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Abstract

We review the fascinating research on charge transport through switchable molecules. In the
past decade, detailed investigations have been performed on a great variety of molecular
switches, including mechanically interlocked switches (rotaxanes and catenanes), redox-active
molecules and photochromic switches (e.g. azobenzenes and diarylethenes). To probe these
molecules, both individually and in self-assembled monolayers (SAMs), a broad set of methods
have been developed. These range from low temperature scanning tunneling microscopy (STM)
via two-terminal break junctions to larger scale SAM-based devices. It is generally found that
the electronic coupling between molecules and electrodes has a profound influence on the
properties of such molecular junctions. For example, an intrinsically switchable molecule may
lose its functionality after it is contacted. Vice versa, switchable two-terminal devices may be
created using passive molecules (‘extrinsic switching’). Developing a detailed understanding of
the relation between coupling and switchability will be of key importance for both future

research and technology.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Molecular electronics is based on an idea that is as simple
as it is captivating: by combining the expertise of chemistry
and physics, one should be able to create ‘custom-designed’
molecular devices. Obviously, this process requires two
steps. First, the desired function should be encoded in a
single molecule. Then, the molecule should be connected to
electrodes. Already in 1971, Mann and Kuhn demonstrated
the feasibility of hybrid metal-molecule devices [1]. However,
they focused on passive molecules only. It was not until the
seminal 1974 contribution of Aviram and Ratner that the great
potential of molecular electronics was truly realized [2, 3].

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematic picture of how coupling can influence the
performance of a molecular device. Naively, one may expect a
switchable molecule to keep functioning after it is connected to one
or two metal electrodes. We will call this intrinsic switching.
However, if the electronic coupling between metal and molecule
becomes too strong, a switchable molecule may lose its functionality
and become passive. Remarkably, the opposite is possible too. A
molecular device containing a passive molecule may turn out to have
switchable properties. Such extrinsic switching may be the result of
various phenomena related to the exact interaction between molecule
and electrodes, applied voltage bias, current and local electric field.

They presented a theoretical description of a single molecular
diode, based on a carefully designed asymmetric molecule. It
is fair to say that, with these two pioneering contributions,
the area of molecular charge transport took off. By
the end of the last millennium, it had become a major
subfield of nanoscience. This was not only a result of the
promise of designable nanodevices. The research is also of
fundamental interest, as molecular charge transport is quantum
mechanical in nature at any temperature. Moreover, molecules
form beautiful systems to study electron—electron interaction
(Coulomb blockade), spin—spin interaction (Kondo effects) and
electron-vibration (electron—phonon) interaction.

Arguably, the most appealing example of a functional
molecule is formed by a molecular switch, i.e. a molecule
in which the electronic communication can be controlled
externally [4-7]. Devices based on switchable molecules
could, in principle, function as memory elements with very
advantageous properties with respect to size (~nanometers),
speed (potential switching times ~100 ps) and stability (large
energy barrier between the two molecular states). However,
it is only during the past 15 years that serious attempts
have been made to connect such molecules to electrodes so
as to fundamentally study their charge transport properties.
Interestingly, these research efforts have led to as many results
as surprises. This has everything to do with the fact that
it is impossible to connect a molecule to a metal without
influencing its properties. Depending on the strength of the
electronic coupling, this may or may not lead to functionality
loss of the molecule. In other words, a molecule that
is switchable in solution may become passive in a device.
Remarkably, the reverse phenomenon exists as well. A
device may exhibit switchable properties even when a non-
switchable (passive) molecule is at its core. At the moment,
our understanding of this phenomenon, which we will call
extrinsic switching, is limited. This is mostly due to the lack
of atomic level understanding and control over the molecule—
metal contacts. The richness of the field of switchable
molecular devices is perhaps best illustrated by figure 1.

Inspired by the fascinating science performed within our
community, we believe that a review on molecular devices
based on switchable molecules is due. Our main focus will be
on intrinsic switching, i.e. switching of junctions incorporating
a bistable molecule. However, extrinsic switching will be
given its share of attention as well. As to the experimental
techniques, we do not limit ourselves to two-terminal metal—
molecule—metal junctions. Much of the interesting science
has been the product of scanning tunneling microscopy (STM)
studies of molecules on surfaces. We feel that these techniques
are complementary and their combination is essential for a
more detailed understanding of the phenomena relevant to this
challenging field.

2. Switchable molecules

The design and synthesis of bistable switchable molecules is
undoubtedly one of the great triumphs in the nascent field of
molecular electronics. Generally, the design of an original type
of switch consists of two steps. First, the proof of principle
of the operation of a novel switch has to be demonstrated.
Next, its properties are optimized by subtly changing the
molecular structure. This generally leads to ‘families’ of
molecules based on the same switching principle. Clearly,
for charge transport measurements, a third step is necessary,
i.e. contacting the molecule to electrodes. If the metal—
molecule coupling leads to a loss of functionality (see figure 1),
another optimization cycle in synthesis may become necessary.
From such research, a fundamental understanding of the full
system may be obtained.

Over the years, a wide variety of molecular switches have
been described in the literature. Moreover, a broad spectrum
of stimuli can be used to activate (‘switch’) these molecules.
The switching mechanisms can be coarsely divided into
conformational and charging/redox switches. In the first case,
an isomerization reaction takes place which fundamentally
changes the three-dimensional structure of the molecule. In
the second case, a molecule takes up (or gives up) an
electron, leading to a different charge state. Of course, minor
conformational changes due to a change in the molecular redox
state (reorganization) are inevitable. Nevertheless, we choose
the distinction above, since pure conformational switches do
not involve a change of the molecular charge. Below, we
introduce the mechanisms responsible for the operation of
molecular switches and stimuli that have drawn most attention
in molecular transport research.

2.1. Intrinsic molecular switches

In general, molecular switchability requires the existence of
two isomers, which can be controllably converted into one
another by some external stimulus. In our specific case, we
have an additional requirement: both isomers need to give rise
to significantly different conductance properties. To introduce
the basics of molecular switching, we refer to figure 2. Here,
we show a generalized diagram of the potential energy surfaces
of a switchable molecule. The ‘reaction coordinate’ on the x
axis is usually a physical quantity that describes the passage
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Figure 2. Typical potential energy surface of a two-state molecular
switch. On the x axis, a ‘reaction coordinate’ is shown. This is
generally a physical parameter such as a distance between two atoms
or an angle between two rings within the molecule. The ground state
exhibits two local minima, which correspond to the two states of the
switch. Switching can be achieved by bringing the molecule to an
excited state, e.g. by illumination. The subsequent relaxation path
can lead to a change of state with some probability. Alternatively,
switching may be induced by exciting the molecule over the ground
state barrier. This may be achieved by heating, excitation of
vibrations by electrons, or by a high local electric field. We note that,
depending on the switchable molecule considered, the excited state
potential energy surface may have a more complicated shape,

e.g. containing additional minima.

of the system from the reactants to products. This can be a
distance between two atoms within the molecule or an internal
torsion angle, e.g. between two benzene rings. The two states
of the switch can be recognized by the two minima in the
ground state potential energy surface. Generally, only one of
the isomers is stable; the other state is metastable with a free
energy that is higher by AGpe. A necessary condition for
a useful bistable molecule is that the energy barrier between
both states, A E,, is much larger than the thermal energy kg7 .
To switch the molecule, one obviously needs to overcome this
barrier. This can be done in two ways. First, one can bring
the molecule to an excited state, e.g. by illumination. As a
result, the molecule may relax over the excited potential energy
surface (the upper curve in figure 2) and get converted into
the other form. Clearly, this is a probabilistic process: in a
certain percentage of cases, the conversion will not succeed.
Interestingly, the probabilities may change dramatically after
a molecule is connected to a metal. Alternatively, one may
switch a molecule by driving it over the ground state barrier
directly. This may be achieved by various means. First,
continuous excitation of molecular vibrations by transported
electrons may induce switching (‘current-induced’ switching
by inelastic scattering). Second, a sufficiently high electric
field acting on a molecule could induce the conversion (‘field-
induced’” switching). Finally, heating of the molecular system
may result in (non-selective) switching.

2.1.1.  Conformational switches. — Above, we defined a
conformational switch as a switchable molecule, which has
isomers with a different three-dimensional structure. A further
division can be made. First, a change may take place
in the 3D molecular conformation, without a modification
of the bond structure. This is called stereoisomerization.
Second, isomerization may take place by a reshuffling of
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Figure 3. Examples of different switching mechanisms. (a) Cis—trans
isomerization of azobenzene. (b) Example of a conformational switch
consisting of two interlocked molecules. Switching is equivalent

to movement of the ring (blue) between two stations (upper,

green and lower, red) along the dumbbell molecule. (c) Switching
based on a hydrogen tautomerization reaction: the position of the
hydrogen atoms in the center of a naphthalocyanine molecule can be
switched between left-right and top—bottom configurations, resulting
in the rotation of all molecular orbitals by 90°. (d) Diarylethene
switch. Switching between a cross-conjugated ‘off” state

(left) and a conjugated ‘on’ state (right) is possible by illumination
by ultraviolet light (‘off” to ‘on’) and visible light (‘on’ to ‘off”),
respectively. The C—C bond indicated in red in the ‘on’ (or ‘closed’)
state is broken upon switching to the ‘off” (or ‘open’) isomer.

the intramolecular chemical bonds. This is referred to as
structural isomerization. The use of stereoisomerization in
molecular switches has been demonstrated most notably by
the well-known cis—trans (photo)isomerization in the family of
azobenzene molecules [8—11]. In figure 3(a), both isomers of
azobenzene are shown. A special group of switches exhibiting
stereoisomerization is formed by the catenanes and rotaxanes
(see figure 3(b)) [7]. These are mechanically interlocked
molecules, basically consisting of two molecules ‘embracing’
each other. Generally, an outer ring can be reversibly moved
between two stations of an inner molecule, giving rise to two
different conductance values. Hence, one could consider this
switching process intermolecular stereoisomerization, as in the
first approximation only the position of one molecule with
respect to the other changes®.

4 We note that, formally, a rotaxane (or catenane) unit is a single molecule,
since one has to break a chemical bond to separate the subunits. If one takes
this point of view, intramolecular stereoisomerization is the correct term to
describe the switching process.
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An elegant example of structural isomerization is the
hydrogen tautomerization reaction in naphthalocyanine (see
figure 3(c)) [12]. In this case, the two hydrogens in the central
cavity of the molecule can change position in a sequential,
two-step reaction: the intermediate conformation where the
two H atoms occupy nearest-neighbor sites is not stable due
to steric hindrance. Thus the movement of two small atoms
leads to an effective 90° rotation of the molecular structure.
Another example of structural isomerization is formed by
the photoisomerization reaction of diarylethene molecules [5].
The two isomers of this type of molecule differ in their
conjugation, but have very similar lengths (see figure 3(d)).
The ‘on’-state isomer is linearly conjugated over its full length,
whereas the ‘off’-state is cross-conjugated. Selective switching
between both isomers is possible by using light with an
appropriate wavelength.

We finish this section by noting that molecular switches
should eventually be used in two-terminal devices or in
molecular assemblies. Ideally, the switching process should
therefore only modify the conductance of the molecule, not
its overall physical size. Strictly speaking, this requirement
is not met by any of the conformational switches. However,
various molecular systems, including diarylethenes and
naphthalocyanines, are close to satisfying this requirement.

2.1.2. Redox switches. Charge switching is intimately linked
to reduction—oxidation (redox) reactions in electrochemistry
and involves a permanent change of the number of electrons on
the molecule. In an electrochemical set-up, the electrochemical
potential of an electrode can be tuned with respect to the
molecular energy levels. If the electrochemical potential is
outside the HOMO-LUMO gap of the molecule, this naturally
leads to charging of the molecule. If the molecule takes up
an electron (the LUMO level becomes available), one speaks
of reduction. Vice versa, if an electron is donated (or a
hole is taken up, as the HOMO level becomes available),
the process is called oxidation. In contrast to solution-
based electrochemistry, permanent charging of the molecules
in a two-terminal set-up requires some additional mechanism
for stabilizing the different charge states. This involves a
reorganization in the molecule and contacts that lowers the
energy of the charged state below the Fermi level of the
electrodes [13, 14]. In the absence of this stabilization
mechanism, the added electron will simply tunnel out of the
molecule.

Charge switching has been explored in molecules where
a traditional redox couple has been synthesized with linker
groups that allow the molecule to be covalently attached to
electrodes. While it has been difficult to achieve and prove
charge bistability as the switching mechanism in two-terminal
experiments [15], a different form of charge switching has
been studied in detail in three-terminal experiments. Using
the gate electrode, the charge state of the molecule can be
controlled while simultaneously recording the changes in the
molecular conductance [16-20]. This differs from intrinsic
molecular switching based on charge bistability in that there
is no significant hysteresis: for any given gate potential, only
one charge state is observed [21]. Nevertheless, three-terminal

experiments yield extremely valuable information on the effect
of the charge state on the molecular conductance.

2.2. Stimuli

Various external stimuli can, in principle, be applied to switch
a molecular device. Indeed, switching may be current-
induced, field-induced or light-induced. Furthermore, charge
switching is possible by tuning the electrochemical potential.
An intriguing indication of the versatility of molecular systems
is the wide variety of stimuli that can be used to operate the
very same molecule. For example, it has been demonstrated by
STM experiments that the well-studied cis—trans isomerization
of azobenzene can be induced by an applied electric field [8],
inelastic tunneling [9] or illumination [10, 11]. Below, we
introduce the various stimuli in more detail.

2.2.1. Current-induced switching. One of the ways to induce
molecular switching is to make use of the electrons tunneling
through the molecule. If their energy is sufficiently high, they
are able to excite molecular vibrations (inelastic tunneling).
For this mechanism to be operational, the applied bias V}, needs
to be at least as high as the phonon energy /iw involved, eV, >
hiw [9, 22-24]. In many cases, the molecular energy barrier is
larger than the phonon energy involved. In that case, a process
is possible in which the barrier is ‘climbed’ by subsequent
excitations into higher vibrational states of the molecule. This
mechanism, named vibrational heating, is responsible for the
famous Xe atom switch reported by Eigler ez al [25].

2.2.2. Redox-potential-induced switching. Molecular
charging may occur via virtual occupation of an ionization
level or by resonant tunneling to a molecular orbital,
followed by geometric reorganization that stabilizes the charge
state [13, 26]. Alternatively, it may result from external
gating that changes the energetic position of the molecular
energy levels with respect to the Fermi level of the contacts,
thus leading to charging [27]. Charging will generally
result in significant changes in the molecular conductivity
and can hence be used as a switching mechanism. In
the case of charge switching, the absolute position of the
molecular energy levels with respect to the Fermi energy of
the electrodes and the polarizability of the environment are
important [28]. They control the energetics of charging
and the stability of the different charge states. In a typical
experiment, an electrochemically gated set-up is used to
control the electrochemical potential of a redox molecule with
respect to a reference electrode in solution. For example,
tuning the molecular energy levels (redox states) of an Fe(III)-
protoporphyrin was demonstrated in an electrochemical STM
set-up. This lead to a change of the molecular conductance by
an order of magnitude [16].

An innovative proposal for a switchable molecular
junction controlled by the electrochemical potential is due to
Grunder et al [29]. We mention it here, because it is one of
the few examples where the functionality of the anticipated
device depends explicitly on the presence of the electrodes. It
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could therefore be seen as an ‘extrinsic’ device by design. The
authors synthesized a cruciform type of molecule, containing
two rod-like substructures, one with sulfur anchor groups and
one with pyridine endgroups. The basic idea for a future
device is that the electrochemical potential controls the number
of connections of the full gold—molecule—gold device. At
negative potential, only one rod should span the junction (Au—
S bonds). At positive potential both rods should couple to both
electrodes, leading to a conductance increase.

For completeness, we note that the driving mechanism
to switch mechanically interlocked molecules is also an
oxidation (reduction) reaction, which charges (discharges) one
of the stations of the inner molecule (green in figure 3(b)).
Hence, rotaxanes and catenanes can be considered both
conformational and redox switches. Because of their dominant
conformational changes and also due to their large historical
impact on the field, we will deal with experiments on these
molecules in a separate section below.

2.2.3.  Field-induced switching. — Applying a potential
difference between the electrodes in a molecular transport
experiment gives rise to a considerable electric field. For
a typical molecular length of 1 nm and a voltage bias of
0.5 V, we already get a field as high as 5 x 10 Vm™'.
It has been shown that such a strong field can couple to
a molecular dipole and the resulting force (torque) on the
molecule can drive conformational changes, i.e. switching. For
example, Zn(I) etioporphyrin can exist in two different (both
non-planar) conformations on an NiAl(110) surface. Due to
the alignment of the molecular dipole (perpendicular to the
surface), an electric field can be used to switch the molecule
in one direction [26].

2.2.4. Light-induced switching. When a molecule absorbs
a photon, a transition to an excited state takes place. In the
special case of a molecular switch, such an excitation can
lead to an isomerization reaction (photoisomerization). In
figure 2, we indicate how non-radiative relaxation can take
place in the excited state, while the reaction coordinate changes
accordingly. Finally, a transition to the ground state energy
surface takes place. From there, the system relaxes further
to one of the two minima. In a certain percentage of cases,
this results in photoisomerization (if the ‘other’ minimum is
reached). Clearly, this percentage depends on the fine details
of the potential energy surfaces. For example, if an additional
barrier exists in the excited state (unlike the smooth parabola
in figure 2), switching rates may be strongly suppressed at low
temperatures [30].

Photochromic switches form a clear example of molecules
with an intrinsic switching mechanism. Generally, they are
first tested in solution and then investigated in devices. Besides
being attractive for future applications, e.g. light sensors, these
molecular devices are of great interest from a fundamental
point of view. The influence of the electrodes on the molecular
switchability is only partially understood. In fact, several
interaction mechanisms can play a role, from simple steric
hindrance to energy transfer and charge transfer mechanisms.

It is here that (mesoscopic) physics and (photo) chemistry
meet.

2.2.5. Other stimuli. In some molecular systems, such as
azobenzenes, the energy barrier between the two molecular
states (see figure 2) is relatively low. In that case, it is, in
principle, possible to switch a molecule by thermal excitation,
i.e. heating. Such temperature-induced conversions are, in
general, not very selective (switching will occur in both
directions), unless there is a significant energy difference
between the two isomers of the molecule (expressed in A G eaet
in figure 2). An interesting set of molecules that undergo a
transition at a well-defined temperature are the so-called spin
transition molecules [31-33]. Typically, these systems contain
a transition metal ion and an organic ligand coordinated to it
in an octahedral symmetry. As a result, the d orbitals of the
metal split into the e, and tp, subsets, leading to two possible
minimal energy states, with different spins. If the energy
difference between the e, and tp, orbitals is greater than the
electron—electron repulsion energy, the electrons occupy the
lowest-energy orbitals (tog). Due to the Pauli principle, this
leads to a low-spin configuration. In the opposite case, the d
electrons occupy both the e, and tp, orbitals. Due to Hund’s
rules, this leads to a high-spin state. If the ligand field energy
and electron—electron repulsion energy have similar values, it
is possible to go from the low-spin to the high-spin state by
heating. Moreover, the spin transition can also be influenced
by pressure. In the high-spin state, the anti-bonding orbitals are
partially occupied, which increases the bond lengths, leading to
an effectively larger molecule. Hence, applying pressure favors
the low-spin state, resulting in a higher transition temperature>.
Performing well-defined charge transport measurements on
spin transition molecules is a new challenge in the field of
molecular transport. There are several groups working on these
types of experiments, but there are still very few published
results. Hence, we do not explicitly deal with spin transition
molecules in the rest of this review. To get an idea of the (new)
possibilities offered by transport experiments, we mention that
some methods, such as the mechanically controllable break-
junction technique may allow one to strain a molecule during
the experiment. Furthermore, in three-terminal devices, a gate
voltage may be used to control the ligand field energy, thus
inducing a spin transition. First experiments in this direction
have recently been performed [34].

2.2.6. Stimuli and directionality of switching. ~An important
factor in the driving force for the switching is whether
it can be used to control the direction of the switching
reaction. Electrochemical potential control of the charging
clearly will allow for this: different charge states have
different conductivities and these can be selected by the
electrochemical potential. It should also hold for electric-field-
induced switching as the torque on the molecule depends on
the direction of the electric field. In the case of light-induced
switching, the situation is a little more complicated. Looking at

5 For completeness, we note that light-induced switching from the low-spin
to the high-spin state is also possible.
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the typical potential energy curves for the ground and excited
states of a two-level switch (figure 2), it is clear that the smaller
energy (longer wavelength) photons can only induce switching
in the downhill direction. Hence, sufficient illumination (how
much exactly depends on the quantum yield) will result in full
conversion. However, this is not generally true in the opposite
direction. Finally, inelastic tunneling rarely allows for control,
as it continually excites the molecule so that it can overcome
the activation energy barrier in either direction. We note that
the energy barrier is typically much higher than the energy of a
single vibration, such that a ‘ladder’ of excited states needs
to be climbed to overcome the barrier (vibrational heating).
In some cases, it may be possible to control which vibrations
(and where in the molecule) are excited, which can provide
directionality.

2.3. Functionality and coupling

As introduced in figure 1, coupling a molecule to one or more
electrodes can have a profound effect on its functionality, both
in an positive and a negative way. Below, we elaborate on these
two possibilities.

2.3.1. Functionality loss. Various phenomena can hamper
the switching of a contacted molecule. First, there is a
very fundamental issue. If a molecule is coupled strongly to
electrodes, it is no longer correct to view the molecule as an
isolated unit. One should rather consider the molecule and the
first metal atoms as an ‘extended molecule’ with, in principle,
a new set of ‘molecular’ energy levels (see below for more
details). As a result, the pathway for molecular switching may
change, in the extreme case becoming completely blocked. Let
us take the example of a photochromic switch coupled to two
electrodes. In such a device, the photo-excited electron and
hole (exciton) may leak out to the electrodes on a timescale
smaller than the time needed for a molecule to switch (typically
~10 ps). Hence, molecular isomerization becomes very
unlikely. Clearly, one way to prevent this is to decouple the
molecular switch and the metal contacts electronically. This
can be done by using a non-conjugated spacer. However,
there is a price to pay for this: the ‘on’-state conductance
of the device will be reduced by several orders of magnitude
when a large spacer is used. A second phenomenon to
be taken into account is steric hindrance. Molecules that
undergo a large conformational change upon switching may be
mechanically hindered in their transition. A simple example
is formed by molecules that undergo a large change in their
effective length upon switching, such as azobenzenes. Fixed
between two electrodes, such a molecule is likely to lose
its functional properties. We note that steric hindrance can
also be due to molecules neighboring the switch, e.g. in a
self-assembled monolayer. These neighbors may be from the
same or a different species (generally alkanethiols). Finally,
a mechanism that plays a role in photochromic switches,
such as azobenzenes and diarylethenes, is quenching due to
electromagnetic dipolar coupling. The dipolar excitation in the
molecular switch will see a mirror dipole in the electrodes.
As a result, energy is transferred from the molecule to the

metal, which may lead to failure of the light-induced switching
process. This phenomenon is similar to the quenching of
photoluminescence in the proximity of a metal and Forster
resonant energy transfer [35]. Clearly, this type of quenching
can be partially prevented by increasing the distance between
molecule and electrode. However, the same considerations
as described above apply: there is a trade-off between on-
state conductance (strongly dependent on molecular length)
and switchability.

2.3.2. Extrinsic switching. Remarkably, a molecular device
may exhibit switchable properties even when a non-switchable
molecule is contacted. The most trivial reason for this is that
metal filaments are formed within the molecular layer. This
phenomenon has been observed in several SAM-based devices,
especially when evaporated top electrodes are applied [36-39].
Fundamentally more interesting are devices in which no
filaments are formed, but switching is nevertheless observed.
In this case, the device setting (or assembly on a surface)
makes it possible to change the molecular conductivity by
means that would not be possible in solution. For example,
the switching may correspond to changes in the coupling
between the molecule and one of the leads. We call such
molecular devices extrinsic switches, to distinguish them from
devices based on intrinsic molecular switches. The latter,
e.g. photochromic switches, are chemically designed and
tested for switchability in solution, before they are contacted
by electrodes. Extrinsic switching is generally current-induced
or field-induced. However, it is not always easy to distinguish
the latter two, especially in a two-terminal geometry.

3. Charge transport through molecular junctions

In this section, we give a general introduction to the field
of charge transport through molecular junctions. This lays
the foundation needed to interpret the work on switchable
molecular devices. This section consists of two parts. In the
first, we discuss the basic theory of molecular charge transport.
In the second, the main experimental methods are reviewed.

3.1. Basic models

When a molecule is connected to one or more electrodes, subtle
changes in the molecular properties arise. As a result of metal—
molecule coupling, the molecular orbitals can hybridize with
the states of the metal contacts. Consequently, the original
molecular levels broaden and shift compared to a free molecule
in vacuum. This is illustrated in figure 4(a). An intuitive way
to understand the broadening is via the Heisenberg uncertainty
principle. Let us first consider a free molecule, where an
electron occupies a level for a nearly infinitely long time t.
Hence, the uncertainty in its energy, AE, is almost zero.
However, for a molecule coupled to an electrode, T becomes
finite as the lifetime of an electron on the molecule is limited
by the molecule-lead coupling. Consequently, the uncertainty
A E becomes significant, which translates into molecular level
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broadening. For one level, the resulting molecular density of
states D(E) is given by a Lorentzian function [27, 40]:

Ir'/2n

PE = F v a2y

ey

where € is the energy of the modified molecular orbital. The
total broadening is the sum of the coupling to each of the
two electrodes I'; and I'», i.e. I' = I'; + I'>. We note that
I'1, T, and thus I may be energy-dependent themselves. In
the case of covalently linked molecules (chemisorption), the
broadening can be several hundred meV, i.e. much larger than
the thermal energy at room temperature (=25 meV). Another
effect of coupling a molecule to electrodes is partial charge
transfer between the two. This causes the molecular levels
to shift with respect to the free molecule and the shift can be
different for orbitals with different symmetries. The problem
of estimating the energetic position of the molecular orbitals
relative to the Fermi energy of the electrodes is known as
the level alignment problem, in analogy to the band line-up
problem in semiconductor heterostructures [41, 42].

The interaction of the molecular orbitals with the
electronic states of the electrodes is obviously of vital
importance in determining the transport properties of the
metal-molecule—metal junction. Typically, either the highest
occupied molecular orbital (HOMO) or the lowest unoccupied
molecular orbital (LUMO) dominate transport close to zero
bias voltage. In general, transport is non-resonant, and the
exact level positions determine whether it is the Lorentzian tail
of the HOMO or the LUMO that carries most of the current.
As the bias voltage is increased (or as a gate electrode is used
to shift the molecular orbitals), resonant transmission through
a molecular orbital may become possible. To determine the
actual charge transport mechanism for a molecular junction,
one has to consider the relevant energy scales. These are the
thermal energy kg 7', the coupling energy between the molecule

and the electrodes I' and the charging energy U due to the
Coulomb interactions between electrons on the molecule. In
the limit of weak coupling, U > T, kgT, electrons tunnel
through the molecule one by one as their flow is controlled
by electron—electron repulsion: addition of another electron is
only possible if the energy barrier U is overcome [27, 40, 43].
In this regime, which is termed Coulomb blockade, the number
of electrons on the molecule behaves as a classical variable
with integer values and the transport can, in principle, be
described by a master equation formalism. In the limit of
strong coupling, I' 3> U, transport is coherent and the number
of electrons on the molecule is not well defined and subject to
quantum fluctuations. To first order, the current through one
(spin-degenerate) level can be calculated from the Landauer
formula [27, 40, 43-48]:

2

[==2 | TE)f(E - ) — f(E — pa)dE

N (@)

is the Fermi-Dirac function, 7T (E) the
transmission function given by T(E) = 2nD(E)I'/T[,/T
and p; the electrochemical potential of electrode i = 1, 2.
At a bias voltage Vi, the chemical potentials are given by
ur = Eg +neVy and uy = Er — (1 — n)eVy, so that
eVy = 1 — po. The parameter n describes the symmetry
of the voltage drop over the molecular junction. This is
related to the strength and symmetry of the molecule—electrode
coupling. As discussed below, there are two principal ways to
contact individual molecules: in two-terminal junctions and by
STM. These are illustrated in figure 4(b). From a theoretical
point of view, they represent two different limiting cases:
fully symmetric (ideal break junctions) and fully asymmetric
junctions (STM). In the case of a symmetric junction, i.e. I'; &~
I',, about half of the applied bias drops on either side of
the molecule and the chemical potentials of the leads shift
by £eV,/2 with respect to the molecular levels due to the

where f(FE)
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applied bias® (n ~ 1/2) [27, 49]. This leads to the situation
illustrated in figure 4(c), left side: transport is dominated by
one of the frontier molecular orbitals (HOMO or LUMO) at
both positive and negative bias. In contrast, in an asymmetric
junction (figure 4(c), right), I'; and I', differ considerably
and the molecular levels are ‘pinned’ to one of the electrodes
(the substrate in STM). In that case, we have n ~ 1. In
an experiment, the unoccupied levels are therefore probed at
positive bias and the occupied levels at negative bias [S0-53].
We stress here that, although there is a qualitative correlation
between I';/T" and 1, they are not the same. The I' values
represent electronic coupling, whereas 71 is related to the
electrostatic potential profile, which can be obtained by solving
the Poisson equation [54].

In many experiments, the derivative of the current with
respect to the applied bias, d//dV;, is measured directly
by a lock-in technique. The lock-in technique boosts the
signal-to-noise ratio compared to numerically differentiating
the current and allows for extremely accurate data acquisition.
Interestingly, the current derivative is directly proportional to
the density of states. This means that it is possible to carry
out electronic spectroscopy by measuring d//dV;, versus Vi,
Taking the derivative of the equation of the current (at 0 K), we
find

d/ _ 2¢?

vy h

(T (Ep+neVy) + (1 =) (T(Ep — (1 —n)eVp))).

3)
This mathematically demonstrates the difference between
symmetric and asymmetric coupling. If n = 1 (asymmetric
coupling like in STM), the d//dV;, versus V,, is proportional
to the local transmission function at Ep + eV,. If n =
1/2, however, a dI/dV, (V) curve will be fully symmetric,
regardless of the nature of the closest molecular orbital
(HOMO or LUMO).

Besides the density of states, tunneling spectroscopy can
also provide information on molecular vibrations. When
the energy of the tunneling electron is sufficient to excite
a molecular vibration, an electron—phonon interaction can
cause some of the tunneling electrons to scatter inelastically.
Interestingly, the effect that electron—phonon interaction has
on the conductance depends on the value of the transmission
function T (E). Let us first consider tunneling contacts with
small conductances, T(E) <« 1. In that case, inelastic
scattering results in an additional transport channel. Due
to this extra transport channel, with conductance oj,e, the
differential conductance increases step-wise exactly at eV}, =
hiw: from dI/dVy, = og to dI/dV, = 0¢ + Oinel. Typically,
this change is detected by recording the second derivative of
the tunnel current d?7/dV? as a function of V;, [22, 55-58].
Obviously, a step up in dI/dVj, results in a peak in d*7/dV;?
at positive bias. At negative bias, a dip is expected at
exactly the same |V;|. This type of spectroscopy is called
inelastic electron tunneling spectroscopy (IETS). Remarkably,
when T (E) is close to unity, inelastic scattering leads to the
opposite effect, i.e. a decrease of the differential conductance.

6 We note that, even in two-terminal junctions, coupling is generally not fully
symmetric.

This effect, known originally from work on (quantum) point
contacts, results from the fact that an ingoing electron that is
inelastically scattered is necessarily reflected’. This type of
spectroscopy, named point contact spectroscopy (PCS), has
been pivotal in the characterization of junctions containing
small molecules such as H, or even benzene [24, 59]. There
has been some debate on the boundary between PCS and IETS.
Recently, Tal er al showed that, for a single transport channel,
a transition from step up to step down in d/ /dV}, occurs when
the transmission function has a value T(E) = 1/2 [60].
Nevertheless, both in IETS and PCS, coupling to different
vibrational modes depends both on the symmetry of the mode
and the symmetry of the underlying electronic orbital [61-63].
Electron—vibration coupling can also be observed in resonant
transmission.  The coupled electron—vibration states are
called vibronic states and they result in the appearance of a
phonon replica in the d//dV;, spectra [20, 64—66], in analogy
to electron—phonon coupling in transport through quantum
dots [67, 68]. Finally, we repeat that continuous excitation of
molecular vibrations may lead to a change of the molecular
configuration in the device. Hence, this form of switching is
closely related to IETS, PCS and vibronic excitation. As a
closing remark of this section, we refer the interested reader
to various more in-depth reviews on molecular transport and
its theory [27, 43, 45-47, 69, 70].

3.2. Experimental techniques

There are two main approaches to study charge transport
through molecules experimentally.  First, one can apply
scanning tunneling microscopy (STM) to investigate molecules
on a surface. Second, one can probe molecules in two-terminal
metal-molecule—metal devices®. In an STM experiment, the
molecules are deposited on a surface, which defines the first
contact. The STM tip provides a weaker tunnel contact to the
molecule (no chemical bond). In the two-terminal approach,
one creates a more symmetric device with direct coupling—
through chemical bonds—between the molecule and both
electrodes. A gate electrode may be added to control the
molecular level position with respect to the Fermi levels of the
electrodes. Over the past years, the combination of STM-based
studies and molecular device research has proven essential
for the progress of molecular electronics in general and for
the research on switchable molecules in particular. We will
emphasize the strengths of each technique and point out how
they can be used to obtain complementary information on the
operation of molecular switches. Our treatment of the various
methods to study charge transport through molecules will be
relatively brief. For a more extended discussion, we refer to
the excellent reviews by Chen et al [47], Akkerman and de
Boer [71], Kroger et al [72] and Prokopuk and Son [73].

7 Basically, the reason for this reflection is that all ingoing states are occupied
for energies lower than the original electron energy. Only the distribution
function of reflected electrons (opposite momentum) has empty states at the
lower electron energy. Hence, the scattered electron has no choice but to
occupy one of the latter states at opposite momentum and thus get reflected.

8 If a gate is present in such a device, one generally speaks of a three-terminal
device, the gate being the third electrical connection.
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3.2.1. Scanning tunneling microscopy. Since its conception
in the early 1980s, there have been few techniques in the
physical sciences that have had as large a conceptual impact
as scanning tunneling microscopy [74, 75]. In the beginning
of its development, the impact of STM was in providing
atomically resolved images of well-defined surfaces, such
as single crystals. However, the past decade has seen an
enormous increase of STM studies focusing specifically on
the properties of single molecules and nanostructures [76—80].
It is fair to say that STM has established itself as the
premier research tool in nanoscience. The strength of
STM lies in the combination of high-resolution imaging
(STM) and spatially resolved electrical spectroscopy (scanning
tunneling spectroscopy, STS), which is capable of providing
the local density of states (LDOS) with atomic spatial
resolution [78, 81, 82].

In figure 5(a), we schematically present the STM
technique. In the STM mode, the tip scans the sample surface
while recording the tunnel current at a chosen bias Viias. This
voltage refers to the potential of the substrate with respect to
the tip. Scanning can be done in either the constant-height or
the constant-current mode. In the constant-height mode, the tip
stays at the same height during scanning, while changes in the
tunnel current are recorded. In the constant-current mode, the
tip height is controlled by a feedback loop such that the tunnel
current between tip and substrate is maintained constant. It is
important to realize that the resulting ‘apparent height’ image
contains information on both the electronic and topological
properties (‘true height’) of the sample. This can be easily
understood. On the one hand, the coupling matrix element
between the STM tip and the surface depends exponentially
on their separation: I'j o exp(—2kd), where « is the decay
constant. For a vacuum barrier, the tunnel current decreases
by roughly one order of magnitude per A. On the other
hand, the tunnel current depends on the local density of states
D(E) [83-87]. Hence, a conjugated molecule may appear
higher than a non-conjugated molecule of the same size. In
fact, resonant transmission through a molecular orbital can lead
to an increase of the apparent height by several dngstroms.

STM studies are performed in a broad range of conditions,
dependent on the specific scientific questions asked: in
ultra-high vacuum (UHV) at low temperatures or at room
temperature, in liquid or in ambient conditions. Figure 5
shows two types of STM experiments on single molecules.
They differ in the way the molecules have been assembled
on the surface. For most of the STM experiments performed
at low temperature and/or under UHV conditions, molecules
are deposited onto a substrate in sifu. This usually results
in molecules lying flat on the surface (see figure 5(a)).
Spectroscopy can be performed by recording the current [
or the differential conductance d//dV, at a given position
over the molecule, while V;, is varied. In addition, as was
pointed out in the previous section, transport experiments can
be used to obtain information on the molecular vibrations. In
the STM set-up, it is even possible to spatially resolve where
current injection leads to vibrational excitation [55, 56, 65].
Remarkably, such electron—phonon interaction also opens up
the possibility to manipulate single molecules. In some specific
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Figure 5. Schematic of STM experiments on single molecules.

(a) STM experiment on a molecule lying flat on a substrate (typically
a metal single crystal). (b) STM on a molecule deposited on an
ultrathin insulating film. In stable conditions (low temperature,
ultra-high vacuum), molecular orbitals can be resolved and
spectroscopically studied. (¢) STM experiment on a diluted
self-assembled monolayer (SAM). A conjugated molecule is isolated
within a matrix of alkanethiols. Upon scanning such a sample in
constant-current mode, the conjugated molecule is distinguished by
its different apparent height /,5,. Since /i, is a convolution of true
physical height and conductance properties, changes in /,,, can
qualitatively be related to molecular switching. (d) Electrochemical
STM. STM is carried out in an electrochemical cell where a
bipotentiostat can be used to the control the potential of both the tip
and the substrate with respect to a reference electrode in solution
(electrochemical gating).

cases, it has been shown that one can break atomic bonds and
move atoms within a single molecule [12, 88].

One can reduce the coupling between the metal substrate
and the molecule by introducing an ultrathin insulating
layer on the substrate (see figure 5(b)). Popular choices
for the insulating material include Al,Os [14, 52, 65, 89],
NaCl[12, 13,78,90] and Cu,N [91, 92]. The reduced coupling
makes it possible to image molecular orbitals and study
them spectroscopically with impressive spatial and energy
resolution [12, 78, 90, 93].

An alternative approach in STM is to probe one end of
a molecule that is standing (nearly) upright on a substrate.
This makes it possible to study charge transport in the length
direction of the molecule, i.e. somewhat similar to a two-
terminal device (see figure 5(c)). Such a geometry can
be achieved by using self-assembled monolayers (SAMs) of
the molecules of interest. If molecules are functionalized
by linker groups that can bind to a metal surface, they
spontaneously form such monolayers from solution. The
stereotypical example is the formation of SAMs of thiol-
derivatized molecules on gold [94-96]. The structure and
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Figure 6. Break-junction techniques for studying charge transport
through single molecules. (a) Formation of a nanometer-scale gap
followed by insertion of the molecules of interest. The gap may be
created by mechanically breaking the constriction (see (b)) or by
electromigration (see (c)). (b) Mechanically controllable break
junctions. Left: three-point bending configuration. Right: scanning
electron microscopy (SEM) image of a lithographic mechanically
controllable break junction. Upon bending the substrate, the
constriction is first elongated and finally broken. This produces two
clean electrodes, the distance between which can be accurately
controlled by the pushing rod. (c) Schematic (left) and an SEM
image (right) of an electromigration break junction with a gate
electrode separated from the molecule by a thin insulating layer. In
this case, a gap is enforced by electromigration, i.e. atomic diffusion
biased by an electric field. Adapted with permission from [19].
Copyright 2007, American Chemical Society.

order of such SAMs depends on the length, cross-sectional area
and flexibility of the molecules. For example, straight chain
alkanethiols form fully ordered, crystalline monolayers on
gold. The drawback of this method is that the molecules in the
close-packed monolayer can interact and their properties can
differ from those of individual, isolated, molecules. This can
be overcome by mixing the molecules of interest into an inert
matrix of molecules with alarge HOMO-LUMO gap, typically
alkanethiols. As first demonstrated by Bumm et al, an island of
isolated conjugated molecules (ideally a single molecule) can
be inserted within the SAM by performing a subsequent self-
assembly step (see figure 5(c)) [97]. If both types of molecules
are chosen to have the same physical length, the conjugated
molecule can be distinguished in STM by its larger apparent
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height h,p,. As explained above, this is due to the fact that
happ is a convolution of topology and electronic properties
of the molecule under the STM tip. Hence, this type of
STM experiments allows one to get information on the relative
conductance properties of the isolated molecules, for example
as a function of their length or binding group [98]. This makes
the method quite attractive to study molecular switching.
Indeed, as a molecule is converted from a high conductance
to a low conductance state, h,p,, changes significantly in a
step-like fashion from high to low and vice versa [99-106].
However, it must be borne in mind that interpretation of the
data should be done carefully, especially for conformational
switches. The main reason for this is that it is not possible to
independently measure the change in the physical height of the
isolated molecule (or in its angle with respect to the surface).
This makes it difficult to obtain the conductance change upon
switching quantitatively. Nevertheless, STM on diluted SAMs
is a good method to study single molecules qualitatively under
realistic conditions (in air or in a liquid). In contrast to the two-
terminal device experiments discussed below, however, there is
always a tunnel gap between the molecule and the STM tip, i.e.
the molecule is covalently bound to only one electrode.

While it is challenging to integrate a gate electrode in
the STM set-up in air or vacuum, it is possible in liquid
using an electrochemical STM (figure 5(d)). This experimental
set-up (typically at room temperature) involves carrying out
STM in an electrochemical cell, in an electrolytic solution.
The potential of the STM tip and the substrate is controlled
with respect to a reference electrode by a bipotentiostat. The
thickness of the electrochemical double layer is given by the
Debye length in solution, which depends on the electrolyte
concentration. For sufficiently high electrolyte concentrations,
this length is small (~1 nm) and the molecule can be charged
in the STM tip—substrate gap. This makes it possible to use the
potentiostat to control the charge of the molecule, in analogy
to an electrostatic gate electrode in three-terminal transport
experiments.

3.2.2. Metal-molecule-metal devices. Contacting a
nanometer-scale molecule symmetrically by two electrodes is
not a trivial task. Nevertheless, many ingenious techniques
have been devised by a broad range of groups (see figure 6).
Below, we briefly discuss the most viable methods.
Controllable break junctions. Controllable break
junctions are devices in which the distance between two
electrodes can be controlled with impressive accuracy [23].
This tunability makes them perfectly suitable to ‘catch’ single
molecules of a given length (see figure 6(a)). We first discuss
mechanically controllable break junctions (MCBJs), which
have been pioneered by Moreland and Ekin, and Muller and
Van Ruitenbeek [107, 108]. Basically, an MCBJ consists
of a metal wire (e.g. gold) with a narrow constriction, fixed
on top of a flexible substrate. This substrate is put in
a three-point bending geometry, where it can be bent by
moving a pushing rod upwards (see figure 6(b)). As the
substrate is bent, the metallic wire is elongated until finally the
metallic constriction breaks and two fresh electrode surfaces
are created. Conveniently, the distance between these two
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electrodes is linearly related to the pushing rod position, via
a reduction factor r. For so-called ‘notched” or ‘classical’
MCBIJs, a carefully prepared metal wire (diameter ~50 pm)
is used. In this case, r is relatively large (0.001 < r < 0.1).
To obtain a good control of the inter-electrode distance, the
pushing rod is therefore translated by a piezo-element. For
‘nanostructured’ or ‘lithographic’ MCBJs, the constriction in
the metal wire is defined by electron beam lithography. As
a result, the reduction factor r is very small (107° < r <
10~*), leading to improved distance control and impressive
mechanical stability [109-112]. Besides MCBIJs, a hybrid
type of controllable break-junctions can also be defined: STM-
controlled break junctions (STM-BJs). Here, it is an STM tip
that is used to chemically connect to molecules or atoms on
a conducting substrate. The distance control between the two
electrodes (substrate and tip) is provided by the piezo-scanner
of the STM. Compared to MCBJs, STM-BJs have a reduction
factor of unity, which makes them mechanically somewhat less
stable (in the open-loop mode). On the other hand, STM-
BJs do offer the advantage of performing STM scans before
junction formation, to inspect the local environment.

Many of the pioneering studies on single atomic
junctions have been performed using controllable break
junctions [23, 107, 108, 112-114]. The impressive results
obtained inspired Reed and Muller ef al to use nanostructured
MCBIJs to study charge transport through single benzenedithiol
molecules [115]. Their work has led to a series of fascinating
experiments on a variety of organic molecules, which all make
use of the gold-thiol chemistry to connect molecules and
electrodes [49, 110, 115-125]. In parallel, the Van Ruitenbeek
group adapted the classical MCBJ method to study small
inorganic molecules, such as H,, D, and H,O, applied from
a gas/vapor [24, 59, 60, 126, 127].

Operating molecular devices in solution opens the
possibility of in situ chemical reactions or electrochemical
control of redox switching. This is one of the main reasons
why Xu and Tao extended the break-junction method to
organic molecules in solution [128]. By moving a gold
STM tip in and out of contact with a gold substrate in
a solution of dithiol molecules, molecular junctions could
repeatedly be formed (STM-BJs). Histograms of the
conductance evolution during breaking provided evidence for
the formation of molecular junctions. Recently, further studies
to explore molecular junctions in solution have been carried
out [47, 110, 120-125, 129-139]. An important contribution
was made by Venkataraman et al who provided evidence for
improved molecular junction formation when amine coupling
groups are used with gold electrodes [138, 139]. Indeed, the
search for the ideal coupling groups is an on-going quest in
this field. Finally, we mention two methods, which are gentler
varieties of the STM-BJ technique. First, Haiss ef al employed
a liquid-cell STM set-up to investigate a submonolayer of
dithiol molecules on a flat gold surface [140, 141]. Very
roughly speaking, they use an STM tip to ‘fish’ for a dithiol
molecule lying flat on the surface, either actively (by moving
the tip in and out of contact) or passively (by waiting for
a molecule to connect and disconnect spontaneously, see
also [142]). Inspired by the same philosophy, the Tautz
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group demonstrated molecular junction formation at low
temperatures, by lifting up flat-lying molecules at one side,
with the STM tip [143]. A similar experiment was performed
by Lafferentz et al who studied single polyfluorine molecules.
The latter had formed from the monomers by a polymerization
reaction on the Au(111) surface [144].

Other single-molecule devices. Several other methods
to create molecular junctions have recently been designed.
A very influential method is due to Park er al [145]. It
is based on electromigration, i.e. biased diffusion of atoms,
vacancies or interstitials in the presence of an electric
field [146—-148]. Electromigration can be used to break a gold
wire, covered with the molecules of interest (see figures 6(a)
and (c)). If performed properly, distances of around 1 nm
can be realized between the two freshly created electrodes,
so that a molecular bridge can subsequently connect the
electrodes. Because of its apparent simplicity, this method
has been generally applied to measure molecular transport
properties [19, 20, 149-151]. Nevertheless, the technique
should be used with care. During electromigration the junction
heats up locally, even in liquid helium [152—-154]. This may
lead to both the destruction of molecules and the formation of
gold nanoparticles [153, 155, 156]. By using an appropriate
feedback scheme, uncontrolled breaking of the wires can be
prevented [148, 154, 157-159].

In 1999, Morpurgo et al proposed electrodeposition as a
method to create two electrodes with nanometer distance [160].
The inter-electrode distance can be tuned on the atomic scale
in an aqueous solution by depositing (or removing) atoms at a
low rate. Kervennic et al created molecular junctions with this
technique [161]. Another method to control the inter-electrode
distance on the atomic scale has been designed by Kubatkin
et al [162]. Using a shadow mask and evaporation at variable
angles in UHYV, they obtained well-defined molecular devices
under very clean conditions and at low temperatures.

Devices using nano-objects as intermediates. A number
of groups have based their designs on a somewhat different
philosophy. Pointing to the inherent size difference between
electrodes (width ~200 nm) and small organic molecules
(~nm), they propose to bridge this gap by intermediate-
size objects. Many successful methods have been designed,
e.g. using carbon nanotubes [163, 164], microparticles [165]
or nanoparticles [166—-177].  Specifically, the Nuckolls
group demonstrated how individual molecules can be trapped
within a single-wall carbon nanotube that has been locally
cut by oxidative etching (see figures 7(a) and (b)). The
nanotube itself is connected to two larger metallic electrodes
(originally Au) [163, 164]. Another important contribution
was made by Dadosh et al, who managed to contact
and characterize particle-molecule—particle dumbbells from
solution [167]. Several groups have recently focused on
two-dimensional networks of nanoparticles, building on the
pioneering work by Andres ef al [166, 169-175, 177, 178].
It was shown that dithiolated organic molecules can form
bridges between neighboring nanoparticles, which themselves
can be assembled to form highly ordered triangular lattices
(see figures 7(c) and (d)) [166, 171-173, 177]. These larger
molecule-nanoparticle sheets are contacted by evaporated
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Figure 7. Molecular device structures. (a) Schematic picture of an
etched carbon nanotube. The resulting gap can be bridged by one or
a few molecules connecting at the carboxyl groups. The nanotube
itself is contacted by metal electrodes in turn. (b) Atomic force
microscopy (AFM) image of an etched nanotube. The gap is just
visible. From [163]. Reprinted with permission from The American
Association for the Advancement of Science. (c) Regular
two-dimensional electrodes. Nearest-neighbor particles are
connected by molecular bridges (see inset). In this way, the system
forms a 2D assembly of single metal-molecule—metal

junctions [166, 171]. (d) Scanning electron micrograph of an actual
nanoparticle network (scale bar: 50 nm). (e), (f) Self-assembled
monolayer (SAM) devices. The device consists of a bottom
electrode, usually gold, on top of which a SAM has grown. Creating
a well-defined top electrode is the most challenging part. Initially,
Ti/Au stacks were often used (e), but their stability was strongly
questioned. To solve this issue, other top electrodes have been
proposed, including a conducting polymer layer (f) [190, 192].

electrodes in turn. Apart from their impressive stability, these
networks offer the possibility of optical control experiments
(infrared, Raman or UV-vis) to confirm the presence of the
molecules [172, 174, 177].

Devices based on self-assembled monolayers. Several
groups have concentrated on studying self-assembled mono-
layers (SAMs) of thiolated molecules in a two-electrode
geometry. Here, the idea is to create an SAM on a gold layer
(the first electrode), which is subsequently contacted by a top
electrode. In such a device, many molecules (typically from a
few thousand upwards) are probed in parallel. Initially, most
studies used a top contact which had been evaporated directly
on top of an SAM (see figure 7(e)). However, it turned out that
this method should be used with great care, since otherwise
metal filaments grow and/or chemical reactions (metal carbide
formation) take place [36-39]. Various creative methods have
been introduced to circumvent this problem. First, nanocontact
printing has been used as a soft-lithographic approach to create
a stable top contact on an SAM [179, 180]. Alternatively,
Rampi and Whitesides have made use of Hg droplets, covered
by a second SAM, as a top electrode [181-184]. This method
has the great advantage that it is flexible and simple. However,
the presence of a second SAM does have to be taken into
account in the analysis. A third approach has been explored
very successfully by Kushmerick and co-workers [185, 186].
Their ‘crossed-wire’ method makes use of two thin wires at

12

a 90° angle. One of the wires is covered by the SAM of
interest. An external magnetic field is applied perpendicular
to the direction of this wire. Upon applying a current through
this wire, the resulting Lorentz force gently presses the wires
into physical contact, creating a metal-SAM-metal device.
The stability of these devices allowed for detailed study
of several SAMs by inelastic tunneling spectroscopy [58].
Finally, we refer to the technologically very impressive work
on nanoscale cross-bar devices by Heath and co-workers (see
the section on mechanically interlocked switches for more
details) [187-189].

Very recently, it has been demonstrated that stable SAM-
based devices can be created by using a conducting polymer
layer as a top electrode. In this way, filament formation as
well as spurious chemical reactions between top electrode and
SAM are completely prevented (see figure 7(f)). Akkerman
et al used PEDOT:PSS (poly[3,4-ethylenedioxythiophene]
stabilized with poly[4-styrenesulfonic acid]) as a top polymer
electrode to create large area structures with great potential
as functional devices [190, 191]. Furthermore, Milani
et al used PmPV (poly[(m-phenylenevinylene)-co-(dioctoxy-
p-phenylenevinylene)]) as a top electrode. The PmPV is
in turn contacted by an Hg droplet. Hence, the second
SAM needed for the original Hg-droplet method is no longer
necessary [192].

4. Transport studies on switchable molecules

In this section, we review transport studies on switchable
molecules.  Interestingly, many of the early reports on
molecular conductance switching relied on an extrinsic
mechanism. In addition, in some cases it has later been realized
that the mechanism is extrinsic rather than intrinsic. For this
reason, we will first discuss examples of extrinsic switching.
Then, we will change our focus to switching based on an
intrinsic molecular mechanism.

4.1. Extrinsic switches

The first type of a well-defined switch on the nanoscale
consisted of a single Xe atom on Ni(110) studied at low
temperature in an ultra-high vacuum STM [25]. This is clearly
an example of extrinsic switching: the switch is based on
controlled transfer of Xe atoms between the nickel surface
and tungsten STM tip. These two configurations give rise to
different conductivities and the position of the atom can be
switched in a controlled fashion by applying higher positive
or negative bias. The current and voltage dependence of the
switching rate was found to be consistent with vibrational
heating.

In another early example of extrinsic molecular switching,
researchers used the manipulation capability of STM [193, 194]
to study how the conductance of a molecule depends on its
conformation. Moresco et al described the use of a specifically
designed porphyrin-based molecule functionalized with four
bulky di-(ter-butyl)-phenyl-groups [195]. Normally, these
groups adsorb in a flat configuration with both the ter-butyl-
groups in contact with the substrate. However, the di-(ter-
butyl)-phenyl legs of the porphyrin can be rotated by either
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moving the tip over the molecules at low tunneling resistance,
or by pushing one of the legs with the tip. This rotation of the
leg results in a decrease of over an order of magnitude in the
tunneling resistance.

Another important example of extrinsic molecular
switching is the behavior of oligo(phenylene ethynylene)
(OPE) molecules. These molecules were found to exhibit
stochastic switching in room temperature STM experiments
on diluted SAMs [99] (see figure 8). The authors
used a dodecanethiolate monolayer matrix as a host to
contain, support and isolate derivatized OPE molecules.
They compared related molecules (different side groups)
that had demonstrated switching behavior in nanopore
experiments (nitro-, and nitro- and amino-substituted), with
those that had not (unsubstituted 4-4’-di(ethynylphenyl)-1-
benzenethiolate) [99, 196]. Surprisingly, the authors found that
all the molecules exhibited random or ‘stochastic’ switching
behavior. They also correlated the switching rate with
the amount of conformational freedom the molecules have.
Molecules with higher degrees of conformational freedom
exhibited higher switching rates. While the conclusion was
that the switching is not related to the substituents, one of the
molecules (4-4'-di(ethynylphenyl)-2'-nitro- 1-benzenethiolate)
allowed limited control of the switching by the electric field.
A possible explanation for these results was given by the
observation of stochastic switching in simple alkanedithiols
embedded in alkanethiolate SAMs [101]. Such switching in
alkanethiols cannot be caused by internal molecular electronic
changes and consequently, these authors argued that the
switching is caused by changes in the thiol bond between the
molecules and the gold substrate. They dubbed the result ‘the
blinking of a thiol-gold bond’. Stimulated by this suggestion,
the groups of Weiss and Tour investigated the stochastic
switching of OPE molecules in more detail [100, 197-199].
Through careful engineering of the molecular dipole, and
the interactions between the molecular switch and the matrix
molecules, the authors were in fact able to tailor the
behavior of the switch [100, 197]. It was shown that the
direction of the dipole moment controlled the bias polarity
dependence of the switching, i.e. whether ‘on’ or ‘off’ state
was preferred at positive or negative bias. In addition,
hydrogen bonding interactions between the OPE and matrix
molecules were found to be necessary for observing bias-
dependent switching. By expanding the set of studied
molecules, they identified a change in hybridization of
the molecule that occurs with a change in the molecule—
substrate contact as the only explanation consistent with
all experimental observations [198]. For completeness, we
note that several other groups have connected stochastic
switching to conformational and orientational changes of the
inserted molecules, possibly due to the high local electric field
[102, 104]. The Zandvliet group, however, relate the blinking
effect of phenylene ethynylene molecules to lateral diffusion
and exchange of conjugated molecules [200]°.

9 Interestingly, a very different example of stochastic switching was recently
demonstrated by Osorio et al [271]. They studied grid-like [2 x 2]-Co}1I
molecules in three-terminal devices and observed random switching events
between stable branches, provided a certain threshold voltage was applied. The
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Figure 8. Stochastic (random) switching as observed by ambient
STM. (a) OPE~thiol molecule in the ‘on’ state (bright protrusion) in
a matrix of dodecanethiols (small dots). (b) The same OPE molecule
in the ‘off” state (note the decrease in apparent height). (c) Stochastic
switching between ‘on’ and ‘off” states (different molecule than in
(a) and (b); time interval: 6 min per frame). From [99]. Reprinted
with permission from The American Association for the
Advancement of Science.

An interesting contribution related to the work on
OPEs is by Blum et al [201] They used three independent
techniques (STM, crossed-wire and magnetic-bead junctions)
to demonstrate that molecules similar to OPE, namely
bipyridyl-dinitro oligophenylene—ethynylene dithiol (BPDN,
see figure 9(a)), show two distinct types of switching
behavior: stochastic switching in analogy to OPE (which
was also investigated in this study) and voltage-triggered
switching, which was not observed with OPE. In break-
junction experiments at low temperature, Lortscher et al
showed that stochastic switching of BPDN is suppressed
and they were able to controllably and reversibly switch
BPDN molecules between two conductance states [118] (see
figure 9(b)). In addition, they demonstrated that controlled
switching behavior can be used to write, read and erase bits
by simple voltage pulses and hence to employ a single BPDN
molecule as a memory element (see figures 9(c) and (d)).
As a background check, a related molecule without the nitro
groups, bipyridyl oligophenylene—ethynylene dithiol, did not
show any switching behavior. Despite this indication on the
importance of the nitro groups for the molecular switching, it
is not clear what the exact mechanism in the case of BPDN
is. Electrostatic charging, conformational changes or voltage-
induced breaking of the bonds of the tethered molecules at
the surface have all been proposed [15, 118, 201]. It is clear
that the local chemical and structural environment of molecular
electronic components is crucial for optimizing their function.
Moreover, the role of the contacts can be vital in determining
the function of a molecular-scale device. A very different
example of the latter was reported by Quek ef al [202]. They
made use of the STM-break-junction geometry to create a

authors connected this type of stochastic switching to subnanometer movement
of the BF,” counterions used to stabilize the molecule of interest. From a more
general point of view, this work emphasizes that the behavior of counterions
should always be taken into consideration to interpret molecular transport
studies.
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Figure 9. Controlled switching of a BPDN-dithiol molecule (shown in (a)) contacted in an Au break junction (MCBJ), at 100 K.

(b) Hysteretic I (V) (current—voltage) curves. If the voltage applied exceeds a positive threshold value (Vsyiicn, pos), sWitching from the initial
‘off” to the ‘on’ state occurs. A negative voltage sweep or a pulse below the negative threshold value (Vsyitch,neg) r€sets the molecule to the
initial ‘off” state. (c), (d) Memory operation based on the hysteretic 7 (V') curves. (c) Write, read and erase voltage pulse pattern applied.

(d) Resulting switching between ‘off” and ‘on’ state. This molecular junction is different than the one in (b). The inset shows its (V') curve.
From [118]. Reprinted with permission from Wiley. See also the work by Blum ez al [201].

gold-4,4-bipyridinegold molecular device (note: N—Au bond).
Quek et al demonstrated reversible toggling between two
conductance values upon junction elongation and compression.
Using first-principles calculations, the two conductance states
were related to two distinct contact geometries at the nitrogen—
gold bond.

To end this section, we discuss a case of extrinsic
switching in an extremely simple molecule with practically
no internal degrees of freedom. Recently, Trouwborst et al
demonstrated controlled conductance switching in Au—H,—
Au break junctions at low temperature (see figure 10) [203].
This research built on earlier work by Thijssen and Halbritter
et al, who had reported fast two-level conductance fluctuations
in Au-H,—Au junctions, when a bias of 40 mV or more is
applied [126, 204]. (Interestingly, similar features have also
been observed and analyzed in Ag-Cgp—Ag junctions, though at
different biases [205]) The bandwidth of the electronics being
limited, this generally led to the observation of a step up (or a
step down) in the molecular 7 (V') curves (see figure 10(a), top
curve). Thijssen et al used hydrogen isotopes to demonstrate
that this step is related to the excitation of a molecular
vibration. The different conductance states are most likely due
to different configurations of the H, molecule with respect to
the two electrodes. Trouwborst et al showed that by stretching
such an Au—H,—Au junction, a stable hysteresis loop in the
1 (V) curves arises (see figure 10(a)). Using this hysteresis as a
basis, a highly controllable and extremely stable conductance
switch could be demonstrated (see figures 10(b)—(d)). The
authors propose that the hysteresis results from a difference
in the hydrogen phonon energy for the two configurations
involved, the vibrational energy being lower for the second,
metastable configuration [203].

Summarizing, extrinsic switching is a surprising phe-
nomenon that opens up new possibilities of creating a
functional molecular device. Scientifically, many of the effects
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Figure 10. Controlled switching in an Au-H,—Au junction at 5 K.
(a) When the junction is pulled on by &2 A, a time-independent
hysteresis develops from a step up in the / (V') curves. For clarity, the
subsequent curves are shifted vertically. Inset: detail of a hysteretic
curve. (b) Hydrogen switching based on the hysteretic / (V') curves.
Upper graph: voltage used to control the switch. On top of an offset
voltage (34 mV), the voltage is pulsed by 420 mV (to go from ‘off’
to ‘on’) or —20 mV (vice versa). Lower graph: response.

(c) Stability of the hydrogen switch. No decay occurs on the
timescale of hours. After 10 h, switching from ‘off” to ‘on’ is
performed. (d) Multiple switching cycles. Up to 5000 cycles have
been demonstrated. The duration of all pulses used in (b)—(d) is

20 ms. Reprinted with permission from [203]. Copyright 2009 by the
American Physical Society.

seen are only poorly understood. In some cases, this is
due to experimental limitations, making it hard to distinguish
different switching mechanisms convincingly. Nevertheless, in
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most cases, there is fascinating science waiting to be explored
in detail, both experimentally and theoretically.

4.2. Tautomerization

As explained in section 2.1, conformational switches are based
on bistability of the molecular geometry. This can be achieved
through either stereoisomerization or structural isomerization
of the molecule. An elegant example of structural isomer-
ization is given by molecular switching in naphthalocyanine,
which is induced by a hydrogen tautomerization reaction. This
refers to migration of hydrogen atoms within the molecule,
resulting in two different configurations (tautomers) with
different conductances. Figure 11(a) shows [ and dI/dV
versus bias voltage V;, measured on a naphthalocyanine
molecule (see figure 3(c)), adsorbed on an ultrathin insulating
film on a copper single crystal [12]. The insulating film
(two monolayers of NaCl) serves to isolate the molecule
from the metallic substrate, which results in clear resonances
corresponding to tunneling through the HOMO and LUMO of
naphthalocyanine in the measured spectrum. The molecular
orbitals could also be imaged in real space (figure 11(b)),
and comparison with DFT calculations on isolated molecules
demonstrated that the electronic structure of an essentially
isolated molecule could be probed [12, 78]. When the V,
was increased significantly above the LUMO orbital, the
current unexpectedly oscillated between two stable values
(figure 11(c)). By reducing the bias voltage back to the
LUMO resonance and directly imaging that orbital, the authors
could show that the switching reaction corresponds to the
hydrogen tautomerization reaction of the inner hydrogens of
the naphthalocyanine molecule (figure 3(c)). The reaction
formally corresponds to a rotation of the hole molecule by 90°,
but it is only the hydrogens that move without changes in the
outer framework of the molecule. The hydrogen atoms break
the fourfold symmetry of the molecule and the tautomerization
reaction causes all the electronic orbitals to rotate by 90°.
When the bias is set such that tunneling proceeds through
one (or a few) orbitals, the tautomerization reaction results in
considerable changes in the conductance.

It was shown that the tautomerization of the inner
hydrogens is induced by the tunneling current, i.e. by an
inelastic single-electron process. The linear dependence of
the switching rate on the current (at a fixed bias) is consistent
with a single-electron process. By measuring the switching
rate at different positions over the molecule, a map shown
in figure 11(d) could be obtained. Each pixel in the map
corresponds to a time trace with an average of 100 switching
events, giving a total of 75000 switching events measured
over the same molecule. These measurements were carried
out in constant-current mode and thus the measured rate is
directly proportional to the quantum yield of the switching
process (number of switching events/number of tunneling
electrons). It is clear that the switching rate in a given
direction is asymmetric over the molecule. On the practical
side, this difference can be exploited to control the direction
of the tautomerization reaction. If the current is injected in a
position where the probabilities for switching back and forth
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Figure 11. Molecular switches based on hydrogen tautomerization.
(a) d1/dV spectroscopy of naphthalocyanine showing resonances
corresponding to the tunneling through the frontier molecular orbitals
measured on an NaCl bilayer on Cu(111). (b) STM imaging at the
biases corresponding to the resonances allows direct visualization of
the symmetries of the molecular orbitals (top) and comparison with
DFT calculations on isolated molecules (bottom). (c) Increasing the
bias voltage causes the current to oscillate between two stable states.
Orbital imaging can be used to investigate changes in the molecular
orbitals due to the switching reaction. (d) Spatial dependence of the
switching rate measured in the constant-current measurement.

From [12]. Reprinted with permission from The American
Association for the Advancement of Science.

are very different, the final position of the hydrogen atoms
can be selected with a high probability (approx. 90%). The
striking feature of the map shown in figure 11(d) is that the
largest switching rate is achieved when the tip is above the far
periphery of the molecule, i.e. >10 A from the reaction site.
This points to the importance of the increased lifetime of the
tunneling electron on the molecule due to the presence of the
insulating film and the relevance of vibronic excitation in the
switching process.



J. Phys.: Condens. Matter 22 (2010) 133001

Topical Review

neutral MgP

2.01A

-0.40V

Molecule in the redox gate

Au nano- i‘s
l particle
— [ 6nm
ounter \ i
eleclrode_l S >
o == Redox
€ )oate | 30T
Au Substate 0,40V 2.82A

difdV (nAV)

o
R

d Gate

1 @oiEEoE

empty
= level

/ 4005

uaund

_ cumen— S

0.00

u)

{0052

shift with Vg

EF + eV.
i .EF

-0.7 -05 -03

Vg (V)

-0.1 041
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can be controllably switched between z = 0 (1) and z = —1 (2) charge states. Bottom: The charge on the gold atom is stabilized by a
reorganization in the ionic thin film. From [13]. Reprinted with permission from The American Association for the Advancement of Science.
(b) STM experiments on charge switching of a single magnesium porphine (MgP) deposited on an ultrathin alumina film on NiAl(110)
surface. Top: 1V -and d//dV curves showing hysteretic, bistable behavior. The positive and negative bias sweeps are indicated by red and
green color, respectively, and the switching events are indicated by black arrows. Bottom: Switching is a result of electron addition to the
LUMO. STM imaging shows how this results in a formation of a singly occupied molecular orbital (SOMO) that can be probed both at
negative (electron removal from the SOMO) and positive (electron addition to the SOMO) bias. Adapted with permission from [14].
Copyright 2008 American Chemical Society. (c¢) Schematic of the experiment of Gittins ef al: a redox-active molecule is sandwiched between
a gold nanoparticle and a gold substrate and electrochemical STM was used to examine the electrical characteristics of this device. Electrons
can be injected into the redox gate by applying a suitable potential on the substrate while the potential between the tip and the substrate (V) is
controlled independently. Reprinted by permission from Macmillan Publishers Ltd: Nature [208], copyright (2000). (d) Top: a schematic of a
single-molecule field effect transistor (FET) which consists of a redox molecule (perylene tetracarboxylic diimide) covalently bonded to a
source and drain electrode and an electrochemical gate. Middle: By adjusting the gate voltage, the LUMO of the molecule shifts to within the
bias window between the Fermi levels of the source and drain electrodes, resulting in a nearly three orders of magnitude increase in the
source—drain current. Bottom: experimental results of the source—drain current as a function of the potential of the electrochemical gate.
Adapted with permission from [210]. Copyright 2005 American Chemical Society.

What makes this molecular switch particularly attractive
is that the conformational changes are confined to the center
of the molecule and yet have an effect on the delocalized
molecular orbitals over the entire molecule. This makes
this molecule a promising candidate as a building block
for more complicated molecular assemblies towards the goal
of constructing molecular logic units. As a first step in
that direction, the authors demonstrated that the switching
processes can be coupled to neighboring molecules: charge
injection in one molecule can induce tautomerization in an
adjacent molecule [12].

4.3. Charge switching

Charge switching observed by STM. Before discussing
molecular switches based on a redox reaction, we will consider
the simplest type of charge switch as it demonstrates some
of the basic concepts: a single atom. If the atom is directly
adsorbed on a metal substrate, the strong coupling between the
atomic orbitals and the electronic levels of the metal prevents
permanent charging of the atom. However, if it is adsorbed on
an ultrathin insulating film, the lifetime of the electron on the
atom can be considerable increased. The question is if this can
even lead to permanent charging. Typically, one would assume
that the tunneling rates between the atom and the substrate
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are still too high and hence only transient charging would
be possible. However, relaxation of the insulating layer can
stabilize the charge on the atom and lower the ionization level
below the Fermi level of the electrodes, leading to permanent
charging. This is exactly the experiment described by Repp
and co-workers (see figure 12(a)). They showed that Au
atoms adsorbed on an ultrathin NaCl monolayer can be made
permanently negatively charged [13]. The reorganization of the
sodium and chloride ions of the insulator following the charge
transfer to the Au atom stabilizes the new state and leads to
a stable charged state, at low temperature. Subsequently, the
same team demonstrated that, with Ag, three different charge
states can be accessed (Ag~, Ag” and Ag*) [28]. These and
other studies have demonstrated that this kind of process is
general to atoms on polar insulating films [13, 28, 206].

Also molecular charge switching requires bistability of
the charge states of the molecule. In the STM geometry, this
can be achieved if (i) the lifetime of the tunneling electron on
the molecule is sufficiently long and (ii) there is a mechanism
that stabilizes the extra charge on the molecule [13, 14, 28].
One possibility for realizing this in practice is adsorbing the
molecules on an ultrathin insulating film, in analogy to the
Au and Ag atoms discussed above. The insulator reduces the
tunneling coupling between the molecule and the substrate, and
ionic reorganization in the film due to an added electron on
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the molecule can stabilize the charge state. This approach has
been demonstrated by the group of Ho, who studied charge
switching of magnesium porphine adsorbed on an ultrathin
alumina film on an NiAI(110) surface (see figure 12(b)) [14].
They demonstrated that the molecule can be controllably
charged with one extra electron, and then uncharged by
applying a negative bias potential in the STM. The added
electron occupies the LUMO, resulting in the formation of a
singly occupied molecular orbital (SOMO). This change can be
detected by STM orbital imaging: in the case of an SOMO, the
orbital images both at positive and negative bias are identical
as they correspond to either the addition (positive bias) or
removal (negative bias) of an electron to/from the same orbital.
The relative stabilities were found to depend on the exact
adsorption site within the complex unit cell of the alumina
surface.

The use of diluted SAMs also offers the possibility to
study intrinsic switching. In fact, it has proven very useful for
qualitative studies on several types of switchable molecules.
For example, Seo et al described conductance switching
of thiol-tethered Ru(Il)-terpyridine complexes embedded in
alkanethiolate monolayers [207]. The authors observed that
resonant transmission through the LUMO at positive bias
resulted in permanent charging of the complex, which gave rise
to hysteretic 7 (V) curves. The charge could be reversibly taken
off the molecule at negative bias.

Redox switching observed by electrochemical STM. There
is an alternative approach to studying charge switching
in single-molecule junctions compared to low temperature
STM: electrochemical STM as discussed above. In the first
study of this kind, Tao described experiments on Fe(III)-
protoporphyrin [16]. The author showed how alignment of the
LUMO of the molecule with the Fermi levels of the tip and the
substrate changed the conductance by an order of magnitude
and demonstrated efficient gating of the molecular charge state.

The work of Tao was followed by an influential paper
by Gittins er al [208], who used STM to investigate
electrochemically induced conductance switching in N, N-di-
(10-mercaptodecyl)-4-4'-bipyridinium dibromide (bipy). The
experiments were carried out in a gold nanocluster-bipy—
substrate system, where an STM tip was used to contact the
gold nanocluster (see figure 12(c)). STM experiments in
the absence of electrochemical gating showed a single sharp
resonance at negative bias, which the authors attributed to
the tunneling through the bipy ™ state (the molecule is in the
dication state at equilibrium). Gittins et al determined the
decay length by measuring the dependence of the tunneling
current on the tip height in an electrochemical STM and
found that it decreased significantly upon reduction of the bipy
molecules from bipy>* to bipy .

Subsequent experiments have used the STM break-
junction (STM-BJ) technique. This method yields statistical
information (histograms) on many molecular junctions formed
sequentially (see above) [17, 21, 45, 47, 134, 209-211]. By
carrying out STM-BJ experiments in an electrochemical STM,
electrochemical gating can be used to adjust the Fermi levels
of the tip and the substrate with respect to the molecular energy
levels [17, 21, 209-212].
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In the first report of this kind Haiss ef al investigated
changes in the conductivity of 6-[1’-(6-mercapto-hexyl)-
[4,4'1bipyridinium]-hexane-1-thiol iodide (6V6) due to the
applied electrochemical potential [17]. The molecules were
not dissolved in solution, but already adsorbed on the
surface during the tip—substrate contact. The authors were
able to distinguish between one, two or three molecules
being adsorbed in the tip—substrate junction and extracted
a molecular conductivity of 0.49 nS, in line with previous
experiments on molecules embedded in a self-assembled
monolayer. Upon applying a potential on both the tip and
the substrate with respect to a reference electrode in solution,
they were able to modulate the molecular conductivity by
a factor of six. The potential region, where the changes
in the molecular conductivity occurred, corresponded to the
known reduction potential of the bipyridinium moiety of 6V6
from V2* to V* [17]. Later experiments on molecules
with different standard redox potentials further confirmed the
effect of the electrochemical redox reaction on the molecular
conductivity [211, 213].

The group of Wandlowski has also been active in
using STM-BJ junctions under electrochemical control to
study switching of bipyridinium and perylene bisimide
derivatives [18, 136, 214, 215]. They carried out detailed
investigations of both mono- and dithiol-derivatized molecules
that allowed us to control the nature of the molecular junction:
symmetric (dithiol) or asymmetric (monothiol). In the case
of dithiol-derivatized bipyridinium, the STM break-junction
technique yielded individual molecules bridging the tip and
substrate gap. By tuning the potentials of the tip and the
substrate with respect to a reference electrode (with a fixed
small tip—substrate bias), the authors observed a sigmoidal
increase in the molecular conductance that coincided with the
known electrochemical formal potential of the bipy>* /bipy ™
redox couple. This was attributed to the higher conjugation of
the radical cation with respect to the dication. This observation
is qualitatively similar to the results of Haiss e al; however, the
saturation of the conductance past the reduction potential was
more clearly observed [17, 18]. The authors attributed this to
the strict absence of oxygen in their experiments as oxygen is
known to react with dithiol-derivatized bipyridinium.

In the case of a monothiol monolayer pre-adsorbed
on one of the electrodes, the authors focused in detail
on the interpretation of the STM experiments based on
electrochemical electron transfer theory [136, 215]. This
yielded additional information on the mechanism of charge
transport in such molecular junctions. The authors were able
to show that switching can be understood within the physics of
a weakly coupled quantum dot: the current is the sum of the
contributions of the various molecular orbitals within the bias
window.

Tao et al have described further measurements aimed at
understanding details of transport in single-molecule junctions
under electrochemical control (see figure 12(d)) [21, 209, 210].
They have investigated the effects of electrochemical charging
(either reversible [21, 210] or irreversible [209]), electron
donating side groups [209] and solvent/electrolyte [21]. In
particular, they investigated electrochemical gating of perylene
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tetracarboxylic diimide (PTCDI) and showed that electron
addition due to the electrochemical gating results in a change of
conductivity by three orders of magnitude [210]. Subsequent
studies on three different PTCDI derivatives showed that
the gate voltage had a significant effect on the temperature
dependence of the molecular conductance. Below the onset
of resonant tunneling through the LUMO orbital, the transport
occurs via a thermally activated two-step process in aqueous
solution. The activation energy of this process depended
on the gate voltage and tended towards zero as the gate
voltage was made more negative, i.e. the LUMO orbital was
tuned within the bias voltage window. In contrast to an
aqueous solution, the molecular conductance was temperature-
independent in an organic solvent (toluene). This can be
rationalized by considering the solvent reorganization energy
in the Marcus model: the charge due to the added electron
on the molecule does not couple to the non-polar solvent
molecules and hence the solvent reorganization energy is very
small in an organic solvent. All the PTCDI derivatives had
overall similar qualitative behavior. However, as expected,
the linkage chemistry had an effect on the actual values of
conductance and, in addition, the sub-threshold slopes were
found to be different for the different molecules. These studies
show that it is possible to achieve transistor-type behavior
and large switching ratios due to electrochemical charging
in molecular junctions, in complete analogy to the solid-
state three-terminal devices [19, 20]. At the same time, the
environment (aqueous electrolyte) will have an effect on the
observed response.

A report by Albrecht et al showed that it is also
possible to carry out electrochemically gated transistor
experiments on single molecules in ionic liquids [212].
They showed on/off ratios of 50 due to electrochemical
reduction of an Os bisterpyridine complex in ionic liquid (1-
butyl-3-methylimidazolium hexafluorophosphate). This study
demonstrated the flexibility of the electrochemical control:
by independently controlling the tip and substrate potentials
with respect to the reference electrode it is possible to induce
rectifying behavior as well [212].

Finally, Tsoi et al studied quinone-modified
oligo(phenylene vinylene) molecules in an electrochemical
STM set-up [216]. They demonstrated that the reversible
switching of the molecule between reduced hydroquinone
and oxidized quinone forms under electrochemical control
resulted in significant changes in the molecular conductivity.
Their analysis indicates that the high conductivity of the
hydroquinone form is due to full bond conjugation throughout
the molecule. In contrast, this conjugated path is broken in the
quinone form of the molecule and hence the conductivity is
lowered (see also [217]).

Charge switching in a device structure. There are only
very few examples of charge switching in a molecular device
geometry. Here, we mention the very recent work by Liao
et al on TTF molecules [218]. They prepared very regular
networks of gold nanoparticles (10 nm diameter) in which
neighboring nanoparticle pairs are connected by one or a few
TTF molecular bridges (see figures 7(c) and (d)). Indeed,
Liao et al observed a significant conductance increase upon

18

oxidizing the TTF molecular bridges in the network structure.
Moreover, switching was demonstrated to be reversible.

Anticipating the next section, we note once again that
redox reactions play a pivotal role in the switching process
of mechanically interlocked molecules as well. Nevertheless,
we deal with these molecules separately, since they are
true conformational switches, in contrast to the molecules
discussed in this section.

4.4. Mechanically interlocked switches

As the interlocked molecular switches have played a very
prominent role in the history of switchable molecular devices,
we discuss them in detail. J Fraser Stoddart has been the
essential driving force behind the synthesis of mechanically
interlocked molecules, such as ring-like catenanes and linear
rotaxanes (see figure 3(b)) [7]. In these molecules, an outer
ring can move between two stations on a macrocycle or
molecular rod, respectively. If two different stations are
chosen, e.g. one being a tetrathiafulvalene (TTF) unit and the
other being a 1,5-dioxynaphthalene (DNP) unit, the ring will
preferentially be located at the TTF unit. The situation in which
the ring is located around the DNP station can be considered a
metastable state. At the end of the last millennium, Stoddart
joined forces with James Heath and Stanley Williams to
create switchable devices based on mechanically interlocked
molecules. The basic idea behind this effort was that the
conductance of a device should change when the outer ring
moves from one station to the other. An intuitive reason for this
is that the extension of the frontier molecular orbitals and hence
the overlap with the electrodes changes significantly between
the two molecular co-conformers (for a more elaborate study,
see [219]).

The first major result coming from the Heath—Williams—
Stoddart collaboration was reported by Collier et al [187].
Three types of ‘rotaxanes’ were considered, all having
the same symmetric dumbbell backbone containing two
bipyridinium stations. For the first molecular type, R(1), a
single encircling crown ether ring was present. This ring can
therefore hop between both bipyridinium stations, resulting in
two degenerate molecular states. For R(2), two encircling
rings were present, i.e. one on each station, whereas R(0)
contained no ring at all. Devices were created by first
patterning Al/Al,O3; wires on a silica substrate, followed by
deposition of the molecules of interest as a Langmuir-Blodgett
film. Subsequently, a 5 nm Ti layer and a 100 nm Al top layer
were evaporated through a shadow mask by electron beam
deposition. It is important to note that all of these devices
incorporate PF¢ counterions in addition to the switchable
molecules. For the R(1)-based devices, Collier et al found
irreversible conductance switching. As prepared, the devices
turned out to be in the ‘on’ state. However, upon applying a
voltage of 0.7 V or more (with respect to the grounded top
contact), the devices turned off indefinitely. Although other
control devices showed passive tunneling behavior, samples
incorporating R(0) and R(2) molecules behaved similar to
those incorporating R(1) molecules. Hence, the switching
mechanism was tentatively attributed to oxidation of the
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Figure 13. Conductance switching of a catenane-based molecular solid-state device by Collier et al [220]. (a) Two states of a [2]catenane
molecule. The ground state is a co-conformer [A°]. In this case, the TTF unit is located inside the cyclophane. (b) Proposed switching
mechanism in the device. When the [2]catenane is oxidized (by applying a bias of —2 V), the TTF groups (green) are ionized, resulting in
Coulomb repulsion with the tetracationic cyclophane (blue). This causes circumrotation of the ring, yielding state [B*]. When the voltage is
decreased to a near-zero bias, [B°] is formed. Partial reduction of the cyclophane (at a 12 V bias) is necessary to regenerate [A°]. The
intermediate co-conformer [AB*] is indicated with an unknown oxidation state. (c) I (V) hysteresis loop of one of the devices (stack:
poly-Si/SiO,/catenane monolayer/Ti/Al), at 291 K. The authors relate the asymmetry of the curve to the two different electrode materials.
(d) The remnant molecular signature of the device, measured by varying the write voltage in 40 mV steps and by reading the device at —0.2 V
(see the main text). (e) Switching operation of the device. The junction resistance was read at a bias of 0.1 V as the device was alternately
opened at +2 V and closed at —2 V. The authors relate the ‘off” state to [A°] and the ‘on’ state to [B°]. From [220]. Reprinted with
permission from The American Association for the Advancement of Science.

dumbbell, rather than to mechanical shuttling of the crown
ether ring (see section 4.3).

Next, the Heath and Stoddart groups focused on
[2]catenane-based devices [220]. In figure 13(a), the chemical
structure of the molecules used is shown schematically. On
the larger crown ether ring, a TTF and a DNP unit are present.
This ring itself is interlocked with a tetracationic cyclophane
that includes two bipyridinium units (each 24). As a result,
these catenane molecules are bistable. The ground state co-
conformer is the one in which the TTF unit is located inside
the cyclophane (state [A°]). In figure 13(b), the proposed
redox-based mechanism of shuttling is schematically shown.
The device structure that was chosen differed slightly from the
1999 work. In this case, the bottom electrode consisted of
n-type polycrystalline Si with a 1-1.5 nm thick oxide layer,
on top of which the molecular layer (including counterions)
was deposited by the Langmuir-Blodgett technique. Just as
for the 1999 devices, this resulted in relatively weak electronic
coupling between the molecules and the bottom electrode. As
a top electrode, a Ti/Al double layer was used, which was
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grounded in all experiments. Collier et al observed reversible
conductance switching for these devices. In figure 13(c), we
reproduce their current—voltage curves, where V;, was ramped
back and forth between —2 and 42 V. A slight hysteresis
between forward and backward scans can be seen, which could
not be explained by capacitive effects. To study this effect in
more depth, the authors determined the state of the device at
low bias (0.1 V, ‘reading’) after the voltage had first been set
by ‘writing’ at a larger bias. This so-called remnant molecular
signature, shown in figure 13(d), exhibited two conductance
states: ‘on’ and ‘off’. Writing from ‘on’ to ‘off” could be done
using a positive voltage greater than 2 V, whereas resetting
to the ‘off’ state could be done using a negative bias below
—1.5 V. The authors found ‘on’—‘off” ratios of typically a
factor of two, with large variations. Some devices could be
cycled for a few hundred times over two months. In contrast
to the 1999 paper on rotaxane devices, reversible switching in
these catenanes was interpreted as a mechanical effect. One
of the main arguments for this was the measured temperature
dependence. It was seen that the on—off ratio of the device
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decreases with decreasing temperature, becoming unity near
220 K. This observation is consistent with the fact that at
least one of the transitions in the full switching cycle, i.e. the
regeneration of the ground state [A°] via the metastable state
[AB*], is expected to be an activated step (see figure 13(b)).

The success of the papers discussed above triggered
a larger scale effort by the groups involved. In 2001,
devices made of monolayers of [2]catenanes, double-
station [2]pseudo-rotaxanes and single-station [2]rotaxanes,
respectively, were presented and compared [221]. A step in
the direction of applications was set by Luo et al [188]. They
reported rotaxane-based memory devices based on a cross-bar
architecture and state-of-the-art lithographic techniques. For
this, vertical devices with areas as small as 0.005 p,rn2 were
constructed. Another technologically interesting development
was presented in 2003, when it was shown that working devices
could be fabricated with a single-walled carbon nanotube as
a bottom electrode [222]. In this way, the effective device
area was minimized to 0.002 um? or roughly 2000 catenane
molecules. In the same year, the Williams group added
to this by demonstrating vertical devices based on imprint
lithography [223]. In contrast to the work by Luo et al, ‘on’—
‘off” ratios as high as 10* were found.

An on-going issue in molecular electronics is the question
if the effects observed are truly intrinsic to the molecules in
the device. In 2003, a discussion on this matter materialized
for switchable rotaxane- and catenane-based devices after a
critical review in Science [224]. Specifically, the role of the
electrodes was debated [36-38, 225, 226]. First, several groups
demonstrated that switching with high ‘on’—‘off” ratios can be
achieved in molecular devices that incorporate noble metals
(Au, Ag, Pt) as bottom and/or top contacts [37, 39, 225]. Here,
switching from ‘off” to ‘on’, and vice versa, was connected to
the formation and breakdown of metallic filaments under the
influence of the applied potential. Indeed, the exact chemical
content of the molecular layer appeared of minor importance
for the functionality of these devices. A second matter of
concern was the influence of the Ti layer, which serves as
an adhesion layer between the molecules and the final top
electrode (Al, Au, Pt). The choice of these materials follows
common practice in thin film laboratories, but its advantages
become less obvious in molecular devices. Not unexpectedly,
it was shown that Ti reacts heavily with the organic molecules
to form titanium carbide [36, 226]. For smaller molecules,
this may lead to destruction of the organic layer. For larger
molecules, this problem could be circumvented by allowing
for a ‘sacrificial’ organic group at the top of the molecular
layer. In addition to carbide formation, severe TiO, formation
was reported for the case of oxidized bottom electrodes [226].
To counter these objections, Heath and Stoddart noted that in
their devices the bottom contact consisted of either Al/Al,O3
or Si/SiO, or carbon nanotubes, so that filament formation
from the bottom upwards is unlikely [187, 188, 220, 222]. In
addition, they designed new experiments to investigate their
exact device behavior in more detail [227-230]. Finding
direct evidence for mechanical shuttling turned out to be
experimentally difficult. Therefore, Flood et al chose to do
indirect control experiments for double-station (TTF and DNP)
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Figure 14. Study of the relaxation step in rotaxanes (see figure 3(b))
from the metastable ‘on’ state (ring positioned on the DNP) to the
ground, ‘off” state (ring positioned at the TTF) [227]. Four
environments are compared, in which steric hindrance for molecular
shuttling increases gradually: (i) molecules in solution;

(i1) molecules in a polymer matrix; (iii) molecules in an SAM and
(iv) molecules in a true vertical device. The kinetics of the
rate-limiting step are plotted versus temperature in an Eyring plot.
The difference in activation barrier is relatively small, going from
0.67 eV (or 16 kcal mol~"', indicated) for a solution, to 0.76 eV (or
18 kcal mol™") for the SAM and polymer matrix, to 0.88 eV (or

21 kcal mol~") for the devices. This set of results provides indirect
evidence that mechanical shuttling, though hindered, is taking place
in the device geometry. From [227]. Reprinted with permission from
The American Association for the Advancement of Science.

[2]rotaxanes and [2]catenanes. They focused on the relaxation
from the metastable ‘on’ state, in which the ring is positioned
on the DNP unit, to the ground state, in which it is around
the TTF unit (‘off” state). The authors performed temperature-
dependent electrochemical experiments to characterize this
activated step in detail. Four environments for the interlocked
switch were compared, representing a series in which steric
hindrance for molecular shuttling increases: (i) molecules in
solution; (ii) molecules in a polymer matrix; (iii) molecules
in a self-assembled monolayer, which can be seen as a half-
device and (iv) molecules in a true vertical device. Figure 14
shows the kinetics of the rate-limiting step as a function of
temperature. Clearly, there are large differences in the absolute
timescales of the relaxation. Typically, the molecular devices
switch back at a rate that is orders of magnitude slower than
what is found for molecules in solution. Nevertheless, the
authors pointed out that the difference in activation barrier is
relatively small, going from 0.67 eV (or 16 kcal mol~') for
the solution to 0.76 eV (or 18 kcal mol~") for the SAM and
polymer matrix, to 0.88 eV (or 21 kcal mol™!) for the devices.
The continuous increase of these barriers was attributed to the
steady decrease in mechanical freedom in these four systems.
This result can hence be seen as indirect evidence for the fact
that molecular shuttling, though hindered, is taking place in
the molecular devices. The fact that the environment plays a
direct role in mechanical switching of interlocked molecules
was independently confirmed by Katz et al [231]. They
showed that the shuttling rate of the activated step in an SAM
made of (somewhat different) rotaxanes is dominated by the
local friction. The latter quantity was varied by changing the
viscosity of the liquid surrounding the SAM. A next control
experiment focused on titanium carbide formation. Delonno
et al performed reflection—absorption infrared spectroscopy
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on various Langmuir-Blodgett layers of rotaxanes before and
after the evaporation of 2 nm of Ti [232]. With this technique,
molecular vibrations (e.g. C—H stretching and ring bending)
can be distinguished within the organic layer. Delonno found

that in less dense molecular layers (118 Az/molecule) the
signature of such vibrations was lost after Ti evaporation, as a
result of the formation of titanium carbide. The authors related
this to the fact that rotaxanes in low-density layers are tilted
at a relatively large angle with respect to the surface normal.
Hence, Ti can easily penetrate into the central parts of the
molecules, i.e. near the stations and encircling ring. For denser
layers (73 and 54 A’ /molecule, respectively), most molecular
vibration peaks were still present after Ti evaporation. In other
words, carbide formation appeared to be dominantly limited to
the sacrificial endgroup of the molecule. Electric devices based
on the same three-layer densities exhibited behavior consistent
with the infrared data. The denser layers, for which the two
stations and the surrounding ring are more shielded against Ti
penetration, gave rise to switchable junctions. Devices built
around the least dense layer of 118 A’ /molecule, however,
exhibited no conductance switching.

All in all, the work on rotaxane- and catenane-based
devices has been of great importance to the field of molecular
electronics. The pioneering efforts by the researchers involved
represented one of the first fruitful collaborations of excellent
synthetic chemists and physicists in molecular transport. The
most important result of this collaboration is that molecular
devices were created that exhibited reversible conductance
switching over extended periods, with moderate ‘on’—‘off’
ratios. Due to the high profile of the research, it is not
surprising that a serious discussion started about the exact
switching mechanism in these devices; a discussion which has
not led to full consensus yet. Clearly, control experiments
such as presented on interlocked switches in recent years are
essential for a solid scientific basis of this research field.

4.5. Photochromic switches

Various types of photochromic molecules have been dis-
covered and/or designed over the years, the archetypical
examples being spiropyrane and stilbene [5, 6, 233-235].
Stilbene can be reversibly turned into dihydrophenanthrene
upon illumination.  Unfortunately, the latter product can
irreversibly decay into phenanthrene in the presence of air,
making stilbene a non-ideal candidate for devices [5, 233].
Nevertheless, the chemical research on stilbene has paved
the path towards the synthesis of more stable photochromic
switches, most notably the diarylethenes [5, 6, 234, 235].
Arguably, an even more famous group of photochromic
molecules is formed by the azobenzenes [8, 10, 236, 237].
Most of the charge transport work has focused on these two
groups of molecules. New photochromic switches, however,
are continually proposed [238, 239]. As a result, light-
sensitive molecular devices are likely to become more and
more versatile and robust.

4.5.1. Azobenzenes. = Azobenzenes undergo a cis—trans
isomerization in solution upon illumination (see figure 3(a)).
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Figure 15. STM experiments on azobenzenes by the Crommie
group. (a), (c) Calculated geometry of the four-legged
tetra-tert-butyl-azobenzene (TTB-azobenzene) in the trans-form (a)
and cis-form (c) of the molecule. The legs elevate the molecule from
the surface, thus reducing molecule—metal interaction. (b), (d)
Expected appearance of the trans-form (b) and cis-form (d) in an
STM experiment, as calculated using density functional theory.
(e)—(g) Reversible switching of an individual TTB-azobenzene
molecule by sequential UV illumination, from trans to cis to trans.
Reprinted with permission from [10]. Copyright (2007) by the
American Physical Society.

However, it is not a priori clear that the same processes will
occur after connecting the molecules to a metal. The presence
of the substrate can affect photoswitching through a number
of factors, two of the most important being quenching of the
excited state and steric hindrance. To start with the latter, steric
hindrance presents a fundamental limitation to the applicability
of azobenzenes in two-terminal devices. Once a molecule is
contacted, the distance between both electrodes is, in principle,
fixed. A large change in the effective length of the molecule
upon switching, as exhibited by azobenzenes, is therefore not
easily accommodated. A scanning probe, on the other hand,
does have the freedom to adapt to the state of the molecule.
For this reason, most of the work on azobenzenes has been
performed by STM.

Let us first discuss STM work on azobenzenes lying
flat on a surface. In this configuration, the coupling
between substrate and molecule is quite large. Indeed, the
Crommie group showed that simple azobenzenes adsorbed
on Au(111) do not exhibit photoswitching [10]. Therefore,
they decided to increase the distance between the molecule
and the surface by introducing four ‘legs’, i.e. tert-butyl side
groups, on the benzene rings (see figures 15(a) and (c)). This
physically lifts the molecule up from the surface. For these
decoupled molecules, photoinduced isomerization was indeed
demonstrated. In the experiment shown in figures 15(e)—(g),
an individual frans-molecule is switched to the cis-state by
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Figure 16. STM experiments on photochromic switches diluted in a SAM of dodecanemonothiols (see figure 5(c)). (a) Trans- and cis-form of
a thiolated azobenzene coupled to Au(111) via a short alkane spacer. (b) Photochromic switching of an individual azobenzene molecule as a
result of alternate illumination by visible and UV light. Reprinted with permission from [103]. Copyright 2003 American Chemical Society.
(c) Closed and open states of a thiolated diarylethene. (d) Inset: single switching event (closed to open) of an individual diarylethene. Larger
graph: statistical analysis of switching events in a larger area during subsequent illumination with visible light and UV light. The variations
are due to stochastic switching (see figure 8). Note that for azobenzenes, the change in apparent height is dominated by a change in physical
height, whereas for the diarylethenes, it is mostly a result of a change in conjugation (see (c)). From [105]. Reprinted with permission from

Wiley.

UV light. After a second exposure to UV light, the molecule
switches back to the trans-form. The difference in appearance
between cis- and trans-forms, as found experimentally, was
confirmed by calculations based on density functional theory
(figures 15(b) and (d)). Interestingly, the Crommie group
found that both UV and visible light induce switching with
similar rates, contrary to what is seen for molecules in
solution [10, 11]. Hence, the proximity of a metal still
has a significant influence on the isomerization dynamics.
Further STM experiments performed on flat-lying azobenzene
derivatives emphasize both the versatility and complexity of
molecular systems. In fact, it was shown that azobenzene
isomerization can also be induced electrically by inelastic
tunneling [9]. The inelastic tunneling mechanism involves
sequential vibrational excitation of the molecule to overcome
the isomerization activation energy barrier. However, the
direction of the switching reaction could not be controlled [9].
In 2006, Grill and co-workers reported azobenzene switching
by the electric field set-up by the STM tip [8]. More
recently, they gave a fascinating example of how molecular
switching can be influenced by the supporting surface [240].
For specific monolayers of trans-azobenzene derivatives on
Au(111), they found that some molecules are switched to cis
much more easily than others. Remarkably, the molecules
that can be converted are found in a pattern that is spatially
periodic. In other words, a very regular arrangement of
addressable molecular switches is imposed onto the molecular
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layer by the Au(111) lattice, even though the monolayer
itself is homogeneous. We end this paragraph with another
exciting example of how the proximity of a metal can
influence switching. Recently, Wolf and Tegeder demonstrated
molecular switching of tetra-tert-butyl-azobenzene on Au(111)
induced by a substrate-mediated charge transfer process [237].
In their picture, light-induced hot holes in the gold first move
to the top of the d-band. After this, they transfer to the HOMO
of the contacted azobenzene and initiate the switching process.
This represents a captivating case of a switching mechanism
that actually arises from the presence of a metal.

We now move to STM studies on azobenzenes that are
connected to a substrate at one point only. This geometry
can be seen as a half-device, where the STM tip plays the
role of a remote second electrode. Inspired by the Weiss
group, Yasuda et al studied molecular switching in a diluted
SAM consisting of azobenzene-type molecules located in a
matrix of dodecanethiols [103]. To prevent functionality
loss, the authors chose to connect the azobenzenes to an
Au(111) substrate by a short alkane spacer (see figure 16(a)).
The individual azobenzene molecules were imaged as bright
protrusions, i.e. their apparent height, A,,p, was larger than
that of the alkanethiols (see figure 5(c)). Upon illumination
by UV light, however, these protrusions became significantly
lower, one by one. These changes could be reversed by
irradiation with visible light, as shown in figure 16(b). Since
the trans-form of the azobenzene molecules has a larger
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physical length, this result is consistent with trans-to-cis
switching (visible light) and cis-to-trans switching (UV),
respectively.  In addition to light-induced switching the
authors reported an extrinsic switching effect, which occurred
quite randomly when scans were made at positive biases,
again highlighting the need to distinguish between these two
switching mechanisms. A contribution was also made by the
Weiss group [241]. They studied azobenzene molecules with
relatively long saturated chains, assembled in a decanethiol
SAM. Light-induced switching was indeed observed with a
more than 90% efficiency from trans (large h,pp) to cis (smaller
happ). Reverse switching was also observed, although not for
all molecules.

As mentioned above, switching azobenzene within a two-
terminal device is not trivial. One way out would be to
use very flexible electrodes. Del Valle et al argue that
nanotubes or, if necessary, telescopic nanotubes should be
able to accommodate the conformational change exhibited
by switching azobenzenes [236]. Therefore, they calculated
the conductance change for azobenzenes contacted by two
carbon nanotubes. Not only did they find a considerable on—
off conductance ratio, they also made the prediction that this
ratio depends on the exact chirality of the nanotubes used.
(We note that a similar effect has recently been predicted
for diarylethenes [242].) To our knowledge, single-molecule
measurements such as proposed by Del Valle et al are still to
be performed. However, for complete azobenzene SAMs, a
few experiments have been reported. First, Mativetsky et al
used a conducting AFM set-up to create a quasi-two-terminal
device (gold substrate—azobenzene SAM-metal-coated tip)
with sufficient flexibility to adapt to the anticipated height
change of the SAM [243]. Their study focused on UV-
induced switching from the trans- to the cis-state. After
illumination, they observed an increase of the conductance
typically of a factor 25-30, which was explained to first
order from the corresponding decrease in tunnel barrier length
(SAM-height). A similar result was obtained using an Hg-
droplet top electrode. In this case, the authors observed
reversible conductance switching with a ratio around 25 [244].
Interestingly, upon switching from the cis- to the trans-form,
the azobenzene molecules were able to lift the Hg droplet. The
ability of azobenzene molecules to perform work establishes
a connection to the growing research field on (photochromic)
synthetic molecular motors and machines [245-250].

4.5.2. Diarylethenes. Diarylethenes (or rather
dithienylethenes) were first synthesized by Irie er al [5].
Generally, they can be converted from a conjugated ‘on’
state to a cross-conjugated ‘off’ state upon illumination
with visible light. The reverse process is possible with
ultraviolet (UV) light (see figure 3(d)). The energy barrier
between both isomers is typically much higher than for
azobenzenes. Hence, diarylethenes cannot easily be switched
by heating. Diarylethenes have a number of properties that
make them attractive as molecular switches. For example,
the photoisomerization reaction does not have significant side
reactions and hence photodegradation is not as serious a
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Figure 17. A set of diarylethenes that have been studied after
connection to gold [104, 105, 117, 135, 175, 177, 251]. They differ
mainly in their endgroups: (a) thiophene ring and thiol

endgroup [117]; (b) phenyl endgroup with thiol(s) in

meta-position [105, 177, 251]; (c) phenyl endgroup with thiol in
para-position [251]; (d) phenyl ring with alkanethiol spacer in
para-position. The middle ring in this molecule has been fully
fluorinated for enhanced stability [135] and (e) fluorinated
diarylethene switch which is linearly conjugated in the open state
(indicated by the bold line), in contrast to (a)—(d). The closed state is
cross-conjugated [175]. We note that molecules (b)—(d) can be
reversibly switched after connection to gold, whereas the molecule
in (a) can only be switched in one direction, from ‘on’ to ‘oft’. This
series emphasizes the subtle influence of metal-molecule coupling
on switchability. Note that all these molecules can be synthesized in
a monothiol and a dithiol variety (R=H, R=SH or R=S-acetyl).

problem as for many other photochromic switches [5]. Fur-
thermore, their length change upon isomerization is negligible,
making them well suited for two-terminal molecular devices.
An impressive amount of research has been performed to
characterize ensembles of diarylethene molecules, both in
solution and in thin films [5, 252-256]. In particular, the work
of Matsuda and Irie, and Fraysse et al paved the road for later
research on conductance switching [252, 253]. The first group
grafted two nitronyl nitroxides at both ends of a diarylethene
molecule. Subsequently, they observed a large increase in
the ferromagnetic coupling between both endgroups when the
diarylethene spacers were switched from ‘off” to ‘on’. Fraysse
et al investigated intramolecular charge transfer between two
Ru-complexes coupled at each end of a diarylethene by both
experimental and theoretical methods. These experiments
suggested the feasibility of using diarylethenes for molecular
memory devices with on—off ratios ~50.

The first study that focused on conductance switching of
diarylethenes contacted by a metal was presented by Dulié
et al [117]. They investigated diarylethenes with thiophene
endgroups (see figure 17(a)) contacted to gold through the Au—
S bond. For this, they employed two different techniques.
First, they explored photochromic conductance switching in
break junctions (lithographic MCBJs). The conductance
decreased by two orders of magnitude upon illuminating the
molecular junctions with visible light, indicating switching of
the molecules to the ‘off” state. However, it proved impossible
to switch the molecules back to the ‘on’ state. To check the
generality of this conclusion, a second experiment was set up
with the monothiol variety of the same molecules. In this case,
diarylethene molecules were grafted on gold nanoparticles
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(diameter ~3 nm). Subsequently, optical absorption (UV-vis)
spectroscopy was used to characterize the switching process.
Whereas reversible photochromic switching was observed for
molecules in solution, the situation was dramatically different
for molecules connected to gold particles. In that case,
switching was only possible from the ‘on’ to the ‘off” state,
in agreement with the break-junction experiments. In addition
to these measurements, a series of ultrafast spectroscopy
experiments (pump—probe) were performed by Hania et al
[257]. Such experiments allow one to follow the switching
process quantitatively on the sub-picosecond level. Indeed,
measurements on diarylethenes (see figure 17(a)) connected to
gold nanoparticles showed a strongly enhanced, bi-exponential
decay of the excited state (timescales: 0.3 and 3 ps). This
result indicated strong mixing of electronic states after covalent
attachment of the molecule to the gold. In a fourth experiment,
the same types of diarylethenes were investigated by STM (see
figure 17(a)) [104]. For this, a diluted SAM of diarylethene-
monothiols in a dodecanethiol matrix was created (cf Yasuda
et al [103]). The authors demonstrated that the apparent height,
happ, of ‘on’-state molecules decreases significantly upon
illumination with visible light. Hence, individual switching
events from ‘on’ to ‘off’ could be observed. However,
light-induced switching from ‘off” to ‘on’ was not observed,
which is consistent with the two experiments described above.
This study also proposed a statistical analysis method to
convincingly separate intrinsic (light-induced) from extrinsic
(‘stochastic’) switching [104] (see also [106]).

The four experiments discussed above presented a clear
example of the influence of metal-molecule coupling on
functionality. As a result, they triggered a significant number
of theoretical studies on the details of the switching mechanism
and on the conductance properties of diarylethenes connected
to gold [258-265]. In particular, the contributions by Li et al
dealt with the question why these molecules exhibited one-way
switching only after connection to gold [258, 259, 261, 265].
It was shown that the HOMO of the open form (‘off’) is
much more strongly coupled to the gold orbitals than the
HOMO of the closed (‘on’) form. Hence, after the open
state is photo-excited, the resulting hole in the HOMO level
is immediately filled up by an electron coming from the
gold, thus quenching the photoswitching process. For the
closed form, this effect is much less dramatic, leading to
one-way switching!®. In other words, the strong electronic
interaction between molecule and metal seriously hampers
the switching process. A logical way out is to decrease this
interaction by using non-conjugated spacer groups between
molecule and electrode. This approach was taken by the
Lindsay group who inserted a methyl spacer between the thiol
group and the diarylethene central unit (see figure 17(d)). They
employed the STM break-junction technique to find that the
conductance of closed-state molecules is approximately two
orders of magnitude larger than that of open-state molecules.

10 Interestingly, the mechanism proposed by Speyer and Ernzerhof et al for
diarylethenes on gold differs strongly from the picture for azobenzenes by
Wolf and Tegeder. In the first case, switching from off to on is hampered
by hole transfer to the Au d-band (only for the ‘off’-state molecule). In the
second model, it is the reverse transfer from photon-induced holes from the
Au d-band to the molecule that actually induces the switching of the molecule!
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These results were consistent with the on—off ratio found
by Duli¢ et al'' and with calculations (see figures 18(a)
and (b)). Furthermore, the Lindsay group employed
optical spectroscopy to independently demonstrate reversible
switching of their diarylethenes on a thin gold surface.
Unfortunately, an alkane spacer introduces an extra barrier for
electron transport. Therefore, the Groningen research groups
chose a different path. They first replaced the thiophene
groups of the molecules used by Duli¢ by phenyls [266].
Subsequently, the thiol anchors were positioned at the meta-
position of the phenyl rings, where the wavefunction of the
HOMO has a node [259, 267] (see figure 17(b)). In this way,
only minor overlap between molecular and electrode orbitals
was assured. To test if this would yield reversible switching,
Kudernac et al attached these molecules to gold nanoparticles
and performed optical spectroscopy (UV-vis) [251]. Indeed,
reversible photoisomerization was observed (see also [234]).
Kudernac et al also investigated the case where the thiol
is placed at the para-position of the phenyl ring (see
figure 17(c)). Remarkably, this type of molecule exhibits
reversible switching on gold as well. Although this unexpected
result has been related to the tilt angle of the phenyl with
respect to the central molecular unit [265], a full picture
remains to be developed.

As a next step, Katsonis et al employed the diluted
SAM method once more. They investigated photochromic
switching of diarylethenes connected to Au via a thiol in the
meta-phenyl position (see figure 17(b)) [105]. Indeed, they
did observe reversible photochromic switching of individual
molecules. To check the generality of the observed effect,
they performed a statistical analysis on a set of individual
diarylethenes located in the SAM, as shown in figures 16(c)
and (d). Interestingly, around 30% of the molecules were
not influenced by illumination, possibly as a result of
local steric hindrance. The results obtained for individual
molecules by STM were confirmed for the ensemble by UV—
vis absorption spectroscopy experiments on semitransparent
gold substrates [105].

The work in Japan, the US and the Netherlands triggered a
new effort to create switchable devices based on diarylethenes.
Various strategies were chosen to enhance room temperature
stability'2. For this, several groups chose to use intermediates
to bridge the gap between the molecules and larger electrodes
(see figures 7(a)—(d)). The Nuckolls group trapped fluorinated
diarylethene molecules inside the gap of etched carbon
nanotubes [164]. This type of device has great promise due to
its small size and the possibility of integrating a gate electrode.
Interestingly, they did observe photoswitching from the open
to the closed state by UV light, while the reverse process could
not be induced by illumination (see figure 18(c)). The authors
relate this to energy transfer of the excited state of the closed
molecule to the extended m-electron system, i.e. the nanotube.
Remarkably, their result is exactly the opposite of the first work

"I Due to the difference in endgroups, the on—off ratio is the best quantity to
use for a comparison. As expected, the ‘on’-state conductance is lower for the
molecules studied by Lindsay.

12 We note that going to lower temperatures does bring enhanced stability, but
hampers the switching from closed to open. For the latter a barrier has to be
overcome by thermal activation, after photo-excitation [30].
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Figure 18. Conductance measurements on diarylethenes by various methods. (a), (b) Experimental (open circles) and calculated (closed
symbols) current—voltage characteristics for open (a) and closed (b) diarylethene molecules. The diarylethene molecule used is depicted in
figure 17(d) with R=SH, i.e. it is in the dithiolated form. Contacting was done by the STM-break-junction method; the current values
represent a statistical average over many junctions, measured at a given bias. The calculations were done for molecules attached to hollow
sites (triangles) and on-top sites (squares). Reprinted with permission from [135]. Copyright (2005) by the Institute of Physics.

(c) Light-induced off-to-on switching of a diarylethene molecule connected inside the gap of a carbon nanotube (see figure 7(a)). Upon UV
illumination, a 25-fold increase in conductance takes place. Switching from ‘on’ (closed form) to ‘off” (open) turned out to be impossible in
this geometry. The bias applied is —50 mV. Reprinted with permission from [164]. Copyright 2007 American Chemical Society.

(d) Reversible conductance (G) switching for diarylethene molecules (see figure 17(b)) connected within a regular 2D network of
nanoparticles (see figure 7(c)). Initially, the sample was in the dark (D). Then alternate illumination was performed with visible (vis) and UV
light. For 2095 < t < 2650, the sample was in the dark as well. Note the relatively low on—off ratio. This is a result of the limited number of
molecules that are switched during the illumination times chosen, in combination with the percolative nature of the 2D network. This
contrasts with the case of break junctions or SAM-based devices (parallel molecules). Reprinted with permission from [177]. Copyright 2009
American Chemical Society. (e) Reversible conductance switching for diarylethenes (see figure 17(b)) in an SAM device with a PEDOT:PSS
top electrode (see figure 7(f)). Alternate illumination by UV and visible (vis) light is performed. Note that these authors plot current density.

From [191]. Reprinted with permission from Wiley.

on diarylethenes on gold, which again stresses the importance
of the details of the molecule—electrode coupling. We note that
a different, pyrrole-form of the diarylethenes could be switched
back thermally. The Nuckolls group found on—off ratios of
around 25.

An alternative strategy is to use metal nanoparticles
as intermediates.  Since nanoparticles had already been
used to test the functionality of molecules connected to a
metal [117, 251], it was a logical step to use the same units
to create a device. Two sets of such experiments have been
performed, although they differ considerably in the exact
approach. The Irie group synthesized relatively small gold
nanoparticles first (3—6 nm diameter) [174, 175]. Next, these
particles were allowed to react with several types of dithiolated
diarylethenes, after which a droplet of the solution was
placed onto a substrate with (interdigitated) gold electrodes.
Although the resulting nanoparticle network was not very
regular, it did establish a stable electrical connection between
the larger electrodes. Moreover, Irie er al demonstrated
reversible conductance switching by illumination. To complete
their analysis, the authors also performed a charming test
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experiment. They synthesized a diarylethene switch, which
is linearly conjugated (‘on’) in the open form and cross-
conjugated in the closed form (see figure 17(e)). Indeed, a
resistance increase was observed upon switching from open to
closed.

A somewhat different approach was taken by Van der
Molen et al [177]. They inserted dithiolated diarylethenes
(meta-phenyl endgroups, see figure 17(b)) as bridges into
a very regular monolayer of gold nanoparticles with a
diameter of 10 nm (see figures 7(c) and (d)) [166, 171, 172].
Reversible conductance switching was indeed established in
these percolative structures (see figure 18(d)). Nevertheless,
photodegradation under UV light was also observed, leading
to device deterioration after typically 10 switching cycles. A
very important advantage of molecule—nanoparticle networks
is that they allow for optical control experiments [172, 174].
In figure 19, it is shown how the surface plasmon resonance
of the gold nanoparticles toggles between two positions as the
molecules are switched between two conductance states. The
resonance shift is due to the difference in dielectric constant €
of the two isomers. Figure 19 establishes a direct connection
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Figure 19. Independent confirmation of molecular switching by
optical absorption spectroscopy. A nanoparticle network device (see
figure 7(c)) with dithiolated diarylethene bridges (see figure 17(b)) is
used. (a) Conductance switching as a result of UV and visible (vis)
illumination. The gray areas indicate the intervals during which the
sample was in the dark. At the end of such a period (red dots), a
UV-vis optical absorption spectrum was taken (see inset for the first
three curves). Upon switching the molecules from ‘on’ (higher
permittivity €) to ‘off” (lower €), the gold surface plasmon peak first
shifts to lower wavelengths. (b) Position of the surface plasmon peak
taken from the sequential absorption measurements. There is a direct
correlation between conductance values and optical spectra.
Reprinted with permission from [177]. Copyright 2009 American
Chemical Society.

500 2000

between conductance values and surface plasmon resonance
position, providing two independent experiments in parallel.
Recently, diarylethenes have also been applied in devices
based on SAMs [191, 268]. Kronemeijer et al created
structures consisting of gold, a diarylethene SAM and a
polymer (PEDOT:PSS) top electrode. The molecule they used
was of the meta-phenyl type (see figure 17(b)). Kronemeijer
demonstrated a room temperature conductance switch with an
on—off ratio of about an order of magnitude (see figure 18(e)).
Since the active molecules are protected from the ambient,
these devices proved very stable. This work forms another
beautiful example of how bottom-up research and top-
down technology can result in completely new devices.
Summarizing, the diarylethenes have proven to be a fascinating
system for molecular electronics (and photochemistry), with
high potential for future fundamental and applied research.

5. Conclusions and outlook

Over the past 15 years, quantitative charge transport
experiments on switchable molecules have become possible.
Reviewing the progress in the field, one finds that the basic
philosophy of molecular electronics does indeed work: the
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required functionality of a device can be encoded into a
molecule by chemical synthesis. In fact, switchable devices
based on intrinsic molecular switches can be created that still
operate at room temperature. However, it is not a priori
clear if connecting a switchable molecule to electrodes will
indeed lead to a switchable molecular device. In fact, in many
cases it will not. Knowledge of the electronic and mechanical
interactions between molecule and metal hence forms an
essential ingredient in understanding molecular junctions. This
is further illustrated by one of the biggest surprises of the
field: extrinsic switching. Molecules that are passive, i.e. not
designed to be molecular switches, can also exhibit stable,
repeatable switching behavior in two-terminal devices. There
are various examples of such ‘extrinsic’ switching and it is
not obvious at the moment whether future applications of
molecular switches will use extrinsic or intrinsic switching.

This research field is moving in the direction of a more
quantitative understanding of the physical principles that
govern—both intrinsic and extrinsic—molecular switching.
Nevertheless, there are still many open questions in this
area of nanoscience. A general understanding of functional
metal-molecule-metal junctions will require insight from both
theory and experiment. First of all, accurate first-principles
calculations on the full metal-molecule-metal system are
needed. Second, structural characterization down to the atomic
scale is necessary to bridge the gap between theory and
experiment. Recent advances in scanning probe techniques
demonstrating single-charge detection with atomic spatial
resolution, probing molecular orbitals in real space and
atomic resolution imaging of organic molecules should be
applied to these systems [78, 269, 270]. Third, much can
be learnt from experiments on the switching dynamics of
molecules attached to metals (e.g. to nanoparticles). Ultrafast
pump—probe spectroscopy will allow new insights in the
mechanisms that take place in the sub-ps time domain,
yielding valuable information on the relevant potential energy
surfaces. Finally, accurate transport measurement and
IETS experiments, probing electron—phonon coupling, can
be performed by break-junction techniques. Information
on molecular vibration energies will form an essential
ingredient in quantitative studies on the energetics of molecular
switching. Developing a fundamental understanding of the
actual switching mechanism in switchable molecular devices
will be the key challenge in this field.
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