arenes with acetyl nitrate
include quaternary ammonium ILs ([Nl [NTF,], N,y = tributyl-
hexylammonium) and copper or indium bis[(perfluoroalkyl)sul-
fonyllimide (Cu[N(C,F,SO,),], or In(NTf,);) catalysts (Figure 1).
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AN o A= TBU: [NaggslINTE]
Ak” 1 NTR A= Et [NasaglINTE
Alk =Et [N226]INTH2]
.
o)
NH, | X~ X = PhSO3 OTs, HSO,

caprolactam-based IL

Figure 1. Quaternary ammonium and caprolactam-based ILs.

The nitration of chlorobenzene in the presence of each catalyst
(2 mol%) proceeded at room temperature with 87-90%
conversion to afford isomeric nitration products with an ap-
proximately 4.5:1 para/ortho ratio. Importantly, the catalytic
systems could be easily recovered and reused over five times
in the reaction.” Similar results were attained for the nitration
of benzene derivatives with HNO; in the presence of the IL-
lanthanide (Ln)-based [N,4][NTf,]/Ln(N(C,F,SO,),), catalytic
system (5 mol %).”®" New acidic caprolactam-based ILs (X=OTs,
PhSO;, HSO,) efficiently catalyzed aromatic nitration in the
presence of NO,/air”” or HNO,/acetic anhydride (Ac,0) as ni-
trating agents.”® At the optimal chlorobenzene/IL molar ratio
of 10:1.5, isomeric chloronitrobenzenes were produced in 71%
total yield with a 7.7:1 para/ortho ratio, which is superior to
that obtained with a nitric/sulfuric acid nitrating system. In ad-
dition, the ILs could be reused several times without a loss of
efficiency.

The obtained results confirm the significant benefits of ILs
as green media for aromatic nitration. The IL-based nitration
systems do not require large quantities of strong acids and
offer a simple nonaqueous workup. The yield and isomer distri-
bution of the corresponding nitration products in the IL media
are comparable or better than those in conventional nitration
procedures. Furthermore, relatively simple operations allow
convenient recovery and recycling of the ILs.

In some cases, ILs may serve as efficient green catalysts of
aromatic nitration reactions. Over the past decade, a series of
Brgnsted-acidic task-specific ionic liquids (TSILs) was synthe-
sized as an alternative to traditional sulfuric or hydrochloric
acids and used as acidic catalysts in various acid-catalyzed
chemical processes, including aromatic nitration reactions
(Figure 2).

The nitration of arenes (benzene, toluene, chlorobenzene)
with a NO,/air mixture in the presence of TSILs [BspylX]
(Bspy = 1-(4-sulfonylbutyl)pyridinium, X=HSO,, OTf, OTs) with
N-(sulfoalkyl)pyridinium cation and RSO;~ anions (15 mol%)
proceeded with promising para selectivity to afford mononitra-
tion products in moderate yields. The fivefold recycling of
TSILs resulted in only a 9% decrease in the yield. This method-
ology offers significant improvements with regard to the prod-
uct yield, operational simplicity, mild reaction conditions, and
the “green” aspect of avoiding toxic catalysts and solvents.””
The regioselective mononitration of aromatic compounds also
occurred when HNO; was used as the nitrating reagent and
acyclic tetraalkylammonium salts bearing alkyl sulfonyl groups

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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| X X = OTf, OTs, HSO,
N~
SOzH

r +

Alk
Ak 1

n

[TASAIL]HSOg4]

Me
\

N

~

QM803H

n=3: [Mimps][X]
n=4: [Mimbs][X]

HO3S

N N/jN \/\to/\>ﬁ7

PEGyg0-DAIL

N SO3H | HSO;
AKk” TR 4

O\/\N&N

Alk = Me, Et, "Bu; n =3, 4

X =OTf, HSO4

2+

\—/

SOsH| 2HSO4

+
A
N N -

[PS-SO;3H-pmim]HS O,

Figure 2. Selected examples of TSILs.

and the HSO, anion ([TASAIL][HSO,], TASAIL=trialkylsulfon-
ylalkyl ionic liquid) served as recyclable acidic catalysts
(20 mol%).2” New Brensted acids consisting of SO;H-function-
alized 1,3-dialkylimidazolium cations and RSO;~ anions were ef-
fective catalysts for the aromatic nitration. Various arenes react-
ed with a 62% nitric-acid-TSIL ([Mimbs][OTf] or [Mimps][OTf];
Figure 2) nitrating systems under solvent-free conditions to
produce the corresponding nitroarenes and water as the only
byproduct. The reactions were performed in a biphasic mode;
as a result, the nitroarene could be easily separated by decant-
ation and the remaining TSIL could be reused without any pu-
rification.®” Thus, the nitration of toluene with 68% HNO; in
the presence of [Mimps][HSO,] (2 mol%) as the catalyst pro-
ceeded with 100% conversion to yield a mixture of ortho/para
nitrotoluenes in a 0.7:1.0 ratio.®” A combination of polyethy-
leneglycol-based dicationic TSIL (PEG,,-DAIL) bearing the NTf,
anion as the catalyst and N,Os as the nitrating agent improved
the para selectivity for alkylbenzene and the ortho selectivity
for halogenated benzene nitration reactions significantly.
PEG,4-DAIL could be recycled five times without a significant
loss of catalytic activity and with only 5% loss of weight.®® To
further simplify catalyst recycling, a series of heterogeneous
polystyrene-supported TSILs ([PS-SO;H-pmim][HSO,]; Figure 2)
was prepared and tested in reactions of arenes with nitric acid.
The catalytic performance of [PS-SO;H-pmim][HSO,] improved
with the increase in the amount of the supported TSIL.
However, the para selectivity depended mainly on the arene
structure rather than the TSIL content. The heterogeneous cat-
alyst was recycled multiple times in the nitrotoluene synthesis
with only a slight decrease of activity after the fifth run.®
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The synthesis and application of Brgnsted-acidic TSILs as cat-
alysts for aromatic nitration presented a considerable break-
through in this field of green chemistry by the elimination of
environmentally harmful and hard-to-dispose-of strong acids
from these important reactions. In addition, the TSILs are an
excellent green alternative to traditional catalysts for a number
of other acid-promoted chemical reactions.>&

2.2. IL-mediated synthesis of polynitro compounds

ILs are effective reaction media and catalysts for the prepara-
tion of both known and new high-energy polynitro com-
pounds. In the presence of ILs, these compounds (sensitive to
heating, shock, and friction) may be produced under milder
conditions (at lower temperature) and with higher rates and/or
yields than when using conventional methods.

The direct nitrolysis of hexamethylenetetramine (HA) with
95% nitric acid catalyzed by Brgnsted-acidic ILs resulted in the
formation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). ILs
based on both imidazolium ([Hmim]X [SO;H-pmim][X]) and
pyridinium ([SO;H-bpyrl[X]; SO;H-bpyr = butylpyridiniumsulfon-
ic acid, in all cases X=0Ts, OTf, NO,) exhibited noticeable cata-
lytic activities, with [SO;H-bpyr][NO;] being the best catalyst. In
the presence of this catalyst (3 mol%), the yield of RDX was
10% higher than that from a conventional system that did not
contain an IL (Scheme 3).%"

The dicationic TSIL PEG,,-DAIL (Figure 2) was effective in
the synthesis of industrially important explosive cyclotetra-
methylene tetranitramine [octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX)] by the nitrolysis of 3,7-dinitro-1,3,5,7-tetra-
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I/N\l . N~ °N IL = [Hmim][X], [SOzH-pmim][X], [SO3H-BPyr][X]
r 95% HNOg k ) (X = OTs, NO; OTf)
NN IC N
LN\/ |
NO,
HA
RDX (63-71%)
N/\N/NO2 o /\N’NOZ
o} o}
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O,N O,N NO,
DPT (75%) HMX (64%)
Scheme 3. Synthesis of RDX and HMX in ILs. Adapted from Refs. [87,89].
azabicyclo[3,3,1]lnonane (DPT) using the N,Os/HNO3/NH,NO; ni- Ac Ac ON NO
. . ~ - ~ ~NO2
trating system. The cooperative use of PEG,,-DAIL and N,O, AC\,\TﬁiNN,Ac 100% HNO3 OZZN\I\II\I;Q) ('NN’NOZ
increased the yield of HMX up to 64%.¥ Furthermore, the HEDN 10 mol% [1-mim]HSO, pEDN
starting DPT could be in turn prepared by the nitration of urea B N\Bn 60 °C OZN/N N~N02
using a 98% HNO3/20% oleum mixture in the presence of an- TADB CL-20 (90%)

other TSIL (triethylbutylsulfonic acid hydrogen sulfate, [Tebsal
[HSO,]; Scheme 3).

Nano-HMX particles were produced by spraying a raw HMX
solution in [Hmim]Br into purified ice water. XRD measure-
ments indicated that nanocrystals of the thus prepared HMX
had the same energetically favorable 3 form as the raw HMX.
Compared with raw HMX, the nano-HMX particles had a much
lower impact sensitivity. However, they are easier to explode
than raw HMX under thermal stimulus because of the lower
values of peak temperature and activation energy.*”

A one-pot methodology for the synthesis of an even more
powerful explosive [2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa-
azaisowurtzitane (CL-20)] through the nitration of 2,4,6,8-tetra-
acetyl-10,12-dibenzyl-2,4,6,8,10,12-hexaazaisowurtzitane (TADB)
with fuming nitric acid in the presence of Brgnsted-acidic ILs
was recently developed.”"” Several ILs were tested in this reac-
tion: 1-methylimidazolium hydrogen sulfate ([1-mim][HSO,]), 3-
methyl-1-sulfonic acid imidazolium chloride ([Msim][Cl]), and 1-
methylimidazolium hydrogen formate ([1-mim]HCO,). Under
optimal conditions, which included the heating of a solvent-
free TADB/HNO; mixture in 1:150 molar ratio at 60°C in the
presence of [1-mim][HSO,] (10 mol%), CL-20 was produced in
90 % vyield. As it was stable under the proposed conditions, the
IL could be reused several times and exhibited the same cata-
lytic performance (Scheme 4).

SO;H-functionalized Brgnsted-acidic ILs appear to be promis-
ing promoters for the green synthesis of fused nitrogen het-
erocycles containing several energy-rich N—nitro groups. In
combination with N,O;, they form a useful nitrating system for
the efficient conversion of 1,4,5,8-tetraazabicyclo[4.4.0]decane
(TAD) to 1,4,58-tetranitro-1,4,5,8-tetraazabicyclo[4.4.0]decane
(TNAD).®? Among the several tested ILs (e.g., [Hmim][X]; X=
HSO,, NO,, OTs), the TSIL [SO;H-bmim][HSO,] (3 mol%) showed
the best catalytic performance, with nitration proceeding
under mild conditions, and the yield of TNAD was improved
by 3-6% (Scheme 5).
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Scheme 4. |L-catalyzed synthesis of CL-20. Adapted from Ref. [91].

2,5,7,9-Tetrahydro-2,5,7,9-tetraazabicyclo[4.3.0lnonan-8-one
dihydrochloride (TBN), which is a key precursor for another ex-
plosive, 2,5,7,9-tetranitro-2,5,7,9-tetraazabicyclo[4.3.0lnonan-8-
one (TNTBN), was efficiently prepared by a three-component
condensation of ethylenediamine, glyoxal, and urea catalyzed
by a SO;H-functionalized Brensted-acidic IL [TMPSA][HSO,]
(Figure 2). Subsequent nitration of the TBN gave rise to the
target compound TNTBN in good yield. The catalysts could be
reused without a significant loss of the catalytic activity.”

A high-energy bicyclic furazan derivative [4,6,8-trinitro-
5,6,7,8-tetrahydro-4H-furazano[3,4-f][1,3,5]triazepine  (TNFDA)I,
fused with an exhaustively nitrated triazepine ring was effi-
ciently synthesized from available 3,4-diaminofurazan (DAF) in
an acidic IL medium. The developed one-pot two-step proce-
dure included the nitration of DAF with HNO; to afford inter-
mediate 3,4-di(nitramino)furazan followed by the gradual addi-
tion of 2-nitroazapropane-1,3-diol or its acetate to the reaction
mixture. The best overall TNFDA yield was obtained in the
mixed-IL system consisting of [Emim][HSO,] and [Bmpyrr][OTf]
in a 1:2 ratio (Scheme 6).°¥

A convenient, environment-friendly synthesis of nitrobenzo-
furoxan (BF) from 2,4-dinitrochlorobenzene and sodium azide
was developed in IL media. The reaction proceeded through
the formation of the intermediate azidodinitrobenzene. Under
optimal conditions, [Empyrr][BF,] or [Empyrr][OTf] (Empyrr=1-
ethyl-1-methylpyrrolidinium)/Bu,NBr (TBAB) (10 mol%) two-
component IL system at 60 °C, excellent yields of BF (93-95 %)
were obtained. Benzodifuroxan (BDF) and the powerful hydro-
gen-free explosive benzotrifuroxan (BTF) were similarly pre-
pared in high yields (Scheme 7).

The high-energy oxidizer 3,4-dinitrofurazan (DNF) was syn-
thesized from 3,4-diaminofurazan using a concentrated H,SO,/
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[ I ] N,Os, MeNO,
[SOzH- bmlm]HSO4 (3 mol%),

TAD

-

NH,
= [TMPSA][HSO,] (20 mol%)

/Eo HCI HzO [ I /Eo HNOy/AC,0_

TBN (87%)

No2
No2 No2
TNAD (89%)

EI>=°

No2
TNTBN (65%)

N 2Hcl

Scheme 5. TSIL-assisted syntheses of TNAD and TNTBN. Adapted from Ref. [92,93].

r}lo2 '}lOz
HN NH, O,NHN NHNO, | RO __N.___OR N
T\ HNO/IL
v /e I\ —————— O,N—N N—NO,
o7 0—=20°C N_ N 20°C
o ° I\
DAF R=H, Ac N\O/N

IL=[Emim][HSO,4] + [ompyrr][OTf]

TNFDA (75-85%)
m.p. 150-151 °C
Pxeray = 1.959 g cm™®

Scheme 6. One-pot synthesis of TNFDA in the IL medium (o: density; values in parentheses, also in the following schemes, correspond to yields). Adapted

from Ref. [94].

/N -
\O o)
~ 7 + 1
OzN N+ N

Cl N3 N
NO, NO .- 0 N % ,O
NaN; TBAB BF (93-95%) N= =N
IL,60°C, 2 h o o
+ N\
N N< _
NO, NO, 07N 770 o’N\O/N
N= =N, _ BTF (92%)
= [Empyrr][BF 4] (@)

or [Empyrr][OTf]

BDF (87%)

Scheme 7. Synthesis of benzofuroxans in ILs (values in parentheses correspond to yields). Adapted from Ref. [95].

50% H,0, mixture (1.0:1.5 molar ratio) in the presence of the
1-methyl-3-butylimidazolium decatungstate ([Bmim],[W,,0,])
catalyst (0.2 mol%; Scheme 8).°® The use of the IL metal salt
instead of the conventional Na,WO,2H,0 catalyst increased
the DNF yield in the oxidation reaction significantly (from 39
to 589%).””

Trinitroethanol (TNE) is a useful building block for the prepa-
ration of a number of energetic compounds containing the tri-
nitromethyl group. It is commonly synthesized by the Henry
reaction of trinitromethane (TNM) with paraformaldehyde in
CCl, at 60-65°C followed by careful crystallization of the raw
product. Imidazolium ILs accelerate and improve the selectivity
of this reaction, yielding analytically pure TNE, which made the
dangerous crystallization step unnecessary. The best TNE yield
(89%) was reached in the acidic IL [Emim][HSO,]. Furthermore,
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HoN NH, O3N NO,
HZOZ, H2504
/N — o ~ > I\
N_ _N [Bmim]4[W10O23] N_ _N
O O
DAF DNF (58%)

Scheme 8. [Bmim],[W,,0,;]-catalyzed oxidation of diaminofurazan to dinitro-
furazan. Adapted from Refs. [96,97].

this readily recyclable IL could be reused four times without a
noticeable decrease of the process efficiency (83-84 % yield).*®
A similar protocol was applied successfully to the synthesis of
2,2-dinitropropane-1,3-diol from paraformaldehyde and dinitro-
methane (1:1); the latter was generated in situ through the

acidic treatment of dinitromethane sodium salt. The IL [Emim]
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[HSO,] was an appropriate reaction medium and catalyst for
the Mannich reaction of TNE with less-nucleophilic amines,
such as urea and 4-aminofuroxans. The synthesis of 1,3-
bis(2,2,2-trinitroethyl)urea (BTNEU) from urea and TNE was per-
formed safely in [Emim][HSO,] to afford the raw product in a
high purity (further purification was not needed) in 90% vyield.
Here, a three-fold recyclability of the IL was also demonstrated
(Scheme 9).

Although aminofuroxans are even weaker nucleophiles than
urea, they could be efficiently converted to 4-(2,2,2-trinitro-
ethylamino)furoxans (TNEAFO) by treatment with TNE in IL
media. Imidazolium and pyrrolidinium ILs appeared suitable

IL A~
HC(NO); + CH,0 ———— HO C(NO,)3
20 °C, 24h
TNM TNE (89%)
m.p. =70-72 °C
0
PN
HO™ c(No o~ ~
NHcoNH, 2 SO o nyc NN emos)
IL, 20 °C, 24h

BTNEU (90%)

CH,0, HC(NO,);

IL, 20 °C, 24h m ”

IL = [Emim][HSO4]

Scheme 9. Synthesis of trinitroethanol and bis(trinitroethyl)urea in [Emim]
[HSO,]. Adapted from Ref. [98].
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media for this transformation, among which [Bmpyrr][OTf] ex-
hibited the best performance. A three-component version of
the Mannich reaction, in which aminofuroxans, formaldehyde,
and TNM were used as starting compounds and the [Bmpyrr]
[OTf] served as the solvent, afforded the same condensation
products in acceptable yields. Thus prepared TNEAFO were
converted to (2,2,2-trinitroethylnitroamino)furoxans (TNENAFO)
under the action of the HNO,/TFAA nitrating system
in  [Bmpyrrl[OTf1.*?  (2,2,2-Trinitroethylnitroamino)furazans
(TNENAF) were obtained from the corresponding aminofura-
zans by a similar condensation/nitration reaction sequence in
the IL medium and their physicochemical and energetic char-
acteristics were determined (Scheme 10)."%”

Acyl chlorides reacted smoothly with TNE in the imidazolium
ILs with perhaloborate, phosphate, or aluminate anions to
afford the corresponding trinitroethyl esters in 74-95% vyield at
ambient temperature, which is a significant improvement to
known methods in which hazardous heating is needed.
Although the esterification reactions proceeded faster in
[Emim][AICI,] than in [Emim][BF,] or [Emim][PFs] media, high
HEM yields were obtained in all mentioned ILs (Scheme 11).1°"

The catalytic system [Emim][AICl,]/FeCl; (5 mol%) promoted
the reactions of CHCl; or CCl, with TNE or 2-fluoro-2,2-dinitro-
ethanol (FDNE) efficiently, affording the corresponding ortho-
formates (TNEOF or TFDNEOF) and orthocarbonates (TNEOC or
TFDNEOC) in high vyields (Scheme 12). The esterification
reactions proceeded faster under the proposed conditions
than in organic solvents."*?

These results clearly show that the application of ILs as reac-
tion media and/or catalysts may significantly reduce undesira-
ble explosion risks associated with the syntheses of energy-

~ o
R NH, R HN” “C(NOy); R N CNO)s
HNO3/TFAA )
o\ #CHL0 + HENO) =S jN/ N ——
o \O/ (or TNE) 20°C o \o/ ILs o \O/ TNENAFO
0-5°C—>20°C (54-55%)
TNEAFO (57-63%)
R =Me, MeCO, CO,Me, Ph ILs = [Bmim][HSO,], [bmpyrr][OTf]
A~ MO
R R
NH, HN C(NOy)3 R1 N/\C(N02)3
IL: HNO3/TFAA
N. N +HOCHCNO)s ——= Y\ : I\
A7 20 °C A7 ILs N N
O (6] 0-5—= 20 °C ~o” TNENAF
TNEAF (77-85%)
R = Me, CN, NO, , NHCH,C(NO,)3
R = N(NO,)CH,(NO,)3 IL = [Bmpyrr][OTf]
NO, NO, rTloz rroz
I PN PO
ON_  NTcmogs NG NTCMNO  (NOC N N7 CmOg)
> ( il / N\ m.p. 76 °C / N\ m.p. 124 °C
N\ /N = -3 N\ - -3 N\ /N -3
(o) p =181gcm o) p =1.86gcm fe) p=1879gcm
Tgec=135°C Tgec.= 156 °C Tgec.= 127 °C

AH? = 662.3 kJ mol™!
D=8330ms"

AHE = 902.9 kJ mol!
D=8745ms""

AH{ =503.5 kJ mol’!
D=8618 ms"

Scheme 10. Synthesis of (trinitroethylamino)- and (trinitroethylnitramino)furazans and furoxans in ILs. Adapted from Refs. [99,100]. T,=decomposition tem-

perature; D=detonation velocity.
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TNE

= [Emim][X]
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Me
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Scheme 11. Synthesis of trinitroethyl esters in the IL media. Adapted from
Ref. [101].

X = BF4 PFg, AICl,

rich polynitro compounds (RDX, HMX, CL-20, etc.). The corre-
sponding chemical reactions could be performed in this case
under milder and/or safer conditions than in organic solvents,
in particular, as one-pot processes, to afford target explosives
in high yields. Therefore, the useful application of ILs to this
specific area of organic chemistry may be considered as an im-
portant and prospective contribution to energetic material sci-
ence.

2.3. IL-mediated preparation of other energetic compounds

ILs may serve as useful ionic media and/or catalysts for the
preparation of energetic compounds that contain high-energy
structural moieties other than the nitro group (high-enthalpy
heterocycles, carbocycles, azides, etc.).
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A convenient synthesis of fluorofurazans based on nucleo-
philic substitution of the nitro group in nitrofurazan deriva-
tives, particularly in dinitrofurazan (DNF), with the fluoride ion
in the IL media ([Bmim][BF,] or [Bmim][PF.]) was developed.
The hydrofluoric acid triethylammonium salt appeared a suita-
ble source of the fluoride ion in the proposed conditions. As a
result, several new liquid or low-melting high-energy fluoroni-
trofurazan derivatives became readily accessible via the devel-
oped procedure (Scheme 13).'%! |t should be noted that
Et;N-3HF cannot convert DNF to fluoronitrofurazan (FNF) in
conventional organic solvents (CH;CN, CHCL,).

High-enthalpy polynitrogen heterocycles, tetrazoles, are ap-
plied in materials science and medicinal chemistry as prospec-
tive explosives, components of information recording systems,
and carboxylic acid surrogates."*'% They are commonly syn-
thesized by the [3 + 2] cycloaddition of metal or organic azides
to nitriles in organic solvents. These reactions that involve ex-
plosive and toxic azide substrates and intermediates require
high temperatures (>100°C), which makes them dangerous.
The replacement of organic solvents with ILs capable of keep-
ing volatile hazardous byproducts (especially, HN;) in the ionic
media by Coulombic interactions, accelerated the reactions
and reduced the explosion and poisoning risks significantly.
The acidic IL [Emim][HSO,] was a substrate-specific reaction
medium and catalyst for the synthesis of 5-substituted 1H-
tetrazoles, and [Bmim][BF,] or [Bmim][PF4] were suitable for the
preparation of 1,5-disubstituted tetrazoles (Scheme 14).'% 5-
Substituted 1H-tetrazoles were prepared in moderate-to-high
yields (42-98%) by the 4-(N,N-dimethylamino)pyridinium ace-
tate catalyzed [3+2] cycloaddition of NaN; to cyanoarenes

CHCl4
HO™ C(NO,)F > TNE
IL/FeCls “ IUFeCly
70-100 °C 30 °C
= [Emim]AICI4]
S
N 07 C(NO,);
07 “C(NO,)F A~
F(ozN)zc/\o< 22 N3¢ ~o0—< oo
o C(NO,),F 2)3
TFDNEOF (88%) ~C(NO2), TNEOF (76%)
FONLC” 0 07 “CINO,)F ON)3C” Yo 07 CNOL),
FON)C~ O O~ -CNO2F (ON)C— O O~ CNO)s

TFDNEOC (91%)

TNEOC (83%)

Scheme 12. Synthesis of TNE- or FDNE-based orthoformates and orthocarbonates in the IL/FeCl; system. Adapted from Ref. [102].

(O
SN /
ON NO ON F N o N=N F
2 S—( 2 EtsN3HF R ON I 7\
/i i . N N ]\ F N\ /N N\ /N
NL N (Bmim]X], 50 °C, 4h o N_ _N S °
o " 0 30-36%
X = BF4 PF ( Q)
OnE 4,PFs FNF (50%) (38%) n=0,1

Scheme 13. Synthesis of fluoronitrofurazans in ILs. Adapted from Ref. [103].
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(heteroarenes) under solvent-free conditions. This method is
also suitable for the selective conversion of dinitriles to cyano-
tetrazoles.""”

Glycidyl azide polymers (GAP), important components of
high-energy binders,"* were efficiently prepared by the reac-
tion of polyepichlorohydrin (PECH) prepolymer with sodium
azide in a [Bmim]Cl/water (4:1) mixture without a catalyst
(Scheme 15).1%" The method eliminates solvent pollution and
simplifies the reaction postprocessing.

,
R! R? R2CN/IL NaNa/IL R
7—N/ . RGN —m8M > >:N
\ 100 °C 100 °C HN. . \N
NN IL=(Bmimi[BF,] (PFs) IL = [emim][HSO,] N
(72-74%) R = Ak, Ar, NOAr, Het; R2 = Bn (85-99%)

Scheme 14. IL-promoted syntheses of tetrazoles. Adapted from Ref. [106].

3,4-Dinitrofuroxan (DNFO) tends to generate nitroformoni-
trile oxide (NFNO) at room temperature through the cyclore-
version reaction."” This reactivity pattern opens a convenient
synthetic route to 3-nitroisoxazoles and 3-nitroisoxazolines,
which can be employed to synthesize libraries of these valua-
ble compounds. The method is based on the [3+ 2] cycloaddi-
tion of in situ-generated NFNO to acetylenes or olefins in the
presence of [Bmim][BF,] (40 mol%). It is also applicable to the
synthesis of 1,2,4-oxadiazole and 1,2,4-dioxazole nitro
derivatives through cycloaddition reactions of NFNO with tri-
chloroacetonitrile  or  hexafluoroacetone, correspondingly
(Scheme 16)." 114

A promising green alternative to the practically important
AlICl;-promoted isomerization of endo-tetrahydrodicyclopenta-
diene (THDCPD) to the corresponding exo isomer and, finally,

O,N NO,
cat. IL
02l
0™ N CCly, RT
DNFO

IL = [Bmim][BF 4] (40 mol%)

\
 CHEM: ! SCHEM

& Reviews
R OH R OH
©) NaNj3 0]
[Bmim]CI/H,0 = 4:1
c 1, 95°C, 10 h N~ 1,
PECH GAP (89%)

Scheme 15. Synthesis of glycidyl azide polymers in aqueous IL. Adapted
from Ref.[109].

to adamantane is based on the use of a dialkylimidazolium
chloride/AlCl; catalytic system. exo-THDCPD constitutes the
standard high-energy-density Jet Propellant-10  fuel (JP-
10)"3 " with an approximately 20% higher volumetric energy
(39.6 MJL™") than conventional petroleum distillates. The lower
freezing point (—79°C) and higher flash point (54°C) of exo-
THDCPD meet the requirements of both land and air applica-
tions. The IL/AICl;-promoted catalytic endo/exo isomerization
occurs efficiently under mild conditions (Scheme 17) with con-
version and selectivity values beyond 98%. Further isomeriza-
tion of exo-THDCPD to adamantane requires a higher tempera-
ture and longer exposure time. The IL-based procedure is su-
perior to conventional methods in terms of low energy con-
sumption and environmental friendliness.""

2.4. Nitrosation and nitration reactions with IL-based re-
agents

The TSILs containing active nitrite or nitrate anions may act
not only as solvents or catalysts but sometimes as reagents for
the nitrosation and nitration reactions. In particular, the new
dicationic IL  1-methyl-3-{2-[2-(1-methyl-1H-imidazol-3-ium-3-
yl)ethyloxylethyl}-1H-imidazol-3-ium dinitrite (DNIL) was syn-
thesized and used in combination with HCl as a convenient ni-

O,N

S on
o

CF,

Scheme 16. IL-promoted syntheses of N,O-heterocycles nitro derivatives from DNFO by [3 + 2] cycloaddition reactions. Adapted from Refs. [111,112].

[Bmim]Cl, AICI; (3.3 mol%)

A

endo-THDCPD

50 °C, 30 min

exo-THDCPD (98%)

B —
M T>50°C

adamantane

Scheme 17. IL-promoted endo/exo isomerization of THDCPD and the adamantane synthesis. Adapted from Ref. [115].
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trosonium source in the diazotization of aryl amines to the cor-
responding diazonium salts. The latter were converted to aryl
azides in nearly quantitative yields by the Sandmeyer reaction
with sodium azide in water (Scheme 18).""¥ DNIL is an easier-
to-handle nitrosating agent than conventional HNO, and it can
be stored for several months without a significant loss of
activity. Important advantages of this methodology are the
high efficiency and selectivity and mild reaction conditions,
which avoid the need for toxic reagents and solvents.

A mixture of an IL-like poly(4-vinylpyridinium) nitrate and
silica sulfuric acid in dichloromethane was used to perform re-
gioselective ortho-nitration of phenol derivatives. The reaction
proceeded under heterogeneous conditions and afforded the
corresponding  o-nitrophenols in moderate-to-high yields
(Scheme 19).1"7

NHZ ﬁz N3
SN IL, HCI AN NaN3, H,0 X
—R 0-5°C, —R 0°C, | —R
= 5-10 min = 5-20 min
(85-95%)
2+
oSN NN AN _

L= |Me— N N= 2NO;

N\9’ \Q/N'—‘Me

DNIL

Scheme 18. DNIL-assisted conversion of anilines to arylazides. Adapted from
Ref. [116].

B

OH — OH
N O,N

\_ NO3 _In N

R Si0,-HyS04 l R
DCM, RT (44-90%)

R =H, Ak, OAIk, Ar, Hal

Scheme 19. Regioselective nitration of phenols with poly(4-vinylpyridinium)
nitrate. Adapted from Ref. [117]. DCM = dichloromethane.
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Another TSIL-based nitrating agent, 1-methyl-3-hydroxysul-
fonyl imidazolium nitrate ([Msim][NOs]), was recently synthe-
sized by the treatment of 1-methylimidazole with chlorosulfon-
ic acid followed by the anion metathesis reaction. [Msim][NO,]
was useful for the nitration of arenes (in particular, aniline de-
rivatives)'® and  1,4-diformyl-2,3,5,6-tetrahydroxypiperazine
(DFTHP), a precursor to the highly energetic 4,10-dinitro-
2,6,8,12-tetraoxa-4,10-diazatetracyclo[5.5.0.0%°0* "Jdodecane
(TEX) scaffold (Scheme 20).""¥ The authors believe that the
true nitrating reagent in both reactions is the nitrite radical
generated in situ from [Msim][NO;] under the reaction condi-
tions. The radical was trapped by iodine and butylated hydrox-
ytoluene.

2.5. ElLs

Low-melting energetic salts (m.p.<100°C) have all the advan-
tages of ILs: low vapor pressure, high thermal stability, high
density, safe handling (e.g., low sensitivity to impact, friction,
and electric discharge), low toxicity, and simple production
routes, which make them ideal candidates to minimize the
hazardous conditions associated with handling, processing,
and transportation of explosive materials. Therefore, ElLs are
currently considered to be promising components for green
propellants.'**41207123) There are two types of ElLs. The first
type includes “oxygen-balanced” ElLs, which contain a high-
enthalpy polynitrogen organic cation (e.g., guanidinium, imid-
azolium, triazolium, or tetrazolium) along with an oxygen-rich
anion (e.g., CIO,, NO;, N(NO,),, or C(NO,);). The second type in-
cludes hypergolic ILs, which ignite instantly upon contact with
an appropriate oxidizer. The former can be used as compo-
nents of various high-energy formulations, including mono-
propellants, whereas the latter are considered as useful com-
ponents for bipropellants.

2.5.1. Oxygen-balanced EILs

The concept of ElLs was first proposed in 2003 for 1,2,3- and
1,2,4-triazolium salts bearing the NO,, ClO, or N(NO,),
anions. The authors defined these compounds as new,
highly energetic members of the intensively advancing class of
materials identified as ILs. Since then, a large number of other

A IL AINO _OHC-CHO,IL 5 °
H 5o RE 2 <
DCM, RT °
(75-92%) I I ne?th7z c N/>—<\N
15 examples 2 OZN/ \NOZ
CHO 0
+ DFTHP TEX (68%)
IL= | pe—N N=soH NO;
[Msim][NO3]

4IL—> 4 -
Me—NsN~s0;

+4NO; + Oy + 2H0

Scheme 20. Nitration of arenes and DFTHP with [Msim][NO;]. Adapted from Ref. [119].
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Scheme 22. Imidazolium-based ElLs with O-rich anions. Adapted from Ref. [127].

oxygen-balanced (mainly CO-balanced) ElLs were synthesized
and discussed in several review articles."**"*" Herein, we con-
sider only recent results published, that is, from the past two
years.

1-Methyl-3-alkylimidazolium-based ElLs with 5-nitroamino-
tetrazolate anion (NAT") were prepared in high yields by a
three-step procedure that included the acidic nitration of 5-
aminotetrazole (AT), transformation of resulting nitraminotetra-
zole (NATH) to its Ag salt, and replacement of the Ag™ cation
with an imidazolium cation in the presence of the correspond-
ing imidazolium halide (Scheme 21).'* The synthesized ElLs
contain modest accumulated energy. However, they are ther-
mally stable, have a low sensitivity to impact and friction, and
do not generate environmentally harmful gases upon decom-
position.

A complex theoretical study of ElLs containing the Emim
cation and nitrotetrazolate, dinitramide, or dicyanamide anion
was performed using the high-accuracy G3MP2 (MP2=Mgller-
Plesset perturbation theory second order) method and the
MO6L, M05-2X, M06-2X, and B3LYP DFT methods."* The nitro-
gen-enriched ElLs had thermochemical, fluid, and specific im-
pulse (I;,) properties comparable with or superior to those of
conventional ILs. The binding energies were in the range of
336-400 kJmol ™" at DFT levels, and the atomization procedure
used to compute their heats of formation (AH.") at the G3MP2
level produced results in very close agreement with available
experimental data (maximum deviation <5%). The highly posi-
tive enthalpy of formation (AHS =167-559 kJmol™') confirmed
the high-energy state of the prepared ILs.

1-Methyl-3-hydroxyethyl- and 1-methyl-3-nitroxyethylimida-
zolium salts with oxygen-rich anions were synthesized by a se-
quence of quaternization, nitration, and anion metathesis reac-
tions (Scheme 22).'*" According to thermogravimetric analysis
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PicO = picrate.

and differential scanning calorimetry data, these ElLs exhibited
promising thermal stabilities (the decomposition points were
~160°C for N-nitroxyethylimidazolium nitrate and >190°C for
N-(hydroxyethyl)imidazolium). The calculated densities, stan-
dard enthalpies of formation, and detonation parameters rank
them as promising high-energy materials.

A known antimicrobial agent, metronidazole (MTND), was
transformed into the corresponding nitroxyethyl and azido-
ethyl derivatives by nitration or azidation reactions. Subse-
quent treatment of the latter with nitric or picric acids under
mild conditions afforded the corresponding ElLs bearing pro-
tonated imidazolium cations and the nitrate or picrate anions.
Unfortunately, the prepared energetic materials had moderate
decomposition temperatures (Scheme 23).1'%

Two simple models were proposed to correlate the thermal
stability with the elemental composition and structural fea-
tures of imidazolium-based ElLs. The first takes into account
the number of selected atoms in cation and anion units.
Another suitable correction term was added to the second
model to adjust the predicted results with specific cation/
anion moieties. Experimental data for 164 imidazolium-based
ElLs were used to create new correlations in this model. Both
models were tested and compared with the available group
contribution method for 17 imidazolium-based EILs with com-
plex molecular structures." The obtained theoretical results
were in agreement with those predicted by the group contri-
bution method.

2.5.2. Hypergolic ILs

Commonly, carcinogenic, highly volatile, and toxic hydrazine
derivatives are used as principal components of bipropellant
rocket fuels in combination with powerful oxidants such as di-
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Scheme 23. Synthesis of MTND-based ElLs. Adapted from Ref. [128].
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Scheme 24. Hypergolic ILs that bear propan-2-ylidene methanetriamium cations and dicyanamide anion. Adapted from Ref. [131]. All=allyl.

nitrogen tetroxide (N,O,) and white fuming nitric acid (WFNA).
Such mixtures are referred to as hypergolic bipropellants and
ignite upon the contact of hydrazine fuel with a suitable oxi-
dizer because of the highly exothermic redox reaction." Some
ElLs that have an appropriate composition and low toxicity
appear to be promising alternatives to hydrazine derivatives.

The breakthrough idea to replace hydrazine with hypergolic
dicyanamide-based ILs in bipropellant formulations, which was
proposed in 2008,"* opened an important and promising re-
search area and encouraged chemists to search for more envi-
ronmentally benign hypergolic ElLs and to explore their poten-
tial as nontoxic aerospace propellants. Nowadays, high-
performance hypergolic ILs have become a hotspot in the field
of IL chemistry and have been surveyed in excellent recent
reviews.5>>122139 The jdeal IL substituents for hypergolic
hydrazine derivatives must meet a number of important crite-
ria, including short ignition delay (ID) time, low viscosity, suffi-
cient conductivity, high density, and thermal stability. The
search for promising IL candidates is based on a wide choice
of IL anions and a broad variation of the cation structure. The
shortest ID times were obtained for hypergolic ILs with polyni-
trogen heterocyclic cations and B-based anions (e.g., BH,(CN),).
Significant attention has also been paid to the synthesis of
new dicyanamide-based hypergolic ILs."*"
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Three new hypergolic ILs containing propan-2-ylidene meth-
anetriamium cations and dicyanamide anions were synthesized
from the corresponding mono-, di-, and triaminoguanidine hy-
drochlorides by anion metathesis and characterized by using
microanalysis, spectroscopy, and thermogravimetry-differential
thermal analysis (TG-DTA) (Scheme 24)."*" The synthesized ILs
showed prominent hypergolic properties with WFNA and ex-
hibited potential as bipropellants; however, their ID times
were inferior (56-138 ms) to that of unsymmetrical dimethyl-
hydrazine (UDMH; 4.8 ms).l">?

ILs (m.p.<100°C) that contained imidazolium, 1,2,4-triazoli-
um, pyrrolidinium, or pyridinium-derived cations and dicyana-
mide, azide, or nitrocyanamide anions (Figure 3) were synthe-
sized by treatment of corresponding halide-based ILs (Cl, Br, 1)
with Ag salts of the respective N—H acids. Key physical, ther-
mal, and ignition properties of the prepared ILs were deter-
mined to evaluate their potential as hypergolic fuels.”” The
best ID time (19 ms) with WFNA was found for 3-methyl-1-
propargylimidazolium dicyanamide.

Interesting dicyanamide-based ILs containing (azidoethyl)-
trialkylammonium cations or tetraalkylammonium/dialkylimida-
zolium doubly charged counterparts were recently reported
(Scheme 25)."%3 The thermal stability of ILs bearing doubly
charged cations was higher than that of their singly charged
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Figure 3. Potential hypergolic ILs.

analogs. All synthesized compounds exhibited moderate-to-
high hypergolic activity (ID times were 13-63 ms according to
droplet tests with WFNA). The obtained results attested the
potential applicability of several candidates as bipropellant
components or monopropellant energetic additives.

ILs that contain doubly charged bisimidazolium cations with
incorporated azido groups (e.g., IL-1) and two dicyanamide
anions were prepared recently by using a similar synthetic
route (Scheme 26)."** More bistetraalkylammonium-based ana-
logs were also synthesized from tetramethylethylenediamine in
two steps, which included double N-alkylation with the corre-
sponding alkyl halide followed by replacement of the halide
anions by dicyanamide anions.** These C,-symmetrical doubly
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charged cationic ILs had a high thermal stability (Ty up to
200°C) and promising density (1.02-1.22 gcm™) and heat of
formation values (85.1-154.4 kJmol™"). These data, along with
their reasonable ID times (84 ms with WFNA), make this class
of hypergolic ILs a promising platform for the design of effi-
cient and green bipropellant fuels.

Two series of superbase-derived hypergolic ILs containing
1,5-diazabicyclo[4.3.0]non-5-ene (DBN) or 1,8-diazabicyclo-
[5.4.0lundec-7-ene (DBU) cations and dicyanamide or cyano-
borohydride anions were produced by means of standard syn-
thetic routes (Scheme 27)."*¥ Among these new energetic
ionic materials, 11 salts were liquid at ambient temperature.
Some of them exhibited promising hypergolic properties (ID
time <50 ms with WFNA). The densities of these ionic com-
pounds ranged from 1.00 to 1.22 gcm~3, and their heats of for-
mation varied between 38.0 and 478.6 kJmol~'. Surprisingly,
the new ILs possessed unexpectedly high thermal stabilities
(T4>280°C), and the allylated DBN/dicyanamide derivative had
the highest T, value (310°C) of known hypergolic ILs. The ElLs
with a pyridinium cation and dicyanamide or cyanoboro-
hydride anions had similar characteristics, which are attractive
for liquid bipropellant formulations.™”

Another promising type of hypergolic ILs developed recently
consisted of N-rich salts with (2-methyltetrazol-5-yl)diazotate
anions and ammonia-, hydrazine-, or guanidine(aminoguani-
dine)-derived cations.*® The key (2-methyltetrazol-5-yl)diazotic
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Scheme 25. Preparation of dicyanamide-based hypergolic ILs that bear singly or doubly cations. Adapted from Ref. [133].
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Scheme 26. Synthesis of symmetrical doubly charged cationic ElLs with dicyanamide anions. Adapted from Refs. [134,135].
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Scheme 27. DBN and DBU-based hypergolic ILs with dicyanamide or cyano-
borohydride anions. Adapted from Ref. [136].

acid (MTDA) was produced in high yield by the diazotization
of 5-amino-2-methyltetrazole with isoamyl nitrite. MTDA readi-
ly gave rise to ammonium or hydrazinium salts with aqueous
ammonia or hydrazine-hydrate, respectively. The correspond-
ing guanidinium, aminoguanidinium, diaminoguanidinium, or
triaminoguanidinium salts were prepared in 65-92% overall
yields by a two-step procedure that included the treatment of
MTDA with barium hydroxide followed by the anion metathe-
sis reactions of barium MTDA with the respective guanidinium-
derived sulfates. The special properties of these N-rich salts re-
vealed their high potential as hypergolic ILs (Scheme 28).

Interesting ILs with 5-cyanotetrazolide anion (C,Ns7) and dif-
ferent cations (Emim, Bmim, Bmpyr], and Me,Gu (tetramethyl-
guanidine) were prepared by the [3+ 2] cycloaddition of Cat™
N,~ to cyanogen.* According to the TGA, cyclic voltammetry,
viscosimetry, and impedance spectroscopy data, the prepared
1-butyl-1-methylpyrrolidinium  5-cyanotetrazolide  [Bmpyrr]
[G,Ns] had a high thermal stability (up to 230°C), wide electro-
chemical window (4.5V), moderate viscosity (25 mPas™' at
20°C), reasonable ionic conductivity (5.4 mScm™' at 20°C), and
could be recommended as a promising electrolyte for lithium-
ion batteries.

Gao and Shreeve contributed significantly to the area of
high-performance hypergolic ILs"*” by designing new types of
ILs with the 2,2-dimethyltriazanium (DMTA)"*" and bis(1-allyl-
1H-imidazole-3-yl)dihydroboronium™™® cations. The recent re-
search activity of this group mainly focused on exploring hy-
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pergolic ILs with H-rich anions, in particular, borohydride
(BH, )" and dicyanoborate (BH,(CN),”) anions (Figure 4).*?
These ILs possess improved physicochemical and hypergolic
properties and meet nearly all of the important criteria of an
ideal propellant fuel including low melting point, low viscosity,
high thermal stability, and extremely short ID time (<5 ms
with WFNA).['#

H. H
Me.+.NH, _ .CN . _ ©N
v N N AN SN h{:\/N—An N,
DMTA 2 = = CN
Me-fiNf2 no; Me~ "N {- Al
Me” " “NH, A .
DMTA = BH,
Me. < NH, _ Me~"Ny-Et
Me Al BH2ACN) \=/" BH,CN-

Figure 4. Promising types of hypergolic ILs developed by Gao and Shreeve.
Adapted from Refs. [140-142].

Potentially useful ILs with 1,1,1-trialkylhydrazinium or bis(1-
alkyl-1H-imidazol-3-yl)dihydroboronium cations and the cyano-
borohydride anion were synthesized by Schreeve etal.
(Scheme 29). These ILs, comparable with UDMH in terms of
their hypergolic performance, have some unique advantages,
in particular, negligible vapor pressure and very short ID time
(<10 ms with WFNA). Furthermore, they can be readily synthe-
sized and stored over a long period of time, which is an impor-
tant requirement for bipropellant components.

Promising imidazolium- and pyrrolidinium-based hypergolic
ILs with the borohydride anion were also prepared using an ef-
ficient synthetic pathway that did not require toxic UDMH, am-
monia, or halide precursors (Scheme 30)."'* Some of them had
unique properties, in particular, a high density (0.85-0.93 vs.
0.78 gcm™' for UDMH), prominent specific impulse value (I
up to 213 vs. 198 s for UDMH), positive heat of formation, and
ultrafast ID time (<3 ms with WFNA). Unfortunately, the boro-
hydride-derived ILs are moisture sensitive and need to be pro-
tected from water by, for example, hydrophobic encapsulation.

n=N n=N ,,N—OH _N ,/N"O_
| )—NHz __AmONO i )N NHa-H,0 E >N cat'
Me” N MeCN,-15°C  yo” N orNHgHO o NN
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lBa(OH)Z
N N-O N N-O
[\l]/ >—I\lll (Cat),S0O4 ,\l‘, >—"\/‘, .
% -BaSO Z Cat
NN s ¢ NN
Me a Me
rz NH, JEZ NNH,
Cat= , , ,
HoN NH, H2N)J\NHNH2 HoNHN NHNH,  HyNHN NHNH,

Scheme 28. MTDA-based hypergolic ILs with polynitrogen cations. Adapted from Ref. [138].
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Scheme 29. Synthesis of cyanoborohydride-based hypergolic ILs that contain 1,1,1-trialkylhydrazinium or bis(1-alkyl-1H-imidazole-3-yl)dihydroboronium cat-

ions. Adapted from Ref. [143].

The same synthetic approach was utilized for the prepara-
tion of unsymmetrical hypergolic ILs with imidazolyl-amine-
BH, cations and dicyanamide or cyanoborohydride anions.'*
The complexation of amines with the borane unit endowed
the complexes with hypergolic behavior (ID time of 20-40 ms
with WFNA). Among the synthesized ILs, moisture-stable struc-
tures were identified. Recently, similar hypergolic ILs bearing
extended alkyl groups were synthesized from trialkylaminobor-
anes and alkylimidazole (1:1 ratio) in the presence of iodine
(0.5 equiv.) followed by the anion metathesis reaction with
NaBH;CN or AgN(CN), (Scheme 31).'*! Promising characteris-
tics of the cyanoborohydride salt leader (R'=Me, R®*=All; I,,=
204 s, ID time 14 ms, good thermal stability) confirm the po-
tential of such ILs as prospective green propellant compo-
nents.

Several attempts have been made to predict the physico-
chemical properties of hypergolic ILs by using quantum
chemical calculations. In particular, the quantitative structure—
property relationship method (QSPR)"*” was used to predict
their ID times based on linear correlations using a set of de-
scriptors, which define electrostatics, hydrogen bonding, and
other structural features of ILs. Despite the satisfactory correla-
tion of the theoretical descriptors determined from the QSPR
calculations with experimental data for four dozen ILs, the au-
thors had to admit that further efforts should be made to en-
large the size of the experimental training set.

Hypergolic reactions of ILs with oxidizers (e.g., WFNA) start
with the protonation of the IL anion. To estimate the cation
impact, an ab initio study of cation proton affinity and proton
transfer energy was performed for a set of cations at the MP2
level of theory.*¥ Specifically, guanidinium, dimethyltriazani-
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Scheme 30. Synthesis of imidazolium- and pyrrolidinium-based hypergolic ILs with the

borohydride anion. Adapted from Ref. [144].
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Scheme 31. Synthesis of dihydroboronium ILs that consist of dicyanamide or
cyanoborohydride anions. Adapted from Refs. [145,146].

um, triethylammonium, N-ethyl-N-methylpyrrolidinium, N-eth-
ylpyridinium, 1,4-dimethyl-1,2,4-triazolium, 1-ethyl-4-methyl-
1,2,4-triazolium, and 1-butyl-4-methyl-1,2,4-triazolium cations
were studied. The proton-transfer energies from the cations to
a set of anions studied previously were calculated; an inverse
correlation between the latter and the likelihood that the
cation/anion combination will react hypergolically with WFNA
was found. It was suggested that this correlation is attributable
to a balance between the energy released by the proton trans-
fer and the rate of proton transfer determined by the ionicity
of the IL.

In summary, the obtained data show that the utilization of
ILs as solvents, catalysts, reagents, or products reduce the envi-
ronment pollution and explosion risks significantly for diverse
dangerous processes associated with HEM synthesis and han-
dling. ILs offer considerable advantages over conventional or-
ganic solvents because of their lower vapor pressure,
liquidity over a wide temperature range, high ther-
mal stability, ionic conductivity, and variability of the
BH, chemical and physicochemical properties. Further-
more, they accelerate the dangerous syntheses of
HEMs, which permits them to be conducted at lower
temperature and makes them safer. Energetic ILs de-
veloped recently possessing useful physicochemical
properties may find application in various high-
energy formulations, including mono- and bipropel-
lant compositions.
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3. Preparation and Processing of Energetic
Materials in Sub- or Supercritical Fluids

Along with ILs, available dense gases of natural or synthetic
origin in the liquid or supercritical state have attracted consid-
erable attention over the past decades as cheap and environ-
mentally friendly media and tools for the green synthesis and
processing of HEMs. As a result of their specific physicochemi-
cal properties, in particular nonflammability, high heat capacity
(for CO, C,=635Jg 'K' at 25°C and a pressure of
6.4 MPa" cf. for dichloromethane, C,=170Jg 'K at
20°C™%), and resistance to strong oxidants (nitrating agents),
the dense gases, first of all CO, and lower fluorinated hydrocar-
bons (freons), are particularly attractive as green media for ni-
tration reactions, an important class of chemical reactions used
widely to manufacture HEMs."**® Another promising HEM-ori-
ented application area for SCFs includes supercritical micron-
ization techniques.®™® The latter are considered as promising al-
ternatives to conventional precipitation methods as they allow
the significant reduction of particle size and strict control over
their morphology and size distribution by varying the SCF pro-
cess parameters. Furthermore, SCFs may serve as promising
substitutes of organic solvents in HEM processing, which
makes them less harmful for the environment and applicable
for the production of unique types of energetic compositions.
Notably, the use of industrially available CO, derived from
manmade sources could be considered as a form of sequestra-
tion, although the sequestered volumes are still not high.

3.1. Nitration reactions in liquefied gases or supercritical
fluids

The key energetic components of explosives, powders, and
solid propellants contain nitro groups. Therefore, it is not sur-
prising that their production is usually based on nitration reac-
tions. In industry, nitration reactions are commonly performed
using a large excess of mixed acids (e.g., HNOs/H,SO,), which
act as both the nitrating agent and reaction medium.!'>"'*?
These processes are harmful for the environment as huge
amounts of acidic wastes are produced, which require expen-
sive and energy-consuming disposal."**"*¥ A promising ap-
proach to address these environmental issues is based on the
use of H,SO,free N,Os/liquefied gases or a SCF nitrating
system. The N,O; is an active and versatile nitrating agent,
which can be prepared easily in a laboratory and in industry
by the oxidation of available N,0, with 0,."* Other important
advantages of N,O; over conventional nitrating agents are the
higher regioselectivity for the nitration of polyfunctional sub-
strates, simplicity of product isolation, and ease of temperature
control.”? However, some industrially available gases (CO, or
freons) in either the liquid or supercritical state are advanta-
geous with regard to being a safe and inert solvent that can
be easily separated from the reaction products by simple de-
compression. Importantly, N,O;s is highly soluble in dense CO,
and freons, which allows the corresponding nitration reactions
to be performed under homogeneous conditions. In some
cases, a 100% nitric acid/liquid CO, mixture may also be suita-
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ble as a green reagent/solvent system for the nitration of
active substrates.

3.1.1. O-Nitration reactions

Nitroesters represent one of the most important types of
HEM:s. Nitroglycerin (NG) and nitrocellulose (NC) have found a
large-scale industrial application as key components of pow-
ders and propellants.”®® Furthermore, NG has been used
widely for decades as an efficient remedy for the treatment of
cardiovascular diseases.””'*® The first nitration in CO, medium
was the synthesis of an energetic polymer precursor, 3-nitroxy-
methyl-3-methyloxetane  (NIMMO; Scheme 32).°%'%  The
reaction was performed by the addition of 3-methyl-3-
oxetanemethanol to a solution of nitrating agent (N,Os; or
100% nitric acid) in liquid CO, at —5°C and 6.8 MPa to afford
the corresponding nitrate NIMMO in 96 % yield. For compari-
son, the corresponding reaction performed in dichloromethane
was complicated by the partial (=~ 10%) oligomerization of the
produced NIMMO under the reaction conditions.

HsC N0 HsC
KOH or HNOS (100%) s 2§\0N02

o lig. COy, 6.8 MPa, 0-3 °C o
NIMMO (96%)

Scheme 32. Nitration of 3-methyl-3-oxetanemethanol in liquid CO,. Adapted
from Ref. [159].

Later, to reduce explosion risks associated with the presence
of a significant excess of nitrating agent at the initial reaction
stage, which could be dangerous for a large-scale production
of HEMs, an alternative fluid nitration protocol was developed.
It is based on the inverse reagent mixing order (dosing of N,O;
solution in liquid CO, to a solution or suspension of an alcohol
in the same media; Scheme 33)."*" The protocol proved to be
applicable to green nitration of various alcohols and polyols. In
the presence of just 10 mol% excess of N,Os, the correspond-
ing nitroesters 1-5 bearing up to six nitrate groups were ob-
tained in one step with excellent yields. Furthermore, the tech-
nique appeared suitable for processing solid alcohols to poly-
nitrate compounds, to produce active pharmaceutical
ingredients for treating of cardiovascular diseases (e.g. pentaer-
ythritol tetranitrate (4) and p-mannitol hexanitrate (5)), inacces-
sible by the original dosing mode.

Low-molecular-weight fluorocarbons, or freons, in particular
trifluoromethane (TFM) and 1,1,1,2-tetrafluoroethane (TFE), ap-
peared to be even more attractive nitration media. Retaining
all engineering advantages of CO, (nonflammability, nontoxici-
ty, resistance to nitrating agents, high diffusion coefficient, and
heat capacity), the fluorinated hydrocarbons have a remarkably
lower equilibrium vapor pressure (4.16 MPa for CHF; and
0.57 MPa for CF,CH,F at 20°C) than CO, (5.73 MPa at 20°C)""¢?
and could be, therefore, liquefied more easily. In practice, this
means that although they have the same efficiency (high
yields of the products 2a, 2d, 3, and 4; Scheme 33), the nitra-
tion reactions in freon media can be performed at a signifi-
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R(OH),

; lig. CO,, 6.0-8.0 MPa, 0-5 °C or 1-5 5
| liq. TFM, 4.5 MPa, 5-10 °C or ;
{ :

R(ONO,),

lig. TFE, 0.4 MPa, 5-10 °C

R ="Bu (CO,, 94%) (1a),
'Bu (CO,, 91%) (1b),
"CgH13 (CO2, 97%) (1c),
cyclo-CgHyq (CO,, 90%) (1d),

o®<;(coz, 95%) (1e, NIMMO)

O,NO
ONO,

O2NO 3 (COy, 98%; TFE, 99%)

OQNO:>CONOZ
O,NO ONO,

4 (CO,, 94%; TFE, 92%)

{ 0,NO-X-ONO, (2a- e).

X =-+(CHy),- (CO5, 96%; TFM, 98%) (2a),

~«(CHz)3- (CO, 89%) (2b),
~«(CH2)4- (CO,, 93%) (2¢),
-(CH2),0(CHy),- (CO,, 98%; TFE 99%) (2d),

S0
Z—S_Z (TFE, 93%) (2e)
o

ONO, ONO,

ONO,
O,NO

ON02 ON02 5
(CO,, 91%)

Scheme 33. Nitration of alcohols and polyols in liquid CO, or freon media. Adapted from Refs. [161,163].

cantly lower pressure attainable with simpler and, therefore,
less expensive equipment.l's?

The nitration of y-cyclodextrin containing eight glucopyra-
nose units with 24 hydroxyl groups in a liquid CO, medium
yielded y-cyclodextrin polynitrate (6) with a near-maximum N
content (13.5%; Figure 5).% At the first step, HNO; was
pumped into a pressure vessel with a cooling jacket that con-
tained P,O; or oleum (H,50,:SO;) at —25°C and ap-
proximately 10.0 MPa. The generated N,Os was trans-
ported through a valve to the second vessel contain-
ing solid y-cyclodextrin, and nitration was performed

t —10°C and 6.8 MPa. The best yield of 6 (91 %) was
achieved with a small excess (10%) of N,Os in the
presence of NaF as additive to bind the HNO,
formed during the reaction. Product 6 is used as a

Figure 5. y-Cyclodextrin nitrate.
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substitute for nitrocellulose in smokeless powders, propellants,
and other HEMs.['6>71¢7]

The nitration of cellulose with N,O; or its mixtures with
100% HNO; (nitrooleum) also proceeded efficiently in liquid
CO, at 10°C and 8.0 MPa. Depending on the composition and
amount of the nitrating agent, reaction time (60-180 min), and
the type of cellulose (cotton, linen, etc.), NC was formed with a

HO  OH N2Os (6.6 equiv.) ONOzozNo ONO;
% or N205/HNO3
lig. CO,, 8.0 MPa N
5-10 °C O O
NC (R=H, NOZ)

Scheme 34. Nitration of cellulose in liquid CO,. Adapted from Ref. [169].

N content of 11.0-13.8 wt% (Scheme 34).'%#1681%% Qther nitra-
tion agents, for example, an HNO;/Ac,O (1:1 to 1:5) mixture,
can also be used in liquid or scCO, media for cellulose
nitration."”” Nevertheless, the dense CO,/N,Os or dense CO,/
N,Os/100% HNO; systems are preferable from an environmen-
tal point of view as the only byproduct in this case is an easy-
to-recover HNO;. The obtained results are of practical impor-
tance if we take into account that the NC is a large-capacity
product used in industrial and military powders,*® some types
of membranes,"’" paints, lacquers, varnishes, and celluloid.

3.1.2. N-Nitration reactions

The nitramine group (N-NO,) is a prominent energy-rich and
active oxygen-containing “explosophore” that is incorporated
into a series of industrially manufactured HEMs, including pow-
erful explosives and the key ingredients of propellants and
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02N~ T N-NO2
0N~ N-NO2 Eoz
N/A_L\N 0,NO” " ~"0oNo,
O,N’ "NO,
CL-20 DINA

Figure 6. Practically important HEMs containing nitramine groups.

powders. Most important of these are RDX and HMX (Figure 6).
RDX exhibits both a high brisance [velocity of detonation
(VOD) ~8440 ms™', d=1.70 gcm’] and stability and finds ex-
tensive use as a military explosive in the form of compressed
or cast mixtures with other explosives or in the form of plastic-
bonded explosives (PBXs) in which it is incorporated into a
polymer matrix with added plasticizer”? HMX (VOD
~9110ms™', d=190gcm™) is a more powerful explosive
than RDX because of its higher density. However, it is charac-
terized by a higher production cost than RDX and is currently
applied in unique propellants and explosive formulations.!"*®'”*
The most powerful explosive that has nitramine groups is
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane,
known as CL-20."7*"*] The compact cage structure of the iso-
wurtzitane skeleton results in an extremely high crystal density
(d=2.04 gcm™) and VOD values (~9380 ms™") of CL-20. It is
already applied in crucial high-performance propellants and is
considered as the most promising ingredient for advanced
future weapon systems. Some HEMs containing the nitramino
functionality in conjunction with nitrate ester or C—nitro
functionalities have useful properties. In particular, N-nitrodi-
ethanolamine dinitrate (DINA), which is a low-melting (m.p.=
51°C) powerful explosive (VOD~7580 ms™'), can be melt-cast
readily into charges."”®

Environmentally benign green processes for the manufactur-
ing of these energetic ingredients and materials are highly de-
sirable to reduce the huge amount of toxic wastes which are
treated, disposed of, or otherwise released into the environ-
ment in existing HEM production processes.

The first N-nitration reaction (nitration of silylamines with
N,Os) in a CO, medium was developed in 1999 (Scheme 35).'"”
However, this fluid nitrodesilylation reaction afforded the corre-
sponding N-nitroamines 7 in lower yields than conventional
methods."’® Furthermore, the undesirable silyl nitrate byprod-
uct was generated in this reaction along with target N-nitro-
amines 7.

1R2N.Q 25 1R2
R'RPN-SICH3)s —fi3co,~  R'RPNNO;
-4.-2°C 7

R'= R2 = CH; (62%)
R'-R? = -(CH,),0(CH,),- (68%)

Scheme 35. Nitrodesilylation of silylamines in liquid CO,. Adapted from
Ref. [177].
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Afterwards, the nitrolysis of acylamides with N,Os or nitro-
oleum in dense CO, medium gave rise to the corresponding
nitramines."® In particular, it was claimed that the treatment
of 1,3,5,7-tetraacetyl-1,3,5,7-tetraazacyclooctane (8a) or 1,5-di-
nitro-3,7-diacetyl-1,3,5,7-tetraazacyclooctane (8b) with N,O; or
nitrooleum in scCO, at 30-35°C produced the powerful explo-
sive HMX in 79 and 98% yield, respectively (Scheme 36). How-
ever, specific experimental details needed to reproduce these
results were not mentioned by the authors.

R O,
N N
R1»Nr N N,O5/HNO;, 02N~Nr N
N-R! N-NO
§ . 2
_ ScCOy, 30-35 °C
N (79% for 8a, 98% for 8b) N
R2 O,N
8a:R'=R?=Ac

8b: R' = Ac, R2= NO, HMX

Scheme 36. Patented syntheses of HMIX in scCO,. Adapted from Ref. [164].

The nitrolysis of linear and cyclic acylamides with the N,O
or nitrooleum nitrating systems in dense CO, medium was
studied carefully to identify the reaction scope and optimal
conditions (Scheme 37)."7? The best yield of the corresponding

1

R! B N,05/HNO R
SN-C” b kbt SN-NO,
R R lig. CO,, 10.0 R
MPa, 20 °C 7 (56-84%)
R=H, CH,

R'=R2 = Me, Et, "Bu,
R' - RZ = <(CH,),0(CHy)y-, -(CHy)s-

_NO, N
oy )
.N
OzN \) N,N\/N\NO

2
9 (95%) 10 (57%)

Scheme 37. Nitrolysis of linear and cyclic N,N-dialkylamides in liquid CO..
Adapted from Ref. [179].

nitramines 7 was obtained in liquid CO, in the presence of
concentrated HNO; (3 equiv.). Under fluid conditions, N,N'-diac-
etylpiperazine afforded N,N'-dinitropiperazine (9), a component
of solid propellants with a reduced burning rate and increased
transparency of combustion products,"®” in 95% yield. Nota-
bly, if a similar reaction was performed under neat conditions
with N,O; generated in situ from HNO,; and (CF;CO),0, the
yield of 9 was only 45 %, which underlines the advantage of
the fluid nitration procedure. However, the reaction of 1,3,5-tri-
acetylhexahydro-1,3,5-triazine  with nitrooleum in a CO,
medium produced the dinitro compound 10 (57 % yield) rather
than RDX. This result contradicts the data presented in the
patent,"® and further studies are clearly needed to confirm
the applicability of the fluid nitrolysis method for the prepara-
tion of RDX and HMX.
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An alternative green approach to secondary N-nitramines 7
is based on the treatment of dialkylammonium nitrates with
the 100% HNO5/Ac,0 nitrating system in a dense CO, medium
in the presence of ZnCl, as the catalyst."®*'®® The method pro-
vided an efficient synthesis of various nitramines, in particular,
compounds 9 and DINA. However, the reaction selectivity was
lower than that in N,Os-promoted nitrolisys reactions and de-
pended on the molecular structure of parent nitrate salts. Di-
methylamine and dialkylamines containing incorporated
functional groups produced nitramines 7 selectively, whereas a
majority of simple dialkylamine salts afforded nitrosoamines 11
as byproducts along with nitramines 7 (Scheme 38). The for-

HNO4/Ac,0
R_+ B ZnCl, (5%mol) R. R.
ONH;NO; & ——— ON—NO, + __N—NO
R CO,, 8.0-10.0 MPa R R
20-40 °C 7(36-83%) 11 (13-31%)

R = Me, Et, "Pr, "Bu, ‘Bu, CH,CH,ONO,;
R - R = -(CH3),0(CHy),-, -(CH,)s-

HNOZ/Ac,0
ZnCl, (5 %mol)

scCO,, 10.0 MPa, 40 °C

- + _
O3NH;N NH,NO3 9 (57%)

Scheme 38. Catalytic synthesis of N-nitramines in liquid or scCO,. Adapted
from Ref. [183].

mation of 11 may be attributed to the byproduction of a nitro-
sating agent (N,O;) from ZnCl,, HNO,, and Ac,0O at the redox
step of the catalytic nitration reaction (for the mechanism, see
Ref. [184]).

The N-nitration of glycoluril and its 7,8-disubstituted analogs
with N,Os (4.0 equiv.) in liquid CO, (8.0 MPa, 5-20°C) resulted
in the synthesis of the bicyclic urea dinitro derivatives 12
(Scheme 39).%1 A similar nitration of 1,3-dimethylglycoluril led
to compound 13 with both nitro groups attached to the same
urea fragment. The method is also applicable to the fluid nitra-
tion of hexahydroimidazo[4,5-dlimidazol-2(1H)-one to produce
2,4,6-trinitro-2,4,6,8-tetraazabicyclo[3.3.0]octan-3-one  (HK-55).
1,4-Dinitroglycouril (DINGU) is considered an insensitive high

NO
H R H HR /72
N N N,Os N N
o O ———— o0 o
:<N N>= CO,, 8.0 MPa _ﬂ/N N/E
H H _20° / H
R 5-20°C oN R
R = H, CHg; R™-R% = -(CHy)s- 12 (76-83%)
DINGU (R = H)
HC o No,  ON NOp
N N N N
o~ Thhmo T
N N N N
/ \ ! H
H3C NO, O,N
13 (73%) HK-55 (56%)

Scheme 39. N-nitration of bicyclic urea derivatives in liquid CO,. Adapted
from Ref. [185].
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explosive (VOD~7580 ms™', d=1.99 gcm3), and an advant-
age of the high-energy compound HK-55 (d=1.905 gcm™) is
its low shock sensitivity."®

N-Alkylcarbamates 14 and N-alkylamides 15a-c of carbonic,
sulfuric, and oxalic acids were nitrated readily with N,O; in a
liquid CO, medium to yield the corresponding N-nitro com-
pounds 16 and 17 a—c in high yields (Scheme 40)."®” The prod-

o )CJ)\
1 2 R _RS
R\O)J\N’R N,Os ~o l}l
e N CO,, 8.0 MPa, 0 °C 16 NO,
4 5 R* _X_ _R®
R% /X‘N’R I}l I}l
H15a_cH NO, NO,
17a-c

R'=R2=Et; R" = Et, R? = -(CH,),NHCO,Et; R'-R? = -(CH,),-
R*= R5=Me; R*R%=-(CH,),-
X =-C(O)-; -S0,-; -C(0)-C(0)-

Scheme 40. N-nitration of N-alkylcarbamates and N-alkylamides in liquid
CO,. Adapted from Ref. [187].

ucts 16 and 17 are key precursors of primary N-nitramines (in
particular, methylnitramine and ethylenedinitramine), which
are produced on a commercial scale and are used for the syn-
thesis of useful HEMs through condensation reactions.'¢1%"
The successful application of the N,O/liquid CO, nitrating
system made it possible to achieve high yields of energetic
products and avoid the use of environmentally harmful nitrat-
ing agents (e.g., mixed acids HNO,/H,S0,™" or NH,NO,/
(CF4C0),""*?) and toxic chlorinated solvents.!"”®

Shock- and/or friction-sensitive N-nitrourethanes and N-nitra-
mides are commonly converted to primary N-nitramines by
basic hydrolysis™™® or ammonolysis reactions.'"”*'*? Recent-
ly,[163197.1%8] 3 safer and more efficient one-pot synthesis of pri-
mary N-nitramines through a sequence of nitration/ammonoly-
sis reactions in liquid TFE was developed. N-Alkylcarbamate 14,
18, or N,N'-dialkyloxalamide 15c was nitrated with a 10%
molar excess of N,Os in TFE (Scheme 41). The resulting suspen-

H
Et0,C VR NO2 R...NO
14 _N. N2
o Et0,CT R O NO, y
R J}(H N;Os 16 Ry Neg| NH; 20 (53-93%)
‘N R " TFE \
H NO, O 17¢| TFE H H
et oo QEMPe | etosc. X ot [9EMPa | o Ny,
Et0;C.-X. -COE NN - 21 (86-93%)
18 H H NO; NO; 19

Scheme 41. One-pot synthesis of primary N-nitramines from N-alkylcarba-
mates or N,N'-dialkyloxalamides in liquid TFE. Adapted from Ref. [198].

sion of nitro compounds 16, 19, or 17c in TFE was treated
with liquid ammonia in the same vessel to afford, after
decompression and protonation with Brgnsted acid, nitramines
20 or 21 in excellent overall yields. The procedure is environ-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

.@’* ChemPubSoc
ey Europe

mentally friendly as the only byproducts are ammonium nitrate
and ethyl carbamate or oxamide, which may have further
chemical or agricultural application (e.g., as fertilizers). The TFE
can be recompressed readily (as it is in freezing units) and re-
cycled into the reaction.

3.2. Synthesis of energetic polymers in liquid or supercritical
co,

A few reports on the preparation of energetic polymers in
SCFs were published.*®"? Energetic poly[NIMMO] was ob-
tained in the CO, medium by the cationic polymerization of
NIMMO in the presence of BF;/1,4-butanediol initiator
(Scheme 42)."% The product had a low impact sensitivity and

ONO,

BF,/
HsC 1,4-butanediol CHs
T CH, (:)—CHZ (0]
o 2 CHZ0NO,|,
NIMMO poly[NIMMO]

Scheme 42. Preparation of poly[NIMMO] by the polymerization of NIMMO in
liquid CO,. Adapted from Ref. [159].

was well suited for industrial application as an energetic
binder for rocket propellants and plastic-bonded explosives.”
Remarkably, both the formation of the BF;/1,4-butanediol com-
plex and the polymerization in the CO, medium had smooth
temperature profiles without strong exothermic effects
(<1.3°C increase), whereas a 15°C temperature increase was
reported in CH,Cl,.”®" Poly[NIMMO] obtained in this way was
fractionated with scCO, at 60 °C and pressures up to 230 atm.
Energetic poly(glycidyl nitrate) (poly[GLYN]), poly(2-azido-
methyl-2"-methyloxetane) (poly[AMMO]), and 2,2-bis-azido-
methyloxetane (poly[BAMO]) were also prepared successfully
by the cationic polymerization of the corresponding glycidol-
and oxetane-derived monomers in scCO, in the presence of
the BF;THF complex as a catalyst (Figure 7)."* The special

CHs CHy
T(I:H—CHZ-OT CH,—C—CH,"0 CH,—C—CH,-0
CH,0NO, |, CHNs |, CH,N; N
poly[GLYN] poly[AMMO] poly[BAMO]

Figure 7. Energetic polymers prepared by cationic polymerization of glicidol-
and oxetane-derived monomers in scCO, medium.

properties of the polymers produced in the SCF were close to
those of traditionally prepared polymers. However, the use of
scCO, as a suitable medium for polymerization reactions pro-
vides clear safety (accurate temperature control) and environ-
mental benefits over organic solvents because of its high heat
capacity, the absence of toxicity, and nonflammability.
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3.3. Micronization of energetic compounds in sub- or super-
critical fluids

The energetic and exploitable properties of HEMs strongly
depend on the size and geometry of their particles. However,
such substances are quite difficult (and dangerous) in physical
and mechanical processing because of their instability and
high sensitivity to shock and friction. A search for new safe
methods to obtain energetically favorable fine particles that
are safer to handle, more reliable in operation, and less expen-
sive is a key topic of the modern chemistry of HEMs. Signifi-
cant advances in this important area of research are associated
with the successful application of dense gases in the liquid or
supercritical state as safe and green solvents and tools for the
processing of HEMs.

The useful pressure-dependent solvent properties of gases
and liquids above their critical points were first demonstrated
in 1879 by Hannay and Hogarth.?*? This was exploited used
lately in various separation (extraction),?****¥ purification,?*
and fractionation techniques.”®™ Furthermore, this concept
underlies a very promising, “nonextractive”, supercritical fluid
nucleation method, which allows the precipitation of a solid
from its solution in a supercritical fluid when it is expanded to
a lower pressure.2%7:2%¢!

In 1989, Gallagher et al. pioneered the micronization of ni-
troguanidine (NIGU) using scC0,.?* The main idea of the
method is based on the addition of compressed CO, to a solu-
tion of a nitro compound in an organic solvent under flow-rate
control until the pressure reaches its final level. In this case,
CO, acts as an antisolvent for the substrate because it is readily
miscible with organic solvents, whereas the nitro compound is
insoluble in liquid CO, and, commonly, in its mixtures with or-
ganic solvents. Solvent substitution occurs gradually, and parti-
cles of the nitro compound precipitate (Figure 8). This method,
which is currently known as gas antisolvent (GAS), has some
advantages over common recrystallization processes as it af-

Back Pressure
Regulator

Expanded
organic solution

Particle
nucleation

Figure 8. General scheme of the GAS micronization process. Adapted from
Ref. [210].
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fords “cleaner” particles without any solvent residues because
of the volatility of CO,.

Solutions of NIGU in dimethylformamide (DMF) or N-methyl-
pyrrolidone (NMP) were subjected to such micronization.
Fluids miscible with DMF and NMP, including CO,, CHCIF,, and
CCl,F,, were applicable as antisolvents and CO, was preferable
because of its environmentally friendly character. The concen-
tration, temperature, and pressure values were not the crucial
parameters determining the particle size, whereas the antisol-
vent addition time was most important. With a very rapid ex-
pansion path (over a few seconds), the formed NIGU particles
were just a few micrometers in size and regularly shaped. If
the addition time was several minutes, the particles became ir-
regular with a wider particle size distribution, which was unfav-
orable for most applications. Later, the same research group™'”
applied CO, to the micronization of an important HEM (RDX)
from an acetone or cyclohexanone (CHN) solution by the CO,-
initiated GAS process. The use of CHN produced RDX particles
without cavities and with an improved size distribution and
morphology. The authors found that the pressure level at
which the nucleation started (so-called “threshold pressure” or
THP) was the key point in the particle size formation. For small
regular particles, it is necessary to “walk through” this point as
quickly as possible to the final pressure (Figure 9, case A). If

/' Small crystals;
Monodisperse
8 A
§ Variable crystal size;
2 Continuous size
g C distribution
w o -
—" ——
/
/
—
B Large crystals;
THP _ ) ) L . Monognﬂ)erse
- L
Time

Figure 9. GAS micronization of RDX under various conditions. Adapted from
Ref. [211].

the system is held at the threshold point for a longer time, for
example, 60 min, with slow CO, addition (case B), the nuclei
grow into large monodispersed crystals. Steady addition
through the THP with increasing expansion (case C) gave rise
to variable-sized particles and a continuous size distribution.
The final pressure and the concentration of the RDX solution
(10-15 wt %) do not correlate with the size distribution or mor-
phology of the generated particles. A high temperature (up to
90°C) increased the THP and made it broader; this was regard-
ed as unfavorable for small and regular particles. Therefore, in
most cases, the recommended temperature was 20-30°C for
slow-CO,-injection and 50 °C for rapid-injection processes.
Another “hard-to-dissolve” compound, HMX, was micronized
by Cai et al. using a similar GAS process.”'? The authors report-
ed the recrystallization of HMX from acetone or y-butyro
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lactone (GBL) at 33°C and 12 MPa giving fine (2-5 pm) parti-
cles. The crystal size increased with the increase in solution
concentration.

A remarkable advantage of the antisolvent method for HMX
micronization is the opportunity to change the crystalline form
of the substrate. The  form of HMX, which is preferred in
terms of density and sensitivity, was prepared by Teipel et al.
by the precipitation of the substrate from its acetone or GBL
solutions with CO,.?">?'"¥ At 60°C and a final pressure of 8 MPa
reached in 60 s, particles with mean sizes of 65 or 90 um, re-
spectively, formed. The diversity in particle size was attributed
to different solvent capacities of acetone and GBL towards
HMX. A higher concentration (acetone solution) demanded a
lower pressure to form the initial supersaturation.

An important contribution to micronization of HMX by the
GAS process was made by Kim et al.”’ The experiments were
performed using different solvents and various operating pa-
rameters (temperature, CO, addition rate, initial solute concen-
tration, and agitation rate). It was observed that the crystal
structure and crystal phase of precipitated ultrafine HMX parti-
cles mainly depended on the solvent used in the GAS process.
Among the tested solvents (DMF, dimethylsulfoxide (DMSO),
acetonitrile (ACN), CHN, and GBL), GBL yielded the stable 3
phase of HMX particles with a truncated octahedron morphol-
ogy. Smaller HMX particles [the median value of the particle
size distribution (Dsp)~15 um] were obtained at 25°C,
50 mLmin~' CO, flow rate, a low HMX concentration (30% of
maximum solubility), and 900 rpm agitation rate.

Lee et al.”’® went further and, by using a batchwise nonlin-
ear model predictive approach to the GAS process, obtained
predesigned HMX microparticles from corresponding GBL solu-
tions. It was highlighted that the higher expansion rate-smaller
particles correlation typical of GAS®' grew weaker with the in-
crease of the temperature. The proposed dynamic control of
GAS processing®” may be considered as the first step towards
the development of automated industrial-scale micronization
facilities, which would make manufacturing of micronized HEM
particles safer and more reliable.

Another important type of micronization process is based
on the rapid expansion of supercritical solutions (RESS). The
method presupposes the dissolution of the material in scCO,
and its recrystallization by a rapid expansion of the solution
into a large vessel that occurs at a lower pressure (Figure 10).

Despite the experimental simplicity, this method has a signif-
icant limitation: the substrate must be soluble in scCO,, at
least partially. Therefore, any information on the solubility of
HEMs is very important in the design of the large-scale produc-
tion processes based on SCFs. The solubility of RDX in com-
pressed CO, was measured over temperature and pressure
ranges of 303-353 K (30-80°C) and 6.9-48.3 MPa by using a
dynamic flow apparatus.’’® RDX is poorly soluble in CO, with
a maximum solubility of 0.25 mgg™" CO, at the highest tem-
peratures and pressures studied (80°C and 48.3 MPa). Niehaus
etal.”’? studied the solubility of RDX, 3-nitro-1,2,4-triazole
(NTO), pentaerythritol tetranitrate (PETN), and NIGU in pure
scCO, and its 1-4 wt% mixtures with organic solvents (ace-
tone, alcohols, ACN, CHN, and CH,Cl,). The authors used an ex-
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Figure 10. General scheme of the RESS micronization process. Adapted from
Ref. [210].

traction-type apparatus to show that only PETN is moderately
soluble in scCO, (=18 wt% of PETN migrated to the scCO,
phase at 30 MPa, 50°C over 30 min at a CO, flow rate of
0.81 mLmin™") and could be micronized by the RESS process.
RDX and NTO are poorly soluble in scCO, (<1 wt% under the
same conditions) and only mixtures of CO, with iPrOH, ACN, or
acetone (4 wt% of each) could, in some cases, be used for the
RESS micronization of these two substrates. As a rule, antisol-
vent processes, for example, GAS, are better suited for the mi-
cronization of HEMs poorly soluble in CO,.

RESS micronization of TNT and NTO with the use of scCO,
was reported by Teipel et al??® TNT, which is 2-3 orders of
magnitude more soluble in scCO, than RDX,**" could be easily
recrystallized by the RESS process. A solution of TNT in scCO,
was passed under pre-expansion conditions (22 MPa, 185°C)
through nozzles (¢ =50 or 100 um) to afford needle-like parti-
cles with mean sizes of 14 or 10 um, respectively. Similarly,
NTO was precipitated by RESS using an acetone/CO, solvent
system (1:2000 ratio of flow rates). In this case, needle-like par-
ticles (mean size 540 nm) were obtained at 20 MPa/60°C pre-
expansion conditions and 150 um nozzle diameter.

Although RDX had been considered as an inappropriate sub-
strate for RESS because of its low solubility,*'? Stepanov et al.
obtained RDX nanoparticles by the rapid expansion of its solu-
tion in scC0O,.>*? Evidently, high pressures and temperatures
improve the solvency of scCO, that gives rise to a higher RDX
concentration in solution. As a result, supersaturation is at-
tained faster upon expansion to give the desired particles of
RDX. A further increase of the pre-expansion pressure (up to
23 MPa) resulted in smaller crystals. Most likely, the supersatu-
rated state forces intensive nucleation but not the crystal
growth. Under optimal pre-expansion conditions (90°C,
15 MPa, 100 um nozzle diameter or 65°C, 23 MPa, 100 um),
regular RDX nanoparticles with a mean size of 110435 nm
were generated. However, this correlation became weaker at
higher pressures (23-30 MPa).

Afterwards, the same research group™ proposed and ex-
perimentally confirmed a "spray-drying” model for the RESS
process in which a liquid solvent was replaced with a super-

223]
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critical one. According to this model, the lower solubility of the
substrate (in particular, RDX) in scCO, should lead to smaller
particles. Hence, the higher the pre-expansion pressure is, the
bigger the generated particles grow.

Stepanov and co-workers®?¥ designed a cycled RESS process
for the RDX micronization. The unit comprised the extraction
part, RESS vessels, and CO,-regeneration part for low (0.1 MPa)
and high (5 MPa) discharge pressure cases. The authors claim-
ed that the discharge pressure dramatically influences the par-
ticles size. At constant pre-expansion conditions (85°C or
35 MPa), particles with 200 or 500 nm mean size, were ob-
tained. A comparison of the RDX particles with coarse samples
(Class-1 and Class-5 RDX from BAE Systems) showed that the
least sensitive crystals are those with 500 nm size (Table 1). In
the case of smaller particles, resensitization occurred to both
shock and impact stimuli.

Table 1. Impact sensitivity and shock sensitivity tests results for RDX sam-

ples. Adapted from Ref. [224].

Material Impact sensitivity, Shock sensitivity
Hso [cm] [GPa]

200 nm RDX (RESS) 57 2.1

500 nm RDX (RESS) 73 2.6

4 mm RDX 32 2.0

Class 1 RDX - -

Class 5 RDX 23 1.1

The CHF; fluid was tested for the processing of CL-20, one
of the most powerful industrial explosives.”* With a quite a
low critical point (26.1°C, 4.8 MPa), low toxicity for humans,?*
and higher polarity (dipole moment 1.649 D)"*? than CO,, this
fluid is more suitable for industrial uses. CL-20 was micronized
successfully (pre-expansion conditions: 15 MPa and 80°C) to
particles 1-10 um in size. Unfortunately, no data on RESS mi-
cronization of CL-20 in CO, are available to compare these two
promising fluids.

Lee etal. studied RDX micronization by RESS®” using di-
methyl ether (DME) as a potential supercritical solvent, which
exhibits suitable critical parameters (128°C, 5.4 MPa) and a
higher solvent capacity than CO,. The authors found a correla-
tion between the RESS process conditions and the properties
of generated particles. The solution density was the crucial fea-
ture. A higher density (because of the increasing pressure) led
to a higher substrate concentration (solvent capacity growth),
which in turn resulted in more rapid supersaturation during
the expansion and smaller particles. However, a further tem-
perature increase resulted in agglomerated particles. Fine parti-
cles with 0.36-2.48 pm mean size were obtained under optimal
pre-expansion conditions (12-18 MPa, 20°C, 100 um nozzle di-
ameter).

Another type of antisolvent process, so-called “supercritical
antisolvent” (SAS), is based on the injection of an organic solu-
tion of the substrate into a vessel filled in which scCO, is
pumped through (Figure 11). SAS, as well as the GAS, is suita-
ble for the micronization of CO,-insoluble substrates, in partic-
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Figure 11. General scheme of the SAS micronization process. Adapted from
Ref. [210].

ular, RDX, HMX, and hexanitrostilbene.”®” A solution of RDX in
acetone (5 wt%) was injected at 480 mLh™' through a 100 um
nozzle into scCO, which was pumped at 6 kgh™" (15 MPa,
50°Q), to afford particles 32 um in size. The use of a coaxial
two-flow nozzle resulted in 16 pm particles of RDX under the
same conditions. Similarly, solutions of HMX in CHN (4 wt %)
and hexanitrostiloene in DMF (1 wt%) were processed into 2.3
and 3.5 pm particles of corresponding HEMs by SAS microniza-
tions.

Teipel et al. presented results of Reverchon'’s research group
on NTO micronization through the SAS process in their out-
standing book.”?® The researchers tested DMSO and methanol
as organic solvents at different solvent/antisolvent (scCO.,)
ratios. In DMSO-based systems, the substrate was partially lost
because of the cosolvent effect and generated NTO particles
(mean diameter < 100 nm) were strongly networked. However,
in the CH;0H/scCO, system, regular 120 nm-sized NTO parti-
cles were obtained by SAS micronization. The authors com-
pared NTO particles precipitated with SAS and GAS methods
and noticed that SAS produced an amorphous roundish prod-
uct whereas GAS produced crystalline NTO. The difference in
the particle morphology was attributed to the particular effects
of the supercritical antisolvent: the SAS system makes nuclei
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precipitate rapidly from microdroplets and the GAS system
allows them to grow to the crystal structure.

Kim et al.?* investigated the aforementioned solvent effect
on HMX particle morphology in the SAS process. DMSO, DMF,
NMP, acetone, and CHN were used as solvents. According to
FTIR spectroscopy, only the last two solvents gave rise to the
desirable (-phase crystals. Under optimal conditions (40°C,
15 MPa, 15 mLmin~' CO, flow rate, and 2 mLmin~' flow rate
of 2 wt% HMX solution in acetone or CHN), the desired ultra-
fine particles (9.5 or 6.1 um, respectively) were produced.

As RDX faces no problem with its crystal phase, Lee etal.
searched for a better solvent for the SAS micronization of this
explosive.”” The experiments were performed at 15 MPa,
50°C, and a CO, flow rate of 40 gmin~'. The RDX particles of
11.4-17.7 um average size precipitated from acetone, DMSO,
or NMP. In the case of other tested solvents (ACN, DMF, or
CHN), smaller (2.6-6.6 um) RDX particles were obtained under
similar conditions (Table 2). According to thermal analysis,
smaller crystals had a higher decomposition enthalpy, which is
strong evidence for the importance of micronization.

The efficiency of the GAS and SAS micronization techniques
was compared thoroughly by recording the FTIR spectra of
HMX crystals obtained by both methods.”>" Unexpectedly, the
authors discovered that no desired HMX 3 phase was pro-
duced by SAS precipitation, regardless of the solvent used
(these results are at variance with the work by Kim et al.”*),
Only GAS processes with acetone solution afforded energeti-
cally favorable prismlike crystals of the [ phase. B-HMX crystals
with a smaller mean size (12.9 um) and narrower particle size
distribution were generated from acetone solution (2.17 wt %)
at 50mLmin~' CO, addition rate, moderate agitation
(400 rpm), 40°C, and a final pressure of 8 MPa. The tempera-
ture and pressure had no significant effect in this case.

The abundance of variables in antisolvent processes has
pushed scientists to develop adequate models to describe
them. Bayat et al.”*? proposed the statistical optimization of
the SAS processing of HMX. By varying the solvent type, solute
concentration, feed rates, and temperature and pressure at the
precipitation chamber and using Taguchi robust design
method with several allowances, they predicted theoretically
the optimal micronization conditions. Under these conditions
(CHN, HMX concentration 3.5 molL™", solution rate 3 mLmin"',
and CO, rate 70 mLmin™"), the authors managed to obtain
spherical particles of HMX with 56 nm diameter, which was im-
possible before the optimization.

Table 2. Effect of SAS process conditions on RDX particles parameters. Adapted from Ref. [230].
Solvent Solution concentration Solution injection rate Particle mean Particle shape Decomposition
[wt %] [gmin~] size [um] enthalpy [Jg™']
Acetone 5.0 32 17.7 rod-shaped granular 5834473
DMSO 20.0 0.3 12.8 granular 847.7+1.3
NMP 9.1 0.7 1.4 irreqular 967.1+7.3
ACN 4.8 0.7 6.6 granular 823.9+12.1
DMF 1.1 0.7 5.1 granular 1131+30.5
CHN 5.0 1.2 26 rod-shaped granular 1620+24.3
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Figure 12. Size and morphology of RDX particles precipitated in SAS experiments at different pressures and temperatures. Reproduced with permission from

Ref. [236].

Dou et al® added a new parameter, the pressure drop
(PressD) on the nozzle, to describe the SAS processing of RDX
adequately. In their experiments, a 20% solution of RDX in
DMF was injected into a vessel at a 25 mLmin~' flow rate,
10 MPa, and 40°C with a CO, feed rate of 25 mLmin~". The
variation of PressD (0, 4.5, and 11 MPa) by changing the nozzle
length afforded RDX particles with mean sizes of 13.1, 11.6,
and 8.7 um, respectively. Moreover, the authors managed to
obtain even 5.9 um particles of the same HEM using PressD of
15 MPa.”** SEM and optical microscopy images were used to
show that a higher PressD led to rounder and regular crystals,
a shape that is always preferable for HEMs >

Seo et al.”*% performed a complex study on the CO,-mediat-
ed SAS micronization of RDX from its acetone solution using
the Hansen solubility parameter concept. They found that the
particles could demonstrate either agglomeration or crystalliza-
tion behavior depending on the temperature or pressure. A
lower pressure (10 MPa) led to smaller particles, whereas at a
higher pressure (20 MPa), much larger platelike structures (10
to > 100 um) were obtained (Figure 12a, b, and c vs. d, e, and
f). The temperature also had a significant impact on the
particle size and morphology in experiments at 10 MPa.
Strongly agglomerated rodlike products were produced at
15°C (Figure 11d), whereas much smaller particles were gener-
ated at 40-65°C, and their form changed from cylindrical to
spherical (Figure 12e vs. f).

Porous and faceted particles were produced in SAS experi-
ments from a 8.48 wt % RDX/acetone solution, whereas regular
crystals precipitated at a lower RDX concentration (2-4 wt %).
Visualization of the SAS micronization at 65°C and a RDX con-
centration of 2.17 wt% shows clearly that close to the system
critical point, every 1 MPa matters for efficient jet breaking
(Figure 13) and the optimal pressure was slightly above critical
(>11 MPa, Figure 13¢c and d). The obtained results prove that
CO,-based micronization processes are green and quite tuna-
ble methods for manufacturing of HEM particles. Every param-

ChemSusChem 2017, 10, 3914 -3946 www.chemsuschem.org

3939

eter of these processes is an important key to obtain the most
energetically efficient and safe-to-handle ultradispersed fine
HEM particles with a narrow size distribution. The predictive
approach may be considered as a promising tool to solve the
important multiparametric optimization tasks associated with
HEM micronization processing.

However, a serious problem arose unexpectedly with scCO,-
assisted HEM micronization. Even if HEM particles of the de-
sired morphology were produced, they were inclined to gather
into large loose agglomerates, which did not have the required
properties. An original solution was offered by Essel et al.,*"!
who suggested spraying the scCO, substrate solution into a
vessel filled with water to prevent agglomeration. However, in
practice, H,O absorbed CO, quickly to afford an acidic
medium, which induced particle coarsening and agglomera-
tion because of the Ostwald ripening effect. To overcome this
problem, the authors added a base (dilute NH,OH) to the
system, which suppressed the agglomeration and restored a
suspension of 30 nm-sized free particles. Furthermore, the au-
thors enhanced the thermodynamic stability of the aqueous
suspension by adding a small amount of a water-soluble
polymer, polyvinylpyrrolidone (PVP) or polyethylenimine (PEI).
The latter appeared to be preferable because of its stronger af-
finity with the RDX surface. Coated RDX particles demonstrat-
ed a weaker propensity to agglomeration and were less sensi-
tive to shock and friction. Furthermore, they had a better ad-
hesion to other components of industrial compositions.

Along with modern recrystallization methods, a classic ap-
proach to obtain HEM microparticles, based on milling in aque-
ous media, is still in use. However, a weak point of this ap-
proach is that it requires an extra drying stage. This is where
CO, could be useful again. Liu etal?*® compared several
drying methods, in particular, simple and vacuum drying,
washing with ethyl acetate, ethanol, and isopropanol, and CO,-
based supercritical drying (SCD) or supercritical freeze drying
(SCFD), to obtain milled water-free HMX nanoparticles
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Figure 13. Jet behavior and the morphology of RDX particles precipitated at 65 °C and different pressures. Reproduced with permission from Ref. [236].

(=80 nm). The SCD and SCFD methods appeared preferable as
they prevent the agglomeration of crystals. Of these, the SCFD
method, which produced nanoparticles of a smaller mean size
(160 vs. 190 nm for the SCD), is better suited for the large-
scale manufacturing of nano-HMX.

3.4. HEM processing with supercritical fluids

Energetic substances are rarely used in their pure form but
rather in combination with polymeric or wax binders such as
PBXs. These materials require some form of processing, which
often involves organic solvents.'”** The development of pro-
cesses that eliminate or reduce the need for the use of organic
solvents in formulation steps is highly desirable to decrease
the amount of waste created by the production of HEMs.**”
Supercritical fluids, primarily scCO,, are considered as promis-
ing tools to address the environmental issue associated with
HEM manufacture.

HEM binder polymers such as polyethylene (PE), oxidized PE,
poly(urethane) (Estane), cellulose acetate/butyrate (CAB), poly-
(vinylidene  fluoride-co-hexafluoropropylene)  (Fluorel and
Viton), and poly(chlorotrifluoroethylene-co-vinylidene fluoride)
(Kel-F 800 and Kel-F 3700) were studied in scCO, at up to
300°C and 300 MPa to evaluate their solubility and phase be-
havior (Table 3).2*"

Hydrocarbon waxes of a molecular weight <1000 Da are
soluble in scCO,. However, high-molecular-weight PE and poly-
mers with polar groups such as oxidized PE, polyurethane,
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Table 3. Selected plastic-bonded explosives.!*®?4!

Name Components

PBXN-5 HMX/Viton-A

PBXN-6 RDX/Viton-A

PBXN-201 RDX/Viton-A/Teflon
PBXN-9502 TATB/Kel-F 800

LX-17 TATB/Kel-F 800

MTV igniter Mg/Teflon/Viton-A (or Flourel)
IR flare Mg/Teflon/Viton

LOVA propellant RDX/CAB/NC

COMP A-3 RDX/polyethylene (or Oxidized PE or WAX)
LX-14 HMX/Estane

Kel-F 3700, and CAB are nearly insoluble in scCO, even at
290°C and 247.5 MPa. The addition of acetone (22 wt%) or
ethanol (29 wt%) as modifier improves the solubility signifi-
cantly. The fluorinated polymers Fluorel, Viton, and Kel-F 800
are highly soluble in scCO, because of the contribution of the
vinylidene fluoride units, and their solubility is further im-
proved in an acetone/scCO, (1:9) mixture. The structure of the
polymer backbone plays an important role: Fluorel dissolves in
pure scCO, (284°C and 220.0 MPa), whereas Viton A does not.
Supercritical CO, has a significant potential in the manufacture
of PBX molding powders and extrusion feedstock using Fluorel
or Kel-F 800 binder and for the precise control of the coating
of sensitive explosive powders with a specific polymer binder.
Furthermore, it is useful to recycle and recover valuable ingre-
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dients from existing Fluorel-based MTV (Mg/Teflon/Viton) and
PBX or Kel-F 800-based PBX formulations.

An environmentally friendly method, the so-called super-
shock process, was designated for the preparation of MTV py-
rotechnics.*>*? |n this process, Viton was precipitated from
an acetone/magnesium/Teflon/Viton paste with scCO,, which
coated the magnesium and Teflon. After that, acetone was re-
moved using a scCO, flow (60°C, 14.2 MPa). Virtually no haz-
ardous waste was generated in this process because the proc-
essing fluids, acetone and CO,, were separately recovered and
recycled. However, in the traditional shock-gel process, in
which hexane is used as the precipitant, over 10 kg of hazard-
ous waste was produced per kg of MTV.***2*! Moreover, the
simplicity of gaseous CO, separation from products (decom-
pression) eliminates the energy-consuming step of MTV crumb
drying. Furthermore, a portion of the starting materials, which
remained intact during the processing, could be used in the
next batch.

The coating of HEM particles with polymer films protects
them from the adverse effect of moisture and light, improves
chemical compatibility of energetic particles (e.g., ammonium
dinitramide (ADN) with other components of high-energy com-
positions, and makes their molding safer. A fluidized-bed en-
capsulation process, in which scCO, was used as a solvent for
the coating material and as a carrier fluid for fluidized-bed for-
mation, was developed by Teipel and co-workers.**2* This
process allowed the safe encapsulation of thermally labile and
moisture-sensitive 30-100 um sized particles of important
HEMs (ADN and PETN) at ambient temperature.

Another patented method®” for the coating of solid ener-
getic particles in supercritical fluids includes one-pot nuclea-
tion and deposition steps followed by thermal conditioning
(e.g., polymerization) of the coated particles. The method was
claimed to be applicable for the coating of various solid pro-
pellant components (CL-20, HMX, RDX, 1,3,3-trinitroazetidine,
NH,NO;, NH,CIO,, ADN, carbohydrazide, metal, polymeric
azides, etc.). Later, the SAS method was used to coat CL-20
crystals with hydroxyl-terminated polybutadiene.**®’ The poly-
mer was dissolved in CH,Cl,, and particles of CL-20 were
added to the solution. Pressurizing of the suspension with
scCO, antisolvent at 60 °C and 12 MPa caused polymer precipi-
tation on the CL-20 surface as a thin film. The subsequent re-
moval of CH,Cl, with the scCO, flow left coated CL-20 particles
with excellent safety characteristics (Table 4).

Nanoparticles of RDX were coated with polystyrene or poly-
(vinylidene fluoride-co-hexafluoropropylene) (VDF-HFP,,) poly-
mer films by RESS-type coprecipitation.”*? Supercritical CO,
was pumped at a constant mass flow rate through the extrac-
tion vessel at 13.0-20.5 MPa and 48-53°C. The poorly soluble

Table 4. Shock (SS), friction (FS) and electric spark (ES) sensitivities of
naked and coated CL-20 particles. Adapted from Ref. [248].

Material SS [J] FS [N] ES [mJ]
uncoated CL-20 14 73 116
coated CL-20 27403 157 +17 >712
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RDX precipitated first, and then the polymer deposited on the
surface of the RDX nanoparticles. The core-shell structure of
the coated particles (/100 nm) was confirmed by using SEM
and TEM. MS (GC-MS) and X-ray powder diffraction (XRPD)
were used to demonstrate that the produced powders con-
tained 70-73 % of RDX.

Microcellular combustible materials based on polymer-
bonded nitramines possess several advantages such as an ad-
justable energy content, high burn rate, and low vulnerabili-
ty.”*? They burn out in a reduced time at a giant internal
surface area to leave no burn residue. These materials have im-
mense potential for application in propellants, combustible
cartridge cases,”"*? and caseless ammunition.”**”

A microcellular combustible ordnance material composed of
RDX and poly(methyl methacrylate) (PMMA) was fabricated
using the solvent method and foamed by using scCO,.>**%"
The samples were processed in designed foaming molds with
expansion ratios of 1.1, 1.2, and 1.35 (the molds with a certain
expansion ratio determine the foaming space of the saturated
preform). The foaming temperature, saturation pressure, sorp-
tion/desorption time, and RDX content (50-70%) were the key
factors that exerted a significant impact on the density, porosi-
ty, and homogeneity of the RDX/PMMA porous samples ac-
cording to the SEM data (Figure 14). The obtained microcellular

Figure 14. SEM images of foamed samples with different foaming tempera-
tures (saturation pressure =15 MPa, expansion ratio = 1.35). Reproduced
with permission from Ref. [254].

combustible objects are superior to traditional ones with
regard to heat and moisture resistance.”® The method was
successfully applied to an RDX-based propellant. It is also ap-
plicable to traditional single-, double-, and triple-based propel-
lants as well as to the low vulnerability ammunition (LOVA)
propellant.

Promising porous HEMs with a large specific surface area are
energetic polymer-based aerogels. Nitrocellulose aerogel was
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prepared from an acetone solution of NC, toluene diisocya-
nate, and ditinbutyl dilaurate using a scCO, drying method
(12 MPa, 45°C).”*® The produced microstructured aerogel can
be used as a gel matrix for NC/RDX, NC/HMX, NC/Al, and NC/
AP/RDX nanocomposite energetic materials. The NC/HMX
nanocomposites were prepared by an improved sol-gel super-
critical method. The NC particles of approximately 30 nm in
size were cross-linked to form a network structure, and HMX
nanoparticles were embedded into this matrix.*** Different co-
solvents should be used for each component (e.g., ethyl ace-
tate for NC and d-butyrolactone for HMX). A transparent gel
with strong elasticity, which comprised NC, HMX, and the cor-
responding solvents, was subjected to supercritical extraction
with CO, to afford the nanocomposite. Nitrate glycerol ether
cellulose (NGEC)-based aerogels of up to 183 m*g~"' surface
area were prepared by drying the corresponding alcogels with
scCO, (50°C, 16 MPa) followed by slow decompression to
avoid cracking.”®” The obtained NGEC aerogels with tunable
pore structures could have a potential application as a inex-
pensive moderate-surface-area HEM in explosives and propel-
lants.

4. Conclusions

This Review shows that ionic liquids (ILs) and sub- or supercriti-
cal fluids, which are considered as green-chemistry tools, have
a great potential in the field of energetic materials science. The
application of thermally stable ILs having negligible vapor
pressure as the reaction medium and (or) promoters make
dangerous processes, which are used for high-energy material
(HEM) synthesis and handling, safer. Nitration in ILs does not
require large quantities of strong acids and offers a simple
nonaqueous workup. A series of industrially important (hexa-
hydro-1,3,5-trinitro-1,3,5-triazine; RDX, cyclotetramethylene tet-
ranitramine; HMX, 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa-
azaisowurtzitane; CL-20) and prospective HEMs was produced
in the IL media under milder conditions than that in conven-
tional solvents. A considerable breakthrough in efficient HEM
synthesis was achieved by the catalytic application of Brenst-
ed-acidic ILs. Nitrate or nitrite salts could be used as mild re-
agents for nitration or nitrosation reactions.

Important achievements have been made in the area of so-
called energetic ILs, in particular oxygen-balanced and
hypergolic ILs, which has become a hotspot in energetic mate-
rials science. However, the special properties of the synthesized
energetic ILs have not yet fully met the strict requirements of
rocket propellants. Therefore, a search for new, more efficient
energetic and hypergolic ILs is expected to be a challenge in
the near future.

Very promising results were afforded by the extensive appli-
cation of CO, and lower fluorinated hydrocarbons (freons),
which are readily available in the liquid or supercritical state, in
HEM synthesis and processing. The combined use of these in-
expensive, nontoxic, and nonflammable dense gases as reac-
tion media and dinitrogen pentoxide as an efficient nitrating
agent reduces fire and explosion risks significantly (nitration in
fire extinguishers) and eliminates the use of environmentally
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harmful H,SO, in nitration reactions. Furthermore, CO, and
freons are attractive for industrial use because they can be
separated readily from the reaction products by simple decom-
pression. Both O- and N-nitration reactions were efficiently per-
formed in these neoteric solvents to afford industrially manu-
factured HEMs; however, their applicability to the production
of RDX and HMX is still under question.

Efficient supercritical fluid (SCF)-based gas antisolvent, su-
percritical antisolvent, and rapid expansion of supercritical sol-
utions micronization techniques have been elaborated for the
efficient control over the morphology and particle size distri-
bution to provide the most energy-rich fine particles of HEMs,
including RDX, HMX, CL-20, 3-nitro-1,2,4-triazole, pentaerythri-
tol tetranitrate, and nitroguanidine. SCFs are useful to coat
HEM particles with polymer films and for the preparation of
microcellular combustible materials. Further evolution of these
promising lines of research may result in the development of
HEMs that would be safer to handle, more reliable in process-
ing, and less expensive.
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