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Abstract: Electron transport characteristics were studied in redox molecule-modified tunneling junctions
Au(111)|6-thiohexanoylferrocene (Fc6)|solution gap|Au STM tip in the absence and in the presence of
gold nanoclusters employing an electrochemical STM setup. We observed transistor- and diode-like
current—voltage responses accounted for by the redox process at the ferrocene moiety. We demonstrate
that the reorganization energy of the redox site decreases with decreasing gap size. As a unique new
feature, we discovered the formation of uniform (size ~2.4 nm) gold nanopatrticles, upon multiple oxidation/
reduction cycles of the Fc6 adlayer. The immobilized nanoparticles modify the electron transport response
of the Fc6 tunneling junctions dramatically. On top of embedded single nanoparticles we observed single-
electron Coulomb charging signatures with up to seven narrow and equally spaced energy states upon
electrochemical gating. Our results demonstrate the power of the electrochemical approach in molecular
electronics and offer a new perspective toward two-state and multistate electronic switching in condensed

media at room temperature.

1. Introduction

Electric transport in nanoscale systems has been the subject
of considerable interest during the past few years.!~* Substantial
efforts have been made to build and to characterize individual
molecules that mimic functions of conventional solid-state
devices.>® The electric characterization of nanoscopic assemblies
(metallmolecule|metal) with devicelike functions, such as recti-
fiers, switches, or transistors, require source and drain electrodes,
preferably an external gate, and one or more low-lying localized
molecular electronic levels.> *"8 A number of experimental
approaches have been employed to wire molecules of interest
into a molecular junction, such as scanning probe microscopy,
crossed wire and nanoparticle junctions, mechanical and elec-
tromigration break junctions, nanopores and mercury drop
electrodes (see refs 3 and 7—12 and literature cited therein).
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Working in an electrochemical environment has the advantage
that the electrolyte acts as a unique gate.*3**6 The field of
the electrochemical double layer (~10° V m™) is close to the
gate field required to significantly modulate the current through
a molecular junction according to first-principle calculations by
di Ventra et al.*"!®

Particularly promising systems, although still poorly under-
stood, to construct functional nanojunctions represent redox-
active molecules, which are reduced or oxidized by the
application of an external voltage.>®*°~2* Until now several
groups have utilized the concept of “electrolyte gating” and
demonstrated with custom-designed molecular hybrid systems
amplification and/or rectification in current—voltage character-
istics. Examples of redox-active molecular systems employed
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are porphyrins,**2® viologens,*®2630

oligomers,®>32 metal transition complexes,
nitro derivatives of oligophenylene ethynylene,*“° ferrocene,
perylene tetracarboxylic bisimide,** *° tetrathiafulvalenes,
fullerene derivatives,*® and redox-active proteins.2%47~52

An encouraging approach to construct active molecular
circuits involves ferrocene-based systems.>® The ferrocene/
ferrocenium interconversion is fast, and the redox couple is
stable in a variety of environments. A wealth of synthetic
methods are available to tune the electronic properties of the
redox-active ferrocene core and/or to construct a large variety
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33=37 carotenes,®
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of ferrocene derivatives. Starting from the pioneering work of
Chidsey,>* ferrocene-terminated self-assembled monolayers on
gold were developed as model systems for kinetic and thermo-
dynamic studies of Marcus-type electron transfer at electro-
chemical interfaces.>*~° The structures of the various adlayers
have been characterized by STM,%°~® infrared, X-ray, and
Raman spectroscopy,>”5°%475¢ and quartz crystal microbalance
measurements.>” The unique electrical properties of ferrocene
have led to explorative applications in micro- and nanoelectronic
hybrid systems. Wrighton et al. reported on the first ferrocene-
based molecular device employing the concept of “orthogonal
assembly”.%” STM and CP-AFM experiments provided evidence
for stochastic switching**%® and the occurrence of a negative
differential resistance*™®® in patterned ferrocene-containing self-
assembled monolayers. Ex situ electron transport studies at room
temperature and under cryogenic conditions employing micro-
fabricated cavities,’® tunneling junctions of self-assembled
monolayers,” or a ferrocene-based organometallic wire”?
showed current—voltage characteristics with distinct molecular
resonances. Dhirani et al. reported on differential conductance
switching in planar tunneling junctions.”® Explorative studies
also suggested novel applications of thin chemisorbed ferrocene
films as contact interlayers in photovoltaic cells,’* electronic
memories,” or spin valves in spintronics.”®
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Figure 1. Interfacial properties of a high-coverage monolayer of Fc6 on
Au(111)-(1 x 1) in 1.0 M HCIO,. (A) Cyclic voltammogram measured
with the potential sweep rate » = 0.05 V s™*. The estimated redox potential
E° is indicated by the dotted line. (B) In situ STM image. The lateral size
is 300 x 300 nm, the vertical scale is 0.6 nm, I+ = 0.05 nA, Es = 0.1V,
and Er = 0.2 V.
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We report in the present paper on the first construction of a
redox-active asymmetric tunneling junction formed between a
Au STM tip and a Au(111)-(1 x 1) surface modified with
6-thiohexanoylferrocene (Fc6; Figure 1) in an electrochemical
environment. After the description of macroscopic and structure
properties of the ferrocene-based monolayer we focus on local
in situ tunneling spectroscopy (STS). We demonstrate transistor-
and diode-type current—voltage characteristics, both triggered
by the local addressing of the redox-active ferrocene moiety.
We show that these observations are explained quantitatively
by a model assuming a sequential two-step electron transfer
with partial vibrational relaxation.?*2%2® We also illustrate an
electrochemical annealing concept, which leads to an unusual
transformation of the redox-active tunneling junction into a
nanoparticle-mediated junction, which exhibits discrete and
locally addressable energy states with unique quantum charging
characteristics.””

2. Experimental Details

2.1. Electrolytes, Electrodes, and Voltammetric Measure-
ments. The electrolytes were prepared from Milli-Q water (18.2
MQ, 2 ppb TOC), HCIO, (70%, Merck, suprapure), LiClO,4
(Aldrich, 99.99%), and HCI (35%, Merck, suprapure). All electro-
lytes were deaerated in argon (5 N) before and during the
experiments. All measurements were carried out at 22 + 0.5 °C.
The glassware was cleaned in caroic acid followed by extended
rinsing with Milli-Q water.

The single-crystal Au(111) electrodes were either cylinders (EC,
4 mm height, 3.6 mm diameter) or disks (STM, 2 mm height and
10 mm diameter). They were flame-annealed with a butane or
hydrogen flame at red heat and then cooled slowly in high-purity
argon prior to each experiment. Contact with the electrolyte was
always established under potential control.

The macroscopic electrochemical measurements were carried out
in a three-electrode cell with an Autolab PGSTAT30 (ECO
Chemie). A platinum wire and a trapped hydrogen electrode served
as counter and reference electrodes. For comparison we converted
all potentials given in this paper with reference to a saturated
calomel electrode (SCE).
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129, 9162-9167.

2.2. Electrode Modification. The 6-thiohexanoylferrocene (Fc-
CO(CH,)s-SH, abbreviated Fc6) was synthesized using a previously
established procedure®® and provided by Dr. M. Kalaji, Univerity
of Bangor, Bangor, U.K. The modified adlayers were prepared with
island-free Au(111)-(1 x 1) electrodes. After flame annealing and
lifting of the reconstruction in 0.1 M HCI,”® these electrodes were
immersed in a 1.0 mM ethanolic solution of Fc6 in a sealed argon-
filled container for 20 h at room temperature. After incubation, the
samples were removed from the solution, carefully rinsed with
absolute ethanol, dried under a stream of argon, and subsequently
transferred into the electrochemical or STM cell.

2.3. STM and STS Measurements. The electrochemical STM
and STS measurements were carried out with a modified Pico-SPM
(Agilent) in a sealed, argon-filled chamber. The STM tips were
electrochemically etched gold or platinum/iridium (70/30) wires
(0.25 mm diameter) coated with polyethylene. Both types of tips
are capable of atomic resolution. The leakage current was typically
less than 1 pA. Two platinum reference and counter electrodes
completed the configuration of the electrochemical cell. This
arrangement represents an electrochemical transistor-type assembly
with tip and Au(111)-(1 x 1) sample corresponding to source and
drain electrodes and the electrolyte as a gate.

Current—voltage curves (I+ vs E) were recorded with gold STM
tips in a potential cycle at fixed geometry of the tunneling junction
with the feedback being temporarily switched off. In constant bias
mode, the bias voltage was fixed, while both Er and Es, the
potentials of the tip and substrate, were cycled with a rate of 0.5
or 1.0 V s™% In variable bias mode, Es was fixed and E was cycled
in a wide potential range with a rate of 0.5 or 1.0 V s™. The cycle
was repeated 5—10 times for every set of experimental conditions.
We note that constant bias mode and variable bias mode correspond
to the variation of gate and bias potentials, respectively.

The in situ STS experiments require a high stability of the tip
position. The vertical stability was checked by disabling the
feedback loop and observing the evolution of the tunneling current
with time. The spectroscopic measurements were carried out only
if the tip displacement was negligible compared to the recording
time of a complete current—voltage trace. Only those scans showing
a return of It to the initial set point current Io, after completion of
the cycle, were selected for the further analysis. In situ STS and
STM measurements were carried out in alternating sequences with
the same gold tip to ensure that the experimental system remained
intact and reproducible.

3. Results and Discussion

3.1. Adlayer Characterization. A freshly prepared Fc6 mono-
layer on an Au(111)-(1 x 1) electrode was first characterized
by cyclic voltammetry and in situ STM. Figure 1A shows a
typical cyclic voltammogram (CV) of the modified gold
substrate in 1.0 M HCIO, for a scan rate of » = 0.05 V s (see
also the Supporting Information, section A). The characteristic
pair of peaks represents the reduction and oxidation of the
ferrocene moiety.>* The peak-to-peak separation is close to zero
in the measured range of scan rates 0.01 < v < 1 V s!
(Supporting Information, Figure S1A). The peak heights scale
linearly with v (Supporting Information, Figure S1B). These
observations point to a reversible redox process within a surface-
confined adlayer. The equilibrium potential is estimated to be
E° = 0.51 £+ 0.01 V. Integration of the oxidation/reduction
peaks, assuming a one-electron-transfer reaction, gives the
apparent surface coverage I' = (3.6 & 0.4) x 107 mol cm 2.
This value is in agreement with literature data>®° and represents
a close packing of the Fc6 monolayer with the alkyl spacers
almost perpendicular to the surface. The fwhm of the redox

(78) Holzle, M. H.; Wandlowski, T.; Kolb, D. M. J. Electroanal. Chem.
1995, 394, 271-275.
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peak amounts to 0.12 + 0.02 V, indicating repulsive interactions
within the adlayer.” Immersion experiments® with a dry Fc6-
modified electrode revealed that the Fc6-covered gold surface
bears a positive total charge at E > 0.35 V (Supporting
Information, section B).

The above data are complemented by high resolution in situ
STM images of the Fc6 monolayer on Au(111)-(1 x 1). No
long-range order is found (Figure 1B). We observed mono-
atomically deep vacancies of 2—5 nm in diameter covering the
entire surface. This pattern is typical for high-coverage self-
assembled monolayers of short-chain thiols on Au(111).%* Closer
inspection reveals that the vacancies are larger nearby upper
step edges, while a meander-type pattern is observed next to
the lower step edges. The morphology of steps is changing
during cycling of the electrode potential in the double-layer
region, which indicates rather high dynamics within the redox-
active adlayer. We also notice that the double-layer charging
current at E > E° is significantly higher as compared to E < E°.
This observation reflects the coadsorption of CIO,~ anions with
the ferrocenium cation, accompanied by a decrease of the tilt
angle of the adlayer upon oxidation.>” %

32. In Situ Scanning Tunneling Spectroscopy with
Redox-Active Tunneling Junctions. Asymmetric tunneling junc-
tions were created between a Fc6-modified Au(111)-(1 x 1)
electrode and a gold STM tip. The tip—sample separation was
controlled by the bias voltage E, = Es — Er, Es and Er being
the potentials of the Au(111) sample and Au tip, and the preset
initial tunneling current Io. Considering the geometry of the tip
as well as the low values of the tunneling conductance 1o/E;,
chosen, we ensured that in these experiments junctions with a
small number of Fc6 molecules, or even only a single molecule,
were sampled. The current—voltage characteristics of the created
junctions were measured with the STM feedback disabled. A
single measurement started typically with Es and Er set in the
potential range where the neutral ferrocene moiety is stable.
Then Es and Et were swept toward values more positive than
the equilibrium potential E° and subsequently back to the initial
potentials. The stability of the junction geometry was ensured
by employing the following protocol. Before each measurement
with the STM feedback loop switched off, we monitored the
time-dependent evolution of the tunneling current I+. The
spectroscopic measurements were carried out only if current
variations due to drift of the tip or other factors were negligible
on the time scale of a single current—voltage trace. We used a
fast potential sweep rate of 0.5 or 1.0 V s~ to limit the recording
time of a complete cycle to less than 2 s. The STM feedback
was enabled after every single scan to allow stabilization of
the system for a few seconds before the next open-feedback
cycle was recorded. For further processing we considered only
curves displaying nearly identical forward and backward half-
scans and a return of the tunneling current It to |, at the end of
the completed scan. We averaged and analyzed typically 15—20
forward and backward half-cycles per setting, fulfilling the above
criteria.

Figure 2 shows typical current—voltage curves measured in
constant bias (Figure 2A) and variable bias (Figure 2B) modes.
Both types of current—voltage responses were recorded for
identical junctions, stabilized at a tunneling conductance |o/Ej

(79) Bard, A. J.; Faulkner, L. Electrochemical Methods: Fundamentals
and Applications, 2nd ed.; Wiley: New York, 2001; p 591.

(80) Aguilar-Sanchez, R.; Su, G. J.; Homberger, M.; Simon, U.; Wand-
lowski, T. J. Phys. Chem. C 2007, 111, 17409-17419.

(81) Yang, G.; Liu, G. J. Phys. Chem. B 2003, 107, 8746-8759.
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Figure 2. Averaged current—voltage responses of Fc6-based redox-active
tunneling junctions obtained from 11 individual traces, at a preset initial
tunneling conductance |o/E,, of 1 nS and with a potential sweep rate of 1 V
s~ Solid black lines are experimental curves, and dashed blue lines are
fits of eq 1 to the experimental data. (A) I+ vs Es characteristics recorded
in constant bias mode: E, = 0.1 V, I, = 0.1 nA. Dotted lines are guides for
the eye: (black) | = lo, (gray) E = E°, (blue arrow) position E = Epeax,
height | ... Fitted parameters of eq 1: A = 0.44 eV, & = 0.70, y = 0.40.
(B) Background-corrected leqn Vs Er characteristics in variable bias mode
with Es = 0.4 V and initial Er = 0.45 V; I, = 0.05 nA. Fitted parameters
ofeq1: A =055¢eV, £ =062, y = 0.64.

= 1 nS. Figure 2A demonstrates that the tunneling current
exhibits a distinct maximum at E = Epea, While I+ = 1o for Eg 1
< E° respective Est > E°. In comparison to viologen
derivatives,?® the off-resonance currents at Es < 0.35 V and Eg
> 0.7 V are similar, indicating that the potential-induced
structure modification of the ferrocene adlayer does not sig-
nificantly modify the conductance properties of the junctions
under nonresonant conditions. No maximum in the tunneling
current is observed under the same experimental conditions if
the tip is retracted.

o = 1820E,{exp[ > (2 + &n + 7E)] +
9.73 -1
oxp[ o0+ B~ o - B @

We measured |t vs Es characteristics of 93 individual constant
bias junctions, initially stabilized at a conductance of 1 nS. The
corresponding responses were similar to those plotted in Figure
2A. However, the positions of the current peaks Epex Shifted
linearly with increasing bias voltage E, toward lower values
(Figure 3A). We note that Epex is close to the equilibrium
potential E° of the ferrocene/ferrocenium couple in 0.1 M HCIO,
atE,=0V.

Figure 2B shows an enhancement of the current Iy, as
measured on top of the direct tunneling current (see the
Supporting Information, section C) at variable bias potentials
upon scanning Er toward more positive values while keeping
Es fixed. Our results clearly represent a redox-mediated
enhancement of the tunneling current. We notice that the overall
behavior of a redox-active tunneling junction resembles that of
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Figure 3. Experimental Epeac Vs E, (A) and In |lpeadEs| Vs By (B)
dependencies for 93 experimental constant bias current—voltage curves of
1 nS junctions. (A) The dashed blue line represents a linear fit to the
experimental data based on eq 2 (y = (0.52 + 0.01) — (0.43 + 0.08)Ey).
The dotted line is a guide for the eye corresponding to E = E°. (B) The
dashed blue lines are linear fits to the experimental data based on eq 3
(positive Ey, branch, y = (2.1 & 0.3) — (5.9 & 2.6)Ey; negative E, branch,
y = (1.9 £ 0.2) + (8.4 £ 0.9)Ey). The dotted lines are guides for the eye
with slopes equal to the theoretical values £-9.73.

a conventional solid-state transistor, with sample and probe
electrodes being equivalent to source respective drain electrodes
and the reference electrode acting as an “electrolyte gate”
electrode.

Tunneling characteristics qualitatively similar to those of Fc6
were reported previously for Fe(l11) protoporphyrin(1X),** metal
transition complexes,®3* azurine,***° perylene-bisimides,*®
tetrathiafulvalenes,®® and viologen derivatives®®2® immobilized
in various types of electrochemical nanojunctions. In order to
analyze and quantify the observed current enhancement in redox-
active Fc6-modified asymmetric tunneling junctions, we con-
sider the following mechanisms: (1) resonance tunneling,®? (2)
vibrationally coherent two-step electron transfer,®® and (3, 4)
noncoherent two-step electron transfer with (3) complete® or
(4) partial vibrational relaxation.?®2%%® The first two models
predict at small constant bias voltages E, a maximum of the
enhanced tunneling current shifted from the equilibrium redox
potential E° approximately by the value of the reorganization
energy 1.2%2' The latter has a typical value of a few hundred
millielectronvolts in a tunneling junction®®2%264% and amounts
to 0.85 + 0.10 eV for ferrocene-modified adlayers in a semi-
infinite metal—electrolyte configuration.>*~® The present ex-
perimental data cannot account for either one of these models
because the position of the enhanced current Epeq is too close
to the equilibrium potential E° at low bias voltages. The rather
high magnitude of the enhanced tunneling current lg,, also
excludes the third model, which assumes a noncoherent two-
step electron transfer with complete vibrational relaxation.

All experimental observations described above support the
applicability of the model of a two-step electron transfer with
partial vibrational relaxation, developed by Kuznetsov and
Ulstrup (KU model).2>%*2 The model, as represented by the

(82) Schmickler, W.; Tao, N. Electrochim. Acta 1997, 42, 2809-2815.
(83) Kuznetsov, A.; Ulstrup, J. Electrochim. Acta 2000, 45, 2339-2361.
(84) Kuznetsov, A. M.; Ulstrup, J. Chem. Phys. 1991, 157, 25-33.

numerical expression (eq 1), predicts characteristic dependencies
between the enhanced tunneling current l¢q,, the bias voltage
Ey, and the overpotential 7 = Es — E°.?® Here lgy, is given in
nA, E, and » are given in V, and the reorganization energy A is
given in eV. & and v, 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 5 and E,,
respectively. The deduction of eq 1 from the KU model as well
as its limitations were extensively described in ref 26. For a
more general overview of the topic we refer to a recent review
by Ulstrup et al.?*

Examples of theoretical curves obtained by fitting eq 1 to
the experimental current—voltage characteristics in constant and
variable bias mode are illustrated by the dashed lines in parts
A and B of Figures 2, respectively. The corresponding two sets
of model parameters (4 = 0.44 eV, & = 0.70, y = 0.40 and 4
=0.55eV, £ =0.62, y = 0.64) are very similar and lead to an
excellent representation of the experimental observations for
these two particular sets of data plotted in Figure 2. In an attempt
to generalize our conclusions for all current—voltage charac-
teristics recorded for Fc6 in a wide range of bias voltages E;
and overpotentials #, we analyzed the following two correlations
quantitatively:

Epeak =E°+ (05 - y)E/& 2

In|l . /E| = (6.81 — 9.731) — 9.73|E,| 3)

pea

These expressions describe the dependencies of position and
height of the peak of the enhanced tunneling current in constant
bias mode, Epeac and Ipeac (Figure 2A), on the bias voltage Ep,.
They were derived on the basis of the KU model and eq 1.2%%°
Figure 3 shows plots of Epeax VS Ep (€q 2) and In | pear/Ep| VS Ey
(eq 3). These graphs represent Epea and lpeax Values, extracted
from 93 individual constant bias current—voltage characteristics.
The junction conductance prior to the voltage sweep was always
fixed to 1 nS in the stability region of the neutral ferrocene
moiety, ensuring a constant separation between STM tip and
Fc6-modified gold substrate. The linear variations of the average
values of Epeax (Figure 3A) and In |lea/Es| (Figure 3B) upon
changing Ej are in excellent agreement with egs 2 and 3. We
notice that the plot of In |lpea/Ep| VS E, shows two linear
branches, which approach each other at E, — 0. The slopes of
both branches are close to the theoretical values (dotted lines
in Figure 3B). The intercepts lead to the following values of
the reorganization energy:, A = 0.48 + 0.03 eV for the positive
branch and 4 = 0.51 4 0.02 eV for the negative branch. Linear
fits of the In |l,ea/Ep| VS Ey dependencies with a fixed slope
(not shown) resulted in the estimations 4 = 0.45 + 0.01 eV
(positive branch) and 4 = 0.48 + 0.01 eV (negative branch).
We emphasize that these values of 1 agree with the parameters
obtained from individual fits of eq 1 to experimental curves
such as those plotted in Figure 2.

We also studied the dependence of the junction properties
on tip—sample separation. The latter was controlled by the
variation of the initial set point current (0.05 nA < Iy < 10 nA)
at fixed E, = 0.1 V. Although the absolute probe—electrode
separation has not been determined in our STM configuration,
we may state that an increase of the off-resonance tunneling
conductance l¢/E;, corresponds to a reduction of the tip—sample
distance. We measured a series of 10 constant bias current—voltage
curves for each |, value and determined the average value of
loeak (Cf. Figure 2A). The latter is monotonously increasing with
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Figure 5. (A) STM image of gold clusters formed within the Fc6 adlayer
by multiple potential cycles in the tunneling regime in 0.2V < Est < 0.80
V. The lateral size is 50 x 50 nm, the vertical scale is 0.4 nm, I+ = 0.05
nA, Es = 0.7 V, and Er = 0.1 V. (B) Size distribution histogram of 1264
clusters from 15 STM images and its Gaussian fit. The corresponding
parameters are the average cluster diameter 2.42 nm and the standard
deviation o = 0.45 nm.

lo (Figure 4). The corresponding reorganization energies A were
subsequently calculated with eq 3 using the experimentally
accessible values of I and E,. We found that 4 decreases
with an increase of 1y (Figure 4). Specifically, the A values of
the Fc6-modified tunneling junctions decrease from ~0.5 eV
to ~0.25 eV upon a 200-fold increase of l,. The maximum value
is significantly smaller as compared to 0.85 + 0.10 eV, which
is found for ferrocene-modified adlayers in a semi-infinite
metal—electrolyte configuration.® ¢ The decrease of the
reorganization energy A upon closure of the tunneling gap, as
experimentally observed for the first time in the present study,
may be rationalized physically by a reduction of the solvent
space surrounding the redox center.®

3.3. Transformation of the Fc6 Adlayer. After multiple cycles
of Fc6 oxidation and reduction during the STS measurements
in the potential range 0.20 < Est < 0.80 V, we monitored the
stability and redox activity of the Fc6 adlayer up to 20 h. We
found that the macroscopic CV response (Figure 1A) did not
change if the whole system is carefully protected from oxygen
under an inert Ar atmosphere. However, the morphology of the
surface, as imaged by in situ STM, showed a distinct modifica-
tion (Figure 5A). We observed the formation of small gold
clusters within the redox-active ferrocene-terminated adlayer.
The clusters are rather immobile and appear to be trapped within
the organic layer. The size distribution of the clusters is rather
narrow (Figure 5B). We estimate an average diameter of 2.4 +
0.5 nm. The origin of these clusters is attributed to the partial
decomposition of the ferrocene-based adlayer®” accompanied
by the local release of gold surface atoms and their subsequent
aggregation.®®

(85) Corni, S. J. Phys. Chem. C 2005, 109, 3423-3430.
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Figure 6. (A) Example of a constant bias current—voltage response I+ vs
Es of a single cluster, E, = 0.1 V, I, = 0.05 nA, and its fit by a series of
Gaussians. (B) Contour map of peak position—peak height distribution for
361 peaks. The various shadings indicate areas with different amounts of
counts per cell (0.05 V x 0.5 nA) inside. (C) Peak spacing histogram for
the same data set as in (B) and its Gaussian fit. The corresponding parameters
are the average spacing 0.11 V and o = 0.017 V.

The small size of these immobilized gold nanoparticles
suggests that they may possess specific, locally addressable
electronic properties.””#" 78 Thus, we carried out a series of
systematic constant bias mode in situ STS experiments with
the gold tip positioned above a single gold cluster. Instead of
one broad peak as recorded for the bare Fc6 monolayer (Figure
2A), we observed for the cluster-modified junctions up to seven
clearly resolved narrow peaks in the I+ — Es characteristics
(Figure 6A). These data were analyzed by fitting a series of
Gaussians to deconvolute individual peaks and to determine their
positions, heights, and widths. An example is presented in Figure
6A. The peak-to-peak spacing in the current—voltage curves,
based on a statistical analysis of 73 individual traces, was found
to be very regular (Figure 6C) and equal to 0.11 4 0.02 V. The
full width at half-maximum (fwhm) is also rather uniform and
amounts to 0.07 + 0.03 V. On the other hand, we observed
that the measured heights of the individual peaks vary by 2
orders of magnitude and are distributed exponentially with a
decay factor of ~0.5 nA (see the Supporting Information, section
D). We also noticed that the peaks positioned next to E ~ E°
= 0.51 V are typically higher than those at more negative or
positive potentials, respectively. In an attempt to generalize this
observation, we constructed two-dimensional peak position—peak
height distributions based on all experimental data accessible.

(86) Taylor, R.; Torr, N.; Huang, Z.; Li, F.; Guo, Q. Surf. Sci. 2010, 604,
165-170.

(87) Murray, R. W. Chem. Rev. 2008, 108, 2688-2720.

(88) Zabet-Khosousi, A.; Dhirani, A. Chem. Rev. 2008, 108, 4072-4124.

(89) Laaksonen, T.; Ruiz, V.; Liljeroth, P.; Quinn, B. M. Chem. Soc. Rev.
2008, 37, 1836-1846.
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The plot in Figure 6B clearly supports the trend formulated.
On the basis of the distribution of peak spacings and peak
heights we attribute our observations to a modulation of the
tunneling current enhancement in the redox-active tunneling
junction by a sequential capacitive charging of single gold
nanoclusters. Following this hypothesis, we estimate®”89~9 the
average single-particle capacitance C = e/AE = 1.5 + 0.2 aF.
Similar values of C were reported by Chen et al.?? on the basis
of macroscopic voltammetric experiments with a monolayer of
alkanethiol-protected nanoparticles immobilized on a gold
substrate. Single-electron Coulomb charging was observed for
different types and sizes of individual nanoparticles on bare and
adsorbate-covered nanoparticles using different approaches.
These include specifically STM and STS under vacuum®3~%
or in air.°®°” Recently, Albrecht et al. published the first STS
data in an electrochemical environment.”” These authors im-
mobilized an alkanethiol-capped Auis; nanoparticle in a tun-
neling junction composed of a Pt/lr STM tip and a cluster-
modified Pt(111) substrate. We note that this nanoscale system
did not contain redox-active molecules and that the observed
modulation of the tunneling current was asymmetric, which is
different from the present work. On the other hand, our study
and the work of Albrecht et al. report as a unique result peak-
shaped modulations of the tunneling current. The peaks are
equally spaced as well as rather close and narrow, which offer
new perspectives on multistate electronic switching in condensed
media at room temperature. The observed feature of sequential
capacitive charging is reminiscent of a successive electronic
charging of redox molecules through several oxidation/reduction
states. However, the latter are usually much wider than the
former. We note that the present system has one accessible
molecular redox state in the tunneling junction. The interplay
of this redox resonance with the sequential charging of the gold
nanoparticles in an individual electrochemical tunneling junction
has not yet been treated theoretically, although the Coulomb
charging effect under electrochemical conditions in a multistate
redox molecule was recently addressed and the results seem to
be in agreement with our observations.®® However, we believe
that an appropriate model will need to consider the successive
charging of the particle Coulomb levels in combination with
the solvent activation and relaxation as modified by the redox-
active host lattice,%8 1%

(90) Chen, S.; Murray, R. W.; Feldberg, S. W. J. Phys. Chem. B 1998,
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1996, 218, 262-264.

(94) Andres, R. P.; Bein, T.; Dorogi, M.; Feng, S.; Henderson, J. |.;
Kubiak, C. P.; Mahoney, W.; Osifchin, R. G.; Reifenberger, R.
Science 1996, 272, 1323-1325.
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4, Conclusions

We have employed an electrochemical STM approach to
demonstrate electrolyte gating, rectification, and quantum charg-
ing in a redox-active molecular tunneling junction. The latter
is constructed from 6-thiohexanoylferrocene (Fc6) molecules
immobilized on an Au(111)-(1 x 1) electrode in the absence
as well as in the presence of Au nanoparticles.

The Au substrate|Fc6|solution gap|Au STM tip junctions
exhibit an enhanced tunneling current upon alignment of tip
and substrate Fermi levels with the molecular redox state.
Depending on the applied polarization mode, transistor- or
diode-like responses were demonstrated. These gating/rectifica-
tion effects are accounted for by the dynamics of the solvent
reorganization upon charging/discharging the redox center in
the tunneling junction. They are quantitatively described by the
Kuznetsov—Ulstrup model of a two-step electron transfer with
partial vibrational relaxation. For the first time we demonstrate
experimentally that the solvent reorganization energy upon
oxidation/reduction of the redox moiety decreases with decreas-
ing gap size. This observation is attributed to the reduction of
the solvent space surrounding the active center.

Multiple cycles of adlayer oxidation/reduction lead to the
formation of Au nanoclusters immobilized within the Fc6
monolayer. The clusters exhibit a narrow size distribution with
an average diameter of 2.4 nm. Local STS experiments with
these Au(111)|Fc6 + Au nanoparticles|solution gap|Au tip
junctions revealed a series of narrow, equally spaced current
peaks. We demonstrate that this unique current—voltage re-
sponse can be attributed to a distinct modulation of the tunneling
current by the quantized single-electron charging of the Au
nanoparticles. This first study of electronic properties of a
tunneling junction composed of redox-active molecules and
nanoparticles opens new experimental and theoretical perspec-
tives toward multistate electronic switching in condensed media
at room temperature.

In a broader perspective, we aimed to demonstrate that the
electrochemical approach offers a unique ability to tune
potentials (Fermi levels) of probing electrodes as well as a wide
range of functionalized nanoassemblies confined in the gap, and
this opens opportunities to control electron transport at a
molecular respective single-cluster level, leading toward exciting
new phenomena and applications in “wet electronics”.
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