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Single-molecule quantum tunnelling sensors

This work systematically outlines the principles, platforms,
and applications of quantum tunnelling sensors for probing
molecules’ properties, reactions, and biological functions. By
monitoring fluctuations in tunnelling current, these sensors
translate molecular behaviours into measurable electrical
signals, analogous to an electrocardiogram.
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Single-molecule sensors are pivotal tools for elucidating chemical and biological phenomena. Among
these, quantum tunnelling sensors occupy a unique position, due to the exceptional sensitivity of
tunnelling currents to sub-angstrém variations in molecular structure and electronic states. This
capability enables simultaneous sub-nanometre spatial resolution and sub-millisecond temporal
resolution, allowing direct observation of dynamic processes that remain concealed in ensemble
measurements. This review outlines the fundamental principles of electron tunnelling through molecular
junctions and highlights the development of key experimental architectures, including mechanically
controllable break junctions and scanning tunnelling microscopy-based approaches. Applications in
characterising molecular conformation, supramolecular binding, chemical reactivity, and biomolecular
function are critically examined. Furthermore, we discuss recent methodological advances in data
Received 4th July 2025 interpretation, particularly the integration of statistical learning and machine learning techniques to
enhance signal classification and improve throughput. This review highlights the transformative potential
of quantum-tunnelling-based single-molecule sensors to advance our understanding of molecular-scale
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mechanisms and to guide the rational design of functional molecular devices and diagnostic platforms.

1. Introduction

Single-molecule sensors have emerged as powerful analytical
tools for investigating chemical and biological processes at the
molecular level. By detecting individual molecules, these sen-
sors provide a way to reveal molecular heterogeneity, transient
intermediates, and dynamic processes that are difficult to
identify using traditional methods. These sensors can provide
detailed insights into the fundamental mechanisms of chemical
reactions, biological interactions, and molecular-scale structural
changes. This detailed understanding is particularly valuable for
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applications in catalysis, drug discovery, clinical diagnostics, and
fundamental biochemical research.

Among the various single-molecule detection strategies,
quantum tunnelling sensors stand out for their exceptional
spatial resolution, sensitivity, and chemical specificity. These
platforms operate by applying a voltage bias across two closely
spaced electrodes, allowing electrons to tunnel through a
molecular junction. The resulting tunnelling current is highly
sensitive to the width of the gap, the applied potential, and the
properties of the medium within the junction.™” This sensitiv-
ity enables the direct detection of individual molecules without
the need for labelling. Quantum tunnelling sensors also benefit
from high-bandwidth measurements, spanning the kilohertz
(kHz) to megahertz (MHz) range, which enables real-time
tracking of molecular changes at the sub-microsecond timescale.’
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As a result, tunnelling sensors can serve as a new single-
molecule detection platform, allowing for the direct label-free,
real-time detection of individual molecules.*

Quantum tunnelling offers a direct pathway to access mole-
cular information from a single entity, which is otherwise
inaccessible due to ensemble averaging. This ability facilitates
the development of single-molecule electronics, where molecular-
scale changes such as conformational shifts, orbital reorganisa-
tion, and intramolecular vibrations are directly reflected in
tunnelling current responses. Since the pioneering theoretical
work by Aviram and Ratner on molecular junctions,’ the field
has seen remarkable progress in device fabrication and
measurement techniques. Scaling devices down to the single-
molecule level marks a conceptual frontier, enabling the exploi-
tation of molecular structural and electronic properties for

Professor Joshua Edel is a leading
figure in biosensing and analy-
tical sciences at Imperial College
London. He earned his PhD
in single-molecule detection at
Imperial, followed by postdoctoral
research at Comnell and Harvard.
His research centres on developing
advanced analytical platforms for
diagnostics, with expertise in
single-molecule detection and
nanopore sensors. Joshua’s work
bridges chemistry, physics, and
medicine to advance next-

Joshua B. Edel

generation diagnostic tools. He has published over 180 papers,
delivered more than 170 invited talks, received significant funding
from the ERC, EPSRC, and Industry, and actively acts as a
consultant in biosensing.

Professor Longhua Tang received
his BS in 2005 from Hefei Univer-
sity, MSc in 2008 from East
China University of Science and
Technology, and PhD in 2013
from Tsinghua University. He
joined the College of Optical
Science and Engineering at Zhe-
Jiang University as an Associate
Research Professor, becoming an
Associate Professor in 2016 and a
Professor in 2023. He was a visiting
scholar at the University of Illinois
at  Urbana-Champaign  (2010-
2012) and Imperial College London (2018-2019). He currently leads
an interdisciplinary group focused on Bio-Opto-Electronic (BOE)
technologies, with research spanning-quantum biosensors, single-
molecule intelligent detection and related applications.

Longhua Tang

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00375f

Open Access Article. Published on 18 November 2025. Downloaded on 6/16/2026 7:23:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

functional applications. By transforming subtle structural
changes into distinct electronic outputs, single-molecule elec-
tronics opens new possibilities for functional devices and
sensing platforms operating at the single-molecule level.
To date, a variety of quantum tunnelling platforms, including
scanning tunnelling microscopy-break junctions (STM-BJs),
mechanically controllable break junctions (MCB]Js), and static
molecule junctions, have provided multiple options for mon-
itoring single-molecule behaviours.® The integration of various
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optimisation techniques, such as chemical functionalisation,
electrochemical setups, and optical monitoring, has expanded
the capabilities of tunnelling sensors to investigate molecular
structures, chemical reactions, and biological functions.”"®

In this review, we provide a comprehensive assessment of
quantum tunnelling-based platforms for single-molecule detec-
tion, with an emphasis on both technological advancements
and mechanistic insights (Fig. 1). We begin by discussing
fabrication strategies and comparative performance metrics,
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Fig. 1 Schematic illustration of current quantum tunnelling platforms, along with applications. Panel (tunnelling junction with nanopore) is reprinted
with the permission from ref. 277, Copyright (2014), American Chemical Society. Panel (graphene molecular junction) is reprinted with the permission
from ref. 265, Copyright (2018), American Chemical Society. Panel (EGaln junction) is reprinted with the permission from ref. 48, Copyright (2010),
American Chemical Society. Panel (MCBJ) is reprinted with the permission from ref. 27, Copyright (2013), Springer Nature. Panel (Passive junction) is
reprinted with the permission from ref. 130, Copyright (2017), Springer Nature. Panel (structural change) is reprinted with the permission from ref. 167,
Copyright (2023), Springer Nature. Panel (biological functions) is reprinted with the permission from ref. 85, Copyright by Longhua Tang (2022), under CC
BY 4.0 license. Panel (chemical reactions) is reprinted from ref. 266, Copyright (2021), Springer Nature. Panel (molecular motion) is reprinted with the
permission from ref. 191, Copyright (2016), Springer Nature.
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including resolution, stability, and scalability. We then discuss
the application of tunnelling sensors in elucidating molecular
mechanisms, structural transitions, and dynamic interactions
at the single-molecule level. Finally, we consider the broader
implications of these developments for molecular-scale electro-
nics, the understanding of reaction pathways, and the future of
next-generation biosensing technologies.

2. Theory and principle for designing
single-molecule quantum tunnelling
sensors

2.1. Quantum tunnelling effect

When two electrodes are separated by an insulating layer at a
nanometre-scale distance, the electrical behaviour of molecules
no longer follows Ohm’s law. At this scale, quantum effects
begin to significantly influence the charge transport of mole-
cules. Electrons with particular energies are able to tunnel
through an insulator and flow into the conduction band.’
This phenomenon is known as quantum tunnelling. In 1963,
the Simmons model was developed to quantify this effect.'®

When a voltage bias is applied between two electrodes, the
potential difference not only distorts the potential barrier but
also provides energy for electrons to tunnel through the
insulator."* Thus, the tunnelling effect can be classified into
three regimes based on the shape of the energy barrier, as
shown in Fig. 2: (a) Zero bias. When no potential difference
exists between the electrodes, the energy barrier is rectangular.
(b) Low bias. A small voltage transforms the barrier into a
trapezoidal shape. In this regime, the tunnelling current (J)
under an applied voltage V can be approximated by:

I x Vexp(—ﬂd) (1)

where ¢ is the barrier height of the medium between two
electrodes, and d represents the tunnelling distance. Under
low bias conditions, the tunnelling current shows a linear
relationship with the applied voltage. Such Ohmic-like beha-
viour has also been observed in metallic, heavily doped silicon
nanowires, where resistivity remains constant even at atomic
dimensions. (c) High bias. As voltage increases, the tunnelling
barrier shape shifts from a rectangle to a trapezoid, causing
the current-voltage response to move from an initially linear

! eV
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Fig. 2 The schematic diagram of the Simmons Model with (a) rectangular,
(b) trapezoidal and (c) triangular barrier height.
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regime to a strongly non-linear, exponential one.'> As the
voltage increases further, the barrier becomes triangular.
In this regime, the width of the barrier becomes comparable
to or smaller than its height, and the transport mechanism
transitions towards field emission, where electrons tunnel
through a narrowed, high-field region."

2.2. Tunnelling through a molecule

To understand electron transport, we begin by examining a
simple molecular junction, where a single quantum wire
bridges two electrodes separated by a distance L. In macro-
scopic conductors, electrons typically move between electrodes
through a process known as classical diffusion. When L is
reduced to the scale of a single molecule, classical diffusion
no longer adequately describes electron transport. Instead,
electrons pass through quantum tunnelling. Depending on
the distance between the mean free path 7/ and L, the electrode
tunnelling can be classified as diffusion transport and ballistic
transport. As illustrated in Fig. 3(a), when L is larger than /, the
electron tunnelling process is dominated by diffusion trans-
port. When L is smaller than 7, the ballistic transport dom-
inates the electron tunnelling process as shown in Fig. 3(b), and
this process can be described by the Landauer equation.'*
When a ballistic quantum point contact bridges in the tunnelling
junction, the electrons with a certain energy E have a probability

T(E) to tunnel through the nanogap under the voltage bias V.**
The conductance G can be calculated by eqn (2):
28 Y
G =D TylEr) @
ij

where 7, and j represent tunnelling channels on each tunnelling
electrode, N is the total number of available channels, e repre-
sents the charge of an electron, and % represents the Planck’s
constant. According to the Landauer equation, the conductance
of ballistic transport is a finite value due to the contact resistance
between the electrode and nanogap.'” Ideally, the conductance
can be simplified as:

G = Goexp(—fd) 3)
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Fig. 3 Schematic diagram of (a) diffusion transport, (b) ballistic transport,
(c) hopping tunnelling and (d) coherent tunnelling.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00375f

Open Access Article. Published on 18 November 2025. Downloaded on 6/16/2026 7:23:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

where d is the distance travelled by the electron tunnelling, and
Br represents the tunnelling decay constant G, = 2¢’/h =
77.6 uS, which is known as the quantum tunnelling conduc-
tance. This quantum conductance corresponds to the conduc-
tance of a single Au atomic contact, which has been
experimentally verified using STM-BJ and further established
as a fundamental threshold for the formation of tunnelling
junctions."®

When a molecule is placed between the tunnelling junction,
electron transport becomes more complex due to molecular
properties, electrode-molecule coupling, and the molecule’s
structure. The conductance in such cases is expressed as:

G = Aexp(—f1]) (4)

where [ represents the length of the molecular junction, f;
represents the tunnelling decay constant between two electro-
des and A represents the vacuum tunnelling conductance,
which is influenced by the degree of coupling between the
molecule and the electrodes.”

When a molecule is incorporated into the junction, frontier
molecular orbitals can facilitate electron transfer. If there is no
phase-coherence-breaking process in the molecule, this process
is referred to as coherent tunnelling. As shown in Fig. 3(d), in
this situation electrons can tunnel directly from one electrode
to the other without inelastic interactions molecule. Coherent
tunnelling typically occurs over short tunnelling distances or
through the molecule with large highest occupied molecular
orbitals (HOMO)-lowest unoccupied molecular orbitals
(LUMO) gaps.'® Coherent tunnelling can be described by
two models: direct tunnelling (superexchange) at low vol-
tages, and Fowler-Nordheim tunnelling (field emission) at
higher voltages. While direct tunnelling follows the simpli-
fied Simmons model, field emission is best described by the
Fowler-Nordheim relation®®?*

1

In (W) x
where ¢ is the elementary charge, m. is the electron effective
mass, / is the reduced Plancks constant, and ¢ is the electro-
nic charge. At low voltage bias, the tunnelling current has a
logarithmic relationship with 1/V. At high voltage bias, the
tunnelling current is proportional to 1/V, which has negative
slope characteristics of field emission.*" It is evident that
both direct tunnelling and the Fowler-Nordheim model
significantly depend on the distance between the tunnelling
junction and the voltage bias applied between the tunnelling
electrodes.

In contrast, incoherent tunnelling occurs when electrons
interact with electrons in molecules and change the electron
phase. The main mechanism of the incoherent tunnelling
process can be illustrated by the hopping model shown
in Fig. 3(c), in which electrons move between orbitals step-by-
step across the molecule. Hopping typically occurs in longer
molecules with smaller HOMO-LUMO gaps or smaller energy
barriers between transport orbitals and the Fermi level.

—4d\/2m 3 ( 1 ) )

3hgq V
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This process is thermally activated, requiring electrons to over-
come activation energy, described by the Arrhenius equation

(eqn (6)):
G x exp (;B—E;) (6)

In incoherent tunnelling, conductance strongly depends on
temperature 7 and weakly on tunnelling distance, typically
varying inversely with molecular length.>"** Therefore, analys-
ing the temperature dependence of tunnelling current is a
reliable method for distinguishing between coherent and inco-
herent transport mechanisms.

2.3. Quantum interference

When an electron travels through a molecule via quantum
tunnelling, the wave-like properties of electrons allow propaga-
tion along multiple pathways within the molecule. During this
process, the electron wavefunction may interact with the mole-
cular orbitals, resulting in interference effects known as quan-
tum interference.*

Quantum interference is primarily classified as constructive
and destructive interference, based on the relative alignment of
electron wave phases, and can be observed using transmission
spectroscopy. Constructive quantum interference (CQI) increases
electron transmission probability, resulting in smoother trans-
mission curves upon superposition. Conversely, destructive
quantum interference (DQI) reduces electron transmission, often
generating sharp anti-resonance peaks near the electrode Fermi
level >

Beyond transmission probability, quantum interference
significantly influences molecular conductance. Hong et al
experimentally demonstrated this effect by comparing the
conductance of anthracene-, anthraquinone-, and dihydro-
anthracene-based linearly conjugated wires using MCBJs.”®
Variations in molecular orbitals resulting from changes in
molecular conformation or electrode Fermi levels have a
significant impact on interference patterns. Consequently,
tuning molecular structure or electrode conditions offers a
viable strategy for optimising quantum interference effects.

In addition to CQI and DQI, Fano resonance represents
another form of quantum interference. This phenomenon
occurs when a discrete quantum state interferes with a con-
tinuum of states, resulting in enhanced gate modulation over
narrow voltage ranges. Fano resonance produces an asym-
metric line shape in transmission spectra and has been experi-
mentally observed by Zhang et al. using STM-BJs.”® Through the
integration of electrochemical gating, the para-carbazole anion
can be transferred between redox states, resulting in a switch
from resonance to anti-resonance. By modulating quantum
interference, different molecular device functions can be
achieved, and quantum interference may hold significant
potential for the development of high-performance molecular
devices.

Chem. Soc. Rev., 2026, 55, 765-818 | 769
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3. Fabrication of quantum tunnelling
research platform

The fabrication of nanogap electrodes within the quantum
tunnelling regime is a critical prerequisite for constructing
reliable single-molecule tunnelling sensors. Creating nanogaps
below 5 nm presents substantial challenges in terms of repro-
ducibility, mechanical stability, and dimensional control.
However, recent advances in nanofabrication have yielded several
experimental strategies to address these limitations. Key tech-
niques include mechanically controllable break junctions,>”*®
scanning tunnelling microscope break junctions,* electro-
migration-induced break junctions,* photolithographic methods,*'
magnetically controlled cross-wire junctions,®* and feedback-
driven electrochemical deposition.>** These approaches have
played a vital role in translating quantum tunnelling concepts
from theoretical models into practical, reproducible experi-
mental platforms. Based on the junction configuration, quan-
tum tunnelling platforms can be broadly categorised as static,
dynamic, and passive junctions.

3.1. Static tunnelling junctions

Static tunnelling junctions maintain a fixed interelectrode separa-
tion, typically supported by a mechanically rigid structure. Their
fabrication methods can be broadly divided into additive and
subtractive approaches. Additive methods involve progressively
depositing conductive material onto electrodes initially spaced
farther apart, thereby narrowing the gap with precise control.
In contrast, subtractive methods create nanogaps by selectively
breaking or etching a continuous conductive layer. Both strategies
offer promising routes to developing chip-based, high-throughput
platforms that enable multiplexed single-molecule measurements
with improved stability and scalability.

3.1.1. Additive methods. Additive methods require fabri-
cating tunnelling junctions directly onto a substrate layer.
Initially, an electrode pattern is formed with gaps tens of
nanometres wide. The tunnelling junction is further fabricated
by shrinking the nanogap distance to the quantum tunnelling
regime through techniques such as evaporation,®® surface-
catalysed chemical deposition,***” molecular ruler electroless
gold plating,*® and electrochemical deposition.®

One widely adopted approach is thermal evaporation, first
introduced by Dolan’s group in 1977.>°*° As illustrated in
Fig. 4(a), the process begins with a wider nanogap formed via
electron-beam lithography. The gap is then progressively
reduced by depositing a thin metallic layer under high vacuum
and elevated temperatures.® This technique enables the fabri-
cation of a wide range of nanogap electrodes with widths
below 5 nm.

To accurately control the gap distance during vaporisation
deposition, a shadow mask is employed to block deposition
areas and create the nanogap selectively. As shown in Fig. 4(b)
the gap distance depends on the mask width, deposition angle,
and grain size of the deposited material. Currently, gaps
ranging from 0.8 nm to 5 nm can be reliably fabricated by
adjusting deposition angles and selecting appropriate mask
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materials, such as conventional shadow masks and single-
walled carbon nanotubes.*'™**

An alternative approach, surface-catalysed chemical deposi-
tion, offers a wet-chemistry-based route to electrode fabrication
directly on substrates. In this method, the mild reduction of
metal precursors in solution enables the gradual deposition of
conductive material onto the electrode edges. The final nano-
gap width can be adjusted by varying the reaction time,
temperature, and precursor concentration.*®*> With the aid
of electron-beam lithography, Chil et al. successfully applied
this technique to achieve gaps as small as 1 nm.>® Serdio et al.
introduced self-assembled monolayers (SAMs) of alkyl chains
on electrode surfaces. By varying the alkyl chain length
(C12-C18), they achieved precise tuning of gap distances from
2.5 to 3.3 nm.*®

Another notable configuration is the vertical tunnelling
junction, in which a molecule is sandwiched between two
electrodes. This architecture allows symmetric or asymmetric
setups using different top contact materials. The concept was
demonstrated by Haag et al. using a Hg-SAM/SAM-Hg junc-
tion, where the SAM layer defined the insulating barrier and
controlled the gap distance.’® To address mercury’s toxicity
and instability, eutectic gallium-indium (EGaln) alloys have
emerged as safer alternatives. EGaln forms a surface oxide
Ga,0;, which prevents penetration and enhances stability.*”
Whitesides’ group developed the EGaIn-SAM-Au junction,
illustrated in Fig. 4(c), where droplets of liquid metal gently
contact SAM-modified surfaces to form stable, large-area mole-
cular junctions.***®* These liquid-based junctions are parti-
cularly effective for ensemble-level charge transport studies in
well-defined molecular layers.

In addition to liquid metals, solid metals such as Pb, Au, Ag,
and Ti can be deposited onto SAM layers using physical vapour
deposition (PVD), enabling tailored junctions for applica-
tions including charge transport, rectification, and molecular
switching.’*** Beyond deposition, nanowires offer an alterna-
tive route for constructing conductive layers. Cahen’s group
developed a method where a protein layer acts as a tunnelling
barrier on an Au substrate.”® As shown in Fig. 4(d), an Au nano-
wire is deposited atop the protein to form a suspended
Au-protein-Au contact.””**"*° This approach avoids common
drawbacks of atomic-scale fabrication, such as structural
defects, mechanical damage, and chemical degradation.”” It
also eliminates the need for covalent bonding between SAM
molecules and the top electrode, thereby preserving the native
molecular structure and making it particularly suitable for
protein-based studies.

3.1.2. Reductive methods. Electron-beam lithography (EBL)
utilises a focused electron beam to etch a target shape into a
metal layer covered with an electron-sensitive resist film. The
electron beam can etch the electrode and fabricate a nanogap.
The remaining resist layer is then removed by chemical etching
to obtain the nanogap electrodes. Fischbein and Drndi¢ success-
fully fabricated nanogap electrodes with a sub-5 nm width by
directly using EBL.>® Fig. 4(e) illustrates the scheme for nanogap
fabrication using direct EBL and the SEM image of the device,

This journal is © The Royal Society of Chemistry 2026
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Addictive Method

boundary

Fig. 4 Methods for fabricating quantum tunnelling platforms and their corresponding junction geometries. (a) Vaporisation deposition of a nanogap on
the substrate. The initial gap, which is large, is created using electron beam lithography, and vapour deposition reduces the gap to below 5 nm.
(b) Vaporisation deposition with a shadow mask. The mask is placed on top of the nanogap during vapour deposition, shaping the gap whose width
depends on the mask size. (c) Nanogap formation via SAM and liquid metal. A SAM monolayer is applied to the conductive substrate, and liquid metal (Ga/
In) is deposited at top to form a metal-SAM-substrate tunnelling junction. (d) Protein monolayer junction. The protein monolayer is first created on a gold
(Au) substrate, followed by the deposition of an Au nanowire to produce an Au-protein-Au junction. (e) Nanogap via electron beam lithography. An Au
layer is deposited on the substrate and coated with resist. Electron beam lithography then carves the gap into the resist to form the tunnelling junction.
(f) Nanogap using focused ion beam lithography. An Au layer is deposited on the substrate, and a focused ion beam is used to directly create a nanogap.
(9) Graphene nanogap via feedback-controlled electroburning. A graphene monolayer is deposited on the substrate, and a gap is formed by applying
cyclic voltammetry with increasing voltage to break the graphene. (h) Nanogap by electromigration. Metal atoms are moved by high electrical current
density and concentrated Joule heat. Panel (a) is reprinted with permission from ref. 35, Copyright (2012), AIP Publishing. Panel (b) is reprinted with
permission from ref. 42, Copyright (2019), American Chemical Society Panel (c) is reprinted with permission from ref. 48, Copyright (2010), American
Chemical Society Panel (d) is reprinted with permission from ref. 53, Copyright (2010), American Chemical Society. Panel (e) is reprinted with permission
from ref. 58, Copyright (2006), AIP Publishing. Panel (f) is reprinted with permission from ref. 63, Copyright (2015), Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. Panel (g) is reprinted with permission from ref. 65 Copyright (2011), American Chemical Society Panel. (h) is reprinted with permission from
ref. 69, Copyright (2012), American Chemical Society.

demonstrating the successful fabrication of 4 nm nanogap
electrodes. However, due to the proximity effect from back-
scattered electrons, the actual gap size is often larger than
intended.>*®° To overcome this limitation, hybrid approaches
have been developed. For instance, Chung et al. combined
chemical deposition with EBL to successfully fabricate a nano-
gap with a sub-5 nm diameter. An initial 20 nm gap was created
via EBL, followed by reduction of AuCl, to narrow the gap to the
tunnelling regime.®*

Focused ion beam (FIB) lithography offers a maskless alter-
native for the direct fabrication of nanogaps with reduced
proximity effects compared to EBL.®> The typical experimental
configuration is shown in Fig. 4(f).%® Li et al. demonstrated the
fabrication of nanogaps ranging from sub-3 nm to 30 nm, with
in situ electrical monitoring allowing precise control over gaps

This journal is © The Royal Society of Chemistry 2026

between 3 and 6 nm.®* FIB can produce gaps as small as
1.2 nm, offering high reliability and resolution, making it a
promising technique for nanogap electrode fabrication.
Beyond lithographic methods, fixed nanogaps can also be
formed through electrothermal and electrochemical break-
down techniques. In 2011, Prins et al. reported the fabrication
of graphene nanogap electrodes via feedback-controlled
electroburning, as shown in Fig. 4(g).°® By repeatedly sweeping
the voltage across graphene nanowires, controlled breakdown
occurs due to Joule heating, which is monitored via the
current-voltage response. Electromigration methods apply
high current densities to induce atomic movement along the
direction of electron flow, causing gap formation.®®®” Fig. 4(h)
shows a typical schematic of this approach. The formation of a
nanogap can be monitored and confirmed by the appearance of
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a sigmoidal I-V curve. This technique can fabricate nanogap
electrodes smaller than 2 nm.**®® Additionally, repeated electro-
migration can shrink the gap to a few angstroms, enabling the
reversible opening and closing of atomic-scale contacts.®®”%7*

In addition to metallic electrodes, carbon-based materials
such as single-walled carbon nanotubes (SWNTs) and graphene
are highly suitable for quantum tunnelling sensors due to their
excellent electrical conductivity, mechanical robustness, and
thermal stability. Compared to metals, carbon materials offer
superior chemical compatibility with organic molecules, facil-
itating coupling via n-n interactions and covalent bonding.”
In 2004, Qi et al. reported the application of electrical break-
down to SWNTs and the fabrication of nanogap electrodes with
a 6 nm width.” Later, in 2006, Guo et al. applied local oxygen
plasma etching through a photolithographically defined PMMA
window to create nanogaps in SWNTs, as shown in Fig. 5(a).>'
Moreover, this process not only forms the nanogap but also
oxidises the surface to carbonyl groups, further reducing the
gap distance and enabling molecular capture to form a CNT-
single-molecule-CNT junction. These methods enable sub-10
nm electrode separations with controlled geometries. Further-
more, functionalising CNTs with various anchoring groups
enables the detection of a wide range of single molecules,
including targets such as enzymes and proteins.”* FIB techni-
ques have also been applied to break CNTs with nanometre
precision, offering another route to fabricate single-molecule
junctions.””°

Graphene is a carbon nanomaterial with a two-dimensional
structure and superior electronic properties, enabling planar
molecular junctions with nanometre precision and scalable

a oxygen plasma
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array formats.”” Similar to CNTs, fabrication strategies, including
feedback-controlled electroburning, oxygen plasma etching, and
hybrid lithography, can be applied to fabricate nanogap electro-
des. The first graphene tunnelling junction was reported using
controllable electroburning.®® In 2012, Guo et al. applied oxygen
plasma etching to single-layer graphene sheets to produce nano-
gap arrays using dot-line lithography, as shown in Fig. 5(b).”®
Similar to CNT fabrication, the PMMA array windows were
fabricated through photolithography, and the oxygen plasma
was applied to form sub-10 nm nanogap arrays with carboxyl
terminal groups. This technique can fabricate functionalised
nanogap electrodes with a yield of up to 50%. Moreover,
combining lithography-defined plasma etching with feedback-
controlled electroburning increased the yield to 71%, enabling
large-scale, integrated graphene electrode arrays for single-
molecule studies.”®

3.1.3.
ques offer a cost-effective and versatile approach for fabricating
nanogap electrodes. These methods rely on electrochemical
deposition (material addition) or electrochemical etching
(material removal) to modulate electrode structures at the
nanoscale. First introduced by Robinson et al., these techni-
ques enable real-time monitoring of gap formation via electri-
cal feedback, allowing dynamic control during fabrication.*

In 2001, Tao et al. reported a bi-potentiostatic feedback-
controlled deposition technique, as shown in Fig. 6(a).>* Elec-
trodes were held at constant potential during deposition, while
a voltage bias was applied to monitor tunnelling junction
formation. The tunnelling current was continuously recorded,
revealing a characteristic exponential increase in conductance

Electrochemical methods. Electrochemical techni-
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Fig. 5 Carbon-based nanogap electrodes. (a) Fabrication of the carbon nanogap electrodes through oxygen plasma etching. The AFM image shows the
nanogap configuration. (b) Fabrication of a graphene nanogap electrode array through dotted line lithography-defined oxygen plasma oxidative-etching
process. The SEM and AFM images show the configuration of the graphene nanogap electrode. Panel (a) is reprinted with permission from ref. 31,
Copyright (2006), American Chemical Society. Panel (b) is reprinted with permission from ref. 78, Copyright (2012), Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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spanning three to four orders of magnitude as the gap nar-
rowed. This stepwise increase reflects the atom-by-atom nature
of junction formation.

Alternatively, Li et al. employed the galvanostatic method to
fabricate nanogap electrodes, as illustrated in Fig. 6(b).*"
A constant current I, was applied between two Au nano-
electrodes, while one electrode acted as a working electrode
and the other electrode acted as a quasi-reference/counter
electrode (QRCE). The interelectrode voltage (Vgap) Was moni-
tored to regulate the electrodeposition process. According
to the Guoy-Chapman-Stern (GCS) model,®” when the gap
narrowed due to deposition on the WE, the overlapping of
the double layer at the WE results in a sudden decrease in
Vgap-* By terminating the deposition at a specific Vgap, repro-
ducible nanogaps with sub-nanometre to approximately 3 nm
separation can be fabricated.®?

Beyond on-chip devices, this method is also applicable to
probe-based tunnelling platforms. Tang et al fabricated

This journal is © The Royal Society of Chemistry 2026
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tunnelling electrodes on dual-barrel quartz-carbon nanoelec-
trodes using feedback-controlled electrodeposition, as shown
in Fig. 6(c).>®! These electrodes can detect freely diffusing single
molecules, such as redox-active species, sSDNA, and proteins, in
solution. Functionalisation with anchoring groups (e.g:, biotin)
enables the capture of specific targets, such as streptavidin,
forming single-protein junctions.®> This probe-like geometry also
holds promise for in vivo detection, with potential applications in
early diagnostics and real-sample analysis.

A key challenge in electrodeposition is the rapid exponential
increase in current, which can lead to reconnection of the
nanogap. To address this, electrochemical breakdown techni-
ques have been developed to regenerate nanogaps and improve
fabrication yield. For example, Tang et al. applied electroche-
mical etching to break connections between Au nanoelectrodes
and dual-barrel quartz-carbon probes.®® Selective etching in a
KCl/K,S,0; electrolyte under controlled voltage conditions was
monitored via current-time measurements, where a sharp current
drop indicated successful gap formation. This method offers a
reproducible, cost-effective strategy for regenerating nanogap elec-
trodes, thereby enhancing overall fabrication efficiency.

3.1.4. Fixed-gap techniques. Fixed-gap techniques estab-
lish a quantum tunnelling regime by maintaining a constant
distance between a conductive probe and a substrate. Once
molecular contact is formed, this configuration enables con-
tinuous monitoring of a single molecule within the nanogap,
providing a stable tunnelling junction for current-time (I-t)
measurements that reveal dynamic molecular processes and
probe electron transport over extended timescales. This general
approach is typically realised through scanning tunnelling
microscopy fixed junctions (STM-FJs) and atomic force micro-
scopy fixed junctions (AFM-FJs).

In STM-FJs, a metallic STM tip and substrate are positioned
to form a nanogap that, once bridged by a molecule, remains
fixed. This setup provides a mechanically stable platform for
long-duration conductance measurements. I-¢ traces obtained
in this mode reveal intrinsic charge transport characteristics
and dynamic molecular behaviour, although junction drift and
interface fluctuations may still affect stability.®” Similarly, AFM-
FJs employ a conductive AFM cantilever and a substrate elec-
trode to form the nanogap, enabling stable molecular contact.
This configuration enables simultaneous measurement of
electrical conductance and mechanical parameters, including
rupture force, stretching length, and junction stiffness.
By combining I-¢ monitoring with force spectroscopy, AFM-
FJs offer correlated insights into the electronic and mechanical
responses of single molecules.®®

Both STM-FJs and AFM-FJs provide robust platforms for
constructing long-lived single-molecule junctions. Their ability
to maintain stable contact under static conditions enables the
acquisition of single-molecule information with improved
reproducibility and extended measurement lifetimes.*’

3.2. Dynamic tunnelling junctions

Dynamic tunnelling junctions are characterised by their for-
mation through mechanical displacement of electrode pairs,
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typically transitioning from contact to separation. As the elec-
trodes are pulled apart, a nanogap forms within the tunnelling
distance regime (typically <2 nm), allowing single-molecule
conductance measurements when target molecules are tethered to
one electrode. The molecular bridge forms during retraction,
enabling the detection of electronic and mechanical signatures
from individual molecules. Unlike static junctions, dynamic break
junctions not only resolve conductance but also provide access
to distance-dependent transport properties, revealing insights
into molecular stretching, conformation, and electrode-molecule
coupling. However, at the single-molecule scale, variations in
device configuration, electrode surface functionalisation, and local
environment can lead to significant changes in conductance
during measurement. Even for the same molecule, it is challen-
ging to ensure an identical connection process during the
measurement. Therefore, instead of obtaining conductance infor-
mation from a single molecule, the repeated formation and
breaking of thousands of such junctions yield statistically
robust single-molecule conductance-distance histograms, pro-
viding the most likely conductance of the target analyte and
supporting high-throughput probing of molecular behaviour
under nanoconfinement.’®*!

3.2.1. STM-break junctions. The development of STM-BJ
techniques represents a significant milestone in single-
molecule electronics. Originally developed in the 1980s by Gerd
K. Binnig and Heinrich Rohrer as a high-resolution imaging
tool, the STM’s sub-angstrom spatial resolution and precise
electrode control make it ideally suited for probing single
molecules at the atomic scale. Early applications included the
detection of nanowire conductance and the integration of
electrochemical setups to investigate the redox properties of
proteins, enzymes, and small molecules at the single-molecule
level.>>% In 2001, Tao et al. applied STM-BJ to measure the
conductance of a single Au atom contact and 4,4-bipyridine.®

Since then, STM-BJ techniques have been widely applied to
the study of single-molecule properties by monitoring changes
in conductance. Fig. 7(a) illustrates the configuration and main
experimental setup of the STM-BJ. Depending on whether the
tip interacts with the substrate during movement, STM-B]
experiments are generally classified into two modes: hard-
contact and soft-contact modes, as shown in Fig. 7(b) and (c).
In the hard-contact mode, the metallic tip (typically gold)
makes direct contact with the substrate and is then retracted,

Conductance

Distance Distance

Fig. 7 (a) The schematic illustration of the typical STM-BJ experimental
setup. The single-molecule conductance can be measured via (b) hard-
contact mode and (c) current-distance mode. Panel is reprinted with
permission from ref. 2, Copyright (2022) by Yi Zhao, under Creative
Commons Attribution 3.0 license.
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leading to atomic-scale thinning and the formation of a single-
atom contact prior to rupture. In the soft-contact mode, the tip
is suspended close to the substrate. The molecules can diffuse
into the nanogap and are transiently trapped during tip retrac-
tion. By pulling the tip to break the single-molecule contact,
current-distance (I-z) responses can be recorded to provide
insight into single-molecule behaviour.”

Beyond conventional Au, Pt, and Ir electrodes, STM-BJ plat-
forms have been extended using a variety of materials.”> For
instance, Cu, Ag, and Fe can be introduced through electro-
deposition onto Au electrodes, enabling bonding to a broader
range of anchoring groups.”®®> This type of asymmetric metal-
molecule-metal junction exhibits rectification and asymmetric
conductance, providing a route to the design of molecular
diodes and logic devices.”® Semiconductor-based STM-B]J plat-
forms incorporating Si or GaAs electrodes offer tunable photo-
electric responses and control over band alignment,””™° exh-
ibiting strong rectifying behaviour and enhanced stability
under illumination or under a variable gate.'®>'®" Carbon-
based materials such as graphite, highly oriented pyrolytic
graphite, few-layer graphene, and chemical vapour-deposited
graphene are also being explored for heterojunction forma-
tion.>'%7'%” These carbon-metal-molecule junctions benefit
from high carrier mobility, n-n conjugation compatibility, and
low attenuation of tunnelling current,'®”*®

3.2.2. AFM-break junctions. Similar to scanning tunnelling
microscopy, atomic force microscopy-break junction (AFM-BJ)
techniques utilise a conductive AFM cantilever. The schematic
shows a demonstration of the nanogap fabrication through a ever
tip and substrate to repeatedly form and rupture nanoscale elec-
trical contacts (Fig. 8)."% The cantilever provides force feedback
to precisely control the tip-sample separation via piezoelectric
actuation.™™® Thus, AFM-BJ enables the simultaneous recording
of both conductance and mechanical force.>® This dual-modality
allows AFM-BJ to capture not only the electrical transport behaviour
of single molecules but also their mechanical characteristics, such
as rupture force and junction stiffness. In 2001, Lindsay’s group
applied the AFM-BJ technique to measure the conductance of the
1,8-octanedithiol molecule, revealing the interference of chemically
bonded contacts with single-molecule conductance.'"*
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Fig. 8 Atomic force microscopy-break junction. The schematic demon-
stration of the rupture of (a) a metal-metal junction and (b) a molecular

junction. Panel is reprinted with the permission from ref. 109, Copyright

(2023) Springer Nature.
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The ability to resolve single-atom Au conductance plateaus
demonstrates the high sensitivity and resolution of AFM-B],
making it a strong alternative to conventional STM-BJ setups
for studying molecular-scale quantum transport. When mole-
cules are bridged between the AFM tip and the substrate, the
force required to rupture the junction can confirm molecular
connectivity. This rupture force, typically ranging from several
hundred piconewtons to a few nanonewtons, provides direct
insight into the bond strength between the molecule and
electrodes. These values can be extracted through statistical
analysis of the force histogram."”>™"'* By modulating the
applied force, the molecular conformation and molecule-elec-
trode bonding configuration can also be characterised."**"*®

3.2.3. Mechanically controlled break junctions. Mechani-
cally controllable break junctions (MCB]Js) offer a highly stable
and tunable platform for fabricating nanogap electrodes with
sub-nanometre precision, making them ideal for single-
molecule electronics, Fig. 9(a).” First demonstrated by Reed
et al. in 1997 to measure the conductance of benzene-1,4-
dithiol, MCB]Js have since become a valuable technique in
molecular-scale transport studies.*® The method involves fixing
a freestanding metal wire to a bending substrate, which is then
etched into a notched nanowire using an etch such as FIB
milling or chemical etching. This substrate is mounted on a
three-point bending stage, where a central pushing rod, driven
by a piezoelectric actuator, applies an upward force with nano-
metre precision. The resulting mechanical deformation creates
a controllable nanogap between the electrodes. This dynamic
tuning allows for repeated formation and rupture of molecular
junctions with gap control to within 1 nm, enabling statistical
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Fig. 9 (a) Schematic illustration of MCBJ experimental setup and single
molecule detection procedure. (b) Schematic demonstration of the nano-
gap fabrication through crack-defined break junction. Panel (a) is reprinted
with permission from ref. 2, Copyright (2022) by Yi Zhao, under Creative
Commons Attribution 3.0 license. Panel is reprinted with permission from
ref. 122, Copyright (2018), Springer Nature.
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analysis of single-molecule conductance. MCBJ platforms can
be integrated with various fabrication techniques, such as
mechanical cutting,®®'"” electrochemical deposition and
EBL,"*® to produce nanogap electrodes suitable for detecting
analytes of diverse sizes. In addition to directly measuring the
target molecule through the tunnelling junction, target mole-
cules with appropriate anchoring groups (e.g., thiols, amines,
or carboxylates) can be embedded on the electrodes. Further-
more, by adopting electrode materials beyond gold, such as
copper,''® graphene,'*° fullerene,'*" MCB]Js are expanding the
role in the design of next-generation molecular-scale devices.

3.2.4. Crack-defined break junctions. Crack-defined break
junctions (CBDJs) form nanogap electrodes by self-breaking
brittle material under internal stress. Unlike MCB]Js that rely on
piezo-driven deformation, CBDJs utilise stress-engineered frac-
ture, enabling wafer-scale fabrication and integration without
complex mechanical actuation. In Fig. 9(b), a metal layer with a
notched bridge was deposited on the substrate, which con-
sisted of a sacrificial layer (Si), a brittle material (TiN), and a
substrate material (SiO,). During Si layer etching, the internal
tensile stress in TiN causes the notch portion of the metal
electrode to break, forming the nanogap electrodes.'”> The
final gap width is governed by the crack retraction distance,
which depends on the thickness and mechanical properties of
the brittle film, as well as the bridge length (L). This method
enables the fabrication of wider nanogaps than MCB]Js, which
can potentially accommodate larger analytes or complex mole-
cular assemblies. However, the spontaneous nature of the
cracking process limits the precision and tunability of the gap
distance."?

3.3. Passive tunnelling junctions

In biological and soft-matter systems, single molecules typically
exist in a freely diffusing state rather than being immobilised.
To better simulate these native environments, passive tunnel-
ling junctions have been developed as a label-free platform for
investigating molecular processes at the single-entity level.'*?

The concept of passive junctions originates from single-
entity electrochemistry at nanoelectrode interfaces. Recent
advances in nanofabrication, interfacial chemistry, and time-
resolved measurement techniques have enabled researchers to
study both soft and hard single entities, including proteins,
nanoparticles, and macromolecular assemblies."** The typical
configuration is shown in Fig. 10(a). Unlike conventional fixed-
gap junctions, passive molecular junctions are transient tun-
nelling configurations that form spontaneously during colli-
sions and adsorption between conductive species and an
electrode surface, as shown in Fig. 10(b)."*®> These collisions
generate nanogaps typically ranging from 1 to 10 nm, whose
width is defined by the molecular length and interfacial inter-
actions. Such configurations permit single- or few-molecule
tunnelling events, enabling real-time observation of charge
transport and chemical transformations."*®

In solution-phase systems, these collisions occur on sub-
microsecond timescales, necessitating high temporal-resolution
detection. By statistically analysing thousands of individual
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Fig. 10 Passive junctions. (a) The schematic demonstrates the experimental setup for SER measurements during the formation of a passive junction. The
SEM demonstrates that the Au nanoparticles (GNP) are absorbed on the SAM-modified Au nanoelectrode surface to form a GNP-SAM-GNE collision
junction. (b) Three main dynamic behaviours of nanoparticle collision on the GNE and typical current—time response. (c) Real-time current—time traces
and (d) SERs response of nanoparticle collision process. Panel (a) and (b) is reprinted with permission from ref. 125, Copyright (2021), American Chemical
Society. Panel (c) and (d) is reprinted with permission from ref. 128, Copyright (2018), Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

events, meaningful insights can be extracted despite the stochas-
tic nature of the process."” Electrical and optical detection
methods are commonly employed to monitor passive junctions
formation, Fig. 10(c) and (d). For example, collisions between
gold nanoparticles and nanoelectrodes produce spike-like or
stepwise current responses in I-t trajectories, indicative of dis-
crete tunnelling events."*®

Passive junctions also support integration with optical tech-
niques such as surface-enhanced Raman scattering (SERS),
which benefits from the intense electromagnetic fields con-
fined within the nanogap. Hybrid optical-electrochemical set-
ups enable the simultaneous probing of redox dynamics, bond
formation, and conformational changes with sub-millisecond
resolution.’**™*3!  Collectively, passive junctions provide a
powerful and flexible approach for investigating molecular
recognition, catalytic processes, and reaction mechanisms in
complex or biologically relevant environments.

4. Understanding molecular properties
through single-molecule conductance
measurement

Single-molecule junctions provide a powerful platform to unveil
structure-property relationships through single-molecule

conductance measurements, thereby informing the rational
design and atomic-level assembly of molecular systems.

776 | Chem. Soc. Rev,, 2026, 55, 765-818

Single-molecule junctions comprise two primary components:
the molecular core and the electrode-molecule interface. The
molecular core refers to the target molecule that displays
distinctive conductance properties, which are heavily influ-
enced by its conformation and electronic state. Meanwhile,
the electrode-molecule interface plays a vital role in determin-
ing both conductance behaviour and junction stability, shaped
by the choice of electrode materials and linker groups.’***3*
This section focuses on how molecular structural properties
affect single-molecule conductance. We begin by examining the
influence of molecular length and structure, then explore the
impact of conformational dynamics modulated by external
stimuli, and finally highlight recent advances in molecular
device design.

4.1. Conductance changes in relation to molecular properties

Molecular length is a critical determinant of conductance
in single-molecule junctions. When electrons are transported
within a molecular junction, depending on whether electrons
interact with the molecules, it can be divided into coherent
transport (tunnelling) and incoherent transport (hopping).
These two transport mechanisms exhibit a competitive relation-
ship. Previous studies have shown that, in two end-anchored
single-molecule junctions, as the molecular length increases,
electron transport transitions from a direct tunnelling mechanism
to a hopping mechanism.>"*>"*® In short molecules (1-3 nm),
the conductance decreases exponentially with increasing distance,

This journal is © The Royal Society of Chemistry 2026
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whereas in long-distance cases (3-7 nm), the decay exhibits a
linear relationship. However, for molecular junctions that are
indirectly connected without anchoring groups, the relation-
ship between conductance and length becomes more complex.
Yelin et al.'®” demonstrated a systematic investigation of oli-
goacene (linear m-conjugated molecules) with varying lengths
(1-6 benzene rings) using Ag and Pt electrodes, respectively.
Due to the lack of linking groups, the m orbitals of oligoacene
directly hybridise with the frontier orbitals of metal electrodes,
resulting in high conductance. The conductance of Ag/oligo-
acene junctions initially increases with molecular length before
saturating. In contrast, the conductivity of Pt electrodes is close
to the conductance quantum and is independent of mole-
cular length. Theoretical analysis suggests that the conduc-
tance saturation of Ag electrodes stems from the competition
between energy level alignment and energy level broadening,
whereas Pt electrodes exhibit band-like transport due to sig-
nificant n-d hybridisation, resulting in constant conductivity.
Similarly, Zhao et al. inserted polycyclic aromatic hydrocarbons
(PAHS) of different lengths between graphene electrode pairs and
observed the same phenomenon of conductance enhance-
ment.”*® However, unlike metal electrodes, the conductance
of PAHs on graphene electrode pairs does not show a saturation
phenomenon, which is related to the cross-plane charge trans-
port mode of electrons in graphene/PAHs/graphene.

Besides conjugated molecules, abnormal conductance-
length relationships have also been observed in other types of
molecular wires, including those containing metal centres'*>"'*°
and Ag nanoclusters."*" This phenomenon is attributed to the
narrowing of the HOMO-LUMO energy gap with increasing size,
and therefore enhanced coupling between the electrodes and
molecules/Ag nanoclusters. Break junction (BJ) techniques enable
precise control of nanogap distances from sub-nanometre to sub-
10 nm, providing a reliable platform for studying distance-
dependent conductance. However, it is important to note that
when a molecular bridge spans the electrodes, the measured
conductance reflects both direct and molecular tunnelling
currents. At very small gaps, leakage currents become signifi-
cant and must be accounted for.'** The structural charac-
teristics of molecules form the foundation of their chemical
and physical properties. Broadly, molecular systems can be
divided into conjugated and non-conjugated molecules based
on their electron distributions.

In conjugated molecules, the delocalised distribution of
electrons enhances the conductivity of molecular junctions,
which is often utilised in single-molecule conductance mea-
surements. However, conjugation alone does not fully deter-
mine transport properties. Conformational dynamics within
the molecule can significantly modulate conductance. For
example, in biphenyl derivatives, increasing the torsion angle
between the benzene rings leads to a conductance decrease
following a cos® 0 relationship. Additional rotational degrees of
freedom introduce variability, resulting in broader conductance
distributions.'** Conversely, restricting conformational free-
dom yields narrower distributions and well-defined conduc-
tance signatures, often independent of nanogap size."**

This journal is © The Royal Society of Chemistry 2026
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Rational molecular design offers a powerful means to tune
electrical properties. Incorporating substituents or heteroatoms
into conjugated backbones alters electron density distribution.
The effects depend not only on the nature of the substituents
but also on their positional connectivity.'*>™*® Remarkably,
regioisomers with similar chemical structures can exhibit con-
ductance differences spanning several orders of magnitude due
to quantum interference effects."” Embedding metal centres
into conjugated wires can modulate the alignment between
frontier orbitals and the electrode Fermi level, enhancing
conductance."”*>'® Another crucial factor is the anchoring
group, which governs the coupling strength and binding geo-
metry at the electrode-molecule interface. Systematic studies
have shown that both the type and position of anchoring groups
influence transport pathways and junction stability.">**>* Impor-
tantly, structure-property relationships in molecular junctions
cannot be reduced to a single parameter. Instead, they emerge
from the cooperative interplay of multiple structural features,
including molecular length, conformation, substituent effects,
and interface chemistry.

In addition to one-dimensional (1D) molecular wires, con-
ductive molecules with more complex architectures, such as
topological structures and supramolecular assemblies, have
increasingly attracted research interests. For example, Stuyver
et al. theoretically examined the topological transformation of
conjugated porphyrin molecules and demonstrated efficient
conductance switching. Molecular devices with switch ratios
of up to three orders of magnitude can thus be designed.™*
Ganna et al. reported that saturated carbon nanowires (such as
polytwistane) exhibited conductivity with six orders of magni-
tude higher than that of 1D linear alkane chains of the same
length, achieved through topological structure design.'*> Con-
ductance decays slowly with increasing nanogap size, with a
B value of only 0.55 nm™". These findings suggest new strate-
gies for designing highly conductive single-molecule junctions,
indicating that even in systems lacking © conjugation, optimi-
sation of topological structure can markedly enhance conduc-
tivity. For the supramolecular structure, the electrical transport
properties of supramolecular junctions based on hydrogen
bonds,™*® n-n stacking,"”” c-c stacking,’*® and host-guest'®’
interactions have also been characterised and reported.
Although research into supramolecular junction conductance
has spanned over a decade, the exploration of complex biomo-
lecular systems based on these interactions remains in its early
stages. Establishing robust structure-property relationships in
supramolecular systems remains a dynamic and evolving field
of investigation.

4.2,
scale

Monitoring conformation changes at the single-molecule

Molecular conformational dynamics are susceptible to environ-
mental conditions and external stimuli, such as electric fields,
mechanical forces, and optical irradiation. Traditional
ensemble-averaged techniques offer insights into bulk behaviour
but mask molecular heterogeneity and transient intermediates.
In contrast, single-molecule conductance measurements provide
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real-time, high-resolution access to molecular geometry, electro-
nic structure, isomerisation, enantiomer discrimination, and
intermolecular interactions. This capability has broad implica-
tions for catalysis, drug discovery, molecular electronics, and
biophysics. Here, we review recent advances in single-molecule
conductance platforms for probing stimulus-induced structural
transitions, including liquid modulation, electric fields, mechan-
ical stretching, and optical excitation.

4.2.1. Liquid modulation. Single-molecule conductance
measurements are typically performed in solution-phase envir-
onments, where the surrounding liquid can significantly
influence charge transport through molecular junctions. Liquid-
based modulation strategies are broadly categorised into chemical
modulation and electrochemical gating. Chemical modulation
involves introducing chemical agents into the solution to induce
conformational changes via processes such as proton transfer or
radical injection. Electrochemical gating, on the other hand,
modulates the redox state of the molecule or shifts its energy
levels relative to the electrode Fermi level. This can alter the
transmission characteristics of the junction and the coupling
strength between the molecule and electrodes—for example,
through the in situ formation of covalent bonds.

In liquid regulation of the electrical properties of molecular
junctions, the proton-transfer process has been demonstrated
as a simple and efficient method for constructing bistable
molecular structures, exhibiting extremely high response sen-
sitivity in conductance measurements. Proton transfer can be
reversibly controlled by adjusting the solution pH. For example,
proton transfer has been demonstrated to be an effective
method for regulating quantum interference in molecular
junctions, thereby influencing molecular conductance. As shown
in Fig. 11(a), Zhang et al. employed the MCBJ technique to
measure the single-molecule conductance of two DPP derivatives
(SDPP and SPPO) at room temperature.'®® The single-molecule
conductance of two DPP isomers was identical in a mixed
chloroform/mesitylene solution. The responses of the two iso-
mers to protonation regulation in the solution show significant
differences, enabling them to be effectively identified. As shown
in Fig. 11(b), both experimental and theoretical results indicate
that the protonated SPPO molecule exhibits a cross-conjugated
structure, which can trigger a destructive quantum interference,
thereby suppressing electron transport and leading to a signifi-
cant reduction in conductance. In contrast, the unprotonated
SPPO molecule exhibits a linear conjugated structure, facilitating
electron transport and resulting in a higher conductance.
Moreover, Tang et al. reported the reversible switching between
destructive and constructive quantum interference (QI) in
single-molecule junctions via H' or Me' atomically precise
chemical gating.'®' The protonation or methylation led to the
interchange of frontier orbitals, switching the QI pattern and
causing significant modulation of conductance.

In organic molecules, the injection of radicals can pro-
foundly influence charge distribution and molecular structure.
From a single-molecule perspective, radicals, due to their
unique electronic characteristics, can significantly modulate
the electrical transport properties of molecular junctions. Their

778 | Chem. Soc. Rev., 2026, 55, 765-818

View Article Online

Chem Soc Rev

SPPO-H"

o ;;r ©
$-¢
!
‘e
:
d
LR 1
X
‘

‘.
&
w®

So
B a3
iy

:

A

Counts

SDP:\_L .

5 4 3 2 1 0
Conductance / log(G/G,)

SPPO-H'-TEA

~o
7z
i
%‘J
S
Counts

4 3 2 1 o
Conductance / log(G/G,)

Di-FCFR

Di-PCP
3 ‘\
= Mo
=
2
g \:-p(‘m( ui-rV
2
-
- 55 5.0 45 4.0
Conductance / log (G/G)
Fig. 11 (a) Schematic illustration of DPP junctions created by the MCBJ

platform and the corresponding molecular structures of DPP isomers.
(b) Conductance histograms of SPPO-H™ junctions and SPPO-H*-TEA
junctions showing reduced conductance values for protonated SPPO.
(c) Schematic diagrams of the progression of single-molecule conduc-
tance for PCP and FCF junctions with radical injection. Panels (a) and (b)
are reprinted with the permission from ref. 160, Copyright (2018), American
Chemical Society. Panel (c) is reprinted with the permission from ref. 163,
Copyright (2024) by Hanjun Zhang, under CC BY-NC 4.0 license.

presence in solution introduces dynamic charge perturbations
that interact with the molecular backbone and electrode interfaces,
making radical injection a highly promising strategy for tuning
conductance at the nanoscale. This approach opens new avenues
for the design of molecular wires with enhanced electrical
conductivity.'®® Recently, Zhang et al. demonstrated bidirectional
conductance modulation in single-molecule junctions through
off-site radical injection.’®® As shown in Fig. 11(c), applying cyclo-
pentadienone derivatives with distinct conjugation pathways
(cross-conjugated PCP vs. linearly conjugated FCF), they revealed
that radical injection decreases conductance in PCP systems
(Mono-PCPR: 10 >*G,, Di-PCPR: 10 >*G,) due to destructive
quantum interference, while increasing conductance in FCF sys-
tems (Mono-FCFR: 10~ **G,, Di-FCFR: 10 *>*’G,) via through-
bond enhancement, which was further confirmed by flicker noise
analysis and theoretical calculations.

4.2.2. Electric field. In single-molecule conductance
measurement, a 100 mV voltage applied between the nanogap
results in an electric field of extremely high intensity (10° Vv m ™),
which is capable of driving the molecules within molecular junc-
tions to undergo a variety of bistable conformational transitions,
such as spin states, n-n stacking, and keto-enol equilibrium."®*
Simultaneously, the electric field can be employed to precisely
regulate the injection energy of molecular junctions, thereby
enabling the modulation and capture of intramolecular conforma-
tional dynamics.

Molecules possess intrinsic dipole moments arising from
the spatial distribution of positive and negative charges. The

This journal is © The Royal Society of Chemistry 2026
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application of an electric field exerts force on these internal coordination sphere of Fe" species.'® By designing heteroleptic
charges, influencing molecular orientation, charge distribution, [Fe"(tpy),] complexes with one tpy ligand anchored in the junction
and motion state.'*”'®> By designing molecules with tailored dipole ~and the other exhibiting a dipole moment sensitive to electric
moments, their electrical properties can be actively modulated fields, the researchers demonstrated that the spin state of Fe" can
under field stimuli. In 2016, Harzmann et al. reported a single- be altered through electric field-triggered distortion of its coordina-
molecule spin switch based on the voltage-induced distortion of the  tion sphere. According to Fig. 12(a), statistical analysis of a large
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Fig. 12 (a) Schematic diagrams of the voltage-induced single-molecule spin switch, demonstrating the dominant role of the ligand's dipole moment in
the spin switching process. Right panel: The evolution of the bistable transition voltage with electrode spacing shows that the electric field threshold
remains constant. (b) Molecular structure of the compound with the enol tautomeric unit as the centre and its keto isomer. Right panel: 1D conductance
histograms of the keto compound across biases from 0.1 to 0.6 V, revealing a voltage-induced shift from low-conductance (L) to high-conductance (H)
states. (c) Schematic illustration of the single-terphenyl junction and the terphenyl-stacking junction. Typical conductance traces of terphenyl junctions
at 0.10 V and 0.35 V indicate conductance changes during stretching. A 2D histogram of noise power versus average conductance highlights differences
in noise characteristics between the single-terphenyl junction and the terphenyl-stacking junction. (d) Schematic illustration of the single-molecule
junction with a hexaphenyl aromatic molecule covalently embedded in graphene electrodes, illustrating the quantum rotation effect. The typical
|-t curve and dwell times of three states suggest two conversion pathways with different rates. Panel (a) is reprinted with permission from ref. 166,
Copyright (2015), Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (b) is reprinted with permission from ref. 167, Copyright (2023), Springer Nature.
Panel (c) is reprinted with permission from ref. 168, Copyright (2020), American Chemical Society. Panel (d) is reprinted with permission from ref. 169,
Copyright by Yilin Guo (2025), under CC BY-NC 4.0 license.
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number of junctions revealed that the proportion of junctions
exhibiting voltage-dependent bistability increases with the dipole
moment of the Fe" complexes, while the threshold electric field
required for switching remains constant, further supporting the
proposed switching mechanism. This work not only provides a new
strategy for controlling spin states in molecular electronics but also
paves the way for the development of high-performance, reversible
single-molecule spintronic devices.

Tautomerisation, the interconversion of structurally similar
isomers, is another key focus in conformational studies. In
non-degenerate systems, a single tautomer typically dominates
at thermodynamic equilibrium, limiting reversible switching.
Electric field modulation offers an alternative strategy for
controlling tautomerisation at the single-molecule level. Tang
et al.'® developed a strategy for controlling the keto-enol
equilibrium of a single molecule within a two-terminal junction
system through voltage modulation at room temperature. The
researchers designed a molecular component with a keto-enol
tautomeric unit positioned between two thioanisole anchors,
allowing the charge transport pathway to pass through the
tautomeric unit. Using the STM-BJ technique shown in
Fig. 12(b), they found that the conductance of the molecular
junction could be significantly modulated by altering the
applied voltage. At a low bias of 0.1 V, the junction predomi-
nantly existed in the low-conductance keto form, while at a
higher bias of 0.6 V, it transitioned to the high-conductance
enol form, with a conductance increase of approximately 67
times. The electric field not only reduces the keto-enol tauto-
merisation barrier but also alters the thermodynamic driving
force, making the enol form thermodynamically stable in the
charged state.

Electric fields also play a critical role in modulating inter-
molecular interactions. In 2020, Tang et al. investigated electric
field-induced molecular stacking in single-stacking terphenyl
junctions using the STM-B]J technique.'®® As demonstrated in
Fig. 12(c), the formation of stacking junctions between two
terphenyl molecules increases with the intensity of the applied
electric field. The conductance measurements showed a high-
conductance peak at 0.10 V (blue), which increased further at
0.35 V (red), followed by a more pronounced low-conductance
peak. These conductance plateaus change with voltage because
the dihedral angles between adjacent phenyl rings decrease
under an electric field, making the molecules more planar and
promoting energetically favourable molecular stacking config-
urations. A 2D histogram of noise power versus average con-
ductance from simulated data, highlights the distinct noise
characteristics of intramolecular and intermolecular transport.

Recently, Guo et al. prepared a fluorene-centred hexaphenyl
aromatic molecule and integrated it into a graphene electrode
pair via covalent bonds."®® As shown in Fig. 12(d), current-time
measurements at 120 K revealed three discrete metastable
states, attributed to varying degrees of conjugation between
the terphenyl segments. The dynamic rotation of phenyl rings
at low temperatures was governed by quantum rotational
tunnelling rather than quasi-free rotation. Crucially, the electric
field influenced both the direction and energy of rotation,
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enabling more complex rotational modes as the bias voltage
increased.

4.2.3. Mechanical stretching. In the single-molecule con-
ductance measurement technique based on dynamic break
junctions, molecular junctions are formed and ruptured by
relative motion between the electrodes. This mechanical mod-
ulation provides a powerful platform for investigating confor-
mational changes induced by mechanical force. As such,
mechanical stretching has become integral to single-molecule
studies, offering insights into molecule-electrode interface
coupling,””®"”® molecular spin states,"’* intermolecular inter-
actions,*?%'”> chemical reactions,"”® etc.

In 2023, Pabi et al. proposed that the mechanical gating of
molecular junctions is significantly influenced by the molecu-
lar orientation within the junction.'”” They found that silver-
ferrocene-silver junctions can exhibit either clear mechanical
gating (type 1) or non-mechanical gating (type 2), depending on
the molecular orientation. As shown in Fig. 13(a), altering the
interelectrode distance results in a clear mechanical gating
effect in type 1 junctions, with reduced separation shifting
molecular energy levels closer to the Fermi level, thereby
enhancing conductance. However, type 2 junctions showed
no significant change in their conductance spectra upon simi-
lar mechanical manipulation. DFT calculations revealed that
the molecular junction could adopt two configurations: parallel
and perpendicular to the electrode axis. In the parallel configu-
ration, mechanical squeezing rigidly shifted the transmission
characteristics to lower energies, increasing conductance.
Conversely, in the perpendicular configuration, no significant
shift in transmission peaks was observed. These findings
underline the critical role of molecular orientation in determin-
ing mechanical gating efficiency, introducing a new degree
of freedom for tuning mechanically responsive molecular
junctions.

Mechanical force has also proven effective in probing inter-
molecular interactions. By stretching or compressing the
junction, researchers can modulate the degree of stacking of
conjugated molecules, alter charge-transport pathways in supra-
molecular assemblies, and even observe quantum-interference
oscillations. Recently, Zhou et al. constructed robust single-
supermolecule switches by harnessing two different non-cova-
lent interactions between pyridine derivatives.'’® Fig. 13(b)
demonstrated that the conductance is high when the pheny-
lene-pyridine backbone forms face-to-face [n---m]-stacked
dimers upon junction compression. In contrast, upon junction
stretching, the formation of double [C-H- - -N] hydrogen bonds
between neighbouring pyridine units leads to a significant
decrease in conductance. These switches operated reliably at
frequencies up to 190 Hz, demonstrating excellent reproduci-
bility. Additionally, Zhou et al. investigated the charge transport
properties of supramolecular junctions formed by C-H- - -n and
n-n interactions, as shown in Fig. 13(c)."”® Their findings
revealed that C-H- - -t interactions enable more efficient charge
transport than n-n stacking, with conductance measurements
showing C-H- - - junctions exhibit approximately 350% higher
conductance. The study also revealed that the conductance of

This journal is © The Royal Society of Chemistry 2026
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C-H-: - -7 junctions initially decreases with stretching and then
gradually stabilises, unlike the periodic fluctuations observed
in n-m stacked junctions. Theoretical analysis attributed this
behaviour to a transition from destructive to constructive
quantum interference in C-H: - -n interactions as the junction
is stretched.

4.2.4. Optical field. Light-matter interactions at the mole-
cular scale provide a powerful means to modulate the electrical
properties of single-molecule junctions. When irradiated with
light, molecular junctions can undergo significant changes
in their electrical transport properties due to effects such as
photoinduced structural transitions,"®° electron resonance
transitions,'®' and plasmonic phenomena.” Since conductance
is directly related to molecular structure, the photoactive single-
molecule junction can provide detailed insights into structure
and electronic state changes triggered by light.

In 2022, Zou et al. employed the STM-BJ technique to
fabricate single-molecule junctions of 9,14-diphenyl-9,14-
dihydrodibenzo[a,c]phenazine (DPAC), enabling exploration of
the photoconductance dependence on excited-state structural
and electronic changes.'®> As shown in Fig. 14(a), the n-delo-
calisation of DPAC-SMe junctions showed a distinguished and
reversible photoconductance of up to ~200% under continu-
ous 340 nm light irradiation. This enhancement was attributed
to a photoinduced bent-to-planar conformational transition in
the excited state, which significantly altered the electron den-
sity distribution and gave rise to Fano resonance. Additionally,
in situ conductance modulation was observed under pulsed
irradiation at 340 nm, further confirming the dynamic nature
of the photoresponse. Femtosecond transient absorption (TA)

This journal is © The Royal Society of Chemistry 2026

spectroscopy revealed an isomerisation process in the excited
state, with two distinct local minima in the S; state. The TA
spectra showed a strong absorption band at 1160 nm, which
reached a maximum within 5 ps and then decayed, indicating
the formation of a fast bent state.

Recently, Rashid et al. demonstrated that isomerisation in
photoswitchable molecules can be triggered by mechanical
force and oriented electric fields, thereby bypassing the need
for excited-state configurations.'®® As shown in Fig. 14(b), the
ground-state reactivity of a dithienylethene (DTE) derivative was
explored using MCBJ techniques, revealing that external per-
turbations can control reaction dynamics and steer reaction
trajectories away from typical excited-state pathways. The study
identified distinct conductance states corresponding to differ-
ent isomeric forms of the DTE molecule and showed that
mechanical force could induce isomerisation in the absence
of light. Additionally, the researchers mapped an extended
ground-state potential energy surface for the DTE derivative,
highlighting the ability to stabilise intermediates and meta-
stable states along the reaction pathway. This work provides a
strategy for probing and stabilising different intermediates and
metastable states in photochromic systems, enabling the pro-
duction of desired stereoselective products without conven-
tional photonic stimuli.

When a metal nanogap is illuminated at its resonance
wavelength, it can excite the localised surface plasmon reso-
nance (LSPR), resulting in enhanced local electromagnetic
fields, the generation of hot carriers, and localised thermal
effects. Depending on different phenomena, various effects can
be produced on the structure and properties of molecular
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(@) Schematic illustration of the bent-to-planar photocycle process of the DPAC-SMe junctions. Right panel: The 1D conductance histogram

shows the single-molecule conductance of DPAC-SMe junctions enhanced upon light irradiation. (b) Schematic illustration of the DTE junction under
multi-mode external stimuli and corresponding photoisomerisation processes. Roight panel: 1D conductance histograms show various conductance
states of DTE junctions for the “open” and “trans-closed” forms, indicating an isomer trapped within the molecular junction undergoes transformation to
another isomer during junction evolution. Panel (a) is reprinted with permission from ref. 182, Copyright (2022), American Chemical Society. Panel (b) is
reprinted with permission from ref. 183, Copyright (2025), American Chemical Society.

junctions. Recently, it has been shown that the electromagnetic
field enhancement induced by LSPR can be utilised to generate
optical gradient forces within tunnelling junctions, thereby
capturing molecules in the vicinity of the nanogap, enabling
single-molecule plasmonic optical tweezers.'*"'®>  very
recently, Xu et al. investigated the m-m interactions between
single molecules using the STM-B]J technique.'®® As shown in
Fig. 15(a), they employed 2,6-naphthalenediamine (2,6-NA)
molecules, which have two amino anchoring groups and
naphthalene as the backbone to form n-n stacking dimers.
Conductance measurements of thousands of single-molecule
junctions revealed distinct peaks in 1D and 2D conductance
histograms, corresponding to molecular monomer and dimer
junctions. Under laser illumination (4 = 532 nm, intensity ~1 x
10* Wm™?), the low-conductance peak, attributed to dimer
junctions, exhibited a significant rightward shift and intensity
increase, while the high-conductance peak remained largely
unchanged. This indicated enhanced n-n coupling between
molecules under light. Furthermore, flicker noise analysis

782 | Chem. Soc. Rev., 2026, 55, 765-818

was performed, demonstrating that the flicker noise power-
scaling factor decreased upon illumination, supporting the
enhanced n-n coupling. Analysis based on finite-element and
a quasi-quantum method revealed that the enhanced mn-n
interaction originated from the optical gradient force within
the nanogaps. This study provides a non-destructive method
for regulating n-n interactions at the single-molecule level.
The plasmon-enhanced single-molecule conductance depends
on the coupling between the optical field and the molecular
junctions. Under the excitation of the plasmonic optical field,
on one hand, an instantaneous alternating electric field at the
optical frequency can be generated in the nanoscale gap, indu-
cing an alternating current that is rectified into a direct current
within the nanoscale gap structure,"® thereby enhancing the
conductance of the molecular junction.'®® On the other hand, the
hot electrons generated by the LSPR effect are driven by
the electric field and injected into the molecular junction,
significantly enhancing the photoconductance of the molecular
junction."® However, the roles of these two mechanisms in

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic illustration of n-stacked 2,6-NDA junctions and corresponding 1D conductance histograms under dark-illumination conditions,

showing enhancement of formation probabilities for low conductance states assigned to the n-stacked dimer junctions. (b) Schematic illustration of
experimental setup for HCEDs mapping. Middle panel: schematic illustrating the hot carrier's generation and transport process in the LUMO-determined
single-molecule junction. Right panel: current histograms for the LUMO-determined single-molecule junction with and without SPP excitation, and the
corresponding measured transmission functions with Lorentzian fit. Panel (a) is reprinted with permission from ref. 186, Copyright (2024), American
Physical Society. Panel (b) is reprinted with permission from ref. 190, Copyright (2020), American Association for the Advancement of Science.

plasmon-enhanced single-molecule conductance remain vague
and require more refined experimental designs for further study.
A remarkable advancement was reported by Reddy et al. on an
indirect optical field coupling method to quantify plasmonic hot-
carrier energy distributions (HCEDs) using single-molecule trans-
port measurements.'*® As shown in Fig. 15(b), by forming single-
molecule junctions between an ultrathin gold film supporting
surface plasmon polaritons and a scanning probe tip, they
measured the current-voltage characteristics with and without
plasmonic excitation. The difference in currents, termed the hot-
carrier current (Io), allowed them to quantify HCEDs directly.
In detail, the HCEDs in gold films with thicknesses of 6 nm and
13 nm were mapped, showing a 40% reduction in the total
number of hot carriers in the 13-nm-thick films, supporting the
mechanism of Landau-damping-dominated hot-carrier genera-
tion. This work provides insights into hot-carrier generation at
the single-molecule level, offering a foundation for engineering
technologies that harness plasmonic hot carriers.

This journal is © The Royal Society of Chemistry 2026

Another emerging research direction in single-molecule
optoelectronics is to couple ultrafast light with molecular
junctions, thereby obtaining high spatiotemporal-resolution
information through electrical measurements. In 2016, Cocker
et al. proposed tracking the ultrafast motion of a single penta-
cene molecule using femtosecond orbital imaging with THz-
STM."! The team demonstrated selective tunnelling through
the HOMO of a pentacene molecule within a sub-cycle time
window, removing a single electron in approximately 100
femtoseconds. Furthermore, they revealed coherent molecular
vibrations at terahertz frequencies via pump/probe measure-
ments. This work enabled the visualisation of ultrafast photo-
chemical processes and molecular electronics at the single-
orbital level, offering insights into molecular electronic and
vibronic dynamics with atomic precision and ultrafast temporal
resolution,'¥>'%?

Moreover, the introduction of ultrafast lasers provides a
means for manipulating and controlling individual molecules.
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In 2020, Peller et al. demonstrated the coherent control of a
single-molecule switch using ultrafast atomic-scale forces.'**
As shown in Fig. 16(a), the researchers utilised a terahertz wave
confined to an atomically sharp tip to induce femtosecond
forces that selectively drive coherent hindered rotation in a
bistable magnesium phthalocyanine molecule. The study
revealed that these ultrafast forces can modulate the probabil-
ity of the molecule switching between its two stable adsorption
geometries by up to 39%. The findings highlight the potential
for ultrafast structural transitions in quantum systems, paving
the way for sub-cycle atomic-scale control of chemical reactions
and phase transitions. Recently, Liu et al. developed a single-
molecule photoelectron tunnelling spectroscopy technique that
maps transmission beyond the HOMO-LUMO gap of a diketo-
pyrrolopyrrole (DPP) molecule junction at room temperature by
integrating ultrafast laser pulses with the STM-BJ setup shown
in Fig. 16(c)."®> This method unveiled two resonant transport
channels at 1.45 eV and 1.70 eV, corresponding to the LUMO+1
and LUMO+2 orbitals of DPP junctions, as confirmed by density
functional theory calculations.

4.3. Single-molecule electronic devices

Research into structure-property relationships at the single-
molecule level not only deepens our fundamental understanding
of physicochemical behaviour at the molecular scale but also

View Article Online
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enables the identification and optimisation of functional mole-
cules for constructing molecular electronic devices capable of
logic operations. Since the conceptual proposal of single-
molecule rectifiers, a diverse array of functionally designed
molecular devices has been demonstrated, including molecular
switches, ®® molecular rectifiers,'®” molecular diodes,"*® molecu-
lar transistors,"”® and molecular memory.>*® The integration of
external stimuli-responsive modulation has introduced config-
urational flexibility into molecular device design, significantly
enhancing performance. Moreover, quantum interference effects
have emerged as a powerful mechanism for modulating electro-
nic behaviour, enabling on/off ratios spanning several orders of
magnitude and offering exceptional control over conductance.
In 2023, Li et al. reported the fabrication of supramolecular
transistors based on mn-stacked thiophene/phenylene co-
oligomers (TPCOs) with controllable quantum interference
effects.”®" Fig. 17(a) demonstrates the experimental setup of
the electrochemically gated scanning tunnelling microscope
break junction (EC-STM-BJ) technique. They achieved precise
control over the configuration of the supramolecular channels,
resulting in a transistor with an on/off ratio of approximately
1300, a gating efficiency of 165 mV dec™', and an off-state
leakage current of about 30 pA, with a channel length scaled to
< 2.0 nm. This work highlights the potential of supramolecular

architectures as channel materials for sub-2 nm molecular
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(a) Schematic diagram of coherent control of a single-molecule switch using THz pump—-probe pulse pairs. (b) The switching probability of a

single-molecule switch as a function of delay time between pump and probe pulses, showing a pronounced oscillation at a frequency of 0.3 THz.
(c) Schematic illustration of the single-molecule photoelectron tunnelling spectroscopy setup. (d) The experimental maps of the transmission function of
the DPP junction by photocurrent spectrum. Panels (a) and (b) are reprinted with permission from ref. 194, Copyright (2020), Springer Nature. Panels (c)
and (d) are reprinted with permission from ref. 195, Copyright (2023), Springer Nature.
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Fig. 17 (a) Schematic illustration of the supramolecular transistor and corresponding molecular structures employed for forming the n—n stacked

junctions. The field-effect response of the supramolecular transistor at an electrode potential from —0.2 to 0.8 V, showing an on/off ratio of
approximately 1300. (b) Schematic illustration of the operation of the graphene-based single-molecule diode with the phenyl benzoate functional
centre. The comparison of rectified radio values of the different single-molecule diode devices in Lewis-acidity-dependent measurements. (c) Schematic
illustration of the single-metallofullerene memory device and corresponding mechanisms for logic-in-memory operations at room temperature. (d)
Schematic illustration of a graphene-based single-molecule optoelectronic device with a heavy atom centre (Pt) for real-time communication via
programmable voltage pulses, which trigger the selective emission of phosphorescence and fluorescence. Panel (a) is reprinted with permission from ref.
201, Copyright (2023), American Chemical Society. Panel (b) is reprinted with permission from ref. 202, Copyright (2025), American Chemical Society.
Panel (c) is reprinted with permission from ref. 203, Copyright (2022), Springer Nature. Panel (d) is reprinted with permission from ref. 204, Copyright

(2024), Elsevier.

transistors, providing insights into configuration-dependent
charge transport mechanisms. The ability to fine-tune quantum
interference features through the design of molecular architec-
ture opens new avenues for the development of high-
performance molecular electronic devices. In Fig. 17(b), Guo
et al. presented a single-molecule diode achieving an excep-
tional rectification ratio of up to 5000 and effective AC-to-DC
conversion.””®> This was achieved via electric-field-catalysed
Fries rearrangement, which toggled between constructive and
destructive quantum interference states. The diode demon-
strated stable operation across nearly 100 devices and was
successfully integrated into on-chip half-wave and full-wave
rectifier circuits.

This journal is © The Royal Society of Chemistry 2026

Although the performance of single-molecule devices is
being progressively optimised and approaching that of conven-
tional electronics, they face a critical bottleneck in achieving
multi-device integration. To address this, researchers have
begun exploring logic operations using individual molecular
devices. In 2022, Li et al. demonstrated room-temperature logic-
in-memory operations in single-metallofullerene devices.>*®
As shown in Fig. 17(c), by manipulating the independent perma-
nent dipole of [Sc2C2] within the fullerene cage using pulsed bias
voltages, reversible encoding and storage of digital information
were achieved. The devices exhibited non-volatile memory beha-
viour with a conductance switching ratio of up to 500%, and
successfully implemented 14 types of Boolean logic operations.
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Very recently, Yang et al. reported a graphene-based single-
molecule optoelectronic device featuring a platinum (Pt)-
centred molecular bridge encapsulated by two cyclodextrins
(CDs) (Pt-MB@CD).2** This design, shown in Fig. 17(d), effec-
tively isolates the molecule from environmental interactions,
dramatically enhancing device performance. A high quantum
yield (~10°) and an ultra-long phosphorescence lifetime (milli-
second-scale) were achieved at the Pt-centred single-molecule
junction. Employing single-molecule transient electrolumines-
cence spectroscopy (sm-TES), they directly observed and
manipulated the molecule’s tuneable singlet and triplet excited
states via multimodal electrical inputs. This precise control
over fluorescence and phosphorescence, enabling selective
emission, allowed the single-molecule device to perform com-
prehensive binary and trinary logical operations. Moreover, the
device successfully demonstrated real-time communication
capabilities by programming electrical pulses (10-ms intervals,
1-ms width) to tune molecular excited states. Photon energy
and timing encode binary streams (e.g., ASCII), facilitating the
display of 1D/2D data (e.g., a university logo). This study realises a
highly integrated, high-performance, multifunctional, and stable
single-molecule optoelectronic device on a chip, representing a
significant step towards bridging the conceptual gap between
molecular electronics and practical semiconductor applications.

In addition to exploring individual molecules as candidates
for molecular electronics, self-assembled monolayers (SAMs)
spanning two electrodes provide a pathway for constructing
molecular ensemble junctions. By systematically tuning mole-
cular length, functional groups, anchoring chemistry, and
electrode materials, these junction arrays can be engineered
with well-defined electronic properties. Such highly integrated
platforms demonstrate significant potential for on-chip device
fabrication and even offer opportunities for incorporation into
semiconductor technologies.?>>°®

For instance, the position of the functional group within the
molecular backbone has been shown to determine rectification
behaviour. As shown in Fig. 18(a), Nijhuis et al. demonstrated
that shifting the location of a ferrocene moiety along an
alkanethiol chain systematically tuned its coupling to the
electrodes, even reversing the direction of rectification in
SAM-based diodes. The position of the ferrocene molecule
between the AgTS-SC,FcC;;_,//Ga,03/EGaln can optimise the
frontier orbital alignment and charge transport, which leads to
a different rectification direction.”®” The anchoring or terminal
group is another important factor influencing conductivity.
As shown in Fig. 18(b), systematic studies demonstrated that
varying halogen terminations in HS(CH,),X SAMs with GaOx/
EGaln top contacts produced pronounced differences in tun-
nelling decay constants (f). Substitution with iodine (X = I)
enhanced current densities by more than four orders of mag-
nitude, accompanied by an increased dielectric constant (&), a
reduced HOMO-LUMO gap, and lower contact resistance. Such
findings emphasise that the selection of the anchoring group
interferes with the efficiency of electron transport.>°® Moreover,
the electrode material itself also exerts a strong influence on
the conductance. As shown in Fig. 18(c), Han et al. reported
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that junctions formed on Ag, Au, and Pt displayed markedly
different rectification directions, a consequence of Fermi level
pinning and variable charge transfer at the metal-molecule
interface.? This finding demonstrated that electrode identity
can be as important as molecular design in defining device
>19 Beyond these static parameters, the incorporation
of stimuli-responsive functional groups introduces an addi-
tional level of control, enabling active modulation of charge
transport within SAM-based junctions. In Fig. 18(d), Cao et al.
applied azobenzene-based SAMs to construct dynamic molecu-
lar switches and demonstrated reversible conductance modula-
tion via light-driven cis-trans isomerisation. Optimisation of
the molecule-electrode coupling enabled reproducible transi-
tions between high- and low-conductance states, providing a
proof-of-concept for switchable SAM-based junctions.*"*

Beyond single molecules, supramolecular systems can also
serve as the functional components of SAM-based junctions, as
demonstrated in Fig. 18(e).>"* In 2006, Stoddart et al. reported
that bistable [2] rotaxanes could be integrated into monolayer
junctions and operated as switchable elements, where redox-
driven translational motion of the ring along the dumbbell
backbone directly modulated tunnelling conductance.>*® This
concept was later advanced into large-area crossbar memory
devices, in which rotaxane monolayers sandwiched between
orthogonal nanowire arrays functioned as individually addres-
sable memory cells. With densities approaching 10" bits cm 2,
these systems demonstrated the feasibility of defect-tolerant
supramolecular memories and established mechanically inter-
locked molecules as versatile candidates for molecular-scale
information storage.>'*

Moreover, integrating multiple SAM layers on a single chip
provides a compelling demonstration of how molecular junc-
tions can be functionalised for multiple purposes. In Fig. 18(f),
Li et al. reported a unique crossbar architecture using EGaln-
molecule-Au junctions. In this system, alkanethiol monolayers
acted as molecular resistors, while m-extended tetrathiafulva-
lene (exTTF) monolayers functioned as molecular diodes.
By combining these components on the same platform, the
chip could perform diverse electronic operations, including
AND/OR logic functions and half-wave or full-wave rectification.
Such highly condensed and flexible molecular circuits, inte-
grating multiple logic gates and signal modulators, demon-
strate the potential of SAM-based junctions to move beyond
proof-of-concept measurements towards functional molecular
chips with practical applications.***

function.

5. Revealing chemical reactions at the
single-molecule scale

Quantum tunnelling junctions can be configured to form SMJs,
where a reactive centre is positioned between two electrodes.
These SM]J platforms enable investigation of reaction mechan-
isms by monitoring tunnelling current signals, providing high-
temporal-resolution insight into reaction intermediates and
transition states in a label-free manner. The reactive centre

This journal is © The Royal Society of Chemistry 2026
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Fig. 18 (a) The schematic illustration of the position of the Fc molecule in AgTS-SC,FcCiz_,//Ga,O</EGaln junction leads to the different rectification
functions. (b) The schematic illustration the anchoring group at Ag—S(CH,),X//GaOx/EGaln junction, along with the energy level diagram of the halogen
atom. The corresponding decay plots of (logiolJl)g versus dperA at —0.5 V demonstrate that halogen atom at GaOx/EGaln leads to different
conductance. (c) The schematic illustration of the substrate material and corresponding electric properties of the M—S(CH,);S—-BTTF//GaOx/EGaln
junctions. The Ag substrate is prone to non-rectification, whereas the Au and Pt substrates exhibit rectification in opposite directions. (d) Schematic
illustration (left) and corresponding logsolJ| versus V plot in relative humidity = 60% in ambient conditions (middle) and 10 ppm water (right). (e) (left)
Schematic illustration of the structure and corresponding energy diagram of the amphiphilic bistable [2] rotaxane R*' in its ground-state co-
conformation (GSCC) and metastable co-conformation (MSCC). (Right) A MIM-based dynamic random-access memory circuit and integration of MSTJ
into crossbar devices. The memory effect is caused by the conductance switching between GSCC and MSCC. (f) Schematic illustration of the flexible
molecular device with integrated circuits to realise both logic gates and rectifiers. Panel (a) is adapted from ref. 207, Copyright (2015), Springer Nature.
Panel (b) is adapted from ref. 208, Copyright (2021) by Xiaoping Chen, under Creative Commons Attribution 4.0 International License. Panel (c) is adapted
from ref. 209, Copyright (2021) by Ziyu Zhang, under CC-BY-NC-ND 4.0 License. Panel (d) is adapted from ref. 211, Copyright (2022) by Yulong Wang,
under exclusive licence to Springer Nature Limited. Panel (e) is adapted from ref. 212, Copyright (2021), Springer Nature. Panel (f) is adapted from ref. 215,
Copyright (2024), Wiley-VCH GmbH.

can be activated by external stimuli under various experimental
conditions. While the analytical methods and underlying
mechanisms of reactions in SMJs have been discussed in
previous reviews,>>>'® the focus of this chapter is to highlight
the application of quantum tunnelling platforms for sensing
and studying single-molecule reactions.

5.1. Induce the single-molecule reaction through an external
field control

5.1.1. Mechanical force control. At the heart of chemical
reactivity lies the making and breaking of chemical bonds.
Mechanical force plays a crucial role in modulating these
processes, particularly in single-molecule systems enabled by
break-junction techniques.’'® The geometry of redox-active
molecules, which is strongly related to the electronic structure,
can be perturbed during the mechanical stretching process
without breaking the geometry. For instance, as shown in

This journal is © The Royal Society of Chemistry 2026

Fig. 19(a), Li et al. investigated ferrocene molecules positioned
between an STM probe and a substrate.”’” Upon lifting the
probe at a specific voltage bias relative to the equilibrium
potential, two distinct conductance levels were observed. This
behaviour suggests that mechanical force can shift the redox
potential by altering the alignment between frontier orbitals
and the electrode Fermi level, thereby triggering redox events at
the single-molecule scale.

Similarly, Riccardo et al. discovered that mechanical force could
control the arrangement of the junctions in homoleptic Fe" com-
plexes. The stretching force distorted the Fe coordination sphere
and eventually altered the spin state from a low-spin to a high-spin,
leading to a conformational change."”* In addition, the conforma-
tion change of molecules without bond rupture can be triggered by
mechanical force. For instance, Timothy et al observed three
distinct conductance states during stretching in permethyloligosi-
lane, attributed to conformational switching of the molecule.*'®
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(a) is reprinted with permission from ref. 217, Copyright (2017), American Chemical Society. Panel (b) is reprinted with permission from ref. 219, Copyright

(2019), American Chemical Society.

Mechanical stress can also directly induce bond formation
and cleavage, leading to isomerisation events. Nadim et al
reported force-induced isomerisation between spiropyran and
merocyanine, as shown in Fig. 19(b). During the STM probe
stretching process, the force induced the C-O bond-breaking
and formation process, leading to the ring-opening and ring-
closing in the parent spiropyran molecule. Consequently, two
isomerisations lead to a significant change in conductance,
which can be monitored at the single-molecule level. This
conformational change in spiropyran exhibited single-
molecule diode behaviour, with an average current rectification
ratio of 5 at +1 V. The rectification was stronger when the positively
charged part was connected to the negative terminal.>****°
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5.1.2. Single-electron catalysis. In the quantum tunnelling
platform, the voltage bias applied between the two electrodes
modulates the Fermi-level alignment, thereby facilitating elec-
tron tunnelling. By adjusting the electrode bias between
two electrodes and varying the molecules situated within the
tunnelling junction, electrons can play distinct roles in driving
or modulating chemical reactions. Based on the method used
to optimise the electrode voltage bias, this reaction can be
further classified into the following types.

5.1.2.1. Single-electron-induced reaction. In quantum tunnel-

ling platforms, an applied voltage bias between two electrodes
creates an energy difference in their Fermi levels, promoting

This journal is © The Royal Society of Chemistry 2026
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directional electron tunnelling through a molecule bridging the
junction. By optimising the electrode bias and modifying
the identity of the bridging molecule, electrons with a certain
energy can interfere with the chemical transformations. Based
on the energy of the tunnelling electrons, these reactions can be
categorised into two main kinds.

Early research by Stipe et al. classified electron-induced
reactions into two categories based on the energy of the
tunnelling electrons.”*' In the low-energy regime, electron
transport occurs via inelastic tunnelling. Here, low-energy
electrons are injected into the molecule and excite its vibra-
tional modes, leading to energy exchange between the tunnel-
ling electrons and molecular bonds. When the accumulated
vibrational energy exceeds the bond dissociation threshold,
electrons can induce bond cleavage, such as O-O, C-H, and
C-1 bonds.>*'"*** Additionally, low-energy electrons can induce
intramolecular processes, hydrogen tautomeri-
sation.>>"?>?

In contrast, at higher bias potentials, electron transport
enters the field-emission regime. High-energy electrons can

such as

access unoccupied molecular orbitals, promoting the molecule
to a higher electronic state.>”® These high-energy electrons can
interfere with aromaticity, alter reactivity, and drive chemical
transformations relevant to electrocatalysis and photocata-
lysis.””” This high-energy regime provides a conceptual and
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experimental bridge between single-molecule reactions and
catalytic processes, enabling the exploration of catalytic
mechanisms at molecular-level resolution.”'®

5.1.2.2. Single-molecule redox reaction. The configuration of
quantum-tunnelling platforms requires conductive materials
as electrodes. The integration of counter and reference electro-
des enables electrochemical reaction activation, providing a
method for investigating reaction pathways at the single-
molecule scale. As shown in Fig. 20(a), adjusting the surface
potential via electrochemical gating enables precise alignment
of the electrode Fermi level with molecular frontier orbitals,
facilitating redox transitions and quantifying electron-transfer
kinetics.***>*°

Two principal approaches are typically employed to probe
redox processes on the quantum tunnelling platform. In the
first approach, a constant voltage bias is applied between two
electrodes, while the gate potential is adjusted to align the
redox-active orbital with the Fermi level of one or both electro-
des. For instance, Albrecht et al. applied this approach to redox-
active Os(u)/(m) complexes on STM-BJ.>*° When the gate
potential overlaps the redox potential of Os(u)/(m), the redox
level of the molecule is brought into the energy window
between the Fermi levels of the electrodes. Therefore, the
electrons were able to hop through the redox-active centre from
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tunnelling current/overpotential relationship. The significant current enhancement can be observed when the molecular energy level is set between the
tip and substrate (below). (b) Experimental (top) and simulated (below) conductance vs. overpotential plot of 3C-Fc single molecule junction. Two distinct
conductance distributions can be observed through the scanning, indicating the switching between the redox state of the ferrocene. (c) Concentration
(top) and gap distance (below) relationship with tunnelling current of ferrocyanide/ferricyanide redox active couple measured through quantum
mechanical tunnelling probes. Panel (a) is reprinted with permission from ref. 228, Copyright (2023), Royal Society of Chemistry. Panel (b) is reprinted
with permission from ref. 235, Copyright (2019), National Academy of Sciences. Panel (c) is reprinted with permission from ref. 237, Copyright (2025),
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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one electrode to the other, resulting in a significant enhance-
ment of the tunnelling current. The magnitude and position of
this conductance peak are sensitive to overpotential, reorgani-
sation energy, and molecular conformation of the target
molecule.?* The application of different redox-active supramo-
lecules, transition metal complexes, and clusters on a quantum
tunnelling platform demonstrates significant assistance for
scientists to gain a deeper understanding not only of the
hopping effect but also of the mechanism of redox-active
systems at the single molecular scale.>*'>3?

The second approach involves adjusting the electrode Fermi
levels to match the redox equilibrium potential of the target
molecule using cyclic voltammetry. In 2006, Tao et al. reported
cyclic voltammetry (CV) measurements of a ferrocene complex
using the STM-BJ technique.>** The ferrocene with an alkyl
linker is functionalised between the STM-B] to form a molecu-
lar junction. During the voltage scanning between the redox
potential of the target molecule, the molecule alternated
between its reduction and oxidation states, producing distinct
conductance levels. The conductance state was dominated by
the reduction or oxidation state, producing fluctuations in the
current response. This finding explores an approach to moni-
toring average current rather than peaks to understand redox-
cycling behaviours in a single target molecule.*®> Further
research by Li et al. discovered that this process is kinetic-
driven, and can be illustrated through the Butler-Volmer
equation.”****® As shown in Fig. 20(b), the conductance trend
of the target single molecule demonstrates a sigmoidal trend,
which can be illustrated through the equilibrium electron
transfer process and the Nernst equation.>'®?** Extending this
approach beyond SMJs, Tang et al. also observed a similar
sigmoidal trend on free diffused ferrocyanide/ferricyanide cou-
ples through quantum tunnelling probes shown in Fig. 20(c).
They explored the concentration of the redox-active species, and
the gap distance also affected the redox cycling behaviour.**” This
finding extended the application of redox cycling from single-
molecule junctions to solution-phase systems.

In addition to electron hopping between molecular orbitals,
quantum interference also plays a role in the electron-transfer
process. When the conformation of the target molecule
changes during the reaction, quantum interference produces
a significant variation in conductance.**®*?**° Nadim et al. discov-
ered that optimising the gate potential induced an anthraquin-
one-based norbornylogous molecule (SAQS) to switch between the
oxidised (AQ) and reduced (H2AQ) states.>*° This switch further
led to a significant variation in conductance by an order of
magnitude due to the linear conjugation of H2AQ and destructive
quantum interference of AQ. This single-molecule electrochemi-
cal platform offers a powerful way to study structural changes
during electrochemical reactions and electron catalysis.

5.1.2.3. Single-molecule electron catalysis. Electrons can also
act as catalysts to activate the reactions. Unlike simple electron
transfer or bond-breaking processes via high-energy tunnelling,
electrons are injected into the target molecule and form a reactive
intermediate that further undergoes a chemical transformation,
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including bond cleavage, isomerisation, coupling, etc. After the
reaction, the electrons are regenerated and return to the electrode,
allowing a nanoscale electrocatalytic cycle to be observed through
the tunnelling junction.>”” A representative example of this phe-
nomenon was the electron-catalysed dehydrogenation of 1,2-di(4-
pyridinium)ethane (DPA*") to 1,2-di(4-pyridinium)ethene (DPE>"),
reported by Chen et al. using a scanning tunnelling microscopy
break junction (STM-BJ) configuration, as illustrated in Fig. 21.>**
In this system, two electrons injected from the top electrode
reduce DPA*" to a diradical intermediate (DPA®*), which subse-
quently undergoes intramolecular dehydrogenation to form
DPE**. The product is then reoxidised as two electrons are
extracted to the bottom electrode, completing the redox loop
and regenerating DPE*". Notably, this ethane-to-ethane transfor-
mation is controlled by electron flow within the junction, demon-
strating the catalytic role of electrons at the single-molecule scale.
The quantum tunnelling platform demonstrates significant
potential for resolving the sequential steps of catalytic cycles at
atomic resolution, thereby enabling understanding of the classical
catalysis process and the design of new reaction pathways.

5.1.3. Electric field catalysis. Beyond the direct role of
electrons and electrode potential, quantum tunnelling platforms
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corresponding 1-D and 2-D conductance diagram of DPA?* and the
DPE2* reveals the energy difference due to the dehydration on the back-
bone of DPA%*. This panel is reprinted with permission from ref. 241,
Copyright (2021), American Chemical Society.
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also allow the precise application of local electric fields to
modulate molecular reactivity. This strategy is particularly valu-
able for investigating non-redox-active molecules and complex
biological systems. By controlling the orientation and magnitude
of the electric field within the junction, researchers can investigate
how reaction kinetics respond to the direction and strength of the
field. Broadly, electric-field catalysis on quantum-tunnelling plat-
forms can be categorised into two types based on the mode of
field application: oriented external electric field (OEEF) catalysis
and interfacial electric field (IEF) catalysis.

5.1.3.1. OEEF catalysis. OEEF catalysis involves applying a
directional electric field across a molecule to stabilise polarised
transition states, thereby lowering activation energy barriers

d
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and enhancing reaction rates.>*> As shown in Fig. 22(a), Guo
et al. applied the OEEF on the 4,4'-terphenyl-4,4’-dicarboxylic
acid (TTDA) single-molecule junction.>** By optimising the
OEEF direction, the azobenzene side group conformation could
be modulated, which efficiently altered the energy difference
between the ¢rans and cis forms of the target molecule. When
the orientation of the OEEF is set to be in the same direction as
the dipole moment of the activated bond in the target molecule.
In Fig. 22(b), the electric field can alter the catalytic selectivity
of the molecule, thereby activating the reaction. The negative
bias reduced the isomerisation energy from trans to cis geo-
metry, while the positive bias stabilised the trans geometry.
By optimising the direction of the electric field, the molecular
conformation produces a reversible two-mode switching effect,
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(a) Schematic illustration of the reversible cis/trans isomerisation of the azobenzene unit on TTDA triggered by the oriented external electric

field. The conductance variation can be observed through the graphene single-molecule junction. (b) Schematic illustration of the mechanism of the
voltage-dependent conductance switching. The decrease in isomerisation energy from trans to cis geometry leads to the stabilisation of the cis isomer in
negative OEEF, while the trans isomers are more stable in the positive OEEF. (c) Schematic illustration of OEEF-induced Diels—Adel reaction between
diene and dienophile. The negative OEEF can stabilise the transition state of the reaction intermediate, which increases the blinking frequency during the
reaction. Panel (a) and (b) are reprinted with permission from ref. 243, Copyright by Linan Meng (2019), under CC BY 4.0 license. Panel (c) is reprinted with
permission from ref. 244, Copyright (2016), Springer Nature.
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demonstrating significant potential for future design of single-
molecule devices and logic gates.

In 2016, Michelle et al. reported OEEF-induced D-A reactions
between dienes and dienophiles. As demonstrated in Fig. 22(c),
the strength and orientation of the OEEF can modulate reactivity
by altering molecular orbital alignment and fine-tuning the
energy landscape.”** Importantly, applying a negative voltage
bias to the molecules resulted in a fivefold increase in the
frequency of Diels-Alder adduct formation. This phenomenon
is caused by the stabilisation of the transition state, which
reduces the energy barrier when the OEEF aligns with the
reaction dipole moment.

5.1.3.2. IEF catalysis. In bulk electrochemical systems,
applying a surface potential to the electrodes induces ionic
reorganisation, leading to the formation of an electrochemical
double layer (EDL). This EDL plays a critical role in modulating
reactivity. Similarly, the electric field can produce effects
on the nanoelectrodes and interfere with reactions at the
single-molecule scale.”*?'® In 2022, Wang et al. experimentally
demonstrated the variation in the electric double-layer geome-
try using STM-BJ.”** EDL geometries could be adjusted via ionic
strength, bias, and gating, altering charge transport and produ-
cing variation in charge transport properties. Critically,
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asymmetric electrode geometries, such as a nanoscale tip versus
a planar substrate, can generate IEFs by forming asymmetric
electric double layers.>*® This effect not only affects electron
transport but also directly influences reaction kinetics by stabi-
lising ionic transition states or reactive intermediates.'*®*%” For
a comprehensive discussion of ionic effects in molecular elec-
tronics, readers are referred to other specialised reviews.>*?*

Venkataraman et al. applied IEFs to modulate molecular
reactivity and induce specific reactions on STM-BJ platforms.>*®
As shown in Fig. 23(a), to isolate IEF-driven effects in polar
solvents and suppress the background ionic current, the con-
ductive tip must be coated with an insulating layer. When the
IEF was applied to the STM, an asymmetric polarity was
produced between the tip and the substrate, which can also
be considered an electroinductive effect. By modulating the
potential on the electrodes, the electrode can be induced into
electron-donating or electron-withdrawing states, which inter-
fere with the bond formation. For instance, the negative tip bias
selectively promotes the formation of the Au-C bonds, while
the positive bias preserves the formation of the Au-I bond.
Moreover, the IEF further influenced the conformational
change and reactivity of the target molecule.>**>°
in Fig. 23(b), Venkataraman et al. applied a wax-coated Au STM
tip to drive noncatalytic electrooxidative coupling of anilines.

As shown
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promotes the Au-I linkage, while the negative tip voltage bias promotes the Au-C linkage. (b) The schematic demonstration of the formation of
azobenzene derivatives via electrooxidation of anilines induced by IEF in single-molecule junctions. (c) Schematic demonstration of the Electric field
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They demonstrated that a positive IEF stabilises aniline radical
cations, selectively forming cis- or ¢trans-azobenzene depending
on the binding group.>®* Moreover, the anchoring strategy
between the molecules and electrodes can also be resolved
and switched by modulating the IEF during the reaction on
the STM-B] platform. For instance, Chen et al. fabricated the
BIPY-Me”" junction through electrostatic interaction between
Au and pyridinium-N*. As shown in Fig. 23(c), the IEF over
—400 mV allowed electron injection into the BIPY-Me*" and
produced BIPY-Me*". Moreover, they discovered that electron
injection occurred at a small anchoring group, whereas a large
anchoring group suppressed it.”>*

5.1.4. Optical-driven single-molecule reactions. Light-
driven molecular transformations play an important role in
both chemical and biological systems. In the past few decades,
significant progress has been made in resolving photochemical
processes at the single-molecule level. Light offers a clean,
non-invasive, and spatially controllable stimulus, making it
particularly effective for triggering molecular switching in
photochromic systems.’**?** Quantum tunnelling platforms,
such as STM-BJs and graphene-molecule junctions, have
emerged as powerful tools for real-time monitoring of such
transformations at the single-molecule scale.

When light is applied to a photoactive molecule, it supplies
energy that can drive conformational changes, often involving
reversible bond rearrangements.>**>>> Guo et al. reported the
light switch of diarylethene through graphene-diarylethene-
graphene molecular junctions, as shown in Fig. 24(a).”>® When
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the light with different wavelengths was applied to the diary-
lethene molecule, the conformation of the diarylethene suf-
fered a reversible isomerisation effect, and it demonstrated
unique on-off characteristics in the tunnelling current
response. Furthermore, further research found that the inter-
facial coupling between the molecule and the electrodes signifi-
cantly influenced the photoswitching behaviour,'#%>'¢:>%77259
These findings suggested that the switching performance of
photoactive molecules could be optimised by modifying either
the electrode materials or the anchoring groups.>*®>°

In addition to directly photoresponsive molecules, light can
also induce electronic excitation that drives conformational
changes in non-photochromic systems. As shown in Fig. 24(b),
Cai et al. reported a light-driven, reversible intermolecular proton
transfer at single-molecule junctions using a diarylethene-
pyridine supramolecular pair.>®* By combining STM-BJ con-
ductance measurements with UV irradiation, the distinct
switching behaviour of diarylethene-pyridine is attributed to
proton transfer modulated by light-induced conformational
changes. Moreover, the open and closed forms of diarylethene
influence hydrogen bonding and proton affinity, enabling
controlled proton shuttling between donor and acceptor. Apart
from observing light-driven open and closed forms of mole-
cules, Tan et al. investigated the conductance evolution of
photoisomeric single-molecule junctions under continuous
UV irradiation using diarylethene derivatives in an STM-BJ
setup.”®” As shown in Fig. 24(c), they observed dynamic transi-
tions from high- to low-conductance states, corresponding to
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isomerisation from the t¢rans to the cis geometry. Real-time
conductance monitoring reveals stochastic switching events and
intermediate states, highlighting the role of UV exposure duration
and intensity in modulating the distribution of isomers.

5.1.5. Thermal-driven single-molecule reactions. Tempera-
ture is one of the most fundamental parameters for driving
chemical transformations. In single-molecule junctions, con-
trolled thermal input not only activates chemical reactions
but also modulates molecular conformation and reactivity.
By adjusting the junction temperature, conductance mea-
surements can be used to monitor conformational transi-
tions and identify reaction intermediates, providing a
powerful platform for studying thermally driven reaction
dynamics at the molecular level.

A representative example is the Diels-Alder (D-A) reaction
reported by Guo et al.*** As shown in Fig. 25(a), the boc-CBP-
Maleimide molecule was functionalised in the tunnelling
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junction to react with furan through the D-A reaction. By
systematically increasing the temperature, the activation energy
required for the D-A reaction was determined. Simulations of
the energy landscape enabled the assignment of stable con-
ductance states to the endo and exo conformers of the product.
Furthermore, rapid current responses revealed the formation of
a zwitterionic intermediate (ZI), which was observed to form
preferentially at elevated temperatures.

Thermal energy can also govern the reversibility of DA
reactions. As shown in Fig. 25(b), Li et al. demonstrated
thermally reversible cycloaddition between anthracene-2,6-
diamine and Cg, at the single-molecule level using scanning
tunnelling microscopy break junction (STM-BJ) techniques.>**
The reaction progress was monitored via conductance changes,
where the on-off transition in current corresponded to bond
formation and cleavage. Notably, the reversible conductance
switching between 25 °C and 60 °C highlights the potential for
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Fig. 25 Thermal-driven single-molecule reactions. (a) The schematic demonstration of monitoring the D—A reaction through the graphene single-
molecule junction. The current time distribution demonstrates that high temperature (left) and high composition of toluene in DMSO (right) can open
more reaction trajectories crossing the reaction energy barrier, leading to the formation of more zwitterion transition states (ZI) and inducing the endo/
exo product formation. (b) The schematic demonstration of the thermal-reversible D—A reactions between AnAm and Cgo on STM-BJ. The
corresponding conductance analysis reveals that the D-A reaction can be reversibly switched between 25 °C (red) and 60 °C (blue). Panel (a) is
reprinted with permission from ref. 263, Copyright by Chen Yang (2021), under CC BY-NC 4.0 license. Panel (b) is reprinted with permission from ref. 264,

Copyright (2023), Elsevier.
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thermal control over bond-formation and bond-breaking events
in molecular electronics.

5.2. Revealing the full reaction pathway through the quantum
tunnelling platform

The molecular junction has played a significant role in under-
standing single-molecule behaviour by monitoring real-time
tunnelling current responses. This platform can be extended
to help understand the mechanism of single-molecule reac-
tions across the fields of synthesis, catalysis, nanotechnology
and materials science.”*®*®® The integration of multiple precise
controls over reactions makes the quantum tunnelling plat-
form a new pathway for researchers to sense single-molecule
reactions. For example, as shown in Fig. 26, the graphene
molecular junction can reveal the dynamics and intermediates
of the Suzuki reaction. The typical current response in

b 120
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80
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Fig. 26(b) indicates real-time detection of changes in the target
molecules. By statistically counting the conductance state
from current-time responses under different voltage bias
conditions, several stable conductance states with different
time intervals can be observed, as depicted in Fig. 26(c) and
(d). Revealing the main intermediates produced in the Suzuki
reaction. Reaction kinetics can be revealed by calculating the
time interval for conductance switching, as described by the
Arrhenius equation (Fig. 26(e)).>*® Moreover, the integration
of the OEEF and the graphene single molecule junction
reveals that 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.
The Hammett calculation reveals that electron-withdrawing
substituents on the boronic acid accelerated the Suzuki-
Miyaura cross-coupling reaction.
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(a) Schematic illustration of revealing the reaction mechanism of the Suzuki reaction through a single-molecule junction. The catalyst functional

unit is functionalised as a single-molecule junction. (b) Typical current—time response achieved from the quantum tunnelling platform. (c) Multiple
conductance states and (d) corresponding conformational changes of the catalyst functional unit. (e) In addition to the conductance states information,
the switching time between states can also be used to extract the reaction kinetics and conversion rates between states. This Panel is reprinted with
permission from ref. 216, Copyright (2023), Springer Nature.
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In addition to tracking reactions on a single target molecule,
the quantum tunnelling platform can be extended to investi-
gate intermolecular reaction mechanisms. By functionalising
individual reactant molecules on each side of the tunnelling
electrodes, reactions between two molecules confined within
the nanogap can be observed. Such configurations expand
the scope of quantum tunnelling platforms to understanding
intermolecular interactions during the reaction. For instance,
in Fig. 27(a), Chen et al. revealed the mechanism of [2+2] and
[4+4] cycloaddition between CB[8] and guest molecules PVP
and AnPy with the assistance of graphene single-molecule
junctions.”®” Through precise control of electrode bias (Fig. 27(b))
and computational simulation of energy landscapes (Fig. 27(c)),
they revealed that increasing voltage promotes electron
injection into the supramolecular complex, stabilising radical
intermediates and accelerating cycloaddition rates by up to
340-fold, while
Complementary DFT and Marcus theory analyses further
revealed that electrical tuning reshaped the reaction coordi-
nate, thereby lowering activation barriers (e.g., from 1.97 eV to

simultaneously inhibiting retro-reactions.
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Fig. 27 (a) Schematic illustration of revealing the reaction mechanism of

cycloaddition through the graphene single-molecule reaction. (b) The
typical current—time response reveals four typical states during the [2+2]
cycloaddition process. (c) The plausible mechanism for the reversible
single-electron-catalysed cycloaddition and the transition rates between
different reaction intermediates can be calculated from the energy profile
and kinetics based on the different conductance states. This panel is
reprinted with permission from the ref. 267, Copyright (2025), American
Chemical Society.
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0.35 eV for [2+2] cyclisation) and shifting thermodynamic
equilibria. This transforms the platform from a passive obser-
ver into an active manipulator of electron-catalysed pathways
under nanoconfinement.

6. Biosensing using quantum
tunnelling

Understanding the fundamental mechanisms underlying life
processes remains a central goal in modern scientific research.
Biomolecules such as proteins, DNA, and small metabolites
serve as the essential functional units of life. Investigating their
behaviour at the single-molecule level offers profound insights
into the molecular principles governing biological systems.
As supramolecular entities, biomolecules exhibit considerable
structural complexity and undergo dynamic conformational
changes—such as folding, fluctuations, and contractions—on
the nanoscale. These events often occur rapidly, making them
ideally suited to detection via quantum tunnelling sensors,
which offer exceptional spatial and temporal resolution. As a
result, quantum tunnelling platforms hold considerable pro-
mise for probing the intrinsic properties of individual bio-
molecules and advancing our understanding of their function
in physiological contexts. In this part of the review, we focus on
recent advances in the application of quantum tunnelling
sensors in biological systems and explore their potential to trans-
form single-molecule biophysics and bioanalytical science.

6.1. Quantum tunnelling platform for single molecule sequencing

The discovery of the structures of DNA and proteins has funda-
mentally transformed the understanding of biological processes
and disease mechanisms. Emerging single-molecule electrical
detection-based sequencing platforms represent a transformative,
accurate, cost-effective and high-throughput approach that elimi-
nates the need for labelling or amplification. This paradigm shift
began in 1989, when sequencing single-stranded DNA using
membrane-embedded nanopores was proposed.’®® Over the
past three decades, nanopore sequencing based on biological
nanopores has evolved into a commercially viable technology,
enabling applications in metagenomics, personal genome
profiling, and personalised medicine.”**>”*> However, for
solid-state nanopores, achieving single-nucleotide resolution
remains challenging due to the rapid, stochastic nature of
DNA translocation and the limitations of ionic current-based
readouts.**®?”4?7> Quantum tunnelling sensors, with their
superior spatial and temporal resolution, offer a compelling
alternative for direct structural interrogation of DNA and
proteins at the single-molecule level using solid-state-based
technologies. Recent innovations in transverse tunnelling
current measurements have shown promise for enhancing
base identification precision.>”*?”?

Unlike nanopore systems, quantum tunnelling platforms
lack intrinsic mechanisms to guide molecules into the sensing
region. To overcome this, various control strategies have been
developed. For instance, Ivanov et al. developed a protocol for

This journal is © The Royal Society of Chemistry 2026
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fabricating a solid-state nanopore aligned with a tunnelling
junction.>”®*”” As shown in Fig. 28(a), A-DNA translocation
events were detected simultaneously in both the ionic and
tunnelling currents. However, limitations in time resolution,
translocation speed, and nonspecific adsorption hinder single-
nucleotide discrimination.

Huang et al. introduced a method using STM-BJ with
4-mercaptobenzamide-functionalised probes and substrates to
form hydrogen bonds with nucleotides, thereby prolonging
their residence time in the tunnelling gap.”’® As shown in
Fig. 28(b), this enabled the detection of characteristic current
spikes and demonstrated that DNA oligomers produced signals
comparable to single nucleotides, laying the groundwork
for tunnelling-based sequencing. Another strategy focuses on
reducing the precise nanogap distance. Using mechanically
controlled break junction (MCBJ) technology, the nanogap
can be controlled with an accuracy of single nanometre, matching
the size of a single nucleotide.>”® Ohshiro et al. used this approach
to distinguish conductance signals among the four DNA bases, as
illustrated in Fig. 28(c).”” Additionally, they employed a ran-
dom retesting method, in which DNA/RNA fragments were
randomly cleaved and sequenced multiple times. Computa-
tional algorithms then reconstructed the full sequence by
aligning overlapping regions from fragmented reads. In addition
to the dynamic tunnelling platforms, Tang et al applied
quantum tunnelling probes to sequence the DNA shown in
Fig. 28(d).>* This provides a convenient and straightforward
solution for the preparation of small gap tunnelling electrodes.
Tunnelling measurements on individual deoxyribonucleoside
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monophosphates (ANMPs) revealed distinct conductance profiles
for dAMP, dGMP, dCMP, and dTMP.

In addition to direct sequencing, quantum tunnelling
sensors are highly sensitive to subtle conformational changes
in macromolecules, enabling enzyme-based detection strate-
gies. Pugliese et al. immobilised DNA polymerase I Klenow
fragment (KF) onto a single-walled carbon nanotube field-effect
transistor.”®® As shown in Fig. 29(a), through real-time mon-
itoring of the doping kinetics for both natural and chemically
modified dNTPs, chemically modified dNTPs substantially
prolonged nucleotide recognition times but did not affect the
kinetics of KFs closed conformational state. Further analysis
indicated that KF dynamically assesses base-pair electronic
structure and stability via O-helix conformational changes,
demonstrating notable tolerance to modified dNTPs. These
findings provide critical insights into DNA polymerase mechan-
isms and advance the development of novel sequencing strategies.

Similarly, Yang et al. used a silicon nanowire field-effect
transistor (SINW FET) to analyse in real time the dynamic
mechanism of RNA analogue degradation by Escherichia coli
multinucleotide phosphorylase (PNPase).*®" Fig. 29(b) demon-
strates the configuration of a single PNPase junction. A single
PNPase molecule was conjugated to the molecular bridge on
the surface of the SINW through a thiol-maleimide-Michael
addition. Upon introducing RNA analogues, a distinct conduc-
tance shift was observed, followed by third-order conductance
fluctuations after phosphate addition. They assigned the middle
and low-conductance states to the PNPase-RNA analogue complex
and free PNPase, respectively, while the high-conductance state
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(a) Schematic diagram of tunnelling gap integrated nanopore. DNA is inserted in the bottom reservoir and electrophoretically driven through the

nanopore and the tunnelling junction. The tunnelling current and ion current can be measured when DNA passes through the device. (b) Schematic
diagram of a DNA heteropolymer (d(CCACC)) in the STM gap. Characteristic current spikes produced by dAMP and corresponding distribution of pulse
heights. (c) Schematic diagram of DNA sequencing with MCBJ and corresponding conductance histogram of four nucleotides. (d) Single-molecule
detection with quantum tunnelling probe. The scatter plot demonstrates the typical current transients for each mononucleotide. Panel (a) is reprinted
with permission from ref. 276, Copyright (2010), American Chemical Society. Panel (b) is reprinted with permission from ref. 278, Copyright by Takahito
Ohshiro (2012), under CC BY-NC-SA 3.0 license. Panel (c) is reprinted with permission from ref. 273, Copyright (2012), Springer Nature. Panel (d) is
reprinted with permission from ref. 34, Copyright by Longhua Tang (2021), under CC BY 4.0 license.
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changes in the open and closed time of KF caused by the incorporation of dNTP and its analogs. (b) Schematic diagram of a SINW FET device decorated
with a single PNPase molecule. Real-time current responses demonstrate the PNPase structural transformation before the addition of RNA analog
[poly(A)so] (right top panel), after the addition of RNA analog [poly(A)zo] (right middle panel) and after further addition of HzPO4 (right bottom panel). Panel
(a) is reprinted with permission from ref. 280, Copyright (2015), American Chemical Society. Panel (b) is reprinted with permission from ref. 281, Copyright

by Zhiheng Yang (2023), under CC BY 4.0 license.

corresponded to the RNA degradation intermediate. It is worth
noting that with the substrate poly(A);o, they observed exactly 30
fluctuations (the same number of nucleotides as in the RNA
analogue), demonstrating single-base resolution.

6.2.
scale

Revealing biological functions at the single-molecule

Quantum tunnelling platforms offer unique opportunities to
investigate the functional dynamics of biomolecules with sub-
nanometre spatial precision and microsecond temporal resolu-
tion. By linking conformational changes and electron tunnel-
ling pathways to measurable electrical signals, tunnelling
sensors have enabled the real-time observation of protein
action in biological behaviours, demonstrating the potential
of quantum tunnelling platforms not only for fundamental
mechanism investigations but also for the development of
biosensors and bioelectronic systems.””

Electron transfer is a crucial step in many fundamental
cellular processes, including respiration and photosynthesis.
Investigating the electron transfer mechanisms can help under-
stand biochemical processes and life activities.>”***?* Single-
molecule electronics provide a powerful approach for studying
electron transfer processes in biomolecules. The initial
research focused on metalloproteins, natural redox molecules
that play a crucial role in electron transfer during biochemical
reactions. These proteins facilitated efficient charge transfer
through electrochemical state switching at their redox cen-
tres (typically metal ions). For instance, functionalising the

798 | Chem. Soc. Rev., 2026, 55, 765-818

Pseudomonas aeruginosa blue protein (Az) on an Au substrate
containing a Cu centre, the electrochemical behaviour was
studied using in situ STM/STS. A current switching ratio of
9:1 was observed near the equilibrium potential, suggesting a
two-step electron-transfer mechanism.>**

Moreover, the quantum tunnelling platform can also uncover
new fundamental mechanisms of proteins at the single-molecule
scale. For instance, non-redox active proteins are typically
considered insulators. However, recent studies have shown that
some non-redox proteins can also effectively mediate electron
transport.>”®* Lindsay et al. reported the conductance of strep-
tavidin on an STM-B]J platform, as shown in Fig. 30(a). Through
measuring the conductance of single streptavidin through
biotin binding, three significant conductance distributions can
be observed regardless of the variation in probe materials.**?
Moreover, Tang et al. discovered that the conductance of
streptavidin is closely related to the potential change.®
By fabricating a single-molecule junction on quantum tunnelling
probes, this configuration (Fig. 30(b)) enabled stable current-time
measurements for up to two hours. As the voltage was scanned
from —300 mV to 0 mV, streptavidin exhibited transitions between
conductance states. Statistical analysis revealed at least two con-
ductance states at each bias, suggesting the presence of two or
more distinct electron transfer pathways within the streptavidin-
coupled tunnelling junction. While the exact mechanism of
protein conductance requires further elucidation, the quantum
tunnelling sensor provides a robust platform for studying dynamic
conformations and mechanisms in biomolecules.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00375f

Open Access Article. Published on 18 November 2025. Downloaded on 6/16/2026 7:23:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

Peak Il Peak Il
Reference " Peak1=0.41nS ' Peaki'=0.23 nS 40 ) N
1 Peckol 288 ns 404 pd . I Peak2k 1,50 nS Pt . s :E irne
1 ¢ Pezk3k 13.45 nS| | Peak3=6.03nS . |Peak3 =63 nS
o1 . Peakll | - ' 30 . :
& & 30
|

Current (nA)

01

02 01 00 01 02

V, (Volts) 0

2 A

S1g
z -lor 2
= S3g
z 2
@ -12.5} 8
5 S2 S
S E
15k S48
. L Tou .
QMT probe Biotin-modified probe 0 10 Time (ng %
Au-ME/PS1-AuNW Au-MPS/PS1-AuUNW
e -
. - b 1: i "ONa
Au substrate 200
20 knfusubstiatey) S0 150 500
- 10 < — 100
3 150 S 3 ws T 50 400 o
£-10 'é - S £ S
= £ 2 300 T 300
-20 100 > H - £ .50 =
o ) e > [ >
t = = 200 © = 3
S-30 = S = E 2003
o 50 o s ©O =
ke -100 B
_40 100 100
50+ T T T T T ¥ ¥ 150
12 08 04 0 04 08 12 45 - i . ]
5 4 05 0 05 1 15 45 -1 05 0 05 1 15
Voltage (V) Voltage (V) Voltage (V)
& Poly (dA) 15 dTTP EDTA Ca?
______ >
CH K, | DNA,

E'DNA,

dNTP
E-DNA,-dNTP_ -~
EDNA,,+PP, ﬂ/pen /,//’

Y

L L
0 1 20 1 2 0 .-z
_---"Time (s)
Base, Basen,; Base, Basey,|
- o o
3 5 5 5
-
Conf. \Ks Closed Ks [Conf. loimer cf\%\,o OH  Primer ON?‘P\,L}_‘OH _________________ - Closed
+, —® o G0
E*DNA,,+PP, &’-’ WG] o lmm a e
E*DNA,-dNTP Basener Basen
}(4 'n’ Base, o Base, & ( >
o o7N L/ | 120 HUAANESOORLM AT AR LT |
Catayy, Q )i? Q
Sis Primer 2 OH  Primer 00 OH
O-] 2 0—F; Open
S o oM .
’ P,
wel L ) 3000 6000
To'bulk Counts

Fig. 30 (a) Schematic illustration of streptavidin molecular junction and corresponding conductance distribution through Ag, Pd and Pt probe. Three
conductance distributions can be observed on the conductance count diagram. (b) Construction of a single streptavidin molecule junction through the
biotin-modified tunnelling probe. The corresponding current—time trace under — 300 mV demonstrates that there are four conductance states in
streptavidin, indicating four possible electron transport pathways. (c) Schematic illustration of Anchoring PS1 in different orientations between gold
electrodes through different linkers leads to different conductance properties. (d) Schematic illustration of nucleotide addition catalytic cycle of human
Pol B (hPol B) through monitoring the conductance changes in the hPol  catalytic process. Panel (a) is reprinted with permission from ref. 283, Copyright
(2020), American Chemical Society. Panel (b) is reprinted with permission from ref. 85, Copyright by Longhua Tang (2022), under CC BY 4.0 license. Panel
(c) is reprinted with permission from ref. 284, Copyright (2023), American Chemical Society. Panel (d) is reprinted with permission from ref. 285,
Copyright (2024), Advanced Science published by Wiley-VCH GmbH.

Beyond monomeric proteins, quantum tunnelling platforms
can also reveal the structural properties of complex biological
systems. For instance, Photosystem 1 complex (PS1) is one of

the most efficient natural systems for light harvesting and
conversion. Through constructing an Au-linker/PS1/Au NanoWire
(AuNW) configuration, Fereiro et al. discovered a directional
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rectification phenomenon in PS1. By applying different linkers,
namely mercaptopropanoic acid (MPA), 2-mercaptoethanol (ME),
and 3-mercapto-1-propanesulfonate (MPS), PS1 was anchored on
the substrate in different orientations between the Au substrate
and AuNW. The current-voltage characteristics of PS1 revealed a
tenfold difference in absolute conductivity value at a voltage bias
of —1.5 V in the Au-ME/PS1 Au and Au-MPS/PS1 Au systems.”**
(Fig. 30(c)) Further ultraviolet photoelectron spectroscopy (UPS)
revealed that through altering the overall orientation of PS1, the
intrinsic dipole direction of PS1 can be modulated, thereby
changing the rectification direction. These findings provide
important insights into electron transport in photosynthetic
proteins and demonstrate how tunnelling junctions can probe
orientation-dependent charge transport.

Moreover, the high spatiotemporal resolution of quantum
tunnelling platforms enables the observation of inner confor-
mational changes, such as vibrations, rotations, and stretches
of proteins and enzymes. For instance, Zhao et al. investigated
the mechanism of Pol-catalysed DNA synthesis based on gra-
phene field-effect transistors. As shown in Fig. 30(d), through
fabricating the Pol single molecule junction on graphene
nanogap electrodes, the structural changes during the Pol
catalytic process were monitored in real time through cur-
rent-time signals.>®® They found that Pol undergoes a transi-
tion between high- and low-conductivity states during catalysis,
corresponding to the enzyme’s closed and open states. Isotope
experiments further revealed that a proton relay (involving
3’-OH deprotonation and PPi protonation) occurs in the closed
state and represents the rate-limiting step for PPi formation.

STM has been widely employed to construct single-protein
molecular junctions for studying protein electron transport
mechanisms at the single-molecule level. In Fig. 31(a), Zhang
et al. systematically investigated the roles of both specific and
non-specific contacts.>®® Bivalent antibodies (IgG and IgE),
providing two antigen-binding sites, and streptavidin, provid-
ing four biotin-binding sites, were employed to construct
specific contacts. They found that the current was detectable
only when the protein was specifically bound to at least one of
the two electrodes. Furthermore, when an antibody specifically
bound to both electrodes via antigen epitopes, the resulting
molecular junction produced two peaks in the conductance
distribution histogram. However, when the antibody was spe-
cifically bound to one end of the electrode via the antigen
epitope, and the other end is connected via mercaptoethanol,
the resulting conductivity distribution showed only one peak,
similar to the low-conductivity peak in the previous configu-
ration. This result indicates that specific ligand binding
provides an efficient electron-injection pathway.

In addition to probing electron transport, quantum tunnel-
ling platforms can monitor biochemical reactions at the single-
protein level. For instance, formate dehydrogenase (FDH) is a
key oxidoreductase that catalyses the oxidation of formic acid to
CO,, and its reaction typically requires cofactors. Zhuang et al.
studied the electron transport characteristics of a single FDH
system with STM-BJ.>®” As shown in Fig. 31(b), the active FDH
was immobilised between two gold electrodes using Au-S
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bonds from r-cysteine, and then the typical coenzyme nicoti-
namide adenine dinucleotide (NAD) was added to the solution
to investigate the correlation between biological activity and its
electron transport ability. The absorbance measurements
revealed that enzyme activity increased with increasing NAD
concentration. In addition, through flicker noise analysis, they
found that the noise power of FDH scales as G1.9, suggesting
that through-space transport dominated charge transfer. How-
ever, the noise power of FDH-NAD was scaled as G + 1.6 with a
bias towards through-bond transmission. DFT calculations
further indicate that the NAD embedding reduces energy-level
gaps, forms efficient electron-transport pathways, and is highly
positively correlated with enzyme activity.

In a subsequent study, Zhang et al. further studied the
different reaction states in the formate dehydrogenase catalytic
cycle. (Fig. 31(c)) Real-time conductance measurements allowed
identification of five distinct intermediate states: T1, T2, T3, T4,
and T5, each characterised by unique conductance peaks.**®
Clustering analysis was employed to map the transitions
between these intermediates and to investigate the possible
catalytic pathways. It is worth noting that although a large
number of conductance trajectories were statistically analysed,
it was challenging to capture the deacetylase state (T5) involved
in the FDH catalytic pathway, indicating that the deacetylase
state (T5) proposed in the traditional Theorell-Chance mecha-
nism may be bypassed in the FDH catalytic cycle. Through their
work, the quantum tunnelling platforms place significant
emphasis on real-time monitoring of protein structural varia-
tion, which helps explore biological behaviours at the single-
molecule scale.

6.3. Single-molecule bioelectronic sensors

Single-molecule electronics enable real-time, high-sensitivity
detection of interactions within or between individual mole-
cules, offering a promising pathway for constructing ultra-
sensitive biosensors. A critical challenge in this approach is
establishing reliable connections between biomolecules and
electrodes. Molecular bridges are required to form charge-
transport pathways with well-defined structures, each contain-
ing suitable terminal groups that bind to the electrodes. Based
on the function of biomolecules, molecular-bridge-based bio-
sensors can be categorised into two main types: biomolecules
as probe molecules on molecular bridges, and biomolecules
that act as molecular bridges.”®

The molecular bridges require high conductivity and a
typical bridge-like geometry. Thus, among biological mole-
cules, DNA, RNA, and protein o-helices are first considered as
suitable bridges to link two electrodes. Both sides of the bridge
are functionalised with terminal groups that can assemble with
electrodes via dielectrophoresis.>>*** To ensure that only one
probe molecule is detected at a time, one specific conjugation
site is fabricated in the middle of the bridge. Subsequently, a
probe molecule that interacts with the target molecules is
selected for conjugation to the molecular bridge, enabling
specific detection of the target molecules. There are various
forms of biological probe molecules, including DNA oligos,

This journal is © The Royal Society of Chemistry 2026
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Fig. 31 (a) Schematic diagram of protein connection between gold electrodes and possible different bonding modes between the protein and the gold
electrode. The connection of protein can be monitored through /-V response. (b) Schematic illustration of the NAD* binding on the FAD. The
corresponding 1D conductance histograms demonstrate clear distribution of of pure solvent (blue), FDH (pink), FDH-NAD" (purple) and FDH-NADP™.
(c) Schematic illustration of monitoring the catalytic cycling process of FDH through STM. The one-dimensional conductance histograms and statistical
analysis reveal the possible intermediate states and their transformations in FDH catalysis. Panel (a) is reprinted with permission from ref. 286, Copyright
by Bintian Zhang (2019), under CC BY-NC-ND 4.0 license. Panel (b) is reprinted with permission from ref. 287, Copyright 2020, Elsevier. Panel (c) is
reprinted with permission from ref. 288, Copyright (2023), Springer Nature.

aptamers, antibodies, antigens, and certain enzymes. The sSDNA
molecule can interact with another ssDNA molecule, forming a
bound-state DNA duplex that enhances the conductance state.
The ssDNA tether can also bind IgG antibodies via the introduc-
tion of a fluorescein antigen, forming a sandwich-like structure.
An aptamer is another type of oligonucleotide characterised
by high specificity and selectivity. It can bind with polymerase

This journal is © The Royal Society of Chemistry 2026

enzymes and produce significant, broad current transients.
Hence, single-molecule electronic biosensors using such conduc-
tive molecular bridges show great promise for practical applica-
tions in biomedical diagnostics.”*

Beyond serving as conductive linkers, DNA and RNA possess
sequence-specific self-assembly capabilities and dense chemical
functionality, enabling them to act as nanoscale devices.
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For instance, Tao et al. reported bridging ssSRNA between the
tunnelling junctions. The bridging RNA, a single-molecule
junction between nanoelectrodes, serves as a sensing platform
to detect pathogenic bacterial strains via transcribed RNA
sequences. The RNA fragments can hybridise with the bridged
RNA and produce tunnelling current variation, which can
identify RNA mismatch with a detection limit on the aM
scale.>®® Moreover, the self-assembly properties of DNA can
also be utilised as a natural biological switch. Tomoaki et al.
introduced a DNA zipper configuration on STM-BJs.>** This
kind of DNA zipper structure demonstrated not only enhanced
conductance through n-stacked base-pair delocalisation but
also enabled spontaneous reformation of the junction after
disruption. These works demonstrated the potential of DNA-
based junctions as label-free, biocompatible components in
future bioelectronic systems.

In addition to the RNA/DNA hybrid, the DNA molecule is
sensitive to its environment and undergoes conformational
changes, which can be monitored through conductance switch-
ing. For example, Guo et al. reported that Ethidium bromide
(EB) can intercalate the duplex and reduce DNA charge trans-
port. The environmental effect on the interaction between DNA
can also be detected. The presence of K* or Mg”>* induced the
15-mer thrombin aptamer to form a G4 conformation, resulting
in a high binding affinity with thrombin.

The in-depth investigation of biomolecular electrical proper-
ties at the single-molecule level has led to further research on

View Article Online
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the construction of novel molecular electronic devices, in which
individual biomolecules serve as functional components inte-
grated into electronic circuits. For instance, Qiu et al. reported
printable logic circuits based on protein complexes.** (Fig. 32(a))
The high-density unidirectional self-assembly of PS1 on the
electrode surface was achieved through hydrogen bonding
between fullerene derivatives (carboxylic acid groups of PCBA)
and PS1, forming an anisotropic monolayer. The collective
arrangement of dipole moments produced a significant rectify-
ing effect (diode function). Meanwhile, the methyl ester group
of PCBM led to a random orientation of PS1, forming an
isotropic monolayer that exhibits symmetric conductivity (as
indicated by the resistance function). Then, by printing EGaln
electrodes, PS1 diodes (PCBA substrate), and resistors (PCBM
substrate), the components were successfully integrated,
enabling the construction of AND and OR logic gates. This
work presents a facile and reproducible route to fabricate
protein-based molecular circuits, demonstrating the feasibility
of utilising biomolecules in integrated molecular electronics.
Moreover, Nijhuis et al. investigated the potential of func-
tionalised DNA as bioelectronics. As shown in Fig. 32(b), DNA-
based junctions were fabricated by single-stranded (ssDNA)
and double-stranded DNA (dsDNA) monolayers assembled
between electrodes.”®® They found that dsDNA, with its ordered
n-stacked base pairs, produced conductance up to ~30 times
greater than disordered ssDNA. Further study of the conduc-
tance revealed that dsDNA enabled coherent tunnelling across
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Fig. 32 (a) Schematic illustration of the Au™<®/PCBA//PS1//EGaln junctions (left) and corresponding LogJ and LogR versus voltage responses,

demonstrating significant diode features. (b) Schematic illustration of incoh
through double strand DNA (dsDNA) in Au-linker-DNA15-Fc//GaOx/EGaln

erent tunnelling through single strand DNA (ssDNA) and coherent tunnelling
junction. (c) Schematic illustration of Cu//graphene//AfFtnAA//GaOx/EGaln

biomolecular tunnel junction. The electron tunnelling from graphene to ferritin through incoherent tunnelling, while coherent tunnelling occurs from
ferritin to EGaln. Panel (a) is reprinted with permission from ref. 295, Copyright (2022), Springer Nature. Panel (b) is reprinted with the permission from

ref. 296, Copyright (2021) by Nipun Kumar Gupta, under CC-BY-NC-ND 4.
(2022) by Nipun Kumar Gupta, under CC-BY 4.0 License.
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stacked bases, whereas ssDNA primarily relied on inefficient,
thermally activated hopping pathways. This work provided
direct evidence that conformational order within biomolecules
governs the transition between coherent and incoherent charge
transport, highlighting structural organisation as a critical
design factor in DNA electronics.

Expanding on this, Nijhuis et al. also discovered graphene-
ferritin biomolecular junctions and revealed the role of elec-
trode interfaces in electron transport.”*” As shown in Fig. 32(c),
by assembling ferritin proteins onto graphene electrodes to
form a Cu//graphene//AfFtnAA//GaOx/EGaln tunnelling junction,
they demonstrated temperature-dependent coherent tunnelling
behaviour, which could be tuned by varying iron loading within
the protein core. The measurements showed that both the charge-
transport efficiency and its temperature response were strongly
modulated by the Dirac-cone shape of graphene’s density of
states, underscoring the pivotal role of electrode-biomolecule
coupling. This study not only established ferritin as a robust
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bioelectronic element but also revealed the potential of graphene
as a platform for probing and controlling biomolecular charge
transport.

Based on prior findings that streptavidin conductance can
be modulated by voltage bias, Lindsay et al. revealed that the
conductance states of streptavidin were also influenced by
the spatial arrangement of biotin-binding sites within its
tetrameric structure.>*® As shown in Fig. 33(a), this finding
suggested that electron transport pathways in the protein
can be tuned by optimising the geometry of biotin-
streptavidin interactions. By functionalising STM probes and
substrates with engineered streptavidin tetramers, they suc-
cessfully constructed molecular junctions incorporating dou-
bly biotinylated ®29 polymerase. The conductance of these
junctions was shown to depend critically on the binding
configuration of streptavidin, highlighting the protein’s role
as a controllable bioelectronic connector, as demonstrated
in Fig. 33(b).

1

»
53
SUN
SO
™
»
5

>
W »
<
S
SRS
{
3
G

Y

-
i s N

“
» W

Yy

PV OW W N
~
YW W M

S
Piored

YW

5l
¥

)
2/

» 5
o\
e 3
<y

»

Log G (log nS)
Fig. 33

Log G (log nS)

Log G (log nS)
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the electrochemical STM through different binding. (b) By optimising the anchoring position on the streptavidin, the conductance of the streptavidin-®29
polymerase-streptavidin single molecule junction demonstrated significant conductance variation. This panel is reprinted with permission from ref. 298,
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6.4. Al-assistance to understand the complex biological
behaviours in the quantum tunnelling platform

Although single-molecule quantum tunnelling sensors offer
powerful capabilities for probing biological processes at the
molecular level, their exceptional sensitivity also presents sub-
stantial challenges in data interpretation. Several factors con-
tribute to this complexity. First, environmental fluctuations
introduce noise that can obscure weak tunnelling signals.
Second, the stochastic nature of single-molecule events neces-
sitates the collection of large datasets, making statistical ana-
lysis demanding. Third, the intricate geometry and dynamic
behaviour of biomolecules make it challenging to correlate
structural features with electrical signals directly. Finally, the
high dimensionality and volume of the data make manual
interpretation impractical. To overcome these obstacles and
uncover meaningful relationships between tunnelling signals

L-Asn

Recognition

.. Recognition
molecule (ICA) molecule (ICA)

S
Spike FFT(0-2.7 kHz)

Electrode gap

©

cAMP NH;
N_AN
A2
1-°
& n
NH,
ADP " ln
o 0 N]‘N"
Ho-B-0-F-04 o |
OH  OH

OH OH

C
Single-Protein Conductance
g
Time
T ‘ Electron et JJ
‘Tunneling’ /.' \\' . ? -
mE —
— =
=
SN
Measurement with Electron Tunneling Probe Machine Learning
Fig. 34

Spike FFT(19-22 kHz)

AMP

View Article Online

Chem Soc Rev

and biomolecular dynamics, artificial intelligence (AI) techni-
ques have emerged as powerful tools for managing and analys-
ing complex single-molecule datasets.>**??°73°"

For example, the structural and chemical similarities among
biomolecules, such as amino acids and nucleotides, often lead
to highly similar, difficult-to-distinguish tunnelling signals. To
identify different amino acids, Zhao et al. applied the support
vector machine (SVM) to identify structurally similar amino
acids: glycine (Gly) and N-methylglycine (mGly), the r- and b-
enantiomers of asparagine (Asn), and the isobaric amino acids
leucine (Leu) and isoleucine (Ile).>**> As shown in Fig. 34(a), the
STM tip and substrate were functionalised by 1H-imidazole-2-
carboxamide (ICA) to achieve recognition tunnelling with
amino acids. By extracting multidimensional features in both
the time and frequency domains from the current-time
response, SVM revealed that while individual features showed
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significant overlap for each pair, combining two or more
features increased.

Similarly, Komoto et al. demonstrated the differentiation of
adenosine monophosphate analogues using a MCBJ system.>*®
As shown in Fig. 34(b), for each detected signal, thirteen feature
parameters were extracted: peak current (I,), average current
(Iave), duration time (t4), and ten shape factors (Sn = I,,/I,, where
n=1,2,...,10). A random forest classifier was then employed
to classify the signals from the four molecules based on these
features. These studies demonstrate the high resolution achiev-
able with tunnelling current for identifying highly similar
molecules, and the contribution of multidimensional feature
extraction combined with machine learning analysis to enhan-
cing molecular recognition accuracy.

To minimise the interference of subjective human judge-
ment in signal processing, Yang et al. proposed an unsuper-
vised clustering approach to determine the conductance-state
variation switch of streptavidin measured via single-molecule
junctions.>** As shown in Fig. 34(c), quantum tunnelling
probes were used to measure the electrical conductance of
individual protein molecular junctions. By classifying initial
conductance clusters under different voltage bias gradients,
several metrics, including the Calinski-Harabasz (CH) index,
Davies-Bouldin (DB) index, and Silhouette Coefficient, were
computed to evaluate inter-cluster separation and intra-cluster
cohesion, enabling the identification of the optimal cluster
number that maximises both criteria. Critically, the optimal cluster
number corresponded to the most probable number of distinct
conductance states for the protein, yielding the most likely protein
configuration under the given bias voltage. Furthermore, features
of each conductance state, such as amplitude and dwell time,
could be extracted. Consequently, these approaches demonstrate
that Al-driven classification and clustering can substantially
enhance the interpretability and precision of quantum tunnelling
data, offering new strategies to decode complex single-molecule
behaviours in biological systems.

7. Conclusions and perspectives

Quantum tunnelling junctions have emerged as a powerful and
versatile platform for probing charge transport, molecular
conformational dynamics, and nanoscale sensing with atomic-
level precision. This review examined state-of-the-art fabrication
strategies for static, dynamic, and passive tunnelling junctions,
evaluating their respective strengths and limitations in achieving
sub-nanometre resolution, device reproducibility, and measure-
ment stability.

Recent advances in quantum tunnelling sensors enabled
real-time investigation of electron transport mechanisms and
molecular behaviours, including quantum interference effects,
conformational switching, and intermolecular interactions.
These developments have not only deepened our understand-
ing of fundamental molecular electronics but have also opened
new avenues for transformative applications in biosensing,
catalysis, and dynamic single-entity analysis.

This journal is © The Royal Society of Chemistry 2026
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Despite these significant achievements, several key challenges
remain that must be addressed to fully realise the potential of
tunnelling-based sensors for broader scientific and technological
deployment. Three interrelated research frontiers will be critical in
shaping future progress:

7.1. Scalable manufacturing and devices integration

To transition quantum tunnelling sensors from laboratory-scale
demonstrations to real-world applications, scalable, cost-effective,
and reproducible fabrication methods must be developed. This
includes high-throughput strategies for producing sub-5 nm
nanogaps with precise geometries and minimal device-to-device
variation. Furthermore, the seamless integration of tunnelling
platforms with microfluidic systems, soft and stretchable electro-
nics, and biocompatible interfaces will be essential for in situ
molecular detection in physiologically relevant environments.
Such integration will be pivotal for next-generation biosensing,
point-of-care diagnostics, and environmental monitoring.

7.2. Mechanisms elucidation and resolution enhancement

While the theoretical framework of quantum tunnelling is well
established, its practical manifestation at the single-molecule
level often involves complex and dynamic behaviours that
challenge existing models. A major obstacle is the variability
observed across repeated measurements of nominally identical
molecules, driven by junction rearrangements and environ-
mental fluctuations. Addressing this variability, while simulta-
neously enhancing spatial and temporal resolution, will be
essential for capturing transient conformational transitions,
orbital hybridisation effects, and charge delocalisation path-
ways. The integration of tunnelling junctions with ultrafast
spectroscopies, ultrasensitive current feedback systems, and
precise atomic-scale junction control promises deeper mecha-
nistic insight and access to previously unexplored regimes of
molecular-scale quantum phenomena.

7.3. Data correlation and Al-augmented interpretation

Reliable interpretation of single-molecule tunnelling data
remains a significant challenge due to the stochastic nature
of molecular interactions and signal fluctuations. The integra-
tion of artificial intelligence, machine learning, and computa-
tional simulations is poised to transform data processing,
enabling rapid feature extraction, noise discrimination, and
classification of complex conductance behaviours. Al-driven
models can be trained to infer molecular structures, redox
states, and binding modes from high-dimensional datasets.
When combined with experimental data, advanced AI models,
and appropriate simulations, this approach will establish robust
structure-function correlations, thereby accelerating molecular
design and revealing changes in molecular conformation.
Together, these directions will drive the evolution of quan-
tum tunnelling sensors to powerful, scalable tools for nano-
scale characterisation and single-molecule detection. Through
advances in fabrication, theoretical modelling, and data-driven
analytics, tunnelling-based single-molecule sensors are poised
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to redefine the frontiers of physics, chemistry, biology, and
nanotechnology.
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