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The charge transport processes in thin insulating films separating a gold electrode and an electrolyte solution
are characterized using a constitutive admittance expression that accounts for conduction, diffusion, and
polarization of charge within the films. We specifically investigate cases in which the electrolyte solution
does not contain electroactive ions. The general impedance response of all gold—monolayer—electrolyte systems
to an applied potential, for systems in which the electrolyte does not contain any redox-active species, suggests
the existence of a potential regime where the current is limited by the rate of charge transport through the
monolayer phase and a regime limited by the rate of charge transfer at the monolayer—electrolyte interface.
The monolayer free charge density that appears as a parameter in the admittance expression is evaluated
from the measured admittance in both regimes. This calculated parameter describes two field-dependent
mechanisms of charge transport in the monolayer phase, for potentials where charge transport limits the flow
of charge through the insulating films. These charge transport mechanisms follow well-characterized solid-
state mechanistic models of charge conduction; namely, Ohmic conduction at low electric fields and
space—charge-limited transport at higher electric fields. Quantum mechanical tunneling effects are also observed
at large (~10° V/m) electric fields in the monolayer. For potential regimes in which the charge transfer is
rate-limiting, the evaluation of the monolayer free charge density from the impedance response results in
current densities that are described by the thermal activation of reacting species over a free energy barrier at
the monolayer—electrolyte interface. At low electric fields, the rate-limiting process involves the thermally
activated reorganization of the solvent molecules, in accordance with the Marcus theory, and for higher fields,
the observed current is limited by the thermal hopping of transferring electrons over an electrostatic potential
energy barrier within the monolayer phase. The charge transport and charge transfer mechanisms are also
shown to be dependent on physical and chemical interactions between the monolayer functional group and
the electrolyte constituents at the Stern layer. These interactions are described using empirical parameters
obtained from the mechanistic expressions for these charge transport and transfer processes, and the effect of
varying electrolyte properties on these parameters is examined in detail here.
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Introduction

Solid electrode surfaces modified by self-assembled mono-
layers have been used extensively to investigate the effects of
monolayer film thickness and functional end groups on electron
transfer, since these molecules can form structured, homoge-
neous assemblies with well-defined film thickness and interfacial
properties.!~® Electron transfer events at w-functionalized mono-
layers adsorbed on gold substrates have been studied in detail
for cases in which the electron donating/accepting redox-active
species is dissolved in the electrolyte”® as well as for situations
when the redox-active species constitutes the functional end
group in the alkyl chain.!**~!? Initial attempts at describing the
current overpotential curves for these cases relied on the
assumption that the exchange of charge between the metal phase
and the redox-active species is an adiabatic process and that
tunneling of charge through the monolayer film did not play a
significant role in the reaction kinetics."* Subsequently, the
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adiabatic charge transfer theory was modified to account for
the tunneling of electrons through the monolayer film. The
tunneling process was, however, modeled on Schmikler’s
description of adiabatic resonance tunneling within iron oxide
thin films'*" in which the charge was assumed to tunnel across
a rectangular potential energy barrier from a donor to an acceptor
state.' A more complete description of the charge transfer
between a metallic electrode and a redox-active moiety that are
separated by an intervening monolayer film involves a chemical
kinetics approach to defining a bridge-mediated reaction between
an electron donor and an acceptor species.*!*!7 The underlying
redox reaction proceeds directly via a nonadiabatic molecular
orbital interaction between the reacting species in the electrolyte
and the metal electrode. The effect of the intervening monolayer
film is introduced as a quantum mechanical coupling factor
between the metal electrode and the electrolyte species, com-
monly referred to as the transfer integral, in the expression for
the rate constant.!”'® The formulation of the coupling factor
usually requires a description of the electronic structure of the
molecular bridge, and the accuracy of the derived rate expression
is a strong function of the electronic structural model adopted
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for this calculation.'®?® Although these quantum mechanical
descriptions of charge transport through the monolayer film refer
directly to the nuclear and electronic factors that affect the
mechanism of charge conduction through the monolayer film,
the ease with which these results can be interpreted and
compared to experimental data decreases rapidly with increasing
complexity in the calculations for the transfer integral.'”
However, since the calculated transfer integral decreases
exponentially with monolayer film thickness,® this simple
functional dependence between the rate constant and the
monolayer chain length has been studied extensively and is, in
our understanding, the most commonly investigated experimen-
tal parameter in these donor—bridge—acceptor systems.?!?? A
comparison between the experimentally obtained decay constant
and the ab initio decay constants calculated from the transfer
integral suggests that the primary mechanism of charge transport
through the monolayer film is tunneling through o-bonds,'%?!
and that a small amount of charge is also transported by a
process of electron hopping between alkane chains in the
monolayer film.?!

These quantum mechanical models of charge transport within
an alkane thiol monolayer film are limited to specific cases in
which a redox-active moiety is either dissolved in the electrolyte
or is tethered to the end of the monolayer chain and this
electroactive species acts as the donor or acceptor species for
the transported electron. As expected, these studies indicated
that background electrolyte anions play an insignificant role in
the electron transfer kinetics of a gold—monolayer—electrolyte
system, since the exchange of electrons between the metal phase
and the electrolyte solutions is dominated by the electronic
interaction between the electroactive ion and the metal phase.*
Consequently, background electrolyte properties such as pH
have a small impact on the observed results, and the effect of
varying these parameters is limited to shifts induced in the
formal potential for the electroactive species. Moreover, the use
of redox-active species in the electrolyte also restricts the range
of applied potentials, since significantly large anodic or cathodic
potentials result in the onset of a mass transfer limitation in
which the charge transport through the monolayer phase is no
longer rate-limiting. The mass transfer limit, manifested by a
Warburg-like impedance characteristic,’ masks the effect of the
monolayer film and the monolayer—electrolyte interface on the
observed current density at these large anodic and cathodic
potentials. Thus, by using electrolyte-dissolved, redox-active
species to probe charge transfer at monolayer-modified elec-
trodes, additional information about the physicochemical prop-
erties of the electrode—electrolyte interface is lost, as we
demonstrate in this paper. In addition, most experimental work
on charge transfer at monolayer-modified electrodes relies on
the use of the simpler adiabatic charge transfer theory to explain
observed kinetic data and is at odds with conventional under-
standing that describes the electron transfer event as nonadia-
batic. Accordingly, the kinetic rate constant has a Tafel-like
functional dependence on the potential bias applied to the
metallic phase in accordance with the adiabatic description of
electron exchange between the metal and the redox-active
species,!® where the anisotropy between the cathodic and
anodic arms of the Tafel plots was attributed to the potential-
dependent tunneling of charge through the alkane backbone of
the monolayer film.'" However, when these bridge electron
transfer reactions are described as nonadiabatic electronic
interactions between the donor and the acceptor species, the
mechanism by which the potential bias affects the observed rate
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constant is difficult to identify because of the complexity of
the calculated transfer integral.

These problems are alleviated to a certain extent in the
gold—monolayer—electrolyte experimental systems investigated
here, in which the electrolyte contains no electroactive species.
The observed current density in these systems has been
characterized in the literature as leakage current that occurs due
to the penetration of electrolyte ions within pinhole defects in
the monolayer film.?*~% Since there is no electroactive moiety
acting as the dominant electron donor or acceptor molecule,
the effect of background electrolyte properties on this observed
current density is expected to become significant in these
situations, and the electronic coupling between the electrolyte
constituents and the metal can provide valuable information on
the state of the monolayer—electrolyte interface, as we show
in this paper and elsewhere.?® The leakage current is also a
strong function of the applied potential,®*?’ and in this paper,
we demonstrate a methodology that uses this dependence of
current on applied potential to describe the nonadiabatic
mechanisms of charge transport within thin monolayer films
without resorting to the use of quantum mechanical transfer
integrals that often need unknown parameters to evaluate. We
use empirical parameters derived from these mechanistic
descriptions of charge transport to evaluate the physicochemical
properties of the monolayer—electrolyte interface. In the absence
of electrochemically active ions, the electron-donating or
accepting states in the electrolyte are, expectedly, the hydroxyl
or proton ions in the aqueous electrolyte. Consequently, the
system does not suffer from mass transfer limitations at large
anodic or cathodic potentials, thereby providing a larger potential
range for examination. To our knowledge, a quantitative
mechanistic description of current—potential behavior in mono-
layer films for the case when the electrolyte has no electroactive
species is still lacking.

Impedance spectroscopy has been used extensively to inves-
tigate charge transfer at monolayer—electrolyte interfaces, for
cases when the electrolyte may?® 3! or may not**~2>?"32 contain
a redox-active ion. The low-frequency impedance response of
a gold—monolayer—electrolyte system to applied potential, for
the case when the electrolyte has no electroactive ions, yields
three distinct regimes defined by the magnitude of the applied
potential, as discussed in reference 26: (a) a purely capacitive
regime at anodic potentials, (b) a predominantly resistive regime
for cathodic potentials,>*3? and (c) a capacitive response with a
statistically significant real component at large anodic potentials.
As discussed before, we could not find any referrals to regime
c in the literature. At anodic potentials, small deviations from
ideal capacitive behavior were attributed to leakage current due
to ion penetration through pinhole defects in the monolayer films
due to imperfect self-assembly or because of defects on the
polycrystalline gold substrate.?* The resistive behavior at large
cathodic potentials was hypothesized to be due to an increase
in the size of these pinhole structures when the applied potential
increases beyond a certain critical threshold (V,).” However,
this hypothesis was based on the application of multiple
empirically constructed circuit models to the cathodic potential
regime of the impedance response, and the interpretation of the
potential behavior was based on the goodness-of-fit of the
phenomenological circuits to the impedance response in this
potential regime. Hitherto now, the reason for the existence of
a threshold potential and the mechanism for an increase in the
size of pinhole defects at applied voltages more cathodic than
the critical potential remain unexplained. Similarly, the hypoth-
esis that charge transport through a monolayer film occurs due
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to ion penetration in pinhole defects remains a qualitative
assertion justified by an empirical linear circuit model that lacks
a detailed explanation of how the ion traverses the pinhole
structure and subsequently exchanges charge with the gold
substrate. Therefore, a quantitative description of how the
leakage current varies as a function of the applied potential over
the entire potential range is required to identify the mechanism(s)
of charge transport within the monolayer film. Moreover, an
explanation of the nonlinear transition between anodic and
cathodic potential regime leads to a better understanding of how
a monolayer-modified electrode can exhibit a response that
varies continuously from purely capacitive to purely resistive
over the entire potential spectrum.

As a means to help answer these questions, a method to
analyze the real and imaginary components of the impedance
of a gold—monolayer—electrolyte system was developed in
reference 26, where the constitutive equation for charge transport
was modified to yield an expression for the system admittance
or the reciprocal impedance. At low frequencies, the conduction
and diffusion current densities contribute to the real part of the
admittance, and the imaginary component has been shown to
be a function of the displacement current density. Thus, the
values of the electric field and the injected free charge density
in the monolayer film as functions of the applied voltage can
be extracted from a potential-based spectrum of the admittance
of a specific gold—monolayer—electrolyte system. We illustrated
a generic analogy between a solid-state Schottky diode and the
gold—monolayer—electrolyte system, as well as the existence
of physicochemical parameters such as the built-in electric field,
equilibrium potential, and the potential of zero field (PZF). The
characterization of the properties of specific monolayer—
electrolyte interfaces with the help of these parameters was also
discussed. Although the technique that was introduced is
applicable to the analysis of the admittance of a gold—mono-
layer—electrolyte system over the entire potential range, we
restricted the discussion to the values of the electric field at
two specific potentials; namely, at zero applied voltage and at
the potential where the net current density is zero. The measured
electric fields at these specific points in the potential spectrum
correspond to intrinsic properties of the monolayer—electrolyte
interface that are independent of applied potential, as was
demonstrated in detail in reference 26.

In this paper, we extend the analysis to consider the current
potential behavior of different gold—monolayer—electrolyte
systems over the entire potential regime, from strongly anodic
to strongly cathodic, but well within the regime of electrochemi-
cal stability for the gold—thiol bond. Here, “anodic” and
“cathodic” potentials are measured with respect to the PZF. We
broadly identify the different potential regimes in which charge
transport through the monolayer film, or charge transfer at the
monolayer—electrolyte interface, is rate-limiting. Accordingly,
the potential dependent expressions for charge conduction and
diffusion are described for these different potential regimes using
the admittance methodology detailed in reference 26. The
conduction and diffusion current densities thus obtained are
compared with multiple solid-state mechanisms of charge
transport, and the assumptions underlying the applicability of
these solid-state models to charge transport in a gold—monolayer—
electrolyte system are also examined in depth. These mechanistic
descriptions of charge transport and charge transfer, when fit
to the observed current—potential characteristics of a gold—
monolayer—electrolyte system, yield empirical parameters that
are then used to describe the physical and chemical properties
of the monolayer—electrolyte interface. The schematic in Figure
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Figure 1. Schematic illustrating multiple charge transport and charge
transfer mechanisms for different potential regimes. The effect on the
magnitude of current density and the low frequency phase is also
depicted.

1 summarizes the different charge transport and charge transfer
mechanisms as functions of the applied potential. Also depicted
is the effect on the observed current density and low frequency
phase when the specific mechanism is rate-limiting. For anodic
potentials, the conduction current density dominates over the
diffusion contribution, and we show that the functional depen-
dence of the conduction current density on the electric field in
the monolayer follows Ohm’s law at low electric fields, and
for larger electric fields, the current density becomes space—
charge-limited (see the Results and Discussion, section i). On
the application of very large electric fields, the net current
density is observed to be limited by the quantum mechanical
tunneling of electrons from the ground-state energy level of the
immobilized ions at the Stern layer through the monolayer
conduction band and into empty states in the bulk metal (see
the Results and Discussion, section ii). For the cathodic potential
regime, on the other hand, the diffusion current density exceeds
the contribution due to the conduction mechanism. The func-
tional dependence of the diffusion current on the applied
potential corresponds to the thermal activation of the reactant
species over a free energy barrier. We demonstrate that for small
deviations from the PZF, the thermal activation of the solvent
polarization limits the charge transfer process (see the Results
and Discussion, section iv), whereas for larger cathodic poten-
tials, the process of electrons thermally hopping over an
electrostatic potential energy barrier is the rate-limiting mech-
anism (see the Results and Discussion, section iii).

Theory

The objective of the experiments is to determine the mech-
anisms of charge transport through a monolayer on metal that
is in contact with an electrolyte using only the observables of
voltage and current, both as functions of time. From the current,
voltage, and phase between them, we seek to deduce the charge
transport and charge transfer barriers at each point in the
metal—monolayer—electrolyte system, including the interfaces
as well as the governing mechanisms spatially within the system,
including the effect of heterogeneous charge transport structures,
such as pinholes. In this section, we will present the time-varying
electrical impedance admittance model that accounts for capaci-
tive charge storage along with leakage, with particular attention
to the effect of pinholes and charge transfer barriers. Due to
the importance of conduction from the metal to the monolayer
on the overall charge transport mechanisms in the monolayer
and to the electrolyte, we also present a detailed analysis of the
Ohmic nature of the electrical contact at the metal—monolayer
interface.
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Charge Transport and Charge Transfer Barriers. The
gold—monolayer—electrolyte system is modeled as a current-
leaking parallel plate capacitor, in which the metal—monolayer
interface and the monolayer—electrolyte interface constitute the
two plates of the capacitor between which the charge is
transported. Although each interface is associated with a finite
thickness, the length of the alkane backbone in the monolayer
phase exceeds the width of each interface by at least an order
of magnitude, and therefore, the plates of the capacitor bounding
the dielectric medium of the monolayer phase can be considered
as infinitesimally thin. The application of a potential bias to
the gold surface with respect to a reference electrode in the bulk
electrolyte solution results in a potential drop of magnitude
@M — @oup across the capacitor system, where ¢y, is the applied
potential at the surface of the metal and @opp is the electrostatic
potential at the outer Helmholtz plane. The resulting steady-
state flow of charge through the gold—monolayer—electrolyte
system due to the applied potential is a transport process that is
limited in rate by the slowest step, and the nature of the rate-
limiting process in the charge transport process depends on the
structure of the thiol monolayer film. Thus, a key question that
needs to be considered in the study of charge transport through
gold—monolayer—electrolyte systems is the effect of monolayer
pinhole defects on current leakage. Two limiting cases are
considered here in this context: a monolayer film with (a)
“small” and (b) “large” pinhole defects, where the terms “small”
and “large” are defined below.

A self-assembled monolayer film with pinhole defects of
sufficiently small pore diameter does not allow for the intake
of solvent molecules and limits the intake of dehydrated ionic
species within the pinhole structure as well, since there is a
considerable enthalpy barrier for an ion to lose the hydration
shell before entering the defect pore. Consequently, there is a
large transport barrier that obstructs the transport of the
dehydrated ion in the small pinhole defect from the mono-
layer—electrolyte interface to the metal—monolayer interface.
In addition, there is a free energy barrier to the exchange of an
electron between the electronic continuum of the metal phase
and the energy levels of the dehydrated ionic species at the
metal—monolayer interface. This barrier alone would be on the
order of the work function for gold (~5.4 eV). Since the current
begins to increase significantly for much lower potentials (<1
eV),% this mechanism of charge transport is negligible. The
current in these ideal monolayer films is, instead, limited by
one of three foreseeable barriers: (a) a free energy barrier at
the monolayer—electrolyte interface for the exchange of elec-
trons between the monolayer functional group and the energy
levels of the partially dehydrated ions immobilized at the Stern
layer, (b) a transport barrier that limits the rate of transport of
the electron in the alkane structure and (c) a free energy barrier
at the gold—monolayer interface that inhibits electron exchange
between the metal and the alkane phase.

An alkane thiol monolayer film with large pinhole defects
that is substantially penetrated by the hydrated ions and free
solvent molecules, on the other hand, is limited either by the
movement of ions through the defect structure or by the flow
of electrons across the alkane structure. The two charge flow
mechanisms are equally probable, and there is no a priori
information that allows us to discount one mechanism in favor
of the other. Each charge flow path is associated with a sequence
of energy barriers that inhibit this flow, as discussed above.?
As the ions move through the pinhole defects under the influence
of the applied electric field and driving concentration gradients,
they experience a transport barrier that limits the migration rate
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through the defect pore. The ions also encounter a free energy
barrier to the transfer of charge to the exposed gold atoms at
the metal—electrolyte interface. However, there is no corre-
sponding free energy barrier to charge transfer at the mono-
layer—electrolyte interface for this charge flow path, since the
assumption here is that the ions penetrate the large pores with
their hydration spheres intact. Analogous to the case for small
pinhole defects, the path of charge flow determined by the
migration of electrons through the alkane structure is limited
by one of the three barriers discussed above. An impedance
measurement for a gold—monolayer—electrolyte system limited
by one of these two possible processes (namely, the migration
of ions through the pinhole defects or the movement of electrons
via the alkane backbone of the monolayer film) quantitatively
characterizes the nature of the largest barrier to the flow of
charge in this system.

Low-frequency phase information in the impedance measure-
ment is a useful guide in determining whether charge transport/
migration through a medium or charge transfer at a particular
interface is rate-limiting. The implications of low frequency
impedance phase data are better understood by comparing the
qualitative response of the experimental gold—monolayer—
electrolyte system to that of a solid-state parallel plate capacitor.
As discussed above, a gold—monolayer—electrolyte system
behaves like a leaking parallel plate capacitor that stores charge
at the Stern layer and also allows for charge flow across the
dielectric film, either through pinhole defects or by electron
transport across the alkane structure. A solid-state capacitor that
exhibits a small amount of leakage current at steady state has
a low-frequency phase response slightly greater than —90° and
is considered almost ideal. Thick dielectric films tend to behave
like these “almost ideal” capacitors, since the transport of charge
at steady state across the medium is limited by the large path
length that the charge has to traverse. Therefore, the observed
steady-state current density for these thick dielectric films is
limited by the transport barrier to charge flow. By analogy,
current density and impedance values, in the potential regimes
where the low frequency impedance response of the gold—
monolayer—electrolyte system approaches 90°, quantitatively
describe features related to the transport barrier in the monolayer
film (Figure 2a). However, in the other limit, when the thickness
of the dielectric medium between the plates of the solid-state
parallel plate capacitor becomes infinitesimally small, charge
transport between the closely spaced plates is no longer rate-
limiting. Instead, the observed steady state current density in
this hypothetical system is characterized by the contact resistance
between the two plates. By direct analogy, the potential regime
in which the experimental gold—monolayer—electrolyte system
exhibits a resistive behavior at low frequencies describes a
system limited by the barrier to charge transfer at the relevant
interface (Figure 2b).

A reasonably smooth polycrystalline gold surface is used in
the following experiments to minimize the frequency of pinhole
defects in the film, and the roughness in the substrate was
characterized by a series of electrochemical surface area
measurements as reported in reference 25. However, the
presence of pinholes in the monolayer film cannot be ruled out
definitively.?* Since the exact mechanism for charge transport
(i.e., ion migration or electron transport) is unclear from
available information prior to the experiment, a method of
analyzing the gold—monolayer—electrolyte impedance that is
applicable to any description of the transport process was
developed.”® The equation for charge transport, which can
describe both ion migration and electron transport, was dif-
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Figure 2. Schematic illustrating the phase behavior in the impedance response of a gold—monolayer—electrolyte system to applied potential for
(a) a charge-transport-limited system and (b) a system limited by the charge transfer barrier either at the gold—monolayer or the monolayer—electrolyte

interfaces.

ferentiated with respect to the applied potential to yield a
constitutive expression for the low frequency admittance, Yy,
of a gold—monolayer—electrolyte system such that

¢\ pim _ 3J(@) _ 9

Y (@)= E— Da—”) +

ox
w0 (eE) (1)
' 3(PM M

where €y is the low-frequency dielectric permittivity of the
monolayer phase. The real and imaginary components of the
admittance are extracted from the modified charge transport
expression integrated with respect to the applied potential, and
the resulting expressions are fit to the corresponding experi-
mentally observed quantities to give the free charge density (p)
and electric field within the monolayer film (E). The evaluation
of these quantities rests on the determination of the charge
mobility (¢) and diffusivity (D) within the monolayer film. These
transport parameters are estimated from

ik
and
J,
u DO—ﬁz (2b)
¢k,

These relations are derived from a scaling argument, detailed
in reference 26, that does not appeal to a specific mechanism
of charge transport within the monolayer film. The electric field,
evaluated from the imaginary component of eq 1, is the average
electric field, and we have demonstrated the equivalence
between the average and local electric field because of the finite
charge size assumption.?® Due to this equivalence, the electric
field described by eq 1 is independent of any assumptions on
the nature of the transport mechanism.

Therefore, to demonstrate that ion migration through pinhole
defects has a negligible contribution to the observed current
density, we described the dependence of the built-in electric
field and the equilibrium electric field on the electrolyte
properties and functional end group chemistry.?® Both the built-
in and equilibrium electric fields increase with increasing
electronegativity of the monolayer end group, whereas for large
pinholes, these two parameters are expected to be weakly

decreasing functions of the end group electronegativity.?
Additionally, the linear dependence of the two parameters on
the bulk electrolyte properties, such as pH and concentration,
indicates that there is equilibrium between the charge transfer
barrier, characterized by built-in field and equilibrium field, and
the bulk electrolyte solution. We reasoned that equilibrium
between the charge transfer barrier and the bulk electrolyte is
possible only if the charge transfer barrier is located at the
monolayer—electrolyte interface, which rules out ion transport
through pinholes as a mechanism for charge transport.”® In
addition, we obtained the low-field conductivity of the mono-
layer film from the estimate for charge mobility («) in eq 2b
and demonstrated agreement with reported low-field conductiv-
ity of organic thin films, indicating that electron flow along the
alkane structure, and not ion transport, is the dominant mech-
anism for charge transport.*®

The calculation of p, on the other hand, requires the
specification of an interface charge density as a boundary
condition, for which the mechanism of charge transport must
be specified. The flow of charge is limited by one of three
barriers described above, since electron transport is the most
probable mechanism for charge transport in the gold—monolayer—
electrolyte system, where the metal—monolayer barrier was
assumed to be negligible as compared to the charge transfer
barrier at the monolayer—electrolyte interface.?® This assump-
tion, in turn, facilitates the specification of the metal—monolayer
surface charge density. The section below reexamines the
underlying assumption of negligible charge transfer resistance
at a metal—monolayer interface, which is central to the
calculation of the free charge density.

Ohmic Nature of the Electrical Contact at the Metal—
monolayer Interface. One of the three free energy barriers to
the charge flow process through the alkane structure of a
monolayer film is the electrostatic energy barrier for electron
exchange between the gold Fermi level and the LUMO of the
monolayer phase, as discussed above. We proposed that this
barrier is negligible in comparison to the transport barrier in
the alkane phase and the charge exchange energy barrier at the
monolayer—electrolyte interface. A qualitative justification was
advanced to support this assertion in reference 26. The polariza-
tion induced in the monolayer film due to the surface charge
density at the Stern layer and the charged diffuse layer reduces
the effective barrier height that exists at the gold—monolayer
interface. We give support to this hypothesis below with the
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Figure 3. (a) Electrostatic model for the gold—monolayer—electrolyte
system. Calculation of polarization fields due to (b) metal—monolayer
and (c) monolayer—electrolyte surface charge densities involves the
independent solution of two electrostatic problems with appropriate
Neumann boundary conditions that can be linearly superposed to get
the original system in part a.

aid of the leaky capacitor model of the gold—monolayer—
electrolyte system introduced previously (Figure 3a).

The effect of induced polarization on the gold—monolayer
interface barrier is determined by the microscopic electric field
experienced by an electron at that location. For a continuous
dielectric medium, this field is given by**

Epacro®) 3)

Here, E(x) is the averaged macroscopic field or the observed
field, and E™*(x) and E™¥ (x) are the microscopic and
macroscopic contributions to the electric field from the im-
mediate neighborhood of the point x at the gold—monolayer
interface where the electric field is evaluated. The size of the
neighborhood that defines the “near” region (r) in eq 2a is much
smaller than the characteristic wavelength of the macroscopic
fields () but is much larger than the molecular dimension of
the system a; that is, Ay > r > a.® Since the monolayer film
consists of only a few methylene units in width, both the charge

() = E(x) + E™"(x) —

E ‘micro

Gupta et al.

densities at the metal—monolayer and monolayer—electrolyte
interface contribute to the nearfield component of the macro-
scopic electric field through the resulting polarization densities
in the alkane structure. Thus, for a planar geometric configu-
ration, as depicted by the capacitor model, the macroscopic
contribution to the electric field at the gold—monolayer interface
from the immediate neighborhood is given by3®37

_ — Py (x) — Pg(x)

Epna0) = ————— “

0

where Py(x) and Pg(x) are the polarization densities induced
by the surface charge at the gold—monolayer interface and the
monolayer—electrolyte interface respectively, and &, is the
dielectric permittivity of vacuum. The microscopic contribution
to the electric field from the neighboring medium is negligible,
by symmetry arguments, for the case when the dielectric has a
semicrystalline structure, and therefore, E near(x) = (0.3 The
polarization due to the metal surface charge is evaluated from
the application of Gauss’s law to the thin film electrostatic model
in Figure 3b, where the finite charge size assumption®® for the
thin film structure gives

- Oy

Ex)=—=—— )
Em €y

Here, oy is the surface charge density at the metal—monolayer.

Therefore, substituting eqs 4 and 5 in 3 yields

Pr(x
By =" ©)
€y
The microscopic electric field calculated from eq 6 applies
to the continuous alkane phase of the dielectric medium.
However, the alkane backbone of the monolayer film is linked
to the gold-bonded thiol moiety at the gold—monolayer interface
and to the functional group centered on the inner Helmholtz
plane. Therefore, an electron at these locations experiences not
just the local electric field due to the polarized dielectric medium
as evaluated from eq 6 but also the microscopic field that results
due to the phases adjacent to the alkane backbone; namely, the
gold electrode and the Stern layer, respectively. In either case,
the microscopic contribution due to the neighboring phases is
described by eq 3, where the EDear (x) component that exists
due to charges or polarization density in the immediate vicinity
of x would be negligible, since both the metal phase and the
medium between the inner and outer Helmholtz planes contain
negligible free and bound charge density. Thus, we have
Epera () = E(@) (7a)
and
E i) = E(x) (7b)
The contribution due to the polarization induced by the Stern
layer surface charge density is already accounted for in eq 6
and, therefore, is not considered in the evaluation of the
microscopic electric field for the Stern layer (ESem (x)). The
induced polarization due to the surface charge density at
the monolayer—electrolyte interface (Pr(x)) is evaluated from
the application of Gauss’ law to the electrostatic model of the
monolayer—electrolyte interface in Figure 3c, yielding

PE(X) _ OStern — g(JE diff(x) _ OStern 1— @ (8)
€o € €o

where &, is the dielectric permittivity of the diffuse part of the
double layer and Ogr, is the surface charge density at the
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monolayer—electrolyte interface. Therefore, the microscopic
electric field experienced by an electron in the monolayer film
is given by

E monolayer
micro

}_)E(x) - %(1 _ @) 9)

© € € &g

For anodic potentials, where Osr, < 0, the microscopic electric
field in the monolayer, as calculated from eq 9, is comparable
to the macroscopic field in magnitude (I]_EI = owm/eym) but directed
away from the monolayer—electrolyte interface. Similarly for
cathodic potentials, the microscopic field is on the order of the
observed electric field but directed opposite to the averaged
macroscopic field and toward the monolayer electrolyte inter-
face. Therefore, the net microscopic electric fields experienced
by an electron at the gold—monolayer (Emguglayer 4 pmetaly apq
monolayer—functional group interface (Engnolver 4 ESemy are
both negligible. Consequently, there is no large abrupt change
in the microscopic potential at these interfaces. Hence, we
conclude that the metal—monolayer and monolayer—functional
group contacts for all gold—monolayer—electrolyte systems are
Ohmic in charge injection behavior because of barrier lowering
by electrolyte polarization. There is, however, a barrier to charge
transfer at the functional group—electrolyte interface, which
constitutes the charge transfer barrier at the monolayer—electrolyte
interface.

Experimental Details

Preparation of Monolayer Surfaces. n-Alkyl thiols
(CH;(CHy),—SH, where n = 9, 10, 11, 14, 15, 17), 11-
mercaptoundecanoic acid, 16-mercaptohexanoic acid, and 11-
mercapto-1-undecanol were purchased from Sigma Aldrich for
use in these experiments. These thiol molecules were dissolved
in absolute ethanol (Pharmaco-Aaper, Shelbyville, KY) to form
a dilute (1 mM) incubation solution. Long alkane chain thiol
molecules, such as 1-octadecane thiol (Sigma Aldrich, St. Louis,
MO), that were only partially soluble in ethanol were dissolved
in a 2:3 mixture of toluene (analytical grade, Sigma Aldrich,
St. Louis, MO) and absolute ethanol. SPR quality glass slides
(GenTel Biosciences, Madison, WI), coated with evaporated
chrome (5 nm) and gold (100 nm) thin films, were washed in
a heated SC-1 bath (100 mL DI water/25 mL H,0,/2 mL
NH,OH) and rinsed thoroughly with DI water and ethanol. The
DI water (resistivity 18 M£2-cm) source was an in-house line.
These gold surfaces were left to incubate in a parafilm-sealed
beaker in the solution of thiol molecules for 48 h within a class
1000 cleanroom. The thiol-coated surfaces were rinsed thor-
oughly with ethanol and DI water and blow-dried with dry N,
before use. XPS on the monolayer-modified surfaces was
performed with a Kratos Axis ULTRA X-ray photoelectron
spectrometer using a Al X-ray source at 225 W, and the spectra
were compared with published data’® to verify the presence
of the monolayer film. The XPS data also ruled out any evidence
of possible defects (double bonds, foreign donor/acceptor
species) in the alkane structure.

Electrochemical Instrumentation and Measurements. Elec-
trochemical measurements were performed using a GAMRY
Femtostat (Gamry Instruments, Warminster, PA) employing a
three-electrode cell: the monolayer-coated gold surface acted
as the working electrode, a Ag/AgCl wire in 3 M KCl
(Bioanalytical Instruments, West Lafayette, IN) was the refer-
ence, and a gold or platinum wire was used as the counter.
Platinum was used as the counter electrode for all surface area
measurements and for a few of the impedance experiments. Gold
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counter electrodes were used for most of the impedance
measurements. The effect of the material and diameter of the
counter electrode was found to be insignificant when impedance
experiments with different counter electrodes were compared.
All potentials are reported with respect to the Ag/AgCl
reference. The working electrode was clamped in position using
a vertical stage such that a constant area of the gold slide was
immersed in the electrolyte solution. Electrolyte solutions for
the impedance experiments were prepared as a ratio of mono-
and dihydrogen potassium phosphate salts (Sigma Aldrich, St.
Louis, MO) in DI water such that the total salt concentration
and pH of the bulk electrolyte were as specified. All electrolyte
solutions were degassed with nitrogen for an hour prior to the
experiment. The potential spectrum of the low frequency
impedance values was recorded by stepping the DC bias through
increments of 25 mV between the limits of —500 and 500 mV.
The remaining points in the spectra plotted here are obtained
by a cubic spline interpolation between the recorded data. We
verified the accuracy of the spline interpolation by reducing the
increment size to 5 mV in the neighborhood of the PZF obtained
from the interpolated curve. The PZF realized from the smaller
increments differ from the interpolation result by £5 mV. This
error includes the variance due to composition of the electrolyte,
electrode variability, and the error due to the interpolation curve.

Results and Discussion

The admittance methodology we developed?® is applied here
to describe the current potential behavior of gold—monolayer—
electrolyte systems for cases when the electrolyte does not
contain any redox-active species. The potential regimes are
described as “anodic” and “cathodic” with respect to the PZF
(Figure 1). The low-frequency impedance response of the gold—
monolayer—electrolyte system in the anodic potential regime
is predominantly capacitive (Figure 2a). Thus, the observed
current density in the system is limited by the rate of charge
transport through the monolayer structure as discussed before.
In addition, the conduction current exceeds the diffusion current
for applied anodic potentials when V is greater than Vpzr, and
the calculated conduction current is shown, in section i, to follow
well-characterized solid-state charge transport models of Ohmic
conduction at low electric fields and space—charge-limited
conduction for higher fields. For extremely large electric fields
in the monolayer (~5 x 10% V/m) where V is much greater
than Vpz, the observed current density is shown in section ii to
arise due to the quantum mechanical tunneling of the electron
from the ground-state energy level of an ion in the electrolyte
to empty electronic states in the metal phase, and the barrier
height limiting the tunneling process characterizes specific
properties of the monolayer—electrolyte interface. The cathodic
potential regime, on the other hand, is characterized by a
reduction current, in which electrons are transferred from the
metal phase to the electrolyte solution. The low frequency
impedance of the gold—monolayer—electrolyte system for
cathodic potentials has a significant real component, thus
indicating that the flow of charge through the system is limited
by the charge transfer barrier at the monolayer—electrolyte
interface (Figure 2b). The diffusion contribution is shown, in
section iii, to dominate over the conduction current density at
cathodic potentials in whichV is much less than Vpzg, and for
large negative overpotentials (>—150 mV) displays the char-
acteristics associated with the thermal excitation of electrons
over an electrostatic potential energy barrier. The barrier height
that limits hopping of electrons is determined by the chemistry
of the functional end group and properties of the electrolyte
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Figure 4. Conduction current density as a function of monolayer
electric field for (a) variable electrolyte pH, (b) different monolayer
functional groups, and (c) variable monolayer film thickness. For all
experiments, the electrolyte is an aqueous 10 mM phosphate buffer
solution maintained at pH 8 unless otherwise mentioned. The monolayer
is self-assembled 1-mercaptodecanoic acid on gold in part a, and in
part b, all monolayer films are 10 methylene units long. The regimes
for Ohmic and space—charge-limited conduction are also delineated
in part a.
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solution. However, as shown in section 1v, for small deviations
of V less than Vpzg, the reorganization of the solvent around
the reactants within the electrolyte limits the diffusion current
density.

i. Charge Conduction in the Monolayer (for V > Vpzp).
The primary contribution to the oxidation current density for
potentials that are anodic relative to the PZF comes from
conductive transport, as mentioned before. Thus, the discussion
in this section is focused mainly on the analysis of this
conductive contribution. The average conduction current (Jeona)
in the monolayer is calculated from the expression

Jeona = %E S ot dx (10)

where f is the thickness of the monolayer. The conductive
current density as a function of the electric field in the monolayer
is depicted as a log—log plot in Figure 4a. The systems are 1.4
nm long, carboxylic acid-terminated alkane thiols in contact with
electrolyte solutions maintained at three different values of bulk
pH. The similarity in the curves for each of the three systems
indicates that the mechanism of conductive transport in the
monolayer is relatively independent of the bulk electrolyte
properties such as pH and concentration and is primarily a
function of the electric field in the monolayer. Moreover, the
mechanism of charge conduction in the monolayer phase is also
essentially independent of the functional end group (Figure 4b)
and the length of the alkane chain (Figure 4c). As seen in Figure
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4a, there are two regimes of conductive charge transport,
depending on the strength of the electric field in the monolayer.
At low electric fields (E < 1 x 10° V/m), the current density
(Jeona) 18 proportional to E, where the average monolayer
conductivity (0. is defined as

Oeond = % S et dx (1

The conductivity was shown to be independent of the monolayer
thickness?®® and was comparable to the reported low-field
conductivity values of alkanethiol monolayers measured from
solid-state metal—insulator—metal junctions (~107" S/cm). The
ohmic conduction in the monolayer film is facilitated by thermal
free electrons within the monolayer film. These electrons are
generated by the thermal excitation of electrons from the
injecting contact (namely, the monolayer—electrolyte interface)
into the LUMO of the alkane phase over the reaction-free barrier
between the immobilized ions in the Stern layer and the
functional group of the monolayer film. The number per unit
volume (nopmic) Of these electrons can be calculated from the
Ohmic charge density ponmic as
e O
o = 2 = 2 15 114 (12)
e

For larger electric fields (1 x 10° < E <5 x 10% V/m), the
conduction current is observed to be dependent on the square
of the electric field (Jeong ~ E?). This parabolic functional
dependence is characteristic of space—charge-limited current,
in which the drift of the current carrying electronic charge is
punctuated by frequent collisions with the thermal vibrations
of the methylene moieties in the alkane backbone and with other
electrons that are injected by diffusion into the monolayer phase
due to the difference in electron density at the metal—monolayer
and monolayer—electrolyte interfaces.***! The diffusion-injected
charge due to the electron concentration difference at the two
interfaces and the thermal vibrations constitute the space charge
that limit the conductive transport of electrons in the monolayer.
The space—charge-limited current (SLC) density can be evalu-
ated from

SM/’L 2

7 E (13)
where the constant of proportionality is on the order of 1.2 In
eq 13, L represents the penetration length for the space charge,
that is, the extent to which the diffusion-injected charge and
thermal vibrations influence the current flow, measured as a
distance from the injecting contact.*’> A larger value of L signifies
a greater number density of diffusion-injected charge in the
monolayer or a larger hindrance to the transport of electrons
due to collisions with the thermal vibrations of the alkane chains.
Thus, the penetration length is an intrinsic measure of the ability
of the monolayer phase to carry space charge and, hence, limit
the flow of current. This phenomenological length scale arises
in thin-film systems in which the charge density is observed to
fall exponentially (Figure 5a) to the thermal free charge density
(Ponmic)-** The functional form of the charge density, calculated
by solving the first-order differential equation for the real
admittance component in eq 1, follows the profile shown in
Figure 5a.

The penetration length should be some fraction of the length
of the alkane chain in the monolayer phase and cannot be larger
than the thickness of the monolayer film, i.e.

L=kB (k=1 (14)

For large electric fields near the maximum of the space—
charge-limited current regime, when the injection due to the

JSLC O
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Figure 5. (a) Schematic illustrating the physical significance of penetration length, L. For the oxidation reactions at these anodic potentials, the
monolayer—electrolyte interface serves as the electron injection contact. (b) A two-parameter power law best fit for the conduction current density
is shown here. The monolayer film is 1-mercaptodecanoic acid self-assembled on gold, and the electrolyte is a 10 mM aqueous phosphate buffer

solution maintained at pH 4.
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Figure 6. « values for space charge current as functions of (a) electrolyte pH and functional end group and (b) monolayer film thickness. For the
experiments in part a, the monolayer film is 10 methylene units thick and the electrolyte is a 10 mM phosphate buffer solution. In part b, the alkane
chains are all terminated by methyl functional groups and the electrolyte solution is a 10 mM phosphate buffer solution maintained at pH 8.

Markers in part a are connected by dotted lines to clarify the graph.

applied field overwhelms the intrinsic ability of the monolayer
film to hold space charge, the penetration length for all
gold—monolayer—electrolyte systems would simply be equal
to the thickness of the monolayer film. Since the upper bound
on L is the monolayer thickness, 5 provides a convenient length
scale parameter when using scaling arguments to calculate u
and D, as discussed in reference 26. The intrinsic space charge
in the monolayer film is a function of the length of the alkane
backbone because an electron drifting through a thicker mono-
layer film experiences many more collisions with thermal
vibrations of the alkane chains. The difference in chemical
potential between an electron at the metal and at the IHP also
affects the space charge, since a larger chemical potential
difference increases the amount of electronic charge that is
injected into the monolayer film by a thermal diffusion process.
Thus, the factor « in eq 14 has a physical significance and
represents the contribution to the space charge from the thermal
diffusion of electrons into the monolayer film.

Substituting eq 14 into eq 13 and assuming the proportionality
constant to be unity, we get

e ,

JSCLZEE (15)

The value of k in eq 15 is obtained by fitting the conductive
current density plot in the space—charge-limited regime with a
function of the form yx, where y and £ are constants determined
by the least-squares fit (Figure 5b). For all gold—monolayer—
electrolyte systems considered here, { ~ 2; the values of «,
calculated from the values of y, are shown in Figure 6. As
expected, the trends observed indicate that more electronegative
head groups result in larger « values due to greater differences
in chemical potential (Figure 6a). Increased electrolyte pH

should have a similar effect on x. However, the observed
increase in x with electrolyte pH is not statistically significant
enough to make that conclusion. The thickness of the monolayer
film results in decreasing chemical potential differences, and
thus, « decreases with increasing alkane chain length (Figure
6b). The steps in the values of k superimposed on the overall
decreasing value are due to the even—odd effect of the alkane
phase.?

ii. Electron Tunneling Events at the Monolayer—Electrolyte
Interface (V> Vpzg). The low frequency impedance response
of a gold—monolayer—electrolyte system begins to acquire a
small real component for large anodic potentials as compared
to the electrical response observed for potentials that are only
a few hundred millivolts greater than the PZF.?® The small but
statistically significant shift in response indicates an increasing
contribution from the charge transfer barrier at the monolayer—
electrolyte interface to the rate-limiting step in the charge flow
process, as discussed before. The observed current density—
electric field curves begin to display quantum mechanical
tunneling effects when the electric field in the monolayer is
larger than 5 x 10% V/m. The linear relation between the
variables E * In(J/E?) vs E in Figure 7a is characteristic of
Fowler—Nordheim tunneling, in which the potential barrier to
electron transfer at the IHP is distorted by the large electric
fields such that the electron wave function can penetrate through
the reduced barrier, across the empty conduction band of the
monolayer phase, and into the empty recipient states in the bulk
metal (Figure 7b). This rate-limiting electron transfer event at
the monolayer—electrolyte interface gives the impedance re-
sponse a small real component. The Fowler—Nordheim current
density (Jgy) expression is a probabilistic description of an
electron wave tunneling through a triangular potential barrier
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from occupied states at the IHP on one side of the barrier to
empty states in the bulk metal at the other end, ¥~ i.e.

_f 2(2 e ))I/ZFeP(e')dede (16)

where Ny and F; are the density and the occupation probabilities
of the occupied states in the above expression; F. is the
probability that the recipient state in the bulk metal is empty;
m* is the effective electron mass; & and &' are the total energy
of the electron and the energy of the electron perpendicular to
the interface, where both energies are with reference to the
LUMO level; P(¢') is the probability that electrons with
perpendicular energy €' can penetrate the potential barrier; and
the factor in the denominator of the integrand represents the
normal scattering velocity with which electrons strike the
monolayer—electrolyte interface.*” The states at the IHP that
supply the electron to the monolayer conduction band at these
large anodic potentials would correspond to partially hydrated
anions localized at the Stern layer, and these immobilized anions
exchange with the ions in the bulk electrolyte primarily by a
thermal activation process. We will, henceforth, refer to these
immobilized ions together with their partial solvent shell as
“electrolyte states.” The field emission of electrons from a metal
surface into vacuum considered in the seminal work by Fowler
et al.* is significantly different from the electron tunneling from
the electrolyte states into the empty metal states. However, the
two processes are shown to be qualitatively and quantitatively
very similar under a certain set of assumptions discussed below.

All electron transfer events between species in solution consist
of nuclear vibration-induced fluctuations in the electron energy
levels of the donor and the acceptor moieties, followed by the
tunneling of the transferring electron once the energy levels of
the two species align.’® The nuclear motion discussed here
includes vibrations internal to the molecular species caused by
thermal excitation of the individual atoms constituting the
species and external vibrations due to interactions with the
surrounding medium. Therefore, the probability that an electron
tunnels is closely linked to the thermal vibrational motion of
nuclei of reacting species and the medium that creates the
necessary preconditions for the tunneling of an electron; that
is, the quantities Ny and Fin eq 16 are functions of the nuclear
coordinates and momenta that can be determined only by the
simultaneous solution of the electronic and nuclei Hamiltonians.
For slow-moving nuclei, electron energy level degeneracy
between the donor and acceptor species remains for a sufficiently
long time such that tunneling between the moieties is proba-
bilistically certain. Thus, the rate expression describing the
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process (and the current density) is dependent only on the
energetics of the slow moving reactant nuclei and solvent
media.>! Conversely, an electron transfer system characterized
by fast-moving nuclei and high potential energy barriers between
the degenerate energy levels is rate-limited by the electron
tunneling between the reacting species. Donor anionic electrolyte
states at the Stern layer are, as expected, characterized by rapid
thermal vibrations of the constituent nuclei because these species
usually exist in solution as dehydrated (or weakly hydrated)
ions,”? and as they adsorb at the Stern layer, these anions tend
to lose their hydration spheres. The substantially reduced solvent
shell around the anions at the Stern layer facilitates the high
speed motion of individual atoms making up the anion.
Consequently, the rate expression for the observed oxidation
current density appears as a probabilistic description of a
tunneling event from the energy level of an immobilized anion
to the empty states of the metal phase, where the electric field
acts to distort the energy levels of the accepting functional
groups in the monolayer film such that there is significant
overlap between LUMO of the monolayer film and the excited
energy levels of the anionic species. As the electric field
increases in magnitude (for increasingly anodic applied poten-
tials), this distortion becomes large enough to induce an overlap
between the LUMO and the ground-state energy levels of the
immobilized ions, thereby facilitating electron tunneling without
necessitating the alignment of energy levels by thermal excita-
tion. Thus, sufficiently large electric fields enable tunneling even
from anionic species such as hydroxyl (OH") ions that exist as
partially solvated ions at the Stern layer.>

In addition, the electrons in the electrolyte states are assumed
to follow classical distribution statistics,>*** and thus, the
corresponding density of states for electrons occupying molec-
ular orbitals in the electrolyte states is given by the form>

N O (et)”2 exp( :T) (17)

Another simplifying assumption that must be highlighted in eq
16 is that the expression for quantum mechanical tunneling
current density does not contain any factor to account for the
interaction of the tunneling electron with electrons in the LUMO
of the monolayer phase. Assuming that the electrons follow
classical statistics, there is almost no possibility that the electrons
can be thermally injected into the LUMO from the HOMO of
the alkane chains because the energy gap between the two sets
of orbitals (~8 V) is much larger than the thermal energy of
the electrons (~0.025 eV). Thus, the probability that states in
the conduction band of the monolayer phase would be empty

Quantum mechanical
tunneling

rs vE, (electirolyte states)
% ad - = -

Figure 7. (a) Linear dependence of the Fowler—Nordheim parameter, £+ Ln(J/E?), on the monolayer electric field (E), for large (>5 x 10% V/m)
electric fields, is illustrated in this graph. The system is a monolayer of 1-mercaptodecanoic acid on gold, in contact with a 10 mM phosphate
electrolyte solution, buffered at pH 4. (b) Schematic depicting the quantum mechanical tunneling process from the ground energy level of the

electrolyte states (E;) into the monolayer conduction band (LUMO).
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Figure 8. Fowler—Nordheim tunneling barriers as functions of (a) electrolyte pH and functional end group and (b) the number of methylene units
in the alkane backbone. For the experiments in part a, the monolayer film is 10 methylene units thick and the electrolyte is a 10 mM phosphate
buffer solution. In part b, the alkane chains are all terminated by methyl functional groups and the electrolyte solution is a 10 mM phosphate buffer
solution maintained at pH 8. Markers in part a are connected by dotted lines to clarify the graph.

for the lifetime of the tunneling process is nearly one. The
tunneling current density calculated in eq 16 under these
assumptions (see Supporting Information) has a form very
similar to the expression derived by Fowler and Nordheim in
their paper describing field emission of electrons from metals,**°

such that
124,32
_42m*)" o ) as)
3heE

where e is the electron charge, # is the modified Planck constant,
and @ is the intrinsic potential energy barrier to the tunneling
process (Figure 7b). Here, the effective electron mass, m*, is
considered equal to the free electron mass m,.. The barrier height
can now be evaluated from the intercept in the plot of E«In(J/
E?) versus E.

The intrinsic potential energy barrier in eq 18 is a measure
of the characteristic electric field that determines the onset of
the tunneling process. This electric field is given by the
numerator of the exponential factor in eql8 as

Jen U E’ exp(

_40m* )22
tunn 3he

where E,, characterizes the extent of distortion required in the
rectangular barrier before tunneling can occur. This distortion
is a function of the electrostatic and steric interactions between
the electron exchanging surface sites at the monolayer functional
groups and the electrolyte states. The interaction between these
species has a strong influence on the distance of closest approach
between the anions and the surface sites and, therefore, limits
the electron transfer process. The distortion is also dependent
on the width the electron has to traverse within the barrier region
(d in Figure 6b). An infinitely high electrostatic or steric
interaction energy barrier or a very wide barrier region would
reduce the tunneling current to zero.** Since tunneling is a
probability-based description of the transfer of an electron from
filled to empty states across the intrinsic potential energy barrier,
the variables affecting the height of the intrinsic potential barrier
can be separated out as shown,

@ Uf(d) g(9) (20)

where f(d) represents the factors affecting the width of the barrier
region, and g(¢) is a function of the variables affecting the
electrostatic and steric interactions between surface sites at the
monolayer and the electrolyte states. Therefore, the function
g(¢) depends on the chemistry of the surface sites and the
electrolyte states. Increasing the electronegativity of the func-
tional groups enhances the repulsive Coulombic environment
between the anionic electrolyte states and the functional groups

E 19)

at the monolayer—electrolyte interface, thereby increasing the
barrier height (Figure 8a).

As discussed before, the electronic energy levels in the
immobilized electrolyte states of the Stern layer that participate
in the charge transfer/tunneling process at the monolayer—
electrolyte interface correspond to the vibration energies of the
constituent atoms or of the ion—solvent bonds> in the case of
the hydroxyl radical. An elegant argument put forward by
Gurney>* showed that the highest occupied vibrational energy
level for an anion is lower than the lowest unoccupied state for
a hydrated cation. Thus, increasing the concentration of the
electron carrying species in the electrolyte (OH™, H,PO,™,
HPO,*") by increasing the bulk electrolyte concentration or pH
decreases the ground-state energy level of the electrolyte from
which tunneling occurs, thereby increasing the effective barrier
to the tunneling process (Figure 8a). The barrier is largest for
the methyl-terminated moiety and smallest for the electroneg-
ative alcohol group at low electrolyte pH (Figure 8a), possibly
indicating that a steric hydrophobic interaction potential exists
between the surface sites on the functional group and the
immobilized ions at the outer Helmholtz plane. The distance
of closest approach for the ions in the electrolyte to the inner
Helmholtz plane is, seemingly then, determined by the polar
water molecules that are hydrophobically repelled by the methyl
group and are favorably attracted to the alcohol group via a
hydrogen bonding mechanism. However, similar to the methyl
functional group, a large barrier is also observed for the
protonated carboxylic acid moiety at low pH, even though the
protonated carboxylic acid functional group can form hydrogen
bonds with the electrolyte solvent. Our hypothesis for this
supposed discrepancy is that the hydroxyl (—OH) subunit on
the carboxylic acid group appears to act as the electron-accepting
surface site, and the planar structure of the sp? hybridized
carboxylic acid moiety causes significant overlap between the
=0 and the —OH subunits on neighboring carboxylic acid
functional groups. The spatial overlap between the two subunits
from neighboring functional groups restricts access for the
electron donating anion to the —OH species on the carboxylic
moiety. The increased Coulombic repulsion for the electroneg-
ative head groups at higher pH values dominates over the steric/
hydrophobic forces, and the two forces appear to balance each
other around pH 6 (Figure 8a). The switch in the barrier
associated with the carboxylic acid functional group, from a
methyl moiety like barrier at low pH to an alcohol functional
group-like barrier at higher pH, can be ascribed to the depro-
tonation of the acid group at higher pH values,”’*® which makes
the negatively charged carboxylic acid group comparable to the
alcohol moiety in electronegativity. The deprotonated carboxylic
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acid has an sp? hybridized resonance stabilized structure, in
which the negative charge is delocalized on the two oxygen
species. Thus, the two deprotonated oxygen moieties are
equivalent as surface sites from the perspective of the electron
donating anionic species at the Stern layer. The primary
contribution to the barrier height, in the case of the carboxylic
acid functional group, comes from the Coulombic repulsion due
to the negative charge and not from a steric effect. Our
hypothesis for the unique behavior of the carboxylic acid
functional group appears to explain, albeit qualitatively, the
dependence of the tunneling barrier height with pH for the sp?
hybridized moiety. However, the experimental evidence in terms
of the pH dependent tunneling barrier height is not sufficient
enough to conclusively establish that the —OH species on the
carboxylic functional group is, indeed, the electron accepting
site or that overlap between =O and the —OH subunits on
neighboring carboxylic acid functional groups hinders the
electron transfer event. We refer again to this description of
the overlapping sp? hybridized structure of the carboxylic acid
moiety in sections iii and iv of this paper to demonstrate the
effect of the structure of the carboxylic acid functional group
on two different experimental parameters; namely, the coupling
coefficient (o) and the reorganization energy (4) for the electron
transfer reaction. Our hypothesis for the structure of the
carboxylic acid functional group requires further verification
by an orthogonal experimental technique that can probe the
structure of a monolayer—electrolyte interface. Nonetheless, by
appealing to this description, we are able to qualitatively explain
three different and unrelated experimental observations; namely,
the tunneling barrier height (®), the coupling coefficient (o),
and the reorganization energy (4). The thickness of the mono-
layer film is a factor that affects the width of the barrier region
(d), and thus, the tunneling barrier should increase with the
number of carbon atoms in the alkane backbone of the
monolayer phase. However, above a certain threshold monolayer
thickness, the barrier is seen to decrease rather rapidly with
the number of carbon atoms (Figure 8b). As discussed in
reference 26, the decrease in barrier height can be attributed to
a decrease in Coulombic repulsion between the electrons at the
surface sites and the electron gas in the metal and this reduces
g(@). Thus, the net barrier height in Figure 8b is an interplay
between the two functions in eq 20, where f(d) increases with
the thickness of the monolayer film and g(¢) is a decreasing
function of the number of carbon atoms in the monolayer phase.

The intrinsic potential energy barrier, @, in eq 19 is obtained
from the observed functional dependence of the net current
density on the electric field in the monolayer, where both
dependent (J) and independent (E) variables are measured
quantities. Therefore, the intrinsic potential barrier is also an
experimentally measured quantity that is dependent on electro-
lyte properties (Figure 8a), even when the monolayer functional
group and length of the alkane backbone are not varied. This
observation suggests that the barrier to electron transfer exists
at the monolayer—electrolyte interface and that any barrier to
charge transfer at the gold—monolayer interface is comparatively
insignificant.® In addition, if the barrier to charge transfer
did exist at the metal—monolayer interface, as would be the
case for large pinhole defects in the monolayer film, tunneling
of electrons would occur from the vibrational energy levels of
the ions in the pinhole structures to the metal Fermi level and,
therefore, would be dependent on the electric field in the metal
phase and not on the electric field in the monolayer structure,
as observed in Figure 7a.
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The current—electric field dependence transitions from func-
tional forms that characterize charge transport in thin films at
low and intermediate electric fields to a form with a wavelike
propagation of charge across an energy barrier at the Stern layer
at high electric fields. This change in character suggests that
charge transport through the monolayer phase is the rate-limiting
step at low and intermediate electric fields and that for larger
electric fields, the process of quantum mechanical electron
transfer across the monolayer—electrolyte interface becomes the
rate-determining mechanism. This observation is also borne out
by an inspection of the impedance plots discussed above. For
the potential regime characterized by a capacitive response, the
net current density is limited by the rate of transport of charge
through the monolayer phase. For the potential regime in which
the impedance has a small real component, the net current
density is limited partly by charge transfer occurring at the
monolayer—electrolyte interface. Electric field-induced quantum
mechanical tunneling of electrons from the ground state of the
anions to the empty metal states cannot be classified only as a
charge-transfer-barrier-limited event because this process in-
volves the propagation of a wavelike electron through an energy
barrier that extends across the width of the monolayer phase.
Therefore, the phenomenon of electron tunneling resembles both
a charge transport and a charge transfer process between the
functional end group and the anion at the Stern layer. The
distinction between a charge transfer event and the tunneling
of electrons across a potential energy barrier at the monolayer—
electrolyte interface is reflected in the dependence of the
tunneling barrier on transport parameters such as the monolayer
thickness and also in the phase of the impedance response that
shows a small deviation from —90° at low frequencies.

For potential regimes in which the current is limited by the
number of thermal carriers or by space charge, the kinetics of
the electron transfer process at the Stern layer is relatively fast.
Therefore, the surface sites at the monolayer functional groups
are in equilibrium with the anionic electrolyte states at the Stern
layer. The anionic electrolyte states are, in turn, assumed to be
at equilibrium with the bulk electrolyte solution (see Supporting
Information), where the distribution of anions in the diffuse part
of the double layer is given by the classic Poisson—Boltzmann
form. Consequently, the surface sites at the monolayer functional
group are also at equilibrium with the bulk electrolyte solution.
Thus, parameters such as the built-in and equilibrium electric
fields, which characterize the monolayer—electrolyte interface,
display a linear increase with bulk electrolyte pH and the log
of bulk electrolyte concentration.?®

iii. Diffusion-Limited Currents (for V < Vpzp). The
average diffusion current is the main contributor to the net
reduction current density for potentials that are sufficiently more
cathodic than the PZF. The average diffusive component can
be evaluated from

E o
Jaisr = total_%f_ﬁpdx (21)

The diffusion current is plotted as a semilog function of the
applied potential for this limited range of potentials in Figure
9a, for a 1.4-nm-long carboxylic acid-terminated monolayer
system in contact with three different electrolyte solutions
maintained at different bulk pH values. The diffusion current
varies exponentially with applied potential to a reasonable degree
of correlation (regression coefficient ~ 0.98), and this functional
dependence is independent of the nature of the functional end
group (Figure 9b) and the length of the alkane chain (Figure
9c). The similarity in the functional dependence on potential
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Figure 9. Diffusion current density as a function of monolayer electric
field for (a) variable electrolyte pH, (b) different monolayer functional
groups, and (c) variable monolayer film thickness. For all experiments,
the electrolyte is an aqueous 10 mM phosphate buffer solution
maintained at pH 8 unless otherwise noted. In addition, in part a, the
monolayer is self-assembled 1-mercaptodecanoic acid on gold, and in
part b, all monolayer films are 10 methylene units long.

suggests a common mechanism for the diffusive transport of
charge that is independent of the bulk electrolyte properties,
alkane chain length, and functional end group, as in the previous
section. The exponential nature of the functional dependence
of diffusion current on applied potential suggests a thermionic
emission-like mechanism of electron transport for these potential
regimes; that is, the net current is limited by the rate at which
transported electrons are thermally emitted over the potential
energy barrier between the surface sites and the electrolyte states
at the monolayer—electrolyte interface,***!~% and not by the
transport of charge through the monolayer phase. The thermionic
emission of charge is qualitatively similar to charge diffusion
in that both processes involve the thermal activation of charge
carriers across an energy barrier.** Thus, the diffusion current
density in the gold—monolayer—electrolyte system at large
cathodic potentials is a measure of the net kinetic energy of the
transported electrons that overcome the potential barrier,*6263
such that

Ty = [, o€V dn (22)

where v, is the velocity of the transported electrons along the
direction of transport, n(e;) is the number density of these
electrons as a function of the electron energy (¢;), and e@yp is
a measure of the minimum amount of energy required to
overcome the energy barrier at the monolayer—electrolyte
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interface.”® An accurate estimate of the barrier height at the
monolayer—electrolyte interface must take into account the
contribution from the electrostatic potential at the outer Helm-
holtz plane (¢opp), since the accumulated charge in the diffuse
layer gives rise to an electric field that creates an electrostatic
potential energy barrier between the bulk electrolyte and the
outer Helmholtz plane. Simple scaling arguments demonstrate
that this potential can be neglected in comparison to ¢y or @p
(see Supporting Information). Using the assumption that the
electrons in the monolayer conduction band follow classical
statistics (see Supporting Information), the integral in eq 22 can
be reduced to*?
m* Voz)
2kT (23)

where V; is the minimum velocity required to overcome the
energy barrier at the Stern layer, and ¢ is a temperature
dependent constant derived from the exact density of states
expression.**>> If we assume that the electron is transmitted
elastically®' through the monolayer phase from the metal to the
IHP, then at large cathodic potentials, the minimum velocity
Vi can be related to the applied potential (¢y) by an energy
balance on the electrons such that

Jaigr = ¢(T) exp(—

m* V2
0 _ ’
5 —e(py+ Pp) T & (24)

where ¢y’ is the baseline energy of the transported electron at
the normal hydrogen electrode with respect to the vacuum
reference level. Substituting eq 24 into eq 23 yields

50') (6(§0M + Qi)
expl ——————

Jaige = (1) eXP(_ﬁ T ) (25)

The finite charge size assumption,?® with the resulting linear
potential drop within the monolayer phase, can be used to relate
@mp to @y However, this yields no additional physical insight
into the large difference in slopes for the curves observed in
Figure 9 other than there are differences in the monolayer
electric field for different bulk electrolyte conditions, end groups,
and alkane lengths. A methodology is developed below specif-
ically to address this concern, where the potential dependence
of the current is utilized to extract information about the charge
transfer between the monolayer surface sites and the energy
states of the electrolyte at the Stern layer.

Since the current is limited by the rate at which the electrons
thermally hop over a potential energy barrier at the monolayer—
electrolyte interface, the low-frequency impedance character-
istics of gold—monolayer—electrolyte systems display significant
real characteristics at large cathodic potentials, thereby indicating
that an interface charge transfer process is rate-limiting (Figure
2b), as discussed before. For this potential regime, the electrolyte
and monolayer phase are spatially decoupled from one another,
because an electronic equilibrium would not exist between the
electron donating surface sites on the monolayer functional
groups and the electron accepting cationic electrolyte states. The
cationic electrolyte states in the electrolyte are of two types:
(a) reactive states that accept electrons from surface sites in the
monolayer phase, and (b) accumulated cationic species that do
not actively participate in the charge transfer process, though
they contribute to the development of the charge transfer barrier
(~eq@p) at the monolayer—electrolyte interface. The applied
potential is divided between the monolayer phase and the Stern
layer such that the ratio of the potential drops in the two regions
is indicative of the ratio between the surface density of charged
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species in the Stern layer that are created by charge transfer
from the surface sites and the surface density of charged states
that accumulate electrostatically within the Stern layer due to
the electric field. Thus, for the limited range of large cathodic
potentials, the field in the monolayer phase can now be
approximated as a linear function of the applied potential where
the slope (@) is shown to be a function of the number of reactive
electrolyte states, accumulated electrolyte states, and the thick-
ness of the monolayer film, such that

Ef =gy (26)

The expression for o has the functional form o0 = A(Cyy, Cse,
B), where C,, and Ci. are the respective capacitances of the
reacted electrolyte states and accumulated electrolytic states and
[ is the thickness of the monolayer phase, as before. Since the
negatively charged surface sites are reactive intermediates with
lifetimes comparable to the relaxation time for electronic charge
polarization (~107'° s)°! and eq 26 is applied to low-frequency
data (~0.01 Hz) only, the capacitance due to the surface sites
does not feature independently in the functional form for a,
and is instead represented in the Cg, term. The potential at the
IHP can now be described in terms of the constant o,

Pup=¢m — EF=(1— gy (27)
Inserting eq 27 into eq 25 yields

&' (2— ey
Jaigr = ¢(T) CXP(_ %) exp(%) (28)

where o can be calculated from the slopes of the semilog curves
in Figure 9. For the diffusion current to increase monotonically
with increasingly cathodic potentials, as seen in Figure 9, a
should be larger than 2.

The functional form for o is derived from the application of
Gauss’ law and charge conservation to the gold—monolayer—
electrolyte system.®* The total potential drop in the system is
the sum of the potential drop in the monolayer phase (Ag;),
and the potential drop at the monolayer—electrolyte interface
(A@siem), which satisfies

quDz dA(pStern
. + -
doy doy

At large cathodic potentials, the potential drop in the diffuse
layer (~@onp) is ignored, as discussed before. Therefore, the
only contribution to A@ser, comes from ggp, and eq 27 is used
to evaluate the derivative d@ge/d@m in eq 29 so that

=1 (29)

dA
gDStern =1- o (308.)
doy
which yields
dAg;
—=qQ (30b)
doy

The finite charge size approximation and the charge conservation
equation are used together in the application of Gauss’ law to
evaluate the derivative on the LHS of eq 30b, giving

dA(pI Dﬁ( dOSIern dA(pl

dGStem qu)Slem +
dAg; dgy

qu)Slem quM
dAng d 0
[ doy dA(Piffﬂ o

The term in the first set of square brackets on the LHS of eq 31
is the total capacitance of the Stern layer. The Stern layer

dopy &y

)=a 31
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capacitance is composed of the average capacitance of the
reactive electrolyte states (Cyy,) that interact with the metal phase
via the charge transfer process, in parallel with averaged
capacitance due to the accumulated electrolyte states (Cy.) that
interact only with the electrolyte phase, such that if the applied
potential were to drop entirely across the Stern layer, it would
drop in the ratio o/(1 — o) across the respective capacitors.
The individual capacitance components (Cy, and Cg) are
averaged out with respect to the applied potential. Thus,
rewriting the Stern layer capacitance term in eq31, we get

doSIem

doy

The term in the second set of square brackets in eq 31 is a
measure of the average capacitance of the monolayer (~&./f3).
Substituting eq 32 into eq 31 and simplifying yields

= Cgrepn = aC,, + (1 —0)C, (32)

C

se

a= - (33)
Em
ZF +(C,. — Cg)

A hypothetical gold—monolayer—electrolyte system in which
the number of accumulated electrolyte states at the Stern layer
tends to zero (i.e., Ci ~ 0) or, analogously, a system in which
the monolayer phase is infinitesimally thin should result in a
zero electric field in the monolayer because the IHP potential
would follow the applied potential at the metal without the
accompanying voltage drop in the monolayer phase. Equations
26 and 33 capture this asymptotic case. The condition ot > 2
yields a lower bound on the values of Cj, and Cj. such that

C
Cn=5>%

Equation 34 indicates that the number of electrolyte states
created by the reaction at the monolayer—electrolyte interface
exceeds the number of capacitively accumulated electrolyte
states in the Stern layer. Since the current at these cathodic
potentials is a reduction current, the reactive electrolyte species
are most likely partially hydrated protons that accept electrons
from the surface sites on the monolayer functional groups, and
the accumulated electrolyte states consist of cations (K™) from
the solubilized salt and excess protons at the Stern layer that
do not participate in the charge transfer process. These cations
exist in a fully hydrated state in the bulk,>? and the free energy
change that occurs when these positively charged ions im-
mobilize at the Stern layer involves a loss of entropy for these
ions as well as a change in internal energy due to a partial loss
of their hydration sphere. Their counterpart anions (such as
H,PO,~ and HPO,>"), on the other hand, merely lose some
entropy when they enter the Stern phase, because they usually
exist as dehydrated (or weakly solvated) molecules in the bulk.>?
Since the free energy change required to immobilize cations in
the Stern layer is relatively larger, we expect that there are a
greater number of protons that make up the electrolyte states
in the Stern layer, which is reflected by the inequality in eq 34.
Thus, the surface charge density in the Stern layer (Osem) at
large cathodic potentials for these nanoscale thin film structures
is created primarily by the interface reaction rather than by
accumulation due to electrostatic forces. The functional form
for o in eq 33 shows that o increases when C. decreases or
Cqn increases (or both), indicating that the metal—Stern layer
coupling increases when there are a fewer number of ac-
cumulated electrolyte states or for a larger number of reactive
states in the Stern layer. Since the system is not transport-limited,

(34)
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Figure 10. Coupling coefficient (o) values for diffusion-limited current as functions of (a) electrolyte pH and functional end group and (b) monolayer
film thickness. For the experiments in part a, the monolayer film is 10 methylene units thick and the electrolyte is a 10 mM phosphate buffer
solution. In part b, the alkane chains are all terminated by methyl functional groups and the electrolyte solution is a 10 mM phosphate buffer
solution maintained at pH 8. The increase in the coupling coefficient in part b is larger than the null hypothesis by 1 standard deviation. Markers
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increasing 3 also increases the value of @, as can be seen from
eq 33. However, the dependence of the coupling coefficient
on monolayer thickness f is expected to be weak, since the
thickness dependent term in eq 33 comes from the inclusion of
the monolayer free charge density term % p dx in eq 31. For
applied potentials in which the finite charge size assumption®®
holds and the number of electrons in the monolayer film is
limited by mutual Coulombic repulsion, the free charge density
term is expected to be small in comparison to Cy, and C.. We
expect that the contribution due to the accumulated electrolyte
states would be nearly the same for experimental systems with
different functional end groups if the bulk electrolyte pH and
concentration is kept constant. Thus, the primary reason for the
increase in slope for more electronegative head groups is
due to increased coupling of the monolayer—electrolyte interface
with the metal due to a larger number of reactive electrolyte
states (Figure 10a).

The relative magnitude of the coupling coefficient o for
different functional groups reveals some interesting details about
the reaction at the monolayer—electrolyte interface. At lower
pH, the metal—Stern layer coupling is weakest for a carboxyl-
terminated monolayer chain and strongest for the hydroxyl
functional group, whereas for higher bulk electrolyte pH, the
deprotonation of the carboxylic group seems to considerably
enhance the reaction between the reactive electrolyte states and
the surface sites (Figure 10a). This suggests that the access of
the reactive species in the Stern layer to electrons at the reactive
surface sites (—OH) of the carboxylic acid functional group is
blocked by the double-bonded oxygen species (=O) on the
neighboring carboxylic functional group, as discussed before.
The sp® hybridized hydroxyl functional group, on the other hand,
does not have these interfering 77 orbitals that can inhibit reactant
access. In addition, the loss of the acidic proton at greater pH
for the carboxylic functional group spreads the electronic charge
over a set of delocalized orbitals in the functional group greatly,
enhancing the available surface sites. The enhanced coupling
between the metal phase and the electronegative functional
groups is also an expected consequence of the increased
chemical potential difference for an electron between the metal
and the IHP, as discussed before, which causes an enhanced
thermal diffusion of charge. In addition to these functional group
specific effects, Figure 10a indicates that the values of o increase
with greater electrolyte pH for each headgroup because increas-
ing electrolyte pH reduces the number of accumulated protonic
electrolyte states in the Stern layer. However, the rate of increase
in o is steepest for the carboxylic acid functional group between
pH values of 4 and 6, indicating an additional contribution due
to an increasing number of reactive electrolyte states when the

functional group deprotonates. Thicker monolayer films also
exhibit higher values of a, as seen in Figure 10b, because of
the length-dependent factor in eq 33, although the dependence
on monolayer film thickness is weak, as discussed above. The
parameter o, like the Fowler—Nordheim potential energy barrier,
is representative of an experimentally observed barrier to charge
transfer, and this barrier is dependent on bulk electrolyte
properties, even when the monolayer functional group and
alkane backbone length are not varied. This functional depen-
dence of o on bulk electrolyte properties supports the underlying
assumption that the main contribution to the charge transfer
barrier is from the monolayer—electrolyte interface and any
barrier at the gold—monolayer interface is unimportant.®

The net reduction current density does not exhibit any
Fowler—Nordheim-like tunneling characteristics at large electric
fields in the monolayer, as expected. For the electron at a
monolayer surface site to tunnel through the barrier at the Stern
layer, the electric field in the diffuse layer would have to distort
the step potential energy barrier at the monolayer—electrolyte
interface considerably in order that the zero-point energy of the
electron in the electrolyte solution match closely with the energy
of the electron in the surface site. However, since the maximum
electric field in the diffuse layer is only 10* V/m, as demon-
strated by the scaling arguments in the Supporting Information
section, any such distortion in potential energy is vanishingly
small. The absence of tunneling characteristics in the current
density—electric field dependence for the large cathodic currents
is further support that the dominant charge transfer barrier exists
at the monolayer—electrolyte interface and not at the gold—
monolayer interface. The energy barrier inhibiting charge
transfer from the metal to the electrolyte is located at the
gold—electrolyte interface when significant pinhole defects are
present, as discussed before. The electric field calculated from
the imaginary component of eq 1 would, in this case, describe
the field acting in the pinhole structure. The magnitude of the
distortion induced in the potential energy barrier at the
gold—electrolyte interface in the pinhole by this field is
comparable to the band bending for the anodic tunneling case
described in the previous section (~10° V/m), yet there is no
observable evidence of any tunneling mechanism in the
current—electric field responses, indicating that a barrier at the
gold—electrolyte interface, if present, is relatively insignificant
compared to the charge transfer barrier at the monolayer—
electrolyte interface.

iv. Interface reaction-limited currents (V < Vpzp). For
applied potentials that are slightly more cathodic (i.e., V — Vpzr
~ —100 mV) than the PZF, the computed electrostatic potential
energy profile in the monolayer is qualitatively represented by
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the schematic in Figure 11a, where the transferring electron
experiences no potential energy barrier as it diffuses from the
metal—monolayer interface to the monolayer—electrolyte in-
terface. Instead, the observed current density is limited by the
polarization free energy barrier that inhibits the chemical
reaction between cationic electrolyte states occurring at the
monolayer—electrolyte interface. Charge transfer between the
reactants and the formation of the product species at the Stern
layer occurs when an activated complex is formed, where the
reaction system assumes a configuration of maximum free
energy due to the stretching and compression of chemical bonds
during collisions between the reacting species.> The rate-
limiting step in the formation of an activated complex for the
charge transfer reaction between the partially hydrated cationic
species at the Stern layer and the monolayer functional group
consists of the rearrangement of the solvent and reactant atomic
polarizations from their equilibrium configurations.”® This
configuration rearrangement facilitates the adiabatic tunneling
of the transferring electron from the electronic energy levels of
the functional moiety to the corresponding isoelectronic energy
level of the cationic species in the Stern layer.>® This hypothesis
presupposes that the Born—Oppenheimer approximation®~%8
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holds during the charge transfer process, which is a reasonable
assumption given that there is no transport barrier inhibiting
electron transport in the monolayer phase (Figure 2b), and there
is also no electrostatic potential energy barrier at the mono-
layer—electrolyte interface that can limit the movement of the
transferring electron. The current density is determined by the
number of reactant—solvent complexes that overcome this
atomic polarization reorganization energy barrier by thermal
activation. Therefore, the observed current density depends on
this activation free energy in an Arrhenius rate expression of
the form

. ( AG};)
JUexp|— % (35a)
where
. elgu—E" | |’
AGRZGtrdns_ GQZ%(QDMT_F 1) (35b)

This expression for the difference between the free energy
of the most probable activated complex configuration (G"*)%
and the free energy of the reactants in their standard states (G%)
in eq 35b is the classic Marcus model™! for the activation free
energy in potential-dependent charge exchange between species.
The term A refers to the reorganization energy and can be
expressed additively as the sum of internal (4;) and external
contributions (4,). The internal reorganization energy refers to
the contribution to the atomic polarization due to the changes
in the bond length and bond angle within the internal coordina-
tion sphere of the reactant and product species. The external
reorganization energy is representative of the change in the
atomic polarization due to the nonequilibrium orientation of
solvent molecules around the reacting electrolyte states.>’> The
quantity E° in eq 33 is the standard electrode potential for the
reaction that is the primary contributor to the reduction current
at the monolayer—electrolyte interface, and a comparison of
the estimated values against tabulated standard reduction
potentials helps identify the participating ionic species in the
charge transfer reaction. These two experimental parameters,
namely, 4 and E° can be calculated from the potential depen-
dence of the observed current density as

e
A= T —B(pz (36a)
M
and
Eo="% 1+&T(—8(lnh) (36b)
e e \ 9oy Jg,=0

Note that the proportionality constant from eq 35a cancels in
both differentiated terms in eqs 36a and 36b. The averaged value
for E° obtained from eq 36b, for all gold—monolayer—electrolyte
systems, is —0.006 £ 0.050 V vs NHE, and this value
corresponds to the theoretical standard reduction potential for
protons in an aqueous solution® (reaction 37, below) within
reasonable error, where

2H"+2¢”—H, (E°=0.000VvsNHE) (37)

The values of A for different functional groups at various bulk
electrolyte pH conditions are depicted in Figure 11b. In
comparing the —CHj; and —COH functional groups, we can see
that the reorganization energy is larger for lower pH and for
the hydrophilic end group (—COH), indicating that larger energy
changes accompany the rearrangements in the partial hydration
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sphere of the reactant and product species as the number of
cationic accumulated electrolyte states in the Stern layer increase
and when the water repellency of the electrode surface decreases.
As the number density of electrolyte states increases in the Stern
layer, increased crowding inhibits changes in the solvation
sphere of the participating ion, thereby increasing the energy
required to polarize the outer solvent cage as the transition state
is formed. Enhanced hydrophilicity at the electrode surface, on
the other hand, increases the attraction between the aqueous
solvent molecules of the partial hydration sphere of the protons
at the Stern layer and the functional end group of the monolayer
phase, thereby restricting the ability of the solvent molecules
to reorganize around the reactant and product species. Thus,
the formation of the transition state from the reactant or the
product species in the vicinity of a hydrophilic —COH surface
requires a larger energy input.

The results for A in the case of the —COOH end group are
vastly different as compared to the trends seen in the results
discussed above, since the reorganization energy is observed
to increase monotonically for pH < 7 and subsequently decrease
rapidly for pH > 7 (Figure 11b). The abrupt change in this
characteristic energy parameter indicates the existence of
different mechanisms at work in the polarization reconfiguration
rate-limiting step for the two pH regimes. For pH > 7, the
carboxylic functional end group exists primarily in the depro-
tonated state, where the negative charge on the oxygen is
delocalized over the resonance stabilized structure that charac-
terizes the acidic moiety, as discussed before. The semihydrated
proton at the Stern layer experiences no steric barrier in
accessing the active site, and therefore, the estimated reorga-
nization energy in this pH range is simply representative of the
rearrangement of the solvent configuration around the proton,
which is easier at higher pH when there is less crowding due to
other protons at the Stern layer. The negative charge on the
functional group also facilitates a favorable Coulombic interac-
tion with the positively charged cationic species that reduces
the distance of closest approach between the electrolyte states
and the functional end group. As a consequence, the tunneling
barrier in the activated complex for the transferring electron
decreases, and this, in turn, reduces the amount of reorganization
required in the electron donor and acceptor polarizations to make
the electron energy levels in both species equal. This hypothesis
explains the decrease in reorganization energies for pH > 7.
For pH values less than 7, the access of the proton to the surface
site (—OH) on the functional end group is blocked by the sp?
orbitals of the C=O bond. Thus, the change in the atomic
polarization that facilitates the charge exchange step involves
a rotation of the carboxylic species around the sigma C—C bond
that tethers the functional group to the alkane chain such that
the hydroxyl moiety on the carboxylic functional group is now
exposed to the electrolyte states at the Stern layer. The rate-
limiting step, although still a reconfiguration in the atomic
polarization, involves the functional end group and not the
partially hydrated electron-accepting species in the Stern layer.
This rotation would expose the lone pairs of electrons on the
oxygen of the —OH group to the electrolyte, and so increasing
the concentration of negative hydroxyl species in the electrolyte
by increasing the pH makes the rotation step more energetically
unfavorable, which is seen by the increase in the reorganization
energy. As the pH increases to values greater than the surface
pK,, the rotation step becomes less important for the charge
transfer reaction, since most of the surface sites exist as the
deprotonated delocalized electron donors. This transition, from
functional group reorganization being rate-limiting to solvent

J. Phys. Chem. C, Vol. 113, No. 11, 2009 4703

reorganization around the cationic electrolyte state being rate-
limiting, is manifested by the abrupt change in the dependence
of the A parameter on electrolyte pH.

The contribution of the monolayer thickness to the reorga-
nization energy is depicted in Figure 11c. Since the 4 values
are compared for identical bulk electrolyte conditions, the
conditions affecting the polarization rearrangement due to
crowding at the Stern layer are kept constant. Therefore, the
increase in the reorganization energy with increased monolayer
thickness can be attributed to a reduced interaction between the
monolayer functional group (—CHs;) and the cationic electrolyte
states. This reduced interaction arises due to an increased spacing
between the electronic charge density in the metal and the
positively charged protons at the Stern layer for thicker
monolayer films. Oscillations in the values of the reorganization
energy due to differences in the packing of even- and odd-
numbered carbon units in the alkane chain are observed here.
This dependence of reorganization energy on the number of
methylene groups in the monolayer phase has also been observed
in gold—monolayer—electrolyte systems in which the redox
molecule is tethered to the alkane phase as the functional end
group.??

Conclusion

We present an overview of the potential dependent charge
transport characteristics of a monolayer modified gold electrode
for the specific case in which the electrolyte does not contain
any redox-active ion. The current—potential behavior in a
gold—monolayer—electrolyte system is limited by the largest
barrier to electron transfer within the system. We hypothesized
the existence of three possible energy barriers; namely, the
electrostatic potential energy barriers at the gold—monolayer
and at monolayer—electrolyte interfaces, as well as a transport
barrier within the monolayer phase. We also provided a
semiquantitative justification to demonstrate that the electrostatic
potential barrier to charge exchange at the gold—monolayer
interface, for a pinhole-free monolayer, is relatively insignificant
compared to the other two barriers. The phase of the low-
frequency impedance data is demonstrated to be a qualitative
indicator of the nature of the barrier that inhibits the charge
exchange process, in which a small deviation from an ideal
capacitive behavior indicates that charge transport through the
monolayer phase is rate-limiting. On the other hand, a purely
resistive response is indicative of charge transfer at an interface
as being the rate-limiting mechanism. For a defect-free mono-
layer, this charge transfer barrier corresponds to the monolayer—
electrolyte potential energy barrier. Several observations are
made throughout the paper to support our hypothesis that the
charge transfer barrier at the gold—monolayer interface is
relatively insignificant compared to the barrier at the monolayer/
electrolyte interface.

An analytical technique that utilizes the constitutive charge
transport equation in a modified form to fit the low frequency
impedance data for a gold—monolayer—electrolyte system
enables the evaluation of the conduction and diffusion compo-
nents of the net current density for different potential regimes.
For applied potentials that are anodic of the PZF, the electric
field driven drift of electrons through the monolayer phase is
the main contributor to the observed oxidation current density.
This anodic conduction current within the monolayer is observed
to transition from Ohmic conduction to space—charge-limited
current at higher electric fields. These conduction mechanisms
are postulated from the current—potential behavior without
presupposing a transport model for the moving charge and are
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in keeping with the observed low frequency impedance response
that indicates that charge transport through the monolayer phase
limits the charge exchange process for this potential regime.
For larger anodic potentials, the impedance response acquires
a small but significant real component, and the net current
density demonstrates characteristics associated with Fowler—
Nordheim tunneling in which the electron quantum mechanically
penetrates a potential energy barrier that separates the ground
energy level of the participating anion from corresponding empty
states in the metal. This potential energy barrier depends on
the chemical potential of the electron-donating anionic species
at the Stern layer and on the electronegativity of the monolayer
functional group. Therefore, the tunneling barrier is sensitive
to bulk electrolyte properties that can affect the ground-state
energy levels of the anionic species as well as to the properties
of the monolayer functional group at the IHP.

For potentials that are sufficiently more cathodic than the PZF,
we demonstrate that the diffusion current contributes primarily
to the observed reduction current density and the functional
dependence of the diffusion current on the applied potential
displays characteristics of thermally activated electron emission
over an energy barrier. Thus, we hypothesize that the response
of the gold—monolayer—electrolyte system to applied potential
for the cathodic potential regime is no longer limited by the
rate of electron transport through the monolayer, but rather, by
the rate of electron transfer between the surface sites at the
monolayer functional groups and the participating cations in
the Stern layer.

We also developed a model for charge transfer at the
monolayer—electrolyte interface based on thermionic emission
theory that provides a quantitative estimate for the extent of
coupling between the metal and the Stern layer and between
the Stern layer and the bulk electrolyte solution. The model
indicates that at large cathodic potentials, the electronic coupling
between the metal and the reacting electrolyte states is stronger
than the coupling between these states and the bulk electrolyte.
We also showed that the tuning of bulk electrolyte conditions
and the chemistry of the functional group can have a significant
impact on the relative importance of the two kinds of coupling.
The charge transfer process for applied potentials within the
vicinity of the PZF, however, is limited by the free energy barrier
to the rearrangement of the atomic polarization of the monolayer
functional group at the IHP and the partially hydrated cationic
species at the OHP. The functional dependence of the current
on applied potential within this voltage regime is also fit to the
classic Marcus relation to compute the reorganization energy
and standard electrode reduction potential for the charge transfer
reaction.

The application of this analytical technique to the low-
frequency impedance response of ordinary gold—monolayer—
electrolyte systems yields a significant amount of detail from
which the structure and properties of the monolayer—electrolyte
interface can be constructed. Thus, the monolayer on gold
system complemented with the detailed analysis outlined in this
paper can prove to be a powerful platform for the detection
and quantification of various electrostatic and steric interactions
between the ions, solvent molecules, and the monolayer
functional groups.
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Appendix

Glossary

coupling coefficient
monolayer film thickness
capacitance/unit area of accumulated cations at Stern
layer
capacitance/unit area of reactive cations at Stern layer
diffusivity of charge carrier in monolayer
electronic charge
electric field in monolayer
standard redox potential for reduction reaction at
monolayer—electrolyte interface
Eumn characteristic electric field describing onset of tun-
neling
EPro(x) microscopic electric field in phase P (P = monolayer,
metal, Stern layer)
E(x) averaged macroscopic electric field
Ee(y) microscopic contribution to the electric field from
immediate neighborhood
Erear (x) macroscopic contribution to the electric field from
immediate neighborhood

O R

»
o

4
=

HES TN

&4 static dielectric permittivity of diffuse layer

&m static dielectric permittivity of monolayer

& dielectric permittivity of vacuum

& total electron energy

&' electron energy perpendicular to monolayer—
electrolyte interface

&' electron energy at the Fermi level of an NHE
measured with respect to vacuum

Fy occupation probability for energy states of anion in
electrolyte

F. Fermi—Dirac probability that electron state in metal
is empty

G free energy of most probable activated transition
complex

G free energy of reactants at standard conditions

AGg* free energy barrier for reduction reaction

h modified Planck’s constant

Jeond average conduction current density

Jite average diffusion current density

JeN tunneling current density

JsLc space—charge-limited current density

Joota, J Average direct current density

k Boltzmann constant

K fraction of space charge from diffusion-injected
electrons

L penetration length

A reorganization energy

Me free electron mass

m* effective electron mass

u mobility of charge carriers in monolayer

n(e) number density of electrons with energy &

NOhmic number density of charge carriers in Ohmic regime

Nt density of occupied energy states of an anion at the
Stern layer

Vy velocity of electrons in x direction

P(e") probability that electron with perpendicular energy

&' can penetrate energy barrier at monolayer—
electrolyte interface



Charge Transport through ML-Modified Electrodes

Pu(x) local polarization density in the monolayer induced
by surface charge at the metal—monolayer inter-
face

Pr(x) local polarization density in the monolayer induced
by surface charge at the monolayer—electrolyte
interface

P free charge density in monolayer

POhmic free charge density in monolayer in the Ohmic
regime

Ocond average monolayer conductivity

Om surface charge density at metal—monolayer interface

OStern surface charge density at monolayer—electrolyte
interface

T temperature

Om potential at metal—monolayer plane

@p potential at IHP

@oup potential at OHP

Ag; potential drop across monolayer

A@sem  potential drop across Stern layer

[} tunneling potential energy barrier

) angular frequency

Vo minimum velocity required by electron to cross
potential energy barrier at IHP

Yiys admittance of gold—monolayer—electrolyte system

Yie real component of system admittance

yim imaginary component of system admittance
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