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Supramolecular Gels Formed by Amphiphilic Low-Molecular-Weight
Gelators of N*,N*-Diacyl-L-Lysine Derivatives

M. Suzuki,* M. Yumoto, H. Shirai, and K. Hanabusa'

Abstract: Simple L-lysine derivatives,
N“hexanoyl-N*-lauroyl-L-lysine (1), its
alkali metal salts (2-4), and two-com-
ponent compounds that consist of 1
with 2 to 4, were synthesized and their
hydrogelation and  organogelation
properties were studied. Addition of
hydrochloric acid to an aqueous solu-

fibers, which was induced by partial
protonation of the carboxylate to form
a carboxylic acid. On the other hand,
two-component low-molecular-weight
gelators exhibited amphiphilic gelation
behavior and functioned as not only
hydrogelators, but also as organogela-
tors. FTIR studies revealed that lateral

ionic interactions between the carbox-
ylate, alkali metal cation, carboxylic
acid, and protons, in addition to hydro-
gen-bonding and van der Waals inter-
actions play a very important role in
hydrogelation. Furthermore, it was
found that the water-insoluble carbox-
ylic acid compound underwent a pre-

tion of the alkali metal salt at room
temperature produced a translucent hy-
drogel. This hydrogelation occurred as
a result of a change in nanostructure
from micelle-like aggregates to nano-

Introduction

When organic compounds are dissolved in a solvent and the
solution is cooled, most organic compounds -crystallize
(> saturated concentration) or keep dissolving (dilute solu-
tion). Some compounds form a supramolecular gel and are
known as low-molecular-weight gelators; more specifically,
they are known as organogelators for organic solvents and
oils and hydrogelators for aqueous solutions."* A number
of low-molecular-weight gelators have been found, and their
gelation abilities and mechanisms have been reported.!'™
Most supramolecular gels are composed of long nanofibers
(supramolecular polymers) that are self-assembled as a
result of the usual array of noncovalent forces, such as hy-
drogen bonding, van der Waals, m-stacking, coordination,
electrostatic, and charge-transfer interactions. Noncovalent
crosslinks and physical entanglements among the supra-
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cipitation—dissolution transition with a
thermally reversible sol-gel transition
in the two-component gelator systems.

molecular polymers create a three-dimensional network
with solvent molecules immobilized in the nanospaces.

Recently, low-molecular-weight gelators have been of in-
terest not only for their gelation behavior, but also because
they form nanostructures in the supramolecular gels, such as
nanofibers, nanoribbons, nanosheets, nanoparticles, helical,
and bundle structures. The nanostructure can be controlled
by choosing suitable gelators and solvents. Nanostructures
have been used as an organic template for the fabrication of
mesoporous polymer materialsl”! and the nanoscale design
of inorganic materials.*” Sol-gel polymerization of metal
alkoxides (Si, Ti, Ta, V, Ge, etc.) in solvents that contain ge-
lators produces nanostructured metal oxides, such as nano-
tubes, helical nanofibers, and bundled nanofibers.”! The re-
duction of metal ions (Ag, Au, etc.) in the presence of gela-
tors forms an array of metal nanoparticles.”) In addition, ge-
lators are used as a scaffold for the mineralization of hy-
droxyapatite! and as a matrix for the growth of calcite
crystals."!! Other applications include their use as gel elec-
trolytes,"? liquid crystals,"¥ photochemicals," pharmaceuti-
cals,™ drug and gene delivery,"” and so on.!"”

We have focused on the gelation behavior and self-assem-
bling properties of organogelators and have developed some
hydrogelators based on L-lysine according to a concept
based on the conversion of organogelators into hydrogela-
tors.P*181] The strategy involves introducing charged or un-
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charged hydrophilic groups into organogelators. L-Lysine
compounds with a positively charged pyridinium or un-
charged aldonamide functionality are excellent hydrogela-
tors, whereas the negatively charged L-lysine derivatives are
not necessarily good hydrogelators. To improve the hydroge-
lation ability of the negatively charged hydrogelators, many
derivatives have been synthesized. Carboxylic acid deriva-
tive 1 is water-insoluble, whereas its alkali metal salts (2-4)
are readily soluble in water. These compounds have no hy-
drogelation abilities by themselves. Very interestingly, it was
found that the compounds prepared from 1 to 4 had good
hydrogelation abilities. In addition, these compounds exhib-
ited pH-triggered hydrogelation and amphiphilic gelation,
thus forming not only hydrogels, but also organogels.
Herein, we describe the simple preparation of two-compo-
nent amphiphilic gelators based on L-lysine, their gelation
properties in aqueous solutions and organic solvents, and
pH-triggered hydrogelation.

Results and Discussion

Acid-triggered hydrogelation: When a specific amount of
0.1m aqueous HCI was added to an aqueous solution of 2
(10 mgmL™") at 25°C with vigorous stirring, the aqueous so-
lution changed to a translucent hydrogel that was stable to
inversion. The reaction conditions are listed in Table 1. Hy-

Table 1. Reaction conditions for pH-triggered hydrogelation at 25°C.1?!

Sample H/Na!"! H,O [mL] 0.1m HCI [mL] Aspectl!
A 1:9 1.956 0.044 \'S

B 2:8 1.911 0.089 \S

C 37 1.866 0.134 TL gel
D 4:6 1.822 0.178 TL gel
E 5:5 1.777 0.223 TL gel
F 6:4 1.733 0.267 OP gel
G 7:3 1.688 0.312 OP gel
H 8:2 1.644 0.356 OP gel
I 9:1 1.600 0.400 PG

[a] [3]=20 mg (4.46x 107> mmol). [b]Ratios of H* and 3. [c] Gels con-
tain a white precipitate. TL: translucent, OP: opaque, VS: viscous solu-
tion, PG: partial gel.

drogelation occurs on adding 0.134 to 0.356 mL (samples C—
H) of aqueous HCI. The addition of 0.044 and 0.089 mL of
0.1m HCI produces a viscous aqueous solution, whereas the
opaque hydrogels that contain a water-insoluble white pre-
cipitate are obtained by adding 0.267, 0.312, and 0.356 mL
HCI (samples F-H). The translucent hydrogels are obtained
by adding 0.134 to 0.223 mL HCI (samples C-E). Because
the addition of aqueous HCI to the aqueous solution of 2
partly forms 1, hydrogelation will be induced by a mixture
of 2 and 1. On the other hand, the hydrogels formed
changed into an isotropic solution at 25°C on stirring fol-
lowed by the addition of a molar equivalent of aqueous
NaOH with respect to the aqueous HCI previously added.
The sol-gel transition is thus reversible by repeating the ad-
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dition of aqueous HCl and aqueous NaOH above the mini-
mum gel concentration (MGC).

Because the formation of supramolecular hydrogels in-
volves the self-organization of gelators, a heating process
needs to dissolve and disperse gelators into an aqueous solu-
tion. In the present system, however, note that hydrogela-
tion occurs at room temperature.

Hydrogelation in two-component hydrogelators: Detailed
studies were carried out by using two-component com-
pounds 2e, 3a-3i, and 4e. These compounds were prepared
by partial neutralization of 1 with aqueous NaOH for 3a to
3i, aqueous LiOH for 2e, and aqueous KOH for 4e. The hy-
drogelation properties of these compounds are listed in
Table 2. Compounds 3a (1/3=1:9) and 3i (1/3=9:1) had no

Table 2. Hydrogelation properties of 1-4 at 25°C.1%]

Gelators H/M"  H,O Saline! NaClle! Kl

1 10:0 ins ins ins ins

2 0:10 Sol sol sol sol

2e 5:5 GTL (7) GTL (10) GTL (7) GTL (7)
3 10:0 Sol sol sol sol

3a 1:9 PG PG PG PG

3b 2:8 GTL (20) GTL (17) GTL (17)  GTL (20)
3¢ 3.7 GTL (9) GTL (9) GTL (7) GTL (7)
3d 4:6 GTL (9) GTL (8) GTL (5) GTL (7)
3e 5:5 GTL (8) GTL (8) GTL (5) GTL (7)
3f 6:4 GO (8) GO (10) GO (8) GO (10)
3g 7:3 GO (8)¢ GO (10) GO (8) GO (12)
3h 8:2 GO (15)! GO (15) GO (15) GO (20)
3i 9:1 PG PG PG PG

4 10:0 sol sol sol sol

4e 5:5 GTL (7) GTL (10) GTL (7) GTL (7)

[a] MGC [gL™"] value given in parentheses. [b] Molecular ratios of 1 and
its alkali metal salts. [c] Gels contain a white precipitate. [d] Saline con-
tains NaCl (8.6 gL™", =~0.147m), KCI (0.3gL™", ~4.02x107°m), and
CaCl, (0.33gL™!, ~2.97x10°m). [e] [NaCl]=[KCI]=0.1m. GTL: trans-
lucent gel; GO: opaque gel; ins: insoluble; sol: solution; PG: partial gel.

hydrogelation ability, whereas 3b to 3h (1/3=2:8-8:2)
formed hydrogels. Compounds 3b to 3e (1/3=2:8-5:5) com-
pletely dissolved in pure water during heating and then pro-
duced translucent hydrogels after standing at 25°C for 6 h.
In contrast, 3f to 3h (1/3=6:4-8:2), which had an excess of
1 compared with 3, were partly soluble in pure water and
formed hydrogels that contained a water-insoluble white
solid. These results are almost the same as those in Table 1.
Therefore, acid-triggered hydrogelation is induced by the
partial formation of 1. The water-insoluble solid in 3f to 3h
was identified by FTIR, 'HNMR, and elemental analysis,
and these data were consistent with those of 1. This fact in-
dicates that 1 and 3 form a water-soluble 1:1 complex. On
the other hand, the hydrogelation ability was independent
of the alkali metal ions and similar MGC values were ob-
served for 2e, 3e, and 4e. These hydrogelators also formed
hydrogels in aqueous solutions that contain inorganic salts,
such as saline, NaCl, and KCI.

Chem. Eur. J. 2008, 14,2133 -2144
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Organogelation properties: These two-component com-
pounds (2e—4e) have not only hydrogelation ability, but also
organogelation ability, as listed in Table 3. For all com-

Table 3. Organogelation properties of 1-4 and 2e—4e at 25°Cl

Solvents 1 2 3 4 2e 3e 4e

n-hexane ins ins ins ins ins ins ins
cyclohexane PG PG PG PG PG PG PG
EtOH sol sol sol sol sol sol sol
AcOEt 15 P PG ins 15 12 ins
acetone 45 ins PG ins 15 20 ins
cyclohexanone S 3 10 3 3 25 5
dioxane 55 6 7 5 3 7 10
Ph—H 25 12 3 30 7 3 20
Ph—CH; PG 3 3 30 5 3 15
Ph—Cl 20 4 3 30 3 3 10
Ph—NO, 3 8 5 7 10 7 10
DMSO sol 25 sol 45 PG sol sol
CHCl, sol 30 sol sol sol sol 25
CCl, 3 15 30 25 10 30 PG
oleic acid 15 sol sol sol 40 20 40
linoleic acid 15 sol sol sol 40 20 40
diesel oil PG 12 5 5 3 5 3
kerosene PG 12 5 5 8 5 8

[a] Values denote MGC [gL™']. ins: insoluble, PG: partial gel, P: precipi-
tate after dissolution, sol: solution at 30 gL',

pounds, they were insoluble in n-hexane and readily soluble
in alcohols. Compared with 1, its alkali metal salt com-
pounds (2-4) have a better organogelation property, and
two-component gelators (2e-4e) demonstrate similar prop-
erties. Compounds 2e to 4e can form organogels in esters,
ketones, cyclic ethers, aromatic solvents, CCl,, vegetable
oils, and mineral oils. It is generally known that organogela-
tion often depends on the balance between hydrophilicity
and hydrophobicity of gelator molecules."™ Because the
two-component gelators (2e—4e) consist of hydrophobic
compound 1 and hydrophilic compounds (2-4), their suita-
ble hydrophobic-hydrophilic balances lead to a high organo-
gelation ability; for example, although 2 to 4 have no gela-
tion ability for vegetable oils, derivatives 2e to 4e gel them.
In addition, compound 4e showed a lower organogelation
ability than 2e and 3e. Such different organogelation ability
is exemplified by that of 4. It is likely that 4 has a lower hy-
drophilicity than 2 and 3.
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TEM studies: It is known that a gelator molecule constructs
nanoscale superstructures, such as nanofibers, nanoribbons,
and nanosheets, in a supramolecular gel.!) Figure 1 shows
the transmission electron microscopy (TEM) images of
dried gels prepared from a pure water gel, a saline gel, a
0.1m aqueous NaCl gel, a benzene gel, a 1,4-dioxane gel,
and a CCl, gel of 3e. In all of the supramolecular gels, com-
pound 3e formed supramolecular nanofibers (1040 nm in
diameter) whose entanglements created a three-dimensional
network. Similar images were observed for other gelators.
Therefore, organogelation and hydrogelation occur by im-
mobilizing solvents in the nanospaces in the three-dimen-
sional networks.

On the other hand, the TEM images of 3 in pure water
and a partial gel of pure water based on 3a are shown in
Figure 2. Compound 3 formed spherical micelles with a di-
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Figure 2. TEM images of dried samples prepared from A)a pure water
solution of 3 and B) a partial gel of 3a. Scale bar: 100 nm (in A) and
200 nm (in B).

Figure 1. TEM images of dried samples prepared from A) pure water gel, B) saline gel, C) 0.1 aqueous NaCl gel, D) benzene gel, E) CCl, gel, and

F) 1,4-dioxane gel of 3e. Scale bar: 200 nm (in A-C, E, F) and 100 nm (in D).

Chem. Eur. J. 2008, 14,2133 -2144

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 2135


www.chemeurj.org

CHEMISTRY—

M. Suzuki et al.

A EUROPEAN JOURNAL

ameter of 30-100 nm that did not lead to hydrogelation. In
contrast, the TEM image of 3a showed that it formed spher-
ical micelles (30-100 nm in diameter) and self-assembled
nanofibers (30-80 nm in diameter). Considering the ratio of
1 and 3 (1:9) in 3a, compound 1 and some of 3 form a com-
plex and self-assemble into nanofibers, whereas excess 3a
forms the micelles. Note that the presence of a little 1 leads
to the formation of nanofibers.

FTIR studies: The FTIR spectra of 1, 3, and 3a to 3i in the
solid state revealed similar absorption bands at around 7=
1640 (amide I) and 1550 cm™" (amide II), thus providing im-
portant data for the interaction between 1 and 3 at V=
1740-1700 cm™' that arises from the C=O stretching vibra-
tion of the carboxylic acid.”” The absorption band of vc_q
(CO,H) appeared at 1734 cm ™ for 1, but not for 3 because
it does not have a carboxylic acid group. For two-component
compounds 3f to 3i, the absorption band shifted to a lower
wavenumber and a new peak at ~1709 cm™' was observed
as the proportion of 3 increased. Compounds 3a to 3e
showed one IR band at 1709 cm™". It is known that the IR
spectrum of a dimerized carboxylic acid is observed at
around 7=1700-1710 cm™".”"! Considering the solubility of
3a to 3f in water, it indicates that 1 and 3 form a dimer be-
tween the carboxylic acid and the carboxylate mediated by
a sodium ion and a proton; therefore, the hydrogelation
ability arises from the formation of a water-soluble dimer.
Moreover, dimer formation between 1 and 3 is independent
of the countercations, and 2e (Li*) and 4e (K*) show the
same hydrogelation abilities as 3e.

It is generally known that a low-molecular-weight gelator
forms self-assembled nanofibers in a supramolecular gel
through hydrogen bonding and van der Waals (hydrophobic)
interactions, which can be analyzed by NMR and FTIR
spectroscopies, and X-ray analysis."® FTIR spectroscopy, in
particular, is a powerful tool for structural analysis and has

been extensively used to investigate organogelation because
the IR spectrum of the gel state in addition to solution and
solid states can be obtained. In many cases, however, the
FTIR spectrum has only been roughly analyzed owing to
the overlap of some IR peaks. In the present study, the re-
corded FTIR spectra were resolved by using a curve-fitting
technique (JASCO FTIR Plus Series Curve Fitting ver-
sion 2.00F). Figure 3 shows the FTIR spectra of 3 and 3a (as
solutions in D,0) and 3b to 3e (as D,O gels).’? The FTIR
spectra showed two (3 and 3a) or three (3b-3e) broad IR
bands in D,O at 1726, 1625 (or 1617), and 1587 cm ™', arising
from the stretching vibration of the carboxylic acid, amide I,
and carboxylate groups, respectively. These bands were fur-
ther resolved into five or six individual spectra by using the
curve-fitting program. With respect to the ratio of band
areas, the main IR bands are at 1625 and 1613 cm™ (ve_o,
amide 1) and 1587 cm™' (v, -COO™) for 3 and 3a as well
as at 1726 cm ™! (ve_o, -COOH), 1626 and 1609 to 1613 cm™!
(Vc—o, amide I) and 1586 cm™ (voo, -COO7) for 3b to
3e.%Z1 It is interesting that hydrogen-bonded amide T is re-
solved into two spectra, which indicates that these com-
pounds have at least two hydrogen bonding modes in the
micelles or nanofibers. This result is consistent with the fact
that 3 and 3a to 3e have two amide bonds at the N* and N*
amide nitrogen atoms in the lysine. The amide group of the
NF position is close to the hydrophobic alkyl group, whereas
that of the N* position neighbors the hydrophilic carboxyl-
ate group. In water (or hydrogel), the amide group of the N*
position is located in a more hydrophobic area and under-
goes a stronger hydrogen-bonding interaction than that of
the N* position; therefore, it is assumed that the IR peaks at
around 1610 and 1626 cm™! correspond to the amide groups
of the N position and N“ position, respectively.

As mentioned above, compounds 3b to 3e form the
dimer between the carboxylic acid and the sodium carboxyl-
ate groups in the solid states, which is supported by the
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Figure 3. FTIR spectra and their curve-fitting results of 3 and 3a-3e in D,O (20 gL™"). A) Solution of 3 in D,0O, B) solution of 3a D,0, C) D,O gel of
3b, D) D,0O gel of 3¢, E) D,0O gel of 3d, F) D,0 gel of 3e. IR peaks: a) ve_o, -COOH, b) vc_g, amide I, ¢) ve_, amide I, d) v, -COO™.
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FTIR result. In the D,O gel,
however, the IR peak appears
at 1725 cm™', which is similar to
the lateral hydrogen-bonded
carboxylic acid. This indicates
that the carboxylic acid and car-
boxylate groups in 3b to 3e in-
teract through a lateral hydro-
gen-bonding mode in the D,0O
gel and it is likely that they
have alternative interactions
(-+Na--OCO-H--0). Note that
the structure of the gelators
changes from the cyclic dimer
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to linear interactions.

In addition, the FTIR meas-
urements also provide informa-
tion on the alkyl groups. The
absorption bands of the asym-
metric  (V,ym) and symmetric
(Veym) CH, stretching vibrations
of 3e were observed at 2921
and 2851 cm™! in the D,O gel.
These bands appear at a lower
frequency than those of free
alkyl chains  in CHCl,
(2928cm™  (Voym» C—-H) and
2856 cm™! (Vgym, C—H)). Such a
low frequency shift indicates a
strong interaction between the
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alkyl chains (hydrophobic inter-
action).’¥ Therefore, the driv-
ing forces for self-assembly into
nanofibers (leading to the hy-
drogelation) are  hydrogen
bonding between the amide groups, interactions between
the carboxylic acid and alkyl carboxylate, and hydrophobic
interactions.

The FTIR spectra of the CCl, gel based on 1, 3 and 3a to
3i are shown in Figure 4A, and the resolved spectra and
their data in the amide I region are shown in Figure S4 and
Table S3 in the Supporting Information.””! Typical IR bands
were observed around 1635cm™' (ve_o, amideI) and
1548 cm™! (dy_y, amide II) in addition to 3300 cm™ (Vy_g;,
amide A), arising from hydrogen-bonded amide groups. This
indicates hydrogen-bonding-induced organogelation similar
to a common organogelator previously reported.!! The
curve-fitting results of the amide I region demonstrated that
the IR band of amide I for these gelators was resolved into
a number of bands (at around 1655, 1637, and 1620 cm™!).[*")
This result indicates that these gelators self-assemble into
nanofibers through a number of hydrogen-bonding modes.
Furthermore, the IR band of the C=O stretching vibration
of the carboxylic acid at around 1740 to 1700 cm ™' was also
interesting and almost the same as that of the solid state.
For 1 and 3i, the IR band was observed at 1733 cm™,
whereas 3 and 3a showed no bands between 1700 and

Chem. Eur. J. 2008, 14,2133 -2144
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Figure 4. FTIR spectra of 1, 3 and 3a-3i in A) CCl, gels and B) CHClI, solution; [gelator] =30 gL~".

1800 cm™'. Compounds 3 f to 3h showed two peaks at 1724
and 1709cm™' and 3b to 3e had a peak at around
1708 cm ™. These results indicate that 3b to 3h have a cyclic
dimer structure with carboxylic acid and sodium carboxylate
as a platform in the self-assembled nanofibers in the CCl,
gels.” In the present case, both 1 and 3 have gelation ability
for CCl, and can form self-assembled nanofibers. Except for
3e, therefore, organogelation of 3a to 3i occurs through the
formation of at least two self-assembled nanofibers; 3e
forms only the self-assembled nanofiber based on the cyclic
dimer structure. Although it is not clear that 3 and 3e in 3a
to 3d or 1 and 3e in 3f to 3i form a hybrid nanofiber or a
separated one, compounds 3a to 3d that contain excess 3
form CCl, gels that consist of nanofibers of 3e and 3, and
the gels of 3f to 3i are formed by nanofibers of 3e and 1.
Such differences in interaction modes between carboxylic
acid and carboxylate groups should cause the complex hy-
drogen-bonding modes between the amide groups.
Compounds 1 and 3f to 3i did not exhibit organogelation
with CHCI, at 30 gL', and the FTIR spectra showed typical
bands for non-hydrogen-bonded amide groups at 3446 cm™!
(amide A), 1654 to 1658 cm™' (amide I), and 1520 cm™
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(amide II) in addition to 1725 cm™* (Figure 4B). In contrast,
the IR spectra of 3 and 3a to 3e shifted to a lower wave-
number with an increasing ratio of 3, and those of 3, 3a, and
3b appeared at 1642 cm ™! and 1543 cm ™!, which correspond-
ed to the IR bands of hydrogen-bonded amide I and II
However, the IR band of amide A was also observed around
3446 cm™! (free amide A). To elucidate these IR spectra, the
broad IR band in the amide I region was resolved.’ As ex-
pected, the IR spectra of 1 and 3f to 3i exhibited the IR
band of non-hydrogen-bonded amide I (at 1658 cm™'). In
contrast, the IR spectra of 3 and 3a to 3e consisted of both
hydrogen-bonded amide I bands (at 1625 and 1639 cm™)
and a non-hydrogen-bonded amide I band (at 1658 cm™).
This result indicates that part of the amide groups in 3 and
3a to 3e undergoes a hydrogen-bonding interaction in
CHCI;. The '"H NMR spectroscopy study of 1, 3, and 3a to
3i in CDCIl; demonstrates a low magnetic field shift and
peak broadening of the proton in the amide group with the
increasing ratio of 3, and this is one piece of evidence for
the presence of a hydrogen-bonding interaction.” The orga-
nogelation property for CHCI; of these gelators was exam-
ined at a high concentration. Compounds 1 and 3f to 3i
have no gelation ability for CHCl; at 100 gL ™!, and 3¢ to 3e
cannot form a CHCI; gel at 100 gL ™!, but produce a viscous
solution. Compounds 3, 3a, and 3b function as an organoge-
lator for CHCl, at 80 gL', although the MGC value is very
high.

Gel strength and thermal stability of the hydrogels: The gel
strength, which is an important factor in the wide applica-
tion of gels, has been evaluated by measuring the elastic
storage modulus G’ and loss modulus G” at different gelator
concentrations.”! In our study, however, we evaluated the
gel strength as the power that is required to sink a cylindri-
cal bar (10mm in diameter) 4 mm deep into the gel
Figure 5 shows the gel strength of hydrogels and saline gels
based on 3¢ and 3e at the various concentrations. The gel
strengths increased with the increasing concentrations of ge-
lators. This is the reason why the hydrogelators create more
closely three-dimensional networks at high concentrations.

B)

Gel strength / kPa

T T T 11
e

438a

0
5 10 15 20 25 30 35
[gelator] /g L1

Figure 5. Gel strengths of hydrogels and saline gels based on 3¢ and 3e
as a function of the gelator concentration. A) hydrogel (o) and saline gel
(m) of 3¢; B) hydrogel (0) and saline gel (@) of 3e.
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The gel strength of a pure water gel of 3e was almost the
same as that of the saline gel. In contrast, the gel strength of
3¢ gels was significantly affected by the ionic strength: the
saline gel was more rigid than the hydrogel. The gel
strength, which corresponds to the hardness of a gel, is
chiefly dependent on the density of the three-dimensional
network in the gels. Because 3¢ is more ionic than 3e, the
gel strength is more likely to be influenced by ionic strength.
It is assumed that the high ionicity of the 3¢ molecule leads
to a closely packed three-dimensional network in the pres-
ence of ions.

The physical properties of supramolecular hydrogels were
evaluated further on the basis of their thermal stability.
Figure 6 shows the thermal stabilities for pure water gels
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Figure 6. Thermal stabilities of A)pure water gels and B)saline gels
based on 3b (e), 3¢ (m),3d (a), 3¢ (o), 2¢ (0), and 4e (D).

(A) and saline gels (B) based on 3b (e), 3¢ (m), 3d (4), 3e
(e),2e (0), and 4e (O), and their sol-gel transition temper-
atures (T,) are listed in Table 4. The MGC values of pure
water gels did not change between 25 and 50°C, and they
then increased with temperature. Above 65°C, these hydro-
gelators cannot form a hydrogel, at even 80 gL™'. On the
other hand, although these gelators did not form a saline gel
above 65°C, the MGC values of saline gels exhibited little

Table 4. Physical data of pure water gels and saline gels of 2e, 3b-3e,
and 4el?!

Pure water gel Saline gel
strength Toel AH,, strength Tyl AH,y
[kPa] [°C]  [kImol']  [kPa] [°C]  [kImol™]
3b 7.6 50 61 13.2 35 30
3¢ 7.2 55 163 12.4 65 36
3d 6.6 60 127 6.8 65 37
3e 6.1 60 130 6.5 65 37
2e 6.3 60 171 6.7 65 11
4e 6.2 60 168 6.3 65 11

[a] [Gelator] =20 gL' for gel strength and sol-gel transition temperature
(Tge)-

Chem. Eur. J. 2008, 14,2133 -2144


www.chemeurj.org

Supramolecular Gels

change on increasing the temperature to 65°C. These saline
gels had higher T, values at the lower concentration than
those of pure water gels (Table 4). To elucidate the thermal
behavior, a thermodynamic analysis of the sol-gel transition
was carried out by using van ’t Hoff relationships.?®! From
the relationship between MGC and T, the sol-gel transi-
tion enthalpy (AH,,) was determined from the slope of In
[gelator (molL™")] versus 1/7,,."" Surprisingly, the AH,,
values of the saline gels were much lower than those of pure
water gels, although the saline gels showed high T, values
at low concentrations. These results indicate that the saline
gels are more thermally stable and their sol-gel transition
energies are less than those of pure water gels. We have re-
ported that the L-lysine hydrogelator with a sugar (non-ionic
hydrogelator) forms a supramolecular hydrogel with high
T, and AH,, values in the presence of ions because the hy-
drophobic interaction becomes stronger.'”] In the present
systems, the ionic interaction between carboxylate, alkali
metal, proton, and carboxylic acid, in addition to hydropho-
bic and hydrogen-bonding interactions, play an important
role in self-assembly into nanofibers (hydrogelation);
namely, if the ionic interaction is absent, it is impossible to
self-assemble into nanofibers (alternatively, micelles will
form). The high ionic strength in the saline gel increases the
intermolecular hydrophobic interaction and the thermal sta-
bility increases, which gives a high T, value. In the presence
of many ions, the ionic interaction deceases and exchange
between bulk cations and gelator cations is promoted. Pre-
sumably, the ionic interaction is destroyed by the attack of
bulk ions, meanwhile the nanofibers are broken (collapse of
the hydrogel), which results in the low AH,, value for the
sol-gel transition. The sol-gel transition of pure water gels
occurs through almost simultaneous destruction of hydro-
phobic, hydrogen bonding, and ionic interactions (high T,
and AH) by a thermal effect, whereas it occurs through de-
struction of hydrophobic and hydrogen-bonding interactions
induced by breaking ionic interactions. The AH,, values of
the saline gels are therefore low compared with those of
pure water gels.

Turbidity during the sol-gel transition: During the sol-gel
transition experiments, the solutions exhibited interesting
behavior. It is generally known that the dissolution of gela-
tors by heating produces a clear solution.™>*! In the pres-
ent systems, clear solutions could not be obtained for 3d,
3e, 2e, and 4e, even on heating at 100°C for more than
10 min. As shown in Figure 7, the hot opaque solution of 3e
(80°C) changes to a translucent hydrogel (25°C) during
cooling. This behavior is thermally reversible. The behavior
was studied by UV-visible spectroscopy. The transmittance
at 600 nm was more than 80% up to 70°C and less than
0.4% above 70°C. From 25°C to 65°C, 3e forms a translu-
cent hydrogel and produces an opaque milky solution above
70°C. These results indicate that hydrogelators form aggre-
gates above 70°C, which differs from the hydrogel.

Field emission scanning electron microscopy (FE-SEM)
studies were carried out to elucidate the difference in nano-
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Figure 7. Hydrogelation process from an opaque solution to a translucent
gel.

structures between hydrogels and opaque solutions. Figure 8
shows the FE-SEM images of samples of the opaque solu-
tion (A), a solution that contains a translucent hydrogel (B
and C), and an opaque solution and translucent hydrogel

Figure 8. FE-SEM images of aggregates of 3e (10 gL™"). A) Samples pre-
pared from an aqueous solution at 80°C. B) and C) Samples of the inter-
face between the gel and a solution of xerogel prepared from a solution
containing translucent hydrogel and opaque solution at 50°C. D) Xerogel
prepared from translucent hydrogel (25°C). All samples were prepared
by freeze-drying. Scale bar: 200 nm (in A) and 500 nm (in B-D).

(D) of 3e (as shown in Figure 7). Here, samples B and C
were obtained from the interface between the gel and
opaque solution. The FE-SEM image of the hydrogel
showed the formation of three-dimensional networks of the
self-assembled nanofibers of 3e (Figure 8D). Interestingly,
the FE-SEM image of the opaque solution was quite differ-
ent, it contained spherical aggregates and their interconnec-
tions. These aggregates differ from the micelles, shown in
Figure 2A, and resemble precipitates. This result indicates
that 3e forms some spherical aggregates, similar to a colloid,
in the hot solution at 80°C, and these colloids are dispersed
in the milky solution. Similar SEM images were observed
with two-phase samples during hydrogelation (Figure 7):
nanofibers from the hydrogel phase and spherical aggregates
from the opaque solution phase.?’ On the other hand, the
SEM images of the interface between the opaque solution
and the hydrogel showed a mixture of nanofibers and spher-
ical aggregates (Figure 8B and C). It is clear that the spheri-
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cal aggregates change to nano-
fibers during cooling, and this
leads to hydrogelation.

Comparing the IR spectra of
the hydrogel (25°C) with that
of the opaque solution (80°C)
shows that the absorbance at
1585 cm™! decreases and the IR
peak at 1726cm™! broadens
into 1710 cm '.® This change
is caused by breaking the inter-
actions between the carboxyl-
ate, Nat, H*, and carboxylic
acid; namely, 1 and 3 are sepa-
rated. As mentioned above, be-
cause 1 does not dissolve in
water unless it interacts with 3,
the opaque solution is a sus-
pended precipitate of 1. During
cooling, compounds 1 and 3
again have ionic interactions,
which leads to self-assembled
nanofibers. Further experiments
were carried out to confirm this
mechanism. We first tried a dis-
solution test of 1 and 3. Com-
pound 3 was very soluble in
water at room temperature, and
1 was insoluble in water, even
on heating at 100°C for 5 min.
Addition of an equimolar quan-
tity of 1 to the aqueous solution
of 3, and heating the solution to 90°C, produced the opaque
solution. The translucent hydrogel was then formed by cool-
ing the hot opaque solution to 25°C. This transition from a
translucent hydrogel to an opaque solution is thermally re-
versible. This fact indicates that water-insoluble 1 dissolves
in an aqueous solution in the presence of 3. The next test
was to identify the opaque solution. The hot opaque solu-
tion was filtered three times. The resulting white solid was
washed with water and dried at 40°C in a vacuum for 24 h.
The 'HNMR spectrum in CDCl; demonstrated that the
white solid consisted of 1. Therefore, the opaque milky solu-
tion obtained at 90°C is a suspended precipitate of 1. Note
that the precipitate of 1 redissolves in water in the presence
of 3 during cooling.
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Hydrogelation mechanism: These results enable us to pro-
pose a hydrogelation mechanism for the two-component sys-
tems (Scheme 1). In the solid state, compound 3e has hydro-
gen-bonding and van der Waals interactions in addition to
dimeric ionic interactions. On heating 3e and water at 90°C,
compound 3e dissolves in water and separates into 1 and 3;
this is followed by precipitation of 1 (to produce an opaque
milky solution). During cooling, compound 1 redissolves in
water by forming lateral ionic interactions with 3 to produce
3e, which self-assembles into nanofibers through hydrogen-
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Scheme 1. Tentative illustration of hydrogelation mechanism of two-component hydrogelators.

bonding and van der Waals interactions, thus leading to hy-
drogelation. The transition from an opaque solution to a
translucent hydrogel is thermally reversible. Similarly, heat-
ing an aqueous solution of 3 and 1 to 90°C produces an
opaque solution, which forms a translucent hydrogel on
cooling to 25°C.

For pH-triggered hydrogelation, compounds 2 to 4 form a
nanostructure of spherical micelles in water. The addition of
aqueous HCI to the aqueous micelle solution with vigorous
stirring results in partial protonation of the carboxylate
groups, and the nanostructure changes to nanofibers. This
creates a three-dimensional network, which results in hydro-
gelation.

Conclusion

In conclusion, we have shown that pH-triggered hydrogela-
tion and amphiphilic gelation of two-component low-molec-
ular-weight gelators that consist of a water-soluble alkali
metal salt (2-4) and a water-insoluble carboxylic acid com-
pound (1). The addition of aqueous HCI to aqueous solu-
tions of 2 to 4 results in hydrogelation at room temperature.
Partial protonation of the carboxylate to carboxylic acid in-
duces lateral ionic interactions. Three-dimensional networks
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are created by entanglement of nanofibers self-assembling
through hydrogen-bonding and van der Waals interactions,
which leads to the formation of supramolecular hydrogels.
On the other hand, two-component low-molecular-weight
gelators, which consist of 2 to 4 with 1, functioned as amphi-
philic gelators that were able to form not only hydrogels for
pure water, saline, and aqueous solutions that contain inor-
ganic salts, but also organogels for esters, ketones, cyclic
ethers, aromatic solvents, and oils. At high temperatures
(>70°C), the two-component gelators produce a milky
opaque aqueous solution that changes to a translucent hy-
drogel during cooling. Such behavior can be explained by
the precipitation of 1. The two-component gelators separate
in the aqueous solution owing to thermal dissociation of
ionic interactions, hydrogen bonds, and van der Waals inter-
actions. The separated molecules of 1 form a spherical ag-
gregate that involves their precipitation. During cooling to
25°C, compound 1 dissolves in water as a result of ionic in-
teractions with 3 to form a supramolecular hydrogel. Note
that ionic interactions between 1 and 3 occur during cooling
and 1 induces a thermally reversible precipitation—dissolu-
tion transition.

Experimental Section

Materials: N°-Lauroyl-L-lysine was kindly obtained from Ajinomoto. The
other chemicals were of the highest grade commercially available and
used without further purification. All solvents used in the syntheses were
purified, dried, or freshly distilled, as required.
N“-Hexanoyl-N*-lauroyl-L-lysine ~ (1):  N°*-Lauroyl-L-lysine  (19.7 g,
60 mmol) was dissolved in water (500 mL) containing NaOH (12 g,
300 mmol), and ethyl ether (300 mL) was added. Hexanoyl chloride
(13.5 g, 100 mmol) was added to the ether layer. The biphasic solution
was vigorously stirred at 0°C for 1 h and for a further 23 h at room tem-
perature. The resulting solution was acidified with concentrated HCI (pH
~1). The white precipitate was filtered, washed with water, and dried.
The product was obtained by recrystallization (x2) from ethanol/ethyl
ether (85%). '"HNMR (400 MHz, CDCl,, TMS, 25°C): 6 =0.86-0.90 (m,
6H; CH;), 2.18 (t, J=7.3 Hz, 2H; CH,CONH), 2.24 (t, J=7.0 Hz, 2H;
NHCOCH,), 3.19-3.26 (m, 2H; NHCH,), 4.42-4.47 (m, 1H; CHNH),
6.30 (t, J=5.6Hz, 1H; N“HCO), 6.85 (d, /=73 Hz, 1H; CON°H),
9.37 ppm (brs, 1H; COOH); IR (KBr): #=3311 (vy-y, amide A), 1733
(Ve—o, -COOH), 1638 (vc—q, amide I), 1555 cm™ (vy_y;, amide II); elemen-
tal analysis calcd (%) for C,;HN,O,4: C 67.57, H 10.87, N 6.57; found: C
67.88, H 10.99, N 6.58.

N*-Hexanoyl-N‘-lauroyl-L-lysine lithium salt (2): A 4M aqueous solution
of LiOH (5 mL) was added to a stirred solution of 1 (8.5 g, 20 mmol) in
ethanol (500 mL). Stirring was continued for 30 min, and the resulting so-
lution was evaporated to dryness. The product was obtained by recrystal-
lization from ethanol/ether (99%). 'HNMR (400 MHz, CDCly/
[Dg]DMSO/TMS, 25°C): 6=0.86-0.90 (m, 6H; CH,), 2.10-2.17 (m, 4H;
NHCOCH,), 3.05-3.13 (m, 2H; NHCH,), 4.20 (q, J=5.1 Hz, 1H; CH),
7.27 (d, J=7.1Hz, 1H; N°H), 7.39 ppm (t, /=53 Hz, 1H; N“H); IR
(KBr): #=3312 (vn-p, amide A), 1640 (ve—o, amideI), 1597 (&0,
COO"), 1551 cm™ (Syy, amide IT); elemental analysis caled (%) for
C,,H;sN,O,Li: C 66.64, H 10.49, N 6.48; found: C 66.68, H 11.03, N 6.51.

N"-Hexanoyl-N*-lauroyl-L-lysine sodium salt (3): The product was ob-
tained by the same procedure as 2 with a 4m aqueous solution of NaOH
(5mL) (99%). '"H NMR (400 MHz, CDCl;, TMS, 25°C): 6=0.88 (t, /=
6.7 Hz, 6H; CH,;), 2.16 (t, J=7.7Hz, 4H; NHCOCH,), 3.11 (brs, 2H;
NHCH,), 4.07 (brs, 1H; CH), 6.96 (brs, 1H; N°H), 7.47 ppm (brs, 1H;
N“H); IR (KBr): #=3302 (vN_p, amide A), 1642 (vc—o, amide I), 1592
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(8¢ COO7), 1556 cm™" (8y 4y, amide II); elemental analysis caled (%)
for C,,HsN,O,Na: C 64.25, H 10.11, N 6.24; found: C 64.31, H 10.34, N
6.26.

N*-Hexanoyl-N°-lauroyl-L-lysine potassium salt (4): The product was ob-
tained by the same procedure as 2 with a 4M aqueous solution of KOH
(5mL, 99%). '"H NMR (400 MHz, CDCly/[Ds]DMSO =8:2, TMS, 25°C):
0=0.86-0.90 (m, 6H; CH;), 2.12-2.20 (m, 4H; NHCOCH,), 3.07-3.18
(m, 2H; NHCH,), 4.02 (q, J=5.1Hz, 1H; CH), 7.28 (t, J=53 Hz, 1H;
N°H), 7.34 ppm (d, J=7.1 Hz, 1H; N“H); IR (KBr): #=3301 cm™" (vn_y,
amide A), 1643 (vc_o, amide 1), 1590 (8¢, COO™), 1555 cm™" (8y-yy, ami-
de II); elemental analysis caled (%) for C,,H,sN,O,K: C 62.03, H 9.76, N
6.03; found: C 62.11, H 10.04, N 6.06.

N°*-Hexanoyl-N*-lauroyl-L-lysine and its sodium salt (3a; 1/2=1:9): A 1m
aqueous solution of NaOH (18 mL) was added to a stirred solution of 1
(8.5g, 20mmol) in methanol (500 mL). Stirring was continued for
30 min, and the resulting solution was evaporated to dryness. The product
was obtained by recrystallization from methanol/ether (99%). '"H NMR
(400 MHz, CDCl;, TMS, 25°C): 0=0.86-0.90 (m, 6H; CH;), 2.18 (t, J=
7.7Hz, 4H; CH,CON*H), 2.25 (t,J=7.7 Hz, 4H; N'HCOCH,), 3.15-3.32
(m, 2H; N*HCH,), 4.49 (q, /=6.7 Hz, 1H; CHN“H), 6.17 (t, J=5.6 Hz,
1H; N“H), 6.86 (d, /=7.3 Hz, 1H; N°H), 10.55 ppm (brs, 1H; COOH);
IR (KBr): #=3310 (vn-p, amide A), 1734 (vc—o, -COOH), 1639 (vc—o.
amide I), 1553 cm™! (8y_y, amide II); elemental analysis caled (%) for
(CsHy6N,0,)0.1(CyHysN,O Na)go: C 67.21, H 10.88, N 6.54; found: C
67.57, H 11.01, N 6.54.

N*-Hexanoyl-N‘-lauroyl-L-lysine and its sodium salt (3b; 1/2=2:8): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (16 mL, 99%). '"H NMR (400 MHz, CDCl;, TMS, 25°C):
0=0.86-0.90 (m, 6H; CH,), 2.17 (t, J=7.7 Hz, 4H; CH,CON‘H), 2.23 (t,
J=17.6Hz, 4H; N‘HCOCH,), 3.16-3.23 (m, 2H; N*HCH,), 441 (q, /=
6.6 Hz, 1H; CHN“H), 6.34 (brs, 1H; N“H), 6.96 ppm (brs, 1H; N°H),
10.18 (brs, 1H; COOH); IR (KBr): #=3309 cm ™' (vy_y, amide A), 1732
(Ve—or -COOH), 1642 (ve—o, amide I), 1549 cm™" (8y_y;, amide II); elemen-
tal analysis calcd (%) for (C,sH,N,O,).(CouHysN,ONa) s (444.21): C
66.91, H 10.72, N 6.50; found: C 67.00, H 10.88, N 6.50.
N“-Hexanoyl-N°-lauroyl-L-lysine and its sodium salt (3¢; 1/2=3:7): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (14 mL) (99%). '"HNMR (400 MHz, CDCl;, TMS,
25°C): 0=0.86-0.90 (m, 6H; CH;), 2.15-2.24 (m, 4H; CH,CON‘H,
N*HCOCH,), 3.19 (q, J=6.6 Hz, 2H; N°'HCH,), 4.37 (q, J=6.7 Hz, 1H;
CHN“H), 6.47 (brs, 1H; N“H), 7.06 (brs, 1H; N°H), 10.12 ppm (brs, 1H;
COOH); IR (KBr): #=3306 (vx-, amide A), 1727 (ve—o, -COOH), 1643
(Veo, amide T), 1547 cm™ (8y_y, amide II); elemental analysis caled (%)
for (C,yHyN,04)05(CoHysN,O4Na),;: C 66.57, H 10.64, N 6.47; found: C
66.63, H 10.91, N 6.47.

N®-Hexanoyl-N°-lauroyl-L-lysine and its sodium salt (3d; 1/2=4:6): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (12mL) (99%). 'HNMR (400 MHz, CDCl;, TMS,
25°C): 0=0.86-0.90 (m, 6H; CH;), 2.15-2.23 (m, 4H; CH,CON‘H,
N“HCOCH,), 3.18 (brs, 2H; N*HCH,), 4.34 (brs, 1H; CHN“H), 6.56
(brs, 1H; N“H), 7.11 (brs, 1H; N°H), 9.07 ppm (brs, 1H; COOH); IR
(KBr): 7=3305 (vy-y, amide A), 1725 (vc—o, -COOH), 1643 (vc_o,
amide I), 1548 cm™! (8y_y, amide IT); elemental analysis caled (%) for
(CyHyN,0,)04(CyHysN,ONa)4: C 66.24, H 10.57, N 6.44; found: C
66.30, H 10.84, N 6.44.

N“-Hexanoyl-N*-lauroyl-L-lysine and its sodium salt (3e; 1/2=5:5): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (10mL) (99%). '"HNMR (400 MHz, CDCl;, TMS,
25°C): 6=0.88 (t, J=6.8 Hz, 6H; CH;), 2.15-2.21 (m, 4H; CH,CON‘H,
N‘HCOCH,), 3.16 (brs, 2H; N*HCH,), 4.26 (brs, 1H; CHN“H), 6.70
(brs, 1H; N“H), 7.22 ppm (brs, 1H; N°H); IR (KBr): "=3306 (vn_p,
amide A), 1710 (vc—o, -COOH), 1643 (vc—o, amideI), 1579 (8¢—o,
-CO0"), 1548 cm™' (Oy_y;, amide IT); elemental analysis caled (%) for
(CsHy6N,0,)05(CyHysN,O Na)ys: C 6591, H 1049, N 6.41; found: C
65.99, H 10.77, N 6.41.

N*-Hexanoyl-N°-lauroyl-L-lysine and its sodium salt (3f; 1/2=6:4): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (8 mL) (99%). "H NMR (400 MHz, CDCl,, TMS, 25°C):
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0=088 (t, /=69Hz, 6H; CH;), 2.14-220 (m, 4H; CH,CON‘H,
N‘HCOCH,), 3.15 (brs, 2H; N*HCH,), 4.23 (brs, 1H; CHN“H), 6.72
(brs, 1H; N“H), 7.23 ppm (brs, 1H; N°H); IR (KBr): #=3305 (vy-p,
amide A), 1708 (Vc—o, -COOH), 1643 (vc_o, amide I), 1595 cm™" (8¢ o,
-COO"), 1550 cm™" (8y.y, amide II); elemental analysis caled (%) for
(CpHN,0,)04(CyHysN,O Na),,: C 6558, H 10.41, N 6.37; found: C
65.67, H 10.66, N 6.37.

N*-Hexanoyl-N°-lauroyl-L-lysine and its sodium salt (3g; 1/2=7:3): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (6 mL) (99 %). "H NMR (400 MHz, CDCl,;, TMS, 25°C):
0=0.88 (t, /=68Hz, 6H; CH;), 2.14-220 (m, 4H; CH,CON‘H,
N‘HCOCH,), 3.15 (brs, 2H; N*HCH,), 4.21 (brs, 1H; CHN“H), 6.78
(brs, 1H; N°H), 7.28 ppm (brs, 1H; N°H); IR (KBr): 7=3304 (Vn-p,
amide A), 1708 (vc—o, COOH), 1643 (Vc—o, amide I), 1596 (8¢, -COO"),
1550 cm™  (8y.y, amide IT); elemental analysis caled (%) for
(CpHN,0,))7(CyHysN,O Na),5: C 6525, H 10.34, N 6.34; found: C
65.29, H 10.55, N 6.34.

N"-Hexanoyl-N*-lauroyl-L-lysine and its sodium salt (3h; 1/2=8:2): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (4 mL) (99 %). "H NMR (400 MHz, CDCl,;, TMS, 25°C):
0=088 (t, J=68Hz, 6H; CH;), 2.12-2.23 (m, 4H; CH,CON‘H,
N“HCOCH,), 3.13 (brs, 2H; N*HCH,), 4.16 (brs, 1H; CHN“H), 6.85
(brs, 1H; N®H), 734ppm (brs, 1H; N°H); IR (KBr): #=3305
(Va-n» amide A), 1643 (vc—o, amide I), 1597 (8co, -COO™), 1551 cm™!
(On-n, amide IT); elemental analysis caled (%) for (C,HyN,O4)0s-
(CyHysN,O Na),,: C 64.91, H 10.26, N 6.31; found: C 64.99, H 10.34, N
6.31.

N"-Hexanoyl-N*-lauroyl-L-lysine and its sodium salt (3i; 1/2=9:1): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of NaOH (2 mL) (99%). 'H NMR (400 MHz, CDCl,, TMS, 25°C):
0=0.88 (t, J=6.8Hz, 6H; CH;), 2.16 (t, J=7.7Hz, 4H; CH,CON‘H,
N‘HCOCH,), 3.13 (brs, 2H; N*HCH,), 4.10 (brs, 1H; CHN“H), 6.88
(brs, 1H; N®H), 7.40ppm (brs, 1H; N°H); IR (KBr): #=3305
(Vn-n» amide A), 1643 (vc—o, amide I), 1597 (8¢, -COO7), 1553 cm™!
(On-n, amide IT); elemental analysis caled (%) for (C,HyN,O4)00-
(CHysN,O Na), ;- C 64.85, H 10.19, N 6.27; found: C 64.92, H 10.29, N
6.27.

N*-Hexanoyl-N°-lauroyl-L-lysine and its lithium salt (2e; H/Li=5:5): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of LiOH (10 mL) (99%). '"H NMR (400 MHz, [D¢]DMSO, TMS,
25°C): 6=0.86-0.90 (m, 6H; CHs;), 2.13 (t, J=7.6 Hz, 4H; CH,CON*‘H,
N*HCOCH,), 3.13 (q, J=6.1 Hz, 2H; N°'HCH,), 4.32 (q, J=5.1 Hz, 1H;
CHN‘H), 7.12 (t, J=5.6 Hz, 1H; N“H), 720 ppm (d, /J=7.3 Hz, 1H;
N°H); IR (KBr): 7=3313 (vy_y, amide A), 1734 (vc—o, -COOH), 1641
(Ve—o, amide I), 1600 (8¢ o, -COO7), 1552 cm™" (8y 4y, amide I1); elemen-
tal analysis caled (%) for (C,HyN,0,)05(CosHysN,O,4Li)s: C 67.11, H
10.68, N 6.53; found: C 67.21, H 10.77, N 6.53.
N*-Hexanoyl-N°-lauroyl-L-lysine and its lithium salt (4e; H/K=5:5): The
product was obtained by the same procedure as 3 with a 1M aqueous so-
lution of KOH (10 mL) (99 %). '"H NMR (400 MHz, CDCl;, TMS, 25°C):
0=0.86-0.90 (m, 6H; CH;), 219 (t, J=7.7Hz, 4H; CH,CON‘H,
N‘HCOCH,), 3.12-3.18 (m, 2H; N°HCH,), 425 (q, J=6.7Hz, 1H;
CHNH), 6.99 (t, J=5.5Hz, 1H; N°H), 713 ppm (d, /=73 Hz, 1H;
N°H); IR (KBr): #=3306 (vy_y, amide A), 1704 (vc—o, -COOH), 1643
(Ve—o, amide 1), 1596 (8¢, -COO™), 1550 cm™" (8y_y, amide II); elemen-
tal analysis calcd (%) for (C,HysN,0,)05(CrHisN,O,K)os: C 64.80, H
10.32, N 6.30; found: C 64.90, H 10.66, N 6.30.

Apparatus for measurements: The elemental analyses were performed
with a Perkin-Elmer series II CHNS/O analyzer2400. The variable tem-
perature IR (VT-IR) spectra were recorded by using a JASCO FS-420
spectrometer. The TEM observations were carried out with a JEOL
JEM-2010 electron microscope at 200 kV. The FE-SEM observation was
carried out with a Hitachi S-5000 field emission scanning electron micro-
scope. The "H NMR spectra were measured with a Bruker AVANCE 400
spectrometer with TMS as the standard. The UV/Vis spectra were mea-
sured with a JASCO V-570 UV/Vis/NIR spectrophotometer with a tem-
perature controller (JASCO ETC-505T). The gel strengths were mea-
sured with a Sun Science Sun Rheo Meter CR-500DX.
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pH-Triggered hydrogelation: A specific amount of 0.1m aqueous HCI
was added to an aqueous solution of 3 (20 mg) at 70°C with stirring. The
resulting solution was allowed to stand at 25°C for 6 h. The reaction con-
ditions are listed in Table 1.

Gelation test: A weighed gelator in solvent (1 mL) was heated in a
sealed test tube until the gelator dissolved. After allowing the solution to
stand at 25°C for 6 h, its was evaluated by the “test-tube inversion”
method.

Transmission electron microscope (TEM): Samples of hydrogels were
prepared as follows: an aqueous solution of the gelator was dropped on a
collodion- and carbon-coated 400 mesh grid, and the grid was quickly
frozen in a liquid nitrogen. The frozen sample was dried in a vacuum for
24 h. The dried sample was negatively stained by osmic acid overnight,
and then dried under reduced pressure for 2 h just before the measure-
ment. Samples of organogels were prepared as follows: the gelator in
benzene, 1,4-dioxane, or tetrachloromethane was dropped on a collodion-
and carbon-coated 400 mesh grid and quickly dried in a vacuum for 24 h.
After negative staining by osmic acid overnight, the grid was dried under
reduced pressure for 2 h.

Field emission scanning electron microscopy (FE-SEM): Samples were
prepared as follows: the aqueous solution of 3e (10 gL™') in a capped
test tube was heated at 80°C for 5 min until the solution became opaque.
The hot solution (80°C), or the solution consisting of hydrogel and
opaque solution (cooling to 50°C), or the hydrogel (standing at 25°C for
1h) were quickly frozen in a dry ice/acetone bath (~—70°C) for 20 min,
and then freeze-dried with a vacuum pump for 24 h. These samples were
sputtered with Pt-Pd.

Gel strength: Samples were prepared as follows: a mixture of a weighed
gelator in water (2mL) in a sealed vial (15 mm in diameter) was heated
at 90°C for 5 min. The resulting opaque solution was allowed to stand at
25°C for 6 h. The gel strength was evaluated as the force required to sink
a cylinder bar (10 mm in diameter) to a depth of 4 mm in the gel.

FTIR study: FTIR spectroscopy was performed in a spectroscopic cell
with a CaF, window and 50 um spacers operating at a 2 cm™' resolution
with 32 scans for solution and gel states and the KBr method for solid
states.

VT-IR study: An automatic temperature-controlled cell unit (Specac
Inc., P/N 20730) with a vacuum-tight liquid cell (Specac Inc., P/N 20502,
path length 50 um) fitted with CaF, windows was used to measure the IR
spectra at different temperatures.

UV/Vis spectroscopy: UV/Vis spectra were measured as the transmit-
tance at 600 nm in a spectroscopic quartz cell (path length 1 mm) after
holding for 30 min at each temperature.
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the insoluble compounds, their FTIR spectra in D,0O were not mea-
sured.

[23] Because the ratios of band areas around 1640 and 1560 cm™' were
below 10% against whole band area, these bands were ignored.

[24] Although 3a and 3i should have a cyclic dimer structure, it cannot
be detected because of their low concentration. In addition, if these

gelators do not have the cyclic dimer structure, the IR peak of car-
boxylic acid should be observed at 1730 cm™.

[25] N. Mohmeyer, H.-W. Schmidt, Chem. Eur. J. 2005, 11, 863—-872.
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