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Experimental Approaches for Controlling
Current Flowing through Metal-Molecules—
Metal Junctions™**

By Elizabeth Tran, Marco Duati, Violetta Ferri, Hg
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Two experimental approaches that enable control of current flow through Hg
metal-molecules—metal junctions are described. A number of studies using
two-electrode metal-molecules—metal junctions have shown that the current between the elec-
trodes depends on the structures of the incorporated molecules. When a tunneling mechanism
dominates electron transport through organic molecules, the molecules behave similar to resistors
with resistivities that can be controlled by changing the structure. Incorporation of molecules with
increasing conjugation into Hg-based junctions increases the current flow dramatically. Alterna-
tively, by using four-electrode electrochemical junctions that allow the potential of the electrodes
to be controlled with respect to the energy levels of the incorporated molecules, it is possible to
change the mechanism of electron transfer and produce abrupt increases in the current flow.
These signals, analogous to solid-state diodes, are particularly significant for molecular electron-
ics. Electrochemical junctions also permit prediction of the value of the applied potential at which
the current will start taking off and to identify the mechanism of charge transport. New and re-
cently published results obtained using junctions based on Hg electrodes in an “electrochemical”
mode show that two junctions incorporating redox centers by different interactions behave as cur-
rent switches, with the current flow dominated by different charge-transport mechanisms.
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Electron-transfer processes through molecular systems
have attracted much attention over the past fifty years. The
traditional experimental approach for studying these process-
es is based on measuring the electron-transfer rate in D-B—
A supramolecular systems between electron donor (D) and
acceptor (A) units that are covalently linked through a mo-
lecular bridge (B).!!! In the late 1990s, a combination of na-
notechnology, scanning probe microscopy, and methods to
form functional connections to metal surfaces, triggered the
fabrication of different kinds of metal-molecule(s)-metal
junctions and opened the door to a new experimental ap-
proach to measure electron-transfer processes through mole-
cules as current flowing between two electrodes.”! By using a
combination of sophisticated and expensive techniques, dif-
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ferent kinds of molecular junctions have been assembled.
Significantly, all these studies show that the features of the
measured current-voltage (I-V) curves and the behavior of
the resulting device are related to the structure of the incor-
porated molecules regardless of the junction geometry. Based
on these results, and following the trend of miniaturization
of electronic circuits, the integration of molecular compo-
nents into electronic circuits is starting to be explored. Sever-
al critical features of organic and organometallic molecules
make them as attractive alternatives to solid-state materials
at the nanometer scale, including the ease of tuning their
electronic structure and their potential for self-assembly on
metal surfaces.

The key function of traditional electronic elements, such as
resistors, diodes, and transistors, is the control of the current
flow. The traditional experimental approach for studying elec-
tron-transfer processes between electron donor and acceptor
units, through molecular bridges, had already made clear the
role of the chemical structure of the bridge in facilitating elec-
tron transfer.!] By using metal-molecule-metal junctions,
both pioneering and more-recent studies?* have demonstrat-
ed that there is a correlation between the electron-transfer
rate and the molecular structure, similar to that widely investi-
gated by using a molecular-donor-bridge—acceptor geometry.

The results obtained by both experimental approaches,!'™!
supported by theoretical studies,'® show that the relevant fac-
tor in determining the electron-transfer rate and the control
of the current flow is the energy gap (AE) between the energy
states of the molecular bridge and the energy level of the do-
nor and acceptor units.

Figure 1 represents two ways to change AE and therefore to
control the current flow. For the sake of simplicity, the
electron-transfer processes are drawn schematically regardless
of the nature of the electron/acceptor units, which can be
either molecular systems or electrodes, and without discussing
the mechanism and the kinetics of electron-transfer processes
in detail. Hole-transfer processes are also excluded for sim-
plicity.

When the molecular orbitals are high in energy with respect
to the energy levels of the donor and acceptor (large AE), the
electron-transfer process will be dominated by a “through-
bond” non-resonant tunneling mechanism, and the electron-

‘“‘1 _4/ .‘

74

A LUMO
LUMO
AE e LECCEE T T T er AE [-r=fprassemccanaaaanas oer =
D D
— A — A
HOMO HOMO
B LUMO LUMO
D mmaaf e e e TS
AE PP PP P PP T
D
— A
— A
HOMO HOMO

Figure 1. Energy diagrams for D-M-A systems. D and A represent electron-
donor or electron-acceptor units regardless of their nature (molecules or
electrodes). A) A system where AE is changed by changing the electronic
structure of the molecular bridge. B) A system where AE is changed by
changing the energy levels of the donor or acceptor units. HOMO: highest
occupied molecular orbital; LUMO: lowest unoccupied molecular orbital.

transfer rate will exhibit a negative exponential decay with
the length of the molecule (d) according to I=I,e™, where 8
is the decay factor. The correlation of f with the energy gap
AE is described by different theories.’!

In particular, Figure 1A represents two cases where mole-
cules of different electronic structures are incorporated in a
junction, and AE decreases by decreasing the separation of
the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO). The electron-
transfer rate through molecules is then higher for molecules
with lower values of AE. Organic molecules that “conduct” by
tunneling are, in general, poor electron conductors. On this
basis, molecules with different HOMO-LUMO separations
can behave as circuit elements with different resistivity.
Therefore, organic molecules can be considered as the equiva-
lent of electronic resistors with a resistance that can be
changed by modifying their electronic structure.

Alternatively, when the energies of the molecular orbitals
and the donor/acceptor units are almost isoenergetic, the elec-
tron-transfer process will take place according to a resonant
tunneling or a hopping mechanism, and the electron transfer
rate will exhibit a “shallow” dependence on d.l° Figure 1B
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represents a change in AE obtained by tuning the energy of
the donor/acceptor units with respect to the energy of the mo-
lecular orbitals. In particular, by bringing the energy of the
Fermi levels of the electrodes in resonance with the energy of
the LUMO/HOMO of the molecular bridge, a change in the
mechanism of the electron-transfer process is induced.”! The
change from a non-resonant to resonant tunneling (or hop-
ping) is expected to result in an abrupt increase in current,
and the measured -V curves will show negative differential
resistance (NDR) characteristics.®! This phenomenon is
equivalent to the function performed by traditional solid-state
transistors, and the ability to control current flow is one of the
most interesting features of molecular electronic devices.

2. Molecules as Tunable Resistors

Quantitative evaluation of the resistivity of molecules of
different structures is still an unsolved problem.®’ Compari-
sons of the resistivity of molecules with the same structure but
obtained by different authors, and using different junctions,
show large discrepancies.[3] In attempts to obtain information
on the electrical characteristics of specific molecules by ex-
cluding effects related to the metal-molecule contacts and the
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geometry of the junctions, few studies®***'%l have measured
and compared the current flow for a series of homologous
molecules of increasing d by using the relationship I=Iye™.
These studies have been carried out using scanning tunneling
microscopy, Hg-based electrodes, and conducting atomic
force microscopy. Significantly, the results of these works
agree in showing that the decay factor value f is smaller for
phenyl-derived molecules (f=0.6++0.1 A™) than for aliphat-
ic chains (f=0.984+0.1 A™).’) In practical terms, this differ-
ence in the f values indicates that the resistivity of the mole-
cules decreases by a few orders of magnitude upon increasing
the electronic conjugation of the molecular bridge.

On the basis of these results, we have recently incorporated
nanographene molecules in a series of Hg-based junctions,
Hg/SAM//[SAM/Au (Fig. 2 top; SAM: self-assembled mono-
layer), and measured the current flow under applied voltage.

These molecules, which are formed by a large number of
condensed phenyl rings in a planar core and are similar to a
sheet of graphite, are expected to have a very small HOMO-
LUMO gap.[“] The SAMs incorporated between the elec-
trodes were formed by the compound 2-(5-[1,2]dithiolan-3-yl-
pentanoic acid dodecyl ester)-5,8,11,14,17-(3,7-dimethyl-octa-
nyl) hexa-peri-hexabenzocoronene (HBC) (Fig. 2, top left).
The I-V curves shown in Figure 2 measured for three junc-
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Figure 2. Top left: Molecular structure of 2-(5-[1,2]dithiolan-3-yl-pentanoic acid dodecyl ester)-5,8,11,14,17-(3,7-dimethyloctanyl) hexa-peri-hexabenzo-
coronene (HBC) in the extended configuration. Top right: lllustrations of the assembled junctions: junction a, Au-Cyg//Cys-Hg; junction b, Au-HBCS//
Cy-Hg (where HBCS denotes a SAM of HBC); junction ¢, Au-HBCS//HBCS-Hg. Bottom: I-AV curves measured for junction a (¥), b (V), and ¢ (O).

The error bars result from 40 measurements for each junction.
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tions, junction a, Au-C;s//Cig-Hg (where Cig
represents a SAM formed by octadecanethiol); A
junction b, Au-HBCS//C;g-Hg (where HBCS
denotes a SAM of HBC), and junction ¢, Au-
HBCS//HBCS-Hg demonstrate that the current
densities flowing across these three junctions
are similar (the I-V curves are the average of
40 measurements for each junction). These re-
sults lead to the conclusion that the HBC units
are transparent to electrons relative to the ali-
phatic chains.""

The question of whether the mechanism of
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charge transport is ballistic or tunneling
through a very small barrier cannot be an- B
swered in the present case because the elec-
tron-transfer rate is dominated by the tunnel-
ing barrier of the aliphatic chains, but the
results clearly show that it is possible to dra-
matically tune the resistivity of the molecules
by changing the electronic structure.

3. Molecules as Active Elements of
Transistors
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In pioneering studies, Tao!"! and Lindsay
and co-workers!”®! measured current flow
through porphyrins incorporating different
metal ions and reported I-V curves with fea-
tures that show NDR effects.'"'?! Since then, a number of
authors"!*'% have reported NDR effects by using different
types of junctions. According to the strategy depicted in
Figure 1B, these junctions incorporate molecules with low-ly-
ing orbitals, such as those of well-defined and readily accessi-
ble redox states. It is worth noting that in some cases, particu-
larly when a change of the molecular configuration is
involved,”! the interpretation of the NDR signals is under
discussion. In addition, wel'”l have observed NDR features in
junctions incorporating simple alkane chains. On the other
hand, the literature data indicate that the most reproducible
and clearly interpreted NDR results are those obtained in
electrochemical junctions."™*16 In fact, only by using an
electrochemical junction is it possible to control the Fermi
level of the electrodes with respect to the energy of the molec-
ular orbitals (Fig. 1B). The potential of the electrodes is
linked to the redox potential (E®) of the incorporated redox
center (R) via the reference electrode.

By using Hg-based junctions (Hg-SAM//SAM-Hg) where
the Hg electrodes are placed solution together with a Ag/
AgCl reference electrode and a platinum counter electrode in
an electrolyte solution and connected to a bipotentiostat, we
achieved independent control of the potentials of each elec-
trode. Figure 3 schematically shows the interfaces of two junc-
tions: Hg-SAM-R//R-SAM-Hg and Hg-SAM//R//SAM-Hg,
where redox sites, based on ruthenium metal complexes, are
incorporated between the electrodes by using different kinds
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Figure 3. A) Schematic of the interface of a Hg-SAM-R//R-SAM-Hg junction (left) and the cur-
rent curves (right) measured as a function of applied acceptor potential. B) Schematic of the
interface of a Hg-SAM//R//SAM-Hg junction (left) and the current curves (right) measured
as a function of applied donor potential. The two junction behaves as diodes.

of interactions. In one case, the redox active sites are teth-
ered to the Hg electrode surface (Fig. 3A, left); in the sec-
ond case, they are trapped at the interface by electrostatic
interactions (Fig. 3B, left). In both junctions the current
flowing between the electrodes can be controlled by keeping
the potential of one electrode constant and sweeping the
potential of the other electrode across the E of the Ru'"!!
couple.

Figure 3A (left) depicts the interface of the junction Hg-
SAM-R//R-SAM-Hg."8 The junction consists of two mercury-
drop electrodes, both of which are coated with a SAM of
the Ru-terminated thiol HS(CH,),(CONHCH,pyRu(NHj3)s
(py: pyridyl). The E* of the Ru'™ couple in the SAMs of
HS(CH,)10CONHCH,pyRu(NH3;)s is —0.04 V. The potential
of the electron-donor electrode (Vp) is fixed at a constant volt-
age of Vp =+0.10 V in order to keep the Ru species in the Ru™!
form, and the potential of the electron-acceptor electrode (V4)
is swept across the values of E. The current flowing through
the junction shows the behavior reported in Figure 3A (right).

For V4 < Ey, the junction is non-conducting. For V5 close to
E,, the currents increase to a plateau with a half-wave poten-
tial of —0.04 V, the formal potential E*, and a current density
of 0.1 Acm™. The key steps of the charge transport through
the junction are i) the oxidation of Ru" to Ru"™ at the accep-
tor electrode, ii) electron exchange between Ru' at the
donor and Ru", and iii) reduction of Ru™ back to Ru" at the
donor electrode.

Adv. Mater. 2006, 18, 1323-1328
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Figure 3B (left) depicts the interface of the junction Hg-
SAM//R//SAM-Hg, where the redox sites are incorporated
between the electrodes via electrostatic interactions at the
SAMs formed on each electrode. The SAMs are formed by
mercaptoundecanoic acid, and at pH>4 the COO™ head
groups attract the positively charged Ru(NH3)s " ions at the
interface. The E of the Ru'™™ couple at one Hg electrode
covered by COO™ terminating SAMs is —-0.21 V. The potential
of the acceptor electrode is held at +0.10 V vs. Ag/AgCl in or-
der to keep the Ru species in the Ru™ form, and the potential
of the donor is swept past £ for the reaction Ru(NH;)s™" —
Ru(NH;)¢**. Figure 3B (right) shows that only when the po-
tential is swept past E=-0.21V does the current increase
and become sigmoidal, reaching steady-state values with a
current density of 0.5 x 102 A cm™.) The current in this case
is generated via a redox-cycling mechanism whereby the elec-
troactive species diffuse between the closely spaced electrodes
(separated by a few nanometers) to be alternatively reduced
and oxidized.*"!

In both junctions, Hg-SAM-R//R-SAM-Hg and Hg-SAM//
R//SAM-Hg, the current flows only when the potentials of the
mercury electrodes are driven in such a way that one elec-
trode (cathode) acts as the electron donor and the other one
(anode) as the electron acceptor. The junctions switch from
an “off “ to an “on” state when the electronic states of the re-
dox centers on the two monolayers falls between the Fermi
levels of the electrodes, showing diodelike characteristics,
analogous to those of solid-state devices. Significantly, the cur-
rent flow is generated in these two junctions by different
mechanisms. In junction Hg-SAM-R//R-SAM-Hg, the inten-
sity of the current depends on the rates of i) the electron tun-
neling between the mercury electrodes and the surface-bound
Ru'/Ru™ centers and ii) the electron hopping between the
adjacent Ru"" and Ru™ centers. In junction Hg-SAM//R/
SAM-Hg, the current is dominated by a redox-cycling mecha-
nism, and the intensity of the current depends on the inter-
electrode gap.

4. Concluding Remarks

We have described two fundamental strategies for tuning
the current flow between electrodes, which summarize the
studies reported in the literature on electron-transfer process-
es via molecular junctions.

The concept of using molecules as wires to supply a direc-
tional pathway to electron flow was already clear in the early
studies of electron transfer in D-B-A supramolecular sys-
tems, and the consequent equivalence of molecules to elec-
tronic elements of a resistor was implicit. In contrast, the
NDR effects that indicate that molecules can act as active
components of nanometer-scale transistors were observed
only with the study of molecular junctions. The possibility of
tuning the potential applied at the electrodes permits one to
switch the mechanism of electron transfer, with a consequent
abrupt increase in current flow.

Adv. Mater. 2006, 18, 1323-1328
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Many of the open problems in using molecules as active ele-
ments in electronic circuits, such as the mobility of molecules
on the metal surface and the role played by the molecule—
metal contacts, will be addressed because of the improved
ability to fabricate sophisticated junctions with a relatively
high degree of reproducibility. Hg-based junctions have the
advantages of easy assembly and high versatility, and they can
be fabricated both as two- and four-electrode junctions. In
spite of their poor suitability for applications, they remain an
excellent test bed for molecular electronics. We present here
some results obtained using Hg-based junctions in the two
modes, electrical and electrochemical. Two electrochemical
junctions that incorporate redox sites by different interactions
switch from an “off” to an “on” state at a predictable applied
potential via charge—transport processes dominated by differ-
ent mechanisms.

The results presented here indicate clearly that electro-
chemical junctions are the most suitable systems for i) provid-
ing precise control of the current flow, ii) accurately predict-
ing the value of the applied potential at which the NDR signal
will take off, and iii) identifying the charge-transport mecha-
nisms.
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