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Preparation of imidazolium-type ionic liquids
containing silsesquioxane frameworks and their
thermal and ion-conductive properties

Takuhiro Ishii,* Toshiaki Enoki,” Tomonobu Mizumo,” Joji Ohshita” and Yoshiro
Kaneko**

An ionic liquid containing a random-structured oligosilsesquioxane (Im-Random-SQ-IL)
successfully prepared by the hydrolytic condensation of 1-methyl-3-
[(triethoxysilyl)propyl]imidazolium chloride (MTIC)) in aqueous
bis(trifluoromethanesulfonyl)imide (TFSI). Im-Random-SQ-IL exhibited a glass transition
temperature (7)) at =25 °C as indicated by an endothermic peak in the differential scanning
calorimetry (DSC) curve. In addition, fluidity was visually observed at ca. 0 °C, i.e. Im-
Random-SQ-IL is a room temperature ionic liquid. Conversely, when the hydrolytic
condensation of MTICI was performed using a water/methanol (1:19 v/v) solution of TFSI,
an ionic liquid containing a cage-like oligosilsesquioxane (Im-Cage-SQ-IL) was obtained.
The T, of Im-Cage-SQ-IL was —22 °C, and its melting temperature (7)) was 105 °C
according to the DSC analysis. In addition, fluidity was observed for this ionic liquid at ca.
100 °C. These results suggest that both the amorphous structure of Im-Random-SQ-IL and
the type of substituent groups in the silsesquioxane contributed to the ionic liquid behaviour
below room temperature. In addition, these ionic liquids exhibited high thermal stabilities
(Im-Random-SQ-IL: Ty = 429 °C, Ty4s = 437 °C and Ty = 447 °C, Im-Cage-SQ-IL: Ty3 =
427 °C, Tys = 436 °C and Ty4;9 = 446 °C) and relatively high ion conductivities (10741073 8

was

cm!, at ~100 °C).

Introduction

Silsesquioxanes (SQs; general formula: [RSiO; 5],) are a class
of siloxane-based materials that have many types of structures,
e.g. cage, open-cage, double-decker, ladder and random. SQs
are generally prepared by the hydrolytic condensation of
trifunctional silane compounds, such as organotrialkoxy- and
organotrichlorosilanes.'> SQs have attracted much attention in
the research fields of organic—inorganic hybrid materials for
both academic and practical reasons because they are inorganic
materials with various functional organic substituent groups (R)
and have remarkable compatibility with organic materials, such
as polymers.3’10 In addition, SQs exhibit superior thermal,
mechanical and chemical stabilities derived from the siloxane
(Si—O-Si) framework, which has a high bond energy.

Recently, cage-like 0ligoSQ compounds (POSS) with an
ionic liquid nature were developed by Chujo and Tanaka et
al.'"!2 Tonic liquids are molten salts below 100 °C or 150 °C
and have been widely studied for their remarkable potential as
reaction solvents,'>'* extraction solvents'>'® and electrolyte
materials'”"’ due to their superior properties, indicating a
negligible vapour pressure, high thermal stability and high ionic
conductivity. Ionic liquids that are fluid below room
temperature, ie. room temperature ionic liquids, are
particularly useful for the aforementioned applications. Ionic
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liquids consist of organic cations with either organic or
inorganic anions, i.e. most ionic liquids are regarded as organic
compounds due to the presence of at least one organic ion.
Conversely, because the aforementioned POSS ionic liquids
developed by Chujo and Tanaka et al. have inorganic
frameworks including Si—O-Si bonds, they exhibit higher
thermal stabilities compared to a ionic liquid with the structure
of the side chains of this POSS compound.'"'> Due to this
higher thermal stability, ionic liquids containing SQ
frameworks have the potential for application in a wide range
of materials research fields.

To date, we have reported the preparation of soluble rod-
like and ladder-like polySQs with hexagonally stacked
structures by the hydrolytic polycondensation of trifunctional
silane compounds containing substituent groups that can be
converted into ionic groups during the reaction, such as amino
groups (converted to ammonium cations),”*>* a cyano group
(converted to a carboxylate anion),” or a mercapto group
(converted to a sulfonate anion).>° In addition, POSS
compounds can be prepared in higher yields with shorter
reaction time by hydrolytic condensation of amino group-
containing organotrialkoxysilanes using an aqueous superacid
solution as a catalyst.’'*> These results suggest that the
presence of ionic substituent groups is important for controlling
the structures of SQs.
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Considering the results of our previous studies, we
investigated the hydrolytic condensation of various
organotrialkoxysilanes and catalysts for the preparation of
specially structured ionic SQs. During these studies, we
coincidentally found that a quaternary ammonium-type ionic
liquid containing random-structured oligoSQ (Am-Random-
SQ-IL) was successfully prepared by the hydrolytic
condensation of quaternary ammonium group-containing
organotrialkoxysilane, trimethyl[3-
(triethoxysilyl)propyl]ammonium chloride (TMTESPAC), in
aqueous bis(trifluoromethanesulfonyl)imide (TFSI).»
However, = Am-Random-SQ-IL had a  glass-transition

temperature (7,) of 15 °C and exhibited fluidity at ca. 35 °C, i.e.

it was not a room temperature ionic liquid.

Generally, imidazolium-type ionic liquids have relatively
low melting points (7},).** Therefore, in the present study, to
prepare a room temperature ionic liquid containing an SQ
framework, the hydrolytic condensation of the imidazolium
group-containing organotrialkoxysilane, 1-methyl-3-
[(triethoxysilyl)propyl]imidazolium chloride (MTICl), in
aqueous TFSI was investigated. Herein, we report the
preparation and characterization of the ionic liquids with SQ
structures, the relationship between their SQ structures and
flow temperatures and the thermal and ionic conductance
properties of the resulting SQ ionic liquids.

Experimental

Materials

MTICI was prepared referring to the literature procedure.’>™*'

To 3-chloropropyltriethoxysilane (CIPTES; purity: 97%, 0.745
g, 3.0 mmol), 1-methylimidazole (purity: 99%, 0.498 g, 6.0
mmol) was added. The resulting mixture was stirred at ca. 100
°C for 5 h under an argon atmosphere. Subsequently, the
resulting liquid was added to diethyl ether (ca. 40 mL) with
stirring at room temperature. The diethyl ether-insoluble
product was isolated by decantation, washed with diethyl ether
to remove excess l-methylimidazole and then dried under a
nitrogen flow to yield 0.866 g of a yellow-viscous product
(yield, ca. 89%; the ideal chemical formula of the product
(CH3CH20)3Si(CH2)3(C3H3N2)CH3‘C1, [FW = 3229] was used
for the determination). "H NMR (400 MHz, dimethyl sulfoxide
(DMSO)-dg): 6 9.16 (1H, s, -NCHN-), 6 7.77 and 7.71 (2H, —
NCHCHN-), 6 4.13 (2H, t, J = 6.87 Hz, -CH,N-), 6 3.85 (3H,
s, -NCH3), 5 3.74 (6H, q, J = 6.87 Hz, -OCH,-), & 1.81 (2H,
m, —SiCH,CH,CH,N-), § 1.14 (9H, t, J = 7.33 Hz, -CH,CH}),
6 0.51 (2H, t, J = 8.24 Hz, —SiCH,-). Other reagents and
solvents were commercially available and used without further
purification.

Preparation of the imidazolium-type ionic liquid containing
random-structured oligoSQ (Im-Random-SQ-IL)

To MTICI (0.646 g, 2.0 mmol), a 0.5 mol L' aqueous TFSI
solution (6.0 mL, 3.0 mmol) was added with stirring at room
temperature, and the resulting aqueous solution was further
stirred for 2 h. The viscous product, which was phase-separated
from the aqueous solution, was isolated by decantation, washed
with water (ca. 10 mL x 10) and dried under reduced pressure
at room temperature. To remove the small amount of water
remaining in the resulting crude, the product was dissolved in
methanol (2 mL) and the solution was heated at ca. 60 °C in an
open system until the solvent completely evaporated. The
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resulting product was then maintained at 150 °C for ca. 10 h to
yield 0.801 g of a viscous compound (yield, ca. 88%; the ideal
chemical formula of one wunit of the product
[Sio1_5(CH2)3(C3H3N2)CH3’(CF3SOz)zN, FW = 4560] was
used for the determination). This product is hereafter denoted as
Im-Random-SQ-IL. 'H NMR (400 MHz, DMSO-d): & 9.07—
8.90 (1H, br, -NCHN-), é 7.82-7.47 (2H, br, -NCHCHN-), &
4.18-3.97 (2H, br, —-CH,N-), 3 3.93-3.80 (3H, br, -NCHj), &
1.88-1.61 (2H, br, —SiCH,CH,CH,N-), 8 0.70-0.35 (2H, br, —
SiCH>-). ’Si NMR (80 MHz, DMSO-d,): 8 —53.2—60.6 (T?),
3 —63.8—69.6 (T°).

Preparation of the imidazolium-type ionic liquid containing
cage-like oligoSQ (Im-Cage-SQ-IL)

To MTICI (0.323 g, 1.0 mmol), a 0.5 mol L™ TFSI solution
(3.0 mL, 1.5 mmol) in water/methanol (1:19 v/v) was added
with stirring at room temperature, and the resulting solution
was further stirred for 2 h. This solution was then heated at ca.
60 °C in an open system until the solvent completely
evaporated. Subsequently, the resulting solid was maintained at
100 °C for ca. 2 h, and then water (ca. 10 mL) was added at
room temperature. The water-insoluble product was isolated by
decantation, washed with water (ca. 10 mL x 10) and then dried
under reduced pressure at room temperature. To remove the
small amount of water remaining in the resulting crude, the
product was dissolved in methanol (4 mL) and the solution was
heated at ca. 60 °C in an open system until the solvent
completely evaporated. The resulting product was then
maintained at 150 °C for ca. 10 h to yield 0.430 g of a viscous
substance (yield, ca. 94%; the ideal chemical formula of one
unit of the product [Sio1_5(CH2)3(C3H3N2)CH3‘(CF3SOz)2N,
FW = 456.0] was used for the determination). This product is
hereafter denoted as Im-Cage-SQ-IL. 'H NMR (400 MHz,
DMSO-dg): & 9.01 (1H, s, -NCHN-), & 7.72 and 7.62 (2H, —
NCHCHN-), 6 4.09 (2H, t, J = 6.87 Hz, -CH,N-), & 3.86 (3H,
s, -NCH;), & 1.85-1.59 (2H, br, —SiCH,CH,CH,N-), 8 0.64—
0.35 (2H, br, —SiCH,-). *’Si NMR (80 MHz, DMSO-d,): &
—66.5 (Tg), 8 —68.7 (Ty).

Measurements

The '"H and *°Si NMR spectra were recorded using a JEOL
ECX-400 spectrometer. The absence of Cl and the elemental
ratios of Si:S in Im-Random-SQ-IL and Im-Cage-SQ-IL were
confirmed by the energy-dispersive X-ray (EDX) analyses
using an XL30 scanning electron microscope (FEI Co.). The
weight-average molecular weights (M,s) of Im-Random-SQ-IL
and Im-Cage-SQ-IL were estimated from Zimm plots generated
with data obtained by static light scattering (SLS) analyses in
methanol using an  Otsuka  Electronics DLS-8000
spectrophotometer. X-ray diffraction (XRD) patterns were
recorded at a scanning speed of 20 = 1.8° min™ ' using an X’Pert
Pro diffractometer (PANalytical) with Ni-filtered Cu Ka
radiation (0.15418 nm). The differential scanning calorimetry
(DSC) analyses were performed on an Exstar DSC6200 (Seiko
Instruments). The sample was placed in an open aluminium pan
and heated to 150 °C at a rate of 10 °C min ' under a nitrogen
flow (10 mL min ') and subsequently cooled from 150 °C to
—100 °C at the same rate. The 7, and T7,, values were
determined as the onset of the third (for Im-Random-SQ-IL) or
fifth (for Im-Cage-SQ-IL) curves (from —100 °C to 150 °C at a
rate of 10 °C min ') to eliminate the heat histories in the
samples. Thermogravimetric analyses (TGA) were performed
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on an Exstar TG/DTA6200 (Seiko Instruments) at a heating
rate of 10 °C min~" up to 500 °C a under nitrogen flow (250 mL
min"). The decomposition temperatures were determined from
the 3% (Ty), 5% (Tys) and 10% (Ty10) weight losses. The
matrix-assisted laser desorption ionization-time of fight mass
spectral (MALDI-TOF MS) analysis of Im-Cage-SQ-IL was
performed using a Shimadzu Voyager Biospectrometry
Workstation Ver.5.1 with 2,5-dihydroxybenzoic acid (DHB) as
the matrix under positive ion mode. The ion conductivities were
determined by complex impedance spectroscopy using a
Solation 1260 impedance gain/phase analyser (Solation
Analytical) in the temperature range from 20 °C to 100 °C.

Results and discussion

Preparation and characterization of Im-Random-SQ-IL

An imidazolium-type room temperature ionic liquid containing
the SQ framework (Im-Random-SQ-IL) was successfully
prepared by the hydrolytic condensation of the imidazolium
group-containing organotrialkoxysilane, MTICI, in aqueous
TFSI. Specifically, the reagent was stirred in a 0.5 mol L'
aqueous TFSI solution (molar ratio of TFSI/TMICI = 1.5) at
room temperature for 2 h (Scheme la). The water-insoluble
viscous product was isolated by decantation, washed with water
and dried under reduced pressure at room temperature. To
remove the small amount of water remaining in the resulting
crude material, the product was subsequently dissolved in
methanol. The resulting solution was heated in an open system
until the solvent completely evaporated and then the product
was maintained at 150 °C for ca. 10 h. The resulting Im-
Random-SQ-IL was soluble in ethyl acetate, tetrahydrofuran
(THF), acetone, methanol, N,N-dimethylformamide (DMF) and
DMSO, but insoluble in hexane, toluene, diethyl -ether,
chloroform, 2-propanol, 1-propanol, ethanol and water. Im-
Random-SQ-IL was characterized using 'H NMR, EDX, ¥Si
NMR, SLS and XRD analysis techniques.
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|
EtO -Si-OEt (CF3S02),NH <»
TFSI
_ In water
cr —>

G

MTICI Im-Random-SQ-IL
(b) e :
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Scheme 1 Preparation of imidazolium-type ionic liquids containing
(a) random-structured oligoSQ (Im-Random-SQ-IL) and (b) cage-
like oligoSQ (Im-Cage-SQ-IL) by hydrolytic condensation of MTICI
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using TFSI in water and a water/methanol mixed solvent,
respectively.

The '"H NMR spectrum of Im-Random-SQ-IL in DMSO-d
exhibited signals attributable to the 1-methyl-3-propyl
imidazolium groups, but signals for the ethoxy groups of
MTICI and the NH group of TFSI were not observed (Fig. 1a),
indicating that the MTICI reagent and the TFSI catalyst were
not present in the product. The EDX pattern of Im-Random-
SQ-IL also indicated the absence of Cl (2.6 and 2.8 keV) (Fig.
2a). In addition, the Si:S elemental ratio of Im-Random-SQ-IL
was estimated to be 1:2.03, indicating that the molar ratio of
imidazolium cations to TFSI anions in Im-Random-SQ-IL was
ca. 1:1. Furthermore, the Si NMR spectrum of Im-Random-
SQ-IL in DMSO-dg at 60 °C exhibited two multiplet signals in
the T? (=53——61 ppm) and T® (-64——70 ppm) regions with an
integrated ratio of ca. 0.40:0.60 (Fig. 3a). This result indicated
that the hydrolytic condensation of MTICI to form the main
chain of the siloxane bond was complete. The M, of Im-
Random-SQ-IL estimated by the Zimm plot method using SLS
data obtained in methanol was ca. 8.8 x 10%. The degree of
polymerization (number of Si atom: n) was then calculated to
be ca. 10.4 from the M, value, the formula weights of the
imidazolium cation repeating unit (176.3) and the TFSI anion
(280.1) using the following equation: M,, (8.8 x 10%) = {[1 x
(176.3 x n)*] + (n x 280.15)}/[(1 x 176.3 x n) + (n x 280.1)], i.e.
Im-Random-SQ-IL is composed of 10.4 TFSI anions and one
oligomer containing 10.4 imidazolium cations. In addition, no
diffraction peaks were observed in the XRD pattern of Im-
Random-SQ-IL (Fig. 4a). Based on all of these results, it was
concluded that Im-Random-SQ-IL was an amorphous-
structured oligomeric SQ compound composed of imidazolium
cations and TFSI anions.
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Fig. 1 "H NMR spectra of (a) Im-Random-SQ-IL and (b) Im-Cage-
SQ-IL in DMSO-dg. Chemical shifts were referenced to DMSO (8
2.5).

—]
(keV)

Fig. 2 EDX patterns of (a) Im-Random-SQ-IL and (b) Im-Cage-SQ-
IL.
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Fig. 4 XRD patterns of (a) Im-Random-SQ-IL and (b) Im-Cage-SQ-
IL.

DSC analysis of Im-Random-SQ-IL was performed at a
heating rate of 10 °C min ' (Fig. 5a). The endothermic peak
assigned to the 7, was observed at —25 °C. Conversely, a peak
due to the 7}, was not detected. The amorphous structure of Im-
Random-SQ-IL may give rise to poor packing of the ions.
Therefore, the phase transition from amorphous solid (or
supercooled liquid) to fluid occurred above the 7,. To date,
ionic liquids without 7,, have been reported (e.g. 1-butyl-3-
methylimidazolium  tetrafluoroborate* and 1-ethyl-3-
methylimidazolium phosphonate derivatives,* in addition to
our previous report™). The flow temperature of Im-Random-
SQ-IL was confirmed as follows: Im-Random-SQ-IL in a glass
vessel was maintained in a horizontal position at 100 °C for 15
min, and then the vessel was cooled to room temperature in the
horizontal state. Next the vessel was maintained in a horizontal
position at various temperatures (with 5 °C intervals) for 10
min and then 15 min with tilting. Consequently, Im-Random-
SQ-IL showed obvious fluidity at ca. 0 °C (Fig. 6a). Based on
these results, it was concluded that Im-Random-SQ-IL had a T,
of —25 °C and showed fluidity at ca. 0 °C, i.e. it is a room
temperature ionic liquid.

//\\
T,=-22°C | |
v e
TN \ [
£ \ |
2 \ |
S \|
o V
0 T, =105 °C
T,=-25°C
/ [
v/ﬂ/ﬁ//
60 —40 —20 0 20 40 60 80 100 120 140

Temperature (°C)

Fig. 5 DSC curves for (a) Im-Random-SQ-IL and (b) Im-Cage-SQ-
IL.
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Water bath

| Im-Random-SQ-IL

Fig. 6 Photographs of (a) Im-Random-SQ-IL and (b) Im-Cage-SQ-
IL at various temperatures.

Preparation and characterization of Im-Cage-SQ-IL

As described above, Im-Random-SQ-IL had an amorphous
structure and displayed ionic liquid behaviour below room
temperature. It was assumed that the properties could largely be
attributed to the amorphous structure. Therefore, to investigate
the relationship between the structures of SQs and their flow
temperatures, a crystalline-structured SQ, such as POSS, was
prepared from the same reagent and acid catalyst.

When the hydrolytic condensation of MTICI1 was performed
using a water/methanol (1:19 v/v) solution of TFSI instead of
the aforementioned aqueous solution, a cage-like oligoSQ with
ionic liquid properties (Im-Cage-SQ-IL) was obtained (Scheme
1b). Im-Cage-SQ-IL was soluble in ethyl acetate, THF, acetone,
methanol, DMF and DMSO, but insoluble in hexane, toluene,
diethyl ether, chloroform, 2-propanol, 1-propanol, ethanol and
water. Im-Cage-SQ-IL was characterized using '"H NMR, EDX,
Si NMR, SLS, MALDI-TOF MS and XRD analysis
techniques.

The 'H NMR spectrum of Im-Cage-SQ-IL in DMSO-d
exhibited signals attributable to the 1-methyl-3-propyl
imidazolium groups, but signals for the ethoxy groups of
MTICI and the NH group of TFSI were not observed (Fig. 1b),
indicating that the MTICI reagent and TFSI catalyst were not
present in the product. The EDX pattern of Im-Cage-SQ-IL also
did not include any peaks due to Cl (2.6 and 2.8 keV), and the
Si:S elemental ratio was estimated to be 1:2.02, indicating that
the molar ratio of imidazolium cations to TFSI anions in Im-
Cage-SQ-IL was ca. 1:1 (Fig. 2b). These 'H NMR and EDX
results for Im-Cage-SQ-IL were nearly the same as those for
Im-Random-SQ-IL.

The *’Si NMR spectrum of Im-Cage-SQ-IL in DMSO-d, at
40 °C exhibited two signals in the T° region at —66.5 ppm (a
main signal) and at —68.7 ppm (a minor signal), indicating the
absence of silanol groups (Fig. 3b). These signals were
probably derived from Ty and T, respectively, because it has
been reported that the signal due to Ty, is shifted upfield (ca. 2
ppm) compared to that of Tg.** Because the integrated ratio of
these signals was estimated to be 0.75:0.25, the molar ratio of
Ts:Tyo was calculated to be 0.79:0.21 (=0.75/8:0.25/10). The
M,, of Im-Cage-SQ-IL estimated by the Zimm plot method
using SLS data obtained in methanol was ca. 5.9 x 10% and the
corresponding to the DP value was ca. 6.1, which was

This journal is © The Royal Society of Chemistry 2012
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calculated using the aforementioned equation. Furthermore, in
the MALDI-TOF MS spectrum of Im-Cage-SQ-IL, seven peaks
were observed that corresponded to the masses of the cage-like
octamer (Tg) with the structures as shown in Fig. 7. Such
carbenes and their radical cations are often formed on the
imidazolium groups.**® It should also be noted that even
though the 2°Si NMR spectrum of Im-Cage-SQ-IL included a
signal due to T}y (Fig. 3b), its MALDI-TOF MS spectrum did
not exhibit any peaks assignable to T, (Fig. 7) due to the
insufficient quantity of this component. Based on the results of
the *°Si NMR and MALDI-TOF MS analyses, it was therefore
concluded that Im-Cage-SQ-IL possessed the Ty structure as the
main product and the T;, structure as the minor product, as
shown in Scheme 1b. Finally, the XRD pattern of Im-Cage-SQ-
IL included many sharp diffraction peaks (Fig. 4b), indicating
the formation of a crystalline structure, unlike that of Im-
Random-SQ-IL, which did not exhibit any diffraction peaks, as
described above (Fig. 4a).

Number of side chain group (R")
CF2S0,)N" .. . Calculated| Found
;\3/\2)2/ A NN S| miz miz
N@N )/ \—/ \—/
(i) 7 0 0 1 3367.0 | 3367.0
(i) 6 0 1 1 3086.0 | 3086.1
(iii) 5 0 2 1 2805.1 | 2805.4
(iv) 4 1 3 0 2525.2 | 2524.7
(v) 3 1 4 0 22443 | 2244.0
(vi) | 2 1 5 0 1963.4 | 1963.3
(vii) 1 1 6 0 1682.4 | 1682.4
R"(CHa)s, 5 (CHp)R
R"(CH o Si—O=si
( 2)3\SI/,’0\Si°/§(CHZ)3R
o] | 9
o L ol
(iv) (iii) R"(CHz)a—\T)S"O/”OS'\(CHz)aR"
(ii) Si—op—Si’
| R"(CHg)s (CH)sR"

(v)

()

LI S e e e B I B B |

1000 1500 2000 2500 3000 3500 4000 4500 (m/z)

Fig. 7 MALDI-TOF MS spectrum of Im-Cage-SQ-IL.

The DSC curve for Im-Cage-SQ-IL indicated the presence
of a T, at =22 °C and a T}, at 105 °C (Fig. 5b). In addition, Im-
Cage-SQ-IL showed fluidity at ca. 100 °C (Fig. 6b), which was
confirmed using the same technique as described above for Im-
Random-SQ-IL. This behaviour indicated that Im-Cage-SQ-IL
was not a room temperature ionic liquid. Because Im-Cage-SQ-
IL had a crystalline architecture, it exhibited fluidity near its 7},
(ca. 100 °C). Conversely, Im-Random-SQ-IL with an
amorphous structure exhibited fluidity above its 7,. These
results suggest that, in addition to the types of substituent

RSC Advances, 2015, 00, 1-7 | 5



RSC Advances

groups in the SQs, the amorphous structure of Im-Random-SQ-
IL is essential for achieving ionic liquid behaviour below room
temperature.

Thermal stabilities

The thermal stabilities of Im-Random-SQ-IL and Im-Cage-SQ-
IL upon pyrolysis were investigated by TGA. The Ty, Ty4s and
T410 values for Im-Random-SQ-IL were 429, 437 and 447 °C,
respectively (Fig. 8a), whilst those of Im-Cage-SQ-IL were 427,
436 and 446 °C, respectively (Fig. 8b). These values were
higher than those of I-methyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide ([C3mim][NTf;]) (366, 380
and 399 °C, respectively, as shown in Fig. 8c), which is an
ionic liquid (7, = 22 °C) with the structure of the side chains of
Im-Random-SQ-IL  and Im-Cage-SQ-IL. These results
indicated that the thermal stabilities of Im-Random-SQ-IL and

Im-Cage-SQ-IL were enhanced by incorporation of the SQ
frameworks.
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Fig. 8 TGA thermograms of (a) Im-Random-SQ-IL, (b) Im-Cage-
SQ-IL and (c) [C3mim][NTf;] under a nitrogen flow.

Ion conductivities

The ion conductivities of Im-Random-SQ-IL, Im-Cage-SQ-IL and
Am-Random-SQ-IL, which was prepared according to our previous
report,*® were determined using complex impedance spectroscopy in
the temperature range from 20 °C to 100 °C. Relatively high
conductivities (10°-10° S cm ') were observed at a higher
temperature (100 °C) (Fig. 9) for all three compounds; these values
were nearly the same as those for general ionic liquids.*’ At room
temperature, the ion conductivity of Im-Random-SQ-IL was the
highest of these three SQ-ILs, likely because it was fluid at room
temperature, unlike Im-Cage-SQ-IL and Am-Random-SQ-IL.
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Fig. 9 Temperature dependence of the conductivity of Im-Random-
SQ-IL, Im-Cage-SQ-IL and Am-Random-SQ-IL.

Conclusions

We found that a room temperature ionic liquid containing an
SQ framework, i.e. the imidazolium-type ionic liquid
containing a random-structured oligoSQ (Im-Random-SQ-IL)
could be prepared by hydrolytic condensation of MTICI in an
aqueous TFSI solution. Im-Random-SQ-IL had a 7, of =25 °C
and was fluid at ca. 0 °C. Conversely, when the hydrolytic
condensation of MTICI] was performed using a water/methanol
(1:19 v/v) solution of TFSI rather than an aqueous TFSI, an
imidazolium-type ionic liquid containing a cage-like oligoSQ
(Im-Cage-SQ-IL) with a 7, of —22 °C, a T, of 105 °C and a
flow temperature of ca. 100 °C was obtained. These results
suggest that, in addition to the types of substituent groups in the
SQs, the amorphous structure of Im-Random-SQ-IL is an
important factor contributing to its ionic liquid behaviour below
room temperature. In addition, these ionic liquids exhibited
high thermal stabilities and relatively high ion conductivities.

Acknowledgements

We acknowledge the support of Prof. Y. Suda and Dr. M.
Wakao of the Graduate School of Science and Engineering,
Kagoshima University (Japan) in MALDI-TOF MS
measurements. We wish to thank Mr. S. Nakamura of Otsuka

Electronics Co., Ltd. (Osaka, Japan) for the support in SLS
measurements.

Notes and references

¢ Graduate School of Science and Engineering, Kagoshima University, 1-
21-40 890-0065, Japan.
ykaneko@eng.kagoshima-u.acjp;, Fax: +81 99 285 7794, Tel: +81 99
2857794

b Graduate School of Engineering, Hiroshima University, Higashi-
Hiroshima 739-8527, Japan

Korimoto, Kagoshima E-mail:

1 R. H. Baney, M. Itoh, A. Sakakibara and T. Suzuki, Chem. Rev.,
1995, 95, 1409.

This journal is © The Royal Society of Chemistry 2012

Page 6 of 7



Page 7 of 7

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

28
29

30
31
32
33

34

RSC Advances

D. A. Loy, B. M. Baugher, C. R. Baugher, D. A. Schneider and K.
Rahimian, Chem. Mater., 2000, 12, 3624.

J. Choi, J. Harcup, A. F. Yee, Q. Zhu and R. M. Laine, J. Am. Chem.
Soc., 2001, 123, 11420.

K. M. Kim and Y. Chujo, J. Mater. Chem., 2003, 13, 1384.

Y. Kaneko, N. Iyi, T. Matsumoto and K. Kitamura, J. Mater. Chem.,
2005, 15, 1572.

Y. Kaneko, S. Sato, J. Kadokawa and N. lyi, J. Mater. Chem., 2006,
16, 1746.

Y. Kaneko, K. Noguchi and J. Kadokawa, Polym. J., 2007, 39, 1078.
X. Yu, S. Zhong, X. Li, Y. Tu, S. Yang, R. M. Van Horn, C. Ni, D. J.
Pochan, R. P. Quirk, C. Wesdemiotis, W. B. Zhang and S. Z. D.
Cheng, J. Am. Chem. Soc., 2010, 132, 16741.

F. Wang, X. Lu and C. He, J. Mater. Chem., 2011, 21, 2775.

F. Alves and 1. Nischang, Chem. Eur. J., 2013, 19, 17310.

K. Tanaka, F. Ishiguro and Y. Chujo, J. Am. Chem. Soc., 2010, 132,
17649.

K. Tanaka, F. Ishiguro and Y. Chujo, Polym. J., 2011, 43, 708.

T. Welton, Chem. Rev., 1999, 99, 2071.

J. P. Hallett and T. Welton, Chem. Rev., 2011, 111, 3508.

J. G. Huddleston and R. D. Rogers, Chem. Commun., 1998, 1765.

S. V. Dzyuba and R. A. Bartsch, Angew. Chem., Int. Ed., 2003, 42,
148.

M. Armand, F. Endres, D. R. MacFarlane, H. Ohno and B. Scrosati,
Nat. Mater., 2009, 8, 621.

L. V. N. R. Ganapatibhotla, J. Zheng, D. Roy and S. Krishnan, Chem.
Mater., 2010, 22, 6347.

A. Tsurumaki, J. Kagimoto and H. Ohno, Polym. Adv. Technol., 2011,
22, 1223.

Y. Kaneko, N. Iyi, K. Kurashima, T. Matsumoto, T. Fujita and K.
Kitamura, Chem. Mater., 2004, 16, 3417.

Y. Kaneko, N. lyi, T. Matsumoto and K. Kitamura, Polymer, 2005,
46, 1828.

Y. Kaneko and N. lyi, Z. Kristallogr., 2007, 222, 656.

Y. Kaneko and N. lyi, J. Mater. Chem., 2009, 19, 7106.

Y. Kaneko and N. lyi, Kobunshi Ronbunshu, 2010, 67, 280.

Y. Kaneko, H. Toyodome and H. Sato, J. Mater. Chem., 2011, 21,
16638.

Y. Kaneko, H. Toyodome, M. Shoiriki and N. lyi, Int. J. Polym. Sci.,
2012, 684278.

T. Arake, K. Shikinaka, T. Sugioka, H. Hashimoto, Y. Sumida and Y.
Kaneko, Polymer, 2013, 54, 5643.

Y. Kaneko, Kobunshi Ronbunshu, 2014, 71, 443.

H. Toyodome, Y. Kaneko, K. Shikinaka and N. lyi, Polymer, 2012,
53, 6021.

Y. Kaneko, H. Toyodome, T. Mizumo, K. Shikinaka, and N. lyi
Chem. Eur. J., 2014, 20, 9394.

Y. Kaneko, M. Shoiriki and T. Mizumo, J. Mater. Chem., 2012, 22,
14475.

T. Tokunaga, M. Shoiriki, T. Mizumo and Y. Kaneko, J. Mater.
Chem. C, 2014, 2, 2496.

T. Ishii, T. Mizumo and Y. Kaneko, Bull. Chem. Soc. Jpn., 2014, 87,
155.

M. Galinski, A. Lewandowski and 1. Stepniak, Electrochimica Acta,
2006, 51, 5567.

This journal is © The Royal Society of Chemistry 2012

35

36

37

38

39

40

41

42

43

44

45

46

47

L. Lou, K. Yu, F. Ding, W. Zhou, X. Peng and S. Liu, Tetrahedron
Lett., 2006, 47, 6513.

S. Sahoo, P. Kumar, F. Lefebvre and S.B. Halligudi, Tetrahedron
Lett., 2008, 49, 4865.

R. Sandaroos, S. Damavandi and M. Salimi, Monatsh. Chem., 2012,
143, 1655.

L. Han, M-S. Park, S-J. Choi, Y-J. Kim, S-M. Lee and D-W. Park,
Catal. Lett., 2012, 142, 259.

B. Lin, B. Qiu, L. Qiu, Z. Si, F. Chu, X. Chen and F. Yan, Fuel Cells,
2013, 13, 72.

F. Wang, Z. Zhang, J. Yang, L. Wang. Lin and Y. Wei, Fuel, 2013,
107, 394.

M. Tarkanovskaja, R. Valbe, K. Pohako-Esko, U. Maeorg, V. Reedo,
A. Hoop, K. Saal, A. Krumme, I. Kink, I. Heinmaa and A. Lohmus,
Ceram. Int., 2014, 40, 7729.

T. Nishida, Y. Tashiro and M. Yamamoto, J. Fluorine Chem., 2003,
120, 135.

Y. Fukaya, K. Hayashi, M. Wada and H. Ohno, Green Chem., 2008,
10, 44.

V. Ervithayasuporn, X. Wang and Y. Kawakami, Chem. Commun.,
2009, 5130.

B. Tumanskii, D. Sheberla, G. Molev and Y. Apeloig, Angew. Chem.,
Int. Ed., 2007, 46, 7408.

G. A. McGibbon, C. Heinemann, D. J. Lavorato and H. Schwarz,
Angew. Chem., Int. Ed., 1997, 36, 1478.

D. R. MacFarlane, M. Forsyth, E. 1. Izgorodina, A. P. Abbott, G.
Annat and K. Fraser, Phys. Chem. Chem. Phys., 2009, 11, 4962.

RSC Advances, 2015, 00, 1-7 | 7



