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Artificial molecular machines,[1] assemblies of a distinct
number of molecular components designed to perform
machinelike motions in response to appropriate external
stimuli, have received much attention in recent years because
of their potential applications in nanotechnology.[2] Pseudor-
otaxanes, a class of supramolecular species in which a
molecular thread is encircled by a molecular bead, have
been employed in the construction of prototype molecular
machines because dethreading and rethreading movements of
a thread through the center of a ring are reminiscent of the
action of a linear motor. Although a number of molecular
machines based on pseudorotaxanes were reported, their
behavior in solution was mostly studied.[3–5] To realize the full

potential of these molecules, however, they need to be
organized on surfaces so that they behave coherently. Never-
theless, few studies on self-assembled monolayers (SAMs) of
pseudorotaxanes on solid surfaces and their behavior have
been reported.[6] Herein we report a self-assembled mono-
layer of a pseudorotaxane on gold and its machinelike
behavior—reversible dethreading and rethreading of the
ring. Furthermore, unprecedented ion-gating behavior asso-
ciated with threading and dethreading is also reported.

Cucurbituril (CB[6]),[7,8] a macrocyclic cage compound
comprising six glycoluril units, forms host–guest complexes
with diaminoalkanes such as diaminobutane, the stability of
which strongly depends on pH. Taking advantage of the pH-
dependent complexation–decomplexation behavior of CB[6]-
diaminoalkanes, we and others synthesized (pseudo)rotax-
ane-based molecular machines or switches working in sol-
ution.[9,10] To realize a molecular machine working on a gold
surface, we have now designed and synthesized novel
pseudorotaxane 1[11] containing CB[6] threaded on a molec-
ular string that consists of a diaminobutane unit as a station
for the molecular bead, and a 1,2-dithiolane group[12] as an
anchoring point toward a gold surface (Scheme 1).

A self-assembled monolayer (SAM) of the pseudorotax-
ane on gold is easily prepared by immersing a gold substrate
in deionized water containing 1 mm of 1 for 24 h.[13] Figure 1a

shows the reflectance FTIR spectrum of the SAM developed
on the gold substrate. The peaks at 1755 cm�1 and 1474 cm�1

corresponding to CO and CN stretching motions of CB[6],
respectively, confirm the attachment of the pseudorotaxane to
the surface. The S(2p) peaks at 162.1 eV (S(2p3/2)) and
163.3 eV (S(2p1/2)) in X-ray photoelectron spectroscopy
(XPS) are also consistent with the attachment of the 1,2-
dithiolane group on the gold surface.[14]

The reversible dethreading and rethreading of CB[6] in
the pseudorotaxane SAM has been studied. Dethreading of
CB[6] from the pseudorotaxane SAM is achieved by exposing
it to 0.1m NaOH solution for 1 h, and rethreading of CB[6] is
performed by soaking the substrate into 1 mm CB[6] in 0.1m
ammonium chloride solution (pH ~ 5) with stirring for 10 h.

Figure 1. FTIR spectra of pseudorotaxane SAM: a) after preparation,
b) after dethreading, and c) rethreading of CB[6].
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The dethreading and rethreading of CB[6] is confirmed by the
disappearance and reappearance of the characteristic peaks
of CB[6] in FTIR spectra (Figure 1b and c). These processes
are reversible and have been repeated up to three cycles with
~ 10–20% decrease in the intensities of FTIR signals in each
cycle.

The pseudorotaxane monolayer formation, and dethread-
ing and rethreading processes are monitored in situ by surface
plasmon resonance (SPR) spectroscopy.[15, 16] The following
solutions are flowed over a gold substrate in sequence and the
surface is washed with a HBS buffer solution (pH 7.4) after
each solution is passed: 1) HBS buffer solution (pH 7.4)
containing 0.5 mm of 1 and thioctic acid (1:1), 2) 0.1m NaOH
solution, 3) 1 mm CB[6] in HBS solution, and 4) 0.1m NaOH
solution. The resulting SPR sensorgram is shown Figure 2. A
large change in resonance angle, which corresponds to
increase in density to 0.49 ngmm�2, after step 1 (and subse-
quent washing) is consistent with the formation of a mixed
SAM of 1 and thioctic acid on the gold surface. The
subsequent changes in resonance angle are consistent with

dethreading and rethreading of CB[6]: after step 2, the
density decreases to 0.23 ngmm�2, which corresponds to
~ 80% dethreading of CB[6], and step 3 increases the density
to 0.39 ngmm�2, suggesting ~ 70% of CB[6] are rethreaded.
The density decrease to 0.26 ngmm�2 after step 4 suggests
that ~ 80% of CB[6] are dethreaded again.

The reversible threading and dethreading of the bulky
CB[6] beads suggests that the pseudorotaxane SAM may
behave as a gate. For example, it may block or allow the
access of electroactive species to the electrode surface
depending on the presence or absence of threaded CB[6].
To test this idea, the pseudorotaxane modified electrode was
first treated with 1 mm thioctic acid in ethanol to fill up defect
sites of the pseudorotaxane SAM.[17] The accessibility of the
electrode surface to [Fe(CN)6]3� was then examined by cyclic
voltammetry. The defect-free pseudorotaxane SAM does not
display any redox peaks in the cyclic voltammogram
(Figure 3;c). After dethreading CB[6], however, a quasir-
eversible redox wave of [Fe(CN)6]3� is observed (Figure 3,
a). This result suggests that dethreading of CB[6] opens up

Scheme 1. Self-assembled monolayer of pseudorotaxane 1 on Au and dethreading and rethreading of molecular bead CB[6].

Figure 2. The SPR sensorgram showing reversible dethreading and
rethreading of CB[6] in pseudorotaxane SAM: a) formation of mixed
SAM of 1 and thioctic acid (TA), b) dethreading of CB[6], c) rethread-
ing of CB[6] and d) dethreading of CB[6]. The top x axis represents the
continuous flow of the indicated solutions.

Figure 3. Cyclic voltammograms of [Fe(CN)6]3� (0.5 mm) obtained with
a) a gold electrode modified with SAM of 1 and thioctic acid (c),
b) after dethreading of CB[6] (a), and c) after treating with thioctic
acid (g). Supporting electrolyte: 0.1m KCl in universal buffer at
pH 8.0; scan rate 0.1 Vs�1.
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the “channels” through which the negatively charged
[Fe(CN)6]3� can now approach to the electrode surface and
be reduced (Figure 4). Treatment of the CB[6]-dethreaded
SAM with thioctic acid to fill up the exposed Au surface
results in the disappearance of the redox wave of [Fe(CN)6]3�

(Figure 3, g).[18] Although further careful studies are
needed, such an ion-gating phenomenon associated with
threading and dethreading of pseudorotaxanes attached to
electrode surfaces is unprecedented.

In summary, we have designed and constructed a pseu-
dorotaxane SAM on a gold surface. The reversible dethread-
ing and rethreading of CB[6] has been demonstrated by SPR
and other experiments. Moreover, unprecedented ion-gating
behavior associated with threading and dethreading of the
molecular bead has been observed. This work may provide an
insight in designing elaborate molecular machines on surface
that may find useful applications in nanotechnology; we are
currently working along this line.
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