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Single-molecule electrochemical science has advanced over the past decades and now
extends well beyond molecular imaging, to molecular electronics functions such as recti-
fication and amplification. Rectification is conceptually the simplest but has involved
mostly challenging chemical synthesis of asymmetric molecular structures or asymmet-
ric materials and geometry of the two enclosing electrodes. Here we propose an experi-
mental and theoretical strategy for building and tuning in situ (in operando)
rectification in two symmetric molecular structures in electrochemical environment.
The molecules were designed to conduct electronically via either their lowest unoccu-
pied molecular orbital (LUMO; electron transfer) or highest occupied molecular orbital
(HOMO; “hole transfer”). We used a bipotentiostat to control separately the electro-
chemical potential of the tip and substrate electrodes of an electrochemical scanning
tunneling microscope (EC-STM), which leads to independent energy alignment of the
STM tip, the molecule, and the STM substrate. By creating an asymmetric energy
alignment, we observed single-molecule rectification of each molecule within a voltage
range of ±0.5 V. By varying both the dominating charge transporting LUMO or
HOMO energy and the electrolyte concentration, we achieved tuning of the polarity as
well as the amplitude of the rectification. We have extended an earlier proposed theory
that predicts electrolyte-controlled rectification to rationalize all the observed in situ rec-
tification features and found excellent agreement between theory and experiments. Our
study thus offers a way toward building controllable single-molecule rectifying devices
without involving asymmetric molecular structures.

tunneling current rectification j symmetric single-molecule junctions j electrolytic control j
bipotential control

Initially proposed by Aviram and Ratner (1), building a single-molecule electronic rec-
tifier has been an intense focus of theoretical and experimental studies (2–7). The
design, synthesis, and physical characterization of such rectifiers are complex tasks,
however. The most frequently adopted strategy is to connect an electron donor group
with an electron acceptor group (8–12), but the asymmetric molecular design increases
the challenges of chemical synthesis and requires additional efforts to organize the mol-
ecules in the intended surface orientation. Recent studies have reported rectification in
symmetric molecules rooted in highly asymmetric coupling at the two contact interfa-
ces (13–16) and the charge density difference of the two electrodes (17, 18). Accurate,
multidimensional control of the rectification ratio in predictable routines remains a
challenge, however.
Kornyshev et al. (19) introduced a novel concept and theoretical formalism for the

tuning of rectification in symmetric molecular structures in electrolyte junctions. The
approach at first rested on molecular superexchange electronic conductivity via a set of
lowest unoccupied molecular orbitals (LUMOs), independently controlled by the elec-
trochemical potentials of the tip and substrate electrodes in an electrochemical scanning
tunneling microscope (EC-STM). With recognized limitations, the superexchange model
can be converted to a direct tunneling form (20). In either mode, rectification originates
first from the asymmetric energy barrier height at positive and negative bias created by
independent tuning of the tip and substrate electrochemical potentials. Second, the bias
voltage variation was shown to depend strongly on the ionic strength in the electrochem-
ically controlled tunneling gap to reinforce the rectification more strongly the higher the
ionic strength or shorter the Debye or Gouy screening lengths (19, 20).
In the present work we first report experimental data for single-molecule rectification

of two structurally symmetric molecules in electrochemical junctions. We used bipo-
tentially controlled in situ STM to independently tune the tip and substrate energy lev-
els and record single-molecule tunneling current/bias voltage spectroscopy at a fixed
electrochemical potential of the STM tip relative to a common reference electrode
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(Fig. 1A). We have further designed and characterized in both
experimental and computational detail two symmetric single-
molecule in situ STM rectification probes to investigate the
rectification features and mechanism. One probe is an iodo-
terminated hexathiophene molecule (IT-6), the other one a
circumanthracene-based dibenzonitrile molecule (CABD) (Fig. 1;
systematic names, synthesis, and bulk characterization details in
SI Appendix, Figs. S1–S4). CABD conductivity operates via
LUMOs (electron transfer), as addressed in our previous theoreti-
cal frames (19, 20), whereas IT-6 operates via a set of highest
occupied molecular orbitals (HOMOs; hole transfer). The large
conjugated structures of CABD and IT-6 offer small bandgaps so
that significant changes in tunneling current can be induced by
moderate variation of the electrodes’ energy levels. In addition,
the large structures offer other fine-tuning options by chemical
substitution. Notably, the observed rectification has opposite
polarity for CABD (LUMO) and IT-6 (HOMO). Also, as pre-
dicted by our model, the experimentally recorded rectification is
stronger the higher the ionic strength [see Ref. (19, 20) and the
analysis in this paper]. To rationalize these observations in depth
we have expanded our previous theoretical frames to accommo-
date both LUMO and HOMO conducting mechanisms. Having
related the theoretical frames with the target molecules, we were
able to reproduce the observed differences between the rectifica-
tion curves for these two kinds of charge transport mechanisms
and obtained good agreement with the experimental data. Our
work points to an intriguing single-molecule rectification mecha-
nism, ways toward tunable single-molecule rectifying devices, and
a method for discerning the mechanisms of electronic charge
transfer through single molecules.

Results

The Polarity of Rectification Depends on the Dominating Charge
Transport Orbitals.We studied two structurally symmetric mole-
cules, IT-6 (Fig. 1B) and CABD (Fig. 1C), as structures domi-
nated by HOMO (32) and LUMO (21, 22) electronic charge
transport, respectively. The terminal groups of these molecules
proved to bind well with Au electrodes (23–26). The molecules
were bridged between the substrate and tip Au electrodes of an
STM, to be investigated via an electrochemical STM break junc-
tion (STM-BJ)technique (Fig. 1A) (see Materials and Methods
for details) (27–30). The Galvani potentials of the tip (φt) and
working, substrate electrode (φs) were controlled independently
by the voltage between the tip and reference electrode (Vg) and
between the tip and substrate (Vbias = φs – φt) with a bipotentio-
stat. With φt fixed, we varied φs in both static and dynamic

modes and studied the effect on single-molecule electronic
charge transport. The electrochemical potential (VEC) acting on
the molecule is taken as the average of φt and φs. In bipotentios-
tatically controlled current–voltage (I-V) characteristics, we
observed in situ rectification with different directions and curva-
ture for IT-6 (HOMO) and CABD (LUMO) and recorded the
dependence of the rectification on the Debye screening length
by varying the electrolyte concentration.

In situ rectification of structurally symmetric molecules in elec-
trolyte solution has been described and predicted in theoretical
studies (19, 20, 31). A simplified energy diagram (Fig. 2) illus-
trates the electrochemical rectification mechanism for both
HOMO and LUMO charge transport. When we fix the Galvani
potential of the tip (φt) and vary the Galvani potential of the sub-
strate (φs), the tunneling barrier adjacent to the substrate is
changed, leading to asymmetric barrier shape and asymmetric
overall potential height at positive and negative Vbias. The overall
potential height of the tunneling barrier for HOMO charge
transport increases at negative Vbias and decreases at positive Vbias.

An opposite Vbias dependence is expected for LUMO charge
transport, as the negative barrier for hole transport is here
replaced by a positive barrier for electron transport. The asym-
metric change in the barrier versus Vbias affects significantly the
tunneling current at different bias polarity, thus leading to elec-
tronic rectification. The polarity of Vg determines the barrier
shape (bent up or down) in both HOMO and LUMO charge
transport but does not affect the mechanism of rectification. The
Debye length defines the thickness of the double-layer screening,
which is critical for independent control of the tip and substrate
potentials and thus for the onset of the rectification.

As noted, previous studies show that charge transport between
Au electrodes through IT-6 (32) and nanographene based struc-
tures (33) with cyano-terminated groups (23, 34) are dominated
by HOMO and LUMO, respectively. To characterize these pat-
terns in detail, we undertook STM-BJ conductance studies with
φt fixed and φs set at different static values (35) (controlled vs. a
Ag quasireference electrode in NaF aqueous solution, with
potential drift and applicable electrode potentials (36) calibrated;
see SI Appendix, Fig. S5). NaF aqueous solution was chosen as
electrolyte, in which the concentration (i.e., the Debye length)
can be precisely controlled, and interference from anion adsorp-
tion can be disregarded.

As shown in Fig. 3A, the single-molecule conductance of IT-6
in 800 mM NaF aqueous solution is 7.59 × 10�5 G0 at φt =
–0.1 V, φs = –0.6 V (black, Vbias = –0.5 V), and 2.29 × 10�4 G0

at φt = –0.1 V, φs = +0.4 V (red, Vbias = +0.5 V), where G0 =
2e2/h = 7.768 × 10�5 S is the conductance quantum.

Fig. 1. Scheme of the experimental setup and molecular structures of the bridge molecular species investigated. (A) A sketch showing the molecule IT-6
bridged between the coated STM Au tip and Au substrate for studying the asymmetric current response to the bias voltage. The experiments were
performed for different concentrations of NaF aqueous solution, with a quasireference Ag electrode (RE) and a Pt counter electrode. (B) Molecular structure
of IT-6. (C) Molecular structure of CABD.
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An approximately threefold conductance increase is observed
for positive Vbias compared to negative Vbias, when VEC is changed
from –0.35 V to +0.15 V. A higher conductance suggests a
smaller energy difference between the tunneling barrier and the
Fermi level, supporting HOMO-dominated charge transport in
IT-6 (17, 37). In contrast, Fig. 3B displays an approximately
threefold decrease for CABD in 800 mM NaF aqueous solution
from 1.17 × 10�2 G0 to 3.72 × 10�3 G0 in single- molecule con-
ductance when Vbias is changed from –0.5 V (black, φt =
+0.2 V, φs = –0.3 V) to +0.5 V (red, φt = +0.2 V, φs = +0.7 V),
and VEC is changed from –0.05 V to +0.45 V, strongly indicative of
LUMO charge transport (17, 37). The higher conductance of CABD
in contrast to other cyano-terminated groups (38) can be attributed to
the small energy gap (shown by ultraviolet–visible [UV–Vis] spectra),
the low distance decay constant (23), and better energy alignment
between the bulk structure and the contact part of the junction.
The conspicuous but opposite conductance behavior of the

two molecular systems is, first, a strong reflection of in situ rectifi-
cation. Second, the HOMO-dominated system shows positive
rectification, the LUMO-dominated system negative rectification.
As a control, the conductance of bare Au in the same electrolyte
environment shows no conductance peak from molecular junc-
tions in the detectable current regime (SI Appendix, Fig. S6).

Tuning the Rectification Amplitude by Independent Control of
the Potentials of the Two Electrodes and the Ionic Strength of
the Electrolyte.To analyze the electrolyte-controlled rectification
phenomenon in detail, we studied the I-V characteristics of the
junction for different NaF electrolyte concentrations. φt was
fixed and φs varied. We investigated the dependence of the I-V
characteristics on the electrolyte concentration as reflected in the
inverse Debye length κ�1 (see SI Appendix, Fig. S7). Fig. 4A and
SI Appendix, Fig. S8 show representative individual I-V curves of
IT-6 (HOMO) where Vbias is scanned over ±0.5 V at 10 Hz.
The I-V curves display increasingly strong asymmetry from
lower (1 mM) to higher (800 mM) electrolyte concentration.
The current amplitude is larger at positive Vbias than at negative
Vbias, pointing to a positive rectification. Two-dimensional (2D)
I-V histograms constructed from hundreds of individual I-V
curves (Fig. 4 B–E) show in greater detail that the positive recti-
fication is more pronounced at higher electrolyte concentrations.

Fig. 4F shows the I-V curves averaged by Gaussian fitting and
fitting with polynomial functions, normalized to the dimensional
current I0 (19, 20). The averaged I-V curves suggest a similar trend
as the individual I-V curves and the 2D I-V histograms. We define
a (maximum) rectification ratio as I(+0.5 V)/I(�0.5 V) for IT-6.
The rectification ratio increases from 1.06 to 3.63 as the electrolyte

Fig. 2. Energy diagram for independent control of the electrode Galvani potentials in HOMO- and LUMO-dominated charge transport at different ionic
strengths: The physical principle of gated current. In the HOMO system at negative Vg, (A) positive Vbias leads to a smaller barrier, whereas (B) negative Vbias
results in a larger barrier. In the LUMO system at positive Vg, positive Vbias leads to a larger barrier (C), whereas negative Vbias results in a smaller barrier
(D). The dotted, solid, and dashed-dotted lines represent potential distribution in the solution gap with shorter, intermediate, and longer Debye length,
respectively. The shape highlighted in yellow represents the tunneling barrier for shorter Debye length (high ionic strength case, dotted line). (Vbias = φs – φt).
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concentration increases from 1 mM to 800 mM (Table 1). Some
of the individual I-V curves display moderate hysteresis, especially
at higher currents, which can be attributed to slight molecular con-
formational changes of the junction at the contact during the Vbias
sweeping. However, the total trend is not affected as indicated in
Fig. 4F, where the hysteresis is averaged out.
The molecular length of IT-6, estimated to be 2.5 nm, is longer

than the Debye length at 40 mM, 200 mM, and 800 mM, and
the longer it is, the stronger the rectification, as expected (19, 20).
A higher electrolyte concentration (i.e., shorter Debye length)
clearly gives stronger rectification, confirming that electrolyte con-
centration is a key parameter in precisely tuning the rectification
ratio (20). At 1 mM electrolyte concentration, the Debye length is
significantly greater than the molecular length, and nearly symmet-
ric I-V curves were observed with rectification ratios around unity.
CABD displays a clearly opposite direction of rectification but,

as expected, a similar effect of electrolyte concentration. Individual
I-V curves (Fig. 5A and SI Appendix, Fig. S9), 2D I-V histograms
(Fig. 5 B–E), and averaged normalized I-V curves (Fig. 5F)
exhibit larger current amplitude at negative Vbias compared to
positive Vbias. We define a (maximum) rectification ratio as
I(�0.5 V)/I(+0.5 V) for CABD. The rectification ratio increases
from 1.79 to 3.07 when the electrolyte concentration increases
from 1 mM to 800 mM. (Table 1 and SI Appendix, Fig. S10).
Again, the absolute value of the ratio is larger the higher elec-

trolyte concentration (i.e., the shorter the Debye screening

length). The negative rectification ratios for CABD accord with
theoretical expectations (20) that negative Vbias lowers the bar-
rier and increases the tunneling current for LUMO-dominated
charge transport in a bipotentiostatically controlled system. The
rectification ratio for both IT-6 and CABD increases approxi-
mately linearly with Vbias (SI Appendix, Fig. S11), offering fine
tuning of the single-molecule rectification.

The conductance values extracted from the I-V curves of IT-6
and CABD lead again to the same conclusion that the rectification
direction is opposite for the two molecular systems and that rectifi-
cation is more prominent the higher the electrolyte concentration
(SI Appendix, Figs. S12 and S13). We note that the slope of the
I-V curves (in Fig. 5) and the conductance (SI Appendix, Fig. S13)
around zero Vbias (VEC = –0.2 V) of CABD is lower for higher
electrolyte concentrations. This is because LUMO transport domi-
nates CABD charge transport, resulting in lower conductance at
negative electrochemical potentials. The conductance change is
more pronounced at higher electrolyte concentrations, because the
electrochemical potential is more effectively applied on the molecu-
lar bridge with a thinner electrochemical double layer.

In situ electrolyte controlled rectification, as observed for IT-6
and CABD, thus appears to be a general phenomenon, but the
initial energy difference between the Fermi level and molecular
orbital levels is also a key factor in the rectification. From the
UV-Vis spectra of IT-6 and CABD (SI Appendix, Fig. S2), the
bandgaps of IT-6 and CABD are estimated to be 3.01 eV and

Fig. 3. HOMO and LUMO charge transport across IT-6 and CABD molecular bridges in a gate-controlled STM-BJ. All data refer to 800-mM NaF aqueous elec-
trolyte. (A) Conductance histograms of IT-6 (HOMO) recorded at φt = –0.1 V, φs = –0.6 V (black curve),and φt = –0.1 V, φs = 0.4 V (red curve). The arrows show
that the conductance average is shifted positively as Vbias = φs – φt increases, indicative of HOMO charge transport. (B) Conductance histograms of CABD
(LUMO) recorded at φt = 0.2 V, φs = –0.3 V (black curve) and φt = 0.2 V, φs = 0.7 V (red curve). The arrows show that the conductance average is here shifted
negatively as Vbias increases, indicating LUMO charge transport. The low conductance peak in (A) and the high conductance feature in (B) are from impurities
that are insensitive to Vbias and VEC.

Fig. 4. The effect of electrolyte concentration on I-V characteristics of IT-6. (A) Individual I-V curves of IT-6 in different electrolyte concentrations recorded at
φt = –0.1 V and φs = –0.6 V to 0.4 V. (B–E) I-V 2D histograms of IT-6 at different electrolyte concentrations: (B) 800 mM, (C) 200 mM, (D) 40 mM, and (E) 1 mM.
(F) Normalized fitted I-V curves at the same set of electrolyte concentrations (see main text). The lines are polynomial fittings of the Gaussian maxima at
each column bin in B–E normalized to the dimensional current I0. The rectification ratios are listed in the figure.
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1.92 eV, respectively. The relatively narrow bandgaps imply
that the energy differences between the Fermi level and the
molecular LUMO or HOMO levels are sufficiently small,
that measurable changes in tunneling current can be induced
by moderate variation of the Fermi level (the electrochemical
potentials).
As a control, we recorded the same kind of I-V characteristics

for octanedithiol (C8), the LUMO and HOMO levels of which
are located far from the Fermi level, and with no overpotential
dependence of the tunneling current reported (39). The 2D I-V
histograms and averaged I-V curves (SI Appendix, Fig. S14)
show that the I-V rectification ratio is indeed close to unity (i.e.,
no rectification) at any electrolyte concentration. The absence of
rectification in single-molecule C8 thus demonstrates that the
initial energy alignment between the Fermi level and molecular
levels is important in the in situ rectification mechanism.
As a further support of the electrolyte-controlled single-mole-

cule rectification mechanism, we undertook another control
experiment on CABD (LUMO transport) in a two-electrode sys-
tem without bipotentiostatic control. In this setup, only the bias
voltage between the tip and substrate electrodes, Vbias, is defined,
while the potentials of the tip and substrate are floating in the
Vbias scan. As a result, the asymmetric in situ energy alignment
no longer stands, and no rectification in the I-V characteristics
was observed (SI Appendix, Fig. S15). This confirms that the rec-
tification is determined by the independent control of the two
electrode potentials in electrochemical junctions.
Altogether these findings strongly support experimentally the

concept of electrolytically controlled electrochemical gating of
the electronic current for in situ single-molecule rectifiers.

Theoretical and Computational Frames of LUMO and HOMO
Single-Molecule Rectification: Calculation of Rectification Curves
and Comparison with Experiments. To further rationalize the
electrolytic control of single-molecule rectification, we extended
our previous theoretical analytical models for superexchange

(19) and direct tunneling (20) to include both LUMO and
HOMO charge transport.

Electron or hole transfer via a single intermediate LUMO or
HOMO state is equivalent to electron or hole tunneling, as
represented by the Gamow equation. For LUMO (electron
transfer) and HOMO (hole transfer) transport this equation
takes the form:

ΓLUMO
tunn = exp � 2L

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mU LUM

p� �
[1a]

ΓHOMO
tunn = exp � 2L

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mUHOM

p� �
[1b]

where m is the effective mass of the electron, L the molecular
length, and �h the Planck’s constant; the symbol ULUM =
(ULUMO - eF) > 0 stands for the LUMO energy relative to the
Fermi energy of the electron injecting electrode, eF, while
UHOM = (eF - UHOMO) > 0 is the HOMO energy relative to
the Fermi energy of the hole injecting electrode. ULUM for
LUMO (electron) and UHOM for HOMO (“hole”) conductiv-
ity in Eq. 1 are thus both positive. The corresponding superex-
change form for electron (LUMO) and hole (HOMO) transport
via N identical intermediate states, each of energy ULUM or
UHOM and spatial extension between the sites of these states
along the molecule, a, would be given by (40)

ΓLUMO
superexchange = exp � L

a
ln

ULUM

γ

� �� �
[2a]

ΓHOMO
superexchange = exp � L

a
ln

UHOM

γ

� �� �
[2b]

where γ is the electronic coupling between nearest neighbor
intermediate orbitals, the quantity of dimensionality of energy.
Eqs. 1 and 2 point to the equivalent exponential distance
dependent charge transfer probability of direct tunneling and
superexchange. Our analysis in the superexchange framework
achieved quantitative accordance with the experimental data.
The superexchange form is, however, limited by the condition
jULUM=γj >> 1 or jUHOM=γj >> 1, which may not apply for
CABD and IT-6 (40). It is also difficult to determine the
precise number of intermediate states in the two molecular
systems. We therefore instead based our data analysis on the
simple direct tunneling form.

Fig. 5. The effect of electrolyte concentration on I-V characteristics of CABD. (A) Individual I-V curves of CABD in different electrolyte concentrations
recorded at φt = 0.2 V and φs = –0.3 V to 0.7 V. ( B–E) I-V 2D histograms of CABD at different electrolyte concentrations: (B) 800 mM, (C) 200 mM, (D) 40 mM,
and (E) 1 mM. (F) Normalized fitted I-V curves at the same set of electrolyte concentrations. The lines are polynomial fittings of the Gaussian maxima at each
column bin in B–E normalized to the dimensional current I0. The rectification ratios are listed in the figure.

Table 1. Recorded rectification ratios of IT-6 and CABD
at ±0.5 V

Electrolyte concentration (mM) 1 40 200 800
Debye length (nm) 9.65 1.53 0.68 0.34
IT-6 1.06 1.15 1.50 3.63
CABD 1.79 2.80 2.63 3.07
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The correlation between the ionic strength–dependent
tunneling current through LUMO electron or HOMO hole
transport on the bias voltage between the tip and substrate,
Vbias, can then be described by (20, 31)

I LUMO = I LUMO
0 sinh βLUMO

0 L
eVbias

4U LUM

� �

exp �βLUMO
0 L

eVbias

4ULUM
1� tanh κL=2ð Þ

κL=2

� �� � [3a]

I HOMO = �I HOMO
0 sinh �βHOMO

0 L
eVbias

4UHOM

� �

exp βHOMO
0 L

eVbias

4UHOM
1� tanh κL=2ð Þ

κL=2

� �� � [3b]

βLUMO
0 =

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mULUM

p

�h
; βHOMO

0 =
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mUHOM

p

�h
[4]

where I is the tunneling current and e the electronic charge.
The substrate and tip potentials, φs and φt , respectively, are
controlled independently with respect to the reference elec-
trode, and κ�1 is the Debye length. I LUMO

0 and I HUMO
0 hold

the bias voltage independent parts of the dimensional current
for the LUMO and HOMO transport cases, respectively.
The barrier heights, ULUM and UHOM were taken as half the

HOMO/LUMO band gaps estimated from the UV-Vis spectra
and supported by DFT-calculated HOMO/LUMO band gaps
as well as by UV-Vis spectra calculated by time-dependent den-
sity functional theory (SI Appendix, Fig. S2). The resulting
values of these quantities were 1.51 eV for IT-6 and 0.96 eV
for CABD. The molecular length of the optimized structure
was thus obtained from firstprinciple DFT calculation (SI
Appendix, Fig. S16), the barrier height calculated from the
HOMO/LUMO gap, and the Debye length estimated from
the ionic strength. We could then calculate the I-V curves for
the four studied electrolyte concentrations for IT-6 (Fig. 6A)
and CABD (Fig. 6B). We also calculated the rectification ratios
as displayed in Table 2. We note that although the positions of
the ethyl substituent groups in the IT-6 thiophene units intro-
duce a slight structural asymmetry, this asymmetry in charge
transport is negligible as the ethyl groups do not affect the elec-
tronic properties or orbital density (Fig. 6A). This was con-
firmed by comparison with the DFT-calculated frontier orbitals
of the iodo-terminated hexathiophene molecule without ethyl
substituents (SI Appendix, Fig. S17).
The theoretically estimated rectification ratios are thus nega-

tive for CABD, the LUMO transport system, and positive for
IT-6, the HOMO transport system, both displaying the same
polarity as the experimental observations. In addition, the model
reproduces the correct trend of the rectification magnitude (i.e.,
the rectification increases with increasing electrolyte concentra-
tion). Notably, at the highest ionic strength (800 mM), the
model results in the highest rectification ratios of 4.72 for
CABD and 4.36 for IT-6. The experimental values are 3.07 for
CABD and 3.63 for IT-6, which accord quite well, considering
the generic character and analytical simplicity of the model.
Slightly smaller observed rectification values are in fact expected,
as not all molecules may be oriented ideally normally to the
interface, so that screening will be slightly suppressed (it would
have disappeared for strongly tilted molecules). Finally, the varia-
tion of the conductance at different ionic strength, which is
caused by Vg as predicted by the model, is also successfully
reproduced by the experimental data for CABD. The crossover
effect is less pronounced for IT-6 in both theoretical estimation

and experimental data. This can be traced to the smaller Vg for
IT-6 than for CABD.

All this suggests that the theoretical model successfully rational-
izes the origin of the electrolytically controlled rectification in
symmetric single-molecule junctions with LUMO- or HOMO-
dominated charge transport mechanisms. Most notably, it
explains what stands behind the difference of the curvatures and
rectification polarity of the I-V plots for these two transport
scenarios.

Discussion

Our experimental data and theoretical frames have pointed to a
single-molecule rectification phenomenon and have emerged as a
novel type of electrolytically controlled single-molecule rectifica-
tion mechanism of two structurally symmetric molecules con-
ducting electronically by LUMO and HOMO charge transport,
respectively. Particularly, the opposite signs of the curvature of
the I-V rectification curve for HOMO and LUMO transport, in
full agreement with the theory, can be a basis for identification of
the mechanism of electronic charge transfer through the bridging
molecules.

The choice of CABD and IT-6 as model target systems was
prompted by several observations. First, these molecules (or
molecules with very similar structures) are well characterized in
other electronic single-molecule contexts (32, 41, 42). As
shown by our experimental and computational results, within
the overpotential and bias voltage range applied (a considerable
fraction of an electron volt), their charge transport mechanism
is entirely dominated by LUMO charge transport for CABD
and by HOMO charge transport for IT-6 but without transi-
tion into hopping transport with neither electrochemical oxida-
tion of IT-6 nor reduction of CABD, or any accompanying
electronic multichannel interference effects. Second, the two
molecules are also of comparable lengths and both with rela-
tively high conductance. The 0.5-nm difference in molecular
length is small compared with the total lengths of the molecules
(2.5 nm+). The molecular lengths fall in our tuning range of
the Debye length (0.34 to ∼9.65 nm) to enable demonstrating
the emergence and enhancement of rectification. The energy
gap between the HOMO (IT-6) or LUMO (CABD) and the
Fermi energy of the enclosing Au electrodes are small enough
to be affected by the bias voltage and overpotential variation, so
that rectification can be ensured. Furthermore, along with elec-
trode materials with wider potential windows and wider ionic
strength ranges such as in ionic liquid solution, the designed
large molecules also offer ways of enhancing the rectification
effects by fine tuning the LUMO/HOMO energy gap, for
example by ring substitution. Such fine tuning could not be
achieved with small molecules.

Our study of single-molecule CABD LUMO conductivity is
supported qualitatively and even semiquantitatively by theoreti-
cal expectations (19, 20, 31). Together the results demonstrate a
negative rectification ratio that depends strongly on the electro-
lyte concentration for the LUMO-dominated charge transport
system under asymmetric energy alignment of the structurally
symmetric molecular bridge. We have further shown that the
single-molecule conductivity operates by HOMO-dominated
charge transport for IT-6 and displays the opposite rectification
polarity.

We could rationalize the LUMO/HOMO charge transport
duality by our extended theory of molecular rectification in
electrolyte junctions that includes both LUMO and HOMO
transport modes in the electrolytic in situ tunneling gap.
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Quantitative accordance is limited by the nature of the model
used, such as electrolyte Debye-like charge distribution and
bulk structural dielectric solvent representations (19, 20).
Molecular solvent representations and discrete ionic distribu-
tions more sophisticated than the simplest Debye or Gouy
views are available (20, 31), however, and can be useful step-
ping stones for further efforts toward quantitative theoretical
and computational accordance with new data.
The extended theory rationalizes the rectification with dual

polarity depending crucially on the charge carrier and specific
LUMO versus HOMO and is of a magnitude determined by
the electrolyte concentration. Comparing the results with exper-
imental data for the chosen two molecules show that a simple
model presently is best suited for framing of the data. This

choice can be rationalized by the delocalized nature of the elec-
tronic LUMO and HOMO states in both IT-6 and CABD that
is likely to challenge the (jULUM=γj > 1 or jUHOM =γj > 1 con-
dition prerequisite to the superexchange view (19). Strongly
delocalized frontier molecular orbitals thus represent lower
HOMO–LUMO gaps. This causes a reduction in the energy
gap between the dominant molecular orbital (HOMO or
LUMO) for the transport mechanism and εF and therefore a
lowering of the effective tunneling energy barrier (32, 43). In
the case of the Gamow model, this would reduce the UHOM

and ULUM terms. In no way does it exclude that the superex-
change transport mode might be more suitable for other mole-
cules in such nanojunctions, but the sign of the rectification and
the qualitative electrolyte effect are the same in the superexchange
and direct tunneling models.

The IT-6 and CABD molecular probes are attached to the
enclosing Au electrodes by iodine and cyanide linking units,
respectively. Binding is strong and induces significant electronic
delocalization, perhaps even toward Au(0)-I(0)• or Au(0)-NC(0)•
radical formation as for Au(0)-thiyl units in thiol self-assembled
monolayers (44, 45). In a tunneling view the links would be rep-
resented by local fine structure features or “indentations” in the
tunneling barrier, quantified by DFT to include the Au-linking

Fig. 6. Calculated results of the energy characteristics of molecular orbitals of the two target bridge molecules, IT-6 (LUMO) (Left) and CABD (HOMO) (Right) and
for the gated rectifications. Frontier molecular orbitals obtained with first-principle calculations based on DFT at the B3LYP/6–-31G(d,p) level and HOMO/LUMO
energy gap of (A) IT-6 and (B) CABD. The single dominating charge transport pathways for IT-6 (HOMO) and CABD (LUMO) are framed by the black dashed boxes.
The color code of the molecular structure is H = white, C = gray, N = blue, O = red, and I = purple, while the color code in the isosurfaces represent the negative
(green) and positive (purple) phase of the molecular orbitals. Calculations based on the direct tunneling model of electron transport across: (C) IT-6 and
(D) CABD molecular bridges. UHOM is 1.51 eV for IT-6 and ULUM is 0.96 eV for CABD. The rectification ratios for IT-6 are 1.01, 1.43, 2.64, and 4.36 for 1 mM, 40
mM, 200 mM, and 800 mM electrolyte, respectively. The rectification ratios for CABD are 1.01, 1.33, 2.47, and 4.72 for 1 mM, 40 mM, 200 mM, and 800 mM elec-
trolyte, respectively.

Table 2. Calculated rectification ratios of IT-6 and CABD
at ±0.5 V

Electrolyte concentration (mM) 1 40 200 800
Debye length (nm) 9.65 1.53 0.68 0.34
IT-6* 1.01 1.43 2.64 4.36
CABD* 1.01 1.33 2.47 4.72

*The calculated molecular length of IT-6 and CABD is 2.54 nm and 3.03 nm.
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units (44, 45). Such extensions would not affect our observations
regarding the electrolytically controlled rectification presently in
focus, however.
Previous work reported rectification via asymmetrical energy

alignment by environment or gate control. For example, using
two-electrode setups, Capozzi et al. (17) demonstrated (in some
cases high) rectification of variable-length structurally symmetric
oligothiophene-1,1-dioxides (as well as of several other linear
symmetric molecules) in polar organic solution, ionic liquid, and
aqueous electrolyte. They proposed that rectification is induced
by bias voltage–dependent charge density differences between
the double layers of the two electrodes, in turn caused by the
widely different spatial dimensions of the electrodes. Notably,
addition of electrolyte (to propylene carbonate solvent) was con-
cluded not to cause a significant difference from the pure sol-
vent. The rectification ratio was thus concluded to be controlled
neither by the electrolyte concentration nor by the independent
Galvani potentials of the electrodes. Rectification was also dem-
onstrated by Perrin et al. (46). The energy level difference
between the two terminal sites of an asymmetric molecular
structure was found to be tuned by both the tip–substrate bias
potential and the gate potential. An essential prerequisite of the
proposed gate control in their studied particular molecular junc-
tion is the asymmetric molecular structure with sophisticated
energy level design of each site, however.
In contrast, we have studied rectification in symmetric

molecular structures and introduced the asymmetry via fine-
tuning of the energy levels of the electrodes and the molecule.
In particular, as noted, we have used independent Galvani
potential control of the tip and the substrate in aqueous NaF
solution, itself free of ion adsorption issues. Our focus was fur-
thermore on single molecules in Self-assembled molecular
monolayers (SAMs) (instead of in solution, as reported in (17)).
Our observations also differ from the notion of charge density
caused rectification (17) in that no obvious I-V rectification
without independent electrochemical control was observed
(SI Appendix, Fig. S15). Instead, substantial and ionic
strength–dependent rectification was found to appear with
independent electrochemical control of the Galvani potentials
of the STM tip and the substrate. We have proposed that a
possible explanation for the distinct difference between our
results and those of reference (17) is that in our SAM layer
experiments, nanoprotrusions on the substrate surface created
by the break junction process is substantially less covered by
molecules and gather charges similarly as the exposed nano-
scale area of the coated tip. As a result, when no bipotential
control is applied, the charge density is similar at both sides of
the single-molecule junction in a SAM layer (see SI Appendix,
Fig. S18).
The key innovations of our work are therefore:

• Symmetric single-molecule junctions were studied with inde-
pendent electrochemical potential control of the in situ work-
ing electrode and tip, by which single-molecule rectification
can be precisely tuned.

• The electrolyte concentration dependence was substantiated
experimentally, and with solid theoretical frames, to affect sig-
nificantly electronic rectification along single-molecule charge
transport pathways.

• The physical phenomenon and mechanism disclosed by our
work correlate straightforwardly with the rectification direction
and amplitude with LUMO or HOMO molecular orbital
energy levels, offering wider options of rectification fine tuning
by strategic molecular structural design.

Conclusion

In summary, we have explored in detail a mechanism of
electrolyte-controlled rectification of two single nonredox mole-
cules in electrolytic in situ STM junctions. The rectification
effect for an electrolyte-controlled singlemolecule conductance
was predicted 16 years ago, but our present report now presents
experimental proof of this effect. Moreover, the extended previ-
ous theoretical frames are brought to include electronic charge
transport both via a LUMO (electron transport) and a HOMO
(hole transport) and to show experimentally and theoretically
the dramatic difference between the two cases.

The structurally symmetric large probe molecules were selected,
first with a view on their distinct electronic properties, well char-
acterized from comprehensive studies and their small LUMO/
HOMO energy gaps, which are paramount for efficient single-
molecule electronic function. Such function necessarily requires
sophisticated (large, or “smart”) molecules. Second, the two probe
molecules were selected for their expectedly different—
electron (CABD) and hole (IT-6)—transfer mechanisms.

Very notably, the electron (CABD) and hole (IT-6) target
molecules were found to display almost exactly opposite rectifi-
cation behavior (i.e., “negative” rectification for CABD [electron
transfer] and “positive” rectification for IT-6 [“hole” transfer]),
qualitatively and even semiquantitatively in accordance with the
theoretical expectations.

The study demonstrates a general method for tuning the
polarity and amplitude of single-molecule rectification by sev-
eral measures of control that include the dominating charge
transport molecular orbitals, the ionic strength, and the
bias voltage. We have particularly demonstrated that the
electrolyte-controlled rectification needs neither asymmetric
molecular structure nor asymmetric electrode contacts, unrav-
eling attractive principles for achieving and tuning rectifica-
tion. These findings can be expected to stimulate new methods
in single-molecule electronics and local solvent environments
paving the way for very high ionic concentrations such as ionic
liquids.

Materials and Methods

All the synthesis and bulk characterization details are described in SI Appendix,
Figs. S1–S4.

STM-BJ Measurements. Electrochemically controlled STM-BJ experiments were
carried out with an EC-STM (Agilent SPM 5500) consisting of a controller (N9610A,
Agilent), and an STM scanner (10 nA/V amplifier, Agilent). The potentials between
the STM tip and the substrate (Vbias) and between the tip and the reference elec-
trode (Vg) were controlled by DAQ card (National Instruments) and BNC-2110
(National Instruments) through a breakout box (N9227A, Agilent). The STM tip was
prepared by cutting a gold wire (0.25 mm diameter, 99.999%, Alfa Aesar) and
coated with Apiezon wax to reduce leakage current. A Ag wire and Pt coil were
used as quasireference and counter electrode, respectively. The potential drift of
the Ag quasireference electrode is shown in SI Appendix, Fig. S5A. The Au
substrate was prepared by magnetron sputtering of Au with a thickness of
47 nm (99.999% purity from Alfa Aesar) on cleaned glass microscope cover-
slips. Prior to each experiment, the substrate was annealed in a H2 flame for
1 min to reduce the amount of impurities and then immediately immersed in
sample solution overnight for the formation of the SAM. The resulting function-
alized substrate was dried in a nitrogen flow. The Teflon liquid cell was cleaned
with Piranha (98% H2SO4:30% H2O2 = 3:1; notes of caution can be found at
https://www.drs.illinois.edu/Page/SafetyLibrary/PiranhaSolutions) for 2 h and
rinsed with deionized water before each experiment. NaF (99.99%, Alfa Aesar)
was used as electrolyte in the electrochemical measurements.

We performed the STM-break-junction measurements via the following two
approaches. In the first approach, with fixed potentials between the tip and the

8 of 9 https://doi.org/10.1073/pnas.2122183119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 I
m

pe
ri

al
 C

ol
le

ge
 L

on
do

n 
L

ib
ra

ry
 o

n 
D

ec
em

be
r 

19
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

15
5.

19
8.

10
.2

31
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2122183119/-/DCSupplemental
http://www.drs.illinois.edu/Page/SafetyLibrary/PiranhaSolutions


substrate (Vbias) and between the tip and the reference electrode (Vg), the tip
was repeatedly brought into contact and retracted from the substrate at a cons-
tant speed of 21.7 nm/s. Thousands of conductance–distance traces were
collected to build the conductance histogram. By measuring the molecular con-
ductance at different, fixed potentials, we obtained the gate effect of IT-6 and
CABD from the conductance histograms (Fig. 3 A and B). In the second
approach, single-molecule bipotentiostatically controlled I-V characteristics were
recorded for single-molecule junctions. We first carried out single-molecule
conductance measurement at fixed potentials. When a plateau indicating the
formation of molecular junction was detected, the tip was held in position, and
with fixed Vg, Vbias was swept within the indicated range at 1 V/s with the
tunneling current recorded, from which an I-V curve was obtained. The potential
sweeps were recorded from both directions and was repeated thousands of
times to construct the 2D I-V histograms (Figs. 4 B–E and 5 B–E).

DFT Calculations. We performed first-principle DFT calculations of the isolated
molecules, IT-6 and CABD, by using the B3LYP density functional and the
6-31G(d,p) basis set (47) as implemented in Gaussian 16 (48). Geometry optimi-
zations followed by vibrational frequency calculations were performed to obtain
the minimum energy geometries and the molecular orbital energies. We also
performed time-dependent DFT calculations to obtain the theoretical UV–Vis
spectrum for both systems considering 20 singlet excited states by using the
same density functional and basis set.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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