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Abstract
This paper describes an experimentally simple method for assembling junctions with nanometer-scale, structured
organic ﬁlms positioned between two metal electrodes. These junctions comprise two metal electrodes that sandwich
two self-assembled monolayers (SAMs) – that is, metal (mercury)–SAM//SAM–metal (mercury, gold or silver) junctions. The junctions are easy to assemble (because the mercury electrode is compliant) and they are compatible with
SAMs incorporating organic groups having a range of structures. This paper describes three diﬀerent variations on this
type of Hg-based junction. The ﬁrst junction, formed by two contacting mercury drops covered by the same type of
SAM, is a prototype system that provided useful information on the structure and electrical properties of the Hg-based
junctions. The second junction consists of a Hg drop covered by one SAM (Hg–SAM(1)) in contact with a second SAM
supported on a silver ﬁlm (Ag–SAM(2)) – that is, a Hg–SAM(1)//SAM(2)–Ag junction. This junction allowed systematic measurements of the current that ﬂowed across SAM(2), as a function of structure (for example, using aliphatic
or aromatic thiols of diﬀerent length), and a common SAM(1) of hexadecane thiol. The current density follows the
relation I ¼ I0 ebdAg;Hg , where dAg;Hg is the distance between the electrodes, and b is the structure-dependent attenuation
1 for oligophenylene
1 for alkanethiols, 0:61  0:1 A
factor for the molecules making up SAM(2): b was 0:87  0:1 A
1
 for benzylic derivatives of oligophenylene thiols, in general agreement with the values calthiols, and 0:67  0:1 A
culated by other approaches. The same type of junction, but using SAM(1) and SAM(2) carrying suitable chemical
groups, X and Y, was used to measure the rate of electron transfer across diﬀerent types of functional groups and
bonds: van der Waal interactions, H bonds, and covalent bonds. The third type of junction, Hg–SAM//R//SAM–Hg, is
an electrochemical junction that can (i) trap redox-active molecules (R) in the interfacial region between the SAMs, and
(ii) control the potential of the electrodes with respect to the redox potential of R using an external reference electrode.
This system shows I–V curves with steps that can be interpreted in terms of redox cycling mechanism. Ó 2002 Elsevier
Science B.V. All rights reserved.
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Electron transfer is: (i) the basis for a number of
biological processes central to life, and (ii) a fundamental feature of many processes of techno-

0301-0104/02/$ - see front matter Ó 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 3 0 1 - 0 1 0 4 ( 0 2 ) 0 0 4 4 5 - 7

374

M.A. Rampi, G.M. Whitesides / Chemical Physics 281 (2002) 373–391

logical importance. In the last 50 years, electron
transfer processes have been studied extensively,
both theoretically and experimentally [1].
Investigations of electron-transfer processes
have largely focused on the rates of transfer in
solution between donor and acceptor species, either as separated entities or as separate sites of
larger molecules [1]. Examinations of rates of
electron transfer between covalently linked donor
and acceptor units through a molecular bridge in
species of the structure D–B–A (D ¼ donor, A ¼
acceptor, B ¼ molecular bridge) have underlined
the importance of the structure of the bridge in
facilitating electron transfer from D to A. As a
colloquial way to emphasize this role, it has been
customary to refer to the bridge as a ‘‘molecular
wire’’, and to discuss its ability to ‘‘conduct’’ electrons. This usage may (or may not) be technically
correct, but it is certainly misleading. It should be
clear that these expressions, however intended,
imply an analogy between pathways for electron
transfer through organic molecules and electron
conductance through metallic conductors that does
not exist. The term ‘‘molecular wire’’ encourages
description of electron transport through molecules in term of metallic (‘‘Ohmic’’) conductivity.
In fact, none of the molecular bridges studied to
date show Ohmic behavior: electron transfer
through ‘‘molecular wires’’ occurs by electron
tunneling, and organic wires are ‘‘conducting’’ in
the same sense that polyethylene is conducting. The
‘‘molecular wires’’ facilitate electron transport relative to vacuum, but are not similar to metals either
in the magnitude of their conductivity or in the
mechanism of this conduction.
Most of our present understanding of electron
transfer is based on measurements made in solution, but the conclusions from these studies do not
necessarily hold for the same molecules in other
environments (e.g. in the solid state). In their pioneering work in 1971, Mann and Kuhn [2] contrasted electron-transfer studies in molecular
systems in solution with electron transport in the
solid state; this work, for the ﬁrst time, measured
currents through molecular monolayers sandwiched between metal electrodes.
The use of molecular properties to make electronic devices was ﬁrst envisaged by Aviram and

Ratner [3] in a theoretical paper in 1974. Because
there were no technologies that could establish
electrical contacts across individual molecules, experimental investigations of the fundamental processes involved in electron transfer through
molecules have focused on liquid-phase systems [1].
More recently, the well-deﬁned structures of SAMs
on metal electrodes have made it possible to study
electron transport by electrochemistry [4–13].
Only in the late 90s has the combination of
nanotechnology [14], scanning probe microscopies
[15], and methods to form electrically functional
connections to metal surfaces [16] triggered the
fabrication of metal–molecule(s)–metal junctions,
and opened the door to experimental ‘‘molecular
electronics’’. Diﬀerent type of junctions have been
used to sandwich molecules (several, a few, or individual molecules) between two metal surfaces,
and to measure their electrical properties [17–56].
Junctions that include organic molecules of modest structural complexity [18,19,21,23,24,31,32,
35,37,38,50,52] have showed properties that suggested that it may be possible to build devices that
mimic the function of electronic components
(conductors, transistors, rectiﬁers, logic gates).
Whether or not molecular species will be used in
practical microelectronic devices is still a matter of
discussion [57,58]. Certainly organic and organometallic molecules deserve consideration as components of devices, because their electronic
structure can be tuned with great precision by
synthesis, and because self-assembly provides, in
principle, a route toward fabrication of functional
systems. The use of molecular components has, for
example, been claimed to be the best ultimate
strategy to achieve high-density memories and
molecular computers [59–61]. Regardless of whether such devices are ever fabricated, the information gained from studies of molecular
electronics will certainly be useful in formulating
the relationships between molecular structures and
rates of electron transport at the nanometer scale.
Although informative I–V characteristics for
speciﬁc junctions have been identiﬁed [17–56] and
discussed [17–56,59,60], the factors inﬂuencing the
electrical properties of metal–molecule(s)–metal
junctions is still incomplete for at least ﬁve reasons: (i) The correct interpretation of the I–V
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curves is still diﬃcult: for example, the contributions of interfacial processes relative to electron
transport through organic material in determining
conductivities remain unclear. (ii) The identiﬁcation of speciﬁc mechanisms of transport of electrons through organic matter is controversial,
particularly when redox sites are present in the
junction: it is clear that tunneling is the dominant
mechanism in many cases, but the details even of
tunneling are incompletely understood. (iii) There
is no completely satisfactory theoretical method
describing a junction, and no way to calculate the
I–V behavior for a given molecule–metal junction
[42,57]. (iv) The eﬀects of the electrical ﬁelds on the
energy levels of the molecule are matters of speculation [42,46,62]. (v) The contact between molecules and metal electrodes is poorly understood
both electrically and structurally [44,63].
We believe that a substantial body of experimental data is needed to provide a foundation for
research in molecular electronics. Ideally, collecting this information would start with screening the
electrical behavior of a wide range of organic/organometallic molecules with diﬀerent molecular
and electronic structures, and searching for broad
generalizations relating structure and rates of
electron transport. To reach this goal, a crucial
step is the development of suitable experimental
systems with which to measure the electrical
properties of organic molecules. Each of the large
number of junctions reported in the literature has
both advantages and limitations. We believe that
junctions are needed that are stable, reproducible,
easy to assemble and to use, and broadly compatible with a range of organic structures. Ideally
it should be possible to fabricate these structures
on diﬀerent surfaces (metals, non-metallic conductors, and semiconductors), to measure electrical properties over a range of temperatures, and
generate statistically large number of data.

2. Metal–molecule(s)–metal (MIM) junctions
The most widely used approach to the fabrication of junctions has two steps: (i) organizing a
monolayer of organic molecules on a metal surface, (ii) fabricating a second metal junction on top
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of the monolayer, usually by evaporation. The
undeﬁned structure of this second metal-organic
junction remains an important ambiguity: there is
an intuition that reaction of hot, reactive metal
atoms with organic molecules will damage (or induce reaction in) these molecules, but there is no
structural information concerning these interfaces.
Kuhn assembled the ﬁrst metal–insulator–metal
junction (MIM) used to study the electrical properties of monolayer ﬁlms by depositing evaporated
metals (Pb, Ag, Al) on top of a Langmuir–
Blodgett (LB) ﬁlm supported on aluminum surfaces [2]. Several groups still use variants of this
basic technique to study the electrical behavior of
molecules incorporated into LB ﬁlms or SAMs
organized at metal surfaces [18,19,22,31,32,35,38,
39,44,51], although nanofabrication now makes it
possible to fabricate junctions incorporating a
much smaller numbers of molecules than those
examined by Kuhn. For example, by evaporating
gold through a nanopore mask on top of a SAM,
Reed et al. [39] was able to reduce the area of a
junction to a value below 700 nm2 . (Using small
areas reduces the number of defects present in the
SAMs, and therefore reduces the probability of
shorting.) Although these systems have demonstrated interesting functionality, there are two experimental diﬃculties that complicate the
interpretation of the data they generate: (i) The
nature of the interface formed by the evaporation
of metal atoms onto the organic ﬁlms is totally
undeﬁned. (ii) Electrical shorts, perhaps due to
percolation of Au atoms into the organic molecules, (or defects or damage to the SAMs), have
limited their reproducibility.
Scanning probe microscopies (SPM) have been
increasingly used to measure current ﬂowing
across molecular systems organized at a gold surface
[20,23,24,30,33,36,37,41,42,46,47,52,54,55].
SPM-based methods have made it practical to
study electron transport through single molecules
or small collection of molecules. In many cases,
however, the interpretation of the results of STM
experiments is complicated by the convolution of
the tip-substrate distance with the conductance.
Conducting-probe AFM (CP-AFM) obviates this
problem by controlling the position of the metalcoated tip with respect to the substrate using force
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feedback. Recent work by Wold and Frisbie
[30,33] and Lindsay et al. [24] have demonstrated
that tunneling current can be accurately measured
by CP-AFM.
Others, less conventional junctions have also
been assembled. The most creatively designed, and
probably the most diﬃcult to reproduce, are the
‘‘break junctions’’ [40,51] ﬁrst explored for this
purpose by Reed [52]; in this system, the two tips
of a broken metal wire sandwich molecule(s) of a
dithiol. Other junctions have used strong electrical
) from dilute
ﬁelds to ﬁsh long molecules (>100 A
solutions across electrodes situated a few nanometer apart [53]. A new type of junction have been
recently assembled by cross-contacting two thin
(10 lm) gold wires covered by SAMs [17]. We [26–
29,45,48] and Majda [34,43] have developed MIM
junctions based on drops of liquid Hg as electrodes.

electrode, each supporting a SAM, the chemical
composition of the two SAMs can be diﬀerent, and
a variety of diﬀerent metals can be used in the solid
electrode [45].
3.1.1. Nomenclature
We will describe the junctions using the nomenclature: JHg–SAM==SAM–M , where // represents the
interface between the SAMs, M the metal of the
surfaces (Au, Ag, Hg), and – is the interface between the thiol group and the metal. We have
assembled and studied: (a) junctions with two Hg
electrodes, JHg–SAM==SAM–Hg (Fig. 1(a)); (b) junctions with one Hg and one solid metal electrode,
JHg–SAMð1Þ==SAMð2Þ–M (Fig. 1(b)) and (c) junctions
where redox sites, R, are trapped at the interface
between the SAMs and are in electrical contact
with a distant reference electrode via an electrolyte
solution, JHg–SAM==R==SAM–Hg , (Fig. 1(c)). Fig. 2
sketches the interfaces of these junctions and the
molecular systems organized at the electrodes.

3. Results and discussion
3.1. MIM junctions based Hg electrode(s)
We have assembled, characterized, and studied
diﬀerent types of junctions, all using Hg-based
electrodes: Fig. 1 sketches these junctions; they are
(i) easy to assemble (their assemble does not require sophisticated, expensive apparatus); (ii) stable and reproducible (only 20% of the junctions
short or show anomalous conductivity); (iii) versatile (they can host a large variety of molecules
and molecular systems). Drops of Hg as electrodes
provide four advantages: (i) The Hg surface, as a
liquid, is free of structural features – edges, steps,
terraces, pits – that result in defects of the adsorbed monolayer. (ii) Hg forms well-ordered
SAMs after contact with alkanethiol-containing
solutions for only a few seconds [8,64–67]. (iii) The
Hg drop conforms to the topography of solid
surfaces, and forms a good conformal contact with
molecular monolayers on a solid surface. (iv) The
Hg drops form alkanethiolate SAMs that show
liquid-like behaviors [8] (a SAM-covered drop of
Hg is therefore able to conform to a solid surface
without cracking the SAM). In addition, when the
junction consists of a solid metal and a mercury

3.1.2. The mercury–mercury junction, JHg–SAM==SAM–Hg
This junction is formed by bringing two drops
of Hg covered by SAMs into contact in a solution
of ethanol containing alkanethiol inside a microsyringe.Two tungsten wires are inserted into
the Hg drops as electrodes: one electrode is
inserted in the upper drop; its position is marked
in Fig. 1(a). The second electrode, not shown in
Fig. 1, is inserted in the lowest Hg drop through
the syringe needle. Fig. 1(a) shows both a single
junction and three junctions in series and the relative capacitance values for SAMs formed by
hexadecanethiol. Using capacitance measurements
as a function of length of the alkanethiols forming
the SAMs, and impedence spectroscopy, we have
characterized the equivalent circuit of the junction,
and established a high resistivity for the alkanethiolate SAMs ðr ¼ 6  1015 X1 cm1 Þ [48].
Capacitance measurements in polar solvents (ethanol, water) indicated that the junction formed
with hexadecane thiol (i.e., a SAM with a hydrophobic surface) does not include signiﬁcant
amounts of these solvents between the two SAMs
(see Fig. 2(a)) [48]. Capacitance values using this
junction in hydrocarbon solvents (hexadecane,
octane, heptane) are 10 times smaller than
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(b)

(c)

Fig. 1. The Hg based junctions: (a) Photographic images of the JHg–SAM==SAM–Hg forming one capacitor and three capacitors in series:
one electrode is inserted into the top Hg drop (in the position marked on the image as a dark vertical line) and the second (not shown)
is inserted in the lower drop, through the syringe needle (from [48]). (b) Photographic image of JHg–SAMð1Þ==SAMð2Þ–Ag (from [28,29]).
(c) Schematic view of JHg–SAM==R==SAM–Hg .
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tamination of the metal used in a solid electrode by
mercury through vapor transport. This junction
also has several disadvantages: (i) It is diﬃcult to
evaluate the contact area. (ii) At high voltages, the
facing SAMs may alter their structure by intercalation, compression, spreading, or some other
mechanism, as Majda and Slowinski pointed out
[34]. (iii) The junction cannot be used with certain
types of SAMs (for example, those generated by
polyphenylene-derived thiols).

Fig. 2. Schematic representation of the interfaces of the Hgbased junctions: (a) the ‘‘liquid–liquid’’ junction JHg–SAM==SAM–Hg .
(b) The ‘‘liquid–solid’’ junction JHg–SAMð1Þ==SAMð2Þ–Ag . (b0 ) The
‘‘liquid–solid’’ junction JHg–SAMð1Þ–YX–SAMð2Þ (b and b0 have
the geometry represented in Fig. 1(b), but diﬀerent interfaces).
(c) The ‘‘inclusion’’ junction JHg–SAM==R==SAM–Hg .

expected assuming a dielectric constant of e  2:5;
these values suggest that some solvent is included
at the interface under these conditions across this
junction (when no voltage is applied). When a
voltage is applied across this junction, experimental results (see Sections 3.1.3 and 3.2.1) imply
that solvent is not included; thus the presence or
absence of hydrocarbon solvents between hydrocarbon SAMs may depend on the pressure (reﬂecting the applied electrical potential) across the
junction.
In general, the quantity and inﬂuence of the
solvent at the interface between SAMs in these
junctions are still incompletely deﬁned. The behavior of solvents conﬁned in subnanometer ﬁlms
is, of course, a subject of general inquiry [68]: experiments [69] and simulations [70] have shown
that both water and organic solvents undergo
layering and phase transition near smooth, solid,
surfaces, each solvent at a diﬀerent distance from
the solid surfaces.
The ‘‘ mercury–mercury’’ junction has the advantage that it uses the same metal (Hg) for the
two electrodes, and thus avoids any issue of con-

3.1.3. The liquid–solid junction, JHg–SAM ð1Þ==SAMð2Þ–M
This junction is formed by using a Hg drop
covered by a SAM, and a solid metal surface
(M ¼ Au, Ag, Cu, Hg, Pd, Hg/Au alloy) covered
by a second SAM (Fig. 1(b)). The fabrication of
these junctions is straightforward: in all cases, the
SAMs are formed separately on the Hg drop and
on the solid metal surface. The two metal surfaces
covered by SAMs are brought in contact by the
use of a micromanipulator in a solution (usually
hexadecane) containing the thiol (hexadecanethiol)
used to make the SAM on Hg. The presence of this
liquid phase (i) protects the mercury drop from
vibration, (ii) patches defects created when the
SAM covering the Hg drop contacts the solid
surface and (iii) protects the surface of the SAMs
from atmospheric contamination. When a liquid–
solid junction incorporating hydrophobic SAMs is
assembled in diﬀerent hydrocarbon solvents (isooctane, hexane, toluene, hexadecane), similar current densities are measured across the junction
(Fig. 3); this observation suggests that solvent is
not trapped at the contact areas. Results (see
Section 3.2.1, Fig. 7(b)) strongly support this
conclusion.
The ease with which the ‘‘liquid–liquid’’ junction is assembled makes it possible to perform a
number of measurements on the same sample: after each measurement, the syringe used to form the
mercury drop is lifted, and the contact of the drop
with the surface broken. The solid, planar, electrode is then translated laterally by about 1 mm
and the drop of mercury again brought into contact with the surface. (This procedure, carried out
in a solution of hexadecanethiol in hexadecane,
allows possible damages to the SAMs on Hg to
heal between two measurements.) The cycle of
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have demonstrated that this junction can sustain
high electrical ﬁelds (6 MV cm1 ) without electrical breakdown for SAM(2) formed by molecules
with very diﬀerent structures (alkanes, polyphenylene, derivatives of anthracene and cholesterol)
and on the diﬀerent metals (Ag, Au, Hg, Au/Hg
alloy) [45].

Fig. 3. Plot of average current density (from 0 to 1 V) for a
junction with structure JHg–C16 ==C10 –Ag formed using hexadecane
as solvent, against current density (from 0 to 1 V) for junctions
with the same structure but using iso-octane, n-hexane, or toluene as solvent. The symbols are deﬁned on the plot. M represent values of current density for a junction where SAM(2) is
formed from CH3 ðCH2 Þ9 SH and ½CH3 ðCH2 Þ9 S 2 in 1:1 molar
ratio. The solid line is that expected when the current density on
the y-axis equals that on the x-axis.

assembly, measurement, and disassembly can be
repeated as many time as the area of the solid
surfaces allows it. It is thus easy to make statistically signiﬁcant number of measurements. The
areas of each junction were estimated visually by
magniﬁcation of the contact at 40 magniﬁcation.
The SAM on Hg (SAM(1)) and on the solid
surface (SAM(2)) can be formed by molecules of
diﬀerent structures (Figs. 2(b) and (b0 )). The use of
a solid surface increases the versatility of the
junction substantially, relatively to the liquid–liquid junction: (i) On a solid surface it is easy to
characterize the organization of the molecules
forming the SAM. (ii) The organization of the
same molecules can be changed by changing the
metal substrate: for example, saturated [71] and
conjugated [72] chains form SAMs having diﬀerent
tilt angles on Ag and Au ﬁlms. (iii) The contact
area can be evaluated easily. (iv) A large range of
organic structures can be included in the SAM(2)
on the solid surface, and the organization and the
structure of these SAMs can be characterized. We

3.1.4. The inclusion junction, JHg–SAM ==R==SAM–Hg
In this junction (Fig. 1(c)), R is a redox molecule trapped at the interface between the two
SAMs, (Fig. 2(c)).
Two-electrode systems suﬀer from an ambiguity
in the relative positions of the Fermi levels of the
electrodes with respect to the energy levels of the
redox molecules sandwiched between them. In
the electrochemical cell represented in Fig. 1(c),
the junction is immersed in an electrolyte solution,
and a macroscopic reference electrode allows potentiostatic control of the energy levels of redox
sites trapped in the junction, relative to the potentials applied to the metal electrodes. We believe
that a layer of electrolyte (represented schematically by Fig. 2(c)) is present at the interface (in this
case the SAMs are formed by thiols carrying hydrophilic groups (–COOH)), and that this layer is
responsible for the electrical contact between the
reference and working electrodes and the redox
species. It is, however, diﬃcult to infer details of
the nature, the thickness, and the structure of this
layer [68–70]. The electrical neutrality of the solution is provided by lateral movements of ions in
the thin electrolyte ﬁlm (Fig. 4). The SAMs form
inert spacers between the mercury electrodes and
the layer of electrolyte containing the redox molecules: this spacer permits electron transfer between the electrodes and the redox molecules by
tunneling.
We use this review to summarize the results
obtained using these Hg-based junctions. We have
used JHg–SAM==SAM–Hg (Figs. 1(a) and 2(a) as a
prototype to characterize the equivalent circuit of
the junction; the complexities pointed by Majda
and Slowinski [34] can cloud interpretation
of the results from this system. We have used
JHg–SAMð1Þ==SAMð2Þ–M (M ¼ Ag, Au) (Fig. 1(b)) to
correlate electrical properties of the junction
with the chemical structure of the molecules
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Fig. 4. Schematic representation of lateral movements of electrolyte ions in the thin, interfacial layer of electrolyte in
JHg–SAM==R==SAM–Hg ; this movement allows the interfacial layer to
be electrically neutral overall, and allows the redox molecules in
the layer to be in thermodynamic contact with the bulk solution
and the reference electrode.

forming the SAMs (Fig. 2(b), (b0 )). The junction
JHg–SAM==R==SAM–Hg has made it possible to control
the potential of the electrodes with respect to that
of the redox sites in tunneling contact with the
electrodes (Fig. 2(c)), and to demonstrate the behavior of redox sites conﬁned in a nanometer gap.
3.2. Correlation between electrical properties and
chemical structure
An approach to understanding the mechanism
of electron transfer through organic matter is to
correlate the rates of electron transfer with the
molecular structure of the matter through which
the electrons move. We have measured and compared rates of electron transfer through molecules
of diﬀerent structures organized in SAM(2) on Ag
surfaces of a junction of structure Hg–SAM(1)//
SAM(2)–Ag.
Fig. 5 summarizes diﬀerent experimental
approaches used to measure and compare electron-transfer rates. The most extensively used
experimental approach for chemists are those that
have examined the rates of electron transfer using
molecular systems in solution (D–B–A systems),
where the donor (D) and acceptor (A) are covalently linked through a molecular bridge (B) (Fig.
5(a)) [73–75]. The extensive literature [73–75] describing these systems indicates that the rate of
electron transfer (ket ) depends exponentially on the

Fig. 5. (a) sketches a D–B–A system. The processes of electron
transfer from the donor (D) to the acceptor (A) site across the
molecular bridge (B) can be monitored in solution by time-resolved photophysical techniques. (b) This ﬁgure sketches an
electroactive SAM on a metal surface. This system is made of a
molecular bridge (B), appropriately anchored to the metal
surface, terminating with an electroactive group (D/A). In such
an arrangement, the use of fast electrochemical techniques can
lead to the determination of heterogeneous electron-transfer
rates from/to the metal surface to/from the electroactive group
across the molecular wire. (c) Represents a metal–SAM–metal
junction schematically; in this system, an array of molecules
bridges two metal surfaces. In this type of experimental arrangement, the rates of electron transfer are measured as current density as a function of applied potential.

distance between D and A according to Eq. (1),
where ket is the electron-transfer rate, d is the
length of the bridge, and b is the so-called ‘‘decay
factor’’ that correlates the rate of electron transfer
with the chemical structure of the bridge. Table 1
lists values of b that have been reported for D–B–
A structures in which
ket ¼ k0 ebd

ð1Þ

the bridge was based on saturated hydrocarbons
[73,76,77], and polyphenylenes [75,78,79]. Using the
same approach, electron transfer has also been
studied in biological systems. Rates of electron
transfer between diﬀerent proteins [80–82] and
through DNA [83–85] have been measured by several groups. This approach measures b accurately,
but requires (i) a rigid conformation of the bridge in
solution, and (ii) a substantial synthetic eﬀort.
SAMs on metal surfaces provide a diﬀerent
approach to the measurements of rates of electron
transfer as a function of distance (Fig. 5(b)) [4–13].
SAMs of organic thiols on the surface of a metal
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Table 1
1 ) for aliphatic and oligophenylene chains obtained with diﬀerent experimental systems
Values of b ðA
System

Aliphatic chains

Polyphenylenes
chains

Comments

D–B–A
molecular
systems
Electrochemical
approach

0.8–1 [73,76,77]

0.4–0.6 [75,78,79]

0.9–1.2a [8–13]

–

MIM junctions

1.4d [2], 0.89c
[41], 0.99a [17],
0.87b [this work]
1.2a [47]

0.6b [this work]

Transient spectroscopy provides accurate measurements of
electron-transfer rate. The values are aﬀected by
uncertainties in the distance between donor and acceptor
The large tilt angle of aliphatics SAMs on Au (30°) allows for
a contribution of a through space mechanism to the
electron transfer process
The highest value for aliphatic chains is probably inﬂuenced
by the presence of layers of Al2 O3 on the electrodes

STM
AFM

1.1a [33], 0.94a
[this work]

–
0.47a [this work]

STM is still a diﬃcult approach for quantitative, comparable
measurements
The general agreement of the values obtained by the AFM
and the Hg-based junctions with those using D–B–A
systems is the most interesting result (see Discussion)

a

Monolayers formed on Au.
Monolayers formed on Ag.
c
Monolayers formed on Hg.
d
Monolayers (LB ﬁlms) formed on Al.
b

electrode (Ag, Au, and Hg) are thin ﬁlms with
thicknesses that are well deﬁned and that can be
changed by varying the length of the organic
groups [16,71]. A redox active center tethered to
the SAMs can be separated from the surface of the
electrode by increasing distances using organic
synthesis and self-assembly. Rates of electron
transfer measured by this approach also follow the
relation in Eq. (1). Values of b determined by this
approach have been reported for alkanethiols [8–
13], and for phenylene–ethynylene oligomers [6,7]
and other conjugated molecules [4,5].
A third approach to measuring electron transport, which is more familiar to physicists than to
chemists, uses junctions (Fig. 5(c)). The work of
Mann and Kuhn [2] started these studies – studies
in which current densities were measured as a
function of the thickness of organic layers sandwiched between the electrodes of a junction – and
others have continued it. Majda et al. [43] and
Weiss et al. [47] also determined the correlation
parameter b for aliphatic chains using alkanethiol
SAMs of diﬀerent thickness. More recently, Wold
and Frisbie [33] used a CP-AFM apparatus to
measure current as function of the length of aliphatic chain.

Table 1 reports values of b for alkane and
polyphenylene chains, measured using the diﬀerent
approaches depicted in Fig. 5.
We have compared rates of electron transfer
through saturated and unsaturated molecules of
diﬀerent length by measurements of current density, and determined values of b (i) using junctions
of the type JHg–SAMð1Þ==SAMð2Þ–Ag [28,29], and (ii)
(in collaboration with Frisbie) using a CP-AFM
[86].
3.2.1. The values of b from junctions JHg–SAMð1Þ==SAMð2Þ–Ag
These junctions provide data that can be used
to compare electron-transfer rates through diﬀerent molecules forming the SAMs. To calculate b,
we have used a strategy in which we have maintained the structure of SAM(1) constant, and
varied the structure and the thickness of SAM(2)
(Fig. 2(b)). The presence of SAM(1) on Hg is
necessary for the mechanical and electrical stability of the junction, and does not aﬀect how the
current depends on the thickness of SAM(2). We
have assembled three series of junctions, where
SAM(2) was formed from alkanethiols,
HSðCH2 Þn1 CH3 (n ¼ 8; 10; 12; 14; 16), oligophenylene thiols, HSðPhÞk H (k ¼ 1; 2; 3), and benzylic
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homologs of the oligophenylene thiols HSCH2
ðPhÞm H (m ¼ 1; 2; 3). In each junction, SAM(1)
was formed from hexadecanethiol. Fig. 6 shows
the current densities across these junctions as a
function of applied voltage. The I–V curves of Fig.
6 indicate that: (i) the shapes of the I–V curves are
the same for Cn , Phk H, and CH2 Phm H; (ii) the
magnitudes of the current densities decrease in
the order Phk H > CH2 Phm H > Cn for ﬁlms of the
same thickness; (iii) the magnitudes of the current
densities depend on the thickness of the monolayers. The decrease in current density with increasing length of the molecules forming SAM(2),
and therefore with the distance separating the
electrodes (dAg;Hg ), followed the relation I ¼
I0 ebdAg;Hg as expected for tunneling (Fig. 7(a)). For

alkanethiols forming SAM(1) on Ag, b ¼
1 ;
for
oligophenylene
thiols,
0:87  0:1 A
1 ; and for the benzylic derivab ¼ 0:61  0:1 A
1 .
tives of oligophenylene thiols, b ¼ 0:67  0:1 A
The values of b are approximately independent of
V (over the range 0.1–1 V).
These values of b are in good agreement with
corresponding values obtained by photoinduced
electron transfer in molecular D–B–A systems
[73,75–79] (see Table 1), and by electron transfer
between a solid electrode and redox-active species
in solution [8–13]. In D–B–A systems, values of b
1
for aliphatic chains range from 0.8 to 1.0 A
[73,76,77], and for polyphenylene chains range
1 [75,78,79]. In electrochemical
from 0.4 to 0.6 A
1 for alkane
approach b ranges from 0.9 to 1.2 A

Fig. 6. Plots of current density as a function of the bias voltage
between the mercury and silver electrodes for JHg–C16 ==SAMð2Þ–Ag
junctions. The symbols used to represent diﬀerent classes of
compounds forming SAM(2) are: ðdÞ HSðCH2 Þn1 CH3 ; ðÞ
HSðPhÞk H; ð.Þ HSCH2 ðPhÞm H. The length of the error bar is
representative of the standard deviation, from data obtained
using statistically signiﬁcant populations (N ¼ 20) of junctions
(from [28,29]).

Fig. 7. (a) Plot comparing the distance dependence of current
density in JHg–C16 ==SAMð2Þ–Ag for SAMs composed of aliphatic thiols HSðCH2 Þn1 CH3 ðdÞ; oligophenylene thiols HSðPhÞk H ðÞ;
benzylic homologs HSCH2 ðPhÞm H ð.Þ. Current density were
1 . (b) Schematic
obtained at 0.5 V bias. The error in b is  0:1 A
representation of junctions formed from the three classes of thiols
(from [28,29]).
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 for polyphenchains, and from 0.36 to 0.57 A
ylene–ethynylene chains [6,7]. The agreement
among the values of b in these solid-state
junctions, in molecular systems in solution, and
across SAMs on solid electrodes suggests that all
three types of processes involve tunneling as a
common mechanism. A new type of junction
[17], based on crossed gold wires that support
SAMs, shows values of b for aliphatic and conjugated molecules in general agreement with our
results.
Fig. 7(a)) shows the crossing point of the extrapolated plots of current density against dAg;Hg for
the three sets of junctions, JHg–C16 ==CH3 ðCH2 Þn1 S–Ag ;
JHg–C16 ==ðPhÞk –Ag , and JHg–C16 ==ðPhÞm CH2 –Ag . At the intersection point, in principle, there is no contribution to the junctions from an organic monolayer on
silver. The thickness calculated for the hypothetical
junction JHg–C16 ==Ag (where there is no hydrocarbon
layer on silver) is dAg;Hg ¼ 2:34 nm (Fig. 7(b)); we
estimated that the thickness, for a junction in which
the organic groups on silver had been removed, and
only the Ag–S bond and the van der Waals radius of
the terminal methyl group or hydrogen atom
remain, is dAg;Hg ¼ 2:6–2:8 nm. The diﬀerence
between 2.34 and 2.6–2.8 nm – 0.3–0.5 nm – is a
reasonable value for an aggregated contribution to
the thickness from the Ag–S bond, the S–C bond,
and the van der Waals radii of the terminal groups.
These values suggest that there is no ﬁlm of solvent
trapped between the SAMs in the contact area of
the junction. The consistency of the intersection
values of the extrapolated plot for the three sets of
organic compounds suggests that they are directly
comparable.
3.2.2. Theoretical model
To ﬁt the I–V curves, we, in collaboration with
Mujica and Ratner, used a theoretical model that
considers the structure of the tunneling barrier to
be formed by molecules, rather than a homogeneous, unstructured medium [87]. This model
considers oﬀ-resonance tunneling of electrons
across a single molecule in a metal–molecule–
metal junction in response to the applied voltage.
The model assumes that (i) the molecules in the
monolayer act independently (i.e., the total current
density is the product of the molecular current
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times the molecular density), and (ii) the electrostatic potential proﬁle is determined self-consistently through the combined solution of Poisson
and Schr€
odinger equations [88]. According to this
model, the electrostatic potential is approximately
constant in the region of the molecular bridge, and
drops at the electrode–molecule interfaces.This
model gives Eq. (2), where n is the number of
molecules per unit area, N is the number of ‘‘sites’’
that compose a homogeneous molecular bridge, t
is the transfer integral between sites, D0 is the
spectral density of either of the two electrodes at
zero bias, and / is the diﬀerence between the
Fermi level of the electrode and the energy of each
site. A ‘‘site’’ in this model is an atom or a group of
atoms whose orbital overlap provides the best
superexchange pathway for electron transfer along
a one-dimensional path [89]. Eq. (2) predicts (i) an
exponential dependence of the current on the
length of the
(
12N
2e
D20
e/ þ ðeV =2Þ
IðV Þ ¼
n
ph ð1  2N Þt
t
)

12N
e/  ðeV =2Þ

;
ð2Þ
t
2
b ¼ ln
a



e/  ðeV =2Þ
jtj


ð3Þ

molecule (L) since I / ebL (b, derived from Eq.
(2), is given by Eq. (3), for positive bias, / < eV =2,
and a the distance between two sites), and (ii) a
weak dependence of b on V.
When Eq. (2) is ﬁtted to the experimental I–V
), using /, a,
curve for JHg–C16 ==C10 –Ag (dAg;Hg ¼ 39 A
N, and t as ﬂoating parameters, we obtain
/ ¼ 4:6 V and t ¼ 1:2 eV, for N ¼ 15 and
 (Fig. 8): these values have a physically
a¼3A
plausible interpretation [90,91]. Using these values
1 that is
in Eq. (3), we obtain a value of b ¼ 0:9 A
approximately constant over the range 0–1 V. This
prediction of a weak dependence of b on the applied voltage is compatible with our experimental
observations. The calculated product of N and a is
). The
close to the interelectrode separation (39 A
values of N and a do not correspond directly with
simple picture of the ‘‘conductive pathway’’, but
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Fig. 8. Plot of the current density as a function of the bias
voltage for junctions with composition JHg–C16 ==Cn –Ag
(n ¼ 8; 10; 12; 14; 16). The solid line represents the best nonlinear, least-squares ﬁts of the data for each junction to Eq. (2).
Each line in the ﬁgure is a ﬁt to Eq. (2) using four ﬂoating
parameters (see text) (from [29]).

do lead to a hypothesis that this path might involve every other CH2 group in a polymethylene
chain [92].
We observe that the experimental data ﬁt Eq.
(2) well, particularly given the assumption that the
total current is simply the product of the current/
molecule by the number of molecules per cm2
(estimated to be  5  1014 ) [29].
3.2.3. The values of b from CP-AFM
We have collaborated with Frisbie et al. [86] in
investigating electron transport through SAMs
composed of either alkanethiolates or oligophenylene thiolates of diﬀerent length, using as a
junction a conductive probe atomic force microscope (CP-AFM). The current–voltage characteristics of both types of SAMs were linear over 0.3
V, and the current measured follow Eq. (1). The
plot of the measured resistance as a function of the
1 for the olimolecular length gives b ¼ 0:47 A
1 for the
gophenylene thiolate, and b ¼ 0:94 A
alkanethiolates. The values, reported in Table 1,
show (i) the expected diﬀerence in the b values for
these compounds (ii) agreement with those found
using JHg–SAMð1Þ==SAMð2Þ–M . These results also show
that CP-AFM is a reliable method for fundamental studies of electron transfer through a small
number of organic molecules.

3.2.4. Comparison of electron transfer rates through
diﬀerent types of bonds and non-bonding interactions
The procedure with which the ‘‘liquid–solid’’
junction, JHg–SAMð1Þ==SAMð2Þ–M , is assembled makes it
straightforward to use a SAM(1) and a SAM(2)
that terminate in diﬀerent functional groups (X
and Y), and to compare rates of electron transfer
through diﬀerent types of molecular interactions
between X and Y (Fig. 2(b0 )).
Rates of electron transfer across groups connected by van der Waals interactions and hydrogen or ionic bonds may be important in
determining the rates of electron transfer across
proteins [93]. In proteins, a physical ‘‘tunneling
pathway’’ for electron transfer is deﬁned by a
combination of interacting bonds and atoms that
link donor with acceptor, and the electron
transfer rate [94]. It is challenging to compare
electron-transfer rates through diﬀerent types of
interactions [95] because comparisons required
the use of model molecular systems where the
same donor and acceptor groups are connected
by diﬀerent type of interactions [8,95–97]. We
used a junction JHg –SAMð1Þ–X  Y–SAMð2Þ–
Au, where the solid surface was Au and where 
represents the interaction between X and Y, to
compare electron transfer rates across covalent
bonds and non-covalent interactions.
To study non-covalent interactions, we used
X ¼ –COOH, –CH3 , –NH2 and Y ¼ –COOH,
–CH3 . It was also possible to bridge two SAMs
covalently by reaction of a SAM on gold terminated with anhydride groups with a second
SAM on mercury terminated in amine groups. It
has been reported that this reaction generates a
1:1 mixture of two kinds of bridging groups: a
covalent amide –C(O)–NH– group and a hydrogen-bonded –CO2 H    NH2 – pair (   represents the notation for a H bonded interaction)
[98]. Fig. 9 shows the current density measured
under an applied voltage for these junctions, and
demonstrates that it depended signiﬁcantly on
the structure of the interface. If the junction
having only van der Waals interactions at the
interface is used for comparison, the increase of
the electron-transfer rate for the other interaction is calculated as
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We note that, although these results seem internally consistent, there remain ambiguities concerning the extent to which solvent might be
associated with or incorporated into the interface
between the SAMs.

4. Redox sites conﬁned inside a junction

Fig. 9. Plots of the current density as a function of the bias
voltage for JHg–SAMð1Þ–XY–SAMð2Þ–Au . The error bar is  the
standard deviation of the data (from [29]).

Ið–CO2 HNH2 –Þ =Ið–CH3 ==H3 C–Þ  9;
Ið–CO2 HHO2 C–Þ =Ið–CH3 ==H3 C–Þ  40;
and
Ið–CðOÞNH–=–CO2 HNH2 –Þ =Ið–CH3 ==H3 C–Þ  104
(this diﬀerence becomes  103 after correcting for
small diﬀerences in the thickness of the organic
ﬁlms) [97]. The diﬀerence in current across an interface having only van der Waals interactions and
an interface containing covalent bonds is equivalent to approximately six sigma bonds. Majda et
al. [8] obtained similar results comparing electrontransfer rates along the chains (through-bond) and
through adjacent chains (through-space) in alkanetiolate SAMs. The increase of the electron
transfer rate we observe across –CO2 H    NH2 –
and –CO2 H    HO2 C– bridges is similar to those
reported by Nocera et al. [96] in model systems.
The theoretical models developed by Beratan and
Onuchic [94] to ﬁt experimentally determined rates
of electron transfer in proteins suggest that rates of
electron transfer through these bonds should scale
in the following orders: covalent>non-covalent
bonds, and hydrogen bonds>van der Waals contacts. We observe these trends in the experimental
results. The results obtained using these junctions
are in good agreements with the limited experimental [8,96,97] and theoretical data [94,99]; they
indicate that these systems will provide a useful
approach to measurements of electron-transfer
rates across other, diﬀerent, kinds of interactions.

‘‘Inclusion junctions’’, JHg–SAM=R=SAM–Hg , (Figs.
1(c) and 2(c)) allow redox species (R) to be sandwiched between the Hg–SAM interface and the
potential applied to the two Hg electrodes to be
controlled with respect to the potential of R. We
assembled two junctions: junction JHg–SAM==RuðIIIÞ==
SAM–Hg (where RuðIIIÞ ¼ RuðNH3 Þ6 Cl3 , with a
bulk concentration of 1 mM in 0.1 M NaF in water, and the SAMs are formed from mercaptoesadecanoic acid), and JHg–SAM==TCNQ==SAM–Hg (where
TCNQ ¼ 7,7,8,8-tetracyanoquinodimethane, with
a bulk concentration of 1 mM in 0.1 M tetrabutylammonium hexaﬂuorophosphate in acetonitrile,
and the SAMs are formed from n-hexadecane
thiol). The contact area of the junction is
a ¼ 0:5 mm2 .
In our experiments, a computer-controlled bipotentiostat held the top and bottom drops at
potentials Vs and Vd relative to the reference electrode: Vs corresponds to a source voltage and Vd to
a drain voltage. Vd was ﬁxed at an oxidizing potential and Vs was ramped from an oxidizing to a
reducing potential. We observed the step-like increases in the current through the junctions shown
in Fig. 10. The steps occurred as Vs crossed reduction potentials of the redox species
3þ
RuðNH3 Þ6 : )193 mV vs. Ag/AgCl (Fig. 10(a));
TCNQ: )110 mV and )660 mV vs. Ag=AgNO3
(Fig. 10(b)). After the step, the current did not
show any decreasing for more than 10 min.
To interpret these results, we considered a redox
cycling mechanism (Fig. 11). Pickup and Murray
[100], Bard et al. [101,102], and other authors
[103], have observed redox cycling in electrochemical cells with two working electrodes separated by a narrow gap (15 nm–5 lm): redox
molecules undergo alternate reduction on one
electrode and oxidation on the other. For parallel
planar electrodes of area a, separated by a distance
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(a)
Fig. 11. Schematic representation of the cycling of the redox
centers trapped between Hg electrodes supporting –COO
terminating SAMs. The arrows represent the electron-transfer
processes from the electrodes to the redox site through the
SAMs.

(b)
Fig. 10. (a) Current–voltage characteristics of JHg–SAM==R==
where R ¼ RuðNH3 Þ6 Cl3 , at Vd ¼ 100 mV vs. Ag/AgCl.
Vs was swept from +100 mV to )500 mV at 50 mV/s. The line
is the experimental result, and symbols M are the data calculated
from Eq. (4). (b) Current–voltage characteristics of
JHg–SAM==R==SAM–Hg , where R ¼ TCNQ, at Vd ¼ 0 mV vs.
Ag=AgNO3 . Vs was swept from +100 mV to )1000 mV at
50 mV/s.
SAM–Hg ,

d, in a solution of redox species with concentration
C and diﬀusion constant D, the diﬀusion-limited
redox cycling current I is given by Eq. (4), where F
is Faraday’s constant [104]. The current
I ¼ aCFD=d

ð4Þ

ﬂows only when the reduction potential of the
redox species falls between the potentials on the
two electrodes. Bard and Wrighton [101] showed
that the diﬀusion-limited redox cycling currents
are inversely proportional to the interelectrode
distance, and the current is therefore limited by the

time required for redox molecules to diﬀuse from
one electrode to the other.
Fig. 10(a) shows the ﬁtting of the experimental
values of the current to a redox-cycling mechanism
3þ
for a ¼ 0:5 mm2 , RuðNH3 Þ6 ¼ 0:4 mM, d ¼
10
2
5 nm, D ¼ 5  10
m =s.
These preliminary results are compatible with
the hypothesis that the molecules trapped in
JHg–SAM=R=SAM–Hg are conﬁned between two electrodes separated by few nanometers, and conduct
current through a redox cycling mechanism.

5. Conclusions
The junctions Hg–SAM//SAM–Hg, Hg–SAM//
SAM–Metal, Hg–SAM//R//SAM–Hg are the basis
for a new, physical-organic-based approach to the
study of electron transport in organic nm-thick
ﬁlms. These systems and junctions have advantages and disadvantages relative to other systems for
studying electron transport (Table 2).
The Hg-based electrode is crucial to these systems: it allows conformal (or near conformal)
contact with one electrode to the other, and is
therefore the basis for ease of assembly. It is,
however, unclear whether the use of a liquid surface causes defects or reconstruction of the SAMs
formed on it under electrostatic pressure. While
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Table 2
Advantages and disadvantages of Hg-based junctions
Advantages

Disadvantages

Easy to assemble; requires relatively inexpensive equipment
Allows exploration of electrical properties of a wide ranges of
organic/organometallic functionality
Currents are averaged over a large number (108 ) of sites

Does not give single-molecule resolution
Not practical for devices

Organic components are structurally well-deﬁned
(and often oriented)
Can generate 10–100 s of replicate experiments, and give
statistically signiﬁcant data

such eﬀects do not seem prominent for Hg–SAM//
SAM–Metal system [27–29,45] they can be important for the Hg–SAM//SAM–Hg junction, as
emphasized by Majda and Slowinski [34]. The fact
that the systems are more reproducible when assembled under a solvent containing alkanethiol
suggests some damage to the SAM covering the
Hg drop on assembly.
An unsolved problem with these junctions
concerns the nature of the interface between two
SAMs: this interface is still incompletely deﬁned.
Capacitance studies indicated that the junctions
involving CH3 -terminated SAMs do not include
polar solvent molecules. In the inclusion junctions,
Hg–SAM//R//SAM–Hg – junctions involving
–COO terminated SAMs and water as solvents –
the results indicate that there is electrical contact
between the external working/reference electrodes
and the redox site R, and suggest a thin electrolyte
layer at the interface. For non-polar surfaces in
contact with non-polar liquids, it appears that the
junction may have included solvent when ﬁrst assembled, but probably does not have included
solvent after the junction has been subjected to an
applied voltage (and, thus, substantial hydrostatic
pressure). This inference is compatible with the
idea that the hydrostatic pressure squeezes liquid
from the interface of the junction. It is also compatible with Majda’s suggestion that pressure on
the SAMs in JHg–SAM==SAM–Hg , may thin them by
lateral motion. It therefore appears (not surprisingly) that the inclusion or exclusion of solvent
from the interface probably depends on the SAM,
the solvent, and the applied potential.

Hg presents potential problems: high vapor pressure,
electromigration, changes in shape under applied potential,
lateral movements of SAMs
Best assembled in contact with liquid (higher reproducibility)

Table 3 summarizes a critical comparison of the
performances of these junctions. It is evident that
(i) JHg–SAM==SAM–Hg suﬀers from severe limitations
when the objective of the experiments is comparison of the electrical behavior of diﬀerent organic
molecules. It is, however, an interesting and
practical system with which to study phenomena
related to inclusion of redox sites conﬁned in a
nanometer-sized volume; (ii) JHg–SAM==SAM–AuðAgÞ
junction represents a useful workhorse for molecular electronics.
The results obtained with these Hg–SAM based
junctions provide a new experimental approach to
the measurement and comparison of electrontransport rates (i) across a large variety of organic
and organometallic thin ﬁlms, (ii) across diﬀerent
kinds of chemical bonds, and (iii) across nm-scale
gaps in processes mediated by redox molecules as
electron carriers. The results we have obtained in
all of the systems examined to date indicate that
the mechanism of electron transport is tunneling
between the metal junctions across the SAMs.
Although, when using these systems, we always
measure a ﬁnite current for non-zero voltage, we
again emphasize that these organic and organometallic monolayers are electrically ‘‘conducting’’
only in the sense that they support tunneling better
than vacuum does. There is no analogy between
‘‘conductivity’’ in these molecular ﬁlms and conductivity in copper ﬁlms: one involves tunneling,
and the other transport of conduction-band electrons. The only circumstance in which we might
hope to see Ohmic conduction through molecules
would be one in which the Fermi level of the
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Table 3
Comparison of the performances of the Hg-based junctions
Junction

Advantages

Disadvantages

JHg–SAM==SAM–Hg

Easy to assemble

Interdigitation and lateral spreading of
facing SAMs at high voltage
Diﬃcult to characterize the SAMs on Hg
Diﬃcult to measure contact area
Requires assembly in liquid

Common metals for both electrodes
Both electrodes are compliant
JHg–SAM==SAM–AuðAgÞ

JHg–SAM==R==SAM–Hg

Easy to assemble
SAMs on metals (Au/Ag/Pd) can be
prepared/characterized independently
Generates statistically signiﬁcant number of
measurements
Easy to measure the contact area
Easy to assemble

Possible inclusion of a variety of redox centers

electrodes were brought into resonance with the
energy of the molecular HOMO/LUMO orbitals
[4,105].
An important result of these studies is the
ﬁnding that the values of the attenuation factor b
1 ) and polyfor aliphatic chains (b ¼ 0:87  1 A
1 ) are similar to
phenylene chains (b ¼ 0:61  A
those found for soluble structures D–B–A, where
the tunneling mechanism is well-established. These
similarities suggest that theories for interpreting
electron transfer in molecular systems may be applicable to electron transport in mesoscopic systems [106]. In the theory describing non-adiabatic
electron transfer in molecular systems, the rate of
electron transfer (kET ) is given by Eq. (5) [107–110];
this equation explicitly separates contributions
from the electronic and nuclear wavefunctions.
Here, HDA describes the electronic coupling between the electronic wavefunctions of the donor
(D) and the acceptor (A), and FCWD is the
Frank–Condon weighted density of states that
describes the overlap of nuclear wavefunctions of
the reactant and the product [111]:
kET ¼

2
4p=hHDA
FCWD;

2
kET / HDA
/ expðbdÞ:

ð5Þ
ð6Þ

Requires assembly in liquid

Uncertainty about structure at the interface,
solvent included, and details of the mechanism
of electron transport
Requires external electrodes to control the Fermi
level of the two electrodes

HDA (and therefore kET ) depends exponentially on
the distance separating the electron donor and the
electron acceptor, because of the exponential dropoﬀ of the electronic wavefunctions with distance
(Eq. (6)). Several strategies have been employed to
calculate HDA for D–B–A assemblies [112–114].
These approaches build on the application of superexchange used by McConnell [115], which assumes that indirect coupling between D and A
takes place by mixing between states on D and A
and high energy states on the bridging group.
Bardeens’s analysis of tunneling [116] and Landauer’s scattering formalism [117,118] have been
used recently [88,119,120] to develop models for
electron transport across molecules in MIM junctions. This approach relates the conductance ðgÞ to
the transmission function T from one contact to
another (Eqs. (7) and (8)) [106,120]. In these
equations L is the length of the molecule and h is
Planck’s constant. There is an
g / ðe2 =hÞT 2 ;
T  eð2mEgÞ

1=2

ð7Þ
L=h

ð8Þ

analogy between the transmission function T in
Eq. (7) and the electronic-coupling factor HDA in
Eq. (5); the dependence of both HDA and T on the
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length of the molecule is exponential. As with
calculations of HDA , diﬀerent methods have been
used to calculate T [106]. Eqs. (5) and (7) indicate
that both the rate of electron transfer, and the
conductance through a molecular wire depend on
electronic coupling between the initial and ﬁnal
states [89,121].
We believe that the results obtained in this work
indicate that these junctions are systems that can
be used to collect reliable experimental data on the
electrical behavior of a wide variety of molecular
systems. They represent a useful complement to
physics-based experimental methods. We hope
that they will contribute to the understanding of
electron transport in mesoscale systems, and to the
design of molecular electronic devices.

6. Note added in proof
Porter (J.D. Porter, A.S. Zimm, J. Phys. Chem.
97 (1993) 1190) made early measurements of tunneling between two mercury drops through water.
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