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Abstract

Sections

Developing new materials is along-standing goal that extends across
the fields of synthesis, catalysis, nanotechnology and materials science.
Transforming one compound or material into another involves the
gaining, losing and sharing of electrons at a molecular level. Investi-
gating single-molecule reactions — and understanding how they
provide information about or differ from reactions in the bulk — will
deepen our understanding of chemical reactions and establish new
frameworks in materials science. In this Review, we survey state-of-
the-art chemical reactions occurring in single-molecule junctions.

We explore the advantages of real-time testbeds that deliver detailed
information aboutreaction dynamics, intermediates, transition states
and solvent effects. We provide a quantitative perspective of the charge
transport phenomena associated with chemical reactions at molecular
tunnelling junctions, and we compare the behaviour of single-molecule
reactions and those taking place in ensemble states. Finally, we explore
the possibility of leveraging single-molecule catalysis for large-scale
production of materials.
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Introduction

Chemical reactions typically involve changes in the positions of elec-
trons asbonds break and form between atoms. Controlling the move-
ment of electrons within or between molecules using different sources
of energy —including heat, light, force, electrons and electric fields —
enables the creation of a wide variety of products. To comprehend
elementary chemical reactions, design catalysts and create new materi-
als, itis essential toidentify exactly how electrons participate in these
transformations. In macroscopic experiments, however, the nuances of
reaction mechanisms can be hidden for the simple reason that ensem-
bles often display quasi-equilibrium conditions. Investigations of indi-
vidual molecules can uncover'” this hidden information, providing a
more complete understanding of the mechanisms. Single-molecule
techniques are beginning to occupy centre stage in the development
of contemporary chemistry®’, such as in click chemistry?, electric
field catalysis'®", electrocatalysis', fluid catalytic cracking? nano-
particle catalysis®, photo-induced reactions™ and surface reactions®.
Inparticular, the unique capabilities of molecular tunnelling junctions
can provide fresh insights into photocatalysis”, electrocatalysis™, and
other electron-transfer reactions” that involve electron transport.

Asingle-molecule junction (SMJ) consists of aconductive molecu-
lar bridge connected to two electrodes, one at each end. Reactions in
SM] platforms are performed by immobilizing the reactant or catalyst
betweenelectrodes. These reactions areinitiated by applying external
stimuli under different conditions. There are several advantages to
studying chemical reactionsin SMJs. Scanning tunnelling microscope
(STM)-based or graphene-based SMJ techniques have demonstrated
excellent compatibility with a variety of working conditions — from
ambient conditions to ultrahigh vacuum at cryogenic temperatures,
and even in liquid phases — a feature that enables extensive environ-
mental control of single-molecule reactions. SM] platforms enable
reaction mechanisms to be investigated without the need for labels,
by using electrical signals to probe reaction intermediates and/or
transition states with high temporalresolution. They also have innate
advantages beyond simply matching the size of the testbed to that of
the single molecule being measured. The metal electrodes themselves
can induce and affect reactions (Fig. 1a). It is not difficult to apply
external stimuli to the junction to induce reactions trigged by light,
chemicals, mechanical force (Fig. 1b), electrons (Fig. 1c) or electric
fields (Fig. 1d). These stimuli, which can control the reactivity and
selectivity of chemical reactions, have promoted the rapid develop-
ment of the field of reactions in SMJs. Finally, investigating the role
of solvents in single-molecule reactions helps to establish a catalytic
model that is closer to homogeneous catalysis and to bridge the gap
between single-molecule catalysis and reactions inthe bulk. After these
early discoveries, SM] electrical testbeds have been developed continu-
ouslyinordertoachieve abalance between precision, controllability,
reliability and scalability — and to further reduce the gap between
single-molecule transformations and bulk reactions.

Inthis Review, we discuss how combining the art of synthetic chem-
istry with the practice of molecular electronics'®* can isolate single-
molecule chemical reactions and monitor***? their charge transport
processes, revealing the chronology of reaction processes and encour-
aging the discovery of new phenomena of relevance to chemistry and
materials science. We survey the capabilities of real-time SM] platforms
and the technical challenges that still need to be addressed. We also
summarize the quantitative data analysis methods and machine-learn-
ing techniques developed to characterize single-molecule reaction
kinetics and dynamics. Because the focal point of this Review is the

application of single-molecule techniques towards synthetic chemistry,
electrode-induced interfacial reactions (Fig. 1a), as usually used to form
robust molecular circuits®® >, are not emphasized here. We pay special
attention to three reaction scenarios at SMJs: environmentally induced
reactions (Fig.1b), electron catalysis (Fig. 1c) and electric field catalysis
(Fig.1d). We believe that careful investigation of these single-molecule
reactions will help to bridge the gaps between synthetic chemistry,
heterogeneous catalysis and molecular electronics.

Stoichiometric analysis
Technical methods to probe single-molecule reaction kinetics
and dynamics
Thekinetics and thermodynamics of chemical reactions and catalyses
have beeninvestigated extensively using ensemble-averaged methods,
suchasinsituinfrared spectroscopy?®*, dynamic nuclear magnetic reso-
nance spectroscopy®, and transition absorption spectroscopy’. These
techniques have alsobeen used to gainreal-time insight into continuous
reaction trajectories. Probing chemical reactions with single-molecule
precision (Box 1) can provide mechanistic insights into reaction
kinetics**® and catalytic dynamics®**°, distinguish alternative reaction
pathways**? and even capture intermediate species* that are usually
hiddenwithinadistributionin the ensemble-averaged measurements.
For single-moleculereactions in condensed phases —namely, insolu-
tion or onsurfaces*** — single-molecule fluorescence microscopy”***
and single-molecule Raman scattering spectroscopy** *° have been
employed to reveal the reaction kinetics and/or dynamics associated
with solvents and external stimuli. Single-molecule fluorescence
microscopy, however, usually requires* the use of fluorescent labels. The
diffusion of homogeneous reactionsin solution makesit far from easy
to capture fluorescent signals. Single-molecule Raman spectroscopy
often suffers**~*° from plasmonic effects and low signal intensity.
The SM] platform provides alabel-free tool for real-time probing
ofintermediates, transition states and reaction trajectories, which are
transduced directly into electrical signals. We note that the statistical
results for single-molecule reactions are obtained from continuous
measurements on a single molecule instead of from observations of
ensembles, and thus the single-molecule dynamic analyses are defined
on the average within a time domain, which should be comparable to
the macroscopic thermodynamic results based on ensemble average.

Kinetic and dynamic analysis methods for graphene SMJs

Beyond these advances in ‘hardware’ (Box 1), the development of
‘software’ (Fig. 2) — namely, data analysis methods — is also crucial to
process the vast array of electrical signals associated with specific reac-
tion states. For example, real-time electrical measurements of single-
molecule nucleophilic additions (Fig. 2a), based on graphene SMJs,
produce® alarge amountof reproducible current fluctuations between
two states (Fig. 2b, step 1) that can be transduced into a rich supply of
molecular structural signatures associated with intermediates in chemi-
calreactions. Kinetic and dynamic analysis methods are employed to
treat these stochastic data (Box 2). First, one-dimensional histogram
analyses of current values are performed in order to achieve abimodal
current distribution (Fig. 2b, step 2). These two distinct states can be
attributed to thereversible transformation between areactantandan
intermediate. Second, by using the QuB software’, the current-time
curves can be fitted with two distinguishable states using a segmen-
tal k-means method based on hidden Markov model analysis (Fig. 2b,
step 3). Dwell times (Tyg;, OF Ty,,,) for the high- and low-conductance
states, respectively, can therefore be obtained from the ideally fitted
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Fig.1|Four reaction scenarios insingle-molecule junctions. a, Electrode-
induced reactions. In an electrode-induced reaction, an Au-C bond is formed
inorder torealize robust contacts between the molecule and the electrodes.

b, Environmentally induced reactions. The external stimuli used to induce these
reactions include chemicals, mechanical force, light and plasmon. ¢, Electron
catalysis. In electron-mediated reactions, electrons undergo exchange between
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electrodes and molecules. d, Electric field catalysis. Large external electric fields
are applied over small distances between two electrodes in order toinduce
reactions. Panel a adapted with permission from ref.*, copyright 2020 American
Chemical Society. Panel b adapted with permission fromref."?, AAAS. Panel ¢
adapted from ref.'*?, Springer Nature Limited. Panel d adapted from ref.?°,
Springer Nature Limited.

current-time curves. Third, by plotting and fitting the dwell times
of each state using a single-exponential function, the average lifetime of
the corresponding states canfinally be achieved (Fig. 2b, step 4). These
average lifetimes can then be used® to calculate the reaction kinetic
and dynamic parameters, such as the activation energy (E,) and the
equilibrium constant (K). This methodology determines the lifetime
ofintermediate states and the kinetic and dynamic parametersineach
key step of achemical reaction. We note that the parameters obtained
from statistical analysis of single-molecule current-time curves are
compatible®**~*with the theoretical calculations, proving the reliability
of the quantification of the reaction rates and energy barriers.

Kinetic analysis methods for break-junction techniques
Break-junction measurements consist of repeatedly forming a point
contact with a single molecule while simultaneously measuring the
conductance as a function of the tip-substrate displacement. Each
breaking trace provides®”*® information about the constitution of
themolecule —eitherareactant, anintermediate oraproduct —inthe
junction. The kinetics of chemical reactions at the single-molecule
scale can be extracted® ® quantitatively by determining the distribu-
tions of conductance® (Fig. 2c) or the displacement® (Fig. 2d). Time-
dependent peak area ratios of reactants, intermediates and products
canbeobtained by multiple-peak Gaussianfitting. Therefore, the per-
centage of productsinallmolecularjunctions with respect to time can
be determined and employed in further kinetic analysis. In addition,
flicker noiseanalysis (Fig. 2e) canbe used® toinvestigate conformational
interconversion processes.

The application of machine-learning algorithms®* (Fig. 2f) to
break-junctiontechniquesis anotherimportantadvancein data-analy-
sismethods that has occurred during the past 5 years. The conventional
analysis (Fig. 2f, top left) of breaking traces involves creating one- and
two-dimensional conductance histograms fromall the measured traces
and obtaining an average junction conductance of reactants, interme-
diates and products. Machine-learning tools® can tackle the problem
by extracting and analysing multiple aspects of measured data, clas-
sifying different breaking traces, and distinguishing electrical signals
from reactants, intermediates and products. First, a breaking trace
(Fig. 2f, step 1) is converted into anindividual two-dimensional feature
vector (Fig. 2f, step2). Second, an appropriate machine-learning algo-
rithm®~7° (Fig. 2f, step 3) is chosen to categorize the datainto different
clusters (Fig. 2f, step 4). Finally, the clusters can be used to reconstruct
one-dimensional histograms belonging to different chemical species
(Fig.2f, step 5). Inafurther step, automated methods based on machine
learning can be employed” " to detect and optimize reaction condi-
tions autonomously at SMJs with high throughput. When used together
with quantum chemical calculations, machine-learning approaches
can also provide an understanding of chemical reactivities” 7 in
single-molecule reactions.

Capturing reaction intermediates from real-time data

Mechanistic analysis from ensemble experiments can outline a catalytic
cycleby presenting some node information, such as the capture of reac-
tionintermediates. The catalytic cycleis divided into several independ-
ent steps according to the elementary reaction under investigation.
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Box 1

Single-molecule reaction probing platforms

Optical platforms

Optical methods are employed to investigate chemical reactions
taking place in condensed phases in order to reveal molecular
reaction kinetics and/or dynamics associated with solvents and
external stimuli. Single-molecule fluorescence microscopy?®

(see table and panel a of the figure) and single-molecule Raman
scattering spectroscopy?”° (see table and panel b of the figure) have
emerged as tools with which to investigate reaction mechanisms,
by providing fluorescent signals® and vibrational signatures'® of the
bond transformations, respectively.

Imaging platforms

Surface imaging techniques for chemical reactions provide

in situ initiation?”??* and direct visualization?"“*** of chemical
bond transformations on surfaces?”® with single-atom and even

single-bond precision. An ultrahigh-vacuum scanning tunnelling
microscope®® (STM) (see table and panel ¢ of the figure) and non-
contact atomic force microscope® (AFM) (see table and panel d
of the figure) with ultrahigh vacuum, ultralow temperature and
ultraclean crystalline metallic surfaces are often used in these
investigations.

Junction platforms

Junction platforms are applied to chemical reactions in which the
reactants or catalysts are immobilized between electrodes. STM
break-junction’* (see table and panel e of the figure) and graphene
single-molecule junction (see table and panel f of the figure)
techniques®®®, which are highly compatible in a variety of working
conditions, have been developed in recent years to achieve a
balance between precision, controllability, reliability and scalability.

Single-molecule chemistry probing platforms

Optical platforms

Imaging platforms

Junction platforms
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(continued from previous page)

Platform

Advantages

Disadvantages

Single-molecule
fluorescence microscopy

Robust reaction conditions; multiple environmental control methods;
reactions are performed in solutions or on surfaces under ambient conditions

Requires fluorophore labelling; photobleaching;
thermal effects; diffusion of molecules in solution

Single-molecule Raman
scattering spectroscopy

Multiple environmental control methods; provides vibrational signatures of
chemical bonds

Low signal intensity; requires plasmonic
nanocavity substrate; plasmonic effects

Ultrahigh-vacuum STM

Reactions are triggered by thermal annealing, light irradiation, tunnelling
electrons or electric fields; direct visualization of chemical reactions; imaging
capability with molecular and atomic-scale precision

Harsh operation conditions (ultrahigh vacuum,
ultralow temperature and ultraclean crystalline
metallic surface); requires rational design of
starting materials

Non-contact AFM

Injecting electrons; tip manipulation; imaging capability with single-bond
and single-atom resolution

Harsh operation conditions (ultrahigh vacuum,
ultralow temperature and ultraclean crystalline
metallic surface); limited reaction scope

STM break junction

High compatibility under different working conditions; applying electric
fields and injecting electrons

No imaging capability; relatively poor reaction
kinetics/dynamics analysis capability

Graphene single-molecule
junction

Multiple external control methods; applying electric fields and injecting
electrons; integrating with other techniques; real-time measurement

No imaging capability; heavy data-processing
tasks; sophisticated nanofabrication process

of currents; long junction lifetimes; high stability; detection of reactive
intermediates; quantitative analysis of reaction kinetics/dynamics

These steps provide static, indirect and partial information of the
reaction trajectory. A complete picture of the catalytic cycle can
be obtained by splicing this node information. Using the SM] technique
toinvestigate reaction mechanismsis based on the analysis of real-time
current data from the molecular wire, which is undergoing chemical
transformation. The SMJ technique can track the catalytic cycle of
afocusedsingle catalyst (Fig. 3a) insitu and inreal time’®, producing a
dynamic, intuitive and comprehensive image of the full cycle (Fig.3b,c).

For example, the distinction between the two controversial path-
waysinthe widely investigated Suzuki-Miyaura cross-coupling (Fig.3d)
canbe addressed by monitoring®® this catalytic cycle inasingle-catalyst
junction. Starting with the oxidative addition complex 2, the first pro-
posed pathway (Fig. 3d, solid arrows) exchanges the ligand with the
basebeforeinteracting withboronicacid, leading totheintermediate 4.
Inthe second pathway (Fig. 3d, dashed arrow), complex 2 reacts directly
with the base-activated boronic acid complex 6 to produce interme-
diate 4. The reaction involves the same species in both mechanisms,
hampering clarification of the pathways in ensemble experiments.

Monitoring the current travelling through a single catalyst inte-
gratedinelectrodes (Fig. 3a), however, addresses this conundrum. The
periodicelectrical signal (Fig. 3b), which includes four main conduct-
ance states (Fig. 3c), reflects the catalytic cycle of the Suzuki-Miyaura
coupling reaction. These conductance states are assigned to each
intermediate in the cycle through a series of control experiments,
inelastic electron tunnelling spectroscopy, and intermediate-limited
experiments combined with theoretical simulations (Fig. 3d). The
time sequence of the detected species supports a transition from
complex 3 to intermediate 4, providing direct evidence that the
ligand-exchange pathway is dominantin the Suzuki-Miyaura coupling
reaction mechanism.

In contrast with ensemble experimentsin solution, the thermody-
namic and kinetic parameters of each elementary reaction step of the
single-molecule cross-coupling can be extracted simultaneously by sta-
tistical analysis (Fig. 3e). The rate constants for oxidative addition and
ligand exchange (1-3,-361.7 s™), pre-transmetallation (34, -214.7 s ),
transmetallation (4-5, rate-determining step, ~178.4 s™) and reduc-
tive elimination (5~1, -238.8 s') demonstrate the intrinsic kinetics

characteristics of the Suzuki-Miyaura cross-coupling. Furthermore, the
conversion rates between complex 1 and 4 can also be estimated.
Thelow k,, (5.9 +0.3s™) and k,, (2.7 +1.0 x 10"*s™) indicate that there
isno direct reaction between complex 2 and 6 to give intermediate 4,
and clarifies the reaction mechanism from a kinetic perspective. The
unique ability of SMJ techniques to detect intermediate species and
their time sequences’* provides powerful capabilities for deciphering
mechanisms, opening up ways to reveal reaction processes and guiding
macroscopic organic syntheses.

Environmentally induced reactions

The earliest chemical reactions studied in SMJs fellunder the umbrella
of molecular switching”. In a single-molecule circuit, switching is
based on anintrinsic bi-stable change of the internal structure' — for
example, a constitutional change’ or a configurational change” ina
single-molecule reaction — which induces a modification in the con-
ductance. The variations in conductance can be utilized to determine
the switching mechanism of the molecule. The molecular switching
can be facilitated by external stimuli*® of macroscopic origin, such as
chemicals (reactants, pH, solvents), or mechanical forces, or light, or
by plasmons in nanogaps® for control on the mesoscopic scale.

Chemically induced reactions

Chemically induced single-molecule reactions can be dated back to
the application of [2]catenanes®” and [2]rotaxanes® as molecular
switches, which undergo co-conformational changes upon chemical
or electrochemical induction (Fig. 4a). In these mechanically inter-
locked molecules, aringmoves around asecond ring or along the axle
of adumbbell and occupies one of two recognition sites, one of which
provides a high-conductance state and the other a low-conductance
state. The union of mechanically interlocked molecules with molecular
electronics**"*¢ has enabled mechanical bonds to be understood on
amolecularlevel® from both mechanical and electrical perspectives.
Some proof-of-concept experiments, performed using a graphene
SMJ platform, have demonstrated®**’ the dynamic switching of a sin-
gle (pseudo)rotaxane undergoing a shuttling-like motion in aqueous
solution. Other chemically induced single-molecule reactions, such
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Fig.2|Real-time data-analysis methods. a, A single-molecule nucleophilic
addition. b, Illustration of current-time data analysis for extracting the kinetic
parameters of single-molecule reactions. Step 1: real-time electrical data

showing the current fluctuations between two states. Step 2: one-dimensional
histogram analyses of the real-time current data, demonstrating a bimodal
current distribution. Step 3: theoretical fit of the current-time curves with

two distinguishable states using a segmental k-means method. Step 4: average
lifetime of the low-conductance state achieved by plotting and fitting the dwell
times in step 3. c-e, lllustration of stoichiometric analysis for reactions in break
junctions. ¢, Monitoring the transformation from A to B to C by analysing the
distribution of conductance. The histograms are analysed by Gaussian fitting to
determine the area ratio between different components. Right inset: comparison
of reaction kinetics for the reaction A to Bin asingle-molecule junctionandinan
nuclear magnetic resonance (NMR) tube. A, reactant; B, intermediate; C, product.
d, Monitoring the coupling between A and B by analysing the distribution of
molecularjunction lengths. A, reactant; B, reactant; A-B, the coupling product.
e, Monitoring the transition between two stable conformations of amolecule

using flicker noise signals. A, conformation 1; A’, conformation 2. f, Illustration

of using machine-learning methods for data analysis. Step 1: one example of a
breaking trace obtained from break-junction measurements. Step 2: transforma-
tion of a breaking trace into a feature vector. Step 3: machine-learning algorithms
chosento classify the created feature space. Step 4: classification and clustering
results obtained for the database of all breaking traces. Step 5: identification

of different chemical species by reconstructing the conductance histograms from
different clusters. Panels aand b reprinted with permission of AAAS fromref.”,

© The Authors, some rights reserved; exclusive licensee AAAS. Distributed

under a CC BY-NC 4.0 License (http://creativecommons.org/licenses/by-nc/4.0/).
Panel c adapted with permission of AAAS from ref.®". © The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License
(http://creativecommons.org/licenses/by-nc/4.0/). Panel d adapted with
permission from ref.”?, copyright Wiley-VCH GmbH, and adapted from ref.?”,
Springer Nature Limited. Panel e adapted with permission from ref.®*, Elsevier.
Panel fadapted from ref.®s, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).

as the reversible protonation and deprotonation of molecular junc-
tions”**, focus on harnessing the chemical and electronic structural
changesinmolecules before and after areactioninanattempt tobuild
molecular switches.

The mechanisms of chemically induced transformations have
only occasionally been the focus of molecular electronics. The key to
bridging the gap between current signals and reaction mechanisms
is the use of real-time single-molecule testbeds. By monitoring the
changeincurrentasafunction of time with high temporal resolution,
the reaction kinetics can be determined. For example, graphene SMJ
platforms canbe applied to probe the dynamic details of nucleophilic
substitutions®® and additions®. The activation energy (E, = 50 k) mol™)
ofasingle-molecule nucleophilic substitution, a value comparable to
the macroscopicresults (-42 k] mol™), canbe derived from the real-time
currentsignals. The dynamics and solvent dependence of areversible
nucleophilic addition can be measured by changing the solvents in
the SM] platform®. These investigations have revealed ways® to probe
intermediates directly with high temporal resolutioninnot only single-
molecule chemical reactions but also in single-molecule reactions
involving both proteins®®* and DNAs*>¢, broadening the contribution
of SM] platforms to fields beyond reaction mechanisms in chemistry.

Mechanochemical force-induced reactions

Mechanical force is an important way to induce transformations of
molecular wires, especially during break-junction measurements.
There are three known mechanisms associated with force-induced
single-molecule reactions. First, mechanical distortion in a molecule
with a redox centre can induce electron-transfer reactions’”’® by cre-
ating a favourable nuclear geometry that allows electron transfer to
take place (Fig. 4b). For example, mechanical stretching of coordina-
tive metal-ligand bonds is responsible for shifts in energy levels and
redox potentials®’. Mechanical pulling may also distort'*° the Fe(ll)
coordination sphere and eventually modify its spin states (Fig. 4c, top).
Second, in permethyloligosilane molecules'”, force can induce con-
formational changes — without bond rupture — between three distinct
conformations with dramatically different electronic properties. The
nuanced conformational changes are associated with astereoelectronic
effect. By simply stretching or compressing the molecular oligosilane
junctions, conductance can be switched digitally between the three
conformations. Third, force can trigger'®’ the isomerization'®*'** of a
ring-closed spiropyran to its zwitterionic merocyanine ring-opened
state (Fig. 4c, bottom). Physically pulling the ends of the molecule
breaks the spiro C-0 bond, causing a large change in electronic con-
jugation, asindicated by colour changes in the bulk state and dramatic
conductance variations at the single-molecule level.

For most of these force-induced single-molecule reactions, how-
ever, theoretical calculations are needed to elucidate the interplay
between the electronic properties and structural variations of the mol-
ecules. In future, more reliable experimental results can be expected
from combining'*>'%¢ break-junction measurements with single-
molecule force spectroscopy, thus improving our understanding of
the connectionbetween force and conductance during chemicalbond
dissociation and formation.

Photo-induced reactions

Lightisaclean, non-invasive and easily addressable way to trigger'*”'%®
switches in photochromic molecules (Fig. 4d). SMJs provide an effec-
tive real-time in situ platform with which to monitor? photochemical
processes that are relevant to chemical and biological systems. Inves-
tigations of reversible photo-isomerizations at the single-molecule
level, however, remain challenging.

A photochemical reaction usually involves a photo-excited state.
When performing photochemical reactionsinsingle-molecule devices,
the photo-excited state is often quenched by the electrodes, affecting the
reversibility of the intrinsic photochemical process. This quenching
phenomenon is caused mainly by two factors: the relative position
between the Fermi level of the electrodes and the energy level of the
excited molecule'”, and/or electronic coupling between the electrodes
and the molecule at the interface®. For example, a diarylethene mole-
culeistypically photochemically reversible between high-conductance
(closed) and low-conductance (open) states, butit loses this reversibility
when connected tonanogap gold electrodesin asingle-molecule device
(Fig.4e). This loss occurs because the Fermilevel of gold is close to the
energy level of the excited state of the diarylethene molecule inits open
form, quenching this excited state and inhibiting the molecule from
returningto the closed form'**"" (Fig. 4f). By contrast, when diarylethene
isconnected to carbon nanotube electrodes (Fig. 4g), strong interface
coupling between the molecule and electrodes quenches the photo-
excited state of the closed form, such that the molecule cannot return
to the open form™° (Fig. 4h). These results highlight the importance of
the molecule-electrode contactinterface to the device function.

The challenge of molecular excited state quenching can be solved
by molecular engineering to tune the energy level alignment and elec-
tronic coupling at the molecule-electrode interface. A hydrogen-
ated diarylethene derivative with electron-donating properties has
higher energy levels than the pristine molecule, whereas the fluori-
nated derivative, with all its electron-withdrawing fluorine atoms,
has lowered energy levels™ ™, To control the electronic conjugation
at the interface and weaken interface coupling, saturated oligometh-
ylene chains with one to three methylene groups canbeintroduced as
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Box 2

Kinetic and dynamic analysis of single-molecule reactions

The quantitative kinetic and dynamic parameters of a single-
molecule reaction can be extrapolated from real-time current-time
plots (Fig. 2b). The time interval between two current states is
called the dwell time (t) of one state, which is afforded by idealizing
current-time trajectories using® the QuB software. The distributions
of the dwell time are fitted in a single exponential decay function:

1 T
P(r)= aexp(- 6) (1)

where (t) is the mean duration time. Other kinetic and dynamic
parameters can be determined from (1). First, the kinetic constant
kris the reciprocal of (1), and then the activation energy E, of each
process is obtained through the linear fitting of lnk; with respect to
1/T according to the Arrhenius equation:

=lE
k-=A(T —2 2
T =A( )exp( RTJ 2)
where A(T) is the pre-exponential factor, R is 8.314Jmol"K'and T is
the temperature.

Second, the energy difference AE between two states is obtained
according to Boltzmann statistics*****%:;

(wy

AE=-RT ln & (3)

Third, the Gibbs free energy*”, AG, can be derived from:

AG® =-RT In K° (4)

linkers onboth sides of the diarylethene centre (Fig. 4i). Inthe case ofa
hydrogenated diarylethene derivative with two trismethylene linkers'?,
these modificationsled to afully reversible light-controlled changein
single-molecule conductance between the high-and low-conductance
states (Fig. 4j). This observation proves that intrinsic photochemical
processes involving single molecules can be monitored successfully
in specially designed single-molecule devices.

Photo-isomerizations that take place in SMJ platforms are more
complicated thanthoseinsolutionbecause tunnellingelectrons, electric
fieldsand externallightirradiationall contribute to the switching. Disen-
tanglement of these contributionsis not aneasy task. For example, asin-
glemolecule of azobenzeneis knownto undergo reversible cis-to-trans
isomerization induced by light">"¢, by tunnelling electrons™”"® and
by electric fields*"*'*°, In another case, a bicyclic norbornadiene can
switch to the quadricyclane form upon illumination by UV light and
relax thermally to the original state”.. Whenlocated in an SMJ, however,
the norbornadiene-to-quadricyclane isomerizationis activated ther-
mally by local heating, whereas the reverse transformationis realized
by asingle-electron-transfer process using a high bias. Elegant control
experiments need to be designed to understand the mechanisms

The equilibrium constant K° should be redefined in single-
molecule reactions. In the case of first-order reactions, AG is equal
to the energy difference AE of two states, leading to an equilibrium
constant K°=k/k,. In second-order reactions, however, an extra
correction is required on account of the dispersed reactant concen-
trations. In this situation, the equivalent equilibrium constant K is
corrected using the Langmuir isotherm model:

k=-2c )

where a represents the proportion of one of the stable states

of the immobilized single molecule in the junction, and C is the
concentration of other interacting molecules dispersed in the
solution?°. Enthalpy (AH) and entropy (AS) for the two stable states
of the single-molecule reaction can also be determined from:

AG=AH-TAS (6)

which is similar to the thermodynamic equation employed in
macroscopic reactions in solution. Last, when the transition-state
theory is introduced, the AH* and AS” between the transition state
and substrate can be determined from the van't Hoff equation:

h _ AH*

RIn =

kT T +AS (7)

According to the quantitative analysis of single-molecule reaction
dynamics, the information hidden in the averages of macroscopic
reactions in solution can be obtained from the observation of single
events in single-molecule junctions.

that contributeto each direction of areversible photo-isomerization.
Figuring out the role of reaction conditions in controlling the switch-
ing direction may realize multiple controllable modes of inducing
isomerizationbeyond the use of light, while providing unique alterna-
tive approaches, such as tunnelling electrons, electric fields and local
heat, for investigating the mechanisms of isomerization at both the
atomic'” and molecular'® levels.

Plasmon-induced reactions

The external stimuli used to facilitate the above chemical transforma-
tions have macroscopic origins. Plasmons in nanogaps may provide®'?*
amore controlled means of manipulating single-molecule reactions on
the mesoscopicscale. Ingeneral, plasmon-mediated reactions*®™° can
be invoked by four excitation mechanisms'**: a direct intramolecular
excitation,anindirecthot-electrontransfer,achargetransfer frommetal
tomolecules, or local heating involving vibrational excitation of mole-
cules. Which excitation mechanisms are associated with a given reac-
tion remains controversial because hot carriers, strong electric fields
andphotothermaleffectscanallcontribute’”**tothetransformationand
are difficult to disentangle.
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The STM platform — by revealing the identity of the substrate,
exercising accurate temperature control, performinglight energy and
intensity dependence measurements and ensuring real-space single-
molecule observations — can provide a fundamental understanding
ofthe different excitation mechanismsin plasmon-induced reactions
atthesingle-moleculelevel. For example, directintramolecular excita-
tion is found to be the principal mechanism in the plasmon-induced
dissociation of dimethyl disulfide'”*, for the simple reason that the
moleculeis hybridized weakly with the metal substrate. In the plasmon-
induced dissociation of O,, however, hot-carrier transfer is the

dominant mechanismbecause O, is chemisorbed strongly on the silver
substrate'”. We note that molecular junctions are complex systems that
cannot be elucidated fully using theoretical models of optical-electrical
behaviour in biased junctions, which are always simplified to tackle
plasmon-induced reaction mechanisms.

Electron catalysis

Electron catalysis is a key technology for realizing the transition of
industrial synthesis from relying on fossil energy to employing renew-
ableenergy such aselectricity. Investigating the role of electrons during
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Fig. 3| Revealing new reaction pathways from dynamic analysis of single-
moleculereactions. a, Schematicillustration (left) and structural formula
(right) of a single-molecule catalystimmobilized between graphene electrodes
for real-time monitoring of a Suzuki reaction. b, Real-time detection of

current changes for 5 s on account of the change of the decoupled catalytic
function centre. Inset: current signal fluctuations between multiple statesin an
expanded region covering 100 ms. ¢, One stepwise catalytic cycle covering 6 ms
demonstrating four different conductance states. d, A complete catalytic cycle of

aSuzuki-Miyaura cross-coupling reaction showing two possible transmetallation
pathways. One mechanism comprises ligand exchange of an oxidative addition
complex 2 with abase to give 3, which then interacts with aboronic acid leading
toatransmetallation intermediate 4. In the other mechanism, complex 2
undergoes transmetallation directly with the base-activated complex 6 to give
theintermediate 4. e, Extraction of the conversion rates between species1, 3,4
and 5in the catalytic cycle. I, source-drain current; k, rate constants of reactions.
Adapted fromref.*®, Springer Nature Limited.
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Fig. 4 | Environmentally induced reactions. a, Top: chemically induced
switching of a bi-stable [2]catenane. Upon addition of an oxidant, the blue ring
changes from encircling the green recognition site to encircling the red one.
When areductantis added, the blue ring returns from encircling the red site to
encircling the green one. Bottom: chemically induced switching of abi-stable [2]
rotaxane. The ring moves along the axle of adumbbell and occupies either the
red or the green recognition site upon addition of an oxidant and areductant,
respectively. b, Schematic illustration showing a stretching-induced electron-
transfer reaction in aferrocene (Fc)-based single-molecule junction. As the
ferrocene derivative is stretched by the movement of one electrode, it becomes
oxidized. ¢, Top: amechanically controlled single-molecule junction based on
an Fe(ll)-based spin-crossover molecule. Stretching of electrodes distorts the
Fe(ll) coordination sphere and changes the spin states. Bottom: force-induced
isomerization of a spiropyran. Pulling the ends of the molecule breaks the spiro
C-Obond. d, Single-molecule photo-isomerizations. e, A single-molecule photo-
chromic diarylethene switch attached to two Au electrodes. f, Current-time

plotshowingirreversible switching of diarylethene in panel e from the closed
to open state upon applying visible light. g, A photochromic diarylethene
molecular junction connected to carbon nanotube electrodes. h, Current-time
plot showing irreversible switching of diarylethene in panel g from the open

to the closed state upon ultraviolet irradiation. i, Agraphene-electrode-based
single-molecule diarylethene junction in which the diarylethene switch has
been extended by incorporating trismethylene linkers at each end of the
switch. j, Current-time plot showing the reversible current of diarylethene in
iswitching through a diarylethene junction betweenits open and closed forms,
upon ultraviolet (UV) and visible (Vis) lightirradiation. A, heat. Panel a adapted
from ref.%, Springer Nature Limited, and adapted from ref.®, Springer Nature
Limited. Panel b adapted with permission from ref.”’, copyright 2017 American
Chemical Society. Panel ¢ (top) adapted with permission from ref.'°?, copyright
2016 American Chemical Society. Panel d (bottom) adapted with permission
from ref.”?, copyright Wiley-VCH GmbH. Panel jadapted with permission from
ref.?, AAAS.

molecular transformationsis essential when it comes to understanding
electrocatalysis at the macroscopicscale. The SMJ technique provides
aversatile platform with which to investigate electron transport dur-
ingachemicalreaction at the single-molecule level. To convert an SMJ
platform into a toolkit for studying electrocatalytic mechanisms, the
firstissue to addressisto establish the connectionbetween the micro-
scopic datarecorded during single-electron-transfer reactions at SMJs
and the macroscopic data obtained from electrochemical reactionsin
the bulk. We anticipate that comparative investigations of this kind will
help toenable stochastic electron-catalysed single-molecule reactions
using deterministic thermodynamics based on ensemble averages of
bulk collections of molecules undergoing electrocatalysis.

Electron-transfer reactions

AnSTMby itself can provide two means of catalysing single-molecule
reactions (Fig. 5a), one employing electrons'**'* and the other electric
fields'*"°"! Before we examine the mechanisms of electron-mediated
reactions and electron catalysis, we first of all discuss how electrons
exchangebetween electrodes and molecules. Insolution-based chem-
istry, reductants such as Zn dust™” and oxidants such as FeCl, (ref."**)
are often used to inject electrons and holes, respectively, into reac-
tants. At the single-molecule level, the electrode is the ideal electron
or holesourcetoinitiate chemical reactions. Depending on the energy
ofthe electrons, electron-mediated single-molecule reactions can be
classified into two categories.

For thelow-energy case (Fig. 5b) intheinelastic tunnelling regime,
electrons are injected into the molecule in such away so as to excite™*'>
its vibrational modes, leading to energy exchange between the elec-
trons and the bonds in the molecule. Bond breaking occurs when the
transferred energy exceeds the bond dissociation barrier. Some pio-
neering experiments —such as the intramolecular bond dissociations
of 0-0 bonds'®, C-H bonds®”* and C-I'* bonds, and hydrogen tau-
tomerization in melamine™® and napthocyanine'” derivatives — have
confirmed the involvement of a vibrational excitation mechanism.
Inelasticelectron tunnellingisrealized by positioning the STM tip above
thebond ofinterestand then dosing it with electrons at afixed height so
asto performsingle-molecule chemistry with single-bond resolution.

Forthe high-energy case (Fig. 5c) inthe field-emission regime, elec-
tronsare transferred to an unoccupied orbital in the molecule, raising
itto a high-energy electronic state. Such electron-transfer processes
and the corresponding charge-state changes in a molecule govern'*
its aromaticity and reactivity and have implications for electro- and

photocatalysis. For example, when an electron is injected”*"*’ into

the antibonding level of O,, the 0=0 bond breaks owing to the gen-
eration of activated negatively charged states. Such electron-transfer
processes follow very closely the catalytic mechanisms employed in
organicelectrochemical synthesis''*° carried out in solution — where
the formation of radical'* or cationic'** intermediatesis the key step —
suggesting yet another way to investigate electrocatalytic routes at
the single-molecule level.

Single-molecule redox reactions
Adding (or removing) electrons to (or from) a single molecule can be
promoted in three-terminal solid-state devices**'** orin electrochemi-
cal cells'**"*¢, The gate voltage scan offers'” an integrated approach
totuningthe relative positions of the molecular orbitals with respect to
the electrode Fermi level, promoting the injection (subtraction) of
electronsinto (from) the SMJs, and creating different charge statesina
singlemolecule, finally leading to detectable changes in single-molecule
conductance. In particular, asingle-molecule electrochemical platform
provides™® complementary approaches to understanding electron
transfer in redox-active molecules, mimicking the electrochemical reac-
tions thattake placein bulk solutions. Several milestonesin this areahave
beenachieved by using redox-active molecules, such as naphthalene or
perylenediimide'*!, anthraquinone™>"**, viologens"* ¢, tetrathiaful-
valene™"%, benzodifuran™’, the thieno derivative of bifluorenylidene,
transition metal complexes'®'*? and even single-cluster junctions'.

In a typical four-electrode single-molecule electrochemical cell
based on the STM break-junction platform (Fig. 5d), the STM break-
junction tip and substrate serve as the two working electrodes. The
incorporation of counter and reference electrodes controls the elec-
trochemical potential of the tip and substrate. The potential difference
between these two working electrodes is also the bias voltage applied
across the molecular junction, driving the tunnelling current to flow
through the single molecule. Such animplementation canbe compared
with the conventional three-electrode cell (Fig. 5e) used in ensemble
electrochemical experiments. It remains unclear how the insights
gained from mechanisms identified in individual electron-transfer
reactions relate to ensemble measurements. According to different
mechanisms of electron transfer at the molecular level, single-molecule
redox reactions can be categorized into three sets.

First,in macroscopicelectrochemistry, the Butler-Volmer equa-
tion'* is one of the most fundamental pieces of theory that is used
(Fig. 5f) to describe relationships between the electrode potentials
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and current densities that govern redox-reaction kinetics. At the single-
molecule level, however, each electron-transfer process is stochas-
tic and exhibits'® (Fig. 5g) large conductance fluctuations between
the reduced and oxidized states. The probability of single-molecule

fluctuations follows the first-order kinetics described by the Butler—
Volmer equation. Ensemble averaging of conductance in relation to
electrochemical potentials follows a sigmoidal dependence, which can
be described by equilibriumelectrontransfer and the Nernst equation.
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Fig. 5|Single-molecule electron catalysis. a, The electron-induced abstraction
ofiodine fromiodobenzene. b, Potential energy diagram of the model for

bond breaking by low-energy inelastic electron tunnelling. (i) At high bias, the
energy of one electron is sufficient for bond dissociation; (ii) at low bias, three
electrons are required. ¢, Potential energy diagram of the four steps that lead to
molecular fragmentation induced by high-energy electrons: (i) electron capture,
(ii) nuclear relaxation, (iii) an electron returning to the ground state and the
formation of a vibrationally excited state, which (iv) leads to the dissociation of
covalentbonds. d, A four-probe single-molecule electrochemical cell based on
STMbreak junctions. The tip and substrate of a STM break-junction setup serves
as the two working electrodes. The use of counter and reference electrodes
controls the electrochemical potential between the tip and the substrate.

e, Atypical electrochemical cell for ensemble-redox experiments in solution
contacting three electrodes: aworking electrode (WE), a counter electrode

(CE) and areference electrode (RE). These three electrodes are connected to
apotentiostat, which applies a potential difference between the WE (where

the electrochemical reaction takes place) and the RE (which serves as a stable
reference point against the potentials of other electrodes). The CE completes
the circuit and allows current to flow. f, A cyclic voltammogram for a solution

undergoing areversible one-electron redox reaction. g, Conductance-potential
histograms showing large conductance fluctuations for a single-molecule
electron-transfer reaction. h, Schematicillustration and a proposed reaction
mechanism for an electron-catalysed single-molecule dehydrogenation. Two
electrons are injected from the top electrode to DPA?* and trigger the formation
of adiradical, DPA™. This unstable diradical then transforms to another diradical,
DPE", through a dehydrogenation step. Two electrons are finally removed

from DPE” and moved to the bottom electrode, leading to the oxidative state

of DPE? and the completion of the catalytic loop. DPA, 1,2-di(4-pyridinium)
ethane backbone; DPE, 1,2-di(4-pyridinium)ethene backbone; E, electrochemical
potential; £y, reduction potential of the analyte; £, dissociation barrier; i, .,
cathodic current reaches amaximum at a potential (£, ) during the reduction

of the analyte; i, ,, anodic current reaches amaximum at a potential (£, ,) during
oxidation; n, vibrational quantum number; n., vibrational excitation level at
which the bond breaks promptly; STM, scanning tunnelling microscope. Panel b
adapted with permission from ref.”**, APS. Panel c adapted with permission from
ref.””?, AAAS. Panel g adapted with permission from ref.’*>, National Academy of
Sciences. Panel hadapted with permission from ref.””, copyright 2021 American
Chemical Society.

Second, whenthe central redox centreis decoupled electronically
from the electrode, the electron-transfer reaction prefers to follow a
two-step hopping model'*® via the redox centre — that is, the electron
transfersfromthetopelectrodetotheredoxcentrebyaFranck-Condon
transition, the molecule reorganizes as a result of environmental
and internal relaxation in the adiabatic limit, and finally the electron
transfers from the redox centre to the bottom electrode. When mov-
ing from positive overpotentials towards the negative direction, the
conductanceincreasesinthe direction of the reversible potential and
then decreases, giving a maximum molecular conductance close to
the equilibrium redox potential.

Third, electrochemical reaction-induced structural changes result
innew quantum phenomena —such as quantum interference — at the
molecular level, leading toalarge variationin conductance>">*'’, For
example, the electrochemical potential sweep causes aredox-induced
structural change between an oxidized anthraquinone and reduced
hydroanthraquinone. The anthraquinone has a cross-conjugated
backbone, leading to destructive quantum interference and lower
conductance, whereasthe quantuminterference effectis absentin the
linearly conjugated dihydroxyanthracene backbone. In this respect,
the single-molecule electrochemical platform provides a unique way
to inspect the structural transformations during electrochemical
reactions and electron catalyses.

Single-molecule electron catalysis

The single-electron sensitivity of the ultrahigh-vacuum STM and non-
contact AFM platforms reveals'®® insights into reaction pathways
during electrocatalysis. In an ultrahigh-vacuum STM or non-contact
AFM platform, however, these single-molecule reactions are typically
performed'?>'**'"° on defect-free metal substrates under ultrahigh-
vacuum conditions and at cryogenic temperatures, situations which
donotreflect the experimental conditions employed in homogeneous
photo- or electrocatalysis. To achieve better comparisons between
reactions performed at the single-molecule level and in bulk solution,
the harsh operating conditions associated with STMs must be rendered
milder to match the experimental conditions employed in photo- or
electrocatalysis. For example, to investigate CO, conversion, the metal
substrates typically used in STM canbe replaced with TiO,, awidely used
photocatalyst'’. STM results reveal that, for CO,to be adsorbed onTiO,

substrates, electron-injection-induced generation of CO, "~ is the deci-
sivestepinthe CO,reduction to CO. This catalytic mechanism can guide
the design of photocatalysts for CO, reduction”?and H,0 splitting'”.

Moreover, when a single-molecule reactant is a good electron
host**', such as in the case of a dehydrogenation of 1,2-di(4-pyridin-
ium)ethane'”, the electronsinjected from the STM tip become trapped
inthe single molecule, triggering (Fig. 5h) the dehydrogenation before
the electrons are extracted into the bottom substrate. Concepts canbe
borrowed from the chemistry of bulk reaction mechanisms'®in order
toelucidate thereactions of single molecules'. Electron catalysis can
be recognized as a general class of chemical reactions that proceed
slowly and routinely in solution under normal thermal conditions, and
that can be accelerated by generating various reactive intermediates
upon injection of electrons at appropriate electrochemical poten-
tials. In the electron-catalysed single-molecule dehydrogenation,
alinear relationship between redox energies (AE, and AE,) and tip/
substrate bias voltages (V; and V,) can be obtained qualitatively. An
increase in bias voltage elevates the energy level of electrons in the
tip, while pushing down the energy level of the electrons in the sub-
strate. Compared withensemble reactionsin solution, the STM break-
junction platform provides an ultrahigh electric field that is directed
along the molecular backbone, causing the energy to decrease from
-7.11t0-8.86 kcal mol™ and thus promoting the dehydrogenationina
thermodynamic manner.

Electric field catalysis

The ability of electric fields to affect the reactivities and selectivities
of non-redox reactions — long anticipated by both theoretical and
experimental chemists — has emerged'*"”’ as a viable form of chemi-
cal catalysis during the past 5to 10 years. Electric field catalysis is
at the heart of some biological enzymatic reactions”®, occurring
naturally when reactants constitute**° (Fig. 6a) an optimal match
at sites relative to charged units inside. For electric field catalysis to
be exploited in the domain of synthetic chemistry, the obvious chal-
lenge is how to align the molecules and electric fields. One solution
is to mimic' the active sites of enzymes by synthesizing'®* a supra-
molecular container that generates an electric field inside its cav-
ity, and then encapsulating'®*'®* reactants inside the nanoconfined
space to align with the field and alter their reactivity'*>'*® (Fig. 6b).
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Another solution is to use’ a break-junction platform through which
adirectional electric field can be applied (Fig. 6¢), allowing the links
between electric fields and the kinetics and/or dynamics of chemical

reactions at SMJs to be investigated quantitatively. Depending on
the conditions under which break-junction experiments are per-
formed and how electric fields are generated, these reactions can
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Fig. 6 | Single-molecule electric field catalysis. a, Natural enzymatic catalysis
by the electric field £ generated in the active site of a ketosteroid isomerase by
three amino acid residues. b, Supramolecular capsule catalysis by the electric
field generated inside a nanocage and projected onto the gold-alkyl ligand
bonds of an encapsulated guest. ¢, A Diels-Alder reaction catalysed by an electric
field generated between the two electrodes in a scanning tunnelling microscope
(STM). d, Electric-field-catalysed cis-to-transisomerization of [3]Jcumulene. The
reaction proceeds because electric fields stabilize the zwitterionic resonance
structure of cis[3]Jcumulene. e, Electric field-created stepwise reaction pathway
for aDiels-Alder reaction. The stepwise Diels-Alder reaction proceeds because
electric fields stabilize the zwitterionic intermediate state ZI. f, Schematic
illustration showing an azobenzene single-molecule junction bridging two
graphene electrodes. The azobenzene undergoes reversible cis-to-trans
isomerization induced by field-dipoleinteractions. g, The electric-field-
induced selective catalysis of a two-step cascade reaction. Step 1: a Diels-Alder

cycloaddition (I>1I) between 2,3-dihydrofuran (I) and a tetrazine derivative (II)
with concomitant loss of N,. Step 2: an aromatization (II>1II) to give a pyridazine
derivative (III). The reaction axis of the Diels-Alder reaction is orthogonal to the
electric field, while the reaction axis for aromatization is nonorthogonal to

the electric field. h, The classical inductive effect uses a functional group (FG) to
electronically tune amolecule in order to manipulate the reactivity of areaction
site. i, Inthe electro-inductive effect, an electrode acts as the FG to electronically
tune an active reaction site of a single molecule, realized by applying different
potentials to the electrode. IEF, interfacial electric field; OEEF, oriented external
electric field. Panel a adapted with permission from ref.*°, copyright 2019
American Chemical Society. Panel b adapted fromref."®, Springer Nature
Limited. Panel cadapted from ref.?°, Springer Nature Limited. Panel d adapted
fromref.”°, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel f
adapted fromref.?!, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/).

be classified into two categories: reactions'®*%"! catalysed by ori-

ented external electric fields (OEEFs), generated within the nanogap
between the STM electrodes; and reactions' ' initiated by interfa-
cial electric fields (IEFs), originating from electrical double layers in
electrochemical cells.

OEEF-catalysed reactions

By applyingalarge external electric field over asmall distance between
two STM electrodes, a 2016 experiment*® demonstrated that it was
possible to direct and catalyse single-molecule Diels-Alder reactions
(Fig. 6¢).Sincethen, electric fields generated between STM electrodes
have provided glimpses of wide-ranging possibilities for manipulat-
ing'>"° the potential energy of different species along reaction coor-
dinates, affecting the kinetics, thermodynamics and selectivities of
chemical reactions, as well as exploring solvent effects on chemical
reactions (Box 3).

First, OEEFs have a catalytic effect because they induce and stabi-
lize the ionicity of bonds inintermediates and transition states, thereby
decreasing the kinetic barriers to reactions under investigation. For
example, theisomerizations of [3]Jcumulene derivatives have relatively
high energy barriers that cannot be overcome by simply heating orirra-
diating the derivativesinsolution. The existence of an electric field",
however, stabilizes the polar zwitterionic resonance structures of the
derivatives (Fig. 6d), reducing the rotational barriers and making
the cis-to-trans isomerizations energetically accessible enough to
proceedinsolution.Regulatingtheelectricfieldstrengthisalsoapowerful
tool for manipulating reaction rates and alternating between differ-
ent reaction pathways. Consider the Diels-Alder reaction portrayed
in ref.” (Fig. 6e). Under the influence of an electric field, it adopts a
different pathway from the conventional concerted mechanism —
namely, it undergoes a stepwise cycloaddition in which one bond is
formed between a diene and a dienophile to give a charge-separated
zwitterionic intermediate ZI. The lifetime of ZI and the probability of
stepwise pathways can be regulated by the electric field strength, thus
allowing the manipulation of reaction mechanisms.

Second, changingthe orientation of an OEEF canlead to the unique
tuning of the catalytic selectivity of a reaction. Aligning the direction
of the electric field along the reaction axis of an activated bond —
that is, the dipole moment of the molecule — induces a particular
chemical reaction. The field-dipoleinteraction (Fig. 6f) hasbeen veri-
fied” experimentally in the electric-field-catalysed isomerization of
azobenzene derivatives. Different directions of electric fields produce
an asymmetric selectivity for the two azobenzene configurational

isomers: the positive bias prefers the transform, whereas alarge nega-
tive bias favours the cis form. When an electric field is applied to a
two-step cascade reaction® — a Diels-Alder cycloaddition (Fig. 6g,
I>1I) followed by an aromatization (Fig. 6g, II>1II) — the Diels-Alder
reaction remains unaffected because its reaction axis is orthogonal to
the electric field, whereas the rate of aromatization is accelerated by
one order of magnitude because its reaction axis is aligned along the
field. This orientation-selective catalytic effect of OEEFs demonstrates
that chemical reactions can be controlled selectively and in astepwise
manner by precise alignment between external electric fields and
reaction trajectories.

IEF-catalysed reactions

The SMJ technique has the potential to be applied as a toolkit for organic
synthesis based on the experimental fact that the electric fields applied
acrossthe nanogap of an STM can affect not only the fraction of reactants
forming molecular junctions, butalso those free molecules close to the
junctionsinsolution'”®!, The solutionaround the tip and substrate area
isexposed toultrahighelectricfields onaccount of the diffusion of mole-
cules and solvents, as well as local turbulence induced by movements
ofthe STMtip. To find ageneral and reliable way to expand the scale of
electricfield catalysis from SMJstobulksolutions, electrochemical cells —
usually used in Faradaic reactions — can be employed to generate ultra-
highIEFsto manipulate the reactivities and selectivities of non-Faradaic
reactions. We focus onrecent progress in IEF-catalysed reactions. More
comprehensive discussions can be found in other reviews'%,

When a positive biasis applied to agold electrode, the anions are
drawn close to the surface and all cations are repelled away from it.
Consequently, thelocal concentration of anionsincreases, whereas the
concentration of cations decreases, establishing an electrochemical
doublelayerattheelectrode/electrolyteinterface. The Gouy-Chapman
model can estimate'” the width (1,) of the double layer. Experimentally,
theelectricfield distribution at the electrode-electrolyte interface can
be probed using electrochemistry’**'*> or Raman spectroscopy'*'”".
Then, the IEF can be estimated as £ = V,;;,/A,,. Like OEEF catalysis, IEF
catalysis arises from the stabilization'*"** of ionic structures associ-
ated withreactionintermediates, and it has been applied successfully
to bond cleavages'¥, bond formations'*®, epoxide rearrangements'®®
and carbene reactions'.

When electrochemical STM break-junction measurements are per-
formed in electrolytes, the STM tip must be coated with an insulating
wax layer to lower the backgroundionic currents. The disparate areas of
thetwo electrodes —the tip and the substrate — create an asymmetrical
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Box 3

Solvent effects in single-molecule reactions

One of the big advantages of single-molecule junction

(SMJ) platforms over other techniques, such as gas-phase

or vacuum studies, is that solvents are involved in junction
chemistry. From the perspective of experiments, there are
three models we need to explore in order to understand
solvent effects in single-molecule reactions. Solvent polarities
provide local electric fields (see the figure, panels a-¢) that
can affect the reaction kinetics of single-molecule reactions.

Polar solvents

In the case of conventional polar solvents (see the figure,
panelb), a net electric field of zero is generated at equilib-
rium on account of the random movement of the solvent
molecules. Despite the zero global electric field, the local
electric field*' induced by the polar solvent itself takes on
the role of stabilizing polar species during chemical reactions.
For example, in the case of single-molecule nucleophilic
addition®, water accelerates the reaction by stabilizing the
polar amine oxide transition state.

a Nonpolar solvent

d OEEF is quenched by polar solvent
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Ordered polar solvents

In an ideal theoretical model, if solvent molecules are

oriented”” in an orderly fashion without the implementation of an
external field, the accumulation of molecular dipoles will produce
extremely large electric field strengths and thus provide the effect
of electrostatic catalysis. All these theoretically proposed ideas,
once implemented, could suggest new reaction conditions in future
ensemble chemistry.

External electric fields and polar solvents
Oriented external electric fields (OEEFs) applied between electrodes
can be screened™' by polar solvents. Polar solvent molecules — with

distribution of cations around the tip. This distribution polarizes'’ the
tip electrode owing to the formation of adense double layer of charges
insmallareas exposed to solvents. Onapplying® a negative biasto the
tip electrode, the chemical potential increases, making it electron-rich.
Then, thetip electrode can promote electron donation fromAuto the
molecule, leading to bond formation®%,

The polarization of asymmetric electrodes can also be viewed as
an electro-inductive effect in the STM. In this situation, the Hammett
relationship®*® — used by organic chemists to quantify the electron-
donating or -withdrawing properties of functional groups in homo-
geneous chemistry — can be borrowed to interpret**>* the electronic
polarizationinduced by biased electrodes in heterogeneous chemistry.
In homogeneous chemistry, the electronic characteristics of mol-
ecules canberegulated (Fig. 6h) by the presence of different functional
groups. For example, in a single-molecule Suzuki-Miyaura cross-
coupling®, the inductive effect of substituents on reaction rates can
be determined by inserting different functional groups at the para-
position of the aromatic boronic acid. According to the Hammett

their dipole moments — can be oriented (see the figure, panel d)
along the direction of the OEEF generated between source and

drain electrodes in which the molecular junction is immersed. The
alignment of polar solvent molecules generates®' a reverse built-

in electric field and quenches® the OEEF, at least partially if not
completely, at SMJs. In the case of nonpolar solvents (see the figure,
panel e), there are no field-dipole interactions between the OEEF and
solvent molecules, enabling™' the investigation of OEEF-catalysed
reaction mechanisms.

relationship®®, the linear fit between log(ky/k,;) and the para-substit-
uent constant o, leads toa Hammett constant of +3.34, demonstrating
thatelectron-withdrawing substituents onthe boronicacid accelerate
the Suzuki-Miyaura cross-coupling.

We can extend (Fig. 6i) the classical inductive effect to hetero-
geneous chemistry by replacing the chemical tuning groups with
biased electrodes®®. The electronic properties of molecules can be
modulated by changing the applied voltages at the attached electrodes.
Negative potentials are applied to imitate electron-donating groups,
whereas positive potentials simulate electron-withdrawing groups.
Unlike the classical inductive effect, the electro-inductive effect is
not discrete because bias voltages can be varied continuously. There
is no need to synthesize a series of analogous reactants or catalysts
to impose different inductive effects on reactions, an advantage for
producing chemical products in a more efficient manner. Employing
the paradigm that electrodes can act as functional groups, a Suzuki-
Miyaura cross-coupling has been performed®®* on the surface of
gold electrodes.
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Future perspectives

Lookingtothe future, and giventhe creativity of researchersworldwide,
we can almost certainly expect to witness inroads being made into
other areas of single-molecule reactions, such as capturing excita-
tion and transition states, making connections between conductance
and other single-molecule properties, and leveraging single-molecule
reactions to produce materials in a practical and scalable way. What
are the challenges?

Experimental caution and future challenges

Many factors influencing single-molecule reactions must be considered
because of the complexity of reactions at the single-molecule level.
Avariety of control experiments are necessary in order to determine
the mechanisms that dominate the catalysis, such as those induced by
metal electrodes, mechanical force, thermal heat, electron tunnelling
excitation or resonant transportin molecular junctions. Forexample,
whenmetals are used as electrodes in STM measurements — inaddition
to enabling catalysis by tunnelling electrons or local electric field —a
factthat cannotbeignoredis that the metal electrodeitselfcanactasa
catalyst’**. Monomers have beenreported to dimerize” and trimerize***
covalentlyin SMJs, demonstrating the catalytic capability of gold atoms
ornanoparticles that have been peeled off STMelectrodes. The catalytic
performance of metal electrodes also depends on their compositions
and morphologies, but it is not easy to control these features — and
hence the catalytic ability — of STM tips. More delicate experiments
areneededto explore the specificimpact of these factors on catalytic
effects to establish a model system that is closer to the actual cata-
lyticenvironment. Amore challenging situation s the investigation of
the competing or synergistic effects of two or more catalytic conditions
when developing new synthetic methodologies.

Increasing temporal resolution

Developing ultrafast real-time measurement platforms, especially
those that can be used in solution under ambient conditions, remains
along-standing goal to help characterize intermediates and transition
states. Break-junction techniques, although now a powerful reaction
platform, fail to provide good temporal resolution. The sampling rate
isonatimescale of microseconds, which s far from capturing reaction
intermediates or transition states. More attention needs to be paid
to improving®® the acquisition rates to nanoseconds and decreasing
theelectrical and vibrational noise in order to capture transient pheno-
mena. Another approach could be to integrate the electrical SMJ
platforms with ultrafast laser spectroscopy to investigate the molecular
structure dynamics and electron-transfer processes of photochemical
reactions on the extremely short timescale of picoseconds. Further-
more, we anticipate astrong union between single-molecule testbeds
and machine-learning algorithms when handling large amounts of
complex real-time data in order to increase the accuracy, scalability
and controllability of the measurements.

Integrating with other methods

Combining single-molecule testbeds based on electrical currents with
other methods would capture the advantages of both techniques and
advance our understanding of structure-function relationships in
single-molecule reactions. For example, employing single-molecule
electroluminescence® or super-molecule-resolution fluorescence®**”’
could helptolocate the positions of specific moleculesinadevice. The
location of asingle molecule can be realized by combining a stochastic
optical reconstruction microscope with high-speed sampling of current

detection platforms. Successive reactions taking place at the kernel
of amolecular junction induce fluorescence blinking at the catalytic
site, on account of the nonradiative energy and charge transfer from
the catalytic centre to the electrodes. Other spectroscopic platforms
suchas Raman®®, infrared””’, and terahertz?° spectroscopy can provide
fingerprint-like information about bond cleavage or formation during
single-molecule reactions, leading to more information, precision and
new readout variables. In contrast with the electrical signal provided
by the SMJ technique, these spectroscopic methods offer orthogonal
platforms based on different modes of energy transitions. Experimen-
tally, these spectroscopic signals can be measured simultaneously
along with electrical signals, providing real-time spectral information
related to electrical signals during single-molecule reactions.

Goingbeyond characterizingelectronic transport andintroducing
othertechniques, such as single-molecule manipulation, may increase
signal resolution. We propose three directions worth exploring. First,
we recommend using optical-trapping techniques®“**to control the
location of single molecules in electrode nanogaps. Manipulation of
a single-molecule reactant is challenging but is, nonetheless, worth
investigating, with the prospect of encountering the randomizing
effect of Brownian motion during reactions in solution. Second, we
recommend employing superfast and ultracold techniques®* to enable
the manipulation and measurement of excited states. Achievementsin
this direction will provide fundamental knowledge about electron and
energy transfer processes during single-molecule transformations.
Third, we recommend combining single-molecule imaging platforms**
with current measurement techniquesinorderto provide atomic-scale
spatial resolution and spectroscopic information associated with
chemical bond transformations.

Connecting single-molecule insights to bulk reactions

The gap between single-molecule and bulk reactions also needs to be
bridged. Translating” single-molecule investigations into improved
bulk-scale synthesisis difficult. The goal of SMJ reactions is ultimately
toharnessandscaleuptheeffectsofelectronandelectricfield catalysisto
deliver products on the kilogram scale. For example, by transform-
ing electric field catalysis in SMJs into interfacial electric catalysis in
electrochemical cells, we can expect to transform the research para-
digm from the single-molecule to the monolayer level. In addition,
the electro-inductive effect of electrodes in interfacial electric field
catalysis can be utilized to modulate the electronic structures of reac-
tants or catalysts over the course of a catalytic cycle, enabling fine
control over the progress of chemical reactions by applying sequential
voltages. Another direction worth exploring is to integrate electron or
electricfield catalysis with flow microreactor technology, with the aim
of scaling up single-molecule reactions*>?'°. STM tips can be replaced
by arrays of metal electrodes prepared by nanofabrication methods.
The micrometre-scale channels in flow-cell chips can provide rapid
and controllable mass transport, enabling continuous reactions in the
vicinity of electrodes. Large-scale production of materials can be real-
ized by absorbing the unreacted reactants and desorbing the products,
rendering reactions recyclable.

Published online: 2 December 2022
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