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Abstract: We used electrochemical scanning tunneling microscopy (STM) and spectroscopy (STS) to
elucidate the mechanism of electron transport through individual pyridyl-based Os complexes. Our tunneling
data obtained by two-dimensional electrochemical STS and STM imaging lead us to the conclusion that
electron transport occurs by thermally activated hopping. The conductance enhancement around the redox
potential of the complex, which is reminiscent of switching and transistor characterics in electronics, is
reflected both in the STM imaging contrast and directly in the tunneling current. The latter shows a biphasic
distance dependence, in line with a two-step electron hopping process. Under conditions where the substrate/
molecule electron transfer (ET) step is dominant in determining the overall tunneling current, we determined
the conductance of an individual Os complex to be 9 nS (Vbias ) 0.1 V). We use theoretical approaches to
connect the single-molecule conductance with electrochemical kinetics data obtained from monolayer
experiments. While the latter leave some controversy regarding the degree of electronic coupling, our results
suggest that electron transport occurs in the adiabatic limit of strong electronic coupling. Remarkably, and
in contrast to established ET theory, the redox-mediated tunneling current remains strongly distance
dependent due to the electronic coupling, even in the adiabatic limit. We exploit this feature and apply it to
electrochemical single-molecule conductance data. In this way, we attempt to paint a unified picture of
electrochemical charge transport at the single-molecule and monolayer levels.

1. Introduction

Charge transport processes in individual molecules and in
other nanoscale and mesoscopic structures have been in
scientific focus over the past decade.1-4 In addition to offering
new fundamental insight, these efforts have been fueled by
expectations regarding the development of electronic devices
and circuitry based on ultrasmall structures or even single
molecules.5-8 Such concepts could pave the way toward further

device miniaturization, once silicon-based chip technology has
reached its physical limits.4

Techniques employed to study single-molecule charge trans-
port have included scanning-probe microscopies and nanoscale
electrodes fabricated by break-junction techniques, electromi-
gration, and lithography, sometimes including electrodeposi-
tion.9-15 Most studies refer to “ex situ” conditions, i.e., in air
or a vacuum, and at cryogenic temperatures.16-19 Condensed
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media, particularly electrochemical environments, where nano-
gap electrode configurations and electrochemical scanning
tunneling microscopy (in situ STM) are prominent, offer
additional perspectives. In such configurations, substrate and
tip electrodes, equivalent to source and drain electrodes in a
transistor, are operated in bipotentiostatic mode; i.e., their
electrochemical potentials are independently controlled with
respect to a common reference electrode. The latter acts as an
electrochemical “gate” and modulates the tunneling current
between source and drain (substrate and tip) electrodes.20-31 In
this way, redox-active molecules in the tunneling gap can be
brought to display transistor and diode characteristics in the
condensed matter environment andat room temperature, making
them potentially attractive in efforts toward molecular electron-
ics.32

Charge-transfer processes in electrochemical systems hold
qualitative differences compared to solid-state environments.33,34

Electronic energy levels in nanoscopic solid-state components
are modulated largely by the external circuitry (bias voltage
and gate potential). The electronic levels of electrochemical
molecular scale components, say redox molecules, are in general
also strongly coupled to the nuclear environmental motion,
extending to both local molecular modes and the aqueous or
ionic liquid environment.25,33 As a result, the equilibrium
electronic energies of the vacant (oxidized) and occupied
(reduced) levels are widely different, separated by twice the
total nuclear reorganization free energy,λ, which accompanies
the charge-transfer process. In addition, electronic-vibrational
coupling leads to broadening of the levels by a similar range,
say λ ≈ 0.2-0.5 eV, i.e., significantly larger than thermal
broadening under ambient conditions (∼26 meV at 298 K).
Environmental configurational fluctuational effects on the
electronic energy levels are therefore other crucial features of
molecular scale condensed matter electronic processes. In a
sense this leads to a “band structure” for the redox species and
a Fermi level where the vibrational densities of states (DOS)
functions of the oxidized and reduced states coincide, DOS-
(ox) ) DOS(red).35

The origin of the bands is, however, quite different compared
to metal or semiconductor structures, and the concentrations of
reduced and oxidized species and the DOS functions therefore
depend on the applied potential according to the Nernst equation.

In electron (hole) hopping via molecular redox centers, the
current depends on both the density of available states at a given
energyε, DOS(ε)i, and the individual interfacial electron transfer
(ET) rate constants,kET,i. Charge transfer is in general thermally
activated and the molecular “standard Fermi level”ε°F of prime
importance.ε°F refers to the equilibrium redox potential of the
molecule,E°, where the concentrations of oxidized and reduced
molecules are the same. Both the product DOS(ox)‚DOS(red)
and the product of the individual hopping rate constants,kET,i,
are here maximum. This general observation suggests that
electron hopping is most efficient around the equilibrium
potential of a redox species. Our recent experimental work has
supported this hypothesis.23,25 It should also be noted that
the local potential at the redox site can be modulated with
both the tip/substrate bias voltage and the overpotential (gate
potential).

Thermally induced molecular “gating” of the tunneling
process through nonredox or redox molecules has emerged as
still another feature of room-temperature molecular scale
conductivity. The notion “gating” here implies that configura-
tional fluctuations in certain nuclear modes lead to a nonequi-
librium configuration optimal for ET followed by relaxation
back to the original equilibrium configuration. Such charge-
transfer processes are accompanied by a substantial apparent
activation energy, which is, however, conceptually different from
nuclear reorganization in the actual sense of ET theory. Allara
et al. and Haiss et al. studied configurationally gated tunneling
for alkyldithiols and determined the apparent activation energy
in the gating mode.36,37 This is another example where room-
temperature molecular tunneling clearly goes beyond mere
electronic conductivity and also involves more composite
charge-transfer features.

In this report we address fundamentals of condensed matter
room-temperature single-redox-molecule electronic charge trans-
port by a combined experimental and theoretical effort. We
investigate in some detail interfacial ET via the redox level of
a “strategically” chosen Os complex, [Os(bpy)2(p0p)Cl] (“Osp0p”;
bpy ) 2,2′-bipyridyl; p0p) 4,4′-bipyridyl), immobilized on a
single-crystal Pt(111) surface by electrochemical techniques and
electrochemical STM. Such transition metal complexes are
robust, highly stable in the two oxidation states, Os(II) and Os-
(III), and likely to represent a whole class of redox switchable
molecules for molecular electronics.38 Resting on previous
results for this and other transition metal complexes, we
determine the conductivity of a single molecule. We further
estimate the electronic transmission coefficient between the
redox molecule and the Pt(111) substrate electrode at the single-
molecule level as one of the most crucial interfacial ET
parameters. We finally elaborate new theoretical schemes for
condensed matter room-temperature three-level ET, allowing
us to estimate the number of electrons coherently transmitted
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in a single charge-transfer event as a novel feature in three-
level adiabatic interfacial ET.

2. Experimental Section

[Os(bpy)2(p0p)Cl](PF6) was synthesized and Pt(111) electrodes were
prepared as previously.24 Other reagents were of highest available grade.
Millipore water was used throughout (18.2 MΩ‚cm). [Os(bpy)2-
(p0p)Cl]+/2+, Figure 1, was immobilized on Pt(111) by soaking the
electrodes overnight in 10-50µM water/dimethylformamide solutions
(H2O/DMF ) 2:1 (m/m)), followed by rinsing with Millipore water
and 0.1 M aqueous NaClO4.

An electrochemical Autolab system with SCANGEN/ADC750
modules controlled by the GPES software (Ecochemie, Netherlands)
was used. Electrochemical (glass) cells were custom-made. All cyclic
voltammograms were recorded in linear scan mode. A freshly prepared
reversible hydrogen electrode (RHE) and a Pt wire served as the
reference and counter electrode, respectively. The reference electrode
was calibrated against a saturated calomel electrode (SCE) after each
experiment. Electrodes (area:∼0.03 cm2) were employed in the
hanging-meniscus configuration. Prior to each experiment, the elec-
trochemical cell was deoxygenated by purified Ar (Chrompack O2

filter), and a steady flow of Ar was maintained during operation.
Aqueous 0.1 M NaClO4 was used as the electrolyte.

A PicoSPM instrument (Molecular Imaging Co., USA) with a
bipotentiostat for independent control of substrate and tip potential was
used in constant-current mode for STM imaging. The custom-made
three-electrode Teflon cell was equipped with Pt wires as counter and
reference electrodes, the latter calibrated against a SCE electrode after
each experiment. The Pt(111) substrate (Mateck, Germany) was flame-
annealed in a hydrogen flame, cooled in a H2 flow until the red glow
had disappeared, and quenched in H2O (electroactive area: 0.5 cm2).
Electrolytes were as those in the electrochemical experiments.

For experiments with the feedback loop switched off, i.e., forI t(Es)
spectroscopy at constant bias voltage, the tip was approached to a certain
setpoint current inside the tunneling range (I°set).The initial potential,
Es,i, was set suitably remote fromE°. The feedback loop was then
switched off, and the substrate potentialEs cycled once in a potential
range wide enough to pass the equilibrium redox potential of the
complex with bothEs and the tip potentialEt. The bias voltage between
tip and substrate,Vbias ) Et - Es, was kept constant.Es,i thus equals
the final potential of the cycle,Es,f. The difference in tunneling current
before and after a scan was used as an indicator for lateral and/or vertical
drift and to assess the quality of anI t(Es) scan. It was concluded from
STM imaging that lateral drift usually amounted to about one molecular
diameter for sweep durations of 5 s.

3. Results and Discussion

3.1. Tunneling Spectroscopy and in Situ STM of Osp0p.
We have previously reported redox-mediated tunneling current
enhancement through inorganic transition metal complexes in

electrochemical STM. As noted, the reference electrode is here
equivalent to an electrochemical transistor gate.

A typical monolayer cyclic voltammogram (CV) of Osp0p
is shown in Figure 1, right ordinate, indicating the position of
the (surface) redox potentialE°surf ) +0.24 V vs SCE. For a
detailed discussion of the electrochemical properties of Osp0p
and its structural homologues [Os(bpy)2(p2p)Cl]+/2+ (“Osp2p”)
and [Os(bpy)2(p3p)Cl]+/2+ (“Osp3p”), we refer to previous work
(p2p: 4,4′-bipyridyl-1,2-bis(4-pyridyl)ethane); p3p: 4,4′-
trimethylenedipyridine).24,39-46 The corresponding tunneling
signal is measured in electrochemical STM by sweeping the
substrate potentialEs at a constant tunneling distance andVbias

(constant height mode), Figure 1 left ordinate. A significant
enhancement of the tunneling current could be detected with a
distinct maximum close toE°surf. Its exact position depends on
the local potential at the redox site and, thus, on the applied
tip/substrate biasVbias ) Et - Es; cf. below.23

STM imaging in constant-current mode around the redox
potential of the complex at constantVbias also shows the
observed conductivity enhancement, Figure 2. The conductivity
is then reflected in the apparent height of a surface feature or
its STM contrast. This observation qualitatively supports our
interpretation of the STS data as a tunneling process involving
only a few or even single molecules.

For the experiment shown in Figure 2, Osp0p was coadsorbed
with the electrochemically inactive “spacer” molecule, 4,4′-
bipyridine (“p0p”), so that the average distance between different
Os complexes on the surface is large and the p0p layer can be
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Figure 1. CV (right ordinate) and STS (left ordinate, including Gaussian
fit) of Osp0p on Pt(111). 0.1 M aqueous NaClO4; Vbias) (Et - Es) ) +0.1
V; I°set ) 0.1 nA. Right: Molecular structure (schematic).

Figure 2. STM imaging of Osp0p on Pt(111) in 0.1 M NaClO4. E°surf
(Osp0p)) 0.24 V. (A and C)Es ) 0.34 V; (B)Es ) 0.59 V (Iset) 0.1 nA,
Vbias) -0.2 V in all cases; p0p as lateral) spacer; (D) cyclic voltammogram
of Osp0p/p0p on Pt(111); 0.1 M NaClO4, ν ) 0.1 V/s (all potentials vs
SCE).
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used as a reference molecule for apparent height measurements.
In Figure 2A,E°surf lies within the potential window of tip and
substrate potential and thus in the potential region of the
tunneling current peak, Figure 1. The surface structure at the
potential indicated by the white arrow shows a large apparent
height, 7( 0.5 Å relative to the p0p layer (average of eight
images), corresponding to high local conductivity. The same
structure is imaged in Figure 2B, but withEt andEs far from
E°surf (sameVbias). The structure is now significantly smaller
with an apparent height of 4.5( 0.5 Å indicating a lower local
conductivity (average of four images). When the potentials of
Figure 2A were restored, Figure 2C, the surface structure
reappeared with the same apparent height of 7 Å, illustrating
the reversibility of the effect. Experimental parameters other
than substrate and tip potentials, such as the settings of the STM
feedback loop, remained unchanged. We hesitate to analyze the
apparent height change in more quantitative terms, for example,
as done by Weiss et al. or Bjørnholm et al. for organic molecules
in ex situ STM configurations.11,47,48 In the present case, the
charge-transfer process is quite complex in nature, as illustrated
by the strong substrate potential dependence of the effective
electronic decay factorâ for Os(p0p) layers on Pt(111) substrates
(0.1 M aqueous NaClO4).24 Instead, we will use STS data for
a quantitative assessment, which directly yield the tunneling
current as a function of bias voltage and overpotential; see
below.

It is difficult to assess the number of molecules represented
by the structure highlighted in Figure 2. Assuming a statistical
distribution, Osp0p should be sufficiently diluted on the surface
to be isolated as single molecules in a matrix of p0p. The
features in Figure 2, however, appear much wider than the
molecular geometries of Osp0p, and their apparent size depends
strongly on the potential settings. In images preceding Figure
2A, several structures of the same size were present. Their
number decreased with time, possibly due to tip interference
or slow desorption, but they always disappeared as a whole,
not as fractions, Figure S1 in the Supporting Information. These
observations suggest that the structure indeed represents a single
molecule. The increased dimensions can then be understood as
the result of tip/molecule convolution.

3.2. Molecular Tunneling Mechanisms of Osp0p.We
address next the molecular ET mechanism in more detail. We
have shown previously that electron transport in the STM
tunneling gap occurs via two-step electron hopping, i.e., two
sequential ET steps with full vibrational relaxation in between,
at least when the bias voltageVbias is smaller than the
environmental nuclear reorganization energyλ (sayVbias e 0.3
V).23,24,32 In accordance with this model, a tunneling current
peak feature was detected close to the redox potential of
[Os(bpy)2(p0p)Cl]+/2+. Its exact position depends onVbias and
coincides withE°surf for Vbias f 0 V.32 This is in contrast to
single-state tunneling, for example, where the maximum tun-
neling enhancement is atE°surf ( λ, i.e., shifted fromE°surf by
the reorganization energyλ.49,50 λ generally includes both

intramolecular and environmental contributions,λmol andλsol,
respectively. The latter often dominates in electrochemical and
solution-based electron exchange processes, but its importance
is less obvious in the STM tunneling gap where the solvent is
(partly) displaced and the environmental reorganization energy
λsol is presumably lower due to the close proximity of the STM
tip. This also implies thatλsol could depend on the tip/substrate
distance, as the latter affects both the amount of solvent present
and the electric field in the tunneling gap. In extreme cases,
λsol may become small compared toλmol which then dominates
the total reorganization energyλ.

λmol reflects changes in the molecular geometry between the
oxidized and reduced state. Crystallographic data for Os and
Ru complexes similar to [Os(bpy)2(p0p)Cl]+/2+, in both oxida-
tion states ((II) and (III)), suggest thatλmol is small in the present
case.51-53 λmol is also only indirectly affected by the tip, for
example due to the effect of local electric fields on the molecular
geometry.

Major alterations in the molecular or electronic structure on
immobilization or due to the presence of the STM tip can,
further, be ruled out as the molecular properties of the complex,
such as the surface redox potentialE°surf, remain almost the
same as those in solution. Immobilized Osp0p exhibits a redox
potential of+0.24 V vs SCE in 0.1 M NaClO4, Figure 1, while
a structurally closely related complex, [Os(bpy)2(py)Cl]+/2+, has
a solution redox potential ofE° ) +0.24 V (py: pyridine).54

This is supported by resonance Raman (RR) and surface-
enhanced (resonance) Raman spectral data of pyridine-based
Os and Ru complexes in solution and on rough Au or Ag
surfaces. Vibrational frequencies are shifted only by a few
wavenumbers, showing that the molecular structure is re-
tained.55-57

Forster et al. determined both the interfacial electrochemical
ET rate constants,kET,ec, and the total electrochemical reorga-
nization energyλ of [Os(bpy)2(p2p)Cl]+/2+ (“Osp2p”) and
[Os(bpy)2(p3p)Cl]+/2+ (“Osp3p”). The latter was found to be
0.3-0.4 eV for monolayers immobilized on polycrystalline Pt
electrode surfaces (chloroform).39,58 Bearing in mind both that
chloroform is notably less polar than water and thatλsol in the
tunneling gap is equal to or smaller than this value, the latter
should constitute an upper limit ofλ in the electrochemical STM
configuration. To the best of our knowledge, no experimental
kinetic data for immobilized Osp0p in aqueous 0.1 M NaClO4

are available. There are, however, extensive high-quality data
for Osp0p in other solvents, as well as for Osp2p and Osp3p in
various organic and aqueous environments (all on polycrystalline
Pt).24,39-45,58 We therefore use the distance- and solvent-
dependence ofkET,ec independently, in order to obtain an
estimate forkET,ec(Osp0p) in aqueous 0.1 M NaClO4. Both
approaches yield the same order of magnitude, namelykET,ec-
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(Osp0p)) 107-108 s-1. The procedure is described on p S2 in
the Supporting Information.

The molecular structural parameters hold a first clue to the
tunneling mechanism as a coherent or sequential two-state
electron transfer. The strong tunneling current enhancement
close to E°surf is detected for Osp0p, but also other Os
complexes.23-25,59 Further, no peak features appeared down to
substrate potentials of-0.55 V relative toE°surf. Within a
single-state tunneling model, this can only be rationalized ifλ
is larger than, say, 0.6 eV (Vbias ) -0.1 V).49,50 This is much
larger thanλ determined from electrochemistry which was
considered an upper limit in the present case. Coherent or
sequential, two-state electron hopping, and not single-state
tunneling ET, therefore emerges clearly as the dominating
mechanism.

This is strongly supported by data shown in Figure 3. The
tunneling current peak position depends linearly onVbias with
an intercept of 0( 0.03 V and a slope of-0.37, in full
accordance with the two-state mechanism.32

3.3. Single-Molecule Conductivity of Osp0p.The number
of molecules contributing to the tunneling process is, finally, a
central issue. This number can be assessed in the following way.
If a small number of molecules is “wired” in parallel, i.e., if
mutual interactions are unimportant, their conductivities are
additive to a first approximation. When the STM tip drifts over
a monolayer of Osp0p, one expects that, depending on its exact
position over the surface, different numbers of molecules
contribute to the tunneling process. Due to the strong distance
dependence of the tunneling effect, this number is presumably
small, say between one and three or four. We have therefore
analyzed the abundance distribution of tunneling current peak
intensities, as shown in Figure 4 (Pt(111), 0.1 M NaClO4, Vbias

) -0.1 V, I°set ) 0.05 nA).
It appears that the tunneling current peak intensities are not

randomly distributed but grouped around equally spaced tun-
neling current values. In our interpretation above, these represent
different numbers of molecules participating in the tunneling
process. The inset in Figure 4 shows a plot of the maximum
peak abundances vs the peak number. The intercept is close to
zero, indicating that the first peak indeed corresponds to a single

molecule. The slope gives a tunneling current/molecule of 0.32
nA/molecule. TheIt(η) curve shown in Figure 1 would therefore
represent specifically two molecules in the charge-transfer
process.

3.4. Tunneling Peak Current Intensity and Distance
Variation. The dependence of the peak intensity on the initial
setpoint currentI°set, i.e. tip/substrate distance, holds other clues
to the tunneling mechanism.I°set is the initial setpoint tunneling
current where the feedback loop was switched off and the
tunneling distance no longer (actively) changed.

The absolute tip/substrate distance is not known at given
setpoint currents, but an increase inI°set corresponds to a
relative decrease in tip/substrate distance. As the substrate/
molecule distance is given by the molecular geometry and
remains fixed, essentially the tip/molecule distance varies by
varying I°set. We refer the data to the following transparent
formalism and confine the discussion to the adiabatic limit of
strong interaction between the molecule and the enclosing
electrodes (see, however, below). The tunneling current can be
expressed by eq 1.32

where nel is the number of electrons transferred within a
characteristic nuclear relaxation timeτnucl, e, the electronic
charge, andkmt andksm, the rate constants for ET from tip to
molecule and from molecule to substrate, respectively (Vbias<0).
The rate constants in the adiabatic limit are

with an analogous expression forkmt. ωeff is the effective
vibrational frequency of all the local and environmental nuclear
modes reorganized in the electronic transitions andη the
overpotential,kB is Boltzmann’s constant, andT is the temper-
ature. The parametersê andγ represent the fraction of substrate
potential and bias voltage drops, respectively, at the redox site.
Rate constant forms such as these are broadly known from the
theory of interfacial electrochemical ET.33

nel in eq 1 is given by the redox level broadening caused by
the electronic interactions with the enclosing substrate and tip
electrodes. The broadening can be recast in terms of the apparent

(59) Albrecht, T.; Guckian, A.; Ulstrup, J.; Vos, J. G.IEEE Trans. Nanotechnol.
2005, 4, 430-434.

Figure 3. Tunneling current peak position relative toE° as a function of
Vbias ) Et - Es. Each point is an average of at least 10 scans. Linear fit
yields a slope of-0.37 ( 0.02 and an intercept of-0.002 V ( 0.03 V.

Figure 4. Abundance of tunneling current peak intensities, cf. Figure 1;
Vbias ) -0.1 V, I°set ) 0.05 nA. Inset: Peak position vs peak number,
linear fit: slope) -0.32 nA/peak, intercept) 0.05 nA.
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electronic transmission coefficients,κi, and the metallic substrate
and tip electronic densities,F, giving:

∆ε represents the energy range in the window between the
substrate and tip Fermi levels through which the temporarily
occupied redox level relaxes before the electron is transmitted.
∆ε is small, i.e.,∆ε , kBT in the adiabatic limit of strong
electronic coupling and broadening, givingnel . 1. It is large,
∆ε . kBT, in the strongly diabatic limit of weak coupling, where
eV/∆ε should be replaced by 1. Details are given elsewhere.32,49

The subscripts ofκ refer to the substrate/molecule (sm) and
molecule/tip (mt) ET step, eq 3. For the sake of simplicityF is
taken to be the same for the substrate and tip.κi (i ) sm, mt)
is given by the following form also known from the theory of
electrochemical ET.33

whereTεA(ε; η) is the electronic coupling between the molecular
redox level and a given metallic electronic level at the energy
ε approximately at the Fermi levelεF. p is Planck’s constant
divided by 2π.

In an electronically highly asymmetric junction, sayκmt >>
κsm, eq 1 can be simplified to

with

Equations 1-4 prompt some observations. The dependence
of the two-step tunneling current on the effective frequency,
ωeff, vanishes due to cancellation of this factor from eqs 1, 2,
and 4. The appearance of an apparent electronic transmission
coefficient in the tunneling currentalso in the adiabatic limit
is, second, notable as the electronic transmission coefficients
of the individual ET steps approach unity in this limit. Theκi-
form in eq 4 is further not confined toFκikBT <1 as otherwise
in a single-step interfacial electrochemical ET. This is because
the physical meaning ofκi in eqs 3 and 4 is now different and
represents electronic broadening of the molecular redox level
from the interaction with the enclosing electrodes and, in this
way, the number of electrons transferred. As a final note,
TεA(ε; η) in eq 4 refers to electronic coupling between the
molecular redox level and individual electronic levels in the
enclosing metallic electrodes. The individualTεA(ε; η)-values
are infinitesimally small but appear in macroscopically large
numbers roughly represented by the metallic electron densities
and energy range in the combinationsFκsmkBT andFκmtkBT, eq
3. Overall the adiabatic tunneling current expression thus
displays a formally similar strong dependence on the electronic
coupling and a correspondingly strong (exponential) distance
dependence as in one-electrode diabatic ET. The strong
electronic coupling can, however, give much larger “apparent
transmission coefficients”FκikBT (>1), reflecting the different
importance of this quantity in the two cases.

The data in Figure 5 illuminate the two-state tunneling
mechanism in terms of the concepts and formalism in eqs 1-5.
The peak currents,Itun

peak, were determined from tunneling
current/overpotential spectra at different setpoint currents,I°set.
These spectra were then fitted with a Gaussian, in order to
determine their intensity.

Small setpoint currents correspond to large tip/molecule
distances and (relatively) slow molecule/tip ET (smallκmt), while
large values of I°set represent narrow tunneling gaps and
(relatively) fast molecule/tip ET (largeκmt). At sufficiently high
I°set/small tunneling distance, the STM tip will eventually
contact the molecule and the substrate/molecule ET step will
govern the overall tunneling current. This scenario is described
by eq 5.

The total peak current also depends on both the tip quality
and the molecular surface concentration. Blunt tips may result
in more molecules participating in parallel in the conduction
process. Different data sets were therefore first normalized to
the number of participating molecules using the apparent current/
molecule of 0.32 nA atI°set ) 0.05 nA andVbias ) -0.1 V
(Figure 4) and finally averaged (Figure 5).

The observed behavior accords with the physical picture
described above. The change in theItun

peak/I°set correlation over a
narrowI°set range corresponds to a transition from weak (small
I°set) to strong (largeI°set) molecule/tip interactions. AsI°set

becomes large and the molecule/tip distance becomes very small,
the tunneling current/molecule changes much less and almost
reaches a plateau. This also follows from eq 3, asκmt goes from
a value comparable toκsm at largeI°set (small distances) to a
much smaller value at smallI°set (large distances).

The initial strong increase ofItun
peakwith I°set is also consistent

with our previous work, where we determined an apparent decay
coefficientâ from tunneling current/distance spectroscopy.24 â
was found to be strongly dependent on the substrate potential
with â ) 0.89 Å-1 for Es far away fromE° (high effective
tunneling barrier) andâ ) 0.46 Å-1 for Es ≈ E° (low effective
tunneling barrier).

Upon further decrease in the tip/substrate distance, other
effects may set in. Examples include tip-induced alterations in
the molecule/substrate orientation, in the potential distribution
at the redox site (cf.ê andγ in the formalism above), and in
the reorganization energyλ, due to a displacement of counter
ions and solvent molecules in the tunneling gap.

The notion of fast molecule/tip ET is implicit in the discussion
above. This is related to the electrochemical environment. In

Figure 5. STS peak tunneling current/molecule as a function of setpoint
current/distance for Osp0p on Pt(111), 0.1 M NaClO4; Vbias ) -0.1 V.
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contrast to air or a vacuum, there are generally networks of
solvent molecules between the tip and redox molecule which
are much more efficient for ET than through-space interactions.60

The absence of substantial contact resistance on the molecule/
tip side can be rationalized in this way. A similar finding was
reported recently by Smalley et al., who compared heteroge-
neous ET rates of surface-attached redox species with those of
dissolved complexes (no covalent attachment to the surface).
Rate constants were found to be equal within a factor of 10.61

These observations can be combined with the data in Figure
5 to estimate the number of electrons transmitted per molecule
in a single charge-transfer event, i.e.,nel. The tunneling current/
molecule increased by a factor of 2.7 fromI°set ) 0.05 nA to
the crossing of the two regression lines, Figure 5, yielding an
extrapolated maximum tunneling current ofIt

mol ≈ 0.9 nA/
molecule or a conductivity of 9 nS/molecule (Vbias ) -0.1 V).
From the discussion in the previous section, this value is likely
to refer to the tunneling configuration with contact between the
molecule and the tip, which we focus on below.

Based on eq 5, the productnelksm ≈ 5.6 × 109 s-1 can be
calculated from the limiting current in Figure 5, (0.32 nA/
molecule‚ 2.7)/e. There is no obvious way to determine these
two quantities independently. Following our observation that
tunneling current enhancement closely correlates with the
monolayer electrochemical rate constant, we can, however,
tentatively setksm ) kET,ec.24 This was estimated above as 107-
108 s-1 for Osp0p (0.1 M NaClO4); cf. also Supporting
Information p S2.

For ksm ) kET,ec, nel then amounts to 60-600, corresponding
to ∆ε ) eVbias/nel ) 0.17 to 1.7 meV. This value is indeed
significantly lower thankBT ) 26 meV, pointing clearly to
adiabatic behavior. Accordingly, the formal apparent transmis-
sion coefficient for interfacial electrochemical ET corresponding
to this value would beFκsmkBT ≈ 15-150>> 1, which is also
in the adiabatic regime. A value>1 for the latter is meaningful
only to the STM configuration.

This discussion illuminates the nature of the tunneling process
but is still a crude approximation. The electrochemical rate
constant is measured in the absence of the STM tip. The close
proximity of the tip and the associated strong electric field can
affect ET kinetics in various ways, for example, by changing
the reorganization energy (cf. above) and/or the electronic
coupling (tunneling barrier). Even minor alterations (decreases)
in λ thus significantly change (raise) the ET rate constant.
Interfacial electric fields are also strong (107-108 V/m) in the
absence of the STM tip and comparable to the tip-induced field.
It should also be noted that the driving force effect due toeVbias

has been disregarded here.
A more complex overall tunneling mechanism may, finally,

have to be considered as electrochemical ET kinetics data of

Osp0p, Osp2p, and Osp3p monolayers have left some contro-
versy.39-46,58These data showbothstrong distanceandsolvent
dependence. This is difficult to explain exclusivelyeitherwithin
a simple diabatic or adiabatic ET modelor within stochastic
chemical rate theory. The observations can be rationalized if a
gating process precedes the ET step. Such a scenario was found
for tunneling through alkanedithiols or conjugated phenyl-
ethynyl-benzene wires.36-37 So far, the present tunneling data
can, however, be understood without introducing an additional
gating mode.

4. Conclusions

Following previous work, we have shown that the tunneling
current through a single or a few molecules can be modulated
efficiently by the presence of an accessible redox level. The
modulation is detected both directly, by measuring the tunneling
current at constant distance and tip/substrate bias, and indirectly,
by apparent height changes in the in situ STM images. The
experimental data accord well with a view based on two-state
electron tunneling via the redox center as the dominating charge-
transfer process. Electron transport is addressed within the limit
of adiabatic ET which is supported by the data. This constraint
can, however, be relaxed straightforwardly. In the adiabatic
regime, the electron is first transferred to the redox level
(substratef redox levelf tip ET sequence). This level then
relaxes toward a new reduced-state equilibrium configuration.
Before the latter is reached, however, the electron is transmitted
to the tip, as ET in the adiabatic regime is fast compared to the
environmental relaxation. The redox level then receives a second
electron from the substrate, etc., and a (large) number of
electrons,nel, are transferred within the nuclear relaxation time,
τnuc, i.e. in a single in situ STM electronic event.

The tunneling current peak intensities display a discrete
distribution. This enables determining a current/molecule of
∼0.9 nA/molecule at small tip/substrate distances corresponding
to a conductivity of 9 nS/molecule (Vbias ) -0.1 V). Together
with an estimate of the substrate/molecule rate constant based
on extensive electrochemical data, this result was used to
determinenel and the effective electronic transmission coef-
ficient, FκkBT. Both were found to assume large values, in the
range of 60-600 and 15-150, respectively. These values place
the substrate/molecule ET process clearly in the adiabatic regime
and offer a clue to the high tunneling currents observed.
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