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Abstract: We report on the construction of an asymmetric tunneling junction between a Au STM tip and
a Au(111)—(1 x 1) substrate electrode modified with the redox-active molecule N-hexyl-N -(6-thiohexyl)-
4,4'-bipyridinium bromide (HS6V6) in an electrochemical environment. The experiments focused on the
reversible one-electron transfer reaction between the viologen dication V2" and the radical cation V**.
Employing the concept of “electrolyte gating” we demonstrate transistor- and diodelike behavior based on
in situ scanning tunneling spectroscopy at constant or variable bias voltages. We derived criteria and verified
that the experimental data could be represented quantitatively by a model assuming a two-step electron
transfer with partial vibrational relaxation. The analysis illustrates that the magnitude of the tunneling
enhancement depends on the initial redox state of HS6V6 (V2" or V). Characteristic parameters, such
as reorganization energy, potential drop, and overpotential across the tunneling gap were estimated and
discussed. We present a clear discrimination between the redox-mediated enhanced and the off-resonance
tunneling currents lsnn respective i and distinguish between electron transfer in symmetric and asymmetric

Au | redox-molecule | Au configurations.

1. Introduction

The ability to control charge transport across nanometer-scale
metal | molecule | metal junctions represents a key step toward
the realization of molecular-based electronics.' ™ Various
experimental approaches have been employed to study molecular
junctions in two- and three-terminal configurations. These
include scanning probe microscopies (STM, STS, CP-AFM),*™ "
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Employing in situ STM or a planar nanogap electrode
configuration and the concept of “electrolyte gating”,'®*°~3°
several groups demonstrated in pioneering studies transistor-
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the redox protein azurin.**7% The first systematic studies with
substituted aliphatic a,w-alkane derivatives by Leary et al.®!
and Chen et al.®? and those with aromatic 1,4-diaminobenzene-
type molecular wires by Venkataraman et al.%® at solid | liquid
interfaces illustrated the possibility of chemical control.

Kuznetsov and Ulstrup initialized recently a discussion on
the importance of conformational dynamics and electrical double
layer effects on charge transport characteristics in single
metal | redox molecule | metal tunneling junctions.**** Impor-
tantly, the electronic levels of (single) redox-species in elec-
trochemical metal | molecule | metal tunneling junctions are
strongly coupled to the nuclear environmental motion, extending
to both local molecular modes and to the liquid (or solid)
electrolyte environment.’>%*% The following scenarios of
interfacial electron transfer (ET) in a nanoscale electrochemical
metal | redox molecule | metal configuration have been pro-
posed:>**+%3 (1) superexchange via off-resonance levels, (2)
resonance tunneling,®”®® (3) noncoherent two-step electron
transfer with complete vibrational relaxation,®>”° or (4) two-
step electron transfer with partial vibrational relaxation®>”'~"3
(see section 2). Schmickler’* and Nitzan”® considered structural
fluctuations and the role of water molecules in the gap. A recent
stochastic model of Schmickler and Kuznetsov’® treats fluctua-
tions of the redox level in the tunneling gap explicitly.

Experimentally accessible relations of (i) the source-drain
current (between the two working electrodes) and the bias at
fixed potential of one working electrode and of (ii) the source-
drain current and the potential of one working electrode at fixed
bias provide diagnostic criteria to distinguish between different
mechanisms of charge transport.”*¢*6°

We emphasize that the asymmetric configuration should be
clearly distinguished from a symmetric Aulmolecule | Au
configuration with a redox molecule chemically bound to both
adjacent electrodes. The latter exhibits modifications of the
junction conductance due to structure changes of the redox-
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Figure 1. Structure of HS6V6.

active unit, while the former exhibits an enhancement of the
tunneling current due to the tuning of the metallic and molecular
energy levels with dominant contributions of the solvent
dynamics. A maximum of the enhanced tunneling current is
often observed when the substrate and tip potentials, E; and Ej,
are close to the equilibrium potential E° of the corresponding
redox pair. This effect was demonstrated for the viologen
moieties,*? derivatives of ferrocene,>® organometallic com-
plexes,*'">77 and porphyrins'® respective metalloproteins.**->*~%
To the best of our knowledge, we report in this paper the first
quantitative scanning tunneling spectroscopy study of a redox
active molecule in an asymmetric electrochemical tunneling
junction, which is rigorously compared with theoretical predic-
tions based on phenomenological models.

The present paper represents a comprehensive electrochemical
study on the tunneling enhancement in an asymmetric config-
uration between an adsorbate-free Au STM tip and a Au(111)—
(1 x 1) substrate electrode modified with chemically bound
N-hexyl-N'-(6-thiohexyl)-4,4'-bipyridinium bromide (HS6V6),
which is composed of the redox-active 4,4'-bipyridinium cation
V>* (viologen) as a core, two flexible alkyl spacer units attached
to each ring nitrogen, and one terminal SH anchoring group
(see Figure 1). The latter ensures the chemical surface im-
mobilization.

We have chosen HS6V6 because the viologen core (V>") is
easily reduced forming the radical-cation (V**) and the neutral
form (V°).”*78 The first oxidation—reduction V>T = V*" is
completely reversible in bulk solutions as well as immobilized
on various surfaces. The redox-active unit has been incorporated
as “backbone” component in self-assembled monolayers,®' 5
in a nanometer-scale electronic switch® and in various func-
tional materials.*>®” For a detailed characterization of the
macroscopic electrochemical and structure properties of the
various viologen-type adlayers on solid electrodes we refer to
refs 42 and 88 and the literature cited therein.

The Liverpool group recently pioneered electron transport
studies with single molecule wires containing the V>* core unit,
bound symmetrically between the tip of an STM and a gold
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substrate.**#3%%-9 This work was extended by our group in a
strictly controlled oxygen-free electrochemical environment and
combined with in situ structure studies.***”-%® On the basis of
the statistical analysis of a large number of current—distance
(It—Az) and current—time (It—?) traces, both groups demon-
strated that the junction conductance increases upon the
potential-induced transition from the stable dication V>* to the
radical cation V** state.’**”*® On the basis of quantum
chemistry electronic structure calculations in combination with
a nonequilibrium Greens function approach, Bagrets et al.
showed that the origin of the experimentally observed conduc-
tance change could be attributed to interactions of the tunneling
electron with molecular vibrations.”' This idea was hypothesized
before in ref 39 but not further evaluated.

In comparison to previous work, the present study is focused
on a detailed and comprehensive quantitative analysis of electron
transfer characteristics in a HS6V6-modified asymmetric tun-
neling configuration. We present new experimental data for this
redox-active system and derived model equations directly
accessible for the quantitative comparison with models of
interfacial electron transfer in nanoscale electrochemical junc-
tions. We will also discuss the distinct differences to redox-
active symmetric tunneling junctions.

The paper is organized as follows. In the next section, we
will briefly introduce and discuss the phenomenological models
and derive predictions, which could be compared with experi-
mental results. The following section will summarize experi-
mental details. Results of the voltammetric and the in situ STM
and STS studies are reported in the section Results and
Discussion. The main focus is directed to the quantitative
analysis of constant respective variable bias spectroscopy data.
The paper ends with the section General Comments and
Conclusions.

2. Theoretical Model

In this section, we summarize the features of the model
describing two-step tunneling with partial vibrational relaxation,
which was developed by Kuznetsov, Ulstrup, and colle-
agues,®+0369773:92796 and derive characteristic dependencies
which can be quantitatively compared with our experimental
data. We also present a brief comparison to other relevant
models. The Kuznetsov—Ulstrup (KU) model is widely applied
to rationalize the experimental observations on tunneling
enhancement. However, no comprehensive quantitative analysis
of experimental data according to this model was carried out
so far.

Figure 2 represents a graphic illustration of the KU model.
A molecule with discrete electronic levels is located between a
metal substrate (for instance Au(111)) and a probe electrode
(for instance a Au STM tip), both providing continuously
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Figure 2. Schematic energy level diagram of a two-step ET process
mediated by a redox-active molecule. The electron is transferred from the
Fermi level of the substrate (left) eps to the LUMO of the molecule and
after partial vibrational relaxation to the Fermi level of the tip eg; (right).

distributed electronic levels. The localized levels of the molecule
are broadened by interactions of the redox-center with the
surrounding electrolyte and with the substrate. In an electro-
chemical environment, the potentials of both electrodes, Eg and
E,, are controlled independently with respect to the reference
electrode, and their difference determines the bias voltage Ej,
=E; — E.

A direct (off-resonant) tunneling current is flowing between
the tip and the substrate independently on the relative positions
of the molecular levels with respect to the Fermi levels eps and
ep, of the adjacent electrodes. The energy levels of the solvated
molecule are constantly fluctuating around their average posi-
tions due to variations of the solvation energy up to the value
of A (Gibbs energy of the environmental reorganization). At
the first step of the enhanced tunneling, the Fermi level of one
of the electrodes (in Figure 2, we consider eg; of the substrate
(left) electrode) approaches the lowest unoccupied molecular
orbital (LUMO) of the redox species but is still located below
it. The LUMO may decrease its energy due to fluctuations and
approach the Fermi level of the left electrode, €pg, causing the
first ET.

Three scenarios of the second ET are possible. (i) If the
electron is transferred “immediately”, i.e., without relaxation
of the molecule and of the environment, the process is referred
to as a resonant tunneling.”*°*~% When a reduced center has
sufficient time to vibrationally relax, two other situations are
possible: (ii) In the diabatic limit (weak electronic coupling
between the redox center and both adjacent electrodes), the ET
rate is small and the reduced center is completely relaxed
vibrationally before the second ET. The second step loses
“energy coherency” with the first one, and the reaction path
proceeds again via a Franck—Condon barrier. This scenario
results in a small current enhancement, as basically only one
electron is transferred per initial (first step) molecular fluctua-
tion.%>7 (iii) We now consider the adiabatic limit (strong
electronic coupling between the molecule and both adjacent
electrodes)®>71 73 with a fast ET between the molecule and the
electrodes. This situation corresponds to an intermediate case;
i.e. two-step ET with partial vibrational relaxation and partial
coherence. After the first step, the energy of the now occupied
LUMO decreases due to the vibrational relaxation, and the
second ET step occurs before complete vibrational relaxation
and before the energy of the molecular level passes the Fermi
level of the second electrode €r;. Subsequently, the empty
LUMO starts to relax toward higher energies and may accept
another electron from the left electrode (substrate) before it
passes its Fermi level, thus repeating the cycle. The process
may comprise many cycles of consecutive molecular reduction
and reoxidation steps per single initial fluctuation of the
molecular level.
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The equations of the model are based on a two-step ET
process and may be derived similar to standard equations of
electrochemical kinetics in so-called “normal region”.®® The total
enhanced current oy, iS given by

1

I enh

1 1
I, + I, M
where I; and I, are the currents due to the substrate—molecule
and molecule—tip ETs, respectively.

(A+ eén+ eyE,)
I, = eKlpl(eEb)% exp[— Tb 2)
(A—eén —eyE,+ ¢k, )
L= eszz(eEb)% exp’— T b @3

Here e is the elementary charge, « is the electronic transmission
coefficient, p is the density of electronic states in the metal near
the Fermi level, w is the characteristic nuclear vibration
frequency, n = Es — E°is the overpotential, k is the Boltzmann
constant, and 7 is the temperature. & and y, both ranging
between 0 and 1, are model parameters describing the shift of
the effective electrode potential at the reactive center with the
variation of # and Ey, respectively. They account for the
nonlinear potential distribution in the tunneling gap.”"*>%

Assuming the same values of « and p for both ETs, one
obtains the following dependence of I.,, on Ep, and 7 at a fixed
geometry of the tunneling junction (eq 4):

_ w _e 2
T = ep(eE)5fexp| 7+ &+ v +

oot BB @

T = 18206, exp[ =220+ &+ vE) +

eXP[zﬂ(l +E,—&n— VEb)Z]} G

Here 4 is expressed in volts, which is numerically equal to
the energy in electronvolts. With the assumption of k = 1 (i.e.,
the fully adiabatic limit) and using typical values of w for an
aqueous environment and p for gold, one obtains®’ A = ¢*pw/
(4m) = 9.1 x 1077 C?+eV'-s7L. This leads to a “numerical”
version of eq 4 (eq 5) where I,y is in nanoamps, Ey, and 5 are
in volts, and 4 is in electonvolts.

At low 7 and E, (Ey, 7 << A), one obtains the “simplified”
equation

_ 910E, exp[—9.73(A + E,)]
Leon = cosh[19.4(&y + (y — 1/2)E,)]

where cosh(x) = [exp(x) + exp(—x)]/2 is a hyperbolic cosine
function. The assumed units are the same as above. Equation 6
represents the theoretically predicted shape of the (Ienn — E)g,
dependence:

(6)

Ienh(Es) = Ipeak/COSh[W(Es - Epeak)] (7)

where Ipeax = 910Ey exp[—9.73(4 + Ep)] and Epeax = E° +
(172 — y)Ep/€ are height and position of the enhanced current
peak, respectively. The expression w = 19.4& describes the
width of the peak. A higher value of w represents a narrower
peak.

On the basis of eqs 6 and 7, two important correlations can
be derived. First, the slope of the E,.. vs Ep, dependence is

(97) Albrecht, T.; Guckian, A.; Ulstrup, J.; Vos, J. IEEE Trans. Nanotech.
2005, 4, 430-434.
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(172 = y)/&, and the intercept with the ordinate axis is given by
E°. Second, the dependence of I on E}, may be expressed as
/E,)=(6.81 —9.731) — 9.73E, ()

cak'

ln(Ip

The slope of the In(/ea/Ep) vs Ep dependence represents a
second relation to compare experimental data with theoretical
predictions. The intercept with the ordinate allows to estimate
the reorganization energy A. The latter characterizes the dynam-
ics of nuclear modes coupled with the ET in solution and may
be evaluated by a number of experimental and theoretical
methods. To our knowledge, the correlation given by eq 8 is
described for the first time.

As we will show in sections 4.3 and 4.4, the model just
presented describes our experimental data quantitatively. How-
ever, we also considered alternative approaches, such as resonant
tunneling®°°~® and a vibrationally coherent two-step ET.”
The applicability of the respective models can be tested by a
simple criterion. According to the KU model with partial
vibrational relaxation and coherence, the enhanced tunneling
current at constant and low bias voltage peaks close to E° (cf.
eq 7). The two other models predict a maximum as well, but it
is shifted from E° approximately by the value of the reorganiza-
tion energy A.°%"" The latter has typical values of a few hundred
millielectronvolts, and the shift may be clearly observed in the
experimental data. The stochastic adiabatic model’® seems to
predict a peak around E° as well, but does not provide an
analytical solution directly applicable for comparison to ex-
perimental data. Finally, the model of noncoherent two-step ET
with complete vibrational relaxation will lead to a weak, hardly
detectable enhancement of the tunneling current in the present
configuration.®>%79

3. Experimental Section

The electrolyte solutions were prepared with Milli-Q water (18.2
M, 2 ppb TOC), HCI (35%, Merck suprapure), NaOH (Merck,
suprapure), KClO4, and LiClOy4 (Fluka puriss. p.a., twice recrystal-
lized from Milli-Q water). The synthesis of N-hexyl-N'-(6-thio-
hexyl)-4,4'-bipyridinium bromide (HS6V6) and its assembly on
Au(111)—(1 x 1) electrodes were described before.**47-88

The current—voltage EC STS experiments were carried out with
high coverage self-assembled monolayers (SAMs) of HS6V6 on a
disk-shaped (diameter ca. 10 mm) Au(111) electrode in 0.5 M
LiClO,4 (pH adjusted to ca. 8.5 by addition of NaOH). We have
chosen the high ionic strength in the STS experiments to reduce
distortions of the experimental current—voltage traces due a high
solution resistance. The tips were electrochemically etched gold
wires (0.25 mm diameter) coated with polyethylene. Silver and
platinum wires were used as quasi-reference electrode (QRE) and
counter electrode, respectively. The potential of the QRE was
calibrated with respect to a saturated calomel electrode (SCE). All
electrode potentials given in this paper refer to the SCE. An oxygen-
free environment was created using an argon-filled all-glass
chamber, which hosted the entire electrochemical STM stage. Cyclic
voltammograms were regularly recorded in the STM cell prior to
the EC STS experiments and between series of measurements to
monitor the equilibrium potential of the viologen redox couple E°,
the quality and stability of the monolayer, and to ensure the absence
of oxygen. Complementary STM imaging experiments were carried
out under the same or under slightly modified conditions (solution
0.05 M KClO,, adjusted to pH &~ 7 by KOH, tungsten tips).***’

To record a single current—voltage curve, the lateral scanning
was stopped and subsequently the Au tip was stabilized via the
STM feedback loop. The tip—substrate separation was thus

(98) Kuznetsov, A. M.; Ulstrup, J. Electrochim. Acta 2000, 45, 2339—
2361.

controlled by selected initial values of the bias voltage E;, and of
the tunneling current /9. The tunneling current was than recorded
in a potential cycle at a fixed geometry of the tunneling junction
with the feedback being temporarily switched off. In constant bias
mode the bias voltage was fixed, while both E; and E; were cycled
with a rate of 0.5 V+s~'. In variable bias mode, E, was fixed and
E, was cycled in a wide potential range with a rate of 0.5—2 Vs~ ',
In both cases the initial values of E and E, were sufficiently far
away from E°. The experiment was repeated 5—10 times for every
set of experimental conditions.

The EC STS experiments require a high stability of the tip
position. The lateral tip stability and the high quality of the Au
STM tip were checked by monitoring in situ STM images after
every sequence of current—voltage data. The vertical stability was
checked by disabling the feedback loop and observing the evolution
of the tunneling current. The EC STS measurements were carried
out only if the tip displacement was negligible compared to the
recording time of a complete current—voltage trace (1—5 s). Only
scans showing a return of /r to the initial setpoint current /o, after
completion of one cycle, were selected for the further analysis.

Comparative “blank™ spectroscopy experiments were also con-
ducted to evaluate the contribution of the electrochemical (“leak-
age”) current to the overall tip signal. These experiments revealed
that this faradaic contribution is negligible in all experiments
presented.

The data recorded in constant bias mode showed no significant
differences between the forward and the backward scans. The curves
shown in this paper were obtained by averaging 10—20 individual
forward and backward scans of sweeps recorded under identical
conditions.

The correlation plots (Figures 6 and 7) were constructed by
extracting Epeax and Jpeq from individual scans and averaging the
values corresponding to the given conditions (see main text). The
error bars on the plots represent the standard deviation.

A small hysteresis was found on the curves recorded in variable
bias mode due to instrumental distortions. It was eliminated by
averaging the forward and the backward scans of one sweep. The
obtained average curves display no systematic effect of the voltage
sweep rate. A representative “master curve”’ (Figure 9) was
constructed by averaging 12 individual scans representing different
values of scan rates ranging between 0.5 and 2.0 Vs '.

4. Results and Discussion

4.1. Electrochemistry of HS6V6 Adlayer. Figure 3 shows
typical cyclic voltammograms (CVs) of an HS6V6 monolayer
on Au(111)—(1 x 1) in 0.05 M KCIO4 with the pH adjusted to
10 as recorded in an electrochemical glass cell with the electrode
in a hanging meniscus configuration.***”*® Figure 3A represents
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Figure 3. Cyclic voltammograms of a high coverage adlayer (I' = 3.3 x
107" mol+-cm™?) of HS6V6 on Au(111)—(1 x 1) in 0.05 M KCIO, with
a sweep rate of 50 mV +s~'. Characteristic peaks and potential regions are
indicated (see text).
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the first CV scan of a freshly prepared electrode from E; =
—0.70 to —0.20 V, then to —1.3 V, and subsequently back to
the initial value. The excursion of the substrate potential in this
range reveals three characteristic pairs of current peaks labeled
Py/P/', Po/P,', and P3/P5s'. The latter corresponds to the irrevers-
ible reductive desorption and a partial oxidative readsorption
of the redox-active thiolate. P,/P," and P»/P,' represent the two
one-electron redox reactions of the surface confined viologen
unit, V2* = V** and V7 = V°, respectively. Figure 3B shows
an enlargement of this region restricting the potential range to
E; > —1.05 V. The stability regions of HS6V6 in the three
redox states are also indicated. The peak-to-peak separation of
P,/P;' is small and almost constant up to a sweep rate of 1 Vs~ !
indicating a rather fast ET. The peak heights scale linearly with
scan rate. The equilibrium potential E° of the redox pair V>*/
V** was estimated as the midpoint between the peaks P, and
P;'. In comparison with the latter, the peaks P,/P," are broader
and their separation is larger. These observations indicate a
slower ET.** We notice that similar cyclic voltammograms as
shown in Figure 3 were also recored in our STM setup prior to
the EC STS measurements.

4.2. Structure of HS6V6 Adlayers. A series of EC STM
experiments was carried out at potentials around the first pair
of redox peaks, P/P}’, to explore the respective HS6V6 adlayers
on Au(111)—(1 x 1).*** Depending on the assembly condi-
tions, two different structures were obtained:

A highly ordered low coverage adlayer of HS6V6 features
regular arrays of parallel stripes covering the entire substrate
surface (Figure 4A). The stripes are not uniform. Bright and
dark contrast patterns alternate. Individual domains extend from
10 to 50 nm. Neighboring domains with sharp boundaries are
mutually rotated by multiples of 120° indicating registry of the
adlayer with respect to the hexagonal substrate surface. This
hypothesis is also supported by the faceting of steps (Figure
4A). The steps are aligned with characteristic angles of 120°,
and step edges are decorated by parallel molecular rows.

High-resolution experiments, such as those shown in the inset
of Figure 4A, reveal more details of the molecular adlayers.
The molecular rows are composed of bright dots separated by
parallel rows of dark gray and light gray ellipsoidlike segments.
Parallel rows of the same type are separated by 2.6 £ 0.3 nm.
The axes of two types of rows exhibit characteristic tilt angles
with respect to the main row direction, which were estimated
to 60 + 5° (light gray rows) and 90 + 10° (dark gray rows).
Cross-section profiles reveal a periodicity of 0.50 £+ 0.05 nm
between individual features of each type of row. These
observations and the comparison with a systematic study of the
assembly and surface structure of viologen mono- and dialkyl-
dithiols with variable length of the alkyl spacers*>*” as well as
SEIRAS studies**®® allowed the deduction of a structure model
of the low coverage “striped” phase. The bright features forming
a double row pattern were attributed to the thiol groups of
adjacent molecules. The dark gray rows represent the methylene
chains, and the light gray ellipsoidal features are assigned to
the viologen cores.

The high coverage phase is a poorly ordered adlayer with
many atomically deep vacancy islands. Their typical diameter
varies between 2—5 nm (Figure 4B). A (W7 x ~7TRI19.1°
structure motif could be tentatively identified (inset in Figure
4B). With reference to our recent SEIRAS study,®® we assign
this adlayer to HS6V6 molecules attached to the Au(111)
electrode via the HS anchoring group in a tilted orientation.
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Figure 4. STM images of HS6V6 adlayers on Au(111)—(1 x 1) in 0.05
M KCIO4, pH~ 7, E;= —0.2 V, E, = 0.1 V, It = 50...100 pA: (A) low
coverage, ' = 1.2 x 107" mol-cm 2, 100 x 100 nm, (inset) 7 x 7 nm;
(B) high coverage, I' = 3.3 x 107 mol-cm ™2, 100 x 100 nm, (inset) 12
x 12 nm.

- —
.{é“&- 03 ' ,p-’j’% M

L/ V(SCE) I

Figure 5. Average It vs E curves recorded in constant bias spectroscopy
mode, Ito = 0.1 nA. Other experimental conditions are as in Figure 4B.
The sweep started in the stability region of V¥ (A) left of E° or V** (B),
right of E°. The solid red and blue traces correspond to Ey, = 0.05 or 0.02
V, respectively. The dashed black line in A represents Ito. The dotted black
line in B is the baseline for the solid curves and the dotted colored lines
are the baseline-corrected solid ones.

4.3. Constant Bias Spectroscopy. Figure 5 shows selected
examples of (I—E,)g, curves. The scans either started at
potentials E; < E° (A) or E; > E° (B), corresponding to the
HS6V6 in the V** or in the V" redox state for two different
bias voltages Ej.

The initial part of the curves displays a constant, nonenhanced
current, equal to the tunneling setpoint Ity (dashed black line
in the Figure 5A). The latter indicates the temporal stability of
the tunneling junction. The current increases in the vicinity of
E°, reaches a maximum, and finally stabilizes at a constant value.

For fixed gap geometry in the asymmetric configuration, the
current is higher at the negative tail of the peak. This observation
is explained by an increase of the off-resonant ET rate from
V** to V. The same trend was reported in single molecule
electron transport studies with dithiol-functionalized viologen-
based molecular wires in a symmetric STM configuration.*#>#748
Gittins et al.* reported from current-distance STS measurements
a lowering of the tunneling barrier in asymmetric assemblies
of viologen-containing junctions which contained a chemically
bound gold nanoparticle.

We found that [,c.x was higher when the tip was initially
stabilized at E; > E°, compared to starting the STS scan at E
< E° i.e. in the potential region of V** stability (Figure 5).
The difference between the respective values of I, reaches
up to 1 order of magnitude. These data reflect partially the
different off-resonant ET properties of V>* and V*". However,
we attribute the main contribution to the fact that tip—substrate
separation and tunneling current are not controlled indepen-
dently. The initial configuration corresponds to a constant
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Figure 6. Dependence of the peak current /e, on the preset tunneling
current Ito obtained from a set of It vs E traces at constant E, = 0.2 V.
The potential sweep started at E; = —0.7 V, i.e. in the stability region
of V**. Each data point plotted represents the average of 5—7 traces, in
total 25.

tunneling resistance, rather than to a fixed distance between the
Au STM tip and the Au substrate. In consequence, a wider
tunneling gap is expected for the more conductive junction at
E, < E°. The observed difference in the magnitude of Ipeqx
corresponds to a higher tunneling current due to a closer
proximity of the STM tip to the substrate. This effect is not
explicitly described by the KU two-step ET model introduced
in section 2, but, as it will be shown below, agrees with it.

Figure 6 illustrates that the enhanced tunneling current /peax
increases with increasing setpoint current Ito until it reaches a
plateau at Ito = 0.5 nA. This trend reflects the following
scenario: small setpoint currents correspond to a large
tip—molecule distance and, therefore, a small electronic trans-
mission coefficient between tip and molecule. Large values of
Ity represent a small tunneling gap and a large transmission
coefficient, which leads to an increase of the tunneling current
(cf. eqs 4 and 5 and ref 51). At sufficiently high It (in our
case Ito = 0.5 nA), the STM tip will eventually contact the
molecule, and the substrate—molecule electron transfer will
govern the overall tunneling current, which appears to be rather
independent of the tip position.

The value of E,c.c was found to be independent of initial
potential and/or setpoint current. The E,c. vs Ep dependence
was constructed by averaging all data for a given bias (Figure
7A). Linear regression yields a slope close to —0.5 and an
intercept of E; = —0.47 V. The proximity of the latter value to
E° (here —0.46 V) provides strong support for the applicability
of the model expressed by eqs 4—7. The expression for the slope
contains both & and y. Therefore, these parameters cannot be
evaluated independently. However, if we assume & ~ 1, i.e. a
complete “transfer” of the overpotential to the redox center, one
obtains as an estimation y ~ 1.”7

Figure 7B shows the two In(/,eak/Ep) vs Ep, dependencies (eq
8) extracted from individual traces starting in the stability region
of either V>* or of V", The slopes of the linear regressions to
the two experimental series are somewhat higher than the one
predicted by the KU two-step ET model (9.73 V™ '; cf. eq 8).
However, the agreement is still reasonable. The intercepts
provide estimations of the values of the reorganization energy
A. We obtained for the two data sets 0.2 &= 0.03 and 0.4 + 0.03
eV, respectively. These results do not change significantly if a
line with the fixed theoretical slope is fitted to the experimental
data. The two values of A represent in terms of the model the
difference between the two starting situations. Similar experi-
mental dependencies of positions and heights of a tunneling
resonance on the bias voltage were displayed for azurin in a
series of constant bias spectroscopy traces by Alessandrini et
al.**>° However, no attempts to quantify these observations were
reported.

At this stage we emphasize that the correlations suggested
by eqs 7 and 8 are only valid strictly in the limit of low Ej and
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Figure 7. (A) Dependence of the position of the resonance peak Epeax on
the applied bias as obtained from individual It vs E; curves (in total 208;
cf. Figure 5). The solid line represents the linear fit to the data shown. (B)
Dependence of the height of the resonance peak on the applied bias for
curves starting from the V2" (B: 166 curves) or V' (@: 48 curves) form.
The solid and the dashed lines are linear fits of these groups of points. The
dotted line is a guide line with the theoretical slope.

1 values. However, their sole purpose in the present context is
to compare experimental data with the theoretical model on a
qualitative and semiquantitative level. As we will demonstrate
below, the extracted data are in good agreement with the more
detailed analysis.

In addition, we emphasize again that the models introduced
in section 2 describe an enhancement of the current on top of
the contribution due to direct tunneling. Unfortunately, the
“switching” of the off-resonant current between V>* and V'
cannot be investigated independently. One may assume that it
will follow the same sigmoid potential dependence as the
single molecule transport current measured in a symmetric
Au | HS6V6SH | Au configuration under the same conditions.*?
Unfortunately, the exact shape of the curve cannot be evaluated
strictly within the present phenomenological approach to ET.
It would require input from transport calculations based on an
ab initio treatment of the electronic structure of the tunneling
junction, which is beyond the scope of the paper.

As an approximation, we performed a linear baseline cor-
rection to account for the contribution due to direct tunneling.
An example is shown in Figure 5B. The dotted black line
represents the interpolated baseline to the solid blue and red
curves, and the two dashed colored lines correspond to these
solid lines after correction.

The fits of the “full” equation of the tunneling resonance (eq
5) to typical baseline-corrected experimental It vs Es curves
are shown in Figure 8. The theoretical lines (dotted) reproduce
the shape of the original curves rather well. The fit parameters
are summarized in Table 1. The same analysis procedure was
repeated for the curves measured under other experimental
conditions. Independently of the initial redox-form of the
viologen core, the values of & and y were found to be in the
range of 0.7—1 and 0.85—1, respectively. Both & and y slightly
decrease upon the increase of the bias voltage. Occasionally,
nonphysical values of & and/or y > 1 were obtained (see e.g.
results for plot A in Table 1). In this case, the fitting was
repeated with those parameters fixed to 1. The shape of the
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Figure 8. I.., vs Es curves, each is an average of 5—10 individual ones,
after baseline correction (solid line; cf. Figure 5). The sweep started from
V* (A) or VZ* (B and C) adlayers. (A) Ey, = 0.05 V, Ito = 0.1 nA; (B) Ey
=0.1V,Ito=0.1 nA; (C) E, = 0.2V, Itg = 0.02 nA. The dashed curves
are fits using the full equation (eq 5) of the resonance peak.

Table 1. Model Parameters Obtained for Curves in Figure 87

experimental data

initial equation 5 equation 6
plot  form  E,/V  hk/nA A/eV 3 y AleV 13 y
A VT 005 0.1 042 099 1.10 042 1.16 1.21

AP 042 094 1 043 1 1
B V> ol 0.1 021 086 09 022 123 1.07
B? 023 1 1
cC V> 02 002 019 075 091 024 130 121
ct 025 1 1

“ Standard error below 0.01. ® Fit with fixed values of & and/or y.

recalculated curves reproduces that of the original experimental
curves well (the slight asymmetry of the experimental curves
will be addressed in section 5). The obtained values of the
reorganization energy 4 were 0.2 or 0.4 eV depending on the
initial redox form of the viologen. These data are in full
agreement with the results of the semiquantitative analysis of
the In(Zpear/Ev) Vs Ep, dependence (Figure 7B). The variation 4
of upon variation of E is negligible and nonsystematic.

Complementary simulations were carried out by using the
“simplified” equation (eq 6). The latter is typically used to
(semi)quantitatively analyze results of constant bias spectroscopy
traces. The simulated curves were found to be very similar to
those obtained with the “full” equation. However, the values
of all three parameters A, & and y appear to be slightly
overestimated (Table 1). In particular, y > 1 and & > 1 were
often obtained. Fitting with fixed values £ = vy = 1 did not
lead to a significant variation of A (Table 1), but the shapes of
the simulated curves slightly differ from the original ones. We
note that the values of § and y, as determined using both the
full and the simplified equations are in agreement with a slope
of the Epea vs Ey dependence (Figure 7A) equal to —0.5
(eq 7).

The sequence of plots (A—C) in Figure 8 corresponds to an
increasing deviation from the assumption Ej, << 4 used to deduce
the simplified equation. Consequently, there is a clear trend in
deviations between the parameters as obtained by using the two
equations. However, the agreement between these two analysis
approaches, as well as with the results extracted from the
correlation plots (Figure 7), is still good. Therefore, we conclude
that the simplified equation can be used semiquantitatively to
analyze the data obtained in constant bias spectroscopy mode.
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However, one should bear in mind that this approach leads to
an overestimation of all parameters, especially if 4 is small and
Ey, is high.

4.4. Variable Bias Spectroscopy. Complementary EC STS
experiments were carried out in variable bias mode with a fixed
substrate potential £, = —0.2 V and a tip potential E; varied in
a wide range. We ensured that the potential ranges chosen were
sufficiently far from the second redox process at P»/P," (cf.
Figure 3).

The resulting (It—E))g, curve (Figure 9) is asymmetric. For
E. > E(i.e., Ey, < 0) and at small positive values of E}, a nearly
linear current response was observed, which is characteristic
for direct tunneling at a fixed gap geometry. The dashed line in
Figure 9 represents the fit to the linear part. An enhanced
exponential-like tunneling response is observed at E; < —0.25
V. The ratio of the tunneling current between the negative and
the corresponding positive branches of the It vs E; curve at |Ey|
= 0.4 V is ca. 20.

Unlike in case of constant bias mode, it is not possible to
derive simple diagnostic relations between the characteristic
features of the experimental curve and the model parameters.
Thus, we compared the full master eq 5 to our experimental
data after subtraction of the linear response contribution due to
direct tunneling. The baseline was evaluated by the extrapolation
of the linear part of the experimental curve. This approximation
neglects the different electronic transmission of V>* and V**
in the respective off-resonance states and attributes the observed
effect to redox-mediated tunneling only.

The resulting theoretical curve is shown in Figure 9; its
parameters are shown in Table 2. Similarly as for constant bias
mode (cf. section 4.3), the estimated value of & is close to 1.
The estimated value of A &~ 0.2 eV is also in agreement with
the one obtained from constant bias spectroscopy when start-
ing the trace in the stability range of the V>* form (Table 2).
In contrast, y &~ 0.4 is smaller than obtained before.

The experimental data plotted in Figure 9 do not provide a
clear trend at E; < —0.60 V for V> == V' due to the onset of
the second redox process V" = V°. The extrapolation of the
simulated curve toward higher bias values (inset in Figure 9)

0 }
EJ‘

< |
El‘-‘
[~ 4

61 -10 05

-0.6 -0.4 -0.2 0.0
E. | V(SCE)

Figure 9. It vs E; curve recorded in variable bias spectroscopy mode
(points), an expected linear current response of the direct tunneling (dashed
line), and a fit of the tunneling enhancement (eq 5, solid curve). The inset
shows the same data and a simulated curve in a wider potential range
assuming that the 2-step ET model with partial vibrational relaxation is
valid.

Table 2. Estimated Values of the Model Parameters

mode constant bias variable bias
initial form vzt vt vzt
MeV 0.2 £0.05 0.4 £0.05 0.2 £0.03
& 0.7—1 0.7—1 1+£0.03
Y 0.85—1 0.85—1 0.4 £0.03
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demonstrates a maximum of the enhancement current, which
reaches zero at E, << E°. This, however, does not have a physical
meaning but merely reflects the breakdown of the condition |E|
< A, required for the validity of eqs 2 and 3. The correct
treatment of this situation predicts a constant value of Tonn. %4

5. General Comments and Conclusions

We carried out current—voltage EC STS experiments in an
asymmetric configuration and demonstrated that the experimen-
tal observations can be represented by the KU model of a two-
step ET with partial vibrational relaxation.

The values of the model parameters & and y, as obtained from
constant bias spectroscopy, are close to 1 independent of the
starting potential (Table 2). This result implies that the effective
potential at the active viologen core is close to E.>° A possible
physical interpretation of such a result is that the potential pro-
file inside the tunneling gap drops significantly at the substrate
and remains rather constant up to the position of the tip. A more
complicated picture arises when considering the effect of “Debye
screening”.®**?1%! This effect is expected to be stronger at high
electrolyte concentrations, which corresponds to our experi-
mental conditions (0.5 M LiClO,4). However, it is not clear at
the moment, what could be the effect of the ionic components
of the monolayer (V> respective V" and coadsorbed Cl1O,~
ions, which replace the Br™)®® as well as of the alkyl spacers
on the potential distribution in the gap.

The analysis of the It vs E; traces recorded in variable bias
spectroscopy mode (Figure 9) yield & &~ 1, while y is estimated
to be ca. 0.4. The former value corresponds to an estimate of
the effective potential at the central viologen core of Es + 0.4E},
and may reflect an asymmetry in the experimental realization
of this mode: the substrate potential E was fixed, while the tip
potential E; was driven toward rather high values of the bias
voltage compared to the experimental conditions applied in
constant bias mode spectroscopy. This result agrees with the
decrease of both & and 7y upon the increase of E} in constant
bias mode (Table 1).

The reorganization energy A was found to depend only on
the initial oxidation state of the viologen unit and, independent
of the chosen spectroscopic mode, is close to 0.2 eV for V>*
and 0.4 eV for V™ (Table 2). We attribute this observation to
the aforementioned lowering of the effective tunneling barrier
at the interface when a SAM of HS6V6 was electrochemically
tuned from the V2" to the V' state. In STM experiments, the
tip—substrate separation was controlled via a tunneling current
feedback loop. The tunneling resistance, rather than a junction
geometry, was kept constant upon modification of the redox
state of the viologen moiety. In consequence, a wider tunneling
gap between tip and substrate is expected for the more
conductive V' adlayer. The effect of a confined tunneling gap
on A was addressed theoretically. Qualitatively, the smaller gap
results in a smaller value of the environmental reorganization
energy due to the squeezing out of water molecules from the
immediate surrounding of the redox center, which is in ag-
reement with our observations.

Our experimental data cannot be represented by a model
based on “bare” resonant tunneling®*°~®® or a vibrationally

(99) Kornyshev, A. A.; Kuznetsov, A. M.; Ulstrup, J. |
; - 2006, 103, 6799-6804.
(100) Kornyshev, A. A.; Kuznetsov, A. M. it 2006, 7, 1036—
1040.

(101) Kornyshev, A. A.; Kuznetsov, A. M. | NN 2006.
8, 679-682.

coherent two-step ET regime®® because the position of the
maximum of the enhanced tunneling current, Eca, is rather
close to the formal potential E° at low bias voltages. Considering
the estimated values of the reorganization energies A varying
between 0.2 and 0.4 eV, the experimentally observed values of
Epeak are significantly different from E°+ 0.2 (or 0.4) V. These
values are predicted by the other two models. The experimen-
tally observed magnitude of the enhanced tunneling current also
implies that the model of two-step ET with complete vibrational
relaxation does not represent the investigated system properly.

Despite this success, there are also inherent limitations in the
chosen model. The derivation of eqs 4—8 is based on the
assumption of a strong electronic coupling of the molecule to
both electrodes, as reflected in the electronic transmission
coefficient k¥ & 1. This boundary condition is not strictly fulfilled
in the present case. The tip is separated from the redox-active
center not only by the “chemical” barrier of the alkyl spacer,
but also by the “tunneling” barrier of the medium. It is possible
to account for this asymmetry within the frame of the same
model,>® but this correction does not seem to improve the de-
scription of our experimental data significantly.

Another critical point is the estimated absolute value of the
pre-exponential factor A = e*pw/(4m) (eq 5), which corre-
sponds to the adiabatic limit of each of the two ET steps. This
is most probably not exactly the case in the present experimental
situation. The estimated value of A corresponds to the ET
mediation by a single redox-active center only. This does not
imply that exclusively one redox group is trapped in the
tunneling gap, but rather that at every moment only one redox
center experiences a favorable fluctuation. The scatter between
individual measured scans is rather high, and the averaged data
represent only a statistical picture. These curves may correspond
to n > 1 simultaneously acting mediators. Taking into account
the geometry of the tunneling junction, it is difficult to expect
that n is higher than ca. 10. Fortunately, the overestimation
of the transmission coefficient and the underestimation of the
number of active centers in the tunneling junction are compen-
sating factors.

The robustness of the model and of the analysis presented to
the variation of A is, in addition, supported by the pronounced
exponential-type dependence of the resonant current on the
reorganization energy A. The latter contrasts to the proportional
dependencies of A on k and n. The effect of possible corrections
taking into account more precise values of «y, 7, and n is nearly
negligible compared to the error margins of the results extracted
from the experimental data.

The real limits of the model are reached in tunneling
experiments at high bias potentials Ey. If the numerical values
of Ey, are comparable or higher than A, the presented version of
the model is not adequate anymore. For example, in the constant
bias spectroscopy mode a plateau is expected on top of the peak
in the limit of A < E,.>° Some of our experimental curves,
recorded at £, = 0.2 V under conditions corresponding to A =
0.2 eV (Table 2), indeed demonstrated similar features. How-
ever, we did not explore this issue in detail. More critical in
this respect are experiments in variable bias mode. The current
in the experimentally accessed bias range is well described by
the presented version of the KU model. According to the more
detailed theoretical simulations, a peak or a plateau in the I—FE},
curves may be observed depending on the properties of the
system.”” Only further experiments with redox-active systems
giving access to clear-cut data for a well-defined single redox
process at Ey, > A could clarify these issues. The viologen system
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exhibits a limitation here due to the non-negligible contributions
of a second redox process (V= v,

Despite this limitation, we stress that with the experimental
data available for the viologens, a unique possibility arises for
comparing ET characteristics at the single molecule level in a
symmetric>****"*® and an asymmetric configuration. The
intriguing question to be addressed is, why electrochemical
gating leads to the “switching” of the junction conductance
between a low (V>") and a high (V™) conductance state in the
first case and a redox-mediated maximum in the enhanced
tunneling current in the second case.”> Clearly, the correct
answer is based on properties of the nuclear subsystem and the
coupling of the tunneling electrons with molecular vibrations.
We tentatively attribute the sigmoid increase of the molecular
conductance current in the symmetric tunneling junction
Au | HS6V6SH | Au to the higher electron density and the higher
conjugation of the radical cation molecular wire as compared
to the dication bridge. This view is supported by force field
calculations of Hesters et al.'®® These authors reported that the
interring bond order increases when the viologen dication
transforms into the radical upon reduction, which implies that
the aromatic character extends across both rings for the latter.
The latter also leads to a reduction of the tunneling barrier height
as it is observed experimentally in the asymmetric tunneling
junction AulHS6V6 | Au under “off-resonance” conditions
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(Figure 5). On the other hand, we believe that the enhanced
tunneling resonance as observed and quantitatively modeled in
the present paper for an asymmetric tunneling junction is
dominated by the dynamics of the solvent in the gap. These
contributions appear to be significantly smaller in a symmetric
junction with individual alkanedithiol-terminated viologen
moieties chemically bound to both metal contacts.

We notice that the concept of “soft gating”, as recently
proposed by Ulstrup et al.,*® is an example of the theoretical
treatment of ET, deeply rooted in the nuclear motion modes of
molecular assemblies. Deeper insight in the redox-molecule
mediated junction characteristics are also expected from ab initio
based electronic structure simulations combined with transport
calculations, such as those attempted in ref 91. Indeed, there
are still many other interesting properties of redox-active
molecular assemblies in a confined metal | molecule | metal
configuration, which still will need to be explored experimentally
and theoretically.

Acknowledgment. This work was supported by the HGF Project
“Molecular Switches”, the DFG, the Volkswagen Foundation,
Research Center Jiilich, and University of Bern. I.V.P. acknowl-
edges support of DAAD for a Ph.D. fellowship. The viologen
derivatives were synthesized by A. Blaszczyk and M. Mayor. We
also acknowledge discussion with A. Kuznetsov, J. Ulstrup, M.
Ratner, S. Lemay, M. Mayor, A. Bagrets, and F. Evers.

JA8054194



