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Supramolecular gelators comprising 1,3,5-benzenetricarboxylic acids and amino acid methyl esters
(glycine, L-alanine, L-valine, L-leucine, L-methionine, and L-phenylalanine) for ionic liquids were
developed. Ten types of ionic liquids were gelated using the above-mentioned gelators at relatively low
concentrations. Field emission-scanning electron microscopy and confocal laser scanning microscopy
analyses revealed that these gelators self-assembled into an entangled fibrous structure in ionic liquids,
leading to the gelation of the ionic liquids. Comparison studies, involving compounds analogous to the

gelators, and Fourier transform infrared spectroscopy measurements suggested that hydrogen bonding
Received 6th September 2013 layed a key role in the self- bly of the gelat lecules. The | ls displayed ibl
Accepted 12th Novermber 2013 played a key role in the self-assembly of the gelator molecules. The ionogels displayed reversible
thermal transition characteristics and viscoelastic properties typical of a gel. The gelation of the ionic

DOI: 10.1039/c3sm52363b liquids studied under a wide range of gelator concentrations did not affect the intrinsic conductivity of
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Introduction

Highly ion-conductive polymer electrolytes have attracted much
interest because of their potential application in a variety of
electrochemical devices. In particular, there has been a strong
demand for the fabrication of highly conductive, flexible, and
transparent solid polyelectrolytes with diverse configurations.
Ionic liquids are attractive electrolytes because of their high
ionic conductivity, low vapor pressure, good thermal stability,
wide electrochemical stability windows, and tunable proper-
ties.”> Chemical and physical solidification of ionic liquids are
potential approaches for preparing highly ion-conductive solid
polyelectrolytes. The solidification of ionic liquids is classified
into two categories, namely covalent polymerization of ionic
liquid monomers, and gelation (quasi-solidification) of ionic
liquids using additives. The latter technique appears to be
preferable as it leads to ionogels with good ionic conductivi-
ties.>® The three currently employed methods to gelate ionic
liquids proceed via (i) an organic polymer-based gelation,>” (ii)
an inorganic polymer-based gelation,*® and (iii) a low-molec-
ular-weight-gelator-induced gelation (supramolecular gela-
tor).***** Kimizuka and Nakashima first reported the gelation of
ionic liquids, using supramolecular gelators, whereby the
gelation was induced by the molecular self-assembly of the
synthesized glycolipids.’ Hanabusa et al. also succeeded in the
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gelation of ionic liquids, using cyclic peptide amphiphiles as
supramolecular gelators at relatively low concentrations. They
reported that the ionic conductivity of the ionic liquids was
maintained even after the gelation, and was minimally influ-
enced by the gelator concentration.* We also demonstrated that
the ionic conductivity of ionic liquids was unaffected by gela-
tion, using an amphiphile-type gelator.*® In many cases of these
reports, amino acids or amide bonds in peptides played
important roles in the molecular self-assembly.

Molecular self-assembly is essential for supramolecular
gelation of ionic liquids. Molecular self-assembly processes in
aqueous and organic solvents have been widely reported.” ™
Recently, molecular self-assembly processes in ionic liquids
have become an emerging area of broad interest among scien-
tists. The self-assembly of traditional amphiphiles (micelles,
emulsions, microemulsions, and liquid crystals) has been
studied since the 1990s.>*** However, only a limited number of
studies relating to the supramolecular gelation of ionic liquids
have been reported.*'*'%*>> This is because of our lack of
understanding of the specific molecular interactions involved
between the solute molecules in ionic liquids as well as between
the solute molecule and the solvent (ionic liquid). The
successful reports regarding supramolecular gelators suggested
that hydrogen bonding and solvophobic interactions could be
useful for instigating molecular self-assembly processes in ionic
liquids‘4,10—16,22,23

In the present study, benzenetricarboxamides were exam-
ined as a core unit to prepare effective supramolecular gelators
for ionic liquids. 1,3,5-Benzenetricarboxamide has a C;-
symmetrical structure and benzenetricarboxamide with amino
acids can provide intermolecular hydrogen bonding and w-m
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interactions that can induce molecular self-assembly processes
in both conventional organic solvents and in the solid state.>*>¢
A variety of 1,3,5-benzenetricarboxamides, substituted with
amino acids and amino acid methyl esters, were synthesized
and investigated for the gelation of ionic liquids.

Experimental
Materials

1,3,5-Benzenetricarbonyl trichloride, 1,3,5-tris(bromomethyl)
benzene, methyl ester hydrochlorides of amino acids (glycine
(Gly), 1i-alanine (r-Ala), r-valine (1-Val), r-leucine (i-Leu),
t-methionine (1-Met), and r-phenylalanine (1-Phe)), and 1,3,5-
triethylbenzene were purchased from Tokyo Chemical Industry
(Tokyo, Japan). All solvents used in the syntheses were
purchased from Wako Pure Chemical Industries (Osaka, Japan).
Ionic liquids [EtMeIm][TFSA], [BuMelm]|TFSA], [HeMelIm]
[TFSA], and [BuPy|TFSA] were synthesized from [EtMeIm][Cl],
[BuMeIm][Cl], [HeMeIm][Cl], [BuPy]|Br], and [Li][TFSA] as
reported previously.” [EtMeIm][CF;SO;], [BuMeIm][CF;SOs],
[BuMeIm][BF,], [EtMeIm][PFs], and [BuMeIm|PFs] were
purchased from Merck. [TMPA][TFSA] and [EtMeIm][BF,] were
purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).
1-Ethyl-3-methylimidazolium  hydroxide  solution  was
purchased from Sigma-Aldrich and [EtMeIm][Phe] was synthe-
sized as previously reported.?” Full names of the ionic liquids
are given in the ESL

Synthesis

Gelators 1-6. A solution of amino acid methyl ester hydro-
chloride (16.5 mmol) in dichloromethane (200 mL) was cooled
to 0 °C, and triethylamine (4.5 mL) was added. 1,3,5-Benzene-
tricarbonyl trichloride (5.5 mmol) in dichloromethane (15 mL)
was added dropwise to the solution, and stirred for 18 h at room
temperature. After the reaction, the solution was filtered and
the dichloromethane solution was successively washed with
HCI (10 mM) and deionized water twice. The organic phase was
collected and dried over anhydrous Mg,SO,. The solvent was
evaporated and dried under vacuum. The gelators were
obtained as a dry white powder. The yields of gelators 1-6 were
50, 91, 91, 97, 82, and 84%. 'H NMR assignments, elemental
analyses, FTIR, and MALDI-TOF/MS are provided in the ESL

Compound A. 1,3,5-Tris(bromomethyl)benzene (5 mmol),
t-Leu methyl ester hydrochloride (16.5 mmol), and K,CO;
(30 mmol) were dissolved in dimethyl formamide (30 mL), and
refluxed for 24 h at 60 °C under a N, atmosphere. After the
reaction, the solution was filtered and evaporated. The residue
was dissolved in dichloromethane and successively washed
with HCI (10 mM) and deionized water twice. The organic phase
was collected and dried over anhydrous Mg,SO,. The solvent
was evaporated and dried under vacuum. Compound A was
obtained as a yellow solution. The yield was 58%.

Instrumentation

"H NMR spectra were obtained on a 500 MHz Bruker Avance-500
spectrometer. Fourier transform infrared spectroscopy (FTIR)
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measurements were carried out on a Bruker Alpha-E spec-
trometer, equipped with an attenuated total reflectance (ATR)
unit. Electrospray ionization mass spectroscopy (ESI-MS)
measurements were performed on a JMS-T100LP AccuTOF LC-
plus spectrometer (JEOL, Tokyo, Japan). Matrix-assisted laser
desorption and ionization time-of-flight mass spectroscopy
(MALDI-TOF/MS) measurements were carried out using an
UltrafleXtreme TM mass spectrometer (Bruker, Germany).

To assess the gelation of different solvents, the gelators were
first dissolved in the required solvent at a given concentration in
a glass tube (inner diameter: 10 mm) by heating. The resulting
solutions were then slowly cooled to room temperature.
Formation of the gels (gelation) was confirmed by inverting the
glass tube containing the solution.

Field emission-scanning electron microscopy (FE-SEM)
measurements were carried out on a scanning electron micro-
scope (JSM-7500F, JEOL, Japan), operating at an accelerating
voltage of 7 kV. For sample analysis, the ionogels were con-
verted to xerogels, prepared using the procedure reported by
Hanabusa et al* Briefly, the ionogel underwent a solvent
exchange from ionic liquid to water by immersing the ionogel in
fresh solutions of water for 3 days. The gel, containing water
only, was then freeze-dried under vacuum to produce the
xerogel. The organogel was also converted to the xerogel by
freeze-drying under vacuum. The xerogel was then mounted on
an aluminum stub and coated with osmium by vapor
deposition.

Confocal laser scanning microscopy (CLSM) analyses were
performed on an Olympus FV1000-D microscope at room
temperature. Prior to analysis, the ionogel was stained with
rhodamine B (30 pM).

Rheological measurements were carried out using a
rheometer (Anton Paar Physica MCR301, Germany) with a cone
plate (diameter = 2.5 cm), at a strain of 0.1% and a gap of 1.0
mm. For sample measurements, the gelator-containing ionic
liquid solution (1 wt%) was loaded on a sample plate whose
temperature was set at 90 °C. The sample plate was then cooled
to 30 °C, and the measurement was started.

The gel-sol transition temperature, Tge;, was measured by
differential scanning calorimetry (PerkinElmer 8500, Perkin
Elmer), using aluminum pans with a heating rate of 1 °C min~".

The conductivity of the ionogels was measured at 25 °C using
a Hioki Chemical Impedance Meter (3532-80). The isotropic hot
ionic liquid solution, containing the gelator, was injected into a
U-tube, followed by gelation. The cell constant was determined
by measuring the conductivity of a KCI solution (7.44 g L™).

Results and discussion
Gelation of ionic liquids and other solvents

The herein developed gelators with simple molecular structures
are shown in Chart 1. All gelators comprised 1,3,5-benzene-
tricarboxylic acid and amino acid methyl ester groups. The
methyl esters, as derived from the six amino acids (Gly, r-Ala,
1-Val, 1-Leu, 1.-Met, and 1-Phe), were used for the conjugation of
1,3,5-benzenetricarbonyl trichloride. Intermolecular hydrogen
bonding between the amide groups and m-m interactions are

This journal is © The Royal Society of Chemistry 2014
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Chart 1 Molecular structures of gelators 1—6.

expected to play important roles in the fibrous self-assembly of
the gelator molecules in ionic liquids, as indicated by the
numerous reports relating to the assembly of benzene-
tricarboxamide derivatives in common organic solvents.** 2%
The gels were prepared by heating the solutions, containing the
gelators, up to ~160 °C, and subsequent cooling to room
temperature. It should be noted that the preparation of the gels
was carried out at a temperature below the melting points of
gelators 1-6, which were above 180 °C.

Table 1 presents the results of the gelation tests, performed
in varying ionic liquid, aqueous, and organic solutions, using
gelators 1-6. Eleven different types of ionic liquids were exam-
ined (Chart 2). As shown in Table 1, gelators 2-5 gelated 10
kinds of ionic liquids that were composed of varying cations
and anions, at relatively low concentrations. Widely studied
imidazolium- and pyridinium-based ionic liquids were gelated.
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Chart 2 Molecular structures of the studied ionic liquids.

Gelators 3 and 4, which had 1-val and 1-Leu residues, displayed
higher gelation abilities towards ionic liquids that featured
trifluoromethanesulfonate anions, [CF3SO;] ™, in comparison to
those having BF, , PFs ™ or tri(fluoromethylsulfonyl)amide ions,
[TFSA] ™. The ionogels, containing [CF;SO;] ", were translucent
whereas the other ionogels were opaque. Several ionic liquids
were gelated at 1 wt% or below 1 wt% (for gelators 3 and 4).
Gelators 2 and 5, which had 1-Ala and 1-Met residues exhibited
higher gelation abilities towards ionic liquids possessing BF,~
ions. The amino acid-based ionic liquid, [EtMeIm][Phe], was
not gelated regardless of the gelators studied herein. Hence, the
nature of the anion of the ionic liquid appears to significantly
influence the gelation properties.

Gelator 1, which had Gly residues, was soluble in all ionic
liquids, except for [HeMeIm][TFSA] and [BuMeIm][CF;SO;], at
elevated temperatures. However, at room temperature, gelator 1

Table 1 Gelation properties of gelators 1-6 for ionic liquids, aqueous solutions, and organic solvents?

Gelator
Solvent 1 Gly 2 1-Ala 3 1-val 4 1-Leu 5 L-Met 6 1-Phe
[EtMeIm][TFSA] P G(1.7) G(1.0) G(1.0) G(0.9) S
[BuMeIm][TFSA] P G(0.9) G(0.9) G(0.5) G(1.0) G(1.8)
[HeMeIm][TFSA] I G(1.0) G(0.9) G(0.9) G(1.0) S
[BuPy|[TFSA] P G(1.3) G(1.0) G(0.8) G(0.6) S
[TMPA][TFSA] P G(1.0) vS G(1.4) G(0.8) G(0.9)
[EtMeIm][CF;S0;] S G(1.1) G(0.6) G(0.1) G(1.3) G(2.0)
[BuMeIm][CF;S0;] I G(1.0) G(0.7) G(0.4) G(1.3) vS
[EtMeIm][BF,] P G(0.5) I I G(0.5) vS
[BuMeIm][BF,] S G(0.5) G(0.9) G(1.3) G(0.7) S
[BuMeIm][PF] S G(1.1) G(0.9) vS G(0.9) G(2.0)
[EtMeIm][Phe] S S S S S S
Deionized water I I I I I I
HCI (aq., 0.1 M) P I I I I I
Phosphate buffer (0.1 M, pH 7) PG I I I I I
NaCl (aq., 0.1 M) P I I I I I
Ethanol P G(2.0) G(2.0) P G(2.0) P
1-Propanol I P P PG I P
Toluene I I I G(2.0) PG PG
Ethyl acetate I I I G(2.0) G(2.0) S
Acetonitrile P G(2.0) G(2.0) PG P P

“ G, PG, vS, P, S, and I denote gel, partial gel, viscous solution, precipitation, soluble, and insoluble, respectively; the critical gelation concentration

[Wt%] is given by the number in parentheses.

This journal is © The Royal Society of Chemistry 2014
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precipitated in several ionic liquids (no gelation). Gelator 6,
which had 1-Phe residues, was expected to possess good gela-
tion abilities because of the intermolecular -7 interactions
between the aromatic rings of the r-Phe residues. However,
gelator 6 only showed gelation abilities for a limited number of
ionic liquids, and was highly soluble in the other ionic liquids.
This was attributed to the steric hindrance effect, exerted by the
L-Phe residues, and also the resulting helical assembly config-
uration that altogether impeded the efficiency of intermolecular
interactions.*»*® Benzenetricarboxamides are known to self-
assemble into helical structures, which is unfavorable for the
intermolecular -7 interactions because of the long distance
between the relevant functional groups.> These results indi-
cated that amino acid residues play a key role in directing the
molecular self-assembly of the benzenetricarboxamides.

Supramolecular gelators for ionic liquids can generally
harden different types of solvents, as previously repor-
ted.»">*>1%>3 Thus, we also examined the gelation of aqueous
and organic solvents using gelators 1-6. Gelators 2-6 were
insoluble in the aqueous solutions, likely because of their high
hydrophobicity. For the self-assembly of gelator molecules to
proceed, the gelators need to be soluble in the selected solvent
under the preparation conditions. On the other hand, gelator 1
(2.0 wt%), which was relatively hydrophilic, featured some
hydrogel characteristics in a phosphate buffer solution. Gela-
tors 1-6 were completely soluble in aqueous NaOH solution.
However, the gelators did not gelate the NaOH solution, prob-
ably because of the hydrolysis of the ester bonds in the gelator
molecules by the NaOH solution.

Gelators 2-5 only gelated some organic solvents such as
ethanol, 1-propanol, toluene, ethyl acetate, and acetonitrile,
thereby suggesting that the present gelators are unlikely to
gelate conventional organic solvents. Furthermore, these results
indicate that there might be a supramolecular gelator specifi-
cally suited for ionic liquids only, although many of the
supramolecular gelators, previously reported**>*>'%** for ionic
liquids were comparable with or derived from organogelators or
hydrogelators.

Benzenetricarboxamides, substituted with amino acids
(gelators 1" and 3'-6'), were prepared by the hydrolysis of gela-
tors 1 and 3-6 (Chart S17), and tested for the gelation of ionic
liquids, aqueous solutions, and organic solvents. As presented
in Table S1,T most of the solvents tested were not gelated by the
gelators 1’ and 3'-6'. Only ethanol and 1-propanol were gelated
by gelators 1’ and 5'. In many cases, gelators 1’ and 3'-6' were
insoluble in these organic solvents, even upon heating.
Although, in the beginning, we anticipated that benzene-
tricarboxamides with amino acids would be good gelators for
ionic liquids, it was difficult to dissolve them in ionic liquids
and impossible to gelate ionic liquids. The carboxyl groups of
the gelators seem to inhibit the solubilization of the gelators in
these solvents.

Microscopic observation of gels

In general, supramolecular gels are composed of micro- or
nanofibers, formed by the self-assembly of the gelator
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Fig.1 FE-SEM images of (a and b) ionogels and (c and d) organogels,
formed in the respective solvents: [BuMelm][TFSA], [BuMelm][CF3SOxs],
ethanol, and acetonitrile. () CLSM image of the ionogel stained by 30
uM rhodamine B (solvent: [BuMelm][CFzSO3]). Gelator 3 was used at
concentrations of (a, b, and e) 1.0 wt% and (c and d) 2.0 wt%. For the
FE-SEM analysis, the ionic liquid in the ionogel was first replaced with
water followed by freeze-drying; the organogels were also dried under
vacuum.

molecules. The morphology of the gels was assessed by FE-SEM
(Fig. 1a-d) and CLSM (Fig. 1e). Both the ionogels and organo-
gels, featured a three-dimensional entangled fibrous network
structure (Fig. 1a-d), formed by the self-assembly of the gelator
in the respective four solvents. The diameters of the corre-
sponding fibers were ~0.5-1 um, ~100-200 nm, ~1-2 um, and
~1-1.5 um (Fig. 1a-d). FE-SEM analysis was performed on the
xerogels (dried gels). In contrast, CLSM was employed to analyze
the ionogel in its natural form. To the best of our knowledge, in
situ observations of ionogels have not been reported. The ion-
ogel ([BuMeIm][CF3SO;], containing 2.0 wt% gelator 3), was
stained with 30 pM rhodamine B. As observed in Fig. 1e,
rhodamine B was only detected between the fibers; staining of
the fibers did not take place. Rhodamine B displays good
solubility in [BuMeIm][CF;SO;] (>1 g L™ '). 1,3,5-Benzene-
tricarboxamides exhibit strong intermolecular interactions that
are capable of excluding other compounds from their molecular
assembly, thus explaining why the fibers were not stained.

Rheological and calorimetry measurements of the ionogel

To evaluate the viscoelastic properties of the ionogels, dynamic
frequency and time sweep rheological measurements of the
ionogels were carried out. The rheological measurements with

dynamic frequency of the ionogel ([EtMeIm][CF;SO;],
a 100000 b100000
L34 5 "4 )
10000 4 G 10000 § G
T LU T T T T L L L L T o,
a G a
% 1000 5 & 1000 3 G”
100 § 100 -
10 10
0.1 1 10 100 Y 20A . 40 60
w [rad/s] Time [min]

Fig. 2 Viscoelastic properties of the ionogel, prepared with [EtMelm]-
[CF3SOs3] and gelator 4 (1.0 wt%). (a) Dynamic frequency sweep at
30 °C, (b) dynamic time sweep at a frequency of 1 rad st at 30 °C.
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containing 1.0 wt% gelator 4), were performed 1 h after sample
cooling (Fig. 2a). In the range of 0.1-100 rad s~ ', the value of G’
(storage elastic modulus) remained higher than that of G” (loss
elastic modulus). This confirms that [EtMeIm][CF;S0;], con-
taining 1.0 wt% gelator 4, exhibited gel-like characteristics.
Fig. 2b shows that both G’ and G” rapidly increased within a few
minutes following sample cooling to 30 °C, prior to reaching a
steady state value. The steady state value of G’ was about 20
times greater than that of G, thus indicating that nearly
complete formation of the ionogel occurred within a few
minutes after sample cooling to 30 °C.

Facile thermoreversible gel-sol transition is a notable
feature of supramolecular gels. The gel-sol transition temper-
ature, T, of the ionogel, [EtMeIm][CF;S0;], containing gelator
4 was measured by DSC (Fig. 3). An endothermic peak was
observed at 150 °C for the ionogel containing 3.0 wt% gelator 4
(Fig. 3a). By visual inspection, the sample was a liquid above
this temperature and was a gel below this temperature. The Ty
values for the different gelator concentrations (1-5 wt%) ranged
from 90 to 160 °C. Higher gelator concentrations produced
higher Ty values. A rapid increase in Ty was observed as the
concentration increased from 1 to 2 wt% (Fig. 3b). Hanabusa
et al. also reported a steep increase in the Ty for ionogels as the
concentration of the gelator changes from a very low value to a
higher value.* At the higher concentrations, the fibers are more
intricately and densely entangled, thereby requiring high
temperatures to break the fiber structure.

Intermolecular interactions of benzenetricarboxamide
gelators in ionic liquids

As mentioned earlier, the amide bonds present in the gelator
molecules can participate in hydrogen bonding that plays an
important role in the self-assembly of supramolecular gelators.
The influence of hydrogen bonding in the studied gelators was
assessed by comparing the gelation abilities of gelator 4 and a
synthesized compound A (Fig. 4a). The concentrations of both
compounds were 2 wt%. Compound A is structurally similar to
gelator 4 aside from the amide groups. Gelator 4 gelated both
[BuMeIm][TFSA] and [BuMelm][CF;SO;] (Fig. 4b and d);
however, compound A was soluble in the ionic liquids and
remained in a solution state at 25 °C. Thus, these ionic liquids
were not gelated by compound A (Fig. 4c and e). This indicates
that hydrogen bonding derived from the amide bonds is

180

160
140
120
100

<— Endothermic
Temperature [°C]

80

60
80 100 120 140 160 0 1 2 3 4 5

Temperature [°C] Concentration [wt%)]

Fig. 3 (a) DSC thermograph of the ionogel of [EtMelm][CFzSO3] using
gelator 4 (3.0 wt%). (b) Gel-sol transition temperature (Tge) profile of
the ionogel prepared with [EtMelm][CFzSOs] and varying concentra-
tions of gelator 4.
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Fig. 4 (a) Molecular structure of compound A. (b—e) Photographs of
ionic liquids, containing (b and d) gelator 4 and (c and e€) compound A.
Solvents were (b and c) [BuMelm][TFSA] and (d and e) [BuMelm]-
[CF3SOsl. The concentrations of gelator 4 and compound A were
2.0 wt%.

important for the self-assembly of the gelator molecules. It
should be also noted that the removal of amide bonds caused
the conformational flexibility of the molecule, which might also
prevent the self-assembly of compound A. The rigid planar
structure of benzenetricarboxamide would help the intermo-
lecular interaction and the molecular self-assembly.

To confirm the presence of hydrogen bonding in benzene-
tricarboxamide, FTIR analysis of the ionogel prepared with
[EtMeIm][CF;SO;] and gelator 4 was performed (Fig. 5a). The
position of the amide II peak (1510-1580 cm ') can be used to
evaluate the presence of hydrogen bonding between the
supramolecular gelators during the sol-gel transition.*® For the
sample measurements, the gel sample with 0.5 wt% gelator 4
(solvent: [EtMeIm][CF3SO;]) was sandwiched between two
silicon wafers. The sol sample, obtained at 150 °C, displayed an
absorbance peak at 1570 cm ™, which mainly corresponds to
N-H bending and C-N stretching vibrations (Fig. 5b). As the
sample was cooled to 110, 70, and 30 °C, the peak position
shifted to 1573, 1574, and 1575 cm™ ', respectively. The shift was
attributed to the change in the vibration states of the amide
bonds in gelator 4, as instigated by the development of
hydrogen bonding.** This analysis further confirmed that
hydrogen bonding is important for the self-assembly of gelator
molecules.

b 1570 150 °C

_ a
- [¢)
3 1573 110 °C
c
@
2
8 (o)
2 1574 70°C
<
0
T T T 1 C
3500 2500 1500 500 1875 30

Wavenumber [cm-!
(em] 1600 1580 1560 1540

Wavenumber [cm-]

Fig. 5 (a) FTIR spectra of the ionogel prepared with [EtMelm][CFzSO3]
and gelator 4 (0.5 wt%) at 30 °C. (b) Peak shift of the amide Il band at
varying temperatures from 150 to 30 °C. The associated wavelength of
the peak is indicated.
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77 interactions between the aromatic rings are also
expected to be important for molecular self-assembly processes;
as reported, there have been studies describing the contribution
of -7 interactions in the assembly of 1,3,5-benzenetricarbox-
amide derivatives.’®*** To evaluate the effect of -7 interac-
tions on the self-assembly of the present benzenetri-
carboxamides, an excess amount of 1,3,5-triethylbenzene (more
than 10 equimolar amounts of gelator 4) was added to
[BuMeIm][CF;SO;], containing gelator 4 (1.0 wt%), at an
elevated temperature, and the resulting solution was then
cooled to room temperature. The ionic liquid, containing both
gelator 4 and 1,3,5-triethylbenzene (more than 10 equimolar to
gelator 4), was gelated. The molecular structure of 1,3,5-trie-
thylbenzene is similar to that of gelator 4. 1,3,5-triethylbenzene
featured a relatively electron-rich aromatic ring as opposed to
that of gelator 4 that was relatively electron-poor because of the
presence of the three amide groups. Although 7—m and electron
donor-acceptor interactions in gelator 4 and 1,3,5-trie-
thylbenzene (excess amount) are expected to induce the solu-
bilization of the gelator molecules,*** the gelation results
indicate that the presence of m-m interactions is not that
significant towards the self-assembly of gelator molecules in
ionic liquids. Moreover, Srinivasulu et al. suggested that the
molecular assembly of 1,3,5-benzenetricarbonyl phenylalanine
(gelator 6) was mainly based on hydrogen bonding rather than
- interactions, as deduced from the crystal structure.>

Conductivity of ionic liquids

Ionic liquids display distinct electrochemical properties. The
ionic conductivities of the ionic liquids and the ionogels,
prepared by gelator 3 (solvent: [EtMeIm]TFSA], [BuMelm]
[TFSA], [BuMeIm][CF;SO3], and [HeMeIm][TFSA]), are shown in
Fig. 6. All the ionogels retained the high intrinsic conductivity
as featured by the corresponding ionic liquids, even at the high
gelator concentration (i.e., 4.0 wt%). It should be noted that the
concentration of gelator 3 required for the formation of ion-
ogels was above 1.0 wt%. Polymer-based gelation of ionic
liquids is reported to result in a marked decline in the
conductivity of the resulting ionogels, probably because of the
high polymer concentrations required for gelation.” In contrast,
in the present study, we believe that the high conductivity was
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Fig. 6 lonic conductivity of the ionic liquids and ionogels at 25 °C.
Gelator 3 was used at varying concentrations from 0 to 4.0 wt%. (¢)
[EtMelm][TFSAI, () [BuMelmI[TFSA], (x) [BuMelm][CF3sSOs], and (A)
[HeMelm][TFSAL.
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maintained by the presence of relatively large voids between the
fibers (Fig. 1), owing to the low gelator concentration required,
that facilitate the movement of the ions in both the solution and
gel states.**®

Conclusions

Supramolecular gelators consisting of 1,3,5-benzenetricarbox-
ylic acid and amino acid methyl esters (Gly, -Ala, 1-Val, 1-Leu, L-
Met, and 1-Phe) were developed. These gelators self-assembled
into a fiber structure in ionic liquids and in a few of the organic
solvents studied, leading to the gelation of these solutions.
Hydrogen bonding played a key role in the self-assembly of the
gelator molecules in ionic liquids, as deduced from the
comparison studies, employing analogous compounds, and
FTIR measurements. The developed gelators featured a rela-
tively low critical gelation concentration for ionic liquids. The
resulting ionogels possessed reversible thermal transition
properties and viscoelastic properties typical of a gel. The ion-
ogels retained the high intrinsic conductivity of the ionic
liquids even at high gelator concentrations, thus demonstrating
that the characteristics of the ionic liquids were maintained
following gelation. The herein developed supramolecular gela-
tors have potential application in new types of electrochemical
materials.

Acknowledgements

We thank Nissan Chemical Industries Ltd., Prof. A. Mori, Prof.
A. Kondo, Prof. K. Ishida, Prof. Komoda and Prof. H. Mat-
suyama for the technical helps and advice. This study was partly
supported by The Iwatani Naoji Foundation, The Kyoto Tech-
noscience Center and by the Special Coordination Funds for
Promoting Science and Technology, Creation of Innovation
Centers for Advanced Interdisciplinary Research Areas (Inno-
vative Bioproduction Kobe), Ministry of Education, Culture,
Sports, Science and Technology (Japan).

Notes and references

1 J. S. Wilkes, Green Chem., 2002, 4, 73-80.

2 D. Wei and A. Ivaska, Anal. Chim. Acta, 2008, 607, 126-135.

3 N. Mohmeyer, P. Wang, H. W. Schmidt, S. M. Zakeeruddin
and M. Gratzel, J. Mater. Chem., 2004, 14, 1905-1909.

4 K. Hanabusa, H. Fukui, M. Suzuki and H. Shirai, Langmuir,
2005, 21, 10383-10390.

5 M. A. Susan, T. Kaneko, A. Noda and M. Watanabe, J. Am.
Chem. Soc., 2005, 127, 4976-4983.

6 P. Snedden, A. I. Cooper, K. Scott and N. Winterton,
Macromolecules, 2003, 36, 4549-4556.

7 M. A. Klingshirn, S. K. Spear, R. Subramanian, J. D. Holbrey,
J. G. Huddleston and R. D. Rogers, Chem. Mater., 2004, 16,
3091-3097.

8 E. Stathatos, P. Lianos, U. Lavrencic-Stangar and B. Orel, Adv.
Mater., 2002, 14, 354-357.

9 M. A. Neouze, J. Le Bideau, P. Gaveau, S. Bellayer and
A. Vioux, Chem. Mater., 2006, 18, 3931-3936.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3sm52363b

Published on 12 November 2013. Downloaded by State University of New York at Stony Brook on 25/10/2014 11:04:10.

Paper

10 N. Kimizuka and T. Nakashima, Langmuir, 2001, 17, 6759-
6761.

11 A. Tkeda, K. Sonoda, M. Ayabe, S. Tamaru, T. Nakashima,
N. Kimizuka and S. Shinkai, Chem. Lett., 2001, 1154-1155.

12 N. Mohmeyer, D. Kuang, P. Wang, H.-W. Schmidt,
S. M. Zakeeruddin and M. Griétzel, J. Mater. Chem., 2006,
16, 2978-2983.

13 L. Tan, X. Dong, H. Wang and Y. Yang, Electrochem.
Commun., 2009, 11, 933-936.

14 T. Tu, X. Bao, W. Assenmacher, H. Peterlik, J. Daniels and
K. H. Dotz, Chem.-Eur. J., 2009, 15, 1853-1861.

15 S. Dutta, D. Das, A. Dasgupta and P. K. Das, Chem.-Eur. J.,
2010, 16, 1493-1505.

16 N. Minakuchi, K. Hoe, D. Yamaki, S. Ten-No, K. Nakashima,
M. Goto, M. Mizuhata and T. Maruyama, Langmuir, 2012, 28,
9259-9266.

17 P. Terech and R. G. Weiss, Chem. Rev., 1997, 97, 3133-3159.

18 M. Suzuki and K. Hanabusa, Chem. Soc. Rev., 2010, 39, 5067.

19 C. Tomasini and N. Castellucci, Chem. Soc. Rev., 2013, 42,
156-172.

20 J. C. Hao and T. Zemb, Curr. Opin. Colloid Interface Sci., 2007,
12, 129-137.

21 T. L. Greaves and C. J. Drummond, Chem. Soc. Rev., 2008, 37,
1709-1726.

22 X. Dong, H. Wang, F. Fang, X. Li and Y. Yang, Electrochim.
Acta, 2010, 55, 2275-2279.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Soft Matter

23 W. Kubo, T. Kitamura, K. Hanabusa, Y. Wada and
S. Yanagida, Chem. Commun., 2002, 374-375.

24 P. P. Bose, M. G. B. Drew, A. K. Das and A. Banerjee, Chem.
Commun., 2006, 3196-3198.

25 G. Srinivasulu, B. Sridhar, K. Ravi Kumar, B. Sreedhar,
V. Ramesh, R. Srinivas and A. C. Kunwar, J. Mol. Struct.,
2011, 1006, 180-184.

26 M. A.].Veld, D. Haveman, A. R. A. Palmans and E. W. Meijer,
Soft Matter, 2011, 7, 524-531.

27 K. Fukumoto, M. Yoshizawa and H. Ohno, J. Am. Chem. Soc.,
2005, 127, 2398-2399.

28 M. P. Lightfoot, F. S. Mair, R. G. Pritchard and J. E. Warren,
Chem. Commun., 1999, 1945-1946.

29 M. de Loos, J. H. van Esch, R. M. Kellogg and B. L. Feringa,
Tetrahedron, 2007, 63, 7285-7301.

30 Y. Jeong, K. Hanabusa, H. Masunaga, I. Akiba, K. Miyoshi,
S. Sakurai and K. Sakurai, Langmuir, 2005, 21, 586-594.

31 P. Mukhopadhyay, Y. Iwashita, M. Shirakawa, S. Kawano,
N. Fujita and S. Shinkai, Angew. Chem., Int. Ed., 2006, 45,
1592-1595.

32 A. S. Tayi, A. K. Shveyd, A. C. Sue, ]J. M. Szarko,
B. S. Rolezynski, D. Cao, T. J. Kennedy, A. A. Sarjeant,
C. L. Stern, W. F. Paxton, W. Wu, S. K. Dey,
A. C. Fahrenbach, J. R. Guest, H. Mohseni, L. X. Chen,
K. L. Wang, J. F. Stoddart and S. I. Stupp, Nature, 2012,
488, 485-489.

Soft Matter, 2014, 10, 965-971 | 971


http://dx.doi.org/10.1039/c3sm52363b

	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...

	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...

	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...
	Supramolecular gelators based on benzenetricarboxamides for ionic liquidsElectronic supplementary information (ESI) available: Molecular structures...




