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Electron transfer reactions can now be followed at the single-
molecule level, but the connection between the microscopic and
macroscopic data remains to be understood. By monitoring the
conductance of a single molecule, we show that the individual
electron transfer reaction events are stochastic and manifested as
large conductance fluctuations. The fluctuation probability follows
first-order kinetics with potential dependent rate constants de-
scribed by the Butler–Volmer relation. Ensemble averaging of
many individual reaction events leads to a deterministic depen-
dence of the conductance on the external electrochemical potential
that follows the Nernst equation. This study discloses a systematic
transition from stochastic kinetics of individual reaction events to
deterministic thermodynamics of ensemble averages and provides
insights into electron transfer processes of small systems, consisting
of a single molecule or a small number of molecules.

electron transfer reactions | single molecule | molecular electronics |
stochastic electron transfer | ensemble averaging

Electron transfer is crucial in a wealth of chemical and bi-
ological processes and also in a wide range of applications,

including materials synthesis, energy conversion, catalysis, and
electrochemical sensors (1–3). Electron transfer reactions are by
far most commonly studied by measuring the collective behavior
of a large number of molecules. Single-molecule studies based
on fluorescent spectroscopy (4–7) and force spectroscopy (8–10)
have been developed. In contrast, electrical measurements (11–
14), which are particularly suitable for electron transfer reactions
as they probe an electron transfer process directly, are much less
studied. Electrical measurements of single molecules require
well-defined and strong electronic coupling between a redox
molecule and two probing electrodes. This was achieved, for
example, by the scanning tunneling microscopy (STM) break
junction technique (15, 16), which bridges a molecule covalently
between a STM tip and a substrate via molecular linkers. The
molecular linkers provide robust electronic coupling between the
redox molecule and the electrodes, and changing the type and
length of the molecular linkers allows systematic control of the
electron transfer rate in and out of the redox center (17, 18).
Using this technique, electron transfer reactions have been in-
vestigated by analyzing the average conductance of single mol-
ecules (16, 19–26), but there is a need to study single-electron
transfer reaction events and transition from the behavior of in-
dividual molecules to that of a bulk collection of molecules. Such
studies will help in bridging stochastic single-electron transfer
reactions with deterministic thermodynamics based on the ensem-
ble average of a large number of single-molecule reaction events
and molecules.
Here we report a study of individual electron transfer reaction

events in a single redox molecule by recording the conductance of
the molecule vs. the potential with an electrochemical STM break

junction method and analyze the connection between the stochastic
single-reaction events and the ensemble average of a large number
of reaction events (20). We show that the conductances of the
molecule in the oxidized and reduced states are distinctly different
and that measuring the conductance changes allows tracking of the
individual single-molecule oxidation and reduction events. We
vary the molecular linker length to change systematically the
rate of electron transfer between the electrodes and the redox
molecule and study the dependence of the electron transfer re-
action on increasing molecular bridge length. We have further
framed the experimental observations by numerical simulations
based on first-order kinetics with the interfacial electrochemical
rate constant described by the Butler–Volmer relation.

Results and Discussion
We studied the electron transfer reactions of a series of ferrocene
compounds, each consisting of a ferrocene redox center with two
symmetrical alkane thiol linkers of different lengths (Fig. 1A). The
thiol terminals can bind strongly to a gold STM tip and a gold STM
substrate (27) to form a molecular junction, allowing the study of
electron transfer in and out of the redox center (28). The length of
the alkanethiols was varied by changing the number of CH2 groups
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in the alkanes. We denote the ferrocene compounds as nC-Fc,
where n = 3, 5, 8, and 10 represents the number of CH2 groups
in the alkane bridges (see SI Appendix, Figs. S1–S4 for 1H NMR
spectra and SI Appendix, section 1 for synthesis procedures). We
monitored the electron transfer reactions in single nC-Fc molecules
by recording the conductance and controlled the reactions by
varying the electrode potential (Fig. 1B; see Materials and Methods
for details). The setup allowed us to control the potentials of both
the STM tip and the substrate electrodes independently with re-
spect to a reference electrode, as well as the bias voltage between
the two STM electrodes. We performed the measurements in two
ways: one was to determine the ensemble average of single-molecule
conductance from repeated single-molecule measurements and the
second one was to follow the stochastic electron transfer reaction
events in single molecules.
We first examined the electron transfer reactions of nC-Fc

molecules assembled on a gold substrate (see Materials and
Methods for details) by cyclic voltammetry in acetonitrile with
0.1 M tetrabutylammonium tetrafluoroborate (TBA BF4) as
electrolyte (SI Appendix, Fig. S5 A–D). Each cyclic voltammo-
gram exhibits a pair of peaks associated with the oxidation and
reduction of the molecules. The peak heights are proportional to
the potential sweep rate, indicating that the redox molecules are
immobilized on the electrode surface (SI Appendix, Fig. S5 E and
F). We determined the surface coverage of each nC-Fc from the
peak areas and the equilibrium potential from the peak positions

(SI Appendix, Fig. S5 A–D). We refer to all of the potentials in
this work with respect to the equilibrium potentials.
We determined the average conductance of single nC-Fc mole-

cules by repeatedly measuring the single-molecule conductance at a
fixed potential (21) and studied the potential dependence by
holding the potential at different values. The conductance histo-
gram of 3C-Fc obtained from the individual measurements at −0.08
V is plotted in Fig. 2A, showing a peak around 0.02 G0, where G0,
the conductance quantum, is 7.748 × 10−5 S. Since this potential was
well below the equilibrium potential, there is 95% probability that
the molecule is in the reduced state according to the Nernst
equation and the recorded cyclic voltammograms. We thus con-
clude that the average conductance of a 3C-Fc molecule in the
reduced state is 0.02 G0. When we increased the potential to 0.12 V,
well above the equilibrium potential, the average conductance of
the molecule shifted to the higher value of 0.13 G0 as shown in the
corresponding conductance histogram (Fig. 2B). At 0.12 V, there is
99% probability that the molecule is in the oxidized state and we
attribute 0.13 G0 as the average conductance of a 3C-Fc molecule
in this state. The increase in the single-molecule conductance
associated with oxidation accords with previous reports (16, 24)
and is supported by UV-Vis spectroscopy, which reveals an in-
creased absorption wavelength (smaller energy gap between the
highest occupied molecular orbital and lowest excited state) (29)
for the oxidized form than for the reduced form.

Fig. 1. (A) Structures of ferrocene compounds. (B) Scheme of charge transport through a ferrocene molecule that switches between oxidized and reduced
states. The probability of the redox switching (electron transfer reactions) is controlled by the STM electrode potentials (tip and substrate) with respect to a
reference electrode (silver wire) in an electrolyte.

Fig. 2. Average conductance of a ferrocene molecule and its dependence on potential. (A and B) Conductance histograms of 3C-Fc measured at over-
potentials of −0.08 V (A) and +0.12 V (B), respectively, showing an increase in the average conductance associated with switching of the molecule from the
reduced to the oxidized state. The red curves are Gaussian fittings of the conductance peaks and the red arrows mark the peak positions. (C–F) Plots of
averaged conductance vs. overpotential for (C) 3C-Fc, (D) 5C-Fc, (E) 8C-Fc, and (F) 10C-Fc. The blue curves are sigmoidal fittings of the data according to
probabilities determined by the Nernst equation.
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To study the electron transfer reaction of the molecule fur-
ther, we varied the potential systematically from low to high
values and plotted the average conductance against potential,
which reveals a sigmoidal dependence of the conductance on the
electrochemical potential (Fig. 2C). This sigmoidal dependence
differs from that in most previous work, which reported a peak in
the conductance vs. potential plot according with incoherent
two-step sequential hopping (22, 25, 30–32), coherent one-step
tunneling (33–37), or a fast coherent/incoherent channel coupled
with a low hopping-rate redox channel (38–40). The former rests
on the assumption that an electron (or a hole) hops from one
electrode to the molecule first and then out of the molecule to
the second electrode after losing its phase coherence (i.e., full
vibrational relaxation of the molecule in the intermediate elec-
tronic state). In the latter model, an electron (or hole) tunnels
through the molecule coherently via the reduced or oxidized
state of the molecule without or with only partial loss of phase
coherence. Both models predict a maximum in conductance vs.
potential, which cannot explain sigmoidal dependence of the
conductance on potential. Coupling of an electron transfer event
to a low-frequency “soft” nuclear coordinate could, however, lead
to sigmoidal dependence (15), but this is mechanism is unlikely
here as we discuss later.
The above models imply that the electron transport is medi-

ated by sequential or coherent electron transfer via redox states
of the molecule. The conductance of the molecule is therefore
closely related to the interfacial electrochemical electron trans-
fer rates (oxidation and reduction) in the tunneling gap. When
these contributions are small, the conductance is, however, in-
stead determined by electron tunneling through the molecule,
which is in either the oxidized or the reduced state, corresponding
to superexchange via a low-lying intermediate state at the redox
center (1) (see SI Appendix, section 2 for a detailed discussion). This
process was considered by Kuznetsov (41), but has not been sys-
tematically examined experimentally. In this case the average con-
ductance of the redox molecule, <G>, defined as <G> = I/bias
voltage, where bias is a small fixed value (0.1 V), is given by (41)

< G > = GoxCox +GredCred, [1]

where Gox, Cox and Gred, Cred are the conductance values and
probabilities of the molecule in the oxidized and reduced states,
respectively. Cox and Cred are related by

Cox +Cred = 1 [2]

and their potential dependence given by the Nernst Equation,

Cox

Cred
= exp

�
−

e
kBT

ðE−E0Þ
�
, [3]

where e is the electron charge, kB is the Boltzmann constant, T is the
temperature, E is the STM electrode potential, and E0 is the equi-
librium potential. Substituting Eqs. 2 and 3 into Eq. 1 leads to
sigmoidal dependence of the conductance on the potential given by

< G  > = Gred +
1

1+ exp
h

e
kBT

ðE−E0Þ
i ðGox −GredÞ. [4]

Taking the conductance values (Gox and Gred) in the oxidized
and reduced states from the conductance measurements at po-
tentials well above or below the equilibrium potential, we calcu-
lated the potential dependence of the average conductance using
Eq. 4 and found excellent agreement with the experimental data
for 3C-Fc (Fig. 2C). We then repeated the same analysis for 5C-
Fc, 8C-Fc, and 10C-Fc and found that Eq. 4 describes the mea-
sured potential dependence of the average conductance well in

all of the cases (Fig. 2 D–F). These model calculations do not
have any fitting parameters, and the quantitative agreement be-
tween the measured conductance values and Eq. 4 supports that
the conductance of nC-Fc with different molecular linker lengths is
primarily due to electron tunneling through the molecule without
direct redox mediation, and the molecule is in either the reduced or
the oxidized state, depending on the potential. It also shows that the
potential dependence of the single-molecule conductance averaged
over repeatedly measured individual molecules follows the equilib-
rium thermodynamics described by the Nernst equation.
Next, we turned to the study of individual electron transfer

events in single molecules. We performed the experiment by first
pushing the STM tip into contact with the nC-Fc covered sub-
strate and then retracting the tip from the substrate and moni-
toring the conductance during these steps. When the conductance
fell to a plateau (SI Appendix, Fig. S6), indicating that a nC-Fc
molecular bridge between the STM tip and the substrate had
formed, we stopped the STM tip motion, swept the potential, and
monitored the conductance during the potential sweep. In each
potential sweep, the potential started from a sufficiently negative
(positive) value and ended at a sufficiently positive (negative)
value to ensure that the molecule started in the reduced (oxidized)
state and ended in the oxidized (reduced) state.
We monitored the oxidation by tracking the conductance

change in the molecule. Fig. 3 A–C shows several representative
single-molecule conductance vs. overpotential curves for 3C-Fc.
Overall, the conductance in all of the curves increases with in-
creasingly positive potential, which is expected because the oxi-
dized form of the 3C-Fc molecule is more conductive than the
reduced form. However, the details of the conductance curves are
different, displaying three types of behavior: discrete switching
from low- to high-conductance levels (type 1, Fig. 3A), an inter-
mediate behavior of continuous increase mixed with large fluctu-
ations (type 2, Fig. 3B), and continuous increase of the conductance
with increasing potential (type 3, Fig. 3C). These three types of
transient conductance change with potential are also observed
for 5C-Fc, 8C-Fc, and 10C-Fc (SI Appendix, Fig. S7).
We analyzed the ensemble behavior of the reaction events by

constructing 2D histograms of normalized conductance–poten-
tial curves for nC-Fc and observed the following trends (Fig. 4A).
For each linker length of nC-Fc, the conductance–potential
curves are mainly grouped in two bands, a low-conductance band
below the equilibrium potential and a high-conductance band
above the equilibrium potential, corresponding to the reduced
and oxidized states, respectively. The probability of the molecule
switching from the low- to the high-conductance bands increases
with increasing overpotential. The overall 2D conductance–po-
tential histograms follow the sigmoidal shape as in the average
conductance analysis discussed earlier (Fig. 2), but details of the
low (reduced)- and high-conductance (oxidized) bands (Fig. 4A,
white ovals) for nC-Fc show a systematic change with the length
of the molecular linker. The two bands are short along the po-
tential axis for 3C-Fc, with little overlap in potential, reflecting
that most conductance curves belong to type 3 (continuous
change) and only a few curves display type 1 behavior (two-level
switching events). Increasing the molecular length, the two bands
become longer and show increasing overlap in potential, in-
dicative of substantially larger numbers of two-level switching
events (type 1), as the length of the molecular linker increases.
As noted, sigmoidal dependence of molecular conductance on

potential was reported for a viologen derivative in aqueous so-
lution and interpreted using a soft gate model (15). The obser-
vation of discrete switching between the reduced and oxidized
states, however, makes soft gating a less likely mechanism in the
present case. In general, the charge transfer mechanism in
molecules depends on microscopic details and solvent (42, 43),
as the latter affects the (re)polarization energy and viscosity (44),
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which are in turn reflected in well-known ways in the interfacial
electrochemical electron transfer rate constants (1).
To rationalize the observed three types of conductance

change patterns and the systematic length dependence of the 2D
conductance–potential histogram, we express the transient con-
ductance of a nC-Fc molecule as

Gðt,  V Þ=Goxaoxðt,  E−E0Þ+Gredaredðt,  E−E0Þ, [5]

where aox and ared describe the state of the molecule in the
oxidized and reduced states, respectively. aox and ared change
stochastically with time, but obey the rule that aox = 1 if ared =
0, and aox = 0 if ared = 1. Eq. 5 shows that the conductance of the
molecule switches between two levels, depending on aox and ared.
The probability for a redox switching event (changes of aox and
ared) to occur within a time interval (Δt) is

PðtÞ = kΔt, [6]

where k is the oxidation (or reduction) rate constant. k depends
on the potential and follows the Butler–Volmer relation (45),

k= k0 · eð∓1
2·ðE−E0Þ=kBTÞ, [7]

where k0 is the standard rate constant. A negative exponent
corresponds to oxidation and a positive exponent to reduction.
PðtÞ based on Eqs. 6 and 7 is plotted against overpotential in SI
Appendix, Fig. S8A. A more accurate expression of rate constant
is given by the theories of Kuznetsov (1), Chidsey (46), Dogonadze
(47), and Levich (48). However, the reorganization free energy
for Fn (∼0.85 eV) (46) is large compared with the overpotential
(<0.2 V) and bias potential (0.1 V); the quadratic free-energy
form is reduced to the Butler–Volmer expression (derivation in
SI Appendix, section 3). The Butler–Volmer expression is thus
appropriate and used because of its simplicity.
With Eq. 5, together with Eqs. 6 and 7, we simulated the in-

dividual conductance switching events vs. potential with different
rate constants, k0 (Fig. 3 D–F; see Materials and Methods for
details). As the experiment was performed with a finite band-
width (0–500 Hz; see SI Appendix, Fig. S9 for frequency response
tests) for the current amplifier, we applied this low-pass filter to
the simulated data. At low potentials, the molecule is in the
reduced state and the conductance stays at the low-conductance
level. When the potential increases toward the equilibrium po-
tential, the probability of oxidation increases, which is reflected

by the increasing number of switching events. When the potential
increases well above the equilibrium potential, the molecule is in
the oxidized state and the conductance stays at the high con-
ductance level. For a fixed k0, different runs of simulation display
a similar pattern (SI Appendix, Fig. S8 B–D). However, different
k0 leads to different patterns in the conductance–potential curve
for a molecule. For small k0, the switching frequency is low com-
pared with the experimental bandwidth and the two-level switching
is the dominant feature (Fig. 3D and SI Appendix, Fig. S10). For
large k0, the switching frequency is high compared with the
experimental bandwidth and these fast switching events are
smeared out, leading to continuous increases of the conductance
with overpotential (Fig. 3F and SI Appendix, Fig. S10). For inter-
mediate k0, high-frequency switching events are smeared out to
a continuous background, while low-frequency switching events
remain (Fig. 3E and SI Appendix, Fig. S10).
The simulation results offer an explanation for the different

types of conductance switching patterns in Fig. 3 A–C. There is a
large variability in the conductance of single molecules in the
STM break junction experiment, due to a microscopic difference
in molecule–electrode contact geometry and possibly in the
molecular conformations (49, 50). The variability would lead to a
broad distribution in the rate constant, k0. Electron transfer re-
action events with large k0 are observed with a continuous in-
crease in the conductance with potential, and those with small k0
are observed with two-level conductance fluctuations.
By comparing the individual potential sweeps with the en-

semble average (38), the simulation also explains the systematic
change in the 2D histogram of the potential-dependent con-
ductance with the molecular linker length. In Fig. 4B we ran-
domly generated conductance–potential curves for each rate
constant (k0) and constructed 2D histograms from the individual
conductance–potential curves like those shown in Fig. 4A. For
large k0, the 2D histogram is dominated by a continuous increase
of the conductance with increasing potential, following the sig-
moidal shape. This resembles the 2D histogram of 3C-Fn (Fig.
4A). Decreasing k0 leads to a systematic change in the 2D his-
togram to a two-level switching behavior (Fig. 4B). For small k0,
the two-level switching is more apparent, showing conductance
bands at two levels, corresponding to the reduced and oxidized
states. This resembles 10C-Fn in Fig. 4A.
The rate constant (k0) is seen to follow an exponential de-

pendence on the molecular bridge length on one side with a
decay constant of 0.66 per CH2 group (SI Appendix, Fig. S11).
Previous electrochemical studies have reported exponential decay

Fig. 3. Measured and simulated conductance vs. potential sweeps for single molecules. (A–C) Conductance vs. potential of single 3C-Fc molecules: (A)
discrete two-level, (B) intermediate, and (C) continuous variations of conductance with potential. The red, blue, and black colors in A and C represent dif-
ferent sweeps of potential. For clarity, only one curve is shown in B. (D–F) Simulations of conductance vs. potentials with standard rate constant of (D) 13 s−1,
(E) 1,300 s−1, and (F) 1.3 × 105 s−1. The curves are filtered with a low-pass filter with a cutoff frequency of 500 Hz. Potential sweep rate: 1 V/s.
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of the standard rate constant with the alkane chain length in
ferrocene–alkanethiolate self-assembled monolayers (17, 18, 51, 52).
To further examine the above model, we studied the length de-
pendence of the average conductance of single nC-Fc molecules in
both the oxidized and the reduced states (SI Appendix, Fig. S12).
Semilogarithmic plots of the conductance in both states decrease
linearly with the alkane linker length (number of CH2 groups),
showing that the conductance decays exponentially with the
molecular length (SI Appendix, Fig. S13). The decay constants,
βN, determined from the slopes of the semilogarithmic plots are
0.69 ± 0.02 and 0.65 ± 0.07 per CH2 group for the reduced state
and the oxidized state, respectively. These decay constants are
smaller than those of alkanedithiols without the ferrocene redox
center [βN ∼ 1.07 ± 0.05 per CH2 group (53); black triangles in SI
Appendix, Fig. S13]. This observation is consistent with previous
reports (21, 54–57) and implies that the inclusion of the redox
moiety changes significantly the energy-level alignment of the
alkane linkers with respect to the electrode Fermi energy level.
This lowers in turn the tunneling barrier height of the alkane
linkers and thus leads to a reduced decay constant. Alternatively,
the redox center can be viewed as a local indentation (a “hole”)
in the background tunneling barrier of the alkane linker units.

The exponential conductance dependence on the bridge length is
overall consistent with the view that the electron tunnels coherently
through nC-Fc, where the redox state switches between reduced
and oxidized states. The bias voltage between the STM tip and
substrate could potentially affect βN, but the bias dependence of
the conductance was not studied here due to instability of the
single-molecule junctions at high bias voltages.

Conclusions
We have mapped the transition between single-molecule and
averaged macroscopic electronic conductance patterns of a
group of nC-Fc molecules covalently enclosed between a gold
electrode surface and a gold tip in an electrochemically con-
trolled scanning tunneling microscopy gap. We investigated the
interfacial electron transfer reactions in nC-Fc both by measur-
ing the conductance of single molecules and by tracking the in-
dividual electron transfer reaction events in one molecule at a
time. The average conductance vs. potential follows a sigmoidal
dependence, which is quantitatively and most simply described in
terms of equilibrium electron transfer and the Nernst equation.
This ensemble study shows that measuring of the conductance
allows tracking of the redox state of the molecules. The con-
ductance of single molecules exhibits large fluctuations, which
reflect the stochastic characteristics of electron transfer reac-
tions. The conductance fluctuations follow a stochastic kinetics
model, as shown by numerical simulations and by systematically
changing the length of the molecular linker. Ensemble averaging
of the individual single-molecule measurements recovers, nota-
bly the average conductance behavior. This work shows that in-
dividual electron transfer reactions in single molecules can be
addressed by monitoring the conductance of the molecules and
discloses a transition from the stochastic kinetics of individual
reaction events to deterministic thermodynamics of ensemble
averages. Observations and results such as these are expected to
be of importance in the understanding of chemical reactions in
single molecules and small molecular ensembles. This is at the
heart of nanoscience, the overarching objective of which is ex-
actly the transition between the single molecule and macroscopic
assemblies.

Materials and Methods
Immobilization of nC-Fc on Gold Surfaces.Gold substrates were prepared using
an in-house–made ultrahigh-vacuum thin-film deposition system. Before
each experiment, the gold substrate was briefly annealed in a hydrogen
flame, immediately immersed in mesitylene (98%; Sigma-Aldrich) containing
5 μM nC-Fc, and then incubated overnight. The substrate was then immersed
from the mesitylene solution, thoroughly rinsed with mesitylene, and dried
with nitrogen gas. The nC-Fc–covered gold substrate was then covered by
0.1 M TBA BF4 (99%; Aldrich) in acetonitrile (99.8%; Alfa Aesar) for elec-
trochemical and conductance measurements.

Conductance Measurements. The electrochemical STM break junction exper-
iments were carried out using a Nanoscope E (Digital Instruments Inc.)
controller and a Pico-STM scanner (Molecular Imaging). The potentials of the
STM tip and substrate electrodes with respect to the reference electrode and
the bias voltage between the two electrodes were controlled by a bipo-
tentiostat (Agilent). The STM tip was prepared by cutting a gold wire
(0.25 mm diameter, 99.5%; Alfa Aesar) and was coated with Apiezon wax to
reduce the leakage current. Apiezon wax is stable and does not dissolve
in acetonitrile. A silver wire was used as a quasi-reference electrode and a
platinum coil as a counter electrode. Cyclic voltammetry was performed
before and after each experiment to determine potential errors due to drift
of the quasi-reference electrode over time (SI Appendix, Fig. S5).

We performed the electrochemical STM break junction measurements
using the following two approaches (20). In the first approach, the STM tip
and substrate potentials were fixed with a small bias voltage (100 mV)
maintained between the tip and substrate. The STM tip was brought into
contact with the substrate and then retracted at a constant speed, during
which the conductance vs. distance traces (SI Appendix, Fig. S6) were
recorded. A plateau in the conductance traces indicated the formation of

Fig. 4. Statistical analysis of the measured and simulated conductance vs.
overpotential sweeps in nC-Fc single molecules. (A) Two-dimensional conduc-
tance–potential histograms constructed from over 150 individually measured
conductance–potential curves, where the conductances of the reduced and
oxidized states are normalized. The vertical dashed lines mark the equilibrium
potentials of the ferrocene compounds. The white ovals mark the reduced and
oxidized conductance bands. (B) Two-dimensional conductance–potential his-
tograms of 50 individually simulated conductance–potential curves for differ-
ent standard rate constants (different lengths of the molecular linkers). The
sigmoidal dashed lines in A and B are guides for the eye.
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single molecules bridged between the STM tip and substrate. After collec-
tion of thousands of conductance traces, a conductance histogram (Fig. 2 A
and B) was constructed. The same measurement was then performed at
different potentials. In the second approach, the STM tip was brought into
contact with the substrate and then retracted from the substrate. When the
conductance dropped to a plateau, signaling successful bridging of a mol-
ecule between the tip and substrate, the tip position was held fixed and the
potential swept at 1 V/s from a negative value to positive values to trigger
oxidization of the molecule, during which the conductance vs. potential
trace was recorded (Fig. 3 A–C).

Simulation Methods. Individual electron transfer reactions were simulated
using MATLAB 2017 based on the following assumptions. The probability for
a molecule to be oxidized or reduced over a time interval, Δt, is given by Eq.
6. For a small overpotential (much less than reorganization energy), the
potential dependence of the reduction and oxidation rate constants is given

by the Butler–Volmer relation (Eq. 7) (30). We simulated the electron
transfer reactions by sweeping the overpotential from −0.2 V to 0.2 V,
within which the potential was divided into 0.4 × 106 bins. The potential
sweep rate was chosen according to the experimental sweep rate, 1 V/s, and
the time interval for each bin (Δt) is 10−6 s. For each bin (potential), we
simulated an electron transfer reaction event with a probability determined
by Eq. 6. We repeated the above process for the next bin until reaching 0.2 V
for a complete potential sweep. The curve was then filtered with a low-pass
filter with a cutoff frequency of 500 Hz. The above simulation was repeated
for different k0. We varied the time interval for each bin, Δt, and performed
the same simulation. The pattern of electron transfer reaction during a
potential sweep was found to be independent of Δt (SI Appendix, Fig. S12).
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