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A review of oligo(arylene ethynylene) derivatives in
molecular junctions

Luke J. O'Driscoll @ * and Martin R. Bryce [iD}4

Oligo(arylene ethynylene) (OAE) derivatives are the "workhorse” molecules of molecular electronics. Their

ease of synthesis and flexibility of functionalisation mean that a diverse array of OAE molecular wires have

been designed, synthesised and studied theoretically and experimentally in molecular junctions using

both single-molecule and ensemble methods. This review summarises the breadth of molecular designs

that have been investigated with emphasis on structure—property relationships with respect to the elec-

Received 31st March 2021,
Accepted 25th May 2021

DOI: 10.1039/d1nr02023d

rsc.li/nanoscale

1 Introduction

Oligo(arylene ethynylene)s (OAEs) consist of (hetero)aromatic
ring systems linked by alkynes in an alternating fashion
(Fig. 1a). The prototypical OAE is oligo(phenylene ethynylene)
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moelectric devices, is also explored.

tronic conductance of OAEs. The factors considered include molecular length, connectivity, conjugation,
(anti)aromaticity, heteroatom effects and quantum interference (Ql). Growing interest in the thermoelec-
tric properties of OAE derivatives, which are expected to be at the forefront of research into organic ther-

(OPE) (Fig. 1b). OAEs have found applications in diverse fields,
including biosensors and biocides" (including recently against
the SARS-CoV-2 virus®), supramolecular chemistry’ and
sensors,”” covalent organic frameworks,® organic photovol-
taics,” and liquid crystals.”® Synthetically, OAEs have been
used as graphene nanoribbon precursors'' and OAE templates
have been used to prepare OAE macrocycles.'> OAEs have even
been applied to the design of anthropomorphic molecules."?

This review focuses on OAEs designed for use in molecular
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Fig. 1 (a) lllustration of a general OAE (OAE(n + 2)) with unspecified aryl
units and terminal R groups. Each Ar or R group can be the same or
different. (b) Structure of a general para-conjugated OPE (OPE(n + 2))
with terminal functionality (R groups), which can be the same or
different.

electronics applications, specifically in molecular junction
experiments, where the OAE forms the conjugated, conductive
backbone of a molecular wire held between two electrodes.

This review aims to highlight the chemical diversity of OAE
derivatives and to discuss the impact of structural variation on
their electronic and thermal properties in molecular junctions.
Work in this field is highly interdisciplinary, combining
chemical synthesis of bespoke molecules, experimental
studies of their assembly and transport properties in junc-
tions, and computational studies that provide insights into the
experimental results. The topic is approached from a chemical
viewpoint, but to provide appropriate context this introduction
will include a concise overview of experimental and theoretical
methods used in the study of molecular junctions.

1.1 Nomenclature

OAE molecular wires used in molecular junctions incorporate
two essential structural features: (i) the OAE backbone itself
and (ii) anchoring units to attach this backbone to electrodes
(in some cases, anchoring groups also form part of the OAE
backbone, e.g. terminal pyridine rings). A third feature that is
often present is additional “side group” functionality, e.g. alkyl
chains to enhance solubility. Section 2 provides a detailed dis-
cussion of the structural variation of OAEs.

This review will follow the usual convention in molecular
electronics of naming OAEs (especially OPEs) based on the
number of aromatic units present in the backbone. Hence
when 7 = 1, the molecule shown in Fig. 1b is an OPE3. Shorter
molecules, e.g. OAE2 derivatives (tolanes, n = 0) are commonly
studied. Studies of OPE series often include species based on
a single benzene ring. They will be considered within this
review where they serve as model compounds in this manner.
Note that although benzene derivatives are sometimes referred
to as OPE1 in this context, these species are not truly OPEs
(they are not oligomers and do not contain ethynylene
fragments).

Using this nomenclature, aromatic systems always form the
termini of an OAE backbone; any additional functionality,
even extra alkynes, will be considered either as anchoring
groups or side groups, as appropriate. As discussed below,
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para-conjugated systems are favoured for high conductance
and this review will consider this to be the default geometry;
any deviation from all-para geometry will be emphasised. Note
that it is common, but not necessary, for OAEs studied in
molecular junctions to be symmetrical; this facilitates syn-
thesis and prevents potential complexity regarding the orien-
tation of molecules within a junction.

The scope of this review will extend to molecules in which
arylene ethynylene backbones are used to link other functional
groups, affording OAE-like molecular wires (see sections 2.2.4
and 2.2.5).

1.2 Experimental and computational methods

The conductance properties of molecular wires have been
investigated using various methods. These are based on mole-
cular junctions in which either single molecules or molecular
assemblies are trapped between two electrodes. Single-mole-
cule studies are the more common approach for OAEs, but
numerous ensemble studies have also been reported, as will
be seen below. Single-molecule conductance approaches
include the scanning tunnelling microscopy break-junction
method (STM-BJ),"* summarised in Fig. 2, and the mechani-
cally controlled break junction (MCBJ)" technique, summar-
ised in Fig. 3. Ensemble studies of molecular assemblies, such
as self-assembled monolayers (SAMs), can be carried out using

Sl
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Fig. 2 Cartoon illustrating an experimental cycle of the STM-BJ
method with Au electrodes: (i) A Au STM tip is lowered towards a Au
surface functionalised with the target molecule (or in a solution of the
molecule). (ii) The tip contacts the surface and forms a junction contain-
ing multiple Au atoms. One or more molecules can bridge between the
tip and the surface. Junction conductance is an integer multiple of Go
(the conductance quantum). (iii) The tip is retracted until the junction
contains a single gold atom. Junction conductance is Gg. (iv) Upon
further retraction, the final Au—Au contact ruptures and a molecule can
remain bridging the junction. The molecular conductance is now
detected (substantially less than Gy). (v) The geometry and conductance
of the Au—-molecule—Au junction vary slightly as the tip is retracted
further. (vi) Further retraction results in the rupture of the molecular
junction and the cycle can begin again. A typical experiment requires
thousands of cycles. The Au surface can become disordered after
repeated tip contacts; periodically changing the scan region can ensure
good quality data is collected.
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Fig. 3 Cartoon illustrating the MCBJ method. A piezoelectric motor is
used to move push rods (red) to bend a flexible substrate (grey) with
high precision. The substrate is coated with an insulating material (blue)
upon which gold electrodes with sharp tips (yellow) are attached. The
sharp tips required can be formed by breaking a single wire in situ. The
electrodes are exposed to a solution of the target molecule. Lowering
(raising) the central push rod closes (opens) the junction, decreasing
(increasing) the distance between the tips. At sufficiently close proximity,
a molecular junction can form, bridging the electrodes.

techniques including conductive probe atomic force
microscopy (c-AFM),'® summarised in Fig. 4, and eutectic
gallium-indium (EGaln) electrode based methods,"” summar-
ised in Fig. 5. These and other methods have been thoroughly
described in many reviews,'®® so will not be subject to
detailed discussion here. Some aspects of their development
are discussed in section 1.3. Thermal properties of molecular
wires can be determined using modifications to these and
other methods.””*°

Molecular junctions are widely investigated using compu-
tational methods. Charge transport simulations using mole-
cular orbitals derived from density functional theory (DFT) or
Hiickel (tight-binding) theory are used to calculate trans-
mission functions for molecular junctions.>**' A transmission
function shows how the transmission coefficient T(E) of a
molecular junction varies with its energy E, usually considered
relative to the system’s Fermi energy (Eg). It represents the
probability that an electron of energy E will pass across a junc-
tion from one electrode to the other, through the molecule.
T(E) is proportional to conductance, G. In a typical molecular
junction study, at low bias and in the absence of external influ-

rsiniing

Fig. 4 Cartoon illustrating the c-AFM method. A c-AFM tip is used to
contact a SAM of the molecule of interest on a Au surface. The large
area of the tip relative to a molecule means multiple molecules bridge
the surface-tip gap and contribute to junction conductance.
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Fig. 5 Above: Sequential images showing formation of an EGaln tip by
withdrawal of a syringe needle filled with EGaln from a drop of EGaln on
a silver surface. This figure has been reproduced from ref. 17 with per-
mission from Wiley-VCH, copyright 2008. Below: Cartoon of an EGaln
tip contacting a SAM of molecules of interest on a Au surface. Lighter
grey spheres represent the Ga,Os oxide layer that coats the EGaln
(darker grey spheres). The large area of the tip relative to a molecule
means multiple molecules bridge the surface-tip gap and contribute to
junction conductance.

ences such as gating, the energy of interest is usually close to
Er. However, a disadvantage of charge transport simulations is
that they often fail to provide accurate values of Ez>"** This
can be mitigated through methods such as spectral adjust-
ment,*” where energy levels are modified based on empirical
data. Another source of discrepancy between theoretical and
experimental studies is that charge transport simulations gen-
erally consider a single optimised junction geometry, whereas
the geometry of an experimental junction is largely unknown,
cannot be precisely controlled, and in the case of break junc-
individual conductance trace.
Nevertheless, at least qualitative agreement is usually seen

tions varies for each
with experimental conductance studies.?

Fig. 6 shows a representation of two typical transmission
functions. Important features include resonances coincident
with the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the molecule,
which appear as Lorentzian peaks with maxima where T'(E) =
1. Er lies in the region between these peaks, the HOMO-
LUMO gap. The orbital closest to Er is most influential on the
properties of the junction.*® Transmission functions contain
features relating to quantum interference (QI) effects (see
section 3.2). In most cases a smooth, featureless curve between
the HOMO and LUMO peaks is indicative of constructive QI
(CQI) (blue solid curve, Fig. 6). Destructive QI (DQI) is associ-
ated with sharp antiresonances where T(E) approaches 0 (red
dashed curve, Fig. 6). In simple systems these features occur
close to Ey and result in low low-bias conductance. Certain
structural features can cause antiresonances to be shifted away

from Ey and thereby reduce their impact on conductance.**3°

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 lllustration of representative transmission functions of molecules

exhibiting CQI (blue solid curve) and DQI (red dashed curve) on an arbi-
trary energy scale. Molecular orbital energies for each molecule are indi-
cated using dashed lines in a matching colour, with the Fermi energy
(Ef) shown in pink. This figure has been adapted from ref. 34 with per-
mission from The Royal Society of Chemistry, copyright 2021.

1.3 A history of OAEs in molecular electronics

In the 1990s, before the technology to measure the conduc-
tance of molecules in junctions was developed, Tour and col-
leagues advocated OAEs as ideal candidates for conjugated
molecular wires, and extensively described their synthesis and
assembly on surfaces.>”™**

The earliest example of an OAE wire (indeed, any conju-
gated molecular wire) in a molecular junction was presented
in the 1996 work of Bumm et al.,** entitled “Are single mole-
cular wires conducting?” The OPE3 molecule 1 (Fig. 7), pre-
pared in Tour’s group,” was embedded within a SAM of
n-dodecanethiol on a Au(111) surface. An STM was used to
locate molecules of 1 within the SAM and to show that the con-
ductance of 1 appeared qualitatively higher than the surround-
ing n-dodecanethiol, despite 1 being a longer molecule.
Subsequently, an approach was developed in which the appli-
cation of voltage pulses allowed patterning of OPE wires
within an n-dodecanethiol matrix.*>

After establishing that conjugated OAE-type molecular wires
were, as expected, more conductive than saturated alkane-
thiols, molecular conductance was probed in a quantitative
manner. Methods used to achieve this can be broadly divided

_ _ — o
\ / — N/ — N\ /°

1

Fig. 7 OPE3 molecule 1 which was used in the earliest study of an OAE
in a molecular junction.
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into those based on nanoscale molecular junctions containing
individual molecules, and those based on larger molecular
junctions containing many molecules. Single-molecule
methods mostly rely on repeated junction formation, measure-
ment and breaking in order to acquire statistically significant
data sets, usually comprising hundreds or thousands of indi-
vidual conductance traces.*® Advances in methodology mean
this process can now largely be automated. In the vast majority
of cases single-molecule measurements use Au-molecule-Au
junctions. Ensemble approaches measure many molecules
simultaneously and permit easier variability of electrode
materials. However, determining “per molecule” contributions
is not straightforward, which can complicate quantitative com-
parisons between studies or dissimilar molecules.

1.3.1. Electrical conductance. In 1997, Reed et al. deter-
mined the molecular conductance of benzene-1,4-dithiol in
the first single-molecule MCB]J study.’> By 2002, the MCB]
method (Fig. 3) had been applied to OPE3 species.*” The
STM-BJ technique (Fig. 2) was first reported by Xu and Tao in
2003, in a study of alkanedithiols and 4,4"-bipyridine. The
method was applied to benzene-1,4-dithiol*® and OPE3 dithiol
species*® in the following two years. Both methods have since
been widely adopted for the investigation of OAEs and other
molecular wires. Variations on the STM-B] approach include
the I(s)>° and I(t)>' methods, which both avoid contact
between the STM tip and underlying electrode and thus are
particularly suited to delicate analyte assemblies. These tech-
niques can also reduce the number of conductance features
observed,’® facilitating data analysis, but they are more time
consuming than standard STM-B] methods as they require
spontaneous junction formation.

c-AFM was developed to study the dielectric properties of
Si0, films in the early 1990s,>® but was later applied to mole-
cular conductance studies. By the early 21°° century c-AFM had
been used to investigate the conductance of alkanethiols'®>*
and conjugated molecules,* including OAEs.”> By using
mixed monolayers in some cases a single-molecule junction
can be created in a cAFM experiment.>® Single-component
SAMs are more common for OAEs; here the number of mole-
cules in a c-AFM junction can vary from tens to hundreds.
Ideally, the same AFM tip and force are used for a series of
related molecules to ensure a similar contact area between the
tip and the molecular assembly. Assuming the molecules
assemble with similar density, the number of molecules con-
tacted should be similar across the series,’® allowing valid
comparisons to be made. To compare dissimilar molecules,
the Hertz model®’° can be used to approximate the contact
area of the c-AFM junction. In conjunction with methods to
determine molecular area, such as reductive desorption, the
conductance per molecule can then be estimated.®® While
break junction methods rely on identical electrode materials,
c-AFM can investigate asymmetric junctions, for example by
contacting assemblies of molecules on gold using AFM tips
made of (or coated with) Ag,>® Pt*®®° or graphene.®® As the tip
is pushed into contact with the SAM, specific anchoring
groups are not necessary at the top contact.

Nanoscale, 2021,13,10668-10711 | 10671
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The EGaln method (Fig. 5) was first reported by Chiechi
et al. in 2007."7 It has several advantages over the similar,
older Hg-drop electrode method,*"*" not least the avoidance of
toxic mercury which can form undesired amalgams with other
metallic electrodes."”” EGaln is a room temperature liquid
metal from which a sharp tip can be formed by pulling a
syringe of EGaln away from a drop (Fig. 5). The tip retains its
shape due to a surface layer of Ga,0;, which imparts the
liquid with non-Newtonian properties.”" It can conform to a
SAM surface upon contact. An EGaln junction is therefore of
the form: bottom electrode-SAM-Ga,O5;-EGaln, where the
bottom electrode can be e.g. Au,°* Ag'” or Pt.°* The tip dia-
meter is largely defined by the properties of EGaln, meaning it
is consistently ca. 25 pm.>" Interactions between the SAM and
Ga,0; layer are generally non-covalent, meaning that mole-
cules do not necessarily require an anchoring group to interact
with the top contact. As for c-AFM, it is possible to estimate
the effective contact area of the EGaln electrode to facilitate
comparison with other methods.®* The conductance of an
OAE was investigated using EGaln in 2011,°°> and data for a
series of OPEs were presented in 2016.°> Subsequent studies
examined more complex OAEs.®*°67%°

An older method for determining ensemble conductance
that is rare in recent literature is a crossed-wire junction.”® A
SAM assembled on a Au wire is contacted by a second perpen-
dicular Au wire, forming a junction containing ca. 1000 mole-
cules. Early examples of this technique used OPE3s, amongst
other molecules.”®

A third family of conductance studies are those based on
nanogaps. The approaches used are much more variable
between research groups than e.g. break junction studies. In
general, they rely on the fabrication of devices in which two
electrodes are separated by a nanoscale distance. Electrode
materials can include gold,”" silicon,”” graphene’*”® and
carbon nanotubes (CNTs).”*”” When exposed to a solution of
a molecular wire of suitable length, it is possible for the gap to
be bridged by one or more molecules which bind to both
sides. The electronic properties of the junction can then be
investigated. While the number of bridging molecules can vary
between devices and depend on the nature of the nanogap, it
is possible to achieve junctions containing a single molecule.”
However, the yield of suitable junctions is frequently low,”"”?
prohibiting the collection of large data sets common to break
junction methods.

Molecular junctions are not the only method by which
charge transport along a molecular backbone can be investi-
gated.”® OAE derivatives also find use as bridging units
between functional groups in donor-bridge-acceptor (D-B-A)
systems,”®®" mixed valence complexes®*® and biradical
systems.?* Such studies are outside the scope of this review.

1.3.2 Thermoelectric properties. In 2007, Reddy et al. used
a modified STM-B] approach to determine the Seebeck coeffi-
cient (thermopower) of single-molecule junctions containing
molecules including benzene-1,4-dithiol,* opening the door
to the study of the thermoelectric properties of single mole-
cules. Venkataraman and co-workers developed a method to

10672 | Nanoscale, 2021, 13, 10668-10711
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simultaneously measure the conductance and Seebeck coeffi-
cient of molecular junctions in 2012,% reporting data for mole-
cules including an OPE2 diamine. A modified MCB] was used
to measure the Seebeck coefficient of benzene-1,4-dithiol in
2015.8” However, single-molecule thermal conductance
measurements were not achieved until 2019, when two STM-B]
based methods were independently reported by Reddy and col-
leagues,®® who measured a series of alkanedithiols, and by
Mosso et al.,** who studied an alkanedithiol and an OPE-
dithiol. Now that the technology to measure the electronic con-
ductance (G), Seebeck coefficient (S) and thermal conductance
(x) of individual molecules is in place, it is possible to experi-
mentally determine the thermoelectric figure of merit (Z7) for
molecular wires and identify promising candidates for organic
thermoelectric devices. More detail can be found in section 4,
which focuses of the thermoelectric properties of OAEs in
junctions.

Ensemble approaches can also be used to analyse the
thermal properties of molecules. Using c-AFM it is possible to
simultaneously measure electrical conductance and thermo-
power.90 Measurement of thermopower using an EGaln elec-
trode was reported in 2018.°" Notably, the Seebeck coefficient
of a molecular junction is independent of the number of mole-
cules present.”® This means that unlike studies of electrical
conductance, comparisons can be made between materials
and methods without needing to estimate the number of mole-
cules present in an ensemble junction. Thermal conductance
measurements of SAMs are possible, but so far are largely
limited to alkane species.?’

1.4 Why use OAEs for molecular electronics?

As the field of molecular electronics has developed, many
different conductive conjugated backbones have been utilised
in molecular wires. These include oligo(arylene vinylene)s®?
(most commonly oligo(phenylene vinylene) (OPV)** %), oli-
goarylenes®® (including oligophenylenes (OP)**°*%7% and
oligothiophenes (OT)**™'°"), oligoynes (0Y),'°>'** cumulenes
(CM)"* and porphyrin tapes (PT),'®> for which generic
examples are shown in Fig. 8. Various ladder compounds have
also been used as backbones; Fig. 8 shows representative
examples of a ladder fluorene (LF),'* carbon-bridged OPV
(CBO),”" and heteroacene (HA).'” Nevertheless, OAEs continue
to attract considerable attention. In particular, OPE3-dithiol
(Fig. 1b, n = 1, R = SH) has been described as ‘a “fruit fly”
molecule for detailed single-molecule transport studies’.'®®
Some key advantages of OAEs relative to alternative backbones
include:

* Rigidity. OAEs are inflexible and length-persistent due to
the sp-hybridised carbons within the alkyne units (unless
multiple non-para-connectivities are present). While OPVs
have been shown to be more conductive than OPEs,”® the
possibility for isomerisation about alkene bonds means sig-
nificant conductance variation is observed for OPVs.”* The
possibility of aryl-aryl bond rotation means that oligothio-
phenes are not length-persistent; this isomerism has also been
shown to affect conductance.'®

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Structures of alternative conjugated backbones used in mole-
cular wires.

« Stability. Oligoynes and cumulenes are rigid systems but
beyond relatively short molecular lengths they are unstable in
the absence of significant steric shielding.'*>'** OAEs benefit
from the rigidity of alkyne bonds but do not suffer from the
same stability concerns.

« Synthetic accessibility and variability. Other rigid, stable
backbones such as ladder compounds,”"'°*'*” butadiynyl-

This journal is © The Royal Society of Chemistry 2021
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linked porphyrins'® and porphyrin tapes'®® exhibit favourable
conductance properties. However, their widespread uptake is
hindered by synthetic challenges. In contrast, protocols for the
preparation of OAE wires are well-established, typically high-
yielding, and readily allow the incorporation of diverse func-
tionality, as discussed in section 2.

« Minimal steric strain. Oligophenylene wires are rigid,
stable and readily synthesised, but their backbones are necess-
arily twisted due to steric strain between consecutive rings.
Conductance has been shown to be a function of the dihedral
angle between adjoining rings, and is highest for coplanar
systems.''® The presence of an ethynyl unit between each aryl
ring in OAEs means that all the aryl rings can be near-copla-
nar, although there is a low barrier to rotation of the aryl
rings.""! OAE wires are, therefore, more favourable than oligo-
phenylenes. While not necessarily representative of junction
configurations, X-ray crystal structures of OAEs of different
lengths show that near-coplanarity of aryl rings is often
favoured in the solid state."*?

» Magnitude of conductance. OAEs are experimentally con-
venient as the conductance of molecules from OAE2 to OAE5
and beyond generally lies within the window accessible to
common measurement techniques. At shorter lengths, up to
ca. OAE3, species where conductance is reduced, for example
due to QI, are also often within the experimentally accessible
range. This means that series of OAEs can provide insightful
studies of structure-property relationships and QI effects.
Many of these studies are discussed in section 3.

2 Structure and synthesis of OAEs for
molecular junctions

This section will summarise some key synthetic methods used
to prepare OAE molecular wires then highlight the structural
variations possible within the OAE framework.

2.1 Synthetic methods

The Sonogashira cross-coupling reaction''*''* has been funda-
mental to OAE synthesis since the early days of the field.*®
Indeed, a detailed review from 2011 remains highly relevant.*®
An example of OAE synthesis using the Sonogashira coupling
is shown in Scheme 1a and a general catalytic cycle is shown
in Scheme 1b. It should be noted that uncertainty remains
over the exact nature of the Cu-catalysed cycle.'**™'*> A palla-
dium- and copper-catalysed reaction takes place between an
aryl halide (or pseudohalide such as triflate, -OTf, or diazo-
nium salt, -N,X), Ar-X, and a terminal alkyne, H-C=C-R, in
which a C-C bond is formed between the (pseudo)halide-
bearing sp” carbon of the aryl unit and the proton-bearing sp
carbon of the acetylene, forming Ar-C=C-R with effective loss
of HX. Iodides are the most reactive halide, although triflates
and bromides suffice in many cases. Mixed-halide precursors
can be used chemoselectively in the synthesis of asymmetric
systems.""> The presence of electron withdrawing groups on
the aryl halide also enhances reactivity."

Nanoscale, 2021,13,10668-1071 | 10673
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X=1,Br,OTf R=eg.Ar,TMS L=eg. PAr;, R'=e.g.Et'Pr
Solvent = e.g. THF, DMF, DMSO, 1,4-dioxane, toluene,
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w — PdL,— 7 Ar—=X
) s - } ”\ \
L ‘ Pd-cycle ‘ N
Ar-Pdl——R Ar=pdl-X
L L

d
g
<
5

H:R éuX

Scheme 1 Generic reaction (a) and general catalytic cycle (b) for the
Sonogashira coupling as used in the preparation of OAEs and OAE pre-
cursors. For brevity, cis/trans-isomerisation of the Pd-complexes is not
shown, although it should be noted that cis-geometry is required for the
reductive elimination step.

Extensive early synthetic work by the Tour group on long
OAEs utilised solid-supported synthesis.*® This method typi-
cally afforded a series of compounds with doubling lengths,
e.g. OAE2, OAE4, OAE8, OAE16. Solid-supported approaches
are rare in more recent literature, in which shorter OAEs are
usually preferred in order to achieve experimentally-detectable
conductances. For this reason smaller length differentials are
usually desirable: the conductance of an OAE2, OAE3, OAE4
series is much less challenging to determine experimentally
than that of an OAE2, OAE4, OAES8 series. For the typical
length range of OAEs, at least at research laboratory scale, solu-
tion-based synthesis is currently favoured.

The broad availability of suitable aryl halide precursors and
monoprotected alkynes such as trimethylsilylacetylene (TMSA)
means that many OAE backbones can be readily synthesised in
a stepwise fashion. For example, an OAE3 system can be pre-
pared from a dihalogenated arene by first performing a
twofold Sonogashira coupling with TMSA to afford a protected
diyne (Scheme 1a, R = TMS). After deprotection, another
twofold Sonogashira coupling with a halogenated anchoring
group would afford an OAE3. Alternatively, the halogenated
anchoring group could be functionalised with TMSA, depro-
tected and then coupled to the dihaloarene (Scheme 1a, R =
anchoring group). Alternative methods''® to prepare alkyne
precursors include the Corey-Fuchs synthesis, which requires
an aldehyde precursor; however, this protocol is rarely utilised
in the preparation of OAE wires for molecular junctions.

Not all key building blocks for OAE wires are available com-
mercially. The functionalisation or construction of more
complex polycyclic systems can often be necessary prior to
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their use in Sonogashira couplings, and can require many syn-
thetic steps.®®''®!"” This can be particularly relevant for con-
nectivity in unreactive positions, even for simple monocyclic
species.''®

As an example, the key building block 4-(acetylthio)iodo-
benzene (2) will be considered. Although acetyl-protected
thiols are arguably the most popular anchoring unit for OAE
wires, 2 is not widely available commercially. However, it can
be prepared from various precursor molecules. Scheme 2
shows the following synthetic protocols for 2: (a) nucleophilic
substitution of a diazonium salt''® (prepared from 4-iodoani-
line, not shown), (b) reduction and protection of 4-iodobenze-
nesulfonyl chloride,’* (c¢) a multi-step transformation of
4-iodophenol,’* and monosubstitution of 1,4-diiodobenzene
using either (d) butyllithium** or (e) copper catalysis.®®'** To
our knowledge, the diazonium route was the first reported syn-
thesis of 2, but it is not frequently used. The reduction
method is more widespread and reportedly high-yielding. This
route and the multi-step route from 4-iodophenol are both
described as more reliable than selective monolithiation.'*****
The copper-catalysed route was reported more recently.
relies on statistical monosubstitution, but this can be favoured
by using an excess of diiodide and recycling the unreacted
material.®®

The relatively labile nature of the acetyl protecting group
means that it is not compatible with basic reaction conditions,
and consequently 2 must often be added in the final synthetic
step. Where this is not possible or convenient, transprotection
of other sulfur species (e.g. tert-butyl or cyanoethyl thioethers)
provides an alternative.'*>'*® These less labile protecting
groups also find use in approaches reliant on orthogonal pro-
tection. For example, cyanoethyl thioethers were used in con-
junction with 2-hydroxyprop-2-yl protected alkynes in the syn-
thesis of long OAEs, in which the polar 2-hydroxyprop-2-yl pro-
tecting group additionally facilitated purification.'®” Pyridine,
amine and methyl thioether (SMe) anchors have a wider toler-
ance of reaction conditions than thioacetates, and halogenated

ION \ / @sozm
)
O e

i) R= OH - R = OCSNMe,
ii) R = OCSNMe, —> R = SCONMe,
iii) R = SCONMe, — R = SH
iv)R=SH - R = SAc

122

Scheme 2 Synthetic routes to 4-(acetylthio)iodobenzene (2). Reagents
and conditions: (a) KSAc, DMSO, RT; (b) i. Zn, MeSiCl,, 1,2-dichlor-
oethane, DMA, 75 °C, ii. AcCl, 50 °C; (c) i. NaH, N,N-dimethyl-
thiocarbamoyl chloride, DMF, RT — 80 °C, ii. 235 °C, in melt, iii. KOH,
MeOH, reflux, iv. AcCl, pyridine, RT; (d) i. t-BuLi, Et,O, —78 °C, ii. Sg, THF,
0 °C, iii. AcCl, —78 °C; (e) KSAc, Cul, 1,10-phenanthroline, toluene,
100 °C or reflux.
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derivatives are readily available. These anchor groups can,
therefore, be utilised earlier in a synthetic route without the
need to prepare them first. This helps to rationalise the wide-
spread use of these anchoring groups despite the often-
superior properties of thiols - e.g. stronger binding to Au and
higher conductance.

2.2 Structural diversity of OAEs

As stated above, an OAE wire can be considered to consist of
two primary components: the conductive OAE backbone and
its anchoring groups. Side group functionalisation of the OAE
backbone is another common feature. Variation based on each
of these three structural components will be discussed below.
The use of OAE backbones as a means of incorporating other
functionality into molecular wires will then be examined.

2.2.1 Conductive backbone. Three elements within an OAE
backbone can be easily varied synthetically to investigate struc-
ture-property relationships in molecular wires. These are: (1)
oligomer length, ie. the number of arylene-ethynylene repeat
units, (2) the nature of the aryl units, which can vary from simple
benzene rings to complex polycyclic systems such as porphyrins,
and (3) geometry, ie. the connectivity between aryl units and
alkynes (e.g. ortho, meta, or para for 6-membered rings).

Fig. 9 shows OAEs 3-6 which have long backbones
(up to OAE9) and have been studied in molecular
junctions.”®'212812% prom a synthetic viewpoint, while the
preparation of shorter OAEs is less laborious, molecular length
is limited primarily by availability and solubility of precursors.
Given these factors, increasingly long wires can be prepared
iteratively by increasing the number of synthetic steps per-
formed. Indeed, early work on OAE wires describes the syn-
thesis of an OPE18,"" OAE19" and OAE23."* The discrepancy
between the lengths of OAE available synthetically and those
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typically measured in junctions in part relates to the decay of
conductance with molecular length (see section 3.1); the elec-
trical conductance of very long OAEs is generally below the
noise level of the equipment used to determine molecular con-
ductance experimentally. Longer molecules are necessarily
more prone to intermolecular interactions than shorter ana-
logues, and surface interactions, through e.g. van der Waals
forces, can effect molecular assembly."*® There is no clearly
defined limit on the molecular length for which measure-
ments are practical, as conductance properties are influenced
by many other factors. However, most conductance studies
investigate OAE5 molecules or shorter, as will be seen in the
discussion below. This range coincides with OAEs which can
be synthesised relatively quickly and easily.

The number of OAE repeat units is not the only factor to
affect molecular wire length. Clearly, the size of arylene
systems can have a significant influence (e.g. benzene vs. por-
phyrin, or OAE9s 4 and 5 in Fig. 9). Changes to molecular geo-
metry exert little effect on the length of the conductance
pathway through the OAE backbone in terms of the number of
C-C bonds included. However, they can significantly alter the
shortest through-space distance between anchoring groups
and hence reduce the distance between junction electrodes.

Many different aryl groups have been incorporated into con-
ductive OAEs. The effect on electronic conductance of factors
such as the connectivity, aromaticity and extent of conjugation
of these aryl groups is discussed in more detail in section 3.
The simplest OAE wires are unfunctionalised OPEs (Fig. 1b),
with purely hydrocarbon backbones. One of the simplest modi-
fications of an OPE to afford an OAE is the replacement of one
or more benzene rings with pyridine rings. In cases where pyri-
dine rings are terminal, they typically act as anchor groups;
such systems are discussed in the section 2.2.2. Pyridine func-

CeHisO0  CeHisO  CeHsO  CeHisO  CeHisO
VN N N N N N N N 4
— s — s P _— — N /
OCgH13 OCgH13 OCgHy3 OCgH13 OCgH13
5
0 CeH13 CeH13 CeH13 CeHi3 CeH13 &
/N = N = N = NI = NI 2 ) 2 \
CeHis CeH1z CeH13 CeHi3 CeHiz =

6

Fig. 9 Structures of selected long OAEs that have been studied in molecular junctions. The OAE backbones are highlighted in red. The end-groups
shown served as the anchors, except for 4 which was deprotected in situ to give the thiolate.

This journal is © The Royal Society of Chemistry 2021
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MeS \ /

8a: X = NEt
8b: X=8
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Fig. 10 Structures of some OAEs with simple heterocycles in the con-
ductive backbone.

tionality can also be included elsewhere in the OAE backbone,
e.g. as the central ring of an OAE3 in 7a, Fig. 10."*" QI effects
have been studied by varying the location of the nitrogen atom
of a central, meta-disubstituted pyridine in a series of
OAE3s,"? see section 3.4.

Other simple heterocycles are also readily incorporated into
OAEs as either terminal or proximal aryl units. In some cases,
terminal heterocycles can be used directly as anchoring units
(see section 2.2.2). Examples of heterocycles which have been
used as proximal aryl units include pyrrole, thiophene, furan
and selenophene (e.g. 8a-c, Fig. 10).''®131:133131 Note that the
inclusion of 5-membered heterocycles results in more angular
molecular wires compared to linear para-linked OPEs.
Incorporation of heterocycles can have undesired effects: 7b
(Fig. 10), an OAE3 with a central pyrimidine ring, was observed
to display two distinct conductance features in STM-B] experi-
ments. One was assigned to conventional terminal anchoring,
the second was attributed to additional anchoring interactions
with the pyrimidine ring."*"

Polycyclic systems have been widely studied, particularly as
the central units of symmetric OAEs. Purely hydrocarbon units
include biphenyl (9),°*'****" fluorene (10),°*'*>"'*® naphthalene
(11),"*>13¢ anthracene (12),'**'**'3 anthanthrene (13)""”'*° and
azulene (14);'*' example structures are shown in Fig. 11.
Heterocyclic derivatives include carbazole (15a),"*” dibenzothio-
phene (15b),"*” dibenzofuran (15¢),"*” benzodifuran (16),'**'*?
benzodithiophene (17),°® bithiophene (18),°® and (metallo-)por-
phyrins (19);'**™*° example structures are shown in Fig. 12.

OAEs containing ligating heterocyclic moieties such as
bipyridine (20),'*” phenanthroline (21)**®* and terpyridine
(22)"*° have been used to investigate the effects of metal com-
plexation on molecular conductance (Fig. 13). The conduc-
tance of 20 was shown to increase upon coordination to Pd."*”
Switching of 21 upon Cu-complexation was anchor group
dependent,'*® as discussed in section 3.6. An OAE with a
central terpyridine unit formed the iron complex 22, which
exhibited bistable junction properties dependent on an
applied electric field. This behaviour was attributed to a
change in the spin state of the iron ion, from low- to high-
spin. This spin crossover is caused by distortion of the octa-
hedral coordination sphere of Fe>* upon alighment of the
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Fig. 11 Examples of OAE3 wires with a central polycyclic hydrocarbon.

dipole of the asymmetric second ligand with the applied field
above a critical voltage."*® Notably, the use of an OAE architec-
ture with isopropyl shielding groups significantly increased
the proportion of junctions which displayed bistability com-
pared to an unshielded oligoarylene analogue. This was
related to a reduced potential for interaction between the func-
tional subunit and the electrodes brought about by the
increased distance from the electrodes and steric shielding.'*’

The molecular geometry of an OAE provides another source
of structural variation. In the simplest example, difunctiona-
lised benzene (or other 6-membered) rings can have ortho-,
meta- or para-substitution. Early studies suggested that the
single-molecule conductance of o-benzenedithiol (and
o-phenylenediamine) could not be measured, and that the two
anchor groups preferentially bind to the same electrode due to
their close proximity.">® Subsequent developments in break-
junction technology have allowed the conductance of
o-benzenedithiol to be measured, albeit with low junction for-
mation probability (<10%).">' While for benzenedithiol
isomers the length of the conductance pathway increases such
that ortho < meta < para, the conductance is predicted to follow
the trend ortho > para > meta due to QI effects (see section
3.2), which was indeed observed experimentally.'>"

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Examples of OAE3 wires with a central polycyclic heterocycle.

Fig. 14 illustrates the same o/m/p-isomerism at the central
ring of generic OPE3s (0-, m- and p-OPE3). Like o-benzene-
dithiol, the anchoring groups of 0-OPE3 are positioned such
that they can more easily bind to the same electrode than to
two different electrodes. This straightforward structural obser-
vation means that despite favourable QI properties, ortho-
linked OAEs are not prevalent in molecular junction studies.
The rigid nature of alkyne bonds means that m-OPE3 and p-
OPE3 can both easily bridge between two electrodes, and
indeed many such species have been investigated in molecular
junctions.132’152’153

This journal is © The Royal Society of Chemistry 2021
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21a: X = C-SAc
21b: X =N
21¢c: X =C-C=C=TMS

F;C
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v

Fig. 13 OAE3 wires containing central units which can be used as
ligands to form metal complexes.

0-OPE3

RN\ 7 \ / \ /R

p-OPE3

Fig. 14 Structural isomers of a generic OPE3 differing in their substi-
tution pattern on the central ring. R denotes an anchoring group.

The location of the anchoring groups can be varied in a
similar manner. The importance of this effect was shown
experimentally in 2003 by comparing the OAE3 wires m-23 and
p-23 (Fig. 15), which differ only in the connectivity of their
anchoring groups relative to the OAE.'** p-23 was found to be
significantly more conductive than m-23.

More recently, Manrique et al. investigated a series of
OAE3s with ortho-, meta- or para-pyridyl anchoring groups
(relative to the backbone alkynes) and either para- or meta-con-
nectivity at the central ring (x,),2-24 in Fig. 15, where the pre-
ceding letters x, y and z indicate o-, m- or p-geometry in the
order anchor group, central ring, anchor group, ie. left-to-
right as drawn)."® Their results also showed that para-con-
nected anchoring groups afforded higher conductances than
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Fig. 15 OAE3 wires used to investigate the influence of anchoring
group geometry.

their meta-isomers. Similarly to benzenedithiol isomers, ortho-
connected anchoring groups were found to have low junction
formation probability (attributed to steric effects), but higher
conductance than their meta-isomers; indeed p,p,p-24 and o,p,
0-24 had the same conductance in STM-B] measurements, an
order of magnitude higher than m,p,m-24."> A further dis-
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advantage of ortho-anchoring was seen in the case of o,m,0-24,
for which no conductance feature was observed. This was
attributed to a combination of the short distance between the
anchoring nitrogen atoms and a low expected conductance,
which meant that any molecular conductance features were
overlaid by the direct Au-Au tunnelling current.'> The study
also showed that para-connectivity at the central ring affords
higher conductance than meta-connectivity;'>> p,p,p-24, m,p,
m-24 and o,p,0-24 were all at least an order of magnitude more
conductive than their respective analogues, p,m,p-24, m,m,m-
24 and o,m,0-24. Similar results have been consistently
observed for OAE3 species with a range of anchoring
groups.'?»1°> 136157 Wwhile para-connectivity is clearly advan-
tageous in terms of electronic conductance, meta-linked
species have favourable thermal properties.'>* This will be dis-
cussed in more detail in section 4.2.

Geometric variation is not limited to ortho-, meta- and para-
isomers of 6-membered rings. Many of the heterocyclic
and polycyclic aryl units discussed above (e.g. Fig. 11 and 12)
have been investigated in connectivity
comparisons. 71 18123:126,137.138 Hwever, it should be noted
that as the complexity of the aryl unit increases it becomes less
likely that all possible isomers can be easily synthesised, or
indeed synthesised at all. The effects of varying connectivity in
polycyclic and heterocyclic systems are discussed in detail in
sections 3.2 and 3.4, respectively.

2.2.2 Anchoring groups. Table 1 shows a selection of
anchoring groups that have been used to form OAE molecular
junctions, inclusive of the terminal aromatic ring of the OAE
unit. The following section discusses these and other anchors.
Anchoring groups that are yet to be used in OAE-type mole-
cules for junction studies are not considered in this review;
the interested reader is directed to more general reviews of
molecular electronics.*®'*® OAE wires frequently have an
anchoring group at each end, although species with a single
anchor can still form junctions in break junction experiments,
e.g. as m-stacked dimers™ or through n-gold interactions.'*?
For ensemble junctions the nature of the top contact means
that an anchoring group is not necessarily required at this
interface. All of the anchoring groups in Table 1 are shown in
the para-position relative to the OAE backbone; as discussed in
section 2.2.1 this is the preferred position because of steric
availability and QI effects (see section 3.2).">*'%°

The most widely used anchoring groups for metal-mole-
cule-metal (generally Au-molecule-Au) junctions are thiol
(-SH), pyridine (-CsH,N) and amine (-NH,) groups.'®>'®!
These functionalities are usually easy to incorporate into an
OAE structure and they afford sufficiently stable and reproduci-
ble junctions for conductance studies.'®* While pyridine- and
amine-bearing species can be assembled directly on surfaces,
thiol assemblies are usually prepared from a protected precur-
sor. This is because free thiols readily oxidise to form disul-
fides, which do not assemble efficiently and can result in poly-
merisation of wires bearing two thiol anchors.*® Thioacetates
are archetypal masked thiols, as they can be deprotected
under mild conditions to form thiolates.**'**'8” Notably,
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Table 1 Selected anchoring groups used in the formation of OAE molecular junctions, their anchoring mode to a relevant electrode and examples
of their use. R represents the remainder of the OAE structure, beginning with an alkyne and inclusive of the remainder of the backbone, any side
groups and additional anchoring groups where present. For simplicity, anchoring groups are shown attached to a benzene ring unless they already
form part of the terminal aromatic system (e.g. pyridine derivatives). Note that anchoring groups can also be attached to other terminal aromatic

species

Structure and name (abbreviation)

Anchoring mode to typical surface

Literature examples (Ref. no.)

Thiol (~SH)

Thioacetate (-SAc)
(Protected thiol)

-

Pyridine (—CsHaN)

R@NHZ

Amine (-NH2)

()
\

Methyl thioether / Methylthio (-SMe)

e
Dihydrobenzothiophene (DHBT)
R‘< ?s
3,3-Dimethyldihydrobenzothiophene
(DMBT)

"~

3-Thienyl (—CaHsS)

R—@Sa
\

Methyl selenoether / Methylseleno (-
SeMe)

Cyano / Nitrile (-CN)
Ve

R @N\

O@

Nitro (-NO2)

(€]
R N=C®©

Isocyano / Isonitrile (-NC)

This journal is © The Royal Society of Chemistry 2021

Covalent (S-Au), loss of H"

Covalent (S-Au), loss of Ac*

Dative (N — Au)*

Dative (N — Au)

Dative (S — Au)

Dative (S — Au)

Dative (S — Au)

Dative (S — Au)

Dative (Se — Au)

Dative (N — Au)

Dative (O — Au)

Dative (C - Au)

15 and 48

160-163

160-162

160-162

161, 164

102, 157, 162 and 164

165 and 166

156 and 167

164

160, 162 and 163

163

168 and 169
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Structure and name (abbreviation)

Anchoring mode to typical surface

Literature examples (Ref. no.)

<:> _/
R =—Si—
\

Trimethylsilylethynyl (-TMSE)

R
/
R@TSile
\
R

Trialkylsilyl-protected alkyne (—C=C-SiR’s),
R’ =Me, 'Pr
(Direct C-Au bond)

R )=

Alkyne (—C=CH)
(inert atmosphere)

®
R N=N

Diazonium as a precursor for
electrochemical direct attachment (—-N2*)
(Direct Ar-Au bond)

S
R T™S
W e

Trimethylsilylethyl-protected
carbodithioate (—CS2CH2CH.TMS)

=N
R |
\_NH
Pyrazol-4-yl
o)
R N \”
n-N

1,3,4-Oxadiazol-2-yl

0
Ry

SAc

Spirobifluorene tripod

Py

AcS

Tetraphenylmethane-based tripod

10680 | Nanoscale, 2021, 13,10668-10711

e~ donation from Au (Au — Si) 170 and 171
Covalent (C-Au), in situ removal of SiR’y" 142,172 and 173
Covalent (C-Au), loss of H" 174 and 175
Covalent (Ar-Au), loss of N, 122

Covalent (S-Au), mono- or bidentate,
in situ removal of TMS-CH,CH, "

Covalent (N-Au), loss of H"

Dative (N — Au)

Covalent (S-Au x 3)

n-Interaction (n-Au)

143, 145 and 176

177

178

179-181

182
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Structure and name (abbreviation)

Anchoring mode to typical surface

Literature examples (Ref. no.)

Carbazole-based tetrapod, X =CH, N

NH,
2-Aminopyridine

Cso / Fullerene
(One backbone bonding strategy shown)

R O

Phenanthrene

Pyrene (R’ = H)
1,3,8-Tridodecyloxypyrene (R’ = OCi2H2s)

This journal is © The Royal Society of Chemistry 2021

Dative (S — Au x 4) and ©-Au

Dative (N — Au and S — Au x 2)

Dative (N — Au and N — Au)

n-Interaction (n-Au)

n-Interaction (nT-menr)

n-Interaction (T-Tgraphene)

60

183

184 and 185

76 and 77

73-75
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Structure and name (abbreviation)

Anchoring mode to typical surface

Literature examples (Ref. no.)

Ci2Has

Ci2Has

2,5,8,11,14-Pentadodecylhexa-peri-
hexabenzocoronene (HBC)

R (0]
@M
NC OH

3-(2-cyanoacrylic acid)

0 H-Bond (C=O0 and ITO surface)

()0

(0]
Pyridinium squarate (PS)

H-Bond (COOH and ITO surface)

n-Interaction (T—TGraphene) 73

165

“During the extension of a break-junction, n-Au anchoring interactions can also occur.'®>

thioacetates spontaneously cleave in the presence of gold to
form the direct Au-S bonds that would be expected from thiols
or thiolates.>® Investigations comparing assemblies prepared
via spontaneous cleavage to those formed using a deprotecting
agent suggest that the optimal method depends on the pro-
posed application.”**'®” For experiments where a densely
packed SAM is not required, such as single-molecule conduc-
tance studies, chemical deprotection is not necessary.
However, controlled use of a suitable basic deprotecting agent
can facilitate the formation of densely packed high-quality
SAMs suited to ensemble studies.'>® Cyanoethyl'>® and tri-
methylsilylethyl'®® protecting groups have also been used to
mask thiols, although in these cases addition of deprotecting
agents is necessary in order to form junctions.

Thioether-based anchors, such as methyl thioether (methyl-
thio, -SMe)'®"'®* and dihydrobenzothiophene (DHBT)'*>"”
derivatives have seen increasing use in recent years as they allow
for strong Au-S interactions (albeit weaker than those between
thiols and gold"®"), can assemble directly on surfaces, and have
wider chemical compatibility during synthesis than protected
thiols. An important difference between -SMe and -SAc anchor-
ing groups is that the methyl group is retained upon binding to
a gold surface whereas the acetate group is not; the lower con-
ductance of thioethers relative to thiols is attributed to this
phenomenon.'®" The dimethylated analogue of DHBT, namely
DMBT, is also an effective anchor for gold surfaces.'®>"*®
Thiophene has been used as a sulfur-based anchor, usually as a

10682 | Nanoscale, 2021, 13, 10668-10711

3-thienyl (-C4H3S) substituent."”*'®” Selenium-based anchoring
groups, for example methyl selenoether (methylseleno, -SeMe),
have been shown to have similar properties to their sulfur ana-
logues."®* Their lack of widespread use is therefore not surpris-
ing, given the lower availability and increased cost of precursor
molecules compared to sulfur species and the foul smell of
many organoselenium compounds.

Other simple functional groups which have been utilised
for anchoring include cyano- (nitrile, -CN),'**'®* nitro-
(-NO,)"** and isocyano- (isonitrile, -NC)'°® moieties. These do
not anchor as effectively or reliably as the species discussed
above, and so are less commonly used. For example, isocyano-
anchored OPEs were observed to desorb from gold surfaces
upon exposure to air through decomposition to isocyanates."®®
Carboxylic acid functionalised OPEs have been assembled in
Langmuir-Blodgett (LB) films, transferred onto gold surfaces
and captured in molecular junctions using an STM."®® Recent
results show that a pyridinium ring can be an effective anchor
in the presence of an external electric field."°

Trialkylsilylethynyl groups are often present in intermediates
used in the preparation of OAEs (see section 2.1). They have also
been applied to anchoring in two different ways.
Trimethylsilylethynyl (TMSE) groups can bind with a gold
surface through the silicon atom. This is attributed to a switch
from a tetrahedral to a trigonal bipyramidal geometry upon elec-
tron donation from the gold surface.'”® The resulting molecular
junctions give well-defined conductance features, attributed to

This journal is © The Royal Society of Chemistry 2021
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the steric bulk of the TMS group, although conductance is lower
than for common anchoring groups.”””'”! In an alternative
approach, in situ treatment of TMSE'’? or triisopropylsilylethynyl
(TIPSE)"**'”® terminated OAEs with tetrabutylammonium fluor-
ide (TBAF) allows for assembly of molecular wires on metallic
surfaces through direct alkyne-metal bonds, ie. R-C=C-Au.
The single-molecule conductance of such junctions was shown
to be higher than that of comparable thiol-anchored species.'”>
However, within 1 h surface-mediated oxidative dimerization of
the deprotected species results in the formation of oligomers,
which can also be captured in junctions, complicating data ana-
lysis.'”* Direct alkyne binding has been applied to functionalisa-
tion of Au, Pt, Pd, Rh, Ir and highly ordered pyrolytic graphite
(HOPG) surfaces, although rehybridisation of the atoms involved
in bonding may occur in some cases."”* Switching between
pyridyl and alkyne anchoring during the course of a MCBJ
experiment has been achieved using 16 (Fig. 12) though in situ
deprotection of the TIPSE units."*

Assembly of alkynes on gold has also been described using
hydrogen-terminated alkynes as the anchoring group precursor,
with formation of R-C=C-Au linkages."”*'”> The reported
assembly conditions usually specify an inert atmosphere to
prevent oxidation of the alkyne functionality, and an overnight
assembly period, indicating that this method is slower and
more sensitive than those based on in situ deprotection. Au-
molecule-Au junctions have additionally been formed from
assemblies of OAE or OAE-like molecules bearing a terminal
alkyne-Au complex.'9*'9* After self-assembly or LB film transfer
onto a gold substrate (using a conventional anchoring group),
thermally-induced decomposition of the Au complex results in
the loss of ancillary ligands, a reduction from Au(i) to Au(0) and
the formation of Au nanoparticles (NPs) on top of the molecular
monolayer. The conductance of the resulting Au-[molecule],~
Auyp junctions, containing one or more molecular wires, can be
investigated by contacting the NPs with a c-AFM tip. Another
method to form a direct C-Au bond relies on the use of aryldia-
zonium salts, which can be electrochemically grafted to gold
surfaces with loss of N, forming a direct Ar-Au bond."**

The carbodithioate (-CS,”) moiety has been shown to
anchor effectively to gold surfaces and afford an order of magni-
tude increase in single-molecule conductance versus equivalent
thiols for several different conductive backbones.'**"**>'7¢ The
molecules used in these studies are prepared as their 2-(tri-
methylsilyl)ethyl carbodithioate esters, which can be depro-
tected in situ with TBAF. The limited uptake of this promising
anchoring group may relate to the poor availability of a key pre-
cursor material, (2-bromoethyl)trimethylsilane. Mono- and
bidentate binding modes were observed in the same STM-B]
study of a symmetric OAE3 wire with carbodithioate anchors,
with different conductance features assigned to junctions in
which both, one, or neither of the anchoring groups bound in
bidentate fashion."*® Dithiafulvene (DTF) derivatives have also
been investigated as anchors with multiple sulfur contact
points. They functioned more reliably in ensemble than in
single-molecule junctions, but studies are limited and the
precise nature of the anchoring remains unclear.'**'>

This journal is © The Royal Society of Chemistry 2021
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Two distinct anchoring modes have also been observed
when pyrazole is used as a terminal group.’”” As a break junc-
tion containing a pyrazole-anchored OAE3 was stretched, the
molecular conductance increased prior to breaking of the
junction. This was attributed to a switch from a monodentate,
dative interaction between the pyridine-like nitrogen and the
STM tip to a bidentate covalent interaction following loss of
the proton from the pyrrole-like nitrogen.'”” Oxadiazole is
another small heterocycle that has been applied as an anchor-
ing unit, again with evidence to support different binding
conformations.'”®

To increase the stability of molecular assemblies for mole-
cular junctions and other applications, multipodal anchoring
units incorporating several anchoring groups have been
designed.'®® Additional binding functionality increases the
strength of molecule-surface interactions relative to a single
anchoring group. The designs used to achieve this effect often
have a larger molecular footprint than simple anchor groups
and so occupy a higher surface area per molecule, resulting in
a less dense molecular assembly; this can be useful as a
means of preventing intramolecular interactions. Multipodal
anchoring units that have been used in OAE wires include a
spirobifluorene-based tripod,’”*®" a tetraphenylmethane-
based tripod'®* and carbazole-based tetrapods.®® Smaller-foot-
print approaches using a pyridyl anchor buttressed by two
(methylthio)methyl substituents,'®® and a bidentate 2-amino-
pyridine anchor'®*'® have also been reported.

The synthesis of OAEs bearing Cs, (fullerene) moieties in
anchoring positions was reported in the early 2000s.'9”'%®
Despite this, only simple disubstituted benzene (“OAE1”)
systems with Cg, anchors have been used to form molecular
junctions,'®® although Cg, anchors have been utilised in larger
systems with other molecular backbones,'®® and Cg-termi-
nated OPE hybrids have been prepared for D-B-A studies.®°

Increasing interest in junctions based on graphitic
materials has led to new anchoring approaches. The extended
n-system of materials such as graphene and CNTs is well
suited to large, planar aromatic anchor groups, which bind
through n-r interactions. These aromatic systems are readily
incorporated as the terminal aryl groups of OAE-like wires.
Phenanthrene-terminated OAEs and OAE-like systems such as
6 (Fig. 9) have been shown to bridge CNT nanogaps and form
CNT-molecule-CNT junctions.”*”” 6 has also been partially
lifted from a Au(111) surface using an STM tip and the pro-
perties of the resulting Au—(sub-)molecule-tip junctions inves-
tigated."*® Graphene nanogaps have been bridged using por-
phyrin-based OAEs bearing (substituted) pyrene or alkylated
hexa-peri-hexabenzocoronene (HBC) anchoring groups.”>”>
Continued interest in the unique properties of graphene
means that the development of additional specialised anchor-
ing groups of this type can be expected. CNT nanogaps have
also been covalently bridged by OAEs with amine anchors,
which can react with carboxylic acid functionality at the CNT
edge to form amides.”*® A similar covalent approach based on
in situ imine formation was used to bridge a silicon
nanogap.””
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Indium tin oxide (ITO) is a widely used electrode material
in organic light emitting diodes and photovoltaics as it is both
transparent and conductive. ITO-molecule-Au junctions con-
taining asymmetric OAE2 species were recently investigated
using the I(¢)** modification of the STM-B] method."®®
Carboxylic acid, 2-cyanoacrylic acid, and pyridinium squarate
(PS) were all shown to be suitable anchoring groups for ITO.
PS showed no affinity for Au surfaces, meaning selective junc-
tion orientation could be achieved using a species bearing
both SAc and PS anchor groups.'® Selectivity studies of this
type are of relevance to controlled device manufacturing, and
comparable studies with other electrode materials would be
insightful.

2.2.3 Role of side groups. Side groups are commonly
needed to increase the solubility of OAE wires, particularly
longer systems.''>'>*12% They can additionally facilitate syn-
thesis, purification and conductance studies by increasing the
range of suitable solvents and reducing the propensity of OAEs
to stack through =n-n interactions, which can complicate
single-molecule conductance data by providing additional
signals relating to e.g. m-stacked dimers.'>* Side groups also
provide a means to incorporate further functionality into OAE
wires.

Simple alkyl or alkoxy chains are generally sufficient for
solubility enhancement. In an important early study, Huber
et al. first showed that the addition of two methoxy or hexyloxy
substituents (25b and 25c, respectively, Fig. 16) to the central
benzene ring of unsubstituted OPE3 (25a) resulted in no sig-
nificant change to conductance histograms or the most prob-
able conductance obtained via MCBJ.”* The tert-butylated ana-
logue (25d) was later shown to have comparable conductance
to 25b using the I(s) method.'* Similar results were sub-
sequently observed for pyridine-anchored analogues with and
without methoxy subsituents,"'> and for a series of amine-
anchored OPE3s bearing a wider range of substituents on the
central ring (including alkyl, alkoxy and fluoride substitu-
ents).””" In the latter case some concentration effects were
noted and attributed to differing intramolecular inter-
actions.”! It should be noted that these studies investigated
only symmetrically substituted, para-linked OAEs. In contrast,
the addition of methoxy side groups to different positions on a
meta-linked OPE3 substantially impacts on the molecular con-
ductance due to QI effects,"”* as discussed in section 3.4.
Computational studies have demonstrated this effect for a

SAc

AcS \ /

25a:R=H

25b: R = OMe
25¢c: R =0"CgH43
25d: R = 'Bu

Fig. 16 Examples of OPE3 species used to show that side groups have
little effect on molecular conductance for para-connected systems.
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range of electron-withdrawing and electron-donating side
groups.”>?® Side group functionalisation with alkoxy chains
and halides has also been found to affect thermoelectric
properties,”*>?%* as discussed in section 4.2.

Nitro side groups were associated with negative differential
resistance (NDR) in early studies of molecular junctions.***
NDR was studied in SAMs of thiol-terminated nitro-functiona-
lised OPE3 molecules.>®® It was concluded that under certain
assembly conditions extensive redox reactions can occur invol-
ving oxidation of the sulfur with concomitant reduction of
nitro to amine, thereby impacting the reproducibility and the
analysis of the electrical properties of the assemblies.”®® It is
notable that nitro groups are rarely seen in more recent experi-
mental conductance studies.

While linear alkyl chains suffice to enhance solubility,
other approaches provide more extensive shielding of OAE
backbones from the surrounding environment. Wang et al.
studied the series of dendron-functionalised OPE3s shown in
Fig. 17 in various Au-molecule-Au junctions.>*® In ensemble
junctions, increased dendron size was associated with lower
conductance per area. This was in part accounted for by X-ray
photoelectron spectroscopy (XPS) data, which showed a

R

AcS@ — >\_// — \7/ SAc
R

R= E{O\/O\

25-MOM
o 0
0 o
e e

*ﬁ;
ks

25-G2

25-G1
ﬁ\?)<
{ { (6]
(0]

Fig. 17 Dendron-functionalised OPE3s used to investigate shielding of
the molecular backbone.
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reduced SAM density with increasing side group size.
Additional discrepancy within the series was ascribed to
increased SAM disorder for the species with larger dendrons,
which further reduced the number of molecules bridging the
two electrodes.”’®® In STM-B] experiments, reference com-
pounds (monothiolated OPE3 and 25-MOM) afforded a con-
ductance feature that was attributed to a n-stacked dimer. This
was not observed for dendron functionalised species with
bulky side groups. Conductance histograms for 25-MOM and
25-GO contained features attributed to junctions comprising
either one or two molecules, whereas that of bulkier 25-G1 dis-
played only the single-molecule feature.>® The implication is,
therefore, that the smaller side chains are not sufficiently
bulky to prevent the formation of multi-molecule junctions.
The conductance histogram of 25-G2 was essentially feature-
less, suggesting that overly-large dendrons are not well-suited
to molecular junction experiments, presumably as they can
shield the anchoring functionality in addition to the
backbone.>®

Even more extensive shielding of an OAE backbone can be
achieved by encapsulating it within a macrocycle, such as
a-cyclodextrin, to form a rotaxane. Extensive synthesis of long
OAEs functionalised with multiple cyclodextrin units, includ-
ing control of which positions are shielded, has been
reported.”®” Despite this, relatively few OAE rotaxanes have
been the subject of conductance studies.***>'° The OAE back-
bones of rotaxane species 26 and 27 (Fig. 18) are respectively
encircled by one or two a-cyclodextrin macrocycles, which are
attached to the OAE as side groups. In the case of 26, rotaxane
shielding successfully prevented multiple molecules binding
in STM-BJ experiments. It was also shown that junctions con-
taining 26 displayed an asymmetric response to mechanical
strain. Other than this, the authors state that the addition of
the cyclodextrin ring had “no clear effect” on molecular con-
ductance properties.’®® In contrast, the shielding by the cyclo-
dextrin rings in [3]rotaxane 27 was reported to afford sharp
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conductance features in STM-BJ experiments due to the restric-
tion of intramolecular rotations, but features corresponding to
multiple molecules in the junction were observed.”'® Neither
of these studies included a direct comparison with an
unshielded analogue using the same STM-BJ equipment,
making it difficult to confidently discern the overall effect of
rotaxane shielding on molecular conductance.

DTF is an interesting functional side group that has been
used by Nielsen and coworkers to produce a range of extended
tetrathiafulvalene  (exTTF) cruciform OPE  molecular
wires,*®19419%:211 exemplified by structures 28-30 in Fig. 19.
(Species 30 is an example of an OPE with DTF-derived anchor-
ing units.). exTTF cruciforms are of interest as candidate mole-
cular redox switches. The OPE5 analogue of 28 has been inves-
tigated in a three-terminal device under gating and a magnetic
field (see section 5.3 for further discussion).”"' However, to
our knowledge, studies of similar systems are limited to con-
ductance measurements in the ground state. This may relate
to poor reversibility in electrochemical studies.'® In c-AFM
studies it was found that conductance increased as more DTF
units were added to an OPE backbone.’®® In contrast, in
single-molecule studies (STM-BJ and MCBYJ) little variation in
conductance was seen for different numbers of DTF units.
Furthermore, junction formation became less likely as the
number of DTF units increased; this effect was attributed to
the presence of increasing numbers of sulfur atoms, which
could reduce the mobility of the molecular wires on gold sur-
faces."” The differing trends between single-molecule and
ensemble conductance measurements are believed to be due
to both thioacetate protecting groups cleaving in the single-
molecule studies, but only that of the surface-bound sulfur in
the c-AFM experiments.'®>

Other approaches have been used to add switching or
sensing behaviour to OAE wires through side groups. Liu et al.
investigated an OPE3 dithiol wire with dimesitylboryl side
groups (25e, Fig. 20).>'> The boron atoms can act as Lewis

Fig. 18 OAE wires that incorporate shielding rotaxane functionality into side groups. The structure of the shielding a-cyclodextrin macrocycle is

shown on a pale blue background.

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 Examples of DTF-functionalised exTTF OPE wires,'®
or as anchoring groups (30).
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Fig. 20 Structures of OAE wires with side chain functionality that
imparts switching properties through ion binding.

acids, which results in a ca. fourfold reduction in the conduc-
tance of 25e upon exposure to fluoride anions. The authors
attribute this to a widening of the HOMO-LUMO gap
upon fluoride binding, with support from charge transport
simulations.”'> The reversibility of this switching was not
investigated. Cation sensing is also possible. The conductance
of a DHBT-anchored OPE3 with a 15-crown-5 type side group
(31a, Fig. 20) increased by a factor of up to ca. 2 upon com-
plexation with Li*, Na* or Rb*. The magnitude of the increase

10686 | Nanoscale, 2021,13, 10668-10711

with DTF units used as side chains on the same (28) or different (29) phenylene units,

was shown to correlate with the ionic radius of the bound
ion.*'? A larger, ca. four-fold increase was seen upon complexa-
tion of K. This was attributed to the formation of a 2:1
31a:K' complex in which both wires bridged between the elec-
trodes of the STM-BJ based on charge transport simulations.>'?
Furthermore, STM-B]J studies of 31b, with a larger 18-crown-6
type side group, for which 1:1 complexation of K" is expected,
afforded a conductance in line with the trend observed for the
other alkali metal cations.*'? Again, the study did not consider
the reversibility of this switching. The confirmation or develop-
ment of reversible ion sensors is desirable if such materials
are to be applied practically in devices.

2.2.4 OAEs linking other functionality. There are many
examples of OAE derivatives that do not strictly fit the defi-
nition of OAEs as (hetero)aromatic ring systems linked by
alkynes in an alternating fashion. Molecular wires with a
central functional unit linked to anchor units by OAE-type
backbones are common. Such species can provide useful refer-
ences when compared to analogous OAEs, and have the poten-
tial to function as more complex circuit components, such as
molecular switches. They are therefore highly relevant to this
review.

Molecular wires containing cross-conjugated quinoidal
units (Fig. 21), in particular anthraquinone derivatives such as
32, are well studied. They have been used in comparisons with
linearly conjugated (anthracene, e.g. 12), and non-conjugated
(dihydroanthracene) analogues.'*>*'* Comparisons have also
been made with other cross-conjugated structures based on
anthracene, including tetracyanoquinodimethane (TCNQ)
derivatives (e.g. 33) and exTTFs (e.g. 34).°” These and anthra-
quinone wires can function as redox-switches by gaining aro-
maticity and becoming linearly conjugated as their oxidation
state is changed,”®*">'7 either electrochemically or by for-
mation of charge-transfer salts. Quinoidal wires can also be

This journal is © The Royal Society of Chemistry 2021
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Fig. 21 Structures of molecular wires that incorporate a quinoidal unit
into an OAE-like backbone.

based on other central units, such as benzodithiophene (e.g.
35).°¢

Various other functionality has been used to impart switch-
ing behaviour into OAE derivatives (Fig. 22). Examples of
redox-active switches include the tetrathiafulvalene (TTF) wire
36, although conductance studies investigated only its ground
state.”'® The phenothiazine wire 37 was shown to have an
impressive ca. 200-fold increase in conductance upon oxi-
dation to a radical cation with trifluoroacetic acid,*'® although
the reversibility of this process was not commented upon.
True OAEs containing arylene units such as naphthalene-
diimide (NDI),>*° catechol®”’ and benzodifuran'*®* have also
been investigated as redox switches.

The photoswitching of diarylethenes such as 38 has been
studied in both single-molecule®® and ensemble
junctions.>®*?** The conjugated, closed state (38-h) is around
an order of magnitude more conductive than the open state
(38-1).*>?>* The norbornadiene-based wire 39 behaves as a
memristor with two states that could be accessed by using
current-induced local heating in one direction and single elec-
tron transfer in the other.””> Again, switching from a conju-

This journal is © The Royal Society of Chemistry 2021
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SMe

Fig. 22 OAE-like wires with switchable central units. High (h) and low
(1) conductance forms of 38 and 39 are shown.

gated (39-h) to a non-conjugated (39-1) state reduced conduc-
tance by around an order of magnitude.”*® The interconversion
of conformational isomers of a cyclohexane ring in OAE3-like
wires such as 40 has been detected in conductance measure-
ments using the STM-BJ technique.?*®

Nanoscale, 2021,13,10668-1071 | 10687
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Fig. 23 OAE-like
conductance.

mechanosensitive

wires  for

investigation  of

Central units have also been designed to investigate
mechanical switching of OAE-like (Fig. 23).
Mechanosensitive conductance varying over an order of magni-
tude was observed for a para-cyclophane centred wire (41) by
carefully controlling an MCBJ.>*” This behaviour was attributed
to QI effects related to the energy and relative phase of the fron-
tier orbitals in the cyclophane unit, which are sensitive to the
relative position of the two overlapping benzene rings.”*” Initial
synthetic attempts to improve on this design using a porphyrin-
based cyclophane afforded instead an unusual triply-linked bowl-
shaped system (42), which was nevertheless subjected to conduc-
tance investigations.””® A change of approach gave a doubly-
linked porphyrin cyclophane (43), for which initial conductance
results were recently reported."'® These molecular designs are a
logical progression based on similar mechanosensitivity observed
in junctions containing n-stacked OPE dimers.”*® The use of
cyclophanes ensures the overlapping n-systems are permanently
held in place covalently, rather than only through transient
supramolecular interactions.

The range of switching mechanisms discussed above
emphasises that switching and sensing remains a hot topic in

wires
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molecular electronics. Further innovative developments of
functional OAEs which are responsive to diverse stimuli are
easily anticipated, and could lend themselves to applications
such as logic gates.

Central units in OAE-like wires have been selected for
various other properties (Fig. 24). Biphenylene'*® (e.g. 44) and
dibenzopentalene®® have served to investigate the effect of
antiaromaticity on molecular conductance (see section 3.5).
Cyclopentadiene (e.g. 8d) has been used for comparison with
5-membered heterocycles 8a-c (see Fig. 10 and section
3.4)."'®13 The photophysical properties of NDI derivatives
have been utilised in molecular wire 45, which has broken con-
jugation. 45 is electroluminescent in a CNT-molecule-CNT
junction architecture.””

2.2.5 Organometallic analogues. In addition to purely
organic species, molecular wires that combine OAE-type back-
bones with organometallic functionality are of interest. These
compounds, where the metallic species forms part of the con-
ductive backbone, are distinct from the true OAEs containing
ligating moieties discussed in section 2.2.1 (Fig. 13). This
section does not aim to cover organometallic approaches
exhaustively, rather it will highlight some molecular designs of
interest and comment on the effect of some key structural fea-
tures. The interested reader is directed to a recent review con-
cerned with molecular wires based on metal bis(acetylide)
complexes (i.e. analogues of OAEs in which at least one aryl
unit is replaced by a metal bearing auxiliary ligands).>**

= =~
] N S ~
N= 8d Lw
'Bu
'‘Bu
R=
P S
N |l
Q O O HexO |
OO
O \/3OHex
o o] ‘ ‘
HN
= = ‘
lBu NS NS
U

tBu 45

Fig. 24 Example structures of OAE-like wires containing central func-
tional units that disrupt or lack aromaticity or conjugation.
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Fig. 25 shows several OAE and OAE-like wires including
organometallic functionality. Wire 46 and analogues with
longer and shorter OAE units were used to show that the incor-
poration of ferrocene units into the backbone enhanced con-
ductance relative to analogous OPEs.>*> True OAEs, where one
of the cyclopentadienyl ligands of a ferrocene moiety acts as
an arylene unit in the OAE backbone, such as 47, have also
been studied,>** but a direct comparison with species resem-
bling 46 does not yet appear to have been made.

Many metal bis(acetylide) complexes have been investigated
in molecular junctions.”*' Ruthenium and platinum com-

H,N =

48a: M = Ru, R = Ph; 48b: M = Fe, R = Et; 48¢c: M = Mo, R = Ph

(OEU:P (P(OEY),

S _ R =~
~ - /R|u - N
(EtO);P P(OEt);

49

50a: R =H; 50b: R = OCgH3

R, PR R.E PR
2/,“ / 2 2! /," / 2

CN — Ri— — Ri— NC
RP PR, RF PR,

51:n=0,1,2

Fig. 25 Selected OAE-like  wires containing organometallic
functionality.
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plexes (e.g. 48a, 49, 50) are most widely-studied but other
metals such as iron and molybdenum have also been used
(e.g. 48b and 48c¢).>*"*** Attractive properties of metal bis(acet-
ylide) complexes include the possibility to finely tune mole-
cular orbital energies through choice of metal and ancillary
ligand, and opportunities to explore easily accessible redox
states associated with transition metal centres.”*" Conjugation
is maintained across the metal centre because the metal
d-orbitals have the correct n-type symmetry to interact with the
alkynyl n-orbitals.

Ru complexes (e.g. 48a”** and 49'®”) typically contain octa-
hedral metal centres bearing two bidentate or four monoden-
tate phosphine (or phosphite) ligands in addition to the acet-
ylide units. Pt complexes (e.g. 50>**) adopt a square planar geo-
metry with two monodentate ancillary phosphine ligands.
Comparisons between metal bis(acetylide) complexes and ana-
logous OAEs give mixed results regarding the effect of repla-
cing an aryl ring (usually benzene) with a metal centre. The
extent of variation appears to relate to both the metal and the
anchoring units. A Ru complex with SAc anchors was ca. 5
times more conductive than the corresponding OPE,**° while a
similar species with TMSE anchors was only around twice as
conductive.'”! In contrast, for Pt complex 50b, with TMSE
anchors, comparable conductance to the OAE analogue was
reported.>®> With 3-thienyl anchors, the conductance of two
Ru complexes with different ancillary ligands (e.g. 49) was
similar to that of both Pt complex and OAE analogues.'®’
Using SMe or DMBT anchors, replacing the central benzene
ring of an OPE3 with a Ru centre increased conductance by a
factor of ca. 3-5 (dependent on anchor and ancillary ligands)
whereas replacement with a Pt centre reduced conductance by
more than a factor of 2.

Similarly to all-organic wires, side groups can play an
important role in organometallic systems. For example, hexyl-
oxy chains hindered undesired additional anchoring inter-
actions between an STM tip and PPh; supporting ligands in a
study of Pt bis(acetylide) complexes.**> The undesired through-
ligand conductance pathway dominates for 50a, whereas the
expected pathway between the two TMSE anchoring groups is
observed for 50b. Replacing the PPh; ligands with PEt; also
prevents this interaction, showing that the choice of ancillary
ligand can be important.>**

Multimetallic systems have also been investigated because
they offer the potential for enhanced redox response, amongst
other properties. These include oligomeric species containing
multiple metal centres, such as members of the isocyano-
anchored series 51,>*” and diruthenium complexes such as
52.'%8 Multimetallic species have been combined with photo-
switchable units to give highly functional OAE-like wires.***

3 Electrical conductance of OAEs:
structure—property relationships

This section focuses on conductance studies that examine
structure-property relationships in OAEs. The examples have
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been chosen to emphasise how the variety of structures avail-
able has enabled a detailed understanding of molecular con-
ductance properties to be developed. The influence of factors
including molecular length, connectivity, (cross-)conjugation,
(anti)aromaticity and heteroatoms on molecular conductance
will be discussed and, where relevant, related to QI.

3.1 Impact of molecular length on conductance

The conductance, G, of a series of oligomeric molecular wires
can be related to molecular length, L, through the relation-
ship:

G = Ge "

where G. is the effective contact conductance, i.e. a term
related to the properties of the anchoring group and electro-
des. The attenuation factor, f, is primarily a property of the
backbone and, in general, is lower for conjugated systems than
non-conjugated systems. This relationship was shown to apply
to Au-molecule-Au junctions in the early stages of molecular
conductance studies®® and has been established for many
molecular backbones.*® f is usually positive, i.e. conductance
falls as molecular length increases. However, unusual negative
values of § were reported for porphyrin tapes'® and cumu-
lenes."®* Related attenuation factors are observed for electron
transfer in D-B-A systems and magnetic exchange coupling in
biradical systems.”® However, these values are not directly
comparable because different exchange interactions and tun-
nelling energy barriers will exist in the backbones under the
very different experimental conditions.**’

Many studies have experimentally determined values of
fOr OAES.60—62,112,124,125,128,172,176,214,240 Table 2 ShOWS some Of
these values together with the structures of the oligomeric
series and the junction type used to determine them.
Although most of the examples use a similar para-linked OPE
repeat unit, the 8 value varies between 0.5 and 4.2 nm™" using
different anchoring groups and methods. Insightfully, two of
the studies examined a sufficient range of oligomer lengths
that a distinct reduction in f (ca. 1 order of magnitude) was
observed at molecular lengths beyond 2.5-3 nm, as seen in
Fig. 26."">'*® This change corresponds to a transition in the
charge transport mechanism from tunnelling at short mole-
cular lengths to hopping at longer molecular lengths. A related
study of ferrocene-centred OAE-like species (e.g. 46, Fig. 25)
found a similar transition and reported # = 2.2 nm™" for the
shorter species (albeit based on only two data points).>*?
Unlike the other studies discussed, which are concerned only
with members of homologous series, Kaliginedi et al. com-
bined an OPE oligomer series with OAE3s in which the central
aryl unit was varied from benzene to naphthalene to anthra-
cene." 2 6-Substituted naphthalene and anthracene deriva-
tives (included in Table 2, entry 6) lay on the same trend line
as the OPEs and were included when determining f, but 1,4-
substituted naphthalene (11) and 9,10-substituted anthracene
(p-23) did not and were excluded from the calculation of  (for
further discussion see section 3.3).
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3.2 Connectivity and quantum interference

The discussion at the end of the previous section indicated
that the connectivity of an aromatic unit within an OAE can
have significant impact on its conductance. This can be attrib-
uted to the effects of QL. QI is the source of many differences
between molecular and macroscale electronics. The nanoscale
conductance pathways through a molecular wire are subject to
quantum effects, and electrons propagating through different
pathways can interfere with one another constructively (CQI)
or destructively (DQI), depending on their phase.*!

Studies described in section 2.2.1 showed that for benzene
rings, para- (and ortho-) connectivity results in higher conduc-
tance than meta-connectivity.'3>'>115%1557157 Thjg archetypal
demonstration of QI is rationalised in Fig. 27 for para- and
meta-linked OAE3s with thienyl anchoring groups (p-53 and m-
53, Fig. 27a)."® Fig. 27b shows the calculated transmission
functions of the two wires, which can be separated into HOMO
and LUMO contributions as seen in Fig. 27c and d for p-53
and m-53, respectively (higher- and lower-energy orbitals also
contribute to a lesser extent, but are discounted for simplicity).
Importantly, the HOMO and LUMO contributions have both
an amplitude and a phase. In the case of p-53, the phase of
transmission is the same for both orbitals within the HOMO-
LUMO gap, so CQI takes place and T(E) (and therefore conduc-
tance) is high around Eg. Conversely, for m-53, a phase differ-
ence of n between the transmission through the HOMO and
the LUMO in the HOMO-LUMO gap results in DQI,"°
meaning T(E) (and therefore conductance) is low around Ep.
The relationship between para- and meta-type connectivity
with CQI and DQI, respectively, has also been demonstrated in
OAEs containing larger aryl units such as fluorene."*”***

For larger aromatic systems the number of possible pathways
increases and QI behaviour necessarily becomes more complex.
For polycyclic aromatic hydrocarbons, QI behaviour can be
qualitatively predicted using e.g. graphical methods® or magic
ratio rules."’”'*® More quantitative predictions rely on the calcu-
lation of transmission functions®'** (see Fig. 6 and section 1.2).
The relationship between connectivity, QI and transmission
functions was demonstrated experimentally in a comparison of
para- and meta-linked OPE3s under external gating."”” Gating
shifts the energy of the system away from Ey, and therefore
should allow access to more conductive regions of the trans-
mission function for molecules that display DQI In contrast,
where CQI occurs T(E) shows little variation until energies close
to the molecular orbitals are reached. Indeed, as the gating
voltage was varied the conductance of the meta-OPE3 spanned
more than 2 orders of magnitude, whereas the conductance of
the para-OPE3 varied by only a factor of 3.’

Polycyclic aromatics have been used to demonstrate
different extents of CQI derived from connectivity. For a
pair of anthanthrene-centred OAE3s (54 and 55, Fig. 28), 6,12-
connectivity (54, red) was predicted by magic ratio rules to be
81 times more conductive than 4,10-connectivity (55, blue).
MCB]J measurements showed excellent agreement, with a con-
ductance ratio of ca. 79 at maximum junction extension.''”

This journal is © The Royal Society of Chemistry 2021
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Table 2 Structures of OAE oligomer series used to determine attenuation factor, g, via different experimental methods

OAE structure

p/nm~" and method

R=HorOMe R

Py

N /\:<)n_ o

AN / W

R R =H or OCgHys

n

o

R R=HorOCgHy3

—//_/\ —
TMS — 7/nTMS

R =H or OMe

(in situ deprotection, C=C-Au bonding)

This journal is © The Royal Society of Chemistry 2021

2.0 (OPE1-OPE3), 0.30 (OPE4-OPE7),"*® STM-BJ

3.3 (OAE2-OAE5), 0.16 (OAE6-OAEY),'"> MCBJ

2.1 (OPE1-OPE3),>** ¢c-AFM
3.7 (OPE2-OPE4),*"" c-AFM

3.2 (OPE1“-OPE3)/1.1 (OPE2 and OPE3 only),"”® STM-B]
d) 2.3 (OPE2-OPE4),** EGaln
e) 1.5 (OPE1°-OPE3),'*! Large area Au-molecule-PEDOT:PSS”

2.3 (OPE2-OPE4),%” EGaln
3.0 (OPE1-OPE3),°! Hg-Drop

3.4 (OPE2-OPE5 + two OAE3s),'*> STM-BJ and MCBJ

3.3 (OPE1-OPE3),"”> MCB]

0.5 (OPE1-OPE3),"”® STM-BJ
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OAE structure

pnm™" and method

SMe

4.2 (OAE1-OAE3),%° c-AFM

“ For OPE1, benzenedithiol was used rather than the acetyl-protected species. ” PEDOT:PSS = poly(3,4-ethylenedioxythiophene) polystyrene sulfo-

nate, a conductive polymer.

a)
19.01
18.51
18.0-

;_'é 17.51
17.01
16.51
16.01
15.51

1 2 3 4 B

Fig. 26 Plots illustrating a transition of g-value with increasing mole-
cular length for: (a) amine-anchored OPEs (entry 1, Table 2); this figure
has been adapted from ref. 128 with permission from the American
Chemical Society, copyright 2009; (b) pyridine-anchored OAEs (entry 2,
Table 2); this figure has been adapted from ref. 112 with permission from
the American Chemical Society, copyright 2013. Note that in plot (a) the
y-axis represents resistance (i.e. the inverse of conductance) and hence
the sign of the slopes differs between the two graphs.
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Similar behaviour was observed in SAMs using isomeric
anthracene-centred OAE3s (56 and 57, Fig. 28)."*° 9,10-
Connectivity (56, red) was predicted to be 16 times more con-
ductive than 1,5-connectivity (57, blue). The experimental
ratios determined using c-AFM were 10.2 (SMe anchoring
group) and 14.3 (SAc anchoring group), in reasonable agree-
ment with the prediction.'*® The correlation between magic
ratio rules and experiment in these cases is impressive, but it
should be noted that to our knowledge they have only been
shown to apply to all-hydrocarbon aryl units or heteroaryl
units derived from bipartite lattices.

QI effects have also been observed in systems with multiple
anchoring groups which might be expected to afford indepen-
dent conductance pathways that interact additively. By compar-
ing OAE2s with a para-pyridyl-, meta-amino- or 2-aminopyridyl-
anchor (and a second para- or meta-pyridyl anchor) it was
found that parallel conductance pathways do not interact addi-
tively (i.e. according to Kirchoff’s law) if, in isolation, CQI is
expected for one pathway and DQI for the other.'®® Instead,
the overall conductance of the parallel system was between
that of the two isolated pathways. In contrast, where both path-
ways would be expected to exhibit DQI in isolation, Kirchoff’s
law appeared to hold.'®®

3.3 Conjugation

In section 3.1, it was stated that the molecular conductance of
OAE3s with central 1,4-substituted naphthalene and 9,10-sub-
stituted anthracene units (13 and p-23) did not lie on the same
trend line as OPEs when investigating the p-value.”> An
increase in conductance as the central ring system increased
in size, while the length of the conductance pathway remained
the same, was also observed by Liu et al. in an MCBJ-study of
five acene-centred OAE3s with central aryl units ranging from
benzene to pentacene (25a, 11, p-23, 58 and 59, Fig. 29a).%
This behaviour relates to the conjugation of the central aryl
unit. As the size of the acene, and hence conjugation,
increases the HOMO-LUMO gap decreases. This, in turn,

This journal is © The Royal Society of Chemistry 2021
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Fig. 27 Structures (a) and transmission functions (b) of para- and meta-
connected OAE3s p-53 and m-53, together with the amplitude (top) and
phase (bottom) of transmission through the HOMO and LUMO of p-53
(c) and m-53 (d). This figure has been adapted from ref. 156 with per-
mission from Wiley-VCH, copyright 2013.

results in increased conductance as seen in the molecular
transmission functions (Fig. 29b); the smaller HOMO-LUMO
gap reduces the depth of the transmission minimum close to
E.%® It is noteworthy that Liu et al. did not observe the same
trend when SAMs of the molecules were measured using the
EGaln method. In this case conductance was fairly similar for
all OAEs except for the pentacene system, for which it was sig-
nificantly lower.®® This was attributed to intermolecular
packing interactions between acene units in the tightly-packed
SAM (which is also believed to be the source of lower-conduc-
tance features present in the MCBJ data).®®

The impact of cross-conjugation on QI has been investigated
by comparing aromatic systems to their quinoidal analogues.
Linearly-conjugated 2,6-anthracene-centred OAE3 systems (e.g.
12) have been compared to cross-conjugated anthraquinone
analogues (e.g. 32) in conductance studies using MCBJ,"*’
STM-B],*” c-AFM®?' and EGaIn.®*®” Non-conjugated 9,10-
dihydroanthracene species (e.g. 60) are often also included. As
shown in Fig. 30, anthracene systems are consistently the most
conductive, followed by 9,10-dihydroanthracenes, then anthra-
quinones. For 2,6-connectivity, conductance therefore follows
the trend of linear conjugation > no n-conjugation > cross-conju-
gation. Charge transport calculations illustrate that this can be
related to DQI in the case of anthraquinone species."*>>"*

DQI is not a fundamental property of the anthraquinone
unit; a comparison of 1,4- and 1,5-connectivities (where the

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

Pl

SAc

56 / 57

Fig. 28 Isomeric OAEs containing polycyclic aryl units which have
been incorporated into OAE wires to compare different substitution pat-
terns. For a given isomer, only either the red or blue substituents are
present, the others are replaced by H (or solubilising n-octyloxy or 4-(2-
ethylhexyloxy)phenyl side chains for 54 and 55, respectively). The red
and blue substitution patterns correspond to higher and lower conduc-
tance isomers, respectively.

conductance pathway respectively does or does not pass across
the quinoidal ring, i.e. the wire is either linearly or cross-conju-
gated) shows no evidence of DQI in the 1,4-case.*'® The con-
ductance of the 1,5-species is much lower than the 1,4-ana-
logue, which is attributed to DQI in the former (although the
characteristic antiresonance is not seen in the calculated trans-
mission function).*'?
gated dihydroxyanthracene derivative increased conductance

Electrochemical reduction to the conju-

in both cases, but much more significantly for the 1,5-connec-
tivity. This was related to the “switching off” of DQI in this

case.???

Similar redox-switching behaviour has been reported
for 2,6-connected anthraquinone*’” and an anthraquinone-
derived extended TCNQ unit.®* A theoretical study indicated
that the connectivity of cross-conjugated anthraquinones can
influence QI behaviour;***
rationalised using an approach based on curly arrows.**

Zhang et al. used OAE3s containing benzodithiophene
(BDT) derivatives to investigate the relationship between conju-
gation and QL.°® A linearly-conjugated BDT (17) was compared

to its quinone analogue (35) and an isomeric cross-conjugated

this observation has recently been

BDT (61), alongside an anthraquinone species (32) for refer-
ence. Compared to linearly-conjugated 17, cross-conjugation
alone was observed to reduce conductance much less than
cross-conjugation due to a quinoidal system (Fig. 31).
Calculated transmission functions showed that for the quinoi-
dal systems a sharp DQI feature was present close to Ef,
whereas for the cross-conjugated isomer the equivalent anti-
resonance was significantly shifted towards the HOMO.%® A key
finding of this study is therefore that the nature of the func-
tionality which imparts cross-conjugation has substantial

Nanoscale, 2021, 13,10668-10711 | 10693


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr02023d

Open Access Article. Published on 10 June 2021. Downloaded on 3/7/2026 4:45:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
a)  Acs \ :6: \ SAc
25a
oS
11 ‘,:'.
5— —t
23 59
b) 10°
c
2
)]
=
=
1))
&
= — NP
=
104 s TC
- PC
10'6 T T T T T
-2 = 0 1 2
E - E, (eV)
Fig. 29 (a) Structures of a series of thiol-anchored acene-centred

OAE3s. The core acenes are: para-benzene (OPE3, 25a), 1,4-naphtha-
lene (NP, 11), 9,10-anthracene (9,10-AC, p-23), 5,12-tetracene (TC, 58)
and 6,13-pentacene (PC, 59); (b) Nonequilibrium Green's Function-
Density Functional Theory (NEGF-DFT) based transmission functions for
the molecules in (a). Panel (b) has been reproduced from ref. 69 with
permission from the American Chemical Society, copyright 2020.

influence on the resulting QI behaviour. A study that examined
a series of OAE3s with central anthraquinone-like species with
different cross-conjugating groups also found considerable
variation in conductance.®’

Cross-conjugation has also been shown to supress the
reduction in conductance associated with DQI. In a compari-
son of OAE3s with central dimethylfluorene or fluorenone
units (62 and 63 in Fig. 32) para-connectivity (62, red) afforded
higher conductance than meta-connectivity (63, blue)."*®
However, the magnitude of this difference was significantly
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Fig. 30 Structures (a) and comparison of conductances (b) of thiol-
anchored OAE3 and OAE3-like species with central 2,6-connected
anthracene (AC, blue, 14), 9,10-dihydroanthracene (AH, black, 60) and
anthraquinone (AQ, red, 41) units determined using different experi-
mental methods (CP-AFM = c-AFM). This figure has been adapted from
ref. 214 with permission from the PCCP Owner Societies, copyright
2013. Some of the data included is originally from other works.®>2°

lower for the fluorenone species 62b and 63b (2-3 times lower)
than the dimethylfluorene species 62a and 63a (ca. 2 orders of
magnitude lower). The carbonyl group of meta-linked fluore-
none 63b is cross-conjugated with the anchoring groups,
whereas there is no cross-conjugated functionality in the di-
methylfluorene analogue 63a, suggesting that this small struc-
tural change is responsible for the drastically different conduc-
tance behaviour.™®

3.4 Aromaticity and heteroatom effects

Heterocyclic systems have been used as arylene units in OAEs
to investigate the effects of aromaticity on molecular conduc-
tance. For simple five-membered heterocycles, aromaticity
increases in the order furan < pyrrole < thiophene; cyclopenta-
diene is a non-aromatic analogue that can easily be compared
with this series. Chen et al. studied amine-anchored OAE3s

This journal is © The Royal Society of Chemistry 2021
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Fig. 31 Comparison of the conductance of three OAE3s incorporating
BDT derivatives and an anthraquinone species measured using the
EGaln method. This figure has been adapted from ref. 66 with per-
mission from The Royal Society of Chemistry, copyright 2018.
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Fig. 32 Fluorene derivatives which have been incorporated into OAE
wires to compare different substitution patterns. For a given isomer,
only either the red or blue substituents, corresponding to higher and
lower conductance isomers, respectively, are present, the others are
replaced by H.

with central thiophene, furan or dimethylcyclopentadiene
rings (64b-d in Fig. 33) and found that conductance decreased
as the aromaticity of the central ring increased."*® A later study
by Yang et al. using pyridyl anchoring groups saw no variation
with aromaticity for an analogous series of OAE3s also includ-
ing a pyrrole derivative (8a-d in Fig. 33).""® The difference
between the two studies was attributed to anchoring group
effects.'™® Contrasting results were observed with an asym-
metric connectivity (65a-d in Fig. 33). In this case the pyrrole-
and furan-centred species were the most conductive, followed
by the cyclopentadiene derivative, then the thiophene-centred
OAE3."'® Conductance appeared to increase with the electro-
negativity of the varied group rather than relating to aromati-
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Fig. 33 Heterocyclic aryl units (and related species) which have been
incorporated into OAE wires to compare different substitution patterns.
For a given isomer, only either the red or blue substituents, corres-
ponding to higher and lower conductance isomers, respectively are
present, the others are replaced by H.

city."'® The transmission functions of the asymmetric series
also showed evidence of DQI (¢f. meta-connectivity).

A related study of “bridged biphenyl” species (15a-d, and
66a-d in Fig. 33) also explored the effects of aromaticity and
heteroatoms on the conductance of OAE3s."*” For para-connec-
tivity (15, red), conductance decreased as the aromaticity of
the heterocyclic core increased. The overall trend in conduc-
tance was X = O > NEt > CMe, > S, meaning that the non-aro-
matic dimethylfluorene species (15d) did not follow the aroma-
ticity trend."?” Contrasting results were obtained for meta-con-
nectivity (66, blue) where conductance followed the trend X =
CMe, ~ NEt > O = S. Aromaticity alone cannot explain this
conductance trend, and as for five-membered heterocycles''®
electronegativity and QI appear to be important factors."?’
an alternative rationalisation, the heteroatoms can also be con-
sidered as cross-conjugating functionality®® (¢f the discussion
of the structurally-similar fluorenone-containing OAE 63b
above®). Additional evidence supporting an inversely pro-
portional relationship between aromaticity and conductance is
desirable, but these studies suggest it may prove difficult to
conclusively separate the effects of aromaticity from associated
factors.

Heteroatom effects have also been considered separately
from aromaticity. The influence of heteroatoms, either within
the OAE backbone or as pendent substituents, is minimal in the
case of linearly-conjugated species for which CQI is expected to
93,112,131201 11y contrast, clear effects are seen when hetero-
atoms are introduced into meta-linked OAEs for which DQI is
expected. Liu et al. compared a meta-OPE3 to analogous OAEs in
which the central ring is pyridine rather than benzene."** Using
the MCBJ method, they observed different conductance behav-
iour depending on the position of the nitrogen in the central
ring (Fig. 34). When the nitrogen was meta to both alkynes (M1,
Fig. 34), the conductance was comparable to the parent OPE3.

In

occur.
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Fig. 34 MCBJ conductance histograms (top) and structures (bottom)
for a series of meta-OAE3 molecular wires. This figure has been adapted
from ref. 132 with permission from Wiley-VCH, copyright 2016.

The other two isomers (M2 and M3) each have higher conduc-
tance than the parent system."*

Comparable effects were seen in an investigation of meta-
linked OPE3s with methoxy-substituted analogues,'*® indicat-
ing that pendent heteroatoms can also influence conductance.
In this case, substitution in the mutually meta-position (rela-
tive to the alkynes) again afforded similar conductance to the
parent system, whereas enhanced conductance was observed
for substitution para to one alkyne and ortho to the other.'>
In STM-BJ studies, substitution at the mutually ortho position
did not afford an increase in conductance. However, compu-
tational studies showed this was a steric rather than an elec-
tronic effect; enhanced conductance was seen in the trans-
mission function if the methoxy substituent was constrained
to an unfavourable position in which its lone pair could inter-
act with the OPE n-system.'*’

These'*>"® and other studies the
increased conductance associated with the addition of hetero-
atoms to meta-linked OAEs to the electron-withdrawing or
-donating properties of the heteroatom(s). Charge transport
simulations showed that the presence of donor or acceptor
groups at certain positions shifted DQI antiresonances away
from Eg, meaning T'(E) and hence conductance was higher in
this region.’®?® Further experimental confirmation of these
effects (including the scope of suitable functional groups), and
analysis of their influence on measured molecular conduc-
tance would provide a means to better design new molecules
which exploit these DQI effects.

34-36
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Fig. 35 (a) General structure of DHBT-anchored OAE3 wires 67 with a

central heterocycle used to study gating effects on molecular conduc-
tance; (b) transmission functions (solid lines, black axes) and electroche-
mically gated STM-BJ conductance data (data points, blue axes) for OAE
wires in (a) with X = O, S and Se. Panel (b) has been adapted from ref.
134, with permission from the American Chemical Society, copyright
2021.

OAE3s with central five-membered heterocycles containing
different chalcogens (67, Fig. 35a) were used in a study of
gating effects on molecular conductance.’* Without gating,
molecular conductance followed the trend X = O < S < Se. This
was the inverse of the trend in HOMO-LUMO gaps for which X
= Se < S < 0. When gating voltages ranging from —0.9 to
+0.3 V were applied, the range of possible conductance values
followed the order X = O < S < Se, with those of the X = Se
species spanning an order of magnitude. The gated conduc-
tances showed reasonable agreement with the calculated trans-
mission functions for the molecules, as shown in Fig. 35b."**
The observed variation of the gating effect with relatively small
structural changes is pertinent to the design of molecular
transistors.

3.5 Antiaromaticity

Aromatic systems have also been compared to related antiaro-
matic species. Gantenbein et al. compared different connectiv-
ities of biphenylene in OAE3s with structurally similar aro-
matic systems (Fig. 36)."*® Wire 44, where the conductance
pathway crosses the antiaromatic 4 = e~ central ring, was com-
pared to OAE3s with central fluorene (62, R = para—(methyl-
thio)phenyl) or biphenyl (68) units, i.e. with a non-aromatic or
without any central ring. No significant conductance variation
was seen between these three species.'*® OAE3s with 1,4-con-
nectivity across central biphenylene (69), naphthalene (70) and
anthracene (71) units were also compared. In these cases the

This journal is © The Royal Society of Chemistry 2021
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Fig. 36 Structures of biphenylene-containing molecular wires and
selected reference species used to investigate the effect of antiaromati-
city on molecular conductance.

fused (anti)aromatic ring(s) are pendent to the conductance
pathway. Again, no significant conductance variation was
observed.*® The limited effect of antiaromaticity in these
cases could relate to the fusion of the antiaromatic cyclobuta-
diene system to aromatic benzene rings in biphenylene. This
may reduce the effective antiaromaticity of the system as a
whole.

To further investigate antiaromaticity, Schmidt et al. com-
pared dibenzopentalene-centred OAE3s 72 and 73 with two
aromatic model systems: a 9,10-anthracene-centred OAE3 (74)
and an OPE3 (75) (Fig. 37).>*° The 8 & e~ pentalene system at
the core of dibenzopentalene is antiaromatic. The conductance
pathways of 72 and model systems 74 and 75 are near-identical
in length and comprise equivalent alternating single and mul-
tiple bonds. The conductance of these three systems is similar
(Fig. 37), although that of 75 is slightly lower due to its larger
HOMO-LUMO gap (c¢f. the acene series®® 25a, 11, p-23, 58 and
59 in Fig. 29).>*° 73 has a longer conductance pathway but is
significantly less conductive relative to 72 than would be
expected based on this length difference alone. The conduc-
tance difference appears to relate to cross-conjugation rather
than the antiaromaticity of dibenzopentalene, as supported by
the presence of an antiresonance in the transmission function
of 73.%*° Small antiaromatic systems fused to aromatic rings
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Fig. 37 STM-BJ 1D Conductance histograms (above) and structures
(below) of OAE3 wires used by Schmidt et al. to investigate the effects of
antiaromaticity on molecular conductance. The structures are coloured
to match the corresponding histogram trace. This figure has been
adapted from ref. 230 with permission from the Royal Society of
Chemistry, copyright 2021.

appear to have only minimal influence on molecular

conductance.

3.6 Anchoring groups

Comparisons between anchoring groups are not always
straightforward as they may rely on results obtained in
different laboratories using different experimental equipment
and methods."® However, multiple studies have specifically
examined the effect of changing the anchoring group of other-
wise identical OAEs. Reported trends include:

1. Conductance of OAE2s varies with anchoring group in
the sequence -SAc > -NH, > pyridyl > -CN, using STM-BJ and
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MCB]. Thiol and pyridyl groups gave the most stable junctions,
and showed the highest junction formation probability.*®°

2. Based on values for OAE2s in a study of oligoynes, the
trend for conductance with anchoring group is DHBT > -SAc >
-NH, > pyridyl > -CN, using STM-BJ and MCB]. DHBT, thiol
and pyridyl groups all showed high junction formation
probability.'?

3. A series of alkyne-anchored OPEs were more conductive
than their thiol analogues in an MCB]J study.'”?

4. A study of OAE3s found conductance followed the trend
—-SAc > -SMe ~ -NH, > pyridyl, whereas a study of junction life-
times gave the trend pyridyl > -SAc ~ -NH, > -SMe."*'

5. Solvent effects on the conductance of OAE2 wires varied
with anchoring group in MCBJ measurements. With -SMe
anchors, conductance increased by almost an order of magni-
tude when the solvent was changed from mesitylene to THF,
whereas smaller changes were seen for -SAc or pyridyl
anchors.**?

6. The effect of copper complexation on the conductance of
phenanthroline-centred OAE3s 21a-c (Fig. 13) differed depend-
ing on the anchoring group in “self-breaking” MCB] experi-
ments."*® For the free wires, conductance followed the trend
SAc > alkyne > pyridyl. Upon Cu-complexation, the conduc-
tance of the thiol-anchored OAE3 fell slightly, while that of the
alkyne-anchored OAE3 fell by an order of magnitude. In con-
trast, the conductance of the pyridine-anchored OAE3
increased by a factor of ca. 6. The different responses were
attributed to the dominance of different molecular orbitals on
conductance behaviour, as complexation changes orbital
energies.'*®

Anchor groups influence which molecular orbital domi-
nates the conductance properties of a molecular wire (i.e.
whether the HOMO or LUMO is closer in energy to Er in the
transmission function, see Fig. 6). This phenomenon is of par-
ticular relevance to the thermoelectric properties of molecular
wires and is discussed further in section 4.1.

4 Thermoelectric properties of OAEs

This section is concerned with the measurement of thermal
properties of OAEs in molecular junctions. Molecular wires
such as OPEs have been proposed as candidate materials for
low-cost, environmentally-friendly thermoelectric
generators, i.e. devices that can harvest (waste) heat and
transform it into electricity. An effective thermoelectric
material should conduct electrons efficiently and heat poorly.
Thermoelectric performance can be summarised using a ‘ther-
moelectric figure of merit,” ZT,””’">° according to the equation:

27-29

GS*T
ZT =
Kp + Ke
A higher ZT indicates more favourable performance. The
electrical conductance, G, was discussed in detail in section 3.

S is the Seebeck coefficient, or thermopower, of a material. T is
the temperature of the material (although as a thermoelectric
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device is reliant on a temperature gradient this term can prove
problematic to define in practice).*** The terms «, and «. rep-
resent the thermal conductance due to phonons and electrons,
respectively, and may be combined into a single x term repre-
senting total thermal conductance.

Experimentally, the Seebeck coefficient of a molecular wire
is determined by measuring the thermoelectric voltage (AV)
across a molecular junction with different temperature differ-
entials (AT) between the electrodes. A plot of AV against AT
should be linear with a gradient of —5.>**> Transmission func-
tion calculations used in molecular conductance studies
(Fig. 6) also provide information about the Seebeck coefficient.
S is proportional to the slope of T(E), but has the opposite
sign. When the HOMO is closest to Eg, T(E) has negative slope
at Er and S is therefore positive. The opposite holds when the
LUMO is closest to Er.®> DQI antiresonances can result in large
gradients of T(E) in the HOMO-LUMO gap and have been
identified as a potential means to increase S.>** However, as
discussed in section 3.2, DQI results in reduced electronic con-
ductance so the resulting increase in S may not afford a conco-
mitant increase in Z7. It has been proposed that by carefully
controlling the position of a DQI feature, S could be increased
without significantly reducing G;***** note that the direction
in which an antiresonance is shifted would affect the slope of
T(E) and hence the sign of S.

Surprisingly, given their ubiquity in charge transport
studies, relatively few experimental studies have investigated
the thermoelectric properties of OAEs, particularly with
respect to structure-property relationships. Oligophenylenes
are much more prevalent.>**° Substituted benzene rings are
therefore widely studied, including in the earliest report of
Seebeck coefficients for single molecules from 2007.%>

4.1 Influence of anchoring groups on Seebeck coefficient

A key insight of early molecular thermopower studies is that
the sign of the Seebeck coefficient is dependent on the anchor-
ing group of the molecule. This is logical as the anchoring
group determines the dominant orbital for conductance, and
hence the slope of T(E) at Ey.** Early studies of functionalised
benzenes showed that § was positive for thiol**#32%%2% and
amine®*® anchoring groups but negative for nitrile anchoring
groups.”®® Subsequent studies of OAEs agree with these obser-
vations for thiols and amines,**'** and additionally show that
S is negative for pyridyl,"*>**® methylthio'**'****® and
DHBT?” anchoring groups. Interestingly, the structurally
similar DMBT anchoring group was found to afford positive
values of 5.'°® The electrode material has been shown to affect
S; changing from Au to Ni electrodes in an STM-BJ study saw S
change from positive to negative for benzene-1,4-dithiol. This
was attributed to spin hybridisation between the molecular
orbitals and the Ni electrodes.>*’

Anchoring group effects in larger OAEs were investigated
using c-AFM in a comparison of OAE3s with central 9,10-con-
nected anthracene units (76, 77, 74 and p-23, Fig. 38). These
varied only in their anchoring groups, which were either both
pyridyl (76), both methylthio (74), one of each (77), or both

This journal is © The Royal Society of Chemistry 2021
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anchoring group effects on thermopower in OAEs. This figure has been
reproduced from ref. 139 with permission from The Royal Society of
Chemistry, copyright 2020.

<

(acetyl protected) thiols (p-23)."*° As shown in Fig. 38, the
magnitude of S was low for the bispyridyl species 76 (—2.50 uV
K™"), increased by a factor of ca. 2 when one pyridyl was
replaced by para-(methylthio)phenyl to give 77, and increased
significantly to —21.6 pv K~ for 74, with two para-(methylthio)
phenyl anchors. For thiol anchored p-23 the sign of S was posi-
tive, with an intermediate magnitude (+11.0 pV K~ ') compared
to analogues 76 and 74."*° The tenfold increase in S for -SMe
vs. pyridyl anchors highlights the importance of anchor group
selection in the design of OAEs for thermoelectric appli-
cations. The authors highlighted the relevance of strategies for
structural control of S in thin films to future device
applications.

It should be noted that the structure-property relationships
described above are not necessarily transferable to other
systems. For example, for biphenylene-centred OAE3s the mag-
nitude of S was found to be larger with pyridyl anchoring
groups (—9.71 + 1.06 pv K ') than with -SMe anchoring
groups (—6.88 + 0.67 pV K™ ').>"® However, in this case a DQI
feature was observed in the transmission function of the
pyridyl-anchored system, but not the -SMe anchored system.
Clear scope remains for in-depth studies to better define all
aspects of the relationship between anchoring groups, other
structural features, electrode material, and the sign and mag-
nitude of S.

4.2 Seebeck coefficient: structure-property relationships

Investigations into the effect of structural features of OAEs
other than the anchoring group on S are relatively rare. These
predominantly recent works consider similar properties to

This journal is © The Royal Society of Chemistry 2021
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comparable studies of electronic conductance: connectivity
and QI, conjugation and aromaticity, and side groups.

Miao et al. determined S for para- and meta-connected
OPE3 dithiols in one of the first experimental studies to
compare the effects of CQI and DQI on thermopower.'** S was
higher for meta-connectivity when measured using both
STM-BJ (meta: +20.9 + 15.4 pV K™, para: +10.8 + 9.5 pv K )
and AFM (meta: +22.5 + 1.1 pV K ', para: +8.0 + 0.8 pvV K/,
Fig. 39a and b)."”* These results agreed with expectations
based on transmission function calculations, in which the DQI
feature associated with meta-connectivity increased the slope
of T(E) around Ep, and hence the magnitude of S, relative to
para-connectivity (Fig. 39c). This crucial experimental confir-
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Fig. 39 Thermoelectric voltage as a function of AT for monolayers of
meta-OPE3 dithiol (a) and para-OPE3 dithiol (b) determined using an
AFM method (N.B. the gradient of these plots is equal to —S), and calcu-
lated transmission functions for single-molecule junctions containing
the same molecules (c). This figure has been adapted from ref. 152 with
permission from the American Chemical Society, copyright 2018.
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mation of theoretical predictions that QI could be used to
manipulate thermoelectric properties prompted many sub-
sequent studies of structure-property relationships.

Wang et al. compared two different conductance pathways
for which CQI occurs using differently connected anthracene-
centred OAE3s with thiol and methylthio anchors (56 and 57
in Fig. 28)."*® As discussed in section 3.2, regardless of the
anchoring group, electronic conductance was higher for 9,10-
(56, red) than 1,5-connectivity (57, blue). In contrast, the effect
of connectivity on S depended on the anchoring group. For
—-SMe anchoring (negative S), the magnitude of S was larger for
the less conductive isomer 57 (=31.8 pv K for 1,5- vs.
—23.4 pV K~* for 9,10-connectivity) whereas for thiol anchoring
(positive S) the more conductive isomer 56 also had higher S
(+10.4 pv K" for 1,5- vs. +12.1 pv K~ for 9,10-connectivity)."*
Analysis of the transmission functions emphasised the sensi-
tivity of S to molecular orbital energies and the need to cor-
rectly determine Er in theoretical studies. While it is clear that
CQI can be used to enhance S, the concomitant effects of
anchoring groups are likely to make design of such systems
more challenging than those based on DQI.

A comparison of methylthio-anchored OAE3s with central
1,4-connected biphenylene, naphthalene and anthracene units
(69-71, respectively, Fig. 36) explored the effects of antiaroma-
ticity and conjugation on §.>*® Calculations showed that the
energy of the LUMO was similar for all three systems, but that
the HOMO-LUMO gap decreased in size as the central unit
was varied from biphenylene to naphthalene to anthracene.
The slope of T(E) at (an empirically corrected) Ep suggested
that the magnitude of S should follow the trend 69 > 70 > 71,
as the centre of the HOMO-LUMO gap lies closer to (the cor-
rected) Er as conjugation increases. Experimentally the magni-
tude of S followed the trend 69 (—6.88 + 1.06 pv K ') > 71
(-4.13 £ 1.52 pvV K™') > 70 (—1.62 + 0.21 pV K '), which can be
corrected for computationally by adjusting the energy levels.>*®
There was no clear relationship between S and conjugation,
the energetics of the system appeared to be more influential.

Side group functionalisation was shown to have a small
effect on the thermopower of benzene-1,4-dithiol derivatives
in 2008.”” Similarly limited variation of S was observed
recently by Dekkiche et al. in a comparison of DHBT-anchored
OAE3s in which the central aryl unit was varied between
benzene, 2,5-dimethoxybenzene and 9,10-connected anthra-
cene.””® In this series, S was largest for the benzene species
(=11.4 + 0.5 pv K1), followed by the anthracene (8.7 + 1.6 uV
K™") then the dimethoxybenzene derivative (7.9 + 1.3 pv K™ ).
This trend could not be easily rationalised using transmission
functions; the conductance is LUMO dominated but
calculations could not accurately reproduce the subtle differ-
ences within the series.>*> As for the above study where conju-
gation was varied,>*® precise energetics appear to be more
influential than structural effects. An interesting and unex-
pected observation was that the anthracene-centred wire dis-
played enhanced thermal stability compared to the rest of the
series, allowing data to be collected for a larger range of AT

values.?%?
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The thermopower of DMBT-anchored OPEs was recently
compared to related metal bis(acetylide) complexes. S
increased by up to ca. 50% upon replacement of the central
benzene ring of an OPE3 with a Ru or Pd centre, although in
all cases the measured values were modest, with a maximum
of +7.1 pvV K" for the Ru complex.'®®

Based on these early studies, it remains to be seen whether
clear structure-property relationships relating to S will be
established to the same extent as those relating to G discussed
in section 3. It remains a challenge to separate the effects of
different structural factors from both one another and influ-
ences such as the energetics of the junction. This is further
complicated by the often small variation in S for structurally
similar systems.

4.3 Thermal conductance

Theoretical studies of OPEs have shown that structural modifi-
cations influence «,, which is the dominant contributor to
thermal conductance at room temperature.>*® meta-
Connectivity afforded lower k, than para-connectivity due to
phonon interference effects; this effect was more pronounced
for OPE3 systems than for OPE1 species (i.e. single benzene
rings).”*®**° Calculations have also shown that replacing a
proton with a halogen substituent reduced x, for OPE3 and
OPE1 species, with a larger reduction in x;, as the mass of the
halogen increases.**®

Experimental determination of x for molecular junctions is
challenging.>®® Approaches based on laser spectroscopy and
scanning thermal microscopy exist, but have primarily been
applied to alkanethiols.>®® However, one of the first studies of
single-molecule thermal conductance compared OPE3 dithiol
with 1,8-octanedithiol.®® This ground-breaking work utilised a
specially designed suspended micro-electro-mechanical system
(MEMS) as a substrate for molecular assembly in conjunction
with a custom-built STM-BJ setup (Fig. 40a). The thermal con-
ductance of OPE3 dithiol (20 + 6 pW K, Fig. 40b) was lower
than that of octanedithiol (29 + 8 pW K, Fig. 40c).** The
authors note that this variation is fairly small, and highlight
the potential of phonon engineering strategies, such as
phonon interference,””" as a means to minimise x and to
increase ZT. Structure-property relationships within series of
OAEs have promise as a means to increase understanding of
phonon engineering, provided that the capability to carry out
single-molecule thermal conductance studies becomes more
widespread.

A key consequence of the recent development of methods
to experimentally determine x is that it is now possible to
measure each of the values that contribute to the thermoelec-
tric figure of merit ZT (i.e. G, S, T and «). This is of fundamen-
tal importance to the characterisation of materials for thermo-
electric applications, for which optimisation of ZT is required
in order to achieve viable devices.

4.4 Outlook

Most studies of the thermoelectric properties of OAEs are from
the last few years. Moving forward OAEs have the potential to

This journal is © The Royal Society of Chemistry 2021
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Fig. 40 (a) Illustration of the MEMS/STM-BJ setup used by Mosso
et al. to determine single molecule thermal conductance; (b) data used
to determine the single molecule thermal conductance of OPE3
dithiol; (c) data used to determine the single molecule thermal con-
ductance of octanedithiol. This figure has been reproduced from ref.
89 with permission from the American Chemical Society, copyright
2019.

become the workhorse molecules of molecular thermoelectric
research, paralleling their role in molecular electronics. It is
reasonable to anticipate studies seeking a clearer understand-
ing of structural effects on S and « in order to optimise ZT. The
wide structural variation possible with OAEs provides clear
opportunities in phonon engineering, particularly as experi-
mental measurements of thermal conductance become more
accessible.
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5 Recent developments and future
prospects

The previous section anticipated growing interest in the ther-
moelectric properties of OAEs in the near future. This section
will consider some other recent developments that are likely to
influence future studies of OAEs in junctions.

5.1 Data analysis

In recent years considerable efforts have been made to apply
machine learning to the analysis of molecular conductance
traces. In early single-molecule conductance studies manual
selection of conductance traces was not uncommon,>* despite
being time-consuming and carrying a risk of bias."®” The
development of data sorting methods such as clustering algor-
ithms provides an opportunity to analyse data objectively and
gain even more detailed insight into the behaviour of mole-
cules in junctions. Many of these methods were pioneered
using datasets collected for OAE derivatives,®%4¢167:178,2527256

The utility of these techniques is exemplified by a study of
porphyrin-centred OAE3s by El Abbassi et al., who used a clus-
tering algorithm in conjunction with a range of model systems
to assign classes of conductance trace to different junction
geometries (Fig. 41)."*® Note the identification of unconven-
tional anchoring behaviour assigned to the less conductive
classes B and C. The model systems each contained different
features of the molecule shown in Fig. 41. By applying the clus-
tering algorithm to conductance data for each model system,
classes could be associated with specific structural features
and the junction geometry deduced. This emphasises the
importance of interdisciplinary collaboration in molecular
electronics: additional synthesis greatly enhanced the outcome
of the data analysis. The proposal of novel conductance path-
ways also lends itself to associated computational work, as
these junction geometries can be modelled. Automated data
analysis methods of this type will likely become commonplace
in single-molecule conductance studies. They permit analysis
of highly functionalised molecular wires that are likely to
afford complex conductance traces.

5.2 Junction materials and methods

Historically, molecular junctions have relied on metallic electro-
des, with single-molecule studies particularly reliant on gold
electrodes. The above discussion has already made clear the
growing interest in alternative junction materials and designs,
including nickel electrodes in STM-BJ studies,*” ITO-mole-
cule-Au junctions'® and bridging nanogaps between CNT”®7”
or graphene’*”7® electrodes with molecules. Graphene-based
junctions are of particular interest owing to the notable pro-
perties of graphene and its compatibility with organic
materials.”> Recently, two graphene-based MCB] approaches
have been reported. The first is based directly on the breaking
of a graphene sheet suspended between gold electrodes,”*® but
to our knowledge has not yet been applied to the study of mole-
cular junctions. A second approach with graphene-coated

Nanoscale, 2021, 13,10668-10711 | 10701
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Fig. 41 Junction geometries associated with three classes of conductance trace assigned using a clustering algorithm and model systems. This
figure has been reproduced from ref. 146 with permission from The Royal Society of Chemistry, copyright 2019.

copper wires as electrodes has been used to measure the con-
ductance of various fullerenes® and the cross-plane transport
of a series of polycyclic aromatic hydrocarbons.>*°

The development of new approaches and innovations for
junctions with metal electrodes also continues. One recent
example is based on the closure of nanogaps pre-coated with
molecules using electrical field migration. A nanogap pre-
treated with 1,4-benzenedithiol was subjected to I-V sweeps
and repeatedly exhibited a conductance corresponding to that
observed for the same molecule in an MCBJ.?°* Another inno-
vative development is the use of an external electric field to
influence junction formation probability in STM-BJ experi-
ments.”®® It was found that OPEs with methylthio anchoring
groups were increasingly likely to form junctions as the bias
was increased, whereas thiol, amine and pyridyl anchors all
showed reduced junction formation probability with increas-
ing bias. This meant it was possible to demonstrate selective,
preferential junction formation in a mixture of methylthio-
and thiol-anchored OPEs based on the applied electric field.”*>

OAE derivatives are outstanding candidate molecules for
developing novel molecular junction methodologies and as
benchmark compounds for investigations of modifications to
existing techniques. The ease with which structural modification
can be achieved facilitates the translation of OAE wires to new
electrode surfaces that require alternative anchoring groups.

5.3 Molecular spintronics

In spintronics, electrons serve as more than simple charge car-
riers; their spin is also important, and can be used to create
logic or memory devices.>*® The idea of designing molecular
wires with spintronic applications is longstanding,”****> but
experimental studies are an area of relatively recent and
increasing growth. Radical functionalised OPE-like materials
were identified as candidate spin-filters in a computational
study in 2010.*® The proposed materials did not, however,
have structures associated with stable radicals. A study of an
OPE3 with a side group bearing a stable (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) radical (78, Fig. 42) determined
that this system, in which the radical is not conjugated to the
backbone, was not a promising spin filter.**® However, experi-
mental studies showed that 78 displayed unprecedentedly

10702 | Nanoscale, 2021,13,10668-10711
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Fig. 42 OPE3 78, with a side group bearing a TEMPO radical
functionality.

large magnetoresistance, much higher than that of an unfunc-
tionalised OPE3.>°

The limited spin filtering behaviour of 78 is supported by a
recent computational study of other structurally similar
radical-bearing OPE3s, which found that good orbital overlap
between the =n-systems of the OPE backbone and radical is
needed to achieve appreciable spin filtering.*®” Unfortunately
this is difficult to achieve experimentally as significant steric
shielding, which promotes divergence from coplanarity, is
usually required to stabilise organic radicals. It was noted that
larger spin polarisation (and potentially enhanced Kondo fea-
tures, see below) might be achieved by using meta-OPE ana-
logues, where reduced intramolecular steric hindrance would be
expected.”®” This would lead to a more coplanar backbone and
hence increased spin delocalisation along the OPE wire, although
as discussed in section 3.2 lower overall conductance would be
expected. Incorporating radical functionality directly into the
molecular backbone may not be straightforward either; a (non-
OAE) molecular wire with an otherwise stable Blatter radical in
its backbone appeared to oxidise to a closed-shell species when
bound between electrodes in STM-BJ experiments.”®®

An alternative approach to molecular spintronics is the use of
junctions based on ferromagnetic electrodes, which have a
different density of states for spin-up and spin-down electrons.
Hybridisation upon binding with a molecule creates spin
polarised molecular orbitals, and therefore the resulting mole-
cular junctions have potential as spin filters.**® The combination
of nickel electrodes and a series of OAE3 wires has been investi-
gated computationally.”’® By considering meta-OPE3 and analo-

This journal is © The Royal Society of Chemistry 2021
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gous meta-OAE3s substituted with heteroatoms (both within the
backbone and as pendent substituents) it was found that the
location of a DQI feature affects not only the magnitude of con-
ductance, as discussed in section 3.4, but also the extent of spin
polarisation. The least conductive species gave the highest spin
polarisation. However, through appropriate heteroatom substi-
tution relatively high spin selectivity was achieved alongside
appreciable molecular conductance.””® OAE wires designed for
QI studies should therefore have experimental utility in spintro-
nics in the near-future. Ni break junctions have already been
developed,®*’”" and methods to experimentally analyse spin fil-
tering in molecular junctions have been demonstrated.’”>
Combining these techniques with appropriate molecules, such
as OAEs, should allow detailed interdisciplinary studies of mole-
cular spintronics. As a general rule low-spin and high-spin
states are stable at low and high temperatures, respectively, and
low temperature vacuum conditions are required to achieve a
stable reversible spin switch.>”®> Therefore, it is an interesting
challenge to raise operating temperatures to room temperature.
The Kondo effect, which is associated with unpaired spins,
is another spin phenomenon that is of interest in molecular
junction studies,"®?”* with potential applications in switchable
devices. The Kondo effect has been observed in junctions con-
taining molecules bearing an unpaired electron and derives
from interactions between electrons including the Pauli exclu-

&
o
s
42} SO

View Article Online
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sion principle (see ref. 274 for a more detailed overview, which
is beyond the scope of the present discussion). A typical
manifestation in molecular junctions containing a spin-
feature is the presence of a distinct zero-bias conductance
below a critical Kondo temperature, Tk. Cryogenic conditions
are required to access Tk, which for single-molecule junctions is
typically on the order of tens of Kelvin or below.>"**”**”> There
are relatively few examples of OAE wires that display the Kondo
effect as many studies have selected alternative backbones to
more easily incorporate unpaired spins in the form of e.g. tri-
phenylmethane radicals®”® or metal complexes.>””*”®

The OPE5-exTTF cruciform molecule 79 (Fig. 43a, top) was
studied experimentally in a three-terminal device to probe elec-
trical control of organic magnetism.*’* The molecule was
reversibly switched between three redox states and the result-
ing radicals were found to couple antiferromagnetically or fer-
romagnetically depending on the relative locations of the
charges on the molecular backbone. Differing Kondo features
and zero-bias conductances were observed for the various
charged states due to the differing number of interacting spins
(Fig. 43b-d).>'! The system was described as acting like a two-
qubit gate, indicating the potential of Kondo effect molecules
in quantum computing applications.

Kondo-like behaviour was reported for the dinuclear Co(u)
complex 80 (Fig. 43a, bottom) in which the two metal ions

~No 0.8 b)
$ )
£0.75
_ _ _ _ _ Sos
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\_// N4 \ 7 \ 7 \ 7 0.65
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Fig. 43 (a) Structures of OAE wires used in studies investigating the Kondo effect; (b—d) Differential conductance versus voltage for a junction con-

taining (deprotected) molecule 79 averaged over different gating voltage ranges [(b): 0.2-0.4 V, (c) 1.4-1.5V, (d) 2.4-2.5 V] with either zero (black
lines) or 8 T (red lines) applied magnetic field. The Sy notation (X = 1-3) indicates the spin states interacting in each bias range. In each case, the
non-zero conductance at zero-bias is indicative of the Kondo effect. Panels (b—d) have been reproduced from ref. 211 with permission from the

American Physical Society, copyright 2012.
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(bearing ancillary ligands) are each bound to the same OAE3 wire
with a central ligating bipyrimidine unit.””*> Switching behaviour
based on applied bias was assigned to the existence of pseudo-
singlet and pseudo-triplet states. The latter state is magnetically
active and exhibited a zero-bias conductance feature that could
be split by an applied magnetic field, as seen for Kondo features
in other studies.””” In contrast, the pseudo-singlet state and the
free ligand did not display Kondo-like properties.

Behaviour resembling the Kondo effect was observed for
TEMPO-functionalised wire 78 (Fig. 42). However, the authors
of the study do not definitively assign the observed zero-bias
conductance to the Kondo effect, noting that additional
measurements would be required to confirm this and that the
existing data would require an unusually large Tx of ca.
360 K.>°° There remains much to explore regarding the Kondo
effect in molecular junctions, and appropriately functionalised
OAE wires provide a convenient means to better understand
and exploit this phenomenon.

6 Conclusions

The OAE framework provides a versatile and widely-used basis
for molecular wire design. Through skilled synthetic chemistry
the length, connectivity, aryl units, anchoring groups and side
chain functionality of OAEs can all be systematically varied.
This has enabled the design and preparation of a vast array of
molecules with targeted properties that have been used to
investigate and optimise the electronic or thermal properties
of molecular wires. This unprecedented synthetic flexibility
means that OAEs will almost certainly continue to be the work-
horses of molecular electronics, for example in experimental
and computational studies of QI behaviour. Their extensive
prior study makes OAEs ideal materials to benchmark junc-
tions based on new materials and methods. OAEs are expected
to find increasing use in the expanding fields of molecular
thermoelectrics and spintronics.
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