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Distance dependence and the intervening medium effects
continue to pin the attention of a large number of scientists as
the key unresolved problems in the area of electron transfer
kinetics.1-3 In this communication, we report electrochemical
results describing long-range electron transfer kinetics across
two types of alkanethiol monolayer films of variable thickness.
Our data show that the geometric distance decay constant
involving a chain-to-chain tunneling pathway obtained for liquid
monolayers is approximately 5 times smaller than the through-
chain decay constant characteristic for ordered alkylthiol mono-
layers.
Many recent advances in the studies of intervening medium

effects in electron tunneling have been made using the following
two experimental approaches. In the first, synthetic donor/
acceptor pairs are separated by rigid molecular spacer groups
of controlled length and structure.4-6 In the second, investiga-
tions involve redox proteins in which an electron acceptor (or
donor) is attached to a specific site on the periphery of a
protein.3,7,8 In addition, electrochemical measurements in which
molecules are tethered to the electrode surface at a specific
distance have also been successfully explored.9 In related
research, recent studies of electron tunneling using self-
assembled monolayers of alkanthiols as barrier films on gold
electrodes have been particularly successful.10-15 The experi-
ments described below rely on alkanethiol monolayers as-
sembled on mercury. The use of Hg electrodes allows us, for
the first time, to vary the thickness of the monolayers in two
different ways. The first involves the usual formation of ordered
monolayers of thiols with alkyl chains of different length.16 The
second method is intrinsic only to Kublik type hanging mercury
drop electrodes (HMDE).17 Variation of the monolayer thick-
ness is accomplished by careful expansion of the mercury drop
using a micrometric screw that controls the volume of mercury
extruded at the tip of the HMDE capillary.

Formation structure and properties of alkanethiol monolayers
on gold are well documented in the literature.18-21 Similar
procedures lead to the formation of ordered thiol monolayers
on mercury.22,23 Indeed, our results suggest that impermeable
monolayers of alkanethiols with chain length from 9 to 18
carbon atoms are formed essentially instantaneously on HM-
DE.24 As shown in Figure 1, analysis of the differential
capacitance (C) measurements25 gave linear plots of 1/C vs
number of the alkyl chain carbon atoms. This is consistent with
the Helmholtz model of the double layer in which its capacitance
is dominated by the hydrocarbon film of variable thickness
(d)12,26 and is expressed by

C) εεoA/d (1)
whereA is the electrode surface area. The slope of these plots
gave the dielectric constant of 2.2( 0.1, in agreement with the
literature data.12,16,18,19
A typical cyclic voltammogram obtained at an HMDE coated

with an alkanethiol monolayer in a 0.5 M KCl electrolyte
containing 1.0× 10-3 M Ru(NH3)63+ is shown in Figure 2
(curve A). It exhibits complete passivation of the electrode
around the formal potential of the ruthenium probe (E°′ )
-0.197 V) and an exponentially rising current at substantially
more negative potentials. This is consistent with a kinetic
limitation of current due to electron tunneling. In order to assess
the distance dependence and to obtain the decay constant of
electron tunneling, we plotted the logarithm of the tunneling
current density (measured at-0.65 V vs SCE) vs the film† University of California at Berkeley.
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Figure 1. Reciprocal capacitance vs number of the carbon atoms in
alkanethiols self-assembled on the HMDE. The differential capacitance
was measured25 in 0.5 M KCl solutions. The error bars are standard
deviations of 10 measurements of different monolayers for each
alkanethiol molecule.
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thickness26 for a number of alkanethiols (see Figure 3). The
slope gave the decay constantâ ) 1.2( 0.1 per carbon atom
or 0.96( 0.08 Å-1.27 When ferricyanide replaced Ru(NH3)63+

in the same types of experiments, we obtained an identicalâ
value. These values agree well with the literature data for the
electrochemical tunneling experiments involving alkanethiol
films on gold.12,14 We note that this agreement as well as the
agreement of the dielectric constant with the literature data
reported above substantiates our assumption of the perpendicular
orientation of alkanethiols with respect to the mercury surface.
This orientation, as opposed to the 30° tilt of the chains found
on gold(111),18 is reasonable in view of an expected nonepitaxial
self-assembly of alkanethiols on the liquid mercury substrates.
The mercury drop expansion experiments were carried out

in an aqueous electrolyte solution following self-assembly of
alkanethiols with 10, 12, or 14 carbon atom chains.28 In all
cases, slow expansion of an HMDE resulting in as much as
20% increase of its surface area maintained the initial passivating
character of the monolayer, but resulted in an increase of the
tunneling current as shown in Figure 2 (curves B, C, and D).
This suggests that the alkanethiol monolayers become liquid
or tilted upon electrode expansion and that their continuous

pinhole-free character is preserved. To confirm this hypothesis,
we analyzed the relationship between the charging current (ic)
and the electrode surface area. This relationship can be easily
predicted when one realizes that the decrease of the film
thickness should be inversely proportional to the increase of
the electrode surface area. In other words, we expect the film
volume (Vf) to be constant throughout the expansion experi-
ment: Ad ) Vf ) const.29 Combining this withic ) VC and
eq 1 gives

ic ) VεεoA
2/Vf (2)

As expected, we obtained linearic vsA2 plots (r > 0.99). Their
slopes yieldedε ) 2.2 ( 0.2 (for 10 series of experiments
involving C10, C12, and C14 thiols); the same value as reported
above. HMDE expansions beyond 20% of the initial surface
area, as well as attempts to expand longer or shorter chain
alkanethiol monolayers, resulted in large diffusion-limited
faradaic currents, reflecting formation of discontinuous mono-
layers. Similar drop expansion experiments involving mercury
electrodes coated with octanethiol and octadecanethiol have been
recently reported by Bruckner-Lea and co-workers.23 Consis-
tently with our observations, expansion of those monolayers
also yielded discontinuous films and resulted in large diffusion-
controlled faradaic current.
Analysis of the tunneling current density observed in the

HMDE expansion experiments (such as those in Figure 2) in
terms of lni vsd (see Figure 3) gave linear plots withâ′ ) 0.2
( 0.1 Å-1 (the average and SD of 10 series of experiments
with C10, C12, and C14 thiols). This distance decay constant is
5 times smaller thanâ obtained in the first series of experiments.
Both plots involved geometric distance of electron tunneling
and thus yielded substantially different intercepts. Thus, as can
be seen in Figure 3, decrease of the film thickness in the HMDE
expansion experiments results in a much smaller increase of
the tunneling current than that observed in the experiments in
which the film thickness was varied by self-assembly of thiols
with decreasing chain length.
To analyze these measurements, we note first that the

tunneling current density involving a through-chain pathway
should be largely invariant in the drop expansion experiments,
since the distance along this pathway does not change as an
HMDE is expanded. In fact, since monolayer expansion may
introduce gauche and other conformations, a small decrease of
the electron-tunneling efficiency might be expected2 that would
result in a negativeâ′. Therefore, the observed smallincrease
of current density must correspond to a new, albeit less efficient,
tunneling pathway. We believe that this pathway must involve
chain-to-chain coupling. The large difference betweenâ and
â′ values is the first direct evidence that the chain-to-chain
coupling pathway is significantly less efficient than the through-
chain path in electron tunneling across alkanethiol monolayers.
This conclusion is consistent with the assessment of the coupling
efficiency of the through-space vs through-bond tunneling
pathways in proteins.30,31
Ability to form liquid alkanethiol monolayers of continuously

variable thickness demonstrated in this report opens a possibility
to investigate electron tunneling through other single- or two-
component type liquid monolayer systems, a possibility which
promises new data concerning the role of the intervening
medium in electron tunneling kinetics.
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Figure 2. Cyclic voltammograms recorded in a 1.0× 10-3 M Ru-
(NH3)63+, 0.5 M KCl solution at a Hg drop electrode coated with a
dodecanethiol monolayer before and in the course of the HMDE
expansion;V ) 50 mV/s. A: before expansion,A ) 0.0230 cm2. B:
A ) 0.0246 cm2. C: A ) 0.0258 cm2. D: A ) 0.0274 cm2.

Figure 3. Plots of the tunneling current density vs. film thickness at
-0.65 V vs SCE measured in 1.0× 10-3 M Ru(NH3)63+, 0.5 M KCl
solutions at the HMDE coated with alkanethiol monolayers. A:
Electrodes were coated with ordered nonanethiol, decanethiol, dode-
canethiol, and tetradecanethiol monolayers.27 The error bars represent
standard deviations of 10 measurements of different monolayers. The
film thickness was calculated on the basis of the known molecular
structure of the alkanethiols.26 B: Electrodes were coated with the
dodecanethiol monolayers and expanded. The data represent the average
and standard deviations of four independent series of experiments
including that in Figure 2;â′ ) 0.16( 0.08 Å-1.
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