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A dibenzo-24-crown-8 derivative bearing two cholesterol
groups is either insoluble in or precipitates from most
organic solvents, but its pseudo-rotaxane complex with a
diammonium guest acts as a good gelator of aromatic
solvents.

Organogels are thermoreversible, viscoelastic materials consist-
ing of low molecular-weight compounds self-assembled into
complex three-dimensional networks.1–9 The aggregation of
gelator molecules into fibrous networks is driven by multiple,
weak interactions such as dipole–dipole, van der Waals, and
hydrogen-bonding interactions.1–9 Gelators are thus generally
classified, according to their driving force for molecular
aggregation, into two categories: non-hydrogen bond-based
gelators and hydrogen bond-based gelators. Cholesterol deriva-
tives2 are examples of the former category, while amide-,3 urea-
,4 and saccharide-based5 compounds fall into the latter category.
Basically, the gel architecture is constructed by assembling low
molecular-weight compounds and, therefore, strongly reflects
the molecular shape of unit components. This means that if one
can change the structure of the unit components reversibly, it
leads to the reversible control of gelation properties. As far as
we are aware, such successful examples are very limited.10,11

We previously synthesized a few crown-based gelators bearing
two cholesterol moieties.12 These gelators tend to adopt a folded
conformation due to the efficient intramolecular cholesterol–
cholesterol interaction.12 On the other hand, Stoddart and others
have demonstrated that alkylammonium ions can thread the
larger crown rings.13 Judging from the complexation mode, the
complexes cannot adopt the folded conformation: that is, one
can expect that the folded conformation would be converted to
the extended one upon the guest inclusion. With these ideas in
mind, we synthesized gelator 1 consisting of one dibenzo-
24-crown-8 moiety and two cholesterol moieties and evaluated
whether guests 2 and 3 really induce a significant change in the
superstructures in the organogel phase (the structures are shown
in Scheme 1). Compound 4 was used as a non-binding reference
guest.

Compound 1 was synthesized by the reaction of diaminodi-
benzo-24-crown-8 and cholesteryl chloroformate. The product
is a mixture of trans : cis = 5 : 4 (confirmed by 1H NMR
spectroscopy and HPLC analysis). The purity was ascertained
by HPLC analysis and elemental analysis.

The stoichiometry of the complex and the guest-induced
conformational change were evaluated using a 1H NMR
spectroscopic method in the sol phase [benzene-d6 : MeCN-d3

= 5 : 1 (v/v)], because no useful information could be obtained
in the gel phase on account of the serious peak broadening. The
concentration of this sol solution resulted in the gel, suggesting
that the structure formed in the gel phase reflects that formed in
the sol phase. The 1H NMR spectrum of a mixture of 1 (2.0
mmol dm23) gave three aromatic peaks at 6.71, 7.00 and 7.25
ppm (protons C, B and A, respectively; for the assignment see
the structure in Fig. 1) and one NH peak at 7.02 ppm. When 3
(1.0 mmol dm23) was added, all peaks shifted to lower
magnetic field (6.74, 7.06 and 7.30 ppm for the aromatic peaks
and 7.30 ppm for the NH peak). This observation suggests that
when 3 threads the crown ring in 1, the protons move from the
shielded region to the deshielded region. This change is fully
commensurate with an expected conformational change from
the folded one to the extended one (Fig. 2).14 In Fig. 1, a
chemical shift change for proton B is plotted against the molar
ratio of 3 : 1. A clear breakpoint appears at [3]/[1] = 0.5,
indicating that 3 threads two crown rings of 1 forming a pseudo-
rotaxane structure.

The gelation ability of 1 was tested for 13 different solvents
with 19 mmol dm23 of 1. The results are summarized in Table
1. Compound 1 shows only 3 “G” results (for cyclohexane,
methylcyclohexane and diphenyl ether) and 9 “P” or “I” results
(for abbreviations see footnote b in Table 1), indicating that the
gelation ability of 1 is not so high because of the poor solubility
(mainly in polar solvents). Very interestingly, when guest 3 was
added to aromatic solutions (benzene, toluene and p-xylene)
containing 1 (19 mmol dm23), they were transformed into the
gels (Table 1). As far as we are aware, this is a rare example of
the organogel being stabilized by a host–guest-type inter-
action.12,15 We confirmed that the sol–gel phase-transition
temperature (Tgel) is enhanced by the addition of guests 2 and
3.

As shown in Fig. 3, the Tgel values for 1 obtained in
cyclohexane rise monotonously with increasing 2 concentra-
tion. This result suggests that the extended conformation is
more advantageous than the folded conformation to the

Scheme 1

Fig. 1 Plot of Dd for proton B against [3]/[1]; 25 °C, [1] = 2.0 mmol dm23

(constant), benzene-d6 : MeCN-d3 = 5 : 1 (v/v), R1: crown ether moiety, R2:
cholesteryl moiety.

Fig. 2 Conformational change induced by complexation of 3 proposed on
the basis of the spectral results.
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formation of one-dimensional aggregates, which is considered
to be a prerequisite for the gel formation.5 A plot of Tgel vs.
[3]/[1] gives a maximum around [3]/[1] = 0.4–0.5. This
maximal molar ratio is complementary to the stoichiometry
obtained from the 1H NMR titration (Fig. 1) and implies that the
pseudo-rotaxane complex with the 1 : 2 stoichiometry is
particularly favourable to the gel formation. On the other hand,
the addition of 4 (quaternary ammonium salt) scarcely affects
the Tgel, indicating that the gel stabilization effect observed for
2 and 3 is due to the crown–ammonium hydrogen-bonding
interaction.

To obtain visual images of the superstructures which may
reflect the guest-induced conformational change, we took the
SEM pictures of the xerogels prepared from the frozen samples
of the benzene sols and gels (Fig. 4). The benzene sol of 1 (3.8
mmol dm23) gave microcrystals with a structure like a dahlia
flower (Fig. 4a). When the concentration was enhanced up to
7.7 mmol dm23, the phase became a partial gel and the xerogel

showed a sheet-like structure (Fig. 4c). The results suggest that
1 a priori tends to aggregate into the two-dimensional assembly.
In contrast, the benzene sol containing 1 (3.8 mmol dm23) and
3 (1.9 mmol dm23) resulted in a fibrous structure with 40–250
nm diameters (Fig. 4b). This picture indicates that in the
presence of guest 3, the growth of the one-dimensional
aggregate is already initiated even in the sol phase. As expected,
the well-developed network structure of the fibrils with 50–250
nm diameters was recognized in the xerogel obtained from the
benzene gel containing 1 (7.7 mmol dm23) and 3 (3.8 mmol
dm23).

In conclusion, the present paper demonstrates that the
pseudo-rotaxane formation between the host gelator and the
guest additive changes the host gelator conformation, which
eventually enhances the gelation ability. To the best of our
knowledge, this is the first example of gelation ability being
efficiently controlled by precise molecular recognition. This
novel finding that the phase transition is induced by the host–
guest interaction will be applicable to drug delivery systems,
collection of waste materials and pollutants, and recovery of
precious bio-active compounds, etc.
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Table 1 Gelation properties of compound 1 in the absence and the presence
of 2, 3 or 4 at 25 °Ca

Stateb

Solvent 1 1 + 2 1 + 3 1 + 4

Cyclohexane Gc Gc Gc

Methylcyclohexane Gc Gc Gc

Benzene PG P Gc P
Toluene P P Gc P
p-Xylene P P Gc P
Diphenyl ether G G G
Hexane I I I
Water I I I
Other solventsd P P P
a Concentration of [1] is 19 mmol dm23 (25 g dm23), [2 or 4] = 19 mmol
dm23 and [3] = 9.6 mmol dm23. b G: gel, PG: partial gel, P: precipitation,
I: insoluble when heated. c Gel at [1] = 7.7 mmol dm23 (10 g dm23), [2 or
4] = 7.7 mmol dm23 and [3] = 3.8 mmol dm23. d Acetonitrile, 1-butanol,
DMF, DMSO and methanol all gave P results in these columns.

Fig. 3 Plots of Tgel vs. [guest]/[1] in cyclohexane; [1] = 23 mmol dm23.

Fig. 4 SEM images of xerogels prepared from (a) benzene sol of 1 (3.8
mmol dm23), (b) benzene sol of 1 (3.8 mmol dm23) + 3 (1.9 mmol dm23),
(c) benzene partial gel of 1 (7.7 mmol dm23) and (d) benzene gel of 1 (7.7
mmol dm23) + 3 (3.8 mmol dm23).
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