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POSS ionic liquid crystals

Kazuo Tanaka, Fumiyasu Ishiguro, Jong-Hwan Jeon, Tatsuhiro Hiraoka and Yoshiki Chujo

Here we report the use of unique organic− inorganic hybrid materials composed of octa-substituted polyhedral oligomeric

silsesquioxane (POSS) cores as ionic liquid (IL) crystals. These materials have a wide temperature range in which they exist in

liquid crystal (LC) phase because of the stabilizing effect of the POSS core. We synthesized ion pairs composed of alkyl chain-

substituted imidazolium and carboxylates of various lengths that were or were not connected to the POSS core; then the thermal

properties of these materials were investigated. It was found that both ion salts and the octadecyl-substituted imidazolium ion

pairs with or without connection to POSS could form LCs. Interestingly, the LC phase of the POSS-tethered ion salts was

maintained until decomposition. In contrast, the octadecyl-substituted imidazolium ion salts that were not tethered to the POSS

core showed a clearance point during heating. The highly symmetric structure of POSS contributes not only to the suppression of

the molecular motion of the ion salts, but also results in the formation of regular structures, leading to thermally stable,

thermotropic IL crystals.
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INTRODUCTION

Ionic liquid (IL) crystals are highly relevant and are being heavily
researched. The unique characteristics, especially their novel optical
properties, of liquid crystals (LCs) have been reported previously.1,2 In
addition, by using electrostatic interactions originating among ionic
moieties, robust chiral structures can be produced.3,4 Even a small
quantity of chiral ionic sources can efficiently induce enantiomeric
structures in a bulk sample, and ionic moieties can be assembled to
form regularly ordered structures.5,6 These well-ordered ionic moieties
are expected to work as efficient cation carriers and scaffolds for
ordering cations. These materials, which comprise closely assembled
ionic species, can exhibit interesting optical and magnetic properties.
Thus, new molecular designs for preparing thermally stable LCs
composed of ionic species are needed to produce advanced functional
materials.
The concept of supported IL phases (SILPs) has been recently

proposed. Several materials based on SILPs have exhibited important
characteristics such as high ion conductivity and compatibility with
organic reaction media; these materials have been used as templates
for the formation of nanostructures.1 Silica supports improve the
thermal stability of LCs.7,8 Carmichael et al.9 have synthesized and
explored silicon wafer-assisted SILP materials. They created layers with
thicknesses between 10 and 21 nm of an ionic LC with [C18C1Im]
[PF6] on the planar wafer surface and found that the ionic LC formed
a mesophase. Inspired by their work, Wasserscheid et al.7 fabricated
SILP materials using silicon nanoparticles and used them as supports
for preparing mesoporous structures that could act as effective gas-
phase catalysts.8 To construct advanced materials based on the concept
of SILP materials, their properties must be fine-tuned according to
preprogramed designs at the molecular level. A wide variety of

polyhedral oligomeric silsesquioxane (POSS)-based functional materi-
als have been developed using ionic species.10–24 We recently reported
the synthesis of POSS-based ILs, and we investigated their thermal
properties.25,26 By tethering multiple ion pairs composed of imidazo-
lium cations and carboxylates to the vertices of POSS cores or by
simply adding POSS molecules with acid groups, the melting
temperatures of the ion pairs decreased and their thermal stabilities
increased.25–28 In the crystalline state, the POSS core can isolate each
ion pair. As a result, the intermolecular interactions are reduced, and
thus the melting temperatures are decreased. In the liquid state, the
ion pairs are distributed in a spherical conformation as a result of their
tethering to the POSS core. Therefore, their molecular symmetry can
be improved and their thermal stability can be enhanced. Finally, we
reported on the synthesis of room temperature ILs using POSS.25 Our
interests have shifted, and we would like to exploit the thermal
properties of POSS for realizing optical materials. In particular, we aim
to construct unique optical materials based on SILP materials that
utilize the structural features of POSS.
Herein, we report the extension of the temperature range of the LC

phase by the POSS core. Ion pairs of carboxylate and imidazolium
with various alkyl chain lengths were prepared, and the influence of
the length of the alkyl chains and their tethering to the POSS core on
the thermal properties of the ion pairs was investigated. Initially, the
ion salts with the octadecyl alkyl chains at the imidazolium moiety
exhibited LC phases. Significantly, the isotropic phase of the obtained
POSS ion salts was not detected until decomposition occurred during
the heating process. In other words, the temperature range of the LC
phase was extended by the POSS core. In contrast, the ion salts that
were not tethered to a POSS core showed a clearance point during
heating. We propose that the highly symmetric structure of the POSS
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core should contribute not only to the suppression of the molecular
motion of the ion salts but also to the formation of regular structures.
To the best of our knowledge, this is the first time that a significant
enhancement of LC formation has been detected using the structural
characteristics of a molecular cube that imparts the IL crystals with
unique thermal stabilities.

EXPERIMENTAL PROCEDURE

General procedure for the preparation of ILs
The desired equivalent moles of the bromide anion to the carboxyl groups were
converted into the hydroxylic form using an anion exchange resin (Amberlite–
IRA400, Sigma-Aldrich Inc., St Louis, MO, USA) in water and neutralized by
suspension in methanol (2 l). The aqueous solution was concentrated using a
rotary evaporator, and the residual liquid was freeze-dehydrated to give the
white solid. The solid was dried in vacuo and stored in a glove box.

Differential scanning calorimetry (DSC)
DSC thermograms were produced on a SII DSC 6220 instrument (Seiko
Instruments Inc., Chiba, Japan) using ∼ 10mg of sample. The sample on the
aluminum open pan was cooled to –130 °C at the rate of 10 °Cmin− 1 under
flowing nitrogen (30mlmin− 1) and then heated from –130 to 80 °C at the
same rate. The glass transition (Tg) and melting temperatures (Tm) were
determined as the onset of the second curves to eliminate heat history. The
fusion enthalpies (ΔHfus) were calculated from the areas of the endothermic
peaks in the first cycle with the completely crystallized samples soaked in liquid
nitrogen before measurement. To collect the transition temperatures of the
mesophases, the measurements were monitored at a rate of
5 °Cmin− 1. The transition temperatures (Tlc-iso) were evaluated from the
second heating curves.

Thermogravimetric analysis (TGA)
TGA was performed on an EXSTAR TG/DTA6220 (Seiko Instrument, Inc.) at a
heating rate of 10 °Cmin− 1 up to a temperature 900 °C under flowing nitrogen
(200mlmin− 1). Residual water was removed by keeping the platinum pan at
110 °C for 1 h before the curve profiling was completed. The decomposition
temperatures (Td) were determined from the onset of the weight loss.

RESULTS AND DISCUSSION

Smaller fusion entropies were obtained during the melting process for
POSS-tethered ion salts than for ion salts without POSS.25,26 Thus, it is
likely that the molecular distribution of the ion pairs that are tethered
to the POSS core in the crystals remain the same after melting,
meaning that a star-shaped structure might be maintained before and

after melting. Based on these presumptions, we aimed to align the
POSS molecules to form regular structures in the liquid phase. By
elongating the alkyl chains of the imidazolium cation, the hydrophobic
interactions among the ion pair moieties should be enhanced, leading
to the formation of well-aligned, high-dimensional structures in the
POSS-based ILs. A series of POSS-tethered ion pairs with longer
imidazolium cation alkyl chains were synthesized (Scheme 1; the
detailed procedures and characterization data are shown in the
Supporting Information). During anion exchange, the 1-alkyl-3-
methylimidazolium bromides were transformed to the hydroxide
form, and the desired products were prepared via neutralization with
POSS-(COOH)8.

25 After lyophilization, the products obtained were
either colorless and transparent liquids or white solids. To prohibit
coloration, all procedures were carried out without heating. We also
prepared the ion pair Arm-CnIm and used it to evaluate the effect of
the connection to the POSS core on the thermal properties of the
materials.
The 29Si nuclear magnetic resonance spectra of all of the samples

containing the POSS moiety exhibited a single peak at ∼ 66 p.p.m. that
was assigned to the T8 POSS structure.

25,26 These data indicate that the
POSS cage is not significantly degraded in the final products. The
integration of the peaks in the 1H nuclear magnetic resonance spectra
indicates the formation of 1:8 ion pairs of POSS-(COOH)8 and
imidazolium cation. All samples were stored in a glove box under an
argon atmosphere, and the water abundance was held below 1.5 wt. %
as determined by the Karl Fischer method. The concentration of
residual bromide ion was lower than the detectable level as determined
by elemental analysis. Therefore, we concluded that all products were
sufficiently pure.
Initially, the thermal stability of the synthetic compounds against

pyrolysis was investigated using TGA. The Td, evaluated from the
onsets of the TGA profiles, are summarized in Figure 1a (values are
listed in Table S1 in the Supporting Information). It was found that
the Td values for the POSS-CnIm samples were higher than those for
the Arm-CnIm samples with the same alkyl chain length. When the
length of the alkyl chain of the imidazolium cation was increased,
the Td values of the POSS-CnIm samples gradually decreased.
Conversely, those of the Arm-CnIm samples remained constant.
The decomposition fragment of the molecule can be determined by
evaluating the vertical bars in these profiles (from the weight loss to
the molecular weight).25,26 As a result, the decomposition process was

Scheme 1 Chemical structures and synthetic scheme for preparing the ion salts used in this study.
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explored. According to these decomposition mechanisms, the degra-
dation should occur at the imidazolium ion pairs. These results
indicate the stabilizing effect of the POSS core on the Td regardless of
the alkyl chain length of the imidazolium moiety. In particular, the Td
values were higher for the POSS salts with long alkyl chains, in which
the POSS core did not greatly influence the molecular stabilization,
than for the Arm salts. Regular structures, originating from the cubic
core, might be formed; these structures may increase the stability of
the system by limiting the thermal motion of the remote alkyl chains.
The Tm was determined from the peak top in the second cycle of

DSC analysis (heating rate= 10 °Cmin− 1, Figure 1b (values are listed
in Table S2 in the Supporting Information)). Most samples exhibited

endothermic peaks below 100 °C. Therefore, they were classified as
ILs.29 The POSS moiety can decrease the Tm values of the ion salts;
this phenomenon can be seen by comparing the Tm values of ILs with
the same alkyl chain lengths (POSS-CnIm and Arm-CnIm). These data
can be explained by noting that the cubic core can inhibit molecular
interactions between the ion salts.25,26 In particular, for the POSS-
CnIm samples, the alkyl chain length did not significantly influence the
Tm values (for below n= 14). POSS-C16Im can be categorized as a
room temperature IL (an IL with a Tm below 25 °C). Conversely,
Arm-CnIm (alkyl length, n= 8) showed the lowest melting tempera-
ture, and the introduction of a longer alkyl chain (more than n= 10)
caused the Tm values to significantly increase. In general, such Tm

Figure 1 Decomposition (a) and melting (b) temperatures of the ion salts with variable imidazolium cation alkyl chain lengths. POSS, polyhedral oligomeric
silsesquioxane; Td, decomposition temperature; Tm, melting temperature.

Figure 2 Differential scanning calorimetry (DSC) profiles of (a) Arm-C18Im and (b) POSS-C18Im. (c) Summary of the phase transition temperatures of the ion
salts, including the Tms, as shown in Figure 1. POSS, polyhedral oligomeric silsesquioxane; Td, decomposition temperature; Tm, melting temperature.
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dependencies have been observed in other types of ILs, and the lowest
melting temperature was typically found for systems with alkyl chain
lengths between n= 2 and n= 8.30 The Tm data, along with the TGA
results, imply that the POSS core could significantly dominate the

distributions of ion pairs. Thereby, the formation of the most
thermally stable structure should be inhibited. Notably, the Tm value
of the POSS salt with the C18 alkyl chains, where the POSS core does
not likely influence the system to the same extent, was still lower than

Figure 3 Polarized optical microscopy (POM) textures of POSS-C18Im samples at (a) 40 °C and (b) 100 °C and (c) an Arm-C18Im sample at 40 °C during the
first cooling process. POSS, polyhedral oligomeric silsesquioxane.

Figure 4 Variable temperature powder X-ray diffraction (VT-PXRD) patterns of (a) Arm-C18Im at 60 °C (black line) and 30 °C (gray line) and (b) POSS-C18Im
at 100 °C (black line) and 30 °C (gray line). (c) One-dimensional small-angle X-ray scattering (1D SAXS) patterns of POSS-C18Im at 100 °C. (d) Proposed
model of the liquid crystal structures. POSS, polyhedral oligomeric silsesquioxane.
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that of the Arm salt. This result implies that regular structures are
formed. Tm values could not be reliably obtained for POSS-C8Im and
POSS-C10Im because of their extremely poor crystallinities; unstable
metastable states also exist in these structures.
The fusion enthalpies and entropies (ΔHfus and ΔSfus) for the single

imidazolium molecule with POSS-C18Im and Arm-C18Im were
evaluated from the areas of the endothermic peaks observed in the
DSC profiles. Interestingly, smaller thermodynamic parameters
(ΔHfus= 30 kJmol–1, ΔSfus= 96 J mol–1 K–1) were obtained for the
POSS-C18Im sample than for the Arm-C18Im sample (ΔHfus=
65 kJmol–1, ΔSfus= 196 J mol–1 K–1). These thermal data are typical
for POSS ILs.25,26 The cubic silica core can isolate each ion pair. In
addition, the star-shaped structure of the whole molecules comprising
the POSS ILs should make interactions among ion pairs unfavorable.
Smaller ΔHfus values were observed, leading to decreases in the Tm.
Moreover, the star-shaped structure likely reduces the conformational
variety of the ion pairs because of its high symmetry even in the liquid
phase. Thus, thermal stability toward pyrolysis can be acquired. Such
thermal characteristics, which originate from the POSS core, can be
obtained for the C18Im salts. It is likely that the regular structure
transmits the effect of the POSS core through the material.
Using DSC analysis, the phase transition behaviors of the salts

containing C18Im were investigated (Figure 2). To collect a high
resolution profile, the temperature was changed slowly (5 °Cmin− 1).
Although the endothermic peak associated with the melting of the
Arm-C18Im samples was unclear, an endothermic transition was
observed at 83 °C (Tlc-iso) after melting (Figure 2a). In contrast, the
POSS-C18Im samples presented a clear endothermic transition at
45 °C that could be attributed to melting, and these samples did not
show any other transitions until the decomposition temperature
(Figure 2b). As summarized in Figure 2c, and in light of the Tms
included in Figure 1, it is likely that the POSS-C18Im sample
maintained its mesophase until the decomposition temperature and
showed mesophase stability over a much wider temperature range
(ΔT= 163 °C) than the Arm-C18Im sample (ΔT= 24 °C). Therefore,
the connection of the ion salts to the POSS core greatly enhances the
mesophase stability of ILs (higher mesophase stability, lower melting
temperature). Polarized optical microscopy was performed on the
samples containing C18Im (Figure 3). Arm-C18Im exhibited a focal-
conic fan-like texture at 40 °C. Conversely, POSS-C18Im showed a
mesophase of broken or small focal-conic fan-like texture. In
particular, the mesophase of POSS-C18Im was maintained even at
100 °C. These results indicate that both Arm-C18Im and POSS-C18Im
formed smectic mesophases. In particular, because POSS-C18Im shows
higher thermal stability compared with Arm-C18Im, it is likely that the
connection of the ion salts to POSS can extend the temperature region
in which the samples act as thermotropic LCs.
Variable temperature powder X-ray diffraction experiments were

also executed to estimate the structures of the LCs (rate= 1 °Cmin− 1,
Figure 4). In the Arm-C18Im mesophase, at 60 °C, two pairs of
diffraction peaks were observed (at 5.11° and 7.70°); these peaks were
attributed to the (02) and (03) peaks (d-spacing= 34.4 Å) derived
from the smectic layer distance (Figure 4a). Moreover, a wide-angle,
broad halo peak was also observed at ∼ 20.0° (d-spacing= 4.4 Å). This
peak could be attributed to the molten alkyl chains. In contrast, in the
POSS-C18Im mesophase, one diffraction peak was observed at 4.30°,
and a broad halo was observed at ∼ 19.7° (d-spacing= 4.5 Å) at 100 °C
(Figure 4b). In small-angle X-ray scattering experiments (Figure 4c),
two pairs of diffraction peaks (at q= 1.528 and 3.06 nm− 1

(d-spacing= 41.1 Å)) were observed; these peaks were derived from
the smectic layer distance. These values are consistent with the X-ray

diffraction peaks attributed to the (02) diffraction. The extension of
the d-spacing determined from the (02) diffraction can be explained
by considering the size of the POSS core. By inserting the silica cube
(∼5 Å in diameter), the layer distance was expanded (Figure 4d). Thus,
a larger value was obtained.

CONCLUSION

POSS-based imidazolium salts with various alkyl chain lengths
possessed melting temperatures below 100 °C and turned out to be
ILs. For butyl to octadecyl alkyl chains, the POSS ion salts showed
higher thermal stabilities and lower melting temperatures than the
corresponding Arm ion salts. The properties of the POSS-C18Im
samples can be explained by considering the rigid cubic structure and
the molecular shape of the POSS core. During the melting process, the
POSS core reduces molecular interactions between the ion pairs. After
melting, the POSS core induces regular structures in the ion salts, even
in the liquid phase. Thus, it was demonstrated that POSS-C18Im
samples showed much higher mesophase stabilities. Thermally stable
thermotropic IL crystals are useful in modern electronic devices. These
findings should have important implications for the preparation of the
new series of IL crystals involving nanostructures.
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