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Switchable rotaxanes'~ have attracted attention of late because
of their ability to experience the relative movements of their ring
and dumbbell components in response to external stimuli, such as
pH or redox change and light. This mechanical property of these
bistable molecules has been harnessed in a range of nanoelectro-
mechanical devices, such as molecular muscle-activated cantilevers, >
macroscopic liquid transport,* molecular electronic devices,” and
mesoporous silica-mounted nanovalves.® Recently, mechanically
interlocked molecules have been found” to undergo self-organiza-
tion, forming supramolecular aggregates of well-defined shapes and
sizes. Bistable [2]rotaxanes with tetrathiafulvalene (TTF) and 1,5-
dioxynaphthalene (DNP) recognition units situated in the rod
portions of their dumbbell components and encircled by single
cyclobis(paraquat-p-phenylene) (CBPQT*") rings have emerged’
as one of the leading candidates for the formation of these supra-
molecular aggregates of well-defined sizes and shapes. In past
situations, groups such as triisopropylsilane,® ferrocene,® and 3,5-
diisopropylbenzene'® and cores such as tetraarylmethane' and
phloroglucinol'" in hydrophobic and hydrophilic arrays have acted
as stoppers in the TTF—DNP/CBPQT**-based rotaxanes and served
different purposes. Herein, we describe the template-directed
synthesis (Scheme 1), switching properties, gelation behavior, and
self-organization of a cholesterol-stoppered bistable [2]rotaxane
1-4PF; containing a CBPQT*" ring and TTF/DNP recognition units
in its dumbbell component. It is well-known that cholesterol is a
very efficient initiator of organogels'? and liquid crystals.'> We
have introduced cholesterol as stoppers into 1+4PFg in order to
confer superstructural characteristics upon this bistable [2]rotaxane.
We demonstrate that 1+4PFs and precursor 2 both form organogels.

The dumbbell compound 2 was prepared (Scheme 1) in 68%
yield by reaction of the diol 3' with cholesteryl chloroformate (4)
and was then used to template the synthesis in 37% yield of 1+4PF,
with its CBPQT** ring from its dicationic precursor'* 5+2PFg and
1,4-bis(bromomethyl)benzene (6). The bistable [2]rotaxane 1+4PF
was isolated as an analytically pure green solid after SiO, column
chromatography with a solution of NH4PFg in Me,CO as the eluent;
it was characterized by NMR spectroscopy and electrospray
ionization mass spectrometry.

The UV—vis spectrum (see Figure S5 in the Supporting
Information [SI]) of 1:4PF¢, recorded in CH,Cl,/MeOH (3:2),
shows a broad transfer absorption band centered on 850 nm which
is characteristic'® of the translational isomer in which the TTF unit
is encircled by the CBPQT*" ring. No absorption band is observed
in the 500—600 nm region for a charge transfer (CT) band which
would result from the other translational isomer in which the DNP
unit is encircled by the CBPQT** ring, a fact which indicates that
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Scheme 1. Template-Directed Synthesis of the
Cholesterol-Stoppered Bistable [2]Rotaxane 1:4PFg
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1-4PF; exists as predominantly a single translational isomer in
solution—that is, one in which the CBPQT*" ring encircles the
TTF unit. Thus, we can investigate the switching behavior of the
CBPQT*" ring between the TTF and DNP units in 1-4PF4 by
addressing the redox properties of the TTF unit. Switching was
demonstrated using cyclic voltammetry (CV), differential pulse
voltammetry (DPV), and UV —vis spectroelectrochemistry (SEC).

In the CV experiments (Figure 1), the dumbbell 2 exhibits two
one-electron reversible oxidation processes at +0.36 and +0.80
V, characteristic'® of the first and second oxidation potentials of
the TTF unit, respectively. DPV analysis revealed two oxidation
peaks at +0.29 and +0.74 V. In the case of 1+4PFg, the first
oxidation peak for the TTF unit which is discernible around +0.42
V for “free” TTF'*7 is hardly detectable at all in the anodic scan.
DPV analysis shows (see Figure S6 in the SI) a small peak at +0.35
V. These results indicate that the existence of a whiff of “free”
TTF is associated with a very small amount of the minor
translational isomer present in 1:4PF¢ at equilibrium. The first
substantial TTF oxidation peak is shifted to higher potential and
overlaps with the second oxidation peak at +0.76 V. In the DPV
analysis, the first and second TTF oxidation peaks are found at
+0.68 and +0.70 V, potentials which respectively correspond to
the first oxidation of the TTF unit encircled by the CBPQT*" ring
and the second oxidation of the TTF unit once the ring has migrated
from the TTF to the DNP unit. In the cathodic scan carried out on
1-4PFg, two CV peaks, corresponding to the reduction of the
oxidized TTF" radical cation and the TTF?>' dication, are
respectively observed at +0.35 and +0.68 V, matching those of
the dumbbell 2 at +0.29 and +0.72 V. This observation indicates
that the CBPQT*" ring encircles the DNP unit, thus not affecting
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Figure 1. Cyclic voltammetry of (a) the dumbbell 2 (1.0 mM) and (b) the
[2]rotaxane 1+4PFs (1.0 mM) in 0.1 M TBA+<PFs CH,Cly/MeCN (1:1)
solution at 25 °C with a scan rate of 200 mV s~ .

the reduction potentials of the TTF** dication and the TTF"* radical
cation. In the reduction region of the CV of 1:4PF¢, a typical
splitting'><7-!4 of the first two-electron reduction peak and no
splitting of the second two-electron reduction peak of the CBPQT**
ring are observed. The splitting of the first reduction peak can be
attributed to the electronic mixing from the CT interaction between
the TTF unit and the CBPQT*" ring. The reductive portion of the
DPV analysis reveals three peaks at —0.31, —0.41, and —0.84 V.

To shed further light on the mechanical movement of the
CBPQT*" ring between the TTF and DNP unit, the switching in
the bistable [2]rotaxane 1+-4PF¢ was investigated in solution by SEC
(see Figure S8 in the SI). The ground state (E = 0 V) UV—vis
spectrum of 1+-4PF displays the characteristic CT band at 850 nm,
corresponding to the CT interaction between the TTF unit and the
CBPQT*" ring. The absorption spectrum starts to change on
applying a potential of +0.40 V, and the ground state bands bleach
and are replaced by bands in the visible region at 447 and 593 nm,
associated with the absorption of the TTF"" radical cation. These
observations indicate that the CBPQT** ring migrates away from
the TTF"* radical cation to the DNP unit during this process. When
the applied potential is increased above +0.80 V, then the TTF™*
radical cation is oxidized to the TTF** dication. The absorption
bands for the TTF'" radical cation are bleached, and a small
absorption peak at 520 nm, associated with the CT band between
the DNP unit and the CBPQT*" ring, can be detected. The spectrum
gradually changes back to its original form when the applied
potential is switched off (£ = 0 V) and the sample is left at rt for
24 h, indicating that all the electrochemical redox processes
undergone by 1-4PF¢ are fully reversible.
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Figure 2. Sol—gel phase transition behavior of (a) the dumbbell 2 (0.5
M) and (b) the [2]rotaxane 1+4PF¢ (0.8 M) in CH,Clo/MeOH (3:2) solution
when heating the temperature to 40 °C and cooling to 0 °C.

Figure 3. AFM images of the dumbbell 2 by (a) spin-casting CH>Cly/
MeOH (3:2) solution (5 x 107> M) and (b—d) nonsolvent deposition of
the dumbbell 2 on HOPG substrates.

The gelation behavior of 1:4PF¢ and 2 was investigated in a
range of solvents. In most solvents, gels are not formed. We have
found, however, that the CH,Cl,/MeOH (3:2) mixed solvent system
sustains the gelation of both 1:4PF; and 2. Figure 2 illustrates the
sol—gel phase transition that occurs when 1+4PF; (0.8 M) and 2
(0.5 M) in CH,Cl,/MeOH (3:2) solution are heated to 40 °C and
cooled to 0 °C. When Fe(ClO,); (0.2 M, CH,Cl,/MeOH (3:2)) is
brought into contact with the gels to oxidize the samples, the gels
dissolve in the solution.

To obtain insight for the gelation behavior, the self-organization
of 1+4PFs and 2 was demonstrated by atomic force microscopy
(AFM). On spin-casting a CH,Cl, solution of 2 on an HOPG
substrate, there is no evidence for self-organization (see Figure S9
in the SI). However, when spin-casting a CH,Cl,/MeOH (3:2)
solution (5 x 107> M), or by nonsolvent deposition, of 2 on an
HOPG substrate, linear superstructures can be seen to have formed
(Figure 3) by AFM. The average width of the linear superstructures
is 6.5 nm by section analysis. Similar observations have been made
by AFM on 1+4PF. Although no self-organization occurs on spin-
casting a CH,Cl, solution of 1+4PF¢ on an HOPG substrate, linear
superstructures are seen to have been formed (Figure 4) on spin-
casting a CH,Cl/MeOH (3:2) solution (5 x 107> M), or by
nonsolvent deposition, of 1+4PFs on HOPG substrates. The average
width of the linear superstructures for 1:4PFg is 6.0 nm. After
Fe(ClO4); CH,Cly/MeOH (3:2) solutions have been added to
solutions of 1-4PFg and 2 in the same solvent mixture, no self-
organization was observed by AFM. We have also performed the
AFM experiments by spin-casting highly concentrated solutions of
1:-4PF¢ (0.8 M) and 2 (0.5 M) on HOPG substrates. The concentra-
tions we used in these experiments were close to the gelation
conditions. Under these conditions, multiorganized rodlike or
floccule aggregates can be observed (see Figures S11 and S14 in
SI).

The circular dichroism (CD) spectra (see Figure S15 in the SI)
of 1:4PF; and 2, recorded in CH,Cl,/MeOH (3:2) solutions, show
negative (Amax = 282 nm) and positive (Anax = 295 nm) Cotton
effects, respectively. These Cotton effects can be associated with
the right and left-handed helical bias of the supramolecular self-
organization chiralities'*"'> generated by 1:4PFg and 2. The CD
experiments provide important evidence for the supramolecular self-
organization modes of 1-4PF and 2, suggesting a helical molecular
stacking in nature.
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Figure 4. AFM images of the [2]rotaxane 1+4PF¢ by (a and b) spin-casting
CH,C1/MeOH (3:2) solution (5 x 107> M) and (¢ and d) nonsolvent
deposition of the [2]rotaxane 1:4PFs on HOPG substrates.

Molecular modeling of 1+4PF; and 2 (using CERIUS2) shows that
the molecular lengths of 1:4PF4 and 2 are both ~6.5 nm, in keeping
with the experimental observations. According to the calculated and
experimental results and the structural nature of 1:4PFg and 2, we
propose the helical self-organization modes, shown respectively in
panels a and b of Figure 5 for 1+4PF; and 2 as follows: (1) random
face-to-face stacking mode'?"'>'¢ as a result of the packing of the
cholesterol units and the ;77— interactions of the aromatic TTF and
DNP units for 2, and (2) alternate face-to-face stacking mode'*"'*-1¢
as a result of the packing of the cholesterol units and the 7—x
interactions between the aromatic units in 1-4PF¢ containing the
charge-rich CBPQT*" ring. The proposed self-organization modes
(Figure 5) explain the formation of linear superstructures of 1+4PFq
and 2.
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Figure 5. Possible self-organization modes of (a) the dumbbell 2 and (b)
the [2]rotaxane 1-4PFs.

In summary, we have investigated the switching properties,
gelation behavior, and self-organization of a cholesterol-stoppered
bistable [2]rotaxane and compared it with its dumbbell precursor
using spectroscopic, electrochemical, and microscopic methods.
Organogels are formed by these two compounds in a CH,Cl,/MeOH
(3:2) mixed-solvent system and liquified by adding an oxidizing
agent. AFM shows that both compounds self-organize to form linear
superstructures which we believe are helical in nature. The
cholesterol stoppers are essential to this self-organization. This
approach could be used as a general strategy for inducing self-
organization by mechanically interlocked molecules.
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