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Resumo

A busca pela compreensao da dindmica dos elétrons dentro da matéria tem cativado
a investigacao cientifica desde as origens da ciéncia. Ao longo do tempo, varias teorias e
modelos — que vao desde a descoberta do elétron por Thomson até as teorias de trans-
feréncia de elétrons de Marcus-Gerischer — contribuiram significativamente para nossa
compreensao atual da eletrodindmica e impulsionaram o desenvolvimento de aplicacoes
eletronicas criticas na sociedade moderna. No entanto, este capitulo da ciéncia permanece
em aberto, com muitas questoes sem resposta em torno dos principios fisicos que regem a
dindmica dos elétrons entre estados de energia quantizados dentro de nanomateriais. Por
exemplo, o avango de dispositivos optoeletronicos baseados nas propriedades quanticas
de estruturas em escala nanométrica é restringido por uma compreensao incompleta dos
fenomenos de transferéncia e transporte de elétrons, uma vez que esses processos seguem
os principios da eletrodinamica quantica em vez das leis da fisica classica. O controle das
propriedades elétricas e eletronicas na escala nanométrica continua a ser um desafio con-
sideravel. Portanto, modelos fundamentados nas leis da mecénica quantica, juntamente
com abordagens experimentais versateis e acessiveis, sdo essenciais para avancar nossa
compreensao da dinamica dos elétrons nessa escala. Neste contexto, a presente pesquisa
de doutorado investiga a eletrodinamica de estruturas semicondutoras organicas e in-
organicas com diferentes tipos de confinamento quantico, incluindo nanofilmes de éxido de
cobre, arranjos de pontos quanticos de telureto de cadmio, grafeno monocamada e arranjos
de moléculas heterociclicas do tipo push-pull, sob a perspectiva da Teoria da velocidade
Quantica. Esta teoria, derivada dos principios da eletrodinamica quantica, é baseada no
conceito eletrodindmico de velocidade quantica v = €*/hC,, que se funda na propriedade
de capacitancia quantica C, — uma caracteristica associada a estrutura eletronica que
pode ser medida experimentalmente utilizando metodologias eletroquimicas dependentes
do tempo. Através de medigoes de espectroscopia de impedancia eletroquimica em um
meio eletrolitico, interpretadas sob a perspectiva desse marco tedrico, tornou-se possivel
medir diretamente a densidade de estados eletronicos a temperatura ambiente de estru-
tura 4 nano-escala, e elucidar as regras quanticas que governam a eletrodinamica nessas
estruturas. Este estudo abriu novas avenidas para a pesquisa cientifica em um campo
emergente conhecido como FEletronica em Escala Nanométrica em Meios Eletroliticos.

Palavras chaves: velocidade quantica, capacitancia quantica, densidade de es-
tados, eletrélito, espectroscopia impedancia eletroquimica, eletrénica molecu-
lar






Abstract

The quest to understand electron dynamics within matter has captivated scientific
inquiry since the origins of science. Over time, various theories and models—ranging
from Thomson’s discovery of the electron to the Marcus-Gerischer electron transfer the-
ories—have significantly contributed to our current understanding of electrodynamics
and have driven the development of critical electronic applications in modern society.
Nevertheless, this chapter of science remains open, with many unanswered questions sur-
rounding the physical principles that govern electron dynamics between quantized energy
states within nanomaterials. For example, the advancement of optoelectronic devices
based on the quantum properties of nanoscale structures is constrained by an incomplete
understanding of electron transfer and transport phenomena, as these processes follow
quantum electrodynamic principles rather than the laws of classical physics. Control-
ling electrical and electron properties at the nanoscale remains a considerable challenge.
Therefore, models grounded in quantum mechanics laws, alongside versatile and acces-
sible experimental approaches, are essential for advancing our understanding of electron
dynamics at this scale. In this context, the present PhD research explores the electrody-
namics of organic and inorganic semiconductor structures with varying types of quantum
confinement, including copper oxide nanofilms, one assembly of cadmium tellurium quan-
tum, single layer graphene and one assembly of push-pull heterocyclic molecules, from
the perspective of Quantum Rate Theory. This theory, derived from quantum electrody-
namics principles, is based on the electrodynamic concept of quantum rate v = e*/hC,,
which is founded on the quantum capacitance property C,—a feature associated with the
electronic structure that can be experimentally measured using time-dependent electro-
chemical methodologies. Through electrochemical impedance spectroscopy measurements
in an electrolytic medium, interpreted from the perspective of this theoretical framework,
it became possible to directly measure the electron density of states of nanoscale struc-
tures at room temperature and to elucidate the quantum rules governing electrodynamics
in these structures. This study opened new avenues for scientific research in an emerging
field known as Nanoscale Electronics in Electrolytic Media.

Keywords: quantum rate, quantum capacitance, density of state, electrolyte,
electrochemical impedance spectroscopy, molecular electronics
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of QD was used as a reterence. The precise cut-oft depends on the

definition of the Bohr radius of a QD. For instance, for Cd'Te QDs this

value is calculated as ~ 6.8 nm (PARK HYUNG J. ANDN SHIN; YU,

R021)] . . . . . . . ... . ...




[Figure 5.2

Schematic representation of the measurements ot the DOS of (QDs based

on the quantum rate principles as can be obtained from EIS measure-

ments. (a) EIS measurement consists of a sinusoidal potential or energy

perturbation of the QDs that provide an electric current response to this

perturbation from which a complex impedance function |[Z*(w)] is ob-

tained. From Z*(w), a complex capacitive function [C*(w)] is obtained

and plotted as shown in a capacitive (b) Nyquist diagram, enabling the

measurement of the equilibrium charge occupancy. This equilibrium

charge occupancy is obtained from the capacitive Nyquist diagram as

a particular low-frequency value from which C}, is taken, corresponding

to the value of the diameter of the semi-circle in the diagram. Once

the equilibrium angular frequency wq is obtained as the frequency at

which (), is obtained, a potential scan of C, at wy provides the (¢) DOS

pattern of a QD ensemble assembled at the interface. Note that in (b)

w. = 1/R,C, refers to the characteristic angular frequency, which is

directly related to the quantum rate as described in Eq. [7.1]] . . . . . .

[Figure 5.3

Schematic representation of a semiconducting dot structure contacted

to a gold electrode through an L-cysteine self-assembled monolayer.

'T'his interface 1s embedded into an electrolytic medium where the elec-

tron communication with a rate v occurs from the electrode to the QD

(upper picture) and wvice-versa (bottom picture) under a sinusoidal elec-

tric field perturbation trom the electrode. This perturbation allows the

measurement of the resonance electric current between the electrode

states and the discrete energy states of the QDs. The resonant electric

current is due to electron (i.) and hole (7;,) charge carriers,| . . . . . . .
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Figure 5.4

(a) Capacitive Nyquist diagrams recorded for different QDs assemblies

with two mean-average particle sizes (in a phosphate buffer solution

with a pH of 7.4 at the equilibrium potential). The C, values for each

of these assemblies were graphically obtained as the values ot the semi-

circle diameter, corresponding to two different equilibrium wy frequen-

cies as indicated in the (b) Bode plots using the imaginary capacitance

component of the spectra for these two QD assemblies.| . . . . . . . ..

[Figure 5.5

Electronic DOS resolved trom the measurements of the quantum capac-

itance C, for two different Cd'le QDs assemblies with different nano-

particle sizes, i.e. (a) 2.23 nm and (b) 3.27 nm. Each DOS plot is the

average obtained for three independent ()Ds-interfaces and the error

bar indicated the respective deviation. Potentials are reported versus

Ag|AgCl (3M KCI) reference electrode.| . . . . . .. ... ...
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[Figure 5.6

Electronic DOS resolved from quantum conductance for two assemblies

of CdTe (Ds with different nanoparticle sizes of (a) 2.23 nm and (b)

3.27 nm. Each plot represents the average obtained from of the mea-

surements over three independent electrodes and the error bar indicate

their respective deviation. Potentials are reported versus Ag|AgCl (3M

KCI) reference electrode.| . . . . . . .. ..o 100




[Figure 6.1

Representation of the the relativistic quantum electrodynamics F(k) =

he, - k of graphene, where for the £ — vy plane of graphene, the modulus

of |k|, , is given by (|k.|+ k,|)"*. In the quantum-rate theory of

graphene, the conductance in the x and y directions are quantized by

the integer number of the conductance quantum Gy as well as the rate v.{109

[Figure 6.2

The representation of the well-known V-shape of graphene in which

an experimental measurement of electron or hole injections into the

electronic structure permits access to the density-of-states function

g(E). (a) Shows the traditional analysis of £(k) versus g(£), in which

0F(k) = edV corresponds to different charge state and energy AE(k)

occupancies of the electronic structure of graphene as a function of

the bias potential AV concerning the Dirac point used as zero of en-

ergy reference. (b) Depicts the analysis proposed by the quantum-rate

theory where quantum capacitance C, is measured in different energy

levels of occupancy of the electronic structure by electron or holes in an

equilibrium charge occupancy situation driven by ditterent bias energy

eoV established in respect to the Dirac point as the reference of en-

ergy for the vacuum level. As C,(F) directly correlates with a coherent

v = 1/R,C, perturbation of the electronic structure, the measurement

of C, permits obtaining information of the momentum through Eq.[6.11|

and so spatial information can be obtained.| . . . . . . ... ... ...

Figure 6.3

(a) Nyquist capacitive diagram of a SLG graphene. A resonance fre-

quency of 277 s~' whereas a wg /27 ~ 13 s+ as the low-frequency limit

where C can be obtained according to Eq.[6.15, A fitting to Eq. [6.15]

considering an additional series resistance contributions in such a way

that R, is obtained as the total series resistance I,; and this corre-

sponds in good agreement to the theoretical limiting value of R, ~

12.9 k() as discussed in the text. (b) Depicts the capacitive V-shape

obtained at )y limiting frequency.|. . . . . . . . ... .. ... ... ..
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Figure 6.4

This figure depicts the v = G/C, measured for a SLG around the

Dirac-point. As theoretically expected, this v is maximum at the Dirac

point owing to C,, and the conductance is maximum. This is the

theoretically expected result as, in contraction to the common classical

sense for an RC circuit, for a quantum RC circuit, the resistance is

minimum (corresponding to a maximum conductance) for a maximum

capacitance relaxed capacitance.. . . . . . . ... ... L.
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[Figure 6.5

(a) In blue dots is the electronic structure of an SLG graphene as mea-

sured by QRS, which is compared with the red curve as it was obtained

by ARPES. (b) The same as in (a), but now the electronic structure

obtained by QRS is compared with that calculated by DF'T, which is

depicted in orange color. In both (a) and (b), there is an excellent

agreement between the QRS method and ARPES or DE'T. The dit-

terences observed mainly around the M position are attributed to the

presence of [BMIM|BF, electrolyte, as discussed in the text.| . . . . . .




[Figure 6.6

(a) The analysis of the individual contribution of [BMIM|BF, to the

DOS of graphene in contact with this electrolyte. As can be seen,

the presence of [ BMIM|BF, affects the electronic structure of graphene

measured in the presence of [BMIM|BF,, and this was identified as the

main difference between the electronic structure of graphene measured

in vacuum by ARPES and that measured by QRS in the presence of

IBMIM|BEF,. (b) Shows the projected DOS of graphene in a vacuum

calculated by DF'T with the difterent individual contributions ot the

orbitals to the total response that is indicated in black dots.| . . . . . .

Figure 7.1

The schematic representation (for the sake of simplicity without the

consideration of the thermal broadening effect) of a D — 7 — A intra-

molecular charge resonant structure within the quantum rate theory,

where p1p and p 4 states for the chemical potential of D (LUMO) and

A (HOMO) energy levels, respectively. Note that there is no energy

barrier activation for the electron dynamics with a quantum channel ot

length L within this molecular electronic structure, corresponding to

an adiabatic setting for quantum electrodynamics within the quantum

rate theory. The energy difference between pp — 14 1s equivalent to the

HOMO-LUMO energy gap and numerically it equates to £/ = —el/ =

i — Ep that, within the quantum rate theory, corresponds to hv =

gee”/C,, where v = g.Gy/C, with Gy = gse*/h, where V corresponds

to the bias potential of the electrode regarding to Er/e. FEp states

for the Fermi level of the resonant and adiabatically coupled DD and

A states for a F, reference level of energy, whereas v is the chemical

potential of the electrons in the electrode side of the junction. Note

that the scheme of this figure considers £ = —el” = hv as an external

relax to the HOMO level in a D — 7 — A molecular structure| . . . . .

[Figure 7.2

Schematic representation of the electric current degeneracy predicted

by the quantum rate theory owing to the energy degeneracy of the

equivalent electrochemical capacitance of the interface C),, which is a

result of the series combination of electrostatic C. and quantum C|,

capacitances, where C, ~ C,. The resultant electric current 2iy =

C,(dV/dt) is an ambipolar electric current where the electron wave flows

in the opposite direction to the hole wave. An oscillatory harmonic

potential perturbation ot the particles in the perpendicular direction of

the propagation of the wave permits to assume that dV (¢t)/dt = jwV/,

where w is the frequency of perturbation over V' = V] exp (jwt) with an

amplitude [V| (with an energy —e|V/| for the electron and e|V'| for the

hole) of the potential perturbation. Note that iy physically corresponds

to a displacement electric current where there is no net transport of

charge or particle mass transversal to the perturbation of the particle

which conforms with the quantum electrodynamics viewpoint of the

transport of a massless Fermionic-Dirac particle, as stated in kq.[7.2]] .

134



[Figure 7.3

According to the quantum rate theory within a m molecular bridge of

length L separating [ and A of push-pull molecular structure, there

can be different n wavelength quantum modes A for an adiabatic intra-

molecular electron transter dynamics to occurs. Independently of the

quantum modes of electron transport, the quantum electrodynamics

can be studied, according to dynamics predicted by Eq.[7.6] by mea-

suring v = 1/7 = Gy /C,, where 7 = R,C, with R, = 1/G. In practical

experimental terms, R, ~ 12.9 kQ) corresponds to the total series resis-

tance of the molecular junction, encompassing R, and . state for the

resistances ot electrolyte and contact, respectively|. . . . . . . . .. ..
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[Figure 7.4

Schematic depiction of the sequence of synthesis of thienylpyrrole

derivative (1, TPC) applied for constructing the molecular junctions

studied in the present work.| . . . . . . ..o o000

[Figure 7.5

Schematic representation of two electrochemical setups for studying

the electronic structure of push-pull heterocyclic molecules, focusing

on the structure of 4 H-thieno|3,2-b|pyrrole-5-carboxylic acid (1, TPC)

molecule in two distinct electrode configurations. (a) This depicts the

conventional electrochemical setup, where electron transfer (ET) be-

tween the electrode and TPC molecules, freely existing in an elec-

trolytic bulk environment, occurs under diffusion-limited conditions.

(b) Illustrates the electrochemical configuration investigated in this

study, where TP C molecules are covalently bonded to electrodes, torm-

ing a single-contact molecular junction structure. The supporting elec-

trolyte provides an appropriate electric-field screening condition to ex-

plore the electronic properties of the TP C molecular ensemble by quan-

tum rate theory. The analysis’s alignment with quantum rate theory

confirms the quantum electrodynamics governing the interaction of the

electrode with the quantum states of the TPC molecules.| . . . . . ..

[Figure 7.6

(a) Impedance and (b) capacitance Nyquist diagrams obtained from

the impedance spectroscopic measurements of TPC tree in an elec-

trolyte environment and in contact with a conducting electrode. The

electrolyte, in which 1 mmol L= TPC, was added to DMF with 20

mmol L' of TBACIO,. These spectra were collected at a potential

bias of —0.65 V, corresponding to the first reduction peak in the cyclic

voltammogram shown in Figure S1. These spectra were well-fitted to

the Randle equivalent circuit model illustrated in Figure|7.7la, confirm-

ing the governance of E'T" kinetics of the reactants to the electrode by

diffusion.. . . . .




[Figure 7.7

(a) The traditional Randle equivalent circuit models the direct elec-

tric contact of electro-active molecules or compounds, whether under-

going electrochemical reactions or not, within an electrolyte medium,

with a conducting electron reservoir (a probe electrode). The series

combination of charge transter resistance K. and Warburg W circuit

elements in the equivalent circuit branch (depicted in green) signifies

electron transter kinetics governed by diffusion. The presence of the

W element accounts for electrodynamics controlled by the transport

of mass of reacting species toward the electrode. The parallel capaci-

tance Cy corresponds to double-layer capacitance. (b) This equivalent

circuit models the electrodynamics of molecularly modified electrodes

within an electrolyte environment. The non-faradaic charging dynam-

ics (illustrated in gray) refers to dynamics that do not follow quantum

RC dynamics (depicted in red), which involve a series combination of

quantum resistive [, and capacitive C, elements. The quantum RC

dynamics obey the quantum rate dynamics predicted by the quantum

rate model, where 7 = R,C,, corresponds directly to v = 1/7  e*/hC,

rated . .o e

igure 7.8 Nyquist capacitive diagrams measured at the OCP for the cysteamine

(denoted in red as Cys SAM) and TPC (indicated in blue as TPC)-Au

junctions in 20 mmol L' of TBACIO,. The TPC junction comprises

TPC molecules chemically attached to the surtace of the electrode em-

ploying the cysteamine film. The C, of the interfaces is accessible as

the measurement of the real component of the complex capacitance

obtained as the diameter of the Nyquist capacitive diagram. The cor-

responding frequency for this value of C; corresponds to the charge

equilibrium frequency indicated as wo.| . . . . . . .. ...




Figure 7.9

(a) Nyquist capacitive diagrams were recorded at the Fermi level of the

electrode, denoted as Er/e, corresponding to a potential bias of —1.43

V wversus a platinum pseudo-reference. The electrode was composed

of either cysteamine (Cys SAM) alone or containing TPC-Au on top.

Electrochemical measurements were conducted in a 20 mmol L.~ con-

centration of TBACIO, in DMF. The C, value of junctions containing

TPC (measured at wy ~ 100 rad/s) is two orders of magnitude higher

than the capacitance of the junction solely comprising cysteamine. (b)

By measuring the capacitance of junctions containing only cysteamine

or with TPC on top, it i1s evident that the quantum relaxation dynam-

1cs and the relativistic communication of states between the electrode

and the thiophene group contained in the junction containing TPC give

rise to a C, state associated with a conductance quantum of gse*/h. (c)

The response of quantum conductance G ~ wyC” of the junction con-

taining TP C is depicted as a tunction of the energy of the electrode,

where C” represents the imaginary component of the capacitance of

the interface (Eq)7.6). As anticipated from the analysis of Eq/7.4] and

Eq. [7.5] G' exhibits a Gaussian-shaped behavior. Furthermore, at the

Fermi level, both C;, and G reach their maximum values. The max-

imum value of G attained at the Fermi level was calculated as ¢.Gy,

confirming not only the degeneracy of energy ¢. as predicted by the

quantum rate model but also demonstrating the adiabatic establish-

ment of relativistic quantum electrodynamics tor the dynamics of the

TPC junction studied in this work.|. . . . . ... ... ... ... ... 149

Figure 7.10

The electron/hole communication dynamics of the electrode with the

thiophene group of TPC molecular film depends not only on the exis-

tence of a potential perturbation in the electrode but also on the bias

for the Fermi potential Er /e of the junction. Depending on the Fermi

energy f/r level of the electrode, there is an electron or hole current, and

the thiophene group of the (TPC can act as a D or A level, for instance.

For positive bias of potential (providing the elementary charge of the

electron is assumed as negative value) concerning Er/e, the thiophene

groups of TPC molecular film act as [ and the electrode as A state

and wvice-versa. In this schematic depicting ot the quantum electrody-

namics, there is an electric hole current from the electrode to thiophene,

and ‘effectively’ an electronic communication of the electrode with the

molecular film, as illustrated in this figure.| . . . . . . . . ... ... .. 153







Chapter 1

Resumo Expandido em Portugués

A Espectroscopia de Velocidade Quéntica (Quantum Rate Spectroscopy - QRS),
baseada no principio da eletrodindmica quantica E = hv = ¢€*/C, é uma ferra-
menta poderosa para obter insights quanticos experimentais sobre estruturas em escala
nanométrica. Essa abordagem inovadora envolve a realizacao de medigoes de capacitancia
derivadas da impedancia em um meio eletrolitico a temperatura ambiente, utilizando uma
célula eletroquimica de trés eletrodos e um potenciostato com analisador de frequéncia
como equipamento de medi¢ao. Nesse contexto, com base nos fundamentos da Teoria da
Velocidade Quéntica (Quantum Rate Theory - QRT) discutidos em estudos anteriores
(LOPES et al., [2021; BUENO; DAVIS| 2014b; SANCHEZ et al/ 2022), a QRS nao ape-
nas permite explorar a eletrodindmica intrinseca dessas estruturas, mas também oferece
acesso direto as suas propriedades eletronicas, como a densidade de estados eletronicos

(Density of States - DOS), por meio da medigao da resposta de Cj,

Dadas as atuais dificuldades na fabricacdo de dispositivos optoeletronicos em es-
cala nanométrica com estruturas semicondutoras menores que 10 nm — onde as pro-
priedades elétricas se desviam da fisica classica, dificultando seu controle (BUENO, 2018a;
DHILLON; KANT] 2017) — esta pesquisa de doutorado explorou a eletrodinamica e a
DOS em quatro estruturas nanométricas com diferentes tipos de confinamento quantico e
naturezas quimicas. Essa investigacao partiu do principio de que as propriedades eletroni-
cas do material central governam o desempenho do dispositivo, tornando essencial o acesso
a sua estrutura eletronica. Nesse contexto, o estudo examinou essas estruturas sob a otica
da Teoria da QRT e utilizou medig¢oes de impedéancia eletroquimica dependentes do tempo.
A exploracao de cada uma dessas estruturas contribuiu progressivamente para estabelecer

os fundamentos da QRS como uma metodologia espectroscopica eletronica. Os paragrafos



a seguir apresentam uma sintese dos principais resultados e conclusoes obtidos nos estudos
dessas estruturas semicondutoras. O autor, admitidamente influenciado por tendéncias
romanticas, convida os leitores a verem essa sintese como a narrativa de uma jornada em
busca de um objetivo que transcende os limites académicos, pois € assim que este trabalho

foi percebido por ele.

Nesse contexto, a jornada comecou com o estudo de uma estrutura de oxido de
metal de transicao redox-ativa: nanofilmes mistos de CuyO/CuO. Essas estruturas semi-
condutoras foram fabricadas na superficie de um eletrodo de ouro utilizando técnicas
eletroquimicas, incluindo voltametria ciclica, voltametria de varredura linear e cronoam-
perometria (Figura ) A caracterizacao eletroquimica e morfologica indicou que os
nanofilmes de 6xido de cobre continham uma mistura equimolar de Cu,O e CuO, com
espessura de aproximadamente 3,0 nm. Sua morfologia apresentava uma distribuicao de
particulas maiores e heterogéneas, em contraste com a morfologia observada no filme de
cobre metdlico, caracterizado por particulas de tamanho uniforme. Consequentemente,
esses nanofilmes mistos de CuyO/CuO representaram uma estrutura inorgénica intrigante,
com potencial confinamento quantico em uma dimensao. As medi¢oes de impedancia
eletroquimica realizadas nesses nanofilmes revelaram a resposta de capacitancia quantica
(C,) em funcdo do potencial (no regime de baixa frequéncia). Essa resposta mostrou
dois dominios distintos: um maximo em forma de gaussiana centrado em 0 V versus o
eletrodo de referéncia Ag/AgCl e uma resposta exponencial em potenciais mais altos, com

a capacitancia aumentando com o potencial (Figura [4.2b).

Embora C; seja definido, a partir da perspectiva da QRT e com base em principios
fundamentais da mecéanica quantica, como sendo proporcional a DOS, g—z, tal que C; =
622—2, desafios permanecem na interpretacao dessa resposta de C, ou DOS. Considerando
que a definicao anterior de C, foi derivada a temperatura zero absoluto, uma abordagem
estatistica pode ser aplicada ao incluir o efeito de alargamento térmico nos niveis de
energia da estrutura semicondutora. Assim, assumindo que o sistema representa um

grande ensemble candnico e que a ocupagao eletronica segue a funcao de distribuicao

de Fermi-Dirac, obtém-se uma expressao termalizada para C,: C, = (EQB];) fa—f,

que descreve uma distribuicao gaussiana de estados de energia discretos. Além disso,

a0 examinar energias eletronicas mais altas, onde eV > kgT, e assim f < 1l e f ~

~ . . 2
exp (—kZVT), uma nova expressao para Cy foi derivada: C, = (23@,) exp (—é‘;) , que




segue um comportamento exponencial que aumenta com o potencial.

Consequentemente, ambas as equacoes de C, descrevem duas fungoes distintas
de ocupacao eletronica. A resposta de C,, conforme registrada experimentalmente por
espectroscopia de impedancia eletroquimica (EIS), foi analisada usando essas equagoes,
revelando ajustes excelentes com pardmetros de R? ~ 0,999. Isso demonstra que os re-

sultados experimentais estao alinhados com os comportamentos previstos pela Teoria da

Taxa Quantica (QRT). Nesse contexto, a primeira equacao, C, = 223]:\; (1 — f), descreve
uma distribuicao em forma de gaussiana de estados discretos localizados no band gap
do nanofilme semicondutor. Esses estados no band gap correspondem a estados redox
associados a reacao eletroquimica entre os estados de oxidacao do cobre, especificamente
a transicdo eletronica entre fons Cu*! e Cu™?, e vice-versa. Adicionalmente, a presenca

de defeitos na rede atdémica do 6xido de cobre — como vacancias, impurezas e defeitos

intersticiais — introduz esses estados no band gap na estrutura eletronica. Em contraste,

eV
kT

- 2
a segunda equacgao, C; = z;; exp (—

) , representa uma resposta exponencial corre-

spondente a uma distribuicdo de estados continuos na banda de conducao do nanofilme

de 6xido de cobre (Figura [4.1p).

Assim, a DOS dos nanofilmes semicondutores mistos CusO/CuO, conforme medida
por EIS a temperatura ambiente e utilizando uma solucao tampao de fosfato como meio
eletrolitico, meio no qual o nanofilme é quimicamente estavel, foi resolvida com base nos
fundamentos da QRT. Essa caracterizacao revelou uma distribuicdo semelhante a uma
gaussiana de estados discretos localizados no band gap do semicondutor, bem como uma
distribuicao exponencial de estados eletronicos correspondentes ao continuo de estados na
banda de condugao. A resolu¢ao da DOS para esse nanofilme semicondutor, determinada
pela medicao da resposta C, em um meio eletrolitico, sugeriu duas dire¢des principais
para a proxima etapa da pesquisa de doutorado: primeiro, o desenvolvimento de uma
nova metodologia in situ para acessar a estrutura eletronica, que, embora em andamento,
requer um entendimento mais profundo de seus principios fisicos subjacentes; e segundo,
a observagao de que a distribuicao exponencial de estados na banda de conducao, que
nao envolve reagoes eletroquimicas, indica que o acesso a DOS de nanomateriais por
medicoes de EIS nao estd restrito a estruturas com comportamento redox reversivel, como
monocamadas de peptideos marcados com ferroceno, previamente estudadas (ALARC()N

et al., 2021a; SANCHEZ et al| 2022)), e éxidos de metais de transi¢ao.



Nesse contexto, uma montagem de estruturas semicondutoras 0D foi eletronica-
mente acoplada a superficie de um eletrodo de ouro por meio de uma monocamada
molecular. Especificamente, pontos quanticos (QDs) de telureto de cddmio (CdTe) foram
quimicamente imobilizados em um eletrodo de ouro modificado com L-cisteina. Uma lig-
acao quimica foi formada via uma ligagdo amidica entre os grupos carboxilicos presentes
na superficie dos QDs e os grupos amina terminais das moléculas de L-cisteina (Figura
. E importante notar que os QDs sdo nanoparticulas semicondutoras que exibem
efeitos de confinamento quantico em todas as trés dimensoes. Esses nanomateriais sao
frequentemente chamados de "atomos artificiais", pois o confinamento de seus portadores
de carga resulta em niveis de energia discretos dentro das estruturas, analogos aos estados
atémicos (identificados como s, p, d, etc.) (Figura [5.1). A DOS eletronica de um con-
junto de QDs é comumente medida experimentalmente por espectroscopia de tunelamento
por varredura (STS), que permite uma caracterizacao abrangente da estrutura eletronica,
capturando distribui¢oes em forma de gaussiana dos estados de valéncia, conducgao e band
gap do conjunto. Essa técnica envolve a aplica¢ao de uma diferenga de potencial (V') entre
o substrato que suporta o conjunto de QDs e uma ponta de microscépio posicionada acima
dele, medindo a corrente de ressonancia (I) associada a injegdo ou remogao de elétrons
entre a ponta e os estados eletronicos dos QDs. A partir dessa corrente de ressonancia,
a condutancia eletrénica (df/dV) é calculada em fungao do potencial aplicado, que é

proporcional a DOS.

Embora as medigoes por espectroscopia de tunelamento por varredura (STS) per-
mitam a resolu¢ao experimental da DOS em montagens de pontos quanticos (QDs), seu
funcionamento exige temperaturas ultra-baixas, condigoes de vacuo e pessoal altamente
treinado para operar o equipamento. Esses requisitos tornam essa abordagem imprat-
icavel para a caracterizagao eletronica rotineira de nanomateriais. Consequentemente, a
necessidade de um método rapido e direto para acessar estruturas eletronicas em escala
nanométrica continua sendo um desafio em nanociéncia e nanotecnologia. Assim, ao reg-
istrar a resposta de C, para a montagem de QDs de CdTe em funcao do potencial do
eletrodo de ouro, que atua como uma sonda, utilizando uma solucao tampao de fosfato
(pH 7,4) a temperatura ambiente, foi obtido um perfil de distribui¢ao semelhante a uma
gaussiana dos estados dos QDs, comparavel ao obtido por STS (Figura . Nesse caso,
o conjunto de respostas em forma de gaussiana observadas em potenciais negativos cor-

responde aos estados de valéncia s, e pp, onde os subscritos indicam estados de lacunas.



Por outro lado, os comportamentos gaussianos identificados em potenciais positivos corre-
spondem aos estados de conducao s, e p., com e indicando estados de elétrons. Cada uma
dessas respostas gaussianas foi ajustada usando a expressao termalizada de C, aplicada
aos estados no band gap de nanofilmes de 6xido de cobre, apresentando um excelente
parametro de ajuste (R? = 0,999), o que confirmou que essas respostas correspondem aos

estados eletronicos dos QDs.

Dessa forma, a medi¢ao da DOS de montagens de pontos quanticos de CdTe por EIS
eletroquimica a temperatura ambiente, utilizando um meio eletrolitico, foi demonstrada,
representando uma grande contribuicao para a area de caracterizagao de nanomateri-
ais e levando ao desenvolvimento de uma nova abordagem espectroscopica eletronica para
exame in situ da estrutura eletronica de nanomateriais, denominada Quantum Rate Spec-
troscopy (QRS). Contudo, é necessario um esclarecimento adicional sobre o mecanismo
espectroscopico subjacente a essa metodologia. Na auséncia de reagoes eletroquimicas, a
QRT prevé uma comunicacao do tipo antena eletromagnética entre os estados do eletrodo
sonda e os estados de energia discretos da montagem de QDs. Esse mecanismo eletronico
pode ser entendido da seguinte forma: quando uma perturbagao sinusoidal de baixa fre-
quéncia e dependente do tempo é aplicada ao eletrodo sonda, os elétrons oscilantes geram
uma onda eletromagnética associada ao elétron, que se propaga pela juncao. Essa onda
eletromagnética ressoa com a estrutura eletronica dos QDs, gerando um sinal de corrente
como resposta. Essa resposta nao envolve fluxo liquido de elétrons, pois nao ha trans-
porte eletronico; em vez disso, corresponde a uma corrente de deslocamento. No entanto,
essa resposta de corrente fornece informagoes sobre a estrutura eletronica da montagem.
O potenciostato, equipado com um analisador de frequéncia, captura tanto os sinais de

perturbacao quanto de resposta e os converte em uma funcio de impedancia.

Portanto, o mecanismo espectroscopico da QRS baseia-se na ressonancia de ener-
gia entre a onda eletromagnética de perturbagao e os estados eletronicos dos QDs. Com
base nesse mecanismo proposto e considerando os resultados obtidos para as estruturas
inorganicas — nanofilmes de 6xidos de cobre e QDs de CdTe — o foco da pesquisa foi
direcionado para estruturas organicas, a fim de demonstrar a generalidade da velocidade
quantica como marco tedrico e metodologia experimental. Nesse sentido, explorou-se
a eletrodindmica em grafeno de camada tunica (SLG), uma monocamada de atomos de

carbono organizados em uma rede hexagonal altamente simétrica, utilizando medic¢oes



de EIS. Como resultado, a DOS em forma de V, caracteristica dessa estrutura organica
2D, foi medida por EIS a temperatura ambiente, utilizando um liquido i6nico como meio
eletrolitico (Figura ) Além de sua alta estabilidade quimica e eletroquimica, a elevada
concentragao idnica deste tipo de meio permite a formacao de uma dupla camada elétrica
mais compacta, tornando mais eficiente o fenémeno de blindagem do campo elétrico as-
sociado aos estados do grafeno (NOVOSELOV et all 2005a; LOPES et all 2021)). Além
disso, aplicando a anélise de circuito RC quéntico ao espectro de capacitancia, foi identifi-
cada uma resposta em forma de semicirculo, registrada no nivel de Fermi ou ponto de Dirac
do SLG. Essa analise demonstrou que a eletrodinamica do grafeno segue os principios da
eletrodinamica quantica, revelando um valor de resisténcia equivalente, dentro do erro
experimental, ao limite quantico de resisténcia, R, = 12,99 k€. Assim, a eletrodinamica
do SLG sem transferéncia eletronica, conforme explorada por EIS, segue um mecanismo

de eletrodinamica dada pela condicao de acoplamento adiabatico de estados.

Com cada estrutura estudada, avancos significativos na compreensao e aplicagao

das extensoes da QRT foram alcancados. Nesse contexto, ao calcular a energia F =

gegsN€2
Cq

C, em funcao do potencial, e empregando calculos de Tight-Binding como modelo de

, associada a estrutura eletronica a partir da resposta da capacitancia quantica

resolucao espacial, a estrutura de bandas do SLG no espaco energia-vetor de onda foi
experimentalmente resolvida. A estrutura de bandas determinada por medi¢oes de EIS
em meio eletrolitico mostrou excelente concordancia com a estrutura eletronica medida por
outras técnicas espectroscopicas, como espectroscopia de fotoemissao resolvida em angulo
(ARPES), que requer temperaturas baixas e condi¢oes de ultravioleta para operacao.
Além disso, este resultado também esteve alinhado com a estrutura de bandas computada
para o SLG através de cdlculos de teoria do funcional da densidade (DFT) (Figura [6.5)).
Assim, a QRS, baseada em medig¢oes de EIS, constitui uma ferramenta experimental in

situ poderosa para caracterizar a estrutura eletronica do SLG.

Os resultados obtidos para o SLG revelaram o potencial para explorar tipos alter-
nativos de eletrodindmica dentro de estruturas organicas. Assim, a atencao foi voltada
para o estudo dos principios fisicos que regem a eletrodinamica em uma classe especial de
sistemas moleculares: moléculas heterociclicas m-conjugadas Push-Pull. Essas moléculas
possuem uma estrutura quimica em que grupos doadores e aceitadores de elétrons estao

eletronicamente acoplados através de pontes m-conjugadas, permitindo a comunicagao de



elétrons entre os grupos doadores e aceitadores (RAPOSO et al., [2006). Tipicamente,
essa comunicacao é facilitada por transferéncia de elétrons induzida por luz, quando a
luz visivel irradia a molécula, resultando em uma transicao eletrénica do HOMO (6rbita
molecular mais alta ocupada) para o LUMO (6rbita molecular mais baixa desocupada),
um processo conhecido como transferéncia de carga intramolecular (PIGOT et al., [2020).
Consequentemente, as caracteristicas eletronicas dessas estruturas ofereceram a possibil-
idade de sondar a comunicac¢ao intermolecular entre os estados doador e aceitador sob a

perspectiva da QRT por meio de medig¢oes EIS.

Nesse contexto, uma montagem de moléculas de 4H-tieno[3,2-b|pirrole-5-
carboxilico (TPC) foi quimicamente ligada a uma superficie de ouro através de uma
monocamada de cisteamina (Figura . A molécula de TPC contém grupos de tiofeno
e acido carboxilico, que atuam como grupos doadores e aceitadores de elétrons, respecti-
vamente, conectados por um grupo pirrol. E importante notar que o grupo aceitador foi
quimicamente modificado para facilitar a ligagao a monocamada de cisteamina, estabele-
cendo ressonancia entre os estados do eletrodo e os estados do grupo doador. Eletroquimi-
camente, essa molécula nao exibe comportamento redox reversivel, e, portanto, a comuni-
cagao intermolecular entre os grupos doadores e aceitadores nao esta associada a reagoes
de oxidagao e redugdo. Ao explorar a juncao molecular de TPC utilizando medigoes
EIS em dimetilformamida (DMF) e perclorato de tetrabutilaménio (TBACIO4), um meio
no qual a molécula é quimicamente estavel e exibe excelente solubilidade, observou-se
uma resposta semelhante a uma gaussiana de C, correspondente a uma DOS de elétrons
acessada por meio de perturbagoes dependentes do tempo (Figura ) Essa resposta
gaussiana estd, portanto, associada a comunicacao de elétrons entre os estados do eletrodo
e os estados do grupo tiofeno. No entanto, assim como no caso dos QDs de CdTe e SLG,
essa comunicacao nao corresponde a um processo de transferéncia de elétrons, mas sim a
uma ressonancia eletromagnética entre os estados eletronicos, seguindo o mecanismo dis-
cutido anteriormente. Sob perturbacao dependente do tempo em condi¢oes de equilibrio,
uma onda eletromagnética associada ao elétron propaga-se pelas junc¢oes moleculares,
ressoando com a estrutura eletronica da molécula. Em resposta, gera-se uma corrente de

deslocamento, fornecendo insights sobre o comportamento eletronico.

Além disso, a analise do espectro de capacitancia e dos graficos de Nyquist registra-

dos no potencial correspondente ao maximo da resposta gaussiana, utilizando um mod-



elo de circuito RC quantico derivado da QRT, revelou que a resisténcia associada a essa
dindmica de elétrons entre os estados é aproximadamente 12,92 K. Esse valor, dentro do
erro experimental, corresponde ao R, = 12,99 k€2, o limite quéantico de resisténcia. Conse-
quentemente, a comunicagao de elétrons entre os estados do eletrodo e o grupo doador da
molécula ocorre com maxima eficiéncia quantica, consistente com os principios da eletrod-
inamica quantica. Esse resultado também revelou que esse tipo de eletrodinamica, que
nao envolve reacoes eletroquimicas, ocorre sob uma condigao de acoplamento adiabético
dos estados eletronicos, como observado no SLG. Portanto, este trabalho pioneiro com
moléculas heterociclicas m-conjugadas sob a perspectiva da QRT demonstrou o poten-
cial de caracterizar e ajustar as estruturas eletronicas das jun¢des moleculares formadas
por essas moléculas em condigoes de temperatura ambiente e pressao ambiental, o que é

crucial para o design e desenvolvimento de dispositivos moleculares eletronicos.

Em resumo, cada avango na compreensao da dindmica dos elétrons traz novas per-
spectivas e introduz ideias desafiadoras e disruptivas. Com base nos resultados obtidos
nesta pesquisa de doutorado nas quatro estruturas estudadas, pode-se afirmar que a es-
trutura tedrica QRT — fundamentada no principio da eletrodinamica quantica £ = hv
e sua metodologia experimental, a QRS, representam uma ferramenta versatil para ex-
plorar a eletrodinamica em estruturas quimicas em escala nanométrica. Esta pesquisa
demonstrou a aplicabilidade geral dessa abordagem para estudar a eletrodindmica em
estruturas de diversas naturezas quimicas e tipos de confinamento quantico. No entanto,
esses encontros sao apenas o comeco de um novo campo na nanociéncia, Eletronica em
Escala Nanométrica em Meios Eletroliticos, baseado em uma eletrodinamica de baixa
energia e com potenciais aplicagoes que vao desde o estudo de fenomenos intrigantes,
como entrelagamento quantico e acoplamento mecanico-eletromagnético de elétrons, até
o desenvolvimento de dispositivos cujos principios operacionais sao governados por feno-
menos nao-classicos. Assim, este trabalho de doutorado serve como um preficio para

possibilidades impressionantes.



Chapter 2

State of the Art: Historical and
Theoretical Review of Electron
Dynamics

As discernible throughout the exposition of this doctoral thesis, the protagonist of
this narrative, drawing an analogy between a narrative and a Ph.D. research, is the elec-
tron and its dynamic characteristics. Hence, with the aim of underscoring the significance
of comprehending electron dynamics at matter for the technological and scientific progress
of contemporary society, this section delineates a historical and theoretical review of this
topic. It follows a chronological and analytical -line, contemplating the diverse scientific
models proposed by bright minds to explicate the captivating phenomena of the electron
movement in nanoscale chemical systems. It is imperative to note that this review is
conducted in a concise and non-exhaustive manner, serving as an introduction to the
ongoing Ph.D. thesis. Thus, only models and contributions of notable significance to the
advancement of the thesis are explicitly referenced herein. Nonetheless, the omission of
certain models and contributions in this context does not diminish their importance in the
broader study of electron dynamics. Accordingly, this review will commence with a brief
description of the atomic models that laid the foundations of modern chemistry. Sub-
sequently, the quantum mechanical interpretation of electron dynamics will be revisited,
with a special focus on the probabilistic interpretation given by Max Born. Following
this, the primary models of electron transfer and transport, proposed for various phys-
ical settings, will be described, particularly those related to diffusion-limited processes
in solution and the diffusionless regime. Finally, a recent model, grounded in quantum

electrodynamics foundations, will be presented herein. This model, named Quantum Rate



Theory (QRT), predicts a quantum rate principle associated with the electron dynam-
ics events (BUENO, 2023b; BUENO; MERCADO) 2022} BUENO| 2024)), and serves as
the theoretical framework for this Ph.D. thesis. Throughout its development, this thesis
demonstrates the generality of the QRT for exploring electron dynamics at the nanoscale
and establishing a new nanoscale electronics approach, electronics in electrolytic medium.

Therefore, without further ado, our narrative will commence.

2.1 Atomic Models and the Discovery of the
Electron

The nanoworld, the realm of atoms and molecules, has captivated the curiosity and
attention of human minds since the earliest civilizations. Dating back to the Hth century
BC, the Greek philosopher Democritus proposed pioneering ideas about the composition
of matter (ROBINSON] [1958; ZALTA et al.,[1995)). According to his thinking, Democritus
posited that matter is constituted by extremely small particles called atoms, which means
"indestructible and indivisible" (PULLMAN]| 2001; BERGMAN]| 1998)). Nevertheless, the
idea of indivisible particles as primary components of matter was not reconciled by other
important contemporaneous philosophers such as Plato and Aristotle. Thus, during many
centuries, under the dominance of Aristotelian philosophy in Western culture, the notion

of the atom seemed to fade over time (CHANG; OVERBY] 1986).

Notwithstanding, with the advance in the observation of the properties of gases and
other materials, the idea of the atom reappeared in the 17" century. In this context, the
English professor John Dalton (SMITH, 1856]), based on detailed macroscopic observa-
tions concerning chemical reactions, published in 1808 his postulates, which are considered
the foundation of modern chemistry. In a summarized manner, these postulates defined
the atom as the structural and indivisible unity of matter. Furthermore, they stated that
chemical elements are constituted by identical atoms, while chemical compounds are com-
binations of atoms of different elements in specific proportions (CHANG; OVERBY/ |1986;
BROWN;| 2009). Although the above ideas may seem obvious to contemporary readers,
these postulated marked the origin of modern chemistry and spectroscopy and were con-
sidered completely correct for around fifty years. According to Dalton’s postulates, the
atom was described as a tiny, indivisible particle without structure. However, multiple

research endeavors conducted from 1850 onward demonstrated that atoms possessed an
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internal structure. In other words, atoms were found to be constituted by even smaller
particles known as subatomic particles (PETRUCCI et al., 2022; |[PAULING/ 1988)). These
investigations led to the discovery of three fundamental subatomic particles: the proton,
the neutron, and the electron. Consequently, it is at this juncture that the protagonist
of this narrative, the electron, makes its entrance, and its discovery and physical features

will be the focal point in the upcoming paragraphs.

In the 1890s, physicists were deeply interested in comprehending the phenomena of
electrical discharge in vacuum tubes containing metallic plates. In these experiments, the
air was nearly completely evacuated from the vacuum tube by pumping. Subsequently,
two metallic plates were placed within the evacuated tube (CHANG; OVERBY] |1986;
BROWN| 2009). By applying a potential difference between the plates, the negatively
charged plate, known as the cathode, emitted an invisible beam toward the positive plate
or anode. This invisible beam was revealed upon impact with materials possessing fluores-
cence properties (MARTIN, 1986; (GOLDSTEIN] |1876)). Because these beams emanated
from the cathode, they were termed cathodic rays, and understanding their nature puz-
zled physicists of the time. —Were cathodic rays a new type of radiation or a stream of
particles? If the latter was correct, what type of particles did these rays consist of?- These

were the questions that plagued the minds of scientists during that decade.

In this scenario, the British physicist J.J. Thomson utilized his extensive knowledge
of electromagnetic theory to provide answers to these perplexities, marking the beginning
of the electrodynamic field and the raison d’étre of this narrative(CHANG; OVERBY],
1986). Thomson conducted experiments on cathodic rays in vacuum tubes, enhancing
the setup with additional elements as depicted in Figure 2.1} In this configuration, ca-
thodic rays traveled towards the anode, which possessed a central aperture allowing the
ray to continue its trajectory to the opposite end of the tube, where it impacted a glassy
surface covered with fluorescent material, indicating the precise point of impact. Addi-
tionally, two metallic plates and an electromagnet were positioned outside the vacuum
tube (ATKINS; JONES, [2007; KEITHLEY], [1999)). Utilizing this setup, Thomson ob-
served three significant results that elucidated the nature of cathodic rays. Firstly, when
external magnetic and electric fields were applied, the cathodic rays deviated from their
initial trajectory (see Figure , indicating an interaction of these rays with the fields.

According to electromagnetic theory, charged bodies or particles in motion can interact
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FIGURE 2.1. The vacuum tube setup used by Thomson for studying the effects of ex-
ternal electrical and magnetic fields on the trajectory of cathode rays. The experiments
conducted with this setup led to the discovery of the electron. Source: Adapted from
Chang et al. 2010, p.44.

with magnetic and electric fields. Secondly, by applying a potential difference between the
external plates, the cathodic ray was repelled by the negatively charged plate, indicating
that these charged bodies possessed a negative charge. Finally, Thomson observed that

when cathodic rays impacted a metal material, the material became negatively charged,

confirming the negative charge of the particles constituting these rays (BROWN]| [2009;

'TRO et al;2017)). Accordingly, these observations led Thomson to conclude that cathodic

rays consisted of a flux of negatively charged particles ejected from cathode atoms. Cur-
rently, these particles are known as electrons, the protagonists of this story and the reason
for the existence of electrodynamics as a scientific field (THOMSON]| |[1901; THOMSON;|
1927). J.J. Thomson received the Nobel Prize in Physics in 1906 for discovering

the electron. Who would have thought that our main character is approximately 130

years old since its discovery?'

Furthermore, experiments conducted by Thomson on the effect of magnetic and
electric fields on cathode rays enabled him to compute the charge (¢)/mass (m) ratio of the

electron, revealing a value of —1,76 x 108 C/g (CHANG; OVERBY/ [1986; BROWN| 2009).

These properties—mass and charge—are pivotal in the modern interpretation of the dy-

namics and nature of the electron because they dictate its mechanical-electromagnetic

characteristics. Afterward, R.A. Millikan, in 1909, began a series of experiments to de-
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FI1GURE 2.2. Schematic diagram of the Millikan oil drop experiment.The experiment
involves releasing small oil droplets, which had captured excess electrons, between two
electrically charged plates. Millikan observed the droplets, measuring how the voltage of
the plates affected their rate of descent. Source: Adapted from Brown et al. 2004, p.38.

termine the charge of the electron (MILLIKAN] 1911; FLETCHER] 1982)). In his famous

experiment, known as the "Millikan oil drop experiment," he analyzed the movement of

small oil drops that acquired charge due to ions present in the air, through an electric
field, as depicted in Figure 2.2 By applying his extensive knowledge of electrostatics to
the movement of the charged oil drops, Millikan determined that the charge of an electron

accurately corresponds to e = —1,6022 x 107! C (MILLIKAN] |[1913). From this electron

charge value and using the Thomson’s relation, Millikan also calculated the value of the
electron mass to be m = 9,10 x 1072® g (MILLIKAN, 1911; |ATKINS; JONES, [2007).

It is interesting to note that Thomson’s and Millikan’s experiments constituted the first

characterizations of the electron in history. Thanks to their work, the protagonist of
this narrative—the electron—gained an identity, a name, and two fundamental properties
with accurate values: mass and charge. Millikan was awarded the Nobel Prize in Physics

in 1923 for determining the electron charge (GOODSTEIN] 2000)).

Until that time, two characteristics of atoms were known: the existence of elec-
trons within their structures and their neutral electrical nature. Based on these features,
Thomson proposed the first atomic model. In Thomson’s model, the atom comprised

a uniformly charged sphere with a positive charge, which compensated for the negative

charge of the electrons, thereby ensuring atomic electroneutrality (HON; GOLDSTEIN,
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FiGURE 2.3. Thomson’s atomic model, known as the "plum pudding model," due to its
resemblance to a traditional English dessert made with raisins. Source: Adapted from
Chang et al. 2010, p.46.

2013} HEILBRON|, [1977)) (see Figure [2.3). The electrons were described as particles em-
bedded within the sphere of diffuse positive charge. This model was named the "plum

pudding model" due to the similarity between the description of the atomic structure and

this English dessert (FALCONER| [1987; FERGUSSON| 2011)). Nonetheless, this model

remained accepted only for a few years because the discovery of radioactivity by Henri
Becquerel, along with Marie and Pierre Curie, introduced new experimental possibilities
for exploring atomic structure (BROWN, 2009; CHANG; OVERBY], [1986). In-depth

studies on radioactivity, the spontaneous emission of high-energy radiation by certain

materials such as uranium, allowed to conclude that during the decomposition process
of radioactive material, three types of radiation are emitted: «-rays, consisting of posi-

tively charged particles; (-rays, consisting of high-velocity electrons; and ~-rays, which

are high-energy electromagnetic radiation (SEARS et al., [2014]).

In 1910, Ernest Rutherford, a New Zealand physicist, along with his collaborators,
conducted revealing experiments using radioactive material as a source of a-particles
(CAMPBELLJ 2013)). Their aim was to impact a thin gold foil with these particles, which

was surrounded by a fluorescent material plate, as represented in Figure 2.4h. In their

observations, Rutherford and his colleagues found that the majority of a-particles passed
through the gold foil, continuing along their initial trajectory. However, they also observed
that a small percentage of a particles were scattered at large angles upon passing through
the gold foil, and even more surprisingly, some particles were reflected back towards the
radioactive source (RUTHERFORD), [1919; SEARS et al 2014). These findings puzzled
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FIGURE 2.4. (a) Rutherford’s experimental setup used to measure the scattering of a-
particles by atoms in a gold foil. (b) Schematic representation of the trajectories followed
by a-particles as they either pass through or are deflected by the atomic nucleus. Source:
Adapted from Chang et al. 2010, p.47.

Rutherford for some time, as he did not have a clear interpretation. He was convinced
that these results would revolutionize the understanding of the structure of matter, but
he also knew he needed to be cautious with his interpretations. Therefore, he took his

time before sharing the conclusions of his findings.

About a year later, Rutherford managed to explain his findings through the pos-
tulation of a new atomic model. This model stated that most of the volume of an atom
consists of empty space, and the majority of the atom’s mass is concentrated in a small,
central, and dense region called the nuclei as depicted in Figure (RUTHERFORD,
. According to Rutherford, the positive charge is concentrated in the nucleus of the

atom, which occupies only 1/10' of the atomic volume, while the negative charge, carried
by electrons, randomly moves around the nucleus. This atomic structure proposal aligned
with the experimental results. The majority of o particles did not suffer dispersion be-
cause they traveled through the empty space within the gold atoms. However, when some
« particles passed close to the nucleus, the electrostatic repulsion force between positive
charges caused their dispersion at large angles. Finally, for certain « particles that di-
rectly impacted the nuclei, the repulsion force was sufficiently strong to cause a complete
reversal of their trajectory (see Figure[2.4b) (CHANG; OVERBY], [1986; BROWN], [2009).
Additional studies conducted by Rutherford led to the conclusion that the positive charge

localized within atomic nuclei consisted of positively charged particles called protons,

whose charge magnitude was equivalent to that of electrons, but whose mass was 1840

15



............ - <o Proton
PRBRIRR oo @
............................. neutron
atomic
nucleus

F1GURE 2.5. Rutherford’s atomic model describes protons and neutrons as being confined
to a small region known as the nucleus, while electrons are depicted as clouds orbiting
around it. Source: Adapted from Chang et al. 2010, p.48.

times greater than the mass of an electron (m, = 1,67 x 107** g) (SERWAY; JEWETT)
2021; PETRUCCI et al., 2022; DEVONS, [1991)).

Nevertheless, Rutherford’s model left an unresolved issue: the mass relationship
between atoms of different elements. To address this problem, Rutherford and other
researchers predicted the existence of another atomic particle. In such scenario, it was the
British physicist James Chadwick who conducted experiments similar to Rutherford’s and
discovered the neutrons, charge-neutral particles with a mass slightly greater than that of
protons, located in the nucleus along with the protons (BROWN] 2009). The discovery of
neutrons in atomic nuclei resolved the issue of mass relationships, for instance, explaining
the 4:1 mass ratio between helium and hydrogen atoms (CHADWICK],1932; CHADWICK
et al., 1931)). It is important to mention at this point in the narrative that the discovery
of the three subatomic particles and their properties constituted wonderful breakthroughs
for both chemistry and physics, revolutionizing the understanding and manipulation of
matter. Nonetheless, in the previous paragraph, as throughout this chapter, the focus
was directed toward the electron, the subatomic particle directly involved in chemical and
electrochemical reactions, resonance between energy levels, and overall electrodynamic
processes. In other words, although approximately 2000 times heavier, the proton and
neutron play a secondary role in this text, and the spotlight will continue to focus on the

electron.

Therefore, until 1932, the most accepted atomic model in the scientific community

described protons and neutrons as confined to a diminutive region of the atomic volume,

16



with electrons depicted as electron clouds surrounding the nucleus. However, this story
does not end here; it only begins. Although the previous atomic model seemed consistent
with the electroneutrality of the atom, the relationship between masses and electrostatic
observations; the random and simple representation of the electrons surrounding the nuclei
as a cloud, it did not leave physicists entirely at ease. Questions regarding the stability
of electron movement around the nuclei, the true nature of the electron, and its possible
probabilistic interpretation now captivated human reason. Hence, electrons deserved more
attention to unveil their secrets. In the next chapter, it will be evidenced how a new field
of physics emerged from the interest in understanding the unconventional behavior of the

electrons.

2.2 The Electron and the Origins of Quantum
Mechanics

Although Rutherford’s atomic model appeared consistent with experimental ob-
servations and the principles of electromagnetism, a vast number of questions remained
unsolved regarding the movement of electrons around the nucleus and the interaction
mechanisms between matter—electrons, atoms, and molecules—and electromagnetic ra-
diation, waves described as electric and magnetic fields that are perpendicular to each
other and exhibit self-induction properties (SERWAY; JEWETT, 2021; SEARS et al.|
2014). However, advancing to the next stage in the history of electrodynamics faced a
significant obstacle: the inertia of human reasoning. Specifically, there was a belief that
natural phenomena could be completely understood through certain proposed physical

models.

At the end of the 17th century, physics could be summarized by three signifi-
cant scientific contributions: Newton’s mechanics, Maxwell’s laws of electromagnetism,
and thermodynamics, which together constitute what is known today as classical physics
(ZETTILI, 2009; BRANSDEN; JOACHAIN]| [2000). Although it is now understood that
only a minuscule number of phenomena in the universe are comprehended through human
science, the fascinating aspect of this historical period is that physicists of the late 1800s
believed that all phenomena could and must be explained by the principles of classical
models. They saw no need for additional scientific descriptions or models. However,

during this period, a great number of experimental results were obtained through inge-
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nious experiments designed by brilliant minds to explore the nanoworld—the realm of
atoms and electrons—that could not be explained by the postulates of classical physics
(ZETTILI, 2009). These experiments were based on intriguing observations of the inter-
action between matter and electromagnetic radiation, in other words, the phenomena of
absorption and emission of radiation by matter. Among these fascinating phenomena were
the continuous thermal radiation emitted by a solid object and the ejection of electrons
from a metal surface when impacted by electromagnetic radiation of a specific frequency
(BROWN] 2009; SCHWABL, 2007). The explanation of these two phenomena led to the
origin of a new and revolutionary area of physics, the quantum mechanics (ZETTILI,

2009; SERWAY; JEWETT) 2021)), as described below.

In the mid-1800s, a significant amount of experimental data regarding the thermal
radiation of various solid materials had been collected. This data demonstrated that,
regardless of the chemical composition and shape of the material, the thermal radia-
tion emitted by heated solid exhibited a continuous distribution over the entire range of
frequencies comprising the electromagnetic spectrum (BRANSDEN; JOACHAIN| [2000;
GRIFFITHS; SCHROETER], 2018), as depicted in Figure . For each temperature,
there was a maximum energy intensity at a certain frequency, which increases with tem-
perature. This relationship explained the change in color of objects, from red to yellow to
white, as they are heated. However, although the experimental observations were repro-
ducible for all materials, there was no theoretical model that explained this continuous
spectral behavior. All attempts to provide an explanation based on classical thermody-
namics and electromagnetism failed miserably, tormenting the minds of physicists at the

time (ZETTILI, 2009).

Nonetheless, when current ideas fail, the mind may be willing to consider new
and entirely revolutionary proposals. Thus, in 1900, Max Planck, a German physicist,
succeeded in providing an accurate explanation for the continuous emission spectrum
of heated solids, which shook the foundations of classical physics (HOFFMANN]| 2008;
EVANS; THORNDIKE;, |2006). According to classical physics, matter and radiation could
exchange any amount of energy (continuously), as stated by the equipartition theorem.
However, Planck’s proposal contradicted this principle (ZETTILI, [2009; BROWN] [2009).
Building on previous attempts by Wien and Rayleigh, Planck analyzed the radiation
within a hollow metal cavity with a small hole in its surface as illustrated in Figure [2.6h.
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FIGURE 2.6. (a) A hollow metal cavity that serves as a physical model of a blackbody,
which is a perfect absorber and emitter of electromagnetic radiation. (b) The energy den-
sity spectrum of blackbody radiation at various temperatures as a function of frequency
(represented by pink curves). Additionally, the spectrum models proposed by Rayleigh-
Jeans and Wien are also presented. Source: Author’s own work.

When this cavity was heated and reached thermal equilibrium, Planck observed that the
radiation behaved as stationary electromagnetic waves with nodes on the internal walls
of the cavity. These waves were generated by the thermal agitation of the electrons on its
surface—indeed, electrons, the protagonists of this story, had not been forgotten. Under
thermal agitation, the electrons acted as harmonic oscillators, emitting electromagnetic
radiation. Consequently, the energy density associated with these oscillating electrons cor-
responded to the energy density of the stationary electromagnetic waves within the cavity,
as well as the thermal radiation emitted from the hole in the hollow cavity (PLANCK]
1900; PLANCK, [1978; GRIFFITHS; SCHROETER, [2018)).

In this context, Planck concluded that the energy density associated with the ther-
mal radiation leaving the hole could be calculated as the product of the number of oscil-
lation modes of the electrons (frequencies) and their average energy (F). However, the
revolutionary contribution of Planck lay precisely in the method he used to calculate this
energy. In opposition to classical physics, Planck considered that matter and radiation
could exchange energy only in discrete quantities, using discrete sums in his energy cal-
culations. In other words, Planck’s proposal stated that electrons could absorb and emit
energy only in integer multiples of a certain amount (PLANCK] 1900; ZETTILI, [2009),

which was given by:
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E = nhv (2.1)

Eq. represents the quantum of energy, where h is a constant introduced by
Planck, describing the quantization condition of the matter-radiation interaction. v
is the frequency of absorbed or emitted radiation, and n takes integer values such as
n = 1,2,3,.... Although these novel ideas caused the heads of physicists of the time
to explode, Planck’s model of thermal radiation of solids proved to adjust quite well to
the experimental spectrum across the entire range of frequencies. It revealed a new and
astonishing feature of electrons: they only exchange energy with radiation in discrete
amounts (CANIOU| [2013; PLANCK] 1978; SEARS et al., 2014). How demanding the
main character of this narrative turned out to be! Hence, Eq. and the consequences
derived from it marked the beginning of a new era in physics — quantum mechanics —
and helped explain distinct phenomena in the nanoworld that were previously unresolved

(ZETTILI, [2009).

In 1887, Heinrich Hertz, a German physicist, experimentally discovered the pho-
toelectric effect —the ejection of electrons from a metal surface when electromagnetic
radiation falls on it (HERTZ, [1887b; HERTZ|, 1887al). A schematic representation of this
effect is depicted in Figure From his observations, Hertz concluded several empirical
postulates about this phenomenon. FElectrons are only ejected from the metal surface
when the light reaches a threshold frequency, vy, regardless of the light’s intensity. No
electrons are ejected for frequencies below 1. This threshold frequency varies from ma-
terial to material. For any frequency above 14, the number of ejected electrons depends
on the light’s intensity but not its frequency. Finally, the kinetic energy of the ejected
electrons increases linearly with the frequency of the radiation and is independent of the
light’s intensity. These observations are astonishing! Electrons can not only interact
with radiation but also use this interaction to be ejected from the metal that contains
them (BRANSDEN; JOACHAIN| [2000; GRIFFITHS; SCHROETER) 2018). It seems
that every time we delve deeper into this narrative, its protagonist reveals an even more

intriguing characteristic than before.

Although Hertz’s results were indisputable, there was no theoretical model to ex-

plain them, as the dependency of the photoelectric effect on frequency could not be ac-
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FIGURE 2.7. Schematic representation of the photoelectric effect: when a metal is irra-
diated with electromagnetic radiation with certain threshold frequency, electrons may get
emitted from the metal surface. Source: Author’s own work.

counted for within the framework of classical physics (GRIFFITHS; SCHROETER] [2018;
ZETTILL 2009). In this context, in 1905, Albert Einstein, also of German nationality,
utilized Planck’s concept of quantized electromagnetic radiation to provide an accurate
explanation for the photoelectric effect. Einstein proposed that radiation could be mod-
eled as fields of quanta or packets of energy £ = hr, now known as photons (EINSTEIN]
1905). When radiation strikes a metal surface, a quantum of energy is completely ab-
sorbed by an electron. However, the electron will only be ejected if the energy of the
absorbed quantum matches the metal’s work function W = hrvy. This function describes
the energy required to free an electron from the metal and is linked to the threshold
frequency 1. Therefore, the photoelectric effect occurs only when an electron absorbs
a quantum of energy with a frequency v equal to or greater than 1y, irrespective of the
radiation’s intensity. If the metal is irradiated with a frequency equal to or greater than
vy, the number of ejected electrons depends on the intensity of the radiation, not the
frequency, since this characteristic is related to the number of quanta in the radiation
beam. Lastly, when the frequency of irradiation exceeds v, the excess energy is con-
verted into the kinetic energy K of the electrons ejected from the metal (BROWN] 2009;
ZETTILI, 2009; GRIFFITHS; SCHROETER, 2018). The preceding arguments derived

from Einstein’s work can be expressed as:

hv =W+ K (2.2)
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This relation represents the principle of conservation of energy in Einstein’s photo-
electric effect model. It describes how the radiation energy, hv, falling on the surface of a
metal compensates for the work function energy, W, enabling the ejection of an electron.
The excess energy is transformed into the kinetic energy of the electron, ensuring that
the sum of both energies equals the initial hv energy (BRANSDEN; JOACHAIN] [2000;
CHANG; OVERBY] [1986). Einstein was awarded the Nobel Prize in Physics in 1921 for

his explanation of the photoelectric effect.

As will become clear below, each proposal aimed at understanding electron phe-
nomena paved the way for subsequent advancements in electrodynamics. In 1913, Niels
Bohr, a Danish physicist, made a groundbreaking proposal for an atomic model that ad-
dressed two significant mysteries unresolved by classical physics: the discrete emission
spectrum of atoms and molecules, and the stability of electrons around nuclei (BOHR,
1913; KRAGH] |1979). According to Rutherford’s atomic model, the atom consists of a
diminutive nucleus containing protons, with electrons traveling around this nucleus in an
accelerated manner (CHANG; OVERBY], [1986). However, analyzing this electron move-
ment from the standpoint of classical physics predicted that as electrons moved around the
nucleus, they, being accelerated charged particles, would emit electromagnetic radiation,
lose energy, decelerate, and eventually spiral into the nucleus, resulting in the destruction
of both electrons and protons (SEARS et al., 2014 SERWAY; JEWETT, 2021)). But this
does not occur in nature! Drawing on the works of Planck and Einstein, Bohr proposed
that in the hydrogen atom, the electron can only occupy certain orbits with specific en-
ergies E, and angular momentum L = nh, where i = h/2m, and n corresponds to the
principal quantum number, representing the energy level and taking on positive integer
values. For instance, level n = 1 represents the state of lowest energy, or ground state,
while levels n > 1 represent excited states, as illustrated in Figure[2.8] A key consequence
of Bohr’s model is that an electron in any of the allowed orbits will not spiral toward the
nucleus and, therefore, will not radiate energy. Thus, the quantization of the electron’s
energy accounts for the stability of electrons in the atomic structure (BROWN]| [2009;
ATKINS; JONES, 2007)).

Furthermore, Bohr also succeeded in explaining the discrete emission spectrum of
atoms and molecules using his model. He proposed that when electrons are energized

through thermal energy, electric discharge, or radiation, they transition from a lower
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FIGURE 2.8. Bohr atomic model, in which the electrons can only occupy certain certain
orbits with specific energies F,, and angular momentum L = nh, where A = h/2m, and n
corresponds to the principal quantum number, representing the energy level and taking
on positive integer values. Source: Author’s own work.

energy state (F1) to a higher energy state (Es). During the relaxation process, in which the
electron returns to the lower energy initial state, electromagnetic radiation is emitted with
energy equal to the difference between the two levels, represented as £ = hv = Ey — Fj.
Consequently, because electron transitions occur only between the allowed energy orbits,
only certain spectral lines corresponding to these transitions are observed in the spectrum

of atoms and molecules (ATKINS; FRIEDMAN| 2011; MCQUARRIE, 1997)).

While the Bohr atomic model revolutionized the physical thinking of the time by
describing the quantized nature of electron energy, the subsequent proposals would chal-
lenge the very foundations of classical physics. Although Bohr’s model explained electron
stability and the atomic emission spectra, two significant questions remained unresolved:
Why were the energies of the hydrogen electron quantized? Why was the electron in the
Bohr model restricted to orbits around the nucleus at fixed distances? Bohr did not have
the answers to these questions, and approximately a decade passed without resolution
(PETRUCCI et al., 2022; CHANG; OVERBY/, 1986). In 1924, Louis de Broglie, a French
physicist, presented a groundbreaking proposal to the scientific community. He suggested
that if electromagnetic radiation, composed of energy quanta, exhibited particle-like be-
havior when interacting with matter, then material particles, such as electrons, could ex-
hibit wave-like behavior within atoms (BROGLIE, 1924; BROGLIE| 1930). This proposal
was revolutionary: could a particle with mass and velocity truly present wave properties?

Were the ideas of Planck, Einstein, and Bohr not sufficient for classical physics? It seemed
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that the challenges to the principles of physics were relentless. The protagonist of this

narrative, the electron, now demonstrated a dual wave-particle behavior.

According to de Broglie, an electron bound to the nucleus of an atom behaves as
a standing wave whose wavelength v must fit the circumference of the orbital as depicted
in Figure (27r) so that, it does not cancel out with successive orbits. Hence, the

relation between the electron wave length and circumference of orbit was described by:

21r = nA (2.3)

where n is the principal quantum number (BROWN, 2009; CHANG; OVERBY,
1986)). Furthermore, because the energy of the electron is quantized (F,), the radius r
of the orbit can only assume certain values as n increases, indicating that the radius is
also quantized. Nevertheless, De Broglie went even further, starting from the relativistic
momentum relation of the photon (quantum of energy), p = E/c, and considering the

Planck’s relation &£ = hv, he derived the fundamental relation:

A=h/p=h/mV (2.4)

where m and V' correspond to the mass and velocity of the wave-particle with nonzero rest
mass or matter wave. This expression relating the wave (u) and particle (p) properties,
led to the conclusion stating that: each material particle of momentum p behaves as a
group of waves (matter waves) whose wavelength p are governed by the velocity and mass
of the particle (BRANSDEN; JOACHAIN, 2000; |ZETTILI, 2009) The wave behavior of
electrons proposed by De Broglie was experimentally confirmed in 1927 by Davisson and
Germer, and later by Thomson, who obtained interference patterns, a characteristic of
waves, from beams of electrons. Although these experiments are not described in this text,
they are among the most famous experimental evidences of the wave-particle duality of

material particles. Thus, it is interesting to revisit them using the references provided
herein (DAVISSON: GERMER; |1927b; DAVISSON; GERMER), 1927a)).

The De Broglie theory and its experimental confirmation marked the beginning of a

new era for physicists and chemists. Electrons, central to chemical reactions and crucial in
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F1GURE 2.9. De Broglie’s model: The circumference of the orbit is equal to an integer
number of wavelengths. This is an allowed orbit. Source: Adapted from Chang et al.
2010, p.290.

determining the electrical and mechanical properties of materials based on their behavior
within atomic structures, exhibit a dual nature, showing complementary wave-particle
behavior. De Broglie was awarded the Nobel Prize in Physics in 1929 for his doctoral
work that presented the idea of wave-particle duality of matter (CHANG; OVERBY],1986;
ZETTILI, 2009) Nonetheless, each advance in understanding the dynamic properties of

the electron opens the door to new and pivotal issues. Although the proposal of the
electron’s dual behavior accounts for a vast array of experimental observations, important
questions still arise. If the electron is a wave that extends throughout space, how can
its position be accurately described? In response to this scenario, Werner Heisenberg

postulated the uncertainty principle for the electron: It is not possible to know both the

momentum and the position of a particle with certainty simultaneously (HEISENBERG,
1927; [ HEISENBERG, [1989)). Mathematically, this postulate is expressed as:

AxAp > h (2.5)

Where Az and Ap correspond to the uncertainties in position and momentum, respec-
tively. Hence, according to Heisenberg, accurately measuring the electron’s position (i.e.,
making Az very small) leads to a highly inaccurate measurement of its momentum, with
Ap becoming very large, and vice versa (CHANG; OVERBY], 1986). Applying these

principles to the Bohr model revealed that the electron does not move in a circular or-

bit, but instead, there is a probabilistic nature to determining its position within the
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atom. Heisenberg received the Nobel Prize in Physics in 1932 by the uncertainly princi-
ple (BRANSDEN; JOACHAIN]| 2000).

Wias it not enough that our protagonist exhibited a dual nature? Must the electron
also manifest probabilistic character? Well, it seems that the electron is a particular
character in nature. In this sense, it was necessary a formal theory that comprised the
great contributions and founds conducted so far to the electron dynamics. In 1926, Erwin
Schrodinger, an Austrian physicist and philosopher, building on De Broglie’s postulates,
applied a rigorous mathematical formalism to develop a new theory that allowed for the
resolution of the dynamics of quantum particles under potential energies (BRANSDEN;
JOACHAIN, 2000; GRIFFITHS; SCHROETER| 2018; ZETTILI, 2009). This theory was
named wave mechanics, and its greatest contribution was the proposal of a differential
equation, known as Schrodinger’s equation, which describes the dynamics of the electron

and incorporates both particle and wave properties (ATKINS; JONES| 2007)).

The solution to this equation is the wave function, W(r,t), of the electron within
a given potential energy. Although, physically, this function has no direct significance,
it allows for the determination of all properties of the electron system. Schrodinger was
awarded the Nobel Prize in 1933 for the development of this equation (BRANSDEN;
JOACHAIN, 2000; GRIFFITHS; SCHROETER, |2018)). However, it is important to note
that Schrodinger’s equation does not account for relativistic and electromagnetic effects
in its description of the electron’s dynamics in matter. Thus, like all physical models,
its application is limited to certain types of systems. In this context, an interesting
question arises here: if the electron is a particle with mass and charge, exhibiting particle-
wave duality, is it possible to describe its movement between quantum states without
considering its magnetic and relativistic properties? This is a question the author leaves

open for the readers to ponder.

In 1927, Max Born, a German physicist, proposed a probabilistic interpretation of
wave mechanics. Born asserted that the square modulus of the wave function, which are
the solutions to Schrodinger’s equation, corresponds to the probability density (BORN,
1909). This probability density represents the likelihood of finding the electron within a
particular region of space with volume V. Thus, according to Born’s interpretation, the

localization of the electron within an atom cannot be described from a deterministic per-
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spective but must be understood in terms of probabilistic nature (ATKINS; FRIEDMAN]|
2011 BRANSDEN; JOACHAIN, 2000). It’s truly fascinating—much like a futuristic or
science fiction Hollywood movie—the electron, an entity exhibiting both wave and particle

duality, whose physical behavior can only be comprehended in terms of probability.

Finally, by combining quantum mechanics with the theory of special relativity, Paul
Dirac derived an equation in 1928 that describes the motion of electrons while accounting
for relativistic and electromagnetic effects. This renowned equation, known as Dirac’s
equation, is considered a generalization of quantum mechanics. Dirac demonstrated that
Schrodinger’s wave mechanics is merely an approximation that neglects the relativistic

nature of electron dynamics (DIRAC, 1981; |GORBAR et al., 2021} ZETTILI, 2009).

However, the history of electrodynamics did not end there. Building upon the pre-
vious contributions to understanding the nature and motion of electrons as described by
quantum mechanics, various theories and models have been proposed to explain phenom-
ena such as chemical reactions involving electron transfer and electron current through
solid-state and molecular systems. In the following section, the main theories regarding
electron transport and transfer will be discussed, with a critical examination highlighting

their significant contributions and limitations.

2.3 Electron Transfer and Transport Theories

In the previous sections, the historical and theoretical development of electron
theory was discussed. This exploration commenced with the discovery of the electron,
followed by Thomson’s and Millikan’s measurements of its mass and charge. The nar-
rative progressed with De Broglie’s attribution of wave-particle duality to the electron
and culminated in the establishment of quantum mechanics—a predictive framework for
electron dynamics developed by Schréodinger and Dirac. These significant contributions
led to the formulation of various theories and models aimed at understanding electron
behavior in different chemical systems. However, beginning in the 1940s, progress in com-
prehending electron behavior in materials faced a new intellectual trend: the tendency to
study natural phenomena in isolation. Although the subject under investigation remained
the same—electron dynamics—physicists and chemists began to approach the issue from

two distinct and seemingly irreconcilable perspectives.
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Historically, Michael Faraday (1791-1867), a British scientist, is considered the fa-
ther of electrodynamics due to his significant contributions, such as the laws of electrolysis
(FARADAY/(1834) and electromagnetic induction (SERWAY; JEWETT) 2021} SEARS et
al., 2014)). However, his studies were not interpreted from a unified standpoint of electro-
dynamic phenomena; instead, they were divided and addressed differently by physicists
and chemists. Chemists, based on Faraday’s law of electrolysis—which involves gener-
ating chemical reactions through electrical perturbation and producing electrical energy
from a chemical reaction—developed the field of electrochemistry (OLDHAM et al.| 2011}
BREITKOPF; SWIDER-LYONS, [2017). Electrochemistry focused on studying chemical
reactions caused by electron transfer between reduced and oxidized species in the presence
of an electrolytic medium, a solvent that contains ions. In electrochemical reactions, the
electron transfer rate constant k constitutes the pivotal kinetic feature. Therefore, most
efforts in this field have focused on proposing theoretical and empirical models aiming to
accurately calculate this property (BARD et al. 2022). On the other hand, physicists
used Faraday’s law of electromagnetic induction—the production of an electromotive force
(emf) across an electrical conductor in a changing magnetic field—as a key foundation for
building the principles of solid-state and molecular electronics. Most studies conducted in
these fields involve positioning a molecule or nanoscale semiconducting films between two
metallic electrodes and measuring the electron conductance or transport G' through these
structures (RATNER), 2013; MARQUES-GONZALEZ; LOW, 2016; CHOIL; MODY], 2009
WALLING/, 1968)). The flow of electrons across these structures is driven by a potential
difference applied between the electrodes. It is rather curious that the history of under-
standing the movement of the protagonist of this narrative, the electron, in the matter has
been written since two different perspectives: solid-state electronics and electrochemistry,
even though the natural phenomenon at its origin was the same. Nonetheless, the theo-
retical and empirical models by both physicist and chemists about the electron dynamics
constituted significant contributions that led to modern understanding of this phenomena.
Accordingly, a brief review about the principal theories of electron electron and transfer,

starting by electron transfer theories in electrochemistry.

In this context, the study of electrochemistry can be divided into two distinct sub-
areas: homogeneous and heterogeneous electrochemistry. The former focuses on the study
of electron transfer reactions between an electron donor and acceptor chemical species in

the solution phase. In contrast, the latter directs its efforts toward the exploration of elec-
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tron transfer processes that occur at the interface formed by a solid-state electrode and
a donor /acceptor chemical species in solution (BARD et al., 2022; BOCKRIS; REDDY],
1998). Historically, theories of homogeneous electrochemistry were proposed first, with
the Marcus Theory being recognized as the most important among them. This theory,
developed by Rudolph A. Marcus, a Canadian-born American chemist, explains the rate
of electron transfer in homogeneous reactions—the rate at which an electron moves or
jumps from the donor species to the acceptor species in the solution phase—providing an
expression for the electron transfer constant k associated with this type of electrochemical
reaction. It is rather important to mention that the Marcus Theory is entirely based on
classical principles and is founded on the Arrhenius empirical model of chemical reac-
tion kinetics and the transition state theory (TST) (MARCUS| 1956b; MARCUS| 1957a;
MARCUS; [1957D)).

Briefly, Svante Arrhenius, a Swedish scientist, experimentally observed that the
rate constant £ of most chemical reactions exhibited a common trend with temperature
T, specifically In k o< 1/T". Based on his observations, Arrhenius proposed an empirical re-
lation for k in activation-controlled reactions, which currently represents the fundamental
mechanism of chemical reactions (ARRHENIUS; |1889a; [ARRHENIUS| [1889b; |LEVINE]
2009). This relation, derived by the brilliant mind of Arrhenius using statistical thermo-

dynamics, is given by:

k = Aexp(—FE4/kgT) (2.6)

where R is the gas universal constant, 7" is the absolute temperature, F 4 is the activation
energy and A is a frequency factor associated with probability of the chemical reaction
taking place. Since Arrhenius relation includes the term e~F4/k87 this describes the
mechanism of chemical reactions in terms of the probability of using thermal energy
to overcome a energy barrier of high F4. Hence, a chemical reaction will present a

greater probability of occurring according to the fixed pressure and temperature conditions
imposed on the system (LAIDLER] 1984} BARD et all 2022).

Afterward, based on the relation of Eq. , many theories were proposed with

the objective of determining explicit expressions for the parameters F4 and k for specific
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chemical reactions. Among the most renowned theories is the Transition State Theory
(TST), developed by Henry Eyring, a Mexico-born American theoretical chemist, in 1935
(EYRING, |1935; EVANS; POLANYT, 1935)). The central idea of this theory is that chem-
ical reactions proceed through a well-defined transition state or activated complex, and
its foundations can be better understood through an analysis of potential energy surfaces
(PES). A PES plot represents the minimum energy reaction path in terms of potential en-
ergy along a reaction coordinate, as depicted in Figure 2.10] In a PES plot, the potential
energy corresponds to the ordinate axis, and the reaction coordinate matches the abscissa
axis. For a certain chemical reaction, the reaction coordinate conforms to a molecular pa-
rameter or feature that can be easily identified in the reactions and indicates the progress
of the reactions, for instance, a bond angle or the inter-atomic distance (BARD et al.|
2022; TRUHLAR et al., 1996]). Therefore, for a simple elementary bimolecular reaction
as represented in Eq. 2.7}

Reactant == Product (2.7)

two domains are identified as energy minima: reactant and product. The chemical reaction
proceeds by the change of potential energy from the reactant setup toward the product
setup along the reaction coordinate, passing through a energy maximum, named the
activated complex. In the TST, there is a strong coupling between both reactant and
product setups for forming a defined activated complex, which can be defined as a quasi-
equilibrium potential energy state where both chemical structures, reactant and product,
are in equilibrium. Hence, according to the Arrhenius postulates, for the chemical reaction
to take place in any direction, from reactant to product or vice versa, the system under
certain pressure and temperature conditions must present the enough energy to overcome
this maximum (or activation energy) (BARD et all [2022; LEVINE, 2009). Thus, as
highlighted in the PES plot, the activation energies Ey4 ¢, from reactant to product, and
E 4, from product to reactant, are defined as the energy differences between the activated
complex and the reactant and product minima, respectively. Eyring, by taking into
account prior ideas and applying fundamental principles of chemical kinetics to calculate
the concentration of the activated complex (EYRING, 1935, derived a formulation of the

Arrhenius kinetic relation as follows:
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FIGURE 2.10. Schematic representation of the Marcus Theory, in which parabolic po-
tential energies are assumed for both reactants and products. In this model, based on
transition state theory, the potential energy is plotted in function of a reaction coordi-
nate. The chemical reaction proceeds by the change of potential energy from the reactant
setup toward the product setup along the reaction coordinate, passing through a energy
maximum, named the activated complex. Source: Author’s own work.

k= /fkiTeXp(—EA/KBT) (2.8)

In Equation kp represents the Boltzmann constant and 7" denotes the absolute
temperature. Consequently, Marcus began with the concepts and principles derived from

the Arrhenius relation and the transition state theory (STS) to formulate his electron

transfer kinetic theory for homogeneous electrochemical reactions (BARD et al. 2022;

MARCUS| [1956b)). However, Marcus’s primary focus was on addressing a longstanding

question in chemistry: how can the influence of the solvent on the kinetics and ener-
getic conditions of electrochemical reactions be explained? Numerous experimental data
indicated that altering the solvent, pressure and temperature activation conditions and
electron transfer reaction’s rate constant (k) are affected. These findings suggested that
the electrical properties of the solvent significantly impacted the electron transfer process
between electron donor and acceptor species. Therefore, it appeared that the movement
of the electron was governed by the solvent’s dielectric properties. This ultimately con-

strained the rate of transfer of the electron(MARCUS| 2020; MARCUS, 1956b).
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In this context, Marcus developed his theory for homogeneous reactions under the
assumption that only changes in the charge of donor and acceptor species occur, while sig-
nificant modifications in their chemical and solvation shell structures are negligible (BARD
et al., 2022, MARCUS| |1956a). Consequently, Marcus modeled the donor and acceptor
species, along with their respective solvation shells, as two charged spheres. This model
can be applied to outer-sphere electrochemical reactions, such as the electron self-exchange
reaction between Fet? and Fe™3, where modifications in their chemical structures due to
electron transfer are minimal. Similarly, for this type of electrochemical reaction, the
Franck-Condon principle was taken into account. Therefore, an electron transfer process
was described as an isoenergetic event in which the nuclei of the reactants and products,
as well as the solvation molecules, experience only small displacements, ensuring that the
solvent configuration remains the same before and after the electron transfer (MARCUS;
1956a; MARCUS, 1956b; MARCUS| [1957a). Marcus applied the dipole polarization clas-
sical model to interpret the effect of the solvent on electrochemical reactions. However, by
considering the processes of electron transfer and solvent polarization, which result from
the change of charge, this reaction ultimately infringed upon the Franck-Condon principle.
This is because the polarization depends on the charge states of both the reactants and
the products, which exhibit distinct charge states (MARCUS, [1964a; MARCUS) [1956a;
MARCUS; [2020).

To address this issue, Marcus considered that electron transfer and solvent polar-
ization processes were not in equilibrium, each characterized by time constants, 7. and 7,
respectively. Hence, the formation of the correct solvent configuration and the electron
transfer are decoupled and do not occur simultaneously. The solvent molecules reach the
activated complex configuration before the electron transfer takes place. However, this
process requires energy, which is provided by the thermal energy of the solvent, leading to
the appropriate polarization state. Once this state is achieved, the electron can transfer
(MARCUS| [1956a)). Therefore, the ability of the solvent to polarize towards the correct
configuration determines the activation energy F 4 and the rate of the electrochemical

reactions (MARCUS| [1956b; MARCUS| [1965).

Based on the previous phenomenological description and an analysis of the PES-
plot, Marcus formulated a relationship for the activation energy (FE,4) of homogeneous

electrochemical reactions. This was achieved by modeling the potential energy of the reac-
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tants and products (electron donor and acceptor) using parabolic functions, as illustrated
in Figure 2.10 Marcus’s relation is expressed in terms of a new theoretical parameter
he proposed, the reorganization energy (A\) (MARCUS, 2020; MARCUS; |1964a)), which is
given by:

Eq= (AZfO)Q (2.9)

where FEj is the standard energy of the electrochemical reaction. The concept
of the energy A can be understood as the energy required to reorganize the solvent
molecules’ configuration from the reactants to the products without transferring the elec-
tron (MATYUSHOV/ [2023; GRUHN et al.| 2002). For an electron transfer reaction with
spherical reactants and products in a polar medium, X is described in terms of the solvent

dielectric constant as follows:

e? 1 1 1 1 1
A= _—— ) | — - = 2.1
4reg (dAD ra 7“D> (eop es> (2.10)

In Eq. 2.10} e is the charge of the electron, ¢ is the vacuum dielectric constant, dap
is the distance between the donor and acceptor species, r4 is the radius of the acceptor
sphere, rp is the radius of the donor sphere, ¢,, is the optical dielectric constant at high
frequencies, and ¢, is the static dielectric constant at low frequencies (BARD et al.| [2022;
BOCKRIS; REDDY] [1998). Accordingly, A modulates E,, and in turn, the electron
transfer rate constant k given by Eq2.8l The relationships described by Egs. 2.9 and
[2.10] constitute Marcus’s significant contributions to the kinetics theory, which earned
him the Nobel Prize in Chemistry in 1992 for his interpretation of the effect of solvent
dielectric properties on the rate of electron transfer reactions. It is important to mention
that, as stated at the beginning of this narrative, the aim is to conduct a historical and
theoretical review of the principal contributions to electrodynamics, presenting the main
ideas of each. Therefore, the mathematical deductions and formalism underlying Marcus’s

theory were not presented. However, key references are cited, which can be revisited by
the readers of this document (MARCUS| 1956b; MARCUS| 1957b; MARCUS| [1965)).

Subsequently, Marcus analyzed another important feature aiming to generalize his
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formulation for inner-sphere reactions, which involve significant changes in the chemical
structures of the reactants and products, as well as in the solvent shell. This feature per-
tains to the electronic coupling between the electron donor and acceptor states. Marcus
suggested that homogeneous electron transfer reactions could be categorized as adiabatic
or non-adiabatic depending on the value of this characteristic (MARCUS; SUTIN| 1985a;
MARCUS;, |1964a)). Mathematically, the electron coupling was modeled by the matrix
Hpa. According to his formulation, in a non-adiabatic reaction, the donor and acceptor
states are weakly coupled; Hp, (depicted in Fig. is small compared to the reorgani-
zation energy, allowing the donor and acceptor to retain their identity. The system has
a certain probability of transitioning from the initial to the final potential energy curves.
In contrast, for an adiabatic reaction, the electronic coupling is strong; the gap of Hp,4 is
larger, and the system stays on the lower potential energy curve (EBERSON; EBERSON|
1987; |ADAM; SCHONBERGER), [1992)). Therefore, through the mathematical treatment
of the previous ideas, Marcus formulated the general equation of this theory, which is

given by:

2
k= =~|Hpal?

(A + Ep)?
; ) (2.11)
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From the author’s perspective, the Marcus theory (Eq. stands as the most
significant contribution to modern electrodynamics, particularly in the realm of electro-
chemical reactions. The Marcus theoretical framework was considered foundational for
subsequent models. However, it is important to note that this theory was originally for-
mulated to explain the kinetics of homogeneous electrochemical reactions, where both the
electron donor and acceptor are in solution. To explore heterogeneous electrochemistry,
which involves electron transfer between a solid-state electrode and species in solution,
several new theories were proposed. Notably, the Butler-Volmer and Gerisher models
(BARD et al., 2022; BOCKRIS; REDDY]},[1998) emerged among them. The Butler-Volmer
model, rooted in classical concepts of macroscopic thermodynamics, primarily focuses on
calculating exchange currents (i) and transfer coefficients (a) that govern the kinetics of
heterogeneous electron transfer (NEWMAN; BALSARA| [2021)). While this model will
be briefly mentioned here, it is not directly relevant to the ongoing PhD thesis under
development. Nevertheless, it deserves acknowledgment as a major macroscopic theory in

electrochemistry. Relevant references are cited herein to offer readers an overview of the
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Butler-Volmer model.

On the other hand, this narrative will shine a spotlight on heterogeneous electro-
chemistry theories based on the electronic structure of the electrode and the electroactive
species in solution. This approach is encapsulated in a microscopic kinetics model pro-
posed by Heinz Gerischer, a German chemist renowned for his significant contributions to
electrochemistry (LEWIS et al.,|1997). Among his most notable contributions is the model
described in the history of electrodynamics, which is based on the distribution of energy
states. As illustrated in Figure Gerischer’s central idea revolves around electron
transfer occurring between an occupied state and unoccupied states that are energetically
matched by the energy E. Therefore, in a reduction process at the electrode-solution
interface, the occupied state resides on the electrode, while the energetically matched
unoccupied state is located on the electroactive species in solution. Conversely, in an
oxidation process, the occupied state is on the species in solution, and the unoccupied
state is on the electrode. However, in a more realistic scenario, the states involved in the
electron transfer span a range of energies (see Figure 2.11)). Therefore, the total rate of
the process is obtained by integrating the rates at each energy level (BARD et al.| 2022;
BOCKRIS; REDDY] [1998).

The electron density of states of the electrode, as depicted in Figure 2.11] is gov-
erned by the Fermi-Dirac electron occupancy function f(E), where the Fermi level Ep
—the highest occupied energy level in the electron structure— is identified. Within the
electron structure of the electrode, two overlapping bands of electron states exist: occu-
pied and unoccupied states. For energy levels significantly lower than Er, the electron
occupancy probability is unity, indicating complete occupation. Conversely, for energy
levels well above Ep, this probability is zero, indicating no occupation. However, for
energy levels within approximately +4kgT of Er, the value of this probability varies con-
tinuously from 0 to 1, reflecting partial occupation. Hence, at the Fermi level Er the
electron occupancy probability is f = 1/2.n the solution side, the distribution of donor
and acceptor states is governed by the electron structure of two different chemical species.
Since the energy levels of the electroactive species in solution are discrete or localized,
the distribution of states (DOS) involved in the processes of reduction and oxidation is
represented by two Gaussian shapes in Figure [2.11] where Dy and Dpg correspond to the

DOS of the species that undergo reduction and oxidation, respectively (BARD et al.|
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FI1GURE 2.11. This scheme describes the relationships between electronic states at the
interface between a metal electrode and a solution containing species O and R at equal
concentrations. The vertical axis represents electron energy (E) on the absolute scale.
On the electrode side, a zone 4kpT wide is centered on the Fermi energy (Er), where the
probability of occupancy, f(E), transitions from nearly 1 below the zone to nearly zero
above. On the solution side, the density distributions of states for O and R are represented
as Gaussian functions, corresponding to the probability density functions, Wo(A, E) and
Wgr(A, E). The filled states of the electrode overlap with the empty states of O, allowing
reduction to occur. However, since the filled states of R overlap only with filled electrode
states, oxidation is blocked. Source: Adapted from Bard et al. 2001, p.124.

2022; [GERISCHER,, [1078).

When the electrode is polarized, for example, by applying a potential difference
relative to a standard reference, the energy levels can shift towards more positive or neg-
ative potentials without causing a significant change in the electron occupancy, owing to
its high electron density. Thus, EFr varies linearly with the electrode potential. Conse-
quently, these shifts in the electrode energy levels enable the matching of the distribution
of occupied states of the electrode with the electron states of Do, and similarly, the un-
occupied states of the electrode with those of Dpg, facilitating electron transfer between
these states (GERISCHER| 1990; GERISCHER; WILLIG| 2006). Therefore, based on
the aforementioned premises, Gerischer derived expressions for the electron transfer rate
constants involved in electrochemical oxidation and reduction reactions between a solid
electrode and electroactive (redox) species in the solution phase (NEWMAN; BALSARA|
2021; |GERISCHER, [1978). Thus, for a heterogeneous reduction reaction, Gerischer’s

formulation, which consider the electron features, is written as follows:

36



kr=v / Pr(E)Wo (), E) f(E)DOS(E)dE (2.12)
where v is the frequency associated with characteristic time of the reaction, Pg(F) is a
proportionality function, Wy (A, E) is the reduction probability density function which in-
clude the Do (F), and DOS(F) is the electron density of states of the electrode. Similarly,

for an oxidation reaction the Gerisher’s expression is given by:

ko = v [ O:O Po(EYWr(\, E)[1 — f(E)|DOS(E)dE (2.13)

This equation describes the oxidation rate constant ko, where Py (F) is the propor-
tionality function for oxidation, and Wg(A, F) is the oxidation probability density function
including Do(FE). In addition, as the reader may have already observed, the probability
density term W (A, F), utilized in Egs. and , depends not only on the energy
E but also on the reorganization energy A introduced by Marcus (BOCKRIS; REDDY],
1998; GERISCHER; WILLIG| 2006). Therefore, Gerisher recognized the significance of
the parameter A in heterogeneous electrochemical reactions and incorporated it into his
theory. Specifically, he derived expressions for Wg(A, E') and Wp (A, E) in terms of this

parameter, such as:

_ e[ (E=Er+))?

Wgr(A\, E) = (4n \kgT) ™/ “exp [ T (2.14)
_ o[ (E=Ep—))?

Wo(\, E) = (4r\kgT) ™ exp l T (2.15)

The relationships in Eqs[2.14 and [2.14] describe the Gerisher-Marcus theory, a the-
oretical framework widely employed for studying electron transfer reactions between an
electrode and electroactive species in solution. This theory is particularly valuable for
semiconducting electrodes, where their electronic structure plays a crucial role in these
processes (BARD et all) 2022). Remarkably, to date, the Marcus and Gerisher mod-
els have facilitated the description of two scenarios: electron movement within chemical

structures in the same phase and between structures in solid and liquid phases. The abil-
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ity to develop one’s own theories is a privilege reserved for significant figures in history,
and the electron possesses this capability. Could there ever be a figure more famous than

the electron?

Even more surprising is the fact that theories regarding electron dynamics did not
stop there! Both Marcus and Gerisher treated homogeneous and heterogeneous settings,
respectively, involving electroactive species in solution (BARD et al., [2022; [ BOCKRIS;
REDDY] [1998; NEWMAN; BALSARA| 2021). Interestingly, both scenarios share a com-
mon element: kinetics are controlled by the diffusion of species to the electrode-solution
interface. However, the most promising applications in electrochemistry and electronics in-
volve organic or inorganic semiconducting structures confined to the surface of conducting
electrodes. Examples include redox molecular monolayers (ECKERMANN et al., [2010),
transition metal oxide nanofilms (MADURAIVEERAN et al., 2019), or cyclic organic
molecules containing electron donor and acceptor moieties (KABIR; UZZAMAN| 2022).
Significant studies have addressed electron transfer phenomena in redox electroactive self-
assembled monolayers (SAMs), as represented in Figure [2.12] using the Marcus-Gerisher
approaches (ECKERMANN et al 2010; CHIDSEY] (1991; WEBER; CREAGER; [1994).
However, from a physical standpoint, this is not entirely correct. In the case of redox
SAMs, electron transfer occurs in a diffusionless regime, suggesting the presence of new
physics distinct from the classical framework upon which the Marcus and Gerisher models

are based.

In 1979, Georges S. Laviron, a French scientist, presented a method based on linear
sweep voltammetry (LSV) measurements to calculate the electron transfer constant (k)
for electroactive species absorbed on electrode surfaces (LAVIRON;| (1979a; LAVIRON|
1979b). This method elucidated the electron transfer processes occurring between the
electrode and these redox electroactive species in a diffusionless physical regime. It is
important to note that the term "absorbed" refers to the chemical or physical attachment
of electroactive chemical structures to conducting or semiconducting electrodes. In this
context, Laviron developed his model based on the classical Butler-Volmer theory, under
the condition that in this diffusionless regime, 7 satisfies n ~ 0. Here, 1 represents the
overpotential of the junctions, given by n = Er — i1, where Ef is the Fermi level potential
of the attached redox species, and p is the chemical potential of the electrons within the

electrode (LAVIRON et al.; |1980; LAVIRON]| 1980). From his mathematical treatment,
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FIGURE 2.12. A schematic representation of a redox-active molecular self-assembled
monolayer formed on a gold electrode surface is presented. In this case, the peptide
scaffold is modified with a redox-active molecule, such as ferrocene, and is chemically
anchored to the electrode. Consequently, the electron transfer between the electrode and
the ferrocene probe, and vice versa, can be explored in a diffusionless regime. Source:
Author’s own work.

Laviron revealed a linear relationship between the peak current density j, of an LSV
experiment, associated with electron transfer, and the scan rate s in cases where electron

transfer occurs in a diffusionless regime. This relationship is given by:

, el
= S
T = W AksT

(2.16)

where I is the surface coverage. Thus, a proportionality constant exists between j, and s
in this diffusion regime (LAVIRON; ROULLIER} [1980). However, Laviron did not explore
the physical-chemical significance of this constant in his formulation, though it will be
highly relevant in the final section of this chapter. Furthermore, based on the relationship
in Eq[2.16] an experimental approach was established for calculating & for these types
of electrochemical reactions. This approach involves conducting LSV measurements at
various scan rates and constructing a plot of peak potential V), versus the logarithm of
the scan rate s (> 200 mVs™!) for both oxidation and reduction processes. From the
slope of the linear behavior at high scan rates, the parameter «, which is the transfer
coefficient describing the symmetry of the energy barrier of the electrochemical reaction,

can be calculated. Ideally, o = 0,5, but it is important to determine this parameter
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for each specific reaction of interest (LAVIRON| 1979b; [LAVIRON; [1979a). Finally, k&
is calculated using expressions derived within Laviron’s formulation and the values of «

calculated for the oxidation (ap) and reduction (ag)reactions , such as:

QaRe

k =
kgT

s=(1—ao) (2.17)

T’

The Laviron method is widely used for calculating k for redox chemical structures
immobilized on electrodes. However, as evidenced in the detailed derivation of its formula-
tions in references (LAVIRON]| 1979a; [LAVIRON; ROULLIER, [1980)), various constraints
are applied in the mathematical treatment, which limit its accuracy in complex systems

such as redox proteins and organometallic compounds.

In summarizing the models discussed thus far, all of them are chemical kinetics
approaches developed by brilliant chemists to describe electron transfer reactions in the
presence of an electrolytic medium—a liquid molecular solvent containing ionic species.
Given these significant contributions to electron dynamics by chemists, it is natural to
pose the question: what were the contributions of physicists? Did physicists leave this task
solely to chemists? Certainly not! It would be incorrect to assume that physicists did not
contribute significantly to the understanding of this fundamental issue. While chemists
focused on the kinetics of electron transfer reactions in the presence of an electrolytic
medium within the field of electrochemistry, physicists concentrated on measuring and
predicting the electrical phenomena associated with the movement of electrons or elec-
tron transport in chemical structures at the nanoscale in dry mediums, within the realms
of nanoelectronics or molecular electronics. In the context of nanoelectronics, physicists
commonly employ a two-terminal quantum point contact experimental setup. This setup
involves placing the nanoscale chemical structure of interest between two conducting elec-
trodes (CHEN et al., [2007; [RATNER)] 2002), as illustrated in Figure . Examples of
frequently studied chemical structures in this setup include aliphatic and aromatic or-
ganic molecules, organic-metallic complexes, and inorganic quantum dots. Subsequently,
a DC voltage is applied between the two electrodes to drive a flux of electrons through the
nanoscale bridge. This electron current, denoted as i., is measured with the objective of

calculating the electrical conductance of the bridge or the chemical structure positioned

between the electrodes (HEATH, |2009; VENKATARAMAN et al., 2006).
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FIGURE 2.13. A two-electrode setup is commonly used in molecular electronics. In this
configuration, a single molecule or an ensemble of molecules is extended between two
electrodes. A potential difference is applied across the electrodes, and the current or
electron flux passing through the molecular structure is measured. Source: Author’s own
work

The initial inclination might be to apply Ohm’s classical law to calculate the con-
ductance, which is the inverse of resistance. However, it’s crucial to note that in nanoelec-
tronics, the chemical structures of interest are molecules or inorganic quantum dots, which
exhibit quantized physical properties due to discrete energy levels in their electronic struc-
tures. Therefore, classical physics struggles to fully explain the electrical characteristics of
these structures. For instance, in nanoelectronics, the sum of resistances does not strictly
adhere to Kirchhoff’s laws (GABELLI et al.| [2006). Moreover, at the nanoscale, the move-
ment of electrons—central to this study—follows the wave-particle duality predicted by
quantum mechanics (GRIFFITHS; SCHROETER], 2018)). Consequently, advancing the
study of electron dynamics necessitated theoretical contributions derived from this latter
field.

In 1957, concurrently with the proposal of the Marcus theory, Rolf William Lan-
dauer (1927-1999), a German-American physicist, introduced the first version of his quan-
tum mechanical model to predict the property of quantum conductance GG in two-terminal
quantum point contacts (LANDAUER, 1957). The Landauer model defines the conduc-
tance G of a quantum conductor—be it a molecule or a quantum dot—in terms of its
conductance and the scattering properties of the electron wave, described by the trans-
mission matrix (NAZAROV; BLANTER 2009; AKKERMANS; MONTAMBAUX| 2007).
Therefore, for a two-terminal contact at energy E' = u, where p represents the Fermi level

of the nanoscale junction, Landauer’s formulation can be expressed as:
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G=Go Y Tu(p) = 9.5 > Tu(w) (2.18)

In Eq. , the term Gy = g,e?/h denotes the quantum of conductance, which is
the quantized unit of electrical conductance. Here, g, corresponds to the electron spin
degeneracy, taking a value of 2 (gs = 2), representing the up and down spin states of
the electron. The constant Gy = g.e?/h ~ 77.5 uS is a universal constant predicted to
be obtained by measuring the conductance of a quantum point contact (FRANK et al.,
1998; AKKERMANS; MONTAMBAUX| 2007). Furthermore, Gy corresponds to twice
the inverse of the Von Klitzing constant Rx = h/e?, the quantized unit of resistance, such
that Go = 2/Rk. Theoretically, R = 25.8 K( represents the resistance associated with
the ground state in a quantum RC circuit analysis of the electron states (KLITZING/ 2005;
LAUGHLIN]| |1981). Briefly, Gy can be derived in a straightforward manner by considering
a 1D structure, such as a quantum wire, adiabatically connecting two electron reservoirs
and analyzing their voltage and current properties. A concise derivation of this can be

found in reference (WEES et al., |1988) and is open to review by interested readers.

On the other hand, 3> 7,,(11) denotes the electron transmission matrix, which is
derived from quantum mechanics calculations. In this matrix expression, 7, (u) are the
eigenvalues of the matrix, and the sum runs over all transport channels in the conduc-
tor (BUENO), 2020; AKKERMANS; MONTAMBAUX, 2007). Therefore, the Landauer
formulation given by Eq. describes the conductance of a nanoscale conductor as
the sum of all the transmission possibilities that an electron has when propagating with
an energy equal to the chemical potential, E = p. According to the electron transport
mechanism, the matrix takes a particular form. For instance, in a quantum wire where
the mean free path of its electrons (l.;) is much larger than its length (L), l,; >> L, the
electron transport occurs through a ballistic mechanism without electron wave scattering
(LANDAUER, [1957). Thus, >, T,,(#) = 1, and its conductance is G = Gy. In con-
trast, for electron transport by tunneling, >, 7T,,(1) o< exp(—BL), where the parameters
f and L are the height and length of energy barrier tunneled by the electron (WINKLER,;
GRAY/|, 2014; NAZIN et al., 2005). Landauer’s formula was derived from the assumption
of wave-particle duality introduced by De Broglie, thus assuming the electron being trans-
ported exhibits wave behavior, including transmission and reflection (LANDAUER][1957)).

There are other electron transport formalism’s, such as those based on Green’s functions
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(DEROSA; SEMINARIO, [2001); however, the Landauer formulation constitutes the most
widely used formalism in nanoscale electronics and is applied in the ongoing PhD thesis.

Accordingly, these other formalism’s are not discussed in this narrative.

In summary, electrodynamics, the study of the electron’s ability to move through
chemical structures, was apparently developed from two distinct perspectives: electro-
chemistry and molecular electronics. Electrochemistry is based on the understanding
of electron transfer phenomena and the determination of its associated rate constant k
(Marcus-Gerischer theory) (BARD et al., 2022, BOCKRIS; REDDY] [1998)). Molecular
electronics, on the other hand, focuses on the exploration of electron transport phenom-
ena through the calculation and measurement of the quantum conductance G property of
molecular bridges extended between two electrodes (Landauer formulation) (CHEN et al.,
2007; WEES et al.| [1988). Nonetheless, when the dynamics or movement of the electron is
examined from a fundamental standpoint, the process of leading an electron between two
electron states involves transferring the electron from one stationary state to another (elec-
tron transfer) and transmitting the electron wave through a chemical structure (electron
transport). Hence, it is natural to consider electron transfer and transport as phenomena
that occur in a complementary manner in an electron dynamics event, rather than as
contrary phenomena as they were historically addressed. This strong postulate states
that, although scientifically explored from distinct perspectives, the phenomenon remains
just one: Electron Dynamics. It raises two pivotal questions: Is it possible to develop a
model that considers both phenomena and enables obtaining a more complete picture of
electron dynamics? And, are nanoscale electrochemistry and electronics dictated by the
same physical principles? Their answers or possible responses will be discussed in the
next section. Although this narrative has been somewhat extensive until this point, its

conclusion will arrive shortly.

2.4 The Natural Phenomenon remains Just One:
Electron Dynamics.

The construction of the dynamics of the electron has not been easy! It seems that
with each advance in understanding this fascinating phenomenon, new questions arise,
leading human minds to develop and propose challenging ideas. However, this very fact is

the driving force of science. When all questions about a phenomenon have been answered,
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science should stop. But as long as there are more questions than answers, science must be
based on the proposal of new ideas and critical thinking, challenging what was proposed
in the past. In this context as introduced in the last paragraph of the previous section,
the current scientific thinking about the electron dynamics is based on the necessity of
models derived the quantum mechanics, since the electron is quantum particle (wave-
particle duality), that consider a interrelation between the rate constant k associated to
the electron transfer, and quantum conductance G describing the electron transport. It
was not enough with separate models! The understanding of the dynamic behavior of the

electron required a unified model.

In 2001, Abraham Nitzan, an Israeli chemist, published a quite interesting pa-
per where he proposed a theoretical deduction of an expression that related G and k
(NITZAN]| 2001). Nitzan’s formulation is based on applying a mathematical treatment
to the expressions obtained for k£ in non-adiabatic electrochemical reactions and for G
of molecular junctions under the condition of near-zero bias. Under the premise of a
super-exchange transport mechanism and other approximations such as weak coupling
between the different electron structures involved in electron dynamics (donor and accep-
tor groups, bridge, and electrodes) and high barriers, Nitzan derived his formula. This

formula describes a linear relation between G and k and is given by:

8e?

= ——k 2.19
TTLTAF (2.19)

where '}y and T'% represent the widths of the electron donor and acceptor levels due to
their couplings to the left and right metal leads, respectively, and F is the Franck-Condon
weighted density of nuclear states. Hence, Nitzan’s equation was the first attempt at
formulating a relationship between G and k (NITZAN| |2001). However, the strong ap-
proximations used in its derivation limited its application to experimental systems. Sub-
sequently, Berlin and collaborators extended Nitzan’s treatment to derive an expression
valid for electron transport by hopping, also finding a linear relationship in this case, al-
though under the condition of high energy barriers compared to KgT'. Nevertheless, these
works consisted of theoretical derivations, and their predictions did not entirely satisfy the

experimental data recorded in electrochemistry and molecular electronics measurements.
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In such a scenario, another interesting work was published by Emil Wierzbinski
and collaborators in 2013 (WIERZBINSKI et al) |2013). They found an empirical rela-
tion between the G and k from the analysis of experimental data obtained in two inde-
pendent measurement setups. The first setup consisted of cyclic voltammetry (CV) at
different scan rates conducted over self-assembled monolayers of stranded double nucleic
acid sequences (NA-SAMs), tagged with a cysteine moiety at one end of the sequence
and a ferrocene moiety at the other end. The NA-SAMs were formed over a gold surface
through the bond between the thiol group of the cysteine and the gold atom (S-Au). From
these CV measurements on NA-SAMs of different lengths and structures, and using the
Marcus theory, the rate constants k£ associated with the electron transfers from the gold
surface to and from the ferrocene moiety were computed, extracting the mathematical
relationships with length and structure parameters. Similarly, they carried out scanning
tunneling microscopy (STM) on break junctions built from a gold surface modified with
the non-tagged cys-NA-SAMs and an STM gold tip. The single molecule conductance
of the stranded double nucleic acid sequence was indirectly determined by measuring the
tip-NA sequence-electrode tunneling current at a constant bias voltage as a function of
the distance during the retraction of the tip from the substrate electrode. Conductance
(G) relations as functions of the length and structure of NA sequences were determined

from these measurements.

By combining and mathematically analyzing the empirically obtained expressions

for G and k, a non-linear correlation was determined for these properties in the form:

G = ok’ (2.20)

where v and 3 are constants obtained from the mathematical fitting. For instance,
for the group of studied NA sequences, the constant J presented a value of 0.68, and « can
be computed in terms of experimental parameters. However, they attempted to conduct
a correlation between fits obtained for different chemical species, such as double-stranded
and single-stranded NA sequences, but observed a lack of correlation when considering an
overall set of electrochemical and molecular conductance measurements of both groups.
Therefore, the power law described by Eq[2.20] was a relation derived merely from the

mathematical fitting, and no generalization can be made about the phenomenological
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correlation between G and k (MARQUES-GONZALEZ; LOW, 2016). The authors them-
selves suggested that the lack of linearity in their relation could be attributed to significant
differences in the measurement settings, which is a key element in assessing the validity
of this relation. Subsequently, other works reported in the literature aimed to obtain an
expression for the correlation between G and k (BEVAN et al.| [2016; HOSSAIN; BEVAN|
2016). However, these efforts resulted in impractical and complex mathematical relations
that could not be associated with experimental data. Their applications were limited by

the dramatic approximations considered in their derivations.

Nonetheless, the scientific challenges of the 21st century, such as the fabrication
of optoelectronic devices demanded the proposal of a consistent model for studying the
electron dynamics process in general, addressing as a unified phenomenon of electron
transfer and transport. Furthermore, the foundations of this should be based on the pos-
tulates of quantum mechanics, and its predictions must be reconciled with experimental

methodologies.

2.5 A Quantum Electrodynamics Model: Quantum
Rate Theory.

The path traveled in the history of electronic dynamics has been long. It began with
the discovery of the electron and the exploration of its arrangement within atomic struc-
ture (CHANG; OVERBY/ 1986; BROWN]| 2009). Subsequently, the debate over its nature
as either a particle or a wave emerged, highlighting the inadequacies of classical physics
in explaining radiation-matter interactions at the nanoscale. Consequently, the necessity
to understand the movement of electrons within chemical structures prompted the birth
of quantum mechanics (GRIFFITHS; SCHROETER) 2018; BRANSDEN; JOACHAIN|
2000). Throughout the last century, both physicists, focusing on nanoscale electronics,
and chemists, concentrating on electrochemistry, proposed significant models concern-
ing electron transport and transfer, respectively. Nonetheless, the most modern scien-
tific perspective on these phenomena converges on the idea that, although their theories
were developed separately, they are governed by common physical principles (BUENO,
2018a)): quantum electrodynamics. Therefore, there is a need for a unified model in which

nanoscale electronics and electrochemistry are reconciled.
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Over a decade ago, researchers began exploring the electron dynamics of elec-
trochemical reactions within redox electroactive self-assembled monolayers (SAMs) on
conducting electrode surfaces through a new concept not previously considered by other
models. This intriguing concept was electrochemical capacitance (C,). As shown in Fig-
ure[2.12] the studied redox electroactive SAMs were composed of a dense array of thiolated
or cysteine (C)-peptide molecules tagged with a ferrocene (Fc) moiety. This moiety acted
as a redox probe, exhibiting electrochemically reversible oxidation and reduction reactions
(ECKERMANN et al, 2010). Consequently, the electron transfer process between the
Fc moiety and the electrode, within an electrolytic medium, involved a capacitive phe-
nomenon C), that cannot be fully explained by classical electrostatics (BUENO; DAVIS,
2014b). The fascinating physical meaning of C,, will be discussed shortly.

This novel approach, grounded in the concept of C,,, is predicated on three funda-
mental premises: the consideration of the wave-particle duality behavior of the electron,
revealing its wave-like characteristics in electron transfer; the existence of a characteristic
time 7 associated with each electron dynamics process; and the ability to model these
processes through a quantum resistive-capacitive (RC) circuit (BUENO, 2023c; BUENO;
MERCADO| 2022; BUENO; DAVIS| 2020). Hence, it is feasible to obtain the rela-
tion 7 = R,C},, where R, represents the quantum resistance at the nanoscale (BUENO|
2023c)). It is crucial to mention that at the atomic and molecular scale, the resistance
and capacitance elements cannot be interpreted from the classical circuit standpoint. For
instance, the combination of resistances at the molecular scale does not obey Kirchhoft’s
laws (GABELLI et al., [2006). By considering the expression 7 = R,C,, as a dynamic
description of an electrochemical reaction in a diffusionless regime of the redox probe,
it is possible to observe that the inverse of the time 7 associated with the reaction rate
and can be directly linked to the electron transfer rate constant k such that k = 1/7.
Moreover, the inverse of the resistance I, corresponds to the quantum conductance given
by G = 1/R,. Therefore, by substituting these relations into the dynamic expression for
7, a new and intriguing electrodynamic relationship is obtained, expressed as k = G//C),

(BUENO; DAVIS, 2020; BUENO], [2024; BUENO)}, [2023¢).

The equation k = G/C,, describes a linear correlation between k and G representing
a key objective of modern electrodynamics. Furthermore, it reveals an astonishing fact:

the proportionality factor between these two properties corresponds to C),. This simple
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relation already highlights the significance of C), in understanding the phenomena of
electronic transport and transfer at the molecular scale. To comprehend the generality
of this expression, it is essential to consider that G is given by Landauer’s quantum
formulation of conductance, where the movement of the electron is described in terms of
electron transmittance, and its wave-like features are manifested in the electron transfer
process (LANDAUER)] 1957; BUENO, [2020). Moreover, the definition of C, was also
derived from quantum mechanical principles using a conceptual density-functional-theory
(DFT) approach (BUENO; MIRANDA| 2017; BUENO et al, 2015). This is defined as the
series combination of both capacitance contributions, electrostatic C, and quantum Cj,
given by 1/C, = 1/C. + 1/C,. The capacitance C. is associated with charge separation
processes driven by electrostatic interactions between charges, while the capacitance C,
constitutes a pseudocapacitive phenomenon describing charge separation due to electron
communication between quantum states. This latter capacitive contribution is directly
associated with the electronic structure of the nanoscale structure immobilized over the
electrode, such that C, oc DOS, where DOS represents the electron density of states
(BUENO, [2023c; BUENO; DAVIS| 2020)). Accordingly, a general and extended expression

k = G/C, can be formulated, incorporating the previous definitions:

N
) = 2 = 6 100 4+ ) 221

Accordingly, EqJ2.21] describes the pivotal relationship in this newly established
approach, recently named Quantum Rate Theory (QRT) (BUENO; MERCADO, 2022;
BUENO| 2023c|). The physical predictions and interpretations derived from QRT form
the theoretical framework of this ongoing Ph.D. thesis. In the humble opinion of the
author, there is no better way to conclude the story of our main character, the electron,
than by discussing the foundations of QRT-—a theoretical proposal that is both well-
established and still evolving. This proposal enables the exploration of electrodynamic
processes at a fundamental level, as will be presented in this short introduction and in
each research work addressed in the following chapters. This section does not aim to
provide a detailed description of the theoretical principles of QRT, as each article used as
a chapter in this thesis includes a general and specific discussion of the model necessary
for the development of the respective work. Instead, some significant predictions, facts,

and applications of this model as a theory of electron dynamics will be briefly addressed,
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with the sole purpose of piquing the curiosity of readers about this new proposal. Key

points to highlight include:

2.5.1 The QRT Predicts Relativistic Quantum
Electrodynamics of the Electron in Matter.

Consider the quantum point contact junction illustrated in Figure [2.14] where a
quantum point or nanoscale structure is electronically coupled to a conducting electrode
surface through a quantum bridge. Under certain energy conditions, the electron transfer
or communication processes between the electrode states and the quantum states of the
nanoscale structure occur in the presence of an electrolytic medium. According to the
premises of the QRT, this electrodynamics between states is described by Eq. [2.21] which
predicts a quantum rate k associated with this process, as the ratio between G and C),
(BUENO, 2018a; BUENO, 2023c). As previously mentioned, G, the quantum conduc-
tance, is given by Landauer’s formulation (LANDAUER) |1957)), which was discussed in
section . The transmittance term YN | T}, (1) in Eqgs. and can be rewritten
as SN T, (n) = Nk, where N is the total number of quantum channels involved in the
electron transfer or communication, and x corresponds to the electron transfer coefficient.
This coefficient is associated with the probability of electron communication among states,
taking values from 0 to 1. When considering adiabatic electron transport through a single
quantum channel, it holds that kK = 1 and N = 1. Thus, the quantum conductance, G,
is now Gy = g.e?h, which corresponds to the ideal transmittance case (BUENO), 2020
SANCHEZ et al., [2022)).

Furthermore, when an electron is removed or injected into the quantum point by
electron transfer, or when the charge state changes due to the electromagnetic commu-
nication between electronic states, the ions present in the electrolyte medium conduct a
total screening process of the electric field (PINZON et al., [2022)). This aims to maintain
the electroneutrality and thermodynamic equilibrium of the interface. Accordingly, under
this screening condition, it is stated that C. = Cy. Thus, the definition of C), in Eq. [2.21],
1/C, =1/C. +1/C,, becomes 1/C, = 2/C,, where the factor 2 can be defined as the
electron degeneracy gs due to the overlapping of both capacitive contributions (BUENO),
2023c; BUENO| |2024). This overlapping condition of capacitive states along with the en-
ergy degeneracy g, is more extensively explained in references (BUENO)| 2023a; BUENO),
2023b)) for the hydrogen atom, and in (BUENO, [2023c; BUENO, 2024) for the case of
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FIGURE 2.14. A quantum point contact, where a quantum point or nanoscale structure
is electronically coupled to a conducting electrode in an electrolytic environment. By
perturbing this junction with a time-dependent electrical signal, electron transfer or com-
munication between the electrode states and the quantum states of the point is driven. In
this context, the transfer or communication can be modeled using a quantum RC circuit.
Source: Author’s own work.

electrochemical reactions. Nonetheless, before advancing, it is important to mention that
from the QRT standpoint, this overlapping of capacitive states constitutes the fundamen-
tal electron communication mechanism in an electrolytic medium as observed in nature.
Therefore, by extending the concept of the rate constant k to electrodynamic processes in
general, not only electrochemical reactions, Eq.[2.21| can be rewritten in terms of an over-

all concept known as the quantum rate v (BUENO; MERCADO, 2022; BUENO, 2024),

taking into account the previous considerations as follows:

G e?
_ S — 2.22
Y C, 9s9 hC, ( )

Eq. 2.22 represents a general quantum electrodynamics relation that describes the
dynamics or kinetics of an electron process, including electron transfer or communication,
as dependent on the Cg -property of the junction—a property that had been overlooked
by earlier models. By disregarding both degeneracies, g5 and g., and assuming that
E = €?/C, corresponds to the electron structure energy or the energy required for charging
the quantum states in communication, the Planck relation, £ = hv, is naturally obtained

(BUENO, [2023¢; SANCHEZ et al., 2022). But what does this fact signify? As discussed
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in section , Planck’s relation (Eq. describes the relativistic quantum dynamics of
the photon, the particle associated with electromagnetic radiation, in free space (LAND:
HORWITZ, 2022; ZETTILIL, 2009). Furthermore, by applying the De Broglie relations
expressed in Eq. 2.3(BROGLIE|, [1930; GRIFFITHS; SCHROETER)], [2018), it is possible
to derive the following energy relations, which reveal a direct correlation between those

derived from the QRT and those from relativistic theory.

2 *

E:huzﬁq:hTZp-C* (2.23)

Because Eq[2.22] the pivotal equation of QRT, obeys the Planck-De Broglie princi-

ples that describe the wave nature of the electron based on relativistic mechanics—QRT
predicts a relativistic quantum dynamics of the electron in chemical structures, partici-
pating in the communication process of electronic states such that the electron mimics
photonic dynamics (BUENO), 2023c; BUENO; MERCADO), 2022; PINZON et al., [2023).
Therefore, the charging and discharging of electronic states at the nanoscale adhere to
relativistic quantum electrodynamics principles. The study of electron dynamics within
the limits of classical and non-relativistic quantum physics restricts the advancement of

understanding at a fundamental level in this fascinating domain.

2.5.2 The QRT, an overall model containing the Marcus
Theory

The concept of quantum capacitance, C,, is a key element of quantum rate the-
ory (QRT). Its definition is derived from first-principle quantum mechanical calculations
(BUENO et al., 2015), such as C, = e*9n/0u, where dn/du corresponds to the electron
density of states (DOS) function of the nanoscale structure (PINZON et al., 2021). How-
ever, this definition was obtained under the approximation of zero absolute temperature.
Therefore, when considering the thermal broadening effect on the energy E = ¢*/C, and
invoking the canonical grand statistical ensemble, which assumes electron occupancy gov-
erned by the Fermi-Dirac distribution function, f = [1+exp(—eV/KpT)]™!, an expression

for C,, that accounts for thermal effects is derived as follows:

2N
Cy = KBTf(l —f) (2.24)
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The detailed procedure for deriving Eq. is outlined in the references (PINZON
et al., 2021, ALARCON et al., 2021a; SANCHEZ et al., 2022). Consider the calculation
of the electron transfer rate constant, k, for an electrochemical reaction using Eq2.21]
while disregarding both degeneracies, g, and g.. In this context, v corresponds to k, and
Eq[2.21] can be reformulated as k = e*xN/hC,. By substituting C; in this expression with
Eq2.24] a general expression for the rate constant k derived from the QRT is obtained
as: (BUENO, [2020; SANCHEZ et al., 2022; BUENO et al., 2012])

KgT

k:
"

F = DI = w2 2exp(~ BafKuT) (2.25)

When the Boltzmann approximation is applied to Eq2.25 under the conditions
1K ]53—‘} and f ~ exp (—,53—‘}), it transforms into Eq k= kKgTh lexp(—FEA/KgT).
This equation, derived from transition state theory, constitutes the fundamental formu-
lation of Marcus Theory (PINZON et all 2021; BUENO) 2020)), as previously discussed.
Therefore, Marcus’s theory for homogeneous electrochemical reactions, ones of the most
important model of electron transfer, is an approximation of the overall concept of quan-
tum rate theory given by Eql2.25 This conceptual demonstration confirms the general
applicability of the QRT as a physical model for exploring and interpreting electron dy-
namics in various electronic environments, including diffusion-limited homogeneous and

heterogeneous systems, as well as diffusionless scenarios.

2.5.3 The QRT supports a Tool for Measuring the Electronic
Structure of Materials

In addition to its predictions concerning relativistic quantum electrodynamics in
the communication of quantum states and its overall characteristics as a model for elec-
tron dynamics, the foundations of Quantum Rate Theory (QRT) support an experimental
approach for in-situ measurement of the electron structure in chemical systems at the
nanoscale. This novel approach, recently termed Quantum Rate Spectroscopy (PIZON et
al.,[2024; LOPES et al.| 2024)), is the primary focus of the ongoing PhD thesis and is based
on time-dependent electrochemical measurements. Consider the quantum contact point
junction depicted in Figure [2.14] where a quantum point or nanoscale structure is elec-
tronically coupled to a conducting electrode. Whenever electron communication occurs

between the states of the electrode and those of the quantum point, either through elec-
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tron transfer or electromagnetic interaction, QRT models this communication via Eq[2.22]
This equation states that the electron dynamics event occurs at a characteristic rate v,
which corresponds to a time 7 given by the quantum circuit elements as 7 = R,C, (see
Figure (ALARCON et al 2021a; SANCHEZ et al., 2022). Consequently, this elec-
trodynamic behavior, 7 = R,C,, can only be investigated through time-dependent exper-
imental approaches. Among these approaches, electrochemical impedance spectroscopy
(EIS) is notable for its ability to operate under mild conditions, such as room tempera-
ture, atmospheric pressure, and the presence of an electrolytic medium (BUENO et al.)

2012; |LOPES et al., 2021]).

EIS is commonly used to measure the electron charge transfer resistance, R, in
electrochemical interfaces involving a conducting or semiconducting electrode and redox-
active species dissolved in solution. In this context, the technique is widely applied in
corrosion studies and sensing applications, where changes in R.; are primarily assessed in
response to oxidation states or biological interactions, respectively (WANG et al., 2021
LAZANAS; PRODROMIDIS| 2023)). However, it is often overlooked that EIS, as a time-
dependent technique, is a powerful experimental tool for probing the quantum properties
of nanoscale systems. This capability has been demonstrated by the works supporting this
PhD thesis and others published by the Nanobionics research group in Brazil (BUENO
et al., 2012; |PINZON et al., 2021; [LOPES et al. [2021). In this context, since the elec-
trodynamics at the nanoscale are governed by the dynamic relation 7 = R,C,, where
R, = 1/Go = h/2¢? is a constant, the behavior is dictated by the quantum capacitance
property C,, which has been neglected by previous theories of electron transfer and trans-
port. Specifically, the C, of the junction, represented in Figure 2.14], is determined by the
combination of the left and right densities of states (DOS), g1, (1) and gr(u), respectively,
such that 1/C,(u) = 1/e*gr(n) + 1/e*gr(p). However, since the left DOS corresponds to
the macroscopic electrode DOS, which is effectively infinite, 1/g;(u) ~ 0. Consequently,
the C,-response of the junction is described by C, = e?gr(u), where gr(u) corresponds
to the quantum point DOS, describing the distribution of the quantum states n across
different energy levels p, defined as dn/du (BUENO; DAVIS| 2014b; BUENO et al., [2012).

20n
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novel electronic spectroscopy approach. This relation indicates a proportionality between

Therefore, the relation C;, = e offers a significant opportunity for developing a

the properties C, and g—z, suggesting the possibility of accessing the electron density of
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states (DOS) in nanoscale materials through the measurement of their C,. This mea-
surement can, indeed, be conveniently performed using EIS. In this context, by applying
the QRS methodology to the nanoscale junction depicted in Figure 2.14] Electrochem-
ical Impedance Spectroscopy (EIS) measurements are carried out using a conventional
three-electrode electrochemical cell (BUENO et al.; 2015; BUENO et al.; 2012). The per-
turbation involves a time and frequency -dependent sinusoidal potential signal, as shown
in Figure This sinusoidal signal is applied around a bias potential V that corre-
sponds to the electrostatic or dynamic equilibrium of the nanoscale structure of interest
immobilized on the working electrode. For instance, in the case of solid-state or molecular
structures exhibiting reversible redox electrochemical reactions, this equilibrium potential
is the formal potential of the junction (Er/e), where oxidation and reduction processes
are in kinetic equilibrium (ALARCON et al. 2021a; SANCHEZ et al.| 2022; SANCHEZ
et al.; 2022)). In contrast, for structures that do not undergo electrochemical reactions but
possess accessible quantum states, the bias potential is the open circuit potential (OCP),
at which charge equilibrium exists at the interface. This is also known as the zero net

charge potential (LOPES et al. 2021; LOPES et al.| 2024; [PIZON et al., 2024).

Note that by perturbing the junction under equilibrium conditions, whether elec-
trostatic or dynamic, the net current associated with the flux of electrons is zero through-
out it. Nonetheless, due to the time-dependent nature of the perturbation applied over
the probe electrode, a time-dependent electrical field is generated, which in turn induces
a time-dependent magnetic field, as stated by Faraday’s induction principle, generating
a displacement current iy associated with the electron (SEARS et al., 2014; SERWAY;
JEWETT] [2021). Hence, the time-dependent perturbation yields an electromagnetic
wave associated with the electron traveling through the junction. This wave resonates
with stationary electron states of the quantum point, returning a current signal i4 to the
probe electrode that contains information regarding the pristine electronic structure of
the quantum point. This signal along with perturbation signal are processed by elec-
trochemical equipment to obtain the observable response of electrochemical impedance

(BUENO; MERCADO), [2022; [PIZON et all [2024; PINZON et al) [2023).

It is essential to note that access to the electronic structure information of the
quantum point is facilitated by the electrical field screening performed by the ions in

the electrolytic medium (PINZON et al 2022; BUENO et al.| 2020; BUENO) 2023a)),
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as discussed earlier and extensively explored in the research works comprising this PhD
thesis. Remarkably, it is this ion-driven screening process that enables access to quantum
insights of nanoscale structures via EIS under mild experimental conditions, such as room
temperature and environmental pressure (LOPES et al.| |2024; PIZON et al., 2024). In
this context, when there is electron communication between the electrode states and
the quantum point states, the charge state of the quantum point alters due to electron
transfer or electromagnetic interaction, generating a net electric field across the interface.
In response to this field, the ions in the electrolyte arrange themselves to screen it and
maintain the electroneutrality of the interface (PINZON et al., 2022, PINZON et al.
2023). Consequently, if the ions in the medium are capable of screening the charge
associated with the charging/discharging process of a quantum state, this state can be

accessed by EIS, as illustrated in Figure [2.14]

The QRS-measuring protocol is depicted in Figure Initially, as previously
mentioned, EIS measurements are conducted at a fixed bias potential, with a frequency
scan applied from high to low values. This process produces a semicircle-shaped capaci-
tive response in the Nyquist plot, representing the real and imaginary components of the
capacitance, C' and C" respectively, on the coordinate plane. In the Nyquist plot, the
value of C, corresponds to the real component of capacitance, C’, in the low-frequency
regime (w — 0), or graphically, to the point at which the capacitive semicircle closes. Sub-
sequently, the frequency associated with Cy, termed the equilibrium frequency f,, is held
constant, and electrochemical capacitance measurements are performed over a specific
potential range (LOPES et al., 2021; PIZON et al., 2024). Within the QRS framework,
the ultra-low frequency f., can be described as corresponding to the equilibrium state
at which the nanoscale junction is approximately driven by the time-dependent electri-
cal perturbation, causing the electron-electromagnetic wave to resonate with the electron
states of the quantum point (PINZON et al., [2023). Consequently, since C, oc DOS, the
response of C” at fixed f., (w — 0), as a function of potential or electron energy, reflects
the electron density of states (DOS) of the junction (PINZON et al., 2021; ALARCON
et al., [2021al)

Accordingly, QRS constitutes a powerful tool for revealing, in situ, the electronic
structure of chemical systems or assemblies at the nanoscale, offering a novel electron

spectroscopy technique that can be operated at room temperature using a conventional
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FIGURE 2.15. The measurement protocol for the electron density of states in nanoscale
materials is conducted through Quantum Rate Spectroscopy. Measurements are carried
out in a conventional three-electrode electrochemical cell using an electrolytic medium. A
time-dependent sinusoidal perturbation is applied via a potentiostat equipped with a fre-
quency response analyzer (FRA) module. The recorded impedance data are transformed
into capacitance data, thereby resolving the density of states (DOS) function. Source:
Author’s own work.

electrochemical cell. Currently, multiple electron spectroscopy techniques, such as scan-
ning tunneling microscopy (LILJEROTH et al. 2005; |JDIRA et al) 2006; NAZIN et
al [2005)) and angle-resolved photoemission spectroscopy (PARK et all 2009), are widely

used to measure the electron density of states (DOS) in nanoscale inorganic and organic

assemblies, as well as graphene-derived materials. However, these approaches require
complex equipment that operates at ultra-low temperature and high-vaccum conditions,
and demands highly specialized personnel, limiting their utility as fast methodologies for
measuring electronic structure. In this context, the fast and simple access to the elec-
tronic properties by EIS in electrolytic medium represent a great contribution to different
scientific fields such as materials science, nanoscience and technology, electrochemistry

and electron spectroscopy.

In summary, Quantum Rate Theory(QRT) and its associated experimental ap-
proach, Quantum Rate Spectroscopy (QRS), have made significant strides in recent years
in advancing our understanding of electron transfer and transport phenomena in diffu-

sionless electrochemical reactions within redox-active self-assembled molecular monolayers
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confined to electrode surfaces (see Figure[2.12)). In this context, it was demonstrated that
the electron transfer between the electrode states and redox probe states, in presence of
electrolytic medium, obeys the relativistic quantum electrodynamics principles with the
electron manifesting its wave-particle duality, which according the De Broglie-postulates
led to electron process described by the photonic dynamics £ = p - C* = hv with a
quantized resistance R, = h/e? (SANCHEZ et al., 2022; BUENO] 2023c; BUENO, 2024)).
Furthermore, the understanding of this electrodynamics, of electrochemical nature, within
redox molecular monolayer, led to development of a quantum biosensing approach for dis-
ease and virus biomarkers, named quantum capacitive sensing. In this methodology, redox
molecular monolayer are chemically modified with receptor elements, highly specific to the
target biomolecule, and the response of C is used as transduction signal for the detection
and quantification of different biomarker proteins (GARROTE et al., 2020; GARROTE
et al., 2019; GARROTE et al., [2024). .

Nonetheless, if QRT is founded on the principles of relativity, electrodynamics,
and the postulates of quantum mechanics, its application should not be limited to elec-
trodynamics based solely on electrochemical reactions. On the contrary, its derivation
and foundations suggest broader applicability for studying electrodynamic processes in
general. For instance, it can be applied to electron injection and communication between
quantum states in nanoscale semiconducting structures. These nanomaterials are widely
used for the potential development of quantum devices, whose operation and performance
rely on quantum phenomena such as the degeneracy of states, energy state quantization,
and quantum entanglement (SHIELDS, 2007; BROADWAY et al/ |2018). However, the
lack of control over electronic and electrical properties at the nanoscale has hindered the

fabrication and commercialization of these types of devices.

Two key requirements, both fundamental and technological, are crucial for advanc-
ing the understanding of electron transfer and transport in nanoscale semiconductors.
These requirements are: (1) the development of theoretical models based on quantum
electrodynamics, and (2) experimental approaches that provide electronic insights un-
der mild conditions in a simple and efficient manner. In this context, in the ongoing
PhD project, Quantum Rate Theory serves as the theoretical framework, while Quantum
Rate Spectroscopy, based on the electrochemical impedance measurements, is employed

as the experimental methodology. These approaches have been applied to both inorganic
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and organic semiconducting structures with varying degrees of quantum confinement and
distinct electrodynamics, specifically 0D, 1D, and 2D structures. Consequently, the fol-
lowing four chapters of this thesis present published studies on the electrodynamics and
electronic structure governing communication between quantum state within Cuy,O/CuO
mixed nanofilms, an ensemble of CdTe quantum dots, single-layer graphene, and an as-
sembly of m-conjugated heterocyclic molecules. Since the electrodynamics within these
nanoscale structures do not involve electrochemical reactions, these studies open the door
to a new area of research and technological applications: nanoscale electronics in elec-

trolytic media, a new approach of nanoscale electronics.

In recent years, there has been a growing trend among writers and filmmakers to
conclude stories with inconclusive endings. However, the purpose of this text is not to leave
the story of the electron and its dynamics without an ending, but rather to emphasize that
this story has no definitive conclusion. On the contrary, the introduction and application
of Quantum Rate Theory as a comprehensive model for exploring electrodynamics at
the nanoscale has merely opened a new chapter in this ongoing narrative, leading to a
reinterpretation of the movement of its central character—the electron—within matter.
The author is proud to contribute to this fascinating story through the development of
this thesis. He hopes that readers of this text, along with the accompanying articles,
will be inspired by the same sense of fascination and curiosity about electron physics and

chemistry that fueled the creation of this PhD work.
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Chapter 3

Research Objectives

Before discussing the papers used as chapters, a description of the research objec-
tives supporting the current thesis is provided below. Each work published as a result of

this PhD research aligns with these objectives.

3.1 General Objective.

The primary objective of this ongoing PhD thesis is to investigate electron transfer
and transport phenomena in nanoscale semiconductor structures, including copper oxide
nanofilms, an assembly of CdTe quantum dots, single-layer graphene, and an assembly
of push-pull heterocyclic molecules. These structures are coupled with conductive elec-
trodes and embedded in an electrolytic environment. The study is conducted within the
framework of Quantum Rate Theory, employing electrochemical impedance spectroscopy

as a key experimental approach.

3.2 Specific Objectives.

The goals proposed in this research were as follows:

e To obtain nanoscale semiconductor structures of varying chemical composi-

tions and types of quantum confinement, coupled to conductive electrodes.

e To access to the electronic density of states of these semiconductor structures
through electrochemical impedance spectroscopy measurement in electrolytic

medium.
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e To to unveil the relativistic quantum principles governing electron dynamics
within these semiconductor structures. A quantum RC circuit analysis was ap-
plied to the experimental data obtained from impedance spectroscopy, guided

by the relativistic quantum foundations underlying Quantum Rate Theory.
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Chapter 4

Density-of-States of Nanoscale
Semiconductor Interface as a
Transduction Signal for Sensing
Molecules

Edgar F. Pinzon, Adriano Santos and Paulo R. Bueno*

Institute of Chemistry, Sdo Paulo State University (UNESP), 14800-900, Araraquara, Sao

Paulo, Brazil

Keywords: Density-of-states, semiconductor interface, electrochemical capaci-

tance, phenol sensing.
Journal: Applied Electronic Materials 3(8), 3411-3417 (2021).
DOTI: https://doi.org/10.1021 /acsaelm.1c00387

ABSTRACT

Nanoscale inorganic semiconductors (with interfacial thickness < 10 nm) have supe-
rior stability compared to soft organic compounds and are important for the development
of enhanced reagentless sensing devices. As a proof-of-concept, this study demonstrated
that the density-of-states of a copper oxide mixed-valence semiconducting nanoscale film

can be suitably designed as a transducer signal for reagentless sensing of phenol.
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4.1 Introduction

Reagentless biological sensors have been designed for point of care platforms with

minimal intervention for sample analysis.(BARADOKE et al. [2020; BARADOKE et

all [2021; [CECCHETTO et all, 2020; GARROTE et all [2020; [FERNANDES et al.
2013; (OLIVEIRA et al) 2019a)) These devices are primarily categorized based on the

fact that there is no need to add a redox probe or any other reagents to scrutinize the
target sample.(BARADOKE et al, 2021} CECCHETTO et al. [2020; MARQUES et|
all 2015; BUENO; DAVIS] [2020) To date, the development of reagentless sensing inter-
faces has been primarily based on thiol(FERNANDES et al., 2013; BRYAN et al 2013)
and peptide self-assembled monolayers(PICCOLI et al. 2018)) or alternatively on Prus-
sian Blue(OLIVEIRA et all 2019b) and redox polymer nanoscale films.(BARADOKE]
, The disadvantage of this type of soft interface is associated with the low

ability to harness oxidative environments; commercialization of these devices requires

long-term interfacial durability. Interfaces based on organic compounds are prone to drift
problems and signal instability due to conformational changes and oxidation of the soft

compounds within the solvent environment.(GARROTE et al., 2019) Thus, the design-

ing of reagentless sensing interfaces for detecting molecules in oxidative environments is

important.(SERBAN; ENESCA| [2020) Among the wide range of inorganic compounds

available for this purpose, metal oxide semiconductors (MOSs) are highly suitable due to
their higher chemical stability, morphologica versatility, non-toxicity, and surface func-

tionality. (TRIPATHY; KIM| 2018; [CHEN et al), [2017)

The development of MOSs based on TiO,(RAJENDRAN et all 2018; WANG et
all [2019) SnO,,(ALIM et al], 2019; WANG et all [2018) and ZnO(FARIA; MAZON,
2019; DONG et al., [2017) for detecting biomarkers and pollutants has been reported.

For instance, highly ordered TiO2 mesoporous films functionalized(WU et al., |2018) with

horseradish peroxidase were capable of detecting HyOs; meanwhile, SnO, nanoparticle

modified films were able to sense carbofurans using acetylcholinesterase as a functional

agent.(ZHOU et al., 2013) Moreover, ZnO nanorods were employed in detecting glu-
cose.(ZONG; ZHU, |2018) Nevertheless, these examples, albeit based on inorganic MOS

structures, require the use of enzymes which can be chemically unstable in certain circum-

stances and, therefore, a source of problems for commercialization due to the long-lasting

and portability requirements(PINO et al., 2016; (CHONGSUEBSIRIKUL et al., [2019) of
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these types of sensors. Therefore, reagentless non-enzymatic sensing methodologies based
on nanoscale MOS structures are desirable for achieving the point-of-care needs. Indepen-
dent of the material used to modify the interface, the reagentless sensing capability of the
interface requires the use of a capacitive signal associated with an electronic confinement,
which is crucial in the design of sensitive transducer signals.(BUENO; DAVIS| 2020)) To
design transducer signals based on the capacitive properties of the interface, the size of
the active sensing material of the target interface must be in the order of nanometers in
at least one dimension. For instance, the thickness can be controlled to be within 10 nm.
Figure 1 shows an illustration of copper oxide modified interfaces.(BUENO; DAVIS| |2020;
BUENO]| 2018a)) The dimension control is required for the quantized effect to be effective
and exploitable for producing an effective sensing signal such as an electrochemical ca-
pacitive signal,(GARROTE et al [2019) C,,, of the interface. It is important to note that
for interfaces based on redox switches, C), is proportional to the redox density of states
(DOS) of the interface,(BUENO et al.; 2015, BUENO; DAVIS, 2014b; BUENO; DAVIS,
20144) which is given by eq[4.1]

) = b — gy 1,0 (é ; ;) (4.1

where Go >N T0, (1) and Gy = g.e?/h, e is the electron charge, h is Planck’s con-
stant, the term e?/h is the universal conductance constant with a value of approximately
38.7 uS, and gy is the spin degeneracy of the electron, which takes a value of 2 accord-
ing to Pauli’s rules. Gy is the conductance quantum, where S, T,,(ut) is appropriately
introduced(BUENO; DAVIS| 2020) to generalize G and takes into account the manifolds
of the conductance G by incorporating the sum of the transmission probabilities across

individual quantum channels n.

In eqid.I, C, is the series combination of two capacitive contributions,
where(BUENO) 2018c) 1/Cu = 1/Ce+ 1/Cq, C. is the electrostatic capacitance, and
C, is the quantum capacitance. C, is associated with Coulombic interactions and is geo-
metrically dependent, whereas C, is proportional to the DOS.(BUENO, 2018a; BUENO
et al, 2015; BUENO; DAVIS| 2014b; BUENO; DAVIS| 2014a; BUENO| 2018b; BUENO
2018c)) For interfaces made of electroactive materials with thicknesses < 10 nm, changes in

the charge state of the interface are modulated by the DOS because C. > C,;, which leads
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FIGURE 4.1. (a) Schematic representation of the electrochemical interface consisting of a
gold electrode modified with a Cu20/CuO nanoscale film in contact with an electrolytic
solution. Electron transfer between Cu®™/Cu™ states occurs through the reversible re-
action of the copper oxide with species in solution (molecular water and hydroxyl ions).
(b) Schematic representation of the electronic structure of a semiconductor nanoparti-
cle interacting and participating in the reactions with the electrolytic medium. The DOS
shape of the nanoscale film is resolved by measuring C), as a function of electrode potential
owing to C), o« DOS. The DOS shape is ascribed as the combination of two distributions
of states: (I) a Gaussian DOS associated with states within the band gap (E,), that is, in
between the conduction (E.) and valence (E,) band edges and (II) an exponential DOS
associated with the continuum of states in the conduction band. Band gap states act as
trap states for the charge carriers and are formed due to atomic lattice defects such as
vacancies, impurities, and interstitials defects (see inset).

to €, ~ Cy o< DOS, allowing the development of reagentless assays based on the sensing
of the DOS in the environment. Hence, the variation of the DOS associated with changes
in the C, of the interface can be monitored as a function of the analyte concentration,
which enables the detection and quantification of the analyte. The aim of this work was to
detect phenol by fabricating mixed-valence CusO/CuO nanoscale films by the simple and
controllable fabrication process of electrolysis. A schematic of this interface is illustrated
in Figure . Phenol, which was detected by measuring C, using the designed DOS of
the CusO/CuO film, was selected as the target as this molecule is considered a model

environmental pollutant in aqueous samples.(SANTOS et al., 2005; LV et al., |2018))

4.2 Experimental Section

4.2.1 Chemical Reagents and Solutions.

All reagents were of analytical grade and were purchased from Sigma-Aldrich. All

electrolyte solutions were prepared using Milli-Q ultrapure water with a resistivity of 18.2
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MQ cm. The phosphate buffer (PB) solution (12 mM PB, pH 7.4) was prepared using
0.2 M KNO3, 10 mM Na,HPO, - 12 H;O, and 2 mM KH,POy,.

4.2.2 Gold Electrode Pre-treatment.

Gold disk electrodes were cleaned as described elsewhere.(GARROTE et al.| [2020)
Briefly, the disks (2.0 mm diameter, Metrohm) were mechanically polished with aluminum
oxide pads on polishing cloths (Kemet) of progressively decreasing particle size (1.0, 0.3,
and 0.05 pm) with intermittent sonication in water. The gold electrodes were then elec-
trochemically cleaned in NaOH solution (0.5 M) between the potentials -1.7 and -0.7 V
versus Ag|AgCl (3 M KCl) at a scan rate of 100 mVs~! and then electrochemically cleaned
in 0.5 M HySO4 between -0.2 and 1.5 V at 100 mVs~! until the gold reduction peak sta-
bilized (~50 cycles). Electroactive areas were evaluated by integrating the cathodic peak

from gold electropolishing voltammograms and converted to the real surface area using a
conversion factor of 410 uCem™2.(GARROTE et al., 2020)

4.2.3 Fabrication of the Copper Oxide Nanofilms.

Metal copper thin films were electrodeposited on cleaning gold electrodes via po-
tentiostatic deposition in an acidic solution of Cu** (0.01 M CuSO4 and 0.02 M H,SOy)
while applying a constant potential of -0.16 V versus Ag|AgCl (3 M KCI) by 180 s. Then,
copper surfaces were electrochemically oxidized in 1 M NaOH while applying a potential
scan from -0.60 to -0.25 V at a scan rate of 60 mVs~!. The morphology and thickness
of the copper oxide nanoscale film were characterized by scanning electron microscopy
(SEM) and by electrochemistry (by using Faraday’s law, as detailed in the Supporting

Information-S2).

4.2.4 Electrochemical measurements.

Electrochemical measurements were performed using an AUTOLAB potentiostat /-
galvanostat (PGSTAT30) with the FRA module connected to a three-electrode cell, in
which Ag|AgCl (3 M KCl) served as the reference and platinum mesh as the counter
electrode. Electrochemical impedance spectroscopy (EIS) measurements were performed
on copper oxide nanofilms of different ratios of CusO to CuO (1:0, 3:1, 1:1, 1:3, and 0:1,
w/w) in a PB solution (pH 7.4) at 0.0 V and frequencies ranging from 100 kHz to 100
Hz with a peak-to-peak amplitude of 10 mV. The real (C”) and imaginary (C”) capac-
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itance components were obtained from EIS data using the expressions ¢! = ¢Z” and
C" = ¢Z', where ¢ = 1/w|Z|?, w = 2rf, and |Z] is the magnitude of the impedance
and f is the linear frequency. Z’ and Z” are the real and imaginary components of the
complex impedance function, respectively. DOS mapping measurements were performed

by EIS technique in different potentials (from -40 to 140 mV x Ag|AgCl, 3 M KCl).

4.2.5 Phenol Sensing Experiments.

Gold electrodes modified with a nanoscale copper oxide film were used as the
working electrode. EIS measurements were performed on the CuyO/CuO nanofilms (1:1,
w/w) in PB solution (pH 7.4) at different potentials and six different concentrations
(from 0.5 to 6 uM) of phenol (C¢HgO) at frequencies ranging from 100 kHz to 100 Hz
with a peak-to-peak amplitude of 10 mV. The measurements take only about 3 min.
The impedance data were converted to capacitance data according to the expressions

previously described.

4.2.6 Long-Lasting and Specificity.

For specificity assessment, EIS measurements were carried out on CuyO/CuO (1:1,
w/w) nanofilms in PB solution (pH 7.4) containing 60 xM of aniline and benzyl alcohol at
0.0 V. The durability of the sensing interfaces was assessed by measuring a concentration
of 6 uM of phenol in 0, 2, 4, and 6 days after the fabrication of CuyO/CuO nanofilms
(1:1, w/w). In these experiments, the EIS data were analyzed by converting the EIS data

to capacitance representation (C’ and C”), as described previously.

4.3 Results and Discussion.

4.3.1 Theoretical Background.

This section focuses on the energetic term in eq that is, £ = 8—2, and discusses
I

the properties of the nanoscale oxide semiconductor film (NOSF) (Figure[d.1p). According
to the density functional theory, the term F = g—i is proportional to the energy difference
between the highest occupied and lowest unoccupied molecular orbitals. This analysis
extended to semiconductive compounds corresponding to the energy difference (band
gap) between the conduction (E¢) and valence band edges (Ey) and, in summary, F =

g—i x Ec — Ey (Figure 1b).
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Cn

consider the thermal broadening of E with respect to the electrical potential using the

-1
Fermi-Dirac distribution: f(eV) = [1 + e‘ﬂev] , where —eV =y — Ep, B = ;CE%T, kp

For the realistic evaluation of the energy £ = of the film, it is appropriate to

is the Boltzmann constant, 7" is the absolute temperature, and E is the Fermi level (in
electrochemistry, this is commonly known as the formal potential of the electrode). Be-
cause Fr is a constant referential value, variations in the potential are directly associated
with changes in the chemical potential, that is, —edV = du. By noting that dqg = —edn,
where dn is the number of electrons allowed to participate in the occupancy of C),, the
value of C, can be calculated by C,, = e (%) = ¢? (%), where g(eV) = (g—Z) is the DOS.
We note that n = fIN, where NN is the total electron occupancy of the film. Hence, C), as

a function of f is obtained by observing that % = Bf(1 — f), such that

Cp = ENBF(1 — f) (4.2)

As noted in the following sections, eq[4.2]is proportional to the DOS, which can be
accessible in two different electron occupancies of the NOSF as a function of potential.
For example, in the case of analogous soft organic molecular films with p = Ep, that is,
the Fermi level of the electrode, the NOSF can be employed as a sensing interface, as

discussed in the following sections.

4.3.2 Resolving the Electronic DOS

As discussed previously, eq. describes a thermalized C, with a maximum value
at the electrochemical equilibrium state of the electrode, where eV is null, leading to
= FEpand f = % The electrochemical equilibrium imposes similar amounts of oxidized
and reduced states(BUENO; DAVIS| 2014b; BISQUERT], [2003) and the maximum value
of the electrochemical capacitance, C,,. Accordingly, C), is not a constant, but a potential-
dependent function from which the total number of states of the NOSF can be obtained

by integrating g(eV’) over all the available states, such as
Co=e [ glevydev)=e [~ glev)f(1 - fd(eV) (4.3)

Note that by applying the absolute zero temperature approximation in eq[4.3} we

67



obtain C, = e?g(eV’), which confirms the dominance of the quantum contribution (C,)
on C,. Additionally, the proportional relationship between C, and DOS (C), & DOS) is
explicit. The latter implies the possibility of accessing the DOS of a NOSF by determining
C), as a function of the potential. The response of C),, as described in eq., theoretically
predicts a Gaussian-like shape with a maximum at the Fermi level, which is depicted in
region I of Figured.1p. The response simulated at a higher oxidative potential is predicted
by noting that the state of occupancy is different; that is, the accessible states are those of
the conduction band ) for which p— Ep > % Thus, f < 1 and f ~ exp|[(u— EFr)5],
and eq[4.2] turns into

C, ~ e*NBexp|(u — Er)f] (4.4)

The response of C, predicted using eq[4.4]is the Boltzmann approximation of eq 4.2}
where C), is predicted to increase exponentially as a function of the potential (region II
of Figure ) By integrating C), of eq over all available energy states and applying
the absolute zero temperature approximation, we obtain C), = e’go(FE), where go(F)
corresponds to the distribution of a continuum DOS in the conduction band (CB). Note
that the total response of C), as a function of potential is a combination of eqs and
4.4 as shown in Figure [l.Ip. This description of the DOS of a NOSF was tested herein
for CuaO/CuO mixed oxide electroactive films (1:1, w/w) with thicknesses < 10 nm elec-
trochemically grown on a gold electrode. The results that describe the characterization of
the thickness, morphology, and additional capacitive characteristics of CuyO/CuO mixed
oxide electroactive films are detailed in the Supporting Information-S2-S5. The maximum
experimental capacitance of CusO/CuO mixed oxide electroactive films, accessed at the
Fermi level at 0.0 V versus Ag|AgCl, was obtained from the Nyquist capacitive diagram,
where the equilibrium value of C), was obtained at low frequencies, corresponding to the

diameter of the semicircle(BUENO et al], [2012) in the diagram (Figure [4.2h).

The experimental DOS of the Cu;O/CuO nanoscale mixed valence film was resolved
by plotting the equilibrium C), as a function of the potential. As depicted in Figure
, the experimental C), follows the shape predicted by the model, which is adequately
adjusted (yellow line) to eqs and . The Gaussian-like shape predicted by eq

is observable in potentials ranging from -0.05 to 0.05 V, with a capacitance maximum
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FIGURE 4.2. (a) Nyquist capacitive diagram obtained for a CuyO/CuO mixed electroac-
tive nanofilm (1:1, w/w) by EIS-derived capacitive methods at the Fermi level of the
junction (0.0 V vs Ag|AgCl) in PB solution (pH 7.4). The value of C, is equal to the
diameter of the semicircle in the Nyquist capacitive diagram. (b) The DOS is resolved
for a CuyO/CuO mixed thin film (1:1, w/w) through the determination of C, as a func-
tion of potential in the same electrolytic medium of (a). The red line corresponds to the
theoretical fitting performed on the experimental data from the response of C), predicted

by eqs [£.2] and [£.4]

of 7.6 uF cm™2 at the Fermi level. In this case, the oxidation states are Cu?** and Cu*
(Figure [1.1p), and the electronic transition between these states follows the reversible
electrochemical reaction described in eq/d.5 where CuyO reacts with hydroxyl ions in
solution forming CuO and water, and vice-versa,(SCHERZER et al., 2019; WAN et al.,
2013) as shown below

CuyO + 20H™ — 2CuO + Hy,O +2¢~  (5) (4.5)

Note that at the Fermi level, half of the accessible redox states are oxidized (Cu?")
and half are reduced (Cut); the origin of these redox states is related to the trap states
due to induced defects in the copper oxide crystalline lattice, such as atomic vacancies,
impurities, and interstitial defects (Figure [£.1p).(MCCLUSKEY; JANOTTI, [2020; MA-
HAJAN| 2000) Thus, the density of defects in the crystalline lattice modifies the potential
energy of the semiconductor film, which generates a Gaussian-like distribution of energy

states (o< C),) between the conduction and valence bands(ROCKETT, 2008; SHLUGER,
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2020)) (Figure [£.2p) due to their occupancy being determined by the thermal broadening
term f(1 — f) in eq[4.3] In addition to the Gaussian-like distribution, the response of
C,, associated with the occupancy of CB states (higher energy) is observed in the po-
tential window between 50 and 150 mV (Figure [£.2p). This agrees with the theoretical
exponential pattern depicted in Figure 1b and eq[4.4] that is, the Boltzmann distribution.

Although the probing and tuning of the electrical properties of these nanostructured
semiconductors, particularly the generation of energy states within the band gap, are con-
sidered to be of utmost importance in solar cell and supercapacitor applications,(DEY],
2018; |ZHU et al |2016) the use of the DOS of nanoscale semiconductors as transducer sig-
nals in molecular sensing assays has not yet been explored. Accordingly, we demonstrated
a simple procedure to use the C), of CuyO/CuO nanofilms, which is associated with their
DOS, as a transducing signal for sensing phenol. Herein, we introduce a new approach
for molecular sensing, which is based on the monitoring of the C, of semiconductors at a

nanoscale interface and which can be easily measured using impedance-derived methods.

4.3.3 Demonstrating the Sensing Functionality.

In this section, we demonstrate how the C), signal of the NOSF measured at the
electrochemical equilibrium, which corresponds to the peak of the Gaussian distribution
in Figure 2b, can be used to sense phenol (C4HgO), which was used herein as a model
phenolic compound. The phenolic compounds are considered as key pollutants across
many industries. For instance, pharmaceutical, petrochemical, and food companies use
complicated analytical methods to detect these substances as a standard for controlling
the quality of the wastewater. The detection of these compounds is necessary due to their
high environmental toxicity.(LV et al., 2018)) The use of low-cost and real-time sensing
platforms that allow in situ detection of harmful concentrations of phenolic compounds in
water effluents (>70 M) is highly desirable(PINO et al., [2016). Among non-enzymatic
approaches for phenol-derived compound sensing, electrocatalytic methods are preferred
due to their ability to leverage the efficient catalytic properties of metal oxides.(FENG;
LI, 2003) Copper oxide nanostructures have demonstrated a larger catalytic activity for
the oxidation of phenolic compounds in comparison with other structures such as nickel,

cobalt, and manganese oxide.(SANTOS et al., 2005)

Aiming at evaluating the durability of CusO/CuO sensing interfaces, it was selected
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FIGURE 4.3. Schematic representation of electrocatalytic oxidation of phenol in solution
over a copper oxide electrode. Different intermediate compounds are generated in this
process; among them, oxalic acid reacts with surface species Cu?*, forming metal com-
plexes on the copper oxide surface.

a particular CuyO/CuO composition in between five studied compositions, that is, 1:0,
3:1, 1:1, 1:3, and 0:1 (w/w). Because the transducer signal is based on the DOS of these
films, as mapped by impedance and discussed in the previously section, and owing to the

DOS being proportional to C,,,(SANTOS et al., 2014) an optimal condition is considered

for interfaces with the highest value of the C), signal as possible. As demonstrated in
Supporting Information-S5, the highest C), signal was attained for 1:1 (w/w), and thus,

this was the composition investigated for sensing phenol.

In the electrocatalytic oxidation of phenol over copper oxide electrodes, the highly
reactive hydroxyl ions (OH™) generated during the redox reaction Cu™/Cu®" can be used
to catalyze the oxidation of the organic molecules, as schematically shown in Figure [4.3]
The OH™ ions attack the phenol molecules in solution, triggering a chain reaction in which
different acid intermediaries are formed. Figure depicts the reaction of oxalic acid, an
intermediary widely identified in phenol oxidation, which can react with Cu®* located on
the copper oxide surface to form metal complexes known as copper oxalates.(SANTOS et]
al], 2005} [SANTOS et al., [2002)

Figure shows the resolved C), (or DOS) around the electrochemical equilibrium
potential of the CuyO/CuO nanofilms in a PB solution (pH 7.4) for different concentra-
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FIGURE 4.4. (a) Gaussian shape DOS resolved for the CuyO/CuO nanofilm in a buffer
solution at six different concentrations of phenol (CgHgO). The red line represents the
Fermi level (Ep) of the nanoscale semiconductor junction. (b) Analytic curve reporting
the variation of C,, at the Fermi level of CusO/CuO nanofilm for the sensing of phenol.
Plotted data points represent means and standard deviations across two independent
interfaces. The coefficient of determination (R?) is 0.985. (c) Relative responses of C,
obtained for phenol (6 xM) and two interfering compounds, aniline and benzyl alcohol,
both at 60 pM.

tions of phenol. The value of C), at the Fermi level increases with the target concentration,
demonstrating that C), can be effectively used as a transducer signal to sense phenol, as
predicted by eq 1. A chemical binding event associated with the formation of copper com-
plexes on the surface of the CusO/CuO nanofilm generates a variation in the chemical
potential p of the electrons, which is detectable as a change in the electron occupancy

and modulates the response of C), o< (dn/dp).

Notably, a linear response is obtained for the relative response of C, as a func-

tion of the logarithm of the concentration of phenol (Figure 4b), that is, RR(%) =

(C,.,iphenol] —Cl,blank)
Cu,blauk

phenol concentration and for the blank, respectively. It is noteworthy that the concentra-

} x 100, where C), phenol] and C), prank are the C), signals for a particular

tions used in this assay were lower than the acceptable threshold of phenolic compounds
in water effluents (70 uM) established by governmental environmental agencies.(PINO
et al., |2016) Using the capacitive approach, it is possible to detect phenol in a linear
range of 0.5-6 uM with a sensitivity of 156% per decade of phenol concentration. The ob-
tained limit of detection (LOD) was 0.2 uM, determined as 3S/b, where S is the standard

72



deviation of the y-intercept and b the sensitivity.(SHRIVASTAVA; GUPTA| 2011) The
reported LOD is comparable to that obtained by other electroanalytical methods.(PINO
et al., 2016; ALIABADI et al.| 2020)

The reproducibility was evaluated by calculating the relative standard deviation
from measurements carried out in different days for all phenol concentrations over repli-
cates, which was of 9.6%, similar to deviations reported by others.(PINO et al., |2016;
ALIABADI et al., 2020) To further evaluate the applicability of this reagentless capaci-
tive approach for sensing phenolic compounds, the performance on selectivity was assessed
using aniline (CgH;NHs) and benzyl alcohol (C;HgO) as interferents because these two
compounds are prevalent in contaminated samples. As depicted in Figure [.4c, the rela-
tive response of C), for the aniline and benzyl alcohol was 4.30 and 8.90%, respectively, for
a concentration 10 times higher (60 xM) than the highest phenol concentration (6 ©M)
evaluated in this work within a RR (%) value of 244.13%. Hence, the selectivity of the
Cuy0/CuO interface for phenol is evident.

Finally, the long-term stability was evaluated by performing capacitance measure-
ments at a 6 M concentration of phenol for 2, 4, and 6 days after the fabrication of the
CuyO/CuO nanofilms as stored in ambient air at 25 °C. These results are introduced in
detail in S6 of the Supporting Information. Figure S8 (see the Supporting Information)
indicates a small decrease of the RR (%) within days, resulting in a loss of signal of about
11% for the sixth day. This decrease on the RR (%) signal is attributed to a potential
interaction between copper oxide and air oxygen. However, the CusO/CuO sensing inter-
face continues to be highly specific (from 244.13 to 216.63%) compared to the response
of the interferents (i.e., 4.30 and 8.90%) and, more important, measurements take only 3
min. Therefore, the capacitive sensing of oxide interfaces is demonstrated as a potential
analytical methodology for the fast detection and quantification of phenolic compounds

in wastewater.

4.4 Conclusions.

In this study, we demonstrated the fabrication of CuyO/CuO mixed valence
nanofilms. The appropriate design of the films enabled the corresponding C),, and its

associated DOS to be used for fast sensing of phenol with high sensitivity and via a
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reagentless and point-of-care approach. This concept can be extended to the detection of
other types of molecules by the appropriate functionalization of the oxide surface of the

CuyO/CuO mixed valence nanofilm.

Associated Contents.

The Supporting Information is available free of charge at <https://pubs.acs.org/
doi/10.1021 /acsaelm.1c00387>. Electrochemical fabrication of the nanoscale films of cop-
per oxide; electrochemical estimation of the CuyO/ CuO (1:1, w/w) nanofilm thickness;
estimation of the ratio of CuyO and CuO in the copper oxide mixed nanofilms; surface
morphological analysis of Cuy,O/CuO (1:1, w/w) nanofilm by SEM; capacitive analysis of
copper oxide nanofilms containing different CusO/CuO proportions; and sensing surface

stability for phenol over time (PDF).
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Abstract

The electronic structure of nanoscale moieties (such as molecules and quantum
dots) governs the properties and performance of the bottom-up fabricated devices based
on their assemblies. Accordingly, simple and faster experimental methods to resolve the

electronic density of states of these nanoscale materials (of which quantum dots are a
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particular example) are of great importance for the development of man-made nanoscale
interfaces and nanoelectronics. In the present work, we propose the quantum rate spec-
troscopy methodology (and introduce the fundamental physical basis of this technique that
was previously demonstrated for measuring the electronic structure of two-dimensional
compounds such as graphene (LOPES et al., [2024)) as a tool for resolving the electronic
structure of zero-dimensional (quantum dot) structures at room temperature and environ-
mental pressure conditions. This method is simpler than the traditional methods based on
scanning tunneling microscopy. This spectroscopic approach based on the quantum rate
theory was demonstrated for CdTe quantum dots and was used to measure a spectrum
that provides discrete energy levels that are consistent with those obtained by tunneling

microscopy measurements.

5.1 Introduction

Charge carriers dynamics in semiconducting quantum dot (QD) structures are re-
stricted in all of the three possible Cartesian geometric directions at the nanoscale in
a range of 2-10 nm. Accordingly, QDs are referred to as zero-dimensional structures
due to their spatial point characteristics governed by the above-mentioned nanoscale size
features. This unique feature of QDs makes them the closest man-made semiconducting
inorganic constructions with electronic structure comparable to that of organic molecules,
as noted in Fig [5.1] Hence, QDs provide discrete quantized energy levels accessible at
room temperature. Accordingly, QDs are special materials that offer excellent optical
and electronic properties(AKBARI et al., 2020) that are unique compared to those of
microscopic structures or bulk materials(EDVINSSON]| 2018)).

The electronic structure of molecules or nanoscale spatially-restricted atomic as-
semblies is often analyzed in terms of their electron density of states (DOS) that is a
function that accounts for the amount of quantum-mechanical states of electrons (or elec-
tron energy levels) per interval of energy normalized by the volume of the atomic structure.
Therefore, the DOS is a fingerprint of the electronic structure of atomic and molecular
assemblies that is an important tool for predicting the properties of man-made nanoscale
materials, particularly when the DOS can be experimentally measured(HOUTEPEN;
VANMAEKELBERGH] 2005).
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FIGURE 5.1. Schematic representation of the energy levels for low-dimensional QD semi-
conducting materials. Note the evolution of the quantum confinement of the energy levels
as a function of the dimension of the QD. For instance, the QD with dimensions greater
than 5 nm (on the left) has a pattern that is more similar to a bulk semiconducting
material in which the electronic structure is formed by two separated bands (termed con-
duction and valence bands and the separation between these bands is termed the band
gap because it constitutes an energy interval in which electron occupation is prohibited)
within the internal energy levels that are quite close to each other, forming a continuum
of characteristic energy levels referred as the band structure. As the size of the QDs
decreases below 5 nm, the separation between the energy levels in these bands increases,
forming a set of discrete (rather than a continuum) energy states that at a certain size
resembles the energy levels observed in molecules (scheme at right). Note also that the
band gap of semiconducting materials increases with decreasing particle size due to the
above-described quantum confinement effect. In this figure 5 nm size of QD was used as
a reference. The precise cut-off depends on the definition of the Bohr radius of a QD.
For instance, for CdTe QDs this value is calculated as ~ 6.8 nm (PARK HYUNG J|
ANDN SHIN; YU, 2021)).

Techniques commonly applied for experimental study of the electronic properties
of QDs are based on optical excitations and energy level transitions that can be easily
applied to the investigations of the electronic transition properties of nanocrystals. Useful
information about the influence of the size and shape on the properties of these nanoscale

crystals can be deduced by optical absorbance, luminescence, and excitation spectroscopic

methods(JDIRA et al.,[2006). However, the inherent limitations of these techniques do not

allow a full investigation of the DOS; rather only some energy levels can be investigated

in an indirect manner.
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For the scanning tunneling microscopy (STM) and spectroscopy (STS) methods,
it is challenging to separately investigate the electron and hole energy levels, and addi-
tionally the electron beam used to obtain the information can damage the nanostructures
and cause undesirable atomic strain and extrinsic defects(ERNI et al., 2008). Although
investigations of the local density of states (LDOS) of single nanoparticles have been per-
formed using these methods, it is experimentally challenging to discern the variation of

LDOS within and between QDs(BAKKERS et al., 2001)).

The use of STS to characterize CdSe QDs of different sizes is a direct approach to
determine the relationship between the energy levels and the size of QDs(JDIRA et al.|
2006). A combination of STS with optical spectroscopy demonstrated that the relative
rates of the tip-to-dot and dot-to-substrate tunneling currents influence the electron oc-
cupancy in the QDs. Therefore, the tunneling current has been measured as a function
of the tip-substrate potential bias difference controlled via the STS feedback settings.
A large number of experiments for each set-point of electric current were carried out to
successfully improve the reproducibility of the results. The transitions in the tunneling
spectra were explained by a master equation accounting for the electron-hole occupancy of

the discrete energy levels ascribed to the conduction and valence band states (or orbitals)
of CdSe QDs.

Even though STM- and STS-based methodologies have made significant contribu-
tions to the on-going understanding of the electron energy levels of QDs, the wide use of
these methodologies is either not practical or requires unique and expensive equipment
that is not easy to operate because of the required high-vacuum and/or low-temperature
conditions. Therefore, experimental approaches that are both simpler and have bench-
top capability are desired to advance the characterization of the electronic density of

low-dimensional structures.

Therefore, the goal of the present work is to demonstrate a proof-of-principle of a
methodological approach, named quantum rate spectroscopy (QRS), as a simpler method
of probing the electronic structure of nanoscale chemical assemblies of interest of ma-
terial scientists, chemists, and physicists. The use of QRS was successfully applied to
reveal the electronic structure of two-dimensional compounds such as graphene (LOPES

et al., [2024). This electrochemical QRS method of measuring the electronic structure
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of graphene was demonstrated to be in good agreement with the electronic structure
measured angle-resolved photo-emission spectroscopy and that theoretically computed by
density-functional theory (LOPES et al.| 2024). QRS is an electric spectroscopy method
that is fundamentally based on the quantum rate theoretical principles(BUENO; DAVIS,
2020; BUENO, 2018d; BUENO)|, 2023c)). For instance, besides the application of the prin-
ciples to characterize single-layer graphene(LOPES et al., 2021; LOPES et all [2024),
it has also been possible to access the DOS of mixed metal-oxide films(PINZON et al.,
2021)) and organic assemblies(FELICIANO; BUENO, 2020a), such as molecular redox-
active films(BUENO) 2023¢). Furthermore, quantum rate theory has been useful for the
study of quantum electrochemical principles (ALARCON et al, 2021b; BUENO, [2023¢),
for example demonstrating that charge transfer resistance is essentially a specific setting of
the quantum conductance principle (SANCHEZ et al.; 2022). This has provided the basis
for the design of improved electrochemical interfaces for electron transport (SANCHEZ

et al., 2022)) with multiple applications.

In this work, the QRS methodology is demonstrated as a useful electric spectro-
scopic tool for evaluating the electronic structure of CdTe QD assemblies. Two different
nanocrystal sizes (2.25 and 3.27 nm) are studied and the obtained experimental spec-
tra are mathematically fit to a quantum mechanical statistical equation following the
quantum rate principles, hence demonstrating that the measured electronic spectra are
in agreement with the quantum rate theory predictions. Furthermore, it is demonstrated
that the energy levels obtained in these CdTe QD spectra are in agreement with those
obtained by other studies, for example by using the STM method.

5.2 Experimental Section

5.2.1 Chemical Reagents and Solutions

CdCly-HoO (99%) was purchased from Vetec. 3-mercapropropionic acid (MPA;
98%), NaOH (99%), NayTeOs3 (99%), NaBH, (99%), and Rhodamine 6G (99%) were ob-
tained from Sigma Aldrich. Acetone (98%) was obtained from Synth. All chemicals were
used as received, without further purification. Milli-QQ water was used for all experiments.
Phosphate buffer (PB) solution (12 mM PB, pH 7.4) was prepared using 0.2 M KNOs,
10 mM NayHPO,4-12 HyO, and 2 mM KHyPO,.

79



5.2.2 Synthesis of CdTe Quantum Dots

Cadmium telluride (CdTe) QDs were synthesized via the One-Pot colloidal method.
Initially, CdCl,.H20 (0.40 mmol) and surface ligand (3 mercaptopropionic acid MPA, 0.80
mmol) were solubilized in Milli-Q ultrapure water (80 mL) in a three-neck flask and the pH
of this solution was adjusted to 10.00 with 1.0 mol.L~! sodium hydroxide. Then, NayTeOs
(0.04 mmol) and NaBH, (0.1 mmol) were added and the system was heated to 100 °C
under reflux to keep the precursors at constant concentrations. When the temperature
reached 100 °C, aliquots were taken out at different time intervals to measure the sizes of
the quantum dots. After the synthesis, the QD dispersion was purified by the precipitation
method, using acetone as a non-solvent to destabilize the colloidal suspension. Then, the
precipitate was collected by centrifugation at 9000 rpm for 5 min and resuspended in

Milli-Q ultra-pure water.

5.2.3 Characterization of CdTe Quantum Dots

Absorption spectra were acquired in the 200-700 nm region using a spectropho-
tometer (Shimadzu, UV-2450/2550, Japan) with a spectral resolution of 1.0 nm and a
slit width of 1.0 nm. UV-Vis absorption spectra were acquired using a spectrophotometer
(Shimadzu, UV-2450/2550, Japan), with a spectral resolution of 1.0 nm, and a slit width
of 1.0 nm. Photoluminescence (PL) spectra were obtained using a spectrofluorometer
(Shimadzu, RF-5301 PC, Japan) equipped with a 150 W Xenon lamp. The spectral res-
olution utilized was 1.0 nm, the excitation and emission slits were both set to 3.0 nm
and the excitation wavelength to 355 nm. All spectroscopy studies were performed using
10.00 mm quartz cuvettes (Shimadzu) at room temperature. Powder X-ray diffraction
(XRD) was performed with a diffractometer (XRD-600, Shimadzu, Japan) using CuKao
radiation with a 0.3 mm divergence slit. The diffraction angle (260) was varied from 10
to 60 degrees at a rate of 1° min~! and a step of 0.02°. The results obtained from the
characterization of the CdTe QDs are presented in detail in the SI.

5.2.4 Preparation of the Assemblies of Quantum Dots

Gold electrodes (Au electrodes) were fabricated by radio-frequency sputtering.
Briefly, titanium and gold were sequentially deposited over silicon oxide wafers (0.8 x
0.5 cm?) obtaining gold electrodes with an average geometric area of approximately 0.04

cm?. These Au electrodes were initially cleaned via sonication periods of 12 min following
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the use of a sequence of solvents, namely isopropyl alcohol, acetone, isopropyl alcohol, and
ultrapure water. Then, these surfaces were cleaned by 30 min under ultraviolet/ozone.
The pre-treated Au electrodes were incubated in a solution containing 50 mmol L~ of L-
cysteine during 16 h at room temperature to form a L-cysteine monolayer over the surface
of the Au. After this chemical modification of the surface, the electrode was rinsed with
ultrapure water. The L-cysteine monolayer-modified Au electrodes were incubated in an
aqueous solution containing 0.2 mmol L' of CdTe QDs, 100 mg mL~' EDC and 100
mg mL~' NHS during 3 h in the dark. The EDC and NHS are added in the solution to
activate the carboxyl groups (COOH) of the QDs surface, allowing their conjugation with
the amine groups (NHy) of the L-cysteine (contained in the surface of the Au electrode)
through amide bonding. Finally, the CdTe-QD-modified Au electrodes were rinsed with

ultrapure water.

5.2.5 Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) was performed using a portable
potentiostat (PalmSens4) equipped with a frequency response analyzer (FRA) in a three-
electrode setup. The CdTe QDs assembled over Au electrodes served as the working
electrode, Ag|AgCl (3M KCl) as the reference electrode and a platinum mesh as the
counter electrode. All electrochemical measurements were carried out in a phosphate
buffer solution (pH 7.4). EIS spectra were obtained at a fixed bias potential (which
in the case of this study was 0.14 V wersus Ag|AgCl (3M KCl)), corresponding to the
value of the open-circuit potential, OCP) using an amplitude potential perturbation of
10 mV and frequencies ranging from 1 MHz to 0.05 Hz. The obtained raw EIS data
were used to calculate real C’ and imaginary C” capacitive components by applying the
following relationship Z*(w) = 1/jwC*(w), where Z*(w) and C*(w) are the impedance
and capacitance complex functions, respectively. w is the perturbing angular frequency
used in the measurements. The complex capacitance C*(w) function has a particular

meaning within the quantum rate theory (LOPES et al.| [2021))

. C
Cplw) = —

=7 1—3 2 1

corresponding to a relaxation function that can be described in terms of the equivalent

quantum circuit elements. For instance, this relaxation function is expressed in terms of
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a series combination of R, and C,, providing a characteristic frequency w. with a time
T =2wR,C, (or w. = 1/R,C,) that directly provides information regarding the quantum
rate v = 1/7 as defined further in Eq. [7.1]

Therefore, noting that the complex quantum capacitive relaxation function Cj(w)
can be expressed as C;(w) = C' + jC” and that C' = ¢Z” and C" = pZ', where
¢ = 1/w|Z|?, it can be observed that C" and C” can be obtained from EIS measurements.
From the EIS spectra, real Z’ and imaginary Z” impedance components can be readily
measured. |Z| is the impedance modulus that can be calculated from Z’ and Z” compo-
nents. The frequency associated with the maximum value of the real capacitive term, i.e.,
corresponding to the diameter of the Nyquist capacitive semicircle (see Fig. b), which is
theoretically obtained for w — 0 in Eq. [6.15] is experimentally obtained as a finite value
and is fixed as a constant charge-occupancy equilibrium state. By fixing this wy limit
frequency value and performing a potential scan (which in the present study ranged from
-1.8 to 1.8 V versus Ag|AgCl (3M KCl), the C,(wp) function is obtained. This C,(wp)
plotted as function of potential energy at the fixed wy of the electrode is used to obtain
the shape of the DOS by noting that C, « DOS (see theory discussed below). The QRS
method is illustrated in Fig. [5.2] Note that all potentials used in the present work are
reported versus Ag|AgCl (3M KCI) reference.

5.3 Results and Discussion

Before describing how the electronic DOS of an ensemble of semiconducting QDs
is measured using QRS, it is useful to introduce the key concepts of the QRS method,

which is based on the quantum rate theory, as mentioned above.

5.3.1 Fundamentals of Quantum Rate Theory

We start by assuming that an ensemble of QDs with an average size lower than 5
nm (with an electronic structure such as shown in Figure can be assembled over a
conducting electrode (see Fig. . Therefore, the electronic states (including valence and
conduction band states) are accessible by perturbing electrons and holes by a sinusoidal
wave potential or energy E perturbation imposed from the electrode in which E = hv is
the quantum mechanical principle that specifies the relationship between energy E and

frequency v (in hertz) that can be applied to investigate the DOS of a QD ensemble
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FI1GURE 5.2. Schematic representation of the measurements of the DOS of QDs based on
the quantum rate principles as can be obtained from EIS measurements. (a) EIS measure-
ment consists of a sinusoidal potential or energy perturbation of the QDs that provide an
electric current response to this perturbation from which a complex impedance function
[Z*(w)] is obtained. From Z*(w), a complex capacitive function [C*(w)] is obtained and
plotted as shown in a capacitive (b) Nyquist diagram, enabling the measurement of the
equilibrium charge occupancy. This equilibrium charge occupancy is obtained from the
capacitive Nyquist diagram as a particular low-frequency value from which C; is taken,
corresponding to the value of the diameter of the semi-circle in the diagram. Once the
equilibrium angular frequency wy is obtained as the frequency at which Cj is obtained, a
potential scan of C;, at wy provides the (c¢) DOS pattern of a QD ensemble assembled at
the interface. Note that in (b) w. = 1/R,C, refers to the characteristic angular frequency,
which is directly related to the quantum rate as described in Eq. .

assembled on the electrode. Note that following the usual notation, h is the Planck’s

constant.

One of the key assumptions of the quantum rate theory (BUENO), 2023a; BUENO,
2023b; BUENO, [2023¢|) is that it allows us to model electron particles and information
exchanged between two different quantum mechanical states and hence to better under-
stand the ' = hr dynamics phenomenon at super or extremely low energies perturbation,
i.e. down to 30 Hz, corresponding to energies lower than 124 feV, as it is the case of redox
reactions (BUENO; DAVIS| 2020; BUENO)| 2023c) and of the long-range electron trans-
port in respiration chains (BUENO)] [2024)). For inorganic quantum dots, similarly to the
case of graphene (BUENO; MERCADO, 2022; LOPES et al.| [2024), as will be demon-
strated in the present work, this lower energy perturbation phenomenon obeys quantum
mechanical rules that cannot be correctly modeled using Schrérdinger’s non-relativistic
quantum-wave methods but can be using relativistic quantum electrodynamics within

Planck-Einstein £ = hv relationship.

Note that the quantum electrodynamics related to the quantum rate theory is dif-
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ferent of the common sense for relativistic electrodynamics in which it is guessed that a
particle must to be close to the velocity of a photon. It must be clarified that this note
the case. Quantum rate theory implies quantum electrodynamics and Planck-Einstein re-
lationship because the principles of the theory complies with the Dirac equation (DIRAC,
1928)), which was an equation formulated exactly with the purpose to comply with Planck-
Einstein relationship wherein the Schrodinger equation fails, though it is a particular set-
ting of the Dirac equation whenever spin dynamics is disregarded. In general, the Dirac
equation implies a wave description of the electron in which the massless character is
implicit. The meaning of this is that electrons can, in certain circumstances, behave like
waves by presenting a null rest mass mg. This massless Fermionic characteristic implies
relativistic behaviour simply because it follows a particular setting of the relativistic re-
lationship E? = p?c? + mic!, where for my = 0 it leads to £ = pc., not only obeying
the Planck-Einstein relationship but also complying with the Dirac quantum mechanical

equation.

In other words, the quantum rate theory defines a fundamental rate v principle
based on the ratio between the reciprocal of the von Klitzing constant Ry = h/e* and the

quantum (or chemical) capacitance, such as (BUENO, [2023c)

, (5.2)

where by noting that £ = e?/C, is an energy intrinsically associated with the electronic

structure, it straightforwardly leads to the Planck-Einstein relationship, i.e.

E = hv = he, -k, (5.3)

which follows a linear relationship dispersion between the energy F and Wave—vectmﬂ k,
where c, is the Fermi velocity and & is the Planck constant h divided by 27. Hence,
the quantum rate principle within Eq. predicts relativistic dynamics that comply with
Dirac (DIRAC] 1928) instead of with the non-relativistic Schrordinger equation. Note that

'Note that k in bold refers to the wave-vector and its magnitude will be referred to as |k| to avoid
notation issues with the meaning of k that, in previous works (BUENO) 2023c; [SANCHEZ et al., [2022),
was referred to as the electron transfer rate constant.
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the linear relationship between k and FE' is intrinsically relativistic which is demonstrable
by invoking De Broglie relationship, which states that the momentum p = hk is directly
related to the k; hence Eq. turns into &/ = p-c,, demonstrating its intrinsic relativistic

character.

It has been experimentally demonstrated (ALARC()N et al., 2021b; BUENO,
2023c; SANCHEZ et al., |2022) that £ = €?/C, is a degenerated state of energy for
experiments conducted in an electrolyte environmental medium, such as that effectively
E is E = gsg.(*/hC,), where g5 is the electron spin degeneracy and g, is the energy de-
generacy state associated with the electric-field screening effect of the electrolyte over the
quantum states contained in molecules(BUENQO| 2023c), graphene(BUENO; MERCADO,
2022; LOPES et al.| [2024]), as well as quantum dots (as will be demonstrated here).

There are two equivalent interpretations of g. degeneracy. The first is based on
the existence of resonant electric currents, i.e., there are time-dependent (displacement)
electric currents within the junction. This type of resonant electric current is owing to the
existence of two charge carriers (electrons and holes) that promote a net current denoted
here as ig. The origin of this displacement electric current is owing to the role played
by the electrolyte that allows the superimposition of the electrostatic C. and quantum
capacitive C;, modes of charging the molecular junction states. In this situation, the
elementary charge e is subjected to an equivalent electric potential, i.e., e/C, ~ e/Cy,

conducting locally to C, ~ C.

Hence, the equivalent C, capacitance of the junction is 1/C, = 2/C,, with an
energy degeneracy of e?/C, = 2¢*/C,, where 2 is accounted as g, in the formulation of
v = g.Gy/C, concept, as stated in Eq. (BUENO, 2023c)). This energy degeneracy is
equivalent to the previous electrical current degeneracy consideration of the origin of g,
because 1/C, = 2/C, implies C, = 2C,,. Noting that the capacitance of the interface is a
result of the equivalent contribution of C. and Cy, there is an electric current degeneracy
for charging the quantum capacitive states of the interface that is proportional to C,
with an electric current of i = C,s = (1/2)(C,)s, which is equivalent to 2iy = Cjs,
where s = dV/dt is the time-dependent potential perturbation (scan rate) imposed to the
interface to investigate the energy E = €?/C, level, electronically coupled to the electrode

states. Note that it is owing to the equivalence of €*/C. and e*/C, energy states that
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there is an energy degeneracy that inherently permits two electric currents contributing
to the net (electrons and holes) current iy of the interface, which is thus said to be a

ambipolar electric current.

The next section will introduce how the above concepts permit us to establish a
low-energy electrodynamics that allows us to spectroscopically measure (in an electrolyte
and room temperature environment) the electronic structure of ensembles attached to an

electrode.

5.3.2 Quantum Rate Spectroscopic: Method and Principles

Spectroscopic methods based on v = E/h phenomenon within Eq. are well-
known. The ‘novelty’ brought by the quantum rate theory is noting that a spectroscopic
method can be applied if the quantum capacitance C; is experimentally accessible at su-
per or extremely low-frequencies, where the electronic communication with the quantum
states of the QDs can be established using a perturbation imposed by the electrode that
serves as a probe or a frequency source for a spectroscopic method based on this principle.
This can be achieved in a range of super or extremely low frequencies v, and communi-
cation with the quantum energy states of the QDs is possible owing to the electronic
coupling of the QD states with those of the electrode within an electrolyte environment.
The electronic coupling s can be of different natures and intensities, according to the
chemical way of coupling the moieties — molecules or QDs, for instance — to the elec-
trodes, but it will allows a rate frequency such as v = kE/h to measurable and hence the

QRS method will apply, as will be demonstrated further here.

Note that £¥ = hv has a particular setting in this spectroscopic methodology, where
the energy E of the accessible states is related to the quantum capacitive C, (BUENO;
MIRANDA| 2016) states of the QDs such as F o €?/C, and v is the quantum rate, i.e.,
the rate (the inverse of the characteristic time constant) at which the E states of the QDs

are communicating with those of the electrode.

Equivalently to the case of graphene (LOPES et al.| 2024), the information about
the QD electronic density of states is accessible through the measurement of the quantum
capacitance C; (BUENO; DAVIS| 2020; BUENO; MIRANDA| [2016) in an electrochemical

experimental setting without requiring high-vacuum or low-temperature conditions such
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as those required in the case of STM/STS method, for instance. Note that C, directly
reports on the density of states DOS = C,/e? = (dn/dFE) of the molecular compounds as-
semblies over the electrode. Nonetheless, the presence of an electrolyte is vital because it
allows the suppression of the Coulomb effect (PINZON et al.,|[2022) and permits the direct
measurement of C, of the QDs, as will be demonstrated below. This QRS methodology
allows us to define the rate at which the states of the QDs communicate with the electrode
owing to an electric-field perturbation of the QD states through the electrode. Theoret-
ically, this quantum rate can be equivalently defined as the ratio between the quantum
of conductance G and the electrochemical capacitance C,, as, given by (FELICIANO;
BUENO| 2020a; BUENO, 2023c; BUENO), 2018d)

G e? X 1 1
V= CTL - gsﬁ Z Tn(:u) <C«e + qu> ) (54)

where G = g,(e?/h) SN_, T,,(11), with g, as the spin degeneracy of the electron (thus taking
a value of 2) and e as the elementary charge of the electron. The term SN | T,,(u) of G
represents the electron transmission probability through n individual quantum channels
communicating with the QDs by an energy perturbation imposed by the electrode owing
to the modulation of the electric field, stating for a function that models the nature and

strength of the electron coupling of the QD states with the electrode.

Whenever the transmittance of the information from the electrode to the QD states
and vice-and-versa occurs in the ideal (adiabatic) mode, i.e., particularly when SN | T, (1)
is unitary (meaning that the communication between the electrode and the QDs occurs
adiabatically), the conductance G is maximum and so it allows quantum mechanics to
operates with particular settings such as G equal to the conductance quantum Gy =
gs(€2/h) ~ 77,5 uS(BUENO), 2020), meaning that the transport or the transmittance

operates adiabatically.

Particularly, C,, in Eq. [5.4] is defined as the series combination of two ca-
pacitive contribution as given by 1/C, = 1/C. + 1/C, (see Eq. p.4)), where C, is
the electrostatic contribution associated with the spatial separation of charge due to
Coulomb’s interactions and thus depends on the geometric features, and C, is the

quantum-mechanical contribution related to the energy related to the work required for

87



energy

levels
DOS
fo )
d. conduction
spe states
(M)
S”h valence
d,,f states
T ()
Metal ,i.. Electrolyte

FIGURE 5.3. Schematic representation of a semiconducting dot structure contacted to a
gold electrode through an L-cysteine self-assembled monolayer. This interface is embedded
into an electrolytic medium where the electron communication with a rate v occurs from
the electrode to the QD (upper picture) and vice-versa (bottom picture) under a sinusoidal
electric field perturbation from the electrode. This perturbation allows the measurement
of the resonance electric current between the electrode states and the discrete energy
states of the QDs. The resonant electric current is due to electron (i.) and hole (i)
charge carriers.

the occupancy of the quantum states (see Fig. p.3)(BUENO; DAVIS, [2020) defined as
1/C, = 1/€*(1/(dN/du); + 1/(dN/dp),). Note that in the definition of C,, (dN/du),
corresponds to the DOS of the metal electrode and (dN/du), to the DOS of the low-

dimensional QD structures. Furthermore, the DOS of the metallic side of the junction
is hundreds of times higher in magnitude than that of the QDs, i.e. 1/(dN/du), and,
therefore, C, measured in this interface is directly proportional to e?(dN/ du)r
DAVIS| 2014b), i.e. to the DOS of the QD structures assembled at the interface of the

electrode is serving as the spectroscopic probe.

Finally, the presence of an electrolyte (Fig. containing counter-ions contribut-
ing to electric-field screening is required for experimental measurements and permits the
crucial approximation (C. ~ C,) (PINZON et al. [2021)) to be stated in Eq. enabling
QRS to be a suitable methodology for measuring the DOS of QDs. Therefore, the approx-

imation C. ~ C, in Eq. implies an energy degeneracy, as discussed in section [5.3.1}
Therefore, analyzing Eq. under the situation of modeling an adiabatic single electron
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transport within the degeneracy of the states consideration, it can be experimentally ev-
idenced that the electrolyte environment (PINZON et al., [2022)) plays a key role for the
degeneracy condition, where it is noted a superposition of C, and C, capacitive states
owing to an appropriate electric-field screening mechanism of the electrolyte (BUENO,
2023c). These two superimposed capacitive states implying that the electron charge is
shared between two capacitive states (classical and quantum) within the same electric po-
tential, i.e. e/C. ~ e/C,, conducting locally (which can be either redox sites undergoing
electron transfer reaction (BUENO, [2023c) or electronic states in organic semiconduc-
tor compounds) to C. ~ C, in Eq. . Hence, the equivalent C), capacitance, in this
situation, is set as 1/C, = 2/C, in Eq.[5.4] a state that is interpreted as an additional
degeneracy of energy (besides that of the spin of the electron) owing to €?/C, = 2¢?/C,,
where 2 is accounted as the g. contribution in the formulation of rate kK = G¢/C,, that
reduces to (ALARCON et al., 2021b)

62 GO E
V= 0s9e (hc,q> = Ge (C’q> = GsYe (h) ) (55)

Eq. was successfully verified by experiments and theoretically demonstrated
to comply with diffusionless ET dynamics of redox reactions (ALARCON et al.
2021b)), also with the electrodynamics and molecular electronics of organic semicon-
ductor compounds (PINZON et al.; 2023) and with the relativistic electrodynamics of
graphene (BUENO; MERCADO) 2022)). Note that origin of g. was introduced in the

previous section and does not requires further additional analysis.

These energy and electric current degeneracies imply that the electric current is
ambivalent, as is the case of redox reaction dynamics (BUENO, [2023c) and the quantum
electrodynamics of organic semiconducting compounds and graphene (BUENO; MER-
CADO| [2022). The implication that the ambivalent electric current phenomenon is equiv-
alently observed in organic semiconductor compounds (as will be demonstrated further)
and graphene (BUENO; MERCADO, 2022) is owing to the quantum rate theory being
applicable despite the existence of redox reaction, but with the presence of ambivalent
electric current. For instance, in graphene, there are negative and positive charge carrier
concentrations within a two-dimensional structure that conforms with electron and holes

representation (LOPES et al 2021) that are, in ET reaction processes, associated with
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oxidation and reduction currents, which is well-known and referred to as faradaic current.

In other words, Eq. implies only the consideration of additional g. degeneracy
besides gs in the heterogeneous electron transport rate mechanism stated by Eq. [5.4]
Note that for the specific case of molecular electronics, there is an adiabatic transport
of a single electron (that conforms with ballistic electrodynamics) with the meaning that
G, in Eq. is equivalent to Gy = gse*/h. This boundary condition implies simply
considering a single adiabatic electron transport ideal situation in which S, T, (1) =
Nexp(—fL) = Nk ~ 1, or a non-adiabatic situation in which v = kg.Go/C,, with
explicitly considered in the expression of v. Note that x in v = kg.Gy/C, implies the
consideration of a non-adiabatic electron transport which is modeled as taking x lower
than unity, but higher than null for electron transmittance to occur. Therefore, the
only differences between the dynamics existing in electrochemistry reactions and that of
electron resonant transport within push-pull semiconducting compounds are regarding
the adiabatic (for push-pull dynamics) or non-adiabatic (for redox reactions dynamics)
settings, but both electrodynamics, follows a relativistic character as is predicted by the

quantum rate model depicted in Eq. [5.5]

In adiabatic or non-adiabatic situations, it has been demonstrated experimentally
that the charge transfer resistance is equivalent to the resistance quantum R, = 1/Gy =
h/gse* ~ 12.9 kQ, which experimentally validates the quantum rate theory (SANCHEZ et
al.,[2022) in both situations of ET or ballistic transport of electrons. The demonstration of
a quantum limit value of R, for the transport of electrons is achievable because  (for non-
adiabatic processes) can be experimentally measured as well as the number of channel N
that is obtained from the measurement of C, (SANCHEZ et al., 2022)). Therefore, besides
quantum rate theory (BUENO), 2020; BUENO), 2023¢; BUENO, [2018d)) encompasses other
electron transport models and approaches such as that developed by Marcus (MARCUS;
1964b; IMARCUS; SUTIN| 1985b; MARCUS, 1993), the advantage of the quantum rate
theory consists in its easy experimental test and applications owing to all the fundamental

parameters of the theory are measurable.

Particularly, the fulfilment of the C. ~ C, condition permits a direct correlation
between G and C, through v, where v is related to the characteristic time-scale 7, such as

v = 1/7(BUENO; DAVIS| 2020) (see Eq.[6.15). This energy degeneracy state (imposed by
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the presence of an electrolyte) corresponds to a particular setting of Eq. (see Eq.
and permits the study of the electronic structure of low-dimensional materials at room
temperature without the need for ultra-high vacuum, hence not only constituting the
requirement for the QRS methodology but also making this method advantageous. This
fundamental basis of QRS can be established by noting that v = E/h = €?/hC,, where the
only variable to be measured is C,. Since C;, can be obtained by electronic spectroscopy
means, as described in detail in the experimental section through Eq.[6.15, QRS is quite
simple experimentally, although it does require a careful assembly and contact of the QDs

to the probe electrode.

To resolve any questions related to the principles of a spectroscopic method based
on the quantum-rate concept, defined in Eq. [5.5] let us demonstrate the correspondence
between the duality particle E = ¢*/C, (or p) and k (w) wave of the electron whenever
there is a time-dependent perturbation on C, that corresponds to a coherent response of

k and vice-versa. Hence, C, = €*(dn/dE) can be rewritten as

dE e?
(@) -& i

where €?/C, = he, - k = E is the energy associated with C,, according to Eq. and
premises of the quantum-rate theory. Evidently, dE = hc, - kdn and a time perturbation
in E corresponds to a time perturbation of n = ¢/e = L/\ (where L is the length of the
quantum channel and A the wave length associated to this length within n as an integer

quantum number) such that

@f) ~ he, -k (flj) , (5.7

where E and n are the only time-dependent variables; dE/dt = E(t) and dn/dt = n(t).
Therefore, an energy perturbation E(t) of a quantum RC system as a function of time
corresponds to a coherent response of quantum RC states n(t) as a function of time. These
time-dependent and related functions can be stated as E(t) = E 4+ E and n(t) = n + 7,
respectively, where £ = Ejexp (jwt) and 7 = ngexp (jwt — ¢) are the oscillatory pertur-

bation of £ and the corresponding oscillatory response of n to a defined E perturbation.
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Ey and ng are the amplitudes of the energy perturbation of the quantum RC state
response, respectively, and ¢ is the coherent phase difference between energy perturbation
and quantum RC state response. E and n denote steady-state levels of the system where

the oscillatory perturbation is performed.

The aforedescribed analysis shows that F(t) = Epexp (jwt) and n(t) =

no exp (jwt — ¢) allows defining a complex E*(w) energy state function such as

@ =] = (2) ewto, 59

wherein the real component of E*(w) is identified as

; Ey ,
RIE @) = (2) Rlexp (70)] = he. -k (59)

As discussed previously, if w, in Eq. is considered wy, there is a limit for the
energy Ey = ¢*/CJ that corresponds to a limit of Eq. in which e®/noC; = he, - k.
This previous analysis implies a correspondence between e?/ C’g and hc, - k that allows
for the measurement of the electronic structure of QDs in-situ by using an electric time-

dependent method.

The mechanical statistics consideration of the QRS method will be considered in

the next section.

5.3.3 The Thermal Broadening Analysis of the QRS Method

Since C; = €?/FE is a quantum variable obtained at room temperature (BUENO;
MIRANDA! 2016; BUENO; MIRANDA| 2019), as is the case with optical spectroscopic
methods, it requires additional statistical mechanical inputs to appropriately treat the
experimental signal of C;. Hence, we note that in Eq. [7.1}, C; was defined at the zero ab-
solute temperature limit (BUENO et al., 2015) (7" — 0 K) and, therefore, a more realistic
setting requires a finite-temperature treatment of the C;, measured at room temperature.

This can be attained by considering the thermal broadening of the energy associated with

C,, i.e. E=¢*/C,.

92



The appropriate statistical mechanics treatment for this is achieved by considering
the grand-canonical ensemble (BUENO; MIRANDA|2019; BUENO; MIRANDA/ [2016)) or
more directly by using the Fermi-Dirac distribution function f(eV) = [1 + exp(—BeV)] ™!
to compute the dynamical occupancy of C, states coupled to the electrode at different
potential energy levels of the electrode —eV =y — E, where 5 = a/kgT and kp is the
Boltzmann constant. « is the only ad-hoc term that was introduced in this equation for
modeling intrinsic inhomogeneities during the fitting of the experimental DOS peaks to
this model (see Fig. . Er is the Fermi level of the QDs electronically coupled to the

electrode and p is the chemical potential of the electrons perturbed in the probe electrode.

Considering that Er is pinned, the changes in the potential level of the electrode
are directly associated with the variations in p owing to a V' applied with respect to Ep
(which is constant) such as that du = —edV is obeyed. Hence, the capacitance can be
written as C, = dq/dV = e*(dn/du), where dg = —edn is the charge variation due to
dp variations, where n is the number of electrons (or states) communicating between the
electronically-coupled QDs ensemble and the electrode. By noting that n = N f, where N
is the total electron occupancy availability and df /du = f(1 — f), a thermally broadened
expression for C, is obtained as (PINZON et al., [2021)

C,=e*NBf(1 - f), (5.10)

where Cj, in Eq. is a function that predicts the thermal broadening of energy
E = ¢*/C, and consequently of the DOS(BUENO; DAVIS, 2014b). This C, function
can be experimentally measured by the EIS method as described in the experimental
section, particularly within the analysis of Eq. [6.15] Thus, it enables a methodology for
interpreting the QR spectra peaks, as will be demonstrated in the next section for the

measured spectra of the CdTe QDs structures.

Nonetheless, before continuing our analysis on the using of QRS for resolving the
DOS of QDs structures, some practical concerns must be observed to ensure the accuracy
and reliability of the results. The first is regarding the chemical or physical immobilization
of the QDs over the probe electrode, which must be performed in a way that assures an

appropriate electronic coupling and contact between electrode and QD states, allowing
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electrical contact and the formation of an appropriate junction that enables electronic

communication between the electrode and attached QDs.

Additionally, as QRS methodology is essentially based on electrochemistry, the
chemical stability of the electrolyte must be a concern within the applied range of poten-
tial. Still regarding the properties of the electrolyte and the physical principles of QRS
operation, as discussed in section [5.3.1] the ability to access the DOS of QD nanoscale as-
semblies through QRS is primarily attributed to the electrical field screening performed by
the electrolyte over the charge of the quantum states. Hence, the concentration of the elec-
trolyte used in the analysis is important for a suitable electric field screening. According
to the previous works about the application of QRS methodology in graphene(LOPES
et al., [2021), organic molecules(PINZON et al., 2023) and inorganic semiconducting
nanofilms(PINZON et al., 2021), electrolyte concentrations typically ranges from 1 to
10 mM.

5.3.4 Resolving the DOS of Quantum Dot Assemblies

In this section, the usefulness of the QRS as a tool for revealing the electronic
structure of low-dimensional assemblies (besides graphene (BUENO; MERCADO, 2022;
LOPES et al., 2023))) is demonstrated by resolving the DOS function of a particular type
of semiconducting QDs. Accordingly, CdTe QDs were assembled on a gold surface through
a molecular bridge electronic coupling in order to follow the methodology described in the
experimental section to study the electronic structure of a CdTe QDs ensemble using the
QRS method (summarized in Fig. . C, was obtained at the equilibrium potential (SUN
et al., 2002, WANG et al [2021]), corresponding to the open circuit potential (OCP) of
the interfaces (0.14 V versus Ag|AgCl). Hence, from QRS measurements, C,, was directly
extracted using the capacitive Nyquist plot for which the diameter of the semi-circle
corresponded to the value of C;, at equilibrium communication dynamics. In other words,
the low-frequency limit of the capacitive spectra, corresponding to (w — 0), as given by
Fig. b, allowed to obtain the C}, values of 3.28 and 1.55 uF ¢cm™2 for two different QDs
assemblies with the average nano-particle sizes of 2.23 and 3.27 nm, respectively (see more

details in SI.3)

To measure the DOS, the equilibrium frequency wy, as indicated in Fig. [5.4b, was

kept constant and a potential scan (from negative to positive) was applied to record C,
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FIGURE 5.4. (a) Capacitive Nyquist diagrams recorded for different QDs assemblies
with two mean-average particle sizes (in a phosphate buffer solution with a pH of 7.4 at
the equilibrium potential). The C, values for each of these assemblies were graphically
obtained as the values of the semi-circle diameter, corresponding to two different equilib-
rium wy frequencies as indicated in the (b) Bode plots using the imaginary capacitance
component of the spectra for these two QD assemblies.

as a function of the electrode potential. It is important to emphasize that the DOS mea-
surementsﬂ are independent of scan perturbation direction, as depicted in Figure S2 of the
SI document. This independence of scan direction and history of potential perturbation
is owing to QRS consisting of an ultra-low energy perturbation methodology and conse-

quently, this small potential perturbation allows electronic communication between the

2Observe that there are some differences in the intensity of the peaks, but not in their potential
positions.
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electrode and QDs assemblies without affecting the stability of the electronic structure.

The DOS function (C; o< DOS) is obtained based on the C, ~ C, approximation
of the capacitive contribution, according to discussions conducted in a particular experi-
mental setting of Eq. , as discussed in the section . The C, responses attained for
the gold electrode and the L-cysteine monolayer in the absence of QDs are noteworthy:.
In the presence of QDs, as expected, the response is significantly distinct with regard to
magnitude and shape, as can be noted in Figure S1 of the SI, demonstrating the success-
ful immobilization of the QDs. The measurements, gold and L-cysteine, attained in the

absence of the QDs serves as a baseline reference of the signal.

Two sets of Gaussian-like functions separated by a roughly linear response were
identified for both QD assemblies, as shown in Fig. 5.5z and [5.5b. These responses
were suitably fitted using the Eq. (red and dark blue line in Fig. , indicating
good agreement between the experiments and the quantum rate theory (the fit R-squared
coefficient of determination was ~ 0.999). For an in-depth interpretation of the obtained
DOS shape, it is important to recall the typical semiconducting QD electronic structures
discussed in Fig. |5.1l This permits, in terms of quantum mechanical wave-function and

atomic orbital representation, to note that the responses are correlated to symmetries
that are referred to as s, p, d and so on (VANMAEKELBERGH; LILJEROTH, 2005).

Therefore, valence and conduction band states of QDs are identified, respectively,
as sp, prp and s, p., where the subscript h denotes hole states whereas e refers to elec-
tron states. It is also important to highlight that for typical QD assemblies such as that
depicted in Fig 5.3, individual QDs are weakly coupled to each other by van der Waals
interactions owing to the capping molecules that separate the dots. Hence, the experimen-
tally obtained Gaussian-like shape corresponds to the average response of the individual

CdTe QDs in the ensemble(JDIRA et al) 2006) (see Fig. [5.5)).

Accordingly, the Gaussian-like response corresponding to the most negative peak
potential in Fig. and assigned at a peak potential of ~ -1.4 V| is ascribed to the s
(HOMO) and p;, valence states. These states were identified by using a deconvolution
process as described in detail in the SI. Moreover, for both QD assemblies, it is observed
that trapping states denoted as FE; that are located in the band gap of the electronic

structure are present near the conduction band edge. These trapping states on average
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FI1GURE 5.5. Electronic DOS resolved from the measurements of the quantum capacitance
C, for two different CdTe QDs assemblies with different nano-particle sizes, i.e. (a) 2.23
nm and (b) 3.27 nm. Each DOS plot is the average obtained for three independent QQDs-
interfaces and the error bar indicated the respective deviation. Potentials are reported
versus Ag|AgCl (3M KCl) reference electrode.

have maximum population at -0.30 V and -0.28 V, respectively, for the 2.23 nm (a) and
3.27 nm (b) nano-particle sizes, as depicted in Fig. [5.5

The presence of these trapping states was confirmed by independent photo-
luminescence spectrum measurements that showed the presence of an additional emis-

sion besides the main peak expected in the photo-luminescence spectrum (as shown in
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SI.5). Finally, the peaks observed at more positive potentials in Fig. ﬁ were ascribed to
the conduction states s, (LUMO) and p.. The electronic structure measured here using
the QRS approach is in agreement with the DOS obtained for the CdSe and PbSe QDs
assemblies via STS(LILJEROTH et al., 2005; |JDIRA et al., 2006)).

For instance, in STS measurements, a potential difference is applied between a
QDs-modified substrate and the microscope tip with the differences ascribed to the QDs
electronic energy state levels within the electronic resonant (tunneling) currents estab-
lished between the electrode-tip and QDs states with the transfer of electrons from the
substrate (containing the assembly of QDs) to the tip or wvice-versa. The conductance
response, as function of the potential energy, is obtained through these electric currents,
where two sets of Gaussian-like shapes are identified in the STS measurements that are
ascribed to the valence and conduction states of the QDs. The conductance response
profile obtained by STS is comparable to the response of C, resolved by QRS (Fig. ,
demonstrating that both methodologies can access the electronic structure (DOS) of semi-
conducting QDs assemblies through a resonance electric responseﬂ established between the
electronic states and the probe (respectively tip and electrode in these two comparable
methods of resolving the electronic structure of QDs). However, the DOS resolved by ST'S
requires the use of expensive equipment as well as low temperature (5 K) and ultra-high
vacuum conditions, whereas the DOS resolved by QRS is obtained at mild experimen-
tal conditions (room temperature and atmospheric pressure) due to the charge screening
performed by the ions in the solvent-electrolyte environment, as introduced previously, in

association with the meaning of g..

Additionally, based on the QR spectra shown in Fig. the band gap (E,) energy
can be estimated for these QD assemblies by calculating the differences between the sy,
(HOMO) and s, (LUMO) energy states. Hence, the band gap values of 1.76 and 1.60
eV were obtained for the QD assemblies with the mean particle sizes of 2.23 nm and
3.27 nm, respectively. The higher band gap obtained for the smaller QD indicates a
greater quantum confinement effect, in agreement with the expected correlation between
the semiconducting nanocrystals band gap and the nanoparticle size(JDIRA et al., 2006).

Nevertheless, the band gap values estimated via the electrochemical QRS method are

3Note that in the case of QRS, the resonance electric response obtained from a conductance plot (see
also Fig. [5.6)) is associated to a resonance electric current denoted previously here as iy o< Cj electric
current, which is ambipolar in nature.
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significantly lower than those obtained by optical approaches based on the absorption
spectra of the same QDs in a solution environment (2.50 and 2.24 eV), as noted in Table

SI.1 of the SI document.

The discrepancy between these methods can be explained by considering that for
a QDs solution, there are less interactions between the QDs and the surrounding environ-
ment such as the electrode and capping molecules. Therefore, in the QRS method, the
requirement for the attachment of QDs to the probe surface can be a source of errors in
the quantitative estimation of the band gap energy. The electronic interaction between
adjacent QDs in the assembly is noted when there exists a coupling of the electronic
states between the adjacent QDs which is known as the quantum resonance phenomena
between the dots (LEE et al., 2020; KIM, 2015). This phenomenon has been commonly
observed in assemblies of QDs with short-chain capping molecules and short separation
(less than 2 nm) between the neighboring QDs, such as the assembly of CdTe QDs capped
by MPA-molecules (chain-length of 0.7 nm) studied here. Accordingly, the electronic cou-
pling and communication between nearby QDs directly impacts the electronic properties
of the assemblies, so that the values of the band gaps are smaller than for the condi-
tion of non-interacting QDs. These are the sources of errors or differences between the
methodologies. It is clear that in the QR spectroscopic method, the preparation of the
sample (assembly on the substrate) is important; however, this problem can be overcome
by designing an experimental set-up in which the assembly will be molecularly coupled to
the probe (electrode) in a suitably ‘diluted” way (with a reasonable distance established

between adjacent QD moieties).

As shown in Figure each data point in the C, response represents the average
value obtained from measurements performed on three independent QD interfaces. The
error bars indicate deviations, which are quite small. Specifically, for the nanoparticle
size of 2.23 nm, the magnitude for each QD size assembly varies from 1,92 x 107® to
1,34 x 1077 pF ecm~2, and for the nanoparticle size of 3.27 nm, it varies from 0,81 x 1078
to 1,26 x 1077 uF ecm™2. These deviations are one or two orders of magnitude lower than
the average value of the C, response. Therefore, this methodology allows for reproducible
measurements between electrodes, demonstrating its potential as a faster and simpler tool

for accessing the electronic structure of nanoscale assemblies in general.
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FiGURE 5.6. Electronic DOS resolved from quantum conductance for two assemblies
of CdTe QDs with different nanoparticle sizes of (a) 2.23 nm and (b) 3.27 nm. Each
plot represents the average obtained from of the measurements over three independent
electrodes and the error bar indicate their respective deviation. Potentials are reported
versus Ag|AgCl (3M KCI) reference electrode.

Finally, it is important to note that according to Eq.[5.5] there exists a relationship
between G and C, through the rate v. This permits the construction of alternative
methods for analyzing QRS spectra and validating the method. Therefore, due to this
v = G/C, relationship, G can be alternatively utilized to obtain information regarding
the electronic structure of QDs. For instance, G can be obtained as G = wC"” and a
potential scan of GG at a fixed wy allows us to deduce the electronic structure and DOS

pattern of the QDs similarly to using the C; signal of the response. Accordingly, following
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this reasoning, G was obtained as a function of the potential, as depicted in Fig. As
expected, the G — V' pattern has a similar profile to that obtained for C;, — V' (Fig. .
In summary, the obtained G spectra confirmed the theory underlying the proposed QRS
methodology and validated the method.

5.4 Conclusions

Electronic structures of assemblies of CdTe quantum dots were experimentally
resolved from the measurements of the responses of the quantum capacitance C, and
conductance GG using the quantum rate spectroscopic methodology in mild experimental
conditions of ambient temperature and pressure in the presence of an electrolyte ambi-
ent. The methodology is based on the principles of quantum rate theory, as introduced
in Eq. [7.1], and is a novel tool that permits easier access to the information about the
electronic structure of nanoscale materials, making it useful to the fields of physics, chem-
istry, nanoscience and nanotechnology. The results obtained for the specific case of CdTe
quantum dots constitute an additional proof-of-concept of this spectroscopic methodol-
ogy besides its use for measuring the electronic structure of graphene, as demonstrated
previously (LOPES et al.| 2024); hence, this method is not restricted to zero- or two-
dimensional structures and can be also applied for the characterization different nanoscale

structures of interest in different material science and chemistry fields.
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Abstract

The quantum-rate theory defines a quantum mechanical rate v concept that com-
plies with the Planck-Einstein relationship £ = hv, where v = ¢*/hC, is a frequency
associated with the quantum capacitance C, and E = €?/C, is the energy associated to v.
This v concept was successfully employed to define a quantum mechanical meaning for the

electron-transfer (ET) rate constant of redox reactions, where faradaic electric currents
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involved with ET reactions were demonstrated to be governed by relativistic quantum
electrodynamics at room temperature. In the present work, it will be demonstrated that
the definition of v implies relativistic quantum electrodynamics intrinsically related to
the way with which the density-of-states (dn/dE) = C,/e* is perturbed by an exter-
nal harmonic oscillatory potential energy variation, permitting to calculate the electronic
structure of graphene embedded in an electrolyte environment. The electronic structure
measured by quantum-rate spectroscopy (QRS) is in good agreement with that measured
by angle-resolved photo-emission spectroscopy (ARPES) or calculated by computational
density-functional theory (DFT) methods. The experimental advantage of the electro-
chemical QRS over ARPES is obvious. QRS permits to obtain the electronic structure
of graphene at room temperature and electrolyte environment, whereas ARPES requires
low temperature and ultra-high vacuum conditions. Furthermore, QRS can be operated
in-situ using a held-hand inexpensive piece of equipment, whereas ARPES cannot besides

requires costly apparatus.

6.1 Introduction

The quantum-rate concept (BUENO| [2018d; BUENO, 2020) is straightforwardly
introduced here. For a more extensively analysis of this concept, it is recommended
to study its applications to the field of electrochemical reactions, as it was detailed in
reference (BUENOJ 2023c), where more in-depth details can be obtained about how this
rate concept reports on the electrodynamics of electron-transfer reactions. Furthermore,
for the particular case of the application of the quantum-rate theory and a v quantum-
rate concept to graphene, there is also a dedicated reference to this topic (BUENO;
MERCADO 2022). The present work is focused on the uses of this concept as a tool for

the in-situ measurement of the electronic structure of graphene.

6.1.1 Quantum Mechanical Rate

Quantum-rate theory (BUENO| 2023a; BUENO) 2023b) is based on a first-principle
quantum mechanical rate concept that is defined as the ratio between the reciprocal of

the von Klitzing constant h/e? ~ 25.8 k() and the quantum capacitance such as

, (6.1)



where e is the elementary charge of the electron, h is Planck constant and C, is the
quantum capacitance, where F = ¢?/C, is the energy state of a single electron in a
single quantum channel with Fermi velocity c,. Therefore, this v concept permits to
establishment a direct correlation with the relativistic electron transport occurring in

between quantum states within and between molecules.

Note that this type of electrodynamics is totally different of the classical transport
of electrons because it predicts that the transport of electrons is in between quantum states
connected by quantum channels. Furthermore, the velocity with which charge carriers are
transported besides of be coherent with a time-dependent potential source perturbation is
associated with the Fermi velocity. Hence this type of transport of charge is not related to
the traditional drift velocity of electrons, for instance, obtained for describing the electric
current in metallic structures. The latter transport of carriers within molecular structures
implies relativistic eletrodynamics where an external electric potential perturbation is the
origin of a coherent transport in such a way that the charge transport between quantum
states is in phase coherence with electronic structure, which can be measured by measuring

C, at a particular low-frequency equilibrium perturbation wy, as will be further discussed.

6.1.2 Relativistic Electrodynamics

The relativistic electrodynamics within Eq. that is £ = hv = ¢*/C,, as the
relationship between energy e?/C, of the electronic structure and a frequency v with which
it can be perturbed, combined with the De Broglie relationship p = hk of particle-wave
duality, implies a relativistic quantum electrodynamics of charged particles within the
electronic structure (that can be quantified through its quantum capacitance C,) owing

to the linear proportionality between the energy and wave-vector k such as

E=hc, - k=p-c,, (6.2)

where h, in Eq.[7.2] is h divided by 27. The intrinsic relativistic nature of Eq. [7.2] implies

that electron spin degeneracy is important to be considered in the electrodynamics.

In the next section, it will be demonstrated that with the consideration of the

spin degeneracy g, combined with Cj, it permits us to definite a v concept for describing
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the relativistic quantum electrodynamics. It is owing to a phase coherence between the
relativistic quantum transport of charge and C, that it is permitted to obtain information

on the electronic structure.

6.1.3 Spin Energy State Degeneracy and Conductance
Quantum

To consider electron spin degeneracy g in the definition of v, the energy of the

electronic structure is written as F = gse?/C, and hence Eq. turns into

2 G
=32 0 (6.3)
hC, C
where Gy = g.e?/h is identified as the conductance quantum, which is a constant of

magnitude of ~ 77.5 uS. Note that R, = 1/G is a resistive quantum limit of ~ 12.9 k().

In summary, the introduction of the spin degeneracy implies a characteristic quan-
tum resistive-capacitive (RC) time constant 7 = R,C, = 1/v that depends only on the
meaning of C, to be settled with a phase coherence that can be experimentally resolved
by electric time-dependent perturbation methods. As will be shown further, the analysis
of the quantum RC circuit for graphene permits to reveal its the electronic structure and
hence the energy of the wave and the associated particle dynamics, permitting to measure

the electronic structure by measuring the quantum characteristic 7 of the system.

6.1.4 A Three-dimensional Analysis of Graphene Momentum

In a previous work it was demonstrated the meaning of the quantum rate specif-
ically for 2D graphene structures where k was considered to be three-dimensional. This
was required to decouple the space and time dependence of the bispinors for resolv-
ing the Dirac equation considering considering ¢, = e /%), and ¢, = e/*r)y,, where
hw, = E, — eV, + m.c? were considered for electrons and hw, = —E), + eV, + m.c?
for hole carries. It was supposed that the time perturbation of the external potential V;
is much lower than E./e and Ej/e, which is a good approximation for interpreting the
impedance-derived capacitance spectra for graphene. Note that this was the constraint
imposed to solve the Dirac equation. The solution of the equation conducted to the

Helmholtz equation as the solution, such as
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V) + |k[*¢ =0, (6.4)

where the wavevector |k| is resolved as a space variable separate from the time such as

BB\
M= (5] (65)

which encompasses both the relativistic and non-relativistic energy-wave vector dispersion
relationship. For instance, note that if we consider the symmetry of electrons and holes
in graphene with respect to the Dirac point, it can be stated that FE., = E, = E and
the dispersion relationship in Eq. conforms to E = he,|k|, in agreement with that
predicted using the quantum rate theory, as discussed in the introduction section, where

E = he, k| = hv, with k = 1/7 as the quantum rate.

The most important result that arises from a 3D interpretation of the graphene
structure is that we can consider the effect of an external potential V' perturbation in the
spinor 1, such as that the effect of a V' stimulus in the plane z — y can be measured by a
perturbation in the z direction. This is owing to the fact that mathematically the plane
x — y can be modelled separately from the perpendicular z direction. The latter can be
observed by invoking symmetry properties of the spinor ¢ and the quantum rate can be

spatially interpreted within the spatial quantum electrodynamics setting of Eq. [6.4]

For instance, consider ¥ (z,y,z) = ¢(x,y)((2) in such a way that we set ((z) =
Cosin(k.2) and ¢(x,y) = ¢o sin([k|.z+|k[,y), where [k|2+[k[2+|k|? = |k|* = E Ey/(c.h)>.
This interpretation allows us to impose boundary conditions for a 2D SLG, permitting
us to use the quantisation mode that obeys |k|, = 27n, /L., where L, is the thickness
of the SLG and n, is a non-zero natural number associated with the quantum number
(or quantum channel) modes for charge motion in the z direction perpendicular to the
x — y plane of graphene and with a time ¢, corresponding to the characteristic relaxation
time for the transport of charge carriers within the thickness L, such that L, = c,t, with

T, =t,/27 and |k|, = n/c,.T,.

Observe that a charge perturbation transversal to the x — y plane of conductance

in graphene, according to ((z), describes a stationary harmonic motion perturbation that

107



propagates as a wave in the x — y plane of graphene at a velocity c¢,, promoting a charge
flowing as a displacement current in the z-direction, which is coupled to the x — y plane.
The induced displacement electric current is established by externally perturbing the
system using an oscillatory electric potential perturbation, allowing us to measure the

x —y DOS property of graphene by imposing an oscillatory perturbation in the thickness.

6.1.5 Quantum Capacitance in a Relativistic Situation

A quantum capacitance C, can be associated with relativistic dynamics by noting
that frequency v = (E/h) = (c./L,) can be directly correlated with the L, length of
graphene and F = ¢?/C,. The quantum channels of the electronic structure of graphene
permit the relativistic transport of charge carriers, such as electrons and holes, owing
to v = (¢./L,), which directly provides the energy of the channel through the Planck
constant and hence it is dependent of C,. The above analysis implies that L, = n),
where n is the number of quantum states within L, and \ is the wavelength directly

related to |k| = 2w /A, where |k| is the modulus of the wave-vector k.

Accordingly, the energy can be written as a function of the number of states (or
quantum channels) n = L,/\ such as F = nh(c./\) = n(hv), where E = h(c,/)\) = hv
is the energy €?/C, of a single state. Hence, the density-of-states (DOS) can be obtained
simply as (dn/dE) = C,/e*, and the quantum capacitance is thus defined as

C,=¢e’ (jg) : (6.6)

from where it can be noted that Cj is directly proportional to the DOS.

In the next section, it will be defined the DOS and the quantum capacitance of
graphene, as well as the characteristic time constant associated with a coherent transport

of carriers with the electronic structure defined by C|,.

6.1.6 The 2D Density-of-States of Graphene

The relativistic quantum dynamics of Eq. permits to define E/k,_,
dE/dk,_, = hc, in the z — y plane of graphene, as depicted in Figure , where

k| = (k.| + |ky|)1/ ? is the modulus of the resultant wave-vector. The number of

=y
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FIGURE 6.1. Representation of the the relativistic quantum electrodynamics E(k) =
hc, - k of graphene, where for the  — y plane of graphene, the modulus of |k|x_y is given

by (k.| + |ky|)1/ ?. In the quantum-rate theory of graphene, the conductance in the z and
y directions are quantized by the integer number of the conductance quantum Gy as well
as the rate v.

states n(k,_,)dk,_,, accounted in the k—space, per differential interval of dk,_, in the

x — y plane of graphene, can be expressed as (NETO et al., [2009)

: [édﬂ | 0D

n (ka:fy) dkxfy = gsgv%
where A = L,L, is the area of the x — y plane, in which L, and L, are quantum channel
lengths in the x and y directions of the plane, respectively. g, is the degeneracy of the
valley and is related to the conical symmetry above and below the x — y plane. There are
different interpretations for the consideration of g,. The most accepted is that g, implies

an ambipolar electric current owing to electron and hole charge carriers that are directly

associated with the conical symmetry of K point space, as depicted in Figure [6.2]

This conical symmetry (BOSTWICK et al., 2007; (GEIM; NOVOSELOV, [2010),

related to electrons and holes in graphene, implies the well-known semimetal character-

istics of conduction and valence bands with a singularity at the Dirac point. The spatial
geometric interpretation implies six locations in momentum space, corresponding to the
vertices of the hexagonal Brillouin zone (BOSTWICK et al., [2007; GEIM; NOVOSELOV,,
. These six locations can be divided into two non-equivalent sets of three points,

resulting in two sets that are labeled K and K, i.e., a valley g, degeneracy.
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FIGURE 6.2. The representation of the well-known V-shape of graphene in which an
experimental measurement of electron or hole injections into the electronic structure per-
mits access to the density-of-states function g(E). (a) Shows the traditional analysis of
E(k) versus g(E), in which dE(k) = edV corresponds to different charge state and en-
ergy AF(k) occupancies of the electronic structure of graphene as a function of the bias
potential AV concerning the Dirac point used as zero of energy reference. (b) Depicts the
analysis proposed by the quantum-rate theory where quantum capacitance C; is measured
in different energy levels of occupancy of the electronic structure by electron or holes in
an equilibrium charge occupancy situation driven by different bias energy edV established
in respect to the Dirac point as the reference of energy for the vacuum level. As C,(E)
directly correlates with a coherent v = 1/R,C, perturbation of the electronic structure,
the measurement of C, permits obtaining information of the momentum through Eq.
and so spatial information can be obtained.

Note now, from Eq. [6.7] that [n (k,_,) dk,_,] /dE is only function of energy, such

as

o8 =90, (31) | ] 69

is known as the density-of-states DOS. Particularly, g(E), in Eq. is the DOS of
graphene.

6.2 The Quantum Rate and Density-of-States of
Graphene

Note now that g(£) of Eq. corresponds to the DOS (dn/dFE) and can be com-
bined with the result of Eq. [6.6] such as that
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CuE) = 9(B) = gt | L), 69)

permitting defining C;, as a function of E. Consequently, Eq. permits to define a
7(E) =1/v(E) = R,C, = Gy/C,(E) that, according to Eq. can be stated as

T(E) = gv};l <E> : (6.10)

c?

By noting that |k|/E = d|k|/dE = 1/hc., the function 7(E) represented in Eq.

can be also expressed as a linear function of k such as

(k) = (g”A) k, (6.11)

Cs
where 7(k) = 1/v(k) has a direct proportionality with the particle’s momentum p = hk.

To summarize thus far, the quantum-rate concept v = G,/C, = 1/7 defines a
characteristic 7 = R,C, time constant for the transport of electrons within an electronic
structure with a DOS defined as C,/e* that, owing to its intrinsic relativistic charac-
teristics, can be stated as a function of both the energy and momentum of the particle’s
dynamics. In the particular case of the electronic structure of graphene, the characteristic

v or 7 as a function of E or p are defined in Eq. and Eq. respectively.

6.3 Remarks on the Experimental Analysis of the
Electronic Structure

It is important to note that in a photo-emission spectroscopic experiment such as
that of ARPES (PARK et al.l 2009), the structure of graphene is revealed by imposing a
photonic energetic hv perturbation with a threshold frequency v that corresponds to the
energy level that permits photo-electron emission from x —y plane of graphene. The emit-
ted photo-electron with particular energy and momentum is detected at different angles
by a photodetector, and it allows to reveal the electronic structure of graphene (PARK
et al., 2009).
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In a quantum-rate spectroscopic experiment a 7(F) (in agreement with Eq.
is measured as a result of a time-dependent perturbation of the momentum p = hk
(in agreement with Eq. of the electron particle in the z — y plane of graphene,
permitting to reveal the electronic structure thanks to the phase coherence between the
time perturbation of energy 7(FE) and momentum 7(k) with relativistic electrodynamics

that implies that the ratio between the perturbation E and k is coherent such as

= =— (6.12)

where w = €?/hC, can be identified as the angular version of v defined in Eq. Note
that the null resting mass mg of Fermions in graphene implies, from a relativistic per-

spective £ = \/(p - €.)? + (moc2)?, that E = p - c..

Accordingly, the goal of the present manuscript is to demonstrate that a time
perturbation of F implies a response of k and vice — versa. Therefore, by measuring C,,
a plot of E = gyg,e?/C, can be constructed directly as a function of kEI The plot of £
versus k corresponds, in good quantitative agreement, to the electronic structure that is

computationally calculated by DFT or measured by ARPES.

6.4 Experimental and Computational Methods

6.4.1 Experimental Methods

Single-layer graphene (SLG) on 90 nm SiO,/Si substrate, as provided by Graphenea
company, was obtained via chemical vapor deposition. Electric contacts for an electro-
chemical frequency-response analysis were made on SLG surfaces with sizes of 10 versus
10 mm. The contacts consisted of an area of 8 versus 2 mm and were fabricated via radio
frequency sputtering consisting of a deposition of a first layer of titanium of ~ 10 nm

thickness over which it was deposed a layer of gold of ~ 100 nm thickness.

INote that the relationship between E and k was only possible to be established here because in
graphene the Dirac point energy state is determined experimentally and it corresponds to K spatial
point. By invoking spatial symmetry rules and taking the tight-binding structural model as the reference
of the spatial information in the = — y plane of graphene, it was possible to estimate the M and T’
positions with respect to the referential K spatial Dirac point. This was useful to plot energy versus
spatial position for the QRS method, as shown in Figure
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The frequency-response analysis was conducted using a portable potentiostat
(PalmSens4) equipped with a frequency-response analyzer. The analysis consisted of
performing a small potential sinusoidal perturbation V = |V| exp (jwt) with a root mean
square potential amplitude of |Vp| of 10 mV over a potential bias ¥ measured concern-
ing the Fermi-level potential of electrode Er/e (here corresponding to the Dirac point of
graphene), where w is the angular perturbation frequency and j = v/—1. The support-
ing electrolyte of the electrochemical cell was constituted of 1-Butyl-3-methylimidazolium
tetrafluoroborate [BMIM]|BF, ionic liquid (IL) with purity ~ 98% (Sigma Aldrich) that
has the role of acting as a dielectric layer over the plane of graphene. The measurements
were conducted at steady-state potential V' with perturbing frequencies ranging from 1
MHz to 3 Hz or in a fixed frequency with potential scanned positively or negatively to

the Fermi level potential Ep/e.

Observe that for the frequency-response analysis, an electric current response
I(t) = I+1 is measured as a response to V (t) = V+V time potential perturbation. The ra-
tio between the potential perturbation and current response permit to perform a transfer-
function spectroscopic analysis. For instance, an admittance of G*(w) = I/V = jwC*(w)
or impedance Z*(w) = V /I = 1/[jwC*(w)] complex function can be taken as a partic-
ular electric transfer-function. From the above-mentioned functions, the complex C*(w)
capacitive spectra are of particular interest for studying graphene, as will be discussed

further during the analysis of Eq. and its related spectra.

For the measurement of C*(w) spectra of SLGs, graphene layers were embedded
in an electrochemical cell using a two-electrode configuration, where SLG served as the
working and a platinum mesh as the counter/reference electrode, for SLGs perturbed in
a time-dependent voltage or current mode of measurement a particular electrochemical
cell configuration was employed. This cell configuration is permitted to employ graphene
layer serving as working electrodes in a particular quantum transistors configuration, in
which the electric current flowing in the channel of the graphene transistor is ‘purely’
capacitive with the series equivalent capacitance dominated by the quantum capacitance.
Hence, this electrochemical cell configuration corresponded to the use of graphene layers

as quantum AC transistors (specifically a diode mode of an AC transistor configuration).

Therefore, unlike DC-transport where particle-wave currents cannot be investi-
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gated, here the time-dependent transport of the total current j(r) is the sum of the
displacement current e (0E/dt) and particle j,(r) which leads to

jr)=c¢ (%?) +3j, (1), (6.13)

where r correspond to the position vector of the particle, e (for simplicity taken to be
space and time-invariant) is the dielectric constant, and E is the dielectric field. The total

current of Eq. [6.13 must be conserved, such as

V-j(r)=0, (6.14)

Eq. states that along a line that is tangential to the current vector j, the
length of this vector is invariant. Therefore, as the conservation law of energy permits
the transformation of kinetic into potential energy, so similarly here, it is permitted to
transform particle current into displacement current and wvice-versa. Very important for
the analysis to be conducted in this work, it should be noted that while the particle
current exists only inside the electric conductors that are required to be scrutinized, the
displacement current is not limited to the conductor and can be detected by an external

probe.

In other words, wherever there is a time-dependent electric field perturbation, a
displacement current can be measured by a contact probe. If this measured displacement
current is a result of a particle perturbation response inside the conductor (here graphene),
hence the particles are detected as a result of the displacement current response to the
perturbation. This analysis is a straightforward consequence of particle-wave duality as-
sociated with relativistic characteristics within Eq.[7.I]and Eq. [7.2]and of phase coherence

between the perturbation and the response.

Accordingly, note that the use of an electrochemical AC transistor configuration
permits us to measure the properties of the channel of the transistor by short-circuiting the
drain and source contact; the capacitive property of the channel is resultant of a field effect
obtained by the AC response of the channel to the external field-perturbation. This config-

uration of measurement was successfully tested and previously reported as a suitable way
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of obtaining, for instance, the conductive and capacitive V-shapes of graphene (LOPES

et al., 2021]).

Here, it will be shown that the analysis of C*(w), which theoretically correlates with
Eq.[6.10jand Eq.[6.11], permits us to analyze the electronic structure of graphene. Complex
capacitance spectra can be constructed either from the raw admittance or impedance data.
For instance, using impedance data as an example, capacitive spectra can be obtained by
converting the complex impedance Z*(w) function into a complex capacitance C*(w) using
the relationship C*(w) = 1/[jwZ*(w)]. The real and imaginary components of C*(w) are
C' = 7" /w|Z|*> and C" = Z' Jw|Z|?, respectively, where |Z| = V/Z'? + Z"? is the modulus
of Z*(w).

6.4.2 Computational Methods

The electronic structure of SLG containing 180 atoms was calculated in a vac-
uum using first-principles calculations within a DFT framework (HOHENBERG; KOHN|
1964), as implemented in the SIESTA code by employing a generalized gradient approxi-
mation (GGA) in its PBE formulation for the exchange and correlation potential. It used
a finite real-space grid corresponding to a 200 Ry plane-wave cut-off for the integrals in

real space.

The Kohm-Sham wave functions (KOHN; SHAM, 1965) for the valence electrons
were expanded in a double-zeta-polarized (DZP) basis set of soft-confined finite-support
numerical atomic orbitals (JUNQUERA et al., 2001). The band-structure calculations
were performed using SIESTA code (SANZ-NAVARRO et al., |2011), sampling the Bril-
louin zone with k-points along the ' — M — K — I" path, as detailed in the SI document.

6.5 Results and Discussions

As predicted by Eq.[6.9] the electronic structure of graphene is directly proportional
to Cy(E). Therefore, in agreement with the quantum-rate theory, as stated in Eq. ,
the measurement of a complex capacitive spectra C*(w) of graphene must correspond to

the response of a quantum resistive-capacitive (RC) such as that (BUENO, [2018d)
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FIGURE 6.3. (a) Nyquist capacitive diagram of a SLG graphene. A resonance frequency
of 277 s~ whereas a wy /27 ~ 13 57" as the low-frequency limit where C can be obtained
according to Eq. [6.15] A fitting to Eq. considering an additional series resistance
contributions in such a way that R, is obtained as the total series resistance R,; and
this corresponds in good agreement to the theoretical limiting value of R, ~ 12.9 k()
as discussed in the text. (b) Depicts the capacitive V-shape obtained at 2y limiting
frequency.

Colw) = 0

— 71 0% (1= 2 1
5 jor C, (1 —jwr) 4+ O(w?), (6.15)

as demonstrated in previous works (LOPES et al| 2021; LOPES; BUENO) 2021)). Note-
worthy that a C; (w) spectrum of graphene can be measured by a direct frequency-response

analysis.

The Cj (w) spectrum corresponds to the capacitive frequency response of a quantum
RC equivalent circuit that can be expressed, according to the quantum-rate theory, solely
as a response of series I, and C;; quantum circuit elements, thus providing a characteristic

frequency w. = 1/(R,C,) with a characteristic time of 7 = 27 R,C,,.

In other words, in agreement with the relativistic quantum mechanics predicted
by the quantum-rate theory, Eq. [7.I] the quantum electrodynamics of graphene can be
studied in-depth using a simple electrochemical experimental set-up. As an example, it

will be demonstrated here that such type of experiments permit the development of an in-
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FIGURE 6.4. This figure depicts the v = Gy /C, measured for a SLG around the Dirac-
point. As theoretically expected, this v is maximum at the Dirac point owing to Cj, and
the conductance is maximum. This is the theoretically expected result as, in contraction
to the common classical sense for an RC circuit, for a quantum RC circuit, the resistance
is minimum (corresponding to a maximum conductance) for a maximum capacitance
relaxed capacitance.

situ spectroscopic method of measuring the electronic structure of graphene, although the
method is note limited to revealing the electronic structure of graphene. The electronic
structure molecular organic (BUENO, 2023c|) and inorganic (PINZON et all 2021) films
as well as quantum dots (PINZON et al., [2023)) can also be revealed using quantum-rate

spectroscopic method.

6.5.1 Quantum RC Circuit and Quantum Capacitance of
Graphene

Note that Eq. permits to evaluate the quantum-rate characteristic response
of graphene in a quite important quantum electrodynamics setting. This corresponds
to a particular frequency wy (see Figure where the electronic structure is measured
(or responds to a perturbation) in a quasi-equilibrium condition. Mathematically, this

corresponds to wy tending to null, where a C’g value can be evaluated.

From a theoretical physical analysis, C’g measured at wy corresponds to a frequency
in which there is minimal influence of the imaginary component of C*(w) spectra. In this
case, there is a dominant response of the real component of C*(w) that corresponds to

C*(w) responding to a limiting perturbation frequency wy, as indicated in Figure [6.3a.
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Nonetheless, from a quantum mechanical RC point-of-view, at this limiting fre-
quency wy, the imaginary component of C; = jC”+C", that is correlated to G(wp) = woC”
is not zero, as it should be expected in a classical analysis of a series RC circuit, corre-
sponding to null electric current circulating in the resistor. According to the quantum-rate
theory, at the limit of wy, the quantum RC circuit analysis corresponds to the minimum
quantum resistance of the circuit with a non-zeroed current in the conductor. In other
words, a quantized displacement current exists in the resistor, and this quantum resistive

current is measured at wC” and is associated with the value of C’g.

This electric current that is different from null and is expected to be associated
with multiples of conductance e?/h permits us to find out a quantum limit of perturbation
to the energy of the system Ey = €*/CJ. Owing to the resistance being quantized and
different of zero (with multiples of n states), it permits coherent dynamics between the
perturbation of potential (or energy) and the current (or quantum states) response for an
equilibrium charge condition C’g = ne/Vp. This equilibrium charge relaxation between the
perturbation of the probe and the response of the quantum RC system is an important
physical characteristic that allows quantum-rate spectroscopy to be useful. As is expected
for classical RC circuit analysis, at low frequencies, the current in the resistor is expected
to be null or dissipative and not coherent with the potential perturbation. This is not the

case in a quantum RC circuit analysis.

Therefore, at the Dirac point level of energy, the resistance scrutinized at the limit
of wyp must correspond to the resistance quantum R, = 1/Gy ~ 12.9 k2. This is owing to
L = ), i.e., a situation that corresponds to perturbing the single n quantum state mode
of the quantum channels of graphene (with lengths L, and L, as noted in Figure in
the plane) at the Dirac point.

The mean average of G value measured over three different samples (see SI docu-
ment for more information) was obtained as G(w) = woC” ~ 19 £ 0.9 mS that multiplied
by gs and g,, as required for the consideration of energy degeneracies, led to ~ 76.1 £+
1.8 mS. This mean experimental value corresponds to 2% of deviation of the theoretical

expected value of Gy = g,e?/h ~ 77.5 mS.

Additionally, the experimental value obtained by us from the analysis of the whole

C*(w) spectra obtained at the Fermi level (for three different SLG samples), as shown
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FIGURE 6.5. (a) In blue dots is the electronic structure of an SLG graphene as measured
by QRS, which is compared with the red curve as it was obtained by ARPES. (b) The
same as in (a), but now the electronic structure obtained by QRS is compared with that
calculated by DFT, which is depicted in orange color. In both (a) and (b), there is
an excellent agreement between the QRS method and ARPES or DFT. The differences
observed mainly around the M position are attributed to the presence of [BMIM]|BF,
electrolyte, as discussed in the text.

in Figure , corresponded to R, = 1/Gy ~ 12.9 £ 1.6 kS, in excellent agreement with
the theory that predicts a value of ~ 12.9 k2. This limit resistance quantum value was
obtained from the fitting of the spectra to Eq. and it should be observed that R,
in Eq. was considered as the total series resistance of the circuit encompassing the

resistance of the contacts; see SI document for more details.

The above-mentioned method of calculating R, is similar to that used with success
in the analysis of faradaic quantum conductance of redox-active monolayers (SANCHEZ
et al., [2022; BUENO), 2023c). As observed in electrochemical experiments of redox-active
monolayers (SANCHEZ et al., 2022)), in the analysis of graphene, it is the total current
(indicated in Eq. that accounts experimentally, not the particle’s current j,. This is
in agreement with Eq. [6.14] and the quantum circuit cannot be treated separately from

the external circuit.

Note that in the case of graphene, it was considered g, and g, degeneracies, such
as the experimental w.. = 1/(R,:C,) equates to the theoretical characteristic frequency
of we = gsg,€%/ hCy, where R, is the total series resistance and it is this R,; that equates

to the resistance quantum, that includes the contact resistance. By equation w., = w, a
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value of R, = [27m(gs9y) Rst] ~ 12.9 £ 1.6 kQ is obtained. It should be noted that g, and
g, comes from theoretical analysis, whereas the measured resistance quantum effectively
measured for graphene at the Dirac point was h/e?, which is in agreement with a previous

work (LOPES et al., 2021).

As demonstrated in previous work, conductive and capacitive V-shapes for
graphene can be obtained by using time-dependent analysis (LOPES et al 2021). These
V-shapes were obtained at a minimal perturbation of the electronic structure, that is, by
measuring C’g at wp as a function of the energy F = —eV of the electrode from where
electrons and holes can be injected /ejected in an equilibrium charge condition of quantum
RC relaxation. The smallest value of C’g(E ) is obtained at the Dirac point, but it cannot
be zero in agreement with Eq. [7.I] as it would correspond to a zero Fermi-energy, which
would be not physically correct, as better argued in previous work (BUENO; MERCADO,
2022).

The minimal of energy corresponds to AE(k) = E — Er = 0, hence E(k) =
Er(k) = —3,56 €V to the vacuum energy reference level, in good agreement with the
theoretical value of —3.45 eV calculated in the present work by using DF'T computational
method. Note that ten mV differences between —3.45 eV and —3.56 eV can be attributed
owing to the experimental —3.56 eV value was obtained for an SLG measured in ionic-
liquid ([BMIM]|BFy) electrolyte environment where —3.45 eV was calculated by DFT for

an SLG placed in vacuum.

In other words, as better discussed in a previous work (BUENO; MERCADO,
2022), Cg cannot be zero as this would conduct to an infinite value of Er. Although
the energy at the Fermi level or Dirac point must be minimal with a minimal C’g, as
shown in the capacitive V-shape of Figure [6.3p, it cannot be zero as suggested by some
authors (XIA et al., [2009). This inference for a zeroed capacitance at the Dirac point
was based on an analysis of the absence of a net charge carrier density at the Dirac point
where there would be not a polarization of the graphene and so no net charge carriers to
charge a capacitance (XIA et al., 2009). The net number of charge carriers is null at the
Dirac point, but this implies an ambivalent displacement electric current according to the
analysis of Eq. that permits scrutinize for a particle dynamics even in the absence

of a net DC current. Furthermore, the time-dependent quantum analysis of this problem
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permits us to note that the quantum mode n can correspond to that of the ground state
where there is no charge net current. This analysis is corroborated by the value of €?/h
found by the quantum of conductance at the Dirac point, corresponding to the ground
state fermionic energy e?/ C’g that has its minimum value, but which is different from a
null capacitance as suggested from an analysis (XIA et al.| |2009) of the charge density

perspective to interpret the quantum capacitance of graphene at the Dirac point.

According to the meaning of C’g introduced above, although there is no net charge
carriers at the Dirac point, the value of C’g cannot be zero not only owing to statistical
mechanics, but to quantum mechanical reasons. Accordingly, the non-zeroed minimal
value for C’g obtained experimentally that implies null net charge carriers cannot be null
from a quantum mechanical perspective, where it would be related to a limiting value of
resistance governed by the quantum limit of R, around Ep = €*/C; with a minimum C}
that is different of null owing to a quantum resistance limit. The minimum R, and C,
predicted values at the Dirac point conduct to a maximum rate v o< e’e/hC? = Ep /h, as
shown in Figure[6.4] Noteworthy is that albeit the minimum of the capacitance ~ 0.83 uF
cm~2 obtained from a V-shape capacitive measurement at wy, as observed in Figure [6.3],
is in good agreement with the expected statistical mechanical theoretical value of C’g of
0.8 uF cm~2; this value can vary according to the electrolyte imposed external potential

2

and can be lower than 0.8 uF cm™ in certain circumstances but not zero.

In the next section, it will be demonstrated how the electronic structure of graphene

is obtained using the quantum-rate spectroscopic concept.

6.6 Quantum Rate Spectroscopy of Graphene

Note that Eq. is equivalent to £ k = w p, corresponding to a different way of
expressing De Broglie or Einstein-Planck relationships. This equation is also equivalent
to ET = |p|\, and the meaning of this is that there is a phase coherence between the
perturbation and the response to the perturbation, as it is expected from the quantum

coherent RC circuit analysis, as discussed in previous sections.

To resolve any doubts related to the principles of a spectroscopic method based
on the quantum-rate concept, defined in Eq. [7.1] let us demonstrate the correspondence

between the duality particle E = e?/C, (or p) and k (w) wave of the electron whenever
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there is a time-dependent perturbation on C, that corresponds to a coherent response of

k and wvice-versa.

Hence, let us start invoking Eq. that can be rewritten as

dE e?
()2, 010

where ¢?/C, = he, - k = E is the energy associated with C,, according to Eq. and
premises of the quantum-rate theory. It is straightforward to observe now that dE = hc, -
kdn and a time perturbation in E corresponds to a time perturbation of n = ¢q/e = L/

such as that

(‘f) = hc. -k (CZ‘) : (6.17)

from where E and n are the only time-dependent variable such as dE/dt = E(t) and
dn/dt = n(t). Therefore, an energy perturbation E(t) of a quantum RC system as a
function of time corresponds to a coherent response of quantum RC states n(t) as a
function of time. These time-dependent and related functions can be, respectively, stated
as BE(t) = E+ F and n(t) = 7 + 7, where E = Eyexp (jwt) and 72 = ngexp (jwt — ¢)
are the oscillatory perturbation of £ and the corresponding oscillatory response of n to a

defined F perturbation.

Ey and ng are the amplitudes of the energy perturbation of the quantum RC state
response, respectively, and ¢ is the coherent phase difference between energy perturbation
and quantum RC states response. E and 7 denote steady-state levels of the system
where the oscillatory perturbation is performed. In the present situation of measurement
conducted here in graphene, steady-state energy levels E = —eV + Ep correspond to

positive or negative bias voltage V' applied to the Dirac point EF.

Note from the above analysis that E(t) = Eyexp (jwt) and n(t) = ngexp (jwt — ¢)

permit us to define a complex E*(w) energy state function such as
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FIGURE 6.6. (a) The analysis of the individual contribution of [BMIM]|BF, to the DOS
of graphene in contact with this electrolyte. As can be seen, the presence of [BMIM|BF,
affects the electronic structure of graphene measured in the presence of [BMIM]BF,, and
this was identified as the main difference between the electronic structure of graphene mea-
sured in vacuum by ARPES and that measured by QRS in the presence of [BMIM|BF,.
(b) Shows the projected DOS of graphene in a vacuum calculated by DFT with the dif-

ferent individual contributions of the orbitals to the total response that is indicated in
black dots.

) [dm)]

dn(t) (f()) exp (j¢) (6.18)

0

from where the real component of E*(w) is identified as

. Ey :
RIE @) = (12) Rlexp (70)] = he. -k (6.19)

As discussed previously, if w, in Eq. is taken as wy, there is a limit for the
energy Fy = 62/08 that corresponds to a limit of Eq. in which ez/nng = hc, -k, quod
erat demonstrandum. This previous demonstration implies that there is a correspondence
between €2/ Cg and hc, -k that permits us to measure the electronic structure of graphene

in-situ using an electric time-dependent method.

The capacitive V-shape depicted in Figure [6.3b, which was obtained at wy, is the
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basement to calculate the electronic structure of graphene following physical concepts
discussed in Egs. [6.10] to Eq. [6.12] Accordingly, using the capacitive V-shape of Fig-
ure b and the relationship e?/ 71008 = hc, - k, the electronic structure of graphene is
revealed in Figure 6.5 Note that whereas the ordinate axis was obtained experimentally
in Figure [6.5], the abscissa axis was estimated using tight-binding model considering the
symmetry of graphene spatial structure with respect to the Dirac point (which is deter-
mined experimentally for QRS method). Observe that albeit the calculation of abscissa
axis is an approximation, it provides, for graphene particularly, a very good approximation

as noted by comparing the results of QRS to DFT and ARPES methods.

In Figure [6.5)a, the electronic structure of SLG measured by quantum-rate spec-
troscopic (QRS) method in electrolyte and room-temperature environment is compared
with that obtained by ARPES (PARK et all 2009) in vacuum and low-temperature. In
Figure[6.5b, the electronic structure measured by the QRS method is compared with that
calculated by DFT computational method. As noted, the measured electronic structure
by QRS is in good agreement with those obtained theoretically by DFT and experimen-
tally measured by ARPES. It must be also noted that the absolute agreement between
the scale of energy E, = ¢*/C} obtained by DFT and QRS methods depends on the
consideration of g,. As the DFT method does not take into account g, in the calculation
of the electronic structure, a comparison of the QRS method with that obtained by DFT
requires QRS to not consider g, as well, and so there is a very good agreement between

both methods.

The differences between QRS and ARPES/DFT spectra observed in the M posi-
tion were confirmed by DFT calculations to be owing to the presence of an electrolyte
([BMIM]BF4) environment over SLG, as noted in Figure [6.6jo. In this Figure, it can
noted the comparison between the DOS of graphene placed in the vacuum environ-
ment, a graphene in [BMIM|BF, environment, and the DOS of [BMIM]|BF, isolated from
graphene. It can be observed that at energies around (E — Er) ~ —3,56 eV +1,5 ~ —2
eV, there is a strong contribution of the DOS of the [BMIM]BF, to that of graphene that
affect the total DOS of graphene measured in [BMIM]|BF, as indicated in the figure.

Finally, Figure [6.6]p depicts the project DOS within the individual contributions of

the graphene’s orbitals separately. It can be noted in this figure that the pz component,
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which corresponds to an orbital direction that is perpendicular to that of z — y plane
of graphene, is the most affected by the adsorption of [BMIM|BF, over the x — y plane,
as indicated in red, which explains the difference in the electronic structure around M

position, as depicted Figure [6.5

In summary, QRS permits with great accuracy to measure the electronic structure
of graphene in a in-situ manner at room-temperature electrolyte environment conditions.
This constitutes the great advantage of this spectroscopic method over others, which

requires expensive equipment and time-consuming procedures to operate.

6.7 Final Remarks and Conclusions

It is demonstrated the principles of the electrochemical quantum-rate spectroscopy,
which is based on a quantum-rate principle that permits to study relativistic electrody-
namics of graphene with great precision. Although the focus of the present study was
on describing a spectroscopic method of measuring the electronic structure of graphene
compared with theoretical calculations (DFT) and other experimental (ARPES) methods,
it was additionally possible to demonstrate that graphene has a quantum conductance
e?/h at the Dirac point that is in phase coherence with its equilibrium DOS state, that
is (dn/dE) = C7/e?, permitting a relationship such as (hw,)(dn/dE) = ny.

The phase coherence analysis of the quantum RC characteristics of graphene, mea-
sured at an equilibrium charge dynamics, permitted to measure the characteristic energy
E. = w.h of the graphene through a time-dependent perturbation of ny or Fy as a function

of the energy state £ = —eV + Er = he, - k of the probe (electrode).

The plot of E, as a function of ' or k,_, is the essence of the introduced quantum-
rate spectroscopic methodology for graphene and allows us to measure, in an in-situ
manner, the electronic structure of Wey semi-metal structures generally. In other words,
albeit the QRS method is not restricted to graphene, in the present work, the meaning of
C, was defined specifically for graphene in Eq.

Nonetheless, observe that to study the quantum electrodynamics of other 2D struc-
tures at different conditions, the theoretical DOS ~ C,/e? of the structure is not required

as the purpose of QRS to be a simple experimental way of measuring the DOS ~ C,/¢?

125



of different Weyl semi-metal structures. From an experimental point-of-view, the pres-
ence of an electrolyte is primordial, because it permits the equivalent capacitance of the
interface C), to be written as a function of Cy, i.e., for graphene, it would be written as

1/C, = ¢,/C,, as it is better discussed in reference (BUENO, [2023¢]).
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Abstract

The quantum rate theory provides a framework to understand electron-transfer
reactions by correlating the electron-transfer rate constant (v) with the quantum ca-
pacitance (C,) and the molecular conductance (G). This theory, which is rooted in
relativistic quantum electrodynamics, predicts a fundamental frequency v = E/h for
electron-transfer reactions, where F is the energy associated with the density of states

C,/e*. This work demonstrates the applicability of the quantum rate theory to the inter-
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molecular charge transfer of push-pull heterocyclic compounds assembled over conducting
electrodes. Remarkably, the observed differences between molecular junction electronics
formed by push-pull molecules and the electrodynamics of electrochemical reactions on
redox-active modified electrodes can be attributed solely to the adiabatic setting of the
quantum conductance in push-pull molecular junctions. The electrolyte field-effect screen-
ing environment plays a crucial role in modulating the resonant quantum conductance
dynamics of the molecule-bridge-electrode structure. In this context, the intermolecular
electrodynamics within the frontier molecular orbital of push-pull heterocyclic molecules
adhere to relativistic quantum mechanics, consistent with the predictions of the quantum

rate theory.

7.1 Introduction

Organic and molecular electronics represent modern fields of electronics in which
the semiconducting properties of organic molecules are utilized. One notable applica-
tion is the design of modern computer and mobile phone displays, exemplified by organic
light-emitting diodes (OLEDs) (MA et al., 2010). The advantage of organic electronics
over traditional ones, based on inorganic semiconducting materials, lies in their lower
fabrication cost and formability (MA et al., 2010). Organic molecules containing delo-
calized m-electron systems have garnered widespread interest due to their applications
as active materials in OLEDs, organic field-effect transistors, and photovoltaic devices
(BURES, 2014). Within deslocalized m-electron compounds, the m-conjugated push-pull
heterocyclic subclass of molecules is particularly important. These molecules contain
electron donor (D) and acceptor (A) electronic groups bridged by a m-system, establish-
ing a proper D — A electron coupling and forming D — 7 — A type resonant electronic
structures (FERNANDES et all 2018) (see Figurd7.1)).

Synthetic chemistry and computational simulation studies have shown that re-
placing the benzene ring of a chromophore bridge with easily delocalized five-membered
heteroaromatic rings, such as thiophene, pyrrole, and (benzo) thiazole, enhances the op-
toelectronic properties of push-pull molecules. Thiophene and pyrrole derivatives, as
donors, substituted with appropriate acceptor groups, are promising candidates among
such push-pull systems (MEYER et al., [2012; [BURES, 2014; RAPOSO et al., 2006).

In recent years, researchers have investigated several push-pull heterocyclic molecules,
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including oligothiophene and thienylpyrrole derivatives. These compounds exhibit ad-
vantageous properties used in the manufacturing of semiconductor materials, sensitizers,
compounds for optical data storage, photoswitches, chemosensory probes, and bioimaging
probes (MEYER et al., [2012; BURES, 2014; RAPOSO et al., 2006; (OLIVA et al., 2006;
MARIN-HERNANDEZ et al., [2014; |CASTRO et al., [2016; (GARCIA-AMOROS et al.,
2016; FERNANDES et al.| 2017; (GONCALVES et al. 2022; (GARCIA-AMOROS et al.|
2023).

The utilization of D — 7w — A heterocyclic structures is a viable strategy for design-
ing high-performance organic semiconductors, exploiting the benefits of D — A resonant
intermolecular electron coupling provided by 7-conjugated molecular bridges (CAI et al.,
2013). This electronic coupling phenomenon, referred to in the literature as intramolecular
charge-transfer (ICT), involves a relatively lower HOMO-LUMO energy gap (AEgy_r),
excited by photons in the visible region of the electromagnetic spectrum. Hence, the
photo-absorption of push-pull heterocyclic compounds is tunable by the judicious choice
of D and A groups and 7-system constituent moieties of these compounds (FERNANDES
et al., [2018; FERNANDES et al| 2021). The design of D — 7 — A push-pull molecules fa-
cilitates the development of optoelectronic devices. Electrochemical and optical methods
are commonly employed to investigate the AEy_; gap and electronic transitions between
HOMO and LUMO states. Cyclic voltammetry is frequently used to estimate the energy
accessibility of an electrode to the HOMO and LUMO of D — m — A molecules in an
electrolyte environment. Complementary absorption spectroscopy provides information
about the ICT dynamics of D—7m— A compounds (CARDONA et al., 2011; FERNANDES
et al., 2017).

Electrochemical techniques have been indirectly used to access the electronic prop-
erties of organic heterocyclic compounds in contact with electrodes employed as a probe
to observe the electronic communication. For example, a series of push-pull molecules
consisting of bithiophene and thienothiophene moieties as m-bridges structures were char-
acterized using cyclic voltammetry (FERNANDES et al. 2017; FERNANDES et al.|
2018).

In these types of experiments, the molecules are not chemically attached to the

electrode but are free in a solvent environment, where electronic communication with the
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electrode is governed by the diffusion of the molecules to the electrode. In this type of
experimental setting, the purpose is to estimate the HOMO and LUMO energy levels of
the structures through the determination of the oxidation and reduction potentials of the
compounds. The estimation of HOMO and LUMO energy levels is relevant for applica-
tions in nonlinear optics and dye-sensitized solar cells (DSSCs) owing to the achievement
of the alignment between HOMO and LUMO levels of these organic molecules to semi-

conductor band gap levels is important for achieving better DSSC devices.

Furthermore, organic structures comprising the self-assembling of thiol-terminated
dendritic oligothiophenes of varying lengths on gold surfaces (JIANG et al., |2010) can
effectively be used for blocking electron-transfer reactions occurring between the gold
electrode and redox species added to the electrolyte. The employment of this type of
molecular junction conducts to what is named blocking layers whose goal is to switch off

the redox processes.

An additional example of the use of molecular junctions is related to the study of
electron transport in organic electronic junctions, for instance, those comprising azoben-
zene molecules bridging carbon/gold electrodes. This type of junctions were investigated
in a solid-state environment using impedance measurements (SANTOS et al.| [2020) of the
junctions. Recorded impedance spectra of the junctions permitted to study of the conduc-
tance and the electron injection rate responses also in adherence to quantum mechanical
principles described by Eq. [7.I] demonstrating that electronic and electrochemical prin-
ciples are common at the molecular scale (BUENO, 2018a)) and follows similar quantum
mechanical dynamics based on resistive-capacitive components of the junctions within in

a molecular energy and length scale.

Although the above-discussed experimental methods and junction fabrication ap-
proaches provide insights into the electronic structure of organic compounds, the elec-
tronic properties of molecular junctions constructed using physical or chemical covalent
attachment of push-pull molecules to metallic or semiconducting electrodes are rarely
studied. In this work, the electronic properties of molecular junctions fabricated us-
ing push-pull heterocyclic compounds are characterized using time-dependent methods
within a quantum rate theoretical viewpoint (BUENO, [2018d; BUENO), 2023c; BUENO,
2020; BUENO| 2023a; BUENO, 2023b). As a molecular junction model, we studied the
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FIGURE 7.1. The schematic representation (for the sake of simplicity without the consid-
eration of the thermal broadening effect) of a D — 1 — A intra-molecular charge resonant
structure within the quantum rate theory, where up and p4 states for the chemical po-
tential of D (LUMO) and A (HOMO) energy levels, respectively. Note that there is no
energy barrier activation for the electron dynamics with a quantum channel of length L
within this molecular electronic structure, corresponding to an adiabatic setting for quan-
tum electrodynamics within the quantum rate theory. The energy difference between
ip — pa is equivalent to the HOMO-LUMO energy gap and numerically it equates to
E = —eV = u — Ep that, within the quantum rate theory, corresponds to hv = g.e?/C,,
where v = g.Gy/C, with Gy = gs€*/h, where V corresponds to the bias potential of the
electrode regarding to Er/e. Er states for the Fermi level of the resonant and adiabati-
cally coupled D and A states for a E,. reference level of energy, whereas p is the chemical
potential of the electrons in the electrode side of the junction. Note that the scheme of
this figure considers F = —eV = hv as an external excitation of electrons from HOMO
to LUMO states that hence further relax to the HOMO level in a D — © — A molecular
structure.

4 H-thienol[3,2-b|pyrrole-5-carboxylic acid (1,TPC) molecule attached to a gold metallic
electrode surface. The characterization of this TPC-Au junction was based on a spec-
troscopic low-energy perturbation of this molecular junction (quantum rate spectroscopy)
in an electrolyte medium, providing an accurate characterization of this junction and

revealing its low-energy quantum relativistic electrodynamics.

In the next section, we employ concepts of the quantum rate theory and a spec-

troscopic method based on the theory to characterize the TPC-Au junctions.

7.1.1 Quantum Rate Theory

The quantum rate theory, as elucidated by previous works (BUENO, 2018d;

BUENO, [2020), correlates the electron transfer rate concept (v) with the molecular con-
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ductance (G), also known as quantum conductance, through the quantum capacitance
(C,). This theory provides a comprehensive framework for understanding the rate of
electron transfer in various contexts, including electrochemical reactions (SANCHEZ et
all 2022; ALARCON et al., 2021c), the electrodynamics of graphene in electrolyte en-
vironments (BUENO; MERCADO, 2022)), the respiration in Geobacter (BUENO et al.,
2015; BUENO| 2024) and the intramolecular electrodynamics in 7-conjugated heterocyclic

molecules, as will be demonstrated here.

The quantum rate theory allows for modeling electron exchange between D and A
states, elucidating the dynamics of intramolecular electrodynamics in push-pull molecules,
akin to redox reactions (BUENO, 2020; BUENO, 2023c). In both scenarios, as verified
in this study, the phenomenon adheres to quantum mechanical principles that cannot
be accurately described using Schrodinger’s non-relativistic quantum-wave methods but
can be adequately addressed using quantum electrodynamics. The theory establishes a
fundamental quantum rate () principle, expressed by the ratio between the reciprocal of

the von Klitzing constant (R = h/e?) and the quantum capacitance (C,), as follows

V=—", (7.1)

which leads directly to the Planck-Einstein relationship

E =hv = he, -k, (7.2)

where c, represents the Fermi velocity and A is the reduced Planck constant (h/27).
The relativistic dynamics predicted by this relationship conform to Dirac’s relativistic
wave mechanics, rather than the non-relativistic Schrodinger equation. This is evidenced
by employing the de Broglie wave-particle duality relationship, in which the momentum
is defined as p = hk, being directly proportional to the wave-vector k and leading to
E =p-c,in Eq. This constitutes an energy-momentum relationship that is described
by relativistic quantum electrodynamics, which is the first success theory where quantum
mechanics agree with relativistic principles (GLUCK; AGMON| [2009; GREINER et al.|
2000; LAND; HORWITZ| 2022)).
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The quantum rate theory operates within the framework of quantum electrody-
namics, reflecting the intrinsic relativistic character of electrons, but it does not mean
that electrons are traveling with the speed of light as naively interpreted by those not
familiar with these types of electrodynamics. The meaning is owing that electrons follow
Eq. , exhibiting a massless character (in which electrons are referred to as Fermionic
particles) and thus behaving as waves within a constant Fermionic velocity c,. This
is evidenced whenever the electron’s rest mass mg is null in the relativistic equation
E? = (p-c,)” + (moc?)?, thus predicting the particular E = p - ¢, quantum electrody-
namics situation that conforms with Dirac’s equation of the electrodynamics (DIRAC,
1928). It is not novel that the electrodynamics of bidimensional single-layer graphene
obeys this relativistic quantum electrodynamics (NOVOSELOV et al., 2005b)), but there
is experimental evidence (ALARC()N et al., 2021a; BUENO| 2023c; [SANCHEZ et al.,
2022; [LOPES et al., [2024) supporting that the electrodynamics of diffusionless electro-
chemical reactions follows this massless Fermionic dynamics within a degenerate energy
state £ = p - ¢, o« €?/C,. Specifically, in electrolyte environment, E is proportional to
e?/C, by the g5 and g. degeneracies, such as E = gsg.(e*/hC,), where g; = 2 repre-
sents electron spin degeneracy and g, = 2 signifies the degeneracy associated with the

electric-field screening effect of the electrolyte on molecular states.

Two equivalent interpretations of g, degeneracy are proposed. Firstly, resonant
electric currents, resulting from the combination of electrostatic and quantum capaci-
tances, give rise to an ambipolar electric current, as depicted in Figure[7.2] This current,
denoted as ig, arises due to the electrolyte’s role in the superposed electrostatic and
quantum capacitive charging modes of molecular junctions. The equivalence of energy
states e2/C, and €?/C, leads to an energy degeneracy that permits two electric currents

contributing to the net current iy of the interface, referred to as a bipolar electric current.

In the subsequent section, the concept of v, defined by Eq. and stated in terms
of the conductance quantum (Gy = g,€?/h), which has a constant value of approximately

77.5 pS, will be further elucidated.

133



-e|V]

FIGURE 7.2. Schematic representation of the electric current degeneracy predicted by
the quantum rate theory owing to the energy degeneracy of the equivalent electrochemical
capacitance of the interface C),, which is a result of the series combination of electrostatic
C. and quantum C, capacitances, where C, ~ C;. The resultant electric current 2i, =
C,(dV/dt) is an ambipolar electric current where the electron wave flows in the opposite
direction to the hole wave. An oscillatory harmonic potential perturbation of the particles
in the perpendicular direction of the propagation of the wave permits to assume that
dV (t)/dt = jwV, where w is the frequency of perturbation over V = |V|exp (jwt) with an
amplitude |V| (with an energy —e|V/| for the electron and e|V| for the hole) of the potential
perturbation. Note that iy physically corresponds to a displacement electric current where
there is no net transport of charge or particle mass transversal to the perturbation of the
particle, which conforms with the quantum electrodynamics viewpoint of the transport
of a massless Fermionic-Dirac particle, as stated in Eq.

7.1.2 Conductance, Capacitance, and Quantum Mechanical
Rate at Atomic and Molecular Scales

It is demonstrable that v can be expressed in terms of Gy (BUENO)| 2023c), a

molecular-scale conductance, by accounting for the degeneracies g, and g, in the electro-

dynamics predicted by Eq[7.1} This relationship is given by

e? E G
V= 0geJs (hC) = GeJs <h> = 96607 (73)
q q

where the atomic and molecular-scale definition of capacitance, C' = dgq/dV, is considered,
in which dqg = —edn and dV = —du/e, with du representing the chemical potential energy
associated with the perturbation of potential dV. The chemical potential energy per unit
charge can be defined as du/dn = €*/C,. For a single state dn = 1, this provides the
capacitance of a single resonance mode, leading to Ay = €?/C, = up — p4 for this single

quantum channel mode of electron transport. By noting that dE = —edV = dpu, it is
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possible to demonstrate that C, = €* (dn/dFE), where (dn/du) corresponds to the density-
of-states (DOS). The analysis demonstrates that C, is directly proportional to the DOS.
A more detailed analysis of the significance of C,, is given in the SI (Support Information)

document.

The interpretation of v at room temperature, as described by Eq. [7.3] necessi-
tates the incorporation of statistical mechanics considerations, accounting for the thermal
broadening of energy states E associated with the electrodynamics. In the subsequent

section, an analysis of C; and v incorporating statistical mechanics will be explored.

7.1.3 The Statistical Mechanics of the Quantum Rate

The thermodynamic effects contributing to the thermal broadening of E = e*/C,
are quantifiable through statistical mechanics, employing the presumption of the grand
canonical ensemble (BUENO)| 2018d; BUENO, [2023c; BISQUERT et al. [2008). This

leads to the expression

c= () ra- o, (7.4)

where f = (1 + exp (E/kgT)) ™" represents the Fermi-Dirac distribution function, where
kg is the Boltzmann constant and 7' is the absolute temperature. Under this statistical

mechanics analysis, Cy, an experimental observable, transforms into

kgT
e2N

= aGo (S5 ) U= 1) (75)
where N denotes the total number of states. Eq. describes the overall concept of
quantum rate v for the electronic communication between quantum states at finite-
temperature. The definition of v in Eq. corresponds to the electron-transfer rate
constant k for diffusionless electrochemical reactions (ALARCON et al., 2021c). Eq. [7.5
also incorporates Marcus electron-transfer theory (MARCUS| 1964b)) as a particular set-
ting of quantum rate v, as demonstrated in details in references (BUENO), [2020; BUENO,
2023c). Shortly, by considering the charge-transfer of a single electron in which N

equations to the unit and by applying the Boltzmann approximation to f, in which
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exp (E/kgT) >> 1 condition is used for f = (1 + exp (E/kgT))”", and finally noting the
definition of Gy = gse*/h, Eq. provides a v o (kgT'/h)exp (—FE/kgT) from which
Marcus defined E = (eV + A/)? /4), with A as the reorganization energy of the solvent.

Additionally, at the Fermi level of a junction, where f = 1/2, and with a single
electron transmittance in an ideal adiabatic mode, v of Eq. simplifies to v = kgT'/h,
as anticipated, demonstrating the adherence to quantum mechanical principles at room
temperature and the dynamics predicted by the Planck-Einstein relationship for £ =
kgT. This analysis implies that the electron dynamics between push-pull molecular states
and electrodes adhere to Dirac (relativistic) rather than Schrodinger (non-relativistic)
equations, as will be elucidated in this manuscript, showcasing that the communication
rate is quantized at room temperature, with a value of Go/C, = g,E/h for a perfectly

adiabatic quantum channel transmittance setting.

FI1GURE 7.3. According to the quantum rate theory within a 7 molecular bridge of length
L separating D and A of push-pull molecular structure, there can be different n wavelength
quantum modes A for an adiabatic intra-molecular electron transfer dynamics to occurs.
Independently of the quantum modes of electron transport, the quantum electrodynamics
can be studied, according to dynamics predicted by Eq. , by measuring v = 1/7 =
Gy/Cy, where 7 = R,C, with R, = 1/G. In practical experimental terms, R, ~ 12.9 k()
corresponds to the total series resistance of the molecular junction, encompassing R, and
R. state for the resistances of electrolyte and contact, respectively.
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Owing to v < Gy /C, = 1/R,C, = 1/7, where R, = 1/G¢ ~ 12.9 k{2 represents the
resistance quantum and 7 = R,C|, signifies the quantum RC characteristic time of the
molecular junction’s electrodynamics, we can model the electrodynamics using quantum
RC-circuit dynamics. This also permits us to utilize the electric impedance of the interface
as a valuable quantum mechanical spectroscopic method, as will be demonstrated in the

subsequent section.

7.1.4 Equivalent Circuit and Spectroscopic Analysis of the
Quantum Rate Dynamics

Within the framework of the quantum rate theory (BUENO, 2023a; BUENO,
2023b; BUENO, 2023c), the quantum RC dynamics of push-pull molecular junctions
can be examined using impedance-derived capacitance spectroscopy, wherein a complex
capacitance (BUENO, [2023c; BUTTIKER et al., [1993) can be measured and analyzed.

This complex capacitance is represented by

OO
* o q ~ 0 s

where C’g in Eq. denotes the equilibrium capacitance, attained at w — 0, where the

imaginary component of the complex capacitance becomes negligible.

A spectroscopic examination based on Eq[7.6 allows for the construction of use-
ful DOS wersus energy spectra, a technique referred to as quantum rate (QR) spec-
troscopy (PIZON et al., |2024: LOPES et al., 2023). For instance, the analysis of QR
spectra, utilizing Eq. has been successfully employed to ascertain the electronic struc-
ture of graphene (LOPES et al.| 2023) and quantum dots (PIZON et al., [2024). In the
present study, we scrutinize complex capacitive spectra based on Eq. for push-pull
molecular junctions, enabling us to investigate the applicability of the QR theory in prob-

ing the relativistic quantum electrodynamics of organic semiconducting junctions.
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7.2 Experimental

7.2.1 Chemical Reagents and Solutions

Commercially available ethyl 2-azidoacetate (N3CHyCO,CoHs), sodium ethox-
ide, (NaOCyHj), sodium hydroxide (NaOH), ethanol, xylene, tetrabutylammonium per-
chlorate (TBACIOy), dimethylformamide (DMF) and cysteamine were purchased from
Sigma—Aldrich. N,N’-Diisopropylcarbodiimide (DIC), and 1-hydroxybenzotriazole hy-
drate (HOBT) were purchased from Chess GmbH. All chemicals were used as received,

without further purification. Milli-QQ water was used for all the experiments.

7.2.2 Instrumentation

Melting points were determined using a Stuart SMP3 melting point apparatus.
TLC analyses were conducted on silica plates pre-coated with a 0.25 mm layer (Merck
Fertigplatten Kieselgel 60Fs54), and spots were visualized under UV light. NMR spectra
were acquired on a 250 MHz Bruker AC 250, 300 MHz Varian Unity Plus Spectrometer,
and Bruker Avance III 400, operating at frequencies of 62.9 MHz for 'H and 100.6 MHz
for 1¥C. Chemical shift values (§ relative to TMS) are provided in parts per million (ppm),

with the solvent peak serving as an internal reference at 25 °C.

7.2.3 Synthesis and characterization of
4 H-thieno[3,2-b]pyrrole-5-carboxylic acid (1, TPC)

The thienylpyrrole derivative (1, TPC) was synthesized via condensation of
thiophene-2-carbaldehyde (I) and ethyl azidoacetate in the presence of sodium ethox-
ide and ethanol at -30°C, followed by warming to room temperature, yielding ethyl 2-
azido-3-(thiophen-2-yl)acrylate (IT). Subsequent reflux of azide (II) in toluene afforded
the condensed system ethyl 4 H-thieno[3,2-b|pyrrole-5-carboxylate (IIT)(KEENER et al.,
1968). Hydrolysis of compound IIT using NaOH aqueous solution yielded the correspond-
ing 4H-thieno|3,2-b|pyrrole-5-carboxylic acid (1, TPC), as depicted in Figure [7.4 All
compounds underwent thorough characterization, and their structures were confirmed us-
ing standard spectroscopic techniques. Compound 1 was obtained for the first time with

an 85% yield using a different synthetic approach (WELCH; PHILLIPS| 1999).
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FIGURE 7.4. Schematic depiction of the sequence of synthesis of thienylpyrrole derivative
(1, TPC) applied for constructing the molecular junctions studied in the present work.

7.2.4 Preparation of TPC Assembly

Gold electrodes (Au electrodes) were fabricated by radio frequency sputtering, de-
positing titanium and gold sequentially onto silicon oxide wafers measuring 0.8 x 0.5 cm,
resulting in electrodes with an average geometric area of approximately 0.04 cm 2. These
Au electrodes underwent a cleaning process involving sequential immersion in solvents:
isopropyl alcohol, acetone, isopropyl alcohol, and ultrapure water, each followed by soni-
cation for 12 minutes. Subsequently, the surfaces were dried with Ny and cleaned under
ultraviolet/ozone for 30 minutes. The pretreated Au electrodes were then immersed in an
aqueous solution containing 50 mmol L~! of cysteamine for 16 hours at room tempera-
ture, facilitating the formation of a cysteamine monolayer over the Au surface. Following
this step, the electrodes were rinsed thoroughly with ultrapure water. Next, the cys-
teamine monolayer-modified Au electrodes were immersed in a solution containing 1.0
mmol L™ of 4 H-thieno[3,2-b|pyrrole-5-carboxylic acid (1, TPC) in dimethylformamide
(DMF), supplemented with 50 mmol L~! of diisopropylcarbodiimide (DIC) and 50 mmol
L' of 1-hydroxybenzotriazole (HOBT). This incubation step occurred in the dark for 4
hours. Finally, the TPC molecule-modified Au electrodes were rinsed again with ultra-

pure water prior to any measurements being conducted.

7.2.5 Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) measurements were conducted us-
ing a portable potentiostat (PalmSens4) equipped with a frequency response analyzer
(FRA) in a three-electrode setup. The working electrode was the TP C molecule-modified
gold electrode, while a platinum mesh served as the counter electrode. All electrochem-

ical measurements were performed in a 20 mmol L' solution of tetrabutylammonium

perchlorate (TBACIO,) in dimethylformamide (DMF).
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EIS spectra were recorded at a fixed bias potential corresponding to the open circuit
potential (OCP), which in this study was —0.62 V. A root mean square (RMS) amplitude
potential perturbation of 10 mV was applied, with a frequency ranging from 1 MHz to
0.05 Hz. From the raw EIS data, the real (C”) and imaginary (C”) capacitive components
were obtained using the relationship Z*(w) = 1/jwC*(w), where Z*(w) and C*(w) are
the impedance and capacitance complex functions, respectively. Here, w represents the
perturbing angular frequency and j refers to the imaginary unit v/—1. The complex
C’éw), consistent with Eq. , was expressed as Cq(w) = (" 4+ jC”, where C' and C”
were derived from the real (Z’) and imaginary (Z”) components of the measured complex
impedance function Z*(w) = Z’ + jZ". Note that |Z| = /(Z')? + (Z")? represents the
modulus of impedance. The diameter of the semicircle observed in the Nyquist capacitive
diagram, where the C” component is minimal, corresponds to a frequency denoted as the
equilibrium frequency (wp). This frequency wy characterizes the charge equilibrium state
and is determined for w — 0 in Eq.[7.6] It allows access to the DOS function as a function
of the junction potential (or electrode potential), which in this study ranged from —2.4

to —0.5 V versus a platinum pseudo-reference electrode.

7.3 Results and Discussions

As noted in section [6.1] electrochemistry is frequently used to characterize the
electronic properties of push-pull heterocyclic compounds. However, the use of a current-
voltage pattern provided by cyclic voltammetric methods is applied to access the electronic
properties of push-pull molecules free in an electrolyte medium, as depicted in Figure[7.5a.
As is the case for redox reactions, this experimental setting, in which the investigated D
and A moieties are freely in the electrolyte environment, implies that there is a classical
diffusional control of the electron transport from D species to the electrode or the elec-
trode to A species, with the electron transport dynamics controlled by mass diffusion of
D and A species from/to the surface of the electrode. In other words, in this setting of
electrochemical investigation, the electron transport has a charge transfer kinetics con-
trolled by mass diffusion. Hence, a diffusional control of the electron transport implies
that there is no associated quantum capacitance or quantum RC dynamics, as discussed
in the context of Eq. and, consequently, for this type of electrochemical experimental
settings, there is no quantum electrodynamics within a quantum rate approach to be

studied.
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The above analysis can be confirmed by investigating the current-voltage (CV)
pattern, as depicted in Figure S1 of the SI document, obtained by placing a gold working
electrode, used as a probe, in direct contact with TPC moieties diluted in an electrolyte
in a concentration of 1 mmol L™!. From the CV pattern, a potential energy separation,
E, ~ 2.08 eV between the first oxidation and reduction current peaks is measured with
the potential difference of these peaks not owing be to a resonant dynamics between
D and A energy states of TPC communicating with the electrode, which is confirmed
by conducting an impedance measurement at first reduction peak of the CV pattern.
Impedance and capacitance spectra at this peak, corresponding to a potential of —0.65
V in the CV, are shown in Figure . The impedance spectrum (Figure a) is typical
of a kinetically diffusion-limited process, and the measured electrochemical current in the
CV peak is confirmed to be owing to an irreversible reduction of the TPC compounds,

rather than a resonant electric current.

(a) (b)

diffusion diffusionless
09 )
[+
09 #0% 90 &8% 1)
eO® oO@ OO
CONY e,
89 )

&1 5% gdl:
/C@;%« - A £
TPC 5% (\ ) _ < .
) e e . h
& ©
electrode electrode

FIGURE 7.5. Schematic representation of two electrochemical setups for studying the
electronic structure of push-pull heterocyclic molecules, focusing on the structure of 4 H-
thieno[3,2-b]pyrrole-5-carboxylic acid (1, TPC) molecule in two distinct electrode config-
urations. (a) This depicts the conventional electrochemical setup, where electron transfer
(ET) between the electrode and TPC molecules, freely existing in an electrolytic bulk
environment, occurs under diffusion-limited conditions. (b) Illustrates the electrochemical
configuration investigated in this study, where TPC molecules are covalently bonded to
electrodes, forming a single-contact molecular junction structure. The supporting elec-
trolyte provides an appropriate electric-field screening condition to explore the electronic
properties of the TPC molecular ensemble by quantum rate theory. The analysis’s align-
ment with quantum rate theory confirms the quantum electrodynamics governing the
interaction of the electrode with the quantum states of the TPC molecules.
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Also, the Nyquist capacitance spectra measured at the reduction potential of —0.65
V wersus platinum (as pseudo-reference potential), shown in Figure b7 confirmed the
above interpretation of the CV pattern. The analysis of this capacitive spectrum is
consistent with the irreversible transfer of the electrons from the electrode to the A state
(carboxylic acid group, see inset of Figure a) of the TPC molecule, as expected for

the measurement conducted at the —0.65 V.

Accordingly, both impedance and capacitive Nyquist diagrams of Figure con-
firmed a diffusion-controlled electron transfer process kinetically limited by the transport
of TPC molecules from the electrolyte bulk medium to the surface of the electrode, and
this diffusion-limited ET electric current is well-modeled using a Randle circuit, as shown
(see Figure [7.7ja). Hence, the ET between the electrode and TPC molecules free in so-
lution is governed by a series combination of charge transfer resistance R, and Warburg
(W) impedance circuit elements, as indicated in the green box of Figure [7.7la. The War-
burg impedance element accounts for a diffusion-controlled mass process within a diffusion

length region in the surface of the electrode.
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FIGURE 7.6. (a) Impedance and (b) capacitance Nyquist diagrams obtained from the
impedance spectroscopic measurements of TPC free in an electrolyte environment and
in contact with a conducting electrode. The electrolyte, in which 1 mmol L™! TPC, was
added to DMF with 20 mmol L™ of TBACIO,. These spectra were collected at a potential
bias of —0.65 V, corresponding to the first reduction peak in the cyclic voltammogram
shown in Figure S1. These spectra were well-fitted to the Randle equivalent circuit model
illustrated in Figure [7.7a, confirming the governance of ET kinetics of the reactants to
the electrode by diffusion.
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The fitting of the impedance and capacitance spectra, shown (blue line) in Fig-
ure [7.6] to the Randle circuit of Figure [7.7a is quite good (with a confidence of 99%) and
confirms the diffusion-controlled characteristics of this form of electrochemically evalu-
ating the TPC push-pull electronic structure. For the above analysis, an almost three
times larger value than the quantum resistance theoretical limit ~ 12.9 k() was obtained,

i.e. Ry ~ 42.46 kQ.

An additional electrochemical way of characterizing push-pull molecular electronic
junctions that complies with quantum rate theory and opens a new possible interpreta-
tion of the electrodynamics of molecular junctions in an electrochemical medium, will be

evaluated in the next section.

7.3.1 Resonant Molecular Junctions at Electrochemical
Environments

In contrast to the electrochemical setting of measuring the electronic properties of
push-pull molecular junctions, discussed in the previous section, another way of charac-
terizing the electronic properties of TPC heterocyclic molecules that correlates with the
quantum rate theory will be discussed here. As depicted in Figure [7.5h, TPC molecules
covalently anchored to a probe conductive electrode, from which the molecular ensemble,
is investigated, corresponding to a molecular junction with similar quantum electrody-
namics to that measured in redox-active molecular junctions, in which explicitly there are
electrochemical reactions and hence electron transfer (ET) undergoing in the junction.
However, there are two main differences between push-pull and redox-active junctions:
(i) in push-pull junctions, there is no ET process between the molecule and the electrode,

and (ii) the quantum conductance in the junctions follows adiabatic electrodynamics.

Accordingly, if an experimental setting, as that illustrated in Figure [7.5, is used
for obtaining information on the TPC organic/molecular electronic junction, the com-
munication of quantum resonant states of the TPC junction with the electrode occurs (i)
without ET and (ii) adiabatically, as confirmed by studying the lower frequency region
of the impedance/capacitance spectrum measured in this electrochemical setting. The
analysis is different from that depicted in Figure [7.5a and in the experimental setting of
Figure[7.5)p push-pull molecules are covalently attached to the electrode, with the presence

of Cy in place of W circuit element. It implies that, from a physics viewpoint, there is a
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diffusionless electron communication of the resonant quantum states of TPC molecules

with the electrode.

Furthermore, the presence of a C; term in the TP C-electrode junction implies that
the DOS of TPC resonant states is accessible from a potential perturbation in the elec-
trode and the communication of these states with those of the electrode follows quantum
electrodynamics, as predicted by the quantum rate theory and discussed in section |6.1]
That the resonant electron communication of the molecules with the electrode involves an
electric (resonant) current will now be demonstrated. The physical nature of this current
implies an ambipolar electric current even though there is no associated redox reaction nor
an effective ET reaction occurring in this type of molecular junction. Although there is no
redox reaction, the frequency (or the comunication dynamics) obeys relativistic quantum
mechanical rate characteristics, as predicted by Eq. [7.5] in agreement with the quantum
rate theory premises. Accordingly, in kinetic terminology, the electron transmittance of
wave communication occurs in diffusionless controlled dynamics (Figure [7.5p), equivalent
to that discussed in references (BUENO), 2023¢; [ALARCON et al.| 2021c; SANCHEZ et

al., 2022)) for electrochemical reactions, albeit no ET is effectively occurring.

The resonant electric current (referred to in physics as a displacement electric
current) allows us to investigate the quantum electrodynamics of push-pull molecular
junctions, measured by imposing a time-dependent perturbation. As the TPC junction
is formed by the covalent attachment of TPC molecules over a conducting electrode,
as illustrated in Figure [7.5b, there is m-type bridge group that connects D or A to the
electrode. Therefore, there is a D/A — m resonance communication with the electrode, in
which the A group of the pristine D — 7w — A electronic structure of the TPC compound,
covalent attachment to the electrode, as detailed in section [7.2], permits to the remaining
D state to perform either as D or A states for the energy level of the electrode (for
more details, refers to Figures and . The attachment of TPC molecules to the
electrode was attained by chemically modifying the carboxylic acid A group of the TPC
molecules, allowing the chemical attachment of this A group to the electrode through
amine groups present in a previously assembled cysteamine molecular film over the gold

electrode.

Figure [7.§| shows the Nyquist capacitive spectrum of the TPC molecular junction

144



non-faradaic non-faradaic
(a) charging dynamics (b) charging dynamics

q Cq
faradaic
unreversible ~ v
ET dynamics quantum RC dynamics

FIGURE 7.7. (a) The traditional Randle equivalent circuit models the direct electric
contact of electro-active molecules or compounds, whether undergoing electrochemical
reactions or not, within an electrolyte medium, with a conducting electron reservoir (a
probe electrode). The series combination of charge transfer resistance R, and Warburg
W circuit elements in the equivalent circuit branch (depicted in green) signifies electron
transfer kinetics governed by diffusion. The presence of the W element accounts for elec-
trodynamics controlled by the transport of mass of reacting species toward the electrode.
The parallel capacitance Cy corresponds to double-layer capacitance. (b) This equiv-
alent circuit models the electrodynamics of molecularly modified electrodes within an
electrolyte environment. The non-faradaic charging dynamics (illustrated in gray) refers
to dynamics that do not follow quantum RC dynamics (depicted in red), which involve a
series combination of quantum resistive IR, and capacitive C; elements. The quantum RC
dynamics obey the quantum rate dynamics predicted by the quantum rate model, where
T = R,C, corresponds directly to v = 1/7  €?/hC, rate.

(blue circles) recorded at the open circuit potential (OCP) and compared with the Nyquist
capacitive diagram recorded only with the cysteamine film (red circles), before the chem-
ical attachment of the TPC organic structure to the interface containing the cysteamine
film. The differences concerning the nature of the electric current i = Cys are evident in
both molecular films, despite an equivalent magnitude of the electric currents, as shown
in Figure [7.9p, for each of these interfaces. The quantum RC relaxation characteristics
are evident in the semi-circle shape of the junction containing TPC anchored moieties
with the characteristic resonance of the electric current associated with €, confirmed in
Figure [7.9p, where now the prevailing resonant electric current iy = Cys measured at the
Fermi level of the molecular junction is at least two orders of magnitude higher than that

observed in the OCP.
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Note that the data shown in Figure were measured by firstly constructing
the electronic DOS curve of the interface, in agreement to the theory introduced within
Eq. , corresponding to measuring C, oc DOS at the room temperature and ambient
electrolyte conditions. This room and electrolyte ambient implies that C; is related to a
thermal broadened energy E = e?/C, state of the interface, as theoretically introduced
in section [7.1.3] The DOS curve, shown in Figure [7.9p, was measured by considering
a frequency of wy ~ 60 rad/s, as indicated in Figure , in agreement to the quantum
RC dynamics predicted by Eq. [7.6] In other words, the measurement of C, at different
potentials of the electrode for a fixed wy ~ 60 rad/s frequency allowed us to construct the

DOS curves for both interfaces, as shown in blue and red dots in Figure [7.9).

Note that the wg ~ 60 rad/s corresponds to the lower possible frequency for Eq. ,
which theoretically corresponds to a DC electric measurement. However, for this lower-
energy quantum RC dynamics, there is no physical correspondence to DC measurements
or wy equating to zero. The latter is owing to the quantum meaning of the conductance,
which does not leave a DC-zeroed resistive possibility of interpreting the experiment.
The minimum value of wy is equivalent to wy = 1/7 that corresponds to a maximum
rate owing to the minimum value of R, = gse?/h ~ 12.9 kQ allowed for the quantum
communication between two electronic states in the interface, as better discussed in the

context of the quantum rate theory applied to the case of the electrodynamics within

graphene (BUENO; MERCADO, 2022).

From the DOS pattern obtained for cysteamine (red circles) and TPC (blue cir-
cles) junctions, as indicated in Figure b, it is evident that only the TPC molecular
junction contains aromatic states resonating with the electrode, thus presenting a sig-
nificant resonant DOS contribution within a ¢, ambipolar type of displacement electric
current. Astonishing is the fact that albeit there is no redox reaction or electrochemical
faradaic states in the interface, there is a significant pseudo-capacitive contribution at
the Fermi level (—1.43 V wersus platinum pseudo-potential reference), corresponding to a
capacitance value ~ 225 uF cm~2. This maximum capacitance value is measurable at the
peak of the C; = iy/s versus potential curve of Figure b. This value of capacitance is
confirmed by measuring the Nyquist capacitive diagram at the Fermi level of the junction,

obtained as the diameter value of the semi-circle of the Nyquist capacitive diagram, as

shown in Figure [7.9.
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FIGURE 7.8. Nyquist capacitive diagrams measured at the OCP for the cysteamine (de-
noted in red as Cys SAM) and TPC (indicated in blue as TPC)-Au junctions in 20 mmol
L~! of TBACIO,4. The TPC junction comprises TPC molecules chemically attached to
the surface of the electrode employing the cysteamine film. The C; of the interfaces is
accessible as the measurement of the real component of the complex capacitance obtained
as the diameter of the Nyquist capacitive diagram. The corresponding frequency for this
value of C, corresponds to the charge equilibrium frequency indicated as wy.

The relativistic room-temperature quantum electrodynamics of TPC-electrode

junctions, is demonstrated in the next section.

7.3.2 Quantum Electrodynamics of Molecular Junction at
Room temperature

Note also that the equilibrium charge relaxation frequencies of the cysteamine
and the TPC molecular junction are very different. The DOS of the cysteamine was
resolved as at wy ~ 565 rad/s, whereas for the TPC junction, it was at wy ~ 60 rad/s.
The Gaussian-shaped response of the TPC molecular junction confirms the theory not
only because it indicates the existence of the displacement electric current associated
with interfacial quantum states but because these are electronic quantum mechanical
states measured at room temperature. There is a good agreement (R?* ~ 0.998) with the
quantum rate theory, as verified in Figure [7.9p, where the fitting (yellow line) of Eq.
to the experimental thermal broadened DOS curve (blue circles) is demonstrated. It is
worth noting that at the Fermi-level (Er = -1.43 V) of the junction, corresponding to
an occupancy of f = 1/2 in Eq. , C, is resolved as C, = €*N/4kgT. Owing to C,, at
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Fermi-level, is experimentally measured as the maximum of the Gaussian-like response
of Figure [7.9b, as predicted by Eq. [7.4] the total number of quantum states N is thus
calculated as N = 4kpTC,/e* ~ 6,3 x 10"

This value of N ~ 6,3 x 10'2, calculated at the Fermi level, corresponds to a quarter
of the total number of states owing to that the expression N = 4kpT'C,/e* does not take
into account the energy E = e*/C, degeneracy which, in agreement to the quantum rate
theory, must be taken into account for an appropriate interpretation and quantification
of the quantum electrodynamics of communication with the electrode existing via the
ambipolar nature of the electric displacement current. Hence, by calculating the total
amount of states as N = 1/e [ C,(V)dV, which is a pure mathematical analysis without
a physical interpretation where the integral fOV Cy(V') corresponds to the area under the
curve of the Gaussian-shaped response of C, (Figure b), a value of ~ 254 x 102 is
obtained, which is, as expected, approximately four times higher than the value calculated
by N = 4kgTC,/e*. The above-stated analysis confirms the physical interpretation of
the energy degeneracy and electric current displacement required to interpret the physical
chemistry of the electronic communication of the TPC molecular states with the elec-
trode. Finally, note that a consideration of the energy degeneracy would theoretically lead
to N = kgT'C,/e* at the Fermi level, which fits quite well to the mathematical analysis
of the DOS curve of Figure [7.9p.

To understand that the electrode can act as both D or A states for the thiophene
group of the TPC organic compounds communicating with the electrode, as illustrated
in Figure [7.10, note the bias potential applied above or below the Fermi level of the
junction. Assuming a negative elementary charge for the electron and the Fermi level as
the reference, as depicted in Figure [7.10] a positive potential bias of the electrode acts
as D states for the TPC molecular states and a negative bias as A. Note also that the
displacement electric current can only be measured, as the case of redox junctions, by

using a time-dependent perturbation.

The above analysis demonstrates that the electron transport (or wave communi-
cation phenomenon) is intrinsically associated to a quantum electrodynamic event inves-
tigated only under an appropriate time-dependent electric potential perturbation. The

Gaussian-shaped DOS resolved for an ensemble of TPC organic molecules assembled to

148



O TPC
fitting

O Cys-SAM

fitting

250

O Cys-SAM
(a) O TrC é;%\ (b) (C)
200 200 4 fiting O © _ resonant 1801 O
d /(ﬁ states (@) o

b B ) 120 G=g0G

£ 150 o~870rags 00 08 16|24 32 E 1501 w o 9 9:Co

i < Q 0 2 g0 o o

E \nwf\ ,~ 100 rad/s S 5 o

= 100 lolelelele) o 1 o

o O “Qn ! (@) O (e}

! ocP 60
50 p (€] o %
50 \ 1 o) 30 4 o
C, | o) J/ 2 O ﬁ
0k 0 (&Ml 0
0 50 100 150 200 250 24 20 -16 -12 08 -04 24 20 16 -12 -08 -04
C'/ uFem? Potential / V Potential / V 4

FIGURE 7.9. (a) Nyquist capacitive diagrams were recorded at the Fermi level of the
electrode, denoted as Er/e, corresponding to a potential bias of —1.43 V versus a plat-
inum pseudo-reference. The electrode was composed of either cysteamine (Cys SAM)
alone or containing TPC-Au on top. Electrochemical measurements were conducted in
a 20 mmol L' concentration of TBACIO, in DMF. The C, value of junctions containing
TPC (measured at wy ~ 100 rad/s) is two orders of magnitude higher than the capaci-
tance of the junction solely comprising cysteamine. (b) By measuring the capacitance of
junctions containing only cysteamine or with TP C on top, it is evident that the quantum
relaxation dynamics and the relativistic communication of states between the electrode
and the thiophene group contained in the junction containing TP C give rise to a C, state
associated with a conductance quantum of g.e?/h. (¢) The response of quantum conduc-
tance G ~ woC"” of the junction containing TPC is depicted as a function of the energy
of the electrode, where C” represents the imaginary component of the capacitance of the
interface (Eq. As anticipated from the analysis of Eq. and Eq. , G exhibits a
Gaussian-shaped behavior. Furthermore, at the Fermi level, both C, and G reach their
maximum values. The maximum value of G attained at the Fermi level was calculated
as g.Gyo, confirming not only the degeneracy of energy g. as predicted by the quantum
rate model but also demonstrating the adiabatic establishment of relativistic quantum
electrodynamics for the dynamics of the TPC junction studied in this work.

the electrode represents a particular quantum mechanical event not yet well-understood.
In other words, albeit this electrodynamic phenomenon follows the well-known Einstein-
Planck £ = hv phenomenology, which is quite specific for the physics of high energy
particles that precisely quantifies and explains the photon-electric phenomenon, the elec-
tronic communication established and measured here between TP C molecular states and
electrode is a low energy electrodynamics in which the intrinsic frequency of the quantum

RC process corresponds to an ultra-low frequency of the electromagnetic spectrum.

For instance, in the present experimental study, the v characteristic frequency for
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thiophene electronic states to communicate with the electrode corresponds to frequen-
cies ~ 140 s~! or 870 rad s7!, as indicated in Figure a, meaning an electromagnetic
phenomenon with energies £ = hr in between peV to feV. Note that this characteristic
low-energy quantum RC dynamics is here investigated using a small amplitude perturba-
tion of 10 mV RMS, meaning an amplitude perturbation of about seven mV peak-to-peak,
corresponding to an electric-field amplitude perturbation that is about three times lower
than that of the thermal voltage, i.e. kgT'/e ~ 25.7 mV. In other words, despite a thermal
energy (kpT) three times higher than that used for taking information from the experi-
ment, there is a phase resolution of the electric signal. The latter is explained based on
the existence of an experimental quantum coherence despite the thermodynamics and of

the entropy.

As previously noticed, the communication between TPC molecule moieties and
electrode states does not involve the transfer of electrons nor electrochemical reactions
limited by diffusion. The latter conjunction of facts effectively demonstrates that the
low-frequency electromagnetic perturbation of the electrode permits a resonant commu-
nication with thiophene molecular states through an electric displacement current that
is essentially dynamic. This electromagnetic communication between electrons perturbed
in the electrode and the electric current resonance in the thiophene moiety of the TPC
compound is additionally an adiabatic type of electric communication, as was previously

observed in measurements conducted in single-layer graphene (BUENO; DAVIS, [2020).

This section demonstrated that by applying a time-dependent potential perturba-
tion (with an amplitude that is at least three times lower than the thermal energy), with
a specific frequency of wy, in the electrode, there is an induced electric and magnetic field
that implies a low-energy electromagnetic wave propagation from the electrode toward
TPC molecules. This electromagnetic wave can perturb the quantum resonant states of
the thiophene in the TPC molecular film, implying a low-energy electrodynamic way of
studying electronics. The response to the sinusoidal potential perturbation of the elec-
trode measured as a time-dependent induced electric current (referred as to displacement

current) associated with the meaning of C,, obeys the quantum RC dynamics of Eq. .

The physical interpretation for this observed low-energy electrodynamic phe-

nomenon is that there is a quantum coherence phase dynamics between the potential
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perturbation and electric signal responses, not affected by the thermodynamics. Using
the F = hv electrodynamics interpretation of this electric perturbation or spectroscopic
analysis, it implies a viewpoint of the phenomenon governed by the propagation of a
E = huwy electromagnetic wave energy (a massless transport of energy that resembles an
antenna electromagnetic communication) toward the TPC molecular film that, contrary
to the sole cysteamine chemistry of the interface, has intra-molecular resonant dynamics
owing to the present thiophene-pyrrole aromatic rings within the film. Quite interesting
is that the quantum coherence at room temperature allows for perturbing the quantum
states (with extremely low-energy) spectroscopic energy that permits studying of the
quantum mechanics of push-pull compounds in its almost pristine electrodynamics (there
is no perturbation or interaction of a high energy particle with the electrons of the sys-
tem, as is the case of traditional electron or photon spectroscopic measurements). The
nature of this electromagnetic perturbation allows us to idealize a new electric spectro-
scopic way of characterizing the electronic structure and to measure the DOS through

direct measurement of C,, as was predicted in reference (MIRANDA; BUENO) 2016]).

This spectroscopic methodology was referred to as quantum-rate spectroscopy
(QRS) and allowed us to measure the electronic structure of graphene (LOPES et al., 2023)
and inorganic quantum dots (PIZON et al., 2024) at room temperature and electrolyte
medium with an accuracy that is comparable to those obtained by angle-resolved pho-
toemission (ARPES) and scanning tunneling (STS) spectroscopic methods that require
low-temperature and ultra-high vacuum environment besides of expensive piece of equip-
ment whereas QRS use hand-held inexpensive potentiostats. Furthermore, calculated by
density-functional computational methods (DFT) agreed with QRS spectra. DFT compu-
tational methods were employed to model the electronic structure of molecular junctions,
where the equilibrium charging dynamics of redox molecular junctions were studied (FE-
LICIANO; BUENO, 2020b; BUENO et al., 2021; BUENO et al., [2015). Conceptual DFT
can be easily correlated with the meaning of C, as the energy e*/C, corresponds to the
variation of the chemical potential upon the exchange of electronic particles (MIRANDA;
BUENO, [2019). Furthermore, C,, can serve as an experimental functional of the electron
density (BUENO; MIRANDA| [2017)) and a detailed theoretical approach for the meaning

of electrochemical capacitanceﬂ based on conceptual DFT was also recently demonstrated

IThe meaning of the electrochemical capacitance incorporates other contributions besides the energy
of the quantum states, such as electrostatics. In the case of Tobias’s work (TOBIAS| 2023)), it also
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by others (TOBIAS, [2023). The correlation between C, and electron transport prop-
erties was previously established within a DFT approach (BUENO; MIRANDA| 2017).
However, to better understand the electrodynamics within the quantum-rate viewpoint,

time-dependent DFT is probably the right approach for future works.

In the next section, it will be discussed, in more detail, the adiabatic nature of the

above-discussed quantum electromagnetic phenomenon.

7.3.3 Adiabatic Quantum Electrodynamics of Push-Pull
Molecular Junctions

An analysis of the adiabatic nature of the quantum electromagnetic phenomenon
discussed in section [7.3.2] enables investigating the efficiency of the electrodynamics of
communication of measured DOS of thiophene-pyrrole aromatic rings with the electrode.
The confirmation that there is an adiabatic electron coupling signifies that there is a
maximum efficiency of electron ‘transport’ or better said, transmittance. Effectively,
as demonstrated in preceding sections, there is no mass diffusional transport of species
and the phenomenon follows a relativistic Dirac-like electrodynamics (DIRAC| 1928)), in
agreement to Eq. and experiments conducted in graphene (BUENO; MERCADO|
2022), implying that for push-pull molecular junctions there is a relativistic quantum
electrodynamics equivalent to dynamics followed by massless Fermionic particle within a

quantum rate theoretical interpretation of the quantum electrodynamics of graphene.

In other words, within the quantum rate analysis of Eq.[7.2] there is the meaning of
v =e¢e*/hC, = E/h, as stated in Eq. that, with the consideration of g, electric-field or
potential degeneracy owing to an electron-ion pair dynamics within the electrolyte, leads
to define a quantum electrodynamics frequency that follows Eq. This electrodynamics
frequency, according to Eq. is proportional to the resistance quantum R, = 1/Gy =
h/2e? ~ 12.9 k2 of the molecular junction.

This resistance was here shown to be adiabatic, implying a perfect transmittance
of electrons through a resistance quantum R, of 12.9 k{2 within the junction without any
potential decaying term, meaning that x = exp(—/SL) ~ 1 and demonstrating a perfect

electronic coupling x between molecular D/A quantum and electrode A/D energy states.

incorporates exchange-correlation contributions as a term within DFT’s Hamiltonian.
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FIGURE 7.10. The electron/hole communication dynamics of the electrode with the
thiophene group of TPC molecular film depends not only on the existence of a potential
perturbation in the electrode but also on the bias for the Fermi potential Er/e of the
junction. Depending on the Fermi energy Ef level of the electrode, there is an electron
or hole current, and the thiophene group of the (TPC can act as a D or A level, for
instance. For positive bias of potential (providing the elementary charge of the electron is
assumed as negative value) concerning Fr /e, the thiophene groups of TPC molecular film
act as D and the electrode as A state and wvice-versa. In this schematic depicting of the
quantum electrodynamics, there is an electric hole current from the electrode to thiophene,
and ‘effectively’ an electronic communication of the electrode with the molecular film, as
illustrated in this figure.

For redox reactions (BUENO, 2023c)), as studied within the quantum rate theory, there
is a charge transfer resistance (SANCHEZ et al., [2022) that is equivalent to the quantum
resistance of R, = N exp(—fL)/G ~ 12.9 k2 of the electrochemical junction undergoing
redox reactions within an electron tunneling dynamics that contains a potential decaying
term of exp (—fL), where G is the total (measurable) conductance of the junction and N
the total (measurable) number of quantum states participating in the redox reaction, L is
the length of the barrier and 3 (both experimentally estimated) is a parameter associated

with the potential barrier height.

The present study of the molecular electronics and electrodynamics of push-pull
heterocyclic resonant junctions demonstrates that the R, measured at the Fermi level
(Ep/e = —1.43 V) is astonishingly close to the theoretical value of 12.9 k2, and contrary
to redox-active junctions, is not associated to a tunneling mechanism and hence there is

no exp(—pfL) decaying term. For the case of push-pull heterocyclic resonant junctions, the
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quantum conductance G corresponds to g.Gy (see SI document, section S4 for additional
information) and the communication of the quantum (resonant) states of the molecules
with the electrode is adiabatic and do not depend on the properties of the linker, which

is, in the present junction, a chemical 7-type bridge.

The above statement confirms the findings from the equivalent circuit analysis
of TPC molecular junctions. The equivalent circuit was constructed using a circuital
mathematical fitting approach for junction modeling. This circuit predicts a dominant
quantum RC dynamics over the classical polarization dynamics of the interface, consistent
with EqJ7.6] Accordingly, the capacitive complex function depicted in Figurd7.9a was
fitted to the equivalent circuit shown in Figure [7.7p. In this model, the polarization
dynamics of the interface, including those associated with the cysteamine underlying film
(Cys-SAM), were considered to increase the accuracy of the analysis. Mathematically,
at the Fermi level of the junction, the RC response is predominantly governed by the

quantum RC term.

The fitting (yellow line) of the complex capacitance function (blue dots) of the
interface to the circuit in Figure[7.7b is illustrated in Figure[7.9ja, demonstrating a suitable
numerical mathematical fitting. A value of ~ 225 uF cm™? was obtained for ), while a
value of ~ 2.3 uF cm™? was assigned to the capacitive C,,; contribution of the cysteamine
film, consistent with the equivalent circuit in Figure @b. The minimal C,,; contribution
was confirmed by separately fitting (black line) the complex capacitive spectrum of the
cysteamine film (red dot), as shown in the inset of Figure a, to the equivalent circuit
highlighted in the gray box of Figure [7.7]b. The average values obtained for each circuital
element of the equivalent circuit analysis are presented in Table [7.1] Therefore, this
equivalent circuit analysis demonstrates that the quantum RC dynamics govern over the

non-faradaic polarization charging dynamics at the Fermi level.

It is noteworthy that the resistance quantum of molecular junctions embedded
in an electrolyte environment, as observed in the case of redox-active molecular junc-
tions (SANCHEZ et al., 2022; [BUENO, [2023c) undergoing electrochemical reaction,
comprises the total series resistance of the interface and not only the resistance of the
TPC-cysteamine film. Specifically, R, = Ry + Ry, where Ry includes the contact and

solution resistance, and Ry is an internal resistance within the molecular film, sometimes
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referred to as uncompensated resistance (BUENO et al., 2013)). In other words, the re-
sistance quantum of the interface encompasses the total series resistance of the junction

and not just the resistance of the TPC-cysteamine film assembled over the electrode.

TABLE 7.1. Values of circuit parameters were derived from the fitting of the impedance
spectra to the equivalent circuit illustrated in Figure [7.3p. Here, T denotes the mean
average value, and oz represents the standard error of the mean of three independently
constructed junctions incorporating TP C molecules anchored to a cysteamine film.

Parameter x Oz

R, (k) 1.13 0.02

Cpm (uF cm™2)  0.056 0.008

Rnf (k) 30x107*  05x1074
Cpns (WF cm™2) 2.3 0.3

Ryt (k) 0.93 0.05

Cy (uF em™2) 224 16

Note also that the characteristic angular frequency associated to v is ascribed
to as w = €*/hC, which, in agreement to w7 nomenclature stated in Eq. , leads to
T = 21R,C,, where R, = R, + R, such as that R, = 2n(Rs; + Ry) (SANCHEZ et al|
2022)). The values of Ry and Ry computed from the fitting to the equivalent circuit,
as shown in Table [7.1], conduct to R, ~ 12.92 £ 0.44 kQ. This experimental value of
R,, within the experimental error, is indubitably very close to the theoretical value of
12.99 k2 and demonstrates the certainty of the quantum rate theory and the adiabatic

character of the quantum electrodynamics of push-pull molecular junctions.

In other words, the above analysis demonstrates that the measured resistance at the
Fermi level of the TP C-electrode junction, embedded in an electrolyte medium, obeys the
quantum limit of R, = h/2e? ~ 12.99 kQ and confirms that there is a maximum quantum
mechanical efficiency of the electron transport in this type of organic molecular junctions
with an adiabatic electron coupling regime that follows relativistic dynamics, fulfilling
Eq. The analysis do not only validates the quantum rate analysis of these types
of junctions but also predicts a Fermionic massless particle dynamics that conforms to
the electrodynamics of graphene, as previously studied using a quantum rate theoretical

approach.

Besides the calculation of R, ~ 12.92 k(2 via the resistive elements that comprise

the TPC molecular junction using an equivalent circuit analysis, as conducted above, the
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value of R, = 1/G is alternatively quantified through an analysis of v = g.g;e*/hC, =
9.(Go/C,) measured at the Fermi level of the junction, from where the measurements
of v and C, permits to evaluate Gy, self-consistently demonstrating that R, is R, =
ge/vC,. Average values of v = w/2m and C, at the Fermi level, were measured in three
independently fabricated junctions, as detailed in section S3 of the SI document. C,
obtained at the maximum of the Gaussian-shaped response, corresponded to the value
of C, at the peak of the DOS function (measured at a frequency of wy), as shown in
Figure [7.9p. The average value of G estimated from the above analysis was 76 £+ 3 S
that, within experimental error, is close to the theoretical value of Gy = 77.5 uS and

confirms the certain of the analysis.

Still, another analysis reveals the certainty of the quantum rate theory, consist-
ing in calculating the quantum of the conductance G of the junction directly from the
complex capacitance associated with Eq. from where G = wyC"” is obtainable. The
measurement of G at wy, as a function of electrode potential level, is shown in Figure[7.9c.
Such as in the case of the Cy, shown in Figure [7.9p, G has a maximum value at the Fermi
level of the junction. The peak of G at the Fermi level has a value of ~ 154.7 + 2.0 uS,
corresponding to a mean value (among three independently fabricated junctions) that is
quite close to the theoretical value of g.Gy ~ 154.9 uS, i.e. twice Gy ~ 77.5 uS. Pre-
cisely, as shown in more detail in the S4 section of the SI document, the mean value of G
obtained from three different junctions corresponds to 154.7 £ 2.0 uS, corresponding to

about 1% of difference with the theoretical g.Go ~ 154.9 uS value.

The analysis conducted in the last paragraph for the calculation of G as G =
woC"” not only demonstrated the confidence of a quantum rate theoretical analysis of
electrodynamics of push-pull organic molecular junctions but also confirmed that the g,

is critical for the analysis of molecular junctions embedded in an electrolyte environment.

Finally, the consistency is confirmed of a comparative analysis of irreversible and
reversible electric modes of push-pull moiety electronic states to communicate with the
electrode, which can be conducted using different electrochemical settings, as discussed
in section [7.3.3] Particularly in the schemes illustrated in Figure [7.5] there is an irre-
versible (scheme depicted in Figure [7.5a) or reversible (in Figure [7.5p) way of electronic

communication of the push-pull molecular states with the electrode.
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In the irreversible (kinetically controlled by diffusion) scheme, in which the
molecules are freely in an electrolyte environment, there is an electric potential sepa-
ration of ~ 2.08 V between the first oxidation (electrons flowing from the HOMO state of
the molecules to the electrode) and first reduction (electrons flowing from the electrode
to the LUMO state of the molecules) current peaks, which have not an ambipolar char-
acter but can be associated with AEy_, gap, as introduced in section [6.1] On the other
hand, in the case of a reversible resonant communication of the molecular states with the
electrode, which occurs thankfully due to a chemical attachment of the molecules to the
electrode (with diffusionless kinetics), the electric current is intrinsically ambipolar, as
illustrated in Figure [7.10] In this case, there is a resonant adiabatic quantum electrody-
namics, as concluded in the present section, implying, as was demonstrated in a previous
work (BUENO,, 2018d)), that the energy E = e¢?/C, is related to the HOMO and LUMO
gap of molecular ensemble attached to the electrode. This AFEy_; gap is estimated as
the width of the DOS depicted in Figure [7.9b, hence computed as ~ 1 eV, corresponding
approximately to the half of AEy_; gap of ~ 2.08 eV estimated from the CV pattern

measured in an irreversible electrochemical setting.

The above analysis strengthens the interpretation of the degeneracy g. as being
due to the presence of an ambipolar electric current associated with the overlap of quan-
tum (C,) and classical (C.) capacitive states of the junction. Equivalently, this can be
interpreted as an energy degeneracy linked to the electric potential (e/C, ~ e/C,) arising
from the electric-field screening conducted by the electrolyte medium over the quantum

resonant states of the push-pull moieties communicating with the electrode.

7.4 Final Remarks and Conclusions

The present study demonstrates the feasibility of establishing an adiabatic electron
coupling between a push-pull molecular ensemble and a probe electrode. This adiabatic
electron coupling enables the investigation of the quantum resonant states of the molecules
with the electrode. The exploration of quantum states resonating with the electrode
occurs through an electromagnetic communication, adhering to the premises of quantum
electrodynamics, which follow the Einstein-Planck relationship £ = hr. This implies
a quantum relativistic dynamics between quantum states in push-pull heterocyclic sites

and the electrode, wherein, according to the quantum rate theory, the v = €?/hC, rate is
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directly linked to the quantum capacitance C,; o< €2DOS of the junction. This capacitance
is proportional to the accessible density of junction quantum resonant states, where DOS
= (dn/dE).

As C, is experimentally accessible through conventional impedance spectroscopic
measurements such as impedance or impedance-derived capacitance spectra (within the
interpretation of Eq. , it provides a way of studying the quantum electrodynamics of
molecular junctions embedded in an electrolyte environment. The presence of an elec-
trolyte environment implies an additional electric-field degeneracy g, that summed to the
electron spin degeneracy, conducts to an electromagnetic communication way, demon-
strated to follow E = gsg.hrv quantum relativistic electrodynamics, permitting demon-
stration that v = ¢.G/C,, which is not only in agreement to the quantum rate theory
but also establish an alternative way of designing molecular electronics junctions and

nanoscale electronic circuits.

The observed quantum relativistic phenomenology of TPC push-pull molecular
junctions is equivalent to that observed for electro-active interfaces undergoing redox
reactions; however, for the case of TPC junctions there is a particular adiabatic electron
coupling in which effectively v = g.G¢/C, is obeyed, instead of v = g.G/C,, as observed
for redox-active molecular junctions, where a G o exp(—fL) exists. The existence of
G o exp(—pL) for redox-active junctions, thus with a tunneling mechanism governing
the electronic coupling, is different from that observed in push-pull that implies that
G = (), possibly associated with the w-type molecular bridge electronic coupling. In one
(electrochemical) or another (electronic) situation, the coupling of states to the electrode

obeys a relationship consistent with the quantum rate v = g.G/C, concept.
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Chapter 8

Discussion: Nanoscale Electronics in
an an Electrolytic Medium

As discussed in Section [2], QRS, based on the quantum electrodynamics principle
E = hv = ¢*/C,, is a powerful tool for experimentally obtaining quantum insights into
nanoscale structures (LOPES et al., 2021; BUENO; DAVIS, 2014b; SANCHEZ et al.|
2022). This novel approach involves performing impedance-derived capacitance measure-
ments in an electrolytic medium at room temperature, using a three-electrode electro-
chemical cell, and a potentiostat with a frequency analyzer as the measuring equipment.
In this context, building upon the foundations of QRT discussed in previous studies, QRS
not only facilitates probing the intrinsic electrodynamics of these structures but also offers
direct access to their electronic properties, such as the electron density of states (DOS),

through the measurement of the response of Cj.

Given the current challenges in fabricating nanoscale optoelectronic devices
with semiconductor structures smaller than 10 nm—where electrical properties deviate
from classical physics, complicating their control (BUENO)| 2018a; [DHILLON; KANT]
2017)—this PhD research explored the electrodynamics and electronic DOS in four
nanoscale structures with different types of quantum confinement and chemical nature.
This research was based on the premise that the electronic properties of the core ma-
terial govern device performance, making access to its electronic structure essential. In
this context, the study examined these structures from the perspective of QRT and uti-
lized time-dependent electrochemical impedance measurements. The exploration of each
of these structures progressively contributed to establishing the foundations QRS as an

electronic spectroscopic methodology. The following paragraphs present a synthesis of
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the principal results and conclusions from the studies conducted on these semiconductor
structures. The author, admittedly influenced by romanticist tendencies, invites readers
to view this synthesis as a narrative of a journey in pursuit of an objective that transcends

academic boundaries, for that is what this work represented to him.

In this context, the journey began with the study of a redox-active transition metal
oxide structure: CuyO/CuO mixed nanofilms. These semiconductor structures were fabri-
cated on a gold electrode surface using electrochemical techniques, including cyclic voltam-
metry, linear sweep voltammetry, and chronoamperometry (Figure ) Electrochemical
and morphological characterization indicated that the copper oxide nanofilms contained
a 1:1 mixture of CuyO and CuO, had a thickness of approximately 3.0 nm, and exhibited
a morphology characterized by larger, heterogeneous particle distributions. As reported
elsewhere, metal oxide semiconducting structures composed of equivalent domains with
different oxidation states exhibit pseudocapacitive properties due to the electrodynamics
associated with electron transitions between oxidation states (LOW et al., 2019; ISLAM
et al., 2021). Consequently, these CuyO/CuO mixed nanofilms represent an intriguing in-
organic structure with potential quantum confinement in one dimension. Electrochemical
impedance measurements conducted on this nanofilm revealed its quantum capacitance
(C,) response as a function of potential (in the low-frequency regime). This response
exhibited two distinct domains: a Gaussian-shaped peak centered around 0 V versus the
Ag/AgCl reference electrode and an exponential-like response at higher potentials, with

capacitance increasing as a function of potential (Figure [4.2p).

Although Cj is defined from the QRT perspective, based on quantum mechanical
first principles, as being proportional to the electron density of states (DOS), dn/du, such
that C, = e*9n/0u, challenges remained regarding the interpretation of this response of
C, or DOS. Considering that the previous definition of C;, was derived at absolute zero
temperature, a statistical mechanical treatment can be applied when the thermal broad-
ening effect on the energy levels of the semiconductor structure is included in the analysis.
Therefore, by assuming that the system represents a grand canonical ensemble and that
electron occupancy follows Fermi-Dirac distribution function, a thermalized expression
for C, is obtained as C, = (¢2N/kgT)f(1 — f), which describes a Gaussian-shaped dis-
tribution of discrete energy states. Further, by examining higher electron energies where

eV > kgT, and thus f < 1 and f ~ exp(—eV/kgT), a new expression for C, was
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derived: C, = (e*?N/kpT)exp (—eV/kpT), which follows an exponential behavior that

increases with the potential.

Accordingly, both C, equations describe two distinct electron occupancy func-
tions. The response of C,, as experimentally recorded by electrochemical impedance
spectroscopy (EIS), was analyzed using these equations, revealing excellent fits with fit-
ting parameters R?> ~ 0,999. This demonstrates that the experimental results align
closely with the behaviors predicted by the QRT. In this context, the first equation,
C, = (e2N/kgT)f(1 — f) describes a Gaussian-shaped distribution of discrete states
located within the band gap of the semiconductor nanofilm. These band gap states cor-
respond to redox states associated with the electrochemical reaction between the copper
oxidation states, specifically the electronic transition from Cu'* ions to Cu?* and vice
versa. Additionally, the presence of defects in the copper oxide atomic lattice—such
as vacancies, impurities, and interstitial defects—introduces these gap states into the
electronic structure. In contrast, the second equation, C, = (¢2N/kpT) exp (—eV/kgT)
represents an exponential response corresponding to a distribution of continuous states

in the conduction band of the copper oxide nanofilm (Figure [£.1p).

Therefore, the DOS of Cuy/CuO semiconducting mixed nanofilms, as measured by
EIS at room temperature and utilizing a phosphate buffer solution as the electrolytic
medium, was resolved from the QRT foundations. This characterization revealed a
Gaussian-like distribution of discrete states located in the band gap of the semiconduc-
tor, as well as an exponential-like distribution of electronic states corresponding to the
continuum of states in the conduction band. The resolution of the DOS for this semicon-
ducting nanofilm, as determined by measuring its C;, response in an electrolytic medium,
suggested two key directions for the next stage of the PhD research. These were: first, the
development of a new in-situ methodology for accessing the electronic structure, which,
while underway, requires a deeper understanding of its underlying physical principles; and
second, the observation that the exponential-like distribution of states in the conduction
band, which does not involve electrochemical reactions, indicates that access to the DOS
of nanomaterials through EIS measurements is not restricted to structures with reversible
redox behavior, such as ferrocene-tagged peptide monolayers, previously studied, and

transition metal oxides.
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In this context, an assembly of zero-dimensional (0D) semiconducting structures
was electronically coupled to a gold electrode surface through a molecular monolayer.
Specifically, cadmium telluride (CdTe) quantum dots (QDs) of two distinct nanoparticle
sizes, and consequently different electronic structures, were chemically immobilized on a
gold electrode modified with L-cystein. A chemical bond formed via an amide linkage
between the carboxylic acid moieties on the QD surfaces and the terminal amine groups
in the L-cysteine molecules . It is important to note that QDs are semiconducting
nanoparticles exhibiting quantum confinement effects in all three dimensions and, thus,
their electronic structures display distributions of discrete energy states. Consequently,
these nanomaterials are often referred to as "artificial atoms" because the confinement
of their charge carriers results in discrete energy levels within the structures, analogous
to atomic states (identified as s, p, d, etc.)(Figure 5.1} The electron DOS of a QD as-
sembly is commonly measured experimentally by scanning tunneling spectroscopy (STS),
which enables a comprehensive characterization of the electronic structure by capturing
Gaussian-like distributions of the valence, conduction, and band gap states of the assem-
bly. This technique involves applying a potential difference (V) between the substrate
supporting the QD assembly and a microscope tip positioned above it, measuring the
resonance current (I) related to electron injection or removal between the tip and the
electronic states of the QDs. From this resonance current, the electron conductance,
dI/dV, is calculated as a function of the applied potential, which is proportional to the
DOS.

Although STS measurements enable the experimental resolution of the DOS for
QD assemblies, their operation requires ultra-low temperatures, vacuum conditions, and
highly trained personnel to operate the equipment. These requirements make this ap-
proach impractical for routine electronic characterization of nanomaterials. Consequently,
the need for a fast and straightforward method to access electronic structures at the
nanoscale remains a challenge in nanoscience and nanotechnology. Accordingly, by record-
ing the response of C, for the CdTe QD assembly as a function of the potential of the
gold electrode, which acts as a probe, using a phosphate buffer solution (pH 7.4) at room
temperature, a Gaussian-like distribution profile of the QD states, comparable to that
obtained by STS, was achieved . In this case, the set of Gaussian-like responses
observed at negative potentials corresponds to the valence states s, and pj, where the

subscripts indicate hole states. Meanwhile, the Gaussian-like behaviors identified at pos-
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itive potentials correspond to the conduction states s, and p., with e denoting electron
states. Each of these Gaussian-like responses was fitted using the thermalized expression
for C, applied to the gap states within copper oxide nanofilms, yielding an excellent fit pa-
rameter (R? = 0,999), which confirmed that these responses correspond to the electronic

states of the QDs.

Accordingly, the measurement of the DOS of CdTe quantum dot assemblies through
electrochemical EIS at room temperature using an electrolytic medium was demonstrated,
which represents a great contribution for the field of nanomaterials characterization and
led the development of a novel electronic spectroscopic approach for in situ examination
of the electronic structure in nanomaterials, termed Quantum Rate Spectroscopy. How-
ever, further clarification of the spectroscopic mechanism underlying this methodology is
required. In the absence of electrochemical reactions, QRT predicts an electromagnetic
antenna-type communication between the states of the electrode probe and the discrete
energy states of the QD assembly. This electronic mechanism can be understood as
follows: when a time-dependent, low-frequency sinusoidal perturbation is applied to the
probe electrode, the oscillating electrons generate an electromagnetic wave associated with
the electron, which propagates through the junction. This electromagnetic wave resonates
with the electronic structure of the QDs, generating a current signal as a response. This
response does not involve a net flow of electrons, as there is no electron transport; rather,
it corresponds to a displacement current. Nonetheless, this current response provides in-
formation about the electronic structure of the assembly. The potentiostat, equipped with
a frequency analyzer, captures both the perturbation and response signals and converts

them into an impedance function.

Therefore, the spectroscopic mechanism of QRS is based on energy resonance be-
tween the perturbation electromagnetic wave and the electronic states of the quantum
dots QDs. Building on this proposed mechanism and considering the results obtained for
both inorganic structures—copper oxide nanofilms and CdTe QDs—the research focus
was directed towards organic structures to demonstrate the generality of quantum rate
as both a theoretical framework and an experimental methodology. In this regard, the
electrodynamics in single-layer graphene (SLG), a monolayer of carbon atoms arranged in
a highly symmetric hexagonal lattice, was explored using EIS measurements. As result,

the V-shaped DOS characterizing this organic structure, was measured by EIS at room
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temperature, using an ionic liquid as the electrolytic medium (Figure ) Furthermore,
by applying quantum RC circuit analysis to the capacitance spectrum, semicircle-shaped
response, which was recorded at Fermi level, or Dirac point of SLG . This analysis demon-
strated that the electrodynamics of graphene adhere to quantum electrodynamics princi-
ples, revealing a resistance value equivalent, within experimental error, to the quantum
limit of resistance, R,=12.99 K(2. Hence, the electrodynamics of SLG without electron
transfer, as explored by EIS, follow the electron mechanism described below under adia-

batic coupling conditions of states.

With each studied structure, significant advances in understanding and utilizing
the extensions of the QRT were achieved. In this context, by calculating the energy
E = g.gsNe?/C,, associated with the electronic structure from the response of quantum
capacitance C, as a function of electrode potential, and employing tight-binding calcu-
lations as a spatial resolution model, the band structure of SLG within the energy-wave
vector framework was experimentally resolved. The band structure determined from EIS
measurements in an electrolytic medium showed excellent agreement with the electronic
structure measured by other spectroscopic techniques, such as angle-resolved photoe-
mission spectroscopy (ARPES), which requires low temperatures and ultrahigh vacuum
conditions for operation. In addition, this result also aligned well with band structure
computed for SLG through density functional theory (DFT) calculations (Figure [6.5)).
Therefore, the QRS, based on EIS measurements constitutes a powerful in-situ experi-

mental tool for characterizing the electronic structure of the SLG.

The previous results obtained for SLG revealed the potential to explore alternative
types of electrodynamics within organic structures. Accordingly, attention was directed
toward examining the physical principles governing electrodynamics within a special class
of molecular systems: Push-Pull m-conjugated heterocyclic molecules. These molecules
possess a chemical structure in which electron donor and acceptor moieties are electron-
ically coupled through m-conjugated bridges, enabling electron communication between
the donor and acceptor groups (RAPOSO et al., 2006). Typically, this communication is
facilitated by photo-induced electron transfer when visible light irradiates the molecule,
resulting in an electron transition from the HOMO (highest occupied molecular orbital)
to the LUMO (lowest unoccupied molecular orbital), a process known as intramolecular

charge transfer (PIGOT et al., 2020). Consequently, the electronic characteristics of these
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structures offered the possibility of probing intermolecular communication among donor

and acceptors states from the standpoint QRT through EIS measurements.

In this context, an assembly of 4H-thieno[3,2-b|pyrrole-5-carboxylic acid (TPC)
molecules was chemically attached to a gold surface through a cysteamine monolayer
(Figure , which acts as quantum or molecular channel. The TPC molecule con-
tains thiophene and carboxylic acid moieties, which act as electron donor and acceptor
groups, respectively, connected by a pyrrole moiety. It is important to note that the
acceptor group was chemically modified to facilitate attachment to the cysteamine mono-
layer, establishing resonance between the electrode states and the donor group states.
Electrochemically, this molecule does not exhibit reversible redox behavior, and thus,
intermolecular communication between the donor and acceptor groups is not associated
with oxidation and reduction reactions. By exploring the TPC molecular junction using
EIS measurements in dimethylformamide (DMF) and tetrabutylammonium perchlorate
(TBACIO,), a Gaussian-like response of C; was observed, corresponding to an electron
DOS accessed via time-dependent perturbations (Figure ) This Gaussian-like re-
sponse is therefore associated with electron communication between the electrode states
and the states of the thiophene moiety. However, as in the case of CdTe QDs and SLG,
this communication does not correspond to an electron transfer process, but rather to
electromagnetic resonance between electron states, following the mechanism discussed
above.Under time-dependent perturbation at equilibrium conditions, an electromagnetic
wave associated with the electron propagates through the molecular junctions, resonat-
ing with the electronic structure of the molecule. In response, a displacement current is

generated, providing insights into electronic behavior.

Additionally, analysis of the capacitance spectrum and Nyquist plots recorded at
the potential corresponding to the peak of the Gaussian-like response, using a quantum
RC circuit model derived from QRT, revealed that the resistance associated with this elec-
tron dynamics between states is approximately 12.92 K. This value, within experimental
error, corresponded to R, = 12.99 K, the quantum limit of resistance. Consequently,
electron communication between the electrode states and the donor moiety of the molecule
occurs with maximal quantum efficiency, consistent with the principles of quantum elec-
trodynamics. This result also revealed that this type of electrodynamics, which does not

involve electrochemical reactions, occurs under an adiabatic coupling condition of electron
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states, as observed in SLG. Therefore, this pioneering work with m-conjugated heterocyclic
molecules from the perspective of QRT demonstrated the potential to characterize and
fine-tune the electronic structures of molecular junctions formed from these molecules
under mild conditions, which is crucial for the design and development of molecular elec-

tronic devices.

In summary, each advancement in understanding electron dynamics brings new
perspectives and introduces challenging, disruptive ideas. Based on the results obtained
in this PhD research across the four studied structures, it is possible to state that the
(QRT) framework—rooted in quantum electrodynamics principle £ = hv, and its exper-
imental methodology, (QRS)—represents a versatile tool for exploring electrodynamics
in nanoscale chemical structures. This research demonstrated the general applicability
of this approach for studying electrodynamics in structures of various chemical natures
and types of quantum confinement. However, these findings are only the beginning of
a new field in nanoscience, Nanoscale Electronics in FElectrolytic Media, based on a low-
energy electrodynamics and with potential applications ranging from studying intriguing
phenomena, such as quantum entanglement and mechanical-electromagnetic coupling of
electrons, to developing devices whose operational principles are governed by non-classical

phenomena. Thus, this PhD work serves as a preface to astonishing possibilities.
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Chapter 9

Conclusions

Modern technological advances and film industry may lead one to assume that
significant scientific contributions require the use of cutting-edge equipment and highly
controlled experimental conditions. Even today, there is a tendency to believe that
groundbreaking scientific work comes from scientists of specific nationalities. However,
meaningful contributions can also emerge from the simple observation of nature’s efficient
operating principles. Controlling these principles often requires theoretical models, lab-
oratory experiments, and practical applications. Furthermore, an open mind is essential
to recognizing that current concepts, theories, and models—though foundational in the
construction of knowledge—may be incomplete and can pave the way for new, disrup-
tive contributions. The understanding of physical, chemical, and biological principles is
not a closed book. The exploration and study of electron dynamics within chemical and

biological systems, remains an open field of inquiry.

In this context, QRT is a theoretical model based on relativistic quantum elec-
trodynamics, addressing the dynamics of electrons within chemical structures (BUENO,
2023b; BUENO; MERCADO| [2022; BUENO, 2024)). This theory predicts the existence of
a temporal property—time or frequency—associated with the transmittance of the elec-
tron between energy states. From these foundations, a characteristic frequency v associ-
ated with the electrodynamic event is defined as the inverse of the Von Klitzing constant,
Ri = h/e* (KLITZING et all [1980)), and the quantum capacitance C,, a property tied
to the electronic structure of the chemical system (where C;, o< DOS) and previously
overlooked by other models. Accordingly, this frequency is given by v = gsg.e*/hC,,
where g, represents spin degeneracy, and g. arises from a superposition of electrostatic

and quantum energies (E. = E,) at interfaces involving a nanoscale structure and an
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electrolytic medium. This energetic superposition, resulting from electric field screening

by solution ions, is a fundamental aspect of the theory (BUENO, 2023a; BUENO, 2023c).

As an electrodynamic model predicting that every quantum event has a characteris-
tic time, QRT supports its predictions and implications through time-dependent electrical
approaches, such as EIS. This technique applies a time-dependent electrical perturbation
to the structure of interest in the presence of an electrolytic medium at room temperature.
Traditionally, EIS has been primarily used as an electrochemical technique to character-
ize interfacial charge transfer resistance between a surface and redox species in solution
(DHILLON; KANT, 2017). However, its potential as a time-dependent method for re-
vealing insights into the electronic structure and quantum properties of nanomaterials has
been overlooked, as demonstrated in the ongoing thesis. Under this premise, interpreting
EIS measurements from the QRT perspective led to the development of a new electronic
spectroscopy approach, Quantum Rate Spectroscopy (QRS), which enables experimental
access to the electron DOS of organic and inorganic structures. This method employs a
standard electrochemical cell with an electrolytic medium, solvent, and ions, as well as
a potentiostat equipped with a frequency analyzer module. Thus, QRS exemplifies how
significant scientific contributions do not always require complex equipment. Have you
ever considered measuring the electronic structure of materials using nothing more than

an electrochemical cell and a potentiostat?

Initially, QRT and its experimental approach, QRS, were applied to reveal the
physical principles governing diffusionless electrochemical reactions in redox-active self-
assembled molecular monolayers confined to an electrode surface (BUENO), [2023c; ALAR-
CON et al., 2021b). This application demonstrated that electron transfer between the
electrode states and the redox probe state adheres to quantum electrodynamic principles,
with a constant quantum resistance of R, = h/2e* ~ 12,99 k2 and a nonadiabatic coupling
of the electron states, highlighting the quantum nature of electrochemistry (SANCHEZ et
all [2022)). However, in line with the rigor of scientific inquiry, a significant proposal must
be dynamic, evolving and advancing over time. This raised an intriguing question: Was it
possible to apply these theoretical and experimental frameworks to explore electrodynam-
ics outside the realm of electrochemical reactions? To address this question, the ongoing

PhD project was formulated.
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In summary, QRT was applied to reveal the electrodynamics of four nanoscale
structures of differing chemical compositions and levels of quantum confinement: a mixed
Cuz0/CuO nanofilm, an assembly of CdTe quantum dots, a single layer of graphene,
and an ensemble of m-conjugated heterocyclic molecules. Through this study, DOS was
experimentally accessed in an electrolytic medium via EIS measurements. The DOS mea-
surements obtained through time-dependent electrochemistry were consistent with those
obtained through other techniques, demonstrating the potential of QRS as a spectroscopic
approach. For these semiconducting structures, where electron transfer processes do not
occur, access to the DOS using time-dependent electrochemical measurements relies, from
the QRT perspective, on electromagnetic communication between energy states. When
the probe (or electrode) is subjected to a time-dependent sinusoidal signal at ultra-low
frequency, its electrons oscillate, generating an electron-electromagnetic wave that prop-
agates through the nanoscale material and resonates with its electronic structure. As a
result of this resonance, a displacement current is generated and received, which does not
correspond to a net electron flow but carries electronic information about the nanoma-
terials. The frequency response analyzer (FRA) impedance equipment processes the two
signals—perturbation and response—and converts them into an impedance signal that

reveals the electronic properties.

Therefore, QRT constitutes a quantum electrodynamics model which, due to its
generality and derivation from first principles, can be applied to explore both electro-
dynamic processes involving electron transfer reactions and electronic phenomena asso-
ciated with the electromagnetic communication of energy states . In addition, QRS, an
experimental approach derived from the foundations of QRT and supported by previous
measurement mechanisms, provides an in situ methodology for accessing the electronic
structure of nanomaterials under mild conditions in a rapid and straightforward manner.
Consequently, the findings and conclusions drawn from the four research works described
in the ongoing PhD thesis represent a significant contribution to the field of quantum
electrodynamics, paving the way for a new fundamental and applied research area: "Na-
noelectronics in Electrolytic Media.". Through this scientific field, it is possible to envision
the development of nano-devices operating with maximum quantum efficiency under low-
energy quantum electrodynamics principles in electrolytic media, including applications
such as biosensors, chemical sensors, transistors, and quantum computing. Hence, the

narrative does not end here. On the contrary, this PhD thesis marks the beginning of a

171



new chapter in the study of electron dynamics. The author feels honored and proud to

have contributed to this small but meaningful part of scientific progress.
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