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ABSTRACT: In electronic functional chips, one of the most crucial components is
the field-effect transistor (FET). To meet the urgent demands for further
miniaturization of electronic devices, solid-state single-molecule transistors by
molecular orbital gating have been extensively reported. However, under negative
bias and positive bias, achieving a distinct gating effect is extremely challenging
because molecular orbital gating is independent of the bias polarity. Here, we
demonstrated that rectifiers can be realized in single-molecule junctions with a
symmetric molecular structure and an electrode material by simply breaking the
symmetry of the electrode’s chemical potential via ionic adsorption. We further
demonstrated that the tunneling current can be gated with opposite change
tendencies under negative and positive bias by applying an ionic gating voltage,
which eventually results in a reversal of the rectifying direction. Our experiments
elucidate that, unlike the classical mechanism for solid molecular FET, the modulation of the electrode's chemical potential, rather
than the regulation of molecular orbitals, might dominate the electron transport in the ionic liquid environment upon a gating
voltage. Our study gains deeper insights into the mechanism of ionic liquid gating and opens a window for designing high-
performance electrochemical-based functional devices.

■ INTRODUCTION
The field of single-molecule electronics has attracted a lot of
attention since it not only provides a platform for observing the
novel phenomena distinguished from bulk materials but also
provides a potential for further miniaturization of electronic
components.1−3 For the fabrication of single-molecule-based
functional devices, controlling the tunneling current transport
through the molecule is a critical step.3−6 A molecular junction
coupled with a solid gate electrode in a three-terminal
transistor configuration provides a knob to tune the electron
transport characteristics effectively, which enhances the
prospects for molecularly engineered electronic devices.7−9

Despite these great advancements, creating molecular tran-
sistors encounters challenges because it requires placing the
gate electrode close enough to the molecular junction to
achieve the required gate field.10−12 Electrochemical gating
provides a promising strategy to address these challenges13,14

since it can provide the required gate field with liquid dielectric
without rigorous requirements for the control of gate electrode
position.13,15,16 Several groups have successfully applied the
electrochemical gating technique to efficiently regulate the
electron transport with either electrochemically active
molecules12,17−20 or electrochemically inactive molecules.21−24

Despite the potential of electrochemical gating, two critical
issues need to be clarified: (1) Is it possible to create a bias-
dependent molecular transistor, i.e., is it possible to make an

opposite gating effect on the electron transport under negative
bias and positive bias? In typical single-molecule transistors,
the modulation of molecular orbital by gating voltage is
independent of the bias polarity, e.g., placing a more positive
charge near the molecule results in a downshift of the
molecular orbitals regardless of the bias polarity.10,21,23 (2)
The underlying mechanism for the electrochemical gating,
especially for the ionic liquid gating, has not been fully
elucidated. It has been widely accepted that the molecular
conduction orbital can be modulated by the gating voltage in a
solid molecular transistor.7,10 However, it is not clarified if this
mechanism can be fully adopted for ionic liquid gating, and it
is wondered if there are new mechanisms that dominate the
electron transport in the ionic gating processes.8,25

Meanwhile, rectifiers, allowing electric current to flow in one
direction while suppressing it in the opposite direction, are
another fundamental element for current control in modern
electronic devices.26−28 Typically, single-molecule rectification
strategies involve a highly asymmetric molecule backbone (e.g.,

Received: October 1, 2024
Revised: December 5, 2024
Accepted: December 5, 2024
Published: December 13, 2024

Articlepubs.acs.org/JACS

© 2024 American Chemical Society
35347

https://doi.org/10.1021/jacs.4c13773
J. Am. Chem. Soc. 2024, 146, 35347−35355

D
ow

nl
oa

de
d 

vi
a 

SE
O

U
L

 N
A

T
L

 U
N

IV
 o

n 
Ja

nu
ar

y 
13

, 2
02

5 
at

 0
0:

59
:4

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fenglu+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adila+Adijiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramya+Emusani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jieyi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qihong+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuefeng+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takhee+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takhee+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lichuan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Xiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c13773&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13773?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13773?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13773?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13773?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13773?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/51?ref=pdf
https://pubs.acs.org/toc/jacsat/146/51?ref=pdf
https://pubs.acs.org/toc/jacsat/146/51?ref=pdf
https://pubs.acs.org/toc/jacsat/146/51?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c13773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


including two localized molecular orbitals along the molecular
backbone with the D−σ−A system),29−37 an asymmetric
molecule−electrode linker/contact,29,38,39 and different elec-
trode materials at the two terminals.40 It has been reported that
the rectification ratio can be strongly modulated by electrolyte
concentration,22,41 intermolecular van der Waals forces,42 the
dipole of the molecular core,43,44 and solid-back/edge-on
gating.45,46 Nevertheless, to the best of our knowledge, in situ
reversal of the rectifying direction by gating voltage with the
same target single-molecule has not yet been reported.

In this study, we achieve single-molecule rectification with
symmetric molecular structures and electrode materials via
asymmetric ion adsorption. We further demonstrate that the
rectifying direction can be reversed by controlling the ionic
gating voltage, showing the prototype of a single molecular
bidirectional thyristor.47 We observed that the current
increases continuously with the decreasing negative gating
voltage, which cannot be explained by the mechanism of the
molecular orbital gating. These observations reveal that,
opposite to the mechanism of a typical solid FET, modulation
of the electrode's chemical potential rather than regulation of
molecular orbitals by the gating voltage might dominate the
electron transport in the ionic liquid environment.
Conductance of Single-Molecule Junctions. The

scanning tunneling microscopy break junction (STM-BJ)
with a four-electrode configuration under electrochemical
conditions was utilized as the experimental platform,48,49 as
depicted in Figure 1a. The grounded top gold tip, encapsulated

with Apiezon wax to reduce the leakage current, serves as the
drain electrode (Supplementary Figure S1). The bias voltage
(VB) is applied on the bottom substrate, which serves as the
source electrode. The ions adsorbed on the surface of the
biased electrodes can form an electric double layer
(EDL),44,50−52 which can be modulated by the gating voltage
due to the attraction force between ions and the gate electrode
(Ag/AgCl reference electrode, RE), leading to the changes in
the electrode’s chemical potential (work function) and thus the
regulation of tunneling current.52 The applied gate voltage is
defined as the potential difference between the coated Au tip
and the RE. However, the potential of the counter electrode
(CE) with the same polarity as RE is always higher than that of
RE in our system. Therefore, the CE plays a more important
role in modulating the EDL compared to RE. The target
molecule, 1,4-bis(pyridine-4-yl) benzene (BPB) with the
lowest unoccupied molecular orbital (LUMO) as the
conduction channel,53 was studied. Imidazolium-based ionic
liquids, 1-butyl-3-methylimidazolium hexafluorophosphate
([BMI]+[PF6]−), were used as gating dielectrics. These anions
and cations with different sizes and planar geometry tend to
form a densely packed layer at the electrode surface.54 An
asymmetric electrostatic environment around the junction will
be generated when the bias polarity is reversed (Supple-
mentary Figure S2).

Figure 1b shows the conductance histograms of molecular
junctions under different bias and gating voltages. Each
histogram is constructed from approximately 3000 individual

Figure 1. Conductance of ionic liquid-gated single-molecule junction. (a) Schematic of the molecular junction created by STM-BJ with a four-
electrode configuration. The anions adsorbed on the substrate move toward the CE when a positive bias is applied to it. (b) Logarithmic one-
dimensional conductance histogram of BPB under a bias voltage of ±0.5 V upon a positive gating voltage (top panel) and a negative gating voltage
(bottom panel). The arrows indicate the most probable conductance under different biases and gating voltages.

Figure 2. Two-dimensional histograms of the I−V curves. (a−h) Density maps of I−V curves of the BPB molecular junction in [BMI]+[PF6]− ionic
liquid upon different gating voltages. The reversal of the rectifying direction of the current can be observed when the gating voltage is changed from
a negative value (−1.2 V) to a positive value (1.2 V).
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conductance−displacement traces. It shows that the probable
conductance of the molecular junctions under a positive bias
voltage (VB = 0.5 V) is greater than that under a negative bias
voltage (VB = −0.5 V) when a positive gating voltage (VG = 0.3
V) is applied. However, this situation is reversed, i.e., the
conductance under positive bias becomes lower than that
under negative bias when a negative gating voltage (VG = −0.5
V) is applied, as shown in the bottom panel of Figure 1b. More
conductance histograms can be found in Supplementary Figure
S3, confirming the reliability of the observation.
Reversal of the Rectifying Direction by Ionic Liquid

Gating. To verify that the direction of rectification can be
reversed by the gating voltage, current−voltage (I−V)
measurements were carried out within a bias window (−1, 1
V). Hundreds of I−V curves were recorded during the
suspension period of the STM tip, and the traces containing
distinct single molecule features that sustained the entire
voltage ramp were selected based on the machine learning
method; see Supplementary Figures S4 and S5 for details. The
resulting I−V curves were overlaid and compiled into a two-
dimensional histogram (I−V density map), as shown in Figure
2. Notably, the I−V curves exhibit a capacitance effect due to

the redistribution of ions; see Supplementary Figure S6. Here,
we shift the I−V curves along the X-axis to make them cross
the origin of the coordinates for clarity. More I−V density
maps under an intermediate gating voltage can be found in
Supplementary Figure S7. We can find that the shape of the I−
V curves is strongly influenced by the negative gating voltages
(Figure 2a−e) but relatively weakly modulated by the positive
gating voltages (Figure 2e−h). Notably, the I−V curves show
rectification behavior when the gating voltage is set to zero
(Figure 2e). Specifically, the current under positive bias
steadily decreases but the current under negative bias gradually
increases when the gating voltage is changed from 1.2 to −1.2
V, resulting in a reversal of the rectifying direction of the
current. This finding indicates that a prototype of a single
molecular bidirectional thyristor can be fabricated via ionic
gating; see Supplementary Figure S8 for details.

To explore the role of the ions, we measured the I−V curves
of the molecular junction in another kind of ionic liquid,
d i e t h y lme t h y l ( 2 -me t ho x y e t h y l ) ammon i um b i s -
(trifluoromethylsulfonyl)imide ([DEME]+[TFSI]−). In con-
trast to [BMI]+[PF6]− with a planar structure, the cation and
anion of [DEME]+ [TFSI]− possess stereoscopic configu-

Figure 3. Illustrating the reversal of the rectifying direction in the molecular junction. Under zero bias, the molecular resonance with peak energy is
ε0 relative to the Fermi levels (EF) of the substrate (S) and tip (T). The chemical potentials of the substrate and tip are denoted as μS and μT,
respectively. (a,e) Schematic illustrating the energy level alignment in the molecular junction with (a) negatively and (e) positively biased substrates
in the ion-absent environment. The chemical potentials of the substrate and tip shift symmetrically relative to the EF of electrodes under negative
bias and positive bias. The shaded area within the bias window of (a) is equal to the one of (e), indicating the absence of rectification. (b,f) Energy
level alignment of the junction with (b) negatively and (f) positively biased substrates without gating voltage in the ionic liquid environment. The
cations (anions) adsorb on the negatively (positively) biased electrode. (c,g) Energy alignment upon a negative gating voltage in ionic liquid. The
negative gating voltage reduces the number of cations adsorbed on the substrate. Meanwhile, the negative gating voltage pushes the LUMO away
from EF. The dashed lines indicate the original transmission curves without a gating voltage. The area of (c) is larger than the one of (b), while the
area of (g) is smaller than the one of (f), showing an opposite change trend under negative bias and positive bias. (d,h) Energy alignment of the
junction upon a positive gating voltage. The number of anions adsorbed on the bottom substrate is modulated by the positive gating voltage. The
area of (c) is larger than the one of (g) under negative gating voltage, while the area of (d) is smaller than the one of (h) under positive gating
voltage, demonstrating the reversal of the rectification.
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rations, leading to a less densely packed layer at the electrode
interface.55 The rectification feature for [DEME]+ [TFSI]− is
insignificant, and the reversal of rectification is not observed;
see Supplementary Figures S9 and S10 for details. This control
experiment indicates that the properties of ions themselves
significantly influence the rectification characteristics.
Discussion of the Underlying Mechanisms. To under-

stand the rectification behavior in the molecular junction, we
considered a single-level transport model for current
estimation, which is based on the Landauer formula by
assuming a single-molecule orbital at energy ε0 from the Fermi
energy of the metal electrode (EF), coupled via the coupling
parameter Γ to the electrode.56−58 The current (I) can be
expressed as

I
e

h
T E dE

2
( , , )

eV

eV

/2

/2
=

Here, h is Planck’s constant, e is the unit of charge, V is the
applied voltage, and T (E, ε, Γ) is the energy (E)-dependent
transmission function. The current is proportional to the
integral area under the transmission curve within the bias
window (−eV/2, eV/2) when a bias (V) is applied.52

Figure 3 shows the qualitative interpretation of the reversal
of rectification from the energy alignment perspective. Despite

a clear asymmetry in T (E, ε, and Γ) with respect to the Fermi
energy, Figure 3a,e shows identical integral areas (shaded in
blue and green) that are independent of the bias polarity. The
altering of the chemical potential of the electrode by changing
its work function upon ion adsorption had been reported
previously,52 which was further confirmed by the conductance
measurements, see Supplementary Figure S11 for details.
Figure 3b shows that the chemical potential of the negatively
biased substrate (μs) decreases due to the adsorption of
cations.52 Notably, the ion adsorption on the tip is not
depicted in this figure considering that the tip is grounded, and
thus, its chemical potential (μT) is less affected by the ion
adsorption although the anions would adsorb on the tip due to
the electric potential existing in the junction. By incorporating
electrochemical impedance spectroscopy into the STM-BJ
setup, the macroscopic characterization of ion adsorption can
be directly demonstrated.51 Figure 3f shows that the chemical
potential of the positively biased substrate increases because of
the adsorption of anions. The integral area in Figure 3b is
smaller than that in Figure 3f, which elucidates that the current
under negative bias is smaller than that under positive bias, in
line with the experimental rectification behavior, as shown in
Figure 2e.

Figure 4. Conductance changes as a function of gating voltages and the analysis of the mechanisms. (a) Conductance of the junction increases as
the gating voltage scans from 0 to −1.2 V under a fixed bias voltage (−0.1 V). (b) Conductance of the molecular junction increases as the gating
voltage scans from 0 to −0.5 V at a fixed bias voltage (0.1 V). (c) Typical schematic of ion distribution upon a negative gating voltage. The anions
accumulated around the molecular backbone due to the effect of negative gating voltage. (d) Typical mechanism of the molecular orbital gating
upon a negative gating voltage. (e) Proposed ion distribution upon a negative gating voltage. The cations adsorbed on the substrate move toward
the gating electrode as a negative voltage is applied to it. (f) Proposed mechanism for the ionic gating. The Fermi level of the substrate increases
due to the reduced number of ions adsorbed on the substrate, resulting in the increase of current upon a negative gating voltage.
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Figure 3c shows the energy landscape under a negative bias
with a negative gating voltage. Compared with Figure 3b, the
number of cations adsorbed on the substrate decreases upon a
negative gating voltage (here, we reduced the number to zero
for simplification). Meanwhile, the gating voltage electrostati-
cally shifts the molecular orbitals relative to the Femi level of
electrode (EF),

21 i.e., the negative gating voltage pushes
LUMO away from the EF,

23 see Supplementary Figure S12 for
details. The integral area in Figure 3c is larger than that in
Figure 3b, indicating that the current under a negative bias
increases upon a negative gating voltage, consistent with the
experimental observation presented in Figure 2a−d. Figure 3g
shows the energy landscape of the junction under a positive
bias upon a negative gating voltage. Here, the integral area of
Figure 3c remains larger than that of Figure 3g, indicating that
the current under negative bias exceeds that under positive
bias, in line with the experimental observation shown in Figure
2a. Notably, if only part of the cations is removed from the
substrate when the negative voltage is not large enough, the
current under positive bias may equal to the one under
negative bias; see Supplementary Figure S13 for details. This
case fits with the experimental observation, in which symmetric
I−V curves were observed under a gating voltage of −0.4 V.

Figure 3d,h shows the energy landscape under negative and
positive biases upon a positive gating voltage, where the gating
voltage pulls the LUMO closer to the EF.

10 The positive gating
voltage greatly reduces the number of anions adsorbed on the
substrate, as presented in Figure 3h. The area in Figure 3d is
smaller than that in Figure 3c, while the area in Figure 3h is
larger than that in Figure 3g, illustrating a reversal in the
rectifying direction when the polarity of the gating voltage is
changed. Also, we can find that the area of Figure 3d (Figure

3h) is similar to the area of Figure 3b (Figure 3f), indicating
that the rectification direction is not changed when a positive
gating voltage is applied, and the influence of positive gating
voltage is relatively limited. In contrast, the area of Figure 3c
(Figure 3g) changes a lot compared to the area of Figure 3b
(Figure 3f), suggesting the significant effect of negative gating
voltage, consistent with the experimental findings depicted in
Figure 2. Additionally, the energy landscape of the molecular
junction for [DEME]+ [TFSI]− is presented in Supplementary
Figure S14, which provides a comprehensive explanation for
the absence of reversal of rectification in the ionic liquid
environments with less compacted ions.

Notably, upon the gating voltage, the shift of the molecular
orbital affects the current under negative bias and positive bias
synchronously without significantly changing the rectification
ratio.10 Therefore, the reversal of the rectifying direction
signifies that the effect of gating voltage on the molecular
orbital does not predominate the electron transport. The trivial
effect of gating voltage on the molecular orbital in ionic liquid
is supported by the measurements of conductance vs applied
gate potential, which shows a continuous increase in current
with decreasing (increasing) negative (positive) gating voltage,
as shown in Figure 4a,b, respectively. If the anions accumulate
around the molecular backbone upon a negative gating voltage
(Figure 4c), the molecular conduction orbital will be strongly
affected and the LUMO would upshift (Figure 4d). It would
result in the decrease of current due to the increased energy
barrier (ELUMO − EF) for electron transport. The decrease in
current derived from Figure 4c,d conflicts with the
experimental observation, as shown in Figure 4a. Additionally,
such an orbital modification is independent of the bias
polarity,10 and both the negative current and positive current

Figure 5. Calculation of transmission spectra of the molecular junction. (a) Schematic diagram of the BPB molecular junction under negative bias
and positive bias without gating voltage. More anion−cation pairs are attracted to the substrate as the bias voltage increases. The [BMI]+ adsorbed
closer on the substrate compared to [PF6]− when a negative bias voltage is applied. The alkyl chain substituent of [BMI]+ is simplified as methyl for
clarity. (b) Calculated transmission functions of the molecular junction with the geometries presented in panel (a). LUMO moves closer to EF
when a negative bias is changed to a positive bias. (c) Schematic diagram of the BPB molecular junction upon gating voltage. Anion−cation pairs
are accumulated around the molecule with [BMI]+([PF6]−) located closer to the molecule upon a positive (negative) gating voltage. (d) Calculated
transmission with the geometries presented in panel (c).
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decrease simultaneously, making the reversal of rectification
almost impossible. Therefore, we claim that the direct
molecular orbital gating mechanism, verified in a solid
molecular transistor, should not dominate the electron
transport in the ionic gating environment.

Instead, we believe that the cations adsorbing on the
electrode will migrate to the CE and RE due to the attraction
force, as shown in Figure 4e. Notably, the voltage applied on
the CE is larger than the voltage applied on the RE in our
system, as mentioned previously, and the CE rather than the
RE is put closer to the molecular junction. Therefore, the
cations will mainly migrate to CE instead of RE. Due to the
cation adsorption, the Femi level of the biased substrate
decreases from EF + eVB to EF + eVB - αeVB, as shown in
Figure 4f. When the adsorbed cations are removed from the
substrate upon a negative gating voltage, the Femi level of the
substrate increases by βeVG. Here, α and β denote the
modulation efficiency of bias voltage and gating voltage on the
chemical potential of the electrode. The increase of the Femi
level leads to an increase of the tunneling current, agreeing well
with the experimental observation presented in Figure 4a.
Therefore, we conclude that the modulation of the electrode's
chemical potential rather than the regulation of molecular
orbitals dominates the electron transport in the asymmetric
ionic gating processes.

The stronger effect of gating voltage on EDL than the effect
on the molecular orbital is reasonable. The ions adsorbed on
the biased electrode moving toward the CE (RE) due to
electrostatic attraction will directly reduce the number of ions
adsorbed on the biased electrode and thus strongly affect the
chemical potential of the electrode. In contrast, the ions move
to the CE (RE) only indirectly promotes the accumulation of
the ions around the molecule backbone by reducing the
concentration of another kind of counterions in solution. Such
accumulated ions are prone to diffusion in liquid due to the
Coulomb repulsion, and thus the gating effect on the molecular
orbital might be relatively trivial.
Theoretical Calculations. The change in the number of

anion−cation pairs adsorbed on the electrode is used to model
the change in the EDL, as shown in Figure 5a. Bias1−(Bias1+)
represents one ion pair adsorbed on the negatively (positively)
biased substrate with the cation (anion) located closer to the
substrate surface. As the bias voltage increases, the number of
ion pairs adsorbed on the electrode increases. The calculated
transmission spectra, as shown in Figure 5b, demonstrate that
the LUMO shifts to the right, moving away from EF as more
cations adsorb onto the substrate. The EF of the electrode
shifts downward with respect to the LUMO upon cation
adsorption, confirming the previous claim that the chemical
potential of the substrate (μs) decreases (downward shift) due
to the adsorption of cations.

Additionally, we investigated how gating voltage impacts
modulation of the electron transport through the molecular
junction. A higher gating voltage brings the accumulated ion
pair closer to the molecular backbone, as shown in Figure 5c.
Here, GateH− (GateL−) denotes the situations in which a high
(low) negative gating voltage is applied, causing the ion pairs
to be located closer to (farther from) the backbone of BPB.
Notably, the moiety of [BMI]+ is located closer to the
molecular backbone upon a positive gating voltage, while
[PF6]− is located closer to the molecule upon a negative gating
voltage. The calculated transmission functions with different
gating voltages are shown in Figure 5d. As the positive

(negative) gating voltage increases, the LUMO shifts closer
(away) to the EF of the electrode, which supports the claim
made in Figure 3. Notably, this gating effect on molecular
orbital is trivial compared to the effect on chemical potential of
the electrode in the ionic liquid environment, which contrasts
with the typical mechanism of solid molecular FET. Never-
theless, a positive superposition of the electrode's chemical
potential gating effect and molecular orbital gating effect will
greatly increase the gating efficiency, showing an advantage in
the fabrication of multifunctional devices.

■ SUMMARY
We developed a technique to create single-molecule
rectification using symmetric electrode materials and a
molecular structure. More importantly, we demonstrated that
the direction of current rectification can be fully reversed in
situ by ionic liquid gating with densely packed ions on the
electrode surface. This reveals that the effect of gating voltage
on the chemical potential of the electrode in an asymmetric
ionic liquid rather than the effect of gating voltage on the
molecular orbital of the molecule dominates the electron
transport, in contrast to the mechanism of solid molecule-
based FET. Our work offers an approach for controlling
electron transport through nanoscale objects and provides a
principle for the fabrication of multifunctional devices, such as
transistors, diodes, and thyristors, extending beyond single-
molecule junctions.

■ METHODS
Four-Terminal STM-BJ. The STM-BJ configuration consists of a

top gold tip encapsulated with Apiezon wax, which works as the drain
electrode, and the bottom flat gold substrate serves as the source
electrode. An Ag/AgCl electrode is introduced into the dynamic
break junctions, serving as the RE, which significantly diminishes the
influence of electrode polarization and solution voltage drop, resulting
in precise control over the working electrode’s potential. A platinum
wire serves as the CE.
DFT-Based Calculation. To gain in-depth insights into the

reversal of rectifying direction in single-molecule junctions, we
conducted the transmission calculations under varied bias and gating
voltage using density functional theory (DFT) combined with
nonequilibrium Green’s functions (NEGF); see Supplementary
Figure S12 for detailed information. Additional calculations reveal
that the distance between the ion pair and the electrode has minimal
effect on the transmission function (Figure S15), highlighting the
important role of ion density and thus changing intensity on the
electrode surface.
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