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It has been demonstrated that mesoscopic rates operate in nano-
scale electrochemical systems and, from a fundamental point of
view, are able to establish a bridge between electrochemical and
molecular electronic concepts. In the present work we offer additional
experimental evidence in support of this statement.

Mesoscopic terminology refers to systems with properties and
energetic states between classical and quantum mechanical
limits." The purpose of this communication is to demonstrate
that the analysis of mesoscopic rates can describe both hetero-
geneous electron transfer reactions and transport in molecular
electronic devices, thus harmonizing the physical principles of
electrochemistry with those of molecular electronics. Hence, in
this communication, we introduce the potential applications of
mesoscopic rates and related concepts of quantum conductance
and capacitance into molecular electronics, demonstrating that
the chemical capacitance C, is an important missing parameter
for the correlation between both heterogeneous electron transfer
reactions and transport in molecular electronic devices. In addition,
frequency dependent phenomena revealed by impedance spectro-
scopy (IS) data provide insights about molecular junctions (MJs) not
available from standard current-voltage (I-V) measurements.

As it is well-known, electron transport phenomena in mole-
cules are of scientific interest> '° but also have applications in
commercial devices."'" Electron transport governs commercial
devices which represent a significant portion of tech industry.
For instance, we can refer to transistors as distinctive electronic
components of the semiconductor industry which are essential
in fabricating chips and computers where electron transport is
crucial. Our ability to fabricate electron conducting channels in
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transistors on a nanoscale is a limiting factor on achievable
computer power. Furthermore, the architecture of these channels
determines the applications of electronic devices. An important
example is when operating in sensors, these channels are sensitive
to changes in their environments - as in the case of field-effect
transistors. The smaller the size of conducting channels in
transistors, the more computer power we are able to squeeze
into chips, but the physics governing channels with widths less
than ~ 8 nm involves mesoscopic concepts distinct from those
of classical semiconductors.

Heterogeneous electron transport governed mainly by activated
Marcus and Butler-Volmer kinetics is of obvious importance to the
operation of electrochemical devices,"" ™ including the ubiquitous
batteries found in portable consumer electronics. As described
above, we can split the movement of electrons into electron trans-
port (electronics) and electron transfer (electrochemistry),"*"*>®
but this is, to some extent, a false dichotomy which is reinforced by
nomenclature. A comparison between electronics and electro-
chemistry from the perspective of mesoscopic physics demon-
strates that these fields are fundamentally interrelated."*'"'7-'8

The relationship between these two apparently distinct
scientific areas is embodied by an electron transfer rate which
occurs in a defined length scale and is fundamental at any
molecular or mesoscopic scale.”'" Herein we will refer to this
rate simply as k, with a unit of s~". Note that the effect of solvent
reorganization energy can be considered in the model of %, as
introduced here, whenever it is appropriate,*® but this is more
particularly important in the context of molecular junctions. To
explain the meaning of k in the context of electrochemistry and
molecular electronics let us consider two types of configurations,
where electron injection rates are observed in both electrochem-
istry and molecular electronic configurations of measurements,
as depicted in Fig. 1. Several mechanisms have been considered
for explaining electron transport in molecular junctions, including
tunneling,’®?' Marcus-like activated transfer,”* injection®***
and resonant transport.”®>® Since these phenomena have analogs
in electrochemical redox reactions on modified electrodes with
different boundary conditions, we consider here how well the
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Fig. 1 (a) Typical configuration used to study molecular conductance in
an electrochemical setup where injections are made from the electrode to
the redox centers intermediated by a molecular bridge. (b) Configurations
used in molecular electronics. Other terms of the circuit such as contact
resistance (R.), etc. were omitted for the sake of simplicity and to focus on
the meaning of k.

mesoscopic treatment applies to both molecular electronics and
electrochemical charge transfer.

In Fig. 1(a) we illustrate a common electrochemical configuration
where redox tagged self-assembled molecules are attached to a
metallic electrode and where the electron injections are made from
the electrode into the redox states through a molecular “wire” which
contacts the electrode and redox states.'" Using mesoscopic termi-
nology, the redox center is considered a capacitor, C;, with distinct
properties compared to a conventional parallel-plate capacitor. In
this case, the rate of electron transport is k = G/C, where Cy, is the
electrochemical capacitance and G = 1/R is the quantum of con-
ductance. C,, in Fig. 1(b) includes the capacitance as result of charge
injection into molecular orbitals, and this is chemically comparable
to a redox event at the molecular level. Both C; and C, in Fig. 1 can
be modelled as capacitors, but in the electrochemical case there are
additional effects associated with mobile ions and electrode
screening. As will be discussed below, both electrochemistry
and molecular conductance in solid-state devices involve elec-
tron transfer with a characteristic rate, though ions, solvent, and
electrode screening are modifications applicable primarily to
electrochemistry.

The fact that the k = G/C, relationship™"" can be restated as
G = kC,, establishes that electron transport is dependent on C,
regardless of the configuration (electrochemistry or electronics) used
to measure the molecular conductance.”® The debate between the
equivalence of conductance inferred from molecular electronics and
from electrochemistry has been actively discussed over the last
decade.”'***?° We demonstrated in previous reports,""" that the
meaning of k is able to reconcile the debate.”>° It is important to
note that k is proportional to 1/C,, which is a series combination
(a/c, = 1/C. + 1/Cy) of electrostatic C. and quantum Cq
capacitances."'" C. is only dependent on dielectric properties
and geometric factors and C, accounts for the contributions of
the molecular orbitals and redox states to k.

The simple relationship between rate, quantum conductance
and electrochemical capacitance demonstrates that electronics
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and electrochemistry are conceptually equivalent, at least at the
molecular scale, where the G = kC,, relationship has been proved
to be valid and where both G and C,, can be deduced from first-
principle quantum mechanics.'* Furthermore, k has already
been demonstrated to be useful for describing different practical
situations in electrochemistry.*"'® For instance, it has been used
to access the energy for charging molecular redox switches,""*
in quantifying the discharge of these switches as the operative
transducer signal in biosensors,®" in obtaining the conductance
of DNA functioning as molecular wires,>” in explaining the
pseudocapacitance in TiO, nanotubes® and finally in explaining
the super-capacitance of reduced graphene®* and so on.

It is important to note that for a given energy E (= eV), G is
defined as G(E) = Gy 3_ T,,(E), where G, = 2¢*/h is a constant

n

and ) T7,(E) is the transmission probability over a given
n
number of channels, n. Note that through )" 7,,(E) transmission
n

coefficients can be determined. For instance, assuming a 7(E,L)
which is a function of E and the length L, a T(E,L) oc e " can be
defined in cases of tunneling through a large barrier.

Turning to the impedance analysis of MJs (details of MJs
preparation is in ESI, ESI-1), the points in Fig. 2 show Nyquist
impedance spectrai for Au/eC/azobenzene/eC/Au junctions
(eC = electron beam deposited carbon)**> of seven different
molecular layer thicknesses, which demonstrates the strong
dependence of R = 1/G on thickness. The lines in Fig. 2 are fits
of the experimental results to the equivalent circuit model as
shown in Fig. 1(b), from which &, G and C,, for each thickness is
determined for each bias potential. Examples of these results
are shown in ESI-2 in the ESLf Alternatively, a graphical
analysis of Fig. 2 permits direct determination of R = 1/G as
the diameter semicircle, whereas the frequency of the maximum
value of the semicircle corresponds to k and finally C, = G/k.

Fig. 3 demonstrates how a mesoscopic approach compares
with standard DC analysis§ for molecular junctions based on
azobenzene for seven different thicknesses (refer to ESI-27).
Fig. 3(a) shows the modulus of the logarithm of DC electric
density current (lines) versus bias voltage compared with those
results obtained by IS measurements (symbols); Fig. 3(b) and
(c) show the logarithm of conductance and logarithm of k versus
bias as obtained by IS. It is well-known that in azobenzene

25nm
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Fig. 2 (a) Impedance measurements (Nyquist diagrams) and the variation
of the impedance pattern as a function of the thickness (at O bias),
demonstrating, as expected, a higher impedance response as a function
of the thickness. (b) and (c) Corresponds to the magnification of (a).
Typically, these Nyquist diagrams demonstrates the presence of a single
1/k time constant.
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Fig. 3 (a) Logarithm of the modulus of current versus bias voltage for seven different thicknesses (lines are DC and symbols are AC measurements).

(b) Corresponds to G and (c) k (both as obtained from AC measurements) as functions of bias for the different thicknesses.

junctions with L ~ 5 nm the dominant mechanism is
tunneling.*® Therefore, the linearity observed in k versus bias
is easily interpreted using G oc e * and a logarithm of k is
expected to be linearly dependent on —fL. As shown in
Fig. ESL.3 (ESIt), the agreement between In(j) at V = 0.1 V
determined from IS results and from DC current-voltage curves
is excellent (r* = 99.8%) across the seven thicknesses studied.

Additionally, since j = GV, we can use the G(V) obtained from
IS spectra in Fig. 3(b) to reproduce j over a larger bias range as
shown in Fig. 4(b) and (d) (please refer to ESI-2t for examples)
then compared to the experimental DC curves in Fig. 4(a) and (c).
The agreement between IS-predicted and experimental I-V curves
is within a factor of 4 over >3 orders of magnitude of the current.
For instance, an appropriate correlation is illustrated for current
densities obtained in both DC and AC methods (r* = 99.8%,
Fig. ESL3t). Also, the natural logarithm dependence of the
current signal versus thickness L, as given by the attenuation
plot In|j| o« —pL, is in agreement with previous work (i.e. § =
~2.6 nm~')*” using both methodologies (see Fig. ESL47). The
remaining differences can be explained by an additional dis-
placement current contribution iy (arising from the intrinsic
dynamics associated with®® mesoscopic phenomena) in the IS
mode of measurement, ie. iy oc ¢(dV/dt), where ¢ is the
dielectric constant and dV/d¢ is the voltage perturbation with
time. Furthermore, the IS technique considers a wide range of
frequencies for G, whereas the DC measurement is made with a
single scan rate (100 mV s~ '). While there are differences
between the two techniques, as can be seen in Fig. 3(a) (symbols
and lines), the similarity of j—V shape and thickness dependence
is apparent in Fig. 4 and indicates that both methods are
governed by similar physical principles.

Given that injection into molecular orbitals in a molecular
junction has similar physics and chemistry to redox exchange
between an electrode and a tethered redox center, the corre-
spondence between IS and DC scanning results is reasonable.
For example, the exponential behavior of k¥ on bias in both
molecular junctions [Fig. 3(c)] and redox monolayers™'*
indication that both involve similar bias-dependent kinetics.
Although IS methods have been used previously to characterize
molecular junctions,***>** the addition of mesoscopic principles
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Fig. 4 Equivalence between J-V curves obtained from DC (a) and (c) and IS
(b) and (d) curves for seven different thickness as measured in azobenzene
molecular junctions. IS-obtained curves were constructed through the
definition of G discussed in the text and by knowing that j = GV. (c) and
(d) are enlarged views of the low current regions of (a) and (b), respectively.

significantly expands the physical insights available. Mesoscopic
resistive and capacitive terms measurable by IS ultimately control
the behavior of both molecular junctions and redox active
monolayers, although C, and G are always interdependent.
Electrochemical charge transfer generally involves mobile ions,
solvent, and double layer formation, but these are additions to
the basic charge transfer event present in both electrochemistry
and electronics. Furthermore, injection in molecular junctions
may also involve thermionic emission** and/or field ionization*®
which are unlikely in conventional electrochemical applications.

In conclusion, the rate of electron transfer between an electrode
and a redox active monolayer is related to the injection rate
observed in molecular electronics, and both are dependent on &,
C, and G. k follows exponential behavior as a function of applied
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bias which controls the non-linear behavior between current and
voltage observed in both electrochemistry and molecular junctions.
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