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Preface

The idea for this short book emerged in 2016, when I was teaching a course on
Molecular Electronics and Electrochemistry—the topic of this book—to doctoral
students at the Sao Paulo State University (UNESP). At that time, I was unable to
find a suitable book to guide my students on this topic. I was looking for an
approach that offers a direct explanation of the basic fundamentals of quantum
mechanics, aiming to solve nanoelectronics and nanoscale electrochemistry prob-
lems. The reason for this search was my clear awareness that, basically, electronics
and electrochemistry are both somehow commonly grounded in quantum
mechanics.

My initial intention was to write only lecture notes, but after teaching the course,
it became clear that I had ended up with useful material that could be “easily” (little
did I know!) converted into a concise introductory text for an intended audience
moderately knowledgeable in the aforementioned interdisciplinary fields.

The merging of nanoelectronics and nanoscale electrochemistry can potentially
modernise the way electronic devices are currently engineered or constructed. This
book offers a conceptual discussion of this central topic, with particular focus on
predicting the impact that uniting physical and chemical concepts at the nanoscale
will have on the future development of electrochemical transistors and devices
down to the molecular level. The electronic industry and its fabrication methods
could be employed, for instance, to design efficient biosensors and supercapacitors.

Accordingly, I hope this book will be useful for physicists, chemists, material
scientists and even biologists interested in electron transport and energy storage at
the nanoscale. Previous knowledge in the fields of quantum mechanics, electro-
statics, circuit analysis, electrochemistry and correlated disciplines would be
desirable for readers aiming to gain an in-depth understanding of the concepts set
forth herein. Also, a previous study or review of the scientific literature, focusing
specifically on the electrochemical properties of electroactive monolayers, would be
desirable and very useful.

This book was intended to be as short as possible, so it contains only three
chapters. Chapter 1 introduces the concepts of chemical capacitance, relaxation
resistance and quantum RC circuit dynamics and demonstrates how these concepts
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X Preface

are translated into a language familiar to electrochemists. Chapter 2 demonstrates
how chemical capacitance, which is the fundamental concept missing from the
puzzle and that can unite electronics and electrochemistry, can be deduced from the
first principles of quantum mechanics. The chapters are structured in such a way
that Chap. 2 can be omitted in an initial reading, but an in-depth analysis would be
impossible without an understanding of the deductions made in this chapter.
Chapter 3 explains how the concepts introduced in the preceding chapters can be
put to good use in different contexts, e.g. to describe applications involving
supercapacitive and energy storage phenomena that are important in lithium-ion
battery and supercapacitor devices, conductance in molecular wires, molecular
electrochemical transistors and biosensors for molecular diagnostics.

Although the book is quite specific because of its inherent physical approach, it
is at the same time fairly interdisciplinary. The text was intended to be compre-
hensive inasmuch as it introduces useful concepts for a broad range of current
applications, although these concepts are not easy to grasp in a first reading.
Knowledge about quantum transport and energy storage in molecular capacitors is
often not readily assimilated, because these terms are unfamiliar to people involved
exclusively with electrochemistry. Furthermore, such knowledge involves under-
standing quantum dynamics phenomena, which is inherently difficult at an under-
graduate level. As for quantum mechanics, the fact is that there are only few
individuals (myself not included) who understand its pervasive ambiguity; obvi-
ously, therefore, I do not expect to solve those difficulties.

All mechanical systems and living systems are subject to the temporal order of
physics, where the event is more important than the entity per se. Nanoelectronics
and nanoscale electrochemistry are only in their incipient stages of development
and therefore destined to undergo continuous changes. Furthermore, as they are
interdisciplinary fields, such changes will surely occur quite rapidly in the years
ahead, particularly because the basic knowledge that underpins them is needed to
drive the development of the next generation of computers and perhaps to greatly
impact the development of molecular diagnostics technologies. Accordingly, I do
not intend this book to be fully comprehensive or definitive, but simply to serve as
an introduction and motivation to encourage other researchers to focus their
attention on this fascinating topic.

Hence, I hope this book will serve as a provocative and a stimulating interdis-
ciplinary exercise for those intending to labour on this promising scientific
endeavour of bringing electronics and electrochemistry to a common ground and
language.

Araraquara, Brazil Paulo Roberto Bueno
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Introduction and Summary

Covalent attachment of molecules to electrodes and control of the properties of the
junction represents the state of the art in molecular electronics and molecular
electrochemistry. Molecular monolayers serve as building blocks for molecular
electronics and have also been widely used in a variety of applications in electro-
chemistry. In this book, we demonstrate how the properties of these junctions are
governed by the energy associated with the nanoscale capacitive characteristics
of the molecular entities that form the junction and how they are related to electron
transfer and transport. We demonstrate, in particular, the importance and the
inherent electron dynamics that exists at the nanoscale and thus introduce the
time-dependent electronic features that are accessed by impedance methods.

In other words, this book demonstrates that both the capacitive and resistive
phenomena involved in electron dynamics throughout molecular-scale junctions,
embedded in an electrolyte environment, are governed by mesoscopic principles
and that appropriate mesoscopic physics is required to understand molecular
junctions.

We demonstrate that a theoretical molecular ensemble (comprising individual
quantum point contacts formed on an electron reservoir) is a particular case of a
quantum resistance—capacitance circuit, which describes the electronic resonance
between electrochemically accessible states and the electrode. Thus, electron
dynamics operates in such a way that the electron transfer rate, which governs the
rate of electrochemical reactions, is given by k = G/ Cy, where Cj is the electro-
chemical capacitance and G is the quantised conductance accompanying the
Landauer formula, which describes the “quanta” of conductance. Surprisingly, this
simple equation reconciles molecular electronics and electrochemistry.

The usefulness and significance of k = G/Cy are demonstrated in accessing the
energy to charge molecular redox switches, in quantifying the discharge of these
switches as the operative transducer signal in molecular diagnostics, also in
determining the conductance of DNA nanowires and, lastly, in explaining the
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supercapacitance phenomenon of reduced graphene molecular layers and
self-doped titanium oxide. In summary, this short book discusses the generalities
associated with the k = G/Cj relationship, which is a time event and not a physical
entity. The interpretation of C;z = G/k, i.e. of electrochemical capacitance per se,
which is associated with the energy needed for the event to occur, is introduced and
deduced from the first principles of quantum mechanics, enabling us to grasp its
general meaning.



Chapter 1 ®)
Introduction to Fundamental Concepts Guca i

This chapter discusses the importance of establishing a unified approach to electron-
ics and electrochemistry. We explain how these disciplines are integrated when the
circuit elements and their foundations are introduced from a nanoscale perspective,
by modelling the system through a quantum dynamics circuit perspective rather than
by using circuit elements defined in classical mechanics. Hence, the fundamentals of
elementary physics and chemistry are explained, using terms such as chemical capac-
itance, electrochemical capacitance and relaxation resistance and how these circuit
elements are interconnected to the timescale of the associated electron dynamics.

These are terms that govern the timescale of electron dynamics in electronics
and electrochemistry at the molecular scale. As expected, “classical” or “traditional”
electrochemistry is then shown to be simply an approximation derived from quantum
mechanics.

1.1 The Importance of Nanoelectronics

Our understanding of the physics of nanoscale electronics considers it an urgent task
that affects the future, as laid down in the roadmap for the semiconductor industry;
gate widths for CMOS transistors today are smaller than 40 nm and are predicted to
decrease between 10 and 5 nm [1] in the near future. The latter nanometric size [2-5]
is close to the limit where quantum effects predominate that are not yet completely
understood. For instance, designing an electronic device using molecules has been
the ultimate goal in nanotechnology [6, 7], and molecular electronics has therefore
been proposed as an alternative to silicon post-CMOS devices. The natural question
[1] that arises in this scenario is: Will molecular quantum devices supplant traditional
CMOS technology? The answer depends on the ability of researchers to understand,
control and fabricate physical devices at such a diminutive scale.

The impedance of nanoscale devices such as coherent quantum resistance—capac-
itance (RC) circuits has been shown to violate Kirchhoff’s law [8]. Therefore, the

© The Author(s) 2018 1
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predictability of their functioning and consequently the control of circuit devices in
general, at this diminutive scale, are inherently challenging. Undeniably, the addi-
tion of capacitors and resistors to the classical approach does not hold true at the
nanoscale. In particular, the rules governing the addition of resistances, in series [9,
10] or parallel [11], are qualitatively distinct from those of classical mechanics. Thus,
electric circuits at the nanoscale are far more difficult to control, given that their elec-
tronic motion is wavelike, imposing fundamental limits on how small innumerable
electronic devices can eventually be fabricated.

According to the above scenario, the resistance associated with charge relaxation
differs from the usual quantum transport; therefore, the coherent quantum RC circuit
does not comply with the Landauer formula [8, 12], although the incoherent one does
[8]. Regardless of the charge transport regime (coherent or incoherent), quantum
RC circuits are thus referential models for the dynamic operating regime of all
quantum devices [13], although, surprisingly, this has been ignored in the fields
of both molecular electronics and electrochemistry [7].

1.2 Molecular Electronics and Nanoscale Electrochemistry

Molecular electronics and nanoscale electrochemistry deal with electron movement
through molecules via two different pathways [6, 7], i.e. electron transfer and electron
transport. It should be noted that, strictly from a theoretical point of view, electron
or charge transfer is a form of transport. As such, it is contained, for example, in
a full approach to transport, including relaxation effects, using the Kadanoff-Baym
formalism [14].

Nonetheless, in areas such as electrochemistry and molecular electronics, in prac-
tical terms, these phenomena (electron transfer and transport) can be differentiated
by considering that electron transfer involves charge movement from one end of
a molecule to the other, while electron transport pertains to electric current pass-
ing through a single molecule strung between electrodes, the latter constituting a
two-terminal device configuration (see Fig. 1.1a), which differs from silicon-based
electronics that rely critically on three-terminal devices (see Fig. 3.2a and traditional
field-effect transistor architecture shown there).

Though highly desirable, the construction of gate terminals is a challenging task
in molecular electronics [15], so break-junction experiments [16—18] (Fig. 1.1b) are
used predominantly as two-terminal measurements. Even so, both two- and three-
terminal configurations allow only limited mechanistic insights compared to the
set-up required for time-dependent measurements (Fig. 1.1c) using redox-molecule-
terminated wires as the probe.

Figure 1.1 illustrates a single molecule attached to electrodes as a basic component
in molecular electronics [6] (Fig. 1.1a) and electrochemical break junctions [7, 19]
(Fig. 1.1b), where a gold electrode is placed in contact with another electrode covered
with sample molecules terminated with proper linkers. In Fig. 1.1, note that a third
contact is possible and desirable (indicated as a gate), but this has been difficult
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Fig. 1.1 Illustrations of a single molecule attached to electrodes as a basic component in: a molec-
ular electronics [6], and b electrochemical break junctions [7, 19]. ¢ Electrochemical gate con-
figuration in which communication with the electrode occurs through molecular wires terminated
with a redox probe [20]. Reprinted (adapted) with permission from William W. C. Ribeiro, Luis
M. Gongalves, Susana Liébana, Maria 1. Pividori, Paulo R. Bueno; Molecular Conductance of
Double-stranded DNA Evaluated by Electrochemical Capacitance Spectroscopy, Nanoscale. Copy-
right (2016) Royal Society of Chemistry

to achieve experimentally because it requires the gate to be placed close to the
molecule for effective gate control [15]. Figure 1.1c shows an electrochemical gate
configuration in which communication with the electrode is made through molecular
wires terminated with redox probes (for an experimental example, see Chap. 3,
Sect. 3.9) [20].

Regardless of the experimental set-up used to measure electron movement through
molecules, the existing interpretation ignores quantum capacitive effects intrinsically
associated with the electronic structure of the molecules which is perceivable by
means of impedance spectroscopic methods [21,22]. Existing experimental config-
urations used in either molecular electronics direct conductance [6, 23] or charge
transfer rate measurements [24] contain unnoticed information similar to that of
quantum RC circuit dynamics.
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1.3 Mesoscopic Physics and Time-Dependent
Measurements

Mesoscopic physics is a collection of physical concepts that pertain to the properties
of materials at the nanoscale, which is described as a scale between the molecu-
lar scale (the lower limit being the size of atoms) and a few hundred nanometres
(nanoparticles or small proteins, for instance). The average properties of mesoscopic
systems do not obey classical mechanics, but are affected by fluctuations around the
average. Therefore, they greatly influence quantum mechanics effects, which must be
treated at the quantum mechanics level without ignoring thermodynamics. In other
words, a macroscopic device, when scaled down to a mesoscale size, starts revealing
quantum mechanical properties that can no longer be ignored.

For example, at the macroscopic scale, the conductance of a wire increases con-
tinuously along with its diameter. However, at the mesoscopic scale, the wire’s con-
ductance is quantised and increases occur in discrete steps. Mesoscopic devices
constructed, measured and observed experimentally during research must comply
with a theoretical model in order to advance our understanding of the physics of
such devices. Also, mesoscopic physics deals with the potential of building nanode-
vices using molecular assemblies; therefore, statistical thermodynamics is impor-
tant. A frequent error of those not accustomed to quantum mechanics approaches
and applications is to think classically, expecting that molecular entities have sep-
arate resistance or capacitance components that can be measured using traditional
non-equilibrium methods. In fact, as in any quantum phenomenon, what is important
is the event (which is time dependent) rather than the object (individual resistance
or capacitance). For this reason, we will rely on time-dependent approaches rather
than on direct current methods. Thus, the timescale of the process can be obtained by
assuming the response of an average quantum resistive and capacitive (RC) circuit,
which provides the quantum RC circuit response of a mesoscopic entity. This is the
approach we will follow in this book. At the quantum or mesoscopic scale, resistance
and capacitance can no longer be separated. From the experimental standpoint, an
incorrect approach would be to ask what the resistance or capacitance of a molecule
is. That is why, in this book, we ask what the timescale of the phenomena would be,
and in so doing, demonstrate that what is important is the resistive—capacitive event
itself and not the individual resistive and capacitive behaviours.

Indeed, time-dependent transport is an important and intriguing approach to reveal
the physics underlying nanoscale man-made devices [8], yielding a wealth of infor-
mation that could not be obtained otherwise. However, direct current (DC) measure-
ments are quite limited. Time-dependent measurements based on impedance-derived
spectroscopy set-ups [25, 26] have captured indispensable missing components of
the puzzle involving molecular electrochemistry [20-22, 25, 27, 28]. Thus, electri-
cal spectroscopy enables one to infer information about the coexistence of quantum
capacitance and conductance phenomena, which determine the timescale of charge
relaxation dynamics. Furthermore, impedance measurements can be taken based on
either out of (biased) or in equilibrium (unbiased) potential difference, using an aux-
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iliary electrode (known as a counter electrode) inserted in the electrolyte [22, 29].
Only one molecular contact is needed for impedance-derived measurements (see
Fig. 1.1c), thus avoiding additional sources of interference inherently associated
with the nature of the chemical bonds between the molecule and probing electrodes.
Hence, impedance methods also reduce problems associated with the control of
atomic-scale fine points of molecule—electrode contacts.

In Fig. 1.1, note that, unlike the classical DC transistor regime, the only way to
access the properties of the channel (i.e. the accompanying resistance and capaci-
tance) in a quantum RC regime is through time-dependent perturbation. Figure 1.1a
and b show the differences between the left (1;) and right (u,) chemical poten-
tial of the electrons accompanying an external applied potential that drives electron
movement, such that du = —edV. In Fig. 1.1c, an equivalent relationship applies:
n — E, = —edV = du (see also Fig. 1.6a). The difference between p and the
electrochemical potential of electrons in the accessible electrochemical states (E,)
is sustained by an electrochemical potential-driven concomitantly by the electrolyte
and the polarisation of the working electrode with respect to an appropriate reference.
This will be discussed in greater detail later in this book, but it is worth mention-
ing, briefly that the electrochemical potential difference built into the junction, di,
is particularly accessible by measuring the electrochemical capacitance, Cj;, using
sinusoidal potential perturbation methods [V (w)] such as impedance spectroscopy
[21, 26, 30]. Details of the fundamentals of this capacitance will be given in Chap. 2
and applications in Chap. 3. The energy associated with the charge of Cj; is directly
proportional todj (¢*/C;; = djx/dN') and reaches its maximum in equilibrium con-
ditions, i.e. it = E,. Although differences between di and dpu are implicit, they are
discussed explicitly throughout this book.

The theoretical formulation of the problem is thus likely to determine the equi-
librium electrostatic potential of a mesoscopic molecular structure (see Fig. 1.2a)
modelled as a quantum point contact [31, 32], which is the fundamental building
block to understand molecular electronics from a time-dependent perspective. Basi-
cally, a quantum point contact is a quantum dot [33-36] electronically coupled to
an electron reservoir such as an electrode. Quantum point contacts (or quantum dots
[33-36] in contact with electrodes) have been used as building blocks to outline
mesoscopic transport [27, 28] in quantum devices comprising semiconductor nanos-
tructures [37, 38].

To determine the equilibrium electrostatic potential of a quantum point contact,
we must look beyond the conductive components whose states are of immediate
interest. In a typical single molecular structure assembled on electrodes (Fig. 1.2a),
the equilibrium electrostatic potential depends not only on the molecular conductor
itself but also on the other neighbouring electrical charges provided by donors and
acceptors, by gates and by chemical contacts (such as those solvating the conductor,
redox accessible states, etc.; see Fig. 1.2b).

To find the equilibrium electrostatic potential, such additional neighbouring chem-
ical species should be taken into account, but they have been critically disregarded in
current theoretical approaches employed in both molecular electronics [14, 63-68]
and electrochemistry [22, 29]. The existing gap between theoretical calculations
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(a) (b)

chemical
quantum capacitor
channel

electrode '

Fig. 1.2 a An individual quantum point contact structure comprising a nanoscale chemical capac-
itor, C,,, (the series association of electrostatic and quantum capacitors) device assembled on an
electrode and electronically coupled through quantum channels; b the same as in a, but within
the point contacts immersed in an electrolyte environment where the associated potential of the
gate is screened by the environment, illustrated herein by solvent molecules now surrounding the
electrochemical capacitance, Cj;

and experimental data can be significantly reduced by understanding such over-
looked aspects. The equilibrium electrostatic potential is of particular importance in
time-dependent transport, since what is imperative is not the externally applied field
(presumed to be controlled) but the total electric field generated by all the relevant
charges, whether inside or away from the conductor, on a gate, or on the surface of
the electrode.

Both theoretical and experimental analysis of time-dependent phenomena on a
nanoscale is revisited herein, bearing in mind this important assignment. This analysis
reveals that quantum RC dynamics are shielded by the electrolyte environment,
impacting the use and interpretation of electron transfer theory in both molecular
electronics and electrochemistry [22].

The implications are that the rate of electrochemical reactions is governed by
k = G/Cj, where Cj; is the electrochemical capacitance and G is the quantised
conductance accompanying the Landauer formula. C; adequately incorporates the
required equilibrium electrostatic potential intrinsically associated with the meaning
of Cj (see below).

In Fig. 1.2, note that Cj; is the series association of ionic [39] (double layer as
a typical exemplar) and quantum capacitors [40, 41], thus constituting the missing
physical structure of interest to interpret the time-dependent response of molecular
electronics [14, 63—68] (in an electrolyte environment) and molecular electrochem-
istry [22, 29].

The electrical field screening in Fig. 1.2b is a critical aspect [28, 39] as will be
discussed in further detail in Chap. 3, and is associated with the concept of Cj; [29], in
which the solvent chemical environment is crucial for electron dynamics to conform
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to electron transfer models [42, 43]. In the inset of Fig. 1.2b, note how this pictorial
approach is consistent with perturbation theory, C; (w) = dg(w)/dV (w), as detailed
in Eq. (3.1). In the inset of Fig. 1.2b, V = —Ai/e conforms to the situation depicted
in Fig. 1.1c.

As the text progresses and concepts become more familiar to readers, our ulti-
mate goal is to illustrate how these concepts are involved in the astonishingly simple
formulation C; = G/k, and how C; = G/k applies to the design of molecular
redox-switchable junctions [21, 41, 42] as nanoscale energy transducers and actu-
ators for molecular diagnostic applications [44—48] and also how this formulation
explains pseudocapacitive phenomena on the nanoscale, in general. However, the
usefulness of the formula C; = G/ k introduced here is also demonstrated in calcu-
lating the quantised conductance in DNA acting [20] as nanowires and in explaining
the intrinsic supercapacitance existing in reduced graphene layers [28] and self-doped
titanium oxide [49].

1.4 Admittance, Conductance and Chemical Capacitive
Ensembles at Zero-Temperature Approximation

Figure 1.2a corresponds to the representation of a macroscopic electronic reservoir
(electrode) connected by an electronic channel consisting of quantum individual
channels to a molecular discrete quantum capacitor. The latter corresponds to the
existence of N conductor channels in which the transmission matrix is an N x N-
type matrix. Accordingly, it defines a Wigner-type [50] matrix, such that

A~ 1 488

N = ES ﬁ (1.1)

From the unitary aspect of the S. matrix, N is assumed to be symmetrically
positive with a spectrum 7,/ &, in which 1, is the residence time of electrons in the n
mode in the quantum structure of the mesoscopic capacitance. InEq. (1.1), j = /—1
is the imaginary unitary number and 4 is the Planck constant. Following Eq. (1.1),
the electronic density of states, N (DOS), can be rewritten as

N:T,[N]:%ann. (12)

It can be now demonstrated that the admittance G (w), at zero absolute tempera-
ture, is given by

1

Glw) = Zn h/2e*+1/(—joCqy)’ (13)
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where C, , = €1,/ h is the quantum capacitance (the meaning of quantum capac-
itance will be clarified later) associated with each of the channels and e is the ele-
mentary charge of the electron.

Equation (1.3) is a model that also applies to a molecular assembly of quan-
tum channels and capacitors attached to a macroscopic electrode, as illustrated in
Fig. 1.6. Each channel provides an equivalent dissipative contribution of /1/2e? and
areactance contribution equivalent to the quantum capacitance C, , associated with
the n mode of the electronic channel. The quantum admittances of the different
modes add up, translating to parallel branches of the quantum impedances, such that
h /Ze2 +1/ (— j a)Cq,n), which, in turn, translates to a series equivalent circuit of R,
and C,, i.e.

i Zl’l TI‘LZ
2¢2 (Zn z,,)z

R, =

(1.4)

and

2

Cext(% Z,, Tn)

Cu= -
Cexl + (7 Zn Tn)

) (1.5)

where C,, is now the chemical capacitance and C.y; is the external capacitance asso-
ciated with the external potential imposed on the system (see Fig. 1.6).

The meaning of C,, and C, will be given in further detail in this book, in specific
sections reserved for this purpose. By now, it should be clear that Egs. (1.4) and
(1.5) are deduced based on scattering theory (known since the 1990s [13]) and are
deduced herein in the same way as the Landauer formula, derived for direct electric
currents (DC).

1.5 Admittance, Conductance and Chemical Capacitive
Ensembles at Finite Temperature

At finite temperature, the electron distribution follows (N =
(1+exp[—eV/kzT])~', in which the energy width is given by kT, from
where the quantum admittance, G (w), translates into

B d(N) 1
o= [ o < dp >T,Uh/2e2+[—jwcﬂ(m] o

where C,, = e?[dN (w)/dpu].
The system is thus equivalent to a multichannel system in which the N con-
ducting channels are replaced by a continuous infinite number of parallel channels
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weighted by the Fermi—Dirac distribution. As before, the admittance of the RC circuit
is obtained by means of a conduction channel at a given temperature, considering
the admittance G (w) in series with the electrostatic capacitance Cey;, such that

_ —joCy
G(w) = 1= iwR.C. joR,C, (1.7)
where
o (NG s
97 52 2 :
(o]
and
C,= e2/ (—%)N(ﬁ)dﬁ (1.9)
and where, lastly,
_ Cexth
C, = —Cem iC, (1.10)

Note that when embedded in an electrolyte (see Fig. 1.2b), Cey, translates into C;,
which is the capacitance associated with an electrical field screened by an electrolyte
environment [see also Eq. (1.14), where C; replaces Cex]-

As will be explained, instead of using the term C,, we will now refer to Cj.
In fact, the differences between C, and C; will be clarified later and will thus
serve to demonstrate that nanoelectronics, and electrochemistry are conceptually
equivalent and that the differences pertain only to how the electrical field is screened
by the environment in one or the other case. Particularly, it will be demonstrated
that, in electrochemistry, electric field screening is governed by the properties of the
electrolyte.

Now, consider hl~DA /2 as the characteristic width of the discrete peaks of
electronic density of states, keeping in mind that D is the electron transmittance,
while A is the difference between the peaks (homogeneous dispersion has been
assumed). According to the latter inference, then, it is possible to predict the existence
of a quantum capacitance peak whenever the Fermi level of the reservoir is at a
level aligned with that of the mesoscopic capacitance or an ensemble of mesoscopic
capacitors. Thus, to calculate the admittance of the mesoscopic RC circuit associated
with R, and C,,, the displacement current between the mesoscopic capacitance and
the gate carrying the excitation must be taken into account.

Accordingly, let us now consider a finite temperature situation where the conduc-
tion, h¢ < kgT (or kgT > A), will involve several levels of energy, so that it can
be demonstrated that R, is given by
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h 1
which corresponds to the Landauer resistance between two reservoirs, i.e. the sit-
uation depicted in Fig. 1.1a, whereas no hypothesis has been proposed about the
loss of coherence in the mesoscopic capacity. Thus, thermal interference leads to the
disappearance of coherence, allowing the characteristic time width of an electronic
wave packet to be defined. The latter is then given by &/ kg T, while the time it takes
for an electron exchange, i.e. its emittance from the reservoir to the capacitive centres
and its return, is h/A.

In summary, when kg7 > A, the electron cannot interfere with itself and the
quantum bodywork of the mesoscopic capacitance behaves like a reservoir. Particu-
larly, in the case of a two-dimensional molecular ensemble containing electrochem-
ical accessible states, it behaves like a two-dimensional electron gas [41]. The next
section describes how this theoretical framework combines with electrochemistry.

1.6 State of the Art of Nanoscale Electrochemistry

Electrochemistry governs the properties of important energy and sensor devices such
as photoelectrochemical solar cells [51, 52], fuel cells [53-55], lithium-ion batter-
ies [56-58], and molecular recognition devices [59], and it is equally important in
biochemistry [60, 61], dominating the processes associated with cell respiration [62,
63], photosynthesis [64—66], etc. Electronic and ionic dynamics govern the timescale
properties of these devices and biochemistry processes in general, but a critical ques-
tion that arises, among others, is “How do electron dynamics operate at the molecular
level [67-74] in a complex solvent environment?” [75, 76].

This question is important in that intrinsically biological electrical processes (such
as synapses [77, 78], which, in essence, involve an electrochemical occurrence) are
slower than any known electronic signal, although this has apparently not been a
problem for efficient energy management, storage, and conversion, as observed in
living systems [55, 79]. The impact of the electrolyte environment on the nanoscale
system, by attenuating the electron dynamics, results in a larger timescale of the
charging events, which is an inevitable price to be paid. Accordingly, bioelectronics
(or bio-electrochemistry) is fated to be slower than electronics, albeit not necessarily
less efficient. Evidence in favour of the latter argument can be obtained by comparing
the brain’s synapses to a computer’s processing capability.

Consider ionic intercalation processes such as those that occur in lithium-ion
batteries, for instance, [53, 80, 81]. It is well known that both electronic and ionic
densities increase by the same amount upon ionic interaction with anode and cathode
electrodes, and hence, electronic conductivity usually exceeds ionic conductivity
(although there are exceptions [51, 82—-84] which must be treated separately). The
operational timescale of the device is therefore determined by the slowest ionic
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charge carrier, but would this also be true at the molecular scale? In the absence of
diffusion [42, 85, 86] (see below), what would the dynamics be?

To illustrate the above, consider a hypothetical Li;MOy solid compound, where x
is the lithium-ion content that can be modified in a metal oxide compound MOy (serv-
ing as working electrode). The modification of the LiyMO, composition determines
the working electrode potential, such as eV = —[u(x) — u,] = —Au, where the
chemical potential variation p(x) is determined with respect to a chemical potential
of the reference u,. Ignoring the effect of the electrolyte external potential, the mea-
sured chemical capacitance (per unit of volume) is given by C,, = e NTdx /du(x)],
which can then be commonly determined as the inverse derivative of the equilibri-
um-—composition curve [87, 88]. AV is the electron occupancy in the solid compound
that attends ionic intercalation (the overall electric neutrality is maintained). It is
thus clear that the ionic component dominates the dynamics operating in this hypo-
thetical electrochemical compound, since the slowest transport the ionic one. The
latter compound, albeit hypothetical, quite accurately exemplifies how cathodes and
anodes operate in lithium-ion batteries [51].

Nonetheless, in electronic conducting nanoscale polymers and redox molecular
switch devices, the latter generally consisting of a redox molecular monolayer, the
energy landscape of electronic states dictates the electrochemical response in such
a way that C; = e?[dN/dfi]. In this formulation, ionic diffusion is absent and
electrochemical reversibility is high; moreover, the effect of the electrolyte is now
taken into account, so Cj; and [t are used in place of C,, and w. Furthermore, in
the particular case of redox switches, due to the intrinsic molecular scale of the
components bridging the redox centres to the electrode (see further experimental
examples in Chap. 3), the electron transfer or transport is driven on a size scale of
1-3 nm, which is close to the minimum predicted width of the CMOS transistor gate.
Hence, at this diminutive scale, there are quantum electrochemical RC characteristics
that enable one to identify arich variety of physical phenomena inherently associated
with the electronic structures of molecular components [41].

In the case of molecular components that have accessible electronic or electro-
chemical (redox) states, their physical phenomena are accompanied by intrinsic
quantum RC features. Accordingly, electrochemistry itself can be rationalised by
considering the quantum electronic RC circuit a useful physical reference, which
will herein be referred to as the quantum electrochemical RC circuit because of the
attenuation of the electron dynamics caused by the solvent (see Fig. 1.2b), which is
characteristic of electrochemistry.

1.7 Consequences of the Absence of Ionic Diffusion
in Electrochemical Processes at the Nanoscale

Electroactive species adsorbed in electrodes (such as redox molecular switches)
generally present a highly reversible electrochemical behaviour. This is due to the
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absence of mass transport limitations, such as diffusion processes, which are involved
in the displacement of ions from the bulk of solution to the surface of the electrode
where the electron charge transfer actually occurs. An example is given in Fig. 1.3a,
which shows an electric current versus potential cyclic pattern, known as a cyclic
voltammogram (CV). This current—voltage pattern corresponds to the response of a
redox molecular monolayer assembled on a gold electrode. The molecular layer is
an ensemble of electroactive molecules self-assembled on an electrode composed of
11-ferrocenyl-1-undecanethiol units.

The plot illustrates the dependence of the current density on the scan rate, s. The
inset shows how the oxidation and reduced peak potential vary linearly as a function of
the scan rate, as predicted based on the Laviron approach [85, 86]. Figure 1.3b shows
that the response is in agreement with Eq. (1.12). It demonstrates that a constant value
(Cp = er /4kpT) is obtained when the current (or the current density) is normalised
by the scan rate. Accordingly, normalised CVs collapse into a master curve. This
is particularly remarkable at the Fermi level (or formal potential) of the electrode,
confirming that quantum dynamics RC theory is needed, which will be introduced
in this chapter. This theory adequately encompasses DC behaviour and traditional
electrochemistry.

In short, one can see that the diffusionless process occurs because the redox species
is strongly adsorbed (covalent attachment, for instance, generally results in highly
reversible electrochemical processes) on the electrode [42]. In an electrochemical
process involving the transfer of a single electron per molecule, considering a diffu-
sionless situation, the Faradaic electric current density is directly proportional to the
scan rate (s = dV /dt), such that [42]
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Fig. 1.3 a Cyclic voltammograms of a molecular layer composed of 11-ferrocenyl-1-
undecanethiol, showing the dependence of current density on the scan rate, s. The inset shows
how the oxidation and reduced peak potential vary linearly as a function of scan rate, as predicted
by the Laviron approach [85, 86]. b As expected from Eq. (1.12), when the current (or current
density) is normalised by the scan rate, one obtains a constant value (C,; = ¢2I'/4kp T)
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F2r er
= —39 = )
4RT 4kgT

J (1.12)
where F is the Faraday constant, R is the constant of the ideal gas, T is the absolute
temperature, and I" is the molecular coverage of the electrode (the amount of cova-
lently adsorbed molecules per unit of area). Note that F//R = e¢/kp, where e is the
elementary charge of the electron and kp is the Boltzmann constant.

When the scan rate-dependent electron transfer rate, k;, is related to the amount
of Faradaic charge, such that k;(n) = j/gq, where ¢ is the total charge, it can be
varied as a function of overpotential displacement, n = V, — V,, where V,, is the
potential of the peak (see Fig. 1.3) and V,, is the formal potential (in terms of energy,
and this is related to the Fermi level of the redox process, E,). Using k;(n) = j/q,
the rate constant for electron transfer at a particular overpotential can be determined
to obtain a plot of 1 versus log[s(n)]. The latter is known as a Tafel plot [89], from
which k can finally be determined.

As an alternative to Laviron analysis, Eq. (1.12) can be equivalently resolved
by considering a general definition of electrochemical charge associated with the
electrochemical capacitance, such that dg = C;dV. The variation of charge as a
function of time provides [41] the electrical current associated with the charge of the
electrochemical capacitance, such that j = (dg/dt) = C;(dV/dt) = Cjs. Upon
comparison the latter expression with Eq. (1.12), one can see that C; = ¢°T"/4kpT.
Inturn, C; = e2r /4kpT is equivalent to Egs. (3.9) and (3.10), as discussed in Chap.
3, and is obtained based on quantum mechanics reasoning combined with an anal-
ysis based on statistical thermodynamics. At the Fermi level of the electrochemical
reaction, (M) (1 — (N)) = 1/4, following statistical thermodynamics requirements
(further details will be given in Chap. 3).

Therefore, the quantum electrochemical RC circuit encompasses classical elec-
trochemistry, though the physical interpretation is obviously absolutely different and
based essentially on quantum mechanics rather than on classical circuit elements or
traditional electrochemistry.

Accordingly, let us now reiterate that Fig. 1.2 illustrates single-contact nanoscale
electrochemical junctions containing chemical (C,) and electrochemical (Cj)
capacitive gates connected to an electrode. These capacitive models are introduced
with (Fig. 1.2b) and without (Fig. 1.2a) the presence of an electrolyte that governs
equilibrium potential differences. The case depicted in Fig. 1.2a is currently used in
modelling two-dimensional density of states contained in solid-state devices [40, 90,
91]. An electrolytic environment (Fig. 1.2b) generates additional issues and must be
treated accordingly, using Cj; instead of C,, (see previous justifications). The former
capacitance is the physical picture that conforms to electrochemical junctions. Elec-
trochemical capacitive gates are spatially separated from an electrode by quantum
channels [92], which, pictorially, account for the path electrons must follow during
physical events such as electron transfer or transport.

When the tiny capacitive gates are embedded in an electrolyte, the timescale of
electron dynamics (usually at gigahertz frequencies for nanoscale electronic circuits)
is attenuated (to ranges between kilohertz and millihertz) by the electrolytic environ-
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ment, in a scheme that adheres to electron transfer rate theory [21, 22]. Therefore,
the distinction between C,, and Cj; must be observed carefully by highlighting (see
below) the electric field screening for each particular situation.

Additionally, it will be shown that the electrochemical control of a quantum capac-
itive electrochemical contact (in contrast to pure electrostatics) is the component that
allows us to assess this previously unknown knowledge about electron transfer phe-
nomena, bringing together electronics and electrochemistry [43, 93-95].

The next section demonstrates how electronics and electrochemistry are inte-
grated. This will be done by introducing concepts associated with nanoelectronics
theory [2, 5, 96] and then explaining how it conforms to electrochemistry.

1.8 Chemical Capacitance and Charge Relaxation

Figure 1.4 depicts charge separation due to a potential difference, V, between two
plate electrodes (Fig. 1.4a) and between molecular donor (D) and acceptor (A) states
(Fig. 1.4b). This figure clearly demonstrates that these charging processes differ
and, in the case of molecular charge donor and acceptor states, how they depend
essentially on the electronic structure of the molecular entities.

Therefore, Fig. 1.4a illustrates the case in which only electrostatic contributions
are present; i.e., in charging metallic plate electrodes, the resulting capacitance is C,
(the rationale for this is discussed later herein). On the other hand, Fig. 1.4b depicts
a case in which molecular structures are charged (where quantum effects are non-
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Fig. 1.4 a Separation of charges (due to a potential difference, V') between two plate electrodes. b
Separation of charges between molecular donor (D) and acceptor (A) states. ¢ Situation in which
the quantum capacitance (be it of a D or an A state) can be approximated to C; = e>N at zero
absolute temperature (non-thermalised condition) and to Cy = ezg, () at a finite temperature [41]
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negligible), and therefore, there are quantum capacitive contributions contained in
the definition of C,,, which is a universal chemical capacitance (existing in series)
that considers both electrostatic and quantum contributions.

The quantum capacitive component of C,, quantitatively encompasses HOMO and
LUMO contributions when the charge moves into atomic or molecular structures (see
Chap. 2 for additional details on this) [41]. For real problems, a macroscopic probe is
needed to charge molecular components; therefore, Fig. 1.4c illustrates a situation in
which the quantum capacitance (be it of D or A) can be approximated to C, = eeN
in the non-thermalised condition or to C; = e?g,(w) for finite temperatures [41].
This picture is essentially the same as the one that models quantum dots [32-35]
electronically coupled to electrodes [41].

Since we now have a better pictorial view of how charging processes compare in
different scales and situations (Fig. 1.4), we can combine the results obtained from
Egs. (1.4) and (1.5) to describe the response of an ideally quantum RC electronic
circuit at the zero-temperature limit. This provides the timescale to charge a single
quantum capacitive state from an electrode (Fig. 1.2a), which is [8, 13, 97]

(Eab)erd) ~(Sa)G) o

where C, is the electrostatic capacitance and C,; = €2 is the quantum capacitance.

As is implicit in Eq. (1.13), it can be noted that C,, is the series association
of electrostatic capacitance, which plays the role of external capacitance, and C,.
h/2e? D is the Landauer formula for a single quantum channel, in which, as mentioned
earlier, D is the electron transmission of an individual point contact. In an ideal point
contact, D equates with a unit, so that //2¢? is a universal constant (as previously
discussed in Sects. 1.4 and 1.5). The sum of the resistance of different quantum
channels defines the relaxation resistance as R, = (>_ h/2¢*D).

Effectively, the quantum of resistance or relaxation resistance is associated with
the probability of electron transmission of the quantum channel, as illustrated in
Fig. 1.2, which separates the accessible electronic state in C,, from the electronic
reservoir, which, in turn, is the electrode illustrated in Fig. 1.2. Thus, Eq. (1.13)
summarises the properties of a coherent quantum RC electronic circuit (at gigahertz
frequencies), which describes the electron dynamics of this ideal capacitive point
contact.

The meaning of C,, is universal, as exemplified in Fig. 1.4; classical and quantum
capacitances are two limits of fictitious capacitive metrics (depicted at the top of
Fig. 1.4). According to classical electromagnetism, an electrostatic capacitance is
dependent only on the geometric factors of the device [41, 98]. By taking the plate
capacitor as an exemplar, the electrostatic capacitance per unit of area is calculated
as C, = &¢&o(1/L), where L is the distance between the plates of the capacitor
(Fig. 1.4a), &, is the relative dielectric constant of the environment, and ¢y is the
dielectric vacuum permittivity.
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On the other hand, quantum capacitance is defined on the atomic scale as
1/C, = 1/€*[1/gi(w) + 1/g, ()] [13, 25], in which g; () and g, (1) are the left-
and right-hand electron density of states of two separate mesoscopic entities (atoms
or molecules referred to as D and A entities), as illustrated in Fig. 1.4b. The quantum
capacitance [13, 25, 29] is therefore dependent on the chemical potential differences
of the electrons [41, 43] of left and right molecular entities (donor and acceptor).

Realistically, assuming an intermediate mesoscopic situation between this clas-
sical limit and the quantum limits, we defined the chemical capacitance as a series
association of C, and Cy; 1/C, = 1/C, +1/C, (Fig. 1.4b). As expected for the
classical limit, g;() and g, () are numerically large densities of states associated
with the left-hand side and right-hand side metallic contacts, providing the limit in
which C,, equates to C, and quantum capacitive effects are depreciable (Fig. 1.4a).
C, = e> N is a possible and in fact quite a good approximation (not demonstrated)
of 1/C; =1 /e*[1/g () + 1/g, ()], employed for circumstances in which there
is a difference of potential between a quantum point contact and an electrode, as
depicted in Fig. 1.4c.

In summary, small atomic or molecular devices (as a single contact or a collection
of quantum point contacts) attached to an electrode in a vacuum or ambient air can be
experimentally studied by the linear response of sinusoidal perturbations provided
by impedance spectroscopy methods. Because the molecules attached to an electrode
are adequately modelled as quantum point contacts (individually or as ensembles),
the impedance spectroscopic response is predicted to follow Eq. (1.13).

1.9 Electrochemical Capacitance and Electron Transfer
Rate

An equivalent nanoscale electrochemical RC circuit [as stated in Eq. (1.13)] exists
when the hypothetical quantum point contact is embedded in a dielectric continuum
(Fig. 1.2b) or electrolyte, so that C,, is now replaced by C;; (the electrochemical
capacitance), and hence [41].

1 11
— ==+ (1.14)
c: \G ¢,

where C; is the ionic capacitance of the interface [39, 99], which is normally modelled
by a double-layer phenomenon. A difference should be highlighted between this
depiction of the charging events and the one in the preceding section, simply because
C; differs from C,, as illustrated in Fig. 1.5. The ionic capacitance per unit of area
is C; = g&,g0k, where k is dependent on ionic strength; « is the inverse of the
Debye length [39] and so differs from the geometric factor 1/L contained in C, =
er&0(l/L).

For instance, in the absence of Faradaic activity, 1/C, is depreciable since the
electronic density of states V' is inaccessible for charging by a potential difference
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Fig. 1.5 a Electrostatic plate capacitor in which the capacitance per unit of area is inversely depen-
dent on the distance between the plates, i.e. 1/L. b When an electrode plate is in contact with
an electrolyte, in the absence of electroactive species, an analogous electrochemical plate capaci-
tance exists, but ionic effects must be taken into account. Reprinted (adapted) with permission from
Joshua Lehr, Justin R. Weeks, Adriano Santos, Gustavo T. Feliciano, Melany, 1. G. Nicholson, Jason
J. Davis and Paulo R. Bueno; Mapping the ionic fingerprints of molecular monolayers, Physical
Chemistry and Chemical Physics. Copyright (2017) Royal Society of Chemistry

established with the electrode, corresponding to a situation where polarisation occurs
without charge transfer (referred to as a non-Faradaic event) [39]. Equation (1.14)
predicts a double-layer capacitive model and also includes other capacitive effects
associated with the charging of nanoscale molecular ensembles. Whether or not
accessible electronic states exist, there is an innate presence of quantised capacitive
effects usually embedded within what is described as “pseudocapacitance” [22].
Under such circumstances, then, both ionic and electronic contributions must be
considered in a combined electrochemical capacitance Cj, which includes a con-
sideration of Thomas—Fermi electrical field screening [(1/Cz = 1/C; +1/C,) [28,

39] to which ionic (C;) and quantic (C,) terms contribute] and x = (Cj /srso)l/ 2

which is the Thomas—Fermi wave vector [28, 39]. The meaning of « is therefore
important, since it is dependent on Cj; and on the dielectric environment, &.&g.

Both ionic (distinguishable particles) and electron (indistinguishable particles)
are embedded in the experimentally resolved C; of an electrochemical interface.
If a Boltzmann approximation is assumed, in a pure non-Faradaic charge of the
interface, then N' o« exp[—eV/kpT] (kp is the Boltzmann constant and T is the
absolute temperature), where the fluctuations in the electric potential follow classical
behaviour.

On the other hand, assuming a pure Faradaic charge of the interface, considering
only indistinguishable particles, then A" oc (1 +exp[—eV /kzT])~" and the fluctua-
tion of electric potential is distributed according to Fermi—Dirac statistics. Note that if

the ionic contribution predominates, then k = [(2¢*\)/(goerksT) | 172

s

is recovered
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from « = (C i/ srso)l/z, in accordance with the Debye—Hiickel model [100, 101],
demonstrating that double-layer phenomena are only an approximation of Eq. (1.14)
[39].

In other words, as can be seen in Fig. 1.5, these capacitances are dependent on the
inverse of the Debye length, «, which is modulated by the ionic strength resembling
the electrostatic capacitor model, although, in terms of the atomic structure of the
junction, it is manifold and the analogy must be drawn with restrictions. These
capacitances can be modelled by the simplest capacitive model, known as a double-
layer structure, which is negatively charged as illustrated in Fig. 1.5b, in which the
structure closest to the electrode is known as the inner Helmholtz plane (IHP) of the
double-layer model [39, 89].

As expected, double-layer phenomena prevail in the absence of accessible elec-
tronic states of molecular layers assembled on the electrode (see examples in Chap.
3, Sect. 3.6). This is also the case of graphene oxide, in contrast to reduced graphene
oxide (see, also, a further discussion about supercapacitance phenomena in graphene,
Fig. 3.11), where, henceforth, Debye rules over Thomas—Fermi screening. On the
other hand, in situations where there is a significant accessible nanoscale electron den-
sity of states, C; is dominated by C, and the electrical field screening is dominated,
accordingly, by electron dynamics attenuated by the electrochemical environment
[21, 29, 39], and hence governed by Thomas—Fermi rather than Debye electric field
screening.

Now let us demonstrate what the timescale of an electrochemical process would
be, following Eq. (1.13), but whose capacitance is Cj;. The latter is the case where the
charge of the mesoscopic capacitance is embedded in an electrolytic environment
[22]. This obviously corresponds to the timescale of the electrochemical reaction
conforming to a single electron transfer, such that [22, 43].
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where k is well known as the electron transfer rate constant. Equation (1.15), which
was validated previously, represents the quantum RC circuit model for electrochem-
istry, hypothetically defined at zero-temperature approximation for a single molecule
embedded in an electrode.

Note now that Eq. (1.15) can be rewritten in the form of C; = G/k, where
G = 1/R, is a quantised conductance and R, is the quantum limit of a charge
transfer resistance (R,;), as referred to in electrochemistry textbooks [90].

According to Sect. 1.5, it is evident that C; = G/ k is equivalent to the expected
response of a set of molecules assembled on an electrode, as depicted in Fig. 1.6 [22,
43]. It should be pointed out that Eq. (1.15) provides a generally valid description
of mesoscopic systems and does not require a perfectly conducting channel with
a quantised unit transmission. Thus, in this case, there is a relationship between
Y 2¢>D/h and k that can be generalised as a relationship between G and k in
distinct situations.
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Fig. 1.6 a Molecules assembled on an electrode, forming a molecular film embedded in an elec-
trolyte. b Expected thermal broadening given by d(N) /d(eV) o< (N)(1 — (N)) (see further details
in Chap. 3). This is predicted as Gaussian-shaped thermal broadening (indeed, it has been observed
experimentally, as illustrated in Fig. 3.8b in Chap. 3). ¢ Quantum electrical circuit representation
(red box) of the molecular films shown in (a). d Equivalent circuit of the ensemble depicted as
series R, and Cy; circuit elements. L corresponds to the thickness of the electron path through the
molecular layer

The response that confirms the relationship between Cj; and G, i.e. C; = k/G, is
shown in Fig. 1.6 for alkane molecular films [22]. Also, interesting is the correspon-
dence of C;; with first-principle density functional theory (DFT) calculations [29, 41],
which will be developed in detail in Chap. 2. The latter relationship demonstrates the
generality of the theoretical framework developed here. The connection of Eq. (1.14)
or Cj with first principles of quantum mechanics is important because it enables us
to understand electrochemistry from the conceptual standpoint of quantum chem-
istry [102]. Therefore, theoretical analysis relies not only on classical mechanics,
which has been preventing electrochemists from advancing their understanding of
how molecules attach to electrodes, but also allows us to demonstrate that molecular
electronics and electrochemistry are conceptually integrated.

An immediate interpretation of Eq. (1.15) is that it connects the concepts of
electron transfer rate and quantum of conductance in such a way that electron transfer
and transport are totally interchangeable through the microscopic accessing of Cj;.

For instance, Fig. 1.6a illustrates the case where molecules assembled on an
electrode surface form a molecular film embedded in an electrolyte. This particular
situation can be modelled by an ensemble of individual quantum point contacts. If the
thermal energy is considered, as shown in Fig. 1.6b, it is possible that the expected
thermal broadening given by d(N)/d(eV) o (N')(1 — (NV)) plays an important role
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(this will be discussed and demonstrated in Chap. 3, Sect. 3). This predicted Gaussian-
shaped thermal broadening is experimentally measured, [21, 27] as shown in Fig.
3.8b, and k spreads [103] as a consequence of changes in Cex, which consequently
affects C; according to [21, 29, 39] Cz = &,&0k>.

Figure 1.6¢ depicts the quantum electrical circuit representation (red box) of the
molecular films shown in Fig. 1.6a, which is expressed as the parallel sum of individ-
ual quantum resistors (h / 2e2) and series capacitors (C q,n), each coupled to an exter-
nal capacitance (Cex) associated with environmental effects and dielectrics. Note
that in a vacuum, this is C,, and in an electrolyte, it is equivalent to C;, as discussed
previously. Lastly, Fig. 1.6d illustrates the equivalent circuit of the ensemble depicted

as series R, and Cj;, which provides an electron transfer rate of k = (Rq (o ﬁ)il, fol-
lowing Eq. (1.15), where the length L corresponds to the thickness of the electron
path through the molecular layer, as exemplified in Fig. 1.6.

Figure 1.6d shows, as previously demonstrated, that an ensemble of individual
quantum point contacts exemplified by individual /2 /2¢> and C,.» components, asso-
ciated in series, possess an average response mesoscopically given by a series asso-
ciation of only R, and Cj;. This is the response experimentally obtained by means
of impedance spectroscopy measurements [21, 22, 25, 28, 41, 43]. The conduc-
tance G = 1/R, (Fig. 1.7b and d) and Cj (Fig. 1.7a) are experimentally accessible
by impedance measurements [22] in alkane molecular films, where tunnelling and
hopping mechanisms can be studied, as commonly reported by other methods [20,
21].

Figure 1.7 shows an experimental impedance spectroscopic measurement of
molecular junctions consisting of alkane thiol monolayers. Figure 1.7a shows the
Bode diagram representation of the real component of complex capacitance, while
Fig. 1.7b shows the Bode diagram of AC conductance [G(w) = Y'(w) = C"],
which is directly associated with the admittance of electrons to the molecular redox
switch ensemble (see Eq. (3.2)).

Figure 1.7d shows the conductance obtained at the resonant frequency, 20 Hz (red
vertical lines in Figs. 1.7a, b and c). The temperature dependence of C; and G is
shown in this figure to be consistent with the fact that an increase in capacitance
concomitantly causes an increase in the conductance. Figure 1.7c demonstrates that
this 20 Hz resonance frequency is temperature-independent and is defined as k =
G/Cj. Figure 1.7d also shows that G maximises when electrode energy is aligned
with redox-active sites in the switches, corresponding to E,.

It is noteworthy that the temperature independence of k = G/Cj; (see Fig. 1.7c)
is suggestive of the tunnelling mechanism and occurs even when G and Cj; are
temperature dependent within a given interval of frequencies. An extreme electron
transfer rate depends on Cj; and hence on the associated nature of the electronic
density of states.

To finalise, we must emphasise that although Cj; is a decisive factor in under-
standing the properties of mesoscopic systems, it is a component that has been
ignored in molecular electronics, and only (albeit rarely) qualitatively inferred as
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
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Fig. 1.7 a Bode representation of the real component of complex capacitance. b Bode diagram of
AC conductance, G(w) = wC”, as a function of temperature. ¢ Temperature dependence of C” as
a function of temperature. d G can be equivalently measured as a function of potential at a fixed
frequency, and as predicted, maximises when electrode energy is aligned with a redox site. Finally,
note that the resonant frequency occurs at 20 Hz. Reprinted (adapted) with permission from Paulo
R. Bueno, Tiago A. Benites and Jason J. Davis; The Mesoscopic Electrochemistry of Molecular

Junctions, Scientific Reports. Copyright (2016) Nature

orbital (LUMO ) gaps [7, 94]. Nonetheless, Cj; is a quantitative measurement of
HOMO-LUMO states, as will be shown in Chap. 2 [41].

In the theoretical framework introduced here, the electron transfer rate depends
explicitly on Cj; within its quantum mechanics components, which differ from C,,,
in which the electrical field screening is different. It is because of the latter that
we explicitly differentiate an electrochemical diu = —edV difference attained for
a single-contact electrochemical measurement (see Fig. 1.1c) from the chemical
potential (non-equilibrium) differences (du = —eV') obtained in two-terminal con-
figurations (Figs. 1.1a and b).
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In summary, electrochemically gated or not, single- and two-terminal experimen-
tal set-ups differ. Such differences are due not only to issues involving chemical
bonds to the electrodes (single or double contacts) but also, and mainly, to altered
electrical field screening. In Chap. 3, we will discuss how Eq. (1.15) complies with
frequency dependence, field effects and thermal broadening [22, 42] and also offer
experimental examples.

Finally, in treating the molecular states electronically coupled with electrodes
as point contacts, and further, in electrochemically measuring and interpreting the
properties of the ensemble from a time-dependent standpoint, a correspondence is
found between the Landauer [104] quantum of conductance and the electrochemical
capacitance [29, 41] through the electron transfer rate [22, 105], which deeply alters
the way in which electronics and electrochemistry are interpreted at the molecular
level. Indeed, although there may be differences in the experimental set-up, there are
no conceptual differences between electronics and electrochemistry at the molecular
scale.
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Chapter 2 ®)
Electrochemistry and First Principles e
of Quantum Mechanics

In Chap. 1, we demonstrated that nanoscale electronics and electrochemistry both
originate from the same physical background and are underpinned by chemical
capacitance and its association with quantised relaxation resistance, thus defining
the timescale of electronic processes that occur at the molecular scale.

In the presence of an electrolyte, which attenuates the electron dynamics, there
is electrochemical capacitance, causing the electron dynamics to be governed by the
electron transfer rate.

Thus, the fundamental energy framework at the nanoscale can be obtained by
defining the chemical or electrochemical capacitance of the processes. Accordingly,
in this chapter, we will demonstrate that the energy associated with charging chem-
ical or electrochemical capacitive states can be derived from the first principles of
quantum mechanics, using a density functional Hamiltonian.

2.1 Chemical Capacitance and Density Functional Theory

Chemical capacitance can be deduced from first principles of quantum mechanics,
using a theoretical approach based on the density functional theory (DFT) and the
associated Hamiltonian. This means that we can use accepted fundamentals and
principles of quantum mechanics to deduce the chemical capacitance without making
any phenomenological assumptions or empirical approximations that eventually lead
to models that only serve to fit experimental data.

Although this requires a major effort involving tedious calculations and theoretical
assumptions, it is important to demonstrate, at the fundamental level, the significance
of chemical capacitance and its association with chemical reactivity indices, which is
fully achieved in density functional theory [1-3]. Although this chapter is not indis-
pensable reading for those not interested in examining the origin of these concepts,
I personally find it useful to do so, since previous knowledge of quantum mechanics
and DFT is necessary to accurately interpret data.
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It is very important to demonstrate that, whether an electrolyte is present or
not (see previous chapter), chemical capacitance or electrochemical capacitance
can be deduced from quantum mechanics, which provides proper meanings to
parameters of the mesoscopic model that can be measured experimentally. Thus,
it can be unequivocally established that chemical capacitance is a fundamental
concept directly associated with the energy state of a mesoscopic system of interest,
enabling it to be engineered based on quantum electronic concepts. In other words,
if a mesoscopic entity, e.g. the capacitance pertaining to a nanoelectronic circuit or
similarly to a nanoscale electrochemical circuit, could be measured experimentally,
then that would be of great value to design molecular-based circuits. This is precisely
the case of chemical (or electrochemical) capacitance.

As a first-principle quantum mechanics technique, we will use density functional
theory (DFT), which is a powerful and interesting method for predicting the prop-
erties of matter at the nanoscale. In other words, DFT today is foremost among the
tools of quantum mechanics employed in chemistry to predict reaction properties,
using quantum computation to simulates chemical systems of interest. The reason
for this is that, as will be demonstrated below, DFT gives direct theoretical mean-
ing to well-known reactive indices that have been empirically used by chemists for
decades, providing not only a useful computational chemistry tool but also a con-
ceptual framework to rationalise chemical reactions.

In terms of computational effort, in the last few decades, DFT has been used suc-
cessfully in place of wave function quantum mechanical methods. Based on DFT,
instead of the system’s wave function one determines its ground-state particle den-
sity, which, in principle, contains all the necessary information about a chemical or
physical system, as demonstrated by the Hohenberg—Kohn theorems [4].

Furthermore, as stated previously, DFT now has a well-established potential for
quantifying chemical systems and providing them with a theoretical and conceptual
basis [2, 5—-11]. This is the so-called conceptual DFT (also known as chemical or
chemical reactivity DFT) [2, 5—11] that has been developed since the 1980s, inspired
by Robert Parr and coworkers [2, 10].

Conceptual DFT constitutes a basis for the definition of a whole family of func-
tions, such as chemical hardness and chemical softness. As will be demonstrated in
detail, if chemical capacitance is deduced from DFT, then it can be used to define
these functions. In other words, based on the system’s chemical capacitance, we can
determine its hardness or softness and begin to target electrochemical reactivity, for
instance, using this chemical index. The usefulness of this approach still remains to
be tested experimentally.

According to the terminology used in DFT, the fundamental variable associated
with all observables is, of course, the electron density, i.e. p = >, 1];?, where \{r; can
be expressed as a linear combination of Kohn—Sham orbitals, rather than the wave
function.

Over the years, chemists have devised numerous empirical atomic or molecular
models to enable predictions or explanations of chemical behaviour and reactivity [6,
9]. One such empirical parameter is electronegativity, x, defined by Mulliken as the
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average of ionisation potential I and electron affinity energies A, x = 1/2(1 + A) [2].
This empirically defined parameter has a theoretical meaning in DFT. The associated
electron (or electronic) chemical potential, i, is considered a constant and is defined

in DFT as [2].
(8 ) (8 ) @D
H=nv), " \5p ), =70 '

where E is the electronic energy of the system and N is the number of electron
particles pertaining to a given N-electron system to be studied, which may be an
atom, a molecule or a cluster, etc. Accordingly, u is clearly identified as the negative
of Mulliken electronegativity, which is highly meaningful in DFT.

In Eq. (2.1), thermal energy is ignored for the sake of convenience, and the theo-
retical meaning is that the nuclei of the atomic or molecular system are considered
to possess a constant potential energy, i.e. the applied external potential (v) leads to
an energy-related term that is constant. Lastly, note that p is N per unit of volume
(the electron density itself), then the third part of Eq. (2.1) refers to the functional
relationship between E and electron density, p. Note, also, that both v and p are
functions of 7 (spatial coordinate vector of the electrons in the system), which is
omitted here, for simplicity.

The theoretical definition of chemical hardness, n (in a conceptual DFT), has been
shown [2] to be n = (SZE/sz)V = (bu/8N), = (6u/dp),, corresponding to the
derivative of the chemical potential with respect to the number of electronic particles
in the chemical system of interest. The inverse of this function is

2
@G-, e
2E ), s/, s/,
which is termed the chemical softness of the system. The basic idea behind the use
of DFT that leads to the definition of Eq. (2.2) and its inverse function (chemical
hardness) is that, in every reaction of an atom, a molecule or a chemical system (when
defined as an N-electron system) induced by an external potential perturbation, for
instance, a proportional response to the perturbation, can be detected and measured.
‘We emphasise that the approach to be demonstrated below is actually an example
of the use of these reactivity descriptors defined through conceptual DFT in terms
of a capacitive nomenclature, which holds up quite well in dealing with mesoscopic
systems and hence, with electronic (and electrochemical) circuits at the nanoscale.
The latter are obviously very desirable in nanoelectronics and electrochemistry,
as explained in Chap. 1. This approach will also be important in understanding
the electrochemical reactions that take place in molecular switches, discussed later
herein, and is also fundamental in applications comprising molecular junctions at the
nanoscale used in molecular diagnostics. These applications will serve as examples
of the concepts developed in Chap. 1 and further discussed in this chapter, while the
purpose of Chap. 3 will be to demonstrate the universality of the concepts introduced
in this book.
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level

Fig. 2.1 a Introduction of an electron into an N-electron system (atomic or molecular) from vac-
uum. b An analogous representation of a self-exchange electron transfer between oxidised and
reduced states of an N-electron system

Figure 2.1 schematically depicts an electron transfer or an energy storage process
at the atomic scale, where (in Fig. 2.1a) an electron is introduced into an N-electron
system (atomic or molecular) from a reference level of vacuum energy. If an electron
is introduced or removed in this situation, the magnitude of the associated energy
change is well-known as electron affinity [A(/N)] in the former case or as ionisation
potential [/ (N)] in the latter. Figure 2.1b, analogously, represents an electron transfer
process that occurs between oxidised and reduced states in the N-electron system.
The latter situation is of great interest in electrochemistry because it represents a
self-exchange electron transfer process. Figure 2.1b also illustrates a particularly
important situation, largely ignored in current electron transfer rate models, which
does not consider the influence of the electronic structure for the occurrence of a
self-exchange.

In the presence of an electrode, as previously exemplified in Fig. 1.4c, the oxida-
tion and reduction reactions can occur through the electronic states of the electrode.
This situation, albeit not straightforward, can also be correlated with first-principle
quantum mechanics.

2.2 Capacitance at the Atomic Scale

The capacitance that specifies the work, in terms of an externally applied electric
potential V, which is required to bring a fixed amount of charge dg from the reference
level of vacuum energy (see Fig. 2.1a) to a particular atomic scale environment
containing a given number of N-electron particles, is defined as

= —, (2.3)

wheredg = edN, eisthe unitof charge and N is the number of electrons, each of them
stated at a particular spatial coordinate, 7, within the volume of the chemical system.
This is important because it determines a particular electron density configuration
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and associated electronic structure in a specific volume that defines the properties of
the system, according to DFT premises.

Equation (2.3) is normally introduced in classical mechanics electromagnetism,
but it can be applied beyond this field, based on suitable premises. In contrast to
classical premises, i.e. to the electronic energy associated with charging macroscopic
electrodes (as depicted in Fig. 1.4a), an equivalent process at the atomic or molecular
scale (Fig. 1.4b) involves a concomitant change in the potential of the electrons
contained in the system. Thus, the chemical potential of the system as a whole is
altered, and the potential variation in Eq. (2.1) can now be obtained as

edV = u(N +dN) — u(N) = du. (2.4)

By combining Egs. (2.3) and (2.4), we can define C,, = edg/du as the capaci-
tance associated with a change in the electronic configuration of a given N-electron
system with respect to the vacuum energy level (Fig. 2.1a). The charging energy
associated with a single electron transfer process, which is obviously important in
electrochemistry, particularly when associated with an atomic or a molecular entity,
is thus provided assuming that dN = 1, so that and then

2

Cu(N)

= (N +1) = u(N). (2.5)

Note that Eq. (2.5) represents the work needed to move a single electron from
the reference level of vacuum energy to an atomic or molecular system contained in
the vacuum, which it does by considering the changes on electronic energy. In other
words, this is not the electrostatic energy stored in a capacitor of typical geometry,
C., quantifiable as e’ /2C.. The latter is the case where the atomic or molecular levels
are considered as conductive spheres, represented by a model known as Jellium, i.e.
where the system is a uniform electron gas. On the other hand, Eq. (2.5) represents the
situation in which additional contributions beyond the geometrical spatial separation
of charges are computed. Those additional contributions are associated with the
nature of the electronic configuration and interactions per se.

Accordingly, the relative contribution of C,, to the total equivalent capacitance
depends on the sensitivity of the chemical potential to the orbital occupancy and on
the size and geometric configuration of the system. Now, considering the variation in
the total energy, E(N), associated with the addition or removal of a single electron
in this particular situation, in which an atomic N-electron system is considered and
the associated geometry must be taken into account, one has [12, 13].

W(N)=EN)—EN —1) (2.6)
from which it can be observed that

I(N) = E(N — 1) — E(N) 2.7)
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and

A(N)=E(N) — E(N +1), (2.8)
where /(N) and A(N) are the ionisation and association energies of the N-electron
system. Given that the finite difference method [14] states that Eq. (2.4) represents

the difference between the ionisation potential and electron affinity energies, we have
[15, 16]

Co V) =EWN—-1)—2E(N)+E(N+1)=I1(N)— A(N). (2.9)

And now, upon dividing the above by two to establish an exact comparison with
the electrostatic energy, e? /2C., we find the exact definition of chemical hard-
ness through a capacitive analysis [2], n = ez/ZCM(N) = [I(N)—AN)]/2 =
1/2(814/8p),, from which it can be readily observed that the softness is

o= ZC“Z(N) = 2(5—’0) , (2.10)
e o/,

which is directly proportional to the density of states, i.e. N' = (§p/8u), for the
situation described in Figs. 1.4b and c.

In other words, the chemical capacitance, C,, (N), can be defined as the capacitance
associated with charging an N-electron chemical system, which is a function of the
number of electronic particles and the electronic configuration [17]. Thus, C, (N)
is directly associated with the total energy and its variations as a function of the
variation in the number of electron particles in a given geometry of the N-electron
chemical system.

In Chap. 1, it was demonstrated that an equivalent associated electrochemical
energy [Eq. (1.2b)] can be defined by considering an external potential and a par-
ticular electric field screening. In the latter case, an associated capacitance can be
defined, known as electrochemical capacitance. Notably, electrochemical capaci-
tance is experimentally accessible by means of electrochemical spectroscopic meth-
ods (see Chap. 3 for further details).

Accordingly, from a fundamental standpoint following the equivalent reasoning of
Eq. (2.9), electrochemical reactivity can be defined using electronegativity, ionisation
and chemical softness (or its inverse, chemical hardness) terms, based on conceptual
DFT.

In Chap. 3, a more detailed explanation is given of electrochemical reactions that
occur in electroactive molecular films assembled on metallic electrodes, considering
the thermal broadening and ensemble characteristics of these systems. At this point,
however, based on the schematics in Fig. 2.2b, we can only briefly exemplify what the
equivalent circuit of an electrochemical reaction would be, hypothetically speaking,
at the zero approximation. Since the energy levels are not thermalised, they provide
only an approximate pictorial representation of how the energy levels are coupled
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Fig. 2.2 a Equivalent circuit of the electrochemical activity of an electroactive quantum dot in
contact with a metal electrode. b The quantum dot is represented as an N-electron system with an
energy of E(N)

and how these levels can serve to predict the electrochemical reactivity of a quantum
dot (or a molecule) in contact with an electrode.

In line with Eq. (1.15), Fig. 2.2a demonstrates the quantum channel resistance,
R, = > h/ 2¢2D, and the electrochemical capacitance, Cj;. Then, the latter can be
divided into electrostatic C, and localised DOS (or quantum)-based contributions,
Cy., as discussed in Chap. 1. Figure 2.2b shows an energy level model for a quantum
dot (possessing multiple contacting channel modes) in contact to a metal plate elec-
trode. The quantum dot is represented as an N-electron system with a total energy
of E(N).

In Fig. 2.2, note that the quantum dot “molecular” structure is approximated by
a square well with molecular energy levels defined relative to the vacuum level.
The frontier orbital energies are shown—correspondence with DFT is stated through
the difference between HOMO and LUMO energy levels [ey,] — €y, according to
Eq. (2.11), below]. The spatial separation between addressable quantum dot states
and those of the electrode is given by L, as depicted in Fig. 2.2b. Ef is the Fermi
energy of the quantum dot, i is the electrochemical potential of the electrons in
the electrode. The capacitance of the junction and related electron coupling is then
statistically governed by the Fermi—Dirac distribution function, f (i — Ef).

In the next sections, we continue to build upon these energy concepts within
the context of DFT in order to definitely prove how C,(N) enables us not only
to access chemical potential differences, defined through chemical hardness and
chemical softness functions, but also to demonstrate how these functions connect
and are resolved by solving the Hamiltonian. The solution of the Hamiltonian of
an N-electron system, as defined in DFT, is important, which makes it essential to
demonstrate the generality of chemical and electrochemical capacitance.
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2.3 Chemical Capacitance and Kohn-Sham Eigenvalues

The importance of Eq. (2.9) stems from the fact that it can be correlated with
Kohn—Sham eigenvalues as derived from DFT [12, 13], and this correlation is stated
as

e2

Cu(N)

—E(N—=1)—2E(N)+E(N +1) = eys1 — ey +2U., 2.11)

where ey, and ey are LUMO and HOMO Kohn—Sham (KS) orbital energies and
U. is an approximately constant term associated with the external potential energy.
Accordingly, in an isolated non-thermalised system, note that e?/C, ¢(N) = enp1—¢n
is the quantum capacitance energy of the system, a term that is proportional to the
chemical hardness and the chemical softness of a given atomic system, providing
that the external potential is constant.

The implications of Eq. (2.11) for electrochemistry are significant; the quantum
term of the electrochemical capacitance is implicitly given by the difference between
en+1 (corresponding to the LUMO energy state) and €y (corresponding to the HOMO
energy state) energies, plus a contribution from the external potential [18, 19]. Con-
sequently, the capacitance of a chemical system such as the one illustrated in Fig. 2.2,
comprising a contact between quantum dots or molecules and an electrode, is gov-
erned by the properties of the contact and of the electronic structure of the junction,
which can be described by Kohn—Sham orbitals in DFT and thus be simulated based
on numerical calculations.

Molecular examples of computational DFT calculations of the capacitance of
systems and molecular films using computer-aided numerical simulations will be
given later, in Sect. 2.6. Special attention will focus on the electronic wave function
(calculated from DFT numerical methods), describing an electroactive molecular
layer assembled on a gold electrode that forms a molecular junction, a singular and
important building block in electronics and electrochemistry, as discussed in the
introduction of this book. Equation (2.11) can lead to a continuum function that
corresponds to the density of states (DOS) of the system when it is thermalised. This
demonstrates that, when thermalised, e*/ Cy(N) = en41 — ey is a quantised energy
directly proportional to the DOS.

In summary, this section demonstrated how chemical capacitance is significantly
linked to DFT and also how it correlates to the DOS of a chemical system. The next
sections will define a DFT Hamiltonian to be employed to solve the properties of a
mesoscopic system. The aim is to demonstrate how the analytical solution of a DFT
Hamiltonian correlates with the chemical capacitance of a mesoscopic system.
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2.4 The Hamiltonian in Density Function Theory

Let us begin by recalling that, in principle, a quantum mechanical wave function
contains all the information about a given system. By determining the wave function
of the system, we can determine it’s allowed energy states. However, it is unfortu-
nately impossible to analytically solve the Schrodinger equation for an N-electron
or N-body system. Evidently, albeit tricky, some approximations must be made to
render the problem soluble. For this reason, we will adopt the simplest definition
of DFT, which, for a chemist, is a method to obtain an approximate solution to
the Schrodinger equation of a many-body system, which could be any atomic or
many-electron systems such as nanoparticles, supramolecules, small proteins.

DFT, as a quantum mechanical method, finds the solution of the system by using
electron density functionals. A functional is a function of a function. Thus, in DFT,
the most basic functional is electron density, which is a function of space and time.
Electron density is used in DFT as the fundamental property, unlike Hartree—Fock
theory, which deals directly with the many-body wave function. By using electron
density, DFT enables us to significantly speed up the calculation and simulation
of chemical systems. In the DFT method, the total ground-state energy of a many-
electron system is a functional of electron density. Hence, if the electron density
functional is known, the total energy of the system can be determined a priori.

By focusing on electron density, it is possible to derive an effective one-electron-
type Schrodinger equation. The total energy of the system can now be written in
terms of a functional of the charge density.

Accordingly, in light of the DFT theory, the system Hamiltonian, in a fictitious
system of non-interacting electrons, is written as a functional of spatial electron
density, p, such as

U e pMp(F)
El[p] = Tolp]l + / p(F)v(r)dr + = // _,—E,)dl’dr + Exc[p] + Enn,
2 dme, 80 |r —r
Ox0

(2.12)

where the dependence of electron density on the spatial coordinates has been omitted
in Eq. (2.12), for the sake of simplification. In the integrands, U represents the spatial
region where the N-electron system is located. 7y is the kinetic energy, and the second
and third terms are the interaction energy of the electrons with an external potential
[v(?)] and the electron—electron Coulomb energy, respectively. Ex. is the exchange-
correlation energy and E,, is the inter-nuclear Coulomb interaction energy.

The functional of Eq. (2.12) is minimised by the variational method under the
constraint that the number of electrons N is constant (i.e. N = [ p(F)v(F)dF is
invariant) and is therefore carried out using the method of Lagrange multipliers:

SE 8 N
M—s — /,o(r)dr—N =0, (2.13)

8p 8p
Q
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where ¢ is the Lagrange multiplier. In the particular situation, where the exter-
nal Coulomb electric potential created by the nuclei is given by v(F) =

Za Z,e JAme g0|F — Ea , Eq. (2.13) leads to the following equation
8T, 27, e?p(F . 8Ey
f 50 olol | e - p(ﬁ) g o] | _o,
o Sp “Ame el — Ra’ 4n8,80|r —r 8p
(2.14)

where the solution is found by assuming the sum of the terms in the brackets to
be null. The only known expression for the kinetic energy is given in terms of the
wave function, so the derivatives must be taken relative to the wave function rather
than to the density. Taking the derivatives of this expression using the chain rule, the
Kohn—-Sham equation is [4, 20]

h2
—ﬁvzwi + Vel = &0, (2.15)

where each ¢; for i = 1,2,... N represents the value of each Lagrange multiplier,
interpreted as the Kohn—Sham orbital energies, and V, is the Kohn—Sham effective
potential given by

2 2 (7
T S Ny . 4 MO

- = ,
“Ame,e0|lF — Ry

2.16
de e0|F — F (2.16)

and the quantity Hgg = —(hz / Zm)V2 + Vs is the Kohn—Sham Hamiltonian.

In summary, the Kohn—Sham equation is the one-particle Schrodinger equation,
and the Kohn—Sham orbital energies are obtained as eigenvalues ¢; of the Kohn—Sham
Hamiltonian.

2.5 Chemical Capacitance and the Functional of Electron
Density

It would be useful to devise expressions that could deduce the capacitance of
mesoscopic systems, using first-principle quantum mechanics. Naturally, this would
require approximations and assumptions based on the definition of a mesoscopic
system and the solution of the system’s Hamiltonian. Let us start by defining a meso-
scopic system, which could be a chemical system containing around 10'? atoms or
molecules, for instance. This, then, assumes the existence of chemical systems con-
taining a sufficient number of electrons to prevent us from solving the Hamiltonian
accurately, based on computational calculations (the computational power currently
available precludes this). However, these systems are not sufficiently large to allow



2.5 Chemical Capacitance and the Functional of Electron Density 37

for an approximation to classical mechanics, which is why quantum effects cannot
be entirely neglected.

Having introduced the definition of mesoscopic systems, we will now solve the
Hamiltonian of Eq. (2.12) considering the premise that a small perturbation of the
system’s electron density cannot significantly alter its energy state. This means that,
upon applying a linear perturbation to the mesoscopic system, its electron density is
perturbed only slightly in response to the removal or addition of a negligible number
of electrons compared to the total number existing in the entire system. In so doing,
one can see that the perturbation is linear and insignificant compared to the large
number of electronic particles contained in the whole mesoscopic system, which
could, for instance, be an assembly of molecules or a molecular film self-assembled
on an electrode.

As aresult, suppose we want to calculate the capacitance of a mesoscopic system
that gets charged, that is, the total number of electrons changes from N to N’ =
N +dN. Naming p’(F) the electron density of the charged system, the equation for
the effective Kohn—Sham potential can be written as follows:

2 20/ (F . SE.[p’
V! ¢ > Za +/ ep(r)/d;# ’(;;[/p]. 2.17)

e N N > >
F—R, dre o|F — F

f = dre gy

If one assumes that the geometry of the charged system does not change appre-
ciably with respect to the neutral species, the difference between the Kohn—Sham
potentials will be another constant, which can be written as:

e : PF) o () d7/]+ {515”[,0’] ~ (SEXC[p]}

dre.ey | |F =7 |F—7| 80’ 8p

e/f_Vef =

(2.18)

The electrostatic potential of a given charge distribution p(7) can be expressed
in terms of classical mechanics (see any textbook on electromagnetism) as V =

m Jo %d 7', which can be directly related to the capacitance, such that
2 4 , d , N/ - N 2
¢ )P0 gy PE) gl (VN (2.19)
4e, g |r—r | |r—r C

which is interpreted as the “classical” (or geometric) capacitance.

Assuming that the variations in electron density are not extreme during the charg-
ing perturbation of the mesoscopic system, and that the exchange-correlation poten-
tial is independent of the gradient of electron density, it can be stated that

(N — N)ez.

- (2.20)

V) = Vo =

e
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Since the difference expressed in Eq. (2.20) is a constant (because it has been
assumed that the external potential is constant), and given the structure of the
Kohn-Sham Hamiltonian, the Kohn—Sham eigenvalues will be rigidly shifted by
the same amount, and hence

’r_ 2
g g = (' = N)er 2.21)
c

In order to clarify what the classical and quantum contributions to capacitance
would be, the total energy of the uncharged mesoscopic system can be rewritten, in
terms of the Kohn—Sham eigenvalues as

W)ﬂ F) SExclp)
Elp] = Zs, 3 4m80 // drdr+EM[p1 / )=y 7+ Em-

(2.22)

Suppose that we want to calculate the capacitance of a mesoscopic system that
gets charged, i.e. the total number of electrons change from N to N’. Keeping in
mind that the electron density of the charged system was previously designated as
o' (), the equation for the total energy of the charged system can now be expressed
as

’ ’ p(i’)Pr e /_,SE[]d
E[P]— : & — 24718,80 // o7 Fdr +EX(|:p]—/p(r) o 74 Epy
l Q
(2.23)

and hence, the total change in the energy of the system is

E — E[p] = (Zé‘ _28’>
(0 o' Or(F) (r)p F)
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247{8,80 |r—
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(2.24)

In order to eliminate the explicit dependence of this expression on the coulomb and
exchange-correlation terms, equations of the effective Kohn—Sham potential must be
used. From Egs. (2.18) and (2.20), one has

F) dy,] . {aExc[p/] B SEM-[p]} _W-me

——dr — | —=
4e, g0 [ |7 —7 [F—7| 8o’ 8p c
Q Q

(2.25)

If Eq. (2.25) is multiplied by £~ © and integrated on 7, one has
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Then, by adding up Egs. (2.26) and (2.27), one has

p (r) o
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By substituting the result of Eq. (2.28) in Eq. (2.24), one obtains

E[p'] - Elpl = (Ze Zs,) /[p(,)+p( >](5E;:)[/,0/] B SE;;[,O])d?

Q
1 N/Z _N2 e ,
— E% + (Exc[p ] - Exc[p])
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Equation (2.21) involving the Kohn—Sham eigenvalues can also be rearranged to
obtain

N’ N’ r_ 2 N N’ (N 2
S - Zg,_z[, W CN)E}—ZE,-:ZE,.+M. (2.30)
i i i N+1

and thus, by substituting Eq. (2.30) in the first term of the right side of Eq. (2.29),
we obtain
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/

2 !
E[p'] - Elp] = Ze, 7]\7)6 +;[[p(;)+p/(;f)](5E;;[/P] B 5E;;[p]>d;

N+1 Q
1 N/2 _ N2 2
_ E(% +(Exc[p'] = Exclp))
B (/ @ / (SEM[p] ) (2.31)
Q Q

The exchange-correlation terms can be eliminated by applying the following
approximation:

1 - 1) 8Exc[0']  SEx. -
(uly') -~ Eto) = 2 [ [0~ 07 [ Eaelp] , Euc] }dr 232)
Q

This holds whenever the variation in electron density is small compared to the total
density of electronic states of the system, and usually involves situations that disturb
the electron density of a variety of mesoscopic systems. Finally, upon substituting
Eq. (2.32) by Eq. (2.31), one obtains the following expression:

N’ ’
E[N'] - E[N] = Zg,- + Gl

N+1

— N)ze2
(2.33)

Applying this equation to the particular case, where dN = *1,i.e.for N' = N+1
orN =N—1, Eq. (2.33) is simplified to assume the form of

2
E(N+1)—2E(N)+ E(N — 1) = ey41 —8N+% (2.34)

Now the more general definition of the chemical capacitance can be recovered,
which is equivalent to

2

& = RN +1) = u(N) = E(N +1) = 2E(N) + E(N = 1) (2.35)

This general definition not only explicitly illustrates the contribution of the quan-
tum levels to variations in energy between charged and neutral states of a mesoscopic
system, but also allows us to identify and separate the quantum from the total capac-
itive contribution (within electrostatic and quantum terms).

This result can be used not only to interpret experimentally measured chemical
or electrochemical capacitance, which can be obtained via impedance spectroscopic
methods [1], but also enables us to make direct comparisons with the computational
calculations (see next section).

The right-hand side of Eq. (2.34) can also clarify the classic Coulomb contribution,
which is clearly separate from the quantum capacitive contribution, at least in terms
of its analytical and theoretical solution. These contributions cannot be separated in
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an experimental measurement of the chemical or electrochemical capacitance, but the
theory helps us understand the workings of the different energy contributions. The
quantised contribution is clearly associated with charging orbitals and accessible
quantum states of the mesoscopic system, which can be observed by comparing
Egs. (2.34) and (2.35), from where the following expression can now be written:

e’ e’ e’

- + (2.36)
Cu(N) C.(N) Cy4(N)

This expression defines the chemical capacitance, as introduced in Chap. 1, and
also defines the electrochemical capacitance if the mesoscopic system is embedded in
an electrolytic environment, which corresponds to Eq. (1.14). Lastly, Eq. (2.36) firmly
demonstrates a correspondence with the quantum capacitance of the mesoscopic
system, which, following only density functional methods, is now established as:

eZ

- 2.37
D) (2.37)

EN+l —EN

and is directly associated with the differences between LUMO and HOMO in a
molecular mesoscopic system or molecular assembly. Consequently, the remaining
term, >/ C, is the 2U, term of Eq. (2.11).

In summary, Eq. (2.34) is equivalent to Eq. (2.36), and hence, to 1/C,, = 1/C, +
1/Cy, quod erat demonstrandum, corresponding to a general situation that can be
applied to any mesoscopic system. As this demonstration is based on first-principle
quantum mechanics, it offers a general result. In other words, the approximation
made for a mesoscopic physical scale follows suitable physical considerations that
are valid, a priori, for any mesoscopic system, where variations (or perturbations) in
electron density are negligible compared to the total electron density existing in the
mesoscopic system.

We need to emphasise that in the presence of an electrolyte, the capacitance defined
in Eq. (2.36) turns into that of Eq. (1.14), i.e. this is therefore the electrochemical
capacitance. Depending on the environment, the electrochemical capacitance theo-
retically explains double-layer or pseudocapacitance, as generally referred to in the
literature of electrochemistry. Double-layer or pseudocapacitance can be used as a
probe for an underlying surface potential or local electrostatic change, and its sen-
sitivity depends directly on the softness or hardness of a given molecular interface
[21-23].

In the next section, the theory is tested within a DFT computational framework
(using isolated and electrode coupled molecular systems) to observe the quantitative
and qualitative impact of the electronic structure on the capacitance of mesoscopic
systems. The computational results are also compared quantitatively with resolved
experimental values obtained for electroactive molecular films.
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2.6 Computational Density Functional Simulations
of Molecular Films

In seeking to apply the theoretical fundamentals developed in the last section to the
electrochemical capacitance obtained experimentally in electroactive molecular films
assembled on metallic (gold) electrodes, the film’s properties were simulated using
a suitable atomistic model (see Fig. 2.3). The atomistic model comprises a gold
cluster in which ferrocene-hexanethiol (a well characterised and commonly used
electrochemical probe) is covalently attached to the metallic cluster. The quantum
properties obtained in the system of the latter model were compared with those
calculated for an analogous isolated ferrocenyl-hexanethiol system (the protonated
form of the thiol). The latter has 40 atoms and is, of course, attached to a gold metal
slab of 300 atoms.

After making DFT computational calculations, one can see (Fig. 2.3) that the
positively charged gold cluster alkylthiolate-ferrocenium [AuS-(CH;)¢-Fc*] is the
chemical entity (a mixture of charged and uncharged states exists in molecular films)
that most contributes to the electrochemical capacitance associated with this junction.
DFT geometries and their respectively calculated isodensities are depicted in Fig. 2.3
for both the LUMO (red) and HOMO (blue) states. The inset in this figure shows
analogous depictions of the isolated molecules. Also, in this computationally sim-
ulated system, there is a notable energy state alignment within the surface-tethered
configuration, demonstrating that there are superpositions of the electronic states of
the molecular film on those contained in the gold electrode.

It is important to note that capacitance measurements can only be experimentally
resolved for the surface-tethered film configuration, since only here can the dynamic

Fig. 2.3 Positively charged alkylthiolate-ferrocenium gold cluster [AuS-(CHj)e-Fc*]. DFT
geometries and respective calculated isodensities are shown for both the a LUMO (red) and b
HOMO (blue) states
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electrochemical reaction store energy and an associated capacitance be experimen-
tally measured [24].

Nonetheless, in modelling or simulating the electronic structure of both isolated
and tethered molecular configurations (Fig. 2.3), one can clearly observe how the
electronic structure arising from the electrode-molecule coupling influences the
capacitance by generating new energy states. These energy states exist only due to
the molecule—electrode coupling and the contribution of this process to measurable
charging associated with chemical capacitance.

In addition, by simulating the electronic structure of the cluster, it can be demon-
strated that the experimentally resolved quantum capacitance aligns well with DFT
generated predictions of contributing orbital states, which is in agreement with
Eq. (2.11) and the Kohn—Sham orbital interpretation in DFT. The newly coupled
electronic state established at the interface provides energy alignment and decreases
the HOMO-LUMO separation, thereby contributing to increase the capacitance at
this interface.

By means of Eq. (2.11), we initially analyse the variation of the total energy of
the system with respect to charge variation/electron occupancy of the states of the
molecular junction. To avoid unnecessary computational complexity, all the DFT
calculations were considered in vacuum conditions and at zero absolute temperature,
thus accessing the intrinsic properties (the quantised characteristic of the gold slab is
observed in Fig. 2.4) of the molecular system without having to sample over a range
of thermally accessible conformations.

Once an initial ground state is defined (by optimising geometry according to
DFT code), the variation in the system’s chemical potential with respect to electron
exchange is accessible. The chemical potential of the system was evaluated by DFT
across three states of charge, in line with Eq. (2.11), i.e. (i) the energy of the oxidised
state, bearing N electrons, E (N), here the Fe(IIl) state; (ii) the energy of the reduced
state, containing N + 1 electrons, E(N + 1), here the Fe(Il) state; and (iii) the energy
of N — 1 electron system, E(N — 1). All the energies were calculated (see Table 2.1)
within the same molecular geometry for both isolated and tethered molecular systems,
with geometries (as shown in Fig. 2.3) assumed to be invariant throughout the electron
exchange.

Here, it is worth noting again (Figs. 2.3 and 2.4) that it is the ferrocenium entity
that most prominently contributes to C, charging because it is here that HOMO
and LUMO are mostly energetically aligned with underlying gold states. As shown,
there is no evidence for iron and gold state energy alignment for the neutral species,
confirming the lack of neutral redox state contribution to the HOMO and LUMO
electronic structure that modulates the chemical capacitance.

Figure 2.4 shows the projected DOS for the [AuS-(CH;)¢-Fc] system (Fig. 2.4a)
compared to the [AuS-(CH,)s-Fc*] (Fig. 2.4b) system, and their corresponding mag-
nified views (Figs. 2.4c and d), indicating the contribution of each atom to each
projected molecular orbital. The relevant peaks are those closest to the zeroed Fermi
energy level, which serves as a reference level between occupied and unoccupied
states. The occupied states correspond to the peaks on the right (positive), whereas
the unoccupied ones are positioned to the left-hand side (negative). In Fig. 2.4, the
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Fig. 2.4 Projected DOS for a the [AuS-(CH;)s-Fc] system and b the [AuS-(CH;)¢-Fc*] system,
and the corresponding magnified views (c) and (d), showing the contribution of each atom to each
projected molecular orbital

DOS was obtained from a convolution product between the Kohn—Sham eigenvalue
spectrum and a Lorentzian broadening function of width 0.05 eV that are not strong
enough to eliminate the observed quantised behaviour.

Figure 2.5a depicts the electronic structure of the isolated (positively charged)
molecular system (geometry as shown in Fig. 2.3) together with the change associated
with coupling to the metal slab (Fig. 2.5b). Most significantly, sufficient energy
alignment was resolved here between the HOMO and LUMO states to allow the
system to be described as having an effective DOS function. This effect is enhanced if
the thermal broadening effects (as shown in Fig. 2.5b, continuous line) are integrated
using Lorentz—Boltzmann statistics.

This increased chemical softness, in turn, increases the associated quantum capac-
itance [according to Eq. (2.37)]. Itis important to note that the significant contribution
to the energy alignment and coupling of gold orbitals of the “electrode” with iron
orbitals of the attached molecular system containing ferrocene is enhanced by the 3d
orbital of the iron itself and the carbon ring 2p states of the ferrocene (as evidenced
in Fig. 2.3, when comparing the molecule—metal junction with the isolated molecule
shown in the inset).

Figure 2.5 demonstrates in detail Kohn—Sham eigenvalue spectra (red lines), i.e.
the energy states according to orbital analysis around the Fermi energy level for
isolated ferrocene-hexanethiol (Fig. 2.5a) and for ferrocene-hexanethiol (Fig. 2.5b)
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Fig. 2.5 DFT calculated energy states according to orbital analysis around the Fermi energy level
for a isolated ferrocene-hexanethiol, and b for ferrocene-hexanethiol tethered to a metal slab

tethered to a metal slab. In Fig. 2.5b, there is evident perturbation of orbital states
due to the presence of metallic states, with thermal broadening of the additional
states introduced in the metallic-molecular junction between HOMO and LUMO
of the system to room temperature, i.e. to 298 K. This can thus be described by
a continuum DOS function, as shown in Fig. 2.5b. The decreased HOMO-LUMO
energy gap and the increase in chemical softness of the system directly affect chemical
capacitance, as discussed previously. The contributions of the accessible HOMO and
LUMO quantum states to the capacitance follow Eq. (2.37).

Table 2.1 shows DFT calculated energies for the N-electron system considered
herein, for both free [(HS-(CH,)q-Fc)] and surface-confined [AuS-(CH,)g-Fc] con-
figurations. These energies were subsequently utilised, though Eq. (2.11), to calculate
the electrochemical capacitance, C,,. In Table 2.1, note that the Kohn—Sham orbital
eigenvalues are expressed as €y, and ey. Also, note that E(N) corresponds to the
total energy and e to the energy of the specific eigenvalue. Finally, C,, is calculated
in (a) farads, where a is equivalent to 1078,

Using the energies obtained in Table 2.1, the quantum capacitance e/ C,(N) con-
tribution to the total capacitance was calculated by considering its correspondence
with the differences between ey.; (LUMO eigenvalue) and ey (HOMO eigenvalue)
of the molecular system following Eq. (2.37). Of course, the resolved quantum capac-
itance (Table 2.1) also has contributions that differ between the isolated and surface-
tethered configurations, in a manner largely dependent on the occupancy of 3d-states
associated with the ferrocene centre. The surface-tethered system is softer by virtue
of the new orbital states generated (gold derived states) and has an increased quantum
capacitance compared to the isolated system.
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Gold metallic states that are energetically aligned with oxidised iron states in
the molecule contribute to a reshaped molecular DOS and an enhanced charging
efficiency (and thus enhanced C,,). Significantly, the capacitive charge of the isolated
molecule is both experimentally undetectable and energetically more demanding
(see Table 2.1). In considering how sensitive the detectable capacitance is to orbital
occupancy/electron density [§p(N)/Su(N)] changes, it is instructive to note that
this is expected to be greater the softer the systems, as is the particular case of the
molecule—electrode system.!

Finally, the experimentally resolved quantum capacitive term (proportional to the
DOS) obtained from electrochemical impedance experiments (Fig. 3.1) can be the-
oretically rationalised and quantified by DFT. Capacitive spectra shown in Fig. 3.1a
and b correspond to measurements taken at the electrochemical half-wave poten-
tial where capacitance is maximised [14, 25, 26] (when the oxidised and reduced
states responsible for capacitance are equally populated). A quantitative comparison
with an experiment can be made by considering the particular situation in which
Eq. (2.11) is applicable, resulting in C, = ¢’ N'(E) = ¢*(§N/SE),. Assuming that
the majority of the states come from the quantised occupancy of the states, C,~C,,,
the experimentally resolved C,, is highly dependent on the DOS situation theoreti-
cally predicted in Fig. 2.5b.

In making DFT calculations to include a more experimentally realistic depiction of
molecular films, we used a cluster comprising 25 alkyl ferrocene molecules tethered
to a metal slab (retaining geometries). Using these calculations we then found that
C, = N (E) ~ 230pF cm™2, which is in good quantitative agreement with
the result found experimentally by capacitance-derived impedance spectroscopy for
these films (~200 wF cm~2—see Fig. 3.1a and b).

In this chapter, it was established that the energy associated with charging chemical
capacitances (or electrochemical capacitance) can be derived from first principles of
quantum mechanics, thus constituting a general and fundamental concept.

Furthermore, it was demonstrated that computationally simple DFT calculations
outlined overlay satisfactorily with experimental observations (within capacitive-
derived impedance spectroscopic experiments), since both are concerned with a
consideration of parameters that are direct functions of the density of chargeable
states, and again, are general within the DFT premises.

The density of the chargeable states was demonstrated to be that associated with
Kohn—-Sham frontier orbitals (the occupation of HOMO and LUMO frontier orbitals)
with their respective eigenvalues. Since the electrochemical (or redox) characteris-
tics of the surface-bound molecules are, of course, implicitly governed by the surface
potential tuned alignment between these and electrode states, it follows that chem-
ical (or electrochemical) capacitance is strongly influenced by the additional states
introduced directly into the HOMO-LUMO gap during surface assembly.

INote that softness was considered herein in terms of the electrochemical occupancy rather than
polarisability of the electrochemical accessible centre or redox molecular switches, following the
rationale given by Eq. (2.11).
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An important DFT-supported observation is that charging efficiency correlates
strongly with chemical softness of the orbital states. It was further shown that inter-
facial charging (of an electroactive film comprised of ferrocene molecules) is domi-
nated by the oxidised ferrocene states because that is where energy alignment with
metal states is optimal.

The theoretical framework presented here, based on conceptual DFT analysis
is therefore general at any level of modern electronic structure theory (i.e. beyond
DFT definitions of electronic structure). The electrochemical analysis it supports
represents a general and valuable means of predicting experimental electrochemical
observations of molecular films and lays the groundwork for an optimised approach
in generating molecular films of either very high charging capacity or highly envi-
ronmentally responsive charging.
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Chapter 3 ®)
Field Effect and Applications oo

Chapter 1 discussed the importance of establishing a unified standpoint for elec-
tronics and electrochemistry, and also showed that this can be done by suitably
defining chemical or electrochemical capacitances. In Chap. 2, a detailed descrip-
tion was given about how chemical or electrochemical capacitances (if an electrolyte
is considered in the analysis) can be derived using the first principles of quantum
mechanics.

Thus, hopefully, readers are convinced about the importance of the preceding
generalisations. Based on this expectation, in this chapter we confirm that classic
electrochemistry, as an approximation of quantum mechanics, cannot depart from it
by using classical electric circuit elements in its analysis of phenomena. Instead, it
must use those that are defined in Chap. 1, adopting quantum principles and subse-
quent thermalisation of the circuit elements using ensembles and physical statistics.

This chapter also explains how the use of suitable circuit elements enables us
to correctly interpret the properties of molecular electrochemical switches used as
quantum sensor elements in biosensor applications, particularly in molecular diag-
nostics. Also demonstrated is how the field effect operates in these redox switches,
and how they are therefore used as mesoscopic transistor elements of terminals. In
addition, this chapter describes how circuit elements of electrochemical capacitance
comply with supercapacitance phenomena in mesoscopic structures of graphene and
titanium oxide. For the reasons previously stated, the compliance was obviously
based on the analysis of the timescale of the process.

3.1 Faradaic and Non-Faradaic Processes

When discussing electronics and electrochemistry comparatively from a historical
perspective, it is important to recall Michael Faraday’s belief that electronics and
electrochemistry are not different disciplines. Nonetheless, physicists appropriated
Faraday’s law of induction, which was important in building electrically powered
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apparatuses as a separate branch. In contrast, the different fields of chemistry began
to develop the discipline of electrochemistry, and here Faraday’s constant [1] and
Faraday’s law of electrolysis [1] were fundamental to the progress achieved in this
field. Thereafter, two different approaches to the phenomenon of capacitance, also
introduced by Faraday (the unit of capacitance, Farad, was a tribute to him), were
applied in electronics and electrochemistry.

Distinct interpretations of capacitance and capacitors, as elements of circuits in
electronics and electrochemistry, have given rise to separate terminologies, i.e. elec-
trostatic and electrochemical capacitors (double layer, for instance). In the field of
electrochemistry, also in tribute to Faraday’s law of electrolysis, the processes occur-
ring in the presence or absence of charge transfer, respectively, are termed Faradaic
and non-Faradaic [2-4].

In other words, as discussed in Chap. 1 and as will be reinforced with some exper-
imental examples in this chapter, Faradaic and non-Faradaic processes are interfacial
mechanisms that do or do not comply with Faraday’s law of electrolysis. The dif-
ferences are only a matter of how the electric field is associated with the charged
particles that comprise the interface and how this field is screened at the junction by
an electrolyte (this is discussed in detail in Sect. 3.6).

Thus, this chapter reinforces that there are no conceptual and physical differ-
ences between the charging processes that occur in electronics and electrochemistry,
provided they are at the nanoscale. Electrochemical devices have the additional con-
tribution of ions in the charging of their capacitive components, but this can be
integrated in the theory, as demonstrated in Chap. 1. Accordingly, although the elec-
trolyte is additional to electrochemical devices, it can be integrated with the theory
that underpins mesoscopic electronic devices. We will begin by exploring junctions
using frequency-dependent methods such as impedance and discussing what drives
the screening of the electric field in nanoscale interfaces in contact with an electrolyte.

3.2 Experimental Frequency-Dependent Methodology

By following the perturbation theory, that is the linear dynamic response of a molecu-
lar system (like that depicted in Fig. 3.1), the time-dependent properties are accessed
by the impedance or admittance of the system. This can be done experimentally using
a potentiostat.

It follows that the frequency-dependent capacitance is measured as Cj(w) =
dg(w)/dV (w), which (in its complex form) is dependent on the perturbation fre-
quency (w), such that [5, 6]

cO
~ (0 . 0 2\ ~u i
Cu(w) = Cp(1+ joR,Cp) + O(w®) ~ m (3.1)
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Fig. 3.1 a Capacitive Nyquist, and b Bode plots, showing that the electrochemical capacitance of a
molecular junction, comprised of 11-ferrocenyl-undecanethiol self-assembled on a gold electrode,
is about 200 WF cm™2. Reprinted (adapted) with permission from Paulo R. Bueno, Flavio C. B.
Fernandes and Jason J. Davis; Quantum Capacitance as a Reagentless Molecular Sensing Element,
Nanoscale. Copyright (2017) Royal Society of Chemistry

where T = 1/k = chg (ork = G/ Cg) is the relaxation time of the charging
process and Cy is the capacitance at @ — 0, so that Cz(w — 0) = Cy = G/k. The
validation of Eq. (3.1) in terms of admittance, G(w) = jwCj(w), can be confirmed
experimentally by analysing its dissipative Re[G(w)] = R, and non-dissipative
Im[G(w)] = wCj terms, respectively.

Note also that Cg, which is determined experimentally at a low frequency limit,
as illustrated in Fig. 3.1, is not affected by the electron dynamics and this can be
promptly ascertained, providing direct feedback about the electronic structure [5,
7] of the perturbed molecular ensemble, as demonstrated theoretically in Chap. 1.
Furthermore, note that R, is related to the real part of the AC conductance and
therefore requires a dynamic theory. In analogy with Eq. (3.1), the conductance is
expressed as

G(w) ~ —wCY +w*(CY)’R, + 0(0), (3.2)

for which, at the low frequency limit, the perturbation provides G(w) ~ —ng.

Impedance-derived capacitance measurements (see Fig. 3.1) are taken at the Fermi
level of a molecular quantum ensemble. This molecular quantum ensemble is com-
prised of 11-ferrocenyl-undecanethiol self-assembled on a gold electrode, forming
a junction. The Fermi level of the junction coincides approximately with the elec-
trochemical formal potential of the junction corresponding to the potential in the
electrode, which coincides with the maximum of the electronic DOS curve depicted
in Figs. 1.6b and 1.7d.

The direct graphical analysis in Fig. 3.1 is useful in determining the electrochemi-
cal capacitive behaviour, as discussed in the context of Eq. (3.1). This capacitance cor-
responds to the electrochemical capacitance (analysed theoretically in Chaps. 1 and 2)
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and can be measured, as illustrated in Fig. 3.1, as a function of potential scanned at a
fixed predetermined frequency of 80 MHz, and the DOS curves can be constructed
as exemplified in Figs. 1.6b and 3.8b.

Figure 3.1 clearly shows that once Cg is determined, then so is R,, based on
knowledge of the resonant frequency, w, = 1/R,C2, which occurs at a frequency
corresponding to the maximum of the capacitive semicircle-like response depicted in
this figure. This is a direct measurement of the electron transfer rate, such as k = w,,
following the theory introduced in the context described by Eq. (1.15).

3.3 Field-Effect and Mesoscopic Electrochemical
Transistors

It will now be demonstrated that a molecular ensemble of electrochemical capac-
itive point contacts operates analogously (albeit not equivalently, in that it follows
quantum RC characteristics and the electric current is essentially dynamic) to a field-
effect transistor format (short-circuited source and drain contacts) operating in an
electrochemical environment.

Transistors [8—16] are devices used to amplify or switch electronic signals and
electrical power. Field-effect transistors (FET) utilise an electric field to control the
behaviour of the device and are typically made of three terminals, i.e. source (S),
drain (D) and gate (G) (see Fig. 3.2a). The conductivity between the drain and source
terminals is controlled by an electric field induced in the device, which is generated
by the voltage differences between the channel and the gate terminals.

Chemically sensitive field-effect transistors [17—19] measure chemical alterations
based on variations in the electric field of the chemically reactive environment in
which they are embedded. For instance, when a target analyte concentration in a
solution (in contact with the channel) is varied, the electric current passing through the
transistor responds accordingly. A variation in the concentration of charged analyte
ions in the solution induces a difference in chemical potential between the source
and gate, which is measurable by FET as changes in the electric current. The design
of this transistor is known as an electrolyte-gated FET [20, 21], because the ions do
not penetrate into the channel, but instead, accumulate near its surface or near the
surface of a dielectric layer (deposited on the channel), inducing accumulation of
charge inside the channel, which is thus probed by electric field variations near and
through the surface.

Organic electrochemical transistors [22—29] are a category of chemically sensitive
FET in which the drain electric current is controlled by injecting ions from an elec-
trolyte into the channel, altering the electronic charge density throughout its entire
volume and resulting in very high transconductance. The disadvantage of organic
electrochemical transistors is that, albeit sensitive, they are slow. The electronic
properties in both electrolyte-gated FET and organic electrochemical transistors are
controlled by ionic movement, and hence, by non-Faradaic characteristics of the
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Fig. 3.2 a Typical architecture of an electrolyte-gated and chemically sensitive organic FET. b
Pictorial representation of a mesoscopic electrochemical transistor molecularly designed using
redox switches, i.e. ferrocene-terminated alkanethiols. ¢ Illustration of redox-switched alkanethiol
monolayers assembled on metallic electrodes within receptors, for molecular diagnostic applications

interface [18, 27]. The non-Faradaic charging characteristics of the interface are
governed by double-layer capacitance and Debye field-effect screening, following
the Debye length scale.

Figure 3.2a depicts a typical architecture of an electrolyte-gated and chemically
sensitive organic FET, where E,.; refers to the electrochemical (silver/silver chloride)
reference electrode, and d is the thickness of the organic (or dielectric) ion-permeable
layer in contact with an electrolyte. Analogously, Fig. 3.2b contains a pictorial rep-
resentation of a mesoscopic electrochemical transistor molecularly designed using
redox switches, i.e. ferrocene-terminated alkanethiols (alternatively, a redox-active
peptide chain can be used [30]; see further discussion in this chapter). Note that
Figs. 3.2a, b are examples of electrochemical transistors, but Fig. 3.2b indicates that
the mesoscopic electrochemical transistor is governed by quantum effects.

The goal here is to demonstrate how electrochemical capacitance, as a suitable
molecular circuit element, can serve as a gate terminal in electrochemical transistors,
representing a new class of electrochemical transistor. The nature of this category of
transistor is intrinsically mesoscopic (Figs. 3.2b), combining classical and quantum
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mechanical effects within channel and gate components of the transistor, based on
the concept of electrochemical capacitance.

As shown in Fig. 3.2b, the electric field in a mesoscopic electrochemical transistor
is screened following redox rate dynamics. In other words, the dynamic equilibrium
of the electrochemical current (oxidative and reductive), called exchange current
[1], is resonant with electronic states contained in the electrode. The associated
electrochemical capacitance, Cj;(w) = dg(w)/dV (w), whichis frequency dependent,
can be ascertained by impedance-derived capacitance measurements [31].

In Fig. 3.2b, note that the source and drain electric current contributions depend
on the steady state bias dV = dj1/e imposed by a potentiostat. The mesoscopic FET
structure reaches electrochemical equilibrium at @ = E,, i.e. when &, which is the
electrochemical potential of the electrons in the electrode, is energetically aligned
with E,, which, in turn, is the formal potential of the redox switches. Accordingly,
following the analysis given in Chap. 1, the Fermi level is constant at the junction,
meaning that despite the presence of a dynamic resonant current, there is no net
electron flux (see Fig. 3.2b).

Following the energy schemes shown in Fig. 3.2b, the difference between the
electrode and gate potentials is defined as dVg = (V — V,) = —dji/e. The gate is
constituted of any modified layer (mesoscopic in character) in which electrochemical
or quantum states are resolvable by an AC perturbation, such that the potential in the
bridge (or the channel of the FET), V,, is dependent on the electron density in the
channel, N, i.e.

Ve =Vs —eN./Ci, (3.3)

where g. = eN, is the charge in the bridge and e N/ C; is the potential of the electrons
in the bridge (screened by the electrolyte). The capacitance in the gate can thus be
written as

dg. . dg. dV,
dvg  dv.dvg’

3.4)

Now, by applying the derivative of Eq. (3.3) with respect to Vi, we find that
dVv,./dVs =1 —[(1/C.)(dg./dV)], allowing Eq. (3.4) to be rewritten as

dg. dg. 1 dg.
e _ Sy %de ) (3.5)
dve _ av, G dVe

By assuming that dg./dV, the total capacitance, is the equivalent capacitance
(of two series; C; and C,) of the system, that is, Cj;, and also by noting that dg./dV,
is the quantum capacitance, C,, we obtain

1 _dVG _<Cq+Ci>_ 1

1
= = =+ —=.
Cﬂ dqc CqC,' Ci Cq

(3.6)
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Fig. 3.3 a FET structure functioning in equilibrium DC conditions. b This architecture reflects
the mesoscopic situation in which an external perturbation acts upon the system. ¢ FET-associated
equivalent circuit that governs behaviour when only gate voltage is varied in equilibrium conditions
in configurations (a or b)

Finally, Eq. (3.6) demonstrates that a two-dimensional electroactive molecular
ensemble behaves as a particular type of field-effect transistor. However, unlike
traditional field-effect transistors (Fig. 3.3a), the properties of the gate can only
be accessed dynamically because of the single-contact configuration, as shown in
Fig. 3.3b. Equation (3.6) is equivalent to Eq. (1.14) and thus demonstrates that elec-
trochemical capacitance can be used as circuit elements of molecular structures to
design molecular transistors. This very important conclusion, which is in agreement
with the theory introduced in Chaps. 1 and 2, affects the development of molecular
junctions for electronic or electrochemical applications.

Dynamic measurements can be taken using time-dependent techniques such as
impedance spectroscopy. The closest this analysis brings one to traditional transistors
is if one considers an analogy where traditional field-effect transistors could operate
under equilibrium conditions and an imposed AC potential is applied to investigate
the equilibrium properties of the channel and gate. However, even this situation
is not totally equivalent because of the way contacts are established in traditional
transistors.

For instance, Fig. 3.3a illustrates a FET with a nanoscale channel structure (a
molecular wire, for instance) functioning under equilibrium DC conditions, i.e. where
the potential of the left- and right-hand electrodes are equal. Figure 3.3b shows a
single-contact architecture that reflects the mesoscopic state where an external pertur-
bation acting on the system, e.g. electric time-dependent fluxes from AC perturbation
methods, is able to access the properties of the channel and the gate terminals. These
FET architectures are similar inasmuch as they are both based on field effects, but
they have essential differences that depend on the scale in which the FET device is
operating, i.e. microscopic versus mesoscopic.
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The electrochemical information contained in a mesoscopic and dynamic architec-
ture can be obtained only from time-dependent electrical measurements. Figure 3.3c
illustrates the FET-associated equivalent circuit that governs the behaviour when only
gate voltage (V) is varied in equilibrium conditions, i.e. when the source and drain
are poised at the same potential. In such a configuration, the equivalent capacitance is
a chemical or electrochemical capacitance, measured as C, = CeCy/ (Cext + Cq),
where Ce, is the external capacitance, in agreement with Fig. 1.6a and Eq. (1.14).
The only difference between C,, = Cexth/(Cext + Cq) and Eq. (1.14) is how Cex
is defined. The chemical capacitance will be translated into electrochemical capac-
itance in the presence of an electrolyte, thus making C.y will be a kind of ionic
capacitance, such as a double layer. In the case of solid-state electronic circuits, Cex;
is replaced by geometric or electrostatic capacitance.

In other words, the problem can be generalised and the difference between the
potential in the channel (V,) and in the gate (V) is dependent on A as V. — Vg =
—(eN'/ Cext). The gate capacitance is then dg /dVs = (dg/dV,)(dV,./dV;). By not-
ingthatdg/d Vg is Cg and dg /d V. is the quantum capacitance (C,), dg /dV becomes
rearranged as:

2
% = qz(%) = qz(—cq : Ce’“) = q2< Ly i) 3.7)
o q Cq Cext Coxt Cq
which is an expression explicitly equivalent to Eq. (1.14), where g is the total electric
charge involved in the process of charging the equivalent capacitance.

Thus, Eq. (3.7) implicitly demonstrates that, in experimentally accessing Cg, the
thermodynamic properties of the gates are traceable, causing molecular sensitive
changes in the electric potential of the gates to become quantifiable. Consequently,
the associated energy scale [5] of the gate is E = ¢*/ 2C2. Variations in this energy
due to the occupancy of the states (in the gate or in the channel) associated with C 2 can
be reported through derivatives of E with respect to the (total) charge, thus resulting
in dE/dg = q/C?, which is an electric potential difference. For a single-electron
transfer reaction at a constant temperature and pressure, dE = dG = —edVg = AL,
which is associated with the electrochemical potential difference between the gate
and electrode [32].

Alternatively, in agreement with Eq. (2.35), it can be noted that 1/ Cg is equiva-
lent to dg/dVs, where gdV = w(N +dN) — u(dN) = dj is the electrochemical
potential difference due to the displacement of a number of electrons N. Assum-
ing the exchange of a single electron d N = 1 and considering only the transfer of
an elementary charge, this becomes —edVs = dji, which, when combined with
1/C2 =dq/dVg, gives ez/Cg =dpu.

dip = e*/ Cg corresponds to the amount of energy spent in the transfer of a single
electron from the electrode to a single quantum state in the gate, comprised of an
ensemble of individual electrochemical switches.

At a finite temperature and under a fixed external potential (using same electrode
potential and solvent environment), d 2 quantifies the differences between the HOMO




3.3 Field-Effect and Mesoscopic Electrochemical Transistors 59

and LUMO of the molecular ensemble [according to Eq. (2.11)], as depicted in Fig.
1.6b and 2.5a. Furthermore, based on the former analysis, it can be concluded that
the ensemble of molecular contacts is a distribution of individual non-interacting
electronic systems, equivalent to a two-dimensional electron gas [33].

In summary, in this section we demonstrated that electrochemical capacitance,
in addition to being obtained experimentally using impedance spectroscopic meth-
ods, can serve as a gate and therefore designed as a quantum or molecular circuit
element assembled directly on an electrode to operate as an element of a particular
type of transistor, i.e. in mesoscopic molecular transistors. The next section demon-
strates how this settles with thermal broadening, i.e. how these transistors realistically
respond at room temperature.

3.4 Thermal Broadening

Electrochemical reactions realistically operate at room temperature, so the zero-
temperature approximation [of Egs. (1.14), (3.6) or (3.7)] is impracticable. Since
Cg o [dN'/df], the easiest way to assess the thermal broadening of an ensemble of
parallel quantum capacitors (as shown in Fig. 1.6b) is to resort to the grand canonical
ensemble.

Assuming that the electrons are non-interacting, the states available for occupation
in the mesoscopic capacitive point contacts (that form the molecular ensemble) are
governed by a derivative of the average number of capacitive contacts with respect to
the electrochemical potential of electrons, [d{(N\)/dft]. This potential, which can be
determined following the variance in capacitor numbers of the thermal broadening
(at a constant temperature and microscopic volume, ) such that [34]

d(N)

1
-7 = 1— 3.8
(%50). . = prta— o 68)

where () = (1 + exp[—eV/kpT])~! is the average number of quantum capacitors
and where —eV = E, — . Keep in mind that E, is the Fermi level associated with
the ensemble of quantum capacitive states individually in contact with the electrode,
and at electrochemical equilibrium 1 = E,; hence, thus () = 1/2. Considering a
number density of states (or a molecular coverage of the reservoir), I, which defines
the number of quantum capacitors covering the surface of the electrode, C2 is then
finally obtained as

2
o_ |l _
Cp = [kBT}W)(l (M), (3.9)

since e/ kg = F /R, where R is the ideal gas constant and F is the Faraday constant.
A relationship between this mesoscopic model and classical electrochemistry is once
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again established so that, as expected, classical electrochemistry is contained in the
quantum equivalent. Recall Chap. 1, which contains complementary discussions.

For instance, consider the quantum capacitive ensemble comprised of a mono-
layer encompassing individual molecular electroactive entities (Fig. 1.6a), i.e. each
molecule as an individual quantum point contact. In Chap. 1, it was explained that a
collection of individual molecules forms an ensemble on the surface of an electrode,
and that its capacitive macroscopic response is experimentally accessible as Cg by
impedance or potential sweep methods.

Given that, in the condition of electrochemical equilibrium, it is known that
(N} = 1/2, it can be stated that in a molecularly modified electrode, the product
(MY(1 — (N)), which is part of Eq. (3.9), equates to 1/4. Accordingly, the equivalent
capacitance of the molecular ensemble, at the Fermi level of the junction (i.e. the
potential of equilibrium of the junction), is given by C 2 = ¢’I"'/4RT, whichis in line
with the traditional electrochemistry analysis, as previously discussed in Chap. 1.

Thus, Eq. (3.9) conforms to the classical electrochemical analysis (see Fig. 1.3 in
Chap. 1). Briefly restated, it has been demonstrated (in Chap. 1) that in classical elec-
trochemical transient-based methods, the exchange electrochemical current density
is determined based on Laviron’s formalism [35, 36] such that j = (ezF /4R T)s,
where s = dV/dt is the scan rate in the case of transient potential scan perturbing
methods [86—87], and the electrochemical capacitance is therefore the proportional
term between current density and scan rate.

If a distribution of electronic states on the molecular side of the junction, g(i1),
is considered, then (N) = g()(1 +exp[—eV /kp T~ and the electrochemical
capacitance is obtained by integrating the overall contributions of available states,
such that

) A L
CE(M)=q2/g(M)<%>du
, *X

" ksT

—00

g(WN)Y(A = (NM)dL, (3.10)

which, for a zero-temperature approximation, takes on the form of C 2 (i) = ¢*g(jn).
Finally, it should be noted that, whichever is taken into account, Eq. (3.9) or Eq. (3.10),
the conductance of the system is directly associated with quantised amounts of 2¢?/ h
and, overall, the total conductance is directly proportional to Cg (), whichis G(fx) =
kCE (@), and is now a function of i as driven by the potential of the electrode.

Countless applications and electrochemical devices can be developed following
the reasoning previously introduced through Egs. (3.9) or (3.10), simply because the
capacitance and the associated thermodynamic statistics behaviour related to it can
be projected as gates of a FET.

In summary, Egs. (3.9) and (3.10) theoretically govern the nanoscale electrochem-
istry of a molecularly modified electrode. In the following sections, more applications
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will be described of this previously explained mesoscopic electrochemical device that
typically governs the properties of molecular junctions. The theory will be applied
to different molecular devices, obviously aiming to generalise the applicability of
the described concepts and to reinterpret classical electrochemistry using a suitable
quantum approach.

3.5 Envisaging Debye and Thomas—Fermi Screenings
Experiment

Earlier in this book, we explained that both chemical and electrochemical capaci-
tances are universal capacitances that consist, respectively, of electrostatic and ionic
(resembling double layer) capacitances. The physical interpretation considers that
electrostatic or double-layer comparable capacitances are associated in series with
quantum capacitance.

The differences between these capacitances are thus dependent solely on the
absence (Fig. 1.2a) or presence (Fig. 1.2b) of an ionic solvent structure, such as an
electrolyte. Therefore, in the presence of an electrolyte, ions play an important role in
the capacitive charging phenomena of an electrode/electrolyte interface. C 2 contains
a C; component that outweighs C, in the absence of redox-active components in an
electroactive layer (or electronic accessible states). In other words, C; is ruled by
non-Faradaic effects [1] in which ion-associated Debye screening prevails. On the
other hand, if there are redox-accessible states, then Cg includes the influence of
the electron accessible states, so the Thomas-Fermi model may govern the screening
and coexist with ionic effects (Fig. 3.4b); the screening is governed by electrons
instead of ions. In a thermodynamic context, this means that charge equilibrium is
governed by the statistics of electron occupation that rules the energy distribution of
the molecular ensemble. The latter occupation thus predominates over the occupation
of ionic states.

This theoretical analysis is experimentally reinforced using impedance-derived
methods within an unprecedented resolution typified by features presented in self-
assembled monolayers (SAM). An example of this are azurin-based molecular films,
as shown in Fig. 3.4.

Azurin is a protein containing redox centres. When azurin is incorporated into
a gold electrode modified with a self-assembled monolayer (inset of Fig. 3.4a), it
clearly exhibits redox activity, as indicated by the potential-current (cyclic voltam-
metry) scans depicted in Fig. 3.4a. The use of a gold contact as the electrode is highly
favourable from the experimental standpoint, since the self-assembly of molecular
films on it is very well known and widely used [37]. In the absence of azurin (black
curve), only non-Faradaic electrochemical current is attained, whereas in azurin-
based films a highly reversible redox response is also visible (red curve).

Indeed, in Fig. 3.4a, Faradaic (within Thomas—Fermi screening) and non-Faradaic
(within Debye screening) responses in electroactive monolayers are clearly separated
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Fig. 3.4 a Comparison of cyclic voltammetry patterns of an electrode with (red line) and without
(black line) azurin protein assembled on a non-electroactive supportive monolayer. b Bode plots
demonstrating that non-Faradaic (black) and Faradaic (red) responses are obtained and can be
spectroscopically manipulated. Reprinted (adapted) with permission from Paulo R. Bueno, Giulia
Mizzon, Jason J. Davis; Capacitance spectroscopy: A versatile approach to resolving the redox
density of states and kinetics in redox-active self-assembled monolayers, The Journal of Physical
Chemistry B. Copyright (2012) American Chemical Society

using impedance-derived capacitive methods [38]. This figure (Fig. 3.4a) compares
cyclic voltammetry patterns of an electrode, with (red line) and without (black line)
the protein azurin, assembled on a non-electroactive supportive monolayer, using
Bode plots (Fig. 3.4b), demonstrating that non-Faradaic (black) and Faradaic (red)
responses are separable.

Following spectroscopic principles, a non-Faradaic response can be used as a
background signal to “purify” the Faradaic response (green curve), as indicated by
the analysis of k = G/C%.

When impedance measurements are taken at —200 mV (indicated in Fig. 3.4aby a
dashed blue line, a non-Faradaic potential region), only a relaxation peak is noticeable
in the Bode plots in Fig. 3.4b (black circles), whereas two peaks are distinguishable
(red circles) when measurements are taken at the Fermi energy level of the junction,
corresponding to measurements made at the formal potential (indicated by the dashed
blue line, Faradaic potential region, in Fig. 3.4a). By using spectroscopic concepts,
the black circles, the non-Faradaic impedance-derived response can be subtracted
from the red, the latter containing both non-Faradaic and Faradaic responses.

Figure 3.4b shows how an applied sinusoidal perturbation resolves Faradaic and
non-Faradaic capacitive effects. The responses are based on the same physical prin-
ciple as that introduced in Eq. (1.15), but their magnitude is governed by different
electrical field screening phenomena. The subtracted response is shown in Fig. 3.4b
in the form of green triangles, in which only the Faradaic response remains after the
subtraction.
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Fig. 3.5 a Nyquist diagrams illustrating Debye and Thomas—Fermi screenings contributions in
molecular films containing azurin attached on a SAM-modified gold electrode. Reprinted (adapted)
with permission from Paulo R. Bueno, Giulia Mizzon, Jason J. Davis; Capacitance spectroscopy:
A versatile approach to resolving the redox density of states and kinetics in redox-active self -
assembled monolayers, The Journal of Physical Chemistry B. Copyright (2012) American Chemical
Society

The spectroscopic procedure illustrated in Fig. 3.4b is known as electrochemical
capacitance spectroscopy [38], because it allows Faradaic processes to be resolved
spectroscopically, i.e. those uniquely associated with Thomas—Fermi screening. The
latter, which predominates in molecular electronics measurements, is introduced here
in order to demonstrate how molecular electronics can be seen from electrochemical
measurements with suitable and clear resolution [39].

The Nyquist diagrams in Fig. 3.5a illustrate Debye and Thomas—Fermi screenings
contributions in molecular films containing azurin attached on a SAM-modified gold
electrode (see inset in Fig. 3.4a). The measurements were taken at 90 mV versus a
SCE reference potential, corresponding to the Faradaic region indicated in Fig. 3.4a.
Thus, Fig. 3.5b is the same as Fig. 3.5a, but after subtraction of the non-Faradaic
response. Figures 3.5a, b demonstrate that Debye and Thomas—Fermi screenings
resolved using the electrochemical impedance spectroscopic approach in different
ways are in agreement with Eq. (1.15).

In other words, the Bode plot shown in Fig. 3.4b, in particular, corresponds to the
imaginary component (C” = Im[Cy(w)]) of the complex capacitance [as stated in
Eq. (3.1)] plotted as a function of perturbing frequencies. Hence, the meaning of the
peak depicted in the diagrams of Fig. 3.4b is directly tied to the dissipative energy of
charging Cg multiplicities. The frequency of the peak corresponds to k = G/ Cg in
either Thomas—Fermi or Debye screening. Additionally, the spectroscopic analysis
that allows for separation of Debye and Thomas—Fermi screenings is demonstrated
by the Nyquist diagrams in Fig. 3.5.

Alkanes, which consist of saturated C—C bonds terminated by linkers, serve as
a prototype system for experimental studies and theoretical calculations [37—43].
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Fig. 3.6 a A comparative analysis of azurin films across three different supporting thiol layer
thicknesses (hexanethiol, decanethiol and dodecanethiol) clearly shows the electron transfer rate. b
The B (decay constant) is about 0.9 per methylene unit. Reprinted (adapted) with permission from
Paulo R. Bueno, Giulia Mizzon, Jason J. Davis; Capacitance spectroscopy: A versatile approach to
resolving the redox density of states and kinetics in redox-active self -assembled monolayers, The
Journal of Physical Chemistry B. Copyright (2012) American Chemical Society

Some experiments have focused on measuring G and have found that the G of alkanes
decreases exponentially with molecular length (L), such that G = Ae~#L, where A
is a constant and 8 is a decay constant varying from ~0.7 to 0.9 Angstroms™.

In general, this exponential decay allied to temperature independence [44, 45] (see
Figs. 1.7c and 3.6) is suggestive of a model of electron tunnelling as the conductive
mechanism for saturated chains. In varying the length of alkane-supporting layers for
azurin (Fig. 3.4a, inset), impedance-derived measurements (see Fig. 3.6b) confirm
that k decreases exponentially accompanying G = kC;, in agreement with comple-
mentary experiments [37, 7, 45, 46]. Comparable electron conductance or transfer
rate decay trends have also been found in peptide chains, using other methods [42].

Molecular surface coverage (") is a component of the magnitude of capacitance
according to Eq. (3.9), affecting both Faradaic and non-Faradaic activities in molecu-
lar redox-tagged alkanes [47-50] and peptides [6, 51-53]. This is also confirmed for
peptides in Fig. 3.7, according to Nyquist and Bode capacitive spectra. The overall
Cg changes from ~10 to ~110 pF cm™2 [see insets of (a) and (c) in Fig. 3.7] for
measurements taken in Faradaic and non-Faradaic potential regions.

The molecular coverage of electroactive peptides, calculated using a previously
demonstrated equation I = Cg (4kpT)/e?, is 80 pmol cm~2, which is comparable
to theoretically predicted values of high density packed electroactive monolayers
[40]. As expected, the latter molecular coverage is higher than the 1.6 pmol cm~2
achieved by azurin coverage [38]. Azurin is large, so the density of its redox states
must be lower than that of peptide or alkane layers, which explains the differences
observed here (e.g. see Fig. 3.5 compared with that of Fig. 3.7).
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Fig. 3.7 a Nyquist capacitive diagrams demonstrating differences between electrochemical capac-
itance values obtained in non-Faradaic and Faradaic potential regions of a molecular redox-tagged
self-assembled peptide monolayer, as illustrated schematically in the inset of (b). Alternatively,
the same information is shown by Bode plots in (b) using real and (c¢) imaginary components of
the complex electrochemical [Cy(w), Eq. (3.1)], respectively. The insets in (a) and (c) are mag-
nifications of non-Faradaic (Debye) contributions at high frequencies of the capacitive spectra.
Reprinted (adapted) with permission from Julia P. Piccoli, Adriano Santos, Norival A. Santos-
Filho, Esteban N. Lorenzon, Eduardo M. Cilli and Paulo R. Bueno; The Self-Assembly of Redox
Active Peptides: Synthesis and Electrochemical Capacitive Behaviour, Biopolymer Peptide Science.
Copyright (2016) Wiley

Due to quantum effects, however, comparisons between the I" of different
molecular systems must be considered cautiously. The quantum effects associated
with Cg encompass the electronic structure, which varies as a function of the
external environment of the electrolyte potential; therefore, comparisons must
consider the environment in which the measurements are taken. Furthermore,
I = Cg (4kpT)/e* comprises contributions only from a single energy level of the
electronic DOS enclosed in the molecular junction, precisely the Fermi level. Impli-
cations involving this limitation of the analysis will be discussed in the next section.

In summary, non-Faradaic and Faradaic phenomena, as referred to in electro-
chemistry, share a common theoretical ground. Differences are associated solely
with unambiguous Debye or Thomas—Fermi screening governance.

3.6 Effect of the Solvent Environment and Spread
of Electronic Density of States

The semiclassical electron transfer theory is supported by the transition state theory,
in which electron transfer occurs in the form of k = kpexp[—E™*/kpT] and where kg
is the maximum rate constant and E* is the activation energy. This energy generally
comes from two contributing sources, one originating from the mechanical elastic
distortion of internal force fields and the other from charge injections [54, 55] that
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occur in the presence of an external electrostatic potential accounted for in Cey (see
Fig. 1.6), which involves the role of the solvent’s polarisation properties [56].

Neither of these energy components (contributing to £*), alone or combined, are
adequate to describe the quantum electrochemical RC model. The reason for this is
that, in the Debye—Hiickel theory, the fluctuations of the screened Coulomb potential
operate on ¢(r) = (q/r)e*", where r is the spatial position, ¢ is the charge and « is
the inverse of the Debye length within a Boltzmann approximation.

However, following classical approximations, « is unsuitable according to pre-

vious reasoning (see Chap. 1, Sect. 1.8) that validates k = (CJ /8r80)]/ * instead of

K = [(2€2N)/(808rk3 T)]l/z, although « (l/esoar)l/2 in both situations. In fact,
the meaning of capacitance in one type of electric field screening (Debye) is totally
distinct from the other (Thomas—Fermi) [57].

Accordingly, note that although semiclassical electron transfer theory is generally
adequate to predict the impact of the dielectric properties of the environment on the
electron transfer rate [56] because of Debye versus Thomas—Fermi electric field
screening, it fails to predict how solvent reorganises and then governs the HOMO
and LUMO differences (whose inverse is directly associated with Cg, as shown in
Chap. 2) [7].

In terms of heterogeneous electron transfer, the way in which states between
HOMO and LUMO levels couple with an electrode is regulated by x = (C g / srso) 12

[3]. An in-depth evaluation has yet to be done of the effects of k = (C/(j / ereo) 172 on
the reorganisation energy, which is a key parameter in electron transfer theory.

To exemplify briefly, as a matter of preliminary discussion of this assumption,
Fig. 3.8b shows, in an 11-ferrocenyl-undecanethiol monolayer assembled on gold
electrodes, how the Gaussian shape experimentally obtained from the electronic
DOS spreads through the dielectric environment, in line with Eq. (3.10) and with
K= (Cg/srso)l/z.

Note that the electronic DOS associated with Eq. (1.15) (right hand) is not the
nuclear Franck—Condon weighted DOS (the left-hand one has been semiclassically
developed) [31, 58]. Both DOS functions affect the electron transfer rate; however,
from a detailed quantum statistical mechanics point of view, it is not yet completely
understood how they are fundamentally correlated, so a more in-depth evaluation is
still necessary.

Moreover, the quantum effects are remarkable and the differences in the electronic
structure of the molecular film (Fig. 3.8) as a function of variations in the dielec-
tric environment cannot be explained classically or semiclassically. The electronic
structure is wave or electron density dependent, and the spatial position of the atoms
alone cannot determine the physical properties of the system.

Figure 3.8 illustrates the impact of the static dielectric constant of the solvent
(water & ~ 80 [yellow], acetonitrile &, ~ 40 [green] and dichloromethane &, ~ 10 [red])
on experimentally resolved k and Cg for a 11-ferrocenyl-undecanethiol film showing

mean values of three independent measurements. Cg is intrinsically associated with

the dielectric constant, according to C§ = &gk,
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Fig. 3.8 Electron transfer rate, , is affected by the solvent environment, as shown in (a) and in the
inset. b Shows the dispersion of Cg and DOS Gaussian function [as predicted by Eq. (3.10)] as a
consequence of the effects of the dielectric environment on the quantum RC ensemble. Reprinted
(adapted) with permission from Paulo R. Bueno and Jason J. Davis; Measuring Quantum Capac-
itance in Energetically Addressable Molecular Layers, Analytical Chemistry. Copyright (2014)
American Chemical Society

Note that, predictably, the integrated charge, i.e. the value of total DOS (given
by the area obtained by integrating the Gaussian curves), is constant. The electron
transfer rate, k, is affected, as shown in (a) and in the inset. Figure 3.8b shows the
dispersion of Cg and DOS Gaussian function [as predicted by Eq. (3.10)] as a con-
sequence of the effects of the dielectric environment on the quantum RC ensemble.
The inset in Fig. 3.8b demonstrates the linear relationship of logarithmic £ and &,
ultimately related to Marcus theory, but with reservations. In Fig. 3.8b, note that the
Fermi level associated with the formal electrochemical potential of the electrode was
zeroed simply for convenience, but it varies according to the solvent environment.

For instance, naively misinterpreting Eq. (3.9) for this particular situation and
following the previous reasoning, one would be able to calculate the molecular cov-
erage as I’ = Cg (4RT)/e? at the formal potential of the junction. Cg maximises
for the latter, as shown by the peaks in Fig. 3.8b, at ~380, ~170 and ~80 uF cm™2
for dichloromethane (DCM), acetonitrile (MeCN) and aqueous solvent (AS, H,0),
respectively, as inferred from the three different positions of the maximum value of
Cg in Fig. 3.8b. Therefore, three different values of capacitance or molecular cov-
erage would be obtained for the same 11-ferrocenyl-undecanethiol molecular film
when placed in different solvents.

The Gaussian DOS responses in different dielectric environments are reversible,
so the molecular coverage and the film’s atomic structure remain “steady” (there is
neither loss of ferrocene electrochemical centres to the environment nor a decrease
in electrochemical activity). Why, then, does ferrocene molecular coverage vary in
different dielectric environments? This is not an inaccuracy resulting from theory,
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but is based on our common classical interpretive understanding of quantum effects
(sometimes not even recognised as quantum).

In fact, what is incorrect is our classical thinking, because now it is Eq. (3.10) that
rules, not Eq. (3.9) from which I' = C}(4RT)/e* was derived. By integrating all the
energy levels, the total electronic DOS is obtained and is thus constant as 1.37 0.4 x
10'* states cm~2, demonstrating that the correct interpretation is allowed by the
theory, i.e. the electron density remains constant throughout all levels of charging
energy.

The impact of the dielectric environment is distributed over the electronic struc-
ture of the junction. This structure only reorganises its electron density [5] differ-
ently, following the polarisation associated with Cey, although electron density at
the molecular junction remains constant regardless of the dielectric environment.
Note that the solvent effects reported here are in contrast with electrochemical DOS
occupancy, when molecular targets are captured by a receptive layer concomitantly
attained at the surface; see Fig. 3.9b and related discussion below.

In summary, the intrinsic existence of an electronic DOS beyond the nuclear
Franck—Condon weighted DOS per se is not predicted by semiclassical electron
transfer rate theory. Hence, the effect of solvent on the electronic DOS cannot be
determined based on this theory, but by the theory of mesoscopic systems that under-
pins the quantum RC circuit.

3.7 Energy Transducer and Sensing

We will now explain how previous concepts can be used to design molecular diag-
nostic assays, using a unique example of quantum RC electrochemistry applied to
sensing devices. If an interface containing an ensemble of individual electrochemi-
cal capacitors (representing the capacitance associated with redox-active molecules)
is bound with receptive biological receptors, a sensorial interface is constructed
(Fig. 3.9a), given that the electron occupancy of the ensemble is sensitive to the
biological binding event (Fig. 3.9b). Such a biosensing interface has proven useful in
developing molecular diagnostic devices using redox-active alkanes [47-50, 59-61]
and redox-tagged peptide monolayers [6, 51-53] or even graphene layers [32].

The variation in energy of the interface according to the number of electrons occu-
pying the electrochemical capacitor ensemble is modulated by a chemical poten-
tial difference, such that dE/d(N) = (N)(e*/C})), where (¢?/CJ) is the energy
required to charge the capacitors individually (as demonstrated previously). Such a
change in interfacial energy can be appropriately used as a transducer signal of the
biological binding event.

Figure 3.9a depicts an example of a molecular redox-tagged interface. Two impor-
tant characteristics should be noted. The first has to do with the difference between
the effects of the solvent (previously shown in Fig. 3.8), while the second pertains to
the effect of the environment due to the occupancy of receptor sites at the interface.
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Fig. 3.9 a Illustration of electroactive species bound to receptive biological receptors, forming an
electroactive sensorial (field-effect sensitive) interface that can be used in molecular diagnostics.
b The responsiveness of electrochemical DOS to molecular recognition within a mixed redox-
switchable and antibody-constrained film, as shown in (a). In (¢), AE = = / Cg) corresponds to
the amount of energy per electrons modified in the electrode junction as a consequence of binding
equilibrium during recognition of the target as a function of its concentration in the electrolyte
environment. Reprinted (adapted) with permission from Paulo R. Bueno and Flavio C. B. Fernandes
and Jason J. Davis; Quantum Capacitance as a Reagentless Molecular Sensing Element, Nanoscale.
Copyright (2017) Royal Society of Chemistry

As can be seen in Fig. 3.9b, a change in the local dielectric constant translates
into a resolved DOS energy redistribution without a change in total state occupancy
[AWN), = (1/€2) [T Ca(V)dV, as expressed [8] by the total area of the normal
DOS distribution function, following the rationale stated in Eq. (3.10)]. However,
a molecular binding event (such as that occurring at a neighbouring receptive site)
triggers a resolved change in local and total DOS occupation (Fig. 3.9b).

Figure 3.9a demonstrates how electroactive species bound to receptive biological
receptors form an electroactive sensorial interface (field-effect sensitive) that can be
used as a molecular transistor for molecular diagnostics. Figure 3.9b demonstrates



70 3 Field Effect and Applications

the responsiveness of electrochemical DOS to molecular recognition within a mixed
redox-switchable and antibody-constrained film, as shown in Fig. 3.9a. Moreover,
Fig. 3.9b also shows the invariance in both Fermi energy of the junction (~0.49 V
vs. AglAgCl chemical reference) and electronic states dispersion as a function of the
concentration of C-reactive protein target.

Figure 3.9b illustrates the experimental response of an electroactive film, like the
one shown in Fig. 3.9a, with integrated biological receptors. When a target biomarker
is recruited, the occupation of the electronic states changes and the experimentally
measured change in interfacial energy is transduced into DOS occupancy. In Fig. 3.9c¢,
AE = (¢*/ Cg) corresponds to the amount of energy per electrons modified in the
electrode junction as a consequence of binding equilibrium during recognition of the
target as a function of its concentration in the electrolytic environment.

We can try to distinguish between how the Gaussian DOS in Figs. 3.8b and 3.9b
is environmentally triggered by examining the DOS shape (which follows a normal
distribution) and its associated energy spread as expressed through S[d(N)/dE] =
Inog+/2me, (the entropy function of the normal DOS distribution), where e, is the
base of natural logarithms and o is the standard deviation. When there is a dielectric
change in the environment (Fig. 3.8b), there is a clearly resolved change in dispersion
(Fig. 3.8b) and Fermi-level displacement (not shown). Nonetheless, the effects of a
local binding event (Fig. 3.9b) are different in that there is an associated change in
chemical potential, resolvable through DOS occupation as measured by C/(-i without
any change in electronic dispersion (Fig. 3.9b) or on the Fermi level.

In other words, the electronic DOS presented by a redox molecular film responds
to a neighbouring molecular recognition (Fig. 3.9b), such that the resolved electronic
charge, A(N), is proportional to the target/analytical concentration (Fig. 3.9c; the
target here being C-reactive protein, CRP, and prostatic acid phosphatase, PAP). The
energy-related signal pertains directly to the electron occupation of quantised states.
Sensorial interfaces can thus be designed based on the response of a confined and
resolved electronic density of states to target binding and the associated change at
the interfacial chemical potential [32]. This concept has been demonstrated with a
number of clinically important markers, representing a new potent and ultrasensitive
molecular detection method [6, 47-53, 62] (femto- to picomolar), which allows
for an energy transducer principle capable of quantifying, in a single step and in a
reagentless manner, markers within biological fluid [32, 59, 61, 63, 64, 4749, 51].

In contrast to field-effect transistor devices, in which the modulation of conduc-
tance (flow of electrons or holes) is controlled by electrostatic potential variation (in
the gated environment) of the charge density in the conduction channel, the method-
ology of a quantum electrochemical field-effect device, as introduced above, is based
on the detection of the local change in charge density, or the so-called field effect [see
considerations following Eq. (3.7)]. This effect characterises the recognition event
between a target molecule and the surface receptor, but the sensitivity is driven by
the density of the state of the quantum capacitance rather than by the flow of DC
current through the channel, as normally assumed in three-terminal measurement
experiments (see Fig. 3.2a) in traditional FETs [27, 28].
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It has been shown, in this section, that a surface-confined and electronically
addressable DOS (comprising either redox-switchable centres or appropriately
immobilised mesoscopic units [32]) contributes to a readily resolved electrochemi-
cal capacitance that is strongly dependent on quantum effects. This charging relies
on the occupancy of quantised states and responds sensitively to changes in local
electrochemical potential caused by the molecular occupation of an integrated recep-
tive layer. By introducing receptors appropriately, this entirely reagentless sensing
becomes highly specific and remarkably sensitive.

In summary, the transduction mechanism of molecular switches operates in a
manner analogous to FET devices, but in a markedly more experimentally accessible
and chemically flexible manner, allowing commercially viable molecular quantum
devices to be fabricated. It has been shown that [32] the combination of this approach
with standard microfluidic and microfabrication methods would offer a great deal
in the near future to both diagnostics and chemical sensing in general. In the next
section, we will discuss how the theory aligns with electrochemical capacitance to
calculate the conductivity of DNA molecules.

3.8 Quantum Conductance of DNA Wires

Information in a protein chain can be transmitted over great distances through charge
transport. There are two types of electron transport mechanisms: (i) electron tun-
nelling or superexchange and (ii) electron hopping [65, 42]. Tunnelling is a coherent
electron transfer process because bridge levels are not occupied due to the high
excitation gap between the donor states and bridge states, whereas hopping is an
incoherent process in which an electron occupies the levels of the bridging medium
during its transport from the donor to the acceptor.

In a hopping mechanism, the molecular bridge not only links the electron donor
to the acceptor electronically but also, in the case of peptides and similar molecular
structure, involves its amino acids in oxidation and reduction, thus providing relay
stations or stepping stones for the transport of electrons. The involvement of particular
amino acids as redox-active intermediates renders the distant electron transfer a
multistep tunnelling process (hopping process) whose kinetics are faster than that of
a long single-step electron transfer between donor and acceptor.

We are presently interested in the observation that “wires” made of molecules
can connect electrochemical capacitive resonant centres (for instance ferrocene) to
the electrode (see Figs. 1.1c and 3.10a); these molecular wires (sometimes called
molecular nanowires or chains) act as a bridge over which electrons can be trans-
mitted or transported along the molecular electronic structure by hopping, enabling
transport over large distances. These molecular chains that conduct electric current
are proposed as building blocks for future nanoelectronic devices, and a widely
accepted example of this is DNA. DNA strands are used as nanowires (with a length
of ~7 nm), and their propensity to transmit or transport charge can be evaluated from
the dynamics of a quantum RC electrochemical circuit, as introduced earlier, simply
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Fig. 3.10 a Illustration of the covalent attachment and electronic coupling of redox-tagged (fer-
rocene) double-stranded DNA (about 7 nm in length) onto a gold electrode. b Keeping the environ-
ment (electrolyte) stationary and length constant, an electronic DOS can be constructed for different
nucleobase sequences in which charge transport is expected to be different. Reprinted (adapted)
with permission from William W. C. Ribeiro, Luis M. Gongalves, Susana Liébana, Maria 1. Pividori
Paulo R. Bueno; Molecular Conductance of Double-stranded DNA Evaluated by Electrochemical
Capacitance Spectroscopy, Nanoscale. Copyright (2016) Royal Society of Chemistry

by applying the relationship [14] Cg = G/ k. Regardless of whether the process is
tunnelling or hopping, the relationship Cg = G/k may be present and the influence
of the electronic structure implicitly achieved by Cg and the contained DOS shape.

Figure 3.10a illustrates the covalent attachment and electronic coupling of redox-
tagged (ferrocene) double-stranded DNA (about 7 nm in length) onto a gold electrode.
Figure 3.10b demonstrates that by keeping the environment (electrolyte) stationary
and the length constant, an electronic DOS can be constructed for different nucleobase
sequences governed by different charge transport mechanisms.

The hypothesis is that charge transport in dsDNA is a function of the distance
between the GC base pair, with the electronic transfer rate decreasing by about one
order of magnitude with each intervening AT base pair, and where the electrical
response decreases exponentially in response to increasing amounts of adenine and
thymine. This is why AT sites are known to act as conduction barriers. Charge flows
through poly(dG)-poly(dC) (dsDNAc) are therefore expected to be comparatively
easier than through poly(dA)-poly(dT) (dsDNAi) [66—69].

The simplest analysis can be performed at the Fermi level and low frequencies at
which G = kC) = k(e*I"/4k5T) holds. Based on the latter relationship, the con-
ductances of DNA strands (made of different nucleobase sequences) were found to be
measurable [70]. The conductances obtained for dsDNAc and dsDNAi were, respec-
tively, 4.6 £ 0.4 S m~' and 0.48 £ 0.05S m~! (in resistivity values, ~0.2  m and
~2.1 2 m) [70]. The conductance values measured by impedance spectroscopy were
consistent with those obtained by other methodologies such as scanning tunnelling
microscopy (STM) [63, 64].
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Although only DNA conductivity (in different chemically designed double
strands) has so far been tested, the theory and methodology outlined here is sim-
ple and also suitable for determining the conductivity of other molecular wires.

It is also important to consider the comparison between molecular electronics
(through direct conductance measurements) and electrochemistry (indirectly inferred
from measured charge transfer rates) introduced recently, in which a power-law
relationship [71] is empirically demonstrated. This empirical power-law existing
between molecular conductance and the electron transfer rate was shown to occur
in different molecular wires [71]. It has recently been demonstrated that G = kcg
theoretically elucidates power-law dependence [39].

In summary, in this section we demonstrated that the relationship of the quantum
of conductance and the electrochemical capacitance, which is G = kCg, can be used
experimentally to determine the conductance of molecular wires. In the next section,
we will demonstrate that the relationship, k = G/C 2, also explains supercapacitance
and pseudocapacitance phenomena that usually drive electrochemical devices used
for energy storage.

3.9 Supercapacitance or Pseudocapacitance?

Since Cg = G/k is based on first-principle quantum mechanics, its generality is
expected to drive us beyond molecular conductance or biosensing applications. This
statement is supported here by demonstrating the applicability of Cg to elucidate
capacitance phenomena in graphene compounds.

Graphene is one of the most intriguing molecular compounds and, owing to its
unique and extraordinary electronic properties, it has been speculated that graphene
can carry a supercurrent (bipolar current) [72]. A fact that has been ignored or
neglected is that the outstanding electron transport properties of graphene are intrin-
sically associated with a large capacitance, which, from a classical mechanics point
of view, is antagonistic to electron transport.

Accordingly, despite numerous reviews on the properties and applications of
graphene [73-75], only a few studies have correlated its electronic conductive charac-
teristics with its outstanding energy storage capacity [76]. The origin of the molecular
supercapacitance of electrochemically modified mesoscopic graphene layers and its
behaviour when embedded in an electrolyte was only recently elucidated through
the use of the quantum RC electrochemical model introduced earlier herein [77].

Figure 3.11a shows typical Bode plots, while Fig. 3.11b shows typical Nyquist
diagrams obtained for carbonaceous materials. The response of a glassy carbon
electrode (GCE) is used as a reference value for the capacitances obtained when
GCE is used as a substrate for graphene oxide (GO) and reduced graphene oxide
(RGO) layers. The inset in Fig. 3.11b is zoomed in at the high-frequency region for
a closer view of the differences. These diagrams also show the RC time constant
associated with charging of capacitive states, which are proportional to R, Cg.
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Fig. 3.11 Typical a Bode and b Nyquist diagrams obtained for GCE (glassy carbon electrode, as a
reference for capacitance values and used as substrate) (black up-pointing triangle), GO (graphene
oxide) (black square) and RGO (reduced graphene oxide) (black circle) in aqueous electrolyte
of 0.05 M phosphate-buffered saline. The inset in b is zoomed in at the high-frequency region.
Reprinted (adapted) with permission from Fabiana A. Gutierrez, Flavio C. B. Fernandes, Gustavo
A. Rivas and Paulo R. Bueno; Mesoscopic behaviour of multi-layered graphene: the meaning of
supercapacitance revisited, Physical Chemistry and Chemical Physics. Copyright (2017) Royal
Society of Chemistry

In the case of RGO, the contribution of the quantum RC time constant explains the
abrupt increase in capacitance values by the electrochemical reduction of graphene
oxide, which is equivalent to chemical doping. GCE and GO have comparable capac-
itances, but the capacitance of RGO (after reduction of GO in the same electrode) is
more than three orders of magnitude higher. The explanation for this has to do with
changes in the density of states of GO when it is reduced, which clearly demonstrated
the quantum effects that impact the RC time constant at the interface. The quantum
accessible states in RGO contribute to additional charging states and concomitantly
increase the entire electrochemical RC time constant.

Indeed, Fig. 3.11 indicates that the value of capacitance obtained for reduced
graphene oxide is very high, undeniably within mF cm~2 (~5.1 mF cm™2), which is
about 1000-fold higher than that obtained for graphene oxide (typically between 2
and 10 wF cm™2). The associated increase in the electroactive area is approximately
25-fold, which is much lower than the increase observed in capacitance. Accordingly,
this increase in capacitance cannot be attributed solely to an increase in the specific
area and geometric capacitive effects associated with double-layer phenomena. It
should be emphasised that the only difference between reduced graphene oxide and
graphene oxide per se is associated with the electrochemical reduction of graphene
oxide.

This experimental observation then enabled a revisit to the origin of graphene
supercapacitors, where the electronic density of states of graphene was found to be
crucial in understanding its supercapacitance phenomena, which cannot be explained
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solely by a double-layer model or by non-Faradaic interfacial charging effects. The
higher accessible electronic DOS observed within reduced graphene oxide was
associated with the dominance of a quantum RC electrochemical effect [77] (see
Fig. 3.11). The capacitance of reduced graphene oxide is associated with charging
electronic states; hence, a mesoscopic effect is predominant in behaviour predicted
by the quantum electrochemical RC circuit and by Faradaic processes controlled by
Thomas—Fermi screening, as discussed earlier in Sect. 3.5.

In summary, the RC characteristics associated with mesoscopic electron relax-
ation, where R, and C 2 are interdependent, demonstrate that the higher the conduc-
tance (lower resistance) associated with Cg accessible states, the higher the super-
capacitive effect in graphene compounds. This information is obviously useful for
designing carbonaceous materials and interfaces for supercapacitor applications.

3.10 Pseudocapacitance of Semiconductor Materials
and Sensing of Low-Molecular-Weight Target
Molecules

Similarly to graphene, as discussed in the preceding section, electrodes made of
highly ordered n-type TiO, semiconducting nanotubes (TNTs) have emerged as a
viable alternative of energy storage devices, owing to the easy modification of Ti
metal plates via electrochemical anodisation (see Fig. 3.12) [70]. This yields TNT-
modified electrodes of suitable electronic conductivity and high surface area. These
electrodes acquire particular properties when self-doped by means of subsequent
cathodic polarisation, and are therefore known as self-doped TNT (SD-TNT).

TNT-based electrodes have been successfully applied for the
photo(electro)catalytic oxidation of contaminants, dye-sensitised solar cells
[78], water splitting [31] and photoelectrochemical sensors [79]. On the other hand,
complementary SD-TNTs have been used in supercapacitor devices [80—84], electro-
chemical oxidative cells [82, 84—86], cleansing electrochemical systems [86, 5, 57],
photoanodes for water splitting cells [33], and as anodes in lithium ion batteries [58].

TNT-based electrodes are cathodically polarised under a negative potential, usu-
ally lower than —1.0 V, which generates oxygen vacancies associated with TizsO;
clusters and Ti**/Ti** mixed valences [80]. This electrochemical doping process
involves charge compensation through the intercalation of protons [Ti**O, +e~ +
H* < Ti**(0)(OH)]. It is estimated that up to about 1% of Ti** can be reduced to Ti**
[80], which induces a metallic-like behaviour [83] within a concomitant, intrinsic
and proportionally higher capacitive behaviour (in the order of mF cm™2).

In this section, we will demonstrate that TiO, nanotube electrodes, when self-
doped (SD-TNT), provide a concomitant increase in conductance and capacitance.
Accordingly, increases of 100-fold (from 19.240.1 uF cm™2 to 1.940.1 mFcm™2)
and twofold (from ~6.2 to ~14.4 mS cm~2) in capacitance and conductance can be
achieved, respectively.
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Fig. 3.12 a Schematic representation of a self-doped TiO2 (SD-TNT) nanotube grown on a titanium
metal plate embedded in an electrolyte. b SEM micrograph of self-doped TiO> as synthesised in the
present work. Reprinted (adapted) with permission from Felipe F. Hudari, Guilherme G. Bessegato,
Flavio C. Bedatty Fernandes, Maria V. B. Zanoni and Paulo R. Bueno; Reagentless Detection
of Low-Molecular-Weight Triamterene Using Self-Doped TiO, Nanotubes, Analytical Chemistry.
Copyright (2018) American Chemical Society
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Fig. 3.13 a Nyquist diagrams of TNT, SD-TNT and SD-TNT in the presence of the TRT target. b
Bode plots of the imaginary capacitance (C”) component. Reprinted (adapted) with permission from
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The resistance of the nanotube electrodes was determined based on the Nyquist
diagrams shown in Fig. 3.13, similarly as was done in the previous section for
graphene. The resistance decreased significantly from ~161 € cm? (TNT) to
~70 Q cm? (SD-TNT). This corresponds to an increase in conductance from
~6.2mS cm~2 (TNT) to ~14.4 mS cm~2 (SD-TNT).
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Also interesting to note is that the ratio of conductance to capacitance can be used
to detect and quantify, in a reagentless manner and specifically, the low-molecular-
weight triamterene (TRT) [87] diuretic by designing an appropriate doping level of
TiO; nanotubes. Accordingly, Fig. 3.13a shows the Nyquist capacitance diagrams
for TNT, SD-TNT and SD-TNT in the presence of the TRT target.

In Fig. 3.13, note the variation in the real and imaginary capacitance terms as
a function of TRT concentrations, which is shown in the Nyquist plot. The mea-
surements were recorded in a 0.10 mol L~! B-R buffer solution (pH 2.0) in the
frequency range of 1-30 MHz. Cg was measured at lower frequencies, and its diam-
eter is approximately that of the semicircle depicted in the Nyquist diagrams.

Figure 3.13b shows the Bode plots for the imaginary capacitance (C”) component
of the complex capacitance. Note that the lower frequency region of the spectrum is
significantly changed in the presence of TRT. Note, also, that the electronic resonance
frequency is not affected by the presence of TRT [87], implying that k = G/ Cg is
approximately constant. Nonetheless, there is an evident process of energy loss in
the frequency range of 86-250 MHz (lowest-frequency region) associated with the
presence of TRT [87].

Cg, which was determined directly from the size of the semicircle in the Nyquist

plot (Fig. 3.13), was 19.2 £0.1 wF cm~? (microfarad) for TNT and greatly increased
to 1.940.1 mF cm~? (millifarad) for SD-TNT. The conductive and capacitive values
determined experimentally for TNT and SD-TNT are likely associated with TizO
clusters [37, 39], as previously discussed.

TiO, structures containing different concentrations of Ti4O7 clusters have been
confirmed to be very different in terms of their electron density of states, given that
Cg o« dN'/d [37]. Accordingly, the pseudocapacitance herein interpreted as Cg
is characteristically dependent on the self-doping process; the capacitance increases
from microfarads (per unit of electroactive area) in TNTs to millifarads (per unit of
electroactive area) in SD-TNTs (a 100-fold increase). Similar SD-TNT capacitive
behaviour has been reported by different authors [81, 82], confirming that SD-TNT
exhibits supercapacitive or pseudocapacitive behaviour that can be explained based
on the fundamental concepts introduced in this book [80, 88].

The detection of TRT by the SD-TNT electrode can be explained by the interaction
of electronic states of SD-TNT with the nitrogen atoms present in diuretic molecules.
At 1.8V, an energy alignment is possible between the “HOMO” and “LUMO” states
of TRT and these states in self-doped TiO, semiconducting nanotubes.

The analysis presented here can evidently be extended to include mesoscopic
structures (beyond graphene or TNTs) that may be coupled to macroscopic electrodes
in the presence of an electrolyte.
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Final Remarks

Foremost Conclusions

Electrochemical capacitance, Cj;, as supported by first-principle quantum mechanics,
was herein overviewed in the context of its impact on nanoscale electrochemistry
and molecular electronics. The associated energy (cx 1/ C,;) defines the electron
transfer rate as k = G/Cj, in which the electron conductance G is the proportional
term. Accordingly, Cy can be defined directly through an electron transfer rate
(k) and Landauer conductance (G), such that C; = G/k. Based on this definition of
Cy, we therefore demonstrated that double-layer and pseudocapacitances—the latter
empirically qualified but poorly understood—are fully incorporated in the definition
of Cy. In other words, both double-layer and pseudocapacitances were shown to be
merely particular estimations of Cj, depending solely on the type of electric field
screening taking place, namely Debye (non-faradaic) or Thomas—Fermi (faradaic)
screening.

Of particular importance is the finding that molecular electroactive films
self-assembled on electrodes serve as an exemplary ensemble of quantum point
contacts electronically coupled to microscopic electrodes. This finding not only
establishes an important mesoscopic statistical behaviour but also conceptually
demonstrates that the relationship between G, Cj; and & holds beyond atomistic
viewpoint of a single particle. The timescale of charging processes governed by
Cy = G/k was demonstrated to be a simple case of a quantum RC circuit, whose
electron dynamics is attenuated by the presence of an electrolyte. Because of the
dependence on an electrolyte, as a matter of physical chemistry definition, this
particular circuit was presented as a quantum electrochemical RC circuit.

Therefore, the only difference between nanoelectronics and nano-electrochemistry
is the presence of an electrolyte in the latter, within a shielded electrical field, which
governs the equilibrium electrostatic potential of capacitors. In general, it can thus be
assumed that the physics of nanoscale electronics and electrochemistry is

© The Author(s) 2018 83
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fundamentally the same and has been shown to be governed by conjoint quantum
mechanical principles.

In summary, based on the universal definition of electrochemical capacitance,
Cp= G/k, we demonstrated that nanoscale electrochemistry matches molecular
electronics in a straightforward manner. Implicitly, it can be noted that the deeply
rooted definition of charge transfer resistance (R.;) is replaced by its quantum
mechanics equivalent, G = 1/R,,. Lastly, the applicability of the concepts was
illustrated in molecular diagnostics and served to demonstrate the origin of the
supercapacitive behaviour of graphene compounds, in which the perceptions and
elucidative interpretation of C; = G/k for the particular systems were developed on
a case-by-case basis. The impacts that the C = k/G relationship may have and
how it will succeed in integrating electron transfer and mesoscopic transport the-
ories remains largely unknown, with a wealth of unexplored information yet to be
revealed.
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