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Abstract
The concept of using single molecules as functional building blocks in electronic circuitry represents the ultimate device miniaturization and has 
garnered tremendous attention from physics, chemistry, and engineering. Recent advances in single-molecule junction techniques have enabled 
direct investigation of charge transport in a quasi-one-dimensional conduction channel composed of an individual molecule. One of the main research 
focuses over the past decade has been to understand the conductance switching effect of single molecules as it is essential for developing molecular-
scale optoelectronics, computing, and sensing applications. In this perspective, we highlight the established physical and chemical mechanisms for 
single-molecule conductance switching behavior and examine the associated stimuli in single-molecule junction systems.

Introduction
Probing how electrons migrate through single molecules, which 
is the focus of molecular electronics (ME), offers opportunities 
to achieve unprecedented device functionalities that originate 
from the remarkable structural diversity, self-assembly capabil-
ity, and the quantum nature of nanoscopic molecular structures. 
Meanwhile, downscaling electronic circuitry to the molecular 
level represents the ultimate device miniaturization and holds 
promise for overcoming the bottleneck with conventional solid-
state devices. To enable direct quantification of the electrical 
properties of single molecules, researchers have developed a 
variety of experimental methods over the past two decades. To 
date, the most reliable approach features the repeated construc-
tion of a single-molecule junction (SMJ), i.e., a nanostructure 
in which a molecule is connected to two conductive electrodes. 
SMJs can be created using several techniques, including scan-
ning tunneling microscopy break junction (STMBJ),[1–4] 
mechanically controlled break junction (MCBJ),[5–8] graphene-
molecule-graphene junction (GMGJ),[9–11] and electromigrated 
break junction (EBJ).[12,13] Using these techniques, researchers 
have interrogated the detailed structure–property relations of a 
broad spectrum of molecular species by measuring their elec-
trical conductance. Recent technical advances in combining 
the SMJ platform with versatile external modulations further 
enabled the investigation of how the physical and chemical 
properties of molecules respond to different perturbations, 
which opens the door to systematically tailor the transport 

properties and examine physical phenomena dominated by 
quantum effects. For instance, many intriguing transport behav-
iors have been reported in recent studies, including but not lim-
ited to transistor effect,[14,15] quantum interference,[16,17] Kondo 
effect,[18,19] thermoelectricity,[20] piezoelectricity,[21] biosen-
sors,[22,23] plasmonics,[24] and spin-sensitive devices.[25,26]

One of the primary goals in ME is to create molecular switches 
that can cycle through the “on” (high conductance) and “off” (low 
conductance) states in a controlled manner because such func-
tion is pivotal for the development of molecular-scale computing, 
sensing, and memory devices. Therefore, it is essential to develop 
strategies to switch the conductance of a single molecule stably 
and reversibly between two or even more states.[27] Our current 
understanding established from SMJ studies is that in analogy 
to conventional electronic switches, the conductance of a single 
molecule can be switched via appropriate external stimuli. So 
far, a variety of external excitation has been applied in SMJs, 
such as mechanical modulation,[28–30] chemical reactions,[31–33] 
electrochemical and electrostatic gating,[34,35] light,[36–38] and 
magnetic fields.[39–41] Figure 1 illustrates several representative 
stimuli that have been used to generate conductance switch-
ing in SMJs. In general, these stimuli act to perturb the energy 
alignment of an SMJ stochastically or controllably in distinct 
ways, such as altering the molecular conformation,[42,43] break-
ing the chemical bond,[44,45] changing the molecule–electrode 
coupling,[46,47] or varying the spin state.[48,49] A specific focus of 
recent endeavors is to gain fundamental insights into the switch-
ing mechanisms and search for promising molecular candidates. 
Equally important is the rational design of the device architec-
tures to enable efficient coupling of the external stimuli with the 
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molecular orbitals. Noticeably, the switching performance needs 
to be evaluated based on several critical parameters, including 
on/off ratio, responsivity, thermal and mechanical stability, and 
reproducibility. In this perspective, we highlight recent advances 
in probing the single-molecule conductance switching effect. We 
pay particular attention to the fundamental switching mechanisms 
that were discovered in recent SMJ studies. We also survey repre-
sentative experimental techniques and the applied external stim-
uli. Overall, we aim to provide a molecular-level understanding 
and discuss the potential implications of these insights in many 
related areas even beyond ME, including synthetic chemistry, 
energy conversion, and life science. The rest of the article will be 
divided into multiple sections elaborating on specific physical or 
chemical mechanisms. We will conclude by discussing the emerg-
ing opportunities and existing challenges. In Table I, we provide a 
comparison among different conductance switching mechanisms, 
suitable experimental techniques, and addressability.

Mechanically induced conformational 
change
The unique advantage of the break junction approach adopted 
in the STMBJ and MCBJ techniques is that it allows ang-
strom-level control of the separation between the two elec-
trodes in an SMJ. This has enabled the investigation of how 
charge transport through molecules responds to mechanical 
force. It has been observed that molecular conductance can be 
effectively tuned by mechanical modulations, namely a mech-
ano-resistive effect.[50] Such phenomenon can arise from sev-
eral sources, including the molecule–electrode interface,[51] 
the molecular backbone,[52] the molecular side group,[53] and 
intermolecular interactions.[54] Once an SMJ is formed, a typ-
ical mechanical modulation is alternating compression and 
elongation of the junction. Such modulation often results in 
a conformational change of the molecule sandwiched in the 
junction, leading to a conductance variation. In what follows, 

Figure 1.   (a) Schematic demonstration of a single-molecule switch. The schematics highlight the typical testbed for conductance meas-
urement and four different switching processes covered in this prospective article, namely (b) mechanically induced conductance switch-
ing, (c) bond dissociation and formation, (d) gating, and (e) spin switching.



Early Career Materials Researcher Prospective

MRS COMMUNICATIONS · VOLUME XX · ISSUE xx · www.mrs.org/mrc                 3

we present recent progress in generating conductance switch-
ing behavior via mechanically manipulating the molecular 
conformation.

As a notable early effort, Quek et al.[55] reported that the 
conductance of a molecule can be reversibly switched between 
digital states. Utilizing the STMBJ method and statistically 
analyzing the most often occurring conductance, they iden-
tified two distinctive conductance states for 4,4′–bipyridine 
[Fig. 2(a)]. As shown in Fig. 2(b), the conductance was suc-
cessively switched between high and low states, yielding an 
on/off ratio of ~ 10. A 2 Å displacement upon elongation can 
suppress the molecular conductance as low as 10−4 G0. Further 
theoretical and experimental investigations elucidated that the 
two discrete conductance states are dictated by pyridine-gold 
contact geometry. Backed by first-principles calculations, the 
conductance could drastically drop as the nitrogen–gold bond 
becomes orthogonal to the π-system. Similar conductance 
switching behavior was also reported in the oligophenylen-
edithiol molecules by Ramachandran et al.[56] Their STMBJ 
measurement results showed that the conductance was switched 
between two distinct states as the binding configuration at the 
metal–molecule interface changes in response to the mechani-
cal modulation. The high conductance state is assigned to 
the contact coupling between phenylene π-orbital and the 
gold electrode, while the low conductance state is a result of 
charge transport through the thiol–gold binding. Furthermore, 
performing a similar measurement on a family of planarized 

4,4′-dipyridyls, Ismael et al.[53] showed that electromechani-
cal switching can be effectively controlled by adding side-
groups. Among the molecules studied in this work as shown 
in Fig. 2(c), the conductance of molecules 3 and 4 remained 
unchanged during mechanical modulation. This behavior was 
assigned to the steric hindrance caused by alkyl side-groups 
substituents which inhibit the switching mechanism previously 
reported [Fig. 2(e)]. However, molecule 2 shows a different 
conductance state due to different Au–N geometries [Fig. 2(d)]. 
The two conductance states in molecule 5 were explained by 
the fact that the π-conjugated side-groups interact directly with 
the Au contacts to establish a new transmission pathway.

Applying mechanical force to oligosilane and oligoger-
mane wires, Su et al.[42,57] observed a pronounced conductance 
change owing to the stereoelectronic mechanism in which the 
relative orientation of orbitals affects the energy alignment. 
Statistical analysis on [Si]n and [Ge]n backbone with differ-
ent lengths n = 1:10 resulted in the same conductance decay 
constant (β). This behavior firstly shows an off-resonant coher-
ent tunneling and secondly shows the similarity of the Si–Si 
and Ge–Ge σ-bond in charge transport which both dominate 
the conductance of the C–C σ-bond. Through mechanical 
elongation, both molecules showed a counterintuitive con-
ductance increase from 2.5× 10

−4 G0 to 9× 10
−4 G0 for Si3 

and 9.9× 10
−4 G0 to 1.1× 10

−3  G0 for Ge3. 2D histograms 
in Fig. 3(a) and (b) clearly depict the two distinct plateaus 
in Si4 conductance traces and the switching behavior of Si6, 

Table I.   Comparison of different mechanisms for single-molecule conductance switching behavior.

Mechanisms and Stimuli Suitable Techniques Addressability

Mechanically induced conformational change STMBJ, MCBJ Straightforward It is relatively easy for the break-junction-
based techniques to achieve sub-angstrom-
level control of the junction separation

Bond dissociation and formation due to redox 
reaction

STMBJ, MCBJ, GMGJ Sophisticated It involves the integration of the electrochemi-
cal liquid cell into the measurement setup and 
requires the suppression of leakage current 
from the liquid

Light-driven bond dissociation and formation STMBJ, MCBJ, GMGJ Sophisticated It requires integration of optical excitation to 
the single-molecule junction setup and align-
ing and focusing the external light beam to 
the single-molecule junction can be difficult

Environment-induced bond dissociation and 
formation

STMBJ, MCBJ, GMGJ Sophisticated It involves the integration of the liquid cell into 
the measurement setup and requires the sup-
pression of leakage current from the liquid

Electrostatic gating STMBJ, MCBJ, EBJ, GMGJ Challenging Fabrication of a physical gate electrode close 
to the single-molecule transport channel 
remains a technical challenge

Electrochemical gating STMBJ, MCBJ, GMGJ Sophisticated It requires the integration of the electrochemi-
cal liquid cell and bipotentiostat into the 
measurement setup and requires the suppres-
sion of leakage current from the liquid

Spin switching STMBJ, MCBJ, GMGJ Sophisticated Many spin-related phenomena are only acces-
sible at low temperature and in high vacuum 
condition. It also requires either spin-injec-
tion using ferromagnetic electrode material or 
usage of the external magnetic field



	

4         MRS COMMUNICATIONS · VOLUME XX · ISSUE xx · www.mrs.org/mrc

Figure 2.   (a) Schematic of a single 4,4′-bipyridine molecular junction with different angles between Au (111) adatoms. (b) Conductance 
switching due to mechanical modulation on bipyridine (colored solid line). The traces were captured when the nonlinear ramps (dashed 
black line) were applied. Reproduced with permission from Ref. 55. Copyright 2009 Springer Nature. (c) 4, 4′-bipyridine molecular struc-
ture and other compounds with different side-groups. 2D histogram of conductance vs. time for the molecule (d) 2 (f) 3 (g) 5 in addition to 
the gray line showing the tip displacement. Reproduced with permission from Ref. 53. Copyright 2017 John Wiley and Sons.

Figure 3.   (a) 2D conductance histogram of [Si]4 measured from traces exhibiting conductance switching. The inset in a) represents the 
conductance 1D histogram in off state (black curve), on state (gray curve), and superimposition of all traces. (Red curve). (b) Conduct-
ance variation of [Si]6 during successive compression and elongation. Reproduced with permission from Ref. 42. Copyright 2015 Springer 
Nature. The molecular structure of (c) Spiro A and (d) Spiro B. The current through (e) Spiro A and (f) Spiro B as a function of piezo dis-
placement for different moving directions. Reproduced with permission from Ref. 58. Copyright 2016 Springer Nature.
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respectively, during compressions and elongations. Supported 
by calculations, it was shown that the stereoelectronic proper-
ties of Me–S σ-bond were coupled by the silane backbone at 
the electrode interface, causing three dihedral conformations 
with different conductances.

Deeper conductance suppression has been achieved by a 
molecule immobilized on tripod nitrile family anchors hold-
ing a freely suspended arm consisting of Spirobifluorene 
derivatives (Spiro).[58] As shown in Fig. 3(c) and (d), two 
molecules with the same backbone have been compared and 
a fully controllable switch has been realized using STMBJ 
at low temperatures. Spiro A has an additional aromatic ring 
in the former position of the nitrile group Spiro B. As shown 
in Fig. 3(e) and (f), upon mechanical elastic deformation, the 
I–z curve exhibits a hysteresis effect. During the mechani-
cal modulation, the high conductance for both molecules 
occurs upon tip approaching (i.e., junction compression) and 
switches back to the low conductance during tip retraction 
(i.e., junction elongation). For Spiro B, as the more conduc-
tive molecule, a significant conductance change by more than 
two orders of magnitude was observed. Based on DFT cal-
culations, two equilibrium states with different conductance 
(i.e., the observed current hysteresis) were attributed to dis-
tinct junction conformations induced by the free-moving tri-
pod-like S atoms on the gold substrate during the mechanical 
modulation of the tip position. It is expected that the energy 
surface of the tip exhibits a double-well potential (one for the 
ON state and the other for the OFF state), of rather similar 
energy but separated by an energy barrier. The mechanical 
modulation of the junction separation assists to overcome 
the energy barrier between the two states, thus leading to 
the conductance switching behavior. The switching behavior 
was also reported in the same work when a voltage above 
a certain threshold was applied. The lateral positioning of 
the tip, hovering over the nitrile arm, determines the neces-
sary electric field intensity to toggle the switch. The induced 
electric field creates a torque that moves the suspended arm. 

Responsivity and bistability of on and off states can make 
avenues for flip flops or memristive devices with trigger 
pulses as short as 130 µs.

In another work, a room-temperature conductance switch-
ing was achieved by applying a shear force to the π-stacking 
spring-like molecule of paracyclophane (PC) [Fig. 4(a)].[59] 
One order of magnitude conductance increase on both com-
pression and stretching was conceptualized through shifting the 
conductance out of transmission anti-resonance of 3.7× 10

−6 
G0 caused by destructive quantum interference (DQI). Fig-
ure 4(b) illustrates the three conductance states resulting from 
elongation, no force, and compression. Verified by the DFT 
ab initio calculations, the anti-resonant valley in the transmis-
sion is shifted by moving the molecular orbitals out of symme-
try as the molecule is stretched or compressed. Under no force, 
the Fermi energy lies close to the anti-resonance stemming 
from the DQI of the HUMO and LUMO. Once displacement 
is applied, it breaks the orbital symmetry and brings about the 
pair degeneracy of HOMO-1, HOMO, LUMO-1, and LUMO, 
which eventually disables the DQI effect.

Moreover, Wu et al.[54] exploited the interchangeable anti-
syn conformation for switching of flexible diketone [Fig. 4(c)]. 
In this work, the torsional barrier was overcome and relaxed 
between two equilibrium states by mechanical folding and 
unfolding. The difference in the conductivity between two dihe-
dral angles was realized by intramolecular π–π interactions. In 
other words, tunneling through space “bypasses” the molecular 
backbone in the folded conformation, resulting in a 21-fold 
increase in the conductivity [Fig. 4(d)]. DFT calculations con-
firmed that this effect arises solely from π–π interactions delib-
erately brought close together in the syn (folded) form. Addi-
tionally, Li et al.[60] have shown that through-space interactions 
can compensate for the weak through-bond charge transport 
in the highly twisted backbone of ortho-polyphenylene. The 
conductance of the twisted molecule can be mechanically tuned 
by two orders of magnitude as multiple transport pathways 
become accessible through space and bond conjugation.

Figure 4.   (a) Schematic for mechanical break junction measurement performed on the OPE-linked PC molecule along with the spring 
system analogy, and (bottom) Molecular structure obtained by X-ray analysis. (b) Conductance variation of the molecule subject to I) 
elongation II) no force III) compression based on DFT calculations. Reproduced with permission from Ref. 59. Copyright 2018 Chemical 
Society. (c) Schematic for molecular structure when undergoes a transition from anti to syn and vice versa along with S–S distance. (d) 
Density map of conductance during 5 successive compressions and elongations. Reproduced with permission from Ref. 54. Copyright 
2020 American Chemical Society.
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Taking advantage of the low rotational energy barrier of 
cyclopentadienyl (Cp) rings in ferrocene derivatives, Cama-
rasa-Gomez et al.[61] have shown that the conductance can 
be mechanically modulated by 2 orders of magnitude. In this 
work, a single molecule consisting of a ferrocene molecule 
connected to two thioanisole at both ends forms the junction in 
the STMBJ setup. Theoretical investigation elucidated that the 
rotation-dependent DQI arising from a change in the hybridi-
zation between delocalized Fe d-orbital and ligands π-system 
contributed to the conductance switching. In a similar work, 
Pei et al.[62] studied a molecule featuring ferrocene as a hinge 
between two pyridyl-terminated alkynyl arms, attached to the 
Cp rings in the 1,1’ positions. Under mechanical modulation, 
this molecule yielded conductance switching between two dis-
crete states with an on/off ratio as high as 200. Mechanical 
elongation of the junction induced rotation of the anchoring 
group and, subsequently, dihedral angle between two alkyne 
side arms changes, leading to a higher conductance due to 
a more delocalized orbital around the tip (higher coupling 
strength). On the other hand, the junction compression results 
in symmetry breaking (or less hybridization) and decreases the 
conductance. Clearly, these recent results have demonstrated 
the potential of integrating molecular components into nano-
mechanical systems.

Bond dissociation and formation
In an SMJ, chemical bonds along the molecular backbone form 
the foundational pathway for electrons. Therefore, perturbing 
the chemical bonds has been considered a viable approach to 
turn electron transmission on or off through molecules, also 
known as the bond switching mechanism. To date, harness-
ing the intrinsic properties of specific molecules, researchers 
have explored a variety of stimulation strategies, such as redox 
reaction, optical excitation, and environmental control. These 
stimuli have been shown to induce bond rupture, formation, 
and/or rotation within the molecular backbone. These bond 
alterations are often reversible, thus suitable for creating con-
ductance switching behavior. In this section, we discuss some 
of the representative bond cleavage and formation mechanisms 
categorized based on the applied stimuli.

Redox reaction
An effective way to significantly alter the molecular bonds is 
to induce a redox reaction in the molecular core that domi-
nates the charge transport.[47,63–65] Similar to conventional 
cyclic voltammetry measurements, the redox reaction for a 
single molecule can be activated in an SMJ setup.[66–68] This 
is typically achieved in a four-electrode electrochemical cell, 
with the source and drain electrodes of the SMJ being the 
working electrodes and the counter and reference electrodes 
alongside. A redox reaction can be triggered via sweeping the 
electrochemical potential for the molecular junction immersed 
in an electrolyte solution. Molecular electrical measurements 
have been used to monitor the detailed reaction processes 

particularly in redox-active molecules including viologens,[69] 
ferrocenes,[70] anthraquinones,[71] polyaromatic hydrocar-
bons,[72] polyoxometalate,[73] as well as organic radicals.[74] It 
has been shown that redox reactions can lead to pronounced 
conductance switching when a redox-active molecule is used 
as the conduction channel.

Yin et al. recently demonstrated that the Hückel antiaro-
maticity effect can be leveraged to create single-molecule 
switches.[75] Using the STMBJ setup in an electrochemical cell, 
they observed conductance switching for 8,8′-biindeno[2,1-b]
thiophenylidene (BTP) between two states upon the occurrence 
of a redox reaction. The neutral state aromatic structure yielded 
a low conductance, and, upon electrochemical oxidation, it 
reversibly switches to an antiaromatic high-conducting struc-
ture [Fig. 5(a)]. After the oxidation, the aromatic neutral TBTP 
molecule [Fig. 5(b)] loses two electrons, becoming a dication 
of the antiaromaticity. As shown in Fig. 5(c), due to the redox 
activity of BTP, alternating the gate voltage between a negative 
value (< -1.5 V) and a positive value (> 1 V) led to a conduct-
ance switching between the on and off states with an on/off 
ratio of ~ 70. This significant conductance rise is attributed to 
a partial resonance transmission that was created close to the 
electrode Fermi energy. In another work by Kay et al., a mul-
tistep oxidation process was also observed using the electro-
chemically gated STMBJ method [Fig. 5(d)].[67] In their work, 
the redox-active molecular core, pyrrolo-tetrathiafulvalene 
incorporated with a (CH2)6SAc group at each end (6pTTF6), 
was studied in a room-temperature ionic liquid (RTIL), 1-butyl-
3-methylimidazolium trifluoromethanesulfonate (BMIOTf). A 
strong effect of the ionic liquid was shown in the measurement 
results [Fig. 5(e)]. Two conductance peaks corresponding to 
two oxidation transitions (6pTTF6 to 6pTTF6+ and 6pTTF6+ 
to 6pTTF62+) were clearly demonstrated in the electrochemical 
potential window, while there was barely one oxidation reac-
tion occurring in an aqueous buffer electrolyte. Although the 
on/off ratio of this molecular system is relatively low (~ 4), the 
sequential redox reaction provides a possible route to design 
more complex multistep switching functionalities at the molec-
ular scale.

Optical stimuli
Thanks to the photoresponsive nature of a particular group 
of molecules (e.g., photochromic molecules and their deriva-
tives), driving conductance switching through optical means 
represents another primary focus of molecular switch studies. 
Several photochromic molecules which are effortless to syn-
thesize include azobenzenes,[76] dihydroazulenes,[77] and spi-
ropyrans.[78] Light has several unique advantages over other 
stimuli, such as remote access, ultra-fast responsivity, energy 
tunability, and noninvasiveness.[38] Upon light illumination, 
the photoresponsive moiety of the photochromic molecules 
often undergoes a bond cleavage (opening) or bond formation 
(closing) process, leading to a drastic conductance decrease or 
increase, respectively.[44,79–81] A problem in early works was 
that only unidirectional optoelectronic switching (e.g., from 
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Figure 5.   (a) Redox reaction in the redox-active BTP group. (b) Schematic of STMBJ measurement setup. (c) Conductance switching 
between two states with reversely changing gate voltage. Reproduced with permission from Ref. 75. Copyright 2017 American Associa-
tion for the Advancement of Science. (d) Schematic of STMBJ setup with electrochemical gate. (e) Conductance switching of different 
oxidation states of 6pTTF6 molecule. The blue curve is the cyclic voltammetry result. Adapted with permission from Ref. 67. Copyright 
2012 American Chemical Society.

Figure 6.   (a) Single-molecule junction with diarylethene molecule. (b) Conductance switching with on/off states. Reproduced with permis-
sion from Ref. 45. Copyright 2016 American Association for the Advancement of Science. (c) Molecular junction setup and isomerization 
of the molecule due to optical/electrical stimuli. (d) Left panel: conductance switching corresponding to cis (green) and trans (orange) 
states with sequential UV and visible light stimuli. Right panel: 1D histogram of the left panel. Reproduced with permission from Ref. 83. 
Copyright 2019 Springer Nature.
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closed and on state to open and off state) was observed when 
using metals as the electrode in SMJs. This problem is attrib-
uted to the quenching of the molecular excited state due to 
strong molecule–electrode coupling. Such an issue was recently 
resolved when a weakened molecule–electrode coupling was 
established using the graphene-based electrode. In what fol-
lows, we present recent experimental studies that demonstrated 
promisingly stable and reversible switching behavior using the 
GMGJ setup.

In a notable experimental work by Jia et al.,[45] an SMJ con-
taining diarylethene as the molecular core was elegantly studied 
using the GMGJ method. To facilitate a weak molecule–elec-
trode coupling, three methylene (CH2) groups, functioning as 
the spacing group between the photoresponsive molecular core 
and the graphene electrode, were incorporated into each side 
of the molecule [Fig. 6(a)]. Upon UV light excitation, the open 
form, where the delocalization of π electrons is interrupted by 
the disconnected bond, transforms to the closed form, where 
the completed electron delocalization covers the whole mol-
ecule [Fig. 6(b)]. This phenomenon leads to the transition from 
low conductance (off state) to high conductance (on state). On 
the other hand, when exposed to visible light, the close form 
switches back to the open form, leading to the transition from 
off to on state. The conductance switching process is highly 
reversible with a high on/off ratio of ~ 107. Noticeably, this 
single-molecule switching device exhibits an impressively long 
lifetime up to one year with good reproducibility, implying a 
nearly practical molecular device.

Using the same approach, azobenzene derivatives, as another 
group of photochromic molecules, were also studied recently 
for their photoswitching effect.[82] Meng et al.[83] investigated 
the 2′-p-tolyldiazenyl-1,1′:4,4′-terphenyl-4,4″-dicarboxylic 
acid (TTDA) bridging two graphene electrodes Fig. 6(c). Due 
to the photochromic side group of TTDA, the molecule can be 
isomerized between two states, cis and trans, with UV/visible 
light illumination. Through alternating UV and visible light 
excitation, they observed a reversible conductance switching 
between the on (cis) and off (trans) states with an on/off ratio 
of ~ 2.1 [Fig. 6(d)]. According to the DFT calculation, when the 
molecule isomerizes from trans to cis, the perturbated highest 
occupied molecular orbital (p-HOMO), the orbital dominating 
the charge transport, shifts closer to the graphene Fermi energy, 
increasing the conductance.

Environment‑induced switching
It has also been demonstrated that varying the surrounding 
environment of the molecule, such as the acidity of the solu-
tion, can tailor its charge transport properties and generate con-
ductance switching behavior.[84–87] Protonation and deprotona-
tion, a process in which a coordinate covalent bond is formed 
(broken) by adding (removing) a proton, usually occur when 
an acid/base is introduced into the liquid.[88] These structural 
and chemical bond changes contribute to the distinct conjuga-
tion forms and could lead to the quantum interference effect of 
molecule orbitals. Thus, by using the SMJ technique, a series 

Figure 7.   (a) Schematic of MCBJ measurement setup. (b) 2-D histograms of SPPO-H+ within the acid environment. (c) 2-D histograms of 
SPPO-H+-TEA molecule within the base environment. Insets of (b) and (c) are 1-D histograms of the relative distance (Δz). (d) Molecular 
structures of SPPO and SDPP. (e) The transmission function of molecules around Fermi energy based on DFT calculation. Adapted with 
permission from Ref. 92. Copyright 2018 American Chemical Society.
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of pH-sensitive molecules have been investigated recently, 
including dye molecules,[89] pyridyl molecules,[90] and azulene 
derivatives.[91] For example, using the MCBJ method, Zhang 
et al.[92] studied diketopyrrolopyrrole (DPP) containing isomers 
named SDPP and SPPO [Fig. 7]. The conductance measurement 
results yielded undistinguishable conductance values for SDPP 
and SPPO. However, after introducing camphor sulfonic acid 
(CSA) into the solution, the conductance of SPPO decreased by 
one order of magnitude (namely SPPO-H+) [Fig. 7(b)], while 
the conductance of SDPP remained unchanged. By further 
adding triethylamine (TEA) to the SPPO-H+ solution (namely 
SPPO-H+-TEA) [Fig. 7(c)], the conductance of the molecule 
switched back to that of the original SPPO. Such conduct-
ance response was attributed to a reversible protonation and 
deprotonation process of the SPPO molecule. The one order of 
magnitude conductance reduction was due to the DQI induced 
by the protonation [Fig. 7(e)]. This work suggests a switching 
mechanism that originates from the environment.

Gating effect
One of the crucial objectives of ME is to control the current 
using the third terminal without disturbing the molecular con-
formation or causing any chemical processes. This enables 
researchers to mimic the silicon-based transistor functionality 
at the atomic and molecular scale, where the quantum transport 

dominates.[35,93,94] Like what occurs in a solid-state field effect 
transistor, the gate voltage applied to an SMJ shifts the frontier 
molecular orbital with respect to the Fermi level of the elec-
trode, thus modifying the transmission characteristics of the 
junction. Following this idea, Song et al. demonstrated direct 
tuning of the molecular orbital in 1,8-octanedithiol (ODT) 
and the 1,4-benzenedithiol (BDT) molecules[95] using the EBJ 
technique. The gate electrode buried 3 nm beneath the Al2O3 
insulating layer effectively lowered the transition voltage, lead-
ing to the gating efficiency as high as α =  + 0.25 for HOMO-
mediated transport. Using a similar approach but incorporating 
temperature control, Kim et al.[96] further showed electrostatic 
gating of the electrical conductance and thermoelectric prop-
erties of single molecules at the same time. In their study, the 
electrostatic modulation shifted the Fermi energy toward the 
transmitting orbital of biphenyl-4,4′-dithiol and fullerene mol-
ecules, where both conductance and the Seebeck coefficient 
are enhanced.

As a promising alternative, electrochemical gating has 
received extensive attention in recent years. This is primar-
ily because when an SMJ is held in an electrochemical cell, 
an extremely thin electrical double layer (comprising a small 
number of ions making the layer a few Å thick) is formed 
upon applying the gate voltage, ensuring enhanced inter-
action between the molecule and the applied electric field. 
Such an effect has been used to effectively tune the energy 
levels of the bridging molecule.[64,97–99] In an STMBJ study 

Figure 8.   (a) Schematic of STMBJ measurement setup conducted in the ionic liquid cell. The conductance change as a function of applied 
gate voltage for (b) 1,2-bis (4,4′ dimethylthiochroman-6-yl) ethylene and (c) 1,2-bis (4-pyridyl) ethylene. Each point on (b) and (c) plots 
represents the peak in the 1D histogram as the most frequently appeared conductance. Reproduced with permission from Ref. 100. 
Copyright 2014 American Chemical Society. (d) Schematic for electrochemical gating on MCBJ experimental platform and two thiophene 
derivatives. (e) Reversible conductance switching of 2,4-TP-SAc under two bias voltages of − 0.4 V and 1 V with respect to Ag/AgCl elec-
trode. Reproduced with permission from Ref. 101. Copyright 2019 Springer Nature.
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by Capozzi et al.,[100] an energy shift as high as 0.8 eV was 
reported with this method. In this study, a positive Pt gate 
electrode immersed in tetrabutylammonium perchlorate elec-
trolyte caused an accumulation of the negative ions around 
the molecule [Fig. 8(a)]. A constant voltage (the source-drain 
voltage) was then applied between the wax-coated Au tip and 
Au substrate. Two molecules studied in this system, namely 
1) 1,2-bis (4,4′ dimethylthiochroman-6-yl) ethylene and 2) 
1,2-bis (4- pyridyl) ethylene. Figure 8(b) and (c) demon-
strates the conductance change as a function of gate voltage 
for molecules 1 and 2, respectively. Further increasing the 
gating efficiency to 100% in the STMBJ setup and KClO 
liquid cell, Baghernezhad et al.[66] showed a reversible con-
ductance switching by one order of magnitude over a 1 V gat-
ing window. However, the marginal conductance change has 
occurred in the redox-inactive region, and a sudden change 
took place by increasing the voltage to the redox-active 
region of the molecule.

As mentioned earlier, the prominence of quantum transport 
of charges in the molecular channel gives rise to promising 
flexibility absent in conventional transistors. Arising from the 
wave nature of the electron, the intriguing phenomena of DQI 
can lead to high on/off ratios and high thermoelectric efficiency. 
In an MCBJ setup shown in Fig. 8(d), Bai et al.[101] experi-
mentally showed that the molecule’s energy levels could be 
adjusted in situ by electrochemical gating in the non-faradaic 
region. To achieve high switching ratios, they selected thio-
phene core molecules with thioacetyl (–SAc) anchoring group 
(2,4-TP-SAc), which showed DQI in the vicinity of the Fermi 
energy. Applying voltage from -0.4 V to 1.3 V with respect to 
Ag/AgCl quasi-reference electrode suspended in the ionic solu-
tion, the transmission anti-resonance was shifted away from the 
Fermi energy resulting in two orders of magnitude conduct-
ance surge from 10−5.1±0.02 G0 to 10−3.2±0.07 G0, as illustrated 
in Fig. 8(e). Substantiated by DFT calculation, without any 
redox reaction taking place, the 2,4-TP-SAc molecule with DQI 
has one order of magnitude higher switching ratio than that of 
2,5-TP-SAc without DQI.

Recently, three different heterocyclic rings, incorporated in 
dihydrobenzo[b]-thiophene (BT) molecule, have been stud-
ied to achieve high gating efficiency.[102] The electrochemical 
potential in a 1.2 V window was swept to build the transmission 
curve in the STMBJ. The molecular junction was immersed 
in the electrolyte solution of 1-butyl-3-methylimidazolium 
hexafluorophosphate (BMIPF 6). From Statistical analysis, 
the conductance increased gradually from initial values of 
6.3× 10

−5 G0, 8.9× 10
−5 G0, and 1.2× 10

−4 G0 at -0.9 V 
gate voltage for furan (BT-O), thiophene (BT-S), and sele-
nophene (BT-Se), respectively. The relatively high conduct-
ance gating ratio reported in this work is BT-Se (1000%) > BT-S 
(708%) > BT-O (635%) > BT-C (282%), evidencing the fact that 
the electronic structure of heterocyclic rings can remarkably 
enhance the gating performance.

Apart from the mentioned three-terminal molecular 
switching devices, it has been shown that single-molecule 

conductance can exhibit a considerable non-linearity in two-
terminal devices as a demanding feature in modern electron-
ics. Bias-driven conductance change was recently explored in 
fluorene oligomers incorporating a central benzothiadiazole. 
By adding up to three oligofluorene units on both sides of ben-
zothiadiazole, Greenwald et al.[103] decreased the energy level 
spacing between highly coupled successive molecular orbital 
with opposite phase causing DQI to occur close to Fermi level 
of the electrode. This, consequently, resulted in considerable 
suppression of conductance by 4 orders of magnitude. In the 
I-V measurements conducted using STMBJ at room tempera-
ture, the conductance obtained at high bias (2 V) is ~ 10,000 
times more than that at low bias (0.5 V), which accents the high 
non-linearity of the device.

Spin switching
The spin state of electron has also been manipulated to achieve 
reversible switching between stable states with different con-
ductance. The realization of such spin switching at the single 
molecule level promises excellent novelty in the field of spin-
tronics and quantum information.[104] For example, Wagner 
et al.[105] showed that spin-dependent charge transport could 
be achieved by tailoring a molecular complex in which the 
magnetic coupling of the spin pair ion of Co2+ is perpendicular 
to the charge transmission channel. As depicted in Fig. 9(a), 
using the MCBJ platform, they measured the transmission 
through co-planar bipyrimidine ligand modified with two Co2+ 
on preferential axis to electrically switch the molecule between 
low conductive pseudo-singlet and high-conductive pseudo-
triplet. Based on the I-V curves, the bridging molecules were 
termed type 1 and type 2. For type 1 molecular junctions, the 
peak of the dI/dV curve increased up to the saturation point 
by decreasing the temperature, because of zero-bias anomaly 
(ZBA), as expected for the Kondo effect in low temperature. 
In addition, with external magnetic field applied, the zero-
bias peak splitting was observed for the type 1 bridge, which 
implies a pseudo-triplet state. The I–V and dI/dV–V measure-
ment results on types 1 and 2 are depicted in Fig. 9(b) and (c), 
respectively. An abrupt transition at ∓0.2 V was observed. This 
region manifests a non-magnetic pseudo-singlet state where no 
magnetic response is expected. For down-sweep and up-sweep 
bias voltages, the hysteric I–V curve was reported for coupled 
spin pair, which indicated switching from non-magnetic singlet 
to magnetic triplet at certain applied voltages.

Moreover, electric field-induced spin switching was also 
realized on the single [FeII(tpy)2] complex, functionalized 
orthogonally on spin-crossover compound [Fig.  9(d)].[48] 
Through MCBJ measurements, reversible switching from 
low to high conductance state was observed due to the spa-
tial arrangement of the intrinsic dipole moment of terpyridine 
ligands. In this study, the applied electric field leads to distor-
tion of the FeII coordination sphere, which changes the spin 
state. The discontinuities in the I–V curves at around 0.7 V and 
–0.5 V imply the hysteretic behavior of the device. Analyzing 
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all junctions trapped between the electrodes, various current 
profiles were observed without hysteresis due to the molecule’s 
random orientation with respect to the electric field.

Nevertheless, all measurements above have been carried 
out at low temperatures using non-magnetic contacts. Adopt-
ing Ni as ferromagnetic material in an STMBJ setup, Aragones 
et al.[49] reported two orders of magnitude increase in the con-
ductance of spin-crossover complex [Fe(tzpy)2(NCS)2]. As 
shown in Fig. 9(e), the conductance has been actively con-
trolled by changing the magnetic polarization of the Ni tip from 
α orientation to β, the behavior that was absent in the diamag-
netic complex [FeLA(NCS)2]. The 1D histogram in Fig. 9(f) 
shows the conductance quenching of the [Fe(tzpy)2(NCS)2] 
molecule from 4.4× 10

−4 G0 to well below the noise floor 
upon changing the magnetic polarization from α to β. The 
spin-dependent charge transport has been ascribed to the spin 
selectivity of the S–Au bond. Such effect was also attributed to 
the high-spin S = 2 FeII of the complex that partially blocks the 
spin-selected majority carriers (β-spin), and the enhancement 
of minority carrier current by the correctly chosen magnetic 
polarization of the Ni tip. It is evident that these recent signs of 
progress in harnessing electron spins in single molecules have 
laid out a solid foundation for future molecular spintronics.

Conclusion and outlook
In this article, we have highlighted several promising physi-
cal mechanisms and the associated external stimuli that can 
be leveraged to create conductance switching behavior in 
single molecules. We have discussed how novel SMJ tech-
niques are employed as powerful tools for single-molecule 
manipulation under controlled environmental conditions. 
Together, research progress made over the past decade has 
underpinned the suitability of using single molecules as reli-
able and controllable electronic devices. As a notable exam-
ple, a highly stable single-molecule switch fabricated in the 
graphene-molecule-graphene junction can now retain the 
switching stability and reproducibility over a year, implying 
a nearly practical molecular device for real-world applica-
tion. In addition, at the fundamental level, insights from con-
ductance switching studies have also profoundly advanced 
our knowledge of quantum transport in molecular systems. 
There is no doubt that a deep understanding of the interplay 
between physics and chemistry at the molecular scale will 
pave the path toward the design and engineering of novel 
device functionalities and complexities that were unimagina-
ble before, especially when the quantum effects of molecules 
can be comprehensively exploited.

Figure 9.   (a) Molecular structure of the bipyrimidine and complex 1 incorporating Co2+ which is designated by red spheres. (b) hysteric 
behavior of the coupled spin pair shown in bistable I–V curve. (c) Current derivative for different applied bias voltages. The arrows represent 
the sweeping direction of applied bias. Reproduced with permission from Ref. 105. Copyright 2013 Springer Nature. (d) Schematic of spin-
crossover molecule exposed to the electric field. Top: low spin FeII in a weak electric field. Bottom: distorted coordination sphere owing 
to the strong electric field and dipole realignment. Reproduced with permission from Ref. 48. Copyright 2015 John Wiley and Sons. (e) 
Schematic illustration of single-molecule junction bridging Ni contacts with α and β magnetic polarizations. Left: [Fe(tzpy)2(NCS)2] complex 
showing spin-dependent transmission. Right: Diamagnetic [FeLA(NCS)2] molecule exhibiting no dependence upon magnetic polarization 
of the contacts. (f) 1D conductance histogram for [Fe(tzpy)2(NCS)2] complex in α and β magnetic polarizations. Inset: typical conductance 
traces for both magnetic polarizations. Reproduced with permission from Ref. 49. Copyright 2015 American Chemical Society.
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Despite the recent progress, challenges remain to be 
addressed in several aspects. One of the outstanding issues 
is the mechanical and thermal stability of SMJ switching 
devices. This issue is often attributed to the variation of the 
molecule–electrode contact geometries driven by mechanical 
or thermal fluctuation over time. Hence, to improve the junc-
tion stability, a better design of the molecule–electrode con-
tact chemistry and binding strategies is needed. A more stable 
SMJ would also enable the characterization and improvement 
of the switching response rate, which is difficult to access 
using the break junction-based methods. Another limiting 
factor is the on/off ratio. Although high on/off ratios (> 100) 
have been observed in some molecules, most molecular spe-
cies suffer from moderate on/off ratios (< 20). It is important 
to rethink how to greatly enhance the conductance of the “on” 
state while suppressing the “off” state. A possible solution is 
to harness the molecular quantum interference effect.[16,94,99] 
To move forward with this approach, an integrated effort 
from synthetic chemists, theoreticians, and experimental 
physicists is necessary. Practical application of molecular-
scale devices also requires good device scalability. A viable 
route to scale up molecular devices is to take advantage of the 
self-assembly abilities of molecules. To this end, the recent 
development of scalable molecular architectures, such as 
supramolecules and artificial molecular machines, deserves 
more in-depth investigation. Furthermore, with several pow-
erful single-molecule techniques available, now is the time 
to increase the complexity of SMJ systems from all aspects, 
including the molecule, the electrode, and the overall device 
architecture. For instance, coupling molecules with emerg-
ing two-dimensional quantum materials or energy harvesting 
materials could be a promising next step.

Finally, single-molecule conductance switching studies have 
a broad impact in many areas beyond ME. The ability to moni-
tor the electrical signals of single molecules is essential for 
investigating fundamental chemical (e.g., chemical reactions 
and catalysis)[106–109] and biological (e.g., protein binding and 
DNA sequencing)[110–112] processes. It is also expected that the 
developed experimental platforms will provide a suitable route 
to gain molecular-level insights into crucial energy-related 
processes in emerging materials, such as perovskites, organic 
light-emitting diodes, conductive conjugated polymers, and 
plasmonic nanostructures.[113] We anticipate that the incorpora-
tion of SMJ techniques into these areas may uncover previously 
hidden material properties and catalyze new research directions 
in the future.
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