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Test-beds for Molecular Electronics:
Metal-Molecules-Metal Junctions Based
on Hg Electrodes

Felice Carlo Simeone® and Maria Anita Rampi®*

Abstract: Junctions based on mesoscopic Hg electrodes are used to characterize the electrical properties of the
organic molecules organized in self-assembled monolayers (SAMs). The junctions M-SAM//SAM-Hg are formed
by one electrode based on metals (M) such as Hg, Ag, Au, covered by a SAM, and by a second electrode always
formed by a Hg drop carrying also a SAM. The electrodes, brought together by using a micromanipulator, sand-
wich SAMs of different nature at the contact area (=0.7 um?). The high versatility of the system allows a series
of both electrical and electrochemical junctions to be assembled and characterized: i) The compliant nature of
the Hg electrodes allows incorporation into the junction and measurement of the electrical behavior of a large
number of molecular systems and correlation of their electronic structure to the electrical behavior; ii) by func-
tionalizing both electrodes with SAMs exposing different functional groups, X and Y, it is possible to compare the
rate of electron transfer through different XY molecular interactions; iii) when the junction incorporates one of
the electrode formed by a semitransparent film of Au, it allows electrical measurements under irradiation of the
sandwiched SAMs. In this case the junction behaves as a photoswitch; iv) incorporation of redox centres with low
lying, easily reachable energy levels, provides electron stations as indicated by the hopping mechanism dominat-
ing the current flow; v) electrochemical junctions incorporating redox centres by both covalent and electrostatic
interactions permit control of the potential of the electrodes with respect to that of the redox state by means of
an external reference electrode. Both these junctions show an electrical behavior similar to that of conventional
diodes, even though the mechanism generating the current flow is different. These systems, demonstrating high
mechanical stability and reproducibility, easy assembly, and a wide variety of produced results, are convenient
test-beds for molecular electronics and represent a useful complement to physics-based experimental methods.
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1. Introduction

In 1971, Kuhn and Mann,[!l by con-
trasting studies of electron-transfer carried
out on supramolecular systems in solu-
tion, pioneered experimental molecular
electronics by measuring electron trans-
port through molecular layers sandwiched
between metal electrodes in solid state.?!
In 1974 Aviram and Ratner, in a theoreti-
cal paper, envisaged the use of molecules
connected between two electrodes to make
electronic devices.[3l It was not until the
late 90s that the combination of nanofab-
rication, scanning probe microscopies,
and methods to form stable connections of
molecules to metal surfaces in self-assem-
bled monolayers (SAMs), triggered the
fabrication of metal-molecule(s)-metal
junctions, and opened the door to experi-
mental ‘molecular electronics’.

In the last fifteen years, the number of
works dedicated to the characterization of
the electrical properties of several, a few,
or individual molecules, sandwiched be-
tween two metal surfaces has increased
exponentially. Among the large variety of
molecular junctions proposed to the sci-
entific community, we name only a selec-
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tion of the most popular ones: i) junctions
based on fabrication of the second solid
electrode on the organic layer by vapor
deposition* or nanotransfer printing,5! ii)
crossed nanowire based junctions,l®! iii)
STM and conducting-AFM based junc-
tions (c-AFM),/78l iv) break junctions.®]
Each one of these junctions shows both
advantages and limitations, and the design
of conceptually new molecular junctions
able to give reproducible electrical mea-
surements is still proceeding.

In parallel we observe that nowadays,
on one side, the large number of advanced
studies provides very detailed information,
but on the other side, some fundamental
factors influencing the electrical proper-
ties of metal-molecule(s)—metal junctions
are still under debate and several questions
remain open. For instance i) it has been
shown in great detail how the molecular
conductivity depends not only on the elec-
tronic structure, but also on the molecular
conformation;!!% and ii) the electrical char-
acterization of complex systems highlights
the idea of fabricating molecular devices
that mimic the function of electronic com-
ponents (conductors, transistors, rectifiers,
logic gates).l'-131 Nonetheless, at the same
time, i) the value of the conductance of
the single molecules is still elusive,!'4 ii)
the contributions of interfacial processes
in determining conductivities remain un-
clear,['51and iii) the effect of applying large
bias on the mechanism of charge transfer is
under discussion.!1°]

As far as the mechanisms of charge
transport through organic molecules is
concerned, ‘through-bond tunneling’ is the
dominant mechanism in a large number
of studies.['”] It has been recently demon-
strated that 1) other mechanisms of charge
transport — such as field effects — can con-
tribute to the electrical behavior of mo-
lecular wires (MW),[16.17] and ii) through a
careful design of MWs, a hopping mecha-
nism can become operative.[3-18]

These observations indicate that mo-
lecular electronics would benefit from fur-
ther efforts to gain the missing information
and deeper insight.

First of all, in order to provide experi-
mental data as a foundation for research in
molecular electronics, the electrical mea-
surements must be provided by junctions
that are stable, reproducible, and broadly
compatible with a range of organic struc-
tures. In addition, the comparison of results
obtained by 1) using different experimental
approaches, i1) different anchoring-to-met-
al groups, and iii) different aggregation of
molecules is mandatory. It worth observ-
ing that, while very informative results on
the electrical properties of single or few
molecules have been provided by STM and
c-AFM based junctions and by break-junc-
tions — as both have become more familiar

and more stable — the behavior of molecu-
lar films has been characterized by large
area junctions in only a few cases.[4b.12d.18]

Here we present a series of junctions of
different geometry based on Hg electrodes
and their electrical characterization. We
show that these junctions are easy to as-
semble, mechanically stable, reproducible,
and very versatile. Based on these charac-
teristics, other authors have adopted Hg-
based junctions on different substrates.!9]

These systems take advantage of the
properties of Hg. In particular, Hg-drop
electrodes provide at least four advantag-
es: i) Hg as a metal is highly conductive;
ii) Hg forms well-ordered SAMs in a few
seconds;[2911ii) the Hg surface, as a liquid,
is free of structural features — edges, steps,
terraces, pits — that result in defects of ad-
sorbed monolayers; and iv) the Hg drop
conforms to the topography of solid sur-
faces, and forms a good conformal contact
with the SAM-covered solid surface.

The versatility of these systems allows
i) the incorporation and the electrical char-
acterization of SAMs formed by a wide
range of molecular systems of increasing

complexity; ii) irradiation of the photoac-
tive SAMs sandwiched between the elec-
trodes under applied potential; and iii) for
measurements both in electrical or electro-
chemical mode

Fig. 1A and 1B show the two conceptu-
ally different types of Hg-based junctions:
respectively the two-electrode electrical
junction and the four-electrode electro-
chemical junction.

2. Electrical Junctions, M-SAM(2)//
SAM(1)-Hg

The fabrication of these junctions is
straightforward: in all cases, SAMs(1) and
SAMs(2) are formed respectively on the
Hg drop extruded from a syringe and on
a solid metal surface (Fig. 1A). The Hg-
SAM(1) electrode is brought into contact
with M-SAM(2) by the use of a microma-
nipulator in an inert medium such as hexa-
decane: the presence of this liquid phase
protects the mercury drop from vibration.
Fig. 1A also shows the two contacting
electrodes. A semitransparent solid surface

Hg syringe

Videocamera

Switchable ;nirror

to potentiostat

Hg syringe

Electrometer

Semitransparent Au

- LASER

Reference electrode
Counter electrode

Solution of electrolyte
and redox species

...............

.................

Fig. 1. A .and B show respectively the scheme of the electrical and the electrochemical junctions
based on Hg electrodes and the relative pictures of the contact area. A: the junction is formed
by a Hg drop covered by SAM(1), usually formed from hexadecane thiol solutions, and a solid
semitransparent metal surface (M= Au, Ag) covered by SAM(2). The two electrodes covered

by the SAMs are brought into contact by a micromanipulator. The image of the contact area is
collected by a mirror through the semitransparent gold surfaces. B: the electrochemical junction
is formed by two Hg drops (electrodes) extruded from two micro syringes and covered by SAMs
before being brought in contact. The Hg electrodes are electrically connected to reference and

counter electrodes by an electrolyte solution.
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Fig. 2. Left: Schemes of the interface incorporating SAMs of organic molecules of different structure (a, b, c) on an Ag surface electrode. Right: Plot
comparing the distance dependence of current density (values obtained at applied voltage V = 0.5) flowing through the a, b, c interfaces.
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Fig. 3. Left : Scheme of the interface of the assembled junctions: a: SAMs of octadecane thiols (C18) on both electrodes; b: SAMs of C18 on the Hg
electrode and of HBCS on an Au electrode; c: SAMs of HBCS on both electrodes. Right: i-V curves measured for the three junctions a, b, c.

(Au or Ag) allows the image of the contact
area to be collected by a mirror and sent to
a magnifying video camera.

Significantly this junction can sustain
high electrical fields (6 MV cm™) without
electrical breakdown when it incorporates
SAM(2) formed by molecules with very
different structures (alkanes, polyphenyl-
ene, derivatives of anthracene and choles-
terol) on different metals (Ag, Au, Hg, Au/
Hg alloy).[21]

The geometrical characteristics of the
electrical junction and the use of a semi-
transparent solid metal surface enable a
number of different studies of charge trans-
port, as described below.

2.1 Correlation between Electrical
Properties and Chemical Structure
Our first study focused on the compari-
son of electron transfer rates through mol-
ecules of different electronic structure.[22:23]

We assembled three series of junctions, as
shown in Fig. 2a, b, and ¢, where SAM(2)
is respectively formed by alkanethiols,
HS(CH,) ,CH, (n =3, 10, 12, 14, 16), oli-
gophenylene thiols, HS(Ph) H (k =1, 2, 3),
and by benzylic homologs of the oligophen-
ylene thiols HSCH,(Ph) H(m=1,2,3). The
i-V curve was measured for each junction —
where SAM(1) was formed by hexadecane-
thiol and SAM(2) by molecules of the same
length and structure. Fig. 2 (right) shows the
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Fig. 4. Left: Scheme of the interface of junctions incorporating SAM with different X and Y terminal groups. Right: i-V curves for junctions

incorporating the schematized interactions.

log of J at 0.7V, plotted versus the distance
separating the electrodes (d, . ) for each
homolog series of molecules. The linearity
of the plot indicates that the current values
follow the relation I = Ioe*BdAg‘Hg, a relation-
ship that holds for charge transport domi-
nated by a tunneling mechanism.l'”l From
the results, we have extracted the values of
B as 0.87 £ 0.10 A for alkanethiols, 0.61
+0.10 A-1 for oligophenylene thiols, and
0.66 + 0.10 A~ for the benzylic derivatives
of oligophenylene thiols.

Significantly the values of [ are in good
agreement with those extracted from electri-
cal measurements performed by c-AFM,[24]
and with those measured by transient spec-
troscopy on supramolecular systems.!!]

These results indicate that the mecha-
nism of electron transport in these molecu-
lar junctions is dominated by tunneling and
that there is a correlation, represented by
the B factor, between the electrical prop-
erties of molecules (MWSs) and their elec-
tronic structure.

2.2 Electrical and Mechanical
Characteristics of Organic SAMs
On the basis of the above-mentioned
results we focused on a member of the
nanographene family, hexa-peri-hexa-
benzocoronene (HBC), a highly conju-
gated molecular structure very popular for
its outstanding electronic properties.[23]
HBC functionalized by a C19 alkane-thiol
(HBCS) (Fig. 3b) forms SAMs on gold
surfaces with a well-defined up-right ori-
entation as indicated by SPX and NEX-
FAS.[26 We aimed to measure the conduc-
tance along the graphite-like core of the
HBC compound by comparing the current
flowing through the interfaces schema-
tized in Fig. 3 (left): i) junction formed by

SAMs of octadecane thiols (C18) on both
electrodes (Fig. 3a), ii) junction formed by
SAMs of C18 on the Hg electrode and of
HBCS on the Au electrode (Fig. 3b), and
iii) junction formed by SAMs of HBCS on
both electrodes (Fig. 3c). Fig. 3 (right) re-
ports the values of the current density of
the three junctions and importantly shows
that the current densities are very similar.
These results indicate that the 30 A
thick SAM formed by HBCS can be con-
sidered as effectively composed of two
parts: a ‘highly conductive’ HBC layer
with a thickness of 10 A and an ‘low con-
ductive’ aliphatic part with a thickness of
20 A.26l The aliphatic chains are mostly
responsible for the total barrier to electron
transport of the monolayer, whereas the
HBC cores are comparably ‘transparent’.
These data are the first quantitative
and comparative measurements of the
i-V curves for the current flowing across
the plane of the HBC aromatic core. Both
high mechanical stability and high electric
‘conductivity’ of the HBC unit qualify this
material as a promising building block for
molecular and organic electronics.

2.3 Electron Transfer through
Different Molecular Interactions
The way to assemble the junction — by
using a micromanipulator for approaching
and contacting the Hg and Au electrodes
covered by SAMs — suggests a simple
solution to measure and compare rates of
electron flowing through different molec-
ular interactions. By functionalizing each
electrode with SAMs carrying different
functional groups, X and Y, as schema-
tized in Fig. 4 (left), it is straightforward
to incorporate a variety of interactions
into the junction. By using terminal func-

tional groups such as —CH3, - COOH, and
-NH, for X and Y (see Fig. 4, right), we
aimed to compare electron transfer rates
through molecular interactions present in
folded proteins, such as van der Waals in-
teractions and hydrogen or hydrogen/ionic
bonds. It was also possible to bridge two
SAMs covalently by reaction of a SAM
terminated with anhydride groups on gold
with a second SAM terminated in amine
groups on mercury.l?”l This reaction gen-
erates amide C(O)-NH groups covalently
bridging the two electrodes. The electron
transfer rate for each of these interactions
can be considered as single contributions
to the overall electron transfer process
occurring through the ‘tunneling path-
way’ so extensively studied in engineered
proteins.[?81 Theoretical models that fit
experimental rates of electron transfer in
proteins(23] inferred the following orders
of rates of tunneling: covalent > noncova-
lent bonds, and hydrogen bonds > van der
Waals contacts.[29-30]

Fig. 4 (right) shows the i-V curves ob-
tained for each type of junction and indi-
cates how they depend on the nature of the
XY interaction. By using as reference the
junction having van der Waals interactions
at the interface, the ratio of the currents
flowing through the different interactions
were I(-CO,HNH,-)/I(-CH,//H,C-) = 9;
I(-CO,H-HO,C-/I(-CH//H,C-) = 40;
and  I(-C(O)NH/-CO,H~NH,-)/I(CH,//
H,C) =104.

The agreement of our results with the
limited experimental and theoretical data
of electron transfer in proteins!2%-30 sug-
gests that the junctions described here are
systems highly qualified for quantifying
electron transfer rates relative to molecu-
lar interactions.
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Fig. 5. Left: Scheme of the stepwise assembly (a-d) of the molecular wires (MWs) based on metal centres, M. Right: i-V curves measured for junction
incorporating the MPTP “platform” SAM, and Fe(i) and Co(i) based MWs, with different numbers, n, of metal centres, Ms.

2.4 Junctions Incorporating
Extralong Highly Conductive
Molecular Wires

In molecular electronics, the possibil-
ity to connect large gap electrodes with
highly conductive, extralong molecular
wires (MWs) is a long sought goal. Im-
proving charge transfer rate by incorpo-
rating redox sites as electron stations into
molecular systems is a tantalizing idea.[3!]

With the aim to attain both highly
conductive and extralong MWs, we have
adopted the strategy to assemble directly
on the metal surface a large number of
redox centres (MCs) by coordination to
a rigid organic backbone in a stepwise
sequential mode, as schematized in Fig.
5 (left). As MCs we selected Fe(ir) and
Co(11) ions because they provide both low
lying energy states and easy coordination
reaction to terpy-based ligands. We used
i) a 4’-(4-mercaptophenyl)-2-2°:6’2"-
terpyridine (MPTP) to anchor ‘in situ’
on metal surfaces redox active species/32!
and ii) a symmetric hexadentate ligand,
1,4-di(2,2°,6’,2” -terpyridine-4’-yl)ben-
zene (TPT), for the stepwise complexation
of the MCs. The MWs assembled ‘in situ’
on Au surfaces show a tightly packed or-
ganization.[33] The values of current den-
sity flowing through the MPTP layers and
through the Fe(11) and Co(11) based MWs
of different number of metal centres, n, are

reported in Fig. 5 (right). The results indi-
cate that current values measured for junc-
tions incorporating MCMWs of different
length 1) decrease by half order of mag-
nitude for 14 nm long Co(11) based MWs,
and ii) decrease to one and half order of
magnitude for 20 nm long Fe(1) based
MWs. The current values at 0.5 V, plotted
according to equation I =T e®,117 yields
B values which are extremely low with
respect to other organic molecular wires:
B.. = 0.028 and B, = 0.001A™" respec-
tively for Fe(i1) and Co(11) based MWs.
On this basis, a tunnelling mechanism is
inadequate to model the charge transfer
process occurring across these MWs:[34l
a multistep electron/hole hopping mecha-
nism between redox sites is suggested to
be operative.!18]

The outstanding electrical and me-
chanical characteristics of these easy-to-
assemble molecular systems open the door
to a new generation of MWs, able to bridge
large gap electrodes, and to form robust
films for organic electronics.

2.5 Junctions Incorporating Photo-
active Molecules: A Photoswitch
The possibility to couple the electrical
response of molecular junctions to an ex-
ternal signal represents a crucial step for
mimicking electronic devices. With the
aim of using light as external signal, we

have designed and assembled a junction
based on a transparent metal surface as the
support of a SAM(2) (Fig. 1A). This set-
up allows SAM(2), formed by photoactive
units through the transparent support, to be
irradiated and to measure the changes of
current flow under irradiation.

Azobenzenes-based compounds have
been extensively studied for their unique
photoisomerization:[33] the transition from
the thermodynamically more stable trans
to the cis conformation can be induced by
irradiation with UV light and reversed up-
on heating or irradiation with visible light.

Several authors have observed that
when azobenzenes units are anchored to
metal surfaces by flexible chains to form
SAMs, the photoconversion yield is quite
poor.1361 We have recently demonstrated
that rigid and fully conjugated mercapto-
azobenzene compounds (AZO), in spite of
forming densely packed SAMs on Au sur-
faces,37Ishow an unexpected high yield of
photoconversion.[38]

Both the trans and the cis form of these
AZO SAMs (SAM, ) have been incorpo-
rated into the electrical junction, as sche-
matized in Fig. 6a and 6b.[31 Fig. 6¢ shows
that the i-V curves measured across these
interfaces differ by more than one order
of magnitude. The same electrical proper-
ties of the AZO trans and cis isomers have
been observed also by c-AFM.[40]



MoLEcULAR ELECTRONICS

367

CHIMIA 2010, 64, No. 6

a
[
trans-Form £ 3 0 0
d,,, : u
Transparent Substrate
b

cis-Form

cis

Transparent Substrate

¢ F
cis-Form
€30
L&)
E r
=40
% ]
& 5,0
= ]
g 6,01
o ] trans-Form
&.70]
—04 —02 00
Bias Voltage (V)
E
E s E
=] 2 =]
& ~ &
®@ 9 @
d [ = -
t=0 — t=7 — t=17 — t=24 min
-1,0
&g 2,0
E' 1
2-30
w
840
‘5-5,0
360
270
-8,0 ’ - r r v
04 -02 00 02 04
Bias Voltage (V)

Fig. 6. Left: Schemes of the junction incorporating the SAM,,,

in the trans (a) and the cis form

(b). Right: c. i-V curves for junctions a and b; d. i-V curves measured under ‘in situ’ alternating

irradiation at A = 370 nm and A = 450 nm.

The most significant results were ob-
tained by measuring the i-V curves upon
alternating irradiation ‘in sifu’ through
the transparent Au surface of the SAM,
sandwiched between the two electrodes.
Starting from the SAM,, -junction in its
trans conformation, the i-V curves show
that the current density increases and de-
creases reversibly over one order of mag-
nitude upon alternating irradiation ‘in situ’
at A = 370 nm and A = 450 nm, as shown
in Fig. 6d. Importantly, similar differences
in current were obtained upon in situ (Fig.
6b) and ex situ (Fig. 6a) irradiation.

Thesedatademonstratethatthe SAM
is able to keep the electrical contact with
the upper C, -SAM-stabilized Hg elec-
trode upon repeated cycles. In fact a loss
of electrical contact would result in a lower
current for the cis with respect to the trans
isomer, while the results show the oppo-
site. To keep such a contact, the cis form
of the SAM ,  must be able to lift the Hg
drop when returning to the trans form,
under irradiation at A = 450 nm. We ex-
plained the switching behavior in terms of
the SAM , | reversibly lifting and lower-
ing the Hg drop on top of the SAM, , . On
the basis of detailed calculations, the force
exerted by the Hg drop on a single AZO
molecule is estimated to be F = 2.6.10"

N. Comparison of this value with the one
determined by Gaub and coworkers, 4!
who reported 102N, indicates that in the
present performances, the system is still far
from exploiting its full potential.

The junction incorporating azo-based
SAMs behaves as a switch, where light is
used as an external trigger. The reversible
switch is based on the force exerted by the
SAM,,, in lifting the Hg drop electrode.

3. Electrochemical Junctions,
M-SAM/R/SAM-Hg (Fig. 1B)

The Hg-based junctions enable redox
species (R) to be sandwiched between the
Hg-SAM electrodes and the potential ap-
plied to the two Hg electrodes to be con-
trolled with respect to the potential of R.
This control can be achieved only in an
electrochemical four-electrode junction,
where the potential applied to each elec-
trode is adjusted relatively to the redox po-
tential of the electroactive species, R, by an
external potentiostat.

Fig. 1B schematizes the electrochemical
junction based on Hg electrodes and shows
the picture of the interface. The junction is
assembled directly inside the electrolyte
solution, by bringing in contact the two

Hg-drops extruded from the micro-syringes
covered by SAMs. The electrochemical
connection of the Hg electrodes to the refer-
ence electrode via a potentiostat allows in-
dependent control of the potentials applied
to the Hg electrodes so that one can act as
electron acceptor (drain) and the other as
electron donor (source) to the redox center.

We have used two different approaches
to trap the electroactive species in-between
the electrodes.

3.1 Redox Centres Covalently
Linked to the Electrodes

Redox centers have been incorporated
inside the junction by forming at each Hg
electrode a SAM of HS(CH,), ,CONHCH,
pyRu(NH,),(PF)), (abbreviated as HS-C -
Ru), as schematically shown in Fig. 7a.
Fig. 7b shows the current flowing through
the junction when the potential of the drain
(V) is swept across the formal potential
of the Ru™ couple, ERMH)/RU(H) —-0.04
V, while the ruthenium species attached
at the source electrode are kept in the +2
oxidation state by holding the potential at
—0.2V. For potential of the drain electrode
negative of E', ... the current flowing
through the junction is negligible. When
the drain electrode are given potentials
positive of E’ Ru(ITYRu(D? both the anodic and
cathodic currents increase to reach a pla-
teau with a half-wave (half-maximum) at
potential V =-0.04 V, and a value of I |
250 HA. 2 The charge transport through
the junction occurs as a result of the key
steps schematized in Fig. 7c: i) oxidation
of Ru" to Ru'" at the drain, ii) electron ex-
change between Ru™ and Ru" at the inter-
face, and iii) reduction of Ru™ at the source
back to Ru'.

The electrochemical junctions behave
as a switch (or a diode), where the cur-
rent flow is switched from ‘off’ to ‘on’ by
an external signal controlled through the
reference electrode.

3.2 Redox Centres Electrostatical-
ly Trapped between the Electrodes

Redox centres have been incorporated
into an electrochemical junction by using
electrostatic interactions as shown sche-
matically in Fig. 8. SAMs were formed
separately on the two Hg electrodes from
a solution of HSC 10COOH, and immersed
in an electrolyte pH = 9 solution contain-
ing Ru(NH,)**. The negatively charged
-COO exposed by the SAMs in this
experimental conditions, have the role
to electrostatically attract the positively
charged Ru(1r) complex and to keep the
complex in the gap, when the two elec-
trodes are brought in contact by the mi-
cromanipulator (Fig. 8c).l43]

The potentials of the Hg electrodes
were set so that one electrode acted as an
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electron donor (generator) to Ru(NH,)**,
and the other as an electron acceptor
(collector). The electrical measurements
were performed by i) cycling the poten-
tial of the source electrode (generator)
between +0.10 and —-0.50 V across the
formal potential E° (=0.21 V) for the
Ru(NH,),** — Ru(NH,)**, and ii) fixing
the potential of the drain (collector) at a
value of +0.10 V, keeping the ruthenium
in the Ru(in) form. As shown in Fig. 7,
the current flows through the junction
only when the potential of the electrodes
is controlled in such a way that one is able
to reduce and the other to oxidize the ru-
thenium species.

It is well known that electroactive spe-
cies, confined between two closely spaced
electrodes, held at potentials such that one
donates electrons and the other accepts
them, can generate a current by a redox
cycling mechanism.!#¢1 In the present case,
the Ru species confined in a nanometer-
wide gap, transport the current through
the junction by diffusing back and forth
between the collector and at the genera-
tor where they are respectively oxidized

and reduced, as depicted in Fig. 7c. This
very easy-to-assemble electrochemical
junction traps free to move redox centres
and behaves as a switch where the current
flow, generated by a redox cycling mecha-
nism, is controlled by an external signal.

4. Conclusions

The Hg-based junctions can be con-
sidered horse power test-beds for organ-
ic electronics on the basis of the results
reported above and of a series of major
advantages. The major advantages are:
1) the easy, inexpensive method used for
the assembly, ii) the mechanical stability
(only 20% of the junctions short or show
anomalous conductivity) and reproduc-
ibility,[#71 iii) the variety of conceptually
different designs, and iv) the ability to in-
corporate a range of organic structures of
increasing complexity.

When used in electrical mode, they
show a clear correlation between the
electrical properties of organic molecules
with their electronic structure. Signifi-

cantly, we have observed a good agree-
ment between the values of B extracted
from electrical measurements performed
by the Hg-based junctions, and by c-
AFM, with those obtained by transient
spectroscopy on supramolecular systems
in solution. B remains therefore the pa-
rameter that gives fundamental informa-
tion on the electrical properties of the
core of organic molecules, independent
of the still problematic interactions be-
tween molecule and metal.

A number of electrical and electro-
chemical Hg-based junctions exhibit the
function of solid state electronic devices as
switches. In junctions incorporating SAMs
formed by photoactive azo compounds on a
semi-transparent Au electrode, the current
flow is controlled by light: the AZO unit
is the core engine powered by light of a
molecular-cargo-lifter resulting in an elec-
trical switch. In electrochemical junctions
incorporating R at the interface redox sites,
either by covalent or electrostatic interac-
tions, the current switches from ‘off’ to
‘on’ signal in dependence of the potentials
applied to the electrodes respect to that of
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the redox site. It is interesting to observe
that, even though both electrochemical
junctions show diode-like characteristics,
the currents are generated by two different
electron transport regimes, that is respec-
tively by a hopping and a redox cycling
mechanism. We observe that in these eas-
ily fabricated devices, the electrodes, being
spaced by two SAMs, are separated by just
a few nm.

The results species obtained by incorpo-
rating electroactive species both in the elec-
trical and the electrochemical junctions, un-
derlay the role of redox centres in molecular
electronics: they can provide well defined,
easily reachable energy levels which are
available stations for the electrons to hop.
In fact, we have shown that by incorporating
a number of redox centres in a rigid organ-
ic backbone, it is possible to obtain MWs
which exhibit an ohmic electrical behaviour
via a hopping mechanism.

In this case, by increasing the number
of redox centres, the MWs, longer than 50
nm, remain highly conductive and they are
excellent candidates for connecting elec-
trically larger gaps as easier to fabricate
electrodes.

The Hg-based junctions present also
some disadvantages with respect to phys-
ics-based experimental methods: i) they
do not have the molecular-level resolution
that makes measurements using scanning
tunneling microscopy (STM) and break
junctions so informative; ii) they are
not compatible with measurements over
a range of temperatures; iii) they can-
not be developed into practically useful
microelectronic components because of
the unfriendly nature of Hg. Recently,
the Hg drop electrode has been replaced
by with a liquid In/Ga alloy drop,*8! or
alternatively, a conductive polymer was
spin-coated on the SAM in order to avoid
electrical shorts with the Hg-drop.[4!

These junctions measure the collec-
tive electrical behavior of a large number
of molecules (~10'%) sandwiched between
the electrodes at the contact area. In this
respect they represent a useful comple-
ment to physics-based experimental
methods (STM, c-AFM).

Whether single molecules will ever be
used as active elements in electronics is
still a questionable issue; certainly SAMs
of organic molecules are closer than sin-
gle molecules to application in organic
molecular electronics.
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