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Electron Transfer in a Hg-SAM//SAM-Hg
Junction Mediated by Redox Centers**

Elizabeth Tran, Maria A. Rampi,* and
George M. Whitesides*

Studies of electron transport through molecules using metal-
molecule-metal junctions!"! or scanning probe devices?**!
suggest principles that may be useful in designing systems for
organic/organometallic electronics. Molecules are, in general,
poor conductors of electrons, and “conduct” by tunneling. For
some molecules, however, applying a potential across the
electrodes of a metal-molecule-metal junction can cause an
orbital (usually the HOMO or LUMO) of the molecule to fall
between the Fermi levels of the electrodes and thus increase
conductivity.®! Molecules with well-defined and readily
accessible redox states are, thus, attractive candidates for
use in testing theories of electron transport (and perhaps for
electronic devices),**'® and a few examples are now known
in which two or more metal redox centers organized in space
and energy with respect to one another display electronic
functions such as rectification and switching."*?) Here we
report the first example of a metal-molecule-metal junction
comprising two closely spaced alkane thiolate monolayers,
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each presenting redox centers at their surface.”!! Standard
electrochemical techniques demonstrate that this junction
becomes conductive when the electrode potentials are
adjusted to the formal potential of the redox centers, and
that it shows diode- and transistor-like characteristics analo-
gous to those of solid-state devices.

Figure 1a shows a schematic illustration of the junc-
tion®) and the associated electrochemical system.
The junction consists of two mercury-drop electrodes,
both of which support a self-assembled monolayer
(SAM) of the thiol terminated with the ruthenium peta-
amine pyridine-terminated thiol [Ru(NH;)s(NCsH,-4-
CH,NHCO(CH,),,SH](PF¢), (henceforth abbreviated as
HS-C,,-Ru).P3 The thiol HS-Cjy-Ru readily adsorbs from
1 mM acetonitrile solutions onto mercury electrodes and gives
electroactive monolayers.”® Cyclic voltammetry of a mono-
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Figure 1. Schematic representations of a) the Hg-SAM//SAM-Hg junc-
tion and the electrochemical system used to characterize it, and b) the
electrical circuit for the experimental setup in (a). Vsg and Vg are the
potentials of the source and drain electrodes with respect to the refer-
ence electrode, respectively. The electrolyte is the gate whose potential
is established by the voltage applied to the reference electrode relative
to ground. I, and Is are the currents at the drain and source elec-
trodes. c) Cyclic voltammogram (corrected for charging current) for a
mercury-drop electrode supporting a SAM of HS-C,o-Ru in contact with
0.2m aqueous Na,SO, at pH 4. The scan rate was 50 mVs™".
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layer in contact with 0.2M aqueous Na,SO, at pH 4 (Fig-
ure 1c¢) shows a redox wave corresponding to the Ru"=Ru'™
interconversion at Eg,,,=—0.01 V versus Ag/AgCl, a value
that is close to that of a related compound dissolved in the
same medium (EY, =+0.04 V versus the saturated calomel
electrodeP!). At scan rates <100 mVs~!, the oxidation and
reduction peaks are stable to electrochemical cycling over at
least 16scans, and essentially symmetric, with a peak
separation of <10 mV and a full-width at half-maximum of
about 90 mV. This ideal behavior indicates that the ruthenium
moieties are uniform in their redox behavior. We infer that
these moieties are located at the external surface of the
monolayer.

We studied electron transport across the Hg-SAM//SAM-
Hg junction by placing the junction, together with an Ag/
AgCl reference electrode and a platinum counter electrode,
in a Na,SO, electrolyte solution at pH4, and by using a
bipotentiostat that allowed the potentials of the mercury
electrodes to be controlled independently with respect to the
reference electrode (Figure 1a). The potentials of the mer-
cury electrodes were controlled such that one (cathode) acted
as an electron donor and the other (anode) as an electron
acceptor. We designated the cathode and anode as the drain
and source electrodes, respectively, by analogy to the
convention used in semiconductor devices, where current is
considered to flow from a more positive region to a more
negative region.® We measured the conductance through the
junction as a function of the potentials of the drain and source
electrodes with respect to the reference electrode (that is, Vipg
and Vg, respectively) and as a function of the potential
between the source and drain (V) using the electrolyte
solution as a gate.® We controlled the potential of the gate by
controlling the potential applied to the reference electrode
relative to the ground potential. Since the source electrode is
at ground potential, this voltage is V.

Figure 2a shows the drain/source currents when Vpg is
fixed at —0.20 V, whereby the attached ruthenium is in its 42
oxidation state, and Vg is varied. The currents are negligible
and the junction is nonconducting for Vg < Vpg. Increasing
VG to values more positive than —0.14 V results in an anodic
current flow corresponding to the oxidation of Ru" to Ru'™ at
the source and a cathodic current flow corresponding to the
reduction of Ru™ to Ru" at the drain. The anodic and
cathodic currents are equal and increase to a plateau with a
half-wave (half-maximum) potential (—0.04 V) that is near
the formal potential E° of the Ru"/Ru™ couple. The max-
imum current passing through the electrodes with an elec-
trode contact area of about 0.20 mm’ is typically about
1.3 mAmm 2 (or 1000 electrons per second per molecule), a
value that is approximately 600-fold higher than that
observed when only one of the mercury electrodes is electri-
cally connected to the bipotentiostat.

The observation that the current depends on the E° value
of the redox couple is evidence that charge transport in the
junction is related to the presence of the surface-bound redox
centers. To determine whether charge transport requires
redox centers on both electrodes, we replaced the drain
electrode with a bare mercury electrode in one experiment
and with a mercury electrode modified with the non-electro-
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Figure 2. Current—voltage characteristics of the Hg-SAM//SAM-Hg
junction showing diodelike and transistor-like behavior. All experiments
were carried out in 0.2 M aqueous Na,SO, at pH 4. a) I, and s as a
function of V. Vi was fixed at —0.20 V and the scan rate was

50 mVs™. b) Is as a function of Vs for the same junction as in (a).
Vps was fixed at +0.10 V. ¢) Is as a function of Vs at different values
of V. For (b) and (c), Ip (not shown) is equal in magnitude but oppo-
site in sign to Is; the scan rate was 10 mVs™'

active thiol HS(CH,),,COOH in another. In both experi-
ments, we observed negligible current at the drain and a peak-
shaped voltammetric wave consistent with reversible oxida-
tion of Ru" to Ru™ at the source. The current level at the
source was in the range (< 10% difference) of that observed
in the cyclic voltammogram and suggested that electron
transfer between an electrode and its redox-active SAM is
faster than electron transfer between an electrode and the
redox centers on the neighboring electrode. The presence of
redox centers on both electrodes is therefore needed for
current to pass from one electrode to another.
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Based on these observations, we propose that charge
transport through the junction occurs as a result of oxidation
of Ru" to Ru' at the source, electron exchange between Ru'™
at the source and Ru" at the drain, and reduction of Ru™ at
the drain back to Ru" as key steps (Figure 3).”* Similar
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Figure 3. Schematic diagram of the proposed mechanism of charge
transport through the Hg-SAM//SAM-Hg junction when V¢ is more
positive than —0.14 V and Vpc=—0.14 V.

surface-to-surface charge-transport mechanisms have been
reported previously for a variety of interfaces including
polymer/polymer®”*! and polymer/electrolyte solutions;*
such electron-transport processes, however, have not been
reported for molecular monolayers. The work reported here
thus shows that the magnitude of current flow can be
controlled by controlling the potential of the two electrodes
with respect to the E° value of the redox couple. Significantly,
the current can be made to flow unidirectionally, in a
diodelike sense, depending on the applied potential.

The conductance of the Hg-SAM//SAM-Hg junction
operating at fixed drain-source potentials is shown in
Figure 2b and c. Figure 2b shows that at a fixed Vg value
of +0.10V, the source current is negligible for a Vs value of
less than —0.25 V and greater than +0.15 V. Scanning Vg
from —0.25 to +0.15 V results in the current increasing from
zero to a maximum near the E° value of the redox couple and
then decreasing again to zero. Charge therefore passes from
one electrode to another only when the value of Vi is at or
close to the Ru"/Ru™ redox potential. Figure 2c shows that
when the Vg value is below the threshold value required for
the oxidation of Ru" to Ru' to occur, the source current is
essentially zero at all values of Vg, Upon changing Vg to
potentials more positive than the threshold value, the current
increases with increasing Vg as Vs approaches E°. The
observation that the current scales with Vy; (the gate
potential) is indicative of transistor-like behavior. Unlike
conventional solid-state devices which exhibit linear and
saturation regions for a given applied gate bias, however, the
current passing through the Hg-SAM//SAM-Hg junction
described here increases nonlinearly with increasing Vg val-
ues. Similar current—potential curves have been reported for a
number of systems,***! where charge transport has also been
proposed to occur by an electron hopping mechanism. Such
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behavior has been attributed to field-dependent charge
mobility.

The observation that current passing from one electrode
to another depends on the values of both Vg and Vg can also
be explained in terms of an energy diagram relating the
potential of the mercury electrodes on the Ag/AgCl scale to a
vacuum and to the corresponding Fermi energy. The potential
of the mercury electrodes with respect to Ag/AgCl is related
to the absolute potential (V,cuum) and the Fermi energy (Uy)
by the equations: Vium=Vagaga +4.63V and Up=
—4.63 eV—eV,yaec. Tespectively” Figure 4 indicates that
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Figure 4. Relationship between the electrochemical potential of the
Ru"/Ru" couple measured on the Ag/AgCl scale and the position of
the Fermi energy of the mercury electrodes. More negative potentials
on the Ag/AgCl scale are closer to vacuum. The small boxes represent
the potential limits for the Ru"=Ru"" interconversion.

when both the drain and source electrodes are at potentials
very negative or very positive relative to E°, no current flows
and the junction is nonconducting. The only time the current
flows is when the electronic states of the Ru"/Ru™ couple fall
between the Fermi energies of the source and the drain. This
situation can be achieved by changing the value of Vg and/or
Vo

In conclusion, a system based on a Hg-SAM//SAM-Hg
junction is described that allows the incorporation of two
monolayers of redox-active centers between the mercury
electrodes and the potentials of the two mercury electrodes to
be controlled independently with respect to the formal
potential of the redox centers. In this system, electron
transport through the molecules can be controlled readily
by tuning the Fermi energy of the mercury electrodes relative
to the energy of the redox centers; this potential control not
only determines the direction but also the magnitude of
current flow through the junction. The junction switches from
off to on when the electronic states of the redox centers on the
two monolayers fall between the Fermi levels of the electro-
des. Only when the junction has Ru'/Ru™ centers on both
electrodes does it conduct electrons (under appropriate
conditions); this conduction depends on the number of
redox centers trapped in the area in which the two compliant
mercury electrodes are in contact, and on the rates of
a) electron tunneling between the mercury electrodes and
the surface-bound Ru'/Ru™ centers and b) electron hopping
between adjacent Ru" and Ru'™ centers.

The junction shows electrical behavior similar to that of a
solid-state transistor when the electrolyte is used as the gate.
The channel length in this case is defined essentially by the
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thickness of the SAMs between the two mercury electrodes.
Although the system is mechanically less stable than conven-
tional field-effect transistors (FETs) and is limited in value for
studying the influence of temperature on electron-transfer
rates (because of the liquid mercury electrodes), the system
described here is easy to assemble and makes it easy to
modify both the area and electrical properties of the metal—
metal junction. The area can be modified by changing the
pressure applied to the mercury electrodes, while tuning of
the electrical properties may be achieved by changing the
nature of the redox centers, and the length and structure of
the hydrocarbon chains anchoring these centers. Finally, the
junction is well-characterized and yields reproducible data,
and thus it is well-suited for collecting fundamental informa-
tion relevant to the fabrication of molecular switches and
field-effect transistors.
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