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ABSTRACT: Monitoring and manipulating the physical and
chemical behavior of single molecules is an important develop-
ment direction of molecular electronics that aids in under-
standing the molecular world at the single-molecule level. The
electrical detection platform based on single-molecule junctions
can monitor physical and chemical processes at the single-
molecule level with a high temporal resolution, stability, and
signal-to-noise ratio. Recently, the combination of single-
molecule junctions with different multimodal control systems
has been widely used to explore significant physical and chemical
phenomena because of its powerful monitoring and control
capabilities. In this review, we focus on the applications of single-
molecule junctions in monitoring molecular physical and
chemical processes. The methods developed for characterizing single-molecule charge transfer and spin characteristics as
well as revealing the corresponding intrinsic mechanisms are introduced. Dynamic detection and regulation of single-molecule
conformational isomerization, intermolecular interactions, and chemical reactions are also discussed in detail. In addition to
these dynamic investigations, this review discusses the open challenges of single-molecule detection in the fields of physics and
chemistry and proposes some potential applications in this field.
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ingle-molecule science is concerned with the physical

and chemical properties of individual small molecules,

atomic clusters, and biomolecules as well as their
interactions with the external environment. The study of
single-molecule systems has many important scientific
significances.' ™ First, single-molecule technology can explore
fundamental physical and chemical effects at the single-
molecule level. For instance, quantum behavior determines
the main properties of a system because of the ultrasmall size at
the single-molecule level, which often leads to different
characteristics from the macroscopic system. Second, measur-
ing many molecular aggregates only gives an overall average
result, whereas measuring a single molecule excludes this
average effect. Third, it can effectively monitor the time-
dependent changes of physical and chemical processes, which
aids in understanding the dynamic changes at the single-
molecule level. Because of these advantages, single-molecule
sciences have become a frontier interdisciplinary subject, which
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provides a powerful platform for exploring basic physical and
chemical principles."”” For example, the process of several
meaningful physical effects, such as Coulomb blockade,'”"!
Kondo effect,"*™"° spin-crossover effect,"“™"® stereoelectronic
effect,'””" and isomerization effect, has been fully explored at
the single-molecule level.”"** Simultaneously, monitoring
chemical reaction processes has also reached the single-
molecule level, such as exploring nucleophilic substitution,*
nucleophilic addition,”* Diels—Alder reactions,”*® as well as
Suzuki—Miyaura coupling reaction.”’
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Table 1. Comparison of Single-Molecule Junctions Fabricated by Different Approaches

Single-molecule junctions Schematics Advantages Ref.
Scanning tunnelling Repeatability
: - : . 100
microscopy break junction Convenient preparation
Mechanically controllable Repeatability
. . 164
break junction Precise control
Atomic force microscopy 5+ Repeatability 108
break junction é Information for mechanics
Electromigration break 4— Device configuration 70
junction Ve ] Fine compatibility
¥ L
Carbon nanotube-based High stability 90
junction [ —l Size matching
A
5 High stability
Graphene-based junction Fm[ Hioh suegess rafe 27

Table 2. Comparison of Molecule-Electrode Connections”

Donor—acceptor bonds | Electrostatic
Covalent bonds | - S : -
| Lone pair system m—conjugation system interaction
H R—:S:Me R—é:eMe
R—S—Au  R—N—Au R _CN+_
H .o —
A — R—I
R—C—Au  R—=-Au R—PMe,
H
H R—N=: R-—=N:
R—@—Au R—N—C—G
6 .
R—NH, R—@N:

“Abbreviations: R, core molecule; G, graphene.

Nowadays, several single-molecule techniques have been
developed. Different physical and chemical processes of single
molecules can be detected using optical, force, and electrical
signals.28 For instance, super-resolution fluorescence micros-
copy,” scanning near-field optical microscopy (SNOM),* and
surface plasmon resonance enhancement’' can monitor single-
molecule information using optical signals. Techniques such as
atomic force microscopy (AFM), optical tweezer, and
magnetic tweezer can detect single-molecule information
through force control.>>** The electrical techniques used for
monitoring single-molecule behaviors include scanning probe
microscope, single-molecule junctions, field-effect transistors
based on nanowire or nanotube, nanopore technology, and
other electrical techniques.‘M_37 Among them, the electrical

single-molecule junction platform uses a single molecule as a
conductive channel to directly convert the changed molecular
states into resolvable electronic signals.38_40 Therefore, single-
molecule junctions can be used for real-time monitoring of
molecular physical and chemical processes. Single-molecule
junction techniques include mechanically controllable break
junctions (MCBJs), scanning tunneling microscopy break
junctions (STM-BJ), conductive AFM junctions, electro-
migration junctions, graphene—molecule—graphene single-
molecule junctions (GMG-SMJs), and others.”' ~** Moreover,
the success of the connection of target molecules can also be
characterized by a variety of detection methods, such as
IETS™* and AFM.*”** In addition, the recently developed
optical and electrical synchronous detection technology also
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Figure 1. (a) Schematic representation of the energy levels and charge transport processes through single molecules with different coupling
strengths between the molecules and the electrodes. Reprinted with permission from ref 49. Copyright 2013 Royal Society of Chemistry. (b)
Electron transport at different coupling strengths in a three-terminal device. Reprinted with permission from ref 50. Copyright 2009

Springer Nature.

strongly demonstrates the reliability of single-molecule
junctions.”**” These single-molecule junctions can be used
to detect the corresponding physical or chemical states of
single molecules by monitoring their charge transport.
Therefore, single-molecule junctions enable the discovery of
fundamental physical and chemical phenomena at the single-
molecule level. Various fabrication strategies for single-
molecule junctions are summarized in Table 1. In addition,
different molecular terminal groups and the corresponding
connection modes are also provided in Table 2.

This study introduces the applications of single-molecule
junctions in physical and chemical behavior monitoring and
provides insights into the latest developments in this field.
First, gating methods for regulating the charge transport
process of single molecules are introduced, including solid and
liquid gates. Additionally, research on monitoring the spin
characteristics of single molecules, such as the Kondo effect,
Zeeman splitting, and spin crossover, is discussed. After that,
the monitoring of molecular conformational isomerization,
intermolecular interactions, and chemical reactions using
single-molecule devices is discussed in detail. Finally, the
challenges faced by single-molecule devices in monitoring
physical or chemical processes are discussed, and solutions to

overcome current obstacles are proposed.

MONITORING OF CHARGE TRANSPORT OF SINGLE
MOLECULES

Monitoring charge transport aids in understanding the basic
laws of the complex charge transport process in single-
molecule devices, which regulate the process accurately.
Starting with the basic physical characteristics of charge
transport through single molecules, this section introduces the
inherent mechanism of gate regulation of charge transport and
different types of gate regulation methods.

Key Factors of Charge Transport through Single
Molecules. Two critical factors influencing the process of
charge transport through single molecules that can be
monitored by single-molecule devices include electronic
coupling of the molecule—electrode interface and relative
energy-level position.””*" The coupling strength between
electrons in the molecules and those in the electrodes can
cause different charge transport behavior in single-molecule
devices. The coupling strength is accurately defined by
comparing the coupling parameter (I') and addition energy
(U). The former (I') is the broadening of the molecular energy
levels due to the coupling between the molecules and
electrodes. The latter (U) is the energy difference of taking
one electron from the highest occupied molecular orbital
(HOMO) of the system and injecting one electron to the
lowest unoccupied molecular orbital (LUMO). When I' < U,
the system is in the weak coupling regime, whereas for I' > U,
the system is in the strong coupling regime (Figure 1a).
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Figure 2. (a) Representative I-V curves measured at 4.2 K for different values of V. Inset: The device structure and schematic. Reprinted
with permission from ref 51. Copyright 2009 Springer Nature. (b) Comparison of electron transport characteristics of OPV3 molecules with
different coupling strengths. Reprinted with permission from ref 52. Copyright 2008 American Chemical Society. (c) Representative I-V
curves measured for different values of V, in a single-electron transistor. Upper inset: A topographic atomic force microscope image of the
electrodes with a gap (scale bar, 100 nm). Lower inset: A schematic diagram of the device. Reprinted with permission from ref 11. Copyright
2002 Springer Nature. (d) Coulomb blockade and other single-electron phenomena in single-molecule devices with graphene electrodes.
Reprinted with permission from ref 53. Copyright 2017 American Chemical Society. (e) Multiple redox-state phenomena in a robust
graphene-zinc-porphyrin molecule-graphene transistor. Reprinted with permission under a Creative Commons Attribution 3.0 Unported
License from ref 54. Copyright 2015 Royal Society of Chemistry. (f) Measurements of the differential conductance as a function of V,_j and
V,. Reprinted with permission from ref 55. Copyright 2003 Springer Nature.

If the wave functions of molecules have little mixed with the electrode overlap significantly, and there is a partial charge
electronic states of electrodes, there is no charge transfer or transfer between the molecules and electrodes, resulting in a
integer charge transfer between the molecules and electrodes.
Charge transfer in this weak coupling regime shows a two-step
process in which electrons hop from the metal electrode to the
molecular “island,” then from the island to the other electrode. another without stopping on the molecules, which is known as
For strong coupling, the electronic states of the molecule and a one-step coherent process.

significant broadening of the molecular energy levels. There-
fore, electrons could efficiently transport from one electrode to
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Figure 3. (a) Energetic diagram and device structure of single-molecule devices with an jonic liquid gate. Reprinted with permission from ref
56. Copyright 2018 Wiley-VCH. Reprinted with permission from ref 57. Copyright 2020 Wiley-VCH. (b) Schematic diagram of the
electrochemically gating single-molecule conductance of heterocyclic molecules by STM-BJ. Reprinted with permission from ref 61.
Copyright 2021 American Chemical Society. (c) One-step resonant tunneling and two-step electron transport mechanisms. Reprinted with
permission from ref 63. Copyright 2019 National Academy of Sciences. Reprinted with permission from ref 64. Copyright 2015 American
Chemical Society. (d) Stochastic large conductance fluctuations between reduced and oxidized states in a two-step process of electron
transfer. Reprinted with permission from ref 60. Copyright 2020 Elsevier. Reprinted with permission from ref 63. Copyright 2019 National
Academy of Sciences. (e) Measured and simulated conductance vs potential sweeps for single molecules. Reprinted with permission from ref

63. Copyright 2019 National Academy of Sciences.

Furthermore, the electrical characteristics of molecular
junctions, especially molecular conductance, are closely related
to the coupling strength of molecule—electrode interfaces,
which is demonstrated by the Landauer formula. Specifically,
the conductance (G) of molecular junctions can be described

as follows:
I 2
=y TTLTRTmol

where I is the current through the junction, V is the applied
bias and Ty, Ty, and T, are the transmission coefficients of
the left interface, the right interface and the molecule,
respectively.

Particularly, in a three-terminal device, the gate voltage can
regulate energy-level shifting, which causes resonance between
the energy levels of the molecule and electrode, resulting in
charge transfer, which is known as resonant tunneling.

Furthermore, the strength of the molecule—electrode interface
coupling affects electron transport.

When the molecule—electrode interface coupling is strong,
charge transport is coherent, and when the coupling is weak, it
is incoherent. For weak coupling, if the energy levels between
molecule and electrode do not match, electron transport will
be blocked. This phenomenon is known as Coulomb blockade
(Figure 1b), which forms classic Coulomb diamonds in
differential conductance maps. Furthermore, the gate voltage
can be varied to bring the narrow molecular energy levels into
resonance with the Fermi level of the electrodes, allowing the
electron to transport through the molecule. However, for
strong coupling, the Coulomb blockade will be broken down,
and the gate voltage has little effect on charge transport.®

Monitoring of Gate-Controlled Charge Transport
Processes. As previously stated, the coupling strength and
related energy-level positions between the molecules and
electrodes are the critical factors affecting charge transport in
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single-molecule devices. Here we summarize the research on
monitoring the gate-controlled charge transport processes in
different systems, including solid and liquid-gate single-
molecule devices.

Solid-Gate Single-Molecule Devices. Solid-gate single-
molecule devices are composed of a conductive gate electrode,
a high-k solid dielectric layer (e.g, aluminum oxide), and
source/molecule/drain junction. A three-terminated single
molecular transistor has been created by bridging 1, 4-
benzenedithiol (BDT) with a delocalized aromatic ring
molecule into gold electrodes.”’ Charge transport modulated
by an external gate voltage can be directly monitored with the
single-molecule device (Figure 2a). Tunneling transport, which
is electron transfer from one electrode to another in one step,
is the charge transport mechanism for this system. When a
molecular orbital enters the conductive window, it develops a
resonance-enhanced coupling to the nearest molecular orbital,
resulting in increased conductance. However, Coulomb
blockade can be observed for the weak coupling system
leading to the two-step process of charge transport. For
instance,”” when additional methylene groups are inserted
between the molecular 7-electron system and metal electrodes,
the two-step electron transport process can be monitored using
a field-effect transistor device composed of oligophenylenevi-
nylene derivatives (OPV3) and metal (e.g., Au or Pb) source/
drain electrodes (Figure 2b). Specifically, the introduction of
methylene reduces molecule—electrode interface coupling,
causing the system to operate in a weak coupling regime.
Therefore, the transport mechanism changes from coherent
tunneling to incoherent transport with Coulomb blockade, and
the charge transport efficiency is reduced by several orders of
magnitude in an off-resonance regime. Similarly, when using
the molecule containing a Co ion,"" the coupling strength
between the ion and gold electrodes can be regulated by
changing the length of the alkyl chain, which provides a
platform for monitoring single-electron phenomena such as
Coulomb blockade (Figure 2c).

In addition to single-molecule devices with metal electrodes,
graphene electrodes can be used to monitor Coulomb
blockade and other single-electron phenomena. Compared
with metal electrodes, graphene electrodes are more stable and
can be regulated by gating. For example, single-molecule
devices can be achieved (Figure 2d) by connecting single
extremely short molecules such as 1,4-diaminobenzene or 4,4’-
diaminobiphenyl (~0.6 and ~1.0 nm, respectively) to
graphene nanogap electrodes.’® Even at room temperature, it
is possible to monitor single-electron transport with a large
energy Coulomb blockade related to the molecular length and
gate voltage. This is also due to the insensitivity of the
molecular junction to the atomic configuration of graphene
electrodes. Furthermore, because of the stability of graphene
electrodes and specially designed molecules, single-electron
phenomena beyond Coulomb blockade can be observed
including multiple redox states (Figure 2¢).>* Note that for
single-electron transport processes with multiple redox states,
strong perturbations of intrinsic molecular properties can also
be monitored. For instance, electrical transport monitoring is
performed on a single-electron transistor device with several
redox states, where a single p-phenylenevinylene oligomer is
placed in a gap of approximately 2 nm wide separating the
source and drain electrodes. The presence of the electrostatic
image charge effect indicates that even if the electronic overlap
between the electrode and molecule is weak, the molecule

cannot be conceptually separated from the electrode (Figure
2£).>°

Liquid-Gate Single-Molecule Devices. In addition to
the use of solid-gate devices, liquid-gate single-molecule
devices can be used to monitor or understand changes in
charge states of single molecules, providing some evidence for
elucidating the electron transport mechanism.

lonic Liquid Gate. Single-molecule devices with an ionic
liquid gate usually contain an ionic liquid electric double layer
because of the matching sizes of the ions and molecules, so the
molecular energy levels can be finely regulated. Similar to
solid-state gate devices, charge transport can be detected and
controlled in single-molecule devices that use an ionic liquid
electric double layer as the gate.

For instance, an ionic liquid gate can effectively regulate the
alignment between molecular frontier orbitals and the Fermi
energy level of graphene electrodes, thereby tuning the charge
transport properties of graphene-based single-molecule junc-
tions. Because gating allows electrons to be repelled and
attracted from molecules, it can be used to shift the energy
level of molecules into the conductance window, allowing
electron transport of molecules in different charged states to be
monitored. Therefore, based on GMG-SMJs, the gate-
controlled electron transport behavior, including an ambipolar
behavior, can be obtained for electrochemically inactive
aromatic chain molecules (Figure 3a).°® Furthermore, the
interface coupling strength can be reduced by introducing
methylene groups between the molecules and the electrodes.
Specifically, by incorporating different numbers of methylene
groups between the diketopyrrolopyrrole (DPP) kernel and
anchor groups,”” different charge transport performances can
be observed, such as more obvious ambipolar transport. This is
because the methylene number parity results in two different
connection symmetries between the DPP kernel and graphene
electrodes, resulting in different electronic interactions and
different relative molecular energy-level alignments from
isolated molecules.

Electrochemical Gate. Unlike single-molecule devices with
an ionic liquid gate, single-molecule devices using an
electrochemical gate generally include an additional reference
electrode, and the liquid is a conventional electrolyte solution.
In such a device, the regulation of the molecular energy level
and electrochemical redox reactions can be realized. Therefore,
it is considered a promising platform because the current
modulation process can be implemented by directly adjusting
the position of the molecular energy level through the ionic
double layer, which also leads to the redox reaction caused by
electrochemical electron transfer. In the field of electro-
chemistry reaction kinetics, the Butler—Volmer equation is
used to describe the relationship between electrode potentials
and current densities that govern the kinetics of redox
reactions (Figure 3d).**”" However, at the single-molecule
level, electron transfer exhibits different characteristics and
does not completely follow the Butler—Volmer equation. The
one-step resonance tunneling characteristics with enhanced
gating performance can be monitored in single-molecule
electrochemical devices with fused molecular structures
consisting of heterocyclic rings of furan, thiophene, or
selenophene (Figure 3b),°" by adjusting the coupling of
different heterocyclic centers to electrodes. The electron
transport process mediated by the empty molecular state can
be monitored in a single-molecule n-type electrochemical
transistor with a single perylene tetracarboxylic diimide
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Figure 4. (a) The Kondo effect (left part) originates from the formation of a many-body spin singlet between the spins residing on the
molecule and the conduction electrons, leading to screening within the Kondo length. Reprinted with permission from ref 6. Copyright 2019
Springer Nature. (b) Conductance (G) versus V with V, = —2.25 V at various temperatures and (c) Zeeman splitting caused by magnetic
fields. Reprinted with permission from ref 70. Copyright 2002 Springer Nature. (d, e) Magnetic-field dependence of the Kondo peak and the
device structure. Reprinted with permission from ref 11. Copyright 2002 Springer Nature. (f) Device setup for low-temperature transport
measurements. Reprinted with permission from ref 71. Copyright 2017 American Physical Society.

molecule wired to two gold electrodes, in which the current
increases significantly.’” There are two mechanisms for
predicting the maximum current near the reduction potential,
one is resonant tunneling as described above, and the other is
two-step electron transport. First, an electron transfers from
one electrode to the redox center through a Franck—Condon
transition, then the molecule reorganizes because of environ-
mental and internal relaxation within the adiabatic limit, and
finally the electron transfers from the redox center to another
electrode (Figure 3¢).”*** This two-step process of electron
transfer is manifested as stochastic large-conductance fluctua-
tions between reduced and oxidized states at the single-
molecule level. Moreover, in this case, the electrochemical
gating of the single-molecule junction follows the Butler—
Volmer equation. The stochastic individual electron-transfer
process, which depends on the length of the molecule can be
monitored by varying the number of CH, groups used to
regulate the interface coupling (Figure 3d).”> Specifically,

electron transport is mediated from sequential or coherent
electron transfer to incoherent transport via redox states of the
molecule as the number of CH, increases. The transition from
oxidation to reduction occurs instantaneously in devices with
long-chain molecules, which operate in a weak coupling
regime, whereas it is a sequential process for short-chain
molecules that operate in a strong coupling regime.
Furthermore, the average conductance against potential in
the short-chain system has a sigmoidal dependence, which can
be described by equilibrium electron transfer and Nernst
equation, but not by incoherent two-step sequential hopping
and coherent one-step tunneling (Figure 3e).

MONITORING OF SINGLE-MOLECULE SPIN
PROPERTIES

Spin is a natural quantum variable of matter because it is an
inherent characteristic of electrons. It is critical to the
electronic structure of atoms and molecules, and it endows
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the material with many useful properties, such as the
spontaneous magnetization of magnetic metals. Many
monitoring techniques of electron spin and related properties
are used in single-molecule electronic devices. This section
introduces some of the latest studies on the monitoring of
single-molecule spin properties, such as the Kondo effect,
Zeeman splitting, and spin crossover.

Kondo Effect and Zeeman Splitting. In the 1930s, it was
discovered that the resistance curve of metal-containing
magnetic impurities has a minimum value at low temperatures,
which is caused by the Kondo effect.”> However, when the
temperature is lower than a certain temperature, the resistance
will suddenly increase because of the multiple scattering
processes of magnetic atoms and conduction electrons.
Similarly, when the electronic state of the molecule has
nonzero spin or degeneracy in a single-molecule device, the
Kondo effect can cause a significant zero-bias Kondo resonance
in conduction.® This is due to the exchange interaction
between the localized spins in the molecule and conduction
electrons in metal electrodes. Specifically, when a spin electron
is located on a molecule, an electron cloud is formed on the
electrodes, which has a spin polarization that is antiparallel to
the spin electron (Figure 4a). This formation of the Kondo
screening cloud enhances the density of states in the
electrodes, resulting in a high-conductance state below
Kondo temperature (Tx). The Kondo temperature is defined
as

Ty = 0.5(TE.)"? exp(—ne/T)

where E is the charging energy, I is coupling parameter of
molecules and electrodes, and ¢ is the difference between the
localized state and the Fermi level of the electrodes.

Because the external magnetic field can lift the degeneracy of
the up and down spin states, the energy levels of the spin
electron are split, which is known as Zeeman splitting. By
applying a finite bias to a single-molecule device under the
application of a magnetic field, the splitting of the original
Kondo resonance peak can be revealed.***" =%

Therefore, single-molecule devices can be used to monitor
electron spin characteristics, such as the Kondo effect and
Zeeman splitting as described above. Early reports of these
effects can be traced back to transistors based on electro-
migration single-molecule junctions. The Kondo effect can be
observed in single-molecule transistors that use molecules
containing a Co ion with spin electrons bonded to polypyridyl
ligands and attached to insulating tethers of different lengths as
conductive channels (Figure 4d,e)."" Furthermore, the
reversible regulation process of the Kondo resonance can be
achieved through gate voltage bias, which can alter the charge
and spin states of molecules in single vanadium transistors
(Figure 4b).”° Furthermore, Zeeman splitting can be observed
in this single-molecule device (Figure 4c), where the
magnitude of Zeeman splitting as a function of magnetic
field (B) is gupB/e, where g represents gravity constant, g
represents magnetic permeability, B is magnetic flux density,
and e is element charge. Similarly, by measuring the low-
temperature transport of Cgy-based single-molecule transistors
with ferromagnetic electrodes, the effect of manipulating the
magnetization of the electrodes on the Kondo effect can be
accurately monitored (Figure 4f).”" Specifically, the orientation
of the magnetization distribution can be controllably switched
between parallel and antiparallel through specially designed
ferromagnetic electrodes. The exchange between the local spin

in the molecule and the spin electron in the ferromagnetic
electrode can be affected because of the transition from parallel
to antiparallel, resulting in different gate-controlled Kondo
resonance characteristics.

Spin Crossover. Spin crossover, also known as spin
transition, can switch molecules between low-spin (LS) and
high-spin (HS) states. The two states of spin-crossover
molecules can be distinguished by different magnetic, optical,
and structural properties, and they can be transformed into
each other by external disturbances such as temperature, light,
pressure, magnetic field, or inclusions of guest molecules. This
section mainly introduces the basis of spin crossover as well as
the monitoring and regulation of molecular spin-state
transitions by single-molecule junctions.

Basics of Spin Crossover. Molecular materials with
adjustable spin states have piqued the interest of researchers
because of their significant applications, such as switches,
sensors, high-density information storage, and display. The
phenomenon of spin crossover is one of the most significant
manifestations of spin control. Generally, spin crossover
molecular systems involve octahedral complexes formed by
first-row transition-metal ions with a 3d” (n = 4—7) electronic
configuration, which can achieve the reversible conversion
between LS and HS states under certain external stimuli. Such
spin conversion depends on the ligand field energy and the
spin pairing energy of the complexes (Figure Sa).”” According
to crystal field theory, the interaction between the central atom
of the complexes and the ligand is similar to the electrostatic
interaction between the positive and negative ions in an ionic
crystal. The electrostatic potential field formed by the ligand in
the octahedral complex affects the distribution of d-electrons in
the central ion, causing the five spin-degenerate levels to split
into e, and t,, orbitals in the ligand field. The energy difference
between two sets of d-orbitals is defined by the crystal field
splitting energy (A). Furthermore, another type of energy was
produced by putting two electrons into the same orbital,
known as spin pairing energy (P). For strong field ligands (P <
A), electrons can occupy the low-energy t,, orbital, resulting in
fewer unpaired electrons. However, for weak field ligands (P >
A), electrons will occupy different orbitals, resulting in the
appearance of many unpaired electrons. The former is defined
as the LS state and the latter as the HS state. Currently,
iron(II), d%, is the most commonly used transition-metal ion
for studying the thermal spin-crossover phenomenon. The
metal-to-ligand bond distances and the molecular volume are
increased as the temperature rises. Therefore, the interaction
between the metal and ligand weakens, causing the electron
configuration to change from (tzg)é(eg)0 to (ty)*(e,)? that is,
the spin state transfers from LS to HS. The potential energy
diagram along the metal—ligand stretching coordinate shows
that the potential wells of the HS and LS states are separated
horizontally and vertically. When the energy difference for the
two spin states meet certain conditions, such as AEYy, ~ K;T,
the thermal spin crossover can be observed (Figure 5a).”?
Therefore, spin-crossover molecules are ideal candidates for
implementing spintronic devices at the molecular level. Single-
molecule devices provide an ideal platform for studying spin-
state changes of spin-crossover metal complexes, which can
accurately monitor and control a single spin state.

Monitoring of Spin Crossover in Single-Molecule
Devices. In single-molecule junctions, spin-crossover tran-
sitions are usually accompanied by simultaneous changes in
molecular geometry and electronic configuration, which
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significantly affect molecular conductance. Therefore, monitor-
ing the spin-crossover phenomenon through single-molecule
devices is highly recommended. The spin-crossover trans-
bis(isothiocyanato)iron(II) complex sandwiched between gold
electrodes is used to calculate coherent transport properties
using density functional theory combined with a non-
equilibrium Green function procedure, which shows that the
conductivity of HS states is greater than that of the LS state.'®
Furthermore, when [FeL,]** complex is incorporated in the
electrodes, where L is a 2,2':6,2"-terpyridine group, the
reduction of the HOMO—-LUMO gap during the phase
transition increases the current response to spin change by 4-
orders of magnitude, which is equivalent to a magneto-
resistance effect of over 3000%.”* These characteristics enable
the investigation of spin crossover in single-molecule devices.

Monitoring and regulating spin states of spin-crossover
molecules in single-molecule devices has achieved significant
progress using external stimuli, such as mechanical manipu-
lation, temperature, and electric field. Mechanically controlled
spin crossover is often accompanied by a change in
coordination bond length between central metal ion and
ligand, resulting in a change in the ligand field energy. For
instance, in stretching-induced single-molecule switches based
on the Fe' terpyridine complexes, the large enough change in
the spatial arrangement between the two terpyridine ligands
that depend on the electrode spacing may distort the Fel
coordination sphere and thus trigger the transition from the LS
(S = 0) state to the HS (S = 2) state. Meanwhile, the LS-HS
transition can be reflected in the single-molecule junction
conductance. Numerous molecular junctions formed with Fe''
terpyridine complexes can increase conductance.”” Further-
more, the mechanically controlled interconversion between
different molecular conformations can be used to induce spin
crossover in single-molecule devices. For instance, when
widening molecular junction gap width by increasing the
STM tip height, the conformation shift from the saddle to the
planar of a single Fe-porphyrin molecule shortens the metal—
ligand bonds, resulting in Fe spin-state transition from HS to
LS. Meanwhile, the line shape of zero-bias resonance
associated with the Fe spin state changes reversibly from
wide (HS) to narrow (LS) with a junction gap (Figure Sb)."”

In addition to mechanical manipulation, electric fields have
been used to drive spin crossover in single-molecule devices.
The switching mechanism of a gating electrode can be divided
into two types. One is to apply an electric field force on the
molecule inside, distorting the metal ion coordination sphere.
For example, one of the two terpyridine ligands arranged
vertically fixes a Fe'' complex at the end of the electrodes,
whereas the other one exhibits an inherent dipole moment,
which senses the electric field. When the applied voltage is
increased, the metal—ligand distance of [Fe"(tpy),] complex
increases, which eventually reduces the crystal field interaction.
The I-V curve shows a significant hysteresis window around
the spin state switching point, demonstrating the spin
crossover from the LS state to the HS state in the molecular
junction (Figure 5¢).”° The other mechanism is that the
occupied ligand levels can be adjusted by increasing the gate
voltage, which increases ligand field energy. Spin-crossover
phenomenon can be achieved in a three-terminal molecular
junction composed of Mn?* ion complexes coordinated by two
terpyridine ligands, which have an HS ground state, by adding
an electron to the terpyridine ligand system under the action of
the gate electrode. This is because the reduction in terpyridine

ligands strengthens the coupling strength between the ligands
and Mn®" ion complex, which then stabilizes the LS
configuration.””

Furthermore, temperature induction is another common
method for triggering the spin crossover. For Fe (II) complex,
which is coordinated with two 2,6-bis(pyrazolyl)pyridine
ligands, the spin crossover can be induced by a small
temperature disturbance at the molecular level. A change in
the ligand—metal ion distance induced by a small temperature
perturbation can influence the crystal field splitting energy and
thereby initiate conductance bistability between the LS and HS
states (Figure 5d).”°

The above-mentioned molecular systems are based on a
single magnetic center. The polar magnetic molecules formed
by two transition-metal ions linked through a chemical group
can switch between different spin states, such as a MeO-
Cobaltocene dimer. However, this is different from the
traditional spin-crossover phenomenon, because two magnetic
centers always maintain HS state (S = 1/2) and only exchange
electrons through the middle linking group with a doubly
occupied singlet (S = 0) under the electric field. Furthermore,
this exchange of singlet and triplet causes electrostatic spin
crossover in the two-terminal device under a certain bias
voltage, which is also known as singlet-to-triplet crossover.””
Additionally, in a magnetic molecular switch based on the Co**
ion pair perpendicular to the current pathway through the
molecule, the voltage-induced changes in the magnetic
exchange coupling pathway between the cobalt sites are the
main reason for driving the transition between the
pseudosingle state and pseudotriplet state. These states can
be distinguished by the absence or presence of a Kondo
anomaly at zero bias in the low-temperature conductivity data
(Figure Se).80

Generally, the induction of spin crossover can change the
ligand field energy applied to complex central ions. Not only
can the spin states of transition-metal complexes be observed
using the single-molecule device platform but also the spin-
crossover phenomenon induced by different external stimuli
can be monitored using the conductance characteristics of the
devices. This has an important reference significance for
developing various types of molecular spin devices.

MONITORING OF CONFORMATIONAL
ISOMERIZATION PROCESSES OF SINGLE MOLECULES

Generally, changes in molecular conformation affect their
electronic structures and properties. Monitoring changes in
molecular conformation is critical for the rational application
of molecules in the fields of chemistry, biology, and materials.
In traditional characterization methods, ensemble information
obscures the behavior of individual molecules. Therefore, it is
critical to monitor changes in molecular configuration at the
single-molecule level. Single-molecule devices can be used to
monitor the structural transformation of single molecules,
providing a platform for exploring the process of molecular
conformation changes at the single-molecule level. Here,
research on the monitoring of stereoelectronic effects,
photoisomerization processes, and force-controlled isomer-
ization processes of single molecules is summarized.
Monitoring of Stereoelectronic Effects. A stereo-
electronic effect is a critical effect caused by changes in
molecular configuration. This effect is the basis of reaction
chemistry, it reflects the influence of the relative spatial
orientation of electronic orbitals on molecular properties and
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Figure 6. (a) Newman projections for the A—A (purple), O—A (yellow), and O—O (green) dihedral configurations from the perspective of
the sulfur—methylene 6 bond in the Au—Si,—Au system. Reprinted with permission from ref 81. Copyright 2015 Springer Nature. (b)
Schematic of conformational transition of terphenyl units between strongly conjugated and weakly conjugated states and corresponding
hexaphenyl aromatic chain single-molecule junctions. Reprinted with permission from ref 19. Copyright 2017 American Chemical Society.
(c) Four stable fine conformations can be observed in an asymmetry device using azobenzene unit as a branch. Reprinted with permission
from ref 20. Copyright 2021 Wiley-VCH. (d) Schematic of single-molecule junctions and single-stacking junctions of terphenyl. Reprinted
with permission from ref 82. Copyright 2020 American Chemical Society. (e) Design of a molecular motor with a permanent electric dipole
moment. Reprinted with permission from ref 83. Copyright 2010 American Chemical Society.

reactivity. Recently, precise control and monitoring of
stereoelectronic effects have been achieved at the single-
molecule level based on single-molecule junctions. Because of
the strong o conjugation in the oligosilane backbone and the
spatial characteristics of the sulfur—methylene ¢ bonds, there
are three dihedral configurations in the Au—molecule—Au
system (O—O, A—A, and O—A states) for permethyloligosi-
lanes with methylthiomethyl electrode linkers. Because the A—
A and O—A states conformation have similar tunneling
coupling, they exhibit a low-conductivity state (Figure 6a)."'
Therefore, the configurations of the three dihedral correspond
to the two states of high and low conductances. By analyzing
the conductance of the single-molecule junction, the changes
in the molecular conformational structure can be monitored.

Additionally, the conductance of the junction can be controlled
by simply lengthening or compressing the molecular junction,
so that the adjustment of the molecular conformation can be
monitored.

In addition to the terminal dihedral of the SiMe, system, the
variation of twisting angles between phenyl rings can
significantly affect the structure and physical properties of
molecules and have a stereoelectronic effect. For example, the
stereoelectronic effect of a hexaphenyl aromatic chain molecule
has been monitored by single-molecule junctions based on
graphene nanogap electrodes (Figure 6b)." The twisting of
benzene rings at both ends can produce different degrees of
conjugation, which leads to changes in conductance. Addi-
tionally, the twisting of the benzene ring can be controlled by
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Copyright 2019 Springer Nature.

temperature. Based on the investigation of the electrical
characteristics of the single-molecule junction with a
hexaphenyl aromatic chain, the twisting dynamics of the
benzene ring can be monitored.

As previously stated, the stereoelectronic effect caused by
twisting the benzene ring can be monitored by single-molecule
junctions. The change process in the subtle molecular structure
caused by the introduction of side groups in the molecule can
also be monitored because charge transport of the single-
molecule junction is very sensitive to the asymmetric electronic
structure of the molecule. The introduction of an azobenzene
unit as a branch in the central ring of the terphenyl molecule
can result in the asymmetry of the molecular structure. By
monitoring the current characteristics of the single-molecule

junction in real-time, the photoisomerization process of an
azobenzene side group can be monitored. Furthermore, four
stable conformations can be detected when the azobenzene is
in the cis/trans states (Figure 6¢c) because of the different
angles between the benzene ring on both sides and the central
benzene ring.20 Based on the current—time (I—t) character-
istics, the temperature-dependent rotational kinetics of
benzene rings can be deduced.

The rotation of the benzene ring can be further regulated
and monitored for a bimolecular system with electric field-
induced stacking. For example, in single-stacking terphenyl
junctions, biomolecular interaction can be adjusted by
changing the electric field, and the torsion of benzene rings
can be regulated. The dihedral angle of terphenyl decreases as
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the electric field strength increases (Figure 6d).* In addition
to the rotation between benzene rings, the rotation of benzene
rings connected by triple bonds in molecules can be effectively
monitored and controlled through single-molecule junctions.
Molecules with a dipole rotor are connected to nanogap metal
electrodes through bidentate mercaptothiophene linking
groups, which can be driven to rotate by modulating the
electric field generated by the oscillating gate (Figure 6e).%?
The rotation of a molecular machine is monitored by a single-
molecule device. Specifically, by adjusting the gate voltage, the
molecule can repeatedly switch between two stable states,
resulting in changes in conductance. The process of single
molecular rotation can be monitored in real-time by
investigating the conductance characteristics.

Monitoring of Photoisomerization. Photoisomerization
is a key photochemical or photophysical process. Monitoring
this process is critical for studying the intrinsic physical and
chemical properties of molecules and realizing molecular
functionalization. Photochromic molecules with photoisome-
rization properties can undergo a reversible conformational
transition under light with a specific wavelength, so they have
attracted widespread interest in optoelectronic devices.”**

Diarylethene has broad application prospects in optoelec-
tronic functional materials as a typical photochromic
molecule.*™” It is mainly composed of two aromatic
heterocycles connected by carbon—carbon double bonds and
has two reversible structures of a nonconjugated open state
and a conjugated closed state. Under ultraviolet light,
diarylethene changes from a nonconjugated open state to a
conjugated closed state, and the molecular conductance
correspondingly changes from low to high states. When
diarylethene is irradiated with visible light, it can be restored to
nonconjugated open states. By using diarylethene molecules
with pyridine electrode linkers, based on STM-BJ technology
to study the electronic characteristics, the high conductivity
state corresponding to the conjugated closed state of the
molecule is monitored (Figure 7a).*® However, for the
nonconjugated open state, it is impossible to measure the
specific conductivity value because the conductivity of the
molecule is lower than the detection limit of the instrument.
Additionally, as reported in previous studies, photoisomeriza-
tion in single-molecule devices based on metal electrodes can
only achieve unidirectional changes. Specifically, diarylethene
can change from closed to open states under visible light
irradiation, but cannot return to the closed state under
ultraviolet light. This is because the orbital between the
molecule and electrode is highly hybridized and the electrode
quenches the photoexcited state of the open-state diarylethene
molecule.*”

In addition to metal electrodes, single-molecule devices
based on carbon electrodes can be used to monitor the
photoisomerization properties of diarylethene molecules. For
example, to construct devices using diarylethene molecules
based on thiophene and pyrrole, the conjugated molecules are
covalently integrated into single-walled carbon nanotubes
(SWNTs) through amide bonds (Figure 7b).”” The con-
ductivity of a single-molecule junction ranges from low to high
states under ultraviolet irradiation, which proves that the
transition process of thiophene configuration from open to
closed states is successfully monitored. However, thiophene
cannot switch from closed to open states under visible light
irradiation. This is in contrast to the case based on metal

electrodes, highlighting the importance of the molecule—
electrode interface.

To achieve the reversible photoisomerization process of
diarylethene molecules, a series of attempts have been made,
including the use of graphene electrodes, adjustment of the
energy-level alignments, and interface coupling of the
molecule—electrode interface. For example, fluorinated cyclo-
pentene is used to replace the hydrogenated unit in graphene-
based single-molecule junctions. Although the energy level is
lower because of the electron-withdrawing effect of the
fluorinated unit, the reversible configurational changes of
diarylethene molecule between the open and closed states still
could not be realized”’ A methylene group (CH,) is
introduced between the terminal amine group and the
functional center on each side (Figure 7c) to weaken the
interface conjugation.”’ The configuration of two molecules
from open to closed states can monitor current—voltage (I-V)
characteristics based on single-molecule junctions. Although
CH, groups reduce m-electron delocalization, it is still unable
to achieve the reversible configuration change between the
open and close states of diarylethene in single-molecule
junctions (Figure 7d). Three methylene groups are introduced
between the diarylethene functional center and terminal amine
groups to optimize the interface coupling to reduce
quenching.”> Through the electrical characterization, two
states of high and low conductance are observed, correspond-
ing to the closed and open isomers (Figures 7ef). The
reversible photoisomerization processes of diarylethene mole-
cules are successfully monitored in single-molecule junctions.
Additionally, the temperature-dependent charge transport
mechanism of carbon electrode-diarylethene single-molecule
junctions has been explored. The single-molecule junctions in
both forms exhibit a transition from low-temperature coherent
tunneling to high-temperature incoherent transport because of
the thermally activated rotation of benzene rings at both sides
of molecules.”

Azobenzene is a typical photochromic molecule in addition
to diarylethene molecules, which performs the photoinduced
cis—trans isomerism effect under ultraviolet or visible light.”*”
Specifically, when it is exposed to ultraviolet light, it transforms
from a planar trans configuration to a bent cis configuration
(Figure 7g).”° Single-molecule junction provides an effective
method for monitoring the configuration changes of
azobenzene. There are two cases where the azobenzene unit
is located in the main or side chain of the molecule. When
azobenzene is on the main chain, the configuration change of
azobenzene can change the molecular properties. Additionally,
configuration monitoring can be performed for molecules
containing azobenzene units. Configuration changes of
azobenzene can cause changes in conductance because of the
difference in structures. Specifically, the trans configuration
corresponds to high conductivity, and the cis configuration
corresponds to low conductivity. Through the investigation of
the conductivity characteristics based on the graphene-based
single-molecule device, the change in conductance proves that
the azobenzene unit can be reversibly switched between trans
and cis conﬁgurations.% Constructing label-free single-
molecule devices containing single peptides and real-time
conductance measurements can infer their structural dynamic
behavior, which is important in understanding the inherent
dynamic behavior of proteins. The configuration of azoben-
zene switches between cis and disordered trans isomers under
ultraviolet light and visible light by covalently attaching an
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Society. (b, c¢) Schematic, typical individual conductance-distance traces and 2D conductance-displacement histograms in dihydroazulene
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azobenzene-containing peptide molecule into graphene nano-
gap electrodes. Real-time conductivity measurements show
that each isomer has three different states, which proves that
the molecular configuration changes are monitored (Figure

7h).””

In addition to using azobenzene as the core of molecules,
molecules with azobenzene units as a side group can monitor
the process of configuration changes through single-molecule
junctions. Azobenzene is introduced into the terphenyl species
as a side group, and the molecule with amino end groups is

N https://doi.org/10.1021/acsnano.1c11433
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connected between graphene nanogap electrodes through
amide bonds (Figure 7i). Because the dipole moment of
azobenzene molecules along the main chain direction is
different in trans and cis conformations, the ability of the
electric field to regulate the molecular energy is different
(Figure 7i).”® Therefore, the changes in the molecular
structure that accompany the changes in the dipole properties
are manifested by the changes in conductance. Furthermore,
the process of subtle molecular structural change can be
monitored. The photoisomerization process of azobenzene
side groups can be monitored under ultraviolet or visible lights
using real-time current characteristics.”

In addition to diarylethene and azobenzene molecules, the
configuration changes of other photoisomerized molecules can
be monitored on the basis of single-molecule devices.
Dimethyldihydropyrene (DHP) is a polycyclic 7-conjugated
unit, which can reversibly switch between a colorless open state
and a more stable closed state under different specific
wavelengths of light. Pyridine groups are introduced on both
sides of DHP for constructing single-molecule junctions.
Because of the different degrees of conjugation, the two
isomers of pyridine-DHP correspond to high and low
conductivity (Figure 8a). Based on the study of electronic
properties of mechanically controlled break junctions, the
molecular conductivity can be reversibly converted between
high and low conductivity because of the two isomers under
different wavelengths of light treatment (Figure 8a).””

Additionally, dihydroazulene exhibits light control properties.
Similarly, the configuration changes in dihydroazulene can be
monitored based on the conductance states detected by STM-
BJs because of the two states with high and low conductance
(Figure 8b)."”’ Through statistical analysis of the conductivity
characteristics, the reaction kinetics can be monitored (Figure
8c). Furthermore, spiropyran (SP) derivatives can be
isomerized under specific wavelengths of light.'”" Two states
of high and low conductance are observed through electrical
characteristics, corresponding to the two configurations.
Therefore, the photoisomerization process of SP derivatives
can be monitored.

Monitoring of Force-Controlled Isomerization. Re-
cently, the regulation of molecular conformation by mechanical
force has gradually become a burgeoning interdisciplinary
subject, including mechanical discoloration, *'*® mechanical
catalysis,lo4 small molecule release,'” force-induced stress
enhancement,'®® and mechanical luminescence.'®’ Single-
molecule devices represented by metal junctions provide a
favorable platform for in-depth research in this field because of
their characteristic structural advantages. For instance, AFM
technology is a common monitoring method to study the effect
of the process of molecular isomerization by force. In the
process of stretching the polymer containing C=C bond with
an AFM probe, cis olefins can be directly converted to trans
olefins on the time scale of ~1 ms under the tension of ~1.7
nN at room temperature (Figure 9a).108 The reason is that the
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olefins are induced to produce a double radical intermediate
state by force, which affects the process of cis—trans
transformation.

Spiropyrans have been widely used in the construction of
functional monomolecular devices over the past decades
because of their intrinsic molecular advantages.'” """ Ring-
closed SP can be transformed into zwitterionic merocyanine
(MC) in the ring-open state, and conjugation is absent
between the two heterocycles in the ring-closed molecular
structure. SP can be transformed into MC through accurate
regulation of the external force. The conjugation effect can be
generated between the chromene and indoline portion parts in
the molecular structure. Therefore, compared with the ring-
closed state, the ring-open state has higher conductivity. The
conversion between closed and open states is caused by the
cleavage of helical C—O bond, which can lead to the
isomerization of the distorted cis-MC into the most planar
trans-MC. The study of single-molecule electrical switches
based on SP mechanical stimulation has been electrically
monitored using the STM-BJ platform. A SP derivative with
alkynyl ends has been investigated. In the neutral solvent
without light, with the increase of the electrode spacing, the
molecular current first decreases and then increases suddenly,
indicating that the C—O bond is broken under the action of
the external force to form zwitterionic MC. Because of the
stronger Au—C bond formed between SP and the electrode,
switching between the closed SP state and the open MC states
can be achieved through tensile strain (Figure 9b).!*?
Similarly, the isomerization process of SP caused by
mechanical stimulation can also be monitored using the
MCBJ method. The conversion of I-V characteristics from
rectification to symmetry can be realized, and the correspond-
ing SP is isomerized to MC by mechanical stimulation induced
in the process of breaking the junction.””

Porphyrins are a class of organic heterocyclic compounds,
which have attracted much attention in the fields of
nanoscience and molecular electronics.'"*~""*> Through ortho-
substituents (Figure 9c), §,15-diaryl porphyrin, which
combines thioacetyl (SAC) or methyl sulfide (SME) groups
on the ortho-position of the outer benzene ring, produces two
cis and trans atropisomers of each compound.''® These
atropisomers cannot be converted to each other in solution
at room temperature. However, using STM-BJ technology, the
isomerization of cis thioacetyl isomer (SAC) into trans isomer
can be monitored during the stretching process of the
molecular link. The calculation shows that the nonplanar
conformation of the junction enhances isomer transformation,
and the molecular deformation of the junction between
molecules and electrodes has a significant effect on the process
of molecular isomerization.

In addition to the rotation of chemical bonds, other
molecular isomerism introduced by mechanical forces can be
monitored through single-molecule junctions. For example, the
two chair isomers of cyclohexane have different electrical
conductivities. At room temperature, two specific chair isomers
with different electrical conductivities can be detected by
eliminating noise from the characteristics.''” The force control
change process between the two chair configurations can be
monitored by introducing force to regulate the configuration of
cycloethane through electrical characteristics (Figure 9d).""® It
is also possible to monitor the structural changes of molecules
stretched or folded by force. For example, under the action of
force, the molecule unfolds/folds, corresponding to different

conductance states. The changes in the molecular structure
caused by the force can be monitored using the electrical
characteristics of the conductive atomic force microscope.

In addition to the mechanical force regulation, the molecular
isomerization regulation based on the electric field force has
been effectively monitored. For example, the cis—trans
isomerization of cumene derivatives has been regulated using
an electric field force (Figure 9¢).""” First, the molecule is fixed
at both ends of the electrodes. The electrical measurement of
its cis structure revealed that the conductivity histogram
changes with time. The peak height of the histogram and
length of the conductance platform increases with time. The
conductivity characteristics are similar to those of the
molecular trans structure after approximately 32 h. However,
there is no corresponding change in the measurement of the
conductivity of the molecular trans structure. The comparison
experiment with a catalytic environment without STM-B]J,
using high-performance liquid chromatography and theoretical
calculation, shows that the process of molecular isomerization
is successfully monitored using the STM-BJ technology, that is,
the cis structure of the molecule changes to the trans structure.
Simultaneously, it explains how the directional electric field
formed between the tip and the substrate induces the change
in the cis—trans isomerization process.

Similarly, the monitoring of the force-controlled isomer-
ization process of tetramethyl carotene can also be realized
using dynamic and static STM methods to characterize the
molecular conductance (Figure 9f)."*° Two more discrete
conductance signals can be obtained by applying different high
and low bias voltages. Theoretical calculations show that the
overall conductance of the cis carotenoid monolayer junction is
controlled by the gauche defect, which disrupts the z-orbital
electron path through the molecules, resulting in lower
conductance. Therefore, the two conductance states can be
attributed to the cis and trans isomers of carotenoids.
Furthermore, the calculation of the electronic structure
shows that the excited states are mixed because of the
polarization of molecules by an electric field. Because there is a
permissible transition process in the mixed excited states, this
process could not only promote the cis isomerization of
molecules but also participate in electron transfer.

MONITORING OF INTERMOLECULAR INTERACTIONS

The intermolecular interaction is the basis for the formation
and evolution of matter. The monitoring of intermolecular
interaction and its dynamic change process has been realized
because of the ultrahigh temporal and spatial resolution of
single-molecule junction technology. This section introduces
some important developments in the monitoring of inter-
molecular interactions, such as hydrogen-bond interactions
between simple molecules, host—guest interactions between
complex molecules, and interactions between biological
macromolecules.

Hydrogen-Bond Interaction. A hydrogen bond is an
important component of intermolecular interactions. Hydro-
gen atoms with a small size can enhance the interaction of
dipole or charge through electrostatic interaction between
molecules, to form hydrogen bonds between molecules.'*' ~'**
Using a molecular probe to quantify the electron-transfer
process through the hydrogen bond between single molecules
is an effective method to understand electron transport at the
single-molecule level. Through the STM-BJ technology, the tip
of STM molecules modified by w-carboxyl alkanethiols was
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Figure 10. (a) Schematic of tunneling current measurement setup and procedure. The electron transfer through a hydrogen bond was
measured via spontaneous formation of a chemical interaction between the tip and sample molecules. Reprinted with permission from ref
124. Copyright 2013 American Chemical Society. (b) Illustration of hydrogen-bonded interactions of the STM measurements and structure
of molecular interaction (right). Reprinted with permission from ref 126. Copyright 2009 Springer Nature. (c) Schematic of benzamide
groups on the probe and substrate bonded bases in the polymer (highlighted for the connection to the single A in d(CCACC)) and
hydrogen-bond formation structures of four different bases. Reprinted with permission from ref 127. Copyright 2010 Springer Nature. (d)
Device structure and electrical characterization of HBB-SMJs. I—t curves of an HBB-SMJ device in diphenyl ether at 323 K and the
molecular structures corresponding to different conductance states (right). Reprinted with permission under a Creative Commons CC-BY

license from ref 128. Copyright 2018 Springer Nature.

close to the gold substrate modified by C,COOH, and the
current between them was measured (Figure 10a).'** Because
carboxylic acids are prone to hydrogen-bond interactions in
nonpolar solvents, electron transfer of hydrogen bonds is
through the intermolecular interaction between tip and sample
molecules. Particularly, hydrogen-bonded molecular junctions
have higher conductance than covalent ¢ bonded junctions.
The electron-transfer characteristics through hydrogen bonds
depend significantly on length, indicating that the electrical
connection between single molecules can be deliberately
controlled by adjusting the length of hydrogen-bond
connectors.'”® For instance, DNA base pairs were used to
functionalize STM probes. In 1,2,4-trichlorobenzene solution,
the gold substrate contact of a modified nucleoside monolayer
was used to measure the strength of hydrogen bonds in DNA-
base pairs (Figure 10b)."*° The results show that the signal

attenuation connected by three hydrogen bonds (guanine
deoxycytidine, G-C and 2-aminoadenine thymidine, 2AA-T) is
slower than that connected by two hydrogen bonds (adenine
thymidine, A-T and 2-aminoadenine deoxycytidine, 2AA-C) by
measuring the current between different base pairs. Further-
more, the rigidity of hydrogen bonds in minor molecular
interactions can be characterized using STM.

Furthermore, hydrogen bond plays a universal role in
molecular recognition. For example, 4-mercaptobenzamide is
used to chemically modify a gold electrode and substrate, in
which a mercapto group is connected to the electrode, and the
function of the amide bond is similar to that of the probe
(Figure 10c)."”” The target molecule (DNA oligomer or amino
acid) can be captured between the electrodes to generate a
tunneling current through the interaction of intermolecular
hydrogen bonds, which can be used to construct a single-
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Figure 11. (a) Scheme of a viologen-cucurbituril[8] molecular junction. Reprinted with permission from ref 139. Copyright 2016 American
Chemical Society. (b) Schematic representation of the MV**CBPP34C10-SMJ, host molecular structure (black) and guest molecular
structure (blue). Reproduced from ref 140. Copyright 2016 The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a
CC BY-NC 4.0 license. (c) Schematic representation of the device structure of GMG-SMJs formed from individual molecular shuttles.
Reprinted with permission from ref 142. Copyright 2019 Wiley-VCH. (d) Schematic representation of a PM--CD-based GMG-SMJs. The
molecular machine featuring a PM-f-CD was covalently connected with graphene point contacts through amide bonds. Reproduced from ref
143. Copyright 2021 The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license.

molecule electric detector. By training the algorithm on single-
component samples of all amino acids, the specific amino acids
in the mixture can be identified, including chiral enantiomers,
isomers, and methylated variants.

Furthermore, the hydrogen bond exists as a special chemical
bond, which can participate in various chemical reactions, such
as bond rearrangement, proton transfer, as well as catalysis.
Therefore, the study of hydrogen-bond dynamics at the single-
molecule level is critical. A quadruple hydrogen-bond dimer
based on urea pyrimidine dione (Upy) is covalently connected
to graphene electrodes as a molecular bridge (Figure 10d)."%®
Upy dimer molecules form an intermolecular tetrahydrogen-
bond-donor receptor array, which can stably monitor the
dynamic behavior of hydrogen bonds in real time for a long
time. Additionally, molecules can only form a single double
chain because of the main influence of degeneracy, which
simplifies the research object.'”” Furthermore, Upy dimer
molecules can form or dissociate in diphenyl ether or water.
Different conductance states can be monitored by alternating
testing of diphenyl ether and water. In addition, this study also

shows that the influence of the external testing environment on
the hydrogen-bonding system can also be well observed by
single-molecule devices. State 4 exhibits a spike-like high-
frequency signature with an extremely short lifetime, indicating
that the nonsteady-state distribution broadens with increasing
temperature. These features indicate transient perturbations in
the quadripolar hydrogen-bonding system, which is a common
phenomenon in single-molecule/single-event measurements.
Therefore, state 4 is presumed to be a stable state caused by
the binding of diphenyl ether molecules to molecular reactive
sites to weaken hydrogen bonds.

Host—Guest Interaction. Host—guest interaction is an
important part of chemical research. Using host—guest
interaction to identify chemical and biomolecules is an
important research direction in the field of science and the
cornerstone for understanding the mechanism of chemical
interactions and the essence of biological functions."**™"*’
Single-molecule junction technology, as a reliable monitoring
platform at the single-molecule level, is an effective method for
revealing interaction mechanisms.

https://doi.org/10.1021/acsnano.1c11433
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsnano.1c11433?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11433?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11433?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11433?fig=fig11&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c11433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Review

a b

Source

SH

CEH./Z Anthraquinone Aq
(Aq)

BT SR

'““-. 5'-G-G-G-C-C-G-G-G-T-T ¥ o
a9
S%0% NN (M,c;.—c»c»c—G—G—c—c—c-A-A—(HZC).»NH
IRTET, P 4’.11:’5.
.“¥. " 0 a”o
A A
A_’ ~(’; %‘ ‘G
ik BT
G A 5
C-C-C-T-C-T-6-6  § —p GG AT
G-G-G-A-G-A-C-A T G ™A T
f gt Al
AT oY 6
G C A L
&¢ P ol G .
AT AL (‘,‘P~ A
t A C o T
A-A < A
“T" shaped “Y" shaped

DNA Intercalation

Ethidium Bromide (EB) SYBR Green | (SG)

The cleavage site
|

Graphene

The cleavage site

i
AGCTTCTTTCTMTACGGCTTACC <+—— Substrate
L
CCGAATGG +«—— Enzyme

AAAGAAC
et CGGG

TAAGAA
T||||

M _Cu T, o
NI Ascorbate <1111
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For example, cucurbituril is a macrocyclic molecule formed
by the condensation of glycosuria and formaldehyde under
acidic conditions. The glycosuria units are bridged together by
methylene, with hydrophilic carbonyl groups at both ends and
hydrophobic cavities in the middle. Cucurbituril has a strong
inclusion ability for positively charged guest molecules such as
protonated organic amines, pyridinium, as well as violo-
gen. 134-136 Among them, viologen molecules have reversible
redox discoloration, and the inclusion of cucurbituril has good
stability to viologen reduced free radicals. Therefore, the study
of viologen/cucurbituril composite systems in the fields of
stimulus-responsive materials and supramolecular self-assembly
has attracted much attention."*”"*"

Specifically, the host—guest interaction between cucurbit[8]-
uril and viologen molecular bridges are used to construct four
different molecular wires, which are connected to a single
molecular circuit using MCBJs for electrical testing (Figure
11a)."* The characterization results show that the con-
ductance of viologen derivatives increases significantly when
encapsulated in the hydrophobic cavity, which is because of the
reduction of an outer sphere recombination energy within the
framework of the Marcus-type electron-transfer model.

Similarly, host—guest interaction can monitor rich changes
in molecular conductance signals. For instance, the two ends of
the molecular bridge of crown ether derivatives are covalently
linked into graphene electrodes to construct the GMG-SM]J
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molecular device (Figure 11b)."** Methyl viologen was
introduced as a guest molecule in the electrical testing process,
and the dynamic process of the molecular host—guest
interaction can be directly observed. The regular fluctuation
of molecular conductance can be attributed to the generation
and dissociation of host—guest complexes. Furthermore, the
charge variation during the host—guest interaction can be used
as an additional local gate to adjust the carrier density in the
conductive channel because the molecular bridge is similar to
the traditional field-effect transistor, resulting in a significant
change in molecular conductance.

For example, the conductance of molecular wires through
the complexation between the guest and host can be regulated
by the host using a single cyclodextrin molecule junction
device with graphene electrodes."*" Specifically, dimethyl a-
cyclodextrin (PM-a-CD) and charged alkylene axis can form
pseudorotaxane structures through intermolecular interaction
(Figure 11c)."** By using the charge of the alkylene axis, not
only the complex can be stably formed but also the shuttle
process of guest molecules can be monitored in real-time based
on the distance of the potential point. Therefore, when
dodecanedioic acid is used as a negative charge to fill the guest
in the hole, the perturbed-HOMO (p-HOMO) of pseudor-
otaxane is close to the Fermi level of the electrode, improving
the molecular conductance. However, when 1,12-dodecanedi-
amine is selected as the positively charged guest to fill the hole,
p-HOMO of pseudorotaxane will be far from the Fermi level of
the electrode, which helps reduce the conductance. A mutual
jump of conductance states was observed for zwitterionic 12-
aminododecanoic acid when the negative and positive charges
of the molecule are filled alternately by the cyclodextrin
molecule.

In a word, the host—guest interaction can detect not only
the formation of molecular complexes but also the interaction
process. These refined data can lay a solid foundation for
molecular recognition. Additionally, when the main part of the
molecular bridge is replaced by dimethylation-f-cyclodextrin
(PM-f-CD), using the specific host—guest interaction between
P-cyclodextrin and different chiral amino acids can prepare
single-molecule detection devices for molecular recognition
(Figure 11d)."* Four amino acids and their corresponding
enantiomers were monitored at different pH values. Different
host—guest interactions can produce different multimode
current fluctuations. By comparing the conductance and
kinetic statistics of different enantiomers, the “fingerprint
database” of each amino acid can be established.

Interaction with Biological Macromolecules. Biomole-
cules are an important bridge linking chemistry and life. They
have complex and important functions in life. After decades of
study, the basic structure of numerous biomolecules has been
determined.'**~"*” However, analyzing the dynamic reaction
process of molecules from a single biomolecule will provide a
more accurate and systematic understanding of biomolecule
behavior as well as a deeper understanding of biomolecule
functions in organisms.”®'**'** The single-molecule junction
technology provides an effective method to realize this
concept. Monitoring the complex interactions of biological
systems at the molecular level provides a significant
opportunity to reveal the details of the basic process of life.

DNA, as an important biological macromolecule, plays a
significant role in the life system. It has specific conductance
characteristics that can be monitored by single-molecule
junctions because of its structure, which is the complementary

pairing of the double helix structure and base."”°~">® For
example, using the interaction between bases in DNA
molecules, a base is replaced with anthraquinone (AQ), and
then DNA molecules are chemically modified on gold
substrates (Figure 12a).">* In the absence of a gate electrode,
AQ DNA has good conductivity because the molecular orbital
of AQ overlaps with the orbital of adjacent bases, forming a
continuous 7—7 stacking path along DNA that can realize
effective charge transfer. Furthermore, because AQ is a
reversible redox group in the gate electrode, switching between
two different high and low conductance states can be measured
by switching the state between oxidation and reduction.

The DNA sensor based on GMG-SMJs also performs well in
detecting the interaction between DNA and other molecules
(Figure 12b).">> For instance, two different intercalators
(ethidium bromide (EB) and SYBR Green I (SG)) were
added to the solution for electrical measurement. The limit of
detection was significantly reduced through the measurement
of different concentrations because of its available covalent link
mode (approximately 5.0 X 107 mol-L™' for EB and
approximately 2.0 X 107* mol-L™' for SG), which had a
good signal-to-noise ratio while detecting the change of the
DNA conductivity.

Single-molecule devices can detect not only the interaction
between biological macromolecules and chemical small
molecules but also the interaction between biological macro-
molecules. Through detecting the corresponding conductance
changes caused by conformational changes during biomolec-
ular interactions, molecular characteristics can be obtained
more conveniently and quickly. Meanwhile, this type of single-
molecule biosensor is more sensitive and accurate. For
example, cocaine aptamer, a chain of double-stranded DNA
with complementary cocaine aptamer sequences, is coupled to
the molecular bridge as a side chain molecule, and the
molecular bridge is fixed at both ends of graphene electrodes
through amide bonds (Figure 12c)."*® The conformational
changes of aptamer binding with cocaine can be measured
using electricity because the binding of cocaine changes the
tertiary structure to a state with higher conductance, and the
corresponding current changes can be obtained.

Furthermore, a low level of free metal ions in organisms is
critical for the healthy growth and continuation of life.">”
Monitoring the interaction between biological macromolecules
and metal ions using single-molecule junction technology is
critical for understanding the role of interaction in biology.
DNAzymes were combined with GMG-SMJs to achieve this
(Figure 12d).">* DNAzymes, as a type of DNA biocatalyst, can
interact with metal ions. Its conductivity gradually decreased to
zero, indicating that the interaction between DNAzymes and
copper ions resulted in the breakage of DNAzymes caused by
the conformational change.

MONITORING OF CHEMICAL REACTIONS

Monitoring chemical reactions at a single-molecule level can
reveal the basic laws of chemical reactions hidden in ensemble
experiments. Additionally, the impact of the microenvironment
on chemical reactions can be effectively explored in single-
molecule experiments. Precise control of the chemical reaction
process at the single-molecule level is critical for guiding the
design of chemical reactions. This section introduces the
monitoring of chemical reaction paths with single-molecule
junctions, including the capturing of intermediates produced
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Figure 13. (a) Schematic of the MCB]J setup and radical generation of a PTZ derivative. Reprinted with permission from ref 164. Copyright
2017 Wiley-VCH. (b) Schematic of a GMG-SMJs that shows the path of transformation of a 9-phenyl-9-fluorenyl cation in an Syl reaction.
Reprinted with permission from ref 23. Copyright 2018 American Chemical Society. (c) Schematic of a MCB]J-based molecular junction of
1,3 azulene and its protonation process after adding TFA. Reprinted with permission under a Creative Commons Attribution 3.0 Unported
License from ref 165. Copyright 2017 Royal Society of Chemistry. (d) Schematic diagram of the single-molecule electrical monitoring device
and real-time electrical spectroscopy of benzoin homocondensation. Left: Transmission spectra of four species. Center: Real-time electrical
spectroscopy of benzaldehyde condensation. Right: Corresponding statistical histograms. (e) Schematic diagram of benzoin cross-
condensation and its real-time electrical spectroscopy. Reprinted with permission from ref 166. Copyright 2021 Elsevier Inc. (f) Ilustration
of a single-molecule catalytic device. (g) One catalytic cycle showing four conductance states. (h) Molecular structures and reaction paths of
Suzuki—Miyaura cross-coupling. Reprinted with permission from ref 27. Copyright 2021 Springer Nature.

during reaction and regulation of chemical reactions through
electric fields.

Capturing of Active Intermediates. Many chemical
reactions are complex, consisting of elementary reactions, in
which at least one active intermediate is formed. The study of
their production, structure, and change can help reveal the
reaction process and guide organic synthesis. However, these
active intermediates have a short life and are difficult to
separate. The single-molecule junction, as a generic electrical
detection method, can provide a reliable and promising

method for detecting intermediates in the chemical reaction
process.

Free radicals, as one of the active intermediates of chemical
reactions, play a critical role in various chemical reactions.
Therefore, the detection of free radicals is also an important
direction in chemistry. Because free radicals are atoms or
groups with unpaired electrons formed by homogeneous
cleavage of covalent bonds, most free radicals have high
chemical activity. However, free radicals with high chemical
activity lack stability and are difficult to be monitored
directly.">'*
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The emergence of single-molecule junction platforms can
help solve this challenge. The emergence of active free radicals
can be easily captured using electrical monitoring technology
with high temporal and spatial resolution. Phenothiazine
(PTZ) molecules can use trifluoroacetic acid (TFA) as an
oxidant to conduct one-electron oxidation on the nitrogen
atom in the molecule to form free radical cations.'®® When the
free radical is formed using the MCB]J technology to construct
a single-molecule junction with PTZ as the core, the
conductivity of the free radical is significantly higher than
that of the molecule because the HOMO—-LUMO gap is
significantly reduced and the transmission near the HOMO
orbit is enhanced (Figure 13a)."**

Improving the temporal resolution of electrical detection
allows monitoring of reaction intermediates. Specifically,
graphene electrode-based single-molecule junctions connect
single molecules into devices via stable amide covalent bonds,
which can be used to study single molecular chemical reactions
in situ. Through the time-dependent current signal, the
chemical reaction process can be effectively revealed. By
improving the sampling frequency of the monitoring instru-
ment, the information of the intermediates and their lifetime
evolution paths at corresponding time scales can be obtained.
For example, the presence of carbocation intermediates can be
monitored by the GMG-SM]J platform at a sampling frequency
of 57.6 kHz (Figure 13b).”* The results show that the carbon
cation intermediate can be effectively captured in the mixed
solution of trifluoroacetic and acetic acids. Because the
structure of the carbon-positive ion is sp*> coplanar, its
conductance is significantly higher than that of the acetate
species, and there is a transformation between them.
Furthermore, introducing bromine ions into the testing
environment can monitor the competitive transformation
between acetic acid and bromine species in real-time. The
transformation between the two substances inevitably goes
through carbon cation intermediates, which confirms the
classical Syl reaction mechanism.

Protonation is not only a basic chemical reaction but also an
important step in many stoichiometric and catalytic processes.
Similarly, protonated products participate in many important
chemical reactions as an important intermediate. Five seven-
ring systems of azulene derivatives (AZ) can be protonated in
an acidic environment, and its protonated products can be
captured by the MCBJ method (Figure 13c).'®® The
conductivity after protonation is significantly improved
compared with that before protonation because the HOMO
and unpaired valence electrons of the protonated azulene
nucleus move toward the Fermi level of the electrode.
Furthermore, the positions of different anchoring groups in a
molecular skeleton can significantly impact the electrical
transport properties of the molecule. By using the single-
molecule circuit constructed by 5,7-AZ as an example, the
conductance can significantly change after protonation. The
reason is that the neutral 5,7-AZ molecule has interference
near the Fermi energy. Protonation destroys this interference,
making the conductance change significantly.

After years of innovation and development, single-molecule
devices now not only provide an effective platform for
capturing intermediates but also provide real-time monitoring
of intermediates and reaction steps in the entire chemical
reaction, especially for the graphene electrode system. The
single-molecule device constructed by covalent bonding of
molecules ensures the stability and high signal-to-noise ratio of

molecular testing, and the transformation path between
intermediates in the reaction path can be monitored more
intuitively through electrical monitoring method with high
time resolution.

Therefore, in addition to the visual reaction path of time
series provided by electrical real-time detection, more complex
reaction systems can be monitored by single-molecule
electrical measurements. For example, azacarbene (NHC)
with a catalytic function can be connected to single-molecule
devices as a functional center. The cross condensation of a
benzoin reaction was studied (Figure 13d).'°° First, by
introducing benzaldehyde into the reaction system, two
intermediates, enol Breslow intermediate (BI) and readdition
intermediate (INT3), can be captured. Furthermore, after
reducing the test ambient temperature, the first addition
intermediate (pre-BI) can be captured. Additionally, as more
octanal is introduced into the system, the current state
increases to seven conductance states, including two
intermediates (NHC) catalyzed by NHC-a and NHC-y. The
conductivity states of the intermediates of cross condensation
between the two intermediates and secondary addition of the
intermediates can also be detected (NHC-a—y, NHC-y—a,
NHC-a—a, and NHC-y—y) by adjusting the state of the NHC
catalyst (Figure 13e). The distribution of these conductivity
states is due to the powerful electrical real-time monitoring of
single-molecule devices. Species monitoring based on this time
sequence can intuitively allocate species in complex reaction
systems.

As previously stated, this single-molecule device based on
covalently bonded graphene has a high device stability and can
withstand chemical treatment and external stimulation. There-
fore, using NHC as a transition-metal carrier can further study
the com(plex organic chemical reaction catalyzed by transition
metals.'®” For instance, in a palladium-catalyzed Suzuki—
Miyaura coupling reaction (Figure 13f), by monitoring a
catalytic cycle at the junction of a single catalyst, two
controversial reaction modes can be distinguished, that is,
whether an alkali-activated intermediate complex appears in
the catalytic path.”” According to the time series of the
detected species, four intermediates in the catalytic cyclic path
can be captured, including Pd(0), oxidative addition/ligand
exchange complex, pretransmetalation complex, and trans-
metalation complex (Figures 13gh). The correlation between
reaction paths in Suzuki—Miyaura coupling can also be directly
observed.

Regulation of Chemical Reactions via Electric Fields.
Chemical reactions are often accompanied by intermolecular
charge transfer. Chemical reactions can be controlled by
regulating the charge distribution in the reaction substrate
molecules.'**"7% An effective regulation method is to use an
electric field applied at both ends of the electrodes in a single-
molecule device. The electric field acting on the molecule on
both sides of the electrodes can increase significantly as the
distance between the electrodes decreases, and the nanoscale
electrode will produce a strong electric field in the single-
molecule device.

Diels—Alder reaction is a chemical reaction between
conjugated dienes and dienes, which is widely used in the
field of organic synthesis and biochemistry.'”"""* Particularly,
the process of the Diels—Alder reaction can be regulated by an
external electric field. Specifically, the directional external
electric field can control the Diels—Alder reaction rate and its
internal/external selectivity.173
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Figure 14. (a) Schematic of a STM-BJ measurement setup and procedure. The diene (a furan) is attached to the STM tip via a thiol group
(‘S’); the dienophile (a norbornylogous bridge) is attached in a known orientation to a flat gold surface via two thiols. (b) The predicted
effects of the strength and direction of the external electric field on the reaction-barrier height (AE*) for the formation of the two exo—syn
diastereoisomers. The two intermediates have different responses to electric fields, and the blue molecular structure has more obvious
electric field dependence than the red molecular structure. The direction of the electric field is shown in the figure at the bottom right
corner. (c) Blinking frequency as a function of applied bias. Positive and negative biases are plotted in red and blue, respectively. Reprinted
with permission from ref 25. Copyright 2016 Springer Nature. (d) Schematic diagram of another single-molecule electrical monitoring
platform and mechanism of the Diels—Alder reaction. (e) Quantitative analysis of the EEF effect. The Gibbs free energy of each species and
transition state increases with the increase of the electric field intensity. Reprinted from ref 26. Copyright 2021 The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license. (f) Illustration of a STM-BJ device and C-ON bond breaking
mechanism. Red lightning indicates the location of the broken bond and the factors that cause the breakage. Reprinted with permission from

ref 176. Copyright 2018 American Chemical Society.

Recently, studies on the single-molecule Diels—Alder
reaction have consistently demonstrated that the electric field
can regulate the reaction. For example, a furan derivative as the
diene and a norbornylogous bridge with a terminal double
bond as a nonpolar dienophile are connected to an STM tip
and a flat gold surface, respectively (Figure 14a).”> The STM
structure is used to realize directional external electric fields.
Therefore, the Diels—Alder reaction is controlled by junction
bias. If the Diels—Alder reaction between conjugated dienes
and dienophiles occurs when the needle tip contacts the
substrate surface, there will be a sudden change in current.
When the electron flow direction is along the bottom of the
needle tip, the probability of detecting reaction products is
significantly higher, which is positively correlated with the
applied bias voltage (Figure 14b). However, when a reverse
electric field is applied, the probability of the product
occurrence decreases and does not correlate with the field
strength. This conformation has the lowest potential barrier in
the presence of a specific electric field because dienes are rich
in electrons, whereas amphiphilic compounds lack electrons.
Furthermore, through a STM break junction experiment called
“blinking”, in the case of the negative bias, the Diels—Alder
reaction is monitored more times with increasing biases,
indicating that the energy barrier of the reaction process is
lowered by the electric field (Figure 14c). Therefore, the

reaction pathway is regulated through a directional external
electric field.

For example, compound a (3,6-bis(4-pyridyl)1,2,4,5-tetra-
zine) reacts with dihydrofuran through an inverse electron
demand Diels—Alder reaction to produce b, and then b
aromatizes to produce c¢. The MCB]J technology is used to
regulate and monitor the cascade reaction with a directional
external electric field.'”* In the first step, the external electric
field does not produce a catalytic function because the
molecular reaction axis is orthogonal to the direction of the
external electric field. In the aromatization process of the
second step, the reaction axis is not orthogonal to the oriented
external electric fields in the single-molecule junction, so the
electric field accelerates the reaction rate of the second step.

The strong electric field provided between nanoelectrodes
can not only regulate the reaction path but also obtain and
stabilize reaction intermediates to produce interrelated
reaction paths. Taking the Diels—Alder reaction as an example,
it is usually a synergistic reaction, but the definition of the
reaction mechanism is often limited by the time limit of
instrument monitoring. By using in situ monitoring means of
high stability and time resolution of GMG-SMJs, the
mechanism of the Diels—Alder reaction can be more
comprehensively analyzed (Figure 14d).”° A zwitterionic
intermediate can be observed as temperature increases. In
addition to the corresponding two products, the generation of
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extra intermediates increases as the electric field increases, and
the intermediates can be stabilized as the electric field increases
(Figure 14e). Note that a random optical reconstruction
microscope is also used to synchronize the strong correlation
experiment with an electrical signal, which demonstrates the
capability of using the GMG-SM]J platform to monitor reaction
processes.

The effect of external electric fields can affect the chemical
reaction from both positive and negative aspects and can
reduce or increase the reaction barrier, which means that
through careful design, the external electric field can regulate
the formation and fracture of chemical bonds."”* For example,
the electric field carried by functional groups with negative
charges at the distal end can promote the homolysis of
alkoxyamine molecules at lower temperatures by electrostatic
interaction, which means that the entire process can be
monitored by electrical signal measurements. Specifically,
alkoxyamines were grafted by a monolayer chemical method
with STM-B] (Figure 14f). Therefore, the reactants were
aligned with double layers of the electrochemical cell.'”® The
C-ON chemical bond can be dissociated under the action of an
electric field to form carbon radical and corresponding
nitrogen oxide. Under electrochemical conditions, positive
carbon ions and corresponding nitrogen oxides were formed by
bonding. Even in the electrochemical process, the C-ON
cracking step can only be realized by electrostatic interaction.

CONCLUSIONS AND OUTLOOK

Single-molecule devices show possibilities for various potential
applications, especially in the study of physical and chemical
processes.]77’178 This study summarizes important recent
works in physics and chemistry from the viewpoint of
monitoring molecular charge transport using single-molecule
junction technologies. First, the monitoring of charge transport
characteristics and quantum behavior of single molecules
under gate electric and magnetic fields is introduced. We focus
on the regulation of single-molecule charge transport through
different types of gating and various regulation of the spin
states of single molecules. Then, the monitoring of single-
molecule isomerization processes under various stimuli, such as
temperature, light, electricity, and force, is introduced.
Exploration of intermolecular interactions is also discussed,
such as hydrogen bonds, host—guest, and biological macro-
molecular interactions. Finally, significant applications of
single-molecule junctions in the field of exploring single-
molecule chemical reactions are highlighted, such as capturing
reaction intermediates, monitoring reaction paths, and
regulating reaction processes. Furthermore, the current
fabrication techniques of single-molecule junctions and
molecular connection methods are summarized and compared
(Tables 1 and 2). On this basis, many inherent and important
phenomena can be discovered by studying the basic
mechanisms of single-molecule physics and chemistry.
However, more sensitive and efficient single-molecule func-
tional devices can be realized using the physical properties of
molecules and the state control of chemical reactions.

However, the study on the physical or chemical processes of
single molecules, especially related research on the internal
mechanism and regulation of state transition, remains
insufficient. There are still many challenges in the improve-
ment of the monitoring technology, expansion of the research
system, and extensive application of research results.

First, accurately monitoring and controlling the charge state
of single molecules is one of the main challenges. Specifically,
the internal mechanism of gate regulation is to adjust the
molecular potential energy by applying a gate electric field,
controlling the relative energy difference between the
molecular orbital and the Fermi level of the electrode.
Although the liquid gate can give powerful adjustment
capabilities through the electric double layer, the inherent
properties of the liquid-gate limit the development of
molecular device integration. The solid gate with environ-
mental stability and high controllable regulation ability is more
in line with the development direction of molecular electronics.
Therefore, it is critical to develop late-model solid gate control
methods to effectively apply gate field to single molecules.
Additionally, the developed solid-state gate electrodes should
work stably in various environments, so powerful regulation
methods can be better integrated into research strategies, such
as ultralow temperature, strong magnetic field, strong electric
field, as well as a light field. Therefore, the quantum state laws
and effects of single molecules can be studied in depth.
Especially, the electrons on single molecules can be accurately
controlled using these methods, which is helpful to further
study the electrocatalytic mechanism of chemical reactions.

Second, there are still some challenges in monitoring the
structural changes of single molecules. The isomerization
process of single molecules has been effectively monitored by
single-molecule junctions. Simultaneously, various methods
have been developed to control molecular isomerization,
including light, electricity, force, and chemical stimuli.
Although various control methods have been developed and
applied, how to accurately monitor the isomerization process
of single molecules at the single chemical bond level remains a
challenge, such as real-time monitoring of the photoexcitation
process, the chemical bond rotation process, and the use of
force to precisely control chemical bonds. Because the time
scale of the isomerization is usually in the femtosecond range,
process exploration is usually limited using monitoring time
resolution, so multimode strategies should be developed in
conjunction with femtosecond optics. Emerging stimulation
methods must be introduced, including polarized light,
terahertz, infrared, and others. Other control technologies,
such as optical and magnetic tweezers, should be combined
with single-molecule junctions. Additionally, the study of
molecular structure changes through single-molecule junctions
can be extended to folding/unfolding processes of biological
macromolecules, such as DNA and proteins.

Third, consideration should be given to expanding research
on monitoring single-molecule chemical reactions. Not only
can the path of the chemical reaction be monitored but also
the intermediate state during the reaction can be captured
using single-molecule electrical characterization technologies.
Furthermore, the GMG-SMJs in situ real-time monitoring
technology can dynamically monitor the kinetic behavior of
single-molecule reactions. The research that has been achieved
so far is the capture of reaction intermediates and the
monitoring of reaction pathways on time scales above the
microsecond level. However, single-molecule junction-based
electrical monitoring has not yet achieved the measurement of
reaction kinetic processes at the nanosecond or even
picosecond scale. In view of this challenge, it is necessary to
develop faster electrical testing technology to improve the
temporal resolution of electrical monitoring. Furthermore,
there is an urgent need to expand single-molecule monitoring
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platforms with multiple ultrafast detection methods, such as
the introduction of the femtosecond laser technique. Multi-
dimensional molecular information can be obtained through
external environmental control and multimode testing
methods, which may help meet the needs of ultrafine
detection. For instance, femtosecond lasers and strong
magnetic fields can be introduced into single-molecule
junctions in an ultracold environment to explore single-
molecule chemical reactions. Additionally, because most
studies on single-molecule junctions are based on electrical
monitoring, improving the time resolution and signal-to-noise
ratio of electrical monitoring is an important development
direction.

Generally, the use of single-molecule devices to monitor
single-molecule physical and chemical processes provides the
possibility of extraordinary discovering basic physical and
chemical laws at the single-molecule level. A variety of single
molecule junction technologies and the expansion of different
molecular connection methods have been well used to study
various physical and chemical properties of single molecules,
providing a useful platform for the development of molecular
electronics. In addition, the combination of the single molecule
junction platform with other test platforms will facilitate
further exploration and development of molecular electronics.
For example, the combination of optics and electricity can
obtain more abundant and multidimensional molecular
information by using the information-carrying properties of
light itself. Alternatively, the positioning technology of optical
tweezers and magnetic tweezers can be introduced to achieve
precise control of single molecules. Despite the significant
challenges, the extensive research investment in this field can
enable physics and chemistry fields to make significant
progress at the single-molecule level, allowing them to
effectively and accurately manipulate the physical and chemical
properties of single molecules. The development of stable
multimode regulated single-molecule devices and their
corresponding functionalization is highly significant, especially
for their extensive applications in organic and biological
systems. In addition to the fundamental research, if a good
match between the single-molecule junction platform and
other monitoring methods can be realized, the technology can
realize broad commercial applications with lower power
consumption, higher speed, and higher integration.
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VOCABULARY

single-molecule junction, single-molecule device is formed by
single molecules connected to nanogapped electrodes; high/
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low-conductance state, changes in the molecular state will lead
to changes in molecular conductance, which can be used for
monitoring physical and chemical processes of single
molecules; atropisomers, because the rotation around the
single bond is hindered, a set of conformational isomers can be
separated from each other to form corresponding isomers;
carbon electrodes, carbon nanotubes, or graphene are
processed from the bottom-up method to form nanogapped
electrodes; electronic coupling of the molecule—electrode
interface, the electronic coupling between molecule and
electrode, which is related to the interface connection between
the molecule and the electrode
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