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

Open Access Article. Published on 25 mai 2024. Downloaded on 20/08/2024 10:38:41.

(cc)

Chemical
Science

REVIEW

i '.) Check for updates ‘

Cite this: Chem. Sci.,, 2024, 15, 9510

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue

Methods for the analysis, interpretation, and
prediction of single-molecule junction

conductance behaviour

Flena Gorenskaia and Paul J. Low @ *

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

Received 22nd January 2024
Accepted 6th May 2024

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

DOI: 10.1039/d4sc00488d

rsc.li/chemical-science

1. Introduction

The field 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."” New sub-areas in molecular
electronics are advancing rapidly, and in recent years examples
including supramolecular electronics,® single-molecule bio-
electronics,® single-supramolecule electronics,” and single-
cluster electronics® can be identified. 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-
trode|molecule|electrode 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.”®

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’.> In
each of these methods, a molecule is initially trapped within
a small electrode gap, and the current through the junction
measured, often as the electrodes are drawn away from each
other. Current flowing through the molecule within the junc-
tion gives a deviation from the exponential decay of current
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of simulations and predictive models aimed at establishing robust structure—property relationships of use
in the further development of molecular electronics.

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
from many thousands of replicate measurements and analysed,
often 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,”™ and the mechanically controllable break-
junction (MCBJ), which creates atomically sharp electrodes by
breaking a thin metallic wire.">'* More recently, conductive
atomic force microscope break junction (AFM-BJ) methods that
can simultaneously measure force and electrical signal have
become increasingly popular.*

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.* It is now
widely appreciated that the bridging molecule and the
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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.”® 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.**

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.** 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.”® 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.*

The wunderlying 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)* or incoherent (hopping)*” elec-
tron transport in molecular junctions. For coherent transport,
the Landauer-Biittiker formalism (eqn (1)) can be used to
calculate the conductance of a molecular junction.

1= (27) | aBT(®) () — ) e

where T(E) is the transmission function that describes the
probability of electrons of energy E passing from one electrode
to the other, and fies(E) and fiign(E) describe the energy distri-
bution of electrons entering the junction from the left or right
electrodes.”®* 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

2 2
energy, T(Er), through G = % T(Er), 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 identified
and can significantly influence 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
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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.*® 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 significantly under-estimate the
HOMO-LUMO gap and therefore over-estimate the value of the
conductance.**?

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.>*
Unlike the Landauer-Biittiker 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).**** 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 left and right
electrodes, and B is the molecular backbone, the QCR can
predict the trend in transport properties using transferable
numerical parameters (ax, dy, and bg) 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, MCB]J, and
AFM-B] (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 influence 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.
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Whilst a wide variety of experimental methods that achieve the
formation of molecular junctions are known,>**** 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),*™*
which utilizes the piezo-controlled position of the STM tip
relative to a conductive substrate surface, and the mechanically
controllable break-junction (MCBJ),">** in which the electrodes
are formed and separated by bending a thin metallic wire
supported on a flexible 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

View Article Online
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junction persists (and often 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 significantly
large direct tunnelling between two electrodes across to the
small gap.** 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.*"*+*°
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(a) A conductance-distance trace typical of the STM-BJ technique, annotated to illustrate the steps of molecular junction formation; (b)

the corresponding 1D histogram comprised of ca. 2000 individual conductance traces; (c) the corresponding 2D conductance—distance heat-
map (histogram) comprised by overlaying the individual conductance—-distance traces where the false colour indicates the regions of greatest

data density (red).
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Closely allied with the STM-B] and MCBJ methods, the
conducting probe atomic force microscope break junction
(AFM-B]J) has also begun to attract attention.*® 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.

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.®** 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-B] 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 filament between the gold surface
and tip. As the tip continues to withdraw the filament thins,
evinced by stepwise drops in quantised conductance as the

number of metal atoms in the junction decreases (i.e. nGo,
2

2e .
where G, = 7 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 A, as a result of
the ‘snap-back’ of the strained wire,” leaving two atomically
sharp electrodes (Fig. 2a, Step 2). This process is evinced by
a consequent sharp drop from metal-atom point contact
conductance (G,) 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 filament.*® As the filament 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 significant 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 histogram* 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
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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.

electrodes;® the compatibility with measurements made within
an electrochemical environment, allowing electrochemical
addressing and gating of molecule within the junction;** and
the largely automated data collection process using commercial
software and simple data output format.

The STM-BJ method mentioned earlier is sometimes referred
to as the “tapping approach” because it involves measuring the
single-molecule conductance by repeatedly creating and
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Fig.4 (a) Schematic illustration of the steps involved in the STM-based

1(t) or "blinking” method: (1) tunnelling through the gap, (2) formation
of molecular junction; and (3) junction breakdown. (b) Schematic of
typical /(t) trace, annotated to indicate the steps of molecular junction
formation and cleavage shown in (a).
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breaking the molecular junction through “tapping” the tip in
and out of contact with the substrate surface.'® Beyond the STM-
BJ, closely related techniques including current-distance spec-
troscopy (or I(s)) methods have been developed. The I(s), or
“soft-tapping” method is similar to STM-B] 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.”* 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).>»**

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
often 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 (Az) travelled by the tip from
the point at which the last Au-Au atomic contact ruptures (often
defined as the point where G = 0.1G), to the point of cleavage of
the molecular junction (the ‘break-off distance’). When cor-
rected for the snap-back distance (Az..,) the electrode separa-
tion can be estimated z* = Az + Az.or, and is often correlated
with the molecular length.”” 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 (Az.or,) and,
to a lesser extent, plateau length determination. The snap-back
distance is not a single parameter with constant value, but
rather reflects the reorganisation and relaxation of the metal
surfaces after the contacts are broken. Consequently, snap-back
distance is influenced by the structure of the contact between
the tip and substrate, and is also sensitive to the solvent
environment.>

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,* the tip is allowed to approach to a distance of s,
from the atomically flat 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* = s, + 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
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Fig. 5 Schematic illustration of the MCBJ experimental assembly.

masks much of the dynamic information concerning processes
within the junction. The I(¢), or “blinking” method, also devel-
oped by Haiss et al.,”” 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 fixed 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(f) 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.*® After 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 flowing 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,” but in common
with the I(s) approach, the STM tip in the I(f) 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.®” In many respects the I(¢) 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
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Fig. 6 Schematic illustration of the AFM-BJ technique.

Nevertheless, it has been demonstrated that all three methods
(I(®), I(s), STM-B]) give the same (or similar) molecular conduc-
tance for a given molecular structure.”>**

2.2 Mechanically controllable break junction (MCB]J)

A typical mechanically controllable break junction (MCB]) setup
consists of flexible substrate, typically a phosphor bronze,
supporting a thin metal wire fixed 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.” 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 MCB]J 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 high mechanical stability of the MCBJ apparatus allows
more ready calibration of the electrode gap. Secondly, the MCB]
configuration can be modified, providing the opportunity for
on-chip device fabrication, such as lithographically fabricated
MCB]J samples using sandwich structures with back gating.* In
addition, the more open device geometry in MCBJ permits
combination of the electrical measurements in the MCB]J with
gap-mode Raman spectroscopy to allow in situ monitoring of
the molecule within the junction simultaneously with the
charge transport measurements.** 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, flat surfaces which allows many
different regions to be explored, while MCB] uses two electrodes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with narrow tips that can make it harder to obtain the desired
coverage of molecules in an experiment.>*%>%

2.3 Conducting probe atomic force microscope break
junction (CP-AFM-BJ/AFM-B])

The conducting probe atomic force microscope break junction
(CP-AFM-BJ or AFM-B]) 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 the molecule is measured until the junction
breaks. The data obtained from the AFM-B] experiment can
provide information relating to the forces experienced on tip
contact and junction cleavage,®*® configuration®* and
conformation” of the molecule in the junction, and other

aspects of the molecule-electrode interface.”*”

3. Analysis of current—distance traces

Regardless of the method of collection, general characteristics
of current vs. distance (Az) 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/G,) scales. Beyond the
most probable conductance values that can be extracted from I
vs. Az traces, additional information is contained within the
plateau length, which, as noted above, can be extracted from the

0

14
= 2]
Q <
Q 3] ” 3
3 L
—_— _4— P(on

5

0 4 5 6

Az / nm

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

Sites on the electrode

Three-fold .
Bridge Atop
M -
Az, Az, Az,
Sites on a molecule
Binding site
77-80
Az [« q
! Az,

Stability R

Stability of a junction 65, 66 and 81-83
—
Az, Az, Azy
Length -
Az, <Az,<Az,
Pulling gold atoms from an 64, 67, 70 and 84-87
electrode
[« >
Az,
Coupling and polymerization 88 and 89
Az, Az,
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Table 1 (Contd.)

Factor Example Ref.

23, 87 and 90

91, 92, 101-103 and

Supramolecular interactions 93-100

Isomerization 104-107

Tautomerization 43 and 108
Az, Az,
Factors affecting shape of a plateau in a current or conductance trace
Slope
Stronger contact Weaker contact
Stability of the junction 82 and 109
Smaller slope Larger slope
Stronger Weaker

supramolecular integration supramolecular integration

Stability of supramolecular

. . 110
Interaction

Smaller slope Larger slope
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Table 1 (Contd.)

Factor Example Ref.
Smaller side groups Bulkier side groups
Steric properties of the side 23
group
Smaller slope Larger slope
Steps

Change in a contact angle 47,111 and 112

>
r o

Mechanical stretching

Change in a contact group é ; ; j % E g % i@ 113
~
L

Transition between bonds

Host-guest interaction W m 114

High conductance ———_5  Low conductance
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Spikes/jumps

Mechanical rupture of a bond in 115 and 116
a molecule

Low conductance — 3 High conductance

Change in binding configuration M — M 117
-«— — -«— e
Force-induced resonant 118
enhancement Ep Eg
HOMO

EHOMO
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Table 1 (Contd.)
Factor Example Ref.
iﬁ»—<<‘r =~
Supramolecular radical junction € ¢ H
. /L Ve § 119
formation S/ = >
) ) \ > 7\,‘
° )
\{/\\
<
o )
"/’\,,,.Q/¥ ” 4 \ WA (N2
Quantum interference 69

T(E)

E-Ep
Low conductance

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 reflects 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.
Az 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.”

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 significant 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 specific junction. In the STM-B] and MCB]
approaches, for example, the process of forming the molecular
junction depends on factors including shape of the filament
and the final shape of the fresh electrodes,”””® the initial
binding position of the analyte on the electrodes (e.g. at three-
fold,"” bridge,"® or atop' sites on the metal surface), and
binding configuration or site of initial electrode-molecule
contact (end-to-end or in-backbone contact”) (Table 1).

The detailed mechanism of how each junction forms and
evolves after the initial cleavage of the Au-Au atomic contact and
creation of the molecular junction as the electrodes further retract
usually remains unclear, although some general situations can be
envisaged," including the extrusion of gold atoms from the

© 2024 The Author(s). Published by the Royal Society of Chemistry

E-Ep
High conductance

electrode surface(s) or the molecule sliding across the electrode
between binding sites. Processes leading to a change in molecular
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, often
linked to changes in junction length. In addition, photochemical,
acid-base, coordination or redox reactions can lead to well-
defined 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 flat (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.*

N 4 4 4

Atop
site

Bridge
site

Three-fold
site

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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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 (G) and low conductance (Gy) 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 (1073°Gg);
and long plateaus of lower conductance (107#~107>Gy). Figures adapted with permission from ref. 77-79. Copyright 2019, Royal Society of
Chemistry, Copyright 2015, American Chemical Society, Copyright 2020, American Chemical Society.

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 signifi-
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 configurations,"**** stability,** and
other processes during molecular junction evolution,"* and
which often occur in combination. The correlation of current
flowing 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 configuration. 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," ‘bridge sites’ located between two
neighbouring gold atoms,"® 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.”” Binding in three-fold hollow site
configuration increases the tilt angle relative to the surface
normal, resulting in shorter junctions.

View Article Online

Chemical Science

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.”***® For example, platform and tower configurations
have been proposed to account for variations in junction
lengths formed from asymmetrically contacted tripodal mole-
cules (Fig. 9a and b).”® The platform configuration 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,"” 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.”®”® 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
configurations of binding molecule: one, the conventional end-
to-end configuration 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).””

In a similar vein, studies of oligomers in which the position
of three distinct heterocycles (oxazole, imidazole, and nitro-
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(a) Schematic of the single-molecule junction of ATAT under different applied bias; 2D conductance histograms of ATAT under (b) 0.09 V

and (c) 0.45 V bias voltage, with the inset image of the corresponding displacement distributions of the plateaus. Figures adapted with permission

from ref. 80. Copyright 2021, Royal Society of Chemistry.
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Table 2 Summary table of bond rupture force (nN) for some organic
molecules

Bond rupture

Structure force (nN) Reference
HZNONHZ 0.59 65
HzN/\/\/NHZ 0.69 65

0.6 66
HZN\/\/\/\NHZ 0.62 65
N\ / \ /N 0.80 65
Mes™ ~_-SMe 0.7 66
Ph
|
phe P p-Ph 0.8 66
|
Ph
HS™ \~_-SH 1.2¢ 66
Au-Au bond 1.4 66

“ The position and resulting effects of the hydrogen from the SH can
lead to drastic changes in force and conductance values.'*

substituted pyrrole) were precisely controlled along an other-
wise comparable m-conjugated backbone gave rise to multiple
conductance states which varied for dimers, trimers, pentam-
ers, and a heptamer.” 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 sulfide 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-
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substituted pyrrole) and the terminal anchor (methyl thio-
ether) was nearly linear.

In-backbone contacted junctions have also been observed
under strong applied electric fields.*® For an amino-terminated
aniline trimer (ATAT, Fig. 10a), as the bias across the junction
was increased, leading to a larger electric field 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 field could induce the imine
nitrogen atoms to bind as in-backbone linkers, giving rise to
shorter, and hence more conductive, junctions.* This bias-
dependent binding would in turn permit switching between
multiple conductance states under influence of the applied
electric field.

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 reflected 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 often 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.®* 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.*>%®
The bond rupture force for some molecules contacted within

l
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15
1
0.5
1 1.5 2 25

3 0 05 1 15 2 25 3
Tip displacement (nm)
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(a) Schematic of an octanedithiol(ate) junction; (b) molecule—electrode contact at different gate electrode potentials; conductance
—0.25, (d) +0.25, and (e) +0.75 V. Figures adapted with permission from ref. 82. Copyright 2018, American Chemical Society.
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Fig. 12 (a) Structure of 2,6-bis(((4-acetylthio)phenyllethynyl) 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 | (orange), with Cl (purple), and without | 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 |---Au interactions. Figures adapted with permission from ref. 130.

Copyright 2023, Springer Nature.

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 influenced
by the applied electric field of a gate electrode.®"* 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).?> 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.” 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).*> 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.®

Experimental and theoretical studies reveal that solvent
interactions within the junction can also influence 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.”*® The plateaus of intermediate length (ca. =0.64 nm)
arise from junctions weakened by an interaction between metal
atoms in the junction electrode and the TCB solvent via a CI---
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
=~0.5 eV."*

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 significantly affect the junction conductivity
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Fig. 13 Schematic of gold atom extrusion processes within an exemplary
gold|octanedithiolate|gold junction during pulling of the electrodes.
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or pyridyl). Figures adapted with permission from ref. 88. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.

a First-step
transmetalation

Second-step
transmetalation

increased
voltage @
—_—
s\
C S
b 500.0 et y 150.0
S 0- I 8 04
0 S~
S = 0.000
= 0.000 =+ |
3 -2- First-step o 7 Second-step
E transmetalation 8 -21 & transmetalation
: B
s, S
) (&
: 3
2 e 41 ;
o o 57y
o -6 T 0 v ."'n;,u\ -
0.5 0.0 0.5 1.0 0.0 05
z/nm 2/nm

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.
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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.®**7*** 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’ configurations reflecting the
idealised scenario as one or both electrode surfaces restructure
(Fig. 13).** Examples of extrusion of Au atoms from electrodes
within junctions featuring molecules anchored by C-Au®® or
imidazole N-Au bonds® have also been demonstrated.

3.1.4 Coupling and polymerization. When taken together,
the break-off distance and electrode snap-back often 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 coupling®® and oligomerisation® 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 >G,
under +100 mV bias and a longer conductance plateau feature
(0.6 nm) at G = 9 x 10>G, under +600 mV bias (Fig. 14a).*® 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.*® The initial amine-
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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,”* gold,"** or boron®), desilylation reactions,'**
and dehydrogenative bond formation,*** 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.*” 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 first step of the transmetalation process occurred,
giving rise to an intermediate Au|C-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. 15¢).*

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 filaments and other dynamic
processes of the metal electrodes can also strongly influence 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 of the These

extension junction.

©  Norm.counts
*

10
Ad (A)

Counts

(a) Examples of junction geometries of 1,4-diisocyanobenzene containing one gold atom(s) in a junction: monomer (M), dimer (D), trimer

(T); (b) Combined 2D-1D histogram with example conductance trace (29%) for 1,4-diisocyanobenzene. 2D-1D histogram for remaining traces

(71%) is shown on the inset. Figures adapted with permission from ref.
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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 Au'-Au** bond. The conductance stays the same after the Au'-Au** bond is
broken. Further stretching of RS-Au'-BDT-Au'-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.

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.>® 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 justification 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.*

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.*”
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 to mimic 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 A 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 Au' atom in the
RS-Au'-SR unit weakens. After that, a long molecular wire
Au(tip)-SR-Au’-BDT-Au'-SR-Au(tip) is formed (Fig. 17b), which

a 2\ \%“‘ b ¥ (\'JD 0-—3 »0.18 0.81
= 3 o €
%) § = 2
) &% 1! - ~ -2 1 b
t; DN ‘4 : 3 H ® sztom
R o =
. [ §
_1 .._m °
=
o S 61
(&)
I 05 0 05 10 15
—®—" ‘___| Conductance / log(G/G,) Az/nm

Fig. 18

(a) Schematic of the MCBJ technique with a single-molecule S-T1 junction and a single-stacking S-T1 junction; (b) 1D histograms of S-

T1. Inset; typical conductance—displacement traces of S-T1 where with example of black solvent traces; (c) 2D histogram of S-T1. Inset: relative
stretching displacement histogram for H and L conductance features. Figures adapted with permission from ref. 93. Copyright 2019, Wiley-VCH
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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.

can be stretched significantly just by straightening the inter-
atomic bonds while maintaining constant conductance. This is
the key mechanism that produces the remarkable flexibility and
increased length of junction 2.*” 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 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, -7 stacking and H-bonding are
among the most ubiquitous, and play important roles in
building supramolecular components within molecular
junctions.

3.1.5.1 w-m stacking interactions. Whilst intramolecular
charge transport is mediated by tunnelling processes through
the molecular o- or w-framework, intermolecular charge trans-
fer typically operates by charge hopping between m-electron-
rich regions of adjacent molecular structures. These -
electron-rich regions have a tendency to interact through non-
covalent -7 and C-H---w motifs leading to supramolecular
structures; such intermolecular interactions play an essential
role in charge transport through organic materials and
devices.” Within a molecular junction, -7 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 m-stacked junctions can be detected as independent
features or as step-like continuations of a shorter, higher
conductance plateau.®'-93100:101,103

Intermolecular m-7 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,w-dithiol

interactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

analogues, with comparable statistical variation.’* As the junc-
tion is extended, the number of points of overlap between the -
systems, and hence the total strength of the intermolecular w-m
forces, decrease. Consequently, m-stacked junctions are most
commonly observed in junctions formed from molecules such
as oligophenylene ethynylenes (OPE) with relatively long -
conjugated backbones capable of engaging many such -
contacts. Since the junction is secured by these weaker, non-
covalent interactions, the junction rupture force is signifi-
cantly lower than that commonly associated with single-
molecule junctions. These results imply that m-stacked junc-
tions break by cleavage of the intermolecular -7 stacks rather
than by cleavage of the molecule-electrode contacts. Neverthe-
less, - stacking can be used as the dominant associative force
driving the formation of supramolecular bridges within few-
molecule junctions.

Li et al. constructed a m-stacked thiophene dimer within an
MCB] platform to investigate the molecular-length-dependent
intermolecular charge-transport properties (Fig. 18a).”* 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 m-m 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 identified (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.***

In some cases, w-v stacking interactions in a molecular
junction are promoted by the increasing intensity of the electric
field applied across the junction (i.e. electrode bias).”* In the
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Fig. 20

(a) Configuration schematics of t—7 stacked molecular junctions of benzeneth