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Controlled self-assembly of amphiphiles in ionic
liquids and the formation of ionogels by molecular

tuning of cohesive energies

Takuya Nakashima!? and Nobuo Kimizuka!->*

In this paper, the self-assembling characteristics of a series of L-glutamate-based ammonium amphiphiles are studied in ionic
liquids (ILs). These cationic amphiphiles are dispersible in imidazolium ILs with bis((trifluoromethyl)sulfonyl)amide (TFSA)
anion. Amphiphiles-containing didodecyl ester or short dioctyl amide groups were molecularly dispersed in conventional 1-butyl-
3-methylimidazolium TFSA, whereas they formed bilayer membranes when they were dispersed in polar, ether linkage-
introduced IL. Thus, the modification of ILs exerts a crucial influence on amphiphilic self-assembly. Enhancement of the
intermolecular interactions of L-glutamate amphiphiles is achieved by introducing multiple amide bonds and longer alkyl chains,
which leads to better self-assembling properties. These amide-enriched amphiphiles form fibrous bilayer assemblies even in
conventional ILs with low cohesive energy densities. These observations confirm that the formation of bilayer membranes in ILs
is a general phenomenon when the solute molecules have the appropriate ‘ionophilic/ionophobic’ nature.
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INTRODUCTION

Room temperature ionic liquids (ILs) are attracting significant
interest as environmentally benign solvents for organic chemical
reactions,! separations’ and electrochemical applications®* because of
their unique properties including their very low vapor pressure, high
ionic conductivity and limited miscibility with water and common
organic solvents.> Some recent studies also highlighted their use in
inorganic synthesis,® hybridization with nanocarbons'®!! and
molecular self-assembly.!>1> One of the advantageous features of
ILs for their application in supramolecular chemistry is expressed in
terms of solvent engineering, that is, the properties of ILs can be
readily tuned based on their molecular structures. Traditionally, the
structures and properties of amphiphilic molecular self-assembling
systems have been tuned by designing the constituent molecules.'®!”
Yet, cohesive interactions between the constituent amphiphilic
molecules, their dispersibility (stabilization of the interface between
amphiphilic self-assemblies and solvents) and the interactions among
solvent molecules all contribute to self-assembly. For example, bilayer
membranes are formed not only in water but also in organic solvents
including protic and aprotic organic solvents.!®!%1° The double-
chained fluorocarbon amphiphiles with solvophilic hydrocarbon
chains form bilayer membranes in aprotic organic solvents.2

The simultaneous pursuit of ‘amphiphilicity’ and ‘intermolecular
interactions’ has been further manifested by the complementary
hydrogen bond networks in organic?! and aqueous media.??

The use of ILs as solvents further enables the systematic study of
molecular design to achieve amphiphilic self-assembly in ionic media.
The desired molecules should consist of solvophilic (ionophilic) and
solvophobic (ionophobic) groups, as we have shown previously in the
first example of synthetic bilayer membranes formed in ether-contain-
ing ILs.2»** Ether-containing ILs that carry a bromide counter anion
showed sugarphilic properties, that is, an excellent ability to dissolve
carbohydrates including glucose, cyclodextrin, amylose and
glycosylated proteins.??> This finding was successfully applied to
dissolve cellulose.”®> A  synthetic glycolipid developed fibrous
nanostructures in the ether-containing ILs, representing the first
example of physically gelatinized ILs by self-assembly (ionogels).??
The bilayer self-assemblies in ILs show different characteristics
compared with those formed in water, as demonstrated for
N,N-dialkylammonium bromides.?* Experimentation showed that
N,N-dialkylammonium bromides formed vesicles in the ether-
containing ILs, indicating that the ammonium head groups served
as an ionophilic moiety and that the alkyl chains exerted ionophobic
properties.? Interestingly, the gel-to-liquid-crystalline phase transition
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temperatures (T.) observed in these ILs were significantly elevated
compared with those observed for aqueous bilayers.?® This effect is
ascribed to the enhanced intermolecular cohesive forces resulting from
the shielding of electrostatic repulsion operating between the
ammonium head groups.>* Thus, self-assembly in ILs exhibits
unique features not available in the aqueous or common organic
solvent systems. The abovementioned works led to the subsequent
formation of supramolecular ionogels from low-molecular-weight
gelators,”-30  oligomeric electrolytes’® and nano-assemblies by
metal-fluorous surfactant complexes,®? amphiphilic polymers®* and
block-copolymers.>*

To elucidate amphiphilic self-assembly phenomena in a wide range
of ILs and to systematize this behavior, it is necessary to understand
correlative relationships between the properties of the self-assemblies
and the chemical structures of solute amphiphiles in ILs with varying
cohesive energy densities. It should also be noted that ILs can be
amphiphilic®® and capable of forming ionic hydrogen bonds.>® We
describe herein the formation of bilayer membranes in ILs for a series
of aqueous-bilayer-forming cationic glutamate amphiphiles. The
intermolecular interactions required for self-assembly in ILs vary
depending on the chemical structure of ILs, and these results provide
a general guideline to design ordered molecular self-assembly systems
in ILs.

EXPERIMENTAL PROCEDURE

General

The water content of ILs was determined by the Karl Fischer’s method using a
CA-07 Moisturemeter (Mitsubishi Chemical Analytech. Co. Ltd Kanagawa,
Japan) and found to be 0.08 wt% for C;OC;mimTFSA (bis((trifluoromethyl)-
sulfonyl)amide) and 0.07wt% for 1-butyl-3-methylimidazolium TFSA
(CymimTFSA). The amphiphiles were dispersed in ILs with ultrasonication
by a Branson Sonifier Model 185 (Branson, Danbury, CT, USA; sonic power
40W, 1-2min). Dark-field optical measurements were carried out by an
Olympus BHF (Olympus Corp., Tokyo, Japan). Fourier transform infrared
(FT-IR) spectra were recorded on a Nicolet 820 FT-IR spectrometer (Thermo
Nicholet Inc., Madison, WI, USA). The solution or ionogel samples were
sandwiched between two BaF, plates with a 0.1-mm Teflon spacer. Differential
scanning calorimetry (DSC) was measured by a Seiko SSC5200 calorimeter
(Seiko Instruments Inc., Chiba, Japan).

Synthesis

ILs were synthesized according to the literature’” and confirmed by 'hydrogen
nuclear magnetic resonance (H NMR) and elemental analysis. Amphiphiles
1-4 were prepared®®* and identified by FT-IR, NMR spectra and by elemental
analyses.

1-Methoxymethyl-3-methylimidazolium TFSA, C;OCymimTFSA

LiTFSI (20 g, 70 mmol) was added to an aqueous solution of C;OC;mimBr
(12 g, 58 mmol), and the mixture was stirred for 5h. The mixture was phase
separated, and the bottom layer was collected, repeatedly washed with de-
ionized water and dried in vacuo at 60°C to give 14g (35mmol) of
C,0C;mimTFSA at 60% yield. 'H NMR (250 MHz, acetone-dg, tetramethyl-
silane (TMS)): 6 9.08 (s, 1H), 7.90 (d, 1H), 7.82 (d, 1H), 5.70 (s, 2H), 4.14 (s,
3H), and 3.46 (s, 3H). Anal. calcd. for CgH;1FgN305S,: C, 23.59; H, 2.83; and
N, 10.32. The found values were as follows: C, 23.57; H, 2.72; and N, 10.33.

1-Butyl-3-methylimidazolium TFSA

This compound was prepared by the same procedure as was used for
C,;0C;mimTFS$A, except that C;OC;mimBr was replaced by CymimBr. From
12g (55mmol) of CymimBr and 16g (57 mmol) LiTFSI, CymimTFSA (19g,
45 mmol) was obtained at 82% yield. 'H NMR (250 MHz, methanol-dy, TMS):
5 9.17 (s, 1H), 7.52 (d, 1H), 7.45 (d, 1H), 4.11 (t, 2H), 3.83 (s, 3H), 1.78 (m,
2H), 1.28 (m, 2H), and 0.95 (t, 3H). Anal. calcd. for CiqH;5FsN30,S,: C,
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28.64; H, 3.61; and N, 10.02. The found values were as follows: C, 28.48; H,
3.66; and N, 10.18.

N-(11-(2-hydroxyethyldimethylammonium)undecanoyl-O,0'-
didodecyl-L-glutamate bromide, 1

FT-IR (KBr) v(O-H) 3400cm~!, v(N-H) 3335cm~!, v(C-H) 2920,
2849 cm !, v(C=0) 1732, 1654 cm ~! and §(N=H) 1526 cm ~!. '"H NMR(250
MHz, CDCl;, TMS): ¢ 6.37 (d, 1H), 4.59 (g, 1H), 4.14 (b, 2H), 4.12, 4.05
(t+1t, 2H +2H), 3.68 (t, 2H), 3.53 (t, 2H), 3.37 (s, 6H), 2.42, 2.32 (m, 2H),
2.23 (t, 2H), 2.18, 2.00 (m, 1H + 1H), 1.76 (m, 2H), 1.63 (m, 6H), 1.2-1.5 (m,
48H), 0.88 (t, 6H). Anal. calcd. for C36H7304N,Br: C, 64.44; H, 10.69; and N,
3.42. The found values were as follows: C, 64.59; H, 10.67; and N, 3.46.

N-(11-(2-hydroxyethyldimethylammonium)undecanoyl)-N,N'-
dioctyl-L-glutamate bromide, 238

FT-IR (KBr) v(O-H) 3400cm~!, v(N-H) 3293cm~!, v(C-H) 2924,
2853cm L, v(C=0) 1639 cm ! and 6(N-H) 1561 cm ~!. 'TH NMR(250 MHz,
CDCl;, TMS): § 7.57 (d, 1H), 7.37 (t, 1H), 6.88 (t, 1H), 4.39 (m, 1H), 4.11 (t,
2H), 3.72 (t, 2H), 3.58 (t, 2H), 3.36 (s, 6H), 3.17 (m, 4H), 2.30 (m, 2H), 2.23
(t, 2H), 2.05 (m, 2H), 1.78 (m, 2H), 1.5-1.8 (m, 6H), 1.2-1.5 (m, 32H), 0.87
(t, 6H). Anal. calcd. for C36H7304N,Br: C, 61.25; H, 10.42; and N, 7.94. The
found values were as follows: C, 61.73; H, 10.40; and N, 8.03.

N-(11-(2-hydroxyethyldimethylammonium)undecanoyl)-N,N’-
didodecyl-1-glutamate bromide, 3%°

FT-IR (KBr) v(O-H) 3400cm~!, v(N-H) 3293cm~!, v(C-H) 2923,
2853cm~!, v(C=0) 1638cm~! and S6(N-H) 1561cm~'. 'H NMR
(250 MHz, CDCl;, TMS): § 7.5 (d, 1H), 6.6 (t, 1H), 52 (t, 1H), 44 (m,
1H), 4.2 (t, 2H), 3.79 (t, 2H), 3.6 (t, 2H), 3.4 (s, 6H), 3.2 (m, 4H), 2.3 (m,
2H), 2.2 (t, 2H), 2.0 (m, 2H), 1.8 (m, 2H), 1.6 (m, 2H), 1.4-1.5 (m, 4H),
1.2-1.4 (m, 48H), 0.9 (t, 6H). Anal. calcd. for Cy4HgoO4N,Br: C, 64.60; H,
10.97; and N, 6.85. The found values were as follows: C, 64.30; H, 10.97; and
N, 6.66.

N-(11-(2-hydroxyethyldimethylammonium)undecanoyl)-N,N’-di(3-
dodecyloxypropyl-L-glutamate bromide, 4

FT-IR (KBr) v(O-H) 3400cm~!, v(N-H) 3300cm~!, vw(C-H) 2920,
2850cm !, ¥(C=0) 1640cm~! and S(N-H) 1560cm~! v(C-O-C)
1120cm % 'H NMR (250 MHz, CDCl;, TMS): § 7.5 (d, 1H), 7.3 (t, 1H),
6.9 (t, 1H), 4.4 (m, 1H), 4.2 (t, 2H), 3.8 (t, 2H), 3.3-3.7 (m, 20H), 2.2-2.4 (m,
4H), 1.7-2.1 (m, 12H), 1.4-1.6 (m, 4H), 1.2-1.4 (m, 48H), 0.9 (t, 6H). Anal.
caled. for CsgH;9;O6NyBr: C, 64.28; H, 10.90; and N, 6.00. The found values
were as follows: C, 64.36; H, 10.83; and N, 5.98.

RESULTS AND DISCUSSION

Cationic amphiphiles 14 depicted in Figure 1 all possess glutamate-
based structures, which are known to promote the formation of stable
bilayer membranes in water.!6*%3 Table 1 summarizes their mor-
phology and gel-to-liquid-crystalline phase transition behaviors in
aqueous bilayers. Amphiphile 1 formed vesicles in water, with a gel-
to-liquid-crystalline phase transition temperature T, of 33 °C. On the
other hand, amphiphiles 2 and 3 showed higher T (69 °C for 2, 87°C
for 3), indicating that the introduction of amide linkages and longer
alkyl chains strengthens intermolecular interactions and consequently
enhances the thermal stability of the gel phase.!®3

Dispersion behavior of amphiphiles 14 in ILs

Amphiphiles 1-4 were dispersed in ILs (C;OC;mimTFSA and
C,mimTFSA, Figure 1) by ultrasonication for a few minutes at room
temperature. Table 2 summarizes the appearance of 14 (10 mm) in
ILs and reports the dissolution temperatures of the ionogels Ts. The
term ionogel indicates physically gelatinized ILs formed by polymers
or low-molecular-weight gelator molecules, similar to the terms
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Figure 1 Molecular structures of cationic glutamate amphiphiles 1-4 and
ILs.

Table 1 Self-assembling properties of amphiphiles 1-4 in water

Thermodynamic parameters?

Amphiphile  Morphology T. (C) AH (kimol=1)  AS (Jmol~1 K—1)
1 Vesicle 33.0 50.3 164.4
2b Fiber 69.0 11.3 33.2
3¢ Fiber 87.0 26.0 72.3
4 Helical ribbon  46.6, 51.7 48.9 148.0

2Based on gel-to-liquid-crystal phase transition in water.
bReference Nakashima et al.38
CReference Kimizuka et al.3°

Table 2 Appearance of dispersions in ILs and their gel-sol transition
temperatures (Tgs)?

Amphiphile C;0C;mimTFSA C4mimTFSA

1 S (translucent) S (clear)

2 IG (transparent) Tgs=45°C S (clear)

3 IG (opaque) Tgs=68°C IG (opaque) Tgs=61°C
4 IG (opaque) Tgs=46°C IG (opaque) Tgs=50°C

Abbreviations: |G, ionogel formed at room temperature; IL, ionic liquids; S, solution; TFSA,
bis((trifluoromethyl)sulfonyl)amide; Tgs, the temperature gel flows as determined visually.
2Concentration of amphiphiles: 10 mm.

‘hydrogel’ or ‘organogel, with the names indicating the solvents that
are gelatinized.?> Each amphiphile produced a stable dispersion in the
used ILs without precipitation. Amphiphile 2, having shorter octyl
chains with amide linkages, formed a transparent ionogel in the ether-
containing C;OC;mimTFSA, whereas it dissolved as a clear solution
in CymimTFSA. Conversely, increasing the chain length (2-3)
markedly enhanced self-assembly, and opaque ionogels were
obtained for both of the abovementioned ILs.

Self-assembly of amphiphiles 1 and 2
Amphiphile 1 formed translucent
C,OCymimTFSA and C;mimTFSA,

and clear dispersions in
respectively. These visual
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Figure 2 (a) DCS thermograms and (b) FT-IR spectra of the UN-H) and
WO-H) regions of amphiphile 1 in C;0C;mimTFSA (solid line) and
C4mimTFSA (broken line), (1)=10mm.

characteristics were reflected in the DSC thermograms and FT-IR
spectra. Figure 2a shows DSC thermograms of 1 dispersed in
C;0C;mimTFSA and CymimTFSA. In C;OC;mimTFSA, 1 showed
an endothermic peak T, at 17.9 °C (solid line, AH, 18.0 kJmol 1, AS,
61.8JK "' mol~!), which is ascribed to a gel-to-liquid-crystalline
phase transition typically observed for bilayer membranes. In
contrast, 1 gave no apparent DSC peaks in CqmimTFSA (dashed
line). In FT-IR, a stretching vibration of amide N-H appeared at
3280cm~! in C;O0C;mimTFSA as a shoulder, whereas it was
observed at 3393cm~! in CymimTFSA (Figure 2b). The low
frequency shift (by ~113cm~!) observed for 1 in C;0C;mimTFSA
can be explained by the formation of intermolecular hydrogen bonds
between amphiphile 1, indicating self-assembly in the ether linkage-
introduced IL.

The formation of ordered self-assemblies was also supported by
dark-field optical microscopy (Figure 3). When amphiphile 1 was
dispersed in C;OC;mimTFSA, vesicular structures with diameters of
3-10pum were observed at room temperature. In contrast, no
aggregate structure was observed in CymimTFSA. Apparently,
amphiphile 1 formed bilayer membranes in C;OC;mimTFSA,
whereas it was molecularly dispersed in CymimTFSA. The size
of the observed vesicles in C;OC;mimTFSA was also considerably
larger than those observed in aqueous dispersions (diameters
~150-400 nm). As the curvature of lipid vesicles has been related
to the cross-sectional area of solvated lipid head groups, the decreased
curvature of vesicles in C;OC;mimTFSA reflects the enhanced
packing density of cationic head groups. This would be caused by
the shielding of electrostatic repulsion between the ammonium head
groups of amphiphile 1 aligned on the vesicle surface.”*

The effect of the IL molecular structure is also prominent for the
short-legged amphiphile 2. When 2 was dissolved in C;mimTFSA, a
clear homogeneous solution was obtained, as described previously.
The N-H stretching band of 2 in CymimTFSA was observed at
3398 cm ~! (Figure 4b, broken line), indicating that 2 was molecularly
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Figure 3 Dark-field optical micrograph of amphiphile 1 in C;OC;mimTFSA,
(1)=10mm.

dispersed without forming intermolecular hydrogen bonds. In con-
trast, 2 surprisingly formed fibrous superstructures as observed by
dark-field optical microscopy and consequently formed ionogels in
ether-containing C;OC;mimTFSA (10 mM, Figure 4a). The ionogel
formed from 2 in C;OC;mimTFSA exhibited a stretching vibrational
N-H peak at 3285 cm ~, and the observed shorter wavenumber shift
is consistent with the formation of hydrogen bond networks in
ordered bilayer assemblies.

We have previously reported that amphiphile 2 alone in water gives
a viscous dispersion of the bilayer membrane, which becomes
gelatinized upon the addition of hydrophobic aromatic anions.*®
The hydrophobic anions effectively shielded the electrostatic
repulsion between nanofibers and promoted their contacts, resulting
in the formation of hydrogels. In this case, the electrostatic repulsion
between charged fibrous nanostructures in ILs should also be
effectively screened by the adsorption of TFSA ions, resulting in the
observed physical gelation of ILs. It is noteworthy that the
electrostatic binding of the TFSA anion to 1 and 2 enhances the
solubility of these amphiphiles in ILs, as they were not able to be
dispersed in imidazolium salts with bromide anions (C;OC;mimBr
and CymimBr), even at elevated temperatures (> 100 °C).

Imidazolium-based ILs are reported to form ionic hydrogen bonds
of the form C(2)-H'-A~ (A, anion), and bonds formed between
1-ethyl-3-methyl-imidazolium and TFSA anion were reported by
Fumino et al.3® Meanwhile, ILs with TESA anions were reported to
possess a significantly smaller cohesive energy density than water.!?
The observation that 1 and 2 are molecularly dispersed in
C,mimTFSA without forming self-assemblies can be understood by
the insufficient difference in cohesive energy between 1, 2 and
C4mimTFSA.>>** The difference in cohesive energy between solutes
and solvents is an essential feature required for self-assembly in a
given media.?’

In contrast, 1 and 2 form developed bilayer membranes in
C,0CymimTFSA, which clearly indicates the excellent performance
of C;OCymim ions as a solvent for molecular assemblies. Ether
groups possess a higher electron density because of the lone pairs
located on the oxygen atom, which are known to show an affinity to
cations (ionophilic nature). Accordingly, introduction of the ether
linkage to C;OCymim not only enhances the polarity of the IL but
also gives it a better ability to solvate ammonium bilayers.?* It is also
possible that the ether linkage in C;OC;mim interacts with the C(2)-
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Figure 4 (a) Dark-field optical micrograph of ionogel 2 in C;O0C;mimTFSA.
(b) FT-IR spectra of the UN-H) and WO-H) regions of 2 in C;0C;mimTFSA
(solid line) and C4mimTFSA (broken line), (2) =10mm.

H proton of the imidazolium ring by hydrogen bonding.*® These
features lead to sufficient differences in cohesive energy between
ammonium  amphiphiles and C,OC;mimTFSA, providing
immiscibilities between them and allowing ammonium bilayer
membranes to be stably dispersed.

Self-assembly of amphiphiles 3 and 4

The glutamate amphiphiles 3 and 4 possess multiple amide linkages
and long alkyl chains, which impart enhanced cohesive energies and
accordingly lead to more self-assembly by these amphiphiles. This is
clearly shown by the observed formation of self-assembling ionogels
in both of the ILs, C;OC;mimTFSA and CymimTFSA. Developed
fibrous assemblies were observed for all the ionogels of 3 and 4 by
dark-field optical microscopy (Figure 5a, Supplementary Figures S2
and 3 in the Supplementary Information). The formation of devel-
oped hydrogen bond networks in these ILs were confirmed by FT-IR
spectroscopy (Table 3), which contain vibrational N-H peaks at
shorter wave numbers of 3279cm~! (3 in C;OC;mimTFSA),
3283cm~! (3 in CymimTFSA), 3276 cm ! (4 in C;OC;mimTFSA)
and 3280cm ! (4 in CymimTFSA). These ionogels also gave gel-to-
liquid-crystalline phase transition peaks in DSC (Table 3,
Supplementary Figure S1 in the Supplementary Information),
indicating that 3 and 4 form bilayer membrane-based developed
structures in these ILs. Note that the gel-to-liquid-crystalline phase
transition temperatures T, observed for 3 and 4 in C;OC;mimTFSA
(3: 72.3°C, 4: 56.9 °C) are significantly higher than those observed in
CymimTFSA (3: 64.7°C, 4: 46.8°C). Thermodynamic parameters
(AH, AS) also show the same trend, with larger values observed in
C,0CymimTFSA compared with CymimTFSA. These observations
clearly indicate that the thermal stability of the gel-phase lipid bilayers
3 and 4 is much higher in C;OC;mimTFSA. It is apparent that
C,0C;mimTFSA stably disperses bilayers without deteriorating their



Figure 5 Dark-field optical micrographs of amphiphile 4 in C;0C;mimTFSA
(a). At room temperature (ionogel) and (b) above T; (60 °C).

Table 3 FT-IR (amide strfetching) and DSC data for amphiphiles 3
and 4°

Amphiphile C;0C;mimTFSA  C4mimTFSA
3 v(N-H) 3279 3283
WC=0) 1633 1633
T. (°C) 72.3 64.7
(AH (kJmol 1), AS (JK~Imol 1)) (13.3, 38.6) (4.37, 12.9)
4 v(N=H) 3276 3280
WC=0) 1633 1635
T. (°C) 56.9 46.8
(AH (kJmol~1), AS (JK~1mol 1)) (15.7, 47.5) (3.17, 9.90)

Abbreviations: DSC, differential scanning calorimetry; FT-IR, Fourier transform infrared; TFSA,
bis((trifluoromethyl)sulfonyl)amide.
2Concentration of amphiphiles: 10 mm

regular molecular alignment, and therefore it does not penetrate as far
into the packed alkyl chain region. In contrast, hydrophobic
CymimTFSA molecules penetrate into the bilayer interior, which
inevitably disturbs the molecular alignment of bilayers. Thus, the
thermodynamic properties of bilayers dispersed in ILs are strongly
affected by the molecular structures of both constituents. It should be
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Figure 6 The temperature dependence of FT-IR spectra. Amide N-H
stretching vibrational peaks of 4 in (a) C;O0CimimTFSA and in (b)
C4mimTFSA.

emphasized that enhancing the cohesive energy of amphiphiles by
introducing multiple amide bonds or longer alkyl chains is crucial to
maintain sufficient intermolecular interactions to form ordered
bilayer membranes and ionogels, even in conventional ILs such as
C,ymim TFSA.

Next, the thermal properties of the ionogels were investigated in
more detail. Upon heating, ionogels formed from 3 and 4 above the
temperature of Tgs became liquefied. Tgg did not necessarily
correspond to the gel-to-liquid-crystalline phase transition tempera-
ture T.. Interestingly, upon heating the ionogel of ether-containing
amphiphile 4 in C;OC;mimTFSA to the liquid—crystalline phase
transition temperature T,, a morphological transformation from
nanofibers to vesicles was observed (Figure 5). Developed nanofibrous
structures fused into large vesicles upon heating, whereas these
vesicles underwent a reversible transformation into fibers upon
cooling to room temperature. A similar nanofiber—to—vesicle trans-
formation was also observed for ionogels formed from ether-contain-
ing glycolipid bilayer membranes.”> However, fibrous structures
observed for the other ionogels (3 in C;OC;mimTFSA and Cymim
TFSA, 4 in Cymim TFSA) disappeared upon heating above the gel-to-
liquid-crystalline temperatures.

Figure 6 compares thermally induced FT-IR spectral changes
observed for ionogels 4 formed in C,OC;ymimTFSA (a) and
CymimTFSA (b). Upon heating the C;OC;mimTFSA ionogel above
T. (60°C), the v(N-H) peak position of 4 was kept unchanged
(Figure 6a). This result clearly indicates that the intermolecular
hydrogen bonds formed between amide linkages were even main-
tained in vesicles. In contrast, the v(N-H) peak position of ionogel 4
in Cymim TFSA at 3280 cm ~! markedly shifted to 3400 cm ~! upon
heating (Figure 6b). This result indicates that hydrogen bonding is
destroyed above the gel-to-liquid-crystalline temperature. Together
with the observed disappearance of aggregate structures in dark-field
optical microscopy, these results demonstrate that the amphiphile 4 is
molecularly dispersed in CymimTFSA by heating above the T..

It is interesting that thermally stable bilayer membranes that display
structural transformations from nanofibers to vesicles can be obtained
by introducing multiple amide bonds and ether linkages into the lipid
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Table 4 Features for amphiphilic self-assembly in varied media—water, organic solvents and ionic liquids (ILs)

Solvents Water Organic solvents ILs
Cohesive energy density of solvents High Low Tailorable by molecular design, for example,
anions, introduction of the ether linkage, and so on.

Molecular interactions Van der Waals Yes Yes Yes

Electrostatic Yes Yes Weak (shielded)

H bonding Weak? Yes Yes
Amphiphilic design Hydrophilic/hydrophobic Solvophilic/solvophobic lonophilic/ionophobic
Gels formed by self-assembly Yes: Yes: Yes:

hydrogels organogels ionogels

2Water molecules compete with the formation of hydrogen bonds.

chemical structure. This structural feature is common to the ionogel-
forming glycolipid.?> Apparently, the introduction of ether linkages in
the alkyl chain of amphiphiles serves to enhance the integrity of
bilayers in ILs. We previously reported that introducing flexible ether
linkages into amphiphilic structures improved the molecular ordering
in bilayer membranes*! and supramolecular membranes??
These observations account for the role of flexible ether linkages that
improve the molecular alignment of alkyl chains by allowing them to
regularly pack even in the presence of molecular orientational
demands required by the other structural modules such as
glutamate connectors and ammonium head groups. The
stabilization of vesicle structures occurred uniquely to the ether-
containing amphiphile 4 in C;OC;mimTFSA, and this stabilization
may involve the contribution of other cohesive interactions such as
dipole—dipole interactions among aligned alkyl ether groups in the
liquid crystalline state. Therefore, molecular self-assembly in designed
ILs provides an opportunity to learn more about the contribution of
intermolecular interactions exerted by constituent molecular units.
This information provides important guidelines for the design of
regularly oriented molecular assemblies in ILs, which lay the founda-
tion for soft nanomaterial chemistry.

in water.

CONCLUSION

In conclusion, stable bilayer membranes and ionogels were developed
from a series of 1-glutamate-based ammonium amphiphiles. The
formation of bilayer membranes in ILs is a general phenomenon that
occurs even for ILs with low cohesive energies. Table 4 summarizes
the features of self-assembly in three solvent systems. The high
cohesive energy of water leads to the hydrophobic self-assembly of
amphiphilic molecules. Water molecules compete for hydrogen bonds
among the solutes, and this formation of hydrogen bonds in aqueous
media requires hydrophobic components to be kept away from the
bulk water.*?? In organic solvents, the cohesive energy density of the
media is generally small and the self-assembly of ordered molecular
assemblies requires both amphiphilic (solvophilic/solvophobic)
molecular design and increased cohesive energies between the solute
molecules.!®2021 These points are essentially the same for self-
assembly in ILs. The unique feature of ILs that is not available in
other solvents is that electrostatic repulsions are shielded as expected
based on the nature of the ionic media. It should be emphasized that
differences in the cohesive energies of ILs and solute molecules are
important to direct self-assembly in ILs and control their properties.
The polarity and cohesive energy of ILs are easily tunable, as clearly
shown by the introduction of ether linkages in ILs. The introduction
of hydrogen bonds, longer alkyl chains and ether linkages effectively
enhanced the cohesive interactions of the solute amphiphilic

Polymer Journal

molecules. Molecular self-assemblies formed in ILs display unique
properties and functionalities that are not available in aqueous or
conventional organic media, and we envisage a wide range of
functional applications of these new soft nanomaterials.
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