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Organic semiconductors (OSCs), as a kind of plastic electronic material that can be prepared at low cost
and on large areas, have great potential for applications in organic light-emitting diodes, organic field-
effect transistors, organic photovoltaics, organic photodetectors, and organic thermoelectrics. In this
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burgeoning field, it is becoming very important to design OSCs in a more efficient manner. Unlike
current characterization methods, single-molecule junctions allow a deeper exploration of the intrinsic
charge transport properties inside a molecule. In this perspective, we will discuss how single-molecule
characterization techniques can help to establish structure—property relationships and further open up
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1. Introduction

In 1977, the discovery of conducting trans-polyacetylene by
Shirakawa et al." sparked great interest in the field of organic
semiconductors (OSCs), which have become one of the most
exciting interdisciplinary research fields from chemistry, phy-
sics, engineering to biology. Because of their excellent electro-
nic properties, solution processability, flexibility, and low
fabrication cost, OSC materials have been used in the develop-
ment of advanced electronic devices such as organic light-
emitting diodes (OLEDs),> organic field-effect transistors
(OFETs),*® organic photovoltaics (OPVs),? organic photode-
tectors (OPDs),"*'® and organic thermoelectrics (OTEs)."”>°
Given that OSCs exhibit chemical and structural diversity at
the molecular level, it requires a great deal of effort and
dedication from researchers to establish clear structure-prop-
erty relationships on the basis of a large number of complex
systems. The design and development of high-performance
OSCs can be better facilitated if molecular structures and
properties of OSC materials can be precisely linked.
Molecular-scale electronics is widely investigated in depth as
a hotspot because it not only meets the technical requirements
for the increasing miniaturization of conventional silicon-
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new paths for the rational design of OSC materials.

based electronic devices but also provides an ideal platform
to explore the intrinsic properties of materials at the molecular
level.>'*” The optical, electrical, magnetic, and stacking proper-
ties of molecular junctions can be characterized by using
single-molecule techniques. Conventional techniques for OSC
characterization only give an overall result of the bulk materi-
als. In contrast, single-molecule techniques principally provide
a solution to detect individual molecules and thus can exclude
this average effect. We can discover new phenomena and
uncover the basic laws hidden in conventional ensemble-
average measurements. It is important to emphasize that,
unlike conventional material characterization, single-molecule
junction experiments may provide a fundamental understand-
ing of the intrinsic electronic structure and continuously help
us to clarify structure-function relationships and design prin-
ciples at the molecular scale. To date, three major classes of
molecular junction fabrication methods have been developed
(Fig. 1).2

This perspective aims to introduce single-molecule charac-
terization techniques to promote the development of OSC
materials, which opens up a new perspective different from
the existing methods and thereby can accelerate the molecular
design for advanced organic electronic materials.

2. Single-molecule
electroluminescence

Scanning tunneling microscopy induced luminescence (STML)
is a technique that utilizes highly localized tunneling electrons

as an excitation source for emitting photons, providing unpre-
cedented opportunities to gain insight into the radiative
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Fig. 1 Fabrication of molecular junctions. Reproduced with permission.?*
Copyright 2022, Institute of Physics Publishing.

properties of molecules at a single-molecule level.**” Using a

scanning tunneling microscope (STM), Kimura et al.>” reported
a 3,4,9,10-perylenetetracarboxylicdianhydride (PTCDA) mole-
cule, which was adsorbed on a three-monolayer-thick NacCl film
atop Ag(111) (Fig. 2(a)). Both phosphorescence and fluores-
cence signals were observed at high applied voltage (Fig. 2(b)).
The STML spectrum shows two main peaks at 2.45 eV (506 nm)
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Fig. 2 STML fluorescence and phosphorescence spectra of the PTCDA/
NaCl(3ML)/Ag(111) system. (a) Schematic of the STML measurement. (b)
STML spectrum of a PTCDA molecule (Vs = —3.5 V) at a low energy
resolution; see below for red and blue shaded regions. The tip position is
shown as a red dot in the inset STM image. (c) STML spectra at a medium
energy resolution and a photon energy of 1.25-1.40 eV (red region in b).
(d) Peak widths of the 0—0 transitions of fluorescence (blue, Vs = —3.5V)
and phosphorescence (red, Vs = —2.5 V) at a high energy resolution. Black
lines show Lorentzian fitting results. (e) Schematic images of the exciton
formation mechanism; the blue arrows represent electrons. Reproduced
with permission.?” Copyright 2019, Springer Nature.
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and 1.33 eV (932 nm), which can be assigned to the 0-0
transition of fluorescence and 0-0 transition of phosphores-
cence, respectively. This assignment is based on previous
photoluminescence results, time-dependent density functional
theory calculations, and the peak widths of the 0-0 transitions
(Fig. 2(d)). In contrast to the high-bias luminescence spectrum,
only phosphorescence appears at low applied voltage, demon-
strating the selective formation of spin-triplet (T;) excitons
without producing their spin-singlet (S;) counterparts. It
should be mentioned that this is the first observation of
phosphorescence from PTCDA, and also the first observation
of phosphorescence in a single-molecule STML measurement.
To reveal the mechanism of the selective T; formation, the
voltage dependence of the STML spectra was examined, in
combination with a df;/dVy measurement in the negative sam-
ple voltage region. The removal of the ‘anti-parallel’ electron
from the highest occupied molecular orbital (HOMO) of the —1
charged state is the primary mechanism of T; formation
(Fig. 2(e)). This work offers a simple way to achieve the selective
and direct formation of T; excitons at low applied voltages. In
addition to charged molecules, radical molecules, which also
have an unpaired electron, could be suitable for implementing
selective T, formation in OLEDs. Designing a device taking into
account the exchange interaction could realize an OLED with a
lower operating voltage. A STM combined with optical detec-
tion systems provides atomically accurate spectroscopy for
studying the optical and electron-transport processes, eluci-
dates the fundamental exciton physics in well-defined molecu-
lar systems, and creates the basis for the design of emitters at
the single-molecule and quantum levels.

In 2010, Marquardt et al.®® reported the observation of
electroluminescence from a rod-like molecule that consists of
a 2,6-dibenzylamino core-substituted naphthalenediimide
(NDI) chromophore, two long oligo-phenylene ethynylene
(OPE) rods, and phenanthrene anchor units. The organic
molecule was accommodated between two metallic single-
walled carbon nanotube electrodes. Electroluminescence starts
to appear at voltages larger than 4 V. The collected electro-
luminescence spectrum of the nanotube-molecule-nanotube
(NT-M-NT) junction coincided with the fluorescence spectrum
of the rod-like molecules deposited on a highly ordered pyr-
olytic graphite (HOPG) surface in terms of peak position, width
and overall spectral shape. Thus, electroluminescence of the
molecule can be turned on and off by controlling the voltage
bias, which opens up new possibility for achieving single-
molecule junction electroluminescence at room temperature.
Schull et al.® used the tip of a STM to controllably lift a
thiophene molecular wire from the Au(111) surface. Under a
forward bias, electroluminescence occurred at the wire junc-
tion, stemming from the recombination of electrons injected
from the tip in the lowest unoccupied molecular orbital
(LUMO) with holes injected from the sample in the HOMO of
the molecular wire. When the thiophene units were detached
from the surface, it led to conformational changes of the wires,
affecting the electron delocalization length and the emission
wavelength. For the opposite polarity, an emission was strongly

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Schematic illustration and imaging of an SM-LED. (a) Schematic
representation of the device. (b) and (c) Superhigh-resolution image of an
SM-LED by stochastic optical reconstruction microscopy and the corres-
ponding experimental setup. (d) and (e) Superhigh-resolution image of the
same SM-LED without the electric input, showing no obvious light spot,
and the corresponding experimental setup. (f) and (g) Superhigh-
resolution image of the same SM-LED without the excited light and the
corresponding experimental setup. Reproduced with permission.*® Copy-
right 2023, John Wiley and Sons.

attenuated. Both the polarity dependence and the emission
mechanism are consistent with the behaviour of a single
polymer light emitting diode. Recently, Guo’s group®
covalently integrated a carbazole-based molecule into graphene
electrodes to prepare a robust single-molecule light-emitting
diode (SM-LED) with high color purity, linear polarization, and
efficient tunability. The superhigh-resolution image shows only
one bright spot that strongly demonstrates the single-molecule
connection. The optical signal originates from electrolumines-
cence, which is confirmed by performing comparison experi-
ments without electric inputs or excited light, ruling out the
possibility of photoluminescence (Fig. 3). A single-photon
counter was further introduced to the photoelectrical integra-
tion system with high temporal/spatial/energy resolution to
characterize the single-photon emission of the SM-LED. Addi-
tionally, rational molecular engineering enables the fabrication
of a multicolor SM-LED by achieving single-molecule Forster
resonance energy transfer from the electroluminescent center
to various acceptors. Overall, single-molecule junctions offer a
new opportunity to deeply understand the electronic structure
and luminescence mechanism at the molecular level.

3. Single-molecule conductance
characteristics

Organic donor-acceptor molecules, used as active layers across
extraordinary charge pathways, facilitate charge separation and

transport in OFETs and OPVs. Yu’s group®' synthesized a series
of donor-acceptor ladder-type molecules and investigated their

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Multiple charge transfer pathways of donor-acceptor ladder-
type molecules. Reproduced with permission.®! (b) Schematic illustration
of single-molecule junctions for the acceptor—donor—acceptor structure
using different anchor groups. Effect of the INCN acceptor on the
electronic characteristics of the donor center after molecule protonation.
Reproduced with permission.®?

multiple-charge transfer pathways using the STM-based break-
junction (STM-BJ) technique. The high-conductance pathway is
identified as the transmission through one thiol group and the
central benzodiazole group, whereas the low-conductance path-
way arises from the transmission through the thiol groups
(Fig. 4(a)). In addition, it is essential to investigate molecular
electronic characteristics at the single-molecule level, particu-
larly the function of bilateral acceptor groups, because the
electronic properties of acceptor-donor-acceptor type mole-
cules control light absorption, exciton separation, and charge
transportation in the photovoltaic process. Recently, Li et al.*?
explored the electronic characteristics of acceptor-donor-
acceptor type molecules by single-molecule charge transport.
Specifically, it is discovered that the acceptor-donor-acceptor
type molecules have higher conductance than the donor mole-
cules with a shorter molecular length. This nonclassical high
conductance is due to the additional transport channels con-
tributed by the 1,1-dicyano methylene-3-indanone (INCN)
acceptor units. Furthermore, protonation opens the S---O
noncovalent conformational lock, exposing the -S anchoring
sites and enabling the direct detection of charge transport of
the donor central part, which further confirms that the con-
ductive orbitals contributed by the INCN acceptor groups could
penetrate the whole acceptor-donor-acceptor molecule
(Fig. 4(b)). These results provide important insights into the
development of high-performance materials for organic
solar cells.

The length, the number, and the substitution position of
alkyl side chains incorporated into organic conjugated mole-
cules have large effects on their charge transport properties.
Schroeder’s group® studied the conductance properties of a
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Fig. 5 Single-molecule characterization of charge transport in terphenyl
derivatives with different alkyl side chains. (a) Schematic of the Au—Rn—Au
junction. (b) Conductance peak values of 1 mM Rn at 0.25V applied bias.
(c) 1D conductance histograms of 1 mM Rn at 0.25V bias voltage, each
constructed from >4000 traces. (d) and (e) Representative 2D conduc-
tance histograms of R2 and R5. Reproduced with permission.>* Copyright
2022, Springer Nature.

library of symmetric terphenyl derivatives with different alkyl
side chains (Rn) using a STM-BJ (Fig. 5). Interestingly, these
terphenyl derivatives exhibit an unexpected dependence of
molecular conductance on the alkyl chain length. Particularly,
RO-R2 only shows a single distinct conductance peak, and
molecular conductance drops with an increase in alkyl chain
length. In contrast, R3-R12 presents two dominant and well-
spaced conductance states (high G and low G). Interestingly,
the conductance of the high G state is independent of the alkyl
side chain length, and the value is more than one order of
magnitude larger than the low G state. Here, the high G state
corresponds to a molecular conformation in which the mole-
cule is “lying down” on the electrode surface via side chain-
mediated van der Waals interactions, whereas the low G state
corresponds to a ‘“standing up” upright molecular conforma-
tion with a junction anchored at both termini to metal electro-
des. Furthermore, the concentration-dependent conductance
behaviour of the high G state suggests that the “lying down”
conformation becomes increasingly dominant as the solution
concentration increases. This work deepens our understanding
of structure-property relationships in OSC materials and
emphasizes the need to fully understand the impact of side
chain chemistry on charge transport. Manipulation of the
molecular conformation using different side chain chemistries
is useful for informing complementary studies on side chain
engineering involving OSC materials and opens new avenues
for understanding the electronic structure of materials.

4. Single-molecule magnetism
characteristics

Recently, single-molecule junctions combined with various
multimodal control systems have been extensively used to
examine important physical phenomena due to their robust
monitoring and control abilities. In this section, we focus on
the potential applications of single-molecule techniques in the
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characterization and modulation of the spin properties of OSC
magnetic materials.

The Kondo effect, which is caused by unpaired electrons in
radicals®* % and metal complexes, can be utilized to deter-
mine whether a molecule contains spins in single-molecule
devices.?®*° In addition, the Kondo effect can be finely tuned by
the Zeeman effect, which causes the splitting of the energy
levels of spin electrons when a magnetic field is applied to the
molecule. Specifically, the Zeeman effect could be observed in
single-molecule transistors incorporating the molecules con-
taining a Co”>" ion with spin electrons bonded to polypyridyl
ligands.*® The molecules are attached to insulating tethers
of different lengths, serving as conductive channels. The
zero-bias differential conductance di/dV peak splits in the
magnetic field and the splitting is enhanced with the increas-
ing magnetic field.

The single-molecule junction enables the regulation of the
spin state of the metal complexes. Usually, external stimuli
such as electric fields,"" mechanical manipulation,”” and
temperature®® can be used to switch the low-spin (LS) and
high-spin (HS) states of the molecule. For instance, Fe'" com-
plexes are typical spin-crossover molecules in single-molecule
junctions (Fig. 6(a)).*> When the Fe atom is surrounded by an
octahedral ligand environment (ligand field), its five spin-
degenerate 3d levels split into a doublet and a triplet
(Fig. 6(b)). The filling order of these levels with the six electrons
of Fe"" depends on the ratio between the ligand field energy (Ey)
and the spin exchange energy (Eexc). If Eif > Eex, the electrons
are all paired up, giving a total spin of S =0, i.e., the LS state. In
the opposite case, E.x. > Eif, the levels are filled according to
Hund’s rule and the spin is increased to a maximum value of S
=2, i.e., the HS state. Specifically, in stretching-induced single-
molecule switches, when the ligands are arranged perpendicu-
larly, the complex is in the LS state. As the electrode spacing
increases, the ligands are pulled further apart. The arrange-
ment of two ligands is distorted, leading to a reduction of Ej
which triggers the switch from the LS state to the HS state.
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Fig. 6 Two-terminal mechanically controlled single-molecule junctions.
(a) Sketch of the Fe'-based spin-crossover molecular junction in the ideal
arrangement to trigger the LS to HS switch by separating the electrodes by
Ax. (b) Iron" 3d levels involved in the spin-crossover phenomenon. (c)
Schematic illustration of a mechanically controllable break junction
(MCBJ) setup (bottom) with the molecule placed in the junction. Repro-
duced with permission.*? Copyright 2016, American Chemical Society.
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Fig. 7 (a) Illustration of the electron-transport mechanism and a con-
trollable multichannel-molecular-device model based on the single-
molecule parallel circuits. Reproduced with permission.*® Copyright
2020, John Wiley and Sons. (b) Schematic illustration of a mechanical
single-molecule potentiometer based on ortho-pentaphenylene folda-
mers. Reproduced with permission.*” Copyright 2021, Springer Nature.
(c) lllustration of the MCBJ technique with a single-molecule junction (top)
and a single-stacking junction (bottom). Reproduced with permission.*®
Copyright 2019, John Wiley and Sons. (d) Schematic of single-molecule
junctions and single-stacking junctions of terphenyl. Reproduced with
permission.>® Copyright 2020, American Chemical Society.

Using mechanically controllable gold nanoelectrodes, the zero-
bias conductance can be monitored during stretching the
electrodes, which displays a conductance increase when
increasing the electrode separation and this increase can reach
1-2 orders of magnitude.

5. n—n stacking interactions

The macroscopic properties of OSCs are affected not only by the
properties of individual molecules, but also by molecular
stacking. It is essential to understand the relationships between
molecular stacking features and their electrical properties at
the molecular level, which facilitates further development of
functional materials for applications in OFETs and OPVs.
Intramolecular mn-stacking interactions can effectively
improve the charge transport ability of molecules. Unlike the
widely used planar conformations, folded single molecules
have intramolecular n-n stacking interactions. Deciphering
multichannel charge transport in single-molecule junctions
using the STM-BJ technique provides a conceptual advance-
ment in the single-molecule multichannel conductance
(Fig. 7(a) and (b)).**™*” Tang’s group®” designed and character-
ized a series of ortho-pentaphenylene derivatives with multiple
folded conformers. These derivatives undergo conformational
interconversion between antiparallelly folded structures and
co-parallelly folded structures in solutions. Owing to conforma-
tional changes, multiple conductances were observed, with the
high-conductance state originating from the co-parallelly

This journal is © The Royal Society of Chemistry 2023
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folded conformer and the low-conductance state belonging to
the antiparallelly folded conformer. In addition, the folded
conformers are sensitive to solvents, leading to feasible con-
ductance modulation. Although the highly twisted molecular
backbones lead to weak through-bond conjugation, the anti-
parallelly folded conformers exhibit significantly higher con-
ductance compared to the linear para-pentaphenylene isomers.
This demonstrates the effective compensating conductance
resulting from the through-space coupling between closely
stacked aromatic rings. The flicker noise analysis provides
further evidence for the coexistence of both the through-bond
and through-space pathways for charge transport, which con-
tributes to the remarkable characteristic of multichannel con-
ductance. This not only enables high conductance but also aids
in understanding the mechanism of charge transport in higher-
order helical molecules. Furthermore, these pseudo-elastic
folded molecules can be mechanically stretched and com-
pressed by the force exerted using the Au tip, resulting in a
dramatically variable conductance of up to two orders of
magnitude.

Furthermore, exploring the mechanisms of intermolecular
n-stacking interactions is of great importance for the design of
multifunctional materials.***° Hong’s group®’ investigated the
intramolecular and intermolecular charge transport properties
in single-molecule and single-stacking thiophene junctions
using the MCBJ technique (Fig. 7(c)). Intramolecular and inter-
molecular charge transports in thiophene junctions can be
distinguished by flicker noise analysis. They surprisingly found
that intermolecular rather than intramolecular charge trans-
port may be the dominant charge transport path in OSC
molecules with large conjugation. Specifically, the conductance
of thiophene-based single-stacking junctions is nearly indepen-
dent of the conjugation pattern, which contrasts with the
notable length dependence of conductance in single-molecule
junctions with the same building blocks. The dominant charge-
transport path transits from an intramolecular path to an
intermolecular path when the conjugated region increased.
These findings provide a fundamental insight into how mole-
cular aggregation increases the formation probability of inter-
molecular charge transport channels and thus enhances the
charge transport through n-conjugated OSC materials.

6. Conclusions and perspectives

The potential of single-molecule techniques as a characteriza-
tion tool allows a deeper exploration of the intrinsic charge
transport mechanisms of materials and to provide fundamen-
tal insights into the electronic structure of building blocks in
OSC materials. The single-molecule experimental measure-
ments can be used to assess high-performance materials and
to expand the range of material characterization strategies.
Understanding and modulating the optical, electrical, mag-
netic, and stacking properties of single molecules contributes
to a deeper understanding of structure-property relationships,

J. Mater. Chem. C, 2023, 11,16117-16124 | 16121
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and these knowledge and information help in the design,
development, and optimization of OSC materials.

Molecular engineering is likely to revolutionize the land-
scape of materials chemistry. Understanding the structure-
property relationships at the single-molecule level is still an
ongoing research topic that requires untiring efforts and colla-
boration between researchers from various disciplines. Past
achievements and upcoming prospects may offer new perspec-
tives on the theories, materials, and devices in the area of OSCs.

Perspective 1. (a) STML can reveal the dependency between
the conformational structures, energy levels, and optical char-
acteristics of individual molecules, which has the advantages of
high local excitations, high spatial resolution and local plas-
mon excitation. However, the understanding of STML is still
inadequate. It is necessary to clarify the dominant excitation
mechanisms, the excitation conditions, the complicated radia-
tive transition processes, and the fundamental selection rules.
Progress in this research area has the potential to facilitate the
development of new semiconductor molecular light sources
with specific properties in the future. (b) A thorough knowledge
of intrinsic photophysics requires the simultaneous character-
ization of high-resolution optical and electrical properties.
Single-molecule technology shows great promise for the accu-
rate detection of single photons. Although device engineering
at the molecular level is a daunting task, further development
of SM-LEDs will be driven by continuous optimization of
molecular engineering designs and the application of more
OSC light-emitting materials to this field. (c) How to break the
efficiency bottleneck caused by exciton spin statistics is the key
in determining internal quantum efficiency (IQE). For organic
monoradicals, there is one unpaired electron in their highest
singly occupied molecular orbital (SOMO), which gives rise to
the doublet excited state and totally spin-allowed radiative
transition. It is worth mentioning that light-emitting radical
emitters have already achieved a maximum external quantum
efficiency of 27% at 710 nm, which is the highest value reported
for deep-red and infrared LEDs.>' Based on this, it may be
possible to realize radical-based SM-LEDs that cleverly combine
both the electrical and optical measurement techniques to gain
a deeper understanding of the underlying luminescence
mechanisms. In addition, the spin properties of multi-
radicals could be modulated at the molecular level by circularly
polarized light and magnetic fields, leading to transitions
between different excited states, which provides a new perspec-
tive on the modulation of excited states.

Perspective 2. Organic donor-acceptor molecules and side
chain modifications are important strategies for fine-tuning the
conjugated structures of OSCs. Single-molecule charge trans-
port analysis reveals the intrinsic electronic properties of these
molecules. In particular, exploring the function of the donor or
acceptor moiety in the molecules can provide insights into the
design of the molecules with flexible tunability. In addition, the
use of single-molecule conductance measurements to investi-
gate the effect of side chain modifications on charge transport
in m-conjugated molecules deepens our understanding of the
structure-function relationship of OSC materials. This further
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reinforces the importance of substitution sites, side chain
chemistry, backbone identity, and side chain functionalization
on charge transport to aid in the design of new high-
performance OSC materials.

Perspective 3. (a) In general, the use of single-molecule
devices to monitor the physical processes of single molecules
offers the infinite possibility of discovering fundamental phy-
sical laws at the single-molecule level. The in-depth exploration
of spin effects such as the Kondo effect, the Zeeman effect, and
the spin-crossover effect at the single-molecule level can con-
tinuously deepen the understanding of magnetic phenomena
in OSCs and advance the development of fields such as
spintronics and molecular magnetism. (b) Single-molecule
junctions can be utilized to monitor spin-crossover phenomena
induced by various external stimuli, wherein accompanying
changes in the molecular geometry and electronic configu-
ration exert significant effects on molecular conductance. By
fine-tuning the single-molecule spin states, the performance
and controllability of OSC materials can be improved, while
new functional materials can be developed. For example,
modulating the spin states and coupling processes of radicals
can change the electronic structure and spin distribution,
affecting their conductivity, magnetism, optics, and other key
properties, thus controlling their functions.>***

Perspective 4. (a) Single-molecule techniques provide an
ideal model for exploring electron transport in various m-
stacked molecular systems. The quantitative description of
intermolecular charge transport from a single-molecule per-
spective could explain that the existing aggregation in the
microscopic charge transport of highly disordered materials
increases the chances of intermolecular charge transport chan-
nel formation. Furthermore, the design strategy to construct
through-space conjugated folded conformations may reduce
the recombination energy and expand the charge transfer
integral, which is beneficial for exploring robust electron
transport materials. (b) The charge transport efficiency through
n-stacked molecules is controlled by the electronic coupling
between neighboring molecules and thus depends in a complex
way on the distance and the respective orientation of the n-
system. Single-molecule experiments provide a direct way to
probe the modulation of m-n stacking interactions at the
nanoscale and help in establishing the structure-property
relationships for n-stacked molecules. In general, n-n stacking
could be regulated by chemical control, electric fields, and
mechanical forces. In terms of chemical modulation, the
intermolecular stacking is hindered by introducing bulky tert-
butyl substituents on the phenyl rings of oligophenyleneethy-
nylene, and m-m stacking interactions are significantly
weakened.’® Moreover, electric fields have been shown to be a
new green and smart tool for promoting molecular assembly at
the single-molecule level. With the help of the single-molecule
junction technique, it is possible to apply an electric field of
about 10° V m™" to nanoscale junctions and investigate the
electric field-induced assembly at the single-stacking level
(Fig. 7(d)).>® In addition to electric fields, mechanical forces
can also be used to modulate the stacking model of dimers.

This journal is © The Royal Society of Chemistry 2023
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Specifically, as the tip moves away from the substrate, the
electronic structure will be changed due to the relative displa-
cement of two molecules within the dimer, modifying the
degree of dimer stacking.’®
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