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ABSTRACT The development of molecular electronic switching
devices for memory and computing applications presents one
of the most exciting contemporary challenges in nanoscience
and nanotechnology. One basis for such a device is a two-
terminal molecular-switch tunnel junction that can be elec-
trically switched between high- and low-conductance states.
Towards this end, the concepts of self-assembly and molecu-
lar recognition have been pursued actively for synthesizing
two families of redox-controllable mechanically interlocked
molecules – bistable catenanes and bistable rotaxanes – as po-
tential candidates for solid-state molecular-switch tunnel junc-
tions. This article reviews logically the development and under-
standing of Langmuir, Langmuir–Blodgett and self-assembled
monolayers of amphiphilic bistable and functionalized bistable
rotaxanes and their catenanes counterparts. Our increased un-
derstanding of the superstructures of these monolayers has
guided our recent efforts to incorporate these self-organized mo-
lecular switches into devices. The methodologies that are being
employed are in their early stages of development. Certain char-
acteristics of the molecules, monolayers, electrodes and devices
are emerging that serve as lessons to be consider in respond-
ing to the ample opportunities for further research and process
development in the field of nanoelectronics.

PACS 81.07.-b; 81.07.Nb; 85.65.+h

1 Introduction

The manufacture of nanometer-scale electronic
devices in a time and cost effective manner remains a chal-
lenging task. While the traditional semiconductor fabrication
approach is based on lithographic “top-down” techniques [1],
the construction of nanodevices utilizing the assembly of
molecular-sized components – the so-called “bottom-up”
chemical approach – offers a number of very attractive ad-
vantages [2]. As feature sizes in electronic circuits, based on
complementary metal-oxide semiconductors (CMOS) move
into the nanometer-size regime, fundamental physical limi-
tations in using top-down approaches begin to emerge and
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are reflected in the transition from classical to quantum
physics [3]. For example, size quantization opens up signifi-
cant gaps between energy levels and influences the rates of
electron tunneling through ultra-thin insulating barriers. On
the other hand, bottom-up approaches using molecules as ac-
tive components (e.g., switches [4, 5], sensors [6], light emit-
ting diodes [7]) or passive components (e.g., rectifiers [8]) of
electronic circuits, promise experimental and manufacturing
simplicity down to the atomic size scale, lower power con-
sumption and the potential for low-cost mass fabrication [9].
Molecular electronics research is advancing at a fast pace,
with commercial applications (e.g., ZettaCore [10]) just start-
ing to emerge.

In the context of switchable molecules in electronic de-
vices [11, 12], molecular recognition phenomena that are
amenable to being altered by redox activation/deactivation
are particularly appealing. With this proviso in mind, we
have designed and synthesized, using template-directed pro-
tocols [13], a considerable number of bistable molecular and
supramolecular systems. These systems are generally com-
posed of π-electron rich and poor components held together
by noncovalent bonds and, more often than not, also by me-
chanical bonds – i.e., they are interlocked molecules [14] in
the form of either bistable catenanes (Scheme 1) or bistable
rotaxanes (Scheme 2).

Scheme 1. Graphical representation and structural formula of a bistable
[2]catenane, illustrating the solution-phase redox-controllable switching
mechanism
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Switchable catenanes and rotaxanes have been developed
in our research laboratories apace by focusing upon their op-
timization and customization. One of the most efficient of
these catenanes [15] is composed of a tetracationic macrocy-
cle, cyclobis(paraquat-p-phenylene) (CBPQT4+), that is in-
terlocked (Scheme 1) with a macrocyclic polyether incorpo-
rating a tetrathiafulvalene (TTF) unit and a dioxynaphthalene
(DNP) ring system. In solution, the TTF unit resides prefer-
entially inside the cavity of the tetracationic macrocycle of
the [2]catenane. Upon oxidation, however, the neutral TTF
unit is converted into either its monocationic (TTF+•) or di-
cationic (TTF2+) form. These positively charged units are
expelled from the cavity of the tetracationic macrocycle and
replaced by a neutral DNP ring system, following circumro-
tation (Scheme 1) of the macrocyclic polyether through the
cavity of the tetracationic macrocycle. Upon reduction, neu-
trality is restored to the TTF unit and another circumrotation
regenerates the original state.

In their simplest manifestation, rotaxanes are composed
of mutually recognizable and intercommunicating macrocy-
cle and dumbbell-shaped components. One of the best ex-
amples (Scheme 2) of a bistable, redox-switchable rotaxane
consists [16] of a tetracationic macrocycle component and
a linear rod section that contains two different stations – a TTF
unit and a DNP ring system – separated by a spacer group

Scheme 2. Graphical representation and structural formula of a bistable
[2]rotaxane, illustrating the solution-phase redox-controllable switching
mechanism

Scheme 3. Structural formulas of switchable catenanes (14+, 24+, 34+)
together with the hydrophilic dimyristoylphosphatidyl counteranion (4−,
DMPA−) and their respective control molecules (54+, 64+, 74+, 84+, 9),
which were used in the fabrication and testing of molecular-based electronic
devices

and terminated by two bulky tetraarylmethane stoppers. The
switching mechanism proceeds in a very similar manner to
that observed for bistable catenanes. The starting state of the
bistable rotaxane (Scheme 2) has its TTF unit encircled by the
tetracationic macrocycle. Upon oxidation, the TTF unit be-
comes mono- or dicationic, causing the macrocycle to shuttle
(Scheme 2) toward the DNP ring system in the oxidized state.
Conversely, reduction of the TTF2+ dication back to a neu-
tral TTF unit causes the rotaxane to return to its starting state.
Thus, this bistable rotaxane, with these two reversibly switch-
able redox states involving macrocycle translation, has been
referred to as a molecular shuttle [17].

The magnitudes of the noncovalent bonding interactions
that control the locations of the macrocycles in bistable cate-
nanes and rotaxanes can be switched reversibly in solution
by redox processes triggered by chemical [15, 18–20], elec-
trochemical [19–22], and/or photochemical stimuli [22–24].
Such controllable molecular switches have been demon-
strated [12, 18, 22–24] to operate successfully in solution
by 1H NMR spectroscopy, UV/Vis spectroscopy and cyclic
voltammetry. This type of molecular actuation, which can be
optimized rationally through molecular design and synthe-
sis, provides the basis for information storage by defining the
“open” and “closed” states of a switch.

Nevertheless, molecular synthesis is a solution-phase
endeavor, and if these bistable molecular compounds are
to find applications in nanoelectronic devices, it is es-
sential that these entities become organized within solid-
state devices. Moreover, the same level of control over dy-
namic motion in bistable molecular compounds that has
been established in the solution state needs to be main-
tained in the devices. The methodology, by which we have
chosen [25–32] to pursue this goal of transferring con-
trollable molecular switches from the solution phase into
solid-state devices, is self-organization, using either the
Langmuir–Blodgett (LB) technique or self-assembled mono-
layers (SAMs).

In this review, we will highlight some of the recent ad-
vances that have been made toward the self-organization of
a range (Schemes 3 and 4) of molecular and supramolecu-
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lar entities, as well as the superstructures of the molecules
within the monolayers as an introduction to how they oper-
ate in molecular-switch tunnel junction (MSTJ) devices. The
binary switching character, obtained from a range of devices
incorporating a variety of bistable molecular switches, will

Scheme 4. Structural formulas of switchable rotaxanes (104+, 114+, 124+, 134+, 144+, 154+), together with their respective dumbbell control molecules (16,
17, 18, 19, 20, 21), which were used in the fabrication and testing of molecular-based electronic devices

be presented alongside the control devices constructed around
non-switchable molecules. Finally, the key ingredients for the
design of new classes of devices and molecules will be re-
viewed in the light of research that has been accomplished to
date.
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2 Catenanes in monolayers and in devices

The mechanical switching properties of bistable
catenanes have been investigated with the aim [5, 33, 34]
of constructing molecular electronic devices. Since the in-
corporation of catenanes into thin films is required for the
preparation of such devices, the past several years has wit-
nessed a considerable growth in the study of bistable cate-
nanes – namely, 14+, 24+ and 34+ (Scheme 3) – that can
be self-organized [25–29] at the air-water interface with
the aid of the amphiphilic dimyristoylphosphatidyl coun-
teranion 4− (DMPA−). Monostable compounds are essential
for use in control experiments. They have included (i) the
tetracationic macrocycle 54+ present in the bistable cate-
nanes 14+ and 24+, (ii) the monostable degenerate [2]catenane
64+, wherein the same tetracationic macrocycle is interlocked
with bis-p-phenylene-34-crown-10 (BPP34C10), as well as
(iii) the tetracationic macrocycle 74+ present in the bistable
catenane 34+, (iv) the monostable degenerate [2]catenane
84+, wherein the same tetracationic macrocycle is interlocked
with BPP34C10, and, in addition, (v) the non-redox active
eicosanoic acid 9.

An organic thin film can be deposited onto a solid sub-
strate using various techniques, e.g., by spin-coating [35],
by atmospheric-pressure ion deposition thermal evapora-
tion [36], by applying the Langmuir–Blodgett (LB) proced-
ure [37, 38] and by self-assembly [38–40]. One possible
approach towards structurally ordered bistable catenane as-
semblies is the preparation of Langmuir films at the air-water
interface and their subsequent transfer onto solid substrates by
the LB technique. However, bistable catenanes, incorporating
the tetracationic (CBPQT4+) macrocycle, are characterized
by possessing only polar properties, a feature which renders
them unable to self-organize in a stable manner at an air-water
interface. This limitation has been overcome by associat-
ing the catenanes with an amphiphilic compound to produce
mixed Langmuir films. For instance, in our research, we have
been employing [25–29] the electrostatic interactions be-
tween the head groups of the anion DMPA− and the catenane
tetracations to form Langmuir films and subsequently LB
monolayers.

Prior to carrying out a detailed investigation of LB film de-
position of any given molecule, it is necessary to understand
the equilibrium and dynamic properties of Langmuir films
composed of the same molecules. As a first step, the ability
for the tetracationic macrocycle 54+ to form Langmuir mono-
layers with DMPA− counterions at the air-water interface
was investigated [26]. UV/visible spectroscopy and surface
pressure versus mean molecular area (π-A) isotherm stud-
ies suggested that four DMPA− anions are associated with
one tetracationic macrocycle, and that, at a surface pressure
corresponding to 1.7 nm2/molecule, the mean plane of the
tetracationic macrocycle is parallel to the air-water interface.
This superstructure leads to favorable packing of DMPA− an-
ions, producing well organized monolayers.

Having established that the tetracationic macrocycles
form well-organized and stable Langmuir films, more com-
plex entities – namely, pseudorotaxanes [25] and the de-
generate [2]catenane 64+ [27] – were self-organized at the
air-water interface. Catenanes 14+ and 24+ that possess mo-

lecular switching properties, have also been employed [28]
– together with DMPA− (4−) counterions – to generate
stable Langmuir monolayers. π-A Isotherms have revealed
that the organization of the cationic and anionic compo-
nents was consistent with previous investigations [26] on
the bipyridinium-based tetracationic macrocycle 54+/4 ·4−.
The Langmuir monolayer of [2]catenane 14+/4 · 4− is be-
lieved to be stabilized by [π–π] stacking interactions between
adjacent catenane molecules, which occur in an alternat-
ing manner, allowing each π-donor unit to be positioned
side-by-side with a π-acceptor unit and vice-versa. More-
over, the mean molecular area of the catenanes 14+ and 24+
were 1.2 and 1.1 nm2/molecule, which suggests that the cate-
nanes are aligned (Fig. 1a), such that the mean plane of the
tetracationic macrocycle is lying approximately parallel to
the air-water interface while the mean plane of the macro-
cyclic polyether component is roughly perpendicular to the
interface. The DMPA− anions are believed to be stacked in
a tight and fully-occupied layer above that of the tetracationic
catenane. On the other hand, in their chemically-oxidized hex-
acationic states, the [2]catenanes 16+ and 26+ occupy 1.5 and
1.2 nm2/molecule and are believed to be lying on the surface
of the water in a manner similar to those of 14+ and 24+ with
the six DMPA− anions residing more or less on top of the hex-
acationic [2]catenanes. The catenanes were pre-oxidized with
three equivalents of Fe(ClO4)3 in the spreading co-solvent,
i.e., Me2CO : MeOH (13 : 7).

The stable Langmuir films obtained from the catenanes
can be transferred successfully as LB films onto solid sub-
strates – e.g., hydrophobized quartz [27], mica [28], gold [28],
silicon [5, 33] and carbon nanotubes [34]. The quality of an
LB monolayer deposition is dependent [37, 38] on a var-
iety of processing conditions, such as temperature, compres-
sion rate, and subphase salt concentration. For instance, we
have demonstrated [28] that the [2]catenanes 14+ and 24+
(Scheme 3), which we know can be switched between dif-

FIGURE 1 Graphical representation of the Langmuir monolayer of
(a) 14+/DMPA− and (b) 16+/DMPA− system at the air-water interface,
stabilized by intermolecular [π–π] stacking interactions between adjacent
catenane molecules in the case of the former – and, in the case of the latter at
higher pressures
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ferent redox states in solution, can also be incorporated into
Langmuir films, starting from either their tetracationic or
chemically-oxidized hexacationic states. These films were
transferred onto both mica and gold surfaces and their mor-
phologies and current–voltage (I–V ) characteristics were as-
sessed and measured on these two surfaces. Not only are the
morphologies of the films of these [2]catenanes in their dif-
ferent redox states, and therefore geometrical states, differ-
ent [28], but their I–V behaviors are also dependent on the re-
dox states of the [2]catenanes, prior to them being transferred
onto gold. The tetracationic [2]catenanes exhibited smooth
surfaces with a I–V behavior dominated by the tetracationic
macrocycle component. By contrast, those monolayers con-
taining the hexacationic [2]catenanes are less regular and ex-
hibit a “metallic” I–V behavior.

Further investigations [5, 33, 34] by Brewster angle mi-
croscopy (BAM) and atomic force microscopy (AFM) of
Langmuir monolayers of 14+ on silicon and 34+ on carbon
nanotubes revealed the presence of supramolecular domains
of the [2]catenane/6 · 4− lipid film, indicative of the phase
separation of the pure DMPA− (4−) anions from the mixture
of these anions with the [2]catenane. However, by varying the
ionic strength of the subphase with added CdCl2, the cross-
sections of these domains were tunable from around 20 µm
down to less than 3 µm. Divalent Cd2+ cations have been
demonstrated [41] to lessen the electrostatic repulsion be-
tween the phospholipid headgroups. The reversibility of the
redox switching displayed in solution by the [2]catenanes 14+,
24+ and 34+, coupled with the strategies that have been de-
veloped to deposit organized films onto surfaces, augured well
for the use of these redox-active molecular switches in the de-
sign and fabrication of molecular electronic devices.

Molecular-electronics circuits based on crossbar archi-
tectures have been investigated. In a crossbar device, which
can be used [9] for logic, sensing, signal routing, and mem-
ory applications, the molecular component is typically sand-
wiched [4] between two electrodes at the intersection of two
crossing wires. Two-terminal MSTJs have been fabricated [5]
based on the bistable [2]catenane 14+. The solid-state switch-
ing device consisted of a single monolayer of the [2]catenane,
self-organized by their supporting amphiphilic DMPA− an-
ions on the surface of a highly-doped n-type polycrystalline
silicon (poly-Si) bottom electrode. To complete the MSTJ
assembled device, a top electrode, consisting of titanium fol-
lowed by aluminum, was deposited [5] onto the LB film using
electron-beam evaporation through a shadow mask. Titanium
was chosen as the top electrode on account of its known [42]
high reactivity toward hydrocarbon chains, inhibiting the pen-
etration of the subsequent metal atoms through the organic
monolayer, shorting out the device.

The electrical signature of bistability for a two-terminal
switch is that of hysteresis. Measurement of this hysteric re-
sponse – called a remnant molecular signature – is obtained
by using a particular voltage pulse sequence. In particular, the
device is “written” at one voltage and the current is “read” at
another voltage. The write and read voltages are applied se-
quentially. The former is scanned in 40 mV steps from 0 V out
to +2 V, then back to −2 V, before returning to 0 V. However,
the read voltage does not change (+0.1 V) and the current
measurement, displayed along the y axis as the remnant mo-

lecular signature, is recorded during this “read” step. This
experiment reveals opening (Vopen) and closing (Vclose) volt-
ages, for switching between high and low conductance states,
respectively. The devices incorporating the bistable 14+ [5]
can be switched on at +2 V, off at −2 V, and read (junction
resistance) between 0.1 and 0.3 V. And they may be cycled
many times under ambient conditions. Moreover, the voltages
required to open and close the switches were stable from one
cycle to the next and from device-to-device. Various control
devices demonstrated that the known bistability of the [2]cate-
nanes 14+, 24+ and 34+, which is believed to arise from the
relative mechanical mobilities of the macrocycles is critical
for switching. In particular, for all the devices incorporating
either eicosanoic acid 9, DMPA− (4−) as its monosodium salt,
the tetracationic macrocycle 54+ or the monostable degener-
ate [2]catenane 64+, hysteresis was not observed. Also binary
switching signatures were absent when these controls were in-
vestigated under exactly the same conditions that were used
for the bistable catenanes 14+, 24+ and 34+.

A molecule-based nanoelectromechanical switching
mechanism has been proposed (Fig. 2), based on these find-
ings. When the ground-state [A0] of the [2]catenane is ox-
idized (by applying a bias of +2 V), the TTF unit (green)

FIGURE 2 Graphical representation of the proposed nanoelectromechani-
cal mechanism outlining the location of the tetracationic macrocycle for the
OFF and ON state of the device. Co-conformer [A0] represents both the
ground-state of the [2]catenane and the “switch OFF” state of the device.
When the [2]catenane is oxidized (by applying a bias of +2 V), the TTF
groups (green) are ionized and experience a Coulomb repulsion with the
tetracationic macrocycle (blue), resulting in the circumrotation of the ring
and the formation of [B+]. When the voltage is reduced to a near-zero bias,
the metastable co-conformer [B0] is formed. It represents the “switch ON”
state of the device. Partial reduction of the cyclophane (at an applied bias
of −2 V) is necessary to regenerate the [A0] co-conformer. For simplicity of
presentation, a 2e− reduction step is shown, but the actual number of elec-
trons was not measured, and so, the reduced form [AB#] is indicated with an
unknown oxidation state
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becomes positively charged – viz., [A+] and experiences
a Coulomb repulsion with the tetracationic macrocycle (blue),
resulting in the circumrotation of the ring and the formation
of [B+] (Fig. 2). When the voltage is reduced to a near-zero
bias, the metastable-state co-conformer [B0] is formed. This
co-conformer of the ground-state [A0] was assigned to the
“switch ON” state of the device. Partial reduction of the tetra-
cationic macrocycle (at an applied bias of −2 V) is necessary
to regenerate the [A0] ground-state co-conformer, which rep-
resents the “switch OFF” state of the device.

This mechanism is consistent [5] with temperature-
dependent measurements of the device’s operation, which
indicate that the overall cycling of the switches has at least
one thermally-activated step and is quenched near 230 K. In
addition, as the device was cooled stepwise from 330 down
to 230 K, the voltages required to open or close the switch
systematically increased in magnitude. In single-molecule
thick tunnel junctions, when the molecule is oxidized, the
charge generated is balanced by image charges in the elec-
trodes. At lower temperatures, the poly-Si electrode becomes
less polarizable and therefore less able to support an image
charge.

With the electromechanical mechanism enjoying strong
experimental support (vide infra) and the need to minia-
turize MSTJs as a means to realize their placement at the
nanometer length scale “beyond CMOS”, we identified [34]
a bistable catenane molecule for a single-walled carbon nano-
tube (SWNT)-based device (Fig. 3a). Since the catenane oc-
cupies about a nanometer cube, it fits neatly onto the roughly
one nanometer diameter of SWNTs. The decision to use
SWNTs in such a device was driven by their overall properties
– namely stability against oxidation and high carrier mobility
– and not just because of their nanoscale dimensions [43]. The
device was fabricated around the bistable [2]catenane 34+ in
which diazapyrenium units replace the bipyridinium ones in
the tetracationic macrocycle of 14+.

FIGURE 3 (a) Graphical represen-
tation of a single monolayer of
a bistable [2]catenane 34+, that was
anchored with amphiphilic phospho-
lipid counterions and sandwiched be-
tween a semiconducting SWNT and
a Ti/Al top electrode. (b) Remnant
molecular signatures for the devices
containing the bistable [2]catenane
34+, and appropriate controls, such as
the tetracationic macrocycle 74+ and
the degenerate [2]catenane 84+. The
read voltage for these three traces was
100 mV. (c) Device cycling for the
bistable [2]catenane 34+ contrasted
with the lack of cycling for the degen-
erate [2]catenane 84+. In both cases,
Vread was 100 mV, Vopen was +2.5 V
and Vclose was −2.5 V

MSTJs incorporating SWNT bottom electrodes were
found to operate in a manner that is strikingly similar to
the situation when the bottom electrode is poly-Si. The
34+/6 ·4−-assembled MSTJ device exhibited hysteresis with
a “read” current difference (Fig. 3b) of nearly a factor of four.
In fact, active and remnant I–V measurements demonstrated
(Fig. 3c) that these devices can be switched reconfigurably
and cycled repeatedly between high and low current states
under ambient conditions. In this work, two controls were uti-
lized – one based on the plain tetracationic macrocycle 74+
and the other on a degenerate, non redox-active catenane 84+.
Neither of these control devices yielded electronic switching.
Thus, once again, we attributed the bistable character of these
working solid-state devices as arising from hysteretic elec-
tromechanical motions in the redox-switchable interlocked
molecules. In fact, all of the device characteristics were pre-
served from those first observed on the poly-Si electrode,
providing further support for the electrochemical switching
mechanism proposed [5] back in 2000 for a bistable catenane
in solid-state devices.

The redox-switching phenomenon associated with bi-
stable [2]catenane has also been observed [16, 24] for bistable
[2]rotaxanes in the solution phase. Thus, if the bistability as-
sociated with the MSTJs is truly molecular in origin, then the
same properties should emerge from devices incorporating
bistable [2]rotaxanes. We will now describe how the elec-
tromechanical switching mechanism has been shown to carry
over into solid-state devices when amphiphilic bistable rotax-
anes constitute the molecular monolayers in the crossbars of
the MSTJs.

3 Rotaxanes in monolayers

The bistable [2]rotaxanes 104+–154+ (Scheme 4)
are another class of mechanically interlocked molecules that
have been exploited [4, 44–47] comprehensively – together
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with their dumbbell counterparts 16–21 – for the construction
of solid-state devices. Just as we have witnessed for bistable
catenanes, it is essential that we establish how to self-assemble
bistable rotaxanes in an orderly manner at interfaces and on
surfaces. Several studies have been devoted to introducing ro-
taxanes onto surfaces, either by means of SAMs [31] or as
LB films [30, 32]. For SAMs, the disulfide moiety has been
used as the surface active headgroup on redox-active [2]rotax-
anes (e.g., 104+ and 114+) for attachment onto gold [31] and
platinum [44] surfaces. Although SAMs provide a chemically
more stable bond between the rotaxane and metal surfaces, LB
monolayers have the advantage that they can be deposited on
almost any kind of solid substrate [38–40].

The formation of LB monolayers has been achieved by
introducing hydrophilic headgroups as a means of produc-
ing [48] amphiphilic redox-switchable [2]rotaxanes (e.g.,
124+, 134+, 144+ and 154+). By contrast with the bistable
[2]catenanes, Langmuir film formation of amphiphilic ro-
taxanes did not exhibit [33] a dependence upon the nature
of the subphase (CdCl2). In order to optimize the redox
stability of the amphiphilic bistable rotaxanes on surfaces,
a systematic study [30] investigating the effect of changing
the hydrophilic stopper in the [2]rotaxanes has been car-
ried out. A series of amphiphilic bistable [2]rotaxanes based
on 124+ have been designed and synthesized [30]. The am-
phiphilic dumbbell component is terminated by a hydropho-
bic tetraarylmethane-based stopper (near the TTF unit) at
one end and by a hydrophilic tetraarylmethane-based stop-
per (near the DNP ring system) at the other end. The effects
of systematic changes in the constitutions and therefore the
hydrophilicities of the three ethylene glycol tails (diethylene
or tetraethylene glycol), and upon the end groups (hydroxyl

FIGURE 4 (a) π-A isotherms
recorded at 20 ◦C for 124+
and 18, with the different re-
gions of the isotherm labeled.
(b) Schematic representation of
the proposed molecular confor-
mations of the [2]rotaxane 124+
Langmuir films. These films
typically pass from a liquid-
expanded (LE) region, wherein
the molecules display some de-
gree of conformational folding to
a liquid-condensed (LC) region,
at which point the [2]rotaxane
iso-124+ stand perpendicular to
the substrate

or methoxyl functions) attached to the hydrophilic stoppers,
on the Langmuir monolayer stabilities, co-conformations and
superstructures of the [2]rotaxanes and their dumbbell coun-
terparts were examined [30]. In general, greater hydrophilic
strength – i.e., the presence of the tetracationic macrocycle
component and hydroxyl end groups on the anchor stop-
per – leads to a higher stability and viscoelasticity of the
film. Molecular conformations within the films were also
shown to be influenced by the hydrophilic tail length (di-
ethylene or tetraethylene glycol). For a short hydrophilic tail
(diethylene glycol) as in 124+, the π-A isotherm showed
(Fig. 4a) two well-defined regions, a low-pressure liquid-
expanded (LE) region followed by a transition shoulder to
a liquid-condensed (LC) region. From the π-A isotherm
(Fig. 4a) of the corresponding dumbbell counterpart 18, it
is evident that the tetracationic macrocycle has a signifi-
cant effect on the isotherm’s behavior. These studies allowed
us to propose (Fig. 4b) a model for the superstructures of
these particular rotaxanes, 124+ and iso-124+ – of which
the former was used in subsequent MSTJ devices – at dif-
ferent surface pressures. At low pressures, the tetracationic
macrocycle competes effectively with short diethylene gly-
col tails for anchoring the rotaxane in the subphase, lead-
ing to a folded or tilted conformation. At the transition
pressure (∼ 30 mN/m), the proximity of the rotaxanes in-
duces them to stand vertically throughout the LC phase.
When the longer tetraethylene glycol tails are present, such
a transition is not observed directly in the isotherm. In this
case, it is believed that the tail-to-tail intermolecular inter-
actions dominate affinity for the water subphase, and so, the
molecule’s conformation is less affected by the tetracationic
macrocycle.
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The movement of the tetracationic macrocycle compon-
ent of the bistable amphiphilic [2]rotaxanes 134+ and 144+
in closely packed Langmuir and LB films was verified [49]
using X-ray photoelectron spectroscopy (XPS). The photoe-
mission intensity of each element depends on the depth within
the monolayer at which the photoelectron is emitted and, in
particular, it attenuates exponentially with increased depth.
Therefore, the XPS technique can be used to differentiate
atoms at different depths within a film. In other words, mo-
lecular shuttling can be monitored by using XPS to track the
nitrogen (N) atoms which are present solely in the bistable ro-
taxane’s only moving part, the tetracationic macrocycle com-
ponent. Both the starting state 134+, and the oxidized rotaxane
136+, were analyzed (Fig. 5) by XPS. A higher intensity for
the N (1s) peak was observed in the oxidized rotaxane film
136+ than in the starting state 134+, an observation which sup-
ports the hypothesis that, in the oxidized rotaxane, the ring
had moved from the dicationic TTF2+ site to encircle the DNP
recognition site, placing it closer to the film’s surface. Con-
trol experiments conducted using the rotaxane 144+, in which
the positions of the TTF and DNP sites are reversed compared
to those in 134+, ruled out the possibility of an oxidation-
induced change in the N density, as well as the influence of the
rotaxane’s unfolding. These XPS studies were supported [49]
by π-A isotherm analysis, which show that the switching of
the macrocycle component of the bistable amphiphilic [2]ro-
taxane 134+ causes significant changes to the occupied area
of the rotaxane. Comparing their starting and oxidized states
under the same pressure, it was observed that the projected
mean molecular areas for 134+ in the LE phase increases from
2.8 nm2/molecule to become 3.2 nm2/molecule for the oxi-
dized rotaxane 136+.

To achieve a better understanding of the electromechani-
cal mechanism associated with the switching in the rotaxane-
based SAMs, electrochemical investigations were performed
on a disulfide-tethered bistable rotaxane 104+ SAM on
gold [31]. A nanoelectromechanical mechanism (Fig. 6a) has
been proposed [31] to account for the half-device’s observed
experimental behavior. The ground-state corresponds to the
translational isomer with the tetracationic macrocycle encir-
cling the TTF unit. On applying a +630 mV voltage, the TTF
unit becomes oxidized (TTF+• or TTF2+) and, just as in solu-
tion, the resulting charge-charge repulsive force drives a linear
movement of the tetracationic macrocycle along the dumb-
bell component to encircle the DNP ring system. When the
voltage is removed, neutrality is restored to the TTF unit and
yet the tetracationic macrocycle remains around the DNP ring
system, forming a metastable state. The ring’s location can
be reset by applying a potential of −600 mV, so returning the
macrocycle back to the TTF unit and the SAM of the rotaxane
back to its ground-state. Otherwise, one has to wait for up to
many minutes for the metastable state to decay thermally back
to the ground state.

Cyclic voltammetric measurements carried out at different
scan rates have also demonstrated [31] that the kinetics associ-
ated with the first order decay (Fig. 6b) of the metastable state
back to the ground-state cover a range of lifetimes (τ) – from
1.3 s at 303 K to ca. 5 min at 263 K – in keeping with an activa-
tion barrier of 17.7 kcal mol−1 for the decay of the metastable
state back to the ground-state. Or, as we noted above, the

FIGURE 5 Nitrogen (1s) X-ray photoemission spectra for the starting-state
rotaxane 134+ (green line) and its oxidized form 136+ (red line). The dif-
ferent N (1s) peak areas is attributed to the switching of the ring component
from one station to the other in self-organized, closely packed LB monolayers

metastable state can be regenerated instantaneously by reduc-
ing the tetracationic macrocycle. The samples retained their
electrochemical robustness over the course of several days in
the electrolyte.

4 Rotaxanes in devices

In rotaxane-based devices, the active device elem-
ents in MSTJs are [4] self-organized LB monolayers of the
amphiphilic bistable [2]rotaxanes 154+, sandwiched between
poly-Si wires and top electrodes of titanium, topped with alu-
minum in a crossbar device architecture (Fig. 7a). The rem-
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FIGURE 6 (a) Proposed nanoelectromechanical switching mechanism of
the [2]rotaxane 104+ self-assembled onto a gold surface in the form of a half-
device. The proposed mechanism differs from that of [2]catenanes only in
that the [2]rotaxane undergoes a linear mechanical motion rather than a cir-
cumrotation. (b) An Arrhenius plot of (1/τ) against (1/kBT ), from which
an activation energy (Ea) of 17.7±2.8 kcal mol−1 has been obtained for the
relaxation process

nant molecular signature (Fig. 7b) and the binary switching
behavior (Fig. 7c) indicate that the switch-ON (high con-
ductance) and switch-OFF (low conductance) states of each
junction can be addressed respectively upon applying a +2 V

FIGURE 7 Nanoelectronic devices have been constructed
from the bistable rotaxane 154+. (a) Graphical representa-
tion of 154+ sandwiched between two electrodes. (b) Mo-
lecular remnant signature of 154+ (black) and the dumbbell-
only control molecule 21 (green). (c) Binary switching
behavior of the device based on 154+ (black), switched to
high current at +2 V and to low current at −2 V, and of the
control device based on 9 (red). The black trace in (c) repre-
sents 35 cycles of the nanometer-scale device, recorded by
repeatedly closing and opening the switch, and then moni-
toring the current through the junction, at 0.1 V applied bias,
after each writing event

or a −2 V bias. The metastability observed in this rotaxane-
based device also supports the redox-controlled electrome-
chanical switching mechanism proposed [31] to account for
the switching in half-devices. The device is observed to de-
cay to the OFF state in a manner that is qualitatively similar
to the movements of the tetracationic macrocycle in rotax-
anes that are self-assembled onto a gold electrode. Therefore,
the decay rate is a function of the thermally activated lin-
ear movement of the tetracationic macrocycle back along the
dumbbell to the TTF unit. Alternatively, applying a reverse
bias of −2 V causes the electrochemical reduction of the tetra-
cationic macrocycle, allowing the facile reformation of the
more stable translational isomer.

The proposed switching mechanism, while based on the
molecule’s mechanical movements – known [16, 24, 31] to
occur in solution and in SAMs – is supported experimentally
by comparisons with control devices. In particular, devices
utilizing the dumbbell-only compound 21, and non-redox ac-
tive molecules such as eicosanoic acid 9, do not display any
switching behavior.

5 A universal switching mechanism

In yet more recent experiments, the switching dy-
namics of bistable [2]catenanes and [2]rotaxanes within a var-
iety of physical environments, including a solid-state polymer
electrolyte gel [50] and the solution phase [51], have been in-
vestigated. These studies, combined with previous studies on
a half-device and full devices, have revealed that the kinetic
and thermodynamic parameters of the switching mechanism
changes quite dramatically from one environment to another.
More important, however, is the fact that, while these pa-
rameters exhibit a strong environmental dependence, a single,
generic switching mechanism is observed for all the bistable
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molecules, regardless of whether they are in liquid solution,
immobilized within a liquid polymer matrix or tethered to
a solid support.

6 Molecular signatures emerging
out of the physical background
The operational molecular devices outlined so far

in this review are all built around one specific electrode-
molecule-electrode configuration that utilizes a semiconduct-
ing Si or C bottom electrode with an LB monolayer of
bistable molecules and a metallic Ti/Al top electrode. It was
this particular configuration that has allowed the measure-
ment of a conductance signal that arises in direct response
to the passage of an electrical current through the molecu-
lar switches. This situation is somewhat reminiscent of how
very precise information on molecular structure, in the form
of what chemists refer to today as chemical shifts and coup-
ling constants, began to emerge slowly half a century ago
out of the technique of nuclear magnetic resonance (NMR)
spectroscopy uncovered by physicists [52]. In the early days,
it was possible, for example, to observe a broad signal in
the radiofrequency region of the electromagnetic spectrum
for hydrogen atoms (protons) in an organic compound when
a sample was probed in an NMR spectrometer at some rela-
tively low magnetic field, e.g., 25 MHz. As instrumentation
improved, the magnitude of this operating magnetic field was
increased and very much better field homogeneities were at-
tained, the broad signals became increasingly well resolved
and contained more molecularly sensitive information, e.g.,
coupling constants (< 1–25 Hz) between protons (revealing
bond distance and geometry dependences) on a chemical shift
scale of around 10 parts per million (ppm), e.g., 600 Hz for
each ppm at an operating field of 600 MHz on the part of
a good modern-day high-field NMR spectrometer. The prac-
tice could be likened in the world at large to looking for
a needle in haystack!

The same relative level of performance [53] is being de-
manded from electronic devices in order to allow their mo-
lecular signatures to emerge from out of all other sources
of background current-flow. During our research on mo-
lecular electronics devices, an activity which includes break
junctions [44] and alternative device settings [45–47] using
wholly metallic electrodes, we have identified [9] that, for the
class of molecular switches we have developed, at least one
of the electrodes has to be composed of elements clustered
around carbon, hydrogen and nitrogen in the Periodic Table in
order for the molecular signal to be observed against a lot of
potential background.

In the context of a single-molecule transistor, break junc-
tions coupled with a third gate electrode, have been fabri-
cated [44] using rotaxanes. The gate provides an electrical
field for tuning the molecular-electronic energy levels into and
out of resonance with the Fermi energies of the source and
drain electrodes. In this type of single-molecule device, the
molecule behaves as a structurally flexible quantum dot, re-
sulting in a resonant tunneling transistor-type device. Since
measurements were conducted at 4 K, there is no molecular
mechanical movement of the tetracationic macrocycle.

We have investigated single-molecule transistor de-
vices [44], based on bridging the bistable [2]rotaxanes 104+

and 114+ (and various control compounds) between (Fig. 8a)
two Pt break-junction electrodes. While 114+ can form, on
both sides, bonds based on chemisorption between the five-
membered disulfide rings and the platinum electrodes, the
tetraarylmethane stopper at one end of 104+ can only become
physisorbed onto a platinum electrode.

In contrast with the devices based on poly-Si or SWNT
bottom electrodes, differential conductance measurements re-
vealed (Fig. 8b–e) that the I–V signatures observed are domi-
nated by the interface between the molecules (104+ and 114+)
and the Pt electrodes, rather than by the internal electronic
structures of the rotaxanes. This interpretation follows from
the observed symmetry in the differential conductance meas-
urements. While, in the case of 114+ a symmetric signa-
ture was observed, 104+ exhibited an asymmetric signature.
If, however, electron transport was dominated solely by the
bistable rotaxane molecules, the signature would be expected
to be asymmetric in both cases. This observation draws at-
tention to the importance of considering the molecule and the
electrode as a single non-separable entity. In order to observe
a molecular signature, the background current associated with
the interface must not swamp the conductance signal arising
from the molecule.

Further studies on nanoscale molecular-electronic de-
vices, comprised of an LB monolayer of bistable [2]rotaxanes

FIGURE 8 (a) Graphical representation of a three-terminal device with
a bistable [2]rotaxane (104+ or 114+) bridging the gap between a Pt break-
junction source and drain electrodes. Differential conductance (dI/dV) plot
for [2]rotaxane (b) 104+ and (c) 114+. The color represents the dI/dV of
the junction, with the darkest areas in the center of the plot indicating the re-
gions of no current. Current–voltage (I–V ) curves for [2]rotaxane (d) 104+
and (e) 114+. The I–V curves shown in (d) and (e) were taken at the gate
voltages (VG) indicated by the red arrows located at the sides of (b) and (c)
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sandwiched between wholly metal electrodes, such as Ti/Pt-
Ti/Pt [45, 46] and Pt-Ti/Al [47], also revealed a generic
switching mechanism. Yet, it is not one which is based on
molecular bistability, but rather one which is dominated by ei-
ther the properties of the electrodes or the electrode-molecule
interfaces. Although such devices are bistable, they display
massive currents and large current ratios of ∼ 10000:1 com-
pared with the 5:1 ratios for Si-based devices. Also, they ex-
hibited no temperature-dependence. Furthermore, it is likely
that, any molecule which forms a stable monolayer can dis-
play the same effect, – i.e., these devices, while bistable
and nanoscaled, are completely blind to the nature of the
molecule.

Organic-metal interactions are typically polar, a propri-
ety which implies [54] that, at zero bias, some charge must
flow between the molecule and the electrodes to equilibrate
the chemical potential across the junction. This phenomenon
can also modify the electronic character of the molecule,
giving rise to Schottky-like barriers to charge flow across
electrode/molecule interfaces. Such barriers, which can par-
tially or fully mask the molecule’s electronic signature, in-
crease with larger electronegativity differences. For this rea-
son, and others – including stability, reproducibility, and gen-
erality – interfacial chemical interactions involving carbon,
silicon, and oxygen atoms may well be preferred [9] over
organic-metal interfaces, such as gold or platinum with sulfur
in many nanoelectronic devices.

7 Modeling and simulation of rotaxanes and devices

Recent computational studies [55] have focused on
a model of the device in its entirety, as well as the molecu-
lar component of the device – in particular, the electronic
structure-derived [56] density-of-states (DOS) of the rotax-
ane’s TTF, DNP and CBPQT4+ units and the superstruc-
tures [57] of rotaxanes in SAMs on gold. These endeavors
provide a basis on which to understand device behavior and on
which to make new molecules and devices by rational design.

In a model system composed of a single pseudorotaxane
(i.e., a rotaxane without stoppers) that was sandwiched be-
tween electrodes represented by three gold atoms each, the
I–V curves were simulated [55] for the ground and metastable
state co-conformations. Using first principles calculations, the
high conductance state is observed when the tetracationic
macrocycle is located around the DNP unit – a finding that is
consistent with the originally proposed mechanism [5]. It has
been suggested that the more delocalized molecular orbitals,
as well as the smaller energy gap between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO), are the major factors leading to the
higher conduction of the metastable state co-conformation.

The electronic structure of a [2]rotaxane, constructed by
combining the energy levels of the separate stations (TTF and
DNP) with and without a CBPQT4+ macrocycle encircling
them, was characterized [56] in more detail utilizing ab ini-
tio quantum mechanical methods. These results indicate that
the energies of the HOMO of the TTF and DNP unit shift
to lower energy – the former move more so than the latter –
when the tetracationic macrocycle encircles one of them. In
addition, the modeling revealed that the co-conformation that

generates the more highly conducting device is also depen-
dent on the molecule’s conformation. It turns out that, if the
molecule exists in a folded conformation, higher conduction
is predicted to occur when the macrocycle encircles the DNP
unit, i.e., when the molecule is in its high conductance co-
conformation, according to both experiment and calculation.

Simulations of SAMs of the bistable [2]rotaxane 104+
were undertaken [57] in order to understand what the su-
perstructure and conformation of rotaxanes resemble when
they are close-packed at the surface coverages employed in
the MSTJ device preparations. It was found that, at a mean
molecular area of 1.4 nm2/molecule, the rotaxane is folded
such that, in the high conductance co-conformation, the tetra-
cationic macrocycle, although encircling the DNP unit, is
also close to, if not interacting in a side-on fashion with, the
TTF unit. Furthermore, two empirical observations support
the presence of folded superstructures. The studies [30] on
Langmuir monolayers suggested folded structures (Fig. 4),
as a consequence of the tetracationic macrocycle’s affinity
for the water subphase at ∼ 1.5 nm2/molecule. Secondly, the
simple observation [4, 5] that MSTJ devices, incorporating
bistable catenanes and rotaxanes, display similar hysteresis
in the remnant molecular signatures and ON/OFF current ra-
tio’s of ∼ 5 : 1 implies that the superstructures of the catenanes
and rotaxanes are quite similar. Such a conclusion is consis-
tent with a folded conformation for the rotaxanes. Although
more modeling and simulations needs to be performed, the re-
sults to date are consistent with the mechanism we currently
prefer as an explanation for the experimental results. More
importantly, the computational results have revealed how the
superstructures, conformations and co-conformations influ-
ence the properties of the MSTJ devices, and so help us to
identify important factors when considering the design of the
next generation of bistable molecules for MSTJs.

8 Summary and outlook

In conclusion, only bistable catenanes and rotax-
anes, which operate as electrochemically driven, molecular-
mechanical switches in solution, or as self-assembled mono-
layers on gold electrodes, display binary switching behavior
in solid-state device settings. The molecule-based switch-
ing mechanism is supported by systematic control experi-
ments. Specifically, (1) degenerate catenanes, (2) tetraca-
tionic macrocycle-only components, (3) redox-addressable,
dumbbell-only counterparts rotaxanes, and (4) linear non-
redox addressable compounds do not yield remnant molecular
signatures, either in the solution phase or in device settings.
The observation of electromechanical switching of the tetra-
cationic macrocycle between ‘stations’ in bistable rotaxanes
mounted on solid substrates as LB films, together with the
presence of metastability in half-devices, as well as in full de-
vices, lends strong support to the proposed electromechanical
switching mechanism. This behavior is in stark contrast to the
operation of devices that utilize wholly metal bottom elec-
trodes, such as gold or platinum. In those devices, the majority
of the signal arises from current that flows directly in response
to the metal interface generating sufficient background cur-
rent to obliterate the molecule’s signature. The all-important
problem that now needs to be tackled and solved is how to
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develop robust fabrication methods to realize devices in a rou-
tine manner. In addition, further simulation and modeling is
needed to bridge the gap from the design, synthesis and op-
eration of molecules in solution to their performance in solid-
state devices.
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