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Abstract | Chemical reactions that occur at nanostructured electrodes have garnered widespread
interest because of their potential applications in fields including nanotechnology, green
chemistry and fundamental physical organic chemistry. Much of our present understanding of
these reactions comes from probes that interrogate ensembles of molecules undergoing various
stages of the transformation concurrently. Exquisite control over single-molecule reactivity lets
us construct new molecules and further our understanding of nanoscale chemical phenomena.
We can study single molecules using instruments such as the scanning tunnelling microscope,
which can additionally be part of a mechanically controlled break junction. These are unique
tools that can offer a high level of detail. They probe the electronic conductance of individual
molecules and catalyse chemical reactions by establishing environments with reactive metal sites
on nanoscale electrodes. This Review describes how chemical reactions involving bond cleavage
and formation can be triggered at nanoscale electrodes and studied one molecule at a time.

Over the past two decades, the scanning tunnelling
microscope (STM) has been transformed from being
primarily an imaging instrument to a device capable
of manipulating single atoms and molecules in chemi-
cal reactions. These are at the heart of single-molecule
chemistry and reveal how chemistry can be reimagined
outside of conventional bulk synthesis. Yet, instrumental
complexities and the requirement for ultra-high vacuum
(UHV) and analyte-surface binding limit the scale and
scope of these reactions. Thus, they cannot serve as a gen-
eral replacement for conventional synthesis but, instead,
offer detailed fundamental insights into the chemis-
try at play. In particular, using the STM break junction
(STM-B]J) technique, one can reliably and reproducibly
measure the conductance of single molecules in solution
by attaching them to metal electrodes. Probing trans-
formations in solution environments and developing a
molecular-level understanding of the processes might
help us design chemical reactions with novel kinetics and
modulated thermodynamics. A STM is unique in that it
applies a strongly directional electric field to a molecular
system. Combining this with external stimuli such as light
and pH further broadens the scope of reactions that can
be studied using STM under ambient conditions — ambi-
ent temperature, pressure and no inert gas. The tools that
enable and help us understand these processes are only
now converging and most of the work detailed in this
Review has been published in the last 5-10 years. As this

burgeoning field reaches a tipping point, we contextualize
these results within the realms of both single-molecule
manipulation and synthetic chemistry to evaluate the
accomplishments and future promise of these methods.

Although some of the experiments described here are
better known for their implications in molecular elec-
tronics, this Review focuses on the chemical transforma-
tions at play in this research. In some ways, the chemistry
is ancillary to the functionality of molecular devices, yet,
these are, nevertheless, groundbreaking transformations
that occur in environments that were never intended for
chemical reactions. We describe the implications of these
transformations for synthetic chemistry.

We pay particular attention to bond cleavage or for-
mation in molecules anchored to nanoelectrodes that
exert a local potential. The STM can be used as a tool
for reaction chemistry and we describe how to probe
solution-phase reactions following different mecha-
nisms and the implications these have for chemical
catalysis. These can be contrasted to reactions moni-
tored at the single-molecule level that can only occur in
a single-molecule junction.

Our first reactions presented will be those that are
catalysed and controlled using the STM. Early examples
are restricted to on-surface processes that differ from
the solution reactions that can also be studied in a STM.
Reactions induced by the STM tip and thermal reactions
that are imaged using a STM are considered separately,
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and the latter are used to illustrate the capabilities of the
STM that cannot be accomplished using break junction
techniques. The challenges and limitations of these sur-
face reactions are also considered, and more recent exam-
ples of STM-induced reactions illustrate the evolution
of STM surface chemistry and its growing scope. These
recent studies reveal how surface reactions have inherent
limitations that necessitate the development of new and
complementary tools such as the break junction. Thus,
the remainder and majority of the Review is dedicated
to reactions in break junctions triggered by the local
potential of the electrodes. Recent examples illustrate
how this technique accesses reactivity that is unattainable
by either traditional solution chemistry or the manip-
ulation of specific surface adsorbates. We categorized
reactions in this section according to their mechanisms
and catalytic implications. The in situ formation of
Au-C and heterometallic M—M’ covalent bonds are con-
sidered from the perspective of organometallic chemistry.
Although both strategies obviously rely on electric fields,
we distinguish electrochemically gated reactions from
electrostatic reactions. Reactions that integrate other
modes of catalysis by working in concert with external
stimuli such as the application of light and mechanical
force are briefly discussed, as they are especially relevant
to dual catalysis strategies involving photoredox"* and
the emerging field of electrophotocatalysis®~.

The last reactions detailed are those in which
junction-based techniques precisely impart unique
redox activity to one molecule at a time. These reactions
are monitored at the single-molecule level and can only
occur in a single-molecule junction. The transformation
of each molecule in solution can be probed in real time
using the STM-B]J; only molecules held between the
electrodes undergo the transformation. Although these
reactions are less scalable, they demonstrate a level
of precision that is unachievable by any other means.
Finally, we address the challenges of translating funda-
mental experiments into practical reactions with an eye
towards developing these powerful analytical tools into
a template for nanoscale materials synthesis.

STM-driven surface chemistry
Although it was not originally intended as such, a STM
can be used as a tool for reaction chemistry. In each of
the reactions outlined in this Review, the STM controls the
formation and cleavage of chemical bonds to give new
chemical species®!” or molecular conformations'®?".
The pioneering work that established the STM tip as a
nanocatalyst for chemical reactions involved molecular
surface adsorbates under UHV. The metal tips we dis-
cuss are typically made of Au, but W, Ni and other metals
are also common. In all, these seminal studies combined
the ability of the STM to control mechanical motions
such as lateral movement and vertical transfer*-",
with the ability to manipulate molecules electronically.
The latter involved either stimulating adsorbates
through the tunnelling current®”'°->162024 the applied
electric field between the tip and the molecule'®'****” or
a combination of both mechanisms.

In this section, we describe some of the fundamental
achievements that redefined the STM as a tool to control

chemistry at the spatial limit of individual atoms and
molecules adsorbed on surfaces. This enables us to
investigate the properties of individual molecules while
simultaneously manipulating their chemical connectiv-
ity. The STM is used to induce bond formation one atom
at a time and we can observe individual steps of a chemi-
cal reaction and characterize the product(s). More recent
examples of surface reactions are discussed to illustrate
the versatility of the STM to induce and probe reactivity,
and to show how mechanisms have been elucidated over
the last 20 years.

Foundational reactions

The STM was first introduced as a nanocatalyst for bond
formation with the controlled, step-by-step formation of
individual Fe(CO) moieties from Fe atoms at the tip and
CO molecules adsorbed on Ag(110)° (FIC. 1a). This work
capitalized on the mechanical precision with which the
STM tip locates and translates individual CO molecules.
By tuning the tunnelling current in the STM junction,
one can induce Fe-CO coordination. The reaction pro-
ceeded in a series of mechanical and electrical steps,
in which the tunnelling current was used to locate and
move CO molecules to available Fe atoms. In the absence
of tunnelling current, bond formation does not occur,
even when Fe and CO are in close proximity, demon-
strating that the electrical environment of the STM
between the tip and the surface is necessary to drive the
reaction. The conformation of the newly formed Fe-CO
bonds was studied by imaging and inelastic electron tun-
nelling spectroscopy, demonstrating the multidimen-
sional use of the STM to control and observe a stepwise
reaction at the single-molecule level.

Shortly after the report of the Fe(CO) complex
came the first organic reaction controlled by a STM —
Ullmann homocoupling of PhI on Cu(111)” (FIC. 1b).
The Ullmann coupling is a ubiquitous chemical transfor-
mation used widely in organic syntheses to couple aryl
units together and form new C-C bonds, starting with
simple and readily available aryl halide precursors™*.
The Ullmann coupling has been an especially attractive
strategy to prepare graphene nanoribbons"’. Here, the
STM tip was used to control each step of the bimolecular
reaction: dehalogenation of PhI, diffusion of the newly
formed Ph’ radical and formation of a new C-C bond.
By injecting electrons into single molecules and moni-
toring changes in conductance due to a dehalogenation
event, one finds a linear dependence of the dissociation
rate on the tunnelling current, consistent with only a sin-
gle electron being required to break a C-I bond. They
then used the tip—adsorbate forces*>* to move the result-
ing Ph" species to meet a second Ph" and release it from
the tip. An inelastic tunnelling bias excited the mole-
cules and initiated C-C bond formation to complete the
homocoupling.

Formation of both the Fe-CO moiety and PhPh
are fundamental reactions that rely on the mechanical
precision of the STM nanoelectrode to pick out indi-
vidual molecules and establish an electrical field, under
an applied bias, to induce reactivity. The Ullmann reac-
tion especially revealed that common and practical syn-
thetic reactions could be studied at the single-molecule
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Fig. 1| A scanning tunnelling microscope can drive diverse chemical reactions. Reactions on surfaces rely on the
mechanical precision of the scanning tunnelling microscope (STM) nanoelectrode to pick out individual adsorbates

and induce reactivity with an applied bias. a| The STM is used to control the step-by-step formation of individual Fe(CO)
groups on the surface®. The tunnelling current can be used to locate and move CO molecules to available Fe atoms, with
bond formation only occurring on passing of a tunnelling current. b | Ullmann homocoupling of Phl on Cu(111) can be
controlled by a STM tip. The bimolecular reaction is induced by injecting electrons into single molecules’. The tip can
move away the | fragments and drag the Ph groups together. ¢ | The STM locally triggers desulfurization of a thiophene
subunit of a tetracenothiophene molecule on Cu(111). In the first step, the applied bias leads to one C-S bond cleavage.
Then, injection of electrons helps cleave the second C-S bond and realize the exergonic release of S. Alternatively, the
reaction can proceed in one single step’. d | An S, 2 ring-opening reaction of tetrahydrofuran on Si(001). Depending on
the bias applied to the STM tip, it induces C-O cleavage through either electron transfer or vibrational excitation. The
mechanisms yield products that are distinct from each other and from those of the thermal reaction®'. Part b is reprinted

with permission from Hla, S-W. et al. Phys. Rev Lett. 85, 2777-2780 (2000). Copyright (2000) by the American Physical
Society. Part c adapted with permission from REF.?, American Chemical Society.

level. The original Ullmann reaction, discovered over
a century ago, required super-stoichiometric Cu as a
catalyst/reductant and refluxing high-boiling solvents
like Me,SO or Me,NCHO. Tremendous efforts are still
underway to find milder and greener conditions and
catalysts®. Controlling this reaction in a STM is an
innovative approach to catalysis.

Surface experiments suffer from several challenges
and are typically not a viable approach to large-scale
synthesis. These experiments we have discussed are all
conducted under UHV and the mechanical manipu-
lation of single atoms requires very low temperatures,
which are restrictive, impractical and not scalable.
Moreover, the reaction products are left bound to the
substrates rather than as free molecules, and it can
be difficult to determine whether the driving force of
the reaction is the tunnelling current or the electric field.
In the next section, more recent reactions are discussed in
which these mechanistic differences are considered, and
some applications of this groundbreaking approach to
controlling reactivity are demonstrated.

Recent STM-driven surface reactions

The proliferation of chemical transformations controlla-
ble by a STM largely correlates with a growing interest in
single-molecule electronics and device miniaturization.

This interest has brought the study of charge transport
behaviour in molecular junctions to the forefront of
chemical and physical research. As this body of work
expanded, we realized that the STM can mediate mul-
tiple reaction mechanisms. The differences between
these mechanisms are often quite subtle, as can be seen
with the use of the STM to locally trigger desulfuriza-
tion of a tetracenothiophene on Cu(111)° (FIG. 1¢). Two
distinct reaction pathways were observed: a direct des-
ulfurization and a two-step reaction in which the C-S
bonds break sequentially. Reactivity in both pathways
was induced by applying a positive bias, but the mech-
anisms could be controlled by altering the bias regime
and the distance between the tip and the substrate. At
a larger distance, only the first C-S cleavage occurred,
with the second event requiring closer contact. The
dominant stimulus of the first step was assumed to be
the electric field, while a combination of electric field
and current controlled the second event, which required
a sufficiently high injection of electrons.

Another study demonstrated a STM-tip-induced
Sy2-like ether cleavage of tetrahydrofuran on a Si(001)
surface, which proceeded through different mecha-
nisms, depending on the applied bias*' (FIC. 1d). Indeed,
one mechanism involves le~ transfer from the STM
tip to the molecule, while the other involves inelastic
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tunnelling and vibrational excitation. The products of
the two reaction pathways are distinct from each other
and from those of the thermal reaction. Products bound
to the Si surface could be distinguished through STM
imaging. These results demonstrated that typical factors
that limit the S 2 reactions, such as steric hindrance, can
be overcome by using the STM on an inert surface to
induce and study unconventional reaction mechanisms.

These recent examples illustrate how multiple mecha-
nistic pathways can be operative in a STM junction. The
scope of these reactions continues to broaden and more
investigations into the mechanisms are required. This
work also foreshadows how selectivity is as important to
chemistry in a junction as it is in bulk synthetic chem-
istry. Either direct injection of electrons or the applica-
tion of an electric field can manipulate a molecule with
multiple reactive sites. By altering the bias regime such
that only a single mechanistic pathway is operative,
one can selectively transform a single type of moiety in
amolecule.

Another important feature of a STM is that it can
probe molecules on relatively inert surfaces, enabling
the observation of otherwise inaccessible intermediates.

b Glaser coupling

For example, electrical current in a STM has been used
to induce the formation of polyynes on thin layers of
NaCl that decouple the molecule from the underlying
substrate to reveal mechanistic insights into the reduc-
tive rearrangement of a 1,1-dibromoolefin to an alkyne*’
(FIC. 2a). Electrons from the probe tip cleave C-Br bonds
individually, triggering a 1,2-shift by atomic manipula-
tion on the surface. The geometry of the resulting vinyl
radical intermediate, which persists on the inert surface,
could, thus, be measured for the first time. Another
STM-induced reaction on NaCl involves conjugated
molecules with two terminal alkynes that undergo intra-
molecular Glaser-like coupling®. The reaction interme-
diates were sufficiently long-lived to allow orbital density
mapping and the observation of partially dehydrogen-
ated intermediates (FIC. 2b). In general, manipulation
of molecules on an inert surface allows one to induce
and study each step of a reaction individually without
the need for catalytic activity or binding of the analyte
to an electrode. In this way, STM manipulation is gen-
erally applicable and we envisage that structures with
increasing complexity will be fabricated and studied in
the future.

—
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1nm Az=70pm
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Fig. 2 | Visualizing reaction intermediates in a scanning tunnelling
microscope. The scanning tunnelling microscope (STM) uniquely allows us
to visualize reaction intermediates that are otherwise inaccessible and/or
short-lived, leading to important mechanistic insights. a | A STM current
induces the formation of a vinyl radical, an intermediate that can be visualized
on the way to triyne formation*”. b | Similarly, a STM tip can give observable
partially dehydrogenated intermediates in intramolecular Glaser coupling®.
c | Bond-resolved STM enables C(sp®)-H cleavage and visualization of the

d Ullmann coupling

O-00-0

resulting monoradical before it converts into four distinct products®.d | The
STMinduces Ullmann homocoupling through two pathways*, depending on
reactant concentration and areal confinement. One pathway involves surface
Ag and a C-Ag—C intermediate, while the other is a metal-free radical
coupling. Part a adapted from REF.*, Springer Nature Limited. Part b adapted
from REF.*, CC by 4.0 (https://creativecommons.org/licenses/by/4.0/). Part ¢
adapted with permission from REF.*, American Chemical Society. Part d
adapted with permission from REF.*°, Wiley.
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Thermally induced surface reactions

A STM enables one to study reactions with real-space
molecular imaging at the level of individual bonds.
Indeed, bond-resolved STM (BRSTM) can reveal
diverse species like elusive organic radical interme-
diates, polymers*, polycyclic aromatic hydrocarbons
(PAHs) and molecular wires. This latter class of mol-
ecules have typically proven difficult to study in a
STM-BJ due to both a lack of linkers and their large
size. Yet, STM has given us images of novel PAHs that
have not been produced (and, perhaps, cannot be pro-
duced) by conventional organic syntheses*. Many of
these reactions have been reviewed*’, so we, instead,
detail here some recent highlights of STM capabilities
that are, thus far, unachievable using the break junction
technique.

Imaging reaction intermediates with BRSTM. BRSTM
relies on a STM tip being functionalized with a mole-
cule to enable resolution of the internal connectivity
of individual analyte molecules — even elusive inter-
mediates. For example, it enabled surface-catalysed
cyclodehydrogenation and C-N bond formation in an
extended PAH (REF."). Chair-like conformations of reac-
tion intermediates can be seen adsorbed on metal sub-
strates. BRSTM has also been used to observe organic
radicals, which form, for example, from C(sp®)-H acti-
vation on Au(111)* (FIC. 2¢). Studying organic radicals
can afford fundamental mechanistic information, as well
as give materials for molecular spintronics®. Isolating
and structurally characterizing many of these radicals
by conventional means outside a STM would present
tremendous challenges because the species have short
lifetimes under ambient conditions.

Ullmann coupling. Surface-assisted dehalogenative
coupling is a stalwart in surface chemistry. Thermally
induced Ullmann coupling on Au, Cu or Agis a popular
approach to making 2D materials. Precise control over
the reaction dynamics is crucial to preparing complex
molecular architectures and relies on a detailed under-
standing of the Ullmann coupling mechanism. The
mechanism and selectivity of these reactions are sen-
sitive to subtle changes in reactant structures, surface
topology and conditions.

A recent STM study of 4-bromobiphenyl homocou-
pling on various surfaces showed that two mechanistic
pathways exist, both leading to the quaterphenyl prod-
uct. One pathway involves the linear Ag(biphenyl-4-yl),
organometallic intermediate, while the other involves
three radicals interacting in a symmetric, ‘clover-like’
intermediate® (FIG. 2d). The desired pathway can be cho-
sen by surface molecular assembly analogous to the cage
effect in solution chemistry. By manipulating the con-
centration of reactants and confining the reaction area,
one can control reaction dynamics. Further experiments
revealed ‘four-leaf-clover-like’ formations, depending
on the metal surface used, which also gave the same
quaterphenyl. Overall, it would have been impossible
to predict (let alone visualize) multiple parallel inter-
mediates if one had only observed that a single product
formed.

REVIEWS

From surfaces to solutions

The reactions discussed in the preceding sections exem-
plify how to characterize intermediates and products
using STM-specific functionalities not available with
the STM-BJ] method. STM imaging can distinguish
between products that differ in the way they bind a sur-
face, thereby, providing a level of detail that may be lost
using a STM-B]J. Indeed, various products might each
bind a surface differently and have different excitation
mechanisms, yet, yield similar conductance traces when
in a STM-BJ. The break junction technique is also not
suitable for investigations relying on inert surfaces —
electrically conductive, non-inert surfaces are required
for electrodes. These materials often prevent intermedi-
ates from lingering on surfaces or may catalyse a reac-
tion. The STM, however, can image species atop a thin
layer of inert material, which, in turn, lies on a conduc-
tive surface. As the molecule-electrode connection is
not a prerequisite, STM can be used to study a broader
scope of mechanisms and intermediates. Indeed, mol-
ecules suitable for STM do not need functionalities for
immobilization, can be poor electrical conductors and
can be large or bulky.

Although the work in this section showcases the unique
ability of a STM to catalyse reactions on the atomic level
and provide images of intermediates and products, even
recent examples present a slew of challenges that limit its
synthetic utility. Single-molecule surface chemistry still
requires stringent conditions and the fact that products
are surface-bound detracts from the practicality relative
to solution syntheses. The following sections focus on
recent work that has begun to bridge the gap between
these seminal experiments and the use of the technique
for practical syntheses. These works establish the break
junction as an important tool to probe reactivity and
mechanisms of single molecules in solution, affording
information that is fundamentally relevant to practical
synthetic chemistry.

Nanoscale electrode-driven reactions

Myriad chemical stimuli can be exerted to induce
reactivity within a STM. The electrodes can be con-
sidered chemical reagents by providing a current,
an electric field, a mechanical force or by acting as an
electrochemical redox agent (FIC. 3).

A redox-active molecule in an electrochemically
gated junction can gain or lose le™. Redox reactions
require a polar solvent and a supporting electrolyte,
which forms a dense double layer of ions around the
nanostructured STM tip. The small exposed area of
the tip and high voltage provide a strongly asymmet-
ric field distribution that allows reactions directly at the
tip. Reactions can also be activated by a current-driven
excitation of vibrational modes that can cause bond
rupture.

The electrode environment can also induce an elec-
tric field of variable magnitude and orientation within
chemical species. This can stabilize charge-separated
transition states, reaction intermediates and distribute
charge to favour otherwise minor resonance structures.
The lower energy barrier to these otherwise less available
and less stable resonance structures and conformations
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Fig. 3 | Triggering reactions in junctions. An applied stimulus induces a chemical transformation of a reactant (red
rectangle) and directly triggers the formation or cleavage of bonds to give an immobilized product (green oval).

provides an accessible reaction pathway. Additionally,
the electrodes can mechanically trigger reactions by
repeatedly forming and breaking contacts between the
tip and the substrate. Molecules caught in the junc-
tion can be stretched until a single bond is broken
by mechanical force. This solution-based application of
mechanical force is distinct from the mechanical manip-
ulations of earlier STM-controlled reactions, in which
individual atoms are relocated on a surface (FIG. 1).
Because these junction-based reactions occur in solu-
tion, one can apply other catalytic stimuli, such as acid-
base catalysis or photocatalysis (FIC. 3). Thus, forming a
different protonation state of a molecular backbone may
induce reversible ring closure or isomerization, while
protonating/deprotonating a linker may alter the cou-
pling of the analyte molecule to the electrode. Irradiation
can also excite electrons in photochromic molecules
in the junction, so long as the molecules are electron-
ically decoupled from electrodes, such that they are
not quenched. Moreover, these external stimuli can be
combined to create finely tuned, dual-control systems.

In situ Au contacts

When constructing organic single-molecule junctions,
charge transport across the metal-molecule interface™ is
dictated by the coupling of the linker’s discrete molecular
orbitals to the electronic bands of the bulk metal elec-
trodes. Therefore, analyte molecules must be thought-
fully designed and include a moiety that links it to the
surface with strong electronic coupling, the synthesis
of which is often challenging. Yet, direct Au-C link-
ages are particularly attractive®, because they are par-
ticularly good electrical conductors. Creating a robust,
low-resistance contact to Au within the junction start-
ing from more synthetically accessible molecules is an
elegant alternative. Such a solution not only introduces

a new level of convenience and simplicity but also yields
valuable information about M-C bonds that might be
applicable to organometallic chemistry.

Organostannanes. Non-covalent Au---C linkages have
been realized using C,,, C,;H, and n-stacked C,H,
(REFS™*9, but these linkage are not as robust or highly
conducting as covalent Au-C bonds. This linkage has
been achieved in situ using SnMe,-terminated molecules
that undergo transmetallation in the junction to yield
direct Au-C linkages™ (FIC. 4a). STM-B] measurements
performed on SnMe,-terminated alkanes” revealed that,
across the series of alkanes, the direct Au-C junctions
showed a 100x increase in conductance compared with
analogous junctions with other linkers®=*. The over-
all transmetallation was proposed to occur through a
mechanism similar to a reductive elimination®. In any
case, this study demonstrated a reproducible method for
in situ formation of highly conducting metal-organic
contacts. A follow-up study** demonstrated that slightly
altering the molecular design and placing the SnMe,
at the benzylic position enhanced the coupling of the
electrode into the m system of the conjugated molecule,
leading to an even higher conductance.

Diazonium salts. The cathodic reduction of aryldiazo-
nium salts can also be used to form single-molecule
junctions with strong covalent Au-C bonds® (FIG. 4D).
These Au-C bonds are exceptionally stable over a long
junction distance. In one study, molecular films ter-
minated with diazonium salts at both ends underwent
le reduction at each end, followed by release of N,, to
form covalent Au-molecule-Si junctions between Au
metal and the semiconductor Si (REF). The electron-poor
bis(diazonium) loses two molecules of N, and spontane-
ously attaches to both electrodes. These junctions show
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a comparatively long junction lifetime of ~1s, attributed to
the robustness of the covalent Si—C and Au-C linkages®”.

Aryliodides. Perhaps the most practical and economical
approach to making in situ Au-C contacts is the use of
aryl iodides®®, which are common functional groups in
organic chemistry. STM-BJ measurements performed
on a series of asymmetric aryl iodides elucidated the
binding modes (FIG. 4c) of iodides to Au, demonstrating
that both dative Au < I and covalent Au-C linkages were
formed. Covalent linkages were formed from I-C bond
dissociation, the extent of which was mediated by the
bias in an electrochemical environment.

Carbenes. A less ubiquitous but no less versatile class of
functional groups that readily link to metals are carbenes
— neutral molecules comprising a divalent C atom with
a six-electron valence shell”. Carbene anchors have been
used to form trifunctional primed contacts that create a
reactive site for the in situ growth of molecular wires™.
The M-C n bond is not only an efficient conduit for
charge carriers but is also active in olefin metathesis,
and was further developed for catalytic polymer growth
on functionalized Ru nanoparticles”. This work laid the
foundation for forming stable monolayers between car-
benes and metals using solution-phase chemistry.
Carbenes can also be implemented as highly coupled
linkers in single-molecule devices. The rich chemistry
and strong o-donating ability of N-heterocyclic car-
benes (NHCs) offer unique prospects for applications
in nanoelectronics, sensing and electrochemistry’>"".
Notably, however, direct linkage to Au could not be
achieved with free NHCs in solution or when using
vapour phase NHC-CO, (REFS’*”). Therefore, to study
electron transport across single NHC-bound mole-
cules with the STM-BJ method®, air-stable NHC-metal
chloride (NHC-M-CI) complexes®' with M = Au, Ag
or Cu were synthesized. These NHC complexes were

/%—»/; e
R3Sn
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electrochemically reduced in situ®>* to form NHC-M-
electrode contacts under ambient conditions (FIG. 4d). We
note that this in situ electrochemical approach yielded
not Au-C bonds but Au-M-C bonds (FIG. 4d), which
would normally be very synthetically challenging. By
performing this chemistry in situ, the conductance
properties through multiple metal contact points can be
studied using only one set of electrodes.

The examples above show how simple chemical
reactions in the junction have enabled great progress
towards enhancing the conductance of single-molecule
devices. Not all of these methods are suitable for scala-
ble processes, as many require toxic and synthetically
challenging molecules and present practical chal-
lenges. Nonetheless, these advancements as a whole
represent a powerful new approach to Au-C bond
formation, and moving towards ubiquitous functional
groups like iodides demonstrates the growing promise
of these systems. Furthermore, the oxidative addition
and reductive elimination steps involved in these reac-
tions are fundamental steps in organometallic catalysis
and may be implemented in other junction reactions
beyond the formation of Au-C contacts. For example,
the potential-dependent I-C cleavage suggests an oxi-
dative addition at the Au surface, as was demonstrated
by experiments with aryl iodides in a polar solvent that
yielded Au-C bonds (FIG. 4¢). This work further opened
the door to manipulating chemical transformations
using the electric field generated in a molecular junc-
tion. In general, the STM-BJ will undoubtedly uncover
further methods of integrating common chemicals into
robust circuits.

Electrochemically gated reactions

Controlling the switching between charge-transport
states of a molecule in a metal-molecule junction
remains one of the most challenging aspects of molecu-
lar electronics®. Electrochemical gating using a STM-B]
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Fig. 4| In situ formation of covalent Au contacts using different leaving
groups. Molecules with labile groups that can be easily cleaved in the
junction provide a convenient strategy to form covalent Au—C and Au-M
bonds. a| SnMe,-terminated molecules are cleaved in the junction to yield
direct Au—C linkages®**” with a 100x increase in conductance compared
with analogous oligophenylenes with two NH, instead of CH, termini. Only
one terminus of the 1,4-xylenediyl linker is shown here. b | Aryldiazonium
salts undergo in situ electrochemical reduction to form single-molecule
junctions with strong covalent Au-C contacts that are stable over a long
junction distance® . ¢ | Aryliodides in the scanning tunnelling microscope

break junction enable both dative Au < | and covalent Au-C linkages.
d|Air-stable CIM(N-heterocyclic carbene) complexes undergo electrochemical
reduction to form Au-M-C bonds under ambient junction conditions®™.
e| Aryliodides exhibit a bias-dependent oxidative addition process at the
junction. With a Au < (Me)S(1,4-CH,) | = Au (n=1-4) dative precursor,
oxidative addition to Au is promoted at more negative bias, as is evident
from the increase in the fraction of junctions in the high conductance
(high-G) state, which corresponds to Au « (Me)S(1,4-C,H,) —Au and features
a C-Au bond. The low-conductance precursor prevails at high bias values.
Part e adapted with permission from REF.°), American Chemical Society.
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(FIC. 5a) is an attractive method to control and study
bias-induced conductance switching, and it also presents
an appealing way to discover and study nanoscale elec-
trochemical catalysis. It obviates the need for exogenous
chemicals or stimuli to induce reversible bond breakage
and formation in molecular junctions. Indeed, using
only the potential difference between the electrodes
or the current through the molecule, one can alter the
conductivity with large conductance ratios G,,/G,. This
section describes some of the notable electrochemical
gate-driven STM-BJ switches and the chemical reactions
that drive the switching behaviour.

Redox switches. Redox-active molecules are perfect can-
didates for reversible junction reactions. Anthraquinones
(AQs) are particularly attractive systems to study switch-
able electrical properties, lending insight into redox and
quantum interference behaviour®. The reversible con-
ductance tuning of two isomeric AQ derivatives (FIG. 5b)
was demonstrated using electrochemical-gating-induced
switching™. A reductive potential reversibly reduced 1,4-
disubstituted or 1,5-disubstituted anthroquinones to
the corresponding hydroquinones, which are returned
back to AQs on being subjected to an oxidative bias.
The hydroquinones are much better conductors, and, in the
case of 1,5-disubstitution, the conductance changes by
more than one order of magnitude. Notably, the change
in the redox state of these molecules involves both break-
age and formation of new O-H bonds. This process is
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highly reversible, as evidenced by the G, /G ratio being
stable over three consecutive cycles.

A potential can also be applied in tandem with pH
changes to induce switching, which has been demon-
strated in junctions comprising 1,2-bis(4-pyridyl)
ethylene between Ni electrodes™ (FIC. 5¢). Two distinct
conductance states were observed on varying pH, and
the pH value at which switching was observed could be
varied by adjusting the electrochemical gate potential.
The mechanism involves protonation/deprotonation of
a pyridine N atom and is observable in a single meas-
urement, suggesting that the switching is stochastic and
chemically (as opposed to structurally) driven. This
simultaneous control of pH and gate potential highlights
how a STM-BJ can be used to study acid-base equilibria
of single molecules, including the observation of discrete
H* transfers to and from a single molecule immobilized
in a metal-molecule-metal junction. In principle, this
sensor could be used to measure local pH. These studies
demonstrate how the STM-B] allows facile, controlled
switching of a single redox-active molecule. Detecting
such processes at the single-molecule level provides
insight into controlled transformations that are typi-
cally inaccessible through conventional bulk synthetic
techniques®*.

Externally modulated switches. In addition to chemical
reactions in a STM-BJ induced by junction-based mech-
anisms, reactions can also be controlled in the junction
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Fig. 5 | Electrochemically gated switches in a scanning tunnelling
microscope break junction. a | Schematic of a three-electrode
electrochemically gated junction. The bias between the two working
electrodes and the gate voltage can be controlled simultaneously. The tip is
coated with a chemically inert wax such that the area of Au exposed to
solution is drastically lowered compared with the substrate. A dense double
layer of ions promotes electrochemical transformations. b| 1,5-Disubstituted
anthroquinones undergo reversible electrochemically gated reduction to

the corresponding hydroquinones, which are much better electrical
conductors®. c| An applied potential is used in tandem with pH changes to
induce switching in junctions where 1,2-bis(4-pyridyl)ethylene spans two Ni
electrodes®. d | Photochromic dithienylcyclopentenes undergo
optoelectronic switching on irradiation, which causes a change of the
n-conjugation and conductance of the molecule®*°. e | Spiropyrans respond
to numerous orthogonal stimuli, including light, pH and mechanical force,
to switch between open and closed forms'”°. UV, ultraviolet; Vis, visible.
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using external stimuli. These stimuli replace exogenous
chemicals or catalysts that are used in prototypical syn-
thetic reactions. The reactions discussed in this section
involve two of the more commonly applied stimuli —
light*~” and mechanical force”” — but are, by no means,
an exhaustive list, as many other modes of catalysis can
be incorporated (FIC. 3). External stimuli compatible
with the junction range from light, mechanical force,
pH (REF'%), voltage'"'-'%, stereoelectronic effects'” and
electric''*'? or magnetic fields'"*-'*. Although these
reactions are not strictly controlled by the junction,
they are frequently incorporated into on < off switches
that are essential to nanoelectronics. Many of the obser-
vations regarding fundamental processes made at the
single-molecule level cannot be gleaned from bulk
chemistry and inform our broader understanding of
these chemical processes.

Optical switches have garnered widespread inter-
est for their applications in molecular electronics''®
and many other emerging fields, such as biomimetic
catalysis''” and photopharmacology''*. Photochromic
dithienylcyclopentenes have been used to achieve opto-
electronic switching® both in and out of the junction
(FIC. 5d). Outside of the junction, on irradiation, the cova-
lent C-C bonds in the switchable moiety can be selec-
tively broken or formed, depending on the wavelength of
light used, resulting in a change of the conjugation and
conductance of the molecule. In the junction, however,
only an irreversible on — off switch is possible because
Au electrodes quench the first excited state of the open
(off) form, preventing the reversal back to the closed (on)
form. The quenching of a molecule by metal electrodes
presents a general challenge to translating bulk chemistry
to single-molecule studies. Quenching can be avoided by
electronically decoupling the active site of a molecule
from the electrodes, with diarylethylenes now being
a common moiety in molecular switches. A modified
diarylethylene covalently linked between graphene elec-
trodes is a reversible photoswitch at room temperature®.
The altered structure of the molecule decreases coupling
with the electrode to prevent problematic quench-
ing. The high ratio of drain currents I_/I .>100 was
stable over 100 cycles. This adjustment highlights the
importance of chemical design and the structure—
function relationship between molecules, enhanc-
ing their utility in electronics, as well as for adapting
bulk chemistry to the single-molecule junction.

Switches in the junction can also be manipulated
with orthogonal external stimuli to form logic gates'"”’
by selectively stimulating a pH-sensitive moiety and a
photochromic moiety to obtain four possible conduct-
ance states. Additionally, stimuli-specific spiropyran
devices'”” have been fabricated to use mechanical and
chemical stimuli to probe bond strength. In general,
spiropyran is a particularly prominent moiety due to
the stark contrast in properties with its isomeric mero-
cyanine form (FIC. 5e). Interconversion between these
forms can be harnessed in a single-molecule device for
switching applications. These studies demonstrate
the utility of a STM-BJ to investigate reactions at the
single-molecule level by breaking and reforming junc-
tions. They highlight the ease with which a STM-B] can
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monitor reactivity but also reveal challenges that arise
with in situ reactions that do not occur in the bulk, such
as quenching of molecules by electrodes. Indeed, the
behaviour of the molecule in bulk solution will differ to
its behaviour in a STM-BJ in this regard, and it is impor-
tant to identify and address these challenges to develop
the field of research.

Electrostatic reactions

One of the most promising and practical aspects of break
junction chemistry is the ability to catalyse reactions
using an electric field. Catalysing reactions involving
redox-inactive molecules in an electric field has long
been theorized”' but only recently been realized'*'~'*’.
Solution-based electric field catalysis offers an eco-
nomical, environmentally friendly and synthetically
straightforward alternative to conventional methods
that use exogenous chemical catalysts. Electric fields
facilitate reactions of non-redox-active molecules by
stabilizing transition states or minor charge-separated
resonance contributors®'?*-*°. Access to these otherwise
less accessible forms can potentially alter or tune selec-
tivity outcomes'**"**"** and, depending on the alignment
of these forms in the field, can manipulate the kinet-
ics and thermodynamics of non-redox processes. As
such, electric field catalysis is potentially applicable to
a wide scope of reactions, yet, it remains incompletely
understood'””"** and underdeveloped.

Two major challenges in electric field catalysis are:
(i) precisely orienting the direction of the electric field
with the reaction coordinate of a molecule and (ii) apply-
ing such a highly oriented and intense field. A STM-B]
set-up offers a viable route to realizing this because the
solution around the nanoelectrodes is continuously
exposed to a high electric field (FIC. 6a).

Over time, all molecules in a solution can be exposed
to an applied electric field through diffusion and local
turbulence from the moving tip. In the following sec-
tions, we focus on three examples of how an electric field
catalyses an isomerization, bimolecular reaction and
an intramolecular aromatization of non-redox-active
molecules.

Bimolecular reactions. The Diels—Alder reaction
between thiolate-anchored furan and norbornene dieno-
phile derivatives was the first bond-forming process
between two non-redox-active species to be accelerated
by an external electric field* (FIC. 6b). The preassembled
layer of dienophile on the substrate allowed for unam-
biguous orientation of the double bond, whereas the tip-
tethered diene was free to rotate and approach the
dienophile in any of four possible orientations. The pre-
assembled substrate layer was aligned with the electric
field such that formation of only one low-energy prod-
uct was sensitive to the field. A fivefold increase in the
frequency of the reaction was observed when a large
negative bias was applied across the junction, suggest-
ing that the field facilitates electron flow from dieno-
phile to diene, stabilizing an otherwise minor resonance
contributor.

Although this Diels—Alder reaction was conducted
on a preassembled surface, it could not be replicated in
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cis

Fig. 6 | Electric-field-driven reactions in a scanning tunnelling
microscope. a | The electric field between a scanning tunnelling
microscope tip and substrate is also present across the single-molecule
junction. b | A bimolecular, non-redox bond-forming process accelerated
by an external electric field was demonstrated in the case of the Diels-Alder
reaction of a tip-tethered furan and a surface-anchored norbornene
derivative®. The scanning tunnelling microscope break junction supplied
the electric field and the reaction was monitored according to changes in
conductance and molecular plateau lengths that are characteristic of the
reactants and products. The electric field between the tip and substrate
facilitates electron flow from dienophile to diene, stabilizing an otherwise

trans

TS2 TS3

minor resonance contributor. ¢ | Cumulenes undergo cis—trans
isomerization in the presence of an electric field with an increased
conversion rate compared with thermally triggered solutions'*®. The
reaction occurs throughout the solution near the junction. The dramatic
difference in the inter-electrode distance allows for the reaction to be
monitored. The electric field stabilizes a non-canonical zwitterionic
resonance structure to facilitate the isomerization. d | A cascade involving
an inverse-electron-demand Diels—Alder reaction and subsequent
aromatization is catalysed in the junction by an electric field"’. The field
aligns only with the aromatization process and stabilizes the key transition
states (TSs) in the second step.

solution and suffered from an ultra-low conversion rate
of a few molecules per hour. Furthermore, the results
were never verified by comparison with products
formed ex situ. This work, however, importantly demon-
strated that the scope of electric field catalysis includes
non-redox processes, vastly expanding the applicability
of electrostatically catalysed reactions'*.

Isomerization. Recently, the local electric field in the
STM-B] was used to catalyse the cis—trans isomeriza-
tion of cumulenes'* (FIC. 6¢). The external electric field
increased the rate of isomerization and changed the
distribution of cis and trans products. The conduct-
ance signatures of the trans and cis isomers are distinct
because the isomerization leads to a large change in dis-
placement of the electrodes (FIG. 6¢), making it easy to

monitor the reaction. The method is quantitative and, at
a positive bias, a solution of c¢is camulene in the STM-B]
was converted to predominantly trans. Furthermore,
by increasing the reaction time, enough trans prod-
uct can be generated for the sample to be analysed by
high-performance liquid chromatography. The number
of molecules converted far exceeds the number of single-
molecule junctions formed, indicating that the reaction
is catalysed by the electric field and occurs throughout
the solution near the tip.

The mechanistic rationale for this reaction illustrates
the simple yet elegant way that an electric field can alter the
selectivity and feasibility of a non-redox process. Density
functional theory calculations concerning how the elec-
trostatic field might alter reaction kinetics and thermo-
dynamics to favour the trans isomer indicate that the
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electric field lowers the rotational barrier to isomeri-
zation. Thus, the electric field stabilized the otherwise
less prominent polar zwitterionic resonance structure
(FIG. 6¢), which can undergo relatively free rotation
around its terminal C-C bonds. This work demonstrates
how solution-based, electric-field-driven isomerization
in a non-polar solvent can change the product distri-
bution, opening the door for more electrostatically
controlled solution chemistry.

Aromatization. Tuning the orientation between an
external electric field and a reaction axis can selec-
tively catalyse an individual step of a cascade reaction.
For example, a cascade involving an inverse-electron-
demand Diels-Alder reaction before an aromatization
forms a fully conjugated, electrically conducting final
product'’ (FIC. 6d). Using a mechanically controlled break
junction in the presence of an electric field, only the
second step of the two-step cascade is accelerated.
The reaction axis of the Diels—Alder step is orthogo-
nal to that of the field, but the aromatization is aligned.
Thus, the field accelerates the aromatization step by an
order of magnitude with applied bias but the rate of
cyclization remains unaffected. The ability to acceler-
ate selected steps in a multistep process could be used
to manipulate or even toggle between a kinetically or
thermodynamically favoured distribution of products in
a multistep process.

The future of electric field catalysis. As a whole, the reac-
tions we have described highlight scalable applications
of solution-based electric field catalysis and the possible
synthetic applications of chemistry discovered in the
break junction. Reactions proceed under ambient con-
ditions and the local electrical potential that drives them
obviates the need for exogenous chemicals. These reac-
tions are the closest facsimile to practical bulk chemistry
because they occur in the solution around the tip and do
not require junction formation. Thus, the scope of these
reactions can encompass substrates without aurophilic
groups such as thiolates or thioethers that are usually
necessary to bind an Au surface'*. Simultaneously, the
reactions also benefit from the ability to study them one
molecule at a time, as the break junction allows us to
monitor reaction kinetics.

Developing electric field catalysis as a practical syn-
thetic tool still faces many challenges. Multiple exper-
iments are required to glean mechanistic information
and often need to be supplemented by non-junction
experiments. The technique also needs to be validated
by ex situ analysis of the product(s) formed. Because the
distance between electrodes changes during the STM-B]
measurements, the magnitude of the field cannot be
precisely determined and a quantitative measurement
of field dependence is unavailable. These hurdles may be
overcome by controlling nanoenvironments surround-
ing reaction centres, using microfluidic techniques and
designing devices that allow for the application of an
electric field in a confined nanoenvironment. These
fundamental experiments, however, have cemented
the STM-BJ as a crucially important tool to explore the
burgeoning field of electrostatic catalysis.
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Probing single-molecule reactions
The advents of both STM and atomic force microscopy
(AFM)"** enabled atomic-scale imaging of reactants and
products, and opened the door to both monitoring
and controlling reactions at the single-molecule level.
Capitalizing on foundational work, more recent studies
have applied these techniques to controlling chemistry
in more complex systems. For example, coordination of
ligands to metal atoms has been expanded beyond sim-
ple M-CO bond formation to encompass larger, more
intricate organic molecules''*. Tip-induced radical for-
mation and dehalogenation have induced intramolecular
rearrangements and ring formation in polycyclic aro-
matic systems'*>'*'. Importantly, these tip-induced reac-
tions are in contrast with the thermal single-molecule
surface reactions that are achieved through annealing.
STM-AFM has been used to resolve thermally assisted
reactions, such as complex cyclization cascades'? and
many rearrangements and couplings'>*®. Much of this
work has been reviewed previously'*. In this section,
we highlight some of the most recent achievements in
single-molecule reactions and discuss the evolution of
the field to include new techniques, like the break junc-
tion, that allow us to control not only surface reactions at
the single-molecule level but solution chemistry as well.

Low-temperature STM-AFM has been used to syn-
thesize the highly elusive carbon allotrope cyclo[18]car-
bon on Cu(111)'*. Starting with C,,0,, voltage pulses
were applied for a few seconds at a time, resulting in
the extrusion of two, four or six CO moieties and a 13%
yield of the fully decarbonylated product C; (FIC. 7a).
This molecule could be deliberately reversibly switched
between neutral and anionic states, resulting in different
geometries imaged by STM and AFM. Furthermore, by
applying an elevated bias, two partially decarbonylated
molecules could be covalently fused. This work is a
milestone in the applicability of tip-induced chemistry
to achieve elusive reactivity and capture molecules that
cannot be studied using more conventional synthetic
techniques, though the constraints of on-surface reac-
tions still apply. The reaction requires an inert surface
and low temperature (5K), and sublimation of the mate-
rial onto Cu(111) induced partial decarbonylation and
dissociation of CO molecules prior to tip modulation.

One of the unique aspects of the break junction tech-
nique is the ability to effect and observe reactions in a
solution that occur one molecule at a time®”'*”. Several
older approaches to monitor single-molecule reactivity
require preassembled molecules on a surface. Thus, we
stress here the first observations of controlled bond for-
mation between two molecules dispersed in solution.
These solution-based proof-of-principle reactions much
more closely resemble conventional reactions, which
will ultimately prove crucial for gaining insight into
real-world applications and phenomena. Overall, we
have a new methodology to interrogate chemical reac-
tions at the single-molecule level and to precisely make
molecular nanostructures that are otherwise challenging
to prepare by conventional bulk methods.

The first demonstration of a truly single-molecule
bond formation process in solution was the electro-
chemical manipulation of a Au < N contact to modify
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Fig. 7 | Inducing reactivity one molecule at a time. a | Voltage pulses dissociated a hexacarbonyl precursor to afford
the carbon allotrope cyclo[18]carbon (C,;) on Cu(111) surface'**. Atomic force microscopy images show the molecule
sequentially losing pairs of CO groups. b | Oligophenylenediamines can bind a junction through distinct modes. The
electrochemical manipulation of the Au < N contact modifies the charge transport across the interface, resulting in
oligophenylenediamine wires with low, high and ultra-high conductance states'*. The difference in conductance is
attributed to the increasingly covalent nature of the Au < N bond under an oxidative bias. ¢ | Two aniline molecules
can undergo oxidative homocoupling at an applied scanning tunnelling microscope break junction bias to make
azobenzenes'“. Part a adapted with permission from REF.***, AAAS. Part c adapted with permission from REF.***, Wiley.

charge transport across the interface'* (FIG. 7b). Using
a series of oligophenylenediamine wires, the authors
demonstrated that an oxidizing bias led to in situ forma-
tion of a new type of Au-N bond in the break junction.
Normally, amines bind selectively to undercoordi-
nated Au atoms through dative interactions'**'"’, but
by changing the magnitude of the positive bias in the
STM-BYJ, the anilines existed in three distinct conduct-
ing states. The higher conductance states represented
newly formed covalent bonds between the Au and N,
analogous to the self-assembly of thiolate monolayers
on a Au surface'**"*!. The ultra-high conductance state
delivered the highest reported conductance values for all
known oligophenylene contacts®'*>'*%, achieving better
electronic coupling in situ than covalent Au-S or Au-C
bonds'.

A subsequent study showed that a series of asym-
metric anilines could undergo in situ electrooxidative

homocoupling in the STM-B] to form azobenzenes'**
(FIG. 7¢). Oxidative coupling reactions are important
for chemical synthesis and bioconjugation'*, and are
alternatives to traditional cross-coupling strategies'.
Developing nanocatalysts and electrosynthetic tech-
niques to effect such transformations offers a versatile
and environmentally friendly synthetic alternative'*’-*’.
In the STM-BYJ, anilines undergo a ‘one-pot’ selective oxi-
dative coupling to form azobenzenes on the nanostruc-
tured Au STM tip under oxidative bias. The coupling is
rapid, reproducible and quite general, being amenable
to a variety of anilines with different aurophilic linkers
and backbone lengths (FIC. 7c). The selective synthesis
of geometric isomers depending on the linker has also
been demonstrated. Notably, in the case of 4-(4-pyridyl)
aniline, the cis isomer forms instead of the energetically
more stable trans isomer that forms in bulk synthesis.
This unexpected result demonstrated how the junction
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can impart new selectivity to a reaction. Furthermore,
sequential coupling of complementary anilines could be
achieved in the junction, resulting in complex molec-
ular architectures that are more synthetically onerous.
Thus, chemicals that were not formed ex situ could still
be accessed and probed.

Together, these reactions stress the unique character-
istics of reactions in the junction, which are enumerated
using the in situ formation of azobenzenes as a demon-
strative example. First, the voltage necessary to trigger
the electrooxidation at the tip is lower than the oxidation
potential of aniline and its derivatives'*”'', suggesting
that the redox transformation in the junction is facil-
itated by the attachment of the anilines to undercoor-
dinated Au active sites. This low voltage contrasts with
homogeneous bulk syntheses requiring strong oxidants,
often in stoichiometric quantities'®’. Second, the imme-
diate formation of the longer molecule, as evidenced by
a characteristic conductance signature, indicates that an
individual aniline caught in the single-molecule junc-
tion undergoes le” oxidation by the Au tip to initiate the
reaction. After the observation of the longer azobenzene,
if the bias is then decreased, only the shorter anilines are
observed, reinforcing the concept that only the mole-
cules caught in the junction can be transformed in this
case. Overall, there is only a low percentage of longer
molecules in solution and a small probability of meas-
uring them, once the bias is decreased. This behaviour
further contrasts reactions such as the isomerization of
cumulenes, where the bulk of the solution species are
converted.

The above solution-based, single-molecule reac-
tions exemplify how the STM-B] offers unprecedented
and exquisitely precise control over bond formation.
These reactions are performed under ambient condi-
tions and require no exogenous chemicals or preassem-
bled molecular layers. Observing and controlling these
nanoscale processes in individual molecules promises
levels of precision beyond those achieved through tra-
ditional ensemble techniques. The experimental imple-
mentation of such concepts, however, remains a major
challenge. Although the single-molecule reactions are
not yet practical for large-scale synthesis, the control
over single-molecule bond formation may shed light on
mechanisms for synthetic redox reactions and illumi-
nate new avenues for molecular design. For instance, the
STM-B]J can be used to apply a large, directional elec-
tric field across a molecule to investigate its effect on
the reactivity of the system. This strategy is a relatively
easy approach to testing a number of reactions, and the
understanding gathered through these measurements
could be used to develop new catalysts de novo with
built-in electric fields in the form of charged residues.
These studies and similar ongoing efforts will drive the
fundamental understanding of nanoscale chemical and
physical phenomena.

Conclusion and outlook

The reactions detailed in this Review have opened the
door for detailed interrogations of reaction chemistry.
Instruments originally built for imaging and molecular
characterization have become powerful reaction tools.

REVIEWS

Manipulations of single molecules bound to metal sur-
faces have demonstrated exquisite control over chemi-
cal processes. Break junction techniques have expanded
these capabilities to include reactions in solutions, obvi-
ating the need for stringent conditions such as UHV and
low temperatures or additional steps such as chemical
deposition and product extraction. Solution techniques
can accommodate organometallic and organic reactions
in which products freely diffuse away from the elec-
trodes in solution. Complementary to the break junction
method is the use of STM alone, which is amenable to
larger molecules and intermediates, allowing reactions
on inert surfaces to be studied in greater detail than ever
before. These reactions span a wide range of transforma-
tions, including bimolecular reactions, as well as isomer-
izations and rearrangements that involve breakage and
formation of new bonds.

Synthesizing and probing single molecules with
the STM tip in solution offers a deep understanding
of single-molecule processes and may lead to new dis-
coveries in bulk solution chemistry. By highlighting
and categorizing these achievements, one can see how
close examination of the chemistry that occurs in a STM
informs a variety of reaction types and modes of cataly-
sis, including photochemistry, electrochemical and elec-
tric field catalysis, organometallic chemistry and more.
Together, chemists and physicists are now presented
with the challenge of developing these reactions in a
practical and scalable way that is relevant to synthetic
chemistry and molecular electronics. A crucial area of
exploration will be the design of junctions that accom-
modate bulk transformations. Another important capa-
bility will be integrating the ability of a STM to monitor
reactions in situ with more conventional techniques for
analysing products, like nuclear magnetic resonance
spectroscopy or mass spectrometry. We may then no
longer need multiple experimental conditions or to
supplement junction studies with the non-junction
experiments that are presently required to glean mech-
anistic insight and validate some results. Furthermore,
each niche area of catalysis will encounter its own chal-
lenges. For example, electrostatic reactions would benefit
from a method to quantify the magnitude of the electric
field dependence. Similarly, the performance and endur-
ance of molecular switches that incorporate orthogonal
stimuli such as photoexcitation would benefit from new
methods to prevent quenching by the electrodes. Finally,
reactions that occur only when molecules are held
between the electrodes are the furthest from being devel-
oped for large-scale synthesis, yet offer the most precise
control over reactivity. These experiments, however,
could now be used as test beds for catalytic systems, pro-
viding a rapid and robust approach to probing the effect of
directional electric fields on molecules and reactions.

To approach the practical hurdles before us, we first
need to address the questions about the rules that govern
chemistry in junctions. It is imperative that these reac-
tions be interrogated in the same way that bulk synthetic
chemistry is assessed with the familiar chemistry vernac-
ular. What kind of selectivity can be achieved with these
reactions? What energy barriers can be overcome by
using the junction to catalyse reactions? Can the kinetic
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and thermodynamic influences of the junction be bri-
dled in a way that we achieve the requisite control over
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