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Carborane-Derivatized Low-Melting Salts with Ether-Functionalized Cations
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A new series of low-melting ammonium salts based on the
[nido-7,8-C,BgH 5] anion have been synthesized and char-
acterized, and their physicochemical properties including
spectroscopic properties, thermal properties, surface proper-
ties, solubility, density, viscosity, electrochemical properties,
and tribological properties have been studied in detail. In
comparison with previously reported carborane-derivatized
imidazolium or pyridinium salts, these diether-functionalized
ammonium salts display lower phase transition temperatures
(Ty = 76 to =57 °C), and four exist as liquids at room tem-

perature due to their flexible alkoxy chains. TGA analysis
revealed that the weight loss rates of these carborane-deriva-
tized low-melting salts were ca. 30-80 wt.-% after thermal
decomposition, which is different from the traditional RTILs.
SEM images showed that the resulting residue had hollow
reticular shell morphology, and XPS and XRD analyses indi-
cate that the main components of the skeleton are B,O3; and
amorphous carbon. This provides a new strategy for prepar-
ing new inorganic porous materials by thermal decomposi-
tion of these low-melting salts.

Introduction

In the past decade, low-melting salts (i.e. ionic liquids,
ILs) have received a great deal of attention as they exhibit
some unique properties including low volatility, good ther-
mal and electrochemical stability, excellent ion conductivity,
and tunable characteristics.[!! This interest is driving a rapid
increase in developing novel ILs, and up to now, thousands
of ILs with unique physicochemical features and functions
have been developed. The continued enthusiasm for ILs
stems largely from their potential applications in the chemi-
cal industry, e.g. as catalysts or reaction media in large-scale
catalytic processes,? as electrolytes in electrochemical de-
vices or processes,?l as high performance additives in
paints, plastics,”! and cleaning agents,® as modifiers in
medicine (coated implants), food analytics, and sensors.[”]
Currently, it has been recognized that the applications of
ILs are not only confined to the chemical engineering fields,
and the special performance of ILs as soft functional mate-
rials in many areas including light-emitting materials,®!
magnetic fluids,®! lubricants,'! heat storage/heat transfer
fluidst'! is receiving more interest in both academia and
industry.
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Carboranes, a peculiar class of inorganic compounds
with the structure of carbon-containing polyhedral boron-
cluster, have attracted massive interest due to their unique
three-dimensional rigid cluster structure and their resulting
properties.l'?l They are widely applied in a variety of areas,
especially catalysis and coordination chemistry.['3] Import-
antly, ionic carborane derivatives have potential utility as
tumour targeting reagents in boron-neutron capture ther-
apy or liquid neutron moderators in nuclear processing. As
some anionic boron clusters have delocalized charge char-
acteristics, extraordinarily weak nucleophilicity, and relative
chemical inertness,!'¥ they have been explored in combina-
tion with bulky cations (e.g. imidazolium and pyridinium)
to form organic salts with melting points below 150 °C. For
example, some imidazolium and pyridinium salts with an-
ionic boron clusters including [closo-CB,H 5] ,I*>'7 [nido-
7,8-C,BoH ,],[17-181 [closo-1,2-C,BoH,],[*1 and
[Co(C,BgH ),] '8 have been reported. In comparison
with common anions such as [BF4]", [PF¢]", [N(CN),] ", and
[NTf,], some anionic boron clusters possess weaker coordi-
nating ability and higher chemical inertness. However, their
corresponding imidazolium and pyridinium salts exhibit the
relatively high melting points due to the inherently rigid
anions. To the best of our knowledge, most of the reported
salts with a carborane anion are solids at room temperature
except some imidazolium salts with the [Co(C,BoHii),]
anion, which are viscous liquids (ca. 10* cP at 25 °C).[!8]
Thus it would limit their application in many fields as liquid
functional materials. Additionally, as an important member
of IL family, studies on the properties of these novel ILs
with a carborane moiety are far less extensive than common
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ILs. Therefore, the development of new low-melting salts
with a carborane anion, and in-depth studies of their
physicochemical properties are very desirable.

In previous reports, the imidazolium and pyridinium
salts based on the [nido-7,8-C,BgH,] anion exhibited com-
paratively lower melting points than those based on [closo-
CB H 5] ,l'7 the melting points of the former ranged
mainly from 40 °C to 150 °C, and no liquid examples have
been reported. Recently, Matsumoto et al. reported ether-
functionalized ILs and found that the introduction of an
alkoxy group into the quaternary ammonium could reduce
the melting point and viscosity of the ILs.[>% Inspired by
this progress, we have combined five diether-substituted
ammonium cations with the dodecahydrodicarba-nido-un-
decaborate “dicarbollide” anion, [nido-7,8-C,BoH;>]", to
obtain room temperature ionic liquids (RTILs). Moreover,
their spectroscopic characteristics, thermal properties, sur-
face properties, solubility, density, viscosity, electrochemical
properties, and tribological properties have been studied.
The structures and abbreviations of the cations and the
[nido-7,8-C,BoH »] anion are shown in Scheme 1.
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Scheme 1. The structures and abbreviations of the cations and
anion in this work.

Results and Discussion

Preparation

All the ILs based on [nido-7,8-C,BgH ] were synthe-
sized by metathesis reactions from halide (Cl- or Br) pre-
cursors and equimolar amounts of the cesium carborane
salt, Cs[nido-7,8-C,BoH 5], which was synthesized through
deboronation of o-carborane with strong base.?!l In this
study, [Ny1101,202][nido-7,8-C5BoH 5] and [Nyi101,102][nido-
7,8-C,BoH »] were obtained from the chloride precursors
and the remaining ILs were prepared from bromide precur-
sors. All the carborane-derivatized ILs were synthesized
with yields of 82-90% (based on o-carborane), and they are
air and moisture stable. Among them, [N1,02202][nido-7,8-
CoBoH o], [N11102,202][1ido-7,8-CoBoH 2], [N11101,202][nido-
7,8-C,BoH 5],  and  [Nyji01,102][nido-7,8-CoBoH 5] are
colourless or pale yellow liquids, and [N;102.102][#ido-7,8-
C,BoH 5], [CipoMIm][nido-7,8-C,BgH 5], and [P14][nido-
7,8-C,BoH »] are white waxy solids at room temperature.
The bromide content of the ionic liquids synthesized from
bromide precursors was less than 0.2% w/w. The chloride
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content of the two ionic liquids synthesized from chloride
precursors was not measured because of the ion inter-
ference of [nido-7,8-C,BoH|»] . In order to ensure that the
salts were free from water, the ILs were kept in a vacuum
(pressure 10727103 mbar) at 90-100 °C for 10 h for the re-
moval of water before every test. As the [nido-7,8-C,BoH 5]
anion reacts with iodine in methanol solution slowly, the
water content of all carborane-derivatized ILs was less than
1000 ppm, directly determined by the Karl Fischer method.

NMR Measurements

Firstly, the NMR spectroscopy was used to characterize
the structures of the ILs prepared, and the information ob-
tained showed that all the compounds were as expected. As
the "H NMR spectra of [N}202.200][1nido-7,8-C,BoH 5] in
Figure 1 (a) shows, the chemical shifts of the hydrogen
atoms in the [Njj,02202]" cation are mainly located in the
narrow field of 3.3—4.1 ppm with the exception of a multiple
peak attributed to two CHj groups in the alkoxy chains,
which was observed at approximately 1.2 ppm. Moreover,
the [nido-7,8-C,BoH ] anion gave two representative reso-
nances in the deuterated acetone: (1) the chemical shifts of
Ceuster—H was located at approximately 1.7 ppm, and (2)
the signal of the B-H-B bridging hydrogen atoms was a
broad peak ranging from —3.2 to —2.6 ppm, which was weak
and could not be found easily.??l The '3C NMR spectra
(Figure 1, b) showed five strong peaks, which can be
assigned to the five types of carbon atom in the
[N11202.202]" cation. These peaks, ascribed to the anion,
were located at approximately 42-43 ppm.[>’l The ''B {!H}
NMR spectrum for the [nido-7,8-C,BoH|»] anion is shown
in Figure 1 (c), from which six peaks can be observed at ¢
=-10.9, -16.3, -17.1, -21.8, -32.9, and —37.7 ppm, which
were assigned to B (9,11), B (5,6), B (3), B (2,4), B(10), and
B (1), respectively. The "B {'H} NMR spectrum for the
[nido-7,8-C,ByH »]" anion is consistent with the expected
structure.l*¥
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Figure 1. 'H, (a) '*C (b) NMR spectra of [Ny}202.202][1ido-7,8-
C,BoH 5] and "B {'"H} (¢) NMR spectrum of the anionic boron
cluster.
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Vibrational Spectra

In order to investigate the spectral pattern of the new
ILs based on the nido-structure, we measured their IR and
Raman spectra. Figure 2 shows typical FTIR and Raman
spectra for [Nj202.202][nido-7,8-C,BgH 5], which is a good
example of the infrared absorption of the new ILs, and the
assignment of the various groups of spectra features are
marked.

Raman cage

breathing

IR oB-H

0C-0-C
1000 500

2500 2000 1500
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Figure 2. FTIR and Raman spectra of the [N;502.202][nido-7,8-
CBoH ).

Two characteristic absorptions for the [nido-7,8-
C,BoH »] anion were detected in both IR and Raman spec-
tra: an absorption in the range of 3020-3030 cm™! can be
attributed to the C—H stretching vibrations of the anion,
and a very strong peak in the range of 2500-2520 cm™! is
ascribed to the B-H stretches.>>) Compared to the stretch-
ing frequencies of B-H situated in closo o-carborane cages,
the ¢ bond in the open face of the nido polyhedron gen-
erally induces a redshift, which is consistent with that seen
previously.”?! For the diether-substituted ammonium cat-
ions, the absorption of the asymmetric C-H stretch of the
methyl and methylene groups were observed from 2850-
3000 cm™!, and the peak due to deformation vibrations of
the methylene groups occurs at 1470 cm™!. These vibrations
are both IR and Raman active. As for the C—O-C stretch-
ing vibrations, an obvious absorption appears at 1120 cm™!.
The fingerprints of icosahedral carboranes, namely, the
most intense Raman line corresponding to the cage breath-
ing vibration, were observed in the Raman spectrum in the
region of 750-800 cm™! and have no IR analogue. Thus, in
order to obtain a detailed spectral pattern of the carborane
derivatives, combining FTIR and Raman spectra is highly
effective.

Surface Properties

Surface properties of the materials are very important for
understanding many mechanisms, in particular those in-
volving interface chemistry of the materials. Therefore, X-
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ray photoelectron spectroscopy (XPS) is a powerful tool for
acquiring surface information of the ILs and was used to
examine the surface compositions and the element va-
lences.[?%) As expected, under the analysis conditions, all the
carborane-derivatized ILs showed well defined characteris-
tic emissions, and no visible degradation was observed dur-
ing or after measuring, indicating that these samples are
stable during exposure to the X-ray and ultra-high vacuum
conditions.

Figure 3 gives an overview of the scan of a [Ny1102.202])-
[nido-7,8-C,BoH 5] film and the high resolution B 1s and C
1s spectra. The XPS survey spectrum showed the presence
of boron, carbon, nitrogen, and oxygen. Besides that, traces
of Si-containing contaminants were detected, which might
originate from the sealing of the storage container or sili-
cone grease introduced during synthesis.?”! As shown in
Figure 3 (b), the B 1s spectrum displays one peak at binding
energy of 188.8eV. The binding energy of B 1s in
[Nl1102,202][nid0-7,8-C2B9H12] is hlgher than that in
Cs[nido-7,8-C,BoH ,] (188.3 V), indicating that the charge
density of the anion in the IL is lower than that in the
cesium salt due to the influence of a different cation.[%]
Curve-fitted XPS spectra of C 1s are shown in Figure 3 (c),
which exhibit at least three different types of carbon atom
in the structure of the IL. The first component can be at-
tributed to carbon atoms in C-C and C-H bonds at
284.6 eV; the second can be assigned to carbon atoms in C—
N bonds at 285.6 eV; and the third component is consistent
with the carbon atoms in C-O bonds in the cation and C-
B bonds in the anion (the C 1s electrons have the same
binding energy at 286.5e¢V in both C-O and C-B
bonds).*! As for the O Is and N Is spectrum, only one
peak was observed, and the binding energies of the core
electrons were 532.6 and 403.0 eV, respectively. The XPS
survey spectra of other prepared functional ILs is similar
to [Ny1102.202][nido-7,8-C,BgH 5], and the binding energies
of the elements only changed slightly. Taking [C;o,MIm]-

1000 800 600 400 200 0

(a) Survey

Intensity

(b) B1s

192 190 188 186 288

Binding Energy / eV

Figure 3. XPS spectra for the survey and Bls, Cls regions of
[Ni1102,202][nido-7.8-C,BoH ]
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[nido-7,8-C,BoH »] as the example, the binding energies of
B 1s, O 1s, and N 1s are 188.7, 532.5, and 402.3 eV, respec-
tively.

Thermal Properties

The thermal properties of the carborane-derivatized ILs
including melting point (7,,,), glass transition (7,), enthalpy
change, heat capacity (C,), and thermal stability were inves-
tigated by differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA), and the data are listed in
Table 1.

For the four RTILs based on the [nido-7,8-C,BoH /5]
anion (Table 1, entries 1-4), ie. [Nj1202.202][nido-7,8-
CoBoH o], [N11102,202][nido-7,8-CoBoH 2], [N11101 202][nido-
7,8-C,BoH 5], and [N101.102][nido-7,8-C,BoH; 5], a signifi-
cant feature arising from their phase behavior is that they
only exhibited glass-forming characteristics without the ob-
servation of melting or crystallization (Figure 4, a). Dif-
fering from the first behavior, except for a glass transition
in a cooling and heating cycle, cold crystallization occurred
during the heating process for [Nj100,102][nido-7,8-
C,BgH5]  (5°C) and  [CiogoMIm][nido-7,8-C,BoH; 5]
(-11 °C), which melted at 49 and 43 °C, respectively (Fig-
ure 4, b). The DSC traces showed that the phase behavior
of [BMIm][nido-7,8-C,BoH ,] also shows these features. In
addition, both [BPy][nido-7,8-C,BoH,,] (Figure 4, c¢) and
[P14][nido-7,8-C,BoH 5] (Figure 4, d) displayed a melting
and a crystallization in the cooling and heating cycle. The
T,,, of [BPy][nido-7,8-C,BoH 5] (55 °C) tested in this work is
slightly higher than the reported value (49 °C).'’l However,
two solid crystallines phases were observed from the DSC
trace. This phenomenon indicates that a mutual conversion
between the two different crystalline structures occurred in
the IL as the temperature was changed, which might be
caused by dynamically disordered orientations of IL con-
stituents about the molecular axis.*%!

As already noted, most of the imidazolium and pyrid-
inium ILs based on carborane anions are solids at room
temperature. It has been recognized that the melting point
of an IL is determined mainly by molecular symmetry,
intermolecular forces, and conformational degrees of free-
dom of the molecule.3" It was expected that introduction

Table 1. The thermal properties of [nido-7,8-C,BoH 5] .
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Figure 4. Representative DSC curves of the carborane-derivatized
ILs.

of the alkoxy group would reduce the melting point of the
ILs, however, in comparison with [BMIm][nido-7,8-
C,BoH 5] (T, = 39 °C), [Ci0:MIm][nido-7,8-C,BoH ;] ex-
hibited a higher melting point (7,, = 43 °C), although the
cold-crystal temperature of the latter (7, = —11 °C) was
lower than that of the former (7, = 11 °C). Analyzing the
reason, we suspect that, although the introduction of the
more flexible isoelectronic ether group increased the confor-
mational degrees of freedom of the molecule to a certain
extent, the enhancement in hydrogen bonding interactions
caused by the alkoxy group dominates, thereby resulting in
the increase of the 7). At the same time, after introducing
two alkoxy groups into the ammonium cations, four viscous
liquids were obtained at room temperature, though their
melting points were not observed. This might be explained
by the higher flexibility, lower symmetry, and relatively
larger size of the cations due to the introduction of two
alkoxy groups, which decrease the packing efficiency and
predominate over the influence caused by corresponding in-
crease of vander Waals interactions.’?!  Moreover,
[N11102.102][nido-7,8-C,BgH 5] is a waxy solid at room tem-
perature (7, = 41 °C), which is mainly due to its relatively
high cation symmetry compared to other four diether-func-
tionalized ILs.

Cations T, ™ [°C] T, [°C] AH 1 [J/g] T,, [9°C] AH,, 1 []/g] 1 [J/g/K] T, [°C)
[N11202.202]" —64 2.04 227
[Ni1102.202]" —63 2.07 211
[Ni1101,.202]" =71 2.12 175
[Nitio1,102]" -76 1.99 202
Ni1102.102]" —67 5 83 49 -83 2.07 232
[Ci0oMIm]* -57 —11 [0 64 43 —67 — 343
[P14]* 19 10 81 18 2.14 265
[BPy]* -13 64 55 [ -97 il 293
[BMIm]* —64 11 [ 50 39 51 il 274

[a] Glass transition temperature. [b] Freezing point. [c] Freezing enthalpy. [d] Melting point. [e] Melting enthalpy. [f] Heat capacity at
25 °C. [g] Thermal decomposition temperature. [h] Cold-crystal temperature. [i] Reported value is 49 °C in ref.l'”) [j] not detected due to

phase transition at about 25 °C.
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According to previous reports, ILs are good glass for-
mers, which can be cooled from the equilibrium liquid state
down to low temperatures without crystallizing, entering
the metastable supercooled liquid state, undergoing a glass
transition leading to an out-of-equilibrium glassy state.[3*]
Among the ILs studied in this work, all the ether-function-
alized ILs exhibited glass-forming behavior during the cool-
ing and heating cycle, and their 7, ranged from -76 to
—57 °C. The four diether-substituted ammonium ILs do not
show any other feature except a glass transition due to large
dimensional mismatch combined with the asymmetry and
flexibility of the cations. Furthermore, the 7, values of the
diether-substituted ILs increased gradually with the in-
crease of chain length of the substituent, which might be
attributed to an additional energy required to reorient
larger cations in the glassy state.** In comparison with the
T, values of the reported ILs based on [Co(C,BoH;)s]
(from —18 to —34 °C),l'®! these new carborane-derivatized
ILs with two alkoxy groups showed lower glass transition
temperatures and were in a supercooled state for longer.
Moreover, the heat capacity is a crucial parameter, which is
very important in the fields of thermodynamics, thermo-
chemistry, and industrial processes. From Table 1, it can be
seen that the C, values for the new ILs range from 1.99 J/
g/K to 2.14 J/g/K at 25 °C, which are much higher than
common ILs based on [BF,] and [PF¢], e.g. at 25 °C the
C, of [BMIm][BF,] and [BMIm][PF¢] are 1.56 J/g/K and
1.40 J/g/K, respectively.[33]

Figure 5 shows the TGA traces of five ILs based on the
[nido-7,8-C,BoH 5] anion and the starting o-carborane. In
comparison with the o-carborane, which can completely
sublime at 200 °C under a nitrogen atmosphere,* these
carborane-derivatized ILs exhibited relatively good thermal
stability. As shown from the curves in Figure 5, and the
data in Table 1, the thermal decomposition temperatures
(T,) for the nine ILs ranged from 175 °C to 343 °C. Evi-
denced from the TGA profiles is the fact that with certain
carborane anions, the thermal stability of the ILs depends
strongly on the nature of the cation, i.e. the charge density,
acidic proton, and expansionary force of the cation head
group.’”! For instance, imidazolium and pyridinium salts

100 ~
80 -
£ 60 4 A
5 |—mey i i
S 40 L
=2 === Nigored’ [ R PO PR
-+ Nagaozaeel” 3
204~ 1102202
= 11202.202]" |
...... o-carborane
0. l IS pe— P
0 200 400 600 800

T1°

Figure 5. TGA traces of five carborane-based ILs.
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are much more stable than these ether-functional ammo-
nium salts, due to the graft of the ether group on the
cation decreasing the thermal stabilities of the ILs.[3%
The thermal stability of these ammonium salts generally
increases in the order [Nyj101202]" <[Niii01.102]"
<[Ni1102202]" <[Ni1202,202]" <[Ni1102,102] " where
[N11102.102][nido-7,8-C,BgH 5] exhibited the highest 7,
value of 232 °C. Moreover, an interesting phenomenon was
observed from the TGA curves. That is, differing from most
common ILs which are nearly decomposed completely un-
der high temperature, the ILs based on [nido-7,8-C,BoH 5]
showed ca. 30-80wt.-% weight loss, that is, 20—70% weight
still can be retained even after being heated up to 800 °C.
For example, [BPy][nido-7,8-C,BoH 5] began to decompose
at 290 °C and only underwent 32wt.-% loss as the tempera-
ture rose to 800 °C, whereas the total weight loss of
[N11202.202][nido-7,8-C,BgH 5] was ca. 80wt.-% after the
same heating process.

In order to investigate the component and the structure
of the solid residues after calcination, three techniques were
employed: SEM, XPS, and XRD. As shown in the SEM
pictures (Figure 6, a and b), the residue resulting from the
decomposition of [Ny;02.200][nido-7,8-C,BoH 5] displayed
an interesting morphology, with an approximately spheri-
cal, hollow, and reticular porous structure, which might de-
rive from the expansion of the IL at high temperature, im-
mediately followed by the release of large amounts volatile
gas generated from the decomposition leaving the nonvola-
tile skeleton. This provides us with a new strategy for pre-
paring new inorganic porous materials through the thermal
decomposition of ILs. Furthermore, it is also helpful for
understanding the pyrolysis mechanism of ILs. XPS analy-
sis (Figure 6, ¢) showed that the residue of [N1102,202][nido-
7,8-C,BoH »] was composed of four elements (B, C, O, and
N). A trace of silicon as a contaminant was also detected.
According to the high resolution spectrum of B 1s and O

{20k %100 100km

(310)

£l
S,
oy
2 (420)
2
£

(c) (d)

1000 @00 60 40 200 010 20 30 a0 50 &0

Binding Energy 28 /degree

Figure 6. SEM images (a, b), XPS survey spectrum (c) and XRD
pattern (d) of the [Ny 02.202][1ido-7,8-C,BoH 5] residue after calci-
nation at high temperature.
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1s, the most intense peaks centered at 194.0 and 533.6 ¢V,
respectively, suggest that the B-O bonds are formed in the
solid residue. In addition, another peak at B 1s was ob-
served at 189.3 eV, which might reflect an area of B-B
bonds in the residue.l*! From the Cls spectrum three peaks
at 285.0, 287.2, and 290.0 eV were observed, which might
originate from the C-C, C-N, and C-O bonds in the solid
material, respectively.*’] From the XRD pattern (Figure 6,
d) of the residue of [Nyjj00.202][rido-7,8-C,BoH,], three
strong peaks are observed at 260 = 14.6, 27.7 (310), and
40.0° (420), respectively, which are characteristic of the cu-
bic crystalline structure of boron oxide.[*!1 In combination
with the XPS and XRD results, it can be seen that B,O;
and amorphous carbon are the main components of the
skeleton.

Solubility

Table 2 lists the solubility of the carborane-derivatized
ILs and o-carborane in some common solvents at room
temperature. Firstly, almost all the carborane-derivatized
ILs are easily soluble in many organic solvents including
ethanol, acetone, methanol, acetonitrile, dichloromethane,
chloroform, tetrahydrofuran, and dimethyl sulfoxide. Sec-
ondly, in comparison with the insolubility of [BMIm][nido-
7,8-C,BoH 5], [BPy][nido-7,8-C,BoH 5], and [P14][nido-7,8-
C,BgH,] in water, the diether-functionalized ammonium
salts with the [nido-7,8-C,BoH 5] anion are partially mis-
cible with water, which might be attributed to the improved
hydrophilic characteristic of the ILs caused by introducing
the ether group into the cations. Thirdly, similar to most
ILs, all the carborane-derivatized ILs are completely immis-
cible with alkanes (e.g. hexane and cyclohexane); however,
the o-carborane starting material is easily soluble in nonpo-
lar solvents due to the lipophilic character of the cage.[**!
Therefore, it can be concluded that, after the modification

Table 2. The solubility of prepared ILs and o-carborane in various
solvents at room temp.

Solvent Polarity  Solubility !
index 1,2,3,4,501 6,7,8,911  o-carborane

Hexane 0.1 imisc imisc misc
Cyclohexane 0.2 imisc imisc misc
ethyl ether 2.8 imisc imisc misc
dichloromethane 3.1 misc misc misc
tetrahydrofuran 4.0 misc misc misc
Chloroform 4.1 misc misc misc
Methanol 5.1 misc misc misc
Acetone 5.1 misc misc misc
Ethanol 52 misc misc misc
Acetontrile 5.8 misc misc misc
Dimethyl sulfoxide 7.2 misc misc misc
Water 9.0 pm imisc imisc

[a] Misc = miscible; imisc = immiscible; pm = partially miscible.
[b] Samples 1-5 are [Nj1202.202][nido-7,8-CoBoH ,], [Ni1102,202]
[nido-7,8-C,BoH 5], [N11101.202][1ido-7,8-C,BoH 5], [Ni1101,102)-
[nid0-7,8-C2B9H12], and [N“102’102][”lid0-7,8-C2B9H12], respec-
tively. [¢] Samples 6-8 are [C|o,MIm][nido-7,8-C,BoH ,],[P14][nido-
7,8-C,ByH 5],[BPy][nido-7,8-C,ByH 5], and  [BMIm][nido-7,8-
C,ByoH »], respectively.
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with the IL technique, the polarity of the carborane-derivat-
ized organic salts was obviously enhanced, thereby resulting
in the insolubility in alkanes.

Density, Viscosity, and Refractive Index

The densities (p), viscosities (1), and refractive indices (1)
of  [Ni1202202][1nido-7,8-CoBoH 5], [N11102,202][nido-7,8-
CoBoH o], [Ni1101,202][1ido-7,8-C5BoH 5] and [Nyi101,102)-
[nido-7,8-C,ByH ,] were studied, and selected data at 25 °C
are collected in Table 3.

Table 3. Densities (p), viscosities (7), conductivities (r) and refrac-
tive indices () for four ILs based on [nido-7,8-C>BgH >] at 25 °C.

Entry  Cations plglem® 5 [cP] & [uS/cm] n

1 [N11202.202]" 1.0094 1481 101 1.5244
2 [Ni1102.202]" 1.0281 2194 87 1.5314
3 [Ni1101.202]" 0.9900 798 233 1.5316
4 [Nij101.102]" 0.9938 1034 172 1.5449

In general, the density of the IL strongly depends on the
symmetry of and the interaction forces between the cations
and the anions. In comparison with common [BF,]" ILs
(e.g. [BMIm][BF,] = 1.24 g/cm?® at 25 °C)!*], the four car-
borane-derivatized RTILs displayed lower densities of
0.9900-1.0281 g/mL at 25 °C, which might be attributed to
the special bulky carborane anion. The measured densities
are also in agreement with previous results for [CB;H,]
Sl and [Co(C,BoH )] T8 imidazolium ILs. Moreover, the
densities of the four RTILs based on [nido-7,8-C>,BoH»]
increased in the following cation order: [Njj101200]"
>[Nino1.102]" > [N11202202]" > [Ni1102202]",  suggesting
that the slight changes of the cation structure including the
length of the alkyl chains, the cation size, and symmetry of
the cation, results in some difference in their densities.

Although the four carborane-derivatized ILs are liquids
at room temperature, their viscosities ranged from 798-2194
cP, which are higher than that of traditional ILs (e.g. the
viscosity of [BMIm][BF,] is 103 cP at 25 °C)*3! but much
lower than that of liquid [C{»MIm][Co(C,BgH;;),] (9950 cP
at 25 °C).['8] Despite the introduction of two ether groups
into the cation decreasing the viscosities of the ILs due to
the more flexible nature of the ether group, the highly delo-
calized charge, specific symmetry, and structural rigidity of
the anionic boron clusters essentially determins the high
viscosity of these carborane-derivatized ILs.* Of the four
ILs, [Ni1101102)[nido-7,8-C,BgH ;] displayed the lowest
viscosity (798 cP at 25 °C), and the viscosities increased in
the following order: [Nyji01.200][nido-7,8-C,BoH 5] >
[N11101.102][nido-7,8-C,BoH 5] > [Ny 1202,202][nido-7,8-
C,BoH 5] > [Ny1102.202][nido-7,8-C,BoH 5], indicating that
the viscosity of these carborane-derivatized ILs is related to
the length and freedom degree conformation of the substit-
uent group of the corresponding cations.[*¥

Moreover, compared to the refractive indices (1) of tradi-
tional ILs (e.g. n = 1.4188 for [BMIm][BF,] and n = 1.4083
for [BMIm][PF¢] at 25 °C),[*] these carborane-derivatized
ILs exhibit higher refractive indices, ranging from 1.5244
1915
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to 1.5449 at 25 °C. The refractive indices decreased with
increasing the chain length of the cation, i.e. [Njj202.200]"

<[N11102.202]" <[Ni1101202]" <[Ni11o1.102]".  According
to the Lorenz-Lorentz equation (1).
(n> — DI(n* + 2) = 4ndNal3M (1)

where n is the refractive index value, d is the density, a is
the polarizability, M is the molar mass and N is a constant,
the high refractive indices of the carborane ILs originate
from high polarizability of the [nido-7,8-C,BoH,] anion.

Electrochemical Properties

Since most of the reported ILs based on carborane
anions are solids at room temperature, information related
to their electrochemical properties is relatively scarce.
Herein, the electrochemical properties of four carborane-
derivatized RTILs including the ionic conductivity and the
electrochemical stability were investigated. Of the four
RTILs, [Ny1101.200][nido-7,8-C,BgH;,] gave the highest con-
ductivity of only 233 uS/cm (Table 3), which is significantly
lower than that of common ILs.*3 According to the con-
clusions drawn by Gritzel et al., ionic conductivity of an
IL is mainly determined by its viscosity and ionic size.*!
The bulky [nido-7,8-C,BgH 5] anion may decrease the rate
of ion mobility and increase the viscosity, thereby resulting
in the low conductivities of the ILs.

Furthermore, the electrochemical stability of the ILs was
evaluated by cyclic voltammetry. From Figure 7, it can be
seen that the three carborane-derivatized ILs exhibited the
same oxidative potential at ca. 1.1V, and their reductive
potentials (from —0.8 to —2.4 V) were different due to the
electrochemical stability of three cations. The cathodic
limit values of the cations follow the order:
[BPy]>[BMIm]>[N1202.205]- From the three cyclic vol-
tammograms, an oxidative peak is observed at 1.5-1.6'V,
indicating that one irreversible redox process occurs at this
potential. Although the nature of the electrochemical oxi-
dative process is not clear at this stage, it might be caused
by the electrochemical reactivity of the [nido-7,8-C>BoH 5]
anion. In comparison with widely used IL electrolytes, these
carborane-derivatized RTILs exhibit nonideal electrochemi-
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Figure 7. Cyclic voltammograms of three representative ILs based
on [I’ll’dO-7,8-CQBgH12]7.
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cal stability, mainly due to the relatively high reactivity of
the anion at the anode at voltages in excess of 1 V. This may
limit their application as electrolytes in electrochemistry.

Tribological Properties

It is known that ILs are good candidates for use as high-
performance lubricants or additives in tribology because of
their remarkable lubrication properties.[*”] However, up to
now, very few studies on the tribological performance of
carborane-derivatized ILs have been reported. Thus, the tri-
bological behavior of the carborane-based ILs as lubricants
under variable conditions has also been studied.

Figure 8 gave a load ramp test stepped from 20 to 60 N
with 10 N intervals at a frequency of 20 Hz for different ILs
at room temperature, and the test duration for each load
was 5 min. The results showed that the friction coefficients
of the ILs decreased with increment of the load under the
detected condition. For example, the friction coefficient of
[N11202.202][1ido-7,8-C,BoH 5] decreased from 0.185 to
0.155 with the load increasing from 20 to 60 N. A general
order of friction coefficient values is observed as follows:
[N11202.202]" <[Ni1102.202]" <[N11101.202]" <[Ni1101.102]"
which is related to the length of the substituted chains of
the corresponding cations. Moreover, the influence of con-
stant loads on the tribological ability was also investigated.
Figure 9 displays the evolution of the friction coefficient at
a constant load of 60 N. The test duration in this experi-
ment was 30 min at a frequency of 20 Hz. The friction coef-
ficients of the carborane-derivatized ILs are in the range of
0.154-0.166 and keep relatively stable under constant loads.
The order of friction coefficients under constant loads is in
accordance with the results under variable loads, indicating
that ILs with long substituted chains exhibit lower value of
friction coefficient compared with those with short chains.
Although these ILs based on carborane exhibited relatively
high friction coefficient values than traditional ILs, such as
BMImBF, (0.11),[481 good stability and duration of these
materials as lubricants under rigorous friction conditions
was observed.
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Figure 8. The evolution of friction coefficients with time during a
load ramp test from 20 to 60 N (temperature: 25 °C, stroke: 1 mm,
frequency: 20 Hz).
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Figure 9. The evolution of friction coefficients with time at 60 N
(temperature: 25 °C, stroke: 1 mm, frequency: 20 Hz, duration:
30 min).

Conclusions

A new class of diether-functionalized ammonium salts
based on the [nido-7,8-C,BoH 5] anion has been synthe-
sized and characterized. Among these new ILs, four salts
are viscous liquids at room temperature owing to the flexi-
bility of alkoxy ether chains. TGA analysis showed that ca.
20-70wt.-% residues were maintained after calcination at
high temperature. These residues were mainly composed of
B>O; and amorphous carbon and displayed interesting
structures with hollow, reticular shell morphology. More-
over, the ILs based on [nido-7,8-C,BoH|,] possess special
physicochemical properties, such as relatively high heat ca-
pacity, high refractive index, low density, and good lubri-
cation behavior. From a fundamental point of view, the
emergence of these new RTILs based on carborane has a
significance for boron chemistry and materials chemistry.

Experimental Section

Chemicals and Synthesis: o-carborane was purchased from Strem
Chemicals Inc. (USA) and used as received. All other analytical
grade reagents were used without further purification. The halide
salts of [C;0,MIm]*, [P14]*, [BPy]*, [BMIm]" were prepared ac-
cording to literature procedures.™*’! The halide salts of diether-sub-
stituted ammonium were prepared by a similar method. Taking
the synthesis of [Nj202202][nido-7,8-C,BgH 5] as an example, 2-
bromoethyl ethyl ether was mixed with excess 33 wt.-% aqueous
dimethylamine whilst stirring at 40 °C for 24 h. After neutralization
with NaOH, NaCl was added to form a saturated solution. The
mixture was distilled at 90 °C to obtain an azeotrope of 2-ethoxy-
N,N-dimethylethanamine (N;;;0,) and water. CaCl, was added to
the azeotrope to remove the water, and the solution was filtered.
The filtrate was washed three times with anhydrous ethyl ether and
was distilled at 116 °C to obtain Ny;»0,. The quaternization reac-
tion of N0, with 2-bromoethyl ethyl ether was conducted in eth-
anol at 80 °C for 48 h. After the removal of the volatile solvents
and the unreacted reagents by rotary evaporation at 80 °C, a white
solid was in 92% yield. Counterion exchange with an equimolar
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amount of Cs[nido-7,8-C,ByoH;,] was performed in a mixture of
chloroform and acetone (5:1 by volume). After filtration and the
removal of volatile solvents, the resulting colorless viscous liquid
was obtained and stored in a desiccator under dry nitrogen.

IN11202,202][1ido-7,8-C,BoH 5]: [N11202.202]Br (5.1 g, 18.8 mmol)
and Cs[nido-7,8-C,BoH 5] (5.0 g, 18.8 mmol) afforded a colorless
liquid (5.6 g, 92%, yield 85% based on o-carborane). MW, 323.7.
Br content: 0.18 wt.-%. Water content: 608 ppm. 'H NMR
(400 MHz, [DgJacetone, 25 °C): 0 = 4.00 (m, 4 H, 3-CH,), 3.90 (m,
4 H, 2-CH,), 3.59 (g, J = 6.9 Hz, 4 H, 4-CH,), 343 (s, 6 H, 1-
CHs), 1.69 (s, CopusiecH), 1.19 (t, J = 7.0 Hz, 6 H, 5-CH3), -2.95
(br. s, CausierH) ppm. 3C NMR (100 MHz, [Dglacetone, 25 °C): §
= 67.09, 65.38, 64.82, 53.02, 43.14-42.21 (br., Custer) 15.29 ppm.
IR: v = 3023, 2978, 2930, 2879, 2520, 1482, 1389, 1354, 1123, 1034,
963 cm!. MS (ESI*): Calculated for [C;oH»NO,]*: 190.1802;
found 190.1806 (The serial numbers of carbon atoms for each ILs
were given Figure S1-S9).

[IN11102.202][1ido-7,8-C;BoHyo]: [N11102.202]Br (4.9 g, 19.2 mmol)
and Cs[nido-7,8-C,BoH 5] (5.1 g, 19.2 mmol) afforded a colorless
liquid (5.6 g, 95%, yield 87% based on o-carborane). MW = 309.7.
Br content: 0.15 wt.-%. Water content: 574 ppm. 'H NMR
(400 MHz, [Dglacetone, 25 °C): 6 = 4.01 (m, 4 H, 3,6-CH,), 3.90
(m, 4 H, 2-CH,), 3.59 (q, J = 6.9 Hz, 2 H, 4-CH,), 3.43 (s, 6 H, 1-
CH3), 3.39 (s, 3 H, 7-CH3), 1.69 (s, CgusiecH),1.18 (t, /= 7.0 Hz, 3
H, 5-CHj;), —2.96 (br. s, CeusierH) ppm. *C NMR (100 MHz, [Dg]-
acetone, 25 °C): 0 = 67.10, 66.84, 65.35, 64.80, 58.94, 52.97, 43.14—
42.14 (br., Cguster)s 15.29 ppm. IR: ¥ = 3019, 2981, 2933, 2891,
2523, 1475, 1376, 1123, 1030, 963 cm '. MS (ESI*): Calculated for
[CoH»,NO,]*: 176.1645; found 176.1650.

IN11101,202][1id0-7,8-C,BoH o] [N11101.202]Cl (3.7 g, 18.7 mmol)
and Cs[nido-7,8-C,BoH 5] (5.0 g, 18.8 mmol) afforded a pale yellow
liquid (5.2 g, 94%, yield 87% based on o-carborane). MW = 295.7.
Water content: 751 ppm. '"H NMR (400 MHz, [D¢Jacetone, 25 °C):
0=4091 (s, 2 H, 6-CH,), 3.98 (m, 2 H, 3-CH3), 3.76 (s, 3 H, 7-CH3),
3.61 (m, 4 H, 4,2-CH,), 3.46 (s, 6 H, 1-CH3), 1.71 (s, CopuserH), 1.19
(t, J = 6.8 Hz, 3 H, 5-CHj3), —2.95 (br. s, CyusierH) ppm. 3C NMR
(100 MHz, [DgJacetone, 25°C): 6 = 93.68, 66.91, 63.56, 61.41,
48.77, 43.51-42.10 (br., Cgusier)s 15.27 ppm. IR: ¥ = 3026, 2978,
2933, 2885, 2520, 1469, 1120, 1030 cm™'. MS (ESI*): Calculated
for [CgH,oNO,]*: 162.1489; found 162.1487.

INi1101,102]1id0-7,8-C;BoH o) [N11101,102]C1 (3.4 g, 18.7 mmol)
and Cs[nido-7,8-C,BoH 5] (5.0 g, 18.8 mmol) afforded a pale yellow
liquid (4.7 g, 89%, yield 83% based on o-carborane). MW, 281.6.
Water content: 478 ppm. '"H NMR (400 MHz, [D¢]acetone, 25 °C):
0 =4.87 (s, 2 H, 5-CH,), 3.95 (m, 2 H, 3-CH,), 3.75, (s, 3 H, 6-
CH;), 3.73 (m, 2 H, 2-CH,), 3.40 (s, 3 H, 4-CH3), 3.32 (s, 6 H, 1-
CH3), 1.71 (s, CuusierH), —2.94 (br. s, CousieeH) ppm. 3C NMR
(100 MHz, [Dglacetone, 25°C): 6 = 93.74, 66.27, 61.43, 58.98,
48.82, 43.14-42.14 (br., Cyuseer) ppm. IR: ¥ = 3029, 2939, 2898,
2830, 2520, 1472, 1120, 1027 cm™!. MS (ESI*): Calculated for
[C/H sNO,]*: 148.1332; found 148.1336.

IN111021021I7id0-7,8-C,BoH 5]: [Ni1102,102]Br (4.6 g, 19.1 mmol)
and Cs[nido-7,8-C,BoH 5] (5.1 g, 19.2 mmol) afforded a white waxy
solid (5.5 g, 96%, yield 90% based on o-carborane). MW = 295.7.
Br content: 0.13 wt.-%. Water content: 574 ppm. 'H NMR
(400 MHz, [Dglacetone, 25 °C): 6 = 3.97 (m, 4 H, 3-CH,), 3.89 (m,
4 H, 2-CH,), 3.40 (s, 6 H, 4-CHs3), 3.38 (s, 6 H, 1-CH3), 1.71 (s,
CeusterH), =2.95 (br. s, CeusierH) ppm. 3C NMR (100 MHz, [Dg]-
acetone, 25°C): 0 = 66.79, 65.45, 58.95, 52.98, 42.44-42.11 (br.,
Causter) Ppm. IR: ¥ = 3026, 2939, 2898, 2827, 2517, 1472, 1123,
1027 cm™!. MS (ESI*): Calculated for [CgH,oNO,]*: 162.1489;
found 162.1487.
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|Cr02MIm||nido-7,8-C,BoH ;) [Ci0oMIm]Br (2.5g, 11.3 mmol)
and Cs[nido-7,8-C,BoH 5] (3.0 g, 11.3 mmol) afforded a white waxy
solid (2.9 g, 94Y%, yield 87% based on o-carborane). MW = 274.6.
Br content: 0.09 wt.-%. Water content: 738 ppm. 'H NMR
(400 MHz, [Dglacetone, 25 °C): 6 = 9.04 (s, | H, 1-CH), 7.75 (d, J
= 1.6 Hz, 1 H, 2-CH), 7.72 (d, J = 1.6 Hz, 1 H, 3-CH), 4.56 (t, J
=5.0Hz, 2 H, 6-CH,), 4.10 (s, 3 H, 7-CH3), 3.83 (t, J = 4.8 Hz, 2
H, 5-CH,), 3.36 (s, 3 H, 4-CH3), 1.70 (s, CgusterH), —2.93 (br. s,
CausierH) ppm. 13C NMR (100 MHz, [DgJacetone, 25°C): § =
137.77, 124.52, 123.96, 70.75, 58.92, 50.50, 42.76-42.10, 36.75 ppm.
IR: ¥ = 3160, 3119, 3026, 2994, 2943, 2837, 2529, 1607, 1562, 1476,
1357, 1160, 1014, 838, 752 cm!. MS (ESI*): Calculated for
[C;H3NO,]*: 141.1022; found 141.1026.

[P14][rido-7,8-C,BoH 5]: [P14]Br (2.5 g, 11.3 mmol) and Cs[nido-
7,8-C,BoH 5] (3.0 g, 11.3 mmol) afforded a white waxy solid (2.9 g,
89%, yield 83% based on o-carborane). MW = 275.7. Br content:
0.16 wt.-%. Water content: 812 ppm. '"H NMR (400 MHz, [Dg]ace-
tone, 25°C): 6 = 3.71 (t, J = 13.2 Hz, 4 H, 2-CH,), 3.60 (m, 2 H,
4-CH,), 3.28 (s, 3 H, 1-CH3) 2.32 (s, 4 H, 3-CH,), 1.91 (m, 2 H, 4-
CH,), 1.70 (s, CopusterH), 1.44 (m, 2 H, 5-CH,), 0.98 (t, J = 7.6 Hz,
3 H, 7-CH3), —2.93 (br. s, CgyusierH) ppm. '*C NMR (100 MHz,
[Dglacetone, 25°C): 6 = 64.99, 64.70, 48.75, 11.52-40.79, 22.16,
20.20, 13.64 ppm. IR: v = 3029, 2965, 2879, 2523, 1463, 1027, 925
cm L.

[BMIm|[nido-7,8-C,BoH5]:  [BMIm]Br (1.6g, 7.5mmol) and
Cs[nido-7,8-C;BoH 5] (2.0 g, 7.5 mmol) afforded a white waxy solid
(2.0 g, 96%, yield 90% based on o-carborane). MW = 272.6. Br
content: 0.13 wt.-%. Water content: 851 ppm. 'H NMR (400 MHz,
[Dglacetone, 25 °C): 6 = 9.41 (s, 1 H, 1-CH), 7.82 (d, / = 1.6 Hz, 1
H, 2-CH), 7.76 (d, / = 1.6 Hz, 1 H, 3-CH), 4.40 (t, / = 7.2 Hz, 2
H, 5-CH,), 4.10 (s, 2 H, 4-CH3), 1.96 (m, 2 H, 6-CH,), 1.10 1.96
(m, 2 H, 7-CH,) 1.70 (s, CousiectH), 0.95 (t, J = 7.4 Hz, 3 H, 8-
CHj;), —2.93 (br. s, CouserH) ppm. 3C NMR (100 MHz, [DgJace-
tone, 25°C): 6 = 137.77, 124.77, 123.40, 51.22, 43.2-42.2, 36.72,
32.81, 13.75 ppm. IR: ¥ = 3157, 3114, 2959, 2930, 2871, 2515, 1561,
1455, 1162, 1026, 817, 748 cm .

|BPy][nido-7,8-C,ByH 5]: [BPy]Br (1.6 g, 7.4 mmol) and Cs[nido-
7,8-C,BoH 5] (2.0 g, 7.5 mmol) afforded a white waxy solid (1.8 g,
91%, yield 85% based on o-carborane). MW = 269.6. Br content:
0.20 wt.-%. Water content: 967 ppm. '"H NMR (400 MHz, [DgJace-
tone, 25°C): 6 = 9.20 (d, J = 6.0 Hz, 2 H, 1-CH), 8.76 (t, J =
8.0 Hz, 1 H, 3-CH), 8.30 (t, J = 6.6 Hz, 2 H, 2-CH), 4.87 (t, J =
7.6 Hz, 2 H, 4-CH,), 1.70 (s, CguserH), 2.06 (m, 2 H, 5-CH,), 1.43
(m, 2 H, 6-CH»), 0.97 (t, J = 7.4 Hz, 3 H, 7-CHj3), -2.83 (br. s,
CepusierH) ppm. 3C NMR (100 MHz, [Dglacetone, 25°C): § =
146.52, 145.45, 129.33, 62.50, 42.64-41.01, 33.77, 19.77, 13.45 ppm.
IR: v = 3084, 2958, 2930, 2871, 2505, 1632, 1497, 1484, 1166, 1027,
765, 681 cm .

Characterization and Instruments: Before characterization the ILs
were dried at 90-100 °C under a vacuum of 102-10-3 mbar for 10 h
to remove any organic impurities or water.

Water Content: The water content of the ILs was measured with a
Metrohm 831 KF coulometer. Because the [nido-7,8-C,BoH 5]
anion reacts with iodine in methanol solution slowly, we selected
the data of the point of inflexion on the titration curve. Fresh Karl
Fischer reagent was used for each test process and the whole pro-
cess was performed in N, atmosphere in a glove box.

Bromide Content: The bromide content was determined with a
Mettler-Toledo Seven Multimeter with a bromide ion selective
electrode.
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NMR: 'H and '3C NMR spectra were measured with a Bruker
AMX-400 NMR spectrometer in [Dglacetone solutions, and "B
{'"H} NMR spectra were recorded with a Bruker DRX-400 NMR
spectrometer in acetone solutions. Chemical shift values for "H and
13C NMR spectra were referenced to SiMe, and ''B {'H} NMR
spectra were referenced to BF;-OEt,.

FTIR and Raman: FTIR spectra were performed with a Thermo
Nicolet 5700 FTIR spectrophotometer in the region from 400—
4000 cm™'. The samples were analyzed as films between KBr plates.
Raman analysis was conducted with a Nicolet 910 Raman spec-
trometer, and the ILs were examined in cylindrical sample tubes.

ESI-MS: Electrospray ionization mass spectra were recorded with
a Bruker Daltonics APEX II 47¢ FTMS. The samples were dis-
solved in methanol. Anion mass spectrometry of [Ny>02.202][1ido-
7,8-C5ByH 5] is examined as the typical sample: Calculated for
[C2BoH 5] 134.1813; found 134.1810.

XPS, SEM, and XRD: X-ray Photoelectron Spectroscopy (XPS)
analysis was performed with a VG ESCALAB 210 instrument with
Mg-K, source (1253.6¢V) and calibrated vs. the C Is peak at
285.0 eV. A thin layer of the IL was deposited on a polycrystalline
gold substrate. The micrographs of the residues were observed by
EPMA-810 Scanning Electron Microscopy (SEM) after coating
with gold. The X-ray diffraction (XRD) patterns of the solid resi-
dues were recorded with a Philips X'Pert Pro powder X-ray dif-
fractometer. The diffraction angle of the diffractograms was in the
range of 20 = 10-80°.

Phase Transitions and Thermal Stability: The phase transitions and
the measurements of the specific heat capacity were performed with
a Mettler-Toledo DSC822¢ calorimeter and calibrated using in-
dium and zinc. The DSC data were evaluated using the Mettler—
Toledo STARe software version 7.01. The samples (10-20 mg) were
sealed in a 40 pL aluminum pan with a pinhole at the top of the
pan to expose the sample to a N, flow (50 mLmin!) using an
empty pan as the reference. DSC traces were typically scanned from
100 to —100 °C at speed of 10 °C min~!, and then followed by the
heating process at the same speed. The decomposition temperature
(Ty) was recorded with 5% of mass loss by Pyris Diamond Perkin—
Elmer TG/DTA at scan rate of 10 °C min~! under a N, atmosphere
(flow rate = 100 mLmin ') and each IL was heated from room
temperature to 800 °C.

Solubility: The solubility of the carborane ILs in various organic
solvents was tested at room temperature and the solubility results
were evaluated by adding the ILs or o-carborane into the solvents.

Measurement of the Viscosity, Density, and Refractive Index: The
viscosity and density of each IL was examined with a Stabinger
Viscosimeter SVM 3000/GR at 25 °C. The refractive indices of the
samples were measured at 25 °C with a WAY-2s Abbé refractometer
(Shanghai Precision & Scientific Instrument Co.), calibrated with
deionized water.

Conductivity and Electrochemical Stability: The ion conductivity
was measured by a Mettler-Toledo Seven Multimeter. Cyclic vol-
tammetry was conducted using a CHI 660A Electrochemical Work
Station. The working electrode was a glassy carbon electrode
(3 mm diameter), the auxiliary electrode was a platinum wire and
a Ag/AgCl electrode was used as a reference. The cyclic voltammo-
gram of the ILs in 0.1 M acetonitrile solution was performed to
ascertain the accessible electrochemical window at a scan rate of
0.05 Vs! in the potential vs. Ag/AgCl electrode.

Tribological Properties: Tests of the tribological behavior of the ILs
was carried out with an Optimol SRV-IV oscillating reciprocating
friction and wear tester with a ball-on-disc configuration.
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Supporting Information (see footnote on the first page of this arti-
cle): Spectra of 'H NMR, 3C NMR, ''B NMR, FTIR, FT-
Raman, ESI-MS; traces of DSC, TGA and cyclic voltammograms
for prepared ILs.
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