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analysis, interpretation, and
prediction of single-molecule junction
conductance behaviour

Elena Gorenskaia and Paul J. Low *

This article offers a broad overview of measurement methods in the field of molecular electronics, with

a particular focus on the most common single-molecule junction fabrication techniques, the challenges

in data analysis and interpretation of single-molecule junction current–distance traces, and a summary

of simulations and predictive models aimed at establishing robust structure–property relationships of use

in the further development of molecular electronics.
1. Introduction

The eld of molecular electronics has matured and evolved over
the past decades from an initial focus on the mimicry of solid-
state electronic components to emerging applications in
molecular materials science.1,2 New sub-areas in molecular
electronics are advancing rapidly, and in recent years examples
including supramolecular electronics,3 single-molecule bio-
electronics,4 single-supramolecule electronics,5 and single-
cluster electronics6 can be identied. However, regardless of
the ultimate application, molecular electronics can be broadly
described as the science associated with, and technology arising
from, the use of molecules as functional units carrying electrical
charge between two macroscopic electrodes. Consequently, the
basic tool for explorations in molecular electronics is an elec-
trodejmoleculejelectrode system, or ‘molecular junction’
(Fig. 1). Molecular junctions can be formed from single mole-
cules, molecular bundles or by contacting large numbers of
molecules contained within molecular monolayers. However,
the single-molecule junction is a unique platform for the
collection of data that informs fundamental understanding of
charge transport and chemical principles of structure–conduc-
tivity relationships in molecular electronics.7,8

Creating single-molecule junctions requires sophisticated
experimental techniques, and powerful methods have been
developed to characterize and manipulate the conductance
properties of single molecules through chemical, electro-
chemical, optical, mechanical, or environmental ‘gating’.2 In
each of these methods, a molecule is initially trapped within
a small electrode gap, and the current through the junction
measured, oen as the electrodes are drawn away from each
other. Current owing through the molecule within the junc-
tion gives a deviation from the exponential decay of current
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between the electrodes with the through-space separation, and
the resulting current–distance plots contain plateaus charac-
teristic of the molecular conductance. Such data are collected
frommany thousands of replicate measurements and analysed,
oen in the form of conductance histograms, to give a most
probable value of molecular conductance.

Perhaps the most common approaches that meet the
requirements of successful formation of single-molecule junc-
tions in a reproducible and reliable manner are the scanning
tunnelling microscope break-junction (STM-BJ), in which the
electrodes are formed from the STM tip and a conducting
substrate surface,9–11 and the mechanically controllable break-
junction (MCBJ), which creates atomically sharp electrodes by
breaking a thin metallic wire.12–14 More recently, conductive
atomic force microscope break junction (AFM-BJ) methods that
can simultaneously measure force and electrical signal have
become increasingly popular.15

Each of these methods provide reproducible conductance
histograms but with a broad distribution of junction-to-
junction conductance values, typically with a standard devia-
tion in the range of at least one order of magnitude.16 It is now
widely appreciated that the bridging molecule and the
Fig. 1 Schematic of a single-molecule junction.
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molecule–electrode contact may change orientation and
geometry as the junction is stretched and evolved, leading to
considerable variations in the conductance properties of each
individual junction.17–20 Moreover, unexpected conductance
features in current–distance plots, including a variety of length-
dependent characteristics, overall slope of the current plateaus,
as well as sudden jumps and drops in conductance can appear
as a result of chemical and physical processes, including poly-
merisation, isomerization, redox switching, supramolecular
interactions and other molecular phenomena, taking place
within the junction.21–23

The diversity of conductance features collected during the
single-molecule junction experiment makes it difficult to model
the junction formation and evolution processes that lead to the
overall histogram, and discover and explore hidden sub-
populations in aggregated data.24 Machine learning (ML)
offers a solution for deep analysis of the stochastic nature of the
junction-forming process and to extract events associated with
other chemical or physical events that take place within the
junction.25 The machine learning methods used for single-
molecule conductance data analysis are broadly distinguished
by the supervised or unsupervised algorithms upon which they
are based. The main difference between these two approaches is
the need for a manually labelled training set for supervised
learning. However, the powerful nature of automated analysis
based on ML comes with numerous pitfalls that require
considered application and robust testing to ensure realistic
results that are, of course, ultimately subject to human
interpretation.25

The underlying physical mechanisms and processes
impinging on single-molecule junction conductance data are
commonly explored using computational methods. Different
theoretical models and computational approaches are used to
analyse coherent (tunnelling)26 or incoherent (hopping)27 elec-
tron transport in molecular junctions. For coherent transport,
the Landauer–Büttiker formalism (eqn (1)) can be used to
calculate the conductance of a molecular junction.

I ¼
�
2e

h

�ðN
�N

dETðEÞ�fleftðEÞ � frightðEÞ
�

(1)

where T(E) is the transmission function that describes the
probability of electrons of energy E passing from one electrode
to the other, and fle(E) and fright(E) describe the energy distri-
bution of electrons entering the junction from the le or right
electrodes.28,29 This approach relies on the assumption of elastic
tunnelling, where the electrons tunnel through the molecule
without losing energy. Since molecular conductance, G, can be
related to the transmission function evaluated at the Fermi

energy, T(EF), through G ¼ 2e2

h
TðEFÞ, plots of the transmission

function provide a convenient proxy measure for assessing
relative molecular conductance features.

Beyond single-channel coherent tunnelling, quantum inter-
ference (QI) effects in molecular junctions have been identied
and can signicantly inuence the shape of electron trans-
mission function. QI arises from the wave-like nature of elec-
trons that take multiple paths from the injection point at one
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrode through the molecular scaffold to the collection point
at the other. The emergent waves can interfere constructively,
giving rise to broad, relatively high conductance region in the
T(E) vs. E plot, or destructively, resulting in a pronounced ‘dip’
in the transmission function.30 It should be noted that whilst
the probability of electron transmission through the molecule,
including QI effects, can be calculated using density functional
theory (DFT), which correctly predict trends in transport prop-
erties, DFT methods typically signicantly under-estimate the
HOMO–LUMO gap and therefore over-estimate the value of the
conductance.31–33

For incoherent transport, hopping models are used to
describe the motion of electrons through the molecular junc-
tion. These models assume that electrons move through the
molecule by tunnelling between a sequence of adjacent sites in
a step-wise fashion, rather than one-step tunnelling through the
entire length of the molecule. Marcus theory, which describes
charge transfer in terms of the energy difference between donor
and acceptor states and the reorganization energy of the system,
can be used as the basis for each step in a hopping model.34

Unlike the Landauer–Büttiker formalism, Marcus theory does
not rely on quantum mechanical methods, but rather rests on
classical assumptions about the behaviour of electrons and the
energy landscape of the system.

An alternative, empirical method for prediction of molecular
conductance in the coherent (tunnelling) electron transport
regime leads to recently proposed Quantum Circuit Rules
(QCR).35–38 The QCR based model describes the molecular
junction as a series of weakly coupled scattering regions, and
applies to non-resonant tunnel junctions with the Fermi energy
of the electrodes near the middle of the transport resonances in
the transmission function arising from the HOMO and LUMO.
For a molecule of general form X–B–Y, where X and Y are the
anchor groups that bind the molecule to the le and right
electrodes, and B is the molecular backbone, the QCR can
predict the trend in transport properties using transferable
numerical parameters (aX, aY, and bB) for building blocks (X, Y
and B) of a molecule in a junction.

This overview will outline the most common single-molecule
junction fabrication techniques including STM-BJ, MCBJ, and
AFM-BJ (Section 2), provide a general analysis of current–
distance traces in the context of different processes in the
junction during measurements (Section 3), and describe the
factors that inuence junction formation probability (JFP;
Section 4). Machine learning models for analysis of conduc-
tance data are summarised in Section 5, while Section 6 gives
a brief overview of theoretical simulations for molecular elec-
tronics, including DFT methods (Section 6.1) and complemen-
tary QCR based approaches (Section 6.2).
2. Formation of single-molecule
junctions

Investigating the electrical properties of a molecule requires the
use of nanoscale electrodes in devices that can maintain the
separation between them within the dimensions of a molecule.
Chem. Sci., 2024, 15, 9510–9556 | 9511
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Whilst a wide variety of experimental methods that achieve the
formation of molecular junctions are known,2,39,40 perhaps the
two most widely used approaches that meet the requirements
for successful formation of single-molecule junctions are the
scanning tunnelling microscope break-junction (STM-BJ),9–11

which utilizes the piezo-controlled position of the STM tip
relative to a conductive substrate surface, and the mechanically
controllable break-junction (MCBJ),12–14 in which the electrodes
are formed and separated by bending a thin metallic wire
supported on a exible substrate with a pushing rod. In the
absence of a molecular bridge, a tunnelling current through the
electrode gap, which decays exponentially with distance as the
electrodes are separated, is observed. When a molecule bridges
the gap between two electrodes then a deviation from this
exponential decay is observed as a plateau in the current–
distance of electrode separation plot. The current plateau
arising from charge transport through the molecule within the
Fig. 2 (a) A conductance–distance trace typical of the STM-BJ techniqu
the corresponding 1D histogram comprised of ca. 2000 individual condu
map (histogram) comprised by overlaying the individual conductance–d
data density (red).

9512 | Chem. Sci., 2024, 15, 9510–9556
junction persists (and oen evolves) as the junction electrodes
are separated. As the electrode separation reaches a point where
the molecule can no longer span the increased electrode gap,
the junction is cleaved, and current falls back to the through-
space tunnelling limit. In both methods, a relatively low bias
voltage between the electrodes is usually applied (typically
chosen to be in the range 0.05–0.6 V) to avoid break-down of
through-molecule conductance and emergence of signicantly
large direct tunnelling between two electrodes across to the
small gap.41–43 Conductance measurements using these
methods can be carried out in different environments including
organic solvents, aqueous electrolyte, ionic liquid, air, and
vacuum. It has been demonstrated that these environmental
factors can have an impact on single-molecule conductance by
tuning molecular energies relative to the effective electrode
Fermi levels.41,44,45
e, annotated to illustrate the steps of molecular junction formation; (b)
ctance traces; (c) the corresponding 2D conductance–distance heat-
istance traces where the false colour indicates the regions of greatest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Closely allied with the STM-BJ and MCBJ methods, the
conducting probe atomic force microscope break junction
(AFM-BJ) has also begun to attract attention.46 This technique
combines the laser system of the AFM with a current
measurement circuit, which enables the measurement of both
the forces and conductance during the break junction process,
allowing simultaneous electrical and mechanical characteriza-
tion of molecule as the junction evolves.
Fig. 3 Schematic illustration of the I(s) or “soft tapping” technique: (a)
the steps of molecular junction formation (in this technique molecular
junctions are formed without first forming a tip-to-substrate contact);
(b) typical conductance–distance trace of the “soft tapping” STM-BJ
technique, annotated to illustrate the steps of molecular junction
formation.

Fig. 4 (a) Schematic illustration of the steps involved in the STM-based
I(t) or “blinking” method: (1) tunnelling through the gap, (2) formation
of molecular junction; and (3) junction breakdown. (b) Schematic of
typical I(t) trace, annotated to indicate the steps of molecular junction
formation and cleavage shown in (a).
2.1 Scanning tunnelling microscope break junction (STM-
BJ)

2.1.1 Current versus distance measurements. The scan-
ning tunnelling microscope break junction (STM-BJ) method
typically (but not necessarily) uses a gold substrate and gold
STM tip to form the junction electrodes.9–11 Gold is almost an
ideal electrode material in this context, being malleable, highly
conductive, inert to surface passivation through oxide layer
formation upon exposure to air and with a high affinity for
thiols, and other functional groups. This later point allows use
of a wide range of ‘anchor’ groups to secure putative molecular
components within a junction.

In the initial step of the STM-BJ experiment, the (gold) STM
tip is crashed into the (gold) substrate to create a fused metal
junction (Fig. 2a, Step 1). The tip is then withdrawn from the
surface, pulling a metallic lament between the gold surface
and tip. As the tip continues to withdraw the lament thins,
evinced by stepwise drops in quantised conductance as the
number of metal atoms in the junction decreases (i.e. nG0,

where G0 ¼ 2e2

h
, the quantum of conductance), and ultimately

breaks. This rupture causes the sudden generation of a nano-
scale gap, typically measuring in the region of 5 Å, as a result of
the ‘snap-back’ of the strained wire,47 leaving two atomically
sharp electrodes (Fig. 2a, Step 2). This process is evinced by
a consequent sharp drop from metal-atom point contact
conductance (G0) to the exponentially distance dependant
tunnelling current (Fig. 2a, Step 3). If the experiment is con-
ducted in a dilute solution of the molecule of interest, these
molecules can assemble along the exposed electrode surfaces,
including the evolving metal lament.48 As the lament breaks,
there is a possibility of trapping a molecule within the newly
formed electrode gap to give the molecular junction (Fig. 2a,
Step 4). As the tip continues to withdraw, eventually the junc-
tion length exceeds the geometric distance that can be spanned
by the molecule, the junction ‘breaks’ and the current falls back
to the direct tunnelling mechanism and decays exponentially
until the noise of the instrument is reached (Fig. 2a, Step 5). The
above steps are repeated several thousand times to give
a statistically signicant body of data. The resulting data can be
displayed as a 1D histogram, where the most prominent peak
reveals the most probable conductivity of the molecule (Fig. 2b),
or as a 2D heat map or histogram49 where the dense conduc-
tance cloud represent single molecule features (Fig. 2c).

Particular advantages of the STM-BJ technique include: the
simplicity of fabrication using relatively readily available
equipment, and the larger dimensions of the source and drain
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrodes;50 the compatibility with measurements made within
an electrochemical environment, allowing electrochemical
addressing and gating of molecule within the junction;51 and
the largely automated data collection process using commercial
soware and simple data output format.

The STM-BJ methodmentioned earlier is sometimes referred
to as the “tapping approach” because it involves measuring the
single-molecule conductance by repeatedly creating and
Chem. Sci., 2024, 15, 9510–9556 | 9513
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Fig. 5 Schematic illustration of the MCBJ experimental assembly.
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breaking the molecular junction through “tapping” the tip in
and out of contact with the substrate surface.16 Beyond the STM-
BJ, closely related techniques including current–distance spec-
troscopy (or I(s)) methods have been developed. The I(s), or
“so-tapping” method is similar to STM-BJ with the key
distinctions being that an atomically sharp tip is used, and an
initial set-point current is chosen to allow the tip to approach
close to, but not touch, the substrate surface.52 The positioning
of the STM tip just above the surface allows capture a molecule
assembled on the surface within the newly formed junction,
without making contact between the tip and substrate (Fig. 3a
and b).53,54

In addition to the data concerning most probable molecular
conductance, the 1D and 2D data plots also contain information
concerning the geometry of the molecule within the junction. It
is important to highlight that the terms ‘plateau length’ usually
refers to the difference in electrode separation from junction
formation to junction breakdown, while ‘tip displacement’ is
measured as the distance from the cleavage of the last Au–Au
atomic point to the breakdown of the junction. However, the
oen negligible difference in plateau length and tip displace-
ment and the convolution of junction formation with the
formation of the electrode gap leads to a slightly loose use of the
terms throughout the literature. In general ‘junction’ length is
measured as the vertical distance (Dz) travelled by the tip from
the point at which the last Au–Au atomic contact ruptures (oen
dened as the point where G= 0.1G0), to the point of cleavage of
the molecular junction (the ‘break-off distance’). When cor-
rected for the snap-back distance (Dzcorr) the electrode separa-
tion can be estimated z* = Dz + Dzcorr, and is oen correlated
with the molecular length.47 Consideration of z* and the
molecular length in turn contains information about the
geometry of the molecule at the point of maximum extension in
the junction and hence details of the molecule–electrode
binding. However, whilst these generalities present a coherent
description, atomistic details during the evolution of individual
junctions can impact both the snap-back distance (Dzcorr) and,
to a lesser extent, plateau length determination. The snap-back
distance is not a single parameter with constant value, but
rather reects the reorganisation and relaxation of the metal
surfaces aer the contacts are broken. Consequently, snap-back
distance is inuenced by the structure of the contact between
the tip and substrate, and is also sensitive to the solvent
environment.55

In further consideration of the concepts of measurable
parameters associated with the displacement of the STM tip
displacement and the geometry of a molecular junction, it is
worth noting that in the STM I(s) method developed by Haiss
and Nichols,52 the tip is allowed to approach to a distance of s0
from the atomically at terraces of a substrate, determined by
the set-point current. The tip is then withdrawn vertically, and
current data collected as a function of this relative tip-substrate
distance, s. The junction length can then be expressed as
a corrected value s* = s0 + s at the point of junction cleavage.

2.1.2 Current versus time measurements. While the STM-
BJ and I(s) methods both allow ready measurement of molec-
ular conductance, the motion of the tip relative to the substrate
9514 | Chem. Sci., 2024, 15, 9510–9556
masks much of the dynamic information concerning processes
within the junction. The I(t), or “blinking” method, also devel-
oped by Haiss et al.,52 involves a static electrode geometry, with
current measured as the telegraphic noise type response arising
from the stochastic formation and cleavage of molecular junc-
tions against this xed electrode separation. In this manner, it
is possible to both measure molecular conductance and arrive
at an estimate to the stability of a junction or gain additional
information concerning the dynamic molecular processes
taking place within the junction.

At the commencement of the I(t) measurement method, the
STM tip is held at certain distance above the substrate with the
contact gap separation determined by calibration of the tip-
sample distance as a function of the set-point current. This
calibration is achieved by recording current–distance scans in
the absence of molecular junction formation.56 Aer equilibra-
tion, the tip is withdrawn in a similar manner to the STM-BJ
method, and by a similar distance, and then held whilst the
current owing through the junction is monitored as a function
of time. When a molecule bridges the gap between the tip and
substrate, current jumps or “blinks” appears (Fig. 4a and b). To
enable the formation of single-molecule junctions and
measurements free of multiple-molecule junctions, measure-
ments are typically performed in solutions with a low concen-
tration of analyte molecules.

Unlike implementations of the STM-BJ technique that are
drawn from the methods described by Tao,9 but in common
with the I(s) approach, the STM tip in the I(t) measurements
does not crash into the surface of the substrate, and therefore
preserves the surface of the substrate and the shape of the STM
tip shape. Although it is not possible to precisely control the
morphology of the tip, electrochemical etching allows atomi-
cally sharp surface features to be created. Furthermore, it is
possible to choose the area of the substrate with certain
roughness by prior STM imaging; together, this allows a degree
of information concerning relationships between junction
formation and conductance on the underlying junction contact
morphology.57 In many respects the I(t) and I(s) measurement
methods have more in common than either have with STM-BJ
and other break-junction methods that commence with
formation and cleavage of an electrode–electrode contact.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00488d


Fig. 6 Schematic illustration of the AFM-BJ technique.

Fig. 7 Conductance–distance traces (displaced along the Dz axis for
clarity) with examples of different features (length, slope, steps and
jumps) that characterise junction formation and evolution events.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
2:

35
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Nevertheless, it has been demonstrated that all three methods
(I(t), I(s), STM-BJ) give the same (or similar) molecular conduc-
tance for a given molecular structure.52,58

2.2 Mechanically controllable break junction (MCBJ)

A typical mechanically controllable break junction (MCBJ) setup
consists of exible substrate, typically a phosphor bronze,
supporting a thin metal wire xed to the substrate at both ends
and freely suspended over a pit, pore, trench or channel (Fig. 5).
Prior to the measurements, the wire is lithographically notched
or manually cut so that a thin bridge remains over the free
region of space.59 When assembled, two stationary rods holds
the sides of substrate down while a pushing rod presses from
underneath, curving the middle of substrate up. This results in
breaking the wire and by controlling the position of the pushing
rod, a precise opening or closing of the gap between the elec-
trodes can be achieved (Fig. 5). Target molecules can be
assembled on the electrodes in advance (by drop-casting) or can
be added as a solution of the target molecule in a liquid cell on
top of the substrate/electrode assembly.

The MCBJ technique has some advantages compared to the
STM-BJ method. For example, whilst both methods allow the
gap between two electrodes to be precisely controlled, the low
displacement ratio between the horizontal movement of the
nanogap and the vertical movement of the pushing rod coupled
with the highmechanical stability of the MCBJ apparatus allows
more ready calibration of the electrode gap. Secondly, the MCBJ
conguration can be modied, providing the opportunity for
on-chip device fabrication, such as lithographically fabricated
MCBJ samples using sandwich structures with back gating.60 In
addition, the more open device geometry in MCBJ permits
combination of the electrical measurements in the MCBJ with
gap-mode Raman spectroscopy to allow in situ monitoring of
the molecule within the junction simultaneously with the
charge transport measurements.61 These relative advantages of
MCBJ are offset by the more diverse and readily exchanged tip
and substrate electrodes in STM-based methods and the ready
access to heterojunctions in which electrode materials of
different type are used as the source and drain. Also, the STM-BJ
exploits substrates with large, at surfaces which allows many
different regions to be explored, while MCBJ uses two electrodes
© 2024 The Author(s). Published by the Royal Society of Chemistry
with narrow tips that can make it harder to obtain the desired
coverage of molecules in an experiment.51,62,63
2.3 Conducting probe atomic force microscope break
junction (CP-AFM-BJ/AFM-BJ)

The conducting probe atomic force microscope break junction
(CP-AFM-BJ or AFM-BJ) technique uses a conductive probe with
a cantilever to combine the laser system inherent to an AFM
with a current measurement circuit, allowing both the force and
conductance signals to be measured simultaneously during
break junction experiment (Fig. 6). The typical AFM-BJ method
can be described in the following sequence of steps that begin
when the conductive AFM tip is brought towards the sample in
tapping mode until it comes into contact with the target
molecule. As the tip is retracted from the surface, it pulls and
stretches the molecule. While retraction of the tip takes place at
a constant velocity, conductance and the interaction force
between the tip and themolecule is measured until the junction
breaks. The data obtained from the AFM-BJ experiment can
provide information relating to the forces experienced on tip
contact and junction cleavage,64,65 conguration66–69 and
conformation70 of the molecule in the junction, and other
aspects of the molecule–electrode interface.71–73
3. Analysis of current–distance traces

Regardless of the method of collection, general characteristics
of current vs. distance (Dz) plots can be highlighted; in addition,
given the direct relationship between conductance and current,
similar features are observed in conductance vs. distance plots,
and closely related features are also observable from plots of
conductance made on log(G) or log(G/G0) scales. Beyond the
most probable conductance values that can be extracted from I
vs. Dz traces, additional information is contained within the
plateau length, which, as noted above, can be extracted from the
Chem. Sci., 2024, 15, 9510–9556 | 9515
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Table 1 Summary table of factors affecting length, slope, and character of current (conductance) plateaus in current (conductance)–distance
traces

Factor Example Ref.

Factors affecting length of a plateau in a current or conductance trace

Binding site

17–19

77–80

Stability of a junction 65, 66 and 81–83

Pulling gold atoms from an
electrode

64, 67, 70 and 84–87

Coupling and polymerization 88 and 89

9516 | Chem. Sci., 2024, 15, 9510–9556 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Factor Example Ref.

23, 87 and 90

Supramolecular interactions
91, 92, 101–103 and
93–100

Isomerization 104–107

Tautomerization 43 and 108

Factors affecting shape of a plateau in a current or conductance trace
Slope

Stability of the junction 82 and 109

Stability of supramolecular
interaction

110

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 9510–9556 | 9517
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Table 1 (Contd. )

Factor Example Ref.

Steric properties of the side
group

23

Steps

Change in a contact angle 47, 111 and 112

Change in a contact group 113

Host–guest interaction 114

Spikes/jumps

Mechanical rupture of a bond in
a molecule

115 and 116

Change in binding conguration 117

Force-induced resonant
enhancement

118

9518 | Chem. Sci., 2024, 15, 9510–9556 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Factor Example Ref.

Supramolecular radical junction
formation

119

Quantum interference 69

Fig. 8 Examples of the different positions of an anchor atom to
surface feaures of an electrodes from left to right: atop site, bridge site,
and three-fold site.
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break-off distance and corrected by the snap-back distance to
give an indication of the ‘length’ of the junction (i.e. absolute
electrode separation at point of junction rupture). Furthermore,
in addition to the plateau ‘length’, the shape of the conductance
plateau reects the different physical and chemical processes
taking place in the junction during measurements (Fig. 7).
Together, the length and shape of the plateau in the I (or G) vs.
Dz plots provide a more complete description of the behaviour
of the junction. Analysis of these features can therefore be
critical to not only the deeper understanding of single-molecule
chemistry, but also the application of single-molecule junctions
as tools in chemical reaction mechanism elucidation and
sensing.74

At the macroscopic level, the events involved in the forma-
tion, evolution and breaking of a single molecule junction are
reproducible. However, at the molecular level, there are many
highly stochastic events that lead to the signicant junction-to-
junction variation. On an aggregate level, these variations from
many thousands of individual measurements manifest in the
width of the conductance peaks observed in histograms.
However, the individual traces each contain data arising from
the evolution one specic junction. In the STM-BJ and MCBJ
approaches, for example, the process of forming the molecular
junction depends on factors including shape of the lament
and the nal shape of the fresh electrodes,75,76 the initial
binding position of the analyte on the electrodes (e.g. at three-
fold,17 bridge,18 or atop19 sites on the metal surface), and
binding conguration or site of initial electrode–molecule
contact (end-to-end or in-backbone contact77) (Table 1).

The detailed mechanism of how each junction forms and
evolves aer the initial cleavage of the Au–Au atomic contact and
creation of themolecular junction as the electrodes further retract
usually remains unclear, although some general situations can be
envisaged,11 including the extrusion of gold atoms from the
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrode surface(s) or the molecule sliding across the electrode
between binding sites. Processes leading to a change inmolecular
conformation or geometry, such as isomerization reactions, the
formation or dissociation of molecular dimers, assemblies or
aggregates through supramolecular interactions also are evident
as changes in junction conductance and appear as features in the
conductance traces. Chemical reactions within the junction, such
as inter-molecular (cross-)coupling or polymerization reactions
can also lead to transitions between conductance states, oen
linked to changes in junction length. In addition, photochemical,
acid–base, coordination or redox reactions can lead to well-
dened switching phenomena. As a result of these different
events that can take place during the stretching of the junction,
the ‘plateau’ in the conductance vs. distance trace is rarely at (i.e.
a plateau that corresponds to a constant current or conductance
value vs. distance) but rather may gently slope, feature one or
more step wise drops in conductance, or exhibit sudden jumps to
higher or lower conductance.41
Chem. Sci., 2024, 15, 9510–9556 | 9519
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Fig. 9 (a) Examples of platform and tower configurations of p-oligophenylene molecular wires with tripodal anchors; (b) examples of
conductance traces with high conductance (GH) and low conductance (GL) features assigned to the different binding modes illustrated in (a); (c)
schematic representation of end-to-end contacted and in-backbone contacted heterocyclic (pyrimidine) OPE type molecules; (d) examples of
conductance traces with short, high-conductance junctions (blue) arising from in-backbone contacts and longer, lower conductance junctions
(red) arising from end-to-end contacts of pyrimidine derivatives illustrated in (c); (e) conjugated oligomers with alternating heterocycle back-
bones; (f) characteristic single-molecule conductance traces of sequence-defined pentamers from (e) exhibiting multiple conductance peaks
(applied bias 0.25 V). For these oligomers, two well-spaced conductance peaks are observed: short plateaus with high conductance (10−3.5G0);
and long plateaus of lower conductance (10−4–10−5G0). Figures adapted with permission from ref. 77–79. Copyright 2019, Royal Society of
Chemistry, Copyright 2015, American Chemical Society, Copyright 2020, American Chemical Society.
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3.1 Factors affecting plateau length (or ‘why is the junction
shorter or longer than the molecular length?’)

In an idealised model, the plateau length corrected for snap-
back (z*) would correlate with the length of the fully extended
9520 | Chem. Sci., 2024, 15, 9510–9556
molecule in the junction, allowing for the geometry of the
molecule relative to the surface normal imposed by the contact
group chemistry. However, the plateau length varies signi-
cantly from trace to trace and depends on a range of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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factors including binding congurations,120–123 stability,81 and
other processes during molecular junction evolution,112 and
which oen occur in combination. The correlation of current
owing through the junction or conductance with changes in
junction length therefore contains information relating to
changes in the molecular geometry within the junction during
measurement.

3.1.1 Binding conguration. As indicated above, the
maximum length of a molecular junction corresponds to posi-
tioning the molecule within the junction in an orientation
perpendicular to the electrode surfaces. However, in the vast
majority of cases, the anchor group contacting chemistry
ensures that the molecule will be tilted away from the normal to
the electrode surface, decreasing the maximum possible
displacement of the electrodes before junction rupture. The tilt
angle of the molecule within the junction strongly depends on
the nature of the anchor group(s) and the appropriate binding
site(s) for the anchor atom(s) on the electrode surface(s). For
example, for sulphur based anchors there are three possible
sites on the gold (111) surfaces including ‘atop sites’ located
directly above a gold atom,19 ‘bridge sites’ located between two
neighbouring gold atoms,18 and ‘three-fold hollow sites’ located
above the centre of a triangle of gold atoms (Fig. 8). Usually, the
energetically most favourable site for sulphur on gold is at
a three-fold hollow site.17 Binding in three-fold hollow site
conguration increases the tilt angle relative to the surface
normal, resulting in shorter junctions.
Fig. 10 (a) Schematic of the single-molecule junction of ATAT under diffe
and (c) 0.45 V bias voltage, with the inset image of the corresponding disp
from ref. 80. Copyright 2021, Royal Society of Chemistry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Beyond the behaviour of a single binding group located at
the remote ends of molecules anchoring at either electrode
interface, the electrodes may also contact to additional func-
tional groups positioned to create multipodal terminal
anchors.124–126 For example, platform and tower congurations
have been proposed to account for variations in junction
lengths formed from asymmetrically contacted tripodal mole-
cules (Fig. 9a and b).78 The platform conguration illustrates
a more general point that the presence of additional functional
groups capable of promoting electrode contact inserted along or
within the molecular backbone, whether intended for that
purpose of not,127 can lead to a range of molecular junction
geometries. The interplay of these additional contacting points
with and across the electrode surface will naturally cause
further variety in the number, conductance values and lengths
of observable conductance plateaus.78,79 For example, pyrimi-
dine moieties contained within the general backbone structure
of common oligophenyleneethynylene (OPE) style molecular
wires have been found to give rise to two conductance features
arising from plateaus with different lengths as a result of two
congurations of binding molecule: one, the conventional end-
to-end conguration which gives plateau lengths corrected for
snap-back approaching the end-to-end molecular length; and
a second, much shorter junction in which one of the electrodes
contacts directly to the pyrimidine ring (Fig. 9c and d).77

In a similar vein, studies of oligomers in which the position
of three distinct heterocycles (oxazole, imidazole, and nitro-
rent applied bias; 2D conductance histograms of ATAT under (b) 0.09 V
lacement distributions of the plateaus. Figures adapted with permission

Chem. Sci., 2024, 15, 9510–9556 | 9521
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Table 2 Summary table of bond rupture force (nN) for some organic
molecules

Structure
Bond rupture
force (nN) Reference

0.59 65

0.69 65
0.6 66
0.62 65

0.80 65

0.7 66

0.8 66

1.2a 66

Au–Au bond 1.4 66

a The position and resulting effects of the hydrogen from the SH can
lead to drastic changes in force and conductance values.128
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substituted pyrrole) were precisely controlled along an other-
wise comparable p-conjugated backbone gave rise to multiple
conductance states which varied for dimers, trimers, pentam-
ers, and a heptamer.79 It was found that the high conductance
states arise from charge transport through short in-backbone
linkage of imidazole or nitro-substituted pyrrole, whereas the
low conductance state arises from the long charge transport
path through terminal methyl sulde anchor groups (Fig. 9e
and f). The robust contacts to the backbone that give rise to the
higher conductance plateaus were only formed in structures
where the alignment of the in-backbone anchor (nitro-
Fig. 11 (a) Schematic of an octanedithiol(ate) junction; (b) molecule–e
traces at (c) −0.25, (d) +0.25, and (e) +0.75 V. Figures adapted with perm

9522 | Chem. Sci., 2024, 15, 9510–9556
substituted pyrrole) and the terminal anchor (methyl thio-
ether) was nearly linear.

In-backbone contacted junctions have also been observed
under strong applied electric elds.80 For an amino-terminated
aniline trimer (ATAT, Fig. 10a), as the bias across the junction
was increased, leading to a larger electric eld across the
molecule in the junction, a higher conductance feature
appeared. The 2D histograms constructed from these data
demonstrated that the lengths of the conductance clouds
collected under applied biases of 0.09 V and 0.45 V were
0.95 nm, and associated with a low conductance region, and
0.46 nm in a high conductance region, respectively (Fig. 10b and
c). It was suggested that the electric eld could induce the imine
nitrogen atoms to bind as in-backbone linkers, giving rise to
shorter, and hence more conductive, junctions.80 This bias-
dependent binding would in turn permit switching between
multiple conductance states under inuence of the applied
electric eld.

3.1.2 Stability of the junction. The range of initial binding
modes of a molecule within a junction, and the evolution of
those structures in response to stochastic dynamic processes or
stretching of the junction is reected in the diversity of the
features contained within current or conductance–distance
plots, and in turn to the observation of plateaus of varying
length, features, and shape. It follows that the use of anchor
groups that give stronger electrode–molecule binding leads to
not only greater probability of junction formation, but also
a lower diversity in the formed junctions. The more robust
anchoring groups oen allow greater extension of the junction
before rupture, leading to longer plateaus of more uniform
appearance and decreased slope, giving rise to a correlation
between the electrode–anchor group bond strength and average
length.81 In turn the stability of the junction could be estimated
experimentally from the bond rupture force determined using
atomic force microscope break junction (AFM-BJ) method.65,66

The bond rupture force for some molecules contacted within
lectrode contact at different gate electrode potentials; conductance
ission from ref. 82. Copyright 2018, American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Structure of 2,6-bis(((4-acetylthio)phenyl)ethynyl) anthracene with acetyl-protected thiol(ate) (–SAc) terminal groups; (b) 2D
conductance–displacement histograms for the junctions in TIB/TCB. The orange/purple/blue lines are three typical single traces with different
plateau lengths. Insets: schematic illustration of Au–S bonds in different cases: interaction with I (orange), with Cl (purple), and without I or Cl
(blue); (c) conductance plateau lengths for junctions in TIB/TCB: the blue colour represents the parent junctions, the purple colour represents
the case with Cl/Au interactions, the orange colour represents the case with I/Au interactions. Figures adapted with permission from ref. 130.
Copyright 2023, Springer Nature.

Fig. 13 Schematic of gold atom extrusion processes within an exemplary

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
2:

35
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
gold-junctions determined from 2D force histograms are sum-
marised in Table 2.

The stability of a molecular junction, and hence the length of
the conductance plateaus, has also been shown to be inuenced
by the applied electric eld of a gate electrode.81–83 For example,
the mechanical stability and electromechanical properties of
gold–octanedithiol(ate)–gold molecular junctions are sensitive
to redox events due to the oxidation of Au at high potentials and
the reduction of the S–Au bond at low potentials (Fig. 11a and
b).82 The reduction of the S–Au bond involves an associated
protonation reaction that together convert the thiolate S–Au
contact to a weaker thiol SH–Au interaction and ultimately leads
to desorption of the resulting alkanethiols from the Au elec-
trode.129 It was found that the longest length of plateau was
formed from octanedithiol with a gate potential of +0.25 V, and
plateau lengths decreased with either increasing the gate
potential toward the oxidation potential of Au (+0.75 V), or
a decrease of the potential towards the reduction potential of
the S–Au molecule–electrode contact (−0.25 V) (Fig. 11c–e).82 A
similar pattern of behaviour is known for un-gated molecular
junctions formed from diamine and dicarboxylic-acid-
terminated alkanes, with increasing junction bias leading to
weaker binding of the molecules to gold electrodes.81

Experimental and theoretical studies reveal that solvent
interactions within the junction can also inuence the mole-
cule–electrode binding energy and hence junction stability as
the electrodes are withdrawn. For example, an analysis of the
conductance features in single molecule junctions formed from
2,6-bis(((4-acetylthio)phenyl)ethynyl) anthracene in a triiodo-
benzene/1,2,4-trichlorobenzene (TIB/TCB) mixed solvent
system revealed plateaus with three distinct lengths (ca.
0.46 nm, ca. 0.64 nm and ca. 0.92 nm; Fig. 12a–c). The longest
plateaus (ca. 0.92 nm) originate from junctions that cleave by
rupture of the Au–S bond without any interaction with the
solvent.130 The plateaus of intermediate length (ca. z0.64 nm)
arise from junctions weakened by an interaction between metal
atoms in the junction electrode and the TCB solvent via a Cl/
Au interaction. This halogen–metal interaction decreases the
Au–S bond energy from ca. 1.5 eV to ca. 1.0 eV and increases the
© 2024 The Author(s). Published by the Royal Society of Chemistry
probability of breaking process of the Au–S bond. The shortest
plateaus (ca. 0.46 nm) are also due to solvent–metal atom
induced weakening of the molecule–electrode contact, by now
from I/Au interactions with the triiodobenzene component of
the solvent mix which further decreases the bond energy to
z0.5 eV.130

3.1.3 Pulling gold atoms from an electrode. The prototyp-
ical depiction of a break-junction involves the detachment of
the molecule from the electrode by rupture of an anchor group
to electrode bond, leading to a sharp drop in the junction
current at the break-off distance. However, in cases where the
force required to break the molecular junction via cleavage of
the molecule–electrode contact is greater than the force
required to break an Au–Au bond within the bulk electrode, one
or more gold atoms can be pulled from the electrode while
stretching the molecular junction. In this scenario, elongation
of the molecular junction beyond the maximum length of the
molecule does not signicantly affect the junction conductivity
goldjoctanedithiolatejgold junction during pulling of the electrodes.

Chem. Sci., 2024, 15, 9510–9556 | 9523
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Fig. 14 (a) Conductance traces of 4-mercaptoaniline measured at bias of +100 mV (red) and +600 mV (blue); (b) mechanism of a formation of
azobenzene derivatives via electrooxidation of anilines in single-molecule junctions where L is aurophilic linker group (thiol, thiomethyl, alkynyl,
or pyridyl). Figures adapted with permission from ref. 88. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.

Fig. 15 (a) A schematic of the electric potential-promoted oxidative coupling reaction of 4-(methylthio)phenyl boronic acid; (b) 2D conductance
histogram of 4-(methylthio)phenyl boronic acid under 100 mV; (c) 2D conductance histogram of 4-(methylthio)phenyl boronic acid under
200 mV. Figures adapted with permission from ref. 89. Copyright 2022, Chinese Chemical Society.

9524 | Chem. Sci., 2024, 15, 9510–9556 © 2024 The Author(s). Published by the Royal Society of Chemistry
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but rather results in conductance plateaus with similar
conductance values but different length characteristics.

By way of one such example, the force required to break the
Au–S contact in a molecular junction formed from a single
octanedithiol molecule attached (as the thiolate) to gold elec-
trodes is similar to the force required to rupture a Au–Au bond
in an atomic gold chain. This suggests that the dithiolate
molecule can pull Au atoms from the electrodes when a suffi-
cient external force is applied, a conclusion supported by
molecular dynamics simulations that indicate a thiolate mole-
cule can pull gold atoms off a stepped surface.64,67,70,85 In related
work with similar molecular junctions, it was demonstrated
that as the electrodes are pulled apart, it becomes energetically
favourable for Au atoms migrate to positions between the
electrode surface and the sulfur atom contact, with junction
structures alternating between what might be loosely termed
‘symmetric’ and ‘asymmetric’ congurations reecting the
idealised scenario as one or both electrode surfaces restructure
(Fig. 13).84 Examples of extrusion of Au atoms from electrodes
within junctions featuring molecules anchored by C–Au86 or
imidazole N–Au bonds87 have also been demonstrated.

3.1.4 Coupling and polymerization. When taken together,
the break-off distance and electrode snap-back oen can be
correlated with the end-to-end length of the fully-extended
molecular analyte to provide information about the geometry
of the molecule within the junction or tilt-angle. However,
junctions leading to current plateaus that are stable over elec-
trode separations greater than the fully extended molecule can
also result from coupling88 and oligomerisation23 reactions of
the molecule in solution or within the junction. For example,
conductance traces obtained from 4-mercaptoaniline demon-
strated short conductance plateaus (0.15 nm) at G = 10−2G0

under +100 mV bias and a longer conductance plateau feature
(0.6 nm) at G= 9× 10−3G0 under +600 mV bias (Fig. 14a).88 This
observation has been interpreted in terms of an Au-catalysed
oxidative coupling of the aniline moiety within the molecular
junction, following oxidation of the amine driven by the local
electrochemical potential at the Au STM tip.88 The initial amine-
Fig. 16 (a) Examples of junction geometries of 1,4-diisocyanobenzene co
(T); (b) Combined 2D–1D histogram with example conductance trace (29
(71%) is shown on the inset. Figures adapted with permission from ref. 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
contacted junction undergoes a molecular oxidation, and the
oxidized aniline then undergoes attack by a second aniline that
is either bound to an electrode or from the surrounding solu-
tion. Proton loss leads to the formation of a hydrazine (–NH–

NH–) which is known to oxidize to form the diazenyl (–N]N–)
bridge (Fig. 14b).

In situ polymerisation of molecules trapped within a molec-
ular junction can also occur as a result of transmetalation
(from, e.g. tin,131 gold,132 or boron88), desilylation reactions,133

and dehydrogenative bond formation,134 all leading to C–C
homocoupling reactions. An electric potential-promoted
oxidative coupling reaction of organoboron compounds, such
as aryl boronic acids, has also been reported and monitored
with the STM-BJ technique.89 It was found that the trans-
metalation process of 4-(methylthio)phenyl boronic acid was
controlled by the applied potential (Fig. 15a). At low-bias
voltage, the rst step of the transmetalation process occurred,
giving rise to an intermediate AujC-contacted junction and an
associated short plateau and conductance cloud in the high
conductance region (Fig. 15b). When higher-bias voltages were
applied, a second cycle of the transmetalation process was
induced, leading to close proximity of aryl species within the
junction and the corresponding coupled products resulting in
a longer conductance plateau in the low conductance region
(Fig. 15c).89

Beyond oligomerisation processes within the junction, as
noted above, processes involving metal-atom extraction from
the electrode and rearrangement of the electrode surface
structures, extrusion of wire-like laments and other dynamic
processes of the metal electrodes can also strongly inuence the
dynamic processes of junction evolution and the appearance of
current or conductance–distance traces. In addition to the gold
surface case noted above, molecules contacted to metal elec-
trodes by anchor groups with large binding energies that
compete with the metal–metal bond energies are able to
promote not only the rearrangement of the metal surface (vide
supra) but also the complete extraction of metal atoms from the
electrodes during extension of the junction. These
ntaining one gold atom(s) in a junction:monomer (M), dimer (D), trimer
%) for 1,4-diisocyanobenzene. 2D–1D histogram for remaining traces
3. Copyright 2019, Springer Nature.
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Fig. 17 (a) Structures of the junctions 1–4 at mechanical equilibrium; (b) conductance of junction 2 vs. the electrode displacement. The insets
(from left to right): maximal strain of the S–Au* bond corresponding to the maximal conductance, breaking of the S–Au* bond, reflected in drop
of the conductance, and subsequent elongation and breaking of the AuI–Au** bond. The conductance stays the same after the AuI–Au** bond is
broken. Further stretching of RS-AuI-BDT-AuI-SR unit does not affect the conductance since the BDT is decoupled from the gold electrodes.
Figures adapted with permission from ref. 87. Copyright 2010, American Chemical Society.
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undercoordinated atoms then provide further sites at which to
incorporate additional molecules from solution and build
metal-linked oligomers. In one such example, a sequence of
long molecular junctions with break-off distances greatly
exceeding molecular length were observed to be formed from
1,4-diisocyanobenzene in gold STM-BJs, strongly indicating the
formation of molecular oligomers.23 Due to Coulomb repulsion
between the terminal C atoms, one isocyano moiety cannot
couple directly to another isocyano group. Therefore, the most
probable path for oligomerization is the formation of an
organometallic chain, where molecules couple through
extruded gold atom(s) (Fig. 16a and b). The model provides
a justication for the experimental traces being more than twice
as long as the length of the molecule as the growing chain
incorporates one or two gold atoms during the formation of
each repeat unit. A similar process of organometallic chain
formation within a junction was proposed to account for the
observed junction lengths formed from imidazole molecules.
Under basic conditions, the imidazole moieties bridge the
electrodes in the deprotonated form through the nitrogen
atoms, with several molecules able to bind in series mediated by
gold atom bridges.90
Fig. 18 (a) Schematic of the MCBJ technique with a single-molecule S-T
T1. Inset; typical conductance–displacement traces of S-T1 where with e
stretching displacement histogram for H and L conductance features. Fig
Verlag GmbH & Co. KGaA.

9526 | Chem. Sci., 2024, 15, 9510–9556
The observation of conductance plateaus longer than the
molecular length of benzene dithiolates has led to proposals for
the formation of metal–molecule oligomeric molecular wires.87

The standard model of the benzene dithiol junction (BDT)
where a single BDT is sandwiched between two Au(111) surfaces
(junction 1 in Fig. 17a) and three prototypical alternate junc-
tions (2–4 in Fig. 17a) have been studied via DFT structure
optimizations and molecular dynamics simulations. For junc-
tions 2 and 4, which were designed tomimic the role of multiple
benzene dithiolate molecules within the junction, additional
molecules that do not span the electrode gap were modelled as
methyl thiolate (SMe) to minimise computational cost. Junc-
tions 1 and 3 show a mechanically stiff response, that sustain
only 1–2 Å deviation from the minimum structure before
breaking. Junction 2 demonstrated structural changes during
elongation. The highest conductance of this junction found
when the bond between the sulfur and the tip Au atom under-
neath (atom Au* in Fig. 17b) is stretched. When the S–Au* bond
breaks, the conductance decreases steadily when the interac-
tion between the tip atom Au** and the oxidized AuI atom in the
RS-AuI-SR unit weakens. Aer that, a long molecular wire
Au(tip)-SR-AuI-BDT-AuI-SR-Au(tip) is formed (Fig. 17b), which
1 junction and a single-stacking S-T1 junction; (b) 1D histograms of S-
xample of black solvent traces; (c) 2D histogram of S-T1. Inset: relative
ures adapted with permission from ref. 93. Copyright 2019, Wiley-VCH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) Schematic of single-molecule junctions and single-stacking junctions of and SMe anchored terphenyl derivative; (b) two typical traces
with the suspended retracting process under 0.10 (blue) and 0.35 V (red) for terphenyl; (c) 1D conductance histograms and typical conductance–
displacement traces (inset) under 0.10 (blue) and 0.35 V (red); the black dashed line indicates the position of the conductance peak, and the inset
is typical traces. Figures adapted with permission from ref. 92. Copyright 2020, American Chemical Society.
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can be stretched signicantly just by straightening the inter-
atomic bonds while maintaining constant conductance. This is
the key mechanism that produces the remarkable exibility and
increased length of junction 2.87 Depending on the experi-
mental conditions, junctions that are close to the junction
model 4 could also form, and providing a rationalisation for low
conductance features.

3.1.5 Supramolecular interactions. Returning to the
prototypical molecular junction, the most general model is
based on a single molecule functionalised at each terminus by
an anchoring group through which contact to the electrodes is
made. However, non-covalent interactions are well-known in
molecular science, and such secondary interactions play
essential roles in determining the structure and shape of
complex assemblies found in areas from biology to materials
science. Among the many distinct molecular interactions that
can support such assemblies, p–p stacking and H-bonding are
among the most ubiquitous, and play important roles in
building supramolecular components within molecular
junctions.

3.1.5.1 p–p stacking interactions. Whilst intramolecular
charge transport is mediated by tunnelling processes through
the molecular s- or p-framework, intermolecular charge trans-
fer typically operates by charge hopping between p–electron-
rich regions of adjacent molecular structures. These p–

electron-rich regions have a tendency to interact through non-
covalent p–p and C–H/p motifs leading to supramolecular
structures; such intermolecular interactions play an essential
role in charge transport through organic materials and
devices.93 Within a molecular junction, p–p stacking interac-
tions between molecular fragments result in low conductance
features with current plateaus longer than the length of the
individual molecular fragments. The low conductance features
from p-stacked junctions can be detected as independent
features or as step-like continuations of a shorter, higher
conductance plateau.91–93,100,101,103

Intermolecular p–p stacking interactions have been
demonstrated in the junctions formed from monothiol-
functionalised 1,4-bis(phenylethynyl)benzene. Despite the
presence of only one strong anchor group, the junction forma-
tion probability was found to be similar to that of a,u-dithiol
© 2024 The Author(s). Published by the Royal Society of Chemistry
analogues, with comparable statistical variation.91 As the junc-
tion is extended, the number of points of overlap between the p-
systems, and hence the total strength of the intermolecular p–p
forces, decrease. Consequently, p-stacked junctions are most
commonly observed in junctions formed from molecules such
as oligophenylene ethynylenes (OPE) with relatively long p-
conjugated backbones capable of engaging many such p–p

contacts. Since the junction is secured by these weaker, non-
covalent interactions, the junction rupture force is signi-
cantly lower than that commonly associated with single-
molecule junctions. These results imply that p-stacked junc-
tions break by cleavage of the intermolecular p–p stacks rather
than by cleavage of the molecule–electrode contacts. Neverthe-
less,p–p stacking can be used as the dominant associative force
driving the formation of supramolecular bridges within few-
molecule junctions.

Li et al. constructed a p-stacked thiophene dimer within an
MCBJ platform to investigate the molecular-length-dependent
intermolecular charge-transport properties (Fig. 18a).93 The
molecular junctions were created by anchoring a thiophene
molecule terminated at only one end by an –SMe group (deno-
ted S-T1, 2-(4-(methylthio)phenyl)thiophene, Fig. 18a) to each
atomically sharp gold electrode. By controlling the electrode
separation to facilitate the p–p stacking interactions between
two thiophene monomers two distinct plateaus with high
conductance (H) and low conductance (L) features that
appeared individually or together could be identied (Fig. 18b).
The junction lengths of the H (0.68 ± 0.03 nm) and L (1.31 ±

0.02 nm) states were obtained from 2D histograms (Fig. 18c).
The L conductance cloud is twice as long and more steeply
sloped than the H conductance cloud, suggesting the formation
of both a simple single molecule junction (responsible for the
higher conductance features, Fig. 18a) and a single-stacked
dimer of S-T1 which gives rise to the lower conductance junc-
tions (Fig. 18a). In general, increasing the conjugated region
improves the formation of the single-stacked junctions and
facilitate transition from an intramolecular to an intermolec-
ular path.101

In some cases, p–p stacking interactions in a molecular
junction are promoted by the increasing intensity of the electric
eld applied across the junction (i.e. electrode bias).92 In the
Chem. Sci., 2024, 15, 9510–9556 | 9527
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Fig. 20 (a) Configuration schematics of p–p stacked molecular junctions of benzenethiol and s–s stacked cyclohexanethiol dimer junctions;
(b) 1D conductance histograms of benzenethiol with example traces as inset; (c) 1D conductance histograms of cyclohexanethiol with example
traces as inset. GH indicates a high-conductance feature and GL indicates a low-conductance feature. The black traces represent tunnelling
decay in pure solvent without target molecules; (d) 1D conductance histograms of 1-adamantanethiol with the relative stretching distance
distributions of molecular junctions as inset; (e) the 2D conductance–distance histograms of 1-adamantanethiol with individual conductance
traces as inset; (f) configuration schematics of 1-adamantanethiol junctions formed between the gold electrode pair with GH, GM, and GL states.
Figures adapted with permission from ref. 94. Copyright 2022, Springer Nature.
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absence of an electric eld, the dihedral angles between adja-
cent benzene rings in terphenyl are 35°, a geometry that makes
it quite difficult to form assemblies with strong p–p interac-
tions and stable dimers (Fig. 19a). It has been demonstrated
that the dihedral angles in an SMe-anchored terphenyl deriva-
tive decrease under an applied electric eld, which makes the
formation of p-stacked dimers more favourable (Fig. 19b). As
the external eld increases, the dihedral angles between the
adjacent benzene rings in both conformations decrease to
approximately 24°, which is more conducive to intermolecular
p-stacking. Consequently, conductance features in low
conductance region longer (by ca. 0.3 nm) than features in high
conductance region have been observed (Fig. 19c).92

3.1.5.2 s–s stacked supramolecular junctions. It has been
demonstrated experimentally that a s–s stacking arrangement
may also serve as the pathway of charge transport between two
non-conjugated molecules, using mono-functionalised, 6-
membered rings as a prototype system and comparing the p–p

stacked junctions formed from benzenethiol and with the s–s

stacked junctions formed from cyclohexanethiol (Fig. 20a).94

Conductance traces of benzenethiol junctions exhibited two
different signals, in high (GH) and low (GL) conductance regions
(Fig. 20b). These different conductance states (GH: 10

−3.1G0 and
GL: 10

−4.4G0) with different length (GH: 0.68 nm and GL: 0.89
nm) have been attributed to the different stacking congura-
tions of two neighbouring benzenethiol molecules within the
p–p stacked benzenethiol junction. Importantly, cyclo-
hexanethiol also exhibits different conductance states in the
conductance traces (Fig. 20c).
9528 | Chem. Sci., 2024, 15, 9510–9556
It has been hypothesized that two cyclohexanethiol mole-
cules are rst connected to both electrodes by Au–S bonds;
during the stretching cycles, the two molecules interact with
each other, forming stacked molecular junctions give GH at
10−3.5G0 and GL at 10−5.3G0 with average length of the conduc-
tance features of 0.73 nm and 0.98 nm, respectively and which
differ through the degrees of geometrically possible interaction.
To verify the proposed s–s stacked molecular junctions, junc-
tions formed from 1-adamantanethiol were also examined. The
1D and 2D histograms of 1-adamantanethiol exhibit three
conductance states, denoted GH (10−2.6G0), GM (10−3.73G0) and
GL (10−5.38G0) with plateau lengths of 0.62, 0.75, and 1.16 nm,
respectively (Fig. 20d and e). The GH state was associated with
a junction conguration where only one 1-adamantanethiol
molecule is bound to the gold electrode and interacts with the
substrate to form monomer junctions. The GM and GL stated
were associated with the ‘side-to-side’ interaction conguration,
the ‘head-to-head’ conguration (Fig. 20f).

Recently, calculations have revealed that the energy inter-
action in s–s stacking between two non-conjugated cyclo-
hexane molecules is stronger compared to the p–p interaction
between two benzene molecules,135,136 raising prospects for
chemical design of a wider range of supramolecular structures
in junctions than might have previously been envisioned.

3.1.5.3 Hydrogen-bonded structures. Another explanation for
the appearance of long plateaus during the processes of
molecular junction evolution as a function of electrode sepa-
ration is the formation of hydrogen-bonded oligomers.95–99,102

However, in general, junction formation probabilities for such
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 (a) Schematic of carboxylic acid dimer based molecular junctions; (b) representative current–distance plots measured using
AujS(CH2)2COOH tips over AujS(CH2)2COOH-covered surfaces. Figures adapted with permission from ref. 95. Copyright 2020, American
Chemical Society.

Fig. 22 (a) Illustration of a supramolecular junction bridged with quadruple hydrogen based on UPy molecules with different binding groups
(thiol, pyridyl, and amino). This noncovalent interaction exhibits conductivity comparable to that of covalently conjugated molecular devices and
can also be manipulated by the polarity of the solvent environment; (b) typical conductance–distance curves of UPy-1. Figures adapted with
permission from ref. 97. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA.
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H-bonded assemblies are relatively low (3–15%).95,97,137 This low
formation probability may arise from: the stochastic molecular
orientation on electrode surfaces which challenges the precise
arrangement of H-bond donor and acceptor necessary for the
formation of directional H-bonds, especially at greater electrode
distances; the low rupture force of H-bonds compared to
anchoring groups causes H-bonded dimers to break during
stretching of metallic laments in break-junctions, preventing
migration into nanogaps; and/or the strongly oriented electrical
eld along supramolecular junctions that affects fragment
polarity and subsequently impacts the formation probability of
H-bonded assemblies.

The formation of H-bonded molecules within a junction was
clearly demonstrated in STM-BJ studies of HS(CH2)2COOH. The
plateaus on representative conductance traces (Fig. 21b) have
been ascribed to tunneling current through these H-bonded
carboxylic-acid dimers.
© 2024 The Author(s). Published by the Royal Society of Chemistry
A series of ureido pyrimidine-dione (UPy) derivatives,
modied with different anchoring groups, were also studied for
evidence of the electron transport properties of H-bonded
assemblies in apolar solvent by the STM-BJ technique
(Fig. 22a).97 In the absence of self-assembled dimers, the
conductance–distance traces exhibit the typical exponential
decay aer the tip has moved apart from the substrate (black
curves). In the presence of the anchor group functionalised
ureido pyrimidine diones 1–3, although most of the traces the
show exponential decay characteristic of simple through gap-
tunnelling (blue curves), certain individual data sets exhibit
pronounced plateaus (red curves), which suggests the forma-
tion dimeric molecular wires of molecules 1, bridged by the
quadruple hydrogen bonds (Fig. 22b). The JFP of the most
conductive dimers formed from UPy-1 was estimated to 14.7%,
with a conductance value that approaches 10−3G0.

The single-molecule conductance of two supramolecular
complexes formed through amidinium-carboxylate charge-
Chem. Sci., 2024, 15, 9510–9556 | 9529
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Fig. 23 (a) Supramolecular H-bonded amidinium-carboxylate wires (4a$5 and 4b$5); 2D conductance histograms for (b) 4a, (c) 5, (d) complex
4a$5, (e) complex 4b$5. Figures adapted with permission from ref. 102. Copyright 2020, American Chemical Society.
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assisted hydrogen bonds have also been studied, giving rise to
junctions of length that exceed the dimensions of the individual
components (Fig. 23a).102 The single-molecule conductance of
compounds 4a and 5 have been determined to be log(G/G0) =
−3.0 and−2.8 respectively (Fig. 23d and c). The 2D conductance
histograms of mixtures of 4a and 5 feature two conductance
regions (Fig. 23d). The higher conductance data cloud (log(G/
G0) = −3.0) can be attributed to molecular junctions formed by
either compound 4a or 5 with a plateau-length distribution
Fig. 24 Junction structures of (a) IMI trimer and (b) IMI–water–IMI c
histograms of 1H-imidazole in an anhydrous environment and (d) and in
Royal Society of Chemistry.

9530 | Chem. Sci., 2024, 15, 9510–9556
(0.75± 0.02 nm) that also agrees with the dimensions of 4a or 5.
On the other hand, the length of the lower conductance
plateaus (ca. log(G/G0) = −6.0) is about double that of the
individual components (1.52 ± 0.02 nm). This feature has been
attributed to molecular junctions formed from the hydrogen-
bonded assembly 4a$5. Similar events have been observed for
mixtures of 4b and 5 consistent with the formation of complex
4b$5 (Fig. 23e).
omplex optimised by DFT energy minimisation; (c) 2D conductance
water. Figures adapted with permission from ref. 98. Copyright 2020,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 (a) Typical individual conductance–distance traces of the three conductance states of DABCO: H (blue), M (yellow), L (red); (b) the
displacement distributions of the three states of DABCO. The most representative distance values are showing based on the Gaussian fitting; (c)
the junction geometries of the three conductance states. The dash lines represent the hydrogen bonds. Figures adapted with permission from
ref. 99. Copyright 2021, Science China Press and Springer-Verlag GmbH Germany.
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Beyond the use of chemically paired H-bond donors and
acceptors, water molecules can be involved in H-bonding
interactions within junctions, and provide unusual electrical
transport properties and conductance plateaus with different
length.98,99 The single-molecule conductance of 1H-imidazole
(IMI) has been measured in a dry liquid medium resulting in
multiple conductance features (Fig. 24a). The observation of
long features that exceed the molecular length suggest forma-
tion of H-bonded assemblies (monomer to dimer to trimer)
units as the junction is stretched (Fig. 24b). The molecular
conductance of IMI in water results in a different conductive
prole, and the multiple conductance signals observed in this
case (Fig. 24c) are attributed to the formation of chains of
alternating H-bonded imidazole and water molecules such as
IMI–water–IMI (Fig. 24d).98

The inclusion of H-bonded water within molecular junctions
has also been proposed to account for the single-molecule
conductance vs. distance characteristics of 1,4-diazabicyclo
[2.2.2]octane (DABCO) in 1,2,4-trichlorobenzene (TCB)
solvent.99 The individual conductance traces determined from
STM-BJ measurements demonstrated three types of plateaus
with different lengths (Fig. 25a and b), with the various high (H,
electrodejDABCOjelectrode), medium (M, electrodejDABCO/
H2Ojelectrode) and low (L, electrodejH2O/DABCO/
© 2024 The Author(s). Published by the Royal Society of Chemistry
H2Ojelectrode) conductance features attributed to inclusion no,
one or two water molecules in the junction (Fig. 25c).99

3.1.6 Isomerization. Beyond contact geometry, metal-atom
extrusion, formation of larger supramolecular structures and
hydrogen-bonded assemblies, another factor that affects the
length and electrical properties of a molecular junction is
conformational isomerization of the molecular backbone
during the single-molecular conductance measurements.
Examples of variation in junction length arising frommolecular
isomerisation processes under light irradiation,104,105 applied
voltage,106 and applied force107 are summarised below.

Molecules sensitive to photoisomerization processes have
attracted attention in the general eld of molecular electronics
where they serve as switches and photomodulators.138 Molec-
ular junctions formed from the E and Z isomers of 4,4-(ethene-
1,2-diyl)dibenzoic acid are illustrated in Fig. 26a, and give
a representation of the change in junction dimensions with
molecular conformation. Isomerization of the conformers is
achieved directly on the gold surface through photo-irradiation,
and the STM-BJ is used to determine conductance before and
aer irradiation.104 The E isomer gives rise to lower conductance
features with longer break-off distances (Fig. 26b), while the Z
isomer is associated with relatively higher conductance junc-
tions with shorter break-off distances (Fig. 26c).
Chem. Sci., 2024, 15, 9510–9556 | 9531
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Fig. 26 (a) Molecular structure of E and Z isomers of 4,40-(ethene-1,2-diyl)dibenzoic acid in the junction; (b) conductance traces of E isomer; (c)
conductance traces of Z isomer with high (H), medium (M), and low (L) conductance features. Figures adapted with permission from ref. 104.
Copyright 2010, American Chemical Society.
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Beyond photochemical processes, electric elds have also
been shown to direct and catalyse solution-phase reactions, and
therefore applications of electric elds that lead to modication
of the molecular scaffold within a junction can be identied as
a potential input parameter to control junction behaviour. For
example, cumulene derivatives, which consist of chains of
carbon atoms bound together to give contiguous p-bonds,
undergo cis-to-trans isomerisation reactions under an electric
Fig. 27 (a) Schematic of the single-molecule junctions with DFT-opti
histograms for cis (red) and trans (blue) isomers. Inset: example condu
dimensional structures of 1,2-bis(4-(methylthio)ethane)-1,2-dione in the
length shown; (d) example of conductance traces of 1,2-bis(4-(methylthio
107. Copyright 2019, Springer Nature, Copyright 2020, American Chem

9532 | Chem. Sci., 2024, 15, 9510–9556
eld (Fig. 27a). In single-molecule junction measurements, the
conductance step length distribution as a function of time
showed a clear transition from a predominantly shorter plateau
(cis) at the start of the experiment, to longer plateaus attributed
to the trans isomer formed in situ at the end of the experiment
(Fig. 27b).106

Mechanical stimulus leading to conrmational change in
a molecular scaffold can be achieved through the force
mized structures of cis and trans isomers with S–S distance; (b) 1D
ctance vs. displacement traces of cis (red) and trans (blue); (c) three-
anti (dihedral of 155°) and syn (dihedral of 23°) conformations with S–S
)ethane)-1,2-dione. Figures adapted with permission from ref. 106 and

ical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 28 (a and b) Schematic representation of tautomerisem within an STM-BJ. The device is in the low-conductance keto state in which a s-
bridge connects the two contacts. After charge injection, the molecule within the junction transforms to the high-conductance state with a p-
bridge. The cyan balls represent generic anchor groups, whilst the grey, red, and white balls represent carbon, oxygen, and hydrogen,
respectively; (c) examples of conductance traces of 1,2-bis(4-(methylthio)phenyl)ethan-1-one measured at 0.1 and 0.6 V; 2D conductance
histograms of compound 6 (d) at 0.1 V and (e) 0.6 V bias, with the stretching distances shown in the insets. Figures adapted with permission from
ref. 43. Copyright 2023, Springer Nature.
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imparted on a molecule by the junction electrodes. The syn and
anti conformations of 1,2-bis(4-(methylthio)ethane)-1,2-dione
differ in length (by ca. 0.4 nm) (Fig. 27c). The observed
mechanosensitivity of 1,2-bis(4-(methylthio)ethane)-1,2-dione
arises from an anti # syn conformational switch, as the
molecule is folded along the exible bond following junction
compression or extension. Consequently, conductance traces
collected from the syn isomer during junction extension show
short conductance features in high conductance region (H) (syn
conguration) and a step to a second, subsequent and longer
feature in a low conductance region (L), attributed to the
molecule being pulled into the anti conguration (Fig. 27d).107

3.1.7 Tautomerization. Tautomerization at the single-
molecule level is another factor that affects the shape of
© 2024 The Author(s). Published by the Royal Society of Chemistry
conductance features on individual traces.43,108,139 Precise
manipulation of a keto–enol balance at ambient temperature
through a method merging redox control and electric eld
modulation using STM-BJ approach have been demonstrated by
Tang et al. (Fig. 28a and b).43 Based on the control of charge
injection in the single-molecule junction, charged potential
energy surfaces with opposite thermodynamic driving forces
have been accessed, while the isomerization barrier was
signicantly reduced. Conductance of molecule of 1,2-bis(4-
(methylthio)phenyl)ethan-1-one (6) in 1,2,4-trichlorobenzene
solvent has been measured at 0.1 and 0.6 V (Fig. 28c). The
resulting tautomers demonstrated slight differences in junction
length bit more signicant differences in conductance. The
conductance traces observed at a bias of 0.1 V exhibit plateaus
Chem. Sci., 2024, 15, 9510–9556 | 9533
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Fig. 29 Conductance trace with plateau slope that determined as DG/
Ds, where DG is conductance range where plateau appears, and Dz
length of the plateau.
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in conductance levels ranging from 10−4 to 10−5G0 with plateau
length of 0.42 nm (Fig. 28d), while increasing the bias to 0.6
volts, a higher conductance value areas ranging from 10−2 to
10−3G0 with plateau length of 0.47 nm (Fig. 28e). This dramatic
conductance change suggests that the applied bias effectively
transforms the low conductive keto form (6) to a more highly
conductive enol form, (7).
3.2 Factors affecting shape of the plateau

The various physical and chemical events that can occur within
a molecular junction during the elongation (and compression)
stages of a break junction mean that only rarely is the
conductance plateau found at a single current value for the
duration of the molecular contact. Rather more oen, the
conductance plateaus are sloped, or contain steps and sudden
jumps which contain information pertaining to the dynamic
physical and chemical processes taking place in the junction.

3.2.1 Slope. In a break junction, the plateaus in individual
current or conductance–distance traces or 2D conductance
histograms present information about the conductance of
Fig. 30 (a) Schematic of octanedithiol junction; example of conductanc
+0.75 V illustrating the variation in electrical response vs. applied pote
American Chemical Society.

9534 | Chem. Sci., 2024, 15, 9510–9556
a molecular junction vs. changes in electrode separation. The
various physical and chemical processes noted above that
inuence the break-off distance and conductance of molecular
junctions result in various examples of conductance plateaus
beyond the anticipated geometric limits imposed by the anchor
groups and molecular length and steps between conductance
regions as a result of changes in molecular structure within the
junction. However, for a given molecular structure, the
conductance plateau can exhibit rather constant values of
conductance (current) with electrode separation (i.e. ‘at’
plateaus), or exhibit distinctly sloped features (Fig. 29).109 If the
retraction of the STM tip only caused a change in the effective
tunnelling distance, then the slope of the current plateau from
plots of ln(G) (or less formally accurate log(G)) vs. displacement
would be related to b, the tunnelling decay constant. From
a tunnelling model, the molecular conductance (G) is expected
to display an exponential decay with junction length, typically
denoted L in such cases, according to the relationship

G = GCe
−bL (2)

where GC is an effective contact conductance that combines
contributions from both the le and right anchor–electrode
contacts. The decay (or attenuation) constant b describes the
electronic properties of the bridge as a function of length.
However, the slope of conductance plateau is typically much
smaller than b, as the tunnelling probability through the
molecule reects more subtle changes in the mechanical and
electromechanical properties of the molecular junctions rather
than a simple tunnel barrier. Retraction of the STM tip not only
stretches the molecule, but also distorts the geometry and
electronic coupling of the electrode–molecule contacts.120

Therefore, the slope of the conductance plateaus contain valu-
able information on the mechanical and electromechanical
properties of the electrode–molecule contact.82

For example, as discussed in Section 3.1.2 ‘Stability of the
junction’, for junctions formed from octanedithiol and gold
electrodes, the nature of the molecule–electrode contact varies
due to reduction of the S–Au bond at low potentials and
oxidation of the gold surface at higher potentials (Fig. 30a).82

The plateaus collected at +0.25 V gate potential are due to strong
e traces with linear fitting of the plateau at (b) +0.25 V, (c) −0.25 V, (d)
ntial. Figures adapted with permission from ref. 82. Copyright 2018,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 Schematic of p-stacked dimer of (a) AZ1, (b) AZ2, and (c) NA1; representative individual conductance vs. distance traces of (d) AZ1, (e)
AZ2, and (f) NA1 with value of slope for low conductance plateaus indicated by dotted circle. Figures adapted with permission from ref. 110.
Copyright 2023, American Chemical Society.
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AujSR (thiolate) contacts, and are relatively stable as a function
of junction elongation, giving almost constant values of
molecular conductance vs. electrode separation, and hence ‘at’
plateaus. At lower (less positive) potentials, the Au–S bond is
reduced and the weaker AujS(H)R allows greater mobility of the
molecule across the electrode surface and a greater slope to the
conductance plateau. At higher (more positive) potentials,
oxidation of the gold surface leads to AunOjSR junctions, and
again weak molecule–electrode contacts, more mobile mole-
cules within the junctions and increased slope to the conduc-
tance plateau (Fig. 30b–d). In addition to the break-off distance,
the change in slope change provides important information
indicating changes in the mechanical and electromechanical
properties of themolecular junctions, with a greater slope in the
plateau indicating mechanical instability of the junction.

Further examples of the slope of a conductance plateau
reporting the relative mechanical stability of a junction can also
been seen in various p-stacked supramolecular junctions. It has
been demonstrated that the p-stacked dimers formed by the
polar, azulene-based compounds (4-(azulen-6-yl)
phenyl)(methyl)sulfane (AZ1) and methyl(4-(2-(methylthio)
azulen-6-yl)phenyl)sulfane (AZ2) (Fig. 31a and b) show higher
electrical conductivity than those formed by the rather apolar,
naphthalene-based methyl(4-(naphthalen-2-yl)phenyl)sulfane
(NA1), reecting the weaker p–p interactions in NA1
(Fig. 31c). In addition, the averaged plateau slope for NA1
(−2.252 nm−1) was signicantly larger than those of AZ1
(−0.955 nm−1) and AZ2 (−0.818 nm−1), due to the lower
mechanical stability of p–p interactions in the naphthalene-
based dimers relative to the azulene-based structures
(Fig. 31d–f).110
© 2024 The Author(s). Published by the Royal Society of Chemistry
Junctions formed from phenanthrene derivatives with two
methyl thioether anchors at different positions (PHE-2SMe) give
rise to conductance plateaus that vary in slope (Table 3).109 The
single-molecule junctions formed from 1,8-PHE-2SMe and 3,6-
PHE-2SMe present the largest conductance plateau slopes,
indicating that the molecular conductance drops rapidly with
the length of the junction, arguably due to the restriction in
range of stable binding congurations with surface gold ada-
toms.109 The conductance plateaus of 1,7-PHE-2SMe, 2,6-PHE-
2SMe, and 1,6-PHE-2SMe show an intermediate slope, sug-
gesting a more durable junction than 1,8-PHE-2SMe and 3,6-
PHE-2SMe, but less stable than 2,7-PHE-2SMe.109 The absence
of a clear correlation between calculated coupling strength (G)
and conductance plateau slope for this series of compounds
suggests that conductance plateau slope reects the dynamics
of the molecule within the junction during the electrode sepa-
ration step.

Break-junction experiments with various 1,4-diisocyano-
benzenes featuring different side groups have demonstrated
a dependence of the conductance plateau slope with both
analyte concentration and steric properties of the side group
(Fig. 32a).23 The 2D conductance histogram of the parent system
displays a pronounced slope, which may be due to sliding of the
molecule along the electrode surface as the junction electrode
separation is increased. As the concentration of analyte
increases, both the plateau width and slope of conductance
cloud monotonously decrease (Fig. 32b). It has been proposed
that the increased occurrence of p-stacked molecules (and
decreasing number of free binding sites on the electrode
surfaces) that may be expected with increasing analyte
concentration reduces the number of mechanical degrees of
Chem. Sci., 2024, 15, 9510–9556 | 9535
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Table 3 Summary of phenanthrene derivatives with dithiomethyl
substitutions conductance plateau slope DG/Dz (nm−1) and coupling
strength (eV)109

Structure Slope/nm−1 G/eV

−2.18 1.50 × 10−3

−4.63 1.27 × 10−3

−3.64 3.09 × 10−4

−3.75 1.29 × 10−4

−3.75 8.65 × 10−5

−4.40 2.35 × 10−5

Fig. 32 (a) Structures of isocyano compounds with different side
groups; (b) dependence of plateau slope on different concentration
and size of different side groups of the molecule. Figures adapted with
permission from ref. 23. Copyright 2019, Springer Nature.
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freedom, limiting the variation in conductance vs. distance.23 In
support of this proposal, for a xed analyte concentration, bulky
substituents which would be expected to reduce the formation
of junctions featuring p–p interactions, and permit fewer stable
binding geometries at the surface, lead to an increase in plateau
slope (Fig. 32b).

3.2.2 Stepped features.Whilst sloped plateaus in current or
conductance–distance traces indicate a gradual evolution of
a molecular junction, steps in the individual curves indicate
a sharp transition between junction structures of signicantly
different conductance. Such steps between conductance states
may arise from jumps between the different contact geometries
of a molecule in the junction during the stretching
process.47,111,112 For example, typical conductance traces of 4,40-
bipyridine demonstrated high conductance plateau that
precedes a low step to a lower conductance feature (Fig. 33a).111

Computational modelling conrmed the initial, compressed
junction will drive strong tilting of the 4,40-bipyridine within the
junction, with the resulting acute contact angle (a = 30°)
leading to increased interactions of the p–electron system with
9536 | Chem. Sci., 2024, 15, 9510–9556
the electrode, stronger coupling and higher conductance
(Fig. 33b and c). As the electrodes are separated, the contact
angles shis towards perpendicular (a = 90°, Fig. 33c), limiting
the p-type molecule–electrode overlaps, and leading to lower
electronic coupling and hence lower conductance (Fig. 33d).
This presents a model for mechanical switching of junction
conductance through changes in molecule–electrode coupling
as a function of electrode separation.

The compound 4-mercaptobenzamide (MBAm) also
demonstrates bimodal charge transport behaviour through
changes in contact at the amide linkage, which give rise to well-
separated high (GH = 10−1.78G0) and low (GL = 10−2.72G0)
conductance junctions (Fig. 34a).113 Density functional theory
(DFT) simulations demonstrated that for shorter electrode
separations, chelation of the amide promotes a proton transfer
reaction. The resulting amide isomer-“iminol” product is
stabilized by surrounding water molecules in the electrode gap,
forming a robust Au–N linkage and increasing the coupling of
the electrode with the molecular backbone (Fig. 34b). As the
junction extends, the proton transfers back to reform an amide
which binds in k1(O)-fashion giving the lower conductance
junction.

Tang and others have provided evidence of a large
enhancement of conductance through the metallocycles (8–10)
when a C60 guest is incorporated (Fig. 35a and b), with the
inclusion of the guest leading to step-like conductance features
in the resulting conductance–distance traces.114 Conductance
plateau for the guest-free metallocycles 8, 9, and 10 were
observed at 3.1, 1.4, and 0.6 × 10−5G0, respectively. In contrast,
the conductance–distance traces of [8 + C60] and [9 + C60] display
two conductance plateaus at different conductance levels
(Fig. 35c). The low-conductance features similar those of the
free metallocycles, while the higher-conductance features,
including [8 + C60] at 2.8 × 10−4G0 and [9 + C60] at 1.7 × 10−4G0,
suggested the formation of the host–guest complex with C60. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 33 (a) 2D histogram with two conductance states – high and low. Inset: example of conductance trace with two steps; (b) schematic of the
coupling between the gold–s-orbital (orange) with the bipyridine LUMO where a is the angle between the nitrogen–gold bond and the p*-
system; (c) junction geometries of bipyridine bonded on each side to gold adatoms, with varying a; (d) self-energy corrected transmission
functions plotted on a semi-logarithmic scale for the junctions: black solid line for a = 90°, red dashed line for a = 70°, blue dashed–dotted line
for a = 50°, and green dotted line for a = 30°. The inset shows G decreasing with increasing a. Figures adapted with permission from ref. 111.
Copyright 2009, Springer Nature.
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contrast, the junctions formed from solutions of 10 and C60

exhibit only one conductance plateau at 0.61 × 10−5G0, corre-
sponding to the free metallocycle 10 suggesting that the host–
guest complex does not form with this largest macrocycle.

Other examples of step-like transitions, from shorter, higher
conductance plateaus to longer lower conductance plateaus
have been discussed in Section 3.1.5 Supramolecular
interaction.91–93,100,101,103

3.2.3 Spikes/jumps. In contrast to sloped plateau features
that arise from gradual changes in the structure of a molecular
Fig. 34 (a) Conductance traces of MBAm in DI water; (b) transition
between single and double bonds between N and C atoms in an
amide. Figures adapted with permission from ref. 113. Copyright 2021,
American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry
junction, and steps which arise from abrupt changes between
states with comparable lifetimes, jumps or spikes in current or
conductance–distance traces arise from two (or more) such
events in rapid succession. For example, spikes or jumps in
conductance can appear as a result of force-induced structural
transition of molecule in a junction leading to a stepped
increase in conductance with distance, rapidly followed by
junction cleavage.115,116

One such example of this unusual switching process can be
found as a result of the in situ isomerisation of a spiro C–O bond
in a spiropyran (Fig. 36a) covalently anchored to the electrodes
during junction elongation.115 When the junction is extended,
the spiropyran (SP) molecule within the junction slides into an
upright position, at which point the application of further
mechanical strain leads to the rupture of the C–O bond result-
ing in the mechanical formation of an isomeric, zwitterionic
merocyanine (MC) ring-opened state. The more conjugated MC
form, whilst longer than the parent SP, gives a higher molecular
conductance and a step up in conductance immediately before
the maximum junction length is exceeded and the junction
breaks. This results in the appearance of a ‘spike’ at the end of
the conductance plateau (Fig. 36b).

Conductance spikes have also been attributed to changes in
protonation state and contact binding during junction evolu-
tion.117 The compound 1,4-bis(1H-pyrazol-4-ylethynyl)benzene
forms molecular junctions by chemisorbing on gold elec-
trodes through the pyrazolyl group. Deprotonation a pyrazolyl
moiety in the molecular junction leads to sudden jump in the
Chem. Sci., 2024, 15, 9510–9556 | 9537
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Fig. 35 (a) Molecular structure of metallocycles 8, 9, and 10; (b) schematic of molecular junctions of metallocycles and those in the presence of
C60; (c) conductance vs. distance traces of 8, 9 and 10, and [8 + C60], [9 + C60], 10 with C60. Figures adapted with permission from ref. 114.
Copyright 2019, Springer Nature.
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conductance before the molecule detaches at the break-off
distance and current dramatically decreases (Fig. 37a and b).117

The spikes observed in single-molecule conductance
measurements of 1,4-benzenedithiol (BDT) with gold electrodes
(Fig. 37c and d) has been attributed to force-induced resonant
enhancement as the HOMO-related molecular states move that
Fig. 36 (a) Schematic of the stretching of a single spiropyran molecule
ropyran with switching to a higher conductance level. Figures adapted
Society.

9538 | Chem. Sci., 2024, 15, 9510–9556
are located below the Fermi level of the gold electrodes in the
relaxed junction conguration rise towards the Fermi level in
the stretched junction due to decreased coupling between the
molecule and electrodes (Fig. 37e).118 Repeated stretching and
compressing reproduce this conductance increase and decrease
without any hysteresis, suggesting a continuous stretching and
during an STM-BJ experiment; (b) representative G–Dz curves of spi-
with permission from ref. 115. Copyright 2019, American Chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 37 (a) Schematic of 1,4-bis(1H-pyrazol-4-ylethynyl)benzene
junction; (b) a representative G–s trace obtained for 1,4-bis(1H-pyr-
azol-4-ylethynyl)benzene with high and low conductance point; (c)
schematic of a BDT molecular junction; (d) a representative G–Dz
trace of BDT with spike in conductance; (e) schematic energy diagram
demonstrating how the energy of the HOMO changes relative to EF of
the electrodes as electrode separation increases. Figures adapted with
permission from ref. 117 and 118. Copyright 2018, American Chemical
Society. Copyright 2011, Springer Nature Limited.

Fig. 38 (a) CV of the TMB molecule and the redox products correspon
chemical redox reaction for the TMBmolecule; (c) individual conductance
(d) 2D conductance histograms for TMB-based junctions at 0.35 V electr
distance distributions of single-molecule junctions). Figures adapted with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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relaxation in the bonds at the molecule–electrode contact,
rather than a sudden rearrangement of contact geometry.

The EC-STM-BJ technique has been used to study the
formation and evolution of single molecule and supramolecular
dimer-based molecular junctions derived from 3,30,5,50-tetra-
methylbenzidine (TMB) and its redox products by controlling
the potentials of the tip and the substrate relative to the refer-
ence electrode, leading to discovery of a further mechanism for
jumps in molecular conductance.119 The cyclic voltammogram
TMB is characterised by two well-behaved redox processes
between 0–0.70 V (vs. Agwire) (Fig. 38a). The rst one-electron
oxidation corresponds to the conversion of the neutral mole-
cule into a mixed-valence radical species, whilst the second
process yields a diimine (Fig. 38b). Given the Nernstian equi-
librium concentrations of the different redox forms within the
junction under an applied electrochemical gate and the high
concentration of TMB in the bulk solution, individual conduc-
tance traces exhibit distinct features at different electro-
chemical gate potentials (Fig. 38c). The high conductance, and
relatively short plateaus observed from experiments conducted
with electrochemical gate voltage of 0 V are attributed to single-
molecule junctions formed from the neutral TMBmolecule; the
step to a lower conductance plateau of longer overall length is
then attributed to formation of a supramolecular p–p stacked
bimolecular junction formed as onemolecule–electrode contact
is ruptured. Similar long plateaus corresponding to bimolecular
junctions are observed at gate potentials of 0.35 V but now
ding to the different potential regions; (b) mechanism of the electro-
traces at different electrochemical gate potentials (0, 0.35 and 0.55 V);

ochemical gate potentials (insets: the corresponding relative stretching
permission from ref. 119. Copyright 2023, American Chemical Society.
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Fig. 39 (a) Chemical structure of IDT-T; (b) three types of typical individual conductance–displacement traces; (c) schematic of mechanical
tuning of molecular conductance of IDT-T based on STM-BJ technique. Figures adapted with permission from ref. 69. Copyright 2023, Wiley-
VCH GmbH.
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attributed to the supramolecular structure formed by a radical
and neutral form of TMB. This supramolecular radical structure
has a conductance some order of magnitude higher than the
simple p–p stacked neutral dimer and higher than the simple
radical junction. Formation of a charge-transfer complex occurs
when the diimine interacts with the original TMB substrate and
the relatively low conductance features at 0.55 V are attributed
to the supramolecular charge transfer complex.

Conductance jumps have also been observed in traces formed
from indacenodithiophene with two 1,3-diethyl-2-thiobarbituric
end groups (IDT-T) (Fig. 39a and b), and have been attributed to
switching between Constructive Quantum Interference (CQI) and
Destructive Quantum Interference (DQI) conductance pathways.69

AFM-BJ measurements indicated that these conductance jumps
stemmed from alterations between the electrode contact at
different anchoring sites along the molecular backbone (Fig. 39c).
Aside from the thiono groups of the two 1,3-diethyl-2-
thiobarbituric moieties, both the sulfur atom of the thiophene
moiety and the nitrogen atom of the heterocycle possess the
capacity to serve as anchoring sites onto the gold electrodes.
Fig. 40 The tolane compounds used for investigation of JFP.47

9540 | Chem. Sci., 2024, 15, 9510–9556
Furthermore, precise mechanical tuning between conductance
features was achieved by varying the dimension of the electrode
gap and hence the most probable anchoring sites.

4. Junction formation probability

In addition to information concerning the various physical and
chemical changes that take place aer formation of a molecular
junction contained within I–Dz (or G–Dz) curves, the frequency
or probability of junction formation can also provide insight
concerning the nature of molecule–electrode binding. In
simplest terms, onemight consider that more frequent junction
formation events correlate with a higher molecule–electrode
binding energy, and hence indicate stronger interactions
between a molecule and the electrodes. Consideration of such
ideas has prompted the report of the number of successfully
formed molecular junctions as a percentage of the total number
of traces recorded as the Junction Formation Probability (JFP).
The JFP parameter has emerged as a powerful tool to investigate
thermodynamic and kinetic aspects of junction formation. This
section will discuss the factors that affect JFP, including the
chemical nature of the anchor group and electrode material
(and hence molecule–electrode binding energy),47 solvent,44,45

molecular length,133,140,141 molecular conguration,109,142,143

concentration,144,145 type of electrode metal,140,146 and external
stimuli including applied bias,147,148 temperature,149–152 and
light.153

To illustrate the concept, consider the single molecule
junctions formed from tolane (diphenylacetylene)-type mole-
cules with different anchoring groups (SH, pyridyl (PY), NH2,
and CN) (Fig. 40) and gold electrodes,47 for which the binding
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00488d


Fig. 41 (a) Plots showing the JFP of the amine-terminated oligophenyl series; (b) plots showing the JFP of the amine-terminated alkane series;
(c) Au (yellow) and Ag (grey) electrodes after contact ruptures with opening up a gap. Figures adapted with permission from ref. 140. Copyright
2015, Elsevier B.V.

Fig. 42 Structures of OPE1–OPE3 and the associated JFP determined
from molecular junctions formed as a result of desilyation; TMS =

trimethylsilyl, SiMe3.133
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energies follow the sequence Au–S [ Au–PY > Au– CN > Au–
NH2. The junction formation probabilities follow the sequence
PY > S > CN > NH2, which is near identical to the binding energy
sequence, except that PY and S are reversed. This suggests that
the binding energy plays a major role in determining the
junction formation probability. Other factors affecting the
junction formation include the ability of a molecule to migrate
into or within the junction, which in the case of sulfur-based
contacts may be reduced if the higher binding energy decreases
the mobility of the anchor in the vicinity of the Au tip.47 In the
case of the pyridyl anchors, a signicant p-face to gold
component of the binding energy may also result in higher
probability of formation as the analyte pre-assembles on the
thinning gold lament.

In addition to anchor group chemistry, the solvent medium
also affects the JFP,44,45 a process clearly demonstrated by STM-
BJ measurements of 1,4-benzenediamine (BDA) as a solution in
different solvents, augmented by calculations of the solvent–
electrode binding interactions.45 It was found that JFP for DBA
in chlorobenzene was 50%, in bromobenzene 45%, and in
iodobenzene 0–30%. The JFP was considered as a consequence
of competition between solvent and analyte for binding sites at
undercoordinated Au atoms around the junction and explored
through calculations of the energy barrier to replacement of
a surface-bound BDA with a solvent molecule. Using a simple
two-state Boltzmann model, it was found that the probability of
displacing BDA varied from as low as 0.01 for chlorobenzene to
0.27 for bromobenzene to 0.99 for iodobenzene. Indeed, the
weak binding energies associated with chlorobenzene which
result in a low replacement probability point to the general
inability of chlorinated solvents to replace BDA around the
junction. For BDA dissolved in bromobenzene, the probability
of displacement by the solvent is signicant, leading to
a signicant competition between solvent and analyte for
binding sites, and frequent binding dissociation events of the
BDA within the junction. In contrast, the high BDA replacement
probability of iodobenzene to the gold electrodes suggests
© 2024 The Author(s). Published by the Royal Society of Chemistry
that the probability of BDA junctions forming in this solvent
will be low.45

Given the critical role of molecule–electrode binding on JFP,
the nature of the electrode also plays a role in this parameter.
For a series of amine-terminated oligophenyls and alkanes it
was found that JFP was signicantly higher for Ag electrodes
than Au electrodes.140,141,154 For both Ag and Au electrodes, the
probability of junction formation increases as the molecular
backbone length increases (Fig. 41a and b). This was attributed
to the smaller ‘snap back’ distance aer rupture for Ag elec-
trodes (0.5 nm) than Au electrodes (0.8 nm) (Fig. 41c),140 the
assembly of the compounds along the thinning metal lament,
and the greater capacity of the longer molecules to span wider
range of break points along the lament.

The opposite trend between length and JFP was found with
trimethylsilylethynyl (TMS-ethynyl)-terminated oligo-(phenyl-
ene ethynylene) (OPE) molecules contacted to gold electrodes
through covalent C–Au bonds formed as a result of in situ
Chem. Sci., 2024, 15, 9510–9556 | 9541
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Table 4 JFP of pyridyl-terminated OPE derivatives with a variety of connectivities of the central ring and locations of the nitrogen atoms in the
anchor units142

Structure JFP, % (MCBJ) JFP, % STM-BJ

100 100

100 100

21 27

100 100

100 No

No No
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desilylation reactions (Fig. 42).133 This likely indicates the
specic geometry of the molecule normal to the surface neces-
sary to give rise to the AujC^C contact, with shorter molecules
more readily inserted into the snap-backed gap that opens on
cleavage of the metal lament.

More broadly, in addition to the individual anchor atom–

electron binding energies, geometric factors arising from
interplay of the conguration of the molecular backbone and
relative position of binding groups affect the ability of a mole-
cule to bind to the electrode surface.109,142 Junction formation
probability for six dithiomethyl phenanthrene (PHE-2SMe) with
different position of binding groups (in positions 1,6-, 2,6-, 3,6-,
1,7-, 2,7-, 1,8-) has been estimated (Table 3).109 The molecules
1,8-PHE-2SMe and 3,6-PHE-2SMe have the lowest JFP likely due
to steric constraints. The higher JFP associated with 1,7-PHE-
2SMe and 2,6-PHE-2SMe can be attributed to the shi of the
anchor group from themeta- to less constrained para-positions.
This supposition is supported by the observation that among
this series of compounds, 2,7-PHE-2SMe demonstrated the
highest rate of junction formation (approximately 85%). Such
9542 | Chem. Sci., 2024, 15, 9510–9556
ideas of geometric restrictions around the binding sites is also
evident in the JFPs of a series of pyridyl-terminated oligo(phe-
nylene ethynylene) molecules that differ in the relative para (p),
meta (m) or ortho (o) locations of the nitrogen in the anchor
units (Table 4).142 The JFP for molecules p–p–p, p–m–p, m–p–m
and m–m–m reached 100%, reecting the relatively sterically
unrestricted anchor groups. However, for the molecule with o–
p–o connectivity, in which the N-atoms of the terminal ortho
pyridyl anchors are partially obstructed by the molecular
backbone, the JFP decreased sharply to 21% in MCBJ
measurements and 27% in STM-BJ experiments. The molecular
conductance of the o–m–o falls below the limits of the noise
oor, and as such no JFP information could be obtained.

A study of JFP as a function of analyte concentrate has been
carried out with 1,4-bis((4-(methylthio)phenyl)ethynyl)benzene
(OPE3-SMe), 1,4-bis(pyrid-4-yl)benzene (OAE2-PY) and 4,4-dia-
mino-p-terphenyl (DATP-NH2), revealing an increase in JFP with
increasing concentration (Fig. 43).144 Since the JFP of a molec-
ular junction is proportional to the number of molecules
adsorbed on the surface of the metal lament and ultimately
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 43 JFP as a function of molecular concentration for OPE3-SMe,
OAE2-Py, and DATP-NH2. Figure adapted with permission from ref.
144. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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the electrode surfaces, but not the free molecules in solution
because only the molecules that are adsorbed on the electrode
surface contribute to the formation of the molecular junction,
this behaviour offers an opportunity to correlate the formation
probability of molecular junction with themolecular adsorption
free energy on the surface.144

The JFP of molecules 1,4-bis((4-(methylthio)phenyl)ethynyl)
benzene (M1), (1E,10E)-1,10-(1,4-phenylene)bis(N-(4-(methylthio)
phenyl)methanimine) (M2), 1,4-bis(((4-thioacetyl)phenyl)
ethynyl)benzene (M3), 4,4-diamino-p-terphenyl (M4), and 1,4-
bis(pyrid-4-yl)benzene (M5) with different anchors groups
under external electric elds has been investigated (Fig. 44a).147

Results demonstrated that the JFP for molecules M1 and M2
with methylthioether (SMe) anchor groups increased as the
applied bias increased from 20 to 250 mV. In contrast, molecule
M3 with thiolate (introduced as the thioacetate, –SAc), M4 with
amine (–NH2), and M5 with pyridyl (–PY) groups showed
decreased JFP with increasing bias (Fig. 44b). The moleculesM1
and M2 anchored to the electrodes through the terminal group
Fig. 44 (a) Structures of M1–M5 highlighted in the colour correspond
probability ofM1 (green),M2 (red),M3 (purple),M4 (orange), andM5 (blu
Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of –SMe groups gave coupling strength closely associated with
the molecular dipole moment. It was found that the congu-
ration of –SMe anchoredM1 andM2 evolved signicantly as the
external electric eld increased with the relative conformations
of the –SMe methyl groups driving changes in the molecular
dipole moment to align with the increasing electric eld across
the junction. For M3, M4 and M5, it was found that the
adsorption free energies of model junctions without external
electric eld are −23.58, −27.69, and −35.29 kJ mol−1, respec-
tively. On the other hand, applying the electric eld reduced
adsorption free energies of M3–M5 to −10.88, −16.55, and
−19.10 kJ mol−1, respectively, leading to the reduction of
junction formation probability (Fig. 44b).155

Zhan et al. demonstrated that JFP within an MCBJ arrange-
ment can be controlled by changing the wavelength, polariza-
tion, and intensity of the incident light illuminating the gold
nanotips in a solution of the analyte molecules (Fig. 45a).153 The
interaction of the light with the thin gold lament (on the edge
of the tip) causes the electrons on the metal surface to oscillate
collectively creating an electromagnetic eld around the gold
lament (surface plasmon (SP) effect). The surface plasmons
generate create an enhanced local electromagnetic eld that
helps to trap a molecule in the nanogap between gold elec-
trodes. It was demonstrated that the JFP of 1,4-bis((4-(methyl-
thio)phenyl)ethynyl)benzene (OPE3-SMe) in the dark (without
illumination) was close to 30% with minor improvement under
514 nm illumination (Fig. 45b and c). When exposed to irradi-
ation from a 691 nm laser, the JFP increased to 65% in line with
the increased SP effects in gold at this wavelength. Further, the
polarization of the 691 nm light source also impacted the JFP of
OPE3-SMe (Fig. 45d). Incident light with horizontal polarization
to the electrodes signicantly improved the JFP from 30% to
45%. In contrast, under illumination with vertically polarized
light, the formation probability of the molecular junction was
similar to that without illumination proving that the trapping
effect was mainly from SP. The JFP was also estimated as
a function of the laser intensity, demonstrating that JFP
increased with increasing intensity of the illumination source
(Fig. 45e).153
ing to the JFP trend lines in (b); (b) plots of the junction formation
e) versus applied biases. Figures adapted with permission from ref. 155.
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Fig. 45 (a) Schematic of single-molecule plasmonic optical trapping; (b) structure of OPE3-SMe; (c) wavelength-controlled single-molecule
trapping; (d) polarization-controlled single-molecule trapping; (e) JFP as a function of the laser intensity (691 nm−1). Figures adapted with
permission from ref. 153. Copyright 2020, Elsevier.
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Finally, the probability of single-molecule junction forma-
tion increases with temperature as can be observed with higher
counts in the 2D conductance histograms.149 Some studies
suggested higher mobilities of Au atoms at higher temperatures
make the formation of molecular junctions more likely with
only minimal effect on molecular conductance.150–152
5. Machine learning for data analysis

Although 1D and 2D histograms are commonly used to analyse
single-molecule measurements, these plots arise from a convo-
lution of data including: traces with no molecular conductance
signals; unstable traces due to physical or electronic instabil-
ities of the instrument; traces with molecule-like features from
contaminants in the solution or analyte; and all of the various
individual junctions that can form from any given analyte.
Together, these scenarios give rise to a myriad of different
conductance plateaus in different conductance regions
depending on binding conguration, conformation etc. all of
which combine to give the features observed in the histograms.

A compilation of all types of traces within a histogram
therefore gives an average picture and a most probable
conductance estimate, but the unique information from each
trace is lost. To explore the body of data with more detail or
precision, some ltering, selection, extraction, partitioning or
clustering of traces is required by manual67,78,156–158 or
automated143,159–164 means. Manual sorting of traces according
to distinct features associated with the plateau shape is recog-
nised as at risk of operator bias, as well as being extraordinarily
time-consuming; consequently, automated feature extraction
9544 | Chem. Sci., 2024, 15, 9510–9556
using machine-learning (ML) algorithms that minimise cogni-
tive bias and are more time effective are being increasingly
developed and adopted.

Generally, automated analysis of data consists of two main
points: a method or approach that answers the question ‘what
needs to be done with the data?’, for example, parameterisation
and extraction of different features of the conductance trace or
correlation of 1D and 2D histograms; and an appropriate
algorithm that addresses the question ‘how it will be done?’, for
example, by algorithms implemented in supervised or unsu-
pervised ML methods.

Three broad approaches to the challenges of automating
data analysis are illustrated in Fig. 40. In a clusters by param-
eters approach, the data are initially sorted on the basis of some
parameterisation of the data by specic qualities;165–167 for
example, conductance traces can be divided into linear
segments that are parameterised on the basis of location,
length, and angle of segment (Fig. 46, le block). Based on the
parameters each segment is assigned to one of a number of
different clusters, resulting in differentiation and catego-
risation of the various traces, and attributed to a distinct junc-
tion type.167 Another approach is a correlation of amatrix of data
from 1D162 and 2D168 histograms compiled from individual
traces. For example, each conductance trace can be plotted into
individual 1D histograms (Fig. 46, middle block).162 Next, from
the 1D histogram data, a matrix is produced. Subsequently
principal component analysis (PCA) is used to identify axes with
the biggest variation in the data identifying most important
pattern and assign it to corresponding group.162
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 46 Schematic illustrating the more common approaches of machine learning in single-molecule conductance analysis.
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Alternatively, individual traces can be assigned to a different
class of junction based on an image recognition tech-
nique.161,163,169 For example, each one of a series of traces from
I(t) measurements has been converted into the corresponding
images (Fig. 46, right block).163 These images were then passed
through the feature extractor component of pre-trained image
recognition networks. First, convolutional layers extract
Fig. 47 Schematic of (a) linear regression and (b) classification in machi

© 2024 The Author(s). Published by the Royal Society of Chemistry
features from the image of the conductance trace. Then, fully
connected layers nd patterns and correlations in the extracted
features allowing assignment of the image of the I–t trace to
a specic class.163

The above general methods have been implemented within
different machine learning algorithms that can be broadly cat-
egorised in terms of either supervised and unsupervised
ne learning.
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Fig. 48 Schematic of clustering in machine learning.
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learning. Supervised learning is used when the nature of the
desired machine-learning model output is known, whereas
unsupervised learning is used, for example, to detect the
underlying (and unknown) structures of a given data set.

5.1 Supervised machine learning

Supervised learning refers to the training of a computer algo-
rithm to classify unknowns based on properties of known
samples. Two primary types of supervised ML applied for
analysis of molecular conductance data are regression25,170–173

(Fig. 47a) and classication169,174–176 (Fig. 47b). The main
difference between those two algorithms is that regression
predicts a continuous numerical value as the output variable,
while classication aims to assign input instances to predened
categories or classes. The goal of regression is to nd a mathe-
matical function that best ts the data and can be used to make
predictions of behaviour from a set of given inputs.170 The most
usedmethod is linear regression due its simplicity.25 The goal of
classication is to build a model that can accurately predict the
class or category based on patterns and relationships learned
from the labelled dataset. The model learns from the examples
in the training data. Machine learning classication is widely
employed in image recognising.174

5.2 Unsupervised machine learning

In unsupervised learning, algorithms are not provided with
labels, instead, they directly estimate the probability density of
Fig. 49 Energy level diagram for a single-molecule junction. The
frontier level is the HOMO (with illustrated broadening), EF is Fermi
level, and Emol is the energy barrier. Figure adapted with permission
from ref. 33. Copyright 2014, American Chemical Society.

9546 | Chem. Sci., 2024, 15, 9510–9556
the data based on the measured information. The evaluation of
unsupervised learning results oen relies on physical inter-
pretations, and validation methods tend to be heuristic in
nature. In the context of single-molecule measurements, the
main unsupervised learning technique is clustering
(Fig. 48).159,160,177,178 Clustering is a technique used to group
similar data points together based on their characteristics or
features. The goal of clustering is to identify patterns or struc-
tures in a dataset without any prior knowledge or labels.

Recently, XMe Code (Xiamen Molecular Electronics Code),
an intelligent all-in-one data open-source analysis tool for the
comprehensive analysis of single-molecule break junction data
has been published. The code is based on unsupervised clus-
tering algorithm and have been tested on more than 20 set-ups
among more than 10 research laboratories is also carried out to
demonstrate the reproducibility of the single-molecule
conductance measurement using the XMe Code.179
6. Predictive ‘tools’

From the body of experiential data, models of single-molecule
conductance have been developed. Although the description
of a molecular junction is a complex, multi-parameter problem,
these models are now sufficiently advanced to permit good
accuracy in many a priori predictions of electrical properties of
single molecules. Of equal merit, the accuracy of these models
allows a range of molecular junction scenarios to be explored
and compared against experimental results to help rationalise
observations.

When developing a predictive model of molecular conduc-
tance, the energy barrier (Emol) between the electrode Fermi
level and the energy level(s) within the molecule can be
considered to provide an initial basis for a tunnelling model
based description (Fig. 49). However, when a molecule is
bonded to the electrodes in a molecular junction, the discrete
molecular energy levels shi and broaden to an extent deter-
mined by the degree of electronic coupling, the extent to which
is highly sensitive to the electrode material, the chemical
composition of the anchor group and junction geometry. To
a rst approximation, electron transport through a single-
molecule junction therefore depends on: the energy barrier,
Emol, given by the energy difference between the frontier levels
of the molecule (HOMO/LUMO) and the Fermi level EF in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 50 (a) Schematic of molecule junction consisting of right electrode, molecule, and left electrode. The molecule in molecular junction
consists of anchor groups and a backbone; (b) schematic of transmission function T(EF). The Landauer models employ the concept of the
transmission coefficient, T(E), which describes the probability of an electron wave of energy E propagating between probes connected to the
channel. By evaluating T(EF), the transmission coefficient at the Fermi energy it is possible to extract the conductance (G) of the junction.
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electrodes; and the coupling strength G, between the molecular
state and the electrodes.33 This section considers some of the
predictive approaches most commonly found in the literature to
date, and the basis for their application.

6.1 Density functional theory

In general case of non-resonant transport, the current owing
through a molecular junction (Fig. 50a) is described by the
expressions drawn from the Landauer or Landauer–Büttiker
model (eqn (3))

I ¼
�
2e

h

�ðN
�N

dETðEÞ�fleftðEÞ � frightðEÞ
�

(3)

where T(E) is the transmission coefficient for electrons passing
from one electrode to the other, and fle(E) and fright(E) describe
the energy distribution of electrons entering the junction from
the le or right electrodes.28,29 These Landauer-based models,
employed within the framework of DFT and non-equilibrium
Green's function calculations (Fig. 50b),180 have proven to be
a robust tool through which to explore and rationalise the
electrical properties of molecular junctions.181 In the general
case, a DFT model of a molecular junction considers an opti-
mised molecular geometry, and addresses coupling to the
electrodes through a non-equilibrium Green's function based
approach. The electrodes are oen approximated by clusters of
Fig. 51 A cartoon of a molecular X–B–Y junction with conceptual
partitioning into anchor groups (X and Y) and the molecular backbone
(B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
metal atoms in shapes chosen to represent what are believed to
be the surface structures of the electrode, or slabs of metal-like
arrays of atoms.

While DFT-based methods are powerful tool for prediction
Emol,182,183 the quantitative prediction of Emol requires a many-
electron approach.184,185 The DFT + S method, developed by
Quek and Neaton, relies on incorporating many-electron effects
without the computational cost.111,186,187 DFT + S utilizes mean-
eld DFT to obtain the charge density for scattering states using
a modied Hamiltonian with a self-energy correction operator
S. In this appraoch, S is split into local and nonlocal contri-
butions, accounting for changes in molecular levels due to
charge transfer, chemical bonding, and renormalization effects
from the metal surface.188 The DFT + S approach has shown
signicant improvement in predicting conductance values for
different amine-Au and pyridine-Au single-molecule junctions
compared to standard DFT methods.188 The DFT + S approach
has successfully predicted conductance trends and thermo-
power as well as identied complex structure–conductance
relationships by sampling various geometries. While DFT
transport methods have provided qualitative estimation, the
DFT + S approach relies on many-electron formalisms to
accurately predict conductance and low bias I–V characteristics
in the coherent tunneling regime.188,189 However, this approach
is currently limited to intact single-molecule junctions,
excluding widely studied thiol-Au junctions where the molec-
ular S–H bond broken upon reaction with Au.118 Nevertheless,
DFT based approaches are sufficiently well advanced, including
the provision of user-friendly codes such as SMEAGOL182,190 and
GOLLUM,110,180 that most studies of molecular junctions are
accompanied on some level by such calculations.

Overall, DFT-based methods have proven to be a robust tool
for exploration the electrical properties of molecular junctions.
However, DFT methods cannot accurately predict the relative
energies of the molecular orbital energies and the electrode
Fermi levels, EF, which is critical to the prediction of molecular
conductance, G. Thus, common practice in the eld is to use the
results of experimental measurements of molecular
Chem. Sci., 2024, 15, 9510–9556 | 9547
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Table 5 Quantum Circuit Rule parameters, aDFTX,Y and bDFTB , for some
common anchor groups and molecular backbones obtained by fitting
DFT-computed conductance to eqn (9)37

Chemical Science Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
2:

35
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
conductance to help determine the position of the Fermi level
relative to transport resonances arising from, for example, the
molecular HOMO and LUMO.
Anchor

aDFTX,Y −1.12 −0.89 −1.20 −0.87 −0.68

Backbone bDFTB Backbone bDFTB

−2.04 −0.12

−4.57 −0.25

−5.19 −0.38

−0.09 −0.73

−0.22 −0.46

−0.35
6.2 Quantum circuit rules

Although analytical methods and atomistic descriptions of
junctions using DFT based methods have proven to be
immensely powerful, there is still a strong desire to develop
more empirical rules that account for molecular electronic
properties in a simple fashion and permit ready estimation.
Recently a qualitative method to predict molecular conductance
has been proposed: this Quantum Circuit Rule (QCR)
commences with a partition of the molecular junction into
a series of weakly coupled scattering regions, each described by
an independent numerical parameter.37 The rules most usefully
apply to non-resonant tunnel junctions (i.e. the Fermi energy of
the electrodes falls near the middle of the molecular HOMO–
LUMO gap) formed from a molecule of general form X–B–Y
(where X and Y are the anchor groups that bind the molecule to
the electrodes and B is the molecular backbone, Fig. 51), with
conductance dominated by coherent tunneling (i.e. molecules
less than ca. 3 nm in length).

Dyson's equation for the Green's function of a three serially
connected subsystems X, B, and Y has been written as2

664
E �HX �VX 0

�V †
X E �HB �VY

0 �V †
Y E �HY

3
775
2
664
GXX GXB GXY

GBX GBB GBY

GYX GYB GYY

3
775 ¼ I (4)

where HX and HY is the Hamiltonian of the combined le
electrode and anchor X, and right electrode and anchor Y. VX
and VY are the coupling between the backbone of the molecule
and the anchor X and Y. From this, GYX can be written as

GYX = gYV
†
YGBBV

†
XgX (5)

where GBB = (E − HB − S)−1 is the Green's function of the
coupled backbone, gX (gY) is the Green's function of the
combined le electrode and anchor X, right electrode and
anchor Y, and

P
= VXgXV

†
X + V†YgYVY. Transmission coefficient

through the molecule from one electrode to the other is TXBY =
(ħn)2j[GYX]ijj2, where n is the group velocity of the electrodes, i
and j show the anchor sites connected to the electrodes. For the
anchors that are linked to only single sites k, l in the backbone,
the transmission coefficients can be written as

TXBY = ħnj[gYV†
Y]ikj2j[GBB]jkl2ħnj[V†

XgX]ljj2 = AYBBAX (6)

where AX = ħnj[V†XgX]ljj2, AY = ħnj[gYV†Y]ikj2 and BB = j[GBB]klj2.
The bridge parameter BB depends on X and Y through the

self-energies VXgXV
†
X and V†YgYVY. If the Fermi energy does not

coincide with the poles of gX and gY then S can be negligible and
eqn (6) can be rewritten as

TXBY
2 = TXBXTYBY (7)

or
9548 | Chem. Sci., 2024, 15, 9510–9556
GXBY
2 = GXBXGYBY (8)

Further, if the transmission coefficients can be factorized to
independent transferable parameters of anchors (X and Y) and
backbones (B), then logarithm of the conductance can be
expressed as a sum of these parameters

log10
GXBY

G0

¼ aX þ bB þ aY (9)

This QCR (eqn (9)) has been used to obtain parameters (aX,Y,
bB) for some of the most common anchor groups and back-
bones (Tables 5 and 6) from the DFT-computed conductance of
180 molecules expanded by the experimentally determined
conductance of a further 19 molecules.37

Anchor group parameters for the 3,3-dimethyl-2,3-dihy-
drobenzo[b]thiophene and thioanisole anchors have been
identied from experimental conductance values determined
from tolane compounds,35 whilst oligo(arylene-ethynylene)-
molecular wires 6a–c, 7a–c, and 8a–c have been used to deter-
mine new backbone parameters (Fig. 52).36 Thus, from experi-
mental conductance data and the relevant anchor group
parameters, aX (Table 6), and the relationships contained in the
QCR (eqn (9)) it was possible to calculate backbone parameters,
bB, for the 2,5-diethynylthiophene (bthioph), 1,4-diethynylnaph-
thalene (bnaphth) and 9,10-diethynylanthracene (banth) frag-
ments. In the same manner the backbone parameters, bB, for
the various homologous members of the polyyne series (Fig. 53)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Quantum circuit rule parameters, aExpX,Y and bExpB , for some common anchor groups and molecular backbones obtained by experimental
conductance to eqn (9)35–38

Anchor groups

aExpX,Y −1.22 (ref. 37) −1.21(ref. 35) −1.41 (ref. 35) −1.58 (ref. 37) −1.44 (ref. 37) −1.22 (ref. 37) −2.15 (ref. 37)

Backbones

bExpB −1.18 (ref. 36) −1.28 (ref. 36) −1.03 (ref. 36)

bExpB −2.57 (ref. 37) −1.37 (ref. 37) −0.74 (ref. 38)

bExpB −0.31 (ref. 37) −0.63 (ref. 37) −0.75 (ref. 38) −1.20 (ref. 37)
−0.53 (ref. 38) −1.10 (ref. 38)

Fig. 52 The structures of the OAE compounds used to provide esti-
mates of backbone parameters, bB.36

Fig. 53 The structures of the polyyne derivatives used to provide
estimates of the polyyndiyl backbone parameters, bB.38
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(bC^C, bC^CC^C, bC^CC^CC^C and bC^CC^CC^CC^C) have been
obtained (Table 6).38

Furthermore, the aX,Y parameters derived from several
common anchor groups have been compared with contact
conductance G2C

N derived from polyynes featuring these
anchors and for which structure–property relationships con-
tained in the conductance data can be interpreted as a function
of the number of repeat units in the molecular backbone, N,
expressed as
© 2024 The Author(s). Published by the Royal Society of Chemistry
G = G2C
Ne−bNN (10)

The molecular conductance through both anchor groups (G2C
N)

in the absence of a bridge can be obtained from an extrapola-
tion of the ln(G) versus N plots to N = 0 Fig. 54 (Table 7). From
eqn (9) it in turn follows that this conductance value reects the
sum of the anchor parameters aX + aY. For the common case
where the anchor groups are identical (aX = aY), one can then
write G2C

N = 2aX, which provides a simple method for experi-
mentally determining these parameters. For example, from
a series of polyyne molecules featuring a different number of
alkyne moieties (N) in the backbone and bearing different aryl-
based anchor groups (Fig. 53), the conductance at N= 0 (i.e. G=

G2C
N) reected the molecular conductance of the biaryl
Chem. Sci., 2024, 15, 9510–9556 | 9549
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Fig. 54 Plot of the most probable experimental conductance values
ln(G) versus number of units –{C^C–}, N, from STM-BJ measure-
ments of the compounds shown in Fig. 53, conducted in mesitylene.38
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compounds 4,40-bis(methylthio)biphenyl (BA1), 5,50-bis(3,3-
dimethyl-2,3-dihydrobenzo[b]thiophene) (BA2), 4,40-dia-
minobiphenyl (BA3), and 4,40-bipyridine (BA4). The decay
parameter, bN, and the conductance term, G2C

N, provide metrics
that describe the properties of the bridge and the le and right
anchor groups, respectively. As values for bN and G2C

N can be
Table 7 Experimental conductivity of 4,40-bis(methylthiol)biphenyl (BA
diaminobiphenyl (BA3) and 4,40-bipyridine (BA4), the contact group co
log(G2C

N/G0), and twice the value of the quantum circuit rule anchor pa

Compound log(Gexp/G0) (solvent)

−2.80 (TCB)194

−2.90 (TCB)169

−2.89 (TCB)149

−2.75 (TCB)195

−2.56 (TMB)38

−2.95 (TCB)195

−2.85 (TCB)10

−3.30 (TCB)196

−3.30 (unknown)197

−3.35 (TCB)198

−3.30 (TCB)111

a TCB = 1,2,4-trichlorobenzene; TMB = 1,3,5-trimethylbenzene (mesitylen

9550 | Chem. Sci., 2024, 15, 9510–9556
evaluated from the slope and intercept of a linear plot of ln(G)
vs. N constructed from a small number of experimental
measurements, eqn (10) allows, in principle, the molecular
conductance of any member of a homologous series of wire-like
molecules can be determined in a given solvent, assuming there
is no change in conductance mechanism for the bridge length
considered.191–193

Excellent agreement was found between anchor groups
conductance value (G2C

N) obtained from extrapolation of the
data shown in Fig. 54, the previously determined anchor
parameters, aX, and the experimentally determined values of
molecular conductance of the biaryls BA1–BA4. This excellent
agreement between experiment and the predictions of the QCR
is due in part to the non-planar structure of biaryls, which limits
conjugation between the two rings and allows approximation of
the structure as two weakly coupled scattering sites.

The QCR has also been tested on a series of ‘modular’
molecular circuits, with various chemical ‘components’
assembled in series with different anchors at each terminus
(Fig. 55). The single molecule conductance has been estimated
from eqn (11) that allows molecular structure to be partitioned
into a number of smaller scattering regions:

log

�
G

G0

�
¼

X
ai þ

X
bi (11)

The accuracy of these estimates (log(GTh/ G0)) have been
tested against the single-molecule conductance of authentic
samples (Fig. 55).
1), 5,50-bis(3,3-dimethyl-2,3-dihydrobenzo[b]thiophenyl) (BA2), 4,40-
nductance term from extrapolation of Fig. 54 to N = 0 expressed as
rameter for each anchor group, 2ax,35–37 for ease of comparison

a log(G2C
N/G0) 2ax

−2.84 −2.82

−2.46 −2.42

−2.89 −2.88

−3.29 −3.16

e).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 55 Schematics of compounds illustrating various partitioning strategies dividing the molecule into separate ‘components’ of the anchor
groups and backbone fragments for which ai and bB parameters are known, assembled in series, the resulting calculated conductance values
(log(GTh/G0)) from the QCR (eqn (11)) and experimentally determined values from STM-BJ measurements (log(GExp/G0)).38

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 9510–9556 | 9551
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7. Conclusion

This overview has summarised some of the most common
single-molecular junction fabrication techniques, interpreta-
tion of single molecular junction current distance traces, as well
as some theoretical simulations. From current or conductance–
distance traces, the plateau length, and the shape of the
conductance plateau provide information concerning the
different physical and chemical processes that take place in the
junction during measurements. This information provides
insight into the behaviour of the junction and understanding of
single-molecule chemistry. To aid analyses, the diverse data
from any single-molecule conductance measurement can be
categorised and effectively sorted to the different classes by the
machine learning algorithms. DFT-based methods have proven
to be a robust tool for further exploration of the electrical
properties of molecular junctions and with computational
models proving essential to the determination of molecular
level detail and rationalisation of observations. However, DFT
methods cannot accurately predict the relative energies of the
molecular orbital energies and the electrode Fermi levels, EF,
which is critical to the prediction of molecular conductance. To
this end the Quantum Circuit Rules offers simple fashion and
permit ready estimation of the single-molecular conductance
and could be a useful empirical tool for explaining unexpected
conductance features in complex conductance data.

Author contributions

E. G. draed the text and participated in the editing of the nal
manuscript. P. J. L. conceived the project, supervised the work
and edited the dras.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors gratefully acknowledge support for our work in this
area from the Australian Research Council Discovery Program
(DP220100790).

References

1 S. Marques-Gonzalez and P. J. Low, Aust. J. Chem., 2016, 69,
244–253.

2 D. Xiang, X. Wang, C. Jia, T. Lee and X. Guo, Chem. Rev.,
2016, 116, 4318–4440.

3 A. Jain and S. J. George, Mater. Today, 2015, 18, 206–214.
4 O. T. Gül, K. M. Pugliese, Y. Choi, P. C. Sims, D. Pan,
A. J. Rajapakse, G. A. Weiss and P. G. Collins, Biosensors,
2016, 6, 29.

5 H. Chen and J. Fraser Stoddart, Nat. Rev. Mater., 2021, 6,
804–828.

6 T. C. Siu, J. Y. Wong, M. O. Hight and T. A. Su, Phys. Chem.
Chem. Phys., 2021, 23, 9643–9659.
9552 | Chem. Sci., 2024, 15, 9510–9556
7 T. A. Su, M. Neupane, M. L. Steigerwald, L. Venkataraman
and C. Nuckolls, Nat. Rev. Mater., 2016, 1, 16002.

8 P. Gehring, J. M. Thijssen and H. S. J. van der Zant, Nat. Rev.
Phys., 2019, 1, 381–396.

9 B. Xu and N. J. Tao, Science, 2003, 301, 1221–1223.
10 L. Venkataraman, J. E. Klare, C. Nuckolls, M. S. Hybertsen

and M. L. Steigerwald, Nature, 2006, 442, 904–907.
11 M. S. Hybertsen and L. Venkataraman, Acc. Chem. Res.,

2016, 49, 452–460.
12 C. J. Muller, J. M. van Ruitenbeek and L. J. de Jongh, Phys. C,

1992, 191, 485–504.
13 R. H. M. Smit, Y. Noat, C. Untiedt, N. D. Lang, M. C. van

Hemert and J. M. van Ruitenbeek, Nature, 2002, 419, 906–
909.

14 M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin and
J. M. Tour, Science, 1997, 278, 252–254.

15 D. J. Wold and C. D. Frisbie, J. Am. Chem. Soc., 2000, 122,
2970–2971.

16 Z. Li, L. Mej́ıa, J. Marrs, H. Jeong, J. Hihath and I. Franco, J.
Phys. Chem. C, 2021, 125, 3406–3414.

17 W. Haiss, C. Wang, I. Grace, A. S. Batsanov, D. J. Schiffrin,
S. J. Higgins, M. R. Bryce, C. J. Lambert and R. J. Nichols,
Nat. Mater., 2006, 5, 995–1002.

18 T. Markussen, J. Schiötz and K. S. Thygesen, J. Chem. Phys.,
2010, 132, 224104.

19 C. Li, I. Pobelov, T. Wandlowski, A. Bagrets, A. Arnold and
F. Evers, J. Am. Chem. Soc., 2008, 130, 318–326.

20 R. Ramachandran, H. B. Li, W. Y. Lo, A. Neshchadin, L. Yu
and J. Hihath, Nano Lett., 2018, 18, 6638–6644.

21 C. Tang, R. T. Ayinla and K. Wang, J. Mater. Chem. C, 2022,
10, 13717–13733.

22 H. Chen, C. Jia, X. Zhu, C. Yang, X. Guo and J. F. Stoddart,
Nat. Rev. Mater., 2023, 8, 165–185.

23 A. Vladyka, M. L. Perrin, J. Overbeck, R. R. Ferradás,
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