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ABSTRACT: The beauty and utility of mechanically interlocked
architectures have received considerable notice from scientists in
the past several decades. Plentiful scientific and technological
achievements have been made and developed because of
conjoining mechanically interlocked molecules (MIMs) and
molecular electronic devices at nanoscale. The interaction
mechanisms and translational dynamics of various MIMs, e.g.,
rotaxanes, catenanes, and daisy chains, have been investigated
systemically through different experimental methods. On account
of the recent advances of single-molecule techniques, the electrical
and mechanical performance of mechanically interlocked molec-
ular junctions (MIMJs) or nanodevices have been explored in a
timely manner. In this Review, we survey the field of MIMs from a
perspective of unique structural properties including topological features, translational dynamics, bistable switching properties,
insulation effects, and dynamic stability present in MIMs. We then give a fundamental description of electron transport mechanisms
in MIMJs for three different nanodevice geometries: (i) monolayer switching tunnel junctions (MSTJs), (ii) single-molecule
junctions (SMJs) based on MIMs, and (iii) real-time transistor-like platforms.
KEYWORDS: mechanically interlocked molecules (MIMs), rotaxanes, catenanes, molecular electronics, single-molecule devices, nanodevices

1. INTRODUCTION
Three scientists, Jean-Pierre Sauvage,1 J. Fraser Stoddart,2 and
Bernard L. Feringa,3 were awarded the 2016 Nobel Prize in
Chemistry jointly for their pioneering work in the design,
synthesis, and investigation of molecular machines (Figure 1),
i.e., molecular switches,4 molecular pumps,5 molecular rotors,6

and nanocars.7 Mechanically interlocked molecules (MIMs)
represent a huge family of molecular machines that are
constructed with mechanical bonds.8 The interlocked
structures and translational dynamics of MIMs endow them
with fascinating switching properties. For example, for a
[2]catenane-type molecular machine, the bistable switching
properties can be controlled finely by external chemical or
electrical stimuli.9 The co-conformational change of a
[2]rotaxane can be tuned in a controlled manner by chemical
or electrochemical methods.10 The [2]daisy chain also presents
bistable features between stretched and contracted states with
a stimulus from metal ions.11 After the synthesis and
construction of different kinds of MIMs in past decades,
MIMs are beginning to evolve from objects of basic synthetic
chemistry and plain topological structure toward functional
systems or devices.12

Co-conformational changes will therefore lead to changes in
electronic structures and result in either a high- or low-

conductance state when they are connected in electronic
devices. This phenomenon represents the foundation of
molecular machines for their application in molecular
electronics, leading to the rise of single-supramolecular
electronics (SSEs).13 The focus on SSEs is to investigate the
noncovalent interactions, i.e., π−π interactions,14 hydrogen
bonding,15 and host−guest interactions,16 in supermolecules
and MIMs and their influence on the charge transport
characteristics.12,17−20 The development of single-molecule
techniques in the past decade, such as single-molecule force
spectroscopy21−25 and graphene single-molecule junc-
tions,26−29 has promoted the prosperity of SSEs. For example,
single-molecule junctions based on rotaxanes have been used
to gain a deep understanding of the effect of torsion angles on
electrical conduction in MIMs.30 Bistable [2]catenanes and
[2]rotaxanes have been used to construct solid-state electroni-
cally monolayer switching tunnel junctions (MSTJs) in
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crossbar devices.31 These MSTJ devices show remnant
molecular electronic signatures and nonvolatile memory effects
in high-density integrated circuits.31−38

Numerous excellent reviews have been published covering
different kinds of MIMs, i.e., bistable rotaxanes,39 switchable
catenanes,40 interlocked daisy chains,41 and artificial molecular
machines.42 In this Review, we summarize briefly the
properties of MIMs and then focus on recent developments
in mechanically interlocked molecular junctions (MIMJs). We
first summarize the structural characteristics of MIMs, i.e., the
topological features, different co-conformations, translational
motion dynamics, bistable switching properties, insulating
effects, and dynamic stability. We then provide a historical
overview of MSTJs developed by Stoddart and co-workers. We
also discuss electron transport properties in MIMs related to
multiple noncovalent interactions in MIMs. Finally, we
tentatively discuss the potential technical challenges and
possible technology roadmap.

2. STRUCTURAL FEATURES OF MIMS
Mechanically interlocked architectures contain a number of
discrete molecular subunits or components. The most
fascinating feature of MIMs is the mechanical bond which
denotes an entangled state between different components.
These components of MIMs hold together unless the chemical
bonds between the different components are broken.2 It is the
physical behavior that endows MIMs with various features that
can be employed to make single-molecule electronic devices.

2.1. Topological Features of MIMs. Several basic
components such as rings and wires and large terminal groups
are used to construct MIMs (Figure 2).43 Molecular wires and

Figure 1. Schematic representations of the variable conformational changes of three kinds of molecular machines: [2]catenane, [2]rotaxane, and a
molecular motor under external stimuli.

Figure 2. (a) Schematic illustration showing the component parts of
MIMs. (b) Cartoon models of MIMs with different topologies.
Reprinted with permission from ref 13. Copyright 2021, Springer
Nature Limited.
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molecular rings are not only ubiquitous, they are also
abundant. Different combinations of the component parts
open up architectures involving many different nanotopolo-
gies.44 The dumbbell-shaped configuration of a rotaxane
involves one or more rings that are threaded through a wire,
and two larger stoppers prevent the rings from exiting the wire.
If a linear axle traverses a macrocycle without bulky stoppers at
the ends, the supramolecular complex is referred to as a
pseudorotaxane.45 The basic configuration of a catenane is a
molecule with two interlocked rings. If the ring of a
[2]rotaxane connects covalently with its dumbbell, a different
architecture, a molecular daisy chain, occurs.46 More graceful
advanced structures, i.e., a trefoil knots,47 Borromean rings,48

olympiadane,49 and molecular handcuffs,43 have been made in
the past several decades and applied in various functional
materials.50,51

2.2. Translational Motion and Circumrotation of
MIMs. Considering the additional degrees of freedom
originating from choreographed mechanically interlocked
architectures, MIMs are perfect exhibitions of molecular
motions triggered by external stimuli, such as chemicals,52

electricity,53−55 and light56,57 (Figure 3). When a macrocyclic

molecule encircles a molecular axle, either a molecular ring in
catenane or a molecular dumbbell in rotaxane, three kinds of
intramolecular motions occur. The first process is an
intramolecular translational motion: a molecular ring moves
along the molecular axle (Figure 3a, top). The second situation
is an intramolecular pirouetting motion; that is to say, the
molecular ring rotates regularly along the molecular axle
(Figure 3a, middle). The last process is intramolecular rocking
motion: the molecular ring and molecular wire swivel
orthogonally because of their steric interactions (Figure 3a,
bottom). In the case of a [2]rotaxane, the molecular ring
travels regularly back and forward between two recognition
sites at a fast pace58 (Figure 3b), or the molecular ring rotates
freely with respect to the molecular dumbbell59 (Figure 3c). In
a [2]rotaxane with planar chirality, however, the rotation of the
molecular ring involves two kinds of situations, along the
clockwise or the anticlockwise directionality (Figure 3c). In the
case of a [2]catenane, a molecular ring can rotate relative to
another ring, or two molecular rings move closer to each
other.60 In the case of a [2]daisy chain, the molecular wires are
cross-threaded into the molecular rings (Figure 3d), and the
interlocked [2]daisy chain exhibits alternant stretched or
contracted states in defined dimensions, which is considered to

be artificial molecular muscles.11 These reversible dynamic
motions of MIMs can be utilized to make electronic devices.
2.3. Bistable Switching of MIMs. The bistability of

MIMs is the basis for the construction of single-molecule
devices. When a MIM exists as two states at equilibrium,
namely, the ground-state co-conformation (GSCC) and the
metastable state co-conformation (MSCC), the MIM may
show a bistable switching and memory effect.61 Different from
the switching mechanism existing in other monolayer junctions
based on ferroelectric polymers62 or molecular rotors,63 the
design of switching MIMs depends on the incorporation of
many different recognition sites (Figure 4a). As illustrated in
Figure 4, degenerate (Figure 4b, left) and nondegenerate
(Figure 4c, left) MIMs are used to explain the phenomenon of
translational isomerism. In a degenerate donor−acceptor
[2]rotaxane, the molecular ring travels regularly and quickly
back and forward between two identical recognition sites.2 In a
nondegenerate [2]rotaxane, however, one of the recognition
units is more attractive to the molecular ring than the other.8

The underlying law associated with the kinetic and
thermodynamic control of the co-conformational change is
provided by plotting the free energy (ΔG⧧) profiles (Figure
4b,c). No difference in free energies is observed in the energy
profile of degenerate [2]rotaxane when the molecular ring
encloses either of the two identical recognition sites (Figure
4b, right). For nondegenerate [2]rotaxane, however, there is an
obvious additional energy term (ΔG0), which originates from
the different free energy of two molecular conformations
(Figure 4c, right). One is the globally most stable
mechanostereoisomer, which is called the GSCC. The other
is the locally stable mechanostereoisomer, which is known as
the MSCC. The ratio of molecules in the GSCC to those in
the MSCC is used to describe the dimensionless co-
conformational equilibrium constant (Keq). Normally, the
value is more than 1, which means that this kind of MIM
prefers the GSCC state. Digital simulation based on the
computational chemistry giving more and foreseeable
information is often used as a complementary tool to
investigate the kinetic and thermodynamic parameters of
bistable molecular switches.64

Component parts of MIMs have been optimized continu-
ously to achieve precise control over bistable switching (Figure
4d,e). One method is to adjust the distance between two
different recognition units by using a molecular spacer, such as
a glycol or terphenylene unit (Figure 4d).65 However, it is
difficult to explain clearly the influence of molecular spacers on
the kinetics of bistable MIMs, because the enthalpic and
entropic parameters in different molecular co-conformations
are not so easily obtained.12 Another strategy is to insert a
functional unit of speed bumps between two molecular
recognition sites, so the lifetimes of the MSCC and GSCC
states are artificially adjusted (Figure 4e).66 The incorporation
of an electrostatic barrier, for example, a dicationic
bipyridinium (BIPY2+) subunit, as a speed bump in a
[2]rotaxane can change the free energy (ΔG⧧) and increase
the lifetime from the MSSC to the GSCC state.67 In another
case, light-responsive azobenzene units are used as a steric
barrier to construct a light-switchable bistable [2]rotaxane.68

2.4. Insulating Effects of MIMs. Threading a linear
molecular conductor inside an insulating molecular sheath
provides an efficient method to construct insulated molecular
wires.69 One strategy for achieving insulating effects of MIMs
is to construct a pseudopolyrotaxane or polyrotaxane (Figure

Figure 3. (a) Schematic illustration showing three kinds of dynamic
motions: translation (top), pirouetting (middle), and rocking
(bottom) in interlocked molecular structures. The (b) switching
property and (c) mechanically planar chirality of a [2]rotaxane. (d)
The mechanical contraction and stretching of a [2]daisy chain.
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5a).70 The insulated structures of MIMs have several
advantages on improving the properties of MIMs.71 First,
insulated MIMs can increase the luminescence stability of the
centered axils. Anderson and co-workers made an insulated
[2]rotaxane in which a cyanine dye is encapsulated by a α-
cyclodextrin (Figure 5b).72 The stability toward photo-
oxidation of the insulated [2]rotaxane is 40-fold higher than
that of the free cyanine molecules, which might originate from
the fact that cyclodextrin encapsulation protects the centered
axil in its excited state.72 Second, insulated MIMs can adjust
electron transport behavior between a linear molecular
conductor and its external redox centers (Figure 5c).73 The
Stern−Volmer quenching constant of this [3]rotaxane is
slower than that of the free π-system because of the
electrostatic shielding effect by the cationic molecular shells
and the steric shielding effect.73 Third, the insulated structures
of MIMs show high fluorescence efficiency (Figure 5d). The
fluorescence efficiencies of solid poly(p-phenylene),74 poly-
(4,4′-diphenylenevinylene),75 and polyfluorene encapsulated
by α- or β-cyclodextrin rings are generally two or three times
higher than the value of free dumbbells. This phenomena can
be attributed to the buffer zone provided by the insulated
MIMs to avoid the exciton coupling.76 Last but not least, the
special design of [2]rotaxane with sterically shielding groups is
used to improve the stability of a conjugated oligoyne chain
during the conductivity measurement.77 Nichols and co-
workers prepared a [2]rotaxane which is constructed with an
oligoyne dumbbell with two bulky 3,5-diphenylpyridine
stoppers and a macrocycle containing phenanthroline. The

results of conductivity measurements at room temperature
show that the threaded macrocycle along the dumbbell wire
has only a minimal impact on the conductance. The junction
formation probability of the dumbbell in the absence of the
macrocycle, however, is obviously lower than the [2]rotaxane
junction.
2.5. Dynamic Stability of MIMs. Over the past several

decades, many kinds of molecules have been linked to different
electrodes, such as gold,17,19,20 graphene,78 carbon nano-
tubes,79 and liquid-metal.80 In conventional rigid molecular
wires (Figure 6a) based on break-junction techniques,
molecules are attached to Au electrodes through covalent,81

dative,82 or electrostatic83 anchors. Upon slight mechanical
perturbation, however, the molecular junction breaks because
of the lack of moving freedom of the rigid molecular
backbone.84 To solve this problem, π−π dimers are employed
to construct soft supramolecular junctions (Figure 6b).85,86 In
these junctions, either of the two molecules connects to the
electrode at one end,87 and the bonding strength between the
molecule and electrode is stronger than that of π−π dimers.14

The π-stacked kernel has shown relatively high slipping
freedom by slowly separating the two electrodes, leading to
destructive quantum interference and large on/off ratios.88,89

Supramolecular junctions based on π−π dimers, however,
suffer from weak noncovalent bonding strength. It is still a
challenge to control the aggregation of molecules. Further-
more, the π−π stacking is fragile to the change of external
environment.90

Figure 4. (a) Schematic illustration showing the component parts of a switchable [2]rotaxane. (b, c) Schematic illustration showing the co-
conformational changes and energy diagrams of (b) degenerate and (c) nondegenerate [2]rotaxane. GSCC: ground-state co-conformation; MSCC:
metastable state co-conformation; ΔG⧧: free energy. (d) Schematic illustration showing an additional molecular spacer unit positioned between
two recognition sites of a [2]rotaxane. (e) Introduction of two kinds of speed bumps between two recognition sites of MIMs.
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Different topologies, versatile co-conformations, and multi-
ple functionalities of MIMs offer MIMJs more advantages over
conventional molecular junctions (Figure 6c). The intrinsic
motion features of MIMs endow them abundant dynamics
during the process of formation and evolution of MIMJs. For
example, in a molecular junction based on a [2]catenane,24 the
interlocked structure ensures the stability of the architecture.
The mechanical bond, however, provides the moving dynamics
between the two rings. The dynamic stability provides a soft
stable contact between the MIMs and electrodes, shedding
light on the fabrication of stable molecular devices.

3. MONOLAYER SWITCHING TUNNEL JUNCTIONS
(MSTJS) BASED ON MIMS

Monolayer switching tunnel junctions (MSTJs) based on
MIMs have been developed by Stoddart, Heath, and co-
workers since the 1990s (Figure 7a−c).31,37 MSTJs adopt a

vertical two-terminal three-layer device geometry in which a
single layer of MIMs is inserted between a top and a bottom
electrode. Polysilicon (Si) is chosen as the bottom electrode
for three reasons.91−93 First, elemental silicon in the Periodic
Table is directly below carbon, which allows ohmic contact
with organic molecules. Second, the stability of the Si
electrodes reduces the formation of conducting filaments
even at high voltages. Third, Si materials, which are widely
used in integrated circuits, are compatible with current
semiconductor manufacturing technology.

The monolayer of bistable MIMs, obtained by the
Langmuir−Blodgett (LB) technique, is introduced on top of
the Si bottom electrodes. Titanium (Ti) top electrodes are
deposited at right angles by sputtering hot Ti metal atop the
monolayer of MIMs with the aid of a mask (Figure 7b,c).31,36

The LB method has tremendous flexibility, which can control
the coverage and density of molecules and allow the tight
packing.94 The hydrocarbon chains in the bistable [2]-
catenanes or the hydrophobic terminals in the bistable
[2]rotaxanes together protect the monolayer of MIMs from
being damaged during the deposition on top of the electrodes.
This protecting mechanism can be confirmed by the bonding
between the Ti electrodes and hydrocarbon chains in MIMs
using reflection absorption infrared spectroscopy.37

The switching of MSTJs is an electrochemically driven
transformation between the GSCC and the MSCC state
(Figure 7d). The transformation from GSCC to MSCC
corresponds to the oxidation of neutral tetrathiafulvalene
(TTF) to TTF dication (TTF2+), which has been demon-
strated to proceed relatively fast.12 If the external stimulus
reduces the TTF2+ dication back to its neutral form, the
transformation from MSCC to GSCC state happens. The
relaxation time from MSCC to GSCC is an important
parameter, because it determines the retention time of a
memory bit (or the volatility of a switch) of the two-terminal
MSTJs.95 When the write voltage pulses of crossbar MSTJ
devices reach a level of +2 V, the molecular switch is in a
closed state. In this case, most of the molecules are in MSCC
state with low resistance. As illustrated in Figure 7e, the binary
information can be stored in the tested portion, which
corresponds to ASCII characters for “CIT” (Figure 7e).31

The choice of electrode materials in an MSTJ device is
important for the tested molecular information. The Hewlett-
Packard research group (HP) also fabricates and tests a set of
MSTJ devices by using a similar route, the similar amphiphilic
MIMs, and the same LB technique.96 There is a difference
between the HP and Caltech devices; that is, the HP group
used platinum (Pt) as the bottom electrode.97 Although large
amplitudes of switching (high bias) are observed in HP
devices, the switching behavior is independent of temperature,
revealing that HP devices are a kind of physical mechanism
instead of the chemical nature of the MIMs that dominate the
electron transport.98

These observations demonstrate that the choice of electrode
materials and manufacturing methods are vital to the stability,
functionality, and robustness of MSTJs. Some recent advances
in nanofabrication methods have shed light on the renaissance
of MSTJs. First, Stoddart, Guo, and colleagues demonstrated a
planar device geometry in which a single-layer graphene
nanosheet is employed as the conducting channel (Figure
7f).99 Single-layer bistable [2]rotaxanes are self-assembled on
top of the graphene layer through noncovalent π−π interaction
between the pyrene unit and the graphene. The special

Figure 5. (a) The construction of insulated molecular wires based on
MIMs. (b) Molecular structure of a [2]rotaxane consisting of cyanine
dye threaded through α-cyclodextrin. (c) Schematic diagram showing
[3]rotaxane consisting of an anionic phenylene ethynylene dumbbell
threaded through two cationic cyclophanes. (d) Schematic diagram
showing polyrotaxanes based on polyfluorene. Reprinted with
permission from ref 69. Copyright 2007, Wiley.
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experimental design provides two powerful methods to
understand the electron generation and electron trapping
processes at the MIMs−graphene interface under photo-
irradiation. One is the mirror-image photoswitching of redox-
bistable MIMs−graphene hybrids, and the other is the
nonvolatile memory effects in the single graphene sheet.
Second, soft contact between molecules and the top electrode
will alleviate the damage during fabrication of sandwich-
architecture devices. For example, Lörtscher and co-workers
reported a nondestructive top-contact technique, which
directly deposits an interlayer consisting of metallic nano-
particles atop the monolayer from solution prior to the metal
electrode evaporation (Figure 7g).100 The ambient-stable
devices show satisfactory charge transport properties, and the
interlayer consisting of metallic nanoparticles and additive top
metalization has slight influence on the electron transport.
Interface engineering proves to be a promising strategy to

construct the vertical tunneling devices. Duan and co-workers
demonstrated that free-standing single-layer graphene can also
serve as the top electrode to achieve a soft contact with the
monolayer.101−103 Vertical Au/SAM/graphene tunnel junc-
tions are adopted to make stable molecular transistors101,103

and redox switches.102 These methodologies allow the
possibility of large-scale fabrication of ambient-stable MSTJ
devices and integrated memristors in the near future. Third,
the self-assembly properties of active conducting monolayers
also play a key role in realizing the mechanically and
electronically robust monolayer junctions. Qiu and co-workers
demonstrated the self-assembled bilayers of fullerenes
functionalized with glycol ethers, which exhibit ambient
stability for several weeks.104 The use of amphiphilic molecules
mimics the self-assembly behavior of the phospholipid bilayer
structure in cell membranes.105 A weak charge-transfer
bonding attaches fullerene to the substrate, which ensures

Figure 6. Schematic illustration showing (a) a rigid molecular junction, (b) a single supramolecular junction of π−π dimers, and (c) a mechanically
interlocked molecular junction.
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the uniform coverage of SAM through lateral diffusion.
Meanwhile, hydrogen bonding between the glycol ether tails
provides the strength of the bilayer. In another work, El
Abbassi reported a lateral monolayer junction, in which a
robust electronic stability was achieved by optimizing the π−π
interactions between neighboring molecules.106 These works
have shed light on the molecular engineering of MIMs to
achieve the reproducible and controllable electronic features of
MSTJs.

4. SINGLE-MOLECULE JUNCTIONS BASED ON MIMS
Compared with MSTJs, single molecular junctions based on
MIMs give abundant and idiographic information about

conformational changes and noncovalent interactions within
individual molecules.107,108 In addition to the improved
stability of conjugated molecular conductors provided by
interlocked structures during the conductivity measurements,
MIMs have two other prominent effects. One effect is to
suppress the intramolecular motion, and the other is to
eliminate the inter(intra)molecular interactions. The host−
guest interaction of MIMs provides the possibility to control or
avoid these downsides in conductivity measurements. Kiguchi
and co-workers demonstrated a promising method to suppress
the conductance fluctuations by means of wrapping a π-
conjugated molecular wire into an α-cyclodextrin macrocycle
(Figure 8a).30 The conductance histogram measured with the

Figure 7. (a) Structural formulas of redox-induced switching of the [2]rotaxane; the counter ions are omitted for clarity. (b) High-resolution
scanning electron microscope image of a random-access memory device constructed with MSTJs. (c) Schematic illustration showing the structure
of integrated MSTJs. (d) Schematic illustration showing the co-conformational changes of [2]catenane (top) and [2]rotaxane (bottom). (e) The
switching operation of a random-access memory molecular device by applying different pulse sequences (top) and storing ASCII information on
“CIT” in binary numbers (bottom). (f) Schematic illustration showing the device structure of a [2]rotaxane monolayer adsorbed on a single-layer
graphene sheet atop a Si/SiO2 substrate. (g) Schematic illustration showing metallic nanoparticle contacts for efficient, ambient-stable vertical
nanodevices. (h) Schematic illustration showing monolayer junctions with single-layer graphene as the top electrode. (a−e) Reprinted with
permission from ref 13. Copyright 2021, Springer Nature Limited. (f) Reprinted with permission from ref 99. Copyright 2013, Wiley.
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STM-BJ technique shows that the observed conductance peaks
of the pseudorotaxane are sharper than those of the individual
π-conjugated molecular wire (Figure 8b). In another case,

Schroeder and co-workers found that the conductivity of
positively charged pyridinium-based junctions shows reduced
molecular displacements in high concentrations because of

Figure 8. (a) Schematic illustration showing the shuttling and rotating of a guest molecule in an interlocked host−guest molecule. (b) The
calculated conductance and total energy as a function of dihedral angles for two similar structures, i.e., a pseudorotaxane molecular junction (left)
and a free dumbbell molecular junction (right). (c) Structural formulas of V1 guest molecule (left) and crown ether C2 host molecule (middle) and
a schematic illustration of their host−guest supramolecular junction (right). (d) Two-dimensional conductance−distance histograms of V1 (left)
and the host−guest complex (right). (a, b) Reprinted with permission from ref 30. Copyright 2012, Wiley. (c, d) Reprinted with permission from
ref 109. Copyright 2020, Elsevier.
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electrostatic repulsion effects (Figure 8c).109 However, the
formation of host−guest complexes between pyridinium and
the crown ether results in normal molecular displacements
relevant to the length of a single pyridinium molecule (Figure
8d). These results thereby suggest that host−guest complex-
ation screens electrostatic repulsions efficiently between
cationic molecules.

MIMs have also been used to make single-molecule
transistors. Heath and co-workers have utilized a three-
terminal single-molecule device to investigate the charge
transport in redox-switchable [2]rotaxanes.110 Differential
conductance (dI/dV) curves demonstrate a gate voltage-
dependent electron conductance of the device. In the case of
Borromean ring complexes, gated double-barrier tunneling
junctions are fabricated using break-junction techniques.111 In
addition to the single-molecule transistor function, this device
has demonstrated a rectification of conductance when the
Borromean complex has anchor groups attached to the
electrodes.

5. REAL-TIME PROBING OF SINGLE-MOLECULE
DYNAMICS OF MIMS

Understanding dynamics at the single-molecule scale is
indispensable for designing useful molecular machines.112

The real-time dynamic motion of MIMs, i.e., shuttling,
traversing, and rocking, is far from easy to be monitored by
conventional techniques for the simple reason that the
ensemble experiments in solution often give averaged proper-
ties.113 Electrochemically driven single-molecule dynamics
within bistable rotaxanes have been achieved by direct
electrical measurements using STM platforms.114 These
molecules anchored laterally on gold surfaces have shown
significantly low mobility and better assembly orientations
(Figure 9a). By changing the electrode potential from 0.12 to
0.53 V, the oxidation and reduction processes of bistable
[2]rotaxane take place on the surface. The dynamic motions
within these surface-bound [2]rotaxanes are influenced by the
interaction with the surface of Au, as well as the interaction
with neighboring MIMs.

Graphene single-molecule junction techniques provide
promising real-time platforms to explain intrinsic mechanisms
associated with inter(intra)molecular interactions in MIMs
(Figure 9b).113,115 In a transistor-like platform,26 conducting
molecular wires with macrocyclic side units as local gates are
connected covalently to the graphene electrodes at both ends.
This technique enables the direct measurements of currents
associated with host−guest interaction within the macrocyclic
side group (Figure 9b, right).26 When a dicationic
bipyridinium motif goes through a crown ether, an irregular
current signal occurs, which indicates the formation of a
complexed structure. To investigate the dynamic shuttling
behavior of pseudorotaxanes,27 three functional dodeca-
methylene groups bearing different kind of charges on the
chain ends are used to construct the molecular shuttles (Figure
9c).27 The dodecanedioic acid group has a positive charge
property, and the 1,12-dodecanediamine shows a negative
charge performance, while 12-aminododecanoic acid presents
an amphoteric charge behavior. Three molecular shuttles
consisting of cyclodextrin and different alkylene chains with
different charge characteristics show large-amplitude two-level
or three-level conductance states within the time scale of a few
milliseconds by performing current−time measurements. In a
similar approach, real-time observation of the molecular

Figure 9. (a) Schematic illustration showing the structure and
dynamic motion of a [2]rotaxane absorbed on the Au surface. (b)
Left: schematic illustrating the different host−guest interactions
between a dicationic bipyridinium molecule and a crown ether. Right:
real-time current−time data with its fitting curve. (c) Schematic
illustration showing the translation dynamics of a pseudorotaxane
based on graphene single-molecule junctions. (d) Schematic
illustrating the construction of a graphene single-molecule junction
to investigate the real-time motion dynamics of a [2]rotaxane
molecular shuttle. (e) Real-time current−time curves of investigated
[2]rotaxane immersed in DMSO, showing the co-conformation
change between two molecular recognition sites. (a) Reprinted with
permission from ref 114. Copyright 2010, American Chemical
Society. (b) Reprinted with permission from ref 13. Copyright
2021, Springer Nature Limited. (c) Reprinted with permission from
ref 27. Copyright 2019, Wiley. (d, e) Reprinted with permission from
ref 28. Copyright 2021, Elsevier.
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dynamics of an individual rotaxane is achieved through a
similar graphene SMJ technique (Figure 9d).28 In addition to
two conventional conformations, a short-lived intermediate
state of co-conformations in [2]rotaxane is detected, although
it is not apparent using time-average techniques, such as NMR
spectroscopy (Figure 9e). These advances have illustrated how
single-molecule techniques can open up new opportunities for
revealing the aspects of co-conformations, translational
dynamics, and operational mechanisms associated with
MIMs that are hidden as averaged behavior in ensembles
when using conversional techniques.

6. CONCLUSIONS AND OUTLOOK
In this Review, we summarize the structures, properties, and
functions of MIMs when they are used as conductors in single-
molecule devices. Compared with conventional molecular
junctions, these mechanically interlocked molecular junctions
(MIMJs) present attractive properties because of their
interlocked structures, co-conformational flexibilities, and
dynamic noncovalent interactions. There is no doubt that
MIMs, with their abundant topological and structural proper-
ties, will continue to be a cornerstone in the field of molecular
electronics. We bring closure to this Review by raising some
potential directions worthy of exploring in MIMJs, namely (i)
theoretical calculations, (ii) technical developments, and (iii)
the drive toward applications.

First, MIMJs will have many of the same issues that SMJs
have faced in the field of theoretical calculations. It is difficult
to model or simulate the MIMs systems for the simple reason
that as the molecular size scales, the accuracy of calculations or
models decreases substantially. The multiple noncovalent
interactions within MIMs make the theoretical simulations
more complicated. Usually, the models will produce results
that are several orders of magnitude different from the
experimental results. To solve this issue, strong collaborations
between theoretical and experimental scientists are needed to
pursue a continued development of theoretical methods for
MIMJs.

Second, scientists and engineers still have to solve many
challenges by improving the structures and functions of MIMJs
to achieve stable performance and valuable applications. The
detailed measurements and analyses on the enthalpic and
entropic values in different MIMJs are still difficult.
Quantitative determination on the kinetic and dynamic
behavior of co-conformational changes of MIMs at the
single-molecule level is still on an uneven road, because the
connection, coupling, and interaction of molecules and
electrodes are not very stable. Furthermore, although the
AFM technique is a fairly useful tool to measure subtle force
changes and offers detailed information on intermolecular
interactions of MIMs, several other problems, i.e., the
challenge of integrating force with conductance measurements
and the damage to the molecules during the pulling and
stretching processes, may hinder its further development.
Other multiparameter-integrated measuring platforms are
necessary to investigate the essential feature of the subtle
dynamic motions and structural changes of MIMs at the single-
molecule and even single-bond level.

Third, MIMJs are the perfect combination between solid-
state molecular nanodevices and mechanically interlocked
structures. In the development of MIMJs, deep and
comprehensive collaborations are necessary between scientists
in different fields including mechanochemistry, nanomaterials,

nanotechnology, biophysics, and even pharmacology to achieve
better investigation and understanding of MIMJs in real and
practical applications. Technical improvements, including
combination with synthetic chemistry, nanotechnology, and
machine learning, are pivotal in optimizing the performance as
well as developing new functions of MIMJs. Because of the
continuous dedication to molecular devices based on MIMs, it
is firmly believed that nanodevices of MIMs and molecular
machines will be promising candidates for integrated molecular
circuits beyond Moore’s Law.
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