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Abstract

The design, synthesis, and operation of molecular-scale systems that exhibit controllable motions of their component
parts is a topic of great interest in nanoscience and a fascinating challenge of nanotechnology. The development of this
kind of species constitutes the premise to the construction of molecular machines and motors, which in a not-too-distant
future could find applications in fields such as materials science, information technology, energy conversion, diagnostics,
and medicine. In the past 25 years the development of supramolecular chemistry has enabled the construction of an
interesting variety of artificial molecular machines. These devices operate via electronic and molecular rearrangements
and, like the macroscopic counterparts, they need energy to work as well as signals to communicate with the operator.
Here we outline the design principles at the basis of redox switching of molecular motion in artificial nanodevices. Redox
processes, chemically, electrically, or photochemically induced, can indeed supply the energy to bring about molecular
motions. Moreover, in the case of electrically and photochemically induced processes, electrochemical and photo-
chemical techniques can be used to read the state of the system, and thus to control and monitor the operation of the
device. Some selected examples are also reported to describe the most representative achievements in this research area.
Antioxid. Redox Signal. 14, 1119–1165.
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I. Introduction

The development of civilization has always been
strictly related to the design and construction of devices—

from wheel to jet engine—capable of facilitating human move-
ment and traveling. Nowadays the miniaturization race leads
scientists to investigate the possibility of designing and con-
structing machines and motors at the nanometer scale, that is, at
the molecular level. Many fields of technology, in particular
information processing, have benefited from progressive mini-
aturization of the components of devices in the last 50 years. A
common prediction is that further progress in miniaturization
will not only decrease the size and increase the power of com-
puters (165), but could also open the way to new technologies in
the fields of medicine, environment, energy, and materials (130).

The top-down approach used so far for the construction of
miniaturized devices is reaching fundamental and practical
limits, which include severe cost limitations, for sizes below 50
nanometers (278). Miniaturization, however, can be pushed
further on because ‘‘there is plenty of room at the bottom,’’ as
Richard Feynman stated in his famous talk in 1959 (138). Re-
search on supramolecular chemistry has shown that molecules
are convenient nanometer-scale building blocks that can be
used, in a bottom-up approach, to construct ultraminiaturized
devices and machines (199). Chemists are in an ideal position
to develop such a molecular approach to functional nanos-
tructures because they are able to design, synthesize, investi-
gate, and operate with molecules—for instance, make them
react or get them together into larger assemblies.

Much of the inspiration to construct molecular devices and
machines comes from the outstanding progress of molecular
biology that has begun to reveal the secrets of the natural
nanomachines that constitute the material base of life (261).
Surely, the supramolecular architectures of the biological
world are themselves the premier, proven examples of the
feasibility and utility of nanotechnology, and constitute a
sound rationale for attempting the realization of artificial
molecular devices (149, 176). The bottom-up construction of
machines as complex as those present in the Nature is a pro-
hibitive task. Therefore, chemists have tried (i) to construct
much simpler systems, without mimicking the complexity of
the biological structures, (ii) to undestand the principles and
processes at the basis of their operation, and (iii) to investigate
the challenging problems posed by interfacing artificial mo-
lecular machines with the macroscopic world, particularly as
far as energy supply and information exchange are concerned.
In the last few years the development of powerful synthetic
methodologies, combined with a device-driven ingenuity
evolved from the attention to functions and reactivity, have
led to remarkable achievements in this field, as evidenced by
several reviews (69, 89, 116, 119, 141, 182, 184, 191, 194, 212,
256, 257, 269, 275, 297) and a monograph (64).

This section is focused on redox-controlled artificial na-
noscale machines and devices. The various design strategies
and processes that have been employed so far to operate these
systems will be illustrated with the help of some representative
examples based on host–guest systems, rotaxanes, and cate-
nanes. The important and still open problem, concerning the
need to transfer these nanodevices from fluid solution to more
organized and sophisticated environments, to operate them
with some degree of control in space and in time, will be also
discussed together with future directions and perspectives.

II. Basic Concepts

A. Definitions

In the macroscopic world, devices and machines are as-
semblies of components designed to achieve a specific func-
tion. Each component of the assembly performs a simple act,
whereas the entire assembly performs a more complex, useful
function, characteristic of that particular device or machine. In
principle, the macroscopic concepts of a device and a machine
can be extended to the molecular level (64). A molecular
device can be defined as an assembly of a discrete number of
molecular components designed to achieve a specific func-
tion. Each molecular component performs a single act,
whereas the entire supramolecular assembly performs a more
complex function, which results from the cooperation of the
various components. It also follows that a molecular machine
is a special type of molecular device.

The Nature shows, however, that nanoscale devices can
hardly be considered as shrunk versions of macroscopic
counterparts because several intrinsic properties of molecular-
level entities are quite different from those of macroscopic ob-
jects, particularly in the case of the molecular machines. In fact,
the design and construction of artificial molecular machines can
take greater benefit from the knowledge of the working prin-
ciples of natural ones rather than from sheer attempts to apply
at the nanoscale macroscopic engineering principles (105).

Biomolecular machines are made of nanometer-sized flop-
py molecules that operate at constant temperature in the soft
and chaotic environment produced by the weak intermolec-
ular forces and the ceaseless and random molecular move-
ments. Gravity and inertia motions we are familiar with in our
everyday experience are fully negligible at the molecular scale;
viscous forces resulting from intermolecular interactions (in-
cluding those with solvent water molecules) largely prevail
and it is difficult to obtain directed motion. This means that
while we can describe the bottom-up construction of a na-
noscale device as an assembly of suitable (molecular) com-
ponents by analogy with what happens in the macroscopic
world, we should not forget that the design principles and the
operating mechanisms at the molecular level are different.

For the above reasons, it is not easy to define the functions
related to artificial molecular motions. A simple and immediate
categorization is usually based on an iconic comparison with
motions taking place in macroscopic systems (e.g., braking,
locking, shuttling, and rotating). Such a comparison presents
the advantage of an easy representation of molecular devices
by cartoons that clearly explain their mechanical functions, but
it also implies the danger of overlooking the substantial dif-
ferences between the macroscopic and molecular worlds.

We suggest the use of a minimum set of terms and defini-
tions as reported below, but we are well aware of dealing with
a difficult and potentially controversial topic (182, 194).

� Mechanical device: a particular type of device designed
to perform mechanical movements.*

*Mechanical movements at the molecular level result from nuclear
motions caused by chemical reactions. Any kind of chemical reaction
involves, of course, some nuclear displacement, but only large am-
plitude, nontrivial motion leading to real translocation of some
component parts of the system should be considered
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� Machine: a particular type of mechanical device
designed to perform a specific mechanical movement
under the action of a defined energy input.

� Motor: a machine capable of using an energy input to
produce useful work.

Clearly, there is a hierarchy: a motor is also a machine, and
a machine is also a mechanical device, but a mechanical device
might not be a machine or a motor and a machine might not be
a motor.

It is also useful to discuss briefly the relation between
molecular switches, and molecular machines and motors. A
switch is a multistate system whose properties and effects on
the environment are a function of its state (121, 136, 151, 212,
213, 221, 222). Most often the interconversion between two
given states of a molecular switch can take place by the same
pathway that is traveled in opposite directions (Fig. 1a). In this
case, any mechanical effect exerted on an external system is
cancelled out when the switch returns to its original state.
Switches exist, however, in which the forward and backward
transitions between a pair of states follow different pathways.
A typical example is provided by a rotary device undergoing
a 3608 unidirectional rotation through two directionally cor-
related half-rotations (160, 195) (Fig. 1b).

Switches of this kind can influence a system as a function of
their switching trajectory, and a physical task performed in a
cycle is not inherently undone.

This is a fundamental requirement if a molecular motor has
to be constructed. Therefore, generally speaking, molecular
machines are also switches, whose states differ from one an-
other for the relative positioning of the various molecular

components. However, to behave as motors, the above-
described additional feature is required, namely, the forward
and backward transitions between the states of the system
have to occur by following different pathways. The vast ma-
jority of artificial molecular machines reported so far do not
exhibit such a behavior and are therefore switches, but not
motors. A more thorough discussion on this topic can be
found in reference (182).

B. Energy supply

As it happens in the macroscopic world, molecular-level
devices and machines need energy to operate and signals to
communicate with the operator (60). The most obvious way to
supply energy to a chemical system is through an exergonic
chemical reaction. Not surprisingly, the majority of the mo-
lecular motors of the biological world are powered by che-
mical reactions (e.g., ATP hydrolysis) (149, 176, 261). Richard
Feynman observed (138) that ‘‘[A]n internal combustion en-
gine of molecular size is impossible. Other chemical reactions,
liberating energy when cold, can be used instead.’’ This is
exactly what happens in our body, where the chemical energy
supplied by food is used in long series of slightly exergonic
reactions to power the biological machinery that sustains life.

If an artificial molecular machine has to work by inputs of
chemical energy, it will need addition of fresh reactants (fuel)
at any step of its working cycle, with the concomitant for-
mation of waste products. Accumulation of waste products,
however, will compromise the operation of the device unless
they are removed from the system, as it happens in our body
as well as in macroscopic internal combustion engines. The
need to remove waste products introduces noticeable limita-
tions in the design and construction of artificial molecular
machines and devices based on chemical fuel inputs.

In the case of nano-machines and nano-devices whose
working operation is based on redox processes, like those
described in this section, however, light (through photoin-
duced electron-transfer processes) and electrical energy
(through electrochemically induced redox processes) can be
profitably used. They offer indeed several advantages in
comparison with chemical energy inputs:

� photons and electrons power molecular devices and
machines without formation of waste products;

� photochemical and electrochemical techniques are also
useful to read the state of the system monitoring in this
way its operation;

� photons and electrons can be switched on and off easily
and rapidly;

� lasers provide the opportunity of working in very small
space and very short time domains, and near-field
techniques enable excitation with nanometer resolution;

� light energy can be transmitted to molecules without physi-
cally connecting them to the source (no wiring is necessary);

� electrodes represent one of the best way to interface
molecular-level systems with the macroscopic world.

The use of light to power nanoscale devices and machines is
relevant for another important reason. If and when a nano-
technology-based industry will be developed, its products
will have to be powered by renewable energy sources, be-
cause it has become clear that the problem of energy supply is
a crucial one for human civilization for the years ahead (23).

FIG. 1. Schematization of the difference between a rotary
switch and a rotary motor. (a) Rotary switch: the intercon-
version between two states can take place by the same path-
way traveled in opposite directions. (b) Rotary motor: the
forward and backward transitions between two states follow
different pathways.
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In this frame, the construction of nanodevices, including
natural–artificial hybrids (272), that harness solar energy in
the form of visible or near-ultraviolet light is indeed an
important possibility.

C. Other particular features of molecular machines

In addition to the kind of energy input supplied to make
them work and the way of monitoring their operation, mo-
lecular machines are characterized by other features such as (i)
the type of motion—for example, translation, rotation, and
oscillation—performed by their components, (ii) the possi-
bility to repeat the operation in cycles, (iii) the time scale
needed to complete a cycle, and (iv) the function performed.

An important property of molecular machines, related to
energy supply and cyclic operation, is their capability to ex-
hibit an autonomous behavior; that is, to keep operating, in a
constant environment and without the intervention of an ex-
ternal operator, as long as the energy source is available.
Natural motors are autonomous, but most of the artificial
systems reported so far are not autonomous because, after the
mechanical movement induced by a given input, they need
another, opposite input to reset. Obviously, the operation of a
molecular machine is accompanied by partial degradation of
free energy into heat, regardless of the chemical, photo-
chemical, and electrochemical nature of the energy input.

Finally, the functions that can be performed by exploiting
the movements of the component parts in molecular machines
are various and, to a large extent, still unpredictable. In nat-
ural systems the molecular motions are always aimed at ob-
taining specific functions, for example, catalysis, transport,
and gating. The changes in the physicochemical properties
related to the mechanical movements in molecular machines
usually obey binary logic, and can thus be taken as a basis for
information processing at the molecular level.

III. Systems Based on Host–Guest Complexes

Molecular self-assembly, a central concept to the Nature’s
forms and functions (115), is an important route toward the
construction of artificial molecular-level devices and ma-
chines (62, 66, 69, 128, 142, 182, 198, 241, 256). The challenge
for chemists engaged in this field resides in the programming
(66, 199) of the system, that is, in the design and synthesis of
components that carry, within their structures, the pieces of
information necessary not only for construction of the desired
supramolecular architecture, but also for the performance of
the required function. In systems based on self-assembly, the
machine-like function to be performed is often related to the
occurrence of a reversible assembly–disassembly process.

The system must therefore be programmed to be able not
only to self-assemble under thermodynamic control (process 1
in Fig. 2), but also to disassemble under the action of a suitable
energy input (process 2 in Fig. 2). Disassembly implies, of
course, chemical transformation of one of the assembled
partners. To repeat the self-assembly=induced-disassembly
process at will (cyclic process), reset of the system is needed
after induced disassembly (process 3 in Fig. 2) (66).

For practical purposes, the state of the system must be well
defined. This means that the self-assembly equilibrium (Fig. 2,
process 1) must be strongly displaced toward the assembled
species. The interaction driving the assembly must, therefore,
be relatively strong. The designing principles include

� choice of molecular components that can give rise to an
intimate supramolecular structure, usually in the form
of a host–guest system;

� presence of complementary, strongly interacting (elec-
tron donor–electron acceptor, acid–base, etc.) units;

� multipoint interactions;
� choice of a suitable, weakly interacting solvent.

Disassembly of a thermodynamically stable supramolecu-
lar structure requires the destruction of the interaction re-
sponsible for the association process. This can be achieved by
means of an appropriate chemical reaction that transforms
one of the assembled partners (Fig. 2, process 2). For example,
when the interaction responsible for complexation is donor–
acceptor in nature, it can be destroyed by oxidation of the
electron-donor unit or reduction of the electron-acceptor one.
Once again, disassembly must be complete to avoid loss of
definition of the system. The reaction needed to cause disas-
sembly can be promoted by chemical, photochemical, or
electrochemical stimulation (50, 69, 198).

Reset of the system implies reassembly, which can occur
only after the occurrence of a chemical reaction opposite to that
responsible for disassembly (Fig. 2, process 3). For example,
if disassembly was achieved by reduction of an electron-
acceptor unit, oxidation of such a unit must be performed to
restore the donor–acceptor interaction and achieve reassembly.

In this section we will illustrate some examples of redox-
induced self-assembly=induced-disassembly=induced-
reassembly processes, translocation of metal ions between
two different sites of a supramolecular system, and thread-
ing–dethreading movements in pseudorotaxane structures.

A. Redox-induced self-assembly=induced-disassembly=
induced-reassembly processes

An interesting example of a redox regulation mechanism
involving conformational changes is compound 1 (Fig. 3a)
with two thiol groups inside the binding cavity (223). When
dissolved in 1,2-dichloroethane solution, 1 can extract several
soft metal ions from water, with strong selectivity for Ag(I).
Disulfide 2, obtained by oxidation of 1 with H2O2, does not
have any extraction capacity, as expected, because its cavity is
closed by the disulfide linkage. The oxidation reaction can be
fully reversed by using NaBH4 as reductant. The concept of
switching between open and closed cavity discussed above is
also relevant to gating of ion channels.

FIG. 2. Schematic representation of a self-assembling=
induced-disassembling-reset process that can be used to
design molecular-level devices.
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Calixarenes, in the same way as cyclodextrins (CD), are
electrochemically inactive receptors that can form inclusion
complexes with a variety of redox-active guests. It has been
found (307) that the water-soluble calixarene hexasulfonate
38� forms (Fig. 3b) stable complexes with ferrocene and co-
baltocene derivatives (289) and with bipyridinium-based
compounds (81). In contrast with CD, however, binding to
calixarenes such as 38� becomes stronger when the guest is
positively charged. This result has been exploited (289) in the
design of a three-component supramolecular system, in
which an electro-active guest can choose reversibly between
two macrocyclic hosts, depending on its oxidation state. The
cobaltocenium cation forms a strong 2:1 complex with 38�,
even in the presence of an excess of b-CD. Reduction of
the cobaltocenium guests, however, leads (Fig. 3b) to their
inclusion in b-CD and subsequent oxidation back to the
monocation affords the original complex.

Other interesting redox-controlled processes concern

� formation of a molecular loop starting from a pseudor-
otaxane consisting of a cucurbit[6]uril macrocycle and a
hexamethylene bridged bis-bipyridinuim (171);

� mediation by cucurbit[8]uril of the self-assembling of
bipyridinium-containing dendrimers (220);

� formation=dissociation of molecular capsules starting
from calixarenes (219);

� molecular movements in a ferrocenyl appended cyclam
copper complex (90).

Interesting examples of redox-controlled three-pole switches
(Fig. 4a) have been reported (38, 86). A three-component su-
pramolecular system, composed of tetrathiafulvalene (TTF),
which can exist in three stable forms (TTF, TTFþ, and TTF2þ)
and two hosts, specifically the p-electron accepting cyclophane
cyclobis(paraquat-p-phenylene) 44þ, and the p-electron donat-
ing crown ether 5, has been investigated (Fig. 4b) (38).

In its role of an electron donor TTF forms, in acetoni-
trile solution, a 1:1 inclusion complex with 44þ, which can be
dissociated–reassociated reversibly by cyclic oxidation–
reduction of TTF, while TTF2þ acts as a p-electron acceptor,
giving a 1:1 inclusion complex with 5. In contrast, TTFþ is not
bound by either of the two hosts. When the electrochemical
potential applied to the solution that becomes more positive
than *þ0.4 V (relative to the saturated calomel electrode

FIG. 3. Redox-controlled host-
guest systems. (a) The capacity of
compound 1 to extract metal ions
from water is switched off by oxi-
dation to 2; (b) selection of either
calixarene 38� or b-cyclodextrin hosts
by changing the oxidation state of
the cobaltocenium ions.

FIG. 4. A supramolecular three-pole
switch. (a) Symbolic representation of a
three-pole switch. (b) A supramolecu-
lar switch in which selection of either
cyclophane 44þ or crown ether 5 hosts
is achieved by changing the oxidation
state of the TTF guest. TTF, tetra-
thiafulvalene.
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[SCE]), TTF is oxidized to the monocation form and the
complex disassembles to give three essentially noninteracting
species. Further one-electron oxidation to TTF2þ at potentials
more positive than * þ0.7 V (relative to the SCE) leads to the
insertion of the dication into the cavity of 5. Because both
oxidized forms of TTF are stable, the initial state can be re-
stored by subsequent reduction. This system can therefore be
switched reversibly between three distinct states by exercising
electrochemical control on the guest behavior of TTF (Fig. 4b).
The fact that the three states have different colors, coupled
with the ease of their electrochemical interconversion, renders
this supramolecular system suitable for electrochromic ap-
plications; the system could, moreover, form the basis for the
construction of molecular devices in which energy- or electron-
transfer processes between selected components can be
controlled (38). This investigation suggests that carefully de-
signed molecular machines could be employed to perform a
variety of valuable functions that go far beyond their char-
acteristic molecular motion.

The supramolecular complex composed of an enlarged
version of the tetracationic cyclophane 44þ, namely, cyclobis
(paraquat-p-biphenylene), and a polyether-type thread con-
taining a ferrocene unit in the center has been studied with the
aim of developing new dual-mode switchable systems (56).
By means of spectroscopic and electrochemical experiments it
has been found that such a complex, which does not adopt
a pseudorotaxane geometry, can be dissociated reversibly
either by oxidation–reduction of the ferrocene unit of the
guest, or by reduction–oxidation of the bipyridinium units of
the host.

Redox-driven processes involving transition metal ions
have also been investigated (14, 132, 134). Particularly inter-
esting is the redox-driven intramolecular anion hopping be-
tween coordinated metal centers that occurs in compound 66þ

(Fig. 5) (124).
This compound consists of two tetraazamacrocyclic (cy-

clam) moieties, each bearing a 2,20-bipyridine unit; the cyclam
rings can host Ni(II), whereas the bipyridine units, pointing
outward, are available for coordination of a Cu(II) ion ac-
cording to a 2:1 stoichiometry. The resulting species 66þ is
therefore a trinuclear metal complex in which the Cu(II) ion,
which prefers a five-coordination sphere, has a solvent mol-
ecule or an anion, A�, in the fifth coordination position. In
aqueous solution the Cu(II) center of 66þ has a particularly
large affinity for triatomic anions such as N3

�, NCO�, and
NCS�, presumably because of its high positive charge (6þ).
Each proximate Ni(II) center, which has a low-spin d8 elec-
tronic configuration, does not compete with the Cu(II) cation
for the A�anion. Thus, in a solution containing 66þ and A�in
1:1 stoichiometry the anion stays on the copper center. On
electrochemical oxidation, the Ni(II) metal ions hosted in the
cyclam units are oxidized to Ni(III), which prefer an octahe-
dral coordination environment. The A� ion, therefore, trans-
locates on an oxidized Ni(III) center, as pictorially illustrated
in Figure 5. On Ni(III)-to-Ni(II) reduction, A� returns to the
central copper ion. The translocation distance is estimated to
be *1 nm. Redox-driven intramolecular anion translocation
between a metal center and a hydrogen-bond donating
compartment has also been reported (6).

Other interesting processes concern assembling=
disassembling of metal-based helicate complexes like those
formed by ligands 7 and 8 with copper ions (8, 9, 12–14).

Ligand 7 (Fig. 6a) gives stable complexes with Cu(I) and
Cu(II), both in acetonitrile solution and in the solid state. X-
Ray diffraction studies evidence very clearly that Cu(I) forms
a dinuclear complex, [Cu2(7)2](CF3SO3)2, that shows a double-
strand helix arrangement of the bis-bidentate ligand around
the metal center (Fig. 6b), whereas Cu(II) prefers to form a
mononuclear complex species, [Cu(7)](CF3SO3)2, in which it
reaches its convenient tetragonal coordination through the
chelation by a single molecule of 7 (Fig. 6c).

On assuming that the above-described geometrical features
are maintained in solution, the Cu(II)=Cu(I) redox change in
solution would result in an assembling–disassembling equi-
librium, as pictorially illustrated in Figure 7.

The occurrence of such redox-driven and reversible pro-
cesses involving copper complexes of 7 has been verified
through cyclic voltammetry experiments at a platinum elec-
trode in an acetonitrile solution (10). The high irreversibility of
the cyclic voltammetric profile depends upon the fact that the
assembling–disassembling process is too fast with respect to
the time scale of the voltammetric experiment, also when they
are recorded at a scan rate of 20 V s�1. This means that the
transient species [Cu2(7)2]4þ (upper right corner in the square
scheme of Fig. 7) and [Cu(7)]þ (lower left corner of square
scheme) have a very short lifetime.

However, it has been recently demonstrated (234) that the
lifetime of the di-copper(II) double-strand helicate [Cu2(7)2]4þ

can be significantly increased by introducing hindering sub-
stituents on the framework of 7, as in the case of the bis-
bidentate ligand 8 (Fig. 6a).

The bidentate ligand 8 forms with Cu(I) a double-strand
helicate complex, [Cu2(8)2]2þ, very similar to the [Cu2(7)2]2þ

FIG. 5. Redox-controlled anion (A�) translocation in the
trinuclear metal complex 66þ.
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analog. Its cyclic voltammetric behavior in acetonitrile solu-
tion unambiguously indicates that on oxidation of the di-
copper(I) helicate a dicopper(II) helicate forms according to
two distinct one-electron oxidation steps:

[CuI
2(8)2]2þ‹

fi [CuICuII(8)2]3þ þ e�

[CuICuII(8)2]3þ‹
fi [CuIICuII(8)2]4þ þ e�

On the other hand, the electrochemical investigation on an
acetonitrile solution containing the mononuclear [Cu(8)]2þ

complex, obtained from the interaction of Cu(II) with ligand 8,
gives totally different results that can be interpreted as
follows: (i) on scanning the potential to negative values, the
reduction of the mononuclear [Cu(8)]2þ complex to the cor-
responding mononuclear [Cu(8)]þ species results in a fast
assembling to give the dicopper(I) double-strand helicate; (ii)
on scanning the potential to positive values, the [Cu2(8)2]2þ

complex undergoes stepwise one-electron metal-based oxi-
dation processes to give first [Cu2(8)2]3þ and then [Cu2(8)2]4þ.
The above evidence indicates that the �OCH3 substitu-
ent in each quinoline moiety slows down the disassembl-
ing of the Cu(II) double-strand helicate complex, which persists
in solution on the time scale of the voltammetric experiment
(in the present case performed at a scan rate of 200 mV=s).

Double-strand dicopper helicate complexes are interesting
systems because they may show hysteresis (as observed with
ligand 7), giving rise to a rare example of electrochemical
bistability. It has been also shown that the hysteretic behavior
can be controlled and modulated through simple synthetic
modifications, as observed with ligand 8.

B. Redox-induced translocation of metal ions

In the redox-driven metal translocation the movable metal
center should have two consecutive, stable oxidation states,
Mnþ and M(nþ1)þ, a quite common property in transition
metal chemistry. On this basis a ditopic ligand could be de-
signed in which a compartment, A, has selective affinity for
the oxidized form, M(nþ1)þ, whereas the other compartment,
B, has a higher affinity for the reduced form, Mnþ. The redox
cycle can be performed either chemically or electrochemically.
The rate of the process depends on the extent of reorganiza-
tion required by the change in the coordination arrangement.
Similar problems are encountered in the redox-driven me-
chanical movements in metal-based rotaxanes and catenanes
described in sections ‘‘IV. Systems Based on Rotaxanes’’ and
‘‘V. Systems Based on Catenanes.’’

A classical example of redox-driven translocation of a
transition metal ion is shown schematically in Figure 8 (306).
The triple-stranded helical ligand contains internal, hard hy-
droxamate and external, soft bipyridine binding sites. Fe(III)
prefers to reside in the hard coordination environment, [9�Fe],
whereas Fe(II) has a large affinity for the bipyridine ligands
[10�Fe]2þ. On chemical reduction of Fe(III) to Fe(II) by ascor-
bic acid the metal ion, therefore, translocates to the external
soft bipyridine site. The translocation, which occurs with a
change in color, can be reversed by adding peroxydisulfate.
The ion translocation process is rather slow (minutes to hours,
depending on the direction) because of the severe steric re-
arrangements that the ditopic system must experience in the
course of the metal ion movement.

FIG. 7. The redox-driven disassembling of the [Cu2(7)2]
2þ

double-strand helicate complex to give two mononuclear
[Cu(7)]2þ complexes, in which each strand behaves as a quad-
ridentate ligand. On subsequent reduction, the two mononu-
clear complexes reassemble to give the di-copper helicate.

FIG. 6. Redox-active metal-
based helicate complexes. (a)
Structural formula of ligands 7
and 8; (b) molecular structure of
the [Cu2(7)2]

2þ double-strand
helicate complex in which the
Cu(I) metal centers are re-
presented as spheres and the
hydrogen atoms of the two
strands have been omitted for
clarity; (c) molecular structure of
the [Cu(7)]2þ complex in which
the Cu(II) metal center is re-
presented as a sphere and the
hydrogen atoms of the two
strands have been omitted for
clarity (the metal center experi-
ences a rather distorted square
coordination geometry).
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An Fe(III)=Fe(II)-driven translocation process of different
nature is illustrated in Figure 9 (77). Ligand 11 consists of a 4-
methylphenol platform, to which two different terdentate
subunits have been appended in 2 and 6 positions. One ap-
pendance is formed by a tertiary amine group and two phe-
nolate oxygen atoms; deprotonation of all the phenolic group
of 11 is guaranteed by the presence of the base 2,4,6-
trimethylpyridine (collidine) in the acetonitrile solution. The
other appendance possesses one tertiary amine group and
two pyridine nitrogen atoms. When 1 equiv. of Fe(ClO4)3 is
added to an acetonitrile solution of 11, in the presence of

collidine, the Fe3þ cation seeks for the coordination of the
three available oxygen atoms, one from the platform and two
from the phenolate moieties. Six-coordination, to give the
preferred octahedral geometrical arrangement, is achieved by
coordination of the nitrogen atom of the amine and by two
solvent molecules (Fig. 9a, left).

On the other hand, if a stoichiometric amount of Fe(ClO4)2

is added to a solution of 11 containing collidine, the Fe2þ

center looks for the coordination of the three nitrogen atoms,
one from the amine and two from the pyridine moieties, while
the phenolate oxygen atom of the platform and two solvent
molecules complete six-coordination (Fig. 9a, right). These
data provide the bases for the occurrence of a redox-driven
translocation of the iron center between the two compart-
ments, which share the central phenolate oxygen atom. In-
deed, translocation was carried out electrochemically and was
investigated by means of cyclic voltammetric experiments
carried out in acetonitrile solution. The electrochemical be-
havior can be accounted for on the basis of the square scheme
shown in Figure 9b that illustrates the pendular motion of the
iron center driven by the Fe(III)=Fe(II) redox couple.

Voltammetric studies performed at high scan rates indicate
that the time constant of the iron translocation, processes (ii)
and (iv) of Figure 9b, is lower than 10 ms. The high translo-
cation rate can be ascribed to the beneficial assistance of the
central phenolate oxygen atom, which keeps the iron center
coordinated over the course of the direct and reverse motion,
thus reducing the energy of the transition state. A similar
system in which one compartment is based on three salicy-
lamide groups and the other on three bipyridine fragments
has been also reported (291).

Figure 10 illustrates the translocation of a copper ion
between the two coordination sites of the octadentate ligand
12 (11). The compartment that consists of four secondary
amine groups is suitable for coordination of Cu2þ, whereas
that consisting of two bipyridine moieties is more suitable for
coordination of Cuþ. The ligand is flexible enough to fulfil the
stereochemistry requirements of each metal oxidation state
(square coordination for Cu2þ and tetrahedral for Cuþ). The
translocation process is rapid and reversible and occurs on
addition of ascorbic acid for the species containing Cu2þ and
on addition of H2O2 for the species containing Cuþ.

FIG. 8. Redox-driven translocation of an iron cation
within a ditopic ligand.

FIG. 9. Redox induced metal ion translocation in a ligand
with two compartments. (a) Ligand 11 provides two donor
set compartments capable of hosting a Fe3þ cation (left
compartment) and a Fe2þ cation (right compartment); (b) a
square scheme illustrating the pendular motion of the iron
center between the two compartments of ligand 11, driven
by the Fe(II)=Fe(III) redox couple.

FIG. 10. Redox-driven translocation of a copper metal ion
within the ditopic ligand 12.

1126 CREDI ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-007.jpg&w=238&h=169
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-008.jpg&w=238&h=242
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-009.png&w=154&h=169


In recent years, great attention has also been devoted to
anion receptors and anion translocation (7).

C. Threading–dethreading molecular movements

As far as molecular machines are concerned, the most
interesting host–guest systems are certainly the pseudo-

rotaxanes (4, 87, 99, 143, 146, 166, 187, 245, 258) structures that
can be defined (44) as interwoven inclusion complexes in
which a molecular thread is encircled by one (Fig. 11a) or
more beads (i.e., macrorings) so that the extremities of the
thread are directed away from the center of the bead.

The constituents of the assembly, like any complex, are at
liberty to dissociate into separate molecular species. If two
bulky substituents (stoppers) are placed at the ends of the
thread, a pseudorotaxane is converted into a rotaxane (section
‘‘IV. Systems Based on Rotaxanes’’), a structure that does not
allow dethreading, because of the presence of the two stop-
pers (Fig. 11b). However, if the thread has relatively bulky
substituents since the beginning, the ring can slip through
them, a process that requires overcoming of a quite high ac-
tivation barrier (Fig. 11c) (26). For such systems dethreading
of the ring is not impossible, but requires overcoming of an
even higher activation barrier, so that under appropriate
conditions (e.g., low temperature) they behave as rotaxanes.
This shows that pseudorotaxanes can have some rotaxane-
like character. From another viewpoint we can say that
pseudorotaxanes belong to the fuzzy domain between the two
extremes (Fig. 11d) corresponding to either the two isolated
components or the assembled rotaxane structure (42). This is
indeed a good example of fuzzy logic in chemistry, a concept
that is now proving its value for a great variety of industrial
chemical processes (248–250).

Some of the molecular motions that can be obtained with
pseudorotaxanes are represented pictorially in Figure 12.
Dethreading–rethreading of the thread and ring components
is reminiscent of the movement of a piston in a cylinder.
Starting from this simple motion (Fig. 12a), more complex
processes can be devised. In a chemical system comprising a
macrocycle and two thread-like species one can select, by
means of a suitable input, which thread enters the ring’s
cavity (Fig. 12b). Analogously, a suitable stimulus can be used
to choose which of the two macrocycles surrounds a partic-
ular thread-like species (Fig. 12c). The processes shown
schematically in Figure 12 can also be taken as a basis for
binary logic operations and for the design of logic gates (64).

The external stimulus used to power such rudimentary
molecular machines must be able to weaken the noncovalent
bonding forces that stabilize the initial supramolecular com-
plex and depends on the nature of such forces.

In this section we will illustrate some examples of pseudor-
otaxanes in which the interactions responsible for complexa-
tion are donor–acceptor in nature. Such kind of interactions

FIG. 11. The difference between pseudorotaxanes and
rotaxanes. (a) Schematic representation of a pseudorotaxane
structure; (b) schematic representation of a rotaxane struc-
ture; (c) self-assembly of rotaxane-like entities by slippage of
a macrocyclic through relatively bulky stoppers; (d) sche-
matic illustration showing that pseudorotaxanes belong to
the fuzzy domain between isolated components and rotax-
ane structures.

FIG. 12. (a) The dissociation
of a pseudorotaxane and the
interchange of (b) a macro-
cycle between two threads
and (c) a thread between two
macrocycles. S1 and S2 are ap-
propriate external stimuli.
Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Re-
produced with permission
from Balzani et al. (64).

ARTIFICIAL NANOSCALE DEVICES 1127

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-010.jpg&w=238&h=333
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-011.jpg&w=358&h=148


can be weakened by oxidation of the electron-donor unit or by
reduction of the electron-acceptor one. The reduction of the
electron-acceptor unit also weakens the [C–H. . .O] hydrogen
bonds that accompany the donor–acceptor interactions in most
of these supramolecular complexes. The donor–acceptor in-
teraction can usually be restored by means of the reverse redox
process. Of course, the oxidation and reduction processes
needed to dissociate–associate a pseudorotaxane can be
achieved by chemical, electrochemical, or photochemical
inputs (50, 64, 69) and in the following some paradigmatic
examples divided according to the nature of the energy inputs
are reported.

1. Chemically driven movements. The assembly of
complexes based on electron- donor–acceptor interactions can
be controlled by means of redox stimuli that can be provided
by the addition of oxidants and reductants. The inclusion
complex formed between the electron-acceptor cyclophane
44þ and the well-known electron donor TTF (Fig. 4), and
pseudorotaxanes composed of 44þ and thread-like species
containing a TTF unit, can be disassembled (27, 29, 68) into
their free components by oxidation of the TTF unit to its
radical cation with one equivalent of Fe(ClO4)3 in acetonitrile
or aqueous solution. The one-electron oxidized form of the
TTF unit is stable under such conditions and can be reduced
back to its neutral form by adding a stoichiometric amount of
ascorbic acid. The reduction results in the insertion of the TTF
unit into the tetracationic cyclophane. Dethreading can also be
achieved by adding o-chloranil, which forms an adduct with
the TTF unit; on addition of Na2S2O5 in the presence of water,
o-chloranil is reduced, affording the original pseudorotaxane
(68). Such dethreading–rethreading processes can be easily
monitored by ultraviolet–visible absorption spectroscopy,
because

� the complex has a broad absorption band with a maxi-
mum* 850 nm, ascribed to the charge–transfer (CT)
interaction between the electron-rich TTF unit and the
electron-poor bipyridinium units of 44þ;

� the neutral and cationic forms of the TTF unit have very
different absorption features.

A system of this kind can, moreover, serve as a basis for the
construction of a supramolecular device in which it is possi-
ble, by means of chemical stimuli, to select which of two
guests enters the cavity of a macrocycle, and to interchange
the two guests reversibly (Fig. 13) (118). Addition of the
thread-like compound 13, which contains a p-electron-rich
dioxynaphthalene (DON) unit, to an aqueous solution of the
[4�TTF]4þ complex affects neither the CT absorption band
characteristic of the complex nor the strong fluorescence band
of the DON-based thread 13, indicating that this thread does
not displace TTF from inside the macrocyclic host.

On addition of a stoichiometric amount (with regard to
TTF) of Fe(ClO4)3 the absorption bands of the radical cation
TTFþ are formed, the CT band of [4�TTF]4þ disappears, and
the fluorescence band of the DON-based species 13 is sub-
stantially quenched. These results show that oxidation causes
expulsion of TTFþ from 44þ and its replacement by the DON-
based thread. On subsequent addition of ascorbic acid the
system returns to its initial state.

2. Electrochemically driven movements. Electrochemical
methods have been used extensively to control molecular
recognition (25, 66, 69, 71, 85, 100, 133, 179, 182, 229, 285). As
discussed in section ‘‘B. Energy supply,’’ electrochemical
techniques can be used not only to induce chemical or con-
formational changes in supramolecular systems, but also to
probe their superstructures and organization. In other words,
electrochemistry provides a handle on both the input stimuli
and the readout signals that are necessary for monitoring the
operation of molecular machines.

Key features of the systems that can be electrochemically
controlled are

� the presence in one component of an electro-active unit
characterized by reversible redox processes;

� the effect of the other component on the electrochemical
behavior of the component containing the electro-active
unit.

This second property enables investigation of the
complexation–decomplexation process by, for example, vol-
tammetric techniques.

CD (46, 112, 247) are a class of hosts that are inactive elec-
trochemically yet can form stable pseudorotaxanes with a
variety of electro-active guests (85, 157, 178, 179, 207, 275). It
has been found, for example, that, whereas compounds con-
taining bipyridinium (usually called viologen) in the dica-
tionic forms (e.g., 142þ, Fig. 14) are not bound by b-CD, when
reduced to their monocationic forms they interact weakly
with the cavity of this host and give fairly stable pseudor-
otaxane complexes with b-CD when they are finally reduced
to their uncharged forms (216, 217).

Similar results have been found for cobaltocenium deriva-
tives, which do not interact with CD yet become good guests
for inclusion in b-CD upon one-electron reduction to yield the
neutral cobaltocene (290). Ferrocene and its derivatives (114,
147, 277, 300), and TTF (262, 308), behave in the opposite
manner; that is, they are strongly bound in their most stable
oxidation states, which correspond to uncharged species, but
when they are oxidized they are not bound. These features
have been exploited to construct dendrimers that contain up
to 16 ferrocene units (94) or up to 32 cobaltocenium units
(148), on their peripheries and therefore exhibit redox-
controllable multisite complexation of b-CD. Such dendrimers

FIG. 13. The chemically re-
dox-induced interchange of
guests TTF and 13 into the
cavity of cyclophane 44þ.
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form very large supramolecular architectures that can be ei-
ther broken apart, or assembled, on oxidation of the ferrocene
units or on reduction of the cobaltocenium units, respectively.
Ferrocene has also been used as the core of water-soluble
dendrimers containing glucopyranosyl residues in the bran-
ches. In these compounds, the ferrocene unit is indeed
complexed by b-CD, provided that only one of its two
cyclopentadienyl rings bears a dendritic substituent (39).

Similar investigations have been performed on calixarenes,
another important class of electroinactive receptors (81,
289, 307). In CH2Cl2 solution the tris(N-phenylureido)ca-
lix[6]arene 15 can complex the molecular thread 1,10-dioctyl-
4,40-bipyridinium dication 162þ in a pseudorotaxane-type
fashion (Fig. 15) with an association constant exceeding 106 L
mol�1 (21). The pseudorotaxane species are stabilized by
[p. . .p] stacking, [C–H. . .O] hydrogen bonding, [C–H. . .p] in-
teractions, and, interestingly, by hydrogen-bonding interac-
tions between the counteranions of the dicationic guest and the
N–H ureido groups of the host. Thread 162þ exhibits the two
monoelectronic and reversible reduction processes typical of

the viologen-based compounds (218, 276). When it is threaded
within 15, a large shift of its first reduction potential toward
more negative values; the second reduction process, however,
occurs at the same potential as for the free thread, indicating
that one-electron reduction of the thread promotes dethread-
ing (Fig. 15) (117). Oxidation of the radical cation 16þ back to
the dication leads to rethreading.

Cyclic voltammetric studies and stopped-flow absorption
experiments showed that for this species, the (re)threading
process is relatively slow (kthr *3�105 l mol�1 s�1 at 298 K),
and 1H nuclear magnetic resonance (NMR) studies (20) indi-
cated that in nonpolar solvents the insertion of 162þ into the
cavity of 15 occurs exclusively through the rim bearing the
ureido groups. The latter observation suggests the possibility
of designing pseudorotaxanes with unidirectional threading–
dethreading motions (117).

Another family of redox-inactive receptors capable of giv-
ing redox switchable pseudorotaxanes with viologen guest is
that of the cucurbit[n]urils (186, 187, 197). The position of
cucurbit[7]uril on a thread containing ferrocene as end groups
is switched upon ferrocene oxidation (270, 288). Cucurbi-
t[8]uril and 1,10-dimethyl-4,40-bipyridinium dication (also
called methyl viologen, MV2þ) form a 1:1 inclusion complex
that can be reversibly converted into a 1:2 complex by one
electron reduction of the guest. This process has been
exploited to obtain the reversible formation of a molecular
loop when hexamethylene-bridged bis-viologen is used as a
guest (171). A similar loop was also obtained starting from a
thread containing a naphthalene-2-yloxy and a viologen
linked by a flexible tether because of formation of a CT com-
plex within the cucurbit[8]uril cavity (170). This loop can be
open by reduction in the presence of added MV2þ. In aqueous
solution the first stable p-dimer of a TTF cation radical en-
capsulated in the cavity of suitable cages has also been evi-
denced (304, 309).

One of the most extensively studied receptors in recent
years has been the cyclophane 44þ (Fig. 4), which is a very
efficient host for a wide variety of p-electron donating guests
(4). Because it is redox active (17) its binding capacity can be
subjected to electrochemical control. Two bielectronic reduc-
tion processes are observed for the tetracationic cyclophane
44þ, the first corresponding to the uptake of the first electron
by each of the equivalent bipyridinium units and the second
to the subsequent reduction of the radical cations to neutral
units. When an electron-donor unit is located inside the cavity
of the cyclophane the potential associated with the first re-
duction process is shifted to more negative values, as a con-
sequence of the CT interactions that stabilize the complex
(113, 126, 285). The second reduction process at more negative
potentials of this cyclophane is very important because, as
already pointed out for the viologen-based thread 162þ, it can
be used to monitor the occurrence of decomplexation induced
by the first two-electron reduction (178, 285). For example, in
the presence of excess of a thread-like compound composed of
a polyether chain that bears a 1,4-dioxybenzene unit in the
middle, the potential value for the first bielectronic reduction
of 44þ is shifted cathodically, whereas the second reduction
process is almost unaffected (17). This observation is consis-
tent with formation of a pseudorotaxane between the cyclo-
phane and the thread, and dethreading of the pseudorotaxane
upon two-electron reduction of the 44þ host, so that the sec-
ond two-electron reduction process reflects that of the free

FIG. 14. The electrochemically induced threading–
dethreading processes of the thread 142þ into the cavity of
b-CD. CD, cyclodextrin.
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host. The occurrence of the dethreading reaction is not sur-
prising, because reduction of the electron-acceptor compo-
nent weakens the CT interaction that helps to hold together
the components of the supramolecular architecture. Because
all these processes are reversible, oxidation of 4 back to the
tetracationic form affords the original pseudorotaxane. It
should, in principle, also be possible to obtain useful infor-
mation about the occurrence of dethreading–rethreading
processes from the electrochemical behavior of the guest; the
poor reversibility of the oxidation process associated with a
1,4-dioxybenzene unit, however, prevents the use of this type
of control.

More interesting are pseudorotaxanes wherein both the
cyclophane and thread components are characterized by
chemically reversible redox processes; one example is the
complex of TTF with 44þ (Fig. 13) (29, 126) and related pseu-
dorotaxanes (27, 68). This improvement in design not only
enables monitoring the formation of the supramolecular
species by studying both the reduction of the electron-
acceptor component and the oxidation of the electron-donor
species, but also provides a dual mode (reductive and oxi-
dative) of control on the dethreading–rethreading process.
The molecular thread 17, obtained by attaching two polyether
chains to a TTF unit (Fig. 16), forms a very stable pseudor-
otaxane with 44þ(29). Reversible dethreading–rethreading
cycles of the pseudorotaxane [4�17]4þ (and of [4�TTF]4þ, Fig.
13) can be performed either by oxidation and successive re-
duction of the electron-donating thread or by reduction and
successive oxidation of the electron-accepting cyclophane
(29). Such processes are accompanied by pronounced spectral
differences that can be followed easily by the naked eye. This
unique behavior makes the system appealing for the con-
struction of electrochromic display devices and, because its
input (electrochemical)-output (color) characteristics corre-
spond to those of the XNOR (eXclusive Not OR) logic oper-
ation, for the design of molecular-level logic gates.

In suitably designed compounds CT interactions can give
rise to intramolecular pseudorotaxane structures (33, 43, 227,
228). Electrochemically controlled threading–dethreading of a
ring-in-ring self-complexed system has also been reported
(57).

3. Photochemically driven movements. Stimulation by
light is the most interesting way to power molecular-level
machines (section ‘‘B. Energy supply’’). Photons, like elec-
trons, can be exploited both for causing the changes (writing)
in chemical systems and for monitoring (reading) their states
(54, 55, 62, 63, 65–67, 69, 70–72, 120, 182, 184, 256). In general,
systems of this type that have been reported so far can be
subdivided into those relying on photoinduced electron-
transfer processes, and those based on photoisomerizations.
In this context only the systems based on photoinduced
electron transfer will be discussed.

Complexes such as [4�TTF]4þ and [13�4]4þ (Fig. 13) are
primarily stabilized by p-electron donor–acceptor interac-
tions. These interactions usually introduce new energy levels
that cause the appearance of CT absorption bands, often in the
visible region of the spectrum (17, 27, 29, 33, 68). Excitation in
these bands leads formally to the transfer of an electron
from the donor to the acceptor component and is, therefore,
expected to destabilize the CT interaction responsible for self-
assembly.

Occasionally, photoinduced electron transfer leads to the
formation of charges of the same sign that repel each other
and so contribute to forcing the molecular components apart.
This simple approach to dethreading is, however, precluded,
because back-electron transfer, that is, the deactivation of the
CT excited state to the ground state, is much faster than the
separation of the molecular components, a process that re-
quires extended nuclear motions and solvation processes
(53, 78, 122, 196, 263). In some particular instances (79, 80),
laser flash photolysis experiments have been interpreted

FIG. 15. The electrochemi-
cally induced dethreading–
rethreading processes associ-
ated with the pseudorotaxane
[15�16]2þ.
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as indicating dissociation of a small fraction of the irradiated
complex.

To achieve light-induced dethreading of the [13�4]4þ com-
plex, a different approach was devised (33, 53) that was based
on the use of an electron-transfer photosensitizer (P), sepa-
rated from or linked to one of the components [either to the
macrocycle (41) or to the thread (34, 40, 183, 214, 252, 266, 302,
303); see, for example, 184þ in Fig. 17], and a reductant scav-
enger (Red) species. Good candidates for the role of photo-

sensitizer are 9-anthracenecarboxylic acid (175) and metal
complexes (177) such as [Ru(bpy)3]2þ (Fig. 17), whereas effi-
cient reductant scavengers are triethanolamine and poly-
carboxylate anions, for example, oxalate anions (15). The
photosensitizer must be able to absorb light efficiently, and
have a sufficiently long-lived and reductant excited state, so
that its light irradiation (process 1) will lead (process 2) to the
transfer of an electron to the bipyridinium unit of the thread
(Fig. 17).

FIG. 16. The dual-mode
electrochemically induced
dethreading–rethreading pro-
cesses associated with the
pseudorotaxane [4�17]4þ.

FIG. 17. Photocontrollable second-generation molecular machines based on pseudorotaxanes. In [5�18]4þ the light-fueled
motor (i.e., the photosensitizer) is part of the acyclic component. Red (triethanolamine) is the reductant scavenger. Conditions:
ethanol solution, 298 K.
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The relatively fast back-electron transfer from the reduced
bipyridinium unit of the thread to the oxidized photosensi-
tizer (process 3) is prevented by the reductant, which, if
present in a sufficient amount (>10�3 M), regenerates (process
4) the original photosensitizer. Under these conditions, the
persistent reduction of the bipyridinium unit of 184þ is
achieved and the pseudorotaxane dethreads, as evidenced by
the emission spectrum of the crown ether 5. Oxygenation
of the solution, from which O2 was initially removed, reox-
idizes the bipyridinium unit of the thread, thereby promoting
rethreading with 5.

The construction of these integrated pseudorotaxanes is not
an easy task, so careful design is of paramount importance
before embarking on time-consuming and demanding syn-
thetic work. The successful operation of such a molecular
machine is the result of the appropriate choice of the func-
tional units, and their covalent linking into the thread and ring
components to achieve the correct integration of functions
and sequence of processes, and lack of interference between
the units. The most important readout signal is the intensity of
the 1,5-DON fluorescence associated with the free macrocycle
5. By means of a repeated sequence of deoxygenation and
irradiation followed by oxygenation, many dethreading–
rethreading cycles can be performed on the same solution
without any appreciable loss of signal until most of the re-
ductant scavenger is consumed.

Systems that rely on this photosensitizer–scavenger strat-
egy produce waste species resulting from the decomposition
of the chemical reductant and oxidant.

In this regard, the search for efficient molecular machines
exploiting clean, reversible photochemical reactions (in other
words, machines that use only light as an energy supply) is of
fundamental importance (50, 51, 54, 72, 120).

IV. Systems Based on Rotaxanes

Rotaxanes, the name of which derives from the Latin words
rota and axis for wheel and axle, are topologically intriguing
chemical species that are currently the object of much interest.
They (258) are minimally composed (Fig. 11b) of a macrocyclic
compound (the ring) threaded by a dumbbell-shaped mole-
cule terminated by bulky groups (stoppers) that prevent dis-
assembly. Important features of these systems derive from
noncovalent interactions between components that contain
complementary recognition sites. Such interactions, which are
also responsible for the efficient template-directed syntheses
(22, 260) of rotaxanes, include electron donor–acceptor ability,
hydrogen bonding, hydrophobic–hydrophylic character, p-p
stacking, electrostatic forces, and, on the side of the strong
interaction limit, metal–ligand bonding. Rotaxanes have,
therefore, both molecular and supramolecular character:
molecular because the components are held together me-
chanically and can be unlinked only by breaking strong co-
valent bonds; supramolecular because of the presence of weak
noncovalent interactions. As it will be shown later the most
interesting features of these systems derive from the inter-
component noncovalent interactions, that is, from their su-
pramolecular nature.

In a rotaxane the ring component can rotate around or
shuttle along the axis component (Fig. 18).

Rotation of the wheel component is generally a spontane-
ous process; rotary movements based on rotaxanes are briefly

discussed in section ‘‘C. Ring pirouetting motion.’’ If, during
the template-directed synthesis of a rotaxane, location of two
identical recognition sites within its dumbbell component can
be arranged, the result is a degenerate, conformational equi-
librium state in which the macrocyclic component spontane-
ously shuttles back and forth along the linear portion of the
dumbbell (16, 18, 45). Compound 194þ (Fig. 19a) is an example
of rotaxane that behaves as degenerate molecular shuttle (18).
Several structural, kinetic, and theoretical studies have been
devoted to examination of the deslipping process (1, 159, 163,
201, 246, 259).

When the two recognition sites in the dumbbell component
differ in their constitutions (Fig. 19b), a rotaxane can exist as
two different equilibrating conformations the populations
of which reflect their relative free energies as determined
primarily by the strengths of the two different sets of non-
covalent bonding interactions. In the schematic representation
shown in Figure 19b it has been assumed that the molecular
shuttle resides preferentially in State 0 until a stimulus is ap-
plied that switches off the stronger of the two recognition sites,
thus inducing the macrocycle to move to the second weaker
recognition site, State 1. In appropriately designed rotaxanes
this nondegenerate process can be controlled reversibly by use
of chemical, electrochemical, or photochemical stimuli (50, 55,
62, 63, 69, 71, 100, 154, 178, 182, 184, 187, 194, 208, 256, 275).
Protonation–deprotonation, oxidation–reduction, and other
reversible processes can be exploited to alter reversibly the
stereo-electronic properties of one of the two recognition sites,
thus affecting their relative capacities to sustain noncovalent
bonds. By switching off and on again the recognition prop-
erties of one of the two recognition sites, the relative propor-
tions of the two species can be controlled reversibly. These
kinds of controllable molecular shuttles can be self-assembled
by use of one of a number of different template-directed syn-
thetic strategies, which include threading–capping, slipping,
and clipping procedures (4, 87, 99, 143, 146, 166, 187, 245, 258).
The controlled shuttling movement is interesting not only
mechanically, but also for information processing (binary
logic). In the following discussion we illustrate some selected
examples of rotaxanes in which the ring shuttling is induced
by redox processes. Because, as already noticed, the conve-
nient energy inputs to cause such processes are electric energy
and light, only electrochemically and photochemically driven
rotaxanes are described.

A. Electrochemically driven shuttles

When a rotaxane contains two different recognition sites in
its dumbbell component, it can behave as a controllable

FIG. 18. Schematic representation of the linear (a) and
rotary (b) movements that can occur in a rotaxane. Copy-
right Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission from Balzani et al. (64).
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molecular shuttle, and, if appropriately designed by incor-
porating suitable redox units, it can perform its machine-like
operation by exploiting electrochemical energy inputs. Of
course, in such cases electrons=holes, besides supplying the
energy needed to make the machine work, can also be useful
to read the state of the systems by means of the various
electrochemical techniques.

The first example of electrochemically driven molecular
shuttles is rotaxane 204þ (Fig. 20a) constituted by the elec-
tron-deficient cyclophane 44þ and a dumbbell-shaped com-
ponent containing two different electron-donors, namely, a
benzidine and a biphenol moieties, which represent two
possible stations for the cyclophane (83). Because benzidine
is a better recognition site for 44þ than biphenol, the preva-
lent isomer is that having the former unit inside the cyclo-
phane. The rotaxane exhibits two one-electron oxidations,

both assigned to the benzidine recognition site. A compari-
son of the halfwave potentials of 204þ with those of a model
compound incorporating a benzidine unit not encircled by
the tetracationic cyclophane shows that the potential for the
first oxidation is more positive in the rotaxane, while that
for the second oxidation is the same in both compounds.
The shift of the first process indicates that the tetracationic
cyclophane surrounds the benzidine station, making its first
one-electron oxidation more difficult. The fact that the sec-
ond oxidation is unaffected by the presence of the cyclo-
phane can be explained by considering that, once the
benzidine is oxidized to the corresponding radical cation, the
tetracationic cyclophane moves away from it. Upon reduc-
tion of the benzidine unit back to its neutral state, the orig-
inal equilibrium between the two conformations associated
with the rotaxane is restored.

FIG. 19. Shuttling motion of the molecular ring component in rotaxanes. (a) Rotaxane 194þ behaves as a degenerate molecular
shuttle; (b) operation of a rotaxane with two different recognition sites, in which ring shuttling can be controlled by external stimuli
S1 an S2. The diagrams below each cartoon show an idealized representation of the potential energy of the system as a function of
the position of the ring relative to the axle. The black circles indicate the potential energy corresponding to each of the structures
shown in the cartoons. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from Balzani et al. (64).
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After this first report, a remarkable number of electro-
chemically controllable molecular shuttles have been de-
signed, constructed, and studied. Rotaxane 214þ (Fig. 20b), for
instance, incorporates the same electron-deficient cyclophane
44þ of rotaxane 204þ and a dumbbell containing two kinds of
electron-rich units, namely, one 2,6-dioxyanthracene and two
1,4-dioxybenzene (DOB) moieties (52). In solution, the rotax-
ane is present as the isomer with the 2,6-dioxyanthracene unit
inside the cyclophane, owing to the fact that this unit is a
better station in comparison with the DOB recognition sites.

The cyclic voltammogram of 214þ shows a first process that
corresponds to the oxidation of the 2,6-dioxyanthracene rec-
ognition site. This oxidation occurs, however, at a potential
that is more positive than that of a model compound incor-
porating this unit not surrounded by the ring. As far as the
oxidation of the two DOB units is concerned, two distinct
processes are observed: the first one occurs at a potential that
is almost identical to that of a model compound incorporating
only this unit, whereas the second one occurs at a potential
that is almost identical to that of a model rotaxane incorpo-
rating this unit encircled by the tetracationic cyclophane.
These observations indicate that (i) initially the tetracationic
cyclophane resides around the 2,6-dioxyanthracene recogni-
tion site, making its oxidation more difficult, and (ii) once this

recognition site is oxidized, the tetracationic cyclophane
moves away from it and encircles one of the two DOB units
(Fig. 20b) (52).

Another example is constituted by the pH-controllable
rotaxane 22H3þ (Fig. 21a),which is made of a crown ether
containing two electron-donor DOB moieties and a dumbbell-
shaped component that comprises in its rod section a
secondary ammonium ion and the already seen electron-
acceptor bipyridinium unit (32, 144). These units are two
recognition centers, or in other words, two possible stations,
for the ring component since it can establish hydrogen
bonding interactions with the ammonium ion and CT inter-
actions with the bipyridinium unit. For the employed mac-
rocyclic component the hydrogen bonding interactions are
much stronger than the CT ones, and therefore the stable
structure of the rotaxane is that in which the macrocycle
surrounds the ammonium station. Such a structure can be,
however, destabilized upon addition of a suitable base that,
by deprotonating the ammonium ion, causes the complete
displacement of the ring to the bipyridinium station (Fig. 21a).

The occurrence of this shuttling process is evidenced by
the fact that the first reduction of the bipyridinium unit occurs
at a potential more negative than that found for the dumb-
bell component. This process exhibits a cyclic voltammetric

FIG. 20. Structure formulas
of rotaxanes 204þ (a) and 214þ

(b) and the electrochemically
induced shuttling of the cyclo-
phane along their dumbbell-
shaped component.
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pattern (a large and scan-rate dependent separation between
the anodic and cathodic peak), which is typical of systems in
which the redox process is followed by a molecular re-
arrangement taking place on the time scale of the electro-
chemical experiments. In the case of the examined rotaxane
the nature of the occurring rearrangements can be elucidated
by looking at the characteristics of the second reduction pro-
cess, namely, a potential value that practically coincides with
that of the protonated rotaxane (and the dumbbell-shaped
component) and a behavior that is fully reversible. These
two findings indicate that in the deprotonated rotaxane the
monoreduced bipyridinium unit is no longer engaged in donor–
acceptor interactions and that the system does not undergo
any further rearrangement after one-electron reduction.

It can be concluded, as shown in the square scheme re-
ported in Figure 21b, that in the deprotonated rotaxane (i) the
first reduction of the bipyridinium weakens the CT interac-
tions and promotes the displacement of the ring far from the
monoreduced unit, and (ii) the reoxidation of such a unit,
restoring its electron-acceptor power, causes the back move-
ment of the ring.

From the electrochemical viewpoint this system is partic-
ularly interesting because, by changing its protonation state,
electrons can play different roles: in protonated rotaxane
22H3þ they are simply used to read the state of the system,
whereas in deprotonated rotaxane 222þ they play the dual role
of writing and reading the system.

Benzylic amide rotaxanes constitute another important
class of interlocked compounds. Rotaxane 23, for example,
consists of a benzylic amide macrocycle that surrounds an
axle featuring two hydrogen-bonding stations, namely, a
succinamide and a naphthalimide units, separated by a long
alkyl chain (Fig. 22) (3).

Initially, the macrocycle resides onto the succinamide
station because the naphthalimide unit is a much poorer
hydrogen-bonding recognition site. Electrochemical one-
electron reduction of the naphthalimide unit causes, however,
the shuttling of the macrocycle from the succinamide to the
naphthalimide station (Fig. 23). Subsequent reoxidation of the
naphthalimide site to the neutral state restores the original
conformation. The thermodynamic and kinetic aspects of
the shuttling motion were investigated in detail by a cyclic

FIG. 21. Stimuli-controlled molecular shuttling in rotaxanes. (a) Structure formula of rotaxane 22H3þ and representation
of its operation as a pH controllable molecular shuttle; (b) dual-pathway square-scheme mechanism that accounts for the
rearrangements induced by the monoelectronic reduction of deprotonated rotaxane 222þ. The species 1 and 3 represent the
stable structure of the deprotonated rotaxane and its monoreduced form, respectively, whereas 2 and 4 are metastable
intermediates. Note that the exact position of the macrocycle along the axle in forms 3 and 4 is not known. From a simple
digital simulation of the cyclic voltammetric patterns the following values have been obtained: E812¼� 0.59 V, E843¼� 0.34
V, k14 & 0.15 s�1, k41� 2.5 s�1, k23� 100 s�1, and k32& 1 s�1.
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voltammetric analysis on changing scan rate, temperature,
and solvent, aided by computer simulations (3). For example,
in tetrahydrofuran at room temperature, it was found that the
relative ring-binding affinities of the two stations can be
switched by eight orders of magnitude and the redox-induced
shuttling motion takes about 50ms.

Rotaxane 246þwas specifically designed (35, 58) to achieve
photoinduced ring shuttling in solution (88), but it behaves
also as an electrochemically driven molecular shuttle. This
compound has a modular structure: its ring component is the
electron-donor macrocycle 25 containing two DOB units,
whereas its dumbbell component, 266þ, is made of several

FIG. 22. The electrochemically induced shuttling in the benzylic amide rotaxane 23.

FIG. 23. Structure formulas of rotaxane 246þ, of its ring and dumbbell-shaped components 25 and 266þ, and model
compounds 272þ, 284þ, 292þ, and 302þ of the units present in the dumbbell.
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covalently linked units. They are an Ru(II) polypyridine
complex (P2þ), a p-terphenyl-type rigid spacer (S), a 3,30-
dimethyl-4,40-bipyridinium (A2

2þ) and a 4,40-bipyridinium
(A1

2þ) electron-accepting stations, and a tetraarylmethane
group as the terminal stopper (T) (Fig. 23).

Because of the presence of several redox-active units, the
cyclic voltammogram of this rotaxane shows a complex redox
pattern. However, the comparison with the electrochemical
behavior of its molecular components and suitable model
compounds (Fig. 23) enables to obtain useful information not
only on its conformational features, but also, and most im-
portantly, on its machine-like operation.

In dumbbell-shaped component 266þ all the redox pro-
cesses of the incorporated units are present at almost the same
potentials as in the separated units (Fig. 24a); this finding
shows that there are no substantial intercomponent electronic
interactions. On going from the dumbbell component to ro-

taxane 246þ, some processes are affected, while others are not
(Fig. 24a).

All the processes related to the Ru-based unit, namely, the
metal-localized oxidation and the ligand-localized reductions,
do not show any appreciable changes. The first reduction
of the A1

2þ unit is displaced noticeably toward more nega-
tive potential values, indicating that it is surrounded by the
electron-donor macrocycle 25 (Fig. 24b). Accordingly, the
oxidation of the two DOB units of the macrocycle is displaced
toward more positive potential values and occurs simulta-
neously (Fig. 24b), as already observed for other rotaxanes
containing ring 25 (5).

The fact that the ring encircles the A1
2þ station, as con-

firmed by the NMR spectrum, is an expected result on the
basis of the reduction potentials of A1

2þ and A2
2þ in compo-

nent 266þ (or of separated model compounds). The second
process of 246þ, which corresponds to the first reduction of the
A2

2þ station, is also displaced toward more negative potential
values (Fig. 24b), demonstrating that, at this stage, the A2

2þ

unit is encircled by macrocycle 25. A further proof of the ring
displacement is given by the fact that the second reduction of
the A1

2þ station occurs practically at the same potential of the
dumbbell (Fig. 24b).This behavior confirms that, when the
better station (A1

2þ) of the two has been deactivated upon
reduction, the ring moves to the alternative A2

2þ station.
Under these conditions, from the values of the first reduction
potential of A2

2þ and the second reduction potential of A1
2þ in

the dumbbell component, it can be estimated that the trans-
lational isomer with the ring surrounding A2

2þ is much more
populated than that in which the ring encircles A1

þ. When
also the A2

2þ station has been reduced, the position of the ring
is no longer controlled by strong CT interactions; from the
electrochemical results it seems that it resides close to A2

þ.
The reversibility of the electrochemical processes involving
the two stations shows that, after a two-electron reduction of
rotaxane 246þ, one-electron oxidation relocated the ring on the
A2

2þ station and a successive one-electron oxidation entices it
back again onto the A1

2þ station. The electrochemical re-
versibility of these processes also indicates that the rates of the
electrochemically induced ring movements are fast.

The electrochemical and photophysical properties of a se-
ries of rotaxanes (e.g., 314þ, Fig. 25a), consisting of the 44þ

electron-accepting cyclophane and a dumbbell containing a
monopyrrolotetrathiafulvalene (TTFP) and a 1,5-DON units,
have been investigated in acetonitrile solution (172). Both
TTFP and DON are potential stations for the tetracationic
cyclophane, because they can establish CT interactions with
its electron-accepting bipyridinium units of the cyclophane.
On the basis of the redox properties of the two stations, one
might expect a strong preference of the tetracationic cyclo-
phane for the TTFP station compared with the DON station.
The interaction of the cyclophane with electron-donating
units depends also on other factors, however, including the
extension of the [p . . .p] stacking and the formation of hydro-
gen bonds. Comparison with the behavior of suitable model
compounds and of the free dumbbell components has pro-
vided evidence that two-station rotaxanes of this kind have
complex electrochemical and spectral features that cannot
simply be related to the presence of the two expected trans-
lational isomers. It seems that, owing to their length (*5–
6 nm) and flexibility, such compounds can fold up in the
solvent used to maximize the CT interactions. It seems also

FIG. 24. Electrochemical properties of rotaxane 246þ. (a)
Cyclic voltammetric patterns for rotaxane 246þ, its ring and
dumbbell-shaped components 25 and 266þ, and model
compounds 272þ, 284þ, 292þ, and 302þ. (b) Potential shifts
caused by the donor–acceptor interaction between ring 25
and dumbbell-shaped component 266þ when they are as-
sembled in rotaxane 246þ. Circles, squares, and triangles
represent processes centered on dioxybenzene, A1

2þ and
A2

2þ units, respectively. SCE, saturated calomel electrode.
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that the two stoppers (in particular, the dendritic one) play
a much more active role than that of simple bulky groups.
Because of their not negligible electron-donating power, they
presumably fold around the tetracationic cyclophane, thereby
contributing to establishing its localization along the thread.
The electrochemical results indicate that first oxidation of
the TTFP unit surrounded by the cyclophane induces the
displacement of the cyclophane. 1H NMR studies have also
furnished evidence that the presence of a bulky thiomethyl
substituent on the TTFP unit, when situated in between the
two stations as in the case of 314þ, slows down the shuttling
movement (173).

Folding in solution has also been evidenced for similar
rotaxanes in which the TTFP station has been replaced by a
TTF unit (280). Back-folding effects, however, are minimized
on incorporation of a rigid spacer linking the two stations
(233). As we will see in section ‘‘B. Molecule-based solid-state
electronic circuits,’’ rotaxanes of this type have been used to
construct two dimensional molecular electronic circuits.

More recently, the second-generation molecular shuttle
324þ (Fig. 25b) was designed and constructed (253). The sys-
tem is composed of two devices: a bistable redox-driven
molecular shuttle, and a module for photoinduced charge
separation. In the stable translational isomer the electron-
accepting cyclophane 44þ, which is confined in the region
of the dumbbell delimited by the two stoppers T1 and T2,
encircles the better electron-donor TTF station.

Voltammetric experiments revealed remarkable electronic
interactions between the various units of 324þ, pointing to the
existence of folded conformations in solution (301). The TTF
unit can be electrochemically oxidized only in a limited frac-
tion of the rotaxane molecules; in these species, TTF oxidation
causes the shuttling of the cyclophane 44þ away from this
station. Most likely, 324þ occurs as conformations in which the
electro-active TTF unit is buried inside a complex molecular
structure and is, therefore, protected against oxidation per-
formed by an electric potential applied externally. Such a
behavior limits the efficiency for the operation of 324þ as a
redox-driven molecular shuttle. The possibility of oxidizing
TTF by an electric potential generated internally through

intramolecular photoinduced electron transfer is currently
under investigation.

In general terms, these results indicate that, as the struc-
tural complexity increases, the overall properties of the sys-
tem cannot be easily rationalized solely on the basis of the
type and sequence of the functional units incorporated in the
molecular framework, that is, its primary structure. Higher-
level conformational effects, which are reminiscent of those
related to the secondary and tertiary structure of biomolecules
(211), have to be taken into consideration. The comprehension
of these effects constitutes a stimulating scientific problem,
and a necessary step for the design of novel artificial molec-
ular devices and machines.

An electrochemically driven shuttle stabilized by interac-
tions completely different from those characteristic of the
previously described systems is rotaxane [33�Cu]þ (Fig. 26),
which contains a phenanthroline and a terpyridine unit in its
dumbbell-shaped component (24, 110, 145). It also incorpo-
rates a Cu(I) center coordinated tetrahedrally by the phe-
nanthroline ligand of the dumbbell together with the
phenanthroline ligand of the macrocycle.

Oxidation of the tetracoordinated Cu(I) center of [33�Cu]þ

to a tetracoordinated Cu(II) ion occurs on electrolysis (þ1.0 V
relative to the SCE) of a CH3CN solution of the rotaxane. In
response to the preference of Cu(II) for a pentacoordination
geometry, the macrocycle shuttles away from the bidentate
phenanthroline ligand of the dumbbell and encircles the ter-
dentate terpyridine ligand instead. Consistently, the cyclic
voltammogram shows the disappearance of the reversible
wave (þ0.68 V) associated with the tetracoordinated Cu(II)=
Cu(I) redox couple and the concomitant appearance of a re-
versible wave (�0.03 V) corresponding to the pentacoordi-
nated Cu(II)=Cu(I) redox couple. A second electrolysis at
�0.03 V of the acetonitrile solution of the rotaxane reduces the
pentacoordinated Cu(II) center back to a pentacoordinated
Cu(I) ion. In response to the preference of Cu(I) for a tetra-
coordination geometry the macrocycle moves away from the
terdentate terpyridine ligand and encircles the bidentate
phenanthroline ligand. The cyclic voltammogram recorded
after the second electrolysis shows the original redox wave

FIG. 25. Rotaxane-based mole-
cular shuttles. (a) In rotaxanes such
as 314þ there is an equilibrium be-
tween translational isomers: in the
isomer represented in the figure,
the tetracationic cyclophane moves
away from the TTFP unit upon one-
electron oxidation of this station;
(b) structure formula of rotaxane
324þ. DON, dioxynaphthalene; TTFP,
monopyrrolotetrathiafulvalene.
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(þ0.68 V) corresponding to the tetracoordinated Cu(II)=Cu(I)
redox couple.

Very recently, this system has been improved by repla-
cing the highly shielding and hindering phenathroline
moiety contained in the ring with a nonhindering biisoqui-
noline unit (129). In the new rotaxane the electrochemically
driven shuttling of the ring is, indeed, at least four orders of
magnitude faster than in the previous phenanthroline-based
system.

B. Photochemically driven shuttles

The shuttling of the macrocyclic component of rotaxane
[33�Cu]þ (Fig. 26) along the linear portion of its dumbbell-
shaped component can be also induced photochemically
(110). Irradiation (464 nm) of a acetonitrile solution of the ro-
taxane, in the presence of p-nitrobenzylbromide, leads the
Cu(I)-based chromophoric unit to its metal-to-ligand CT

excited state. Electron transfer from the photoexcited rotaxane
to p-nitrobenzylbromide follows, generating a tetracoor-
dinated Cu(II) center. In response to the preference of the
Cu(II) ion for a pentacoordination geometry the macrocycle
shuttles away from the bidentate phenanthroline ligand of the
dumbbell and encircles the terdentate terpyridine ligand in-
stead. On addition of ascorbic acid the pentacoordinated
Cu(II) center is reduced to a pentacoordinated Cu(I) ion. In
response to the preference of Cu(I) for a tetracoordination
geometry the macrocycle moves away from the terdentate
terpyridine ligand and encircles the bidentate phenanthroline
ligand to restore the original conformation. Rotaxanes based
on octahedral complexes have also been reported (84, 111).

As already pointed in section ‘‘A. Electrochemically driven
shuttles,’’ also rotaxane 246þ (Fig. 23) can work by exploiting
light energy inputs; it was indeed specifically designed to
achieve photoinduced ring shuttling in solution (35, 58).
Three strategies were devised to obtain the photoinduced

FIG. 26. Shuttling of the
macrocyclic component of
[33�Cu]þ along its dumbbell-
shaped component can be
controlled electrochemically
by oxidizing–reducing the
metal center.
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abacus-like movement of the macrocycle between the two
stations A1

2þ and A2
2þ (58).

1. intramolecular mechanism (Fig. 27, center), based on
processes involving only the rotaxane component;

2. sacrificial mechanism (Fig. 27, left), which requires the
help of external reactants that undergo decomposition;

3. relay mechanism (Fig. 27, right), which requires the
assistance by an external species that undergoes a re-
versible redox process.

The intramolecular mechanism (Fig. 27, center) is based on
the following four operations (35):

1. Destabilization of the stable translational isomer. Light ex-
citation of the photo-active unit P2þ (step 1) is followed
by transfer of an electron from the excited state to the
A1

2þ station, which is encircled by the ring (step 2),
with the consequent deactivation of this station; such a
photoinduced electron-transfer process must compete
with the intrinsic decay of the excited state of P2þ (step
3).

2. Ring displacement. The ring moves from the reduced
station A1

þ to A2
2þ (step 4), a step that must compete

with the back-electron-transfer process from A1
þ (still

encircled by the ring) to the oxidized photo-active unit
P3þ (step 5). This is the most difficult requirement to
meet in the intramolecular mechanism.

3. Electronic reset. A back electron-transfer process from
the free, reduced station A1

þ to P3þ (step 6) restores the
electron-acceptor power to the A1

2þ station.

4. Nuclear reset. As a consequence of the electronic reset,
back movement of the ring from A2

2þ to A1
2þ occurs

(step 7).

Each absorbed photon could, in principle, cause the oc-
currence of a forward and back ring movement (i.e., a full
cycle) without generation of any waste product. In practice,
the efficiency is very low, because 84% of the excited *P2þ

species undergoes deactivation (step 3) in competition with
electron transfer (step 2), and 88% of the reduced A1

þ species
undergoes back electron transfer (step 5) before ring dis-
placement (step 4) can occur (inverting the positions of A1

2þ

and A2
2þ increases the quantum yield of photoinduced

electron transfer (F2¼ 0.50) but prevents ring displacement
because the back-electron-transfer reaction becomes exceed-
ingly fast) (59). The somewhat disappointing quantum effi-
ciency for ring shuttling (2%) is compensated by the fact the
investigated system is a unique example of an artificial linear
nanomotor, because it gathers together the following features:

1. it is powered by visible light (in other words, sunlight);
2. it exhibits autonomous behavior, like motor proteins;
3. it does not generate waste products;
4. its operation can rely only on intramolecular processes,

allowing in principle operation at the single-molecule
level;

5. it can be driven at a frequency of *1 kHz;
6. it works in mild environmental conditions (i.e., fluid

solution at ambient temperature);
7. it is stable for at least 103 cycles.

FIG. 27. Rotaxane 246þ and schematic representation of the intramolecular (center), sacrificial (left), and relay (right)
mechanisms for the photoinduced shuttling movement of macrocycle between the two stations, A1

2þ and A2
2þ.
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Much higher efficiencies are obtained when the system
operates by the sacrificial or relay mechanisms.

The sacrificial mechanism (35) is based on the use of ex-
ternal redox reactants (a reductant such as triethanoleamine,
and an oxidant such as dioxygen) that operate as illustrated
on the left of Figure 27. Destabilization of the stable transla-
tional isomer occurs as in the intramolecular mechanism.
Because the solution contains a suitable reductant, a rapid
reaction of this species with P3þ (step 8) competes successfully
with the back electron-tranfer reaction (step 5); the originally
occupied station thus remains in its reduced state A1

þ, and the
displacement of the ring to A2

2þ (step 4), although slow, does
occur. Restoration of the electron-acceptor power of the A1

2þ

station is achieved by oxidizing A1
þ with a suitable oxidant

such as dioxygen (step 9), and nuclear reset occurs as in the
previous mechanism (step 7). Under these conditions, the ef-
ficiency of the photoinduced ring displacement is 0.16, which
corresponds to the quantum yield of the photoinduced elec-
tron transfer (step 2). This mechanism is, of course, less ap-
pealing than the intramolecular mechanism, because it leads
to the formation of waste products.

The relay mechanism (58) is based on the participation to
the process of a species capable of undergoing a reversible
redox reaction. After careful examination of the various as-
pects of the problem, phenothiazine (ptz) was chosen to play
this role. When photoexcitation of 246þ is performed in the
presence of ptz (Fig. 27, right), the photoinduced electron
transfer (step 2) is followed by a diffusion controlled reaction
between ptz and P3þwith formation of ptzþ and regeneration
of P2þ (step 10). As a consequence, intramolecular back-
electron transfer (step 5) can no longer occur and ring dis-
placement (step 4) must only compete with the much slower

intermolecular back-electron-transfer reaction between ptzþ

and A1
þ (step 11). Under the experimental conditions used,

ring displacement (step 4) occurs with 76% efficiency and both
electron (steps 11 and=or 12) and nuclear (step 7) reset pro-
cesses occur quantitatively. Therefore, 246þ behaves as an
autonomous molecular motor that consumes only photons of
visible light with an overall efficiency of 12%. The role played
by ptz is that of an electron relay with a negative kinetic effect.

Another light-driven molecular shuttle that relies on an
external electron relay has been reported (88) and concerns
rotaxane 23 (Fig. 22). As already seen, it consists of a benzylic
amide macrocycle that surrounds an axle featuring two
hydrogen-bonding stations—a succinamide and a naphtha-
limide units—separated by a long alkyl chain. Initially, the
macrocycle resides onto the succinamide station, because the
naphthalimide unit is a much poorer hydrogen-bonding rec-
ognition site. Excitation with light at 355 nm (step 1 in Fig. 28)
in acetonitrile at 298 K generates the singlet excited states of
the naphthalimide unit, which then undergoes high-yield
intersystem crossing to the triplet excited state.

Such a triplet state can be reduced in bimolecular encoun-
ters by an electron donor (1,4-diazabicyclo[2.2.2]octane) ad-
ded to the solution in a sufficiently large amount (step 2).
Because the back-electron-transfer process (step 3) is spin
forbidden, and thus slow, the photogenerated ion pair can
dissociate efficiently—as a matter of fact the naphthalimide
radical anion survives for hundreds of microseconds before it
decays by bimolecular charge recombination with a 1,4-
diazabicyclo[2.2.2]octane radical cation. Because the naph-
thalimide anion is a much stronger hydrogen-bonding station
compared with the succinamide, on reduction of the naph-
thalimide unit the macrocycle is expected to shuttle from the

FIG. 28. Light-induced reversible shuttling of the macrocyclic component of the hydrogen-bonded rotaxane 23. The
operation of this system relies on the use of DABCO as an electron relay. DABCO, 1,4-diazabicyclo[2.2.2]octane.
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latter to the former station (step 4); this has been demon-
strated by cyclic voltammetric experiments and confirmed by
laser flash photolysis. The time required for ring shuttling
(*1 ms) is much shorter than the lifetime of the naphthalimide
radical anion (*100 ms). After charge recombination (step 5)
the macrocycle moves back to its original position (step 6). The
device can be cycled at a frequency depending on the charge
recombination rate of the rotaxane radical anion. It can be
estimated that if the shuttle is pumped by a laser at the fre-
quency of its recovery stroke (step 5), that is, 104 s�1, this
molecular-level machine generates *10�15 W of mechanical
power per molecule (88).

C. Ring pirouetting motion

In suitably designed rotaxanes the pirouetting-type
movements of the ring around the axle can be electrochemi-
cally driven. Rotaxane [34�Cu]þ has a structure (Fig. 29a) in

which Cu(I) is coordinated tetrahedrically by the phenan-
throline present in the axle and the phenanthroline contained
in the ring (185, 243). Electrochemical oxidation of the Cu(I)
center leads to a transient tetracoordinated Cu(II) species that,
by the pirouetting of the ring around the axle, rearranges in
tens of seconds to a structure in which the Cu(II) center
reaches its most stable environment being pentacoordinated
by the phenanthroline of the axle and the terpyridine of the
ring ([34�Cu]2þ, Fig. 29a). On electrochemical reduction of
Cu(II) a transient pentacoordinated Cu(I) species is obtained
that rearranges in the millisecond time scale by means of a
second pirouetting of the ring to the most stable structure with
Cu(I) tetrahedrically coordinated (Fig. 29b). These results
underline that the rearrangement rates from the less to the
most stable geometries are drastically different for the two
oxidation states of the metal.

To increase the rate of the ring pirouetting, the new rotax-
ane [35�Cu]þ (Fig. 29a) was prepared (242) in which the metal
center is more accessible because of the presence of a less
hindered ligand compared to previous related systems. Li-
gand exchange within the coordination sphere of the metal is
thus facilitated as much as possible. The molecular axle con-
tains indeed a thin, 2,20-bipyridine motif, which is less bulky
than a 1,10-phenanthroline fragment and it is expected to spin
more readily within the cavity of the ring as a consequence of
Cu oxidation=reduction. Compared to [34�Cu]þ, in this ro-
taxane both the oxidation induced and the reduction induced
ring pirouetting movements are more than three orders of
magnitude faster. This example shows that subtle structural
factors can have a very significant influence on the general
behavior (rate of the movement, in particular) of copper(II=I)-
based molecular machines.

Further improvement in the pirouetting rate has then been
obtained by keeping the two stoppers of [35�Cu]þ very re-
mote from the copper center (202). The results obtained show
that in this improved system the ring moves very fast around
the axle (milliseconds) even at low temperature. As a conse-
quence of the oxidation–reduction cycle, the ring of these ro-
taxanes does not necessarily perform a 360-degree rotation,
but can only oscillate between the two positions on the
threaded axle. To make real rotary motors it would be nec-
essary to introduce directionality in the system by using, for
example, a ring containing three different coordination sites
and a well defined axle.

V. Systems Based on Catenanes

Catenanes, whose name derives from the Latin word ca-
tena for chain, are made of (at least) two interlocked macro-
cycles or rings (Fig. 30) (258). As rotaxanes, they are currently
the object of much interest for their molecular and supramo-
lecular character: (i) molecular because the components are
held together mechanically and can be unlinked only by
breaking strong covalent bonds; (ii) supramolecular because
of the presence of weak noncovalent interactions between
the components that contain complementary recognition
sites (electron donor–acceptor ability, hydrogen bonding,
hydrophobic–hydrophylic character, p-p stacking, electro-
static forces, and also metal–ligand bonding). Such inter-
component noncovalent interactions are also responsible for
their efficient template-directed synthesis (22, 260). These
important features make catenanes appealing systems for the

FIG. 29. (a) Structure of rotaxanes [34�Cu]þ and [35�Cu]þ,
and (b) schematic representation of the ring pirouetting
induced by oxidation=reduction of the metal center.
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construction of molecular machines: (i) the mechanical bond
allows a large variety of mutual arrangements of the molec-
ular components, while conferring stability to the system; (ii)
the interlocked architecture limits the amplitude of the inter-
component motion in the three directions; (iii) the stability of a
specific arrangement (conformation) (143) is determined by
the strength of the intercomponent interactions; and (iv) such
interactions can be modulated by external stimulation. The
large-amplitude motion that can be achieved with catenanes
is the circumrotation of one ring with respect to the other, and
when suitably designed they can be seen as simple prototypes
of molecular rotors.

As already said, catenanes are minimally composed by two
interlocked rings. If it is arranged during the template-
directed synthesis to have two identical units, that is, recog-
nition sites, located within two different macrocycles, then the
resulting catenane undergoes degenerate conformational
change. As illustrated in Figure 30a one of the macrocycles
spontaneously circumrotates through the cavity of the other
and vice versa. As each ring spends most of its time sur-
rounding a recognition site of the other ring, each macrocycle
has one site located inside and the other one positioned
alongside with respect to the other macrocycle.

Much more appealing is, however, a catenane in which one
of the two rings carries two different recognition sites, because
in such a case there is the opportunity to control the dynamic

processes (Fig. 30b). The two possible conformational isomers
of such catenanes can be interchanged by appropriate stimuli.
In a diagram of potential energy against rotation angle of the
asymmetric macrocycle, the two conformations correspond to
energy minima, provided by the intercomponent noncovalent
bonding interactions. The initially populated coconformer is
that associated with the most favorable energetic state (State
0). Stimulus S1 has the effect of destabilizing such isomer and
leads to the other one (State 1), a change that can simply be
viewed as a circumrotation of the asymmetric macrocycle.
An opposite stimulus S2 restores the original situation. By
switching off and on again the recognition properties of one of
the two recognition sites of the asymmetric macrocycle, the
relative populations of the two species can be controlled re-
versibly. Repeated switching between the two states does not
need to occur through a full rotation. In fact, because of the
intrinsic symmetry of the system, both the movement from
State 0 to State 1 and that from State 1 to State 0 can take place,
with equal probabilities, along a clockwise or anticlockwise
direction. A full (3608) rotation movement can only occur in
ratchet-type systems, that is, in the presence of asymmetry
elements that can be structural or functional in nature. Me-
chanical movements in suitably designed catenanes can be
induced by chemical, photochemical, or, as evidenced by the
selected examples reported in the next section, by electro-
chemical stimulation (69, 74, 89, 100, 182, 191, 194, 211, 269).

A. Electrochemically driven motion

We have already said that when one of the two rings of a
catenane carries two different recognition sites, the dynamic
processes of one ring with respect to the other can be con-
trolled. In particular, if redox units are incorporated in the
catenane structure there is the possibility of controlling these
processes upon electrochemical stimulation. Catenanes that
exhibit such a behavior can be seen as electrochemically dri-
ven molecular rotors. An example is offered by catenane 364þ

(Fig. 31a) that incorporates the previously seen macrocycle
25 and a tetracationic cyclophane comprising one bipyr-
idinium and one trans-1,2-bis(4-pyridinium)ethylene unit (36,
37). In the major isomer, the bipyridinium unit is located
inside the cavity of the macrocyclic polyether and the trans-
bis(pyridinium)ethylene unit is positioned alongside, as
confirmed by the electrochemical analysis. The cyclic vol-
tammogram of the catenane shows four monoelectronic pro-
cesses that, by a comparison with the data obtained for the
free cyclophane, can be attributed as follows: the first and
fourth processes to the first and second reductions of the bi-
pyridinium unit, and the second and third ones to the first and
second reductions of the trans-bis(pyridinium)ethylene unit.
The comparison with the tetracationic cyclophane also reveals
that all these reductions are shifted toward more negative
potential values (Fig. 31b).

The discussion can be restricted to the first and second re-
duction processes that are of particular interest in this context.
The shift of the bipyridinium-based process is in agreement
with the catenane conformation in which the bipyridinium
unit is located inside the cavity of the macrocyclic polyether
(Fig. 31a); because of the CT interactions established with both
the electron-donor units of the macrocycle, its reduction is
more difficult than in the free tetracationic cyclophane.
The shift of the trans-1,2-bis(4-pyridinium)ethylene-based

FIG. 30. Circumrotation motions of the molecular ring
components in catenanes. (a) Dynamic processes associated
with circumrotation of one ring in a catenane made of two
different macrocycles each incorporating two identical recog-
nition sites (asterisks are used to highlight the exchange of
position of identical units); (b) the two coconformational iso-
mers associated with a catenane incorporating two different
recognition sites within one of its two macrocyclic compo-
nents can be interchanged by appropriate stimuli (S1 and S2).
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reduction indicates that, once the bipyridinium unit is re-
duced, the CT interaction that stabilize the initial conforma-
tion are destroyed and, thereby, the tetracationic cyclophane
circumrotates through the cavity of the macrocyclic polyether
moving the trans-bis(pyridinium)ethylene unit inside, as

shown by comparison of its reduction potential with that of a
catenane model compound (36). The original equilibrium
between the two conformations associated with catenane 364þ

is restored upon oxidation of both units back to their dica-
tionic states.

For a machine-like performance the presence of a de-
symmetrized ring is a necessary but not sufficient require-
ment. This statement is clearly demonstrated by the behavior
of catenane 374þmade by the same tetracationic cyclophane of
364þ and a macrocycle containing two DON units (36, 37). As
in the case of 364þ the major isomer is the one in which
the bipyridinium unit is located inside the macrocycle.
However, in contrast with the behavior of 364þ, for which
the first reduction process concerns the inside bipyridinium
unit, the first reduction of 374þ involves the alongside
trans-bis(pyridinium)ethylene unit. This process has been
undoubtedly attributed to this unit by performing spectro-
electrochemical experiments and comparing the spectrum of
the monoreduced catenane with that of a model compound
containing only the trans-bis(pyridinium)ethylene unit. The
different behavior of the two catenanes, as far as the first re-
duction process is concerned, can be explained on the bases of
the different strength of the CT interactions: in 374þ the bi-
pyridinium unit is sandwiched between two DON moieties
that are stronger electron donor than the DOB moieties of the
macrocyclic component of catenane 364þ. Because of these
stronger interactions the reduction of such a unit becomes so
difficult that it occurs at a potential more negative than that of
the trans-bis(pyridinium)ethylene unit (Fig. 32).

As a consequence of the fact that in 374þ the first reduction
concerns the alongside unit, the CT interactions responsible of
the initial conformation are practically unaffected and no
mechanical movement occurs in the monoreduced catenane.

Catenanes 384þ and 394þ (Fig. 33) are other examples of
systems in which the conformational motion can be controlled
electrochemically (28, 68). They are made of the symmetric
tetracationic cyclophane 44þ and a desymmetrized ring
comprising two different electron donor units, namely, a TTF
and a DOB (384þ) or a DON (394þ) units. Because the TTF
moiety is a better electron donor than the dioxyarene units, as
witnessed by the potentials values for their oxidation, the
thermodynamically stable conformation of these catenanes is
that in which the symmetric ring encircles the TTF unit of the
desymmetrized one (Fig. 33a, State 0).

The cyclic voltammogram of the free macrocycle shows a
reversible process attributed to the monoelectronic oxidation
of the TTF unit. In the catenanes, such a process occurs at more
positive potentials, in agreement with the fact that the TTF
unit is located inside the cavity of the tetracationic cyclophane
and, therefore, engaged in strong CT interactions. In such

FIG. 31. Redox-controlled ring rotation in catenanes. (a) The
circumrotation of the tetracationic cyclophane component of ca-
tenane 364þ can be controlled reversibly by reducing–oxidizing
electrochemically its bipyridinium unit; (b) correlation between
the halfwave reduction potentials of catenane 364þ and of its
tetracationic ring component (circles and squares correspond
to the reduction of bipyridinium and trans-bis(pyridinium)
ethylene units, respectively). Copyright John Wiley & Sons.
Reproduced with permission from Ceroni et al. (97).

FIG. 32. Correlation between
the halfwave reduction poten-
tials of catenane 374þ and of its
tetracationic ring component.
Circles and squares correspond
to the reduction of bipyridinium
and trans-bis(pyridinium)ethyl-
ene units, respectively. Copy-
right John Wiley & Sons.
Reproduced with permission
from Ceroni et al. (97).
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catenanes this oxidation process is characterized by a large
separation between the anodic and cathodic peaks, which
varies as the scan rate is changed. Upon increasing the scan
rate, the anodic peak moves to more positive potentials,
whereas the cathodic one shifts to less positive values. These

observations indicate that the oxidation–reduction of the TTF
unit is accompanied by the circumrotation of the desymme-
trized ring through the cavity of the tetracationic cyclophane
and that this change is occurring on the time scale of
the electrochemical experiment. Indeed, after oxidation, the
newly formed monocationic TTF unit (Fig. 33b) loses its
electron-donor power; as a consequence, it is expelled from
the cavity of the tetracationic cyclophane and is replaced
by the neutral dioxyarene unit (Fig. 33c, State 1). After re-
duction, the original conformation is restored as the neutral
TTF unit replaces the dioxyarene unit inside the cavity of the
tetracationic cyclophane. Ring rotation in these catenanes can
also be obtained chemically. The tendency of o-chloranil to
stack against TTF has been indeed exploited (28, 68) to lock
this unit alongside the cavity of the tetracationic cyclophane.
On addition of a mixture of Na2S2O5 and NH4PF6 in H2O, the
adduct formed between the TTF unit and o-chloranil is de-
stroyed, and the original conformation with TTF inside the
cavity of the tetracationic cyclophane is then restored.

As we will see in section ‘‘B. Molecule-based solid-state
electronic circuits,’’ catenane 394þ was also incorporated in a
solid state device that could be used for random access
memory storage (107, 210). Additionally, this compound
could be employed for the construction of electrochromic
systems, because its various redox states are characterized by
different colors (28, 68, 273).

By an appropriate choice of the functional units that are
incorporated in the catenane components, more complex
functions can be obtained. An example is represented by ca-
tenane 40H5þ (Fig. 34), composed of a symmetric crown ether
and a cyclophane ring containing two bipyridinium and one
ammonium recognition sites (31). The electrochemical prop-
erties, as well as the absorption spectra, show that the crown
ether surrounds a bipyridinium unit of the other ring both in

FIG. 33. Redox-controlled ring rotation in solution for
catenanes 384þ and 394þ, which contain the symmetric
electron-acceptor cyclophane 44þ and a desymmetrized
electron-donor ring.

FIG. 34. Switching pro-
cesses of catenane 40H5þ in
solution. Starting from the
deprotonated catenane 404þ,
the position of the ring
switches under acid–base and
redox inputs according to
AND logic. Copyright John
Wiley & Sons. Reproduced
with permission from Ceroni
et al. (97).

ARTIFICIAL NANOSCALE DEVICES 1145

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-032.jpg&w=238&h=256
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-033.jpg&w=358&h=294


40H5þ (Fig. 34a) and in its deprotonated form 404þ (Fig. 34b),
indicating that deprotonation–protonation of the ammonium
unit does not cause any displacement of the ring (State 0).

Electrochemical measurements also show that, after one-
electron reduction of both the bipyridinium units of 40H5þ the
ring is displaced on the ammonium function (Fig. 34c, State 1),
which means that an electrochemically induced conforma-
tional switching does occur. Further, upon deprotonation of
the two-electron reduced form of the catenane (Fig. 34d), the
crown ether moves to one of the monoreduced bipyridinium
units (State 0). Therefore, to achieve the motion of the ring in
the deprotonated catenane 404þ, it is necessary both to reduce
(switch off) the bipyridinium units and protonate (switch on)
the amine function. The mechanical motion in such a catenane
occurs according to an AND logic (61), a function associated
with two energy inputs of different nature.

Controlled rotation of the molecular rings has been
achieved also in catenanes composed of three interlocked
macrocycles. For example, catenane 41H2

6þ (Fig. 35) is made
up of two identical DOB-based macrocycles 25 interlocked
with a cyclophane containing two bipyridinium and two
ammonium units (31).

Because of the type of the macrocycles used, the stable
conformation of 41H2

6þ is that in which the two rings sur-
round the bipyridinium units (Fig. 35a, State 0). Upon addi-
tion of one electron in each of the bipyridinium units, the two
macrocycles move on the ammonium stations (Fig. 35b, State
1), and move back to the original position when the bipyr-
idinium units are reoxidized.

Very recently, it has been reported the synthesis and char-
acterization of the six desymmetrized donor–acceptor cate-
nanes 422þ–472þ (Fig. 36), where different donor and acceptor
units are assembled within a confined catenated geometry (91).

They are formed by (i) a desymmetrized electron accep-
tor ring containing two different units, namely, a 4,40-
bipyridinium dication (BPY2þ) and a neutral naphthalene
diimide (NDI) or pyromellitic imide (PMI) moieties, and (ii)
an electron donor ring that can be symmetric for the presence
of two identical DOB or DON units, or desymmetrized by the
presence of two different donors, that is, a TTF and a DON
moieties. The two 442þ and 472þ catenanes, containing four

different donor and acceptor units, are fully desymmetrized.
In all the catenanes the electron donor ring surrounds the
better electron acceptor BPY2þ unit, and in the case of cate-
nanes 442þ and 472þ the better electron donor TTF unit is
located inside the electron acceptor ring. Such conformations
can be switched altering the redox state of the donors and
acceptors incorporated in the structure as evidenced by the
rich and complex electrochemical patterns exhibited by these
catenanes.

On the reduction side, the cyclic voltammogram of 422þ

reveals four reversible monoelectronic processes. Spectro-
electrochemical experiments and comparison with suitable
model compounds (36, 156) indicate that (i) the first process is
consistent with the reduction of a BPY2þ unit engaged in CT
interactions inside the cavity of the donor ring; (ii) the second
reduction concerns the monoreduced BPYþ unit, likely still
inside the cavity of the donor ring; (iii) the third process cor-
responds to the reduction of the inside PMI unit (the trans-
location probably occurs upon reduction of the BPYþ unit to
its neutral form); and finally (iv) the fourth reduction involves
PMI�, on the position of which relatively to the donor ring
there is little information.

In catenanes 432þ and 442þ, because of the stronger electron
donating power of the crown ethers comprised in the

FIG. 35. Redox-controlled movements of the ring com-
ponents in catenane 41H2

6þ, composed of three interlocked
macrocycles. These motions are obtained upon reduction–
oxidation of the bipyridinium units of the cyclophane.
Copyright John Wiley & Sons. Reproduced with permission
from Ceroni et al. (97).

FIG. 36. General structure and component units of the
desymmetrized catenanes 422þ–472þ.
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structure, the BPY2þ unit becomes more difficult to be re-
duced than in catenane 422þ so that its second reduction
overlaps to the first reduction of the PMI unit. The reduction
pattern of 432þ and 442þ (Fig. 37a) consists therefore of three
reversible waves: (i) spectroelectrochemical experiments (for
442þ, Fig. 37b) confirm that the first process concerns the
monoelectronic reduction of the BPY2þ unit located inside the
donor ring; (ii) the second process, which involves the ex-
change of two electrons, can be unambiguously assigned to
the overlapping reduction of the inside BPYþ and the along-
side PMI (150); and (iii) the third process, which is mono-
electronic, corresponds to the PMI�=2�reduction.

The conformation changes coupled with the four-electron
reduction processes for the 422þ–442þ PMI-containing cate-
nanes are summarized in Figure 38.

In the case of three 452þ–472þ NDI-based catenanes the
reduction pattern comprises four reversible monoelectronic
processes regardless of the nature of the donor rings. This
behavior can be explain considering that the NDI unit is easier

to be reduced than PMI. As a consequence the processes
observed can be assigned to BPY2þ=þ, NDI0=�, BPYþ=0, and
NDI�=2�, respectively, in the order of increasing reduction
potential. The proposed conformational changes coupled
with these four one-electron reduction processes are as fol-
lows (Fig. 39): (i) the electron-donor ring remains around the
BPYþ radical cation after the first reduction; (ii) the second
reduction is indicated by spectroelectrochemical experiment
to be the NDI0=� process (150), and the potential value, more
consistent with the reduction of the NDI moiety in the
alongside position, suggests that the donor ring still encircles
the monoreduced BPYþ unit; (iii) the remarkably negative
potential value found for the third process, assigned to the
BPYþ=0 reduction, is in agreement with the assumption that
no translocation of the donor component has occurred; and
(iv) the fourth process is attributed to the reduction of the
NDI� unit, on the position of which relatively to the donor
ring there is little information, as noted previously for the
PMI-based catenanes.

On the oxidation side, we discuss only the behavior of the
fully desymmetrized catenanes 442þ and 472þ because they
are particularly interesting from the viewpoint of molecular
machines. Their electrochemical patterns are very similar and
consist of three oxidative processes (for 442þ, Fig. 37a): the first
two (Fig. 37c) are assigned to the two consecutive monoelec-
tronic TTF oxidations (38), while the third one is ascribed to
the oxidation of the DON unit. The first and second TTF ox-
idations exhibit the same features observed for catenane 394þ

FIG. 37. Voltammetric and spectroelectrochemical re-
sponse of catenane 442þ in CH3CN at room temperature. (a)
Cyclic voltammetric curve (conditions: 0.49 mM, tetra-
ethylammonium hexafluorophosphate 73 mM as supporting
electrolyte, 200 mV=s, glassy carbon working electrode). (b)
Absorption spectra observed before (full line) and after ex-
haustive reduction at �0.60 V (dashed line) and �0.90 V
(dotted line) versus an Ag pseudoreference electrode. (c)
Absorption spectra observed before (full line) and after ex-
haustive oxidation at þ0.60 V (dashed line) and þ1.00 V
(dotted line) versus an Ag pseudoreference electrode. The
numbered arrows in (a) mark the potential values at which
the corresponding curves in (b) and (c) were recorded in the
spectroelectrochemical experiments.

FIG. 38. The conformation changes associated with the
four reduction processes for catenanes 422þ–442þ. Hor-
izontal and vertical processes represent the BPY-centered and
PMI-centered reductions, respectively. In the upper right part
of the scheme, gray arrows refer to the behavior of 422þ, while
black arrows describe the behavior of 432þ and 442þ. The
dotted ellipses indicate that the interactions are turned off
and there is little information about the donor ring location.
BPY, 4,40-bipyridinium dication. PMI, pyromellitic imide.
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and therefore can be interpreted in the same way: after the
TTF0=þ oxidation, the electron donor ring circumrotates with
respect to the electron accepting ring, delivering the DON unit
into its cavity.

This electrochemical study evidences that in the de-
symmetrized 422þ -472þ catenanes the inside=alongside to-
pological preference, dominated by the intercomponent CT
interactions, can be modulated reversibly upon reduction of
the electron acceptors, or oxidation of the electron donors in
the cases of fully desymmetrized 442þ and 472þ catenanes.
Such a feature makes these catenanes appealing structures for
the construction of molecular machines and, in a perspective,
rotary motors. Upon electrochemical stimulation in a rela-
tively narrow and easily accessible potential window these
interlocked molecules can be reversibly switched among
several (six and seven for 442þ and 472, respectively) states, all
characterized by distinct electronic and optical properties.
Such a possibility could open interesting routes for the de-
velopment of molecular electronic devices that go beyond
binary logic.

A catenane composed of two identical benzylic amide
macrocycles was also investigated by cyclic voltammetry (98).
Computer simulation of the voltammetric data, together with
quantum chemical calculations, suggest that reduction of the
macrocycles is followed by their irreversible chemical sol-
dering, owing to the formation of a C–C bond between two
reduced carbonyl groups. Hence, the electrochemical stimu-
lus can be used to prevent the mutual rotation of the two
rings, although the irreversibility of the reaction limits further
developments.

Other examples of electrochemically driven switching
processes concern metal-based catenanes (75, 92, 100, 109, 205,

206), including heterodinuclear bis-macrociclic transition-
metal complexes (193).

A representative case is catenane [48�Cu]þ (Fig. 40), which
incorporates two identical macrocyclic components compris-
ing terpyridine and phenanthroline ligands.

The Cu(I) ion is coordinated tetrahedrally by the two
phenathroline ligands, whereas the two terpyridine ligands
are located well away from each other (92). The cyclic vol-
tammogram of [48�Cu]þ contains a reversible wave (þ0.63 V
relative to the SCE) associated with the tetracoordinated
Cu(II)=Cu(I) redox couple. The visible absorption spectrum of
the catenane contains a metal-to-ligand CT band at 439 nm for
the tetracoordinated Cu(I) chromophore. On electrochemical
oxidation of [48�Cu]þ or on treatment with NOBF4 the tetra-
coordinated Cu(I) center is converted into a tetracoordinated
Cu(II) ion, which has an absorption band at 670 nm. The in-
tensity of this band decreases with time, however. Indeed, in
response to the preference of the Cu(II) ion for a coordination
number higher than four, one of the two macrocycles cir-
cumrotates through the cavity of the other, affording a pen-
tacoordinated Cu(II) ion. Subsequently the other macrocycle
undergoes a similar circumrotational process, yielding a
hexacoordinated Cu(II) ion, which gives, instead, a weak
absorption band at 687 nm. Electrolysis (�1.0 V) of the ace-
tonitrile solution of the catenane reduces the hexacoordinated
Cu(II) center back to a hexacoordinated Cu(I) ion. In re-
sponse to the preference of Cu(I) for a tetracoordinated ge-
ometry the two macrocycles circumrotate through the cavity
of each other in turn, affording the original conformation
quantitatively.

VI. Heterogeneous Systems

The design, synthesis, and operation of multicomponent
molecular systems capable of performing specific, directional
mechanical movements under the action of a defined energy
input—namely, molecular machines—constitute a fascinating
challenge in the field of nanoscience. Owing to the progress
made in several branches of chemistry, physics, biology, and
materials science, various types of artificial molecular ma-
chines have been developed and some selected examples have
been reported in the previous sections.

Most of the studies on molecular machines have been
performed in solution. Under such conditions, the investi-
gated systems contain a huge number of molecules that be-
have independently from one another because they cannot be
addressed individually and hence controlled. In spite of this
limitation, the described systems illustrate a number of very
interesting concepts concerning molecular-level movements
controlled by external inputs. Incoherence, however, remains
a major impediment to designing and realizing systems ca-
pable of performing useful functions. It seems therefore rea-
sonable that for several real applications the molecular
machines have to be interfaced with the macroscopic world
by ordering them in some way at interfaces or on surfaces (2).
The problem of obtaining ordered arrays of molecular devices
(76, 82, 104, 125, 135, 237, 251, 267) can be addressed by a
variety of techniques.

Realizing the summation of motion at the molecular level to
achieve macroscopic motion, for instance mimicking the op-
eration of miosyn=actin-driven movement of muscles, is a real
challenge. The approaches taken include changes in surface

FIG. 39. The conformational changes associated with the
four reduction processes for catenanes 452þ–472þ. Hor-
izontal and vertical processes represent the BPY-centered
and NDI-centered reductions, respectively. The dotted el-
lipses indicate that the interactions are turned off and there is
little information about the donor ring location. NDI, naph-
thalene diimide.
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properties (e.g., surface tension), direct translation of molec-
ular to macroscopic motion, and signal collection by suitably
designed architectures.

In the last few years, the development of scanning probe
techniques (73, 153, 203, 255, 271) has enabled direct obser-
vation and manipulation of single molecules on surfaces.
Techniques of this kind have opened novel directions to the
study of molecular machines and have also contributed to
better understand the differences between movement at the
macroscopic and at the molecular level.

Studies on molecular machines on surfaces and at inter-
faces have been recently carried out by several research
groups. We will briefly describe here only a small number of
paradigmatic examples.

A. Molecular machines working on surfaces
and at interfaces

The Langmuir-Blodgett (LB) technique constitutes an effi-
cient means of transferring organized monolayers from the
air–water interface onto a solid substrate (239). A series of
investigations (30, 104) showed that cationic catenanes and
rotaxanes such as 22H3þ (Fig. 21) can be used to obtain or-
dered films on the air–water interface when the PF6

� coun-

terions are replaced by amphiphilic counterions such as the
dihexadecylphosphate anion (104).

These anions align in a parallel manner at the interface,
with the phosphate portion pointing toward the aqueous
substrate. To balance this high negative charge density, a
layer of cationic rotaxanes associates near the surface as an
ordered, reproducible monolayer, possibly stabilized by
stacking interactions between adjacent molecules. For in-
stance, the 22H3þ-dihexadecylphosphate films were trans-
ferred onto indium tin oxide supports for spectroscopic and
electrochemical investigations. Reversible switching of the
potential values for the reduction processes of the bipyr-
idinium unit of 22H3þ upon cyclic exposure of the films to
vapors of HCl and NH3 was observed (104). A comparison of
the behavior of the rotaxane-containing films with that of
films containing its dumbbell-shaped component suggested
that the switching process is mainly related to a rearrange-
ment of the multilayer upon protonation–deprotonation of
the ammonium centre. However, the occurrence of a ring
shuttling motion in the case of the rotaxane-containing films
could not be excluded. Nonetheless, the examined thin films
may be useful for sensing purposes because they provide a
reversible electrical output signal in response to acid–base
input stimuli.

FIG. 40. Circumrotation of
the macrocyclic components
of catenate [48�Cu]þ can be
controlled reversibly by oxi-
dizing or reducing the metal
center. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
Reproduced with permission
from Balzani et al. (64).
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Amphiphilic bistable TTF-DON rotaxanes such as 494þ

(Fig. 41a) were synthesized and investigated (280) to obtain
stable and well organized LB films (155, 162, 167).

The occurrence of ring shuttling in 494þ embedded in clo-
sely packed LB films on solid substrates, induced by chemical
oxidation of the TTF station, was observed using X-ray pho-
toelectron spectroscopy (XPS) (162). In XPS, the photoemis-
sion intensity of each element attenuates exponentially with
the depth at which the electron is emitted. The switching be-
havior was monitored by using XPS to track nitrogen, which
is present solely in the moving macrocyclic component of the
rotaxane. Upon oxidation of the rotaxane molecules in a silica-
supported monolayer, the photoemission intensity for the
nitrogen 1s electrons was significantly decreased with respect
to the starting state. This observation, together with the results
of quantitative data analyses and independent control ex-
periments, confirmed that in the film the ring components

move from the upper station (TTF) to the lower one (DON)
upon oxidation of the former (Fig. 41b) (155, 162, 167).

The formation of self-assembled monolayers (SAMs) on
metallic gold is an effective yet simple method to attach
molecules to surfaces (209, 282). Rotaxanes with suitable
functionalization have been extensively employed to prepare
Au-SAMs (168, 230, 281, 292, 295). The first studies on me-
chanical shuttling in a SAM, however, were carried out on
systems in which the molecular components became me-
chanically interlocked as a consequence of surface immobili-
zation (180, 181, 296). In this setting the metal surface plays
the dual role of a stopper and an interface (electrode).

A monolayer of the rotaxane 504þ (Fig. 42), consisting of the
electron accepting cyclophane 44þ threaded on a molecular
axle that includes an electron donating diiminobenzene unit
and is stoppered by an adamantane moiety, was assembled
on a gold electrode (181).

FIG. 41. (a) Structure for-
mula of the amphiphilic
TTF-DON rotaxane 494þ and
(b) scheme of the redox
switching of its Langmuir-
Blodgett monolayer. Re-
produced by permission of the
Royal Society of Chemistry
from Silvi et al. (268).
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The tetracationic ring, which is originally located on the
diiminobenzene unit (Fig. 42a) by virtue of electron donor–
acceptor interactions, is displaced toward the electrode upon
one-electron reduction of its two bipyridinium units at�0.53 V
relative to the SCE, owing to disruption of the donor–acceptor
interactions and electrostatic attraction to the electrode (Fig.
42b). Reoxidation of the reduced cyclophane at�0.33 V causes
ring shuttling to the original diiminobenzene site.

The position of the tetracationic and dicationic (reduced)
cyclophane rings and the shuttling rate constants (80 and
320 s�1 at 298 K for reduction- and reoxidation-induced pro-
cesses, respectively) were determined by chronoamperometry
and impedance measurements. Investigation of the tempera-
ture dependence of the shuttling rates showed (180) that the
reduction-induced shuttling is an energetically downhill
process with no measurable activation barrier, whereas re-
oxidation-induced shuttling requires thermal activation. The
lack of an energy barrier in the former case is in agreement
with the fact that the shuttling is mainly driven by coulombic
attraction of the still positively charged cyclophane toward
the negatively polarized electrode. Therefore, ring shuttling
does not need assistance by thermal energy, in contrast with
the typical operation of molecular motors.

Another clever approach involves the immobilization of
bistable molecular shuttles containing a pyridine residue in
the macrocyclic component onto an Au-SAM of 11-mercap-
toundecanoic acid (96, 139). The grafting is achieved because
of the formation of hydrogen bonds between the pyridine
unit of the rotaxane molecules and the carboxylic groups at
the top of the SAM. Electrochemically driven shuttling in one

of these systems was recently shown to occur on the milli-
second time scale by chronoamperometry (139). The redox-
controlled mechanical switching in SAMs of disulfide-func-
tionalized bistable TTF-DON rotaxanes analogous to 494þ

(Fig. 41a) was also extensively investigated (281, 292).
Surface-mounted molecular rotary motors are also ex-

tremely interesting from a basic viewpoint (194). They could
also find applications in a variety of molecular-size devices
and machines, for example, in the fields of nanoelectronic,
nanophotonics and nanofluidics (287). Two different types of
surface-mounted molecular rotors can be distinguished. In an
azimuthal rotor (Fig. 43a), the axis of rotation is perpendicular
to the surface, whereas in an altitudinal rotor (Fig. 43b), it is
parallel to the surface.

A family of molecular rotors (e.g., compound 51 in Fig. 44a)
has been designed to perform rotation under electrochemical
stimulation (93, 244, 286). The molecules have a piano-stool
structure with a stator meant to be grafted on an oxide surface
and a rotor bearing redox-active groups, so that addressing
the molecule with nano-electrodes would trigger rotation
(Fig. 44b). To avoid intramolecular electron transfer between
two electro-active units, which would compete with rotation,
insulating spacers based on platinum acetylide units were
inserted into the structure, but several difficulties remain to be
overcome.

In the frame of these studies on molecular machines
working on surfaces and at interfaces, the development of
systems capable of mimicking at molecular level the function
of a macroscopic valve (section ‘‘1. Nanovalves’’) and the
possibility of obtaining an amplification of the molecular
motion at larger scale (section ‘‘2. Microcantilever bending by
molecular muscles’’).

1. Nanovalves. A macroscopic valve is a machine con-
structed by combining a controllable component that regu-
lates the flow of gases or liquids with a reservoir that can also
serve as a supporting platform for the movable element.

Construction of such a device at the molecular scale re-
quires the integration of a stable and inert nanocontainer with
an appropriate moving part that can act as a gatekeeper to
regulate the molecular transport in to and out of the container.
The construction of functioning nanovalves (19, 192) can be
useful for controlling drug delivery, signal transduction, na-
nofluidic systems, and sensors.

FIG. 42. The electrochemically driven ring shuttling of
rotaxane 504þ incorporated into a self-assembled mono-
layer on a gold electrode. Reproduced by permission of the
Royal Society of Chemistry from Silvi et al. (268).

FIG. 43. Azimuthal (a) and altitudinal (b) surface-mounted
molecular rotors. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission from Balzani et al. (64).
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A recently investigated approach is based on the use of the
mechanical motion of molecular shuttles to regulate the access
to nanocontainers (224–226, 235, 254). A redox switchable TTF-
DON bistable rotaxane structurally similar to 494þ (Fig. 41a)
was covalently attached to mesoporous silica nanoparticles.
As shown schematically in Figure 45, the silica nanopores can
be closed and opened by moving the mechanically interlocked
ring component of the rotaxane closer to and away from the
pores’ orifices, respectively (226). When the ring sits on the
preferred TTF station, access to the interior of the nanoparticles
is unrestricted and diffusion of the solute (a luminescent irid-
ium complex) from the surrounding solution can occur.

Chemically induced oxidation of the TTF unit results in a
shuttling of the ring closer to the solid surface, thereby
blocking the access to the pores and trapping any solute
molecule inside. Back reduction of the TTF unit reverses the
mechanical motion, thus releasing the guest molecules and
returning the system to its initial state.

More recently, it has been shown that the properties of
these rotaxane-based valves can be fine tuned by changing the
length of the linkers between the surface and the rotaxane
molecules and the location of the movable components on the
nanoparticles (225).

pH-Driven (224) and enzyme-responsive (235) nanovalves
have also been constructed.

2. Microcantilever bending by molecular muscles. An
exciting development in the field of molecular machines has
been the construction of molecular muscles based on rotaxane
dimer topology that can undergo contraction and stretching
movements in solution (123, 174, 299). Cumulative nanoscale
movements within surface-bound molecular muscles based
on rotaxanes have been harnessed to perfom large-scale me-
chanical work.

FIG. 44. A molecular rotor designed to perform rotation under electrochemical stimulation in a nanoelectrode junction. (a)
Structural formula of molecular rotor 51. (b) Schematic representation of the proposed operation mechanism. A potential difference
applied across the nanojunction results in oxidation of the ferrocene group nearest the anode, which is then electrostatically repelled
away towards the cathode. The oxidized unit close to the cathode is reduced while a new ferrocene unit is oxidized at the anode.
Overall, the passage of each electron across the nanojunction results in the clockwise rotation of the upper part of the molecule by
one-fifth of a turn. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from Balzani et al. (64).

FIG. 45. Operation scheme of a molecular valve based on
redox-switchable rotaxanes attached to silica nanopores.
Reproduced by permission of the Royal Society of Chemistry
from Silvi et al. (268).

1152 CREDI ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-043.jpg&w=438&h=219
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3223&iName=master.img-044.jpg&w=237&h=325


The investigated system (161, 204) consists of the palin-
dromic bistable rotaxane 528þ with two rings and four sta-
tions, namely, two TTF and two oxynaphthalene moieties
(Fig. 46). Tethers attached to each ring anchor the whole ro-
taxane system as a SAM to a gold surface deposited on silicon
microcantilever beams.

Each microcantilever (500�100�1mm) is covered with ap-
proximately 6 billions of randomly oriented rotaxane mole-
cules. The setup was then inserted into a fluid cell.

Oxidation of the ring-preferred TTF station with iron(III)
perchlorate results in shuttling of the two rings onto the
oxynaphthalene stations, significantly shortening the inter-

ring separation (from 4.2 to 1.4 nm). This change in the in-
terring distance induces a tensile stress on the gold surface of
the microcantilever, which causes an upward bending of the
beam by about 35 nm. Under the same conditions a mono-
layer of the dumbbell alone is inactive. Back reduction of the
TTF station with ascorbic acid returns the cantilever to its
original position. The process can be repeated over several
cycles, though with gradually decreasing amplitude. Indeed,
this important experiment demonstrates the possibility of
harnessing cumulative nanoscale movements within surface-
bound molecular shuttles to perform larger-scale mechanical
work (131, 137, 238).

FIG. 46. (a) A molecular muscle
based on a self-assembled
monolayer of the palindromic
rotaxane 528þ (b) anchored on the
gold-covered surface of silicon
microcantilever beams. Re-
produced by permission of the
Royal Society of Chemistry from
Silvi et al. (268).
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B. Molecule-based solid-state electronic circuits

The results reported above encouraged attempts to incor-
porate rotaxanes and catenanes in electrically addressable
solid-state devices. In a first study (108, 298), the V-shaped
rotaxanes 534þ and 544þ (Fig. 47) were used in the form of
molecular monolayers sandwiched between lithographically
fabricated metal wires. The switches were read by monitor-
ing current flow at reducing voltages. In the closed state,
current flow was dominated by resonant tunneling through
the electronic states of the molecules. The switches were
irreversibly opened by applying an oxidizing voltage across
the device. The V-shaped dumbbell component of the rotax-
anes exhibits similar properties. The results obtained showed
that these systems behave as singly configurable logic gates.

More interesting observations were made on incorporation
of the bistable catenane 394þ (Figs. 33 and 48) into a solid-state
device (106, 107). A monolayer of the catenane (Fig. 48b) was
transferred onto a photolithographically patterned polycrys-
talline silicon electrode. The patterning was such that the
Langmuir film was deposited along several parallel lines of
poly-Si on the electrode. A second set of orthogonally oriented
wires was then deposited on top of the first set such that a
crossbar architecture is obtained. This second set of electrodes
consisted of a 5-nm thick layer of Ti, followed by a 100-nm
thick layer of Al. The bottom poly-Si electrode of the molec-
ular sandwich was 7mm wide and the top Ti=Al electrode
10 mm wide. By this approach, an array of junctions, each one
addressable individually, was constructed (Fig. 48c).

The mechanism for conduction is by electron tunneling
through the single-molecule thick layer between the junction

electrodes. Thus, any change in the electronic characteristics of
the interelectrode medium is expected to affect the tunneling
efficiency and change the resistance of the junction. Such de-
vices are conductors, not capacitors. Experiments were carried
out by applying a series of voltage pulses (betweenþ 2.0 and
�2.0 V) and reading, after each pulse, current through the de-
vice at 200 mV, a potential that does not affect switching (Fig.
49a). The current(read)–voltage(write) curve displays a highly
histeretic profile (Fig. 49b), making the catenane junction device
interesting for potential use in random access memory storage.

The current–voltage curve was interpreted on the basis of
the mechanism illustrated in Figure 50a, which is derived
from the behavior of the same catenane 394þ in solution (28,
68, 95). Conformation I is the switch open state and confor-
mation IV the switch closed state of the device. When 394þ is
oxidized (þ2 V), the TTF unit is ionized in state II and expe-
riences a coulombic repulsion inside the tetracationic cyclo-
phane component, resulting in circumrotation of the crown
ether and formation of conformation III; note that in solution
at þ2 V TTF undergoes two-electron oxidation and the DON
unit is also oxidized (28, 68).

When the voltage is reduced to near-zero bias, a metastable
conformation IV is obtained, which, however, does not return
to conformation I. The initial conformation can in fact be re-
stored only via states V and VI in which the bipyridinium
units of the cyclophane component are reduced; note that in
solution, at the potential value used, �2 V, the bipyridinium
units undergo two-electron reduction (28). Most likely, the
reduction of the bipyridinium units weakens the CT interac-
tion with the DON unit, thereby decreasing the barrier for its
escape from the cyclophane cavity. The same behavior was

FIG. 47. Structure formulas of V-shaped rotaxanes 534þ and 544þ, and bistable rotaxane 554þ, used to construct
switchable electronic junctions for memory and logic function purposes.
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observed for solid-state devices containing TTF-based bis-
table rotaxanes such as 494þ and 554þ (Figs. 41a and 47,
respectively) (102, 210, 236, 237, 274), and interpreted on the
basis of an analogous mechanism (Fig. 50b).

Because these results and their interpretation gave rise to
some controversy (101, 158, 264, 265, 293), intensive efforts
were undertaken to characterize the mechanical rearrange-
ment associated with redox switching in bistable catenanes
like 394þ and related bistable rotaxanes (164, 172, 233, 279,
280), as well as their structural organization in monolayers
(125, 167, 168, 231) and the molecule–electrode interface (125,
127, 305). The metastable state corresponding to conformation

IV (Fig. 50) was in fact observed for a number of different
bistable rotaxanes and catenanes in a variety of environments
(solution, SAM, solid-state polymer matrix) (103, 140, 232,
292). The conductance switching in these systems was also
extensively investigated by theoretical calculations (169, 188–
190). Further, the color change associated with the redox-
driven switching of TTF-based bistable catenanes and rotax-
anes in a polymer matrix can be exploited to make solid-state
electrochromic devices (273).

Recently, by use of the same paradigms described above,
a molecular electronic memory with an amazingly high
density of 1011 bits cm�2 was constructed by sandwiching

FIG. 48. Introduction of functional catenanes into solid-state devices. (a) Disordered state in solution and (b) ordered
monolayer of catenane [394þ][DMPA�]4 (DMPA�¼dimyristoylphosphatidyl anion). (c) Schematic representation of a solid-
state device based on junctions consisting of the monolayer of catenane [174þ][DMPA�]4 sandwiched between polysilicon
and Ti=Al electrodes in a crossbar arrangement.

FIG. 49. Current-potential
characteristics of the catenane-
based solid-state devices. (a)
A perturbing (write) potential
is applied across the device,
the state of which is then ob-
served by measuring the cur-
rent flow at the (read) potential
of 200 mV. (b) Plot of the read
current as a function of the write
voltage for the device based on
catenane 394þ. Copyright Wiley-
VCH Verlag GmbH & Co.
KGaA. Reproduced with per-
mission from Balzani et al. (64).
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a monolayer of the bistable rotaxane 494þ (Fig. 41a) between
arrays of nanoelectrodes in a crossbar arrangement (152). The
realization of this device relies on a novel method for pro-
ducing ultra-dense, highly aligned arrays and crossbars of
metal or semiconductor nanowires with high aspect ratios
(215). It was estimated that each junction acting as a memory
element consists of *100 rotaxane molecules. For practical
reasons, only 128 (16�8 contacts) of the 160,000 memory cells
(400�400 nanowires) contained in the circuit were tested (152).
The measurements showed that 25% of the tested cells dis-
played good and reproducible switching, whereas 35% failed
because of bad contacts or shorts, and the remaining 40%
showed poor switching. This work is a compelling demon-
stration that the combination of top-down and bottom-up
nanofabrication methods can lead to outstanding technologi-
cal achievements. However, several aspects—such as stability,
reliability, and ease of fabrication—need to be optimized be-
fore these systems can find real industrial applications (48).

VII. Conclusions and Perspectives

The results described show that molecular devices and
machines can be obtained by utilizing careful incremental
design strategies, the tools of modern synthetic chemistry,
and the paradigms of supramolecular chemistry, together
with some inspiration from natural systems. They also show
that the redox-driven machines and the redox switchable
devices, like those illustrated in this section, exhibit peculiar
and interesting feature. They can indeed work by exploiting
light (through photoinduced electron-transfer processes) and
electrical energy (through electrochemically induced redox
processes) that offer several advantages in comparison with
chemical energy inputs. In particular, photons and electrons
power molecular devices and machines without formation of
waste products and photochemical and electrochemical
techniques are also useful to read the state of the system
monitoring in this way its operation.

For such systems, and in general for molecular devices and
machines, it is possible to devise future developments, which
are under investigation in our and other laboratories, namely,
(i) the design and construction of more sophisticated artificial
molecular motors and machines, showing complex motions
and better performances in terms of stability, speed, switch-
ing, and so forth; (ii) the use of such systems to do molecular-
level tasks such as uptake-release, transportation, catalysis,
and mechanical gating of molecular channels; and (iii) the
possibility of exploiting their logic behavior for information
processing. In this regard, a chemical approach to molecular
logic gives the opportunity of implementing even complex
logic operations with one molecule or supramolecular species.
It is difficult, at the present stage, to predict which one of these
two strategies will have the greater technological impact, if
any. These and other questions regarding the advent of mo-
lecular computers (e.g., serial or parallel architectures, solid-
state, or soft matter) represent one of the big challenges of
nanotechnology.

The results described in the section also evidence that, al-
though investigations of molecular devices and machines in
solution are of fundamental importance, for any kind of ap-
plications in the field of technology they have to be interfaced
with the macroscopic world by ordering them in some way so
that they can behave coherently and can be addressed in
space. Viable possibilities include deposition on surfaces, in-
corporation into polymers, organization at interfaces, or im-
mobilization into membranes or porous materials.

The recent achievements in this direction, some of which
have been reviewed here, seem to indicate that useful materials
and devices based on artificial molecular machines will see the
light in a not too distant future. For example, the construction
of artificial muscles based on polymeric materials capable of
amplifying contraction–extension nanoscale motions is a task
that can nowadays be undertaken. Molecular shuttles could
also be employed for sensing and processing chemical infor-
mation (200), and as components of electrochromic materials

FIG. 50. Proposed molecular-level mechanism for the operation of solid-state electronic devices based on (a) catenanes
like 394þ and (b) rotaxanes like 494þ (Fig. 41a) and 554þ (Fig. 47). Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission from Balzani et al. (64).
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(273). Other stimulating challenges involve the use of molec-
ular machines for directing flows in microfluidic networks
(47), operating drug delivery systems (19, 192, 254), trans-
porting and sorting nanoobjects (284), and controlling chemi-
cal (240) and biochemical (294) processes. To this aim,
collaborative efforts from experts in different disciplines such
as chemistry, physics, materials science, and engineering—and
possibly biology and medicine—are mandatory. Certainly,
many problems related to the complex synthesis and operation
of these systems, together with issues such as stability and
reproducibility, remain to be solved (49).

Apart from foreseeable applications related to the devel-
opment of nanotechnology (283), investigations on molecu-
lar machines in heterogeneous environments are important
to increase the basic understanding of the processes that
determine the behavior of nanoscale objects, as well as to
develop reliable theoretical models. This research has also
the important merit of stimulating the ingenuity of chemists.
Looking at molecular and supramolecular species from the
viewpoint of functions with references to devices of the
macroscopic world is indeed a very interesting exercise that
introduces novel concepts into Chemistry as a scientific
discipline.
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Abbreviations Used

BPY2þ ¼ 4,40-bipyridinium
CD¼ cyclodextrin
CT¼ charge-transfer

DABCO¼diazabicyclo[2.2.2]octane
DOB¼dioxybenzene
DON¼dioxynaphthalene

LB¼Langmuir-Blodgett
NDI¼naphthalene diimide

NMR¼nuclear magnetic resonance
PMI¼pyromellitic imide
ptz¼phenothiazine

SAM¼ self-assembled monolayer
SCE¼ saturated calomel electrode
TTF¼ tetrathiafulvalene

TTFP¼monopyrrolotetrathiafulvalene
XPS¼X-ray photoelectron spectroscopy
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