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In this work, we prepared and comprehensively characterized four novel iodocuprate-containing ionic

liquids, CullLs 1-4. In addition to their interesting molecular structures and physical properties Culls
exhibited capability to efficiently promote hypergolic reactions between boron-containing [EMIM?]
[HzBCN™] and [MIM]-[BH3] fuels and a highly concentrated H,O, (95%) oxidizer. The most promising
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Introduction

Development of new metal-containing ionic liquids (MILs) is an
emerging field in chemistry and materials science, as the
properties and performance of these compounds have the
advantages of both ionic liquids and metal-containing salts and
complexes. MILs have a broad range of promising applications,
spanning catalysis," materials for biomedicine,> optoelec-
tronics,® gas fixation,* energy storage® and conversion,® and are
quickly expanding to new fields.” A sub-group of MILs, con-
taining halogenated metal anions and halogen-metal charged
clusters (XMILs), has its own fascinating properties, chemistry
and molecular structures.® In particular, recently, XMILs con-
taining iodocuprate cluster anions gained a significant atten-
tion, due to their interesting supramolecular structures and
promising unique photoluminescence properties, suitable for
the development of efficient photocatalysts® and materials for
energy conversion.' Despite the frequent use of copper iodide
in catalytic carbon-carbon coupling reactions,' Buchwald's N-
arylation,* oxidative C-H functionalization of cycloalkanes,"
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H,0O,-based bipropellant systems for space applications.

conversion of alkynes to alcohols and many other catalytic
reactions,™ iodocuprates are much less explored in terms of the
range of their chemical reactivity.” To the best of our knowl-
edge, there are no reports regarding the use of iodocuprates as
oxidation or combustion catalysts.

Due to our general interest in the development of novel
promoters for efficient hypergolic ignition of energetic ionic
liquid fuels with an environmentally safe non-cryogenic highly
concentrated H,0, (>90%j; HTP) oxidizer for space propulsion,
we designed, prepared, comprehensively characterized, and
evaluated the properties and performance of a series of new
iodocuprate-containing ionic liquids (CulLs), as novel combus-
tion catalysts. These CulLs include salts of 3-ethyl-1-methyl-1H-
imidazol-3-ium [EMIM'],[Cuyls*"] (CulL 1), [EMIM ]5[Cu,l,*>"]
(CulL 2), and [EMIM"],[Cusl,*~] (CulL 3), and a salt of 1-amino-
3-methyl-1H-imidazol-3-ium [MATA'][Cul, ] (CulL 4).

Notably, many energetic ionic liquids (EILs) were evaluated
as “green” bipropellant fuels,'® having low vapor pressure, as
high density thermostable alternatives to toxic hydrazines."” It
was found that EILs would exhibit hypergolic ignition when in
contact with fuming nitric acid or dinitrogen tetroxide
oxidizers. Yet, the toxicity and corrosivity of these oxidizers, as
well as the formation of nitrogen oxide (NO,) gases during the
combustion process, have still been a challenging problem that
requires a solution. A “green” hypergolic oxidizer for the EIL
fuels could be HTP, as an alternative to fuming nitric acid and
dinitrogen tetroxide.'® Until recently, only few attempts were
made to use HTP as a “green” hypergolic oxidant,'*?** where
Natan and coworkers found that hypergolic ignition of gelated
hydrocarbon fuel could be achieved with HTP through the
addition of catalytic particles.** Rarata and co-workers reported
metal halogen based promoted hypergolic ignitions of
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kerosene, methanol, ethanol, isopropanol, ethylene glycol and
ethyl acetate, with HTP,> while hypergolic ignition of quater-
nary trihexyltetradecylphosphonium aluminum borohydride
[THTDP'][Al(BH,), ] EIL with HTP was reported by Schneider.?
Choi and coworkers also investigated hypergolic ignitions of
a series of heterocyclic organic salts with HTP, using
promoters.>* Hypergolic reactions of HTP with boron-free
EILs, such as 1-butyl-3-methylimidazolium azide [BMIM]
[N;7], 2-hydroxyethylhydrazinium nitrate [HEH'][NO; ],
dimethylammoniumethyleneazido trifluoroacetate [DMAZ"]
[TFAT] and dimethylammoniumethyleneazido dicyanamide
[DMAZ'][DCA~], promoted by 1-butyl-3-methyl-imidazolium
[BMIM'][FeCl, ] catalyst, were also reported.?

Our novel CulLs were designed to provide effective solutions
to a series of significant issues. Since a quick hypergolic ignition
of EILs with H,O, could not be typically achieved without use of
promoters, these promoters should possess a range of addi-
tional essential properties, including forming and keeping
stable solutions with EIL fuels, exhibiting thermostability above
the decomposition temperature of the EILs (without affecting
the inherent thermostability of the fuels) and not affecting the
viscosity properties of the fuels.

Results and discussion
Synthesis

Iodocuprate-containing ionic liquid (CulL) promoters 1-4,
including two multinuclear clusters  tetra-(1-ethyl-3-
methylimidazolium) tetracopperoctaiodide ([EMIM"][Cuyls* "]
- CulL 1) and hexa(1-ethyl-3-methylimidazolium) octa-
coppertetradecaiodide ([EMIM']s[Cugl;4®~] - CulL 2) and two
coordination polymers poly[bis(1-ethyl-3-methylimidazolium)
pentacopperheptaiodide] ([EMIM'],,[Cusl,*>"], - CulL 3) and
poly[1-methyl-4-amino-1,2,4-triazolium  copper  diiodide]
([MATA"],[Cul, "], - CulL 4) were synthesized in excellent yields
(>92%) by solvothermal methodology (Fig. 1). A general proce-
dure included dispersion of Cul powder in a solution of
[EMIM[T7] (or [MATA'][I"]) in methanol and heating the
reaction mixture at 90 °C in a sealed glass reactor. After cooling
to room temperature, two layers were formed. The bottom layer,
containing the desired CulL product, was separated and washed
with methanol. During the washing process the material in the
bottom layer crystallized to yield a pure CulL product.

For CulLs 1-3, variation of molar ratio between the Cul and
[EMIM[1"] starting materials allowed control over the forma-
tion of the specific CulL product. In contrast, for CulL 4, we
found that the variation of ratio between Cul and [MATA'][I7]
(of 1:1,1:3 and 3 : 2, respectively) didn't affect the reaction
outcome and the same product (CulL 4) was obtained under all
explored reaction conditions. These findings demonstrate the
unprecedented effect of the counter cation control over the
formation and the structure of the specific iodocuprate cluster
or coordination polymer product. The phase purities of CulLs
1-4 were confirmed by NMR analysis and powder XRD analysis
(Fig. S1-S9, ESIt), and no paramagnetic species were detected in
solid-state EPR measurements for all CulLs.
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Fig. 1 Synthesis of CulLs 1-4.

X-ray crystallography

The structures of the promoters CulLs 1-4 were analyzed by
single crystal X-ray crystallography. Colorless crystals of CulL 1
(CCDC 18551647), with a crystal density of 2.491 g cm ™ at 173
K, were obtained by crystallization of CulL 1 from methanol
solution and have the triclinic space group P1 (Table S1, ESIT).
There are two different copper atoms, four iodine atoms and
two [EMIM '] cations in the asymmetric unit of CuIL 1 (Fig. 2a).
Metal center Cul is trigonally coordinated to three iodine
atoms, to form a planar trigonal Cul; group, while metal center
Cu2 is tetrahedrally coordinated to four iodine atoms, to form
a tetrahedron Cul, group (Fig. 2b). The Cu-1 bond lengths are in
the range of 2.517(1)-2.919(1) A (ESI{). The adjacent Cul; and
Cul, groups are connected to each other through the edge-
sharing mode to form a [Cuylg*"] cluster, where the face of
the Cul; group is oriented towards the tetrahedral face of Culy,
with the Cu1---I1 distance of 2.919(1) A (Fig. 2c). The negative
charge of the [Cuylg*™] cluster is balanced by four [EMIM]
cations, while the cluster is interacting with surrounding
cations through I---H-C hydrogen bonds, with the I---C
distances in the range of 3.103(2)-3.158(3) A (Fig. 2d).
Colorless crystals of CulL 2 (CCDC 18551657), with a crystal
density of 2.673 g cm ™ at 173 K, were obtained by crystalliza-
tion of CulL 2 from methanol solution and have the triclinic
space group P1 (Table S1, ESIt). In the asymmetric unit of CulL
2 there are four different copper atoms (Cul, Cu2, Cu3, and
Cu4), seven iodine atoms and three [EMIM '] cations (Fig. 3a). In
CulL 2, each copper metal center is coordinated to four iodine
atoms to form a tetrahedral structure, where the Cu-I bond
length is in the range of 2.517(2) A-2.919 (2) A (Fig. 3b). The
adjacent Cul, tetrahedra in the cluster of 2 are connected to
each other by edge- and face-sharing modes, to form
a [Cugly,® ] multinuclear anion with a linear arrangement
(Fig. 3c). Alternatively, the unprecedented structure of the

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Structure of CulL 1. (a) Molecular structure of CulL 1; (b) structure of the [Cu,lg* ™ cluster inside CulL 1; (c) additional presentation mode of

the [Cuylg®] cluster structure; and (d) crystal structure of CullL 1.

[Cugl;4° 7] cluster can be described as a connection of four edge-
linked [Cu,I5*~] trigonal bipyramids, each of which is formed by
two face-sharing copper iodine tetrahedra.

Colorless crystals of CulL 3 (CCDC 18551667), with a crystal
density of 3.235 g cm™* at 173 K, were obtained by crystalliza-
tion of CulL 3 from methanol solution and have the ortho-
rhombic space group Pnma (Table S1, ESIT). There are two and

a half different copper atoms, two and three halves of iodine
atoms and one [EMIM ] cation in the asymmetric unit of CulL 3
(Fig. 4a). The structure of the coordination polymeric anion
containing the [Cusl,>"] repeating unit is based on adjacent
Cul; and Cul, moieties, where three of the Cul, tetrahedra are
interacting with each other through edge-sharing (Fig. 4c). The
Cu-TI bond length in CulL 3 was found to be in the range of

Fig.3 Structure of Cull 2. (a) Molecular structure of CulL 2; (b) structure of the [Cugli4®7] cluster inside CulL 2; (c) additional presentation mode

of the [Cugli4®71 cluster structure; and (d) crystal structure of CulL 2.

This journal is © The Royal Society of Chemistry 2018
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Fig.4 Structure of CulL 3. (a) Molecular structure of CulL 3; (b) structure of the [Cusl,?~] cluster inside CulL 3; (c) additional presentation mode of

the [Cusl,27] cluster structure; and (d) crystal structure of CulL 3.

2.575(2)-2.750(2) A. The adjacent parallel chains of [CusI,* ],
are interacting with each other through [EMIM'] counter
cations via I---H-C hydrogen bonds, with the I---C distance
being in the range of 3.689(2)-3.940(3) A (Fig. 4d).

Colorless crystals of CulL 4 (CCDC 18551671), with a crystal
density of 2.885 g cm ™ at 173 K, were obtained by the crystal-
lization of CulL 4 from methanol solution and have the
monoclinic space group P2,/n (Table S1, ESIt). The asymmetric
unit of CulL 4 contained one copper atom, two iodine atoms
and one [MATA'] cation (Fig. 5a). Each copper atom is

coordinated to four adjacent iodine atoms to form a Cul,
tetrahedron (Fig. 5b). Furthermore, in CulL 4, the structure of
the coordination polymeric anion containing [Cul, | repeating
unit is based on adjacent Cul, tetrahedra that are interacting
with each other through edge-sharing (Fig. 5¢). The Cu-I bond
length in CulL 4 was found to be in the range of 2.648(2)-
2.611(2) A. Notably, along the [001] direction in the crystals of
CulL 4, linear channels are formed by an arrangement of
[MATA'] counter cations, where these channels are filled with
chains of [Cul, |, coordination polymers (Fig. 5d).

Fig.5 Structure of CulL 4. (a) Molecular structure of CulL 4; (b) structure of the [Cul, 7], cluster inside CulL 4; (c) additional presentation mode of

the [Cul, ], cluster structure; and (d) crystal structure of CulL 4.

22822 | J Mater. Chem. A, 2018, 6, 22819-22829
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The phase purities of CulLs 1-4 were confirmed by powder
XRD analysis (Fig. S9, ESIt). Morphologies of the CulL 1-4
crystals were examined and the corresponding SEM images of
these crystals are shown in Fig. S10 (ESIf).

Thermal analysis

The thermal properties of CulLs 1-4 were measured by differ-
ential scanning calorimetry (DSC) and thermo-gravimetric
analysis (TGA). The DSC curves that were obtained for CulLs
1-4 showed endothermic peaks corresponding to the melting
processes at 69, 73, 80 and 84 °C (Fig. S15, ESIt), which was
surprisingly low considering these compounds’ molecular
structures. The TGA results confirmed that the observed endo-
therms belong to the melting process and not to the decom-
position process, as no weight loss was observed below 100 °C
for any of these compounds (Fig. 6). The decomposition
temperatures of CulLs 1-3 were found to be at 295, 298 and
303 °C, with the weight loss of 56.3, 43.9 and 39.8% from room
temperature to 500 °C, respectively. A somewhat higher ther-
mostability of CulL 3 could be explained by its more rigid
“reinforced concrete”-type molecular structure (versus non-
polymeric CulLs 1 and 2), due to the presence of the
[CusI,>"], polymeric anion. We believe that a similar chemical
composition of CulLs 1-3 is the major reason for the significant
degree of similarity in the thermal properties (similar TGA
curves) of these compounds. In comparison, CulL 4 exhibited
poor thermostability, with the decomposition temperature of
160 °C and the weight loss of 53.1% from room temperature to

(a)
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500 °C. Searching the literature, we found that EMIM-based
ionic liquids were at least by 100 °C more thermostable than
their MATA analogues.?® For example, [EMIM'][1"] and [EMIM ']
[N(CN), ] ionic liquids exhibit decomposition temperatures of
249 °C and 275 °C, respectively, while the corresponding
[MATA'[T"] and [MATA'][N(CN), ] salts have respective
decomposition temperatures of 136 °C and 175 °C.”” These
results are perfectly in line with our observations for the
prepared CulLs, in which the decomposition temperature of
[MATA'],[Cul, "], 4 is lower than that of the EMIM-based salts
1-3 by 140 °C, clearly indicating the critical importance of the
cation component in the thermostability of these compounds,
rather than the structure of the anionic part.

Physical properties of fuels containing CulL promoters

The density, viscosity, thermostability and heat of combustion,
and specific impulse (/) are important properties of propellant
fuels. In this work, in order to study the effect of adding
different CulL promoters to the ionic and non-ionic “green”
liquid hypergolic fuels [EMIM'|[H;BCN~] (F1)* and [MIM]-
[BH;] (F2),” each of the CulLs 1-4 (10 wt%) were added to each
fuel, respectively. As shown in Table 1, the densities of F1 and
F2 are 0.980 and 0.930 g cm >, respectively. After the addition of
promoters, the densities of the fuels slightly increased. In
particular, when mixed with 10 wt% of CulL 3, the densities of
F1 and F2 increased up to 1.025 and 1.010 g cm >, respectively,
which is due to the highest density of promoter 3 (3.235 g cm™2).
Although addition of 10 wt% CulLs to the examined F1 and F2

(b)
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Fig. 6 TG curves: (a) CulL 1, (b) CulL 2, (c) CulL 3 and (d) CulL 4.
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Table 1 Physicochemical properties of the hypergolic fuels with and without CulLs
Fuel Promoter T4 (°C) o’ (g em™3) n° (mPa s) AHS (K g7h) I, (s) 1D/ (ms)
1 F1 No 247 0.980 19 —34.06 269.0 >1000
2 F1 1 220 1.018 42 —31.48 264.7 37
3 F1 2 221 1.021 48 —31.22 261.3 36
4 F1 3 219 1.025 50 —31.56 263.9 24
5 F1 4 214 1.023 55 —32.55 262.3 38
6 F2 No 263 0.930 5 —36.17 266.6 >300
7 F2 1 161 1.005 80 —32.96 262.5 30
8 F2 2 162 1.007 87 —33.86 259.1 23
9 F2 3 160 1.010 82 —33.35 261.7 14
10 F2 4 158 1.008 89 —33.76 260.1 28

“ Decomposition temperature. ° Density at 25 °C. ¢ Viscosity at 25 °C. ¢ Calculated heat of combustion, based on bomb calorimetry measurements.

¢ Iy, values for promoter-in-fuel mixtures that were calculated from the I,

times.

fuels also leads to an increase in the viscosity of the resulting
mixtures (Table 1), the resulting viscosity in the range of 40-90
mPa s is well below that of other well-explored promoter-free
energetic ionic liquids.*® We found that addition of promoters
CulL 1-4 to the evaluated fuels resulted in decreased decom-
position temperatures of the fuel mixtures to about 30-100 °C
for F1 and F2 (Table 1). Despite a reduction in overall thermo-
stability of promoter-fuel mixtures, the decomposition
temperatures of the F1 mixtures with CulL 1-4 are still above
214 °C (versus 247 °C of the parent fuel), clearly exhibiting
suitability of our promoters for further development. We also
studied the stability of promoter—fuel mixtures for four weeks by
using '"H NMR (Fig. S12-S19, ESI), finding that during all
periods of study, these examined mixtures didn't show any
detectable impurities and degradation products. The I, values
of pure fuels and examined promoter-in-fuel mixtures are
shown Table 1. In comparison to the pure F1 and F2 fuels, the
calculated I, values for the examined promoter-in-fuel
mixtures are slightly lower (by 1.6-2.8%), which could be
explained by EXPLO5 (v6.02) algorithms that do not take into
account possible changes in combustion mechanisms that may
take place upon the introduction of promoters with lower I,
(Tables S10 and S11, ESIY).

Hypergolic ignition tests

The performance of CulLs 1-4 as promoters of hypergolic
ignition with highly concentrated H,O, (95%) was evaluated for
the hypergolic fuels F1 and F2. All ignition experiments were
conducted under the ambient conditions, utilizing “oxidizer-to-
fuel” droplet addition methodology (Table 1, Fig. 7 and S20-
S27, ESIt). In a typical experiment, a single droplet of H,0,
(15 pL) was added using micropipette to an Eppendorf plastic
tube, containing the fuel F1 or F2 (150 pL) and a tested CulL
promoter (10 wt%). All ignition tests were filmed with a high-
speed camera, operated at 6000 frames s~ ', assessing ignition
delay (ID) times with the precision of 0.17 ms. The ID times were
measured from the initial contact of the H,O, drop with the
promoter-fuel mixture until the appearance of a clearly
detectable flame. Reference ignition tests, in which a single
drop of H,0, (95%) was added to promoter-free F1 and F2 fuels,

22824 | J. Mater. Chem. A, 2018, 6, 22819-22829

values of the pure fuels F1 and F2 and CulL promoters.” Ignition delay

showed relatively long ID times of more than 1000 ms and
300 ms, respectively (Table 1). For comparison, Shreeve and
Zhang reported that hypergolic fuels F1 and F2, in combination
with WFNA as an oxidant, showed ID times of 4 ms and 6 ms,
respectively.**?

In our evaluation of hypergolic ignitions of CulL 1-contain-
ing fuels F1 and F2 (with highly concentrated H,0,), we
observed 10-fold shortened ID times (versus promoter-free
ignitions) of 37 ms and 30 ms, respectively. We also found
that the promoter CulL 2 was able to reduce the ID times for F1
and F2 fuels to 39 ms and 23 ms, respectively, while the best-
performing promoter was found to be CulL 3, exhibiting
impressive ID times for F1 and F2 of 24 ms and 14 ms,
respectively (Fig. 7). In a subsequent set of experiments with
CulL 4, we found ID times of 38 ms and 28 ms, respectively
(Table 1). The results obtained for CulLs 1-4 indicate that the
structure of the polymeric anion [Cusl,*>"], in 3 is the most
suitable for the efficient iodocuprate-based promotion of the
studied hypergolic reactions with H,O,.

The concluding step in our studies was concentration-
dependent performance experiments with both fuels F1 and
F2, in which we measured variations in ID times as a function of
CulL 3 concentration in these fuels (1, 2, 5, 8, 10 and 15 wt%j;
Fig. 7c). We found that for both fuels F1 and F2, no significant
changes in ID times were observed for promoter 3 concentra-
tions above 10 wt%, indicating that this concentration could be
the optimum for further development of these bipropellant
systems.

Proposed reaction mechanism

As a starting point, we assumed that our reaction works in
a similar fashion to the non-radical reaction model proposed
previously by Liebhafsky**~** and Furrow,* which is a two-step
reaction of HI with H,O, in a 1:2 ratio. Initially, the HI
reacts with the first equivalent of H,0,, producing HOI and H,O
(eqn (1)). In the second step, HOI reacts with the second
equivalent of H,0,, producing O, and another molecule of H,O
with the regeneration of HI (eqn (2)).

HI + H,0, — HOI + H,0 (1)

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Fast camera images from the hypergolic ignition tests with H,O, (95%) and CulL 3 as a promoter. (a) Using F1 as a fuel; (b) using F2 as
a fuel; and (c) results of hypergolic ignition tests with H,O, (95%), F1 and F2 fuels and CulL 3 as a promoter.

HOI + H202 - 02 + H20 + HI (2)

In contrast to the reaction described above, in our case it is
likely that CulLs 1-4 react with H,0, instead of HI. To check
whether this mechanistic perspective makes sense from a ther-
modynamic point of view, we performed the density functional
theory (DFT) calculation at the wB97XD/def2-SVP level of
theory,**>*” using Stuttgart-Dresden ECP** for the relativistic
effect of iodine and copper, on the reaction of H,0, with
[Cul; ?]-2[EMIM']. Noteworthily, [Cul; *]-2[EMIM'] was
chosen as the mono-nuclear model of the CulL 1-4 clusters to
avoid complications in calculations. Thus based on these
calculations, the first step is the pre-coordination of H,0, with
[Cul;~?]-2[EMIM"] giving Int1, which is formed as a result of
a hydrogen bonding between iodine atoms and protons of H,0,;
this step is exergonic with AG of —7.6 kcal mol ™. The next step
is the substitution of iodide at the Cu center by H,0, leading to
Int2; this step is slightly endergonic, AG = 8.1 kcal mol . The
calculated activation barrier for the formation of Int2 (TS) is
8.8 kcal mol ™, which is relatively low. The next two steps closely
follow the Liebhafsky and Furrow mechanism. The first of these
two steps is the reaction of I" with the H,0, coordinated to the
Cu center in Int2 forming [I,CuOI ?]-2[EMIM‘] (Int3) and water,
which is strongly exergonic with AG of —14.0 kcal mol~". The
second of the steps, which is the reaction of Int3 with the second
equivalent of H,0,, giving H,0, O, and regenerated [Cul; *]-2
[EMIM], is also exergonic (AG = —6.5 keal mol ™). Overall, this
process is strongly exergonic with the release of 20 kcal mol ™"
Gibbs free energy (Fig. 8).

Experimental
General information

Caution! Proper safety precautions should be taken during the
preparation, characterization and handling of energetic ionic

This journal is © The Royal Society of Chemistry 2018

liquids and high concentration H,0,. Lab personnel and the
equipment should be properly grounded, and protective
equipment, including protective coat, Kevlar gloves, ear
protection and face shield, should be used. All the reactions and
hypergolic ignition testing of the prepared materials were con-
ducted in a protected fume hood and behind a safety shield.
[EMIM*],[Cu,ls* ] (1). A powder of Cul (0.95 g, 5 mmol) was
dispersed in a solution of [EMIM'|[I"] (3.57 g, 15 mmol) in
methanol (10 mL) and the reaction mixture was heated at 90 °C
for 30 min in a sealed glass reactor. After cooling the reaction
mixture to room temperature, two layers were formed and the
bottom layer, containing the desired product, was separated
and washed with cold methanol (3 x 3 mL). During the washing
process, the liquid product solidified into a white powder of
pure compound 1 (2.10 g, 98% yield; based on Cu). Mp (DSC

AG (kcal-mol?)
©
L)
&
® %
(]

Fig. 8 Proposed calculated mechanisms of plausible H,O, decom-
position in the presence of the Cull. model promoter [EMIM*],[Culs>7].
Gibbs free energies are given relatively to the starting materials.
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peak, 10 °C min~ ', N,): 69 °C. "H NMR (400 MHz, DMSO-d) :
9.10 (s, 1H), 7.76 (s, 1H), 7.68 (s, 1H), 4.16-4.22 (q, 2H), 3.84 (s,
3H), 1.41 (t, 3H). "*C NMR (100 MHz, DMSO-d,) é: 136.0, 123.4,
121.9, 44.1, 35.8, 15.1. FTIR (ATR): 3265 (w), 3069 (m), 2979 (w),
1605 (w), 1559 (m), 1449 (m), 1341 (w), 1154 (s), 1087 (w), 827
(m), 748 (s), 613 (m).

[EMIM*]g[Cugl,®7] (2). A powder of Cul (1.90 g, 10 mmol)
was dispersed in a solution of [EMIM|[1"] (2.38 g, 10 mmol) in
methanol (10 mL) and the reaction mixture was heated at 90 °C
for 30 min in a sealed glass reactor. After cooling the reaction
mixture to room temperature, two layers were formed and the
bottom layer, containing the desired product, was separated
and washed with cold methanol (3 x 3 mL). During the washing
process, the liquid product solidified into a white powder of
pure compound 2 (3.39 g, 92% yield; based on Cu). Mp (DSC
peak, 10 °C min ', N,): 73 °C. "H NMR (400 MHz, DMSO-d) 6
9.09 (s, 1H), 7.75 (s, 1H), 7.67 (s, 1H), 4.16-4.21 (q, 2H), 3.84 (s,
3H), 1.40 (t, 3H). "*C NMR (100 MHz, DMSO-d,) é: 135.9, 123.4,
121.8, 44.0, 35.8, 15.0. FTIR (ATR): 3285 (w), 3091 (m), 2985 (w),
1601 (w), 1557 (m), 1447 (m), 1347 (w), 1152 (s), 1095 (w), 817
(m), 739 (s), 606 (m).

[EMIM],,[CusI;* ], (3). A powder of Cul (2.85 g, 15 mmol)
was dispersed in a solution of [EMIM|[T"] (2.38 g, 10 mmol) in
methanol (10 mL) and the reaction mixture was heated at 90 °C
for 30 min in a sealed glass reactor. After cooling the reaction
mixture to room temperature, two layers were formed and the
bottom layer, containing the desired product, was separated
and washed with cold methanol (3 x 3 mL). During the washing
process, the liquid product solidified into a white powder of
pure compound 3 (4.23 g, 99% yield; based on Cu). Mp (DSC
peak, 10 °C min~", N,): 80 °C. "H NMR (400 MHz, DMSO-d,) ¢:
9.08 (s, 1H), 7.74 (s, 1H), 7.66 (s, 1H), 4.15-4.21 (q, 2H), 3.84 (s,
3H), 1.40 (t, 3H). *C NMR (100 MHz, DMSO-d,) d: 135.9, 123.3,
121.8, 44.0, 35.7, 15.0. FTIR (ATR): 3136 (w), 3098 (m), 2971 (w),
1598 (w), 1557 (m), 1446 (m),1381 (w), 1153 (s), 1097 (w), 813
(m), 740 (s), 611 (m).

[MATA"],[Cul, ], (4). A powder of Cul (1.90 g, 10 mmol) was
dispersed in a solution of [MATA'][I"] (2.26 g, 10 mmol) in
methanol (10 mL) and the reaction mixture was heated at 90 °C
for 30 min in a sealed glass reactor. After cooling the reaction
mixture to room temperature, two layers were formed and the
bottom layer, containing the desired product, was separated
and washed with cold methanol (3 x 3 mL). During the washing
process, the liquid product solidified into a white powder of
pure compound 4 (4.11 g, 99% yield; based on Cu). Mp (DSC
peak, 10 °C min~", N,): 84 °C. "H NMR (400 MHz, DMSO-dg) ¢:
10.05 (s, 1H), 9.13 (s, 1H), 6.92 (s, 2H), 4.01 (s, 3H). 1*C NMR
(100 MHz, DMSO-dg) 6: 144.7, 142.6, 38.9. FTIR (ATR): 3285 (w),
3208 (w), 3067 (m), 2924 (w), 2855 (W), 1690 (w), 1618 (m), 1560
(w), 1452 (w), 1358 (w), 1159 (m), 1067 (w), 941 (s), 852 (m), 727
(w), 595 (s).

Conclusions

In this work, four novel iodocuprate-containing ionic liquids
CulLs 1-4 were synthesized and comprehensively characterized,
and their performance as promoters of hypergolic ignition of
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boron-containing fuels with H,0, was studied. Our new CulLs
were found to exhibit intriguing molecular structures and
physical properties. We showed that specific CulL structures
could be obtained in excellent yields (>92%), by controlling the
molar ratios of the starting materials and by variating the cation
structure. Structures of the [Cugl;4° ] cluster in CulL 2 and the
[CusI,* "], coordination polymer in CulL 3 are unprecedented,
while examples of the [Cuylg* ] cluster (found in CulL 1) and the
[Cul, ], coordination polymer (found in CulL 4) are very rarely
observed in hundreds of reported iodocuprate compounds.
Taking into account large molecular structures of the resultant
CulLs, these materials showed unusually low melting temper-
atures of below 85 °C, while CulLs 1-3 exhibited decomposition
temperatures close to 300 °C. We can conclude that the ther-
mostability of our new CulLs is mostly determined by the nature
of the counter cation and not by the structure of the iodocuprate
cluster or the coordination polymer. In terms of CulL perfor-
mance as promoters of hypergolic ignition with H,0,, we found
that at the concentration of 10 wt%, CulL 3 showed the shortest
ignition delay times of 24 and 14 ms for [EMIM '|[H;BCN ] (F1)
and [MIM]-[BH;] (F2) fuels, respectively. Also, at the same
concentration, CulL 3 was able to keep the viscosity of the
promoter-in-fuel CulL 3-F1 mixture at 50 mPa s and to remain
in the F1 solution for at least four weeks without any signs of its
degradation and the degradation of the fuel, showing excellent
chemical stability of this promoter-in-fuel mixture. The prom-
ising properties and performance as hypergolic ignition
promoters (with H,O,) of the newly synthesized CulLs, espe-
cially of CulL 3, can pave the way for the development of green
bipropellant systems based on H,O, for space applications.
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