UNIVERSIDADE ESTADUAL PAULISTA
"JULIO DE MESQUITA FILHO"

INSTITUTO DE QUIMICA DE ARARAQUARA

YULIANA PEREZ SANCHEZ

Molecular Electronics and Electrochemistry:
The Case of Ferrocene-tagged Interfaces and of
Organic Molecular Junctions Studied by
Time-dependent Methods

Thesis submitted in the Institute of Chemistry in

fulfillment of the requirements for the degree of Doctor
of Philosophy in chemistry

Supervisor: Prof. Dr. Paulo Roberto BUENO
Co-Supervisor: Prof. Dr. Adriano dos SANTOS

Araraquara
2023


https://www2.unesp.br/
https://www2.unesp.br/
https://www.iq.unesp.br/

Sanchez, Yuliana Pérez
S211m Molecular electronics and electrochemistry: the case of
ferrocene-tagged interfaces and of organic molecular junctions
studied by time-dependent methods / Yuliana Pérez Sanchez —
Araraquara: [s.n.], 2023
164 p.: il.

Thesis (doctor) — Universidade Estadual Paulista,
Instituto de Quimica

Advisor: Paulo Roberto Bueno

Co-advisor: Adriano dos Santos

1. Charge transfer. 2. Impedance spectroscopy.
3. Nanoeletronics. 4. Tunneling. 5. Quantum electrodynamics.
. Title.

Sistema de geracdo automatica de fichas catalograficas da Unesp. Biblioteca do Instituto de
Quimica, Araraquara. Dados fornecidos pelo autor(a).

Essa ficha ndo pode ser modificada




UNIVERSIDADE ESTADUAL PAULISTA
"JULIO DE MESQUITA FILHO"

INSTITUTO DE QUIMICA DE ARARAQUARA

YULIANA PEREZ SANCHEZ

Eletronica Molecular e Eletroquimica: O Caso
de Interfaces Marcadas com Ferroceno e de
Juncdes Moleculares Organicas Estudadas por
Métodos Dependentes do Tempo

Tese apresentada ao Instituto de Quimica, Universidade
Estadual Paulista como parte dos requisitos para
obtencdo do titulo de doutora em Quimica.

Orientador: Prof. Dr. Paulo Roberto BUENO
Coorientador: Prof. Dr. Adriano dos SANTOS

Araraquara
2023


https://www2.unesp.br/
https://www2.unesp.br/
https://www.iq.unesp.br/

Sy UNIVERSIDADE ESTADUAL PAULISTA S

unesp - :
Caémpus de Araraquara @

CERTIFICADO DE APROVACAO

TITULO DA TESE: "Molecular electronics and electrochemistry: the chase of ferrocene-tagged
interfaces and of organic molecular junctions studied by time-dependent
methods”

AUTORA: YULIANA PEREZ SANCHEZ
ORIENTADOR: PAULO ROBERTO BUENO
COORIENTADOR: ADRIANO DOS SANTOS

Aprovada como parte das exigéncias para obtencéo do Titulo de Doutora em Quimica, pela Comisséo
Examinadora:

Prof. Dr. NELSON RAMOS STRADIOTTO (Participagao Virtual)
Departamento de Quimica Analitica, Fisico-Quimica e Inorganica / Instituto de Quimica - UNESP - Araraquara

Prof. Dr. PAULO ROBERTO BUENO (Participacao Virtual)
Departamento de Engenharia, Fisica e Matematica / Instituto de Quimica - UNESP - Araraquara

Prof. Dr. FRANK MARTEN (Participacao Virtual)
Quimica / University of Bath, United Kingdom

Prof. Dr. VINCENT VIVIER (Participacao Virtual)
Laboratoire de Réactivité de Surface / Sorbonne Université

Prof. Dr. DAVID ALEJANDRO MIRANDA MERCADO (Participacao Virtual)
Escuela de Fisica / Universidad Industrial de Santander, Colémbia

Araraquara, 29 de setembro de 2023

Documento assinado digitalmente

ub PAULO ROBERTO BUENO
g Data: 03/10/2023 10:51:38-0300

Verifique em https://validar.iti.gov.br

Instituto de Quimica - Campus de Araraquara -
Rua Prof. Francisco Degni, 55, 14800060, Araraquara - Sao Paulo
http://www.ig.unesp.br/#!/pos-graduacao/quimica-2/CNPJ: 48.031.918/0027-63.


http://www.iq.unesp.br/%23!/pos-graduacao/quimica-2/CNPJ

Impacto potencial desta pesquisa

O desenvolvimento da tese apresentada tem contribuido de maneira significativa
ao desenvolvimento da teoria do quantum rate. Uma teoria que o grupo de pesquisa
vem trabalhando arduamente e que, consequentemente, tem demostrado frente a co-
munidade cientifica, por meio das publica¢des dos resultados em revistas cientificas
de alto impacto, a sua capacidade para interpretar processos eletroquimicos em na-
noescala. Isso representa um grande avanco no entendimento de fendmenos que im-
pactam ndo somente a drea de sensores, mas também a drea de conversdo e armazena-
mento de energia, os quais eventualmente influem no desenvolvimento de avangos
tecnolégicos de dispositivos que sdo de suma importancia para a sociedade mod-
erna. Particularmente, a interpretagdo dos processos eletroquimicos em nanoescala
jé tem se mostrado importante na contribui¢do tanto no que se refere aos fundamen-
tos quanto a aplicacdo no desenvolvimento de biossensores, dispositivos de interesse
para a nossa sociedade moderna como lembrado na recente pandemia da COVID-19.
Em conclusao, a concretizagao desta tese contribuiu com o carater inovador sobre o
fazer ciéncia e producdo de conhecimento no pais, permitindo a deposi¢do de uma
patente (21CI019) oriunda dos resultados aplicados da tese.

Potential impact of this research

The development of the presented thesis has significantly contributed in the build-
ing of the quantum rate theory. This theory, on which our research group has dili-
gently worked, has been demonstrated to the scientific community through publica-
tions in high-impact scientific journals its capability to interpret electrochemical pro-
cesses at the nanoscale. This represents a significant advancement in understanding
phenomena that impact not only the sensor field but also energy conversion and stor-
age, influencing eventually, the development of cutting-edge technological devices
crucial to modern society. Particularly, interpreting nanoscale electrochemical pro-
cesses has proven vital both in theoretical understanding and practical applications,
especially in the development of biosensors, a field of great relevance as highlighted
during the recent COVID-19 pandemic. Finally, the completion of this thesis con-
tributed innovatively to the scientific landscape and knowledge production within
the country, leading to the granting of a patent (21CI019) stemming from the applied
results of this research.
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Abstract

The understanding of electron transmittance, including electron transfer (ET) and
transport, is essential not only for comprehending biological systems but also for de-
veloping electrical components in the pursuit of fabricating electronic devices. The
quantum rate theory proposes a first-principle fundamental quantum rate v = ¢/ic,,
where e is the elementary charge, & is the Planck constant and C; is the quantum ca-
pacitance that informs on the density-of-states (DOS) as C; o« ¢?’DOS. This quantum
rate concept is utilized to elucidate the ET rate constant k of electrochemical reaction
as k = G/c,, where G is the quantum of conductance and Cy is the electrochemi-
cal capacitance. This thesis presents a fundamental study, within the framework of
the quantum rate theory, of the ET and transport processes in two kinds of molecu-
lar junctions (M]): electroactive self-assembled monolayer (SAM) over electrodes and
aromatic monolayers sandwiched between carbon electrodes. Time-dependent meth-
ods, such as impedance spectroscopy (IS) and electrochemical impedance-derived
capacitive spectroscopy (ECS), were employed for this study. The impedance data
were analyzed by equivalent circuit fitting, specifically as quantum resistive capaci-
tive (RC) point contact. Redox SAMs were formed using Ferrocene-tagged peptides
and thiol molecules. These redox SAMs feature C;, which was determined by ECS,
enabling the determination of k as k = 2(Go/c,), where Gy represents the universally
known constant for quantum conductance, approximately 77.5 uS. The reciprocal of
Gop defines the quantum resistance as R; = 1/G, ~ 12,9 k(), establishing a quantum
limit for ET. This demonstrates that the electrodynamics is governed by R, and C, el-
ements. Furthermore, it was determined that R; comprises two resistive components
connected in series: the relaxation resistance (Ry) and the combined resistance of so-
lution and contact (Rs), leading to R; ~ 13 k(). Consequently, the interpretation of
R4 within the quantum rate model prompted a reassessment of the meaning assigned
to the charge transfer resistance R, revealing that R, is equivalent to R.;. More-
over, it was demonstrated that regardless of the molecular backbone, the C; states of
the redox interface mediate the ET between electroactive free species and the elec-
trode, conforming to maximum efficiency of electron transmittance. Specifically, it
was proven that an increase in the number of quantum channels N, and consequently
of C; by almost 40%, was achieved through suitable energy level alignment between
the level states of the free redox species with that of the DOS of the redox SAM. This
exceptional setting allowed for the amplification of the C; signal for the detection of
a biological target. As a proof-of-concept, this amplification mechanism was applied
for sensing the nonstructural protein 1 (NS1) biomarker of the dengue virus, resulting
in an observed increase in sensitivity of redox capacitive biosensors by at least 1,000.
However, it was evidenced that the acidity of the quantum capacitive interface affects
the electron transfer mediation as a result of the electrostatic repulsion between the
negatively charged surface and redox charged species. Furthermore, the determina-
tion of properties G and C;, using SI measurement of the aromatic MJs demonstrated
that G and k are correlated by C;,, implying that the associated physical concepts stud-
ied separately by the electrochemist and physics are inherently related. The results
obtained in this thesis demonstrate that the quantum rate model is a suitable theory
enable to address phenomena involved with electron transmittance such as electron
transfer, quantum conductance, and capacitance in different MJs.



Resumo

A compreensdo da transmissdo de elétrons, incluindo a transferéncia eletronica (TE) e
o transporte, é essencial ndo apenas para a compreensdo de sistemas biol6gicos, mas
também para o desenvolvimento de componentes elétricos na busca pela fabricagado
de dispositivos eletronicos. A teoria do quantum rate propde uma velocidade quan-
tica fundamental de primerios principios v = ¢*/iC,, onde ¢ é a carga elementar, h
¢ a constante de Planck e C; é a capacitancia quantica, que informa sobre a densi-
dade de estados (DOS em inglés) como C, « ¢*?DOS. O conceito de v é utilizado para
elucidar a constante de velocidade de transferéncia de elétrons k de reacoes eletro-
quimicas, como k = G/c,, onde G é o quantum de conduténcia e C, € a capacitancia
eletroquimica. Esta tese apresenta um estudo fundamental, dentro do contexto da
teoria do quantum rate, dos processos de TE e transporte de elétrons em dois tipos
de jung¢des moleculares (M] em inglés): monocamadas electroativas auto-montadas
(SAM em inglés) sobre eletrodos e monocamadas aromaticas ligadas entre eletrodos
de carbono. Métodos dependentes do tempo como a espectroscopia de impedancia
(IS em inglés) e a espectroscopia capacitiva derivada de impedéncia (ECS em inglés),
especificamente como um punto quantico resistivo capacitivo (RC). As SAMs redox
foram formadas utilizando peptideos e tiéis marcados com ferroceno. Essas SAMs
apresentam uma C,, que foi obtida por ECS, permitindo a determinagdo de k como
k = 2(Go/c,), onde a constante Gy ~ 77,5 uS é a condutancia quantica. O inverso de
Go define a resisténcia quantica como R; = 1/G, ~ 12,9 k(), estabelecendo um limite
quantico para a TE. Isso demonstra que a eletrodindmica é governada por R, e C.
Além disso, foi determinado que R; compreende dois componentes resistivos conec-
tados em série: a resisténcia de relaxagdo (Ry) e a resisténcia combinada da solugéo
e do contato (Rs), resultando em R; ~ 13 k(). Consequentemente, a interpretacdo
de R; levou a uma reavaliagdo do significado atribuido a resisténcia de transferén-
cia de carga R, revelando que R, € equivalente a R.;. Além disso, foi demonstrado
que, independentemente do esqueleto molecular, os estados C; da interface redox
mediam a TE entre espécies eletroativas livres e o eletrodo, dentro de uma eficiéncia
maxima de transmissdo de elétrons. Especificamente, foi comprovado que um au-
mento no nimero de canais quanticos N, e consequentemente de C,; em cerca de 40%,
foi alcancado por meio de um alinhamento adequado dos niveis de energia entre os
estados dos espécies redox livres e a DOS do SAM. Essa configuragdo excepcional
permitiu a amplificagdo do sinal C; para a detecgdo de um alvo biol6gico. Como
prova de conceito, esse mecanismo de amplificagdo foi aplicado para a deteccdo do
biomarcador da proteina ndo estrutural 1 (NS1 em inglés) do virus da dengue, re-
sultando em um aumento observado na sensibilidade dos biossensores capacitivos
redox em pelo menos 1.000 vezes. No entanto, foi evidenciado que a acidez da inter-
face capacitiva quéntica afeta a media¢do da transferéncia de elétrons como resultado
da repulsdo eletrostatica entre a superficie carregada negativamente e as espécies re-
dox carregadas. Além disso, a determinagdo das propriedades G e C, por meio de
medicoes SI das MJ arométicas demonstrou que G e k estdo correlacionados por meio
de Cy, o que implica que os conceitos fisicos associados estudados separadamente
pelos eletroquimico e pelos fisicos estdo intrinsecamente relacionados. Os resultados
obtidos nesta tese demostram que o modelo do quantum rate € uma teoria adequada
que permite abordar fendmenos envolvidos com a transmissdo de elétrons como a
transferéncia eletronica, condutancia quantica e capacitancia em diferentes MJs.



Resumo extendido

O estudo fundamental dos processo da TE foi construido ao longo de quase um
século, utilizando abordagens cldssicas e quanticas. A compreensdo desse fendmeno é
pertinente ndo apenas para a compreensao de sistemas biolégicos, como a respiracdo
e a fotossintese, mas também para o desenvolvimento de componentes eletroquimi-
cos, como baterias de ions de litio e supercapacitores, elementos-chave de dispositivos
eletronicos fabricados pelo homem. Para entender a TE, interpretagdes macroscopicas
tém oferecido teorias e modelos que, apesar de estarem estabelecidos em bases clés-
sicas, utilizam concepgdes fisicas quanticas e sdo assim referidos como abordagens
semiclédssicas. Sem duvida, abordagens que envolvem elementos quanticos surgiram
no inicio do século XX, como o uso da equagdo de Schrodinger e da notacdo de Dirac,
ambos sendo ingredientes-chave para uma melhor compreensdo e contextualizacdo
do processo de TE dentro de uma base mecéanico quantica. No entanto, a discussdo
continua até os dias de hoje gracas aos avangos tecnolégicos que permitem a comu-
nidade cientifica provar a teoria com experimentos mais precisos.

A interpretacdo mecanico quantica de sistemas moleculares compreende a andlise
tanto da dindmica eletronica quanto da dindmica nuclear. Em particular, uma andlise
mecanico quantica do processo de TE representa um desafio monumental devido ao
problema de muitos corpos envolvido em reagdes eletroquimicas da vida real. O sig-
nificado disso é que, se a dinamica eletronica e nuclear de cada 4tomo envolvido no
processo de TE for considerada, uma analise mecanico quantica se torna invidvel. E
sob essa suposi¢do que aproximagdes sdo necessdrias, como aquelas que permitem
reduzir o sistema a elementos que representam a dindmica chave. Por exemplo, o
processo de TE pode ser formulado como uma mera transi¢cdo entre dois estados
quanticos tnicos, referidos como estados estacionarios doador D e aceptor A (ou
seja, dois estados tnicos) definidos ou caracterizados por um hamiltoniano que per-
mite representar a dindmica de maneira simplificada, com uma separagdo das con-
tribuigdes eletronicas e nucleares. De fato, dependendo se a andlise é conduzida em
termos de dindmica eletrénica, nuclear ou ambos, o tratamento sera cldssico, semi-
classico ou quantico-mecanico. Independentemente do tratamento usado para simu-
lar a dindmica da TE, a conservacao de energia é um requisito. Ao resolver a equagao
de Schrodinger, a energia associada a funcdo de onda fornece uma imagem geral da
conservacao de energia, que foi concebida por Paul Dirac em 1927, que imaginou tal
conservacdo dentro do processo de TE afirmando que "um elétron se localizard em
uma espécie A somente se tiver a mesma energia que tinha na espécie D". Em outras
palavras, um alinhamento do nivel de energia relacionado das fun¢des de onda (ou
seja, orbital eletronico) conduz a um forte acoplamento eletronico entre as espécies A
eD.

Nao é coincidéncia que, em discussdes classicas, a superficie de energia potencial
(SEP) seja uma ferramenta comumente usada para modelar o estado de energia das
estruturas D e A, devido a abordagem da SEP poder lidar com transi¢des eletronicas
entre estados de energia potencial E como uma func¢do da coordenada nuclear da
reacgdo, a qual é uma varidvel extensiva com um tnico grau de liberdade que depende
da posicdo, orientacdo ou momento de dipolo das estruturas D e A. Juntamente com a
dindmica nuclear, a termodinamica é considerada dentro dessas abordagens cléssicas,
observando que a energia potencial ¢ uma funcdo termodinadmica dentro da energia
livre de Gibbs G, a qual leva em conta as interagdes que contribuem para os estados



energéticos D e A, como flutuagdes de energia potencial térmica e eletrostatica dentro
de forcas coulombianas, por exemplo. Finalmente, dentro da descrigdo qualitativa da
reacdo de TE, teorias macroscépicas abordaram a TE, tendo como ponto de partida a
teoria do estado de transigdo (TST em inglés). Consequentemente, as primeiras teorias
de TE focaram na formag¢do de um complexo ativado que controla a TE e a energia de
ativagdo associada AG? das reacoes eletroquimicas.

A teoria semi-classica da TE amplamente aceita teve inicio com a teoria cldssica
desenvolvida por Rudolph A. Marcus nos anos 50, que ganhou o Prémio Nobel de
Quimica em 1992 por sua contribuigdo para a teoria de reacdes de TE em ambientes
quimicos homogéneos, ou seja, para TE entre espécies D/A em solugdo. Ao longo
dos anos, outros cientistas contribuiram substancialmente no desenvolvimento da
teoria de TE como por exemplo Noel Hush, Revaz Dogonadze, Heinz Gerischer and
Christopher Chidsey. Inicialmente, Marcus e Hush trataram as rea¢des de TE como
uma transi¢do adiabdtica, na qual hd um acoplamento eletronico forte entre os esta-
dos D e A. Nessa TE adiabatica, o elétron no estado D seré transferido para o estado
A com a maior probabilidade, o qual é representado pelo coeficiente de transmissdo
K que para este caso equivale a unidade. Como esses modelos cldssicos abordaram a
cinética da TE com base na TST, a constante de taxa de TE k adota o formato simples
de Arrhenius como k = « exp (~AG!/k;T). Em particular, Marcus propds que a AG* as-
sociada a k estd em funcdo da energia de reorganizacdo A, que é a energia necessaria
para levar a configuragdo nuclear de D (ou seja, um ion cercado por dipolos do sol-
vente) a de A.

Esse modelo da TE homogénea foi estendido para reagdes heterogéneas, ou seja,
uma reacdo de TE entre espécies difusivas eletroativas (ou redox) e o eletrodo. Nesse
caso, a interac¢do eletrdnica entre um eletrodo e as espécies difusivas requer que a
cinética leve em consideracdo ndo apenas a distancia entre D/ A e o eletrodo, mas tam-
bém a natureza das espécies D/ A, devido a distribui¢do diferente de estados associ-
ados aos estados discretos (espécies) e continuos (eletrodo). Destaca-se que a cinética
associada a TE é controlada por um mecanismo de difusdo. Geralmente, o uso de
estruturas de monocamada molecularmente ordenadas surgiu como uma forma de
evitar que a difusdo controle a cinética da reagdo de TE, o que altera fundamental-
mente a maneira como o modelo é usado para descrever esse evento de TE sem di-
fusdo. Assim, as SAMs redox tém sido usadas para fixar espécies redox na superficie
do eletrodo, evitando os efeitos do transporte de massa.

Nessa configuracao heterogénea, a reacdo de TE segue um processo ndo-adiabético
(k << 1), devido a interagdo eletronica ser mais fraca ja que as espécies D/A sdo
separadas pela ponte molecular na SAM. Assim, a teoria de TE evoluiu para consid-
erar essas complexidades, a fim de abordar os cendrios de fronteira corretos. Em tais
configuragdes, as interpretagdes da mecanica quantica foram feitas para abordar o
acoplamento eletrénico fraco, como o uso da matriz hamiltoniana |Hp 4| para mode-
lar o acoplamento eletronico, que depende da distancia. Além disso, anélises estatisti-
cas foram introduzidas para considerar os efeitos das flutua¢des térmicas na ocupagdo
dos estados usando a func¢ao de Fermi-Dirac. Portanto, a reacdo de TE ocorrendo entre
espécies redox imobilizadas e o eletrodo foi definida como um alinhamento de niveis
de energia, em que deve haver niveis de energia disponiveis para receber um elétron
(ou buraco) no filme molecular composta por estados redox ligados ao eletrodo e que
a ocupacdo desses estados por elétrons segue uma distribui¢do de Fermi-Dirac. Neste
ponto, essa teoria é referida como a teoria de Marcus-Hush-Chidsey.



Apesar dessa teoria ter surgido como resultado de vérias contribui¢des distintas
que a enriqueceram e permitiram avangar com a discussdo, o uso da teoria com o
objetivo de interpretar resultados experimentais é limitado, a cinética heterogénea
sem difusdo ainda ndo é totalmente compreendida, especialmente no que se refere ao
parametro ad-hoc da A no contexto da presenga do DOS, representam um desafio para
a teoria de transferéncia de TE. Alem disso, existem componentes quanticos que tém
sido ignorados até agora, assim como a necessidade de unir a fisica da eletronica em
escala nanométrica e a eletroquimica.

A medida que a eletronica evoluiu para a escala nanométrica, o estudo do trans-
porte de elétrons por meio de moléculas é relevante, levantando uma pergunta ébvia:
Qual é a diferenga entre o transporte de elétrons, conforme entendido pelos fisicos, e
a transferéncia de elétrons, conforme entendido pelos quimicos? Existe uma relacdo
entre a condutancia molecular e a transferéncia eletronica? Uma diferenca é obser-
vada na configuragdo experimental que estd relacionada aos contatos que conformam
a estrutura. Ao contrdrio da configuracdo de contato molecular tinico estudada em
experimentos eletroquimicos, o contato de eletrodo tipico usado na eletronica molec-
ular consiste em dois contatos, sendo as moléculas entre esses dois as que atuam
como uma ponte molecular, comumente referida como jun¢do molecular seca (M] em
inglés). A corrente elétrica flui através das moléculas ao aplicar uma diferenga de
potencial, ou seja, uma tensdo de polarizacdo continua (DC bias voltage).

Em experimentos de condutancia molecular que envolvem a investiga¢do do mecan-
ismo de transporte de elétrons através do esqueleto de moléculas organicas, estabele-
cem que a estrutura atdmica das moléculas constitui a regido de espalhamento onde
os elétrons provenientes de um dos eletrodo atravessam a ponte molecular, com ou
sem mediacdo da estrutura eletronica molecular, até o outro eletrodo. A teoria mais
comumente usada para interpretar a condutancia de elétrons é a teoria da condutan-
cia de Landauer, que define o quantum de condutancia G como G = Go Y2, T, (),
onde YN | T, (1) leva em conta as probabilidades de transmissao T, (j) através de
um numero n de canais quanticos individuais (até um total de N) em um determi-
nado nivel de potencial quimico y, onde Gy representa a constante universalmente
conhecida para a condutancia quantica, aproximadamente 77,5 uS.

A maioria dos experimentos levam 2 interpretacio de que Y2, T, (1) segue um
mecanismo de tunelamento, cuja estatisticas de espalhamento pode ser considerada
como proporcional a exp(—pBL), onde B é um paradmetro relacionado a altura da bar-
reira de potencial para os elétrons tunelarem e L é o comprimento da ponte molecular.
E importante destacar as semelhangas entre o ET k e o transporte G em relagdo a de-
pendéncia com o L; ambos os fendmenos dependem das caracteristicas de transmis-
sdo de elétrons das moléculas de maneira semelhante, como observado por Abraham
Nitzan, quem propds uma relacdo linear entre G e k com base nessa premissa.

No entanto, devido ao fato de que as configuragdes experimentais da eletronica
molecular e da eletroquimica sdo fisicamente diferentes, as tentativas experimentais
de confirmar a correlagdo linear de Nitzan tém sido mal sucedidas. Nao apenas o am-
biente do solvente foi uma fonte de diferengas entre a condutancia molecular e as con-
figuracdes experimentais eletroquimicas, mas também o ambiente molecular, onde
medic¢des de G, foi utilizado um contato de dois eletrodos, enquanto nas medigdes
de k, foi utilizado um contato de um tnico eletrodo. Nesse contexto, técnicas ex-
perimentais que permitam seu acesso nas mesmas configuracdes experimentais sdo



necessdrias ndo apenas para compreender a relacdo entre esses conceitos, mas tam-
bém para compreender o papel desempenhado pelo x o« exp(—pBL) (para mecanismos
de tunelamento) em diferentes configuragdes e situa¢des. Para isso, a interpretagdo
dos dados experimentais deve ser apoiada por teorias capazes de correlacionar esses
conceitos fisicos de maneira consistente.

A teoria do quantum rate propde uma velocidade quantica fundamental de prime-
rios principios v = ¢*/nc,, que informa sobre o DOS como C; « ¢*?DOS. Esse con-
ceito de velocidade quantica é utilizado para elucidar a constante de velocidade de
transferéncia de elétrons k de reagdes eletroquimicas, como k = G/c,, onde Cyé
a capacitancia eletroquimica. 1/c, é definido como a combinacdo em série de duas
contribui¢des capacitivas:1/c, = 1/c. + 1/¢;, onde C, corresponde a contribuigao elet-
rostatica e C, corresponde a contribuigdo quéntica. C, esta relacionada a separacao
espacial de carga, que é atribuida a carga ndo-Faradaica e considera as propriedades
da estrutura do eletrélito, incluindo a contribui¢do do solvente e dos contra-ions. Por
outro lado, C, esta relacionado a carga Faradaica devido a dinamica de transferén-
cia eletronica associada ao carregamento dos estados quanticos na reacdo de oxido-
reducao.

A relagdo k = G/c, estabelece a correlagdo entre k e G por meio de C;,, implicando
que os conceitos fisicos associados estudados separadamente pelos eletroquimico e
pelos fisicos estdo intrinsecamente relacionados. Sempre que se aplicam as regras de
degenerescéncia do elétron (gs = 2) e da corrente eletroquimica (g, = 2), a constante
de velocidade para reagoes eletroquimicas se simplifica a k = gs¢,¢°/nC, = 4(¢*/nc,),
com a consequéncia direta de que C, € a tnica varidvel experimental e todas as pro-
priedades da interface podem ser determinadas apenas medindo C,. A teoria quantum
rate estabelece duas principais metodologias que nos permitem medir C,; da inter-
face, nomeadamente, voltametria ciclica (CV em inglés) e espectroscopia capacitiva
derivada de impedancia (ECS em inglés).

Esta tese apresenta um estudo fundamental, dentro do contexto da teoria do quan-
tum rate, dos processos de transferéncia e transporte de elétrons em dois tipos de
M]J: monocamadas electroativas auto-montadas (SAM em inglés) sobre eletrodos e
monocamadas aromdticas ligadas a dois contatos de eletrodos de carbono ("dry" MJ).
Métodos dependentes do tempo, como a espectroscopia de impedancia (IS em inglés),
especificamente a ECS, foram empregados nesse estudo. Os dados de impedéncia
foram analisados por meio do ajuste de circuito equivalente, j& que a eletrodindmica
relativistica quantica associada as moléculas que compdem as MJs pode ser modelada
como um punto quantico resistivo capacitivo (RC).

As SAMs redox foram formadas utilizando peptideos e tidis marcados com fer-
roceno. Essas interfaces eletroativas apresentam uma C;, que foi determinada por
ECS, permitindo a determinagéo de k como k = 4(¢°/nc;) = 2(Go/c,). O inverso de
Go define a resisténcia quantica como R; = 1/G, ~ 12,9 k), estabelecendo um lim-
ite quantico para a TE. Isso demonstra que a eletrodinamica é governada pelos ele-
mentos R, e Cy. Além disso, foi determinado que R; compreende dois componentes
resistivos conectados em série: a resisténcia de relaxagdo (Ry) e a resisténcia com-
binada da solugdo e do contato (R;), resultando em R; ~ 13 k(). Essas resisténcias
ndo podem ser separadas. Consequentemente, a interpretagdo de R; dentro do mod-
elo do quantum rate levou a uma reavaliacdo do significado atribuido a resisténcia de
transferéncia de carga R, revelando que R € equivalente a R;.

Além disso, foi demonstrado que, independentemente do esqueleto molecular,



os estados C, da interface redox mediam a TE entre espécies eletroativas livres e o
eletrodo, dentro de uma eficiéncia maxima de transmissdo de elétrons. Especifica-
mente, foi comprovado que um aumento no nimero de canais quanticos N e, con-
sequentemente, de C; em cerca de 40%, foi alcangado por meio de um alinhamento
adequado dos niveis de energia entre os estados dos espécies redox livres e os esta-
dos C; da monocamada. Essa configuragdo excepcional permitiu a amplificagdo do
sinal capacitivo para a deteccdo de um alvo biol6gico. Como prova de conceito, esse
mecanismo de amplificagdo foi aplicado para a detecgdo do biomarcador da proteina
ndo estrutural 1 (NS1 em inglés) do virus da dengue, resultando em um aumento
observado na sensibilidade dos biossensores capacitivos redox em pelo menos 1.000
vezes. No entanto, foi evidenciado que a acidez da interface capacitiva quantica afeta
a mediacdo da transferéncia de elétrons como resultado da repulsao eletrostética entre
a superficie carregada negativamente e as espécies carregadas redox.

A determinagédo das propriedades G e C;, por meio de medig¢Ses SI das MJ aromati-
cas com diferentes espessuras em diferentes potenciais de polarizagdo e temperaturas
demonstrou que G e k estdo correlacionados por meio de C;,, como proposto pela teo-
ria do quantum rate, onde as mudangas de conductancia em funcdo da polariza¢do
e temperatura sdo acompanhadas pelas mudangas de k, contrério a C, que se man-
teve invariante. Portanto, a teoria do quantum rate é validada por meio da anélise
da TE, condutancia quantica e capacitdncia em diferentes filmes moleculares e MJs
eletroativos, demonstrando assim sua abrangéncia para estudar differentes sistemas
em nanoescala.
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Introduction

This thesis work deals with the fundamental study of electron transfer and transport
phenomena in mesoscopic systems focusing on nanoelectronic and nanoscale electro-
chemical devices. In these systems, neither classical nor quantum mechanics exclu-
sively prevail. This is because they contain an ensemble of molecules that are large
enough to consider that the related physics is purely governed by quantum mechan-
ics, yet not large enough to adhere entirely to the principles of classical mechanics.
Examples of such systems are redox SAMs and molecular ensembles sandwiched be-
tween electrodes. The fundamental understanding of how the electron is transferred
and transported in these molecular junctions is a major challenge that requires a self-
consistent theory, which allows the interpretation of experimental data. This knowl-
edge will enable the development of novel and advanced nanoscale devices.

One part of the presented thesis focuses on the fundamental study of the phe-
nomenon related to the ET process in heterogeneous diffusionless settings, specifi-
cally in SAM. It also investigates its role in mediating ET between the electrode and
electroactive species in solution. The mechanism associated with this mediation is
evaluated as a potential means of signal amplification. Additionally, the study ex-
amines the electrodynamics that influence such mechanisms. The other part cen-
ters on the demonstration of the correlation between molecular conductance and
the charge transfer rate in MJ. These studies are conducted within the quantum rate
theory framework and experimentally performed by impedance spectroscopy and
impedance-derived capacitive spectroscopy.

The semi-classical theory developed for the ET process proposes a quantum me-
chanical analysis using the non-relativistic Schrodinger equation, which describes the
electrodynamics properties of the electrochemical reaction. This reaction involves the
exchange of electrons between the electronic states of the donors D and acceptor A
species, such as ions and molecules. The rate at which this ET occurs is determined
by the electron transfer rate constant k, which can be measured by established electro-
chemical methods that utilize electrodes to investigate redox reactions. On the other
hand, the molecular conductance G, which characterizes the flow of electric current
through the molecules between the electrodes under a potential difference, was the-
oretically found to be correlated to k. This correlation implies a connection between
electron transport, as understood by physicists, and electron transfer, as understood
by chemists. Within this context, the quantum rate theory demonstrates that the elec-
trodynamics of electron transfer reactions are governed by the relativistic Dirac equa-
tion rather than the non-relativistic Schrodinger equation. Additionally, it establishes
a correlation between k and G through the electrochemical capacitance Cy, which can
be experimentally verified.
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0.1 Objectives

The general objective of this study is to comprehensively investigate the quantum me-
chanical aspects of electron transfer, capacitance, conductance and resistance within
the framework of quantum rate theory. This was achieved through equivalent quan-
tum circuit analysis of the impedance data measured for mesoscopic interfaces, fo-
cusing on the following specific objectives:

@ Establish the quantum mechanical interpretation of charge transfer resistance
by employing equivalent quantum circuit analysis of electrochemical interfaces.

@ Demonstrate that the resistance quantum (or conductance quantum) represents
the ideal scenario for electron transmittance. Investigate cases where electron
transmittance deviates from the ideal adiabatic condition and incorporate the
transmission coefficient, as proposed in the semi-classical theory, which relates
to the specific settings of the transmission matrix probability for the tunneling
mechanism of electron transfer in redox-active self-assembled monolayer inter-
faces.

@ Prove that the alignment of formal potential levels between quantum capacitive
states within the interface and non-capacitive states in solution leads to diffu-
sionless, kinetically controlled charge transfer between the electrode and free
redox species that complies with a charge transfer resistance limit, such as R, ~
12.9 k). This phenomenon is a direct result of electron transfer being mediated
by the quantum capacitive states present in the interface.

@ Confirm that the alignment of energy levels between free redox species and
quantum capacitive states allows the enhancement of the capacitive signal, pro-
viding experimental evidence for detecting the NS1 biomarker as a proof-of-
concept in the development of biosensing interfaces.

@ Investigate electrostatic effects that influence the stability of energy level align-
ment between free redox species and quantum capacitive states, which may im-
pact the accessibility of quantum conductive channels for the electron transfer
process.

@ Provide evidence for the correlation between G and k in molecular electron-
ics settings by utilizing the electrochemical capacitance Cy, demonstrating that
the electrochemical and molecular electronic concepts are fundamentally con-
nected. Specifically, demonstrate the relationship as C;, as k = G/c,..

By addressing these specific objectives, this thesis aims to advance our under-
standing of quantum mechanical phenomena in charge transfer resistance, electron
transmittance, energy level alignment, and their interplay in nanoscale molecular
junctions. These accomplishments allow us to design devices, such as biosensors and
electronic devices.
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0.2 Outline of the thesis

Chapter 1 gives the theoretical background of electron transfer/transport theories.
Firstly, the development of the semi-classical theory of the ET reaction is related, de-
scribing the main concepts and principles of the homogeneous ET reaction, which was
extended to the heterogeneous diffusionless setting. Additionally, the corresponding
description of the electron transport phenomenon is introduced, including the theo-
retical approach for its correlation with the ET rate constant, as well as the descrip-
tion of the experimental study of this relationship. Afterward, a brief review of the
quantum rate theory is presented. Finally, the main techniques to measure k of hetero-
geneous diffusionless setting and the limitations to interpreting the obtained results
with the theory are briefly described.

Chapters 2-5 comprise the study of the quantum rate dynamics of electroactive
SAMs through the equivalent quantum circuit analysis of the impedance spectroscopy
data, which is detailed in chapter 2. A comparison between the ET mediation by two
distinct SAMs, accordingly to the quantum rate interpretation of chapter 2, is pre-
sented in chapter 3. The corresponding results of chapter 2 and 3 have been published
in the Jornal of Physical Chemistry C (DOI: 10.1021/acs.jpcc.1c07801) and Electrochim-
ica Acta (DOI: 10.1016/j.electacta.2022.141194), respectively. Chapter 4 evaluates the
application of the energy level alignment as an amplification mechanism for sensing.
Specifically, it compares the quantification of nonstructural protein 1 (NS1) dengue
viruses biomarker using capacitive and non-capacitive states with the typical capac-
itive biosensing method. The corresponding results are currently under submission
to the journal Sensor and Actuators B: Chemical. Chapter 5 describes the evaluation of
energy level stability influenced by electrostatic factors.

The final chapter reports the impedance characterization of molecular junctions
measured at different potential biases and temperatures. Its interpretation is con-
trasted with the quantum rate theory and demonstrates that the corresponding phys-
ical concepts of conductance and ET rate are correlated.
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Chapter 1

State-of-the-art

The fundamental study of the electron transfer (ET) event has been built over almost
one century, using classic and quantum approaches. The understanding of such phe-
nomenon is pertinent not only for comprehending biological systems such as respira-
tion (GIESE; KARAMASH; FROMM, 2023) and photosynthesis (THAPA et al., 2022),
but also for developing of electrochemical components such as lithium-ion batteries
(WANG; YANG; ZHENG, 2022) and supercapacitors (NIU et al., 2022), key elements
of man-made electronic devices. In order to understand the ET, macroscopic interpre-
tations has offered theories and models that in spite of being established over classical
basis they use quantum physical conceptions and are so referred as semi-classical ap-
proaches. Undoubtedly, approaches that involve quantum elements emerged at the
beginning of the twenty century such as the use of Schrodinger equation and Dirac
notation, both being key ingredients for a better understanding and contextualization
of the ET process within quantum mechanical basis. However, the discussion contin-
ues nowadays thanks to the technology advances that allow the scientific community
to defeat the theory with more precise experiments.

The quantum mechanical interpretation of molecular systems comprehends the
analysis of both the electronic and nuclear dynamics. In particular, a quantum me-
chanical analysis of the ET process represents a monumental challenge due to the
many-body problem involved in real-life electrochemical reactions. The meaning of
this is that if the electronic and nuclear dynamics of each atom involved in the ET
process are considered, a quantum mechanical analysis becomes unfeasible. It is un-
der this assumption that approximations are needed such as those that allow to re-
duce system to elements that represent the key dynamics (GRIFFITHS; SCHROETER,
2018). For instance, the ET process can be formulated as a mere transition between
two single quantum states, refereed as donor D and acceptor A stationary states (i.e.,
two single states), defined or characterized by a Hamiltonian that allows to represent
the dynamics in a simplified way in each a separation of the electronic and nuclear
contributions. Indeed, depending on whether the analysis is conducted in terms on
electronic or nuclear dynamic (or both) the treatment will be classical, semi-classical
or quantum mechanical in nature (MARCUS, 1956; DOGONADZE; KUZNETSOV;
CHERNENKO, 1965; BUENO, 2018). Regardless of the treatment used to simulate the
ET dynamics, the energy conservation is a requirement. By solving the Schrodinger
equation, the energy associated to the wave function gives a general picture of the
conservation energy, which was envisioned by Paul Dirac in 1927, who pictured such
conservation within the ET process stating that "an electron will localize in an A specie
only if has the same energy as it did in the D specie". In other words, an alignment of the
related energy level of the wave functions (i.e., electronic orbital) that conduct to a
strong electronic coupling between A and D species, as will be further discussed.
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It is not coincidence that in classic discussions, the potential energy surface (PES)
is commonly used tool to model the energy state of D and A structures (briefly dis-
cussed in the section 1.1), owing to PES approach can deal with electronic transitions
between potential energy E states as a function of nuclear coordinate of the reaction
q', see additional information on nuclear configuration dynamics in Fig. 1.1a. Along
with the nuclear dynamics the thermodynamics is considered within these classical
approaches by noting that potential energy is a thermodynamic function within the
Gibbs free energy G, accounting for interactions that contribute to the energetic D
and A states, such as thermal and electrostatic potential energy fluctuations within
coulombic forces, for instance. Finally, within the qualitative description of the ET re-
action, macroscopic theories addressed the ET taken as a starting point the transition
state theory (TST). It is worthwhile to note that the TST, developed in 1930s, contem-
plates the Henry Eyring’s formulation to treat rates of chemical reaction and encom-
passes not only kinetics-theories but also thermodynamic and statistical-mechanical
treatments (LAIDLER; KING, 1983). Accordingly, the first ET theories were focused
in the formation of an activated complex that controls the ET and the associated acti-
vation energy AGY of the electrochemical reactions.

1.1 The beginning of the formulation of the ET theory
based on the transition state theory

At first glance, the key contributions of the quantum analysis to the development of
the ET theories was by considering the ET as following tunneling mechanism for the
transport of electron from D to A which takes place, a priori, by an electronic orbital
overlap between D and A species. This is considered qualitatively (energy conserva-
tion condition is fulfilled by considering the linear combination of wave functions of
D and A) or quantitatively (by considering an integral overlap in the Hamiltonian ma-
trix elements of D and A species). However, the history of the current widely accepted
ET theory started with classic developments that considered elastic distortion and
charge fluctuation models(FLETCHER, 2010). The classical ET theory was developed
by Rudolph A. Marcus in 50’s, who won the Nobel Prize in chemistry in 1992, for his
contribution to the theory of ET reactions in homogeneous chemical settings.

Before the quantum mechanics has been considered in the ET theory, the classi-
cal models such as those proposed by Marcus” and Hush’s treated the ET reactions
as an adiabatic processz(MARCUS, 1956; HUSH, 1958, 1961). Adiabatic transitions
describes the resultant PES for a system defined by a strong electronic coupling be-
tween the D and A states described by the individual PES in Fig. 1.1a (VAN V. et al.,
2010). Strictly, the electronic coupling is related to the matrix element in the Hamilto-
nian describing the outcome transition in the ET. However, for keeping it simple, this
matrix electronic coupling analysis will not be discussed here, though its physical
interpretation of the energy level alignment is relevant for describing the electronic
coupling. Fig. 1.1b shows two solid surfaces, one with the lowest potential energy,

1q which, for simplicity, is an extensive variable with a single degree of freedom that depends on
the position, orientation or dipole moment of D and A structures. The nuclear coordinate consider
contributions from vibrational and polarization models of reactants (FLETCHER, 2010).

2This process involves the interaction of adiabatic electronic states that quantitatively speaking are
eigenstates of the Born-Oppenheimer electronic Hamiltonian (BALZANI et al., 2001)
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Figure 1.1: Potential energy surfaces in electron transfer process as a transition state event. (a)
Adiabatic PESs for single D and A states. The minimum points indicate the equilibrium coor-
dinates (4%, E?). (b) The strong electronic interaction between the D/A states results in a new
adiabatic curve, the two-well surface, in which the electronic motion (not shown) adjust itself
along the nuclear coordinate to success the transition thermally activated (—AG* < KpT), with
the highest probability, so x = 1. The shade area between the upper and lower PESs is known
as the forbidden region in the Landau-Zener model (GRIFFITHS; SCHROETER, 2018). (c) For
a week coupling, the PESs remain almost unaltered, the transition will follow a non-adiabatic
one, according to the Franck-Condon principle, from (4%, G%) to (94, GY) (i.e., the system
jumps between both parabolas in the interception point where g% = 4%). The electronic cou-
pling magnitude Hp 4 is proportional to the gap between the states, and is related to energetic
feature of the activated complex, as Hap = /4 — AG* when GOD = G% (AG° = 0). Note that
when both parabolas does not share the same equilibrium energy G% # G9, AG® # 0 scenario
is also possible.

Source: Author (2023).

characterized by the two wells, and the other with the highest potential energy; the
gap between these potential energy curves is proportional to the electronic coupling.
In this ET depiction, the electron in the D state will be transferred to the A state follow-
ing the two-well PES with the highest probability. However, what is the rate of such
an adiabatic transitions? As above-mentioned, the classical models addressed the ET
kinetics based on the TST and adopted the Eyring’s equation for the ET constant rate

k, given by
—AGH
k= Aexp ( kT ) (1.1)

where kp is the Boltzmann constant and T is the temperature. The pre-exponential fac-
tor A, commonly associated to a frequency factor in the Arrhenius’ kinetics, played a
key role in the ET theory development, relating electronic (i.e., electronic transmission
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coefficient x> and electron hopping frequency v,;.) and nuclear factors (i.e., nuclear
vibration frequency v,) (BALZANI et al., 2001), indicating whether the transition is
adiabatic or non-adiabatic, as briefly discussed previously. The formulation of AG?
was carefully considered not only by the classical models based on TST (adiabatic),
but also by the semi-classical approaches that considered perturbation methods (non-
adiabatic) to formulate AG¥.

In the ET adiabatic transitions, regardless the strong electronic interaction that
leads to the highest ET probability x = 1, which can be favored by short distance [ (x o
exp(—pl), where B is the tunneling decay parameter), the determining step for the
system to reach the intersection region is the nuclear vibration (A ~ v;) sufficed by the
thermal fluctuations (—AG*+ < kgT) (BALZANI et al., 2001). Therefore, the constant
rate expression takes the simple Arrhenius format (see Eq. 1.2 and Eq. 1.3). Recalling
that the transition state follows the lowest PES (see Fig. 1.1b), whose electronic state
is constituted by the combination of both D/A states (i.e., strongly coupled states), in
accordance to the Born-Oppenheimer approximation, conducting to the the electronic
motion that suits to the changing nuclear configuration along the reaction coordinate.

Because in the non-adiabatic ET transition is the consequence of a weak electronic
interaction between the D/A states, each single state remain almost intact and, there-
fore, there will be two PESs (see Fig. 1.1c), one related to another by an intersection
point that represents the nuclear coordinates of the activated complex, which are also
the nuclear coordinates at which the transition occurs, obeying two principles: the
Franck-Condon, which states that the nuclear configuration is motionless while the

electron is transferred (tﬁ) = qi); and the energy conservation (G;FJ = Gi) princi-
ple. However, the system passes this intersection point not only one time, but many
times owing the gap be small (see Fig. 1.1c), as result of a weak coupling 4, that the
transition probability is not unity (x << 1). Eventually, the related constant rate not
longer takes the form of Eq. 1.1, with the pre-exponential factor depending on the
electronic coupling owing A ~ x, which is contrary to an adiabatic process. There-
fore, in non-adiabatic ET reactions the thermal fluctuations are not enough to pay the
high energetic cost of the activation energy, they are usually considered as a photo
induced process (BALZANI et al., 2001).

In order to address this weak electronic interaction, the Dirac’s first-order pertur-
bation theory has been used by some authors (DOGONADZE; KUZNETSOV; CHER-
NENKO, 1965), building up an ET theory from a quantum mechanical insight. This
perturbation method treats the electronic interaction (or coupling) by means of an ad-
ditional Hamiltonian, namely the matrix element (as above-mentioned) that quantita-
tively relates the transition from the D to the A wave function (or state) with a pertur-
bation® (NEWTON, 1991). The main implication of this approach in the ET constant,
for an non-adiabatic process, is that the obtained rate constant is an exponential-like
expression (see Eq. 1.6), similar to Eq. 1.1, whose pre-exponential factor takes a more
complex form, in comparison with the adiabatic case, which is described in terms
of the electronic Hamiltonian matrix element. And by last but not least, it brings
up the discussion of ET for multiple acceptor states (i.e., probability density function
treated as a Boltzmann distribution) that are represented by the exponential factor

3k is also the averaged transition probability per passage of the system through the intersection

region in Fig. 1.1b and ¢, and is exponentially dependent on the D/A distance (MARCUS, 1964).
“Mathematically described by the matrix element, briefly discussed in the section 1.3.
5As result of this treatment, the integral overlap is obtained as described in section 1.3.
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(GERISCHER, 1990; DOGONADZE; KUZNETSOV; CHERNENKO, 1965), not only
addressing homogeneous ET reaction but also envisioning the electrode reaction.
Definitely, the coupling strength is an important component beneath the funda-
mental construction of the ET theory. Based on the quantum mechanical treatment
of the orbital overlap, it is expected that the overlap decays exponentially with the
distance (FLETCHER, 2010). Bearing in mind this, the electronic interaction between
species in solution shown by Fig. 1.2a (i.e., homogeneous reaction) and between an
electrode and diffusive species shown by Fig. 1.2b (i.e., heterogeneous reaction), re-
quires that the kinetics must consider not only by taking the distance between D and A
distance that is hugely influenced by the molecular configuration of D and A, but also
by the D and A nature owing to unlike distribution of states that govern the ET and
electronic communication between these states. As the nature of D and A became more
complex, from homogeneous to heterogeneous ET reaction, for instance, an immobi-
lized molecule over an electrode can act as both D and A species, the ET model must to
consider these complexities in order to address a correct boundary scenarios for the
electrochemical reaction. In the following section, a brief review of how ET theories
evolved will be made, summarizing the main aspects and pointing out not only the
fundamental key terms of each approach, but also how they are connected.

1.2 More details about classical macroscopic ET theories,
including the reorganization energy term

In electrochemical reactions, the electrolyte plays a key role in the kinetics. The un-
derstanding of solid /liquid interface structure is important for many heterogeneous
applications (where the inner and the outer Helmholtz plane as well as the structure of
the electric double-layer are of a key importance). Some phenomena such as the elec-
trostatic interactions that occurs in the electrolyte phase are important. For instance,
it can be mentioned the (a) ion-solvent dipole that is of fundamental importance for
understanding the short range interaction that allows the solvation shell formation
and (b) the ion-ion interaction that conducts to a long range interaction phenomenon
that ensures the microscopic electroneutrality of the electrolyte (BARD; FAULKNER,
2000). These two examples demonstrates the complexity of the electrolyte environ-
ment that influences the ET rate. One of the key proposals of the ET theories is that
the electrolyte environment must be dynamically accommodated during the ET reac-
tion process, which requires an energy cost that has been formulated in terms of an
additional energy term to that of the activation energy, which was addressed in clas-
sical and semi-classical ET theories such as those formulated in Marcus” and Hush’s
works.

Marcus ET theory was developed for homogeneous ET reaction (see Fig. 1.24), by
taking the D and A chemical species as spheres surrounded by dipoles of the solvent
molecules. Therefore, in Marcus’s model it was neglected the molecular electronic
structure of D and A species. In particular, the non-equilibrium dielectric polarization
was adopted for the calculation of the electrostatic free energy of the non-equilibrium
state, wherein the dielectric polarization was treated as a vector that fluctuates ac-
cordingly to the ionic reactants’ charge dynamics, which is a state comprised by an
unusual polarization around the activated complex (MARCUS, 1956). Such electro-
static contribution to AG¥ to the activated complex, that is —AGF = (A+AG%?/4y, is
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Figure 1.2: Schematic representation of diffusion controlled and diffusionless electrochemical
reactions. (a) The Marcus model for ET between D and A chemical species taken as two spheres
surrounded by dipoles of the solvent molecules, which are specifically oriented forming the
activated complex, energetic process fulfilled by A. Since the ET process happens in solution,
the reaction is refereed as homogeneous, and depends on the mass transport. (b) The ET at
the interface between an electrode and electroactive chemical species in solution is known
as heterogeneous reaction, which same as (a) depends on the mass transport process. (c) A
particular setting of (b) in which the electrochemical species, surrounded by the electrolytic
environment, are anchored onto the electrode surface by a molecular bridge suppressing the
mass transport effect, leading to a diffusionless reaction.

Source: Author (2023).

known as the reorganization energy A°, which is the energy required for bringing the
D nuclear configuration (i.e., an ion surrounded by dipoles) to that of the A.

In Marcus theory, the pre-exponential factor was taken as an attempt frequency
which, for instances, for bimolecular ET reaction is referred as the collision number.
Marcus’s consideration did not required the A possess a strong electronic interaction
with D. On the contrary, the assumption of slight-orbital overlap between D and A
was an explicit consideration in theory’. However, in subsequent papers Marcus
proposed « as unity (MARCUS; SUTIN, 1985), which is a limit value for adiabatic
transition (BALZANI et al., 2001; BARD; FAULKNER, 2000), conducting to a mixing

®The reorganization energy is composed by two components, the solvational Ay and vibrational A;
terms, which considers the reorganization of the dipoles of the solvation shell around the A and the
reorganization of D specie, respectively (MARCUS, 1993).

This was formulated in accordance with the uncertainly principle in which the the lifetime of the
activated complex would be enough for the success of the ET that may be achieved under a small-
overlap (MARCUS, 1956) of the wave functions of D and A species.
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consideration that in part is in agreement with the use of the transition state theory
for the activation process of the ET. The obtained constant rate expression for homo-
geneous ET reaction was thus formulated as Eq. 1.2

—(A+ AG)?
k = KVe1 €XP W

which was extended to heterogeneous (electrode) reactions. Marcus ET model has
also been used to formulate kinetic predictions associated more complex electrochem-
ical reactions involving long-rage ET in biological systems (INIEWSKI, 2010). The
key assumption of Marcus theory is the reorganization energy which is unique of his
model. Other models are variants of the same proposition, whereas the reorganiza-
tion is the key component that explain the whole of the solvent in the ET reactions.

The assumption of weak interaction for adiabatic ET is also presumed by Noel S.
Hush for electrode reaction (see Fig. 1.2b) (HUSH, 1958) and later extended to homo-
geneous reaction (HUSH, 1961), wherein the orbital overlap was assumed to be small
enough for certain limiting distances of D and A species, but large enough to allow the
reaction to proceed with a x ~ 1 (HUSH, 1958). The Hush ET theory was developed
for outer-sphere reaction, specifically for coordination complex, in which ET is not
considered in terms of PES, despite the assumption of a transition state, but by using
electron probability density assumption. Accordingly, Hush treated the charge trans-
fer in terms of a probability distribution and the derivation of AG} was taken in terms
of this parameter only. Not only electrostatic was considered but also thermodynamic
analysis supported by classical approach such as the continuum solvating model and
crystal field theory, which also considered the key role played by the solvent dielec-
tric, likewise in Marcus model. Nonetheless, in Hush model the activation energy is
defined as the energy required to bring together the D and A species, which must be
suitable solvable and so, demanding an additional energy for the solvating shell for-
mation, i.e., the associated to the energy required to change the dielectric polarization
around D and A species, which ultimately is the energy required for stabilization of
the transition state complex during the ET event.

Such as in the Marcus model, the formulation of AG* by Hush did not concerned
about the electronic structure of D and A species and the ET rate constant was assumed
to take the typical reaction rate expression formulated by Marcus ET homogeneous
settings as well as the same format is obtained for heterogeneous reaction, which is
likely a limitation of both formulations that neglects the electric structure of D and
A species. In summary, the ET rate constant in both Marcus and Hush models is
assumed to be

(1.2)

_ kgT —AGH
k=« 7 exp( T ) (1.3)

where x equals the unity for ideal adiabatic process. Note the similarity between
Eq. 1.2 and Eq. 1.3, equations coming from different formulations of ET rate constant,
but is a result of the similar physical chemical premises taken by these models, such as
dielectric continuum of the solvent structures as well as the adoption of macroscopic
states that ignores the electronic structure of D and S states besides the weak orbital in-
teraction. The strength of these models is that they highlighted the importance of the
dielectric constant of the solvent and its influence on the activation energetic barrier.
Therefore, between 50 to 60s Marcus and Hush set out a ET theoretical models that
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further evolved, aiming to overcome the limitation related to classical components of
these models. Therefore, quantum mechanical interpretations arises further, leading
to the well-known semi-classical ET theoretical approach that will be discussed in the
following section.

1.3 The quantum mechanical components of the semi-
classical ET theory

ET theories as introduced previously can be interpreted from a quantum standpoint
and this has been specially conducted in order to describe non-adiabatic ET transi-
tions. This is quite straightforward if a quantum description is made by invoking
changes of the wave functions of D and A during the ET that depends on the elec-
tronic coupling between D/A. This event can be described using a Hpy Hamiltonian,
which is refereed in the quantum chemistry literature as the coupling matrix element
or electron transfer integral. This electronic coupling is defined as Hpy = (¢a|H,|¢p)
(NEWTON, 1991), where H,; is the electronic Hamiltonian operating over the wave
function of D (¢p) in order to obtain that of 4, ¢». However, how is the matrix ele-
ment evaluated and what is its nature? The answer to these questions will depend on
the mathematical approach (NEWTON, 1991). For instance, in the Paul Dirac’s first-
order perturbation theory, the electronic coupling is thought as a perturbation, which
must be minimal for the method to be valid. Accordingly, in order to calculate Hp,,
wherein ¢p and ¢, are the frontier orbitals, the electronic coupling involves a weak
orbital overlap, i.e., ({a|¢p).

The wave mechanics treatment of the orbitals of D and A for modelling ET reactions
has been a success within a constructive overlap of the wave functions having similar
energy levels. The way in which the transition between two single wave functions is
addressed in terms of probability Pps of ET occurs between two specified energies (ip
and y,), conducted fundamental discussions of ET towards a more general approach
from which the rate constant was obtained using a probability function. Therefore,
it was introduced the Dirac delta distribution function (NEWTON, 1991) in which
statistics associated to electronic distribution of D and A were appropriately consid-
ered within the ET theory, which quite suitable to deal with both homogeneous and
heterogeneous reactions. Note that this approach allows to give a more appropriate
description to the electron as a indistinguishable particle in which the statistical dis-
tribution follows a different occupation compared to distinguishable particles such as
ions.

For instance, using the above-mentioned approach, heterogeneous reactions (or
electrode reactions) can be modelled considering the nature of D and A statistically.
Owing to heterogeneous redox reactions are driven by a metallic electrode, the higher
density-of-states of metal is quite important to be considered in the analysis, in such
way that the electrode is modelled as a continuum and the redox species in the so-
lution phase are modelled as discrete states, conducting to a Boltzmann distribution
function of the energy states (DOGONADZE; KUZNETSOV; CHERNENKO, 1965;
GERISCHER, 1990; FLETCHER, 2010). In other words, multiple A states were con-
sidered for heterogeneous reactions and were addressed separately by Revaz Dog-
onadze and collaborators (DOGONADZE; KUZNETSOV; CHERNENKO, 1965) and
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by Heinz Gerischer (GERISCHER, 1990) in the 60 's. Particularly, Gerischer associ-
ated the ET as governed by probability function that accounts for both density-of-
state ¢(¢) and the matrix element (see Eq. 1.4). In this way, for an reduction reaction
occurring at certain energy levels yp, that is with average D state, the discrete A states
¢a(up) participate in the ET event within a probability density for the ET as a function
of time f that takes the form

Poa(1) ~ 22 Hoa g o) 14

where ¢, (up) is the probability density of A states at yp. In other words, the probability
of ET considers available density-of-states of A at yp, that is at the Fermi level of the
electrode®. Note that the key energy level governing these heterogeneous reactions
is that of the electrode, whereas the energy of the species are considered whenever
the distribution function is provided, such as is the case of Eq. 1.5. Consequently, the
ET rate constant can be obtained by differentiating Eq. 1.4, leading to the following

expression, k = 27/n| Hpy |2¢A( up)(BALZANI et al., 2001; SCHMICKLER, 1996), which
is known as "the golden rule".

As mentioned previously, density-of-states of molecules in solution phase and of
the metallic electrode follows different statistics. For the solution phase the random
thermal motion of charged species and its surrounds conducts to a thermal energy
distribution that follows Boltzmann occupancy in which the probability density can
be expressed as a function of energy eV (@ = —edV), conducting to the following
expression

1 —(eV —eVy)?

neV) = —mep (<)
where the pre-exponential factor is the normalized factor of the distribution function
and the exponential term is directly associated to the activation energy that is cor-
related to the electrostatic potential and the reorganization energy as proposed by
Marcus, as described in section 1.2, see also Eq. 1.2. This probability density func-
tion is refereed in the literature as the Franck—-Condon-weighted density-of-states
(FCWD) (SCHMICKLER, 1996; BALZANI et al., 2001). Considering FCWD probabil-
ity density function, the semi-classical rate constant expression is promptly obtained,
which can be easily extended to consider heterogeneous rate constant of electrochem-

ical reactions by noting the contribution of the electronic structure of the electrode
(GERISCHER, 1990), leading to Eq. 1.6 such as

(1.5)

—(/\+AG0+EF)2> (1.6)
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where Er is the Fermi level of the electrode. Eq. 1.6 is known as Marcus semi-classical
ET transfer theory. The adaptation of this semi-classical theory to describe heteroge-
neous situations was conducted by Heinz Gerischer, who related the band positions
of the electrodes to the electrode kinetics, noting that for ET reaction suitably pro-
ceeds, the electrons must be injected from the electrode (by tunnelling mechanism)
via the Er state of electrode to the A states (freely moving in the solvent environment)

8Note that for multiple states both D and A states, ¢p (yp) must be considered.
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that are available close to the interface of the electrode (GERISCHER, 1990). The out-
come of this approach for heterogeneous settings, in which the ET reaction is assumed
to occur in a non-adiabatic regime such as x << 1, is in agreement with the rate
constant obtained by Dogonadze and collaborators (DOGONADZE; KUZNETSOV;
CHERNENKO, 1965). In comparison with Eq. 1.2, the semi-classical rate constant
model differs from the original Marcus’s equation by some details that includes the
pre-exponential term that accounts for the electronic coupling fact modelled via quan-
tum mechanical approaches using the electronic coupling matrix Hp 4, that as stated
previously is able of accounting for the distance between D and A, as well as the nature
of D and A (DOGONADZE; KUZNETSOV; CHERNENKO, 1965; FLETCHER, 2010).

It is important to note that for electrode reactions where D and A are free in the
solution phase as shown by Fig. 1.2b, the ET kinetics is controlled by a diffusion
mechanism. Generally, the use of organic molecularly ordered monolayer structures
emerged as a way of avoiding this diffusion-controlled step during the evaluation of
ET reaction, which fundamentally alters the way in which the model be used to de-
scribed this diffusionless ET event. Nonetheless, in spite of this critical fundamental
issue, redox organic monolayers have been used by employing self-assembly chem-
istry to attach redox species at the electrode surface as shown in Fig. 1.2c. The self-
assembling chemical process is a suitable strategy to avoid the mass transport effects
associated ET kinetics (CHIDSEY, 1991). Since a variety of molecules can be applied,
this strategy opened an avenue of possibility for studying the electronic coupling and
to evaluate the influence of the distance between the D or A from the electrode (SHAH
et al., 2015), constituting a key strategy for studying non-adiabatic long-range ET reac-
tions as a particularly experimental method of scrutinised ET reactions. For instance,
this approach has been useful for understanding ET in biological structures such as
that operating in the photosynthesis and cellular respiration.

Eq. 1.6 was adapted by Christopher E. Chidsey (CHIDSEY, 1991), who extended
this semi-classical theory for the diffusionless settings, which has been refereed as
Marcus-Hush—-Chidsey theory (HENSTRIDGE et al., 2012; ZENG et al., 2014; OLD-
HAM; MYLAND, 2011). Chidsey pointed out that in the ET reaction occurring be-
tween immobilized redox species and the electrode, there must be energy levels avail-
able to receive an electron (or hole) in the molecular film comprising redox states
bonded to the electrode and that of the occupation of such states by electrons follows
a Fermi-Dirac distribution. Therefore, the ET rate constant is proportional to the sum
of each local single ET at an infinitesimal energy E, which reflects the electron occu-
pation distribution, resulting in the following improper integral

400 _ 2
koc/ exp <—(E Ater) ) dE (1.7)
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where 7 is the over-potential, e is the elementary charge and the denominator in the
second factor accounts for the Fermi-Dirac function. Due to the complexity for the
evaluation of the improper integral, mathematical approximations were reported for
certain values of A and 7, leading to more straightforward expressions (ZENG et al.,
2014; OLDHAM; MYLAND, 2011). Based on these expressions, quantitative predic-
tions have been made, showing a suitable behavior at lower 7, that is close to electro-
chemical equilibrium state, in accordance with experimental data (HENSTRIDGE et
al., 2012). The restriction to equilibrium condition and lower A values suits to Eq. 1.7,
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but demonstrates the limitation of Marcus—-Hush-Chidsey theory as an adaptation of
Marcus-Gerischer semi-classical theory for diffusionless heterogeneous settings.

The semi-classical theory endorses the interpretation of experimental results in the
analyse of molecular systems that seeks for a fundamental interpretation of electron
transfer and transport phenomena that requires electronic coupling analysis within
an electrolyte environment and finite temperature. However, as shown briefly in the
sections 1.1 — 1.3 this theory arises as an outcome of several distinct contributions that
enriched it and allowed to bring the discussion further, as will be discussed in the
following section, by taking quantum mechanical components that has been ignored
so far, as will be discussed in section 1.5, specially in bringing together the physics
of nanoscale electronics and electrochemistry. Furthermore, from the experimental
point-of-view, the semi-classical ET theory is limited where the heterogeneous dif-
fusionless kinetics is still not fully comprehended, specially in which refers to the
reorganization energy ad-hoc parameter in the context of the presence of an electrode
density-of-states, representing a challenge for the ET transfer theory, as will be dis-
cussed in the following sections.

1.4 Relationship between molecular conductance and elec-
tron transfer rate concepts

In the previous sections it was conducted a review and an overview about the theo-
retical fundamentals involving ET in homogeneous and heterogeneous settings. The
concept of ET heterogeneous settings is of key particular importance because it is the
basement for numerous technological applications of electrochemistry, ranging from
sensors to solar cells, supercapacitors, batteries and so on. The heterogeneous settings
of electrochemistry reactions involves the contact of the redox species with conduc-
tive electrode. Two typical examples is the contact of an electrode with redox species
free in the electrolyte phase (in which there is a diffusion controlled kinetics of the
reactions) or redox species chemically attached to the electrode (referred as modified
electrode). The use of electroactive SAM is a special case where there is no diffusional
limit for the ET.

As the electronics has evolved to nanoscale, which is referred to nanoscale elec-
tronics, it has becoming common to study the electron transport through molecules
and one obvious question has been poised so far: What is the difference between elec-
tron transport as understood by physicists and the electron transfer, as understood by
chemists?

In other words, is there a relationship between molecular conductance (that is
studied through quantum electron transport mechanism) and the ET (as studied by
from a different chemical point-of-view) phenomenon? (CUNIBERTI; FAGAS; RICHTER,
2006). One difference is noted in the experimental configuration and is related to the
contacts. Contrary to the single molecular contact configuration studied in electro-
chemical experiments, the typical electrode contact used in molecular electronics is
comprised by two contacts in which the molecules between these two contacts act as
a molecular bridge as shown in Fig. 1.3, which is referred to molecular junction (M]J),
which considers both electronic states. In other words, there are discrete electronic
states associated with HOMO and LUMO molecular orbitals in contact with elec-
trode levels that are treated as continuum electronic states. The electric current flows
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through the molecules by applying a non-equilibrium potential difference, that is a
DC bias voltage (CUNIBERTI; FAGAS; RICHTER, 2006; TAO, 2006). Measuring and
interpreting the meaning of this electric current response is important in a way that
it permit to understand the electron transport mechanism through molecules, some-
thing that has been referred as molecular electronics of molecular junctions, consisting
of one of the most used configuration to study molecular electronics that has different
applications in nanoelectronics (CUNIBERTT; FAGAS; RICHTER, 2006), such as in the
design of molecular diodes, switches and transistors (KOMOTO et al., 2016).

scattering region

electrode electrode

Figure 1.3: Schematic representation of a basic structure of a molecular junction comprised by
a single molecule linked to two electrodes. Electron transport through the molecular bridge,
the scattering region, is controlled in this case by a potential difference edV = ur — ur. D and
A are the molecular fractions that are electronically coupled to the left and right electrodes,
respectively (NITZAN, 2001).

Source: Author (2023).

In experiments of molecular conductance that involves the investigation of the
electron transport mechanism through the backbone of organic molecules, the atomic
structure of molecules constitutes the scattering region where the incoming electrons
from the left electrode tunnels through the molecular bridge, with or without molec-
ular electronic structure mediation, up to the right electrode (CUNIBERTI; FAGAS;
RICHTER, 2006). The most used theory for interpreting the conductance of electrons
in this molecular junction configuration is the Landauer conductance theory (LAN-
DAUER, 1957), where the conductance quantum Gy is associated with the transmis-
sion probability through the scatter region. The molecular bridge structure serve
as a region for electrons to scatter and transmission probability describes the non-
adiabatic nature of the electron transport taking as reference the ideal and adiabatic
conductance quantum Gy. Therefore, the quantum of conductance G between two
electron reservoirs also commonly referred as two metallic electrode contacts, is stated
as

G=Go ) Tulp) (1.8)

where YN | T, (1) accounts for the transmission probabilities across a number 7 of in-
dividual quantum channels (up to a total of N) at a given chemical potential y level.
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As previously noted, Gy = 2¢*/1 is the quantum conductance that is a constant value
of ~ 77.5 uS, which is expressed as a function of two other constants, that is e account-
ing for the elementary charge of the electron and / accounting for the Plank constant.
Majority of the experiments leading to the interpretation of Y2, T, (u) following a
tunnelling mechanisms (see also section 1.1), in which ZnNzl T, (u) statistics of scatter-
ing is accounted simply as o exp(—BL), where f is a parameter related to the height
of the potential barrier for electrons to tunnel and L is the length of the bridge. Ac-
cordingly, it can be noted in different experiments that G « exp(—pBL) (TAO, 2006;
KOMOTO et al., 2016; ARTES et al., 2011; WIERZBINSKI et al., 2013), which is in-
terpreted as that electron quantum conductance G is dependent of the properties of
the molecular structure that acts as potential barriers for electrons to tunnels through,
which is in accordance with Landauer (LANDAUER, 1957), in which the molecular
conductance is seen as an electron transmittance mechanism.

It is important to highlight the similarities between electron transfer k and trans-
port G regarding the dependence with respect to the molecular length L; both phe-
nomena are dependent on the electron transmission characteristics of the molecules in
a similar manner, that is « exp(—pL). This was first theoretically noted by Abraham
Nitzan (NITZAN, 2001), who proposed a relationship between G and k based on this
premise. Accordingly, Nitzan addressed a relationship between kp_, 4, that refers to
the electron transfer rate constant related to D and A probes and the zero bias electron
conduction Gr, for the same molecular bridge (see Fig. 1.3). The analysis assumes that
the molecular electronic configuration is not considerably different between molec-
ular junction and electrochemistry in such a way that the molecular conductance is
assumed to be an "equilibrium potential" close to the zero bias potential perturbation
such as that

8¢?
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(1.9)
where I is the electronic coupling of between left (D,L) and right (A,R) electrodes
within the nearest segment of the molecular bridge, see Fig. 1.3. This work of Nitzan’s
significantly contributed to the study of molecular junctions and definitively pio-
neered in establishing a relationship between two scientific inter-disciplines (physics
and chemistry) areas that were developed as complete separated fields for two re-
lated phenomena, that is those of electron transfer and transport. Furthermore, it was
stressed out that the electronic transmission characteristics of these nanoscale settings
rely mainly on the electronic interaction between the molecule and the electrode (or
electrodes), as well as between the localized molecular orbitals. This was the fun-
damental basis for the computational calculations at the time (NITZAN; RATNER,
2003), and still is nowadays (MCCREERY, 2022).

Nevertheless, owing to that the molecular electronics and electrochemical exper-
imental setting are physically different, experimental attempt to evaluate Nitzan’s
model for both quantities k and G for identical molecular bridge settings and to con-
tirm the Nitzan’s linear correlation between k and G as predicted by Eq. 1.9 has been
unsuccessful. For instance, David Beratan and co-workers explored the molecular
conductance and ET kinetics of different chemical structure as function of bridge
length (WIERZBINSKI et al., 2013) and a quantitative correlation was noted between
indirect calculation of k (see Fig. 1.4a) and direct conductance measurements (see
Fig. 1.4b), but instead of a linear correlation, a power-law relationship G = ak” was
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experimentally obtained, where 4 and b are arbitrary fitting parameters such as that
b = Bc/p, within B; and By stated as exponential decay constant obtained from con-
ductance and electrochemical measurements, respectively. The corresponding values
of B were determined from the slope of the attenuation plots shown in Fig. 1.4. In-
stead of the expected linear correlation between k and G, in which B = By, according
to the expected relationship stated by Nitzan’s model, experimentally what was ob-
served was that Bc/p, < 1.
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Figure 1.4: Attenuation plots on semi-logarithmic scale for alkanes and peptide nuclei acid
strains. (a) k as function of bridge length, where the constant rates were obtained by plotting
the peak separation versus s and fitting the data using the Marcus theory. (b) G as function of
bridge length, where the single-molecule conductances were measured using Scanning Tun-
neling Microscope controlled Break Junction.

Source: Reprinted with permission from (WIERZBINSKI et al., 2013). Copyright 2013 American Chemical Society.

Thus, the results were interpreted as being owing to energy barrier differences
between ET rate and conductance measurements per se (WIERZBINSKI et al., 2013).
In other words, the applied potential difference between the electrodes for measure-
ments of the molecular conductance and the applied electrochemical potential be-
tween the electrode and the redox group in the electrochemical ET experimental set-
tings were considered different and not equivalent. An additional difference is that
molecular measurements were carried out in "dry" (in the absence of electrolyte) con-
dition, whereas electrochemical measurements were conducted under "wet" (in the
presence of an electrolyte) conditions (WIERZBINSKI et al., 2013). Not only the sol-
vent environment was a source of differences between the two experimental settings,
but also the molecular environment in which for measurements of G it was used a
two electrode contact, whereas for measurements of k it was a single electrode contact
(WIERZBINSKI et al., 2013).

Despite the emerging theoretical approaches to study charge transfer and trans-
port phenomena of MJs are reported (SOWA; MOL, et al., 2018; SOWA; LAMBERT,
et al., 2020; SOWA; MARCUS, 2021), they have been not contrasted with experimental
data, which does not allow their validation. In this context, experimental techniques
that allow to access to both G and k quantities in the same experiment settings are
necessary not only to understand the relationship between both G and k concepts,
but also to understand role played by the transmission coefficient o< exp(—pBL) (for
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tunnelling mechanism) in different configurations and situations. To do so, the in-
terpretation of the experimental data must be supported by theories able to correlate
these physical concepts in a sustained way.

1.5 The quantum rate theory and its application for the
study of mesoscopic junctions

In seeking for a fundamental understanding of electron transfer and transport phe-
nomena operating at nanoscale level, our research group has proposed a theory that
has been able of assisting in the interpretation of experimental results addressed in
the both fields. Almost one decade ago, this first-principle theory started to be devel-
oped through the study of the electrochemical capacitance C;, phenomenon and has
contributed to the understanding of the electronic transmission, such as the ET pro-
cess of electrochemical reactions. Before describing the theoretical approximation that
enables the study of electrochemical interfaces and molecular junctions, the so-called
quantum rate theory is following described (BUENO, 2023c).

This novel theory defines the Eq. 1.10 as the fundamental quantum rate v, which
is the ratio between the reciprocal of the Von Klitzing constant 1/rx = 38.7 uS (VON
KLITZING, 2019) and the quantum (or chemical) capacitance C; (BUENO, 2023a,b).

o2

V:h_c'q

(1.10)

If one considers the energy E = ¢°/c, associated with the electronic structure and
rewritten Eq. 1.10, leads to E = hv = hc, - k, where c, is the Fermi velocity and
k is the wave-vector. Meaning that the quantum rate principle v contemplates the
Planck-Einstein relationship and predicts that the dynamics of electrons during elec-
trochemical reaction follows a relativistic dynamics that complies with Dirac equa-
tion (BUENO, 2023a,b), contrary to above-described quantum approaches based on
the Schrodinger (non-relativistic) equation.

The relativistic dynamics allows to consider the electron spin degeneracy gs in
the quantum rate theory through of Gy, as noted by Landauer (LANDAUER, 1992),
leading to Go = gs(¢*/1) ~ 77 uS, a universal constant (IMRY; LANDAUER, 1999).
The inverse of Gy is the resistance quantum R; with a value of ~ 12.9 k(). Note that
Go describes the ideal adiabatic conductance when Y, T, (1) equals the unity (i.e,
G = Gp), implying an perfect transmittance of a single electron in a single perfect
quantum channel (N = 1). A more realistic consideration is accounted for by the
non-adiabatic conductance modelled using the scattering statistics, as described in
the previously section (see Eq. 1.8).

Considering the typical capacitance definition 1/c = 4V/dg, where g is the charge
dq = —edn, the electrochemical potential difference dy associated with dV as dy =
—edV is the driven force for transferring the electrons between D and A states, leading
to ¢’/c, = du/an. In order to obtain the expression for C,, one can rewrite the latter
equation as C; = ¢*(4/au). In this way, it is easily demonstrated that the quantum
capacitance informs on the density-of-state (DOS) as C; « dn/4u (BUENO, 2018).

The ratio between G and C; permits the definition of the constant rate k (see
Eq. 1.11), which is a frequency directly proportional to v. Also, note that C, allows
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to establish the correlation between G and k (BUENO, 2020), as Nitzan’s model had
attempted, as discussed previously. Although the relationship between G and k cor-
related concepts has been noted and attempted to be established, it was not fully
clear in spite they were separately formulated for more than 60 years. Thus, as a con-
sequence of understanding the quantum capacitive phenomenon, the quantum rate
theory successfully correlated these two phenomena in a single and first-principle
(BUENO, 2018), which will be demonstrated experimentally in this thesis.

G GO N N
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Eq. 1.11 deals with electron transmission process at the zero-temperature limit.
However, the ET reaction of real electrochemical systems requires to consider the
temperature influence. Therefore, a thermodynamics analysis is conducted using the
statistical mechanics for accounting the thermal broadening level of E = ¢*/c,, where
the degeneracy of the electron is important within an energy occupancy of levels that
follows the Fermi-Dirac distribution function f = [1+ exp (E*/k;7)] " (BUENO, 2018;
MIRANDA; BUENO, 2019). Consequently, Eq. 1.12 defines the number of available
C, states dn to be occupied per interval of energy dj, wherein the occupancy of those
states by the electrons follows the function f, where the potential energy of electrons
in the electrode is modelled as —eV = u — Er = E, with Er stating for the Fermi level
of the redox moieties chemically attached to the electrode (see Fig. 1.5) (BUENO, 2018;
BUENO; CRUZEIRO, et al., 2021).

e’N
Cr = L1, (1.12)

Fig. 1.5 shows schematically the DOS shape of an electroactive interface which de-
scribes the C; states associated with the A (DOS,) and D (DOSp) redox moieties. The
access to those states is controlled by eV and the energy level of the electrode is the
reference level (E, ). Thus, when i = Ef, there is an energy level alignment between
the states of electrode and that of the A/D redox moieties, leading to a maximum oc-
cupancy of C; due to f = 1/2, as predicted by Eq. 1.12.

All of these treatments lead us to a suitable quantum rate expression for real non-
adiabatic electrochemical reactions. Furthermore, it is important to highlight that the
transmission scattering matrix Y_)_; T, (1) has its electrochemical counterpart |Hp 4]
(see section 1.3), implying that the electron coupling between D and A is considered
in the quantum rate theory, which can be employed to study the electron coupling
not only in electrochemical systems as alternative of cumbersome methods (ZHU et
al., 2021), but also in molecular electronics wherein this novel theory has began to
be applied (SANTOS et al., 2020). Note that Y™ | T,,(#) and x = exp(—pBL) imply
a quantum mechanical tunneling mechanism, so G is stated as function of x and N,
such as G = kGoN (BUENO, 2020), resulting in the following expression

i
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Marcus constant rate can now be derived as special setting of Eq. 1.11, by consider-
ing a Boltzmann approximation to Eq. 1.13 (BUENO, 2020), that is, under conditions
where 1 << exp(E*/ksT) and f ~ exp(—E*/k;T), resulting in Eq. 1.3. This allows
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Figure 1.5: Exemplification of electroactive molecules self-assembled onto a metallic elec-
trode surface. The electron transfer between A/D redox moieties and the electrode results
in a Faradaic current. Whenever the Fermi level of the monolayer equals the formal poten-
tial energy of the electrode it can noted that is y; = Er. At Er/e, half of the molecular (or
capacitive) states are oxidized and the other half are reduced, and the corresponding DOS is
described by Gaussian-like shape in the intersection area between DOS, and DOS;, shapes.
The parallel ET dynamics between between A/D redox moieties is also possible (FELICIANO;
BUENO, 2020). Since each individual molecule acts as a quantum capacitive dot, the ensem-
ble can be modelled as a quantum RC circuit, where the average value of R; = /¢ and C; can
be experimentally measured at Er.

Source: Author (2023).

to confirm that Marcus’s homogeneous ET theory is a particular subset of the more
general quantum rate principle, as described by Eq. 1.11.

As above mentioned, E¥ comprehends the semi-classical ET nomenclature shown
in 1.2, which is referred from now on as E, since E = E; + A, where E; is AGY. In the
quantum rate theory framework, changes in E; reflects changes in the internal energy
(e.g., u), such as y = Ei/n = —eV can be rewritten as E; = —neV, which is the driving
force of the ET transfer reaction. Therefore, in agreement with the original proposal
of Marcus for A, the energy term can be simply modelled as a constant external po-
tential associated with the dielectric constant of the solvent over D and A species and
independent of y variations.

Nevertheless, electrochemical interfaces involve two charging processes with dif-
terent physical nature. These capacitive phenomena give rise to the concept of C,,
which is more suitable to describe the non-Faradaic and Faradaic charging processes
of electrochemical interfaces comprised by redox moieties attached to electrodes as
shown in Fig. 1.5 (BUENO; DAVIS, 2014b). Hence, 1/c, is defined as the series com-
bination of two capacitive contribution in series as 1/c, = 1/c. + 1/¢, corresponds to
(BUENO; DAVIS, 2014b), where C, is the electrostatic and C, is the quantum contri-
bution. C, is related to the spacial separation of charge, for which is attributed the
non-Faradaic charge, accounts for the properties of the electrolyte structure, and in
turns the solvent and counter-ions contribution. Whereas C, is related to the Faradaic
charge due to the ET dynamics associated with the charging of the quantum states in
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the redox reaction. A general definition of C, implies to considered the whole elec-
tronic structure of a quantum capacitor, as ¢/C, = 1/(dn/du); + 1/ (dn/dy),, where (d1/dyu);
and (41/dy), are the DOS of the left and right "plates”. In the difussionless heteroge-
neous case, one of these "plates” is a metallic electrode (the left, (47/dyu);, for instance),
whose DOS is quite large in comparison with that of the redox moieties attached over
the electrode as shown by Fig. 1.5, leading to C, o« dn/4u, (BUENO, 2018). Therefore
general form of the quantum rate expression for electrochemical interfaces takes the
following form

k= C_ G 3 T ! ! 1.14
e =G (g g) (114)

The ET dynamics associated with the ET reaction between A/D redox moieties oc-
curring within the SAM impacts on the capacitive contributions of C, (Fig. 1.5). A
recently quantum computational study confirmed the existence of such dynamics (FE-
LICIANO; BUENO, 2020), which treated the A/D redox moieties as 2D-like structure
for which was associated a DOS that is compensated by counter ions in the electrolyte,
leading to an equivalence between these capacitive contributions due to the "C,." and
C, states are superimposed, so C, ~ C,. Then, one can establish that 1/c, = 2/c;. This
supports the requirement of the additional degeneracy to k, which was referred as the
degeneracy associated with two possible oxidation and reduction states that result
in the anodic and cathodic electrochemical currents (ALARCON,' SANTOS; BUENO,
2021), in which g, takes a value of 2. Therefore, Eq. 1.14, for these particular situations
is obtained as

e? G E
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corresponding to k = 4(¢?/nc,) with a direct consequence that C; is the only experi-
mental variable and all the properties of the interface can be determined (MIRANDA;
BUENQO, 2016) solely by measuring C,;. The quantum rate theory establishes two main
methodologies that allow us to measure Cg of the interface, namely, cyclic voltamme-

try (CV) and impedance-derived capacitive spectroscopy (ECS) (ALARCON; SAN-
TOS; BUENO, 2021). The advantage of using ECS is that it allows us to determine
separately the non-Faradaic and Faradaic electric currents, permitting to obtain a de-
tail picture of the interface through the circuit elements associated with each of the
non-Faradaic and Faradaic processes (GOES et al., 2012; LEHR et al., 2017). Moreover,
C, can be experimentally measured as a function of V (MIRANDA; BUENO, 2016),
leading to a DOS shape that is experimentally accessible and varies (in a reversible
form) with the solvent environment, observing that as the electrolyte environment is
more polar fewer states are available for occupancy at a particular electrode poten-
tial and faster is ET kinetics (BUENO; DAVIS, 2014a). Accordingly, the application
of Eq. 1.12 is a powerful theoretical tool not only able to evaluate the DOS distribu-
tion of capacitive states, but also to study the effects that influence the electron trans-
fer/transport process, contributing to a better understanding of such phenomenon as
demonstrated in this thesis.
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1.6 Experimental evaluation of the ET constant rate

Given the complexity of ET theory, particularly for a heterogeneous settings, in which
generally immobilized redox molecular species onto the electrode surface also present
a quantum transport communication with the electrode besides the ET rate constant,
the experimental study of the ET kinetics has not been an easy task. There are dif-
ferent electrochemical techniques based on potential sweep and impedance measure-
ments that have been used to study ET phenomenon. Parameters such as A, 7, T,
A/D electronic coupling (A/D distance) and electrolyte environment conditions (FIN-
KLEA; RAVENSCROFT; SNIDER, 1993; RAVENSCROFT; FINKLEA, 1994; FORSTER;
FAULKNER, 1994a,b; SMALLEY et al., 2003; ARIKUMA et al., 2010) have been studied
in correlation with the semi-classical ET theory in other to interpret the trends (SMAL-
LEY et al., 2003; ARIKUMA et al., 2010). However, due to a quite different experimen-
tal configuration in which the semi-classical ET theory was established (homogeneous
settings), measurements of k for a diffusionless interfacial conditions has been limited
in providing theoretical insights, such as to understanding the meaning of A in het-
erogeneous settings of measurements.

Over the years of investigations some experimental methodologies became more
(likely because of the facility of the methodology) than others in order to measure
k in heterogeneous settings of ET reactions. Most common methodologies are pri-
mary based on controlled potential such as chronoamperometry (CHIDSEY, 1991)
and voltammetry methods (LAVIRON, 1979). These methods have been frequently
used, but the determination of k is conducted an indirect way outside of the equilib-
rium electrochemical condition in which an approximation solution of Eq. 1.7 can be
considered for the heterogeneous setting. These potential-step experiments require to
take the system out of the electrochemical equilibrium by means of a potential per-
turbation V in order to access k of the ET reaction. Nonetheless, conceptually, k is
a kinetic parameter that must be considered at a dynamical equilibrium condition of
the reaction, which in the case of a redox monolayer reacting with an electrode is asso-
ciated to a resonant Faradaic current and the redox reaction occurs in the diffusionless
regime, as discussed previously. In particular, chronoamperometry techniques as il-
lustrated in Fig. 1.6a, allows us to depict the logarithm of the apparent constant rate
k,lpp as a function of the 5, that is 7 = V — Er/e, where Er/c is the formal potential, for
which k is obtained when the potential of the electrode of V = Er/e (CHIDSEY, 1991).
On the other hand, the Laviron ‘s methodology of calculating k is an intricate experi-
mental way that also requires potential measurements in the non-equilibrium regime,
where k is determined from the slope of anodic and cathodic branches of a plot of the
electrode potential peak V), versus the logarithm of the scan rate s = 4V/dt, obtained
from different cyclic voltammetric (CV) scans as shown in Fig. 1.6b (LAVIRON, 1979).

Note that both above-mentioned studies indirectly obtain k by means of studying
cathodic and anodic processes associated to the potential step methodologies, thus
there are strongly dependent on the symmetry factor namely as the transfer coeffi-
cient « (BARD; FAULKNER, 2000). In other words, kapp measured at over-potentials
correspond to a redox kinetics that is out of the equilibrium in which one direction of
the ET is favoured over the other. This strategy is likely unsuitable to access the nature
of k at a proper equilibrium regime. Notwithstanding the indirect way for determin-
ing k, the above mentioned methods have allowed us to study factors (HORSLEY
et al., 2014a; UNNI; BURGESS, 2021; HORSLEY et al., 2014b; SHAH et al., 2015) that
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Figure 1.6: Experimental data treatment for k determination at equilibrium using controlled
potential and impedance methodologies. (a) Tafel plot of log(kapp) versus 1, where each lo-
cal constant rate corresponds to linear regression of the linear region of transient of electric
current. k is obtained by extrapolation at 7 = 0, i.e., V = Er/e (CHIDSEY, 1991). (b) Plot of po-
tential peaks versus log(s), where the anodic potential peak V), and cathodic potential peak
V), are obtained from cyclic voltammograms measurements at different scan rates s. At high
s, a linear behavior is obtained with the slope reporting the value of the transfer coefficient
used for the calculation of k (LAVIRON, 1979). (c) Nyquist impedance plot fitted according
to the Randles equivalent circuit as shown in the inset, which was modified to modelling the
electrochemical response of a redox monolayer. R and C,4 are the only variables used for the
calculation of k according to the methodology introduced by Creager (CREAGER; WOOSTER,
1998), where the resistance of the interface was interpreted as the charge transfer resistance
R+ and the capacitance C,45 as an adsorption capacitance.

Source: Author (2023).

influence the diffusionless interfacial ET kinetics in redox electrode reactions (CHAT-
TOPADHYAY; BANDYOPADHYAY; DEY, 2021; CHATTOPADHYAY; MUKHERJEE,
et al., 2021; LACHMANOVA et al., 2021).

Contrary to transient perturbation methods, AC methodologies have been used
in order to access to k at equilibrium by means of small amplitude perturbations
around the equilibrium potential of the electrode. Therefore, the perturbation oc-
curs at the formal potential Er/e of the electrode, in which the variable-frequency AC
voltammetry data is analyzed by means of fitting the raw data using the Randles
equivalent circuit model (CREAGER; WOOSTER, 1998). The circuit model used in
such type of approach is shown in Fig. 1.6¢c, which describes resistive and capacitive
elements (BARD; FAULKNER, 2000). The solution resistance R; is obtained as the
high-frequency intercept on the real axis of the Nyquist impedance plot, usually in-
terpreted as a series resistance that does not interfere with the calculation of k. The
charge transfer resistance R is related to the difficult of exchange Faradaic current.
The double layer capacitance is noted as Cj. The adsorption pseudocapacitance is
denoted as C,;; and is associated with the molecular coverage of electroactive species
per unit area of the electrode. From these fitted elements the ET rate constant is ob-
tained using the expression k = 1/(2R.C,;;) (CREAGER; WOOSTER, 1998). In spite
of these circuit elements were not related within the semi-classical theory in this type
of study;, it is shown that this methodology is an straightforward way for experimen-
tally obtaining the k of redox-active monolayers (LI et al., 2021; ZHANG et al., 2021;
BOITEL-AULLEN et al., 2021).

Hence, experimental approaches that overcome the problem of evaluating k at
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non-equilibrium conditions are welcome for studying the ET kinetics of this partic-
ular setting of electrochemical reaction that, as noted, has served as a prototype for
studying the physical-chemistry fundamentals of ET reactions. In addition, a more
self-consistent theory that emerges from first-principle methods are desired for a bet-
ter understanding of the electrochemical reactions, as is the case of the quantum rate
model that explains the origin of the charge transfer resistance and of the pseudo-
capacitive absorption of the redox species over the electrode, as denoted in the Crea-
ger’s studies of redox-active monolayers (CREAGER; WOOSTER, 1998).

These methods permit to study k in a more straightforward way than that pro-
posed by Chidsey (CHIDSEY, 1991). Nonetheless, to advance beyond the adaptation
of the semi-classical theory to the heterogeneous situations it is important to under-
stand the physical meaning of R.; and C,ys as it is the case of the quantum rate the-
ory that incorporates the meaning of the conductance quantum (LANDAUER, 1957)
within the concept of ET, which was briefly introduced in section 1.4. The C,4; ca-
pacitance has its meaning contained in the concept of quantum capacitance, largely
referred as pseudo-capacitive (CREAGER; WOOSTER, 1998) phenomenon.

Note that quantum rate theory not only provides a suitable physical way inter-
preting k but it also that permits to studying it experimentally in a suitable way since
the conductance quantum and the quantum capacitance that defines k are directly
obtained experimentally via impedance methodologies. Note that also that the quan-
tum rate theory, therefore, not only theoretically encompasses Marcus homogeneous
ET theory as a particular setting of the theory, but also permits to study the quan-
tum mechanics behind ET phenomenon. The direct measurement of k is achieved
by measuring the quantum capacitance C; of the interface, as was discussed in sec-
tion 1.5 (BUENO; BENITES; DAVIS, 2016; BUENO, 2018). Therefore, this theory has
been successfully tested to describe the ET and its correlation with the conductance
quantum and the quantum capacitance of an electrochemical interface not only for
redox-monolayers (BUENO; DAVIS, 2014b) but also for semiconductive films (PIN-
ZON; SANTOS; BUENO, 2021) and solid-state molecular junctions (SANTOS et al.,
2020) as well as it was successfully applied to understand the electrodynamics within
a single-layer graphene (MIRANDA; BUENO, 2016) when embedded in an electrolyte
environment.

1.7 Conclusion

The study of charge transmission process has been a matter of study for the scientific
community, processes such as electron transfer and transport have been addressed
separately by the electrochemists and physicist, respectively. The fundamental study
of the constant rate of ET reactions has been a journey spanning more than a century,
resulting in a complex theory that has allowed electrochemists to understand long-
range ET reactions associated with biological processes such as respiration. However,
this widely-known theory ignores some quantum mechanical components such as
the quantum capacitance. On the other hand, the electron transport phenomenon
associated to the molecular conductance was theoretically correlated to the constant
rate. Nonetheless, differences in the experimental setup between electrochemical and
molecular electronics configuration have represented a main limitation to prove this
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conductance-rate relationship. Within this context, the quantum rate theory is pro-
posed not only to understand the charge transmission processes but also to access ex-
perimentally to the quantum properties such quantum capacitance and conductance
using time-dependent methods for a specific configuration, whether it is an electro-
chemical system or an molecular electronic setup.
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Chapter 2

Quantum Resistance Study of the
Electron Transfer Process

The quantum rate theory emerged as an outcome of a detailed study of the quantum
capacitance phenomena of nanoscale conducted in electrochemical interfaces, defin-
ing the ET rate constant by noting its relationship with the quantum of conductance.
This has been not previously studied in the field of electrochemistry nor previously
addressed in existing ET theories as noted in chapter 1. However, the electrochemists
do recognize the influence of the conductance/resistance property of the solution on
the electrochemical experiments as a variable that must be controlled (or taken into ac-
count) during electrochemical measurements conducted in electrode’s ET reactions.
Nevertheless, the series resistance has been disregarding as simply a resistive term
containing some contact contribution, unrelated to the charge transfer resistance itself.
The charge transfer resistance is considered during studies of the ET rate that in terms
of equivalent circuit analysis is a term within an equivalent circuit analysis wherein
Randles’s circuit is a particular example. Frequently, there are different versions of
the Randles’s circuit as shown below in Fig. 1.6. The equivalent circuit analysis of an
interface is useful for studying ET rate constant using time-dependent methods such
as impedance spectroscopy, in which the charge transfer resistance is particular term
within the methodology. In other words, the measuring of the ET rate constant can
be interpreted within different theories as shown in chapter 1, but the connection be-
tween the ET rate constant and the charge transfer resistance is not established from
a microscopic point-of-view and the meaning of the charge transfer resistance has not
been received the attention it requires from an atomistic and mesoscopic point-of-
view. Accordingly, this chapter aims to interpret the charge transfer resistance within
a mesoscopic view and within a quantum mechanical description that is in agreement
with the quantum rate theory. In summary, the meaning of the charge transfer resis-
tance within the quantum rate theory is studied using redox-active self-assembled
monolayer interfaces with two main purposes:

@ To establish the quantum mechanical meaning of the charge transfer resistance
within the quantum rate theory, which is conducted by using equivalent quan-
tum circuit analysis of the interfaces;

@ To demonstrate that the resistance quantum (or conductance quantum) is the
ideal situation of electron transmittance. Whenever the transmittance of an
electron is lower than the ideal adiabatic condition, the transmission coefficient
taken into account as it was stated in the semi-classical theory. The transmission
coefficient is a result of a specific setting of the transmission matrix probability
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for the tunneling mechanism of ET that is the mechanism that operates, partic-
ularly, in the ET occurring in redox-active self-assembled monolayer interfaces.

2.1 Introduction

In solid-state physics, the resistance R to the current passage under a potential driven
force is treated as the inverse of electric conductance G between large DOS (e.g., met-
als), which is explained according to the Sommerfeld model (KITTEL, 2004). This free
electron gas model describes the electron flow (di) within the electronic structure -
a sea of electrons within positive nuclei- under a potential difference (dV'), which is
quantified by G = 4i/4v (or R = 1/G = 4V/di), known as the Ohm’s law. Since the
electrons are flowing freely, the losing of kinetic energy due to the collision with the
nuclei can be thought as a resistance. Therefore, the distance L defined by the mean
tree path that the electron travels before collide (L = vT where v is the velocity compo-
nent and T is the average time between collisions), is only but the length dependence
of the resistance. However, this model is unable to predicts which is the resistance
when potential tends to zero.

Note that whether the configuration is that of molecular electronics (see Fig. 1.3) or
electrochemistry (see Fig. 2.1b), there is a scattering region in which the transferring
electron travels, which is inherently to such configurations due to that region is the
molecular bridge. Therefore, the role-play of the electronic structure of the molecular
bridge must be considered in this discussion, which can be achieved if one analy-
ses the electric current changes di due chemical potential variations du stated by the
quantum mechanics (Egs. 2.1) (DATTA, 1997), which is in function of the parameters
v and L, and the DOS of the molecular bridge defined as 47/dy = 2L/nv, where L is
the molecular length. Thus, recalling that the induced chemical potential difference is
correlated with changes in potential as du = —edV (better explained at the end of this
introduction), Eq. 2.1 can be rewritten as follows (BUENO; DAVIS, 2020),

o) (2)
o (3) ()
)

Note that if the obtained expression is reorganized as 4i/dv = 2¢*/1, one can obtain
the conductance quantum Gy from the Landauer formalism (i.e., Gog = ¢s(¢*/1), where
gs = 2). In other words, the Landauer equation establishes a maximum conductance
G when a single channel (N = 1) is considered and the transmittance is perfect (T, =
1), resulting in G = Gp ~ 77.5uS, a constant that can be thought as a quantized
number of G, whose reciprocal R = 1/G ~ 12.9 k(}, is the minimal resistance (constant
and consequently independent of the potential) with which the electron is transferred.

2.1)
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It is worthwhile to highlight that, in quantum mechanics, the linear relationship
between current and potential is valid, contrary to that established in electrochem-
istry by the Butler-Volmer equation, which describes an exponential relationship as
follows,

i=1p {exp (akBLTU) —exp ((1 - zx)kBiTn)} (2.2)
where i is the exchange current, and « and 7 are the usual parameters introduced in
chapter 1. In particular, for a diffusionless configuration shown in Fig. 2.1, and for
small 7 =~ 0 (7 = V — Er/e)!, close to equilibrium, the Eq. 2.3 for the conductance of a
single electron can be obtained as the derivative di/dv.

1 eio
G= R, kT (2.3)

Therefore, the conductance in electrochemistry is in function of iy and the ther-
mal voltage ¥8T/e. On the other hand, the charge transfer resistance is obtained from
the inverse of the same expression as Rt = k8T/eiy (BARD; FAULKNER, 2000). Note
that i is the Faradaic current, the resonant current obtained when the electrochemical
reaction is in equilibrium condition, which involves an equilibrium charge dynamics
mention by section 1.5. For that reason, the flow of electrons (conductance) in an equi-
librium regime given in a electrochemical reaction is essentially quantum mechanical
in nature, and is closely related with the ET constant rate through the C,, as discussed
in section 1.5.

In the brief introduction of the quantum rate theory, the general rate constant ex-
pression k = G/c, was introduced, which gives information about the time-scale of
the ET process by noting that k™! = 7. For the quantum rate theory, each redox
molecule that constitutes the redox-active monolayer is modelled as a RC quantum
point (or electrochemical microstate) as depicted by Fig. 2.1. Thus, at Er/e the electron
flux from/to the electrode to/from reduced/oxidized microstates is characterized by
a time-scale T = R,;Cy, in which R; = h/2¢2 and C, = 1/¢; + 1/c: The first term
accounts for the elements that demand extra effort in order to the ET event occurs,
such as the molecular bridge (or quantum channel) acting as the scattering region;
and the second term, the series combination of two capacitive contribution ¢; and C,,
as explained previously. Note that, the total quantum capacitance accounts all the
individual quantum channels #, C; = ¢N. Therefore, C; depends on the number
of available 7 to be occupy and C, depends on the charge separation length I (i.e.,
C, « 1/1), which is estimated to be between 0.1 and 0.3 nm. Note that the molecular
thickness L, around 1 to 2 nm, defines a length of charge separation related to the
non-Faradaic capacitive process, referred here as C; (see Fig. 2.32). Now, when the
length scales are compared, | << L, leads to C, >> C;, and hence C; ~ C,,.

As discussed in the derivation of Eq. 1.15, since C, >> C,; and the degeneracy con-
ditions are established, the spin degeneracy of electron g; = 2 and the degeneracy of
a quantum electrochemical channel that provides two possible redox states g,=2, C; is
the only variable required to determine k owing to k = 4(¢*/c,) = 2Go/c, (ALARCON;
SANTOS; BUENO, 2021), recalling that 2Go= 155 uS.

LAt small 77 a linear behavior can be observed as Fig. 1.6a shows.
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Figure 2.1: (a) Schematic representation of electrochemical microstates, which can be mod-
elled as a RC quantum point, represent the individual redox molecules in the oxidized (Fc™)
and reduced (Fc) states at Er/¢, which constitute the SAM in (b). The occupation (or unoccupa-
tion) of capacitive states (c;), generate two direction electric currents (g degeneracy), follows
a charge compensation by the electrolyte (c,), known as the charge screening (PINZON et al.,
2022). (b) Schematic representation of the redox monolayer tethered upon electrode surface in
an electrolyte environment. The redox probe Fc is represented by an orange circles connected
to the electrode through a “bridge” (the backbone of the peptide). The applied energy modu-
lated the direction of the electric current. For instance the energy level of the electrode Er/e is
represented in equilibrium with the redox film and the occupation of states is accordingly to
the probability function f.

Source: (SANCHEZ; SANTOS; BUENO, 2022).

To better understand the correlation between Marcus’s and quantum rate theories
it must be recalled that in the introduction section (section 1.4) the molecular conduc-
tance and ET transfer processes were dependent of the, e.g. of molecular length or
of the bridge between D and A and somehow related. In both electron transport and
ET there is a tunneling mechanism operating, which in the case of ET is represented
within the x term, see section 1.2), whereas in molecular electron transport the term
that is relevant for account for tunnelling is T, (}) (see section 1.5). The transmission
matrix is a general probabilistic matrix that can account for x and tunnelling process
as particular case and, therefore, T, () can be stated as T,(u, L) for the particular
case of a redox-active monolayer settings, in which YN _; T, (1) & N exp(—BL) = Nk,
where Nx is the transmission coefficient for the tunneling regime modulated by the
number of channels N characterized by a homogeneous length L, which describes the
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Figure 2.2: (a) PES for adiabatic transition of a homogeneous ET reaction in Marcus theory,
explained in section 1.1. (b) Potential wells of the energy levels i of D and A in overlap with
the PES in order to reinterpreted the Marcus theory base on the quantum rate approach. Note
that the minimum chemical potential position in both well is different, hence the variation in
dy leads to electrons flow (the Faradaic current di) through the density of quantum channel
states (4n/du) between D and A states, traveling along the quantum channel length L, with a
velocity v, which gives rise to the conductance quantum G = 1/r.. In this way, the meaning
of G for the Marcus homogeneous ET approach is given within this theory.

Source: (SANCHEZ; SANTOS; BUENO, 2022).

electronic coupling between D and A states in the quantum rate theory (BUENO, 2020).

This above-demonstrated equivalence, between transmission matrix and « as a
particular settings of the transmission matrix for electron tunnelling, establishes a
connection between Marcus ET and quantum rate theories, providing a means of in-
troducing the quantum conductance G in the Marcus theory for homogeneous ET
reaction, as a remarkable outcome of the quantum rate theory. This is pictured in
Fig. 2.2, which shows the PES (previously introduced in section 1.1) and the poten-
tial wells, as the analogous element in terms of the quantum rate description of the
ET (SANCHEZ; SANTOS; BUENO, 2022). Whereas for g in Fig. 2.24, is the length
L of the distance separation between D and 4, for Fig. 2.2b the pathway along with
one-dimensional ET occurs is the length of the quantum channel, in which electrons
travel from D to A or vice versa. Regarding to the ordinate axis in a quantum rate
description, chemical potential is more appropriate for depicting the energy levels of
the electrons in the internal structures of D and A. As mentioned in section 1.5, this y
is related to the total internal energy E;, as y = (9Ei/dn), where dn is the number of
electronic particles exchanged during the ET event, averaged over an ensemble of D
and A species, which is equivalent to the number of quantum channels involved in
the electrochemical reaction.

Finally, the variations in 4 = up — p4, are due to the exchange of electrons between
D and A and are induced by fluctuations of the internal potential of D and A species,
such that this difference, for a single ET occurring between D and 4, is quantifiable
and equivalent to dV. Accordingly, the correlation du = —edV is established, which
is used in the derivation of 4i/dv from Eq. 2.1.

Once the concepts of quantum resistance (or quantum conductance) where intro-
duced and connected with Marcus ET theory in side-by-side with the quantum rate
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theory, and since the quantum rate theory incorporates Marcus ET as a particular
settings, the meaning of the charge transfer resistance in quantum mechanical terms
can be experimentally studied using time-resolved methods, such as impedance spec-
troscopy. In this chapter it will be studied impedance data of a diffusionless ET reac-
tion and it will be proved that the charge transfer resistance has a quantum mechani-
cal meaning that enhances our comprehension of ET phenomenon.

2.2 Materials and methods

The experimental methodology followed for aiming the main objective of this chapter
was the fundamental procedure in the development of the majority of chapters of this
Ph.D thesis. Therefore, this section 2.2 will be referenced in the chapters 3-5, in order
to avoid repetition and center in describing the methodology of the related chapter.

2.2.1 Chemical reagents

Table 2.1 compiles the reagents and materials used, the enterprise where they were
purchased from and their purpose in the development of this thesis. Aqueous so-
lutions were prepared using Milli-Q water (Simplicity®water purification system,
Millipore, 18.2 M() cm at 25°C).

2.2.2 Peptide synthesis and characterization

Ferrocene-tagged peptide Fc-Glu-Ala-Ala-Cys-Cys-NH; was synthetized by solid-
phase peptide synthesis using the Fmoc-strategy on Rink amide resin (0.52 mmol
g’l), as reported elsewhere (ALARC()N; SANTQOS; BUENO, 2021).

Briefly, the synthesis was performed at 2-fold excess relative to the amino compo-
nent in the resin, using DIC/HOBt coupling reagents in DMF during 2h. The suc-
cess of the coupling was monitored by the ninhydrin reaction. Before adding the
subsequent AA, Fmoc group was deprotected by 20% PIP/DME. Afterwards, the
Fc redox probe was introduced at the N-terminus (Glu) by reaction with the aid of
DMAP and PyBOP in DME, over 24 h. The peptide cleavage was carried out using
TFA /TIS/EDDT/H,0 (94:1:2.5:2.5, v/v) during one and a half hour. After that, the
peptide was precipitated with cold ethyl ether anhydrous and separated from solu-
ble non-peptide material by centrifugation. The peptide was extracted in a 1:1 mix-
ture of solvent A (TFA/H,0O, 0.045% v/v) and solvent B (TFA/ACN, 0.036% v/v) and
lyophilized.

The obtained product was purified, using high performance liquid chromatogra-
phy (HPLC) with a semi-preparative reverse phase Phenomenex C18 column (250 x
10 mm, 5 ym particle size, 300 A). A linear gradient elution employed was from 25
to 55% of solvent B for almost 90 min. The purity of peptide was qualitatively ana-
lyzed using an analytical Shimadzu system with a reverse phase column (ZORBAX
300SB-C18, 4.6 x 150 mm, 5 ym particle size, detection at 220 nm), a linear gradient of
5 to 95% of solvent B for 30 min, flow rate of 1 mL min—!. The identity of the peptide
was confirmed by ion-trap Mass Spectrometry using a Brucker system in positive ion
mode (see Appendix A).
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Table 2.1: List of chemical reagents used in chapter 2.

Reagent Company Purpose
Alumina suspensions (1 ym, 0.3 ym, and Buehler
0.05 ym) Mechanical polishing of gold
Polishing cloths (MASTERTEX®) Buehler electrodes
Sodium hydroxide (NaOH) Sigma-Aldrich
] ) Electrochemical cleaning of
Ethyl alcohol (EtOH) Sigma-Aldrich gold electrodes
Sulfuric acid (H,SOy4) Qhemis

N-a-Fmoc-S-trityl-L-cysteine (Fmoc- AAPPTEC

Cys(Trt)-OH)” ) )
Amino acids (AA) for pep-
N-Fmoc-L-alanine (Fmoc-Ala-OH)* AAPPTEC tide synthesis

N-a-Fmoc-L-glutamic acid p-tert-butyl AAPPTEC
ester (Fmoc-Glu(OtBu)-OH)*

Rink amide resin (0.52 mmol g~ 1) Sigma-Aldrich  Solid phase peptide synthesis
N,N’-Diisopropylcarbodiimide (DIC) Sigma-Aldrich AA coupling reagents for the
Hydroxybenzotriazole (HOBt) Sigma-Aldrich EeRiEELE
4-Methylpiperidine (PIP) Sigma-Aldrich Reagents for Fmoc removal
Dimethylformamide (DMF) Sigma-Aldrich
3-Ferrocenylpropionic anhydride Sigma-Aldrich

Fluka

4-Dimethylaminopyridine (DMAP) Coupling of the ferrocene (Fc)

Chemika redox probe in the synthe-

sized peptide

Benzotriazole-1-yl-oxy-tris-pyrrolidino- ?}ljjgika E

phosphonium hexafluorophosphate

(PyBOP)

. . Fluka

Triisopropylsilane (TIS) Chemika

Trifluoroacetic acid (TFA) Sigma-Aldrich Pephde-re?m'n Fleavage and
resin precipitation

2,2’-(ethylenedioxy)diethanethil (EDDT)  Sigma-Aldrich

Ethyl ether anhydrous Sigma-Aldrich

HPLC-grade acetonitrile (ACN) Sigma-Aldrich Peptide syntheisis, SAM fab-
rication and solvent for elec-
trochemical characterization

Tetrabutylammonium perchlorate Sigma-Aldrich Electrolyte for electrochemi-

(TBACIOy) cal characterization

“Fmoc (9-fluo-renylmethyloxycarbonyl)



Chapter 2. Quantum Resistance Study of the Electron Transter Process 66

2.2.3 Equipment and electrodes

Electrochemical measurements were performed using an AUTOLAB potentiostat from
METROHM, controlled by NOVA software, equipped with a frequency response anal-
ysis (FRA) module. A three-electrode setting was used as electrochemical cell, com-
prising a platinum mesh as the counter electrode, Ag | AgCl (3M KCl) as the reference
electrode, and gold electrode as working electrode from METROHM (diameter of 2
mm, geometric area A, of 0.03142 cm?). The supporting electrolyte employed was 20
mM TBACIO,4 in ACN/HO (1:4, v/v) .

Working electrode pre-treatment: Gold electrode surfaces were mechanically polished

using a MASTERTEX®polishing cloth and aluminium suspensions with decreasing
particle sizes (1, 0.3, and 0.05 pm). Sonication in water for 5 min was performed be-
fore changing the aluminium suspension particle size to remove adhered particles.
Subsequently, the electrodes were electrochemically cleaned performed a CVin 0.5 M
NaOH (200 cycles from — 1.5 to — 0.5 V at 100 mV s~1), followed by water rinsing
and immersion in ethanol with magnetic stirring for 20 min. After that, the electrodes
were electrochemically polished performed a CV in 0.5 M HySO;4 (25 cycles from —
0.2 to 1.5 V at 100 mV s~ !). From the last cycle of the sulphuric acid cleaning step, the
electroactive surface area (A, = 0.044 +0.001 cm?)? was calculated by integrating the
cathodic peak using the value of 410 #C cm 2 (see Appendix B) (TRASATTL; PETRIL,
1992). In order to achieve well-organized SAM with a reproducible electrochemical
response, the quality of the gold surfaces was ensuring by monitoring the surface
roughness, which was determined by dividing the A, by the electrode geometry area,
whose value was kept lower than 1.7.

Self-assembled monolayer fabrication: Right after the sulphuric acid cleaning step de-
scribed above, the electrodes were rinsed with water and dried in a nitrogen envi-
ronment before immersing in fresh solution of 2 mM of peptide in ACN/H,0O (1:1,
v/v) during 16 h at room temperature (25°C) in order to obtain the redox SAM (S5-
Pep—Fc). Afterwards, the modified surfaces were rinsed with 1:1 ACN/H,0 and H,O
according to reference (GARROTE; SANTOS; BUENO, 2020).

2.2.4 Electrochemical measurements

CV was performed aiming to evaluate the monolayer quality and to determine the
Er/e of the redox monolayer, which was measured from 0.0 to 0.7 V (three cycles) at
100 mV s~ 1. The formal potential of the SAMs was resolved as Er/e ~ (Vor+Viea)/2,
where V,, and V,,; are the oxidation and reduction potential peaks, respectively, as
illustratively shown by Fig. 2.4.

EIS was conducted at two different potentials outside (V,,+ = 0.1 V) and inside
the electrochemical window (Er/e = 0.35 V) in frequency range of 100 kHz to 0.1 Hz
with a peak-to-peak amplitude of 10 mV, for a total of 60 logarithmically arranged
frequencies.

2 A, was used to normalize electrochemical signals for calculating current densities and capacitances
per unit of area
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2.2.5 Impedance spectroscopy and capacitive spectra

Capacitive spectra were constructed using a complex capacitive function C*(w) =
1/jwz*(w) obtained from the EIS raw data Z*(w), where j is the complex number
j = v/—1 and w is the angular frequency w = 27tf; and f is the linear frequency
(BUENO, 2018; BUENO; BENITES; DAVIS, 2016; BUENO; MIZZON; DAVIS, 2012).
The capacitive complex function allows us to obtain capacitive spectra using the fol-
lowing relationship C*(w) = C’ + jC”, where C’ and C’ are the real and the imagi-
nary capacitive components, respectively; which are calculated using the mathemat-
ical equations C" = ¢Z” and C" = ¢Z’, where Z' and Z" are the real and imaginary
impedance components, respectively; and ¢ = 1/(w|z|?), where |Z| is the modulus of
the impedance.

2.2.6 Equivalent circuit analysis

Equivalent circuit analysis was performed in order to access to the values of the cir-
cuital elements, which was achieved by fitting EIS or capacitive spectra to appropri-
ate equivalent circuit model of the interface (see Fig. 2.3a), which is comprised by
two branches, namely, the non-Faradaic and Faradaic (GOES et al., 2012; LEHR et al.,
2017). Table 2.2 compiles the description of the circuit elements, their graphical de-
termination, how they are related and involved in relaxation process. The values of
equivalent circuit elements obtained from the fitting were reported as a mean value X
with the standard error of the mean (¥ + 03) calculated for at least three independently
fabricated interfaces.
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Figure 2.3: (a) Entire equivalent circuit for a diffusionless interfacial electrochemical process
in which there are two types of phenomena: the non- Faradaic and the Faradaic. The elements
of the circuit involved with colored boxes are defined in table 2.2. The value R; refers to the
series resistance that encompasses the resistance of both the contact and the electrolyte. (b)
At the Fermi level, the dominant process is the Faradaic response in which the equivalent
circuit is composed of the series of resistances Rs and Ry and of the capacitance C;. (c) The
experimental electrochemical response of the interface is an average value, as indicated in the
equivalent circuits shown in (a) and (b). The quantum RC model of the interface predicts that
this average value constitutes a parallel series of the individual quantum resistor #/2¢> and
capacitor c;, in which their combination constitutes the quantum thermodynamics microstate
of the interface.

Source: (SANCHEZ; SANTOS; BUENO, 2022).
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Table 2.2: Description of the elements obtaining by equivalent circuit fitting depicted in

Fig. 2.34.

Element

Description

Graphical

determination

Associated
time-scale T

Cy monolayer

Capacitance of the mono-

Real capacitive value at

capacitance layer constituted from a high frequency in the
9 combination of the dou- Nyquist capacitive plot.
= ble layer Cy and that of
g the film bulk C,.
F* G capacitance Charge separation due to Semi-circle diameter of
g . . . "
e the ions inside the bulk of the Nyquist capacitive
the film. lot.
. ) .1 " . PO . T = RiC
Ry resistance Resistance associated to Not possible
the ion relaxation process
inside the bulk of the film.
C; quantum Charge storage due to the Semi-circle diameter of
Y capacitance electron occupancy. t}Iet Nyquist capacitive
. . por T=RuCy
g Ryt quantum Resistance of each quan- Not possible.
F~  resistance tum channel that com-

prises the monolayer.

Source: (GOES et al., 2012; LEHR et al., 2017).

2.3 Results and discussion

The study of the capacitive phenomena of redox molecular interfaces has been a main
interest issue in our research group (BUENO; FABREGAT-SANTIAGO; DAVIS, 2013;
BUENO; DAVIS, 2014; PICCOLI, J. P. et al., 2016), which has not been limited for
organic molecules but also for semi-conductor films (PINZON; SANTOS; BUENO,
2021) and graphene (LOPES; SANTOS; BUENO, 2021). Through capacitive spec-
tra analysis, the distinction between the Faradaic from non-Faradaic response has
allowed to demonstrate that the dominant contribution in the capacitive activity is
quantum in nature (GOES et al., 2012; LEHR et al., 2017). Recently, a previous work
was concerned in access to the ET rate constant between immobilized redox probe
and electrode by means of the quantum rate expression aforementioned (ALARCON;;
SANTOS; BUENO, 2021), demonstrating that this approach is valid to calculate the
constant, which was in agreement with the typical procedures, such as Laviron’s. In
this context, the first chapter of this Ph.D thesis, will demonstrate that the quantum
mechanical rate principle is also suitable for the understanding of other properties
such as the resistance and conductance, focusing the spotlight on the charge trans-
fer resistance interpretation of diffusionless electrochemical reaction, which was pub-
lished in (SANCHEZ; SANTOS; BUENO, 2022).

Monolayers fabricated by redox peptide self-assembled on gold electrodes form
stable redox interfaces characterized by reversible electrochemical process, whose
current-voltage curve, shown by Fig. 2.4a, depicts two well defined peaks related to
oxidation/reduction process of the Fc from the the SS-Pep-Fc, with AV, = V,, —
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Vied = 20 mV, iox/i,,; = 1 and Er/e =~ 0.35 V. The current peak reports on the Faradaic
current, which is defined by the derivative of the charge g with respect to time t as
dq/dt = Cq(dV/at) = Cys = i (ALARCON; SANTOS; BUENO, 2021), which allows
us to calculate C; directly from this relationship and to obtain it from analogous
capacitive-voltage curve as shown by Fig. 2.4b. Accordingly, cathodic C; and an-
odic C,, values at ~ 0.35 V can be used in the calculation of k by using the Eq. 1.15
(i.e., k = 4¢*/nc,, where 4’/ ~ 155 uS). Hence, for a average value of the anodic and
cathodic capacitive contributions is ~ 8 uF, the estimated k is ~ 19 s~1, which within
experimental error, is equivalent to that obtained by impedance methodology as will
be demonstrated further (see Table 2.4).

Notwithstanding the simple way in obtaining C, from C; = i/s, EIS is required
not only to reveal circuit element contributions separately in the interface, but also
to support in the interpretation of the quantum rate. Therefore, once the Er/e was
estimated, ECS was performed with two different potentials: V,,;= 0.1 V and Er/e ~
0.35 V. For simplicity, these potentials will be referred to as non-Faradaic and Faradaic
responses of the redox molecular film, respectively.

The impedance data recorded at those potentials are characterized mainly for the
elements described by table 2.2, which are frequency (or time) dependent and de-
fines relaxation process, such as ion relaxation (t;) inside the bulk of the monolayer
and electronic relaxation (7) due to redox process. This phenomenon can be better

1.0 i i 10
g (a) . b
| > | .:
| i\ : G
b ! i\ faradaic 87 78S
I I\ charge L
T 00/ ot ¢ o
= I
: : | non-faradaic "U
I \i charge O
-0.5 A ! -5
I \Y Cac
V/: E./ /’} :"“"“"T
BT AR L e il , 40 1 — : . ;
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8

Potential (V) Potential (V)

Figure 2.4: (a) Cyclic voltammogram of SS-Pep-Fc performed in 20 mM TBACIO4 in
ACN/H,0 (1:4, v/v) using Agl AgCl (3 M KCI) as the reference electrode. Relevant infor-
mation for analyzing the electrochemical response is indicated, such as the Er/e and V,,; val-
ues. The orange peaks correspond to the amount of Faradaic charge attributed to the redox
process, which is dominant over the non-Faradaic charge depicted by the hatched area (i.e.,
interfacial charge separation characterized by C,, and C;, see table 2.2). (b) Capacitive plot ob-
tained by the normalization of the electric current i by the scan rate s, providing two possible
values of C;, and C, ., which are utilized to calculate the value of k as predicted by using the
quantum rate methodology (ALARCON; SANTOS; BUENO, 2021).

Source: (SANCHEZ; SANTOS; BUENO, 2022).
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understood by analysing the complex capacitive function that describes it. For in-
stance, for non-Faradaic (1f,) relaxation can be described by the Cole-Cole equation®
(see Eq. 2.4), which relates the non-Faradaic capacitive processes in function of angu-
lar frequency w that results in the capacitive complex diagram shown by the inset in
Fig. 2.5b.

Ct
* — Cm
nfa ((L)) + 14+ (]‘th)(l—lXt)

where a; accounts for a deviation of an idealized Debye dielectric type of relaxation (0
< &y <1). This phenomena is the responsible for the non-Faradaic capacitive response
of non-electroactive monolayers embedded in electrolytes, as discussed in more detail
elsewhere (GOES et al., 2012; LEHR et al., 2017).

On the other hand, the electronic relaxation quantified by T = R,C,4, which deter-
mines the ET constant rate k = 771, is associated with the Faradaic response (f,) as
described by the complex capacitive function analogous to C; £, (w),

(2.4)

G
1+ (jwt)(1—%)

where a; accounts for a deviation of an idealized relaxation and is sensible to the dis-
persion of the redox DOS function attributed to the solvent environments (BUENO;
FABREGAT-SANTIAGO; DAVIS, 2013; BUENO; DAVIS, 2014). Currently, the corre-
lation of the electrolyte environment effect on the DOS distribution is matter of study
in our research group. Hence, the analysis of this parameter does not compromise the
aim of this chapter due to the analysis is intended to approach other phenomenon.

In this way, the Eqs. 2.4 and 2.5 describe the capacitive response in function of
frequency (i.e., w = 27f), which are depicted by the semi-circles in Fig. 2.5b that
provides relevant information when compared to the traditional EIS Nyquist spectra
shown by Fig. 2.54. For instance, the experimental value of C; can be graphically
estimated by noting the value of the inset Nyquist semicircle capacitive plot diameter
obtained at V,;; (black dots), which corresponds to an estimated value of ~ 6 uF cm ™2,
This value of C; corresponds to only 3% of the value of C, of ~ 200 yF cm 2, which is
also estimated from the diameter of the semicircle obtained at E¢/e (blue triangles).

As was demonstrated, C; does dominate the capacitive response over C;, which
along with C,, posses dielectric capacitive character, hence these are a type of electro-
static capacitances referred to as C, in Eq. 1.14 (i.e., Cyy < C; and C; << Cy). This
demonstration is the basis of the theoretical origin for the empirical pseudocapaci-
tance terminology (BUENO, 2019), a capacitance which is known to be related to the
Faradaic response and Faradaic currents occurring in electrochemical interfaces but
that had not had, up to recent years (BUENO, 2019), a theoretical explanation for the
phenomenon.

The dominance of the quantum capacitive at Er/e allows us to make approxi-
mations, such as the spectral subtraction of the non-Faradaic relaxation from the
Faradaic, which results in the plot shown by the green square dots in Fig. 2.5b, which
clearly demonstrates that the non-Faradaic relaxation is negligible compared to the
Faradaic for EIS spectra obtained at the Er/e. This result was in agreement with the

Cj;ﬂ (w)=Ci+ (2.5)

3This equation is typically used to describe dielectric relaxation processes JONSCHER, 1999).
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Figure 2.5: (a) Complex impedance diagram obtained for the SS-Pep-Fc at V,,; and Er/e po-
tentials that are referred to as non-Faradaic and Faradaic responses, respectively. (b) Complex
capacitance diagram of (a). The square green dot curve corresponds to the spectral subtraction
of the non-Faradaic from the Faradaic response, demonstrating that the Faradaic response is
dominant over the non-Faradaic.
Source: (SANCHEZ; SANTOS; BUENO, 2022).

differences between Faradaic and non-Faradaic charges observed in Fig. 2.4a. Conse-
quently, Egs. 2.4 and 2.5 can be approximated to the following expression (BUENO,
2018)

C
C*(w) = .
) = T ont

where the second term is a mathematical expansion of the frequency dependent re-
sponse of a quantum point contact modeling the interface, in where O(w?) accounts
for a second-order term (BUENO, 2018), confirming that the simplification of the in-
terface response from Eq. 2.5 to Eq. 2.6, is equivalent to considering each molecule
at the interface as a quantum capacitive point contact. Eq. 2.6 can be used to model
the response of the interface and has previously been used to develop highly sen-
sitive biosensing devices (BUENO; FERNANDES; DAVIS, 2017) additionally, it also
explains the conductive and capacitive behavior of single layer graphene (LOPES;
SANTOS; BUENO, 2021).

As a result, following Eq. 2.6, the equivalent circuit of Fig. 2.3a simplifies to that
shown in Fig. 2.3b, which is a quantum RC equivalent circuit composed solely of a
series of two resistive components; Rs and R settled in series with the quantum
capacitance C;. The meaning of Rs and Ry in the context of quantum resistance R; =
1/G will demonstrate to us that R, as interpreted in the traditional equivalent circuit
analysis of electrochemical interfaces, must be revisited. This will be done after the

~ Cy1 = (jor) 1] + O(w?) (2.6)
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Figure 2.6: Bode capacitive diagrams from ECS data. (a) The real component (C’) of the com-
plex capacitance as a function of frequency. (b) The imaginary component (C”) of the complex
capacitance as a function of frequency. It is evident that the non-Faradaic response is negligi-
ble compared to the Faradaic response.

Source: (SANCHEZ; SANTOS; BUENO, 2022).

corroboration of the quantum interpretation of k by ECS analysis.

As discussed at the beginning of section 2.1, k can be calculated if the value of C,
is known. Hence, by simple division of 155 uS by 8.6 uF (graphically determined) for
an A, of ~ 0.044 cm?, gives an estimated k value of ~ 18 s~ (for three different elec-
trodes, this value is, on average, 18 £ 2 s~ ! as indicated in Table 2.3), which is in good
agreement with the CV analysis (see Fig. 2.4b) where the value of k was estimated as
~ 19 57! and is compiled in Table 2.3.

A different approach for k determination can be realized recalling the electronic
relaxation phenomenon, in particular, by means of the relaxation frequency f, of the
ET transfer process. Since k = 7! = 2Go/c,, half of this value leads to f, = Go/c,.
The value of f, can be obtained directly from the imaginary capacitive Bode diagram,
corresponding to the plot of C” versus frequency as shown in Fig. 2.6b, in where the
peak maximum corresponds to f,, which has a value of 8.7 s~!. Twice this value
provides an estimated k of ~ 17.2 s~!, which is in good agreement with that estimated
from the CV and from ECS (see Table 2.3).

Table 2.3: Values of k obtained by CV and ECS methods.

Method k/s™1

Cv 19+2
ECS graphic 18 £2
ECS fitting 16 £3

Source: (SANCHEZ; SANTOS; BUENO, 2022).
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Figure 2.7: (a) Nyquist capacitive diagram and the fitting (blue curve) to the equivalent cir-
cuit of Fig. 2.3. (b) Bode diagram of (a). The value of 8.7 s~! corresponds to a characteristic
frequency f. = k/2 that disregards g, in the interpretation of k.

Source: (SANCHEZ; SANTOS; BUENO, 2022).

This alternative method is accurate thanks to the interpretation of g, in the quan-
tum rate expression, which is related to the number of electrochemical states, i.e.,
oxidized and reduced states, or the two directions of the electric current in this elec-
trochemical interface (see Fig.2.1a). This is also reinforced by another reasoning con-
cerning with the angular frequency mode with which the EIS is performed, which
can be converted from the mathematical definition & f = hiw, where i = /2. Hence,
working with the angular form of the f, of the ET process, w, can be rewritten as
wy = 2Go/c, = 202/ nC,, where g, is, a priori, disregarded. Similarly with f,, w; is ob-
tained at the maximum of the Nyquist capacitive diagram as shown (with a yellow
dot) in Fig. 2.7a. At this maximum, there is a maximum of C” that corresponds to a
conductance of Gy = w,C" = 2¢/n. Moreover, this maximum C” is the equivalent to
the half of the C;, leading to Gy = w, = G/2 = 2¢%/n; and rewritten the expression and
recalling that Gg = 2¢°/1, one obtains w, = 4¢°/xC,, meaning that 2G, corresponds to
wy; = 2w.. The angular resonance frequency w, should be equal to the characteristic
frequency w,, and twice the difference between each of these frequencies is the re-
quired presumption related to assuming a value of 2 for the electrochemical number
gr, in which the conductance of Gy, at resonance, must be g,Go with a g, = 2 instead of
only Go. A different analysis of the ET process led us to the same conclusion regard-
ing g,, which confirmed the correctness of the interpretation of the quantum rate in
this type of electrochemical setting, where a g, degeneracy of 2 is evidenced.

So far, we have described the experimental application of the quantum rate theory
for obtaining k, whether by means of CV or ECS (graphically or circuit analysis), as
well as the circuit parameters summarized in Table 2.4. Now, we are going to close
this chapter with the interpretation of the meaning of R.; within this theory by con-
sidering as a starting point the definition of G as result of the correlation of tunneling
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Table 2.4: Circuit parameters and k values of SAM-Fc.

Parameter X + oy

R (kQY) 0.7+ 0.3

Cm (uF cm~?) 26 £03

Ct (uF cm~2) 5+1

Rs(QY) 2,040 £ 50
Cy (uF cm™2) 230 £ 10

Ryt () 5 +1

rq(Q) 13,100 + 400
k(s™h) 16 £ 3

Source: (SANCHEZ; SANTOS; BUENO, 2022).

mechanism in electron transfer and transport processes as described in the introduc-
tion 2.1, i.e, G = kGoN. In particular for N, can be experimentally estimated from
the C, thermalized function (Eq. 1.12) at Er/e where f = 1/2; hence, N = (4k3TCy)/é2.
For a C, of 230 uF cm™2 as the mean value obtained from the fitting of data from
three different and independent electrodes to the equivalent circuit model depicted in
Fig. 2.3, one can calculate N as 6.3 x 10'2. Note that, similar to C; = Ncg, in where
the value 230 F cm ™2 is a total contribution of each ¢, of the microstates that conform
the molecular ensemble N, thus, G = kGyN is the total conductance, which can be as-
sociated to Ry, i.e.,, G = 1/Ry, the quantum resistance of the whole ensemble equal
to 59 Q) (Table 2.4), which corresponds to ~ 16.9 mS. Hence, knowing the values of G
and N, B can be estimated from G = Gy exp(—BL)N, where L is required to be known.
Therefore, a value of L ~ 1.8 nm, estimated from ellipsometry for a redox monolayer
tabricated with a similar peptide structure (PICCOLL, J. et al., 2018), Fc-Glu-Ala-Ala-
Ala-Cys-NHj, was used in this calculation. Thus, for SS-Pep-Fc,  ~ 1.34 A1 which
is in agreement with those obtained from the literature for non-adiabatic ET reactions
(~1.3 A~1)(FINKLEA; HANSHEW, 1992).

It is important to highlight that the demonstration of the tunneling regime as an
electron transfer and transport mechanism in this system by means of the calculation
of B using a thickness value of a monolayer different of that studied here, is still valid
by observing the following. If one does the backwards calculation, starting form f
values reported in the literature for peptide structures, which varies from 1 to 1.4
A~1, one estimates values of L between 2.41 and 1.72 nm, respectively. Meaning that,
in spite of the difference of one unit of AA, for the L used the obtained B is within the
expected range for peptide structures. One can conclude that this method can be used
to evaluate the electron tunneling in different structures and conditions, for instance.

Having demonstrated the reciprocity between Ry with G, in where the tunneling
mechanism operates, we can move towards the final discussion to the interpretation
of R within the quantum rate model. From the frequency analysis in terms of the
angular form above discussed, one can express k in radians as k = 2w, = g,w,, which
allows us to interpret the term w7 in Eq. 2.6, for which there is a certain external
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perturbation w that will be in resonance with w., which we identifies as w;. At the
resonance condition, C*(wy) = Cy, therefore the term w, T must be equal to the unity,
thus one can express f, = 1/(2nt), which leads to the following expression,

1 1

2.7)

2t~ 27(R,Cy) fe

and from Fig. 2.7b, it is known that f. = 8.7 s71. So, the question is, which are the
values of R, and C, that leads to ~ 8.7 s~'? From the equivalent circuit analysis, we
get a value corresponding to Cy, Ryt and Rs*; and it is Rg + Ryt = Ry, along with C,,
that leads to f. ~ 8 s~1. Therefore, one can conclude that R, establishes a quantized
limit of the minimal resistance (or of the maximum of conductance Gy), whose value
is ~ 12.9 kQ) (or R; = 1/2G,), meaning that g, is associated with the redox states of the
electrochemical reaction and not to the pure physical meaning of Gy = 2¢/h ~ 77.5 uS.
Furthermore, a possible separation of those resistance in Fig. 2.3b is only fictitious due
to the minimum physical value possible for the resistance of a single electron, within
a quantum mechanical interpretation, is established as the sum of both contribution,
which is equivalent, as we demonstrated theoretically, to what has been referred to
in electrochemical textbooks as charge transfer resistance, R, (BARD; FAULKNER,
2000).

It is worthwhile to note that in f,, G = 1/(Rs+Ry) and G/c; = (G/N)/c,; in ac-
cordance with the quantum rate model, the experimentally measured k value in-
corporates k¥ ~ exp(—pBL) and, as expected, decays exponentially as a function of
distance. This observation of the minimal/maximum resistance/conductance in the
ET rate processes is interpreted within the physical meaning of the quantum resis-
tance/conductance that establishes that there is a minimal/maximum limit of resis-
tance/conductance for the transfer of a single electron between two states. Undoubt-
edly, the obtained experimental quantum resistance value of ~13 k() (see Table 2.4),
within experimental error (3.1%), matched the theoretical value of ~12.9 k().

In this way, it is demonstrated that in the Faradaic response governing the ET
process at Er/e, ET kinetics depends on Rs, encompassing resistances not only that
of solution but also the resistance of the cable, ohmic contact and that related to the
chemical attachment of the molecule to the electrode. This Ry must be maintained as
an important series term to the capacitance during the ECS analysis of the interface,
if a quantum mechanical interpretation of the ET is meant. Therefore, R;, generally
interpreted as the resistance of solution or electrolyte, is a main part of the resistance/
conductance of the system and cannot be disregarded in the analysis of the Faradaic
component of the ET process, nor in the equivalent circuit analysis, as usually done
(Fig 1.6c) (BARD; FAULKNER, 2000). In addition to revisit the meaning of R;, the role
of R, was revisited as well, which has been considered as part of a parasitic response
or disregarded only as a solution resistance (CREAGER; WOOSTER, 1998; BUENO;
FABREGAT-SANTIAGO; DAVIS, 2013), showing its importance in the interpretation
of the ET, in spite of be only about 3% of Rs.

*Also graphically obtained in the high frequency region of the impedance diagram, as depicted in
Fig. 2.5a
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2.4 Conclusion

The quantum rate model allows an accurate interpretation of ET process occurring
at mesoscopic interfaces, such as redox monolayer onto electrode surface, whose ET
kinetics is defined as G/c, ratio, in which the states of degeneracy must be estab-
lished. It was possible not only to demonstrate that, as a ET theory, it encompasses
the Marcus ET model, but also to clearly prove that the associate resistance to G, R,
is quantized. Furthermore, it was elucidated that the R; modulates the ET kinetics
and involves two resistive terms, in series, the relaxation resistance R, and the solu-
tion and contact R; series resistance, which cannot be separated. Hence, the meaning
conferred to R, within the quantum rate model lead us to revisit the interpretation of
Rt, which turned on pointing out that R; is equivalent to R, despite this conflicts
with its traditional interpretation in the equivalent circuit analyses. Finally but not
least, it was described an straightforward method to calculate k of an heterogeneous
electrochemical reaction, in which the determination of C,, as the only variable, can
be obtained from CV plot, or by ECS data, whether graphically from the Nyquist or
bode capacitive plots or by fitting to the equivalent circuit.

Such findings confirm that the Landauer formalism in molecular electronics is a
common property that, within a suitable quantum mechanical interpretation of the
electron dynamics, have a common foundation in quantum mechanics. This work
indicates that controlling the properties of electrochemical interfaces at the nanometer
molecular scale will enable the development of novel and advanced electrochemical
quantum devices.
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Chapter 3

Quantum Capacitive Mediation of the
Electron Transfer Process

For heterogeneous ET transfer occurring between free redox species and a metallic
electrode the kinetics is controlled by mass transport phenomenon. On the other
hand, if redox species are covalently attached to a metallic electrode, the ET reaction
follows a diffusionless kinetics. These different charge-transfer kinetic mechanisms
can be studied through the relationship between j and s obtained in cyclic voltam-
metry experiments. For instance, if j is linear with the square root of the scan rate s,
ie. j « s!/2, according with Randles-Sevcik’s equation, there is a diffusional kinetic
control (BARD; FAULKNER, 2000), whereas if a linear behavior between j and s is
obtained, i.e. j o« s, the kinetics is not longer controlled by diffusion and is said to
tollow diffusionless mechanism, which can be studied by following the formalism
developed by Laviron (LAVIRON, 1979).

It was demonstrated that the ET kinetics in a diffusionless setting can be mod-
elled by the quantum rate theory. This is particularly studied for redox-active species
assembled over metallic electrodes and the quantum rate theory complies with Lav-
iron’s approach. In the case of the presence of a redox species in solution in contact
with a redox monolayer, the electron transport from the redox species in solution to
the electrode occurs via the quantum capacitive redox states of the interface within
a quantum efficiency that obeys quantum transport and without diffusional control.
This chapter aims to discuss how the quantum electron transport occurs through the
quantum capacitive states of the interface. The ET kinetics is studied in the presence
of a redox self-assembled monolayers intermediating the redox kinetics with the free
redox species in solution. This is a fundamental study that was strategically selected
for investigating how quantum phenomenon operates and can be useful for specific
applications. Therefore, the objectives of this chapter are:

& To demonstrate that whenever an alignment of the formal potential levels of
capacitive (within the interface) and non-capacitive (free in solution) states is
attained, the charge transfer between electrode and free redox species in solution
occurs in a diffusionless kinetically controlled setting, which is a consequence
of ET be mediated by the quantum capacitive states of the interface;

@ To prove that this ET mediation of the capacitive states of the interface complies
with a charge transfer resistance limit such as R; ~ 12.9 k(), meaning that the
mediation occurs with a quantum rate efficiency.
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3.1 Introduction

During the introduction of classical ET theories discussed in chapter 1, the electrolyte
medium was addressed as a key component of the kinetics. In particular, Marcus’
theory establishes an important and determinant parameter that considers the envi-
ronmental effect on the ET reaction that is referred as the reorganization energy A
of the solvent. This required energetic cost that implies a rearrangment of the outer
(solvational) and/or inner sphere (vibrational) structures of the solvent molecules is
central in Marcus ET theory. Since the Marcus’ theory was based on the TST and the
activation energy is written in terms of A, it can be noted that A is the kinetic limiting
term of electrochemistry reactions. For that reason, the transport of electrons through
D and A states that govern electrochemical reactions is slower than the transport of
electrons between solid-state nanoscale electronic states.

The transfer of electrons between D/ A states with electrode is well-known to be ki-
netically limited by diffusion, as schematically illustrated by the inset in Fig. 3.1a. For
instance, the Ferrocenecarboxylic acid (Fc-COOH) in solution acts as a D and A states
accordingly to the applied potential. The current-voltage and the impedance response
performed at Ex/e confirms the Faradaic activity and difussive process, respectively
(see Fig. 3.1a). The Faradaic branch of the Randles’ circuit of the interface depicted in
the inset is comprised by R in series with W, the well-known Warburg element that
models diffusive process characterized by the region where the impedance response
has an angle of 45° at low frequencies (< 10 Hz), which means that the value of the
real impedance equals the absolute value of the imaginary part (BARSOUKOV; MAC-
DONALD, 2005), as illustrated by the impedance Nyquist in the inset of Fig. 3.1a.

On the other hand, whenever D/A states are chemically (or physically) anchored
to the metallic electrode, the ET reaction is no longer limited by diffusion, and the
current-voltage and the impedance response is different in comparison with the lat-
ter case, as shown by Fig. 3.1b. Note that the different profiles of the voltammetry
and EIS (and ECS) response at the low-frequency limit for diffusion-controlled and
diffusionless reactions are modelled by a different equivalent circuit. Instead of W
for modeling low-frequency response in diffusion-dependent ET kinetics C, is used.
Therefore, for diffusionless case the kinetics is governed by C; instead of W element
(see Eq. 2.6). The differences between these two processes can also be identified us-
ing CV recorded at different s, as above-mentioned. Differences in the exponential
dependence of iy, to s for diffusion and diffusionless ET mechanisms as a half and
unit, respectively, are a proof of the dissimilar charge-transfer mechanisms operating
in each of these electrochemical heterogeneous settings.

Owing to these facts, careful theoretical analysis is required in order to investi-
gate the electrochemical response of such unlike ET kinetics, which have been ignored
during the theoretical analysis of the kinetic mechanisms proposed by Marcus-Hush-
Chidsey theory, as discussed in chapter 1. In this way, the suitable incorporation
of low-frequency limiting circuit for modelling electrode kinetics into an ET theory,
should sustain the EIS analysis. For instance, although Creager has identified the exis-
tence of a pseudo-capacitive contribution to this diffusionless-controlled ET kinetics,
it has not been identified (or discussed) how this capacitive element fits the theoreti-
cal model proposed by Marcus-Hush-Chidsey theory (CREAGER; WOOSTER, 1998).
However, in one of his works, wherein he focused on interpreting the entire molecu-
lar bridge in connecting to the redox-active states chemically attached to the electrode,
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Figure 3.1: Heterogeneous ET reaction controlled by diffusion or diffussionless process oc-
curring in different junctions. (a) Typical CV response of a diffusion controlled ET reaction
between electrode and Fc—-COOH in the electrolyte environment, schematically represented
by the inset, with a formal potential of E% /e ~ 0.36 V. Top right, the Randles circuit that mod-
els impedance response shown as Nyquist diagrams (left) in his impedimetric and capacitive
forms. (b) Typical CV response of a diffusionless ET process occurring in electrochemical in-
terfaces comprising redox probe chemically attached to the electrode as shown by the inset.
Same as (a), the vertical hatched strait line indicates the value of the formal potential E 1’; /e~
0.36 V (Pep—Fc). The equivalent circuit that models the impedance response shown as Nyquist
diagrams as discussed in detail in chapter 2. Owing to the attachment of D and A species to the
electrode, the ET transfer kinetics are no longer controlled by diffusion, and the W element
is replaced by Cy, whereas R.; is now denoted as Ry to emphasise its quantum mechanical
nature (SANCHEZ; SANTOS; BUENO, 2022a).

Source: Adapted from (SANCHEZ; SANTOS; BUENO, 2022b).

allowed to confirm that the communication of electrons through the molecular bridge
with the electrode occurs through a quantum mechanical tunnelling mechanism (WE-
BER; CREAGER, 1994).

C, reveals the shape of the DOS of a molecular junction as C; =~ ¢?DOS, which can
be experimentally obtained as described elsewhere (BUENO; CRUZEIRO, et al., 2021;
PINZON et al., 2022), and is characterized by a Gaussian-like shape that is essentially
controlled by the dispersion of the f(1 — f) term of the thermal-broadened capacitive
function (see Eq. 1.12). Therefore, the energy E = ¢*/c, associated with this elec-
tronic structure provides a unique characteristic to be exploited through a suitable
energy level alignment with the energy levels of the redox-free species in solution.
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Accordingly, this chapter will demonstrate experimentally that when the energy level
alignment is attained, the capacitive DOS could serve as accessible conductive quan-
tum channels for D and A states present in a bulk solution to communicate with the
electrode (see Fig. 3.2). Moreover, it will be proved that this electronic "harvest" from
D and A states embedded in an electrolyte environment follows a maximum quantum
rate efficiency and consequently with diffusionless kinetics.

3.2 Materials and methods

The experimental methodology followed that procedure described in section 2.2 and
is complemented by the reported in this section 3.2.

3.2.1 Chemical reagents

Table 3.1 enlists the additional reagents and materials used, which complement Ta-
ble 2.1 in chapter 2. Also, related information about the enterprise where the reagents
were purchased from and their purpose in the development of this chapter are writ-
ten. Aqueous solutions were prepared using Milli-Q water (Simplicity®water purifi-
cation system, Millipore, 18.2 M() cm at 25°C).

Table 3.1: List of chemical reagents used in chapter 3.

Reagent Company Purpose

Rink amide resin (0.5 mmol g~ !) AAPPTEC Solid phase peptide synthesis
Dimethylaminopyridine (DMAP) Sigma-Aldrich

N,N,N’,N’-Tetramethyl-O-(1H- Sigma-Aldrich

benzotriazol-1-yl) uroniumhexafluo- Coupling of the ferrocene (Fc)
rophosphate (HBTU) in the synthesized peptide
N,N-Diisopropiletilamina (DIPEA) Sigma-Aldrich

Triisopropylsilane (TIS) Sigma-Aldrich Peptide-resin cleavage
11-(Ferrocenyl)undecanethiol Sigma-Aldrich Redox SAM fabrication
Ferrocenecarboxylic acid (Fc—COOH) Sigma-Aldrich Redox molecule as probe in

solution

3.2.2 Peptide synthesis and characterization

Ferrocene-tagged peptide Fc-Glu-Ala-Ala-Cys-NH; was synthetized by solid-phase
peptide synthesis using the Fmoc-strategy on Rink amide resin (0.5 mmol g~!), as
reported elsewhere (PICCOLI et al., 2018).

Briefly, the synthesis was performed at 2-fold excess relative to the amino com-
ponent in the resin, using DIC/HOBt coupling reagents. The success of the cou-
pling was monitored by the ninhydrin reaction. Before adding the subsequent AA,
Fmoc group was deprotected by 20% PIP/DMEF for 20 min. Afterwards, the Fc redox
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probe was introduced at the N-terminus (Glu) by reaction with one molar equiva-
lent 1:0.1 3-ferrocenylpropionic anhydride/DMAP in DMF during 2 h. Subsequently,
1:2 HBTU/DIPEA (related to Fc content) was added to the reaction vessel and let
overnight over shaking (90 rpm). The peptide cleavage from resin and removal of
the side chain protecting groups was performed with 95% TFA, 2.5% TIS and 2.5%
water (H,O) for 2 h. After that, the peptides were precipitated with cold ethyl ether
anhydrous and separated from soluble non-peptide material by centrifugation. The
peptide was extracted in a 1:1 mixture of solvent A (TFA/H;0O, 0.045% v/v) and sol-
vent B (TFA/ACN, 0.036% v/v) and lyophilized.

The obtained product was diluted in 1:4 A/B (injection volume 5 mL) to be pu-
rified, using a HPLC system on a Beckman System Gold using a semi-preparative
reverse phase Phenomenex Jupiter C18 column (250 x 10 mm, 5 ym particle size, 300
A). A linear gradient elution employed was from 30 to 50% of solvent B for almost 40
min. The flow rate was 5 mL min~! at room temperature and the UV detection was
monitored at 220 nm.

The purity of peptide was qualitatively analyzed using an analytical Shimadzu
system with a reverse phase Phenomenex Jupiter C18 column (150 x 4.6 mm, 5 ym
particle size, 300 Apore size) linear gradient of 5 to 95% of solvent B for 30 min, flow
rate of 1 mL min~! and UV detection at 220 nm (see Appendix C).

3.2.3 Equipment and electrodes

Electrochemical measurements were performed using the equipment (AUTOLAB po-
tentiostat), electrochemical cell (three-electrode) and supporting electrolyte (20 mM
TBACIO4 in ACN/H,0 1:4, v/v) as reported by chapter 2. Gold working electrodes
were pre-treated as described in the previous chapter. Mean average A, of 0.038 and
0.045 cm? were obtained (see Appendix B) for the deposition of thiol and peptide, re-
spectively; and were used to normalize electrochemical signals for calculating current
densities and capacitances per unit of area for both SAMs.

Self-assembled monolayer fabrication: Right after the sulphuric acid cleaning step, the
electrodes were rinsed with water and dried with nitrogen. Posteriorly, they were
immersed for 16 h at room temperature (25 °C) in either 6 mM of thiol in EtOH or 2
mM of peptide in ACN/H,O (1:1, v/v) in order to obtain the redox SAMs C11-Fc and
Pep—Fc, respectively, according to (GARROTE; SANTOS; BUENO, 2020).

3.2.4 Electrochemical measurements

The quality of the redox SAMs was evaluated by CV as described by chapter 2, from
which the Er/e of the redox monolayers was calculated as Er/e ~ (Vox+Vwa)/2. Af-
terwards, EIS was conducted at two different potentials outside (V,,; = 0.1 V) and
inside the electrochemical window as detail in chapter 2. V;;,; was the same for C11-
Fc and Pep-Fc SAMs. However, there was a distinct Er/e for each SAM, identified
as EL /e for C11-Fc and E}/e for Pep-Fc SAMs. Eventually, capacitive spectra were
constructed using a complex capacitive function obtained from the EIS raw data as
already explained previously.
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Density-of-states distribution

The capacitive DOS shapes of Figure 3.7 were measured at scanning potentials from
0.2 to 0.7 V for the C11-Fc and from 0.2 V to 0.6 V for Pep—Fc SAMs with a potential
perturbation amplitude of 10 mV at room temperature (25 °C) using 20 mM TBACIO4
as the supporting electrolyte in ACN/H,O (1:4, v/v) . These measurementes were
performed at the equilibrium frequency, previous refereed as f; in chapter 2, corre-
sponding to a specific low-frequency limit where the imaginary component C” of
C*(w) = C’'+ jC" is a minimum. Meanwhile, C" is the minimum, and C’ is the max-
imum with a value corresponding to approximately the diameter of the semicircle of
the Nyquist capacitive plot (as reported in Fig. 3.4b and 3.5b). This low-frequency
limit theoretically corresponds to the frequency tending to null (w — 0) of Eq. 2.6.

3.2.5 Equivalent circuit analysis

The values of the circuital elements were obtained by fitting EIS or capacitive spectra
to appropriate equivalent circuit models of the interface shown by Fig. 3.2. The val-
ues of equivalent circuit elements obtained from the fitting were reported as a mean
value ¥ with the standard error of the mean (¥ 4 0%) calculated for three and four
independently fabricated interfaces, for C11-Fc and Pep-Fc, respectively.
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Figure 3.2: Faradaic (in blue) and non-Faradaic (in yellow) electrochemical activities of a diffu-
sionless electrochemical reaction as it is measured almost ideally for redox-active monolayers.
In green, the Faradaic current changes due to the presence of the redox probe in solution (i.e.,
Fc—COQOH), as shown schematically by the inset. Right, the equivalent circuit that models
the electrochemical activity measured at Er/e. Accordingly, an EIS spectrum measured in V;;;
will be fitted to an equivalent circuit comprising the circuit elements highlighted in yellow,
whereas a spectrum measured at Er/. is fitted with all the circuit elements of the interface, but
largely governed by R, and C, series elements. Note the presence of R;; as parallel resistive
term representing an extra current contribution due to the presence of Fc-COOH and its di-
rect non-capacitively coupled communication with the electrode.

Source: Adapted from (SANCHEZ; SANTOS; BUENO, 2022b).
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3.3 Results and discussion

In chapter 2 the meaning of R, was interpreted for a diffusionless setting. This chap-
ter the correlation between G and C; is analysed in the presence of a redox probe (Fc—
COOH) in the solution environment, as illustratively shown in the inset of Fig. 3.2.
The analysis of i = C;s dynamics was conducted using two different electroactive
SAMs, which were named Pep-Fc and C11-Fc. The equivalent circuit analysis con-
ducted focuses in the interpretation of quantum circuit elements in which, as will
be demonstrated, external circuit elements, such as the series resistance Rs that com-
prises contact and solution resistance are part of the quantum resistance R; ~ 12.9
kQ) of the interface.

Firstly, the CVs for Pep-Fc and C11-Fc highlights the reversible electrochemical
process shown in blue and green, respectively (see Fig. 3.3a). The EL /e is located at
0.45 V, whereas Eg /e is located at a lower potential ~ 0.36 V, providing a significant
difference of ~ 100 mV between the energy levels of both quantum capacitive states.
Parameters such as fox/i,,; ~ 1 and AV}, ~ 20 mV, confirm this reversible electrochemi-
cal behavior. In particular, the ratio i/s reports on a diffusionless kinetics that controls
these heterogeneous ET reactions, which eventually was confirmed by the equivalent
circuit analysis further discussed (see Table 3.2).
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Figure 3.3: (a) Electric current and quantum capacitive (C; = i/s, with a s value of 0.1 V s~
plots for C11-Fc and Pep—Fc interfaces in the absence (green and blued curves) and presence
(yellow and wine curves) of Fc-COOH in a supporting electrode of 20 mM TBACIO,. Note
that the values of the potentials Er/e ~ 0.45 V, Ef/e ~ 0.36 V, and V,,; ~ 0.1 V correspond to
the formal potential of C11-Fc, Pep-Fc, and the potential out of the Faradaic window, respec-
tively. The peak-to-peak separation AV, is around ~15 and ~18 mV for C11-Fe and Pep-Fc,
respectively. (b) EIS spectra obtained for monolayers in the presence and and absence of Fc-
COOQOH. R; states for the series resistance comprising the resistance of contact and solution.
Source: (SANCHEZ; SANTOS; BUENO, 2022b).
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The equivalent circuit shown in Fig. 3.2 allows to separate the intrinsic non-Faradaic
effects from the Faradaic dynamics of the total electrochemical response, more specif-
ically of the impedance data of the quantum capacitive interfaces. As result of the
addition of Fc—-COOH molecules in the electrolyte, this circuit was slightly modified
by considering a resistive element, identified as R;;. The presence of R;;, operating
in parallel with the Faradaic branch, is interpreted as an electron transport resistance
associated with the "diffusive" transmittance of the electrons directly from D or A moi-
eties in a solution phase environment to the electrode.

The EIS data highlighted a constancy of the Rs observed in Nyquist plot, which is
indicated by the yellow dot of Fig. 3.3b. This is expected considering that R; must be
constant whether the electrode material and the electrolyte composition are unaltered,
as was the case for both analyzed molecular system. Hence, the average values of
Rs obtained for Pep—Fc and C11-Fc were 2,030 and 2,120 (), respectively, which are
statistically similar within the statistical deviations (see Table 3.2).

In particular, in the capacitive form of the EIS data, the capacitive Nyquist plots
obtained at E}/e and E%/e confirm the governance of the i = Cys over the electro-
chemical activity, as shown in Fig. 3.4b and Fig. 3.5b, respectively. Consequently, the
related ET kinetics for both capacitive interfaces are governed by C,. Note that the
C, obtained by equivalent circuit-fitting analysis is in agreement with those obtained
by CV (see Fig. 3.4a and Fig. 3.52) and were ~ 190 uF cm~2 and ~ 380 uF cm~2 for
Pep-Fc and C11-Fc, respectively (see Table 3.2). Whereas the non-Faradaic C; ca-
pacitive contribution is negligibly less than 3% of the Faradaic C; contribution (see
Appendix D).

As described in chapter 2, at Ere/e the impedance of the capacitive interface is
governed by the R; = R;s + Ry resistive elements in series with C;, which defines
T = R,C, of the ET process. Hence, the time-scale T = k™! of both capacitive inter-
faces in the absence and presence of Fc-COOH was experimentally verified applying
Eq. 2.7, wherein the values of the circuital elements or the value of f. were used. For
instance, the values of k calculated through the values reported in Table 3.2, of ~ 18
st and ~ 11 s~ for Pep-Fc and for C11-Fc, respectively, are in agreement with that
obtained graphically by the Bode capacitive diagrams of Fig. 3.4c and 3.5c, respec-
tively.

In addition, the analysis of the ET mechanism operating in such experimental set-
tings was realized by means of the potential barrier calculation, as explained in chap-
ter 2. Thus, B values were obtained applying the expression B = —/1(5/GN)/L once
the values of G, N! and L? are previously known. Consequently, 8 values around
~ 13 A~1 and ~ 1.2 A~ were obtained for Pep—-Fc and C11-Fc, respectively (see
Table 3.2). These values agree with those obtained by others considering the tun-
nelling mechanism for the transport of electrons in non-adiabatic regime (SHAH et
al., 2015; ALEMAN; BIANCO; VENANZI, 2013; FINKLEA; HANSHEW, 1992) of dif-
ferent types of monolayers.

As result of that the ET process of both capacitive interfaces, in the absence and
presence of Fc—-COOH, follows a tunneling mechanism and that proceeds within a

IThe obtained quantum channel values were 5.5 4- 0.3 x 10'? and 9 & 1 x 10'2 for the Pep-Fc and
the C11-Fc junctions, respectively, in the absence of Fc—COOH.

2The estimated lengths of L reported by literature were ~ 1.8 nm and ~ 2 nm for Pep-Fc (PICCOLI
et al., 2018) and C11-Fc (BUENO; FERNANDES; DAVIS, 2017), respectively.
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Figure 3.4: (a) Cyclic voltammetry obtained for Pep-Fc in the absence (blue) and presence
(wine) of Fc-COOH in 20 mM TBACIOy supporting electrolyte. (b) Complex capacitive plot
for Pep—Fc in the absence (blue triangle) and presence (green square) of Fe—COOH in 20 mM
TBACIO, supporting electrolyte as measured at 0.36 V (corresponding to E/e). Accordingly
to Eq. 2.6, at the low-frequency limit (w — 0), the diameter of the Nyquist spectra provides
C;. The inset of (b) corresponds to the complex capacitive plot of the non-Faradaic response
of the interface as measured in the V,,; potential (0.1 V). (c) Bode capacitive diagram obtained
in the same conditions of (b) with the inset corresponding to non-Faradaic response of the
interface. The f. values of 9.1 and 5.2 s~! reports on the rate k of 18.2 and 10.6 s~! in absence
and presence of Fe-COOH, respectively. The inset in (c) shows 7, ! = 1/R;C; of the non-
Faradaic contribution.

Source: (SANCHEZ; SANTOS; BUENO, 2022b).

quantum resistance limit R, ~ 12.9 k() (see Table 3.2), one can propose that the trans-
mittance of the electrons is conducted with the intermediation of C, states. That is, in
the presence of Fc-COOH moieties in the electrolyte environment, the D (Fc—-COOH)
or A (Fc™-COOH) states in the solution phase can communicate with the electrode
through Fc/Fct redox capacitive C; states (contained in both C11-Fc and Pep-Fc
SAMs) with a resistance of R, or Ry;. By using the Fc/Fc* pair of redox capaci-
tive C, states, a path for the quantum mechanical hopping of electrons is established,
which is characterized by a quantum efficiently R; ~ 12.9 k(). Whereas parallel paths
for the communication of the Fc/Fc™ redox states of Fc-COOH in the solution phase
with the electrode without capactive intermediation exists as well. However, by using
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Figure 3.5: (a) Cyclic voltammetry obtained for C11-Fc in the absence (green) and presence
(yellow) of Fe-COOH in 20 mM TBACIO, supporting electrolyte. (b) Complex capacitive
plot for C11-Fc in the absence (blue triangle) and presence (red square) of Fe—COOH in 20
mM TBACIO4 supporting electrolyte as measured at 0.45 V (corresponding to EL/e) with the
diameter of the semicircles corresponding to C;. Accordingly to Eq. 2.6, at the low-frequency
limit (w — 0), the diameter of the Nyquist spectra provides C,. The inset of (b) corresponds
to the complex capacitive plot of the non-Faradaic response of the interface as measured in
the V,,+ potential (0.1 V). (c) Bode capacitive diagram obtained in the same conditions of (b)
with the inset corresponding to the non-Faradaic response of the interface. The f, values of
5.3 and 6.8 s~ ! reports on the rate k of 10.6 and 13.6 s~! in absence and presence of Fc—~COOH,
respectively. The inset in (c) shows Tt_l = 1/R;C; of the non-Faradaic contribution.

Source: (SANCHEZ; SANTOS; BUENO, 2022b).

the parallel paths, there is an energetically unfavorable situation, leading to a much
higher R;; resistance than for the transit of the electrons through R;. Accordingly, by
conducting electrons through the R;; alternative path, the efficiency of the electronic
communication with the electrode is drastically reduced by at least three orders of
magnitude (see Table 3.2).

In this way, the role played by the redox (Fc/Fc™) capacitive states has been demon-
strated, whenever they are mediating the electron transfer and transport to the elec-
trode coming/going from D and A species in solution. However, this electronic com-
munication is dependent on the magnitude of the coupling of the energy levels of
D and A in the solution bulk with that of D and A states chemically anchored to the
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Table 3.2: Circuit parameters and calculated values for R;, G, § and k, for both redox inter-
faces embedded in an electrolyte solution containing or not 100 uM Fc—-COOH. Values are
reported as X & ok, where ¥ refers to the mean average value and o refers to the standard
error of the mean of at least three independent modified electrodes measured.

Pep-Fc Cl1-Fc

0 uM 100 uM 0uM 100 uM
Cy (uF cm™2) 190 4 10 310 £ 10 380 + 40 340 + 40
Rs (O0) 2,030 £ 50 2,100 = 100 2,120 £+ 40 2,170 £ 70
Ry (Q) 33+5 40 =10 70 =10 60 + 10
Ry (k) 250 £ 10 400 + 100
R, (O) 12,400 + 400 13,700 + 600 13,900 =+ 200 14,000 + 400
G (mS) 32+4 3B3+7 142 19+6
B (A 1.297 4 0.009 1.33 = 0.01 1.230 £ 0.004 1.213 £ 0.009
k(s 182 4+ 0.5 10.6 = 0.1 11+1 12+1

Source: (SANCHEZ; SANTOS; BUENO, 2022b).

electrode. Meaning that it is required to achieve an energy alignment between formal
energy levels of non-capacitive Fce-COOH /Fct—COOH states added to the electrolyte
and that of the Fc/Fc' redox capacitive states immobilized in the electrode surface.
Herein, there are two situations, the first one, wherein the energy levels are align-
ment, i.e., Eg ~ Ef (see Fig. 3.4a), which is achieved when Pep-Fc is in presence of
Fc-COOH; and the other situation, a weaker energy alignment, i.e., EL # E% (see
Fig. 3.5a), when C11-Fc is the SAM that is with the Fc-COOH molecules added to the
electrolyte. Therefore, an appropriate electronic coupling maximizes the number of
quantum channels available for ET as following discussed.

As shown in Fig. 3.44, the formal potential of the Fc-COOH is numerically equiv-
alent to the formal potential of the Pep-Fc, i.e., Et/e ~ Ei/e ~ 0.36 V (see Fig. 3.1a
and Fig. 3.4a). These equivalent formal potential values offer a unique experimental
condition to evaluate the quantum ET efficiency between Fc—-COOH and the electrode
intermediated by the capacitive states of the Pep-Fc junction by means of the study
of the quantum rate dynamics. Contrary to a direct electrode reaction described by
semi-classical theory where there is an alignment of Fc-COOH states with that of the
electrode (section 1.3), the ET mediation by Fc/Fc™ capacitive states is explained by
the quantum rate theory, which proposes that each peptide-Fc molecule anchored to
the electrode acts as a quantum point contact (QPC), which can be modelled by a
quantum resistive-capacitive contact (inset of Fig. 3.2) that defines the ET rate con-
stant k = 1/7. As above-discussed analysis, it was demonstrated that Ry and Cq
does govern the diffusionless kinetics, thus, in their absence, the ET reaction between
Fc-COOH and the electrode will be controlled by diffusion (see Appendix E).

In spite of the capacitive feature of Fc-COOH cannot be proved by EIS (see Ap-
pendix F) (or any other) method whether a three-dimensional degree of freedom ex-
ists (i.e., mass transport process), avoiding the confinement of charges in a restricted
region of space, there is an energy levels distribution associated to Fc-COOH, namely,
HOMO-LUMO, which is defined by E = ¢*/c, ~ Ay (BUENO, 2018), corresponding
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to E¢ that can be aligned with those of the interface of the peptide E} as it is attached
to the electrode (see Fig. 3.6). For that reason, when Fc—-COOH is added to the elec-
trolyte the resultant CV of the Pep—Fc (red curve), as compared with the response of
solely Pep-Fc (blue curve), that is in the absence of Fc-COOH, depicts an only one
redox process at an equivalent formal potential Ef/e = Ef/e, with an increment of
Faradaic current (or capacitance C; = i/s) of 30% (from ~ 20 uA cm~? to ~ 30 pA
cm~2). This increase in C; affects k (see Table 3.2), as predicted by the quantum rate
model (see Eq. 1.15), whose value is in agreement with that obtained using the values
of f. obtained from Fig. 3.4c in k = g f., obtaining constant rate values from ~ 18
(Pep-Fc) to ~ 10 s~ (Pep-Fc + Fc-COOH).
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Figure 3.6: Schematic representation of ET mediated by the quantum capacitive states. (a)
Strong alignment of the capacitive energy levels of the interface Pep-Fc with Fc-COOH states
in the bulk solution. (b) Weak alignment of the capacitive energy levels of the interface C11-
Fc with Fc—COOH states. Note that the energy levels of the Fc-COOH states are described
by Marcus-Gerischer redox DOS as discussed in section 1.3. Hashed lines indicate the formal
potential of the solution and electrode states” energy levels. (c) QPC interacting with an Fc
centre (red circle) of Fc-COOH in the solution phase. The mediating capacitive states leads
to a two-step ET event owing to the fact that the electron resides in the Fc/Fc™ state in the
interface before resides in the Fc-COOH or electrode state.

Source: (SANCHEZ; SANTOS; BUENO, 2022b).

The equivalent circuit analysis of both capacitive interfaces in the presence of Fc-
COCQOH agrees with the EIS graphical analysis, providing accurate values of R; and C;.
It is worth to note that Ry is three orders of magnitude higher than R, (see Table 3.2),
meaning that it does not influence (with a minimum loss of energy) the efficiency of
the electron transport through the R,;C; channels, owing to R; = Rs + Ry ~ 13 kQ)
remains within a quantum limiting value. On the other hand, the increment of C; in
the presence of Fc-COOH is interpreted as an increment in the number of quantum
channels as N = ksTCy/e2f(1—f) available for the ET. This suggests a superposition of
the HOMO-LUMO of Pep-Fc with the HOMO-LUMO states of Fc-COOH that lead
to additional paths for the transport of electrons through available quantum capaci-
tive states. Following the quantum rate reasoning that predicts k = G/c, and recalling
that G = kGoN = xGoksTCqy/e2f(1-f), it is highlighted that both k and G depend on a
single state of the C; = e?(dn/dy) function and on the entire distribution of the redox
density-of-states (4n/du).
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Fig. 3.7 shows the DOS as a function of the energy state (¢V') of the electrode for
the different junctions investigated in this chapter. In particular, Fig. 3.7a exhibits a
similar profile between the DOS distribution of Pep—Fc in the absence and presence
of Fe~COOH states. Both DOS shapes have a maximum at Er/e ~ 0.36 V, as expected.
Note that Fc-COOH does not influence the energy distribution of states, but does
increase the population of states, owing to an increase in the number of N (peak height
at the maximum). This clearly indicates an increment in the population of the DOS
(consequently of N) in the presence of Fc-COOH.
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Figure 3.7: Distribution of the redox density-of-states for (a) Pep—Fc and (b) C11-Fc interfaces
in the presence and absence of an Fc-COOH redox probe in the solution phase. These DOS
shapes correspond to the electronic distribution of states of the interface as measured by com-
puting C; as a function of the electrode potential (owing to C; o« DOS). Both Gaussian shapes
in (a) have an equivalent standard deviation ~ 0.4 mV and position of the maximum, whereas
the Gaussian shapes in (b) the position of the maximum is different, though they have similar
standard deviations ~ 0.35 mV.

Source: (SANCHEZ; SANTOS; BUENO, 2022b).

Finally but not least, important information is proved by the analysis of the ET
mediation of C11-Fc, which depicts a shift in the energy levels for Fc-COOH of ~ 100
mV (see Fig. 3.1a and Fig. 3.54). In this case, the energy level of the intermediated
capacitive states corresponds to the formal potential of Er/e ~ 0.45 V, which is a few
millivolts different from Efr /e (Fc-COOH) ~ 0.36 V. As result, there are two separated
ET processes, which are superposed (see Appendix G). Additionally, an increment of
the anodic peak current at 0.45 V is observed (yellow curve in Fig. 3.5a).

The separation of these Faradaic processes is better evaluated in Fig. 3.7b, which
exhibits an unusual positions of the maximum of the DOS distribution. Note that
in this case, the increment of the electric current cannot be solely associated with (or
is not fully originating from) the quantum capacitive states of the interface, owing
there is no appreciable difference between the capacitance of the interface in the ab-
sence and presence of Fc—-COOH (see Fig. 3.5b). In consequence, the rate constant
k, calculated whether from equivalent circuit or from graphical (bode diagram, see



Chapter 3. Quantum Capacitive Mediation of the Electron Transfer Process 92

Figure 3.5¢) analysis, remains unaltered. Additionally, the obtained values of R;, in-
dicates a slightly increase, but within statistics error, the these values obtained are
within the theoretical limit of ~ 12.9 k() (see Table 3.2). This leads us to conclude
that, despite a great difference observed in the CV and DOS shapes that conducted
to different current contributions owing to differences in the alignment of the energy
levels between the capacitive and non-capacitive coupling of C11-Fc and Fc—~COOH
states, the efficiency with which electrons are transported to the interface by quantum
RC channels is still fully governed by the quantum rate resistive limit.

3.4 Conclusion

The DOS of redox molecules suitable assembled over conductive electrodes acts as an
accessible conductive quantum channels in an ET reaction between electrode and re-
dox states in solution. Independent of the backbone structure of the redox monolayer,
the related phenomenon operating in the ET process follows the quantum mechanical
efficiency, such as the minimum quantum resistance, in agreement with the quantum
rate theory. Moreover, regardless that such ET process occurs whether in a single or
two-step mechanism (i.e., quantum capacitive mediation), the efficiency of the charge
transport is not affected. Furthermore, the appropriate alignment of energy levels of
the capacitive states (coupled to the electrode) with that of the bulk solution leads to a
increase of the number of quantum channels N that are available for the ET reaction,
which is a favorable setting that could have potential application in the development
of novel and advanced electrochemical nanoscale devices.
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Chapter 4

Enhancement of Quantum Capacitive
Signal and Amplification Mechanism
for Sensing

Electroactive interfaces featuring quantum capacitive states have been successfully
used as label-free based sensors (FERNANDES; GOES, et al., 2013; CECCHETTO;
FERNANDES, et al., 2017; SANTOS; BUENO; DAVIS, 2018; CECCHETTO; SANTOS,
et al., 2020; PINZON; SANTOS; BUENO, 2021; GARROTE; LOPES, et al., 2022). In
the previously chapter, it was demonstrated that the energy alignment between en-
ergy levels of capacitive (redox moieties within interface) and non-capacitive (redox
molecule free in solution) states leads to an increment of quantum channels avail-
able for mediating the ET reaction, resulting in an increase of Faradaic current (or
capacitance C,; = i/s). The enhancement of such electrochemical activity represents a
potential strategy to increase the signal sensitivity of electrochemical interfaces aimed
to detect a specific analyte. Consequently, this chapter aims to apply this energy level
alignment strategy as amplification mechanism for sensing. In summary, the amplifi-
cation mechanism is studied using capacitive and non-capacitive states for quantifica-
tion of nonstructural protein 1 (NS1) dengue viruses biomarker, with a main specific
objective:

@ To demonstrate that the capacitive signal of a biosensing interface using a redox
self-assembled monolayer can be enhanced by means of the alignment of the
energy levels between redox states that are free in solution phase and quantum
capacitive states attached to the interface of the electrode, allowing the enhanced
detecting of NS1 dengue biomarker. The amplification signal for detecting NS1
as shown here as a proof-of-concept of this signal amplification methodology.

4.1 Introduction

The ET dynamics of electroactive interfaces is governed by R, and C; as depicted in
Fig. 4.1a, and the C; reports on the corresponding DOS as demonstrated in chapter 3.
Whenever this electroactive interface is modified with suitable biological receptors
chemically attached close to the redox moieties (see Fig. 4.1b) that selectively bind
with the biological target, as depicted by Fig. 4.1c (MARQUES et al., 2015; PICCOLI et
al., 2018), the resultant i « C, is used as a transducer signal for detection of biological
analytes in a label-free format (SANTOS; DAVID; BUENO, 2014; LOPES; SANTOS;
BUENO, 2022). Specifically, the bond target-receptor produces a discharged of the
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C, states, implying a decrease in the electron occupancy that eventually affects the
electrochemical activity of the reaction, that is a decrease of i « C; signal (MAR-
QUES et al., 2015; PICCOLI et al., 2018). Thus, the C; signal has demonstrated to
be a novel, highly sensitive, and specific transducer signal for biological target de-
tection (FERNANDES; GOES, et al., 2013; CECCHETTO; FERNANDES, et al., 2017;
SANTOS; BUENO; DAVIS, 2018) in complex biological samples such as blood (GAR-
ROTE; LOPES, et al., 2022).
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Figure 4.1: Schematic representation of a capacitive biosensing interface. (a) Redox self-
assembled monolayer in which individual quantum capacitive moieties acts as a resistive-
capacitive channel modeled as quantum R,C; states. (b) The C; associated to the redox moi-
ety is sensitive to variations in its surrounding environment in a way that if a modification of
this moieties is attained with specific receptors, the interface can be used as an electrochemical
recognition signal of a target of analytical interest. (c) Receptor-target binding that produces
variation of C;, which responds sensitively to changes in the target concentration, permitting
different ways of capacitively sensing biomarkers.

Source: (GARROTE; SANCHEZ, et al., 2024).

Therefore, measuring variations in the Faradaic capacitance C; as a function of a
biomarker concentration, analytical curves can be constructed to further quantify the
biomarker in real samples (FERNANDES; SANTOS, et al., 2014). Note that the trans-
ducer signal of the capacitive sensing devices feature a diffusionless ET rate dynam-
ics, contrary to the traditional impedimetric signal transducers, which compute the
variations in the R.; associated with a diffusion-controlled electrochemical reaction
occurring between redox-free probe and an electrode (BAHADIR; SEZGINTURK,
2016). Furthermore, this novel and highly sensitive method for sensing biological
analytes operates in a label-free format, meaning that this platform does not require
additional steps and labeled reagents such as label-based methodologies (SANTOS;
DAVID; BUENO, 2014; LOPES; SANTOS; BUENO, 2022). Hence, it has become an
alternative electroanalytical approach to the most common impedimetric and non-
Faradaic capacitive methods for sensing biological molecules in a label-free format
(AISSA et al., 2019; GARROTE; LOPES, et al., 2022; LOPES; SANTOS; BUENO, 2022).

Consequently, capacitive transducers enable the development of reagentless point-
of-care (PoC) molecular diagnostic devices as portable and low-cost alternatives to
traditional laboratory methods based on polymerase chain reaction or enzyme-linked
immunosorbent assays (LAND et al., 2019). The importance of PoC devices lies on
real-time diagnosis of infectious diseases, which allows the implementation of suit-
able surveillance methodologies against viruses, and effectively prevents outbreaks
(DEROCO; WACHHOLZ J.; KUBOTA, 2021). The sensitivity of the PoC assay is im-
portant for ensuring the detection of trace levels of the analyte and permitting the
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dilution of small amounts of biological samples without compromising the specificity
of the analytical results.

Although the electrochemical capacitive method has an inherently high sensitivity,
enhancements in signal sensitivity can bring additional advantages. For instance, the
quantum signal amplifier electrochemical mechanism (see Fig. 4.2), discussed in the
previous chapter, is a potential strategy for signal enhancement of the electrochemical
current, in which an energy alignment between C, capacitive states at the interface
and the electronic states of redox-free probes within the solution environment, al-
lows the amplification of the signal sensitivity to detect a biomarker, as demonstrated
in this chapter. From the practical point of view, in comparison with current signal
amplifier strategies coupled with electrochemical transducers, such as nanoparticles,
enzyme catalytic strategies, and isothermal DNA/RNA amplification methods (LIU
et al., 2018), the strategy proposed stands out due to comply with the real-time PoC
concepts, unlike those strategies that require additional steps and labeling.
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Figure 4.2: Schematic representation of the quantum signal amplifier electrochemical mecha-
nism. (a) The electrodynamics operating in a redox capacitive monolayer (Pep—Fc) at a formal
potential of £r/e in the presence of redox free Fe-COOH moieties within the electrolyte. (b)
Strong energy alignment between the quantum capacitive Fc/Fc™ energy states of the Pep-Fc
and those Fe-COOH/Fc™-COOH energy state free in the electrolyte, showing the alignment
of the DOS of the capacitive states (orange Gaussian) to the DOS of redox Fc-COOH free (blue
Gaussian) in the electrolyte, which are different in nature as discussed in chapter. 3.

Source: (GARROTE; SANCHEZ, et al., 2024).

As a proof-of-concept, the quantum signal amplifier methodology was used for
the quantification of low levels of NS1 in undiluted commercial human serum, a
biomarker for Dengue infection (MULLER; YOUNG, 2013). Dengue is an RNA virus
member of the Flaviviridae family which is causative of dengue fever and severe dengue
fever (GUZMAN et al., 2016). In humans, Dengue virus is transmitted by the bite of
an infected female Aedes aegypti mosquito and it constitutes a health-threat through-
out countries in Africa, Asia and the Americas (SILVA et al., 2018). In the later con-
text, Brazil is one of the countries with more dengue fever cases. According to the
Pan American Health Organization (PAHO), the country registered approximately
2.4 millions cases in 2022 (P.A.H.O, 2023). The early detection of dengue fever could
prevent from decease by keeping the patients under observation for possible haemor-
rhage consequences of severe dengue fever, in addition to enabling the control of the
Aedes aegypti population. Accordingly, this chapter demonstrates the potential use of
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an amplifier signal methodology to enhance the sensitivity of the assay to detecting
low NS1 concentrations.

4.2 Materials and methods

The experimental methodology aims to fulfill the main objective of this chapter. Note
that the Ferrocene-tagged peptide Fc-Glu-Ala-Ala-Cys-NH; used in this chapter is
the same used in chapter 3.

4.2.1 Chemical reagents

Table 4.1 compiles additional reagents used in this chapter indicating their provider
and purpose. Complementary information can be found in Table 2.1 in chapter 2.
Aqueous solutions were prepared using Milli-Q water (Simplicity®water purifica-
tion system, Millipore, 18.2 MQ) cm at 25°C).

Table 4.1: List of chemical reagents used in chapter 4.

Reagent Company Purpose

Acetone Qhemis Cleaning of miniaturezed

Isopropyl alcohol Synth ORI s

1-Ethyl-3-(3-dimethylaminopropyl) car- Sigma-Aldrich

bodiimide (EDC)

N- hydroxysuccinimide (NHS) Sigma-Aldrich Cap‘ac1t‘1ve sens1r}g 1nterfa<.:e
fabrication for viral protein

SuperBlock™ ThermoFisher  NS1 detection

Monoclonal antibody anti-NS1 (cat. no. Abcam
ab41616)

EOdtlquiI pltll(l))sghzil’;eH c(i;basm dodecahy- Sigma-Aldrich Phosphate buffer (PB) solu-
i (NEIBIROLRIZABRO), tion (pH 12 mM, pH 7.4)
Potassium  dihydrogen  phosphate Sigma-Aldrich preparation

(KH2POy)

Recombinant NS1 (cat. no. ab181950) Abcam NS aliquots preparation

Human serum Sigma-Aldrich

4.2.2 Equipment and electrodes

Electrochemical measurements were performed using AUTOLAB potentiostat, three-
electrode electrochemical cell and 20 mM TBACIO4 in ACN/H,0 1:4, v/v as support-
ing electrolyte, as reported in chapter 2. Miniaturized gold electrodes were designed
and microfabricated by Dr. R. C. Teixeira and the Electronic Packaging Staff at CTI
Renato Archer, Brazil. Briefly, the Si/SiO, wafers were patterned using laser-writer
photolithography. Afterwards, a Ti adhesion layer was deposited (10 nm thickness),
followed by Au layer (100 nm thickness) using lift-off procedure (see Appendix H).
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A, of the miniaturized working electrode (SiO,/Au) was 0.0314 cm?.

Working electrode pre-treatment: The gold microchips were cleaned by immersing
the miniaturized electrodes in different solvents during 12 min with sonication, start-
ing with isopropyl alcohol, and followed by acetone, isopropyl alcohol, and Milli-
Q water. Afterwards, the Au microchips were dried with nitrogen and exposed to
UV /ozone during 30 min in the UV /Ozone ProClearner™ equipment from Bioforce
Nanosciences.

Capacitive sensing interface fabrication: Right after the cleaning procedure, the minia-
turized electrodes were immersed for 16 h at room temperature (25 °C) in 30 pL of 2
mM of peptide in ACN/H,O (1:1, v/v) inside closed tubes, in order to obtained the
redox-tagged interface Pep—Fc, according to (GARROTE; SANTOS; BUENO, 2020).
Afterwards, the electrodes were rinsed with ACN/H,0 (1:1, v/v). Subsequently, the
carboxylic acids groups from the glutamic acid at the C-terminal group of the pep-
tide chain were activated by the EDC/NHS carbodiimide reaction (HERMANSON,
2008)). The microchips were incubated in 20 uL of EDC/NHS solution (1:1, v/v), using
0.2 M EDC and 0.05 M NHS aqueous solutions for 30 min at 25°C. Afterwards, the
microchips were washed with ultrapure water and PB and incubated in the anti-NS1
antibody solution (1 uL from the stock antibody solution was diluted in 99 uL of PB)
for 1 h. Then, the electrodes were rinsed with PB. The remaining NHS esters were
blocked by incubating the microchips in SuperBlock™ blocking buffer for 30 min at
25°C to prevent non-specific adsorption, and then rinsed with PB solution prior to the
electrochemical characterization.

4.2.3 Electrochemical measurements

The modification of the electrode interfaces was evaluated by CV and EIS as described
by chapter 2, using a portable Palmsens potentiostat equipped with FRA module.
From these CV measurements the Er/e of the SAMs were obtained as described previ-
ously. Afterwards, EIS was conducted at two different potentials outside (V,,+ = 0.1
V) and inside (Er/e ~ 0.36 V) the electrochemical window. For assays with amplifier
signal (in presence of Fc-COOH) operating, the Er/e corresponded to the potential
at which an energy alignment (see Fig. 4.2b) is achieved between electrode and redox
free species states, i.e., that of the interface, i.e., Er/e ~ 0.36 V as shown by Fig. 4.3a.
All experiments were carried out for at least three different microchip electrodes and
standard errors were obtained from these replicates.

4.2.4 Equivalent circuit analysis

The values of the circuital elements were obtained by fitting EIS or capacitive spec-
tra of the redox SAM interface, using the equivalent circuit studied in chapter 3 (see
Fig. 3.2). The values of equivalent circuit elements obtained from the fitting were re-
ported as a mean value X with the standard error of the mean (¥ & 0%) calculated for
four independently fabricated interfaces.
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4.2.5 NSI1 analytical curve with or without signal amplification

After the fabrication of capacitive sensing interfaces, the analytical curves for quan-
tification of NS1 dengue virus biomarker with or without amplifier signal were ob-
tained, corresponding to measuring the signal of the interface in presence or absence
of 100 uM Fc—-COOH redox couple in the electrolyte, respectively. Prior to the incuba-
tion with the NS1 samples, at least one blank measurement was recorded to quantify
the matrix effect of the commercial serum. For this purpose, the biosensing inter-
faces were incubated for 30 min at 25°C in undiluted commercial serum and then,
washed with PB and ultrapure water and subsequently characterised by EIS for mea-
suring the signal parameters of the interface and the subsequent construction of the
analytical curves. This step was repeated until the stability of the interface was com-
pletely achieved, i.e. when the variations of the analytical signal 1/c, were lower than
5%. 1/c, were calculated from C, values graphically obtained from ECS spectra as
the diameter of the semicircle of the complex capacitance Nyquist plot as depicted in
Figure 4.3b.

The analytical curves were constructed by incubating these biosensing interfaces
with undiluted commercial serum samples containing increasing concentrations of
NS1 biomarker ranging from 1072 to 10 pg mL~!. Each sample was incubated for
30 min at 25°C following by rinsing the electrodes with PB and ultrapure water and
measurements of EIS spectrum of the interface. The analytical curves were obtained
by plotting the relative response percentages (RR%) of each NS1 sample versus the
logarithmic concentration range of the target, with RR% obtained as

1 1 1
RR% = [( — —>/—] x 100 (4.1)
C‘?n Cfio C’io

where 1/¢;, corresponds to the inverse of the C; value of the blank and 1/¢,, as the
inverse of the C; value of each sampling interface.

The linear regression statistics of the analytical curves provided the limit of detec-
tion (LOD) and limit of quantification (LOQ), analytical parameters that were calcu-
lated according to the IUPAC definition as LOD = 3 x SD/b and LOQ =10 x SD/b,
where SD corresponds to standard deviation of the linear regression fitting with b as
the slope (SHRIVASTAVA; GUPTA, 2011).

Accuracy of NS1 assay

Complementary assay was performing using a spike methodology to evaluate the
accuracy of the signal amplification methodology in quantifying the NS1 biomarker
in the serum samples. Three undiluted serum samples containing 2.5, 17 and 35 pg
mL~! of NS1 were prepared and were used for incubation of the biosensing interfaces
during 30 min at 25°C on the biosensing interface. Afterwards, these electrodes were
rinsed with PB and ultrapure water and characterised by EIS method. The RR% val-
ues were calculated by Eq. 4.1 and by interpolating the results to the analytical curve,
from which the NS1 concentration in each spiked sample were estimated. The accu-
racy of NS1 concentration is mathematically defined as recovery percentage R(%) as
following

[NS1]m

R(%) = [NS1]

x 100 (4.2)
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where [NS1] is the NS1 prepared concentration and [NS1],, is the concentration mea-
sured through the analytical curve. Values of R(%) that are close to 100% represent
high accurate results.

4.3 Results and discussion

Similar for the SAM formation onto the typical electrode surfaces studied in chap-
ter 3, an increment of Faradaic current is obtained for Pep—Fc SAM in the presence
of 100 uM Fc-COOH, resulting in one-and-a-half-fold increased of j, as shown by the
CVs curves obtained in the absence (orange) and presence (blue) of Fc-COOH in the
electrolyte (see Figure 4.3a). The CV plots depict two well-formed oxidation and re-
duction peaks that lead to Ef/e ~ 0.36 V (within experimental error) and peak-to-peak
separation of AE ~ 20 mV. Therefore, this Faradaic process is considered electrochem-
ically reversible owing to AE < 90 mV at 0.1 V s~ 1. Furthermore, this electrochemical
reversibility is confirmed by noting that ix/i,.; ~ 1 (BARD; FAULKNER, 2000).
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Figure 4.3: Increment of the electrochemical response due to increase in the number of avail-
able quantum channels within the interface favored by energy alignment at Er ~ 0.36 eV.
(a) CV response of a Pep-Fc SAM interface in the absence (orange curve) and presence (blue
curve) of 100 uM Fc-COOH. The increase in the C; at the interface is computed using the for-
mula C; = i/s, where s is the scan rate. (b) Nyquist capacitive diagrams for Pep-Fc SAM in
the presence (blue circles) and absence (orange circles) of a redox Fc-COOH signal amplifier.
Source: (GARROTE; SANCHEZ, et al., 2024).

This increase in the Faradaic j is the result of the electronic coupling between Fc
states contained in the Pep-Fc interface with those of Fc-COOH free moieties, re-
sulting in an increment of available N for electron transport from the solution phase
(containing an Fc/Fc™ redox pair associated with the Fce~COOH structure) to the elec-
trode, as concluded in chapter 3. Recalling that this intermediate electron transport
occurs without diffusive-controlled kinetics and the transport of electrons through
mediating C; moieties follows a quantum rate mechanical rule within a resistance

quantum R, ~ 12.9 kQ).
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Since i = Cys, the capacitive increase observed in Figure 4.3a is in agreement with
that obtained in Figure 4.3b by using ECS method. For instance, by comparing the
semicircle diameters of the Nyquist capacitive plot (see Figure 4.3b) in the absence
and presence of Fc-COOH; there is an increase in the capacitance from ~ 150 pF
cm 2 to ~ 250 uF cm~2, which is confirmed by the values reported in Table 4.2 that
were obtained by fitting the data to the equivalent circuit model studied in chapter 3
(see Appendix I.1). Recalling that this C; increment is related to an increase in the to-
tal number of N available for transporting electrons through the quantum capacitive
states such as N = ksTCq/e2f(1-f), as explained in chapter 3.

Table 4.2: Circuit parameters and calculated values for R;, G, B and k, for Pep-Fc SAM
containing or not 100 uM Fc—-COOH. Values are reported as X & 0%, where X refers to the
mean average value and o5 refers to the standard error of the mean of four independent
modified miniaturized electrodes measured.

0 uM 100 uM

Cy (uF cm™2) 160 + 20 280 + 30

Rs (O) 2,000 + 100 2,200 £+ 300
Ryt (Q) 130 £ 20 240 £ 20

Ry (kQ) 3000 = 3000
R, (Q) 13,100 + 700 19,000 + 2000
G (mS) 8+1 35+ 0.8

B (A1) 1.345 + 0.003 1.46 £ 0.02
k(s 3144 123+ 0.8

Source: (GARROTE; SANCHEZ, et al., 2024).

It is important to highlight that the electrochemical performance of the modified
miniaturized gold electrodes is similar to the redox SAM assembled onto the com-
mercial disk electrodes used in chapter 3. As demonstrated in (DUTTA et al., 2021),
the control of the roughness factor is the key factor that influences the formation of
the monolayer. Accordingly, miniaturized gold electrodes were fabricated with con-
trolled roughness, which is evidenced in the previous electrochemical characteriza-
tion.

Afterwards, the sensing interface was fabricated to evaluate the application of
electrochemical signal amplification. Thus, in order to detect the NS1 biomarker, an
anti-NS1 protein was attached to the Pep—Fc interface, each fabrication step was mon-
itored by ECS performed at ~ 0.36 V in 20 mM TBA in ACN/H;0 (1:4, v/v) in the ab-
sence and presence of the redox amplifier as Fig. 4.4a and b show, respectively. Note
the steady response of the redox interface modified with the NS1 receptor (with and
without signal amplifier) after to be embedded in commercial serum, meaning that
the biological matrix has minimum effects on the capacitive response.

The capacitive response as a function of NS1 concentrations ([NS1]), measured in
absence and presence of Fc-COOH in solution after the incubation step with the tar-
get, is shown in Fig. 4.5a and b, respectively. Afterwards, the obtained values of C,
were used to construct the analytical curves of NS1 with and without signal ampli-
fication aiming to analyse the sensitivity for both configuration. The RR% of each
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Figure 4.4: Capacitive Nyquist plot of the receptive interface fabrication process measured in
20 mM TBACIO4 in ACN/H,0 (1:4, v/v) as supporting electrolyte in the (a) absence and (b)
presence of 100 uM Fc-COOH. Note that the plot in orange circles related to Pep—Fc in (b) was
measured without the redox probe in solution.

Source: Adapted from (GARROTE; SANCHEZ, et al., 2024).

sample was calculated using Eq. 4.1 and plotted against the [NS1] to obtain the in-
tended analytical curve (see Figure 4.6).

The assay without the signal amplifier shows a linear response in [NS1] ranging
from 10% to 10° pg mL~! within an r? linearity statistics of 0.98 (orange circles in Fig-
ure 4.6), whereas the assay response in the presence of Fc-COOH shows two linear
responses: i) one within a lower [NS1] ranging from 102 to 10% pg mL~! (r? of 0.99),
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Figure 4.5: Capacitive Nyquist plot of some representative NS1 concentration performed in
20 mM TBACIO, in ACN/H,0 (1:4, v/v) as supporting electrolyte in the (a) absence and (b)
presence of 100 uM Fc-COOH.

Source: Adapted from (GARROTE; SANCHEZ, et al., 2024).
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Figure 4.6: Relative response, RR%, of the biosensing assay comprising redox-peptide SAM
(Pep—Fc) in the absence (orange) and presence (blue) of Fc-COOH as redox amplified (Pep—Fc
+ Fc-COOH) measured for different concentrations (ranging from 1072 to 10° pg mL™!) of the
analyte NS1. The yellow shadowed area corresponds to the inset figure that compares the
performance of non-amplified and amplified analytical curves and linear regressions at lower
NS1 concentrations, that is, from 102 to 103 Pg mL~1.

Source: Adapted from (GARROTE; SANCHEZ, et al., 2024).

as depicted in the inset, and ii) another within a higher [NS1] ranging from 5 x 10*
to 10° pg mL~!. Note that i) corresponds to the [NS1] range in which the assay with-
out Fc-COOH was unable to respond. The LOD of this analytical curve was 0.7 pg
mL~! with a limit of quantification LOQ of 2.2 pg mL~!. LOD and LOQ values for
the non-amplified analytical curves were 0.5 ng mL~! and 1.8 ng mL !, respectively.
To summarize, it has been observed that the lower [NS1] detected with the signal
amplifier was almost 1,000 times lower than the lowest [NS1] detected without the
Fc-COOH, demonstrating that the energy alignment of the redox-free DOS states in
the electrolyte with the DOS of the quantum capacitive interface does increase the
sensitivity of redox capacitive biosensors by at least 1,000 times.

Finally, the recovery of RR% of 1/¢, signal of the interface with the amplifier signal
was evaluated by means of the spike-like assaying methodology. Three commercial
human serum samples containing 2.5, 17, and 35 pg mL~! NS1 were prepared and
incubated at the biosensing interface. After the measurement of the C; signal of each
sample, the RR% was calculated, which was replaced in the analytical curve in blue
dots shown by the inset of Figure 4.6. In this way, the NS1 concentration were com-
puted with a R(%) that can be calculated by comparing the concentration of the sam-
ple [NS1] with that effectively measured [NS1],, using Eq. 4.2. This R(%) analysis for
the different samples is compiled in Table 4.3.

It can be observed that the obtained R(%) ascribed to the quantification of the sam-
ples containing 17 and 35 pg mL~! of NS1 showed a very good R(%) that is close to
100%. The case of the 2.5 pg mL~! that constitutes the lower [NS1] sample evaluated
by this methodology demonstrated certain inaccuracy (R(%) = 140 £ 20%), which
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Table 4.3: NS1 spike assays (duplicates) performed by computing the 1/c, analytical signal
using the amplifier signal methodology, as illustrated in Fig. 4.6

[NS1] (pg mLfl) [NS1] (pg mLfl) R(%)

2.5 35+04 140 £+ 20
17.0 16 =5 100 + 30
35 36 +3 103 + 8

Source: (GARROTE; SANCHEZ, et al., 2024).

is explained by the proximity of the 2.5 pg mL~! concentration to LOQ of the as-
say. This represents a source inaccuracy owing to the fact that whenever looking for
quantifying lower concentration close to the LOQ, there are errors owing to the fit-
ting procedure to the analytical curve that, as expected, increases at this region of the
analytical curve.

4.4 Conclusion

It was possible to demonstrate that the energy level alignment of capacitive and non-
capacitive states permits the amplification of the electrochemical capacitive current
signal of the interface for the quantification of the NS1 DENV biomarker in undiluted
serum samples. Moreover, the use of miniaturized gold electrodes in the analytical
assays demonstrated the potential use of this platform in PoC devices, which shows
satisfactory results whenever the amplification of the signal is possible.

In spite of the detection of NS1 using capacitive interfaces has been already re-
ported (CECCHETTO; FERNANDES, et al., 2017, SANTOS; BUENO; DAVIS, 2018;
CECCHETTO; SANTOS, et al., 2020), this is the first time that NS1 has been quan-
tified in undiluted serum samples with a capacitive transducer in picograms levels.
Furthermore, the improving of the sensitivity obtained by applying this novel strat-
egy can be important for the detection of small biological molecules, as well as the
possibility of enhancing the specificity of the methodology by allowing the dilution
of complex biological samples. Hence, false positive errors associated with matrix
effects can be avoided, enabling a better analysis of small amounts of biological sam-
ples.

As a proof-of concept, it was shown that the sensitivity is possible to be increased
by more than 1,000 times in the amplified quantum capacitive detection of NS1 DENV
biomarker. For instance, the method enables the diagnosis of DENV infection at a
very early stage that can be used in a PoC format.
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Chapter 5

Influence of the Acidity of the
Quantum Capacitive Interface on the
Mediation of the Diffusionless
Electron Transfer Process

This chapter deals with the examination of the influence of the acidity featuring the re-
dox interface on the diffusionless kinetics. The acidity of the carboxylic acid groups lo-
cated in the vicinity of redox sites from the SAM may influence not only on the charge
process of quantum capacitive states but also the energy level alignment. In the pre-
viously chapter, it was shown that the accessibility of additional available quantum
channels was successfully accomplished thanks to the energy level alignment, a par-
ticular setting for the ET that is favored when the energetic states of the redox capaci-
tive molecules are at the same energy of non-capacitive redox states that are free in the
solution phase environment. It has been shown that the occupancy of quantum states
is susceptible to environmental changes(GARROTE; SANTOS; BUENO, 2019). Also,
the diffusionless interfacial ET kinetics of electrode reactions is sensible to several
factors such as A, #, T, and A/D electronic coupling as introduced in chapter 1. Par-
ticularly, the pH of the environment has an effect on both diffusion and diffusionless
redox reactions whenever the involved molecular structure has groups that undergo
protonation/deprotonation reaction, such as carboxylic acid groups (DE SANTIS et
al., 1994; DEL CANO et al., 2018; MARQUEZ et al., 2020; TAN et al., 2023), leading to
the formation of positively/negatively charged interfaces or species accordingly the
pH of the environment.

Accordingly, this chapter aims to study the effects of the electrostatic interactions
between charged interfaces and redox species in solution due to deprotonation of
their carboxylic groups, which impact the dynamics of ET in the interfaces as well
as the energy level alignment. To do so, the acid dissociation constant pK, of the
Fc—COOH, non-electroactive and electroactive SAMs, were determined. Also, the
electrochemical characterization of the Faradaic activity of Fe-COOH at different con-
centrations mediated by the quantum capacitive states of the redox monolayer were
evaluated. The main specific objective of this chapter can be stated as:

@ To study the effects of the electrostatic interaction between charged quantum
capacitive interface and redox species free in solution, which undergo deproto-
nation of the carboxylic acid groups, on the diffusionless kinetics and the quan-
tum properties such as C; and Ry, by considering the effect of the different con-
centration of redox states free in solution environment in the electrodynamics
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performed in the interface.

5.1 Introduction

Reactions involving only electron transfer have been discussed theoretically (chap-
ter 1) and experimentally (chapter 2-4). However, atom transfer reaction can take
place in addition to the ET, which is the case of the proton-coupled electron trans-
fer (PCET) reactions. Such reactions involve a concerned (not necessary syncronous)
transfer of electrons and protons (H") (MAYER, 2004) and they are reactions that
depend on the the solvent properties. For instance, PCET reactions given in protic
solvents are under different effect compared to those undergoing in aprotic solvents
(MCCARTHY; DEMPSEY, 2017), where the capacity for forming hydrogen bonds is
fundamental to stabilize the HT (BARRETTE; JOHNSON; SAWYER, 1984). Protic sol-
vents contain hydrogens that form hydrogen bonds, such as those bonded to oxygen,
nitrogen, or sulfur, which can exchange H* rapidly, whereas aprotic solvents have all
their hydrogen is bound to carbon, lacking this feature (CAREY; SUNDBERG, 2007).

An example of PCET reaction is the one undergone by ferrocenylcarboxylic acid-
based molecules (Fc(CHjy),COOH), which is strongly dependent on pH (DE SANTIS
et al., 1994). For those molecules, it has been demonstrated that the pH influences the
formal potential value, wherein the position of the acid group, which can be modu-
lated by the number of bridging methylene units ((CHy),), defines the strength of the
carboxylic acid, in such way that the closer the carboxylic acid group to the Fc/FcT,
the stronger the carboxylic acid group (DE SANTIS et al., 1994). This feature is quan-
tified by the acid dissociation constant pK,, low values of pK, indicate the facility
to give H" (PETRUCCL;, HARWOOD; HERRING, 2002). For instance, the ferrocene-
carboxylic acid (Fc—~COOH) undergoes deprotonation easily owing to intramolecular
charge stabilization by electrostatic effect, in comparison with its counterparts when
n equals 1 or 2 methylene units (DE SANTIS et al., 1994). In addition, when the metal
centre of Fe—COOH is in the oxidized form, the value corresponding to pK,(Fc™) ~
4.5 is lower than that for the reduced form pK,(Fc) ~ 7.8. The PCET reaction for
Fc—COOH is described by the scheme in Fig 5.1a.

The pH dependency of the Er/e is a typical characteristic of PCET systems (see
Fig. 5.1b), which can be exploited for the pK, determination using electrochemical
methods such as the potential sweep techniques (COSTENTIN; ROBERT; SAVEANT,
2010) for redox molecules in solution (DE SANTIS et al., 1994; VEZNIK et al., 2019).
This phenomenon is pictured in Fig 5.1, which shows the potential-pH plot (see Fig 5.1b),
known as Pourbaix diagram, for one electron-one proton (¢~ /H*) process for the Fc—
COOH (see Fig 5.1a). This diagram indicates the regions of existence of the oxi-
dized /reduced protonated (i.e, Fc™—COOH /Fc-COOH) and deprotonated (i.e, Fct—
COO™ /Fc—COQO™) species. Note that at the extreme of the pH-axis the redox process
is pH-independent (horizontal solid lines), whereas between pK,(Fc™) — pK,(Fc), the
redox process is pH-dependent (slope), that is, wherein the PCET reaction takes place
(COSTENTIN; ROBERT; SAVEANT, 2010).

The relationship between pH and Er/e is given by Eq. 5.1 (COSTENTIN; ROBERT;
SAVEANT, 2010), where Er/¢(app) is the measured formal potential, E¢/e is the stan-
dard formal potential, R is the ideal gas constant, K,(Fc) and K,(Fc*) are the acid
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Figure 5.1: (a) Proton-coupled electron transfer reaction for Fe—~COOH in aqueous solvent. (b)
Pourbaix diagram showing Er/e as function of pH for ¢ /H+ system in (b). Solid line sepa-
rates the oxidized and reduced species and its slope is expected to be around 60 mV /pH unit,
whereas dotted lines delimit the separation of regions of existence of protonated and depro-
tonated species. The intersection of the solid and doted line indicates the pK, values.

Source: Adapted from (DE SANTIS et al., 1994; COSTENTIN; ROBERT; SAVEANT, 2010).

dissociation constants of reduced and oxidized forms, respectively. Eq. 5.1 can be
characterized by electrochemical measurements as aforementioned.

<M)(1/2) ([H+] +Ka(Fc+)>] 51

., RT
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Also, some electroactive interfaces can undergo PCET reactions such as redox
protein-nanoparticles conjugates (DEL CANO et al., 2018), iron porphyrind-based
monoalyers (MARQUEZ et al., 2020) and metallopolymers (TAN et al., 2023), which
are characterized by containing electronegative atoms in their chemical structure that
participate in the H™ exchange. Hence, the solution pH influences the ET kinetics of
such electroactive monolayers (COSTENTIN; ROBERT; SAVEANT, 2010). For that
reason, the evaluation of the dissociation constant of redox interfaces of this nature
is an important task to be performed to study not only the ET kinetics but also the
associated mechanism.

In chapter 3, it was shown that an increment of quantum channels available for ET
reaction was achieved due to an energy alignment between energy levels of capaci-
tive (redox molecule within interface the) and non-capacitive (redox molecule free in
solution) states, whose ET kinetics obeys the quantum mechanical principle. In this
context, the influence of the acidity of the quantum capacitive interface on the diffu-
sionless kinetics is evaluated in this chapter. The ET reaction of Fc-COQOH, at different
concentrations, was studied with the intermediation of ferrocene-tagged SAM using
the quantum rate theory. Furthermore, the results of the ET mediation were compared
with the effect of a molecular dielectric by using a non-electroactive monolayer with
an equivalent chemical structured to the ferrocene-tagged SAM, which supports the
assumption of the ET mechanism mediated by capacitive states.
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5.2 Materials and methods

The general experimental methodology followed the procedure described in section 2.2.
Two peptides were used in order to obtain the SAMs; the ferrocene-tagged peptide
Fc-Glu-Ala-Ala-Cys-NH; (used in section 3) and the non-redox peptide Glu-Ala-Ala-
Cys-NH,. Note that the chemical structure of both peptides only differs by the fer-
rocene molecule.

5.2.1 Chemical reagents

Table 5.1 compiles additional reagents used in the development of this chapter, the
enterprise where they were purchased from and their purpose. Information of addi-
tional reagents used are found in Tables 2.1 and 3.1. Aqueous solutions were prepared
using Milli-Q water (Simplicity®water purification system, Millipore, 18.2 MQ cm at
25°C).

Table 5.1: List of chemical reagents used in chapter 5.

Reagent Company Purpose

Acetic acid (CH;COOH) synth Britton—Robinson buffer so-
Boric acid (H3BO3) Sigma-Aldrich lution preparation for pK,
Phosphoric acid (H3POy) Sigma-Aldrich determination

Potassium ferricyanide (K3[Fe(CN)s]) Sigma-Aldrich  Electroactive species for pK,
Potassium ferrocyanide (K4[Fe(CN)g]) Synth determination of SAM

5.2.2 Peptide synthesis and characterization

Non-electroactive peptide Glu-Ala-Ala-Cys-NH; was synthetized by solid-phase pep-
tide synthesis using the Fmoc-strategy on Rink amide resin (0.5 mmol g~!), where
the peptide cleavage from the resin was performed after the removal of Fmoc of the
N terminus (Glu), as described in section 3.2. Also, the purification and subsequent
characterization was carried out as described in section 3.2 (see Appendix J).

5.2.3 Equipment and electrodes

Electrochemical measurements were performed using the AUTOLAB potentiostat,

the three-electrode electrochemical cell and supporting electrolyte (20 mM TBACIO4

in ACN/H,O 1:4, v/v) as reported by chapter 2 for the typical characterization, whereas
for the measurements in pH-controlled medium, the modification of the supporting

electrolyte are described latter. Gold working electrodes were pre-treated as described

in chapter 2. Mean average EAA of 0.045 and 0.042 cm~2 were obtained for the de-

position of non-redox (Pep-SAM) and redox peptide (Pep-rSAM) monolayers, re-

spectively; and were used to normalize electrochemical signals for calculating current

densities and capacitances per unit of area for both SAMs.
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Self-assembled monolayer fabrication: Right after the sulphuric acid cleaning step, the
electrodes were rinsed with water and dried with nitrogen. Posteriorly, they were
immersed for 16 h at room temperature (25 °C) in 2 mM of either non-electroactive or
electroactive peptide in ACN/H,O (1:1, v/v) to obtain the Pep-SAM and Pep-rSAM,
respectively, according to (GARROTE; SANTOS; BUENO, 2020). In chapter 3 and
chapter 4, the redox monolayer was named Pep-Fc, in this chapter we referred to this
same monolayer as Pep—-rSAM for simplicity.

5.2.4 Electrochemical measurements

The electrochemical response of Fc—-COOH at different concentrations [Fc-COOH]
was measured using bare and modified electrodes with peptide monolayers with ei-
ther electroactive or non-electroactive characteristic, that is Pep-rSAM and Pep-SAM,
respectively. CVs were recorded as described by chapter 2, from which the £r/e of the
Fc-COOH in the different settings was obtained. Afterwards, EIS was conducted at
the related Er/e as well as at V,,, as detailed in chapter 2. Capacitive spectra were
constructed using a complex capacitive function obtained from the EIS raw data as
already explained previously.

Preparation of Fe-COOH aliquots: A stock solution of 1500 M Fc-COOH was pre-
pared in 20 mM TBACIO,4 in ACN/H;0 (1:4, v/v). Subsequently, serial dilutions were
performed using 20 mM TBACIO, in ACN/H,0 (1:4, v/v) as the diluent to prepare
Fc—COOH aliquots with concentrations ranging from 1 to 1500 M Fc-COOH.

Determination of pKa

The pK; of the Fc-COOH, Pep-SAM and Pep-rSAM were determined by differen-
tial pulse voltammetry (DPV) using the same three-electrode cell. The measurements
were performed on buffered solutions prepared using the Britton-Robinson system.
The potential sweep in anodic and cathodic directions (potential range for Fe-COOH
of 0 - 0.7 V and for both SAMs of -0.2 — 0.7 V) were carried out at pulsed potential (70
mV) during and short pulses (70 ms). Also, ECS was used for the pK, calculation of
the particular case of Pep-rSAM, wherein the EIS were measured on the same buffer
solutions at £r/e calculated from the related DPV profiles.

Preparation of Britton-Robinson buffer solutions: The electrolyte medium constituted
by 20 mM TBACIO4 in ACN/H,0 (1:4, v/v) was modified using the Britton-Robinson
system to obtain buffer solutions in the pH range of 3 — 8.3. Buffered electrolyte so-
lutions were prepared from an equal mixture of 0.04 M CH3COOH, 0.04 M H3BO3,
and 0.04 M HzPO, (MONGAY; CERDA, 1974). The pH value was adjusted using
0.2 M NaOH. The pH of the buffer solutions was measured using a glass electrode
(Sensoglass). For the pK, determination of Fc-COOH, the buffer solutions were pre-
pared with 100 uM Fc-COOH. Whereas for the pK, determination of Pep-SAM, 2
mM [Fe(CN)s]>~/4~ was used as electroactive species in the buffer preparation. In
particular, for the pK, determination of Pep—-rSAM, non-redox probe was added in
the buffered electrolyte solution.
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5.2.5 Equivalent circuit analysis

The values of the circuital elements were obtained by fitting EIS or capacitive spectra,
using an equivalent circuit based on the previously studied in chapter 3 (see Fig. 3.2),
otherwise will be indicated. The values of equivalent circuit elements obtained from
the fitting were reported as a mean value X with the standard error of the mean (¥ =
ox) calculated for two (Pep-SAM) and for three (Pep-rSAM) independently fabricated
interfaces.

5.3 Results and discussion

5.3.1 PCET reaction of the Fc—COOH free in solution

The electrodynamics between the Fe-COOH free in solution and the gold electrode is
controlled by diffusion process (see Appendix K), as expected for heterogeneous reac-
tion between the redox probe in solution and metallic electrode. Once the Fe-COOH
species reach the metallic surface, the ET reaction proceeds under electrochemical re-
versibility, as shown in the CV in Fig.5.2, wherein well-defined peaks are depicted for
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150 uM =
—— 300 uM i - -50 ]
—— 600 uM I
—— 1000 uM < P! -100
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1500 puM L i
0.0 0.2 0.4 0.6
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Figure 5.2: Cyclic voltammetry of Fc-COOH at different concentrations in ACN/H,O (1:4,
v/v) performed using bare gold electrode. The inset shows that the electrochemical response
at low [Fc—-COOH] is indistinguishable from the non-faradaic capacitive of the electrolyte
medium (TBACIO,). The red dashed vertical line indicates the Er/e ~ 0.36 V, which shifts
to higher potential as the [Fc-COOH] increases (AEr/e). The peak potential shifting V,.; and
V,x to lower and higher potentials, respectively, leads to the electrochemical response out of
equilibrium, with AE > 90 mV.

Source: Author (2023).
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concentration higher than 50 yM. They correspond to redox reaction of ferrocenecar-
boxylic/ferroceniumcarboxylic acid on the electrode surface. For concentrations be-
tween 50 - 600 uM, the obtained parameters that feature electrochemical reversibility,
thatis AE <90 mV and ix/i,,; ~ 1, are in agreement with the expected values (BARD;
FAULKNER, 2000). Note that the ET process of concentrations lower than 50 M goes
unnoticed, as shown by the inset in Fig.5.2, owing to the resultant Faradaic current
not surpassing the non-Faradaic current that constitutes the double layer capacitance
of ~ 20 uF cm™2 (see Fig.5.3b), which is close to what is reported in the literature
(10 — 40 uF cm~2 (BARD; FAULKNER, 2000)). Whereas as [Fc-COOH] increases, the
resultant Faradaic current surpasses the non-Faradaic current.
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Figure 5.3: Complex impedance (a) and capacitive (b) diagrams of Fc—-COOH at different
concentration in ACN/H,O (1:4, v/v), measured using unmodified electrode.
Source: Author (2023).

The influence of the acidity of the carboxylic group of the ferrocene on the ET pro-
cess is observed in Fig.5.4a, which is in agreement with that noted in the literature
(DE SANTIS et al., 1994). Er/e close to low potentials (i.e., ~ 0.36 V) is characteristic
of the redox process of the deprotonated form of the ferrocene Fc—COO™ (DE SAN-
TIS et al., 1994), which is confirmed by the electrochemical determination of the pK,
shown in Fig.5.4b. The plot depicts Er/e versus pH, where the values of V;,, and V,,; for
the determination of Er/e at certain pH were obtained from the corresponding DPV
anodic and cathodic curves, respectively (see Fig.5.4a). Note that the pH-independent
acid region is absent in Fig.5.4b, this is due to the TBACIO, precipitating at buffered
solutions with pH < 3.

Fig.5.4b depicts the pH-dependent region (inclined curve) and the pH-independent
basic region. The intercept of the linear trend of both characteristic regions indicate
the pK, value (i.e.,, 547 £ 0.03). Therefore, the ferrocenecarboxylic acid in 20 mM
TBACIO,4 in ACN/H,O (1:4, v/v) with a pH = 6.67, undergoes redox reaction with
the gold electrode (m) in its deprotonated form in agreement with the literature (DE
SANTIS et al., 1994), as follows

Fc—COO~ = Fct —COO™ +e (m) (5.2)
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Figure 5.4: Acid dissociation constant determination of Fe~COOH. (a) DP anodic and cathodic
voltammograms for buffered solutions of Fc-COOH varying the pH. The corresponding val-
ues of V,x and V,,; were used to determine Er/e in (b). (b) Pourbaix diagram of the PCET of
Fc—COOH in organic/aqueous solvent. The intercept of the inclined curve (with a slope ~ 40
mV/pH) and the constant line informs on the value of pK,; ~ 5.5.

Source: Author (2023).

5.3.2 Influence of the acidity of the non-electroactive interface on
the ET reaction of the Fc-COOH in solution

Whenever the electrode is modified with a non-redox monolayer, the electrochemical
reversibility described by Eq. 5.2 is disrupted, as is the case of the Pep-SAM obtained
by using a non-redox peptide. The CVs shown in Fig.5.5 depict profiles that do not
follow the Nernstian behavior, that is, the electrochemical response upon change of
potential cannot be predicted by the Nernst Equation (BARD; FAULKNER, 2000). For
instance, at Er/e the concentrations of oxidized and reduced species at the electrode
surface are not equal leading to nonequivalent anodic and cathodic currents. For that
reason, the obtained peaks are not properly defined, and the values of the parameters
AE > 180 mV and #x/i,; # 1 corroborate that the electrochemical activity is far from
the reversibility, contrary to what is obtained for the bare electrode (see Fig.5.2). The
change in electrochemical response of Fc-COO™ /Fc™-COO™ caused by the peptidic
monolayer implies that although Pep-SAM does not act as a total molecular blockage,
it represents a potential barrier to be overcome for the ET to succeed, as described in
chapter 1. Therefore, the obtained Faradaic current is lower than that measured for
the bare electrode (see Fig.5.8a).

The molecular dielectric of the Pep—-SAM contributes to the non-Faradaic capaci-
tive response (GOES et al., 2012; LEHR et al., 2017) shown by the blue shadowed in
the inset of Fig.5.5, which is not distinguished from that current-voltage curves of
low [Fc—COOH], possibly due to the very low Faradaic current. Note that for con-
centrations higher than 50 uM, the i/i,; < 1 suggests that the reduction tends to
be more favored over the oxidative reaction, regardless of the ET process is limited
by the diffusion (see Appendix L). This is attributed to the negatively charged sur-
face of the Pep-SAM owing to the deprotonation of the carboxylic groups of Glu at
one extremity of the non-redox peptide, which was deduced by analyzing the pK, of
Pep—SAM. The electrochemical determination of this pK, was based on the Faradaic
current suppression due to changes of pH (ZHAO et al., 1999), using electroactive
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Figure 5.5: Cyclic voltammetry of the non-redox monolayer SAM measured at different con-
centrations of Fe—COOH in ACN/H;0 (1:4, v/v). The inset shows that the electrochemical
response at low [Fc-COOH] is coverd up by the non-faradaic capacitive of molecular dielec-
tric of SAM. The red dashed vertical line indicates the Er/e, which shifts to higher potential as
the [Fc—-COOH] increases (AEr/e). The peak potential shifting V,.; and V,x to lower and higher
potentials, respectively, implies an non-equilibirum electrochemical, with AE > 90 mV.

Source: Author (2023).

species, such as [Fe(CN)6]3’/ 4= (SWEBOCKI et al., 2020; FARIAS et al., 2021). In this
way, the changes of Faradaic current observed in the DP anodic and cathodic voltam-
mograms measured at different pH (see Fig. 5.6a), allowed us to determine the pK,
of Pep-SAM whether by using the anodic (pK, = 5.1 & 0.1) or cathodic (pK; =5.2 &
0.1) peak currents (see Fig. 5.6b and c). The obtained pK, indicates that in the stud-
ied electrolyte medium, the Pep-SAM surface is charged negatively, which does not
affect the approach of the Fc™-COO™ species to be reduced.

The impedance data depicted in Fig. 5.7 revels detailed information about the in-
fluence of this molecular dielectric on the ET of the redox probe. In particular, the
capacitive Nyquist plot shown in Fig. 5.7b confirms the non-Faradaic capacitance
observed in Fig. 5.5, which is barely modified as the [Fc-COOH] increases. This
non-Faradaic capacitance is known as C;, which was introduced in chapter 2 (see
Table 2.2), its value can be obtained by equivalent circuit fitting (see Appendix M),
which is found between ~ 7 and ~ 9 uF cm~? (see Table 5.2).

Note that impedimetric Nyquist plot reveals an interesting activity (see Fig.5.7a),
well defined semi-circles appear at concentration higher than 150 M Fc-COOH,
whose diameter report on the charge transfer resistance Ry;. The values obtained
by equivalent circuit fitting vary between 30 - 290 k() (see Table 5.2). This resistance
decreases exponentially with the increment of [Fc-COOH] as depicted in Fig.5.8b,
which is in accordance with the rise of the peak currents shown in Fig.5.8a. It is worth
highlighting that the R.; values in the presence of the monolayer are 1000-fold higher
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Figure 5.6: Acid dissociation constant determination of Pep—-SAM. (a) DP anodic and cathodic
voltammograms for buffered solutions varying the pH. Obtained values of anodic (b) and
cathodic (c) peak currents from (a) versus pH. Both plots depict a sigmoid tendency in function
of pH and the related peak values of the derivative plot of the sigmoid fit informs on the value

of pK, ~ 5.2.
Source: Author (2023).
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Figure 5.7: Complex impedance (a) and capacitive (b) diagrams of the non-redox monolayer
SAM measured at different concentrations of Fc—~COOH in ACN/H,0 (1:4, v/v).

Source: Author (2023).
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than those for Fc-COOH in solution in the bare gold electrode (see Fig.5.8b), which
demonstrates the insulating feature of the non-redox peptide monolayer.
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Figure 5.8: Comparison of the peak current (a) and resistance values (b) in function of [Fc-
COOH] for the three different systems; unmodified electrode (Au), Pep-SAM and Pep-rSAM.
Note that in (b) the resistance for Au and Pep—SAM is referred as R.; whereas for PEp-rSAM
is R4y as introduced in the chapter 3. Exponential decay regression for Pep-SAM (r? = 0.9897)
and Pep-rSAM (r? = 0.9826) indicate that the corresponding resistance decreases exponentially
with [Fc-COOH]. There are only R.; values for the most concentrated Fc-COOH solutions
measured using bare electrode due to the related values of the diluted solutions were not
possible to be obtained within an acceptable fitting error.

Source: Author (2023).

For Pep-SAM (non-electroactive) the quantized properties (e.g., C;) cannot be ex-
perimentally accessed owing to there are not confined quantum redox states in its
molecular structure. However, the Faradaic activity observed in the current-voltage
plot when redox species are in solution, such as Fe-COOH (or even [Fe(CN)s]>~/4),
is the result of that the ET follows the tunneling mechanism, which operates at nano-
scale molecular thickness as is the case of this SAM, which only differs from that
studied in chapter 3 by the ferrocene molecule bonded in the terminal of the peptidic
structure.

5.3.3 Influence of the acidity of the electroactive interface on the ET
reaction of the Fc—COOH in solution

In contrast to the scenario where a considerable increment of R.; was observed for
the redox reaction between the Fc-COOH and the electrode, caused by the “block-
ing effect” of the non-redox peptide insulating layer, the quantum capacitive states
represent a excellent strategy for suppressing such blockade due to the associated
electronic structure acts as the available channels for electrons to be transferred with
a minimum resistance (i.e., R; ~ 12.9 k(}). The mediation of the ET between redox
states in solution and that of the electrode by the redox capacitive states was described
by chapter 3, wherein the particular concentration of 100uM Fc—-COOH was studied.
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Since the ET mediation is based on the energy level alignment, the capability of this
feature in terms of the robustness of energy coupling was tested herein, considering
that the more Fc-COOH species are in solution, the more Er/e (or Fermi level) shifting
is observed, as shown in Fig. 5.9.
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Figure 5.9: Cyclic voltammetry of the redox monolayer Pep-rSAM measured at different con-
centrations of Fe—COOH in ACN/H,0 (1:4, v/v). The red dashed line indicates the Er/¢, which
shifts to higher potential as the [Fc-COOH] increases (AEr/¢). The peak potential shifting V.,
and V,, to lower and higher potentials, respectively, lead to the electrochemical response out
of equilibrium, AE > 90 mV.

Source: Author (2023).

Although the redox process of tethered Fc and free Fc-COOH are coupled, as
shown in the CV (see Fig. 5.9), wherein single peaks for reduction and for oxida-
tion are depicted, it is evident that the electrochemical behavior of the whole system
changes in function of [Fc-COOH]. Firstly, it's worth noting that the electrochemical
reversibility, AE < 90 mV and iox/i,,; ~ 1, is maintained at [Fc-COOH] < 600 uM.
Within that concentration range, there is an increment of Faradaic current compared
to the direct redox reaction with the electrode (Fig. 5.8a). This is expected because of
the availability of conductive quantum channels of Pep-rSAM (C; « DOS) resulting
from the sustained energy level alignment (see Table 5.2), that is, the obtained value
of Er/e is found around of 0.36 — 0.37 V.

While Faradaic current varies linearly with [Fc-<COOH] in concentration between
1 - 600 uM, a significant deviation from this behavior is observed when [Fc—~COOH]
> 1000 uM, where the Faradaic current drastically decreases, as shown in Fig. 5.8a.
This decrease in Faradaic current is attributed to the surface charge of the Pep-rSAM,
resulting from deprotonation of the carboxylic groups of Glu. Although it was not
possible to determine the pK; using the Pourbaix diagram due to the studied pH
range, which did not yield the pH-independent acid region (see Fig. 5.10b), the change
of C; in function of pH allowed for this determination (see Fig. 5.10d). The obtained
value of pK; ~ 4.5 was close to that of Pep-SAM, that is, pK, ~ 5.

Thus, the negatively charged surface of Pep-rSAM does not affect the ET medi-
ation by the C; states at [Fe-COOH] < 600 uM, allowing Fc—COO™~ /Fc™-COO™ to
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Figure 5.10: Acid dissociation constant determination of Pep-rSAM. (a) DP anodic and ca-
thodic voltammograms for buffered solutions varying the pH. (b) Pourbaix diagram of the
PCET of Pep-rSAM in organic/aqueous solvent. Only two regions were obtained, the pH-
independent basic and the pH-dependent one (inclined curve with a slope ~ 20 mV /pH). (c)
Nyquist capacitive plot for buffered solutions varying the pH. (b) The obtained values of C,
versus pH shows a sigmoid tendency in function of pH, wherein the related peak value of the
derivative plot of the sigmoid fit informs on the value of pK, ~ 4.5.

Source: Author (2023).

approach at the interface in order to undergo redox reaction. However, at [Fc-COOH]
> 1000 uM, the electrochemical response is not longer in equilibrium, with AE > 120
mV and iox/i,,; < 0.8. The electrostatic stability of Fc™-COO™ allows its approach to
the negatively charged surface undergoing reduction, favoring the backward reaction
of Eq. 5.2. Also, as a result of the loss of the electrochemical equilibrium is that the C,
states do not mediate the ET reaction anymore, as following explained.

Nyquist diagrams shown in Fig. 5.11 confirm the increase of C; and, eventually,
the loss of the ET mediation by the related C, states as [Fc-COOH] increases. In gen-
eral, three regions are distinguished: (I) region at low [Fc-COOH] where the capac-
itive behavior dominates and C; is increasing (see Fig. 5.11b); followed by an inter-
mediate region (II) as [Fc-COOH] increases, where the capacitive dominance in the
electrochemical activity is unnoticed; and finally, a high impedance region (III) at
large [Fc-COOH] (see Fig. 5.11a). Note that there is still a capacitive contribution in
the electrochemical response, but is not the dominant (see Table 5.2).
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Figure 5.11: Complex impedance (a) and capacitive (b) diagrams of the redox monolayer
Pep-rSAM measured at different concentrations of Fc-COOH in ACN/H,0O (1:4, v/v). Both
Nyquist plots show three regions that indicate the characteristic dominance of the electro-
chemical response: (I) quantum capacitive dominance; (II) intermediate or transition region;
and (III) resistive dominance.

Source: Author (2023).

In particular, the C; values obtained from equivalent circuit fitting (see Table 5.2)
are in agreement with the above-discussed. Fig. 5.12a plots C; as a function of [Fc-
COOH], reveling the quantum capacitance increment from ~ 210 to ~ 470 uF cm™—2
within the concentration range that corresponds to the region (I) in Fig. 5.11, increas-
ing to N available for the ET mediation.

24 80
500 {(a) 3 | (b) (c) o
- . m| . 801 | 5
€ 300 ¥ g id 3~ o ¢
b = 15 0 40
E 200 ¥ o |dBEa A *
o 20 {
100 A 9 ]
| v s | o %o o I
0 T 6 0 =

0 300 600 900 1200 1500
[Fc-COOH] (uM)

UI 360 6'60 960 12.00 15'00
[Fc-COOH] (uM)

0 360 560 9‘.':]0 12I00 15'00
[Fc-COOH] (uM)

Figure 5.12: Behavior of the quantum elements (a) C; and (b) R, that dominate the (c) ET
kinetics k of the Pep-rSAM in function of [Fc-COOH]. Note that when the C; increases ex-
ponentially, the ET process obeys the quantized resistance limit, where R, remains constant
~ 12.9 kQ), within the experimental error. Same as Fig. 5.11, (I) and (III) indicates the region
where C;R, governs or not the electrochemical response, respectively.

Source: Author (2023).
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Table 5.2: Equivalent circuit elements obtained by the raw impedance data fitting using the
equivalent circuit shown in Fig. M.1 for Pep—-SAM and in Fig. 3.2 and for Pep-rSAM. Note
that the equivalent circuit shown in Appendix N was used to models the electrochemical
response of [Fe-COOH] > 1000 for Pep-rSAM. R,; was calculated as contribution of both R
and Ry accordingly chapter 2. k was calculated considering the ¢ degeneracy equals to 2.

Pep-SAM Pep-rSAM

M C Ret Rig G, R, k

(yFem™) (k) (kQ) (WFem™?) (k) (s
0 8§£2 212+ 8 127 £ 0.4 17.7 £ 0.1
1 7.6 £09 212+ 4 12.7 £ 0.3 17.69 £ 0.05
5 82+08 228 +1 129 £0.2 16.16 £ 0.02
10 83+09 252+ 6 13.1 £0.3 14.39 £ 0.06
50 9£1 285 £7 310 £ 8 133 +£0.2 11.60 & 0.05
100 9+1 170 £ 10 280 £+ 10 345+ 7 125+ 0.2 11.06 & 0.05
150 9+1 130 £ 160 170 £ 10 364 + 4 13.1+0.4 10.03 & 0.06
300 84+09 75+ 9 63 +4 367 £ 8 1299 £0.06 9.98 £ 0.04
600 81£08 46 £ 8 20.7+03 470 £20 132+ 0.1 7.73 £ 0.09
1000 7.8+ 0.6 32£5 7+2 69 £9 144+ 0.4 481+ 0.3
1100 7.6 +0.6 32£5 29 £10 36 £5 16.8 £ 0.7 69.7 +£ 0.3
1250 74405 32£5 40 £3 50 + 10 17.0 £0.9 50.8 £ 0.5
1500 71+04 30£5 48 £2 50 + 10 16.7 £ 0.5 519+ 0.4

Source: Author (2023).

After the intermediate region (II), at [Fc-COOH] > 1000 uM corresponding to
the region (III), the interface becomes more saturated with Fc-COO™ /Fct-COO~
species. This saturation results in an electrostatic repulsion between the negatively
charged monolayer and Fc—-COO™ /Fct—COO™ at the interface, leading to a modifi-
cation of the C; states occupation and a 7-fold decreases in C, as shown in Fig. 5.12a.
As a consequence, the conductive channels N are no longer available for mediating
the ET. Note that even the accessibility to the C; states of the Pep-rSAM itself (without
Fc-COOH states in solution) is hindered at such high concentrations, which implies
that the energy of this electronic structure changed, leading to the loss of the energy
alignment previously observed in the non-equilibrium electrochemical response of
the CVs.

Furthermore, the calculated values of R, using Rs and R, obtained from the equiv-
alent circuit fitting (see Table 5.2) indicate that whenever the quantum redox states
mediate the redox reaction between states in solution and the electrode, the electron
is transferred with a quantum resistance limit (see Fig. 5.12b). In other words, the ET
process in region the (I) is governed by R,; and C;. On the other hand, the redox reac-
tion that takes place in the region (III) experiences efficiency loss due to the related R,
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values being far from the quantized limit, approximately R, > 17 k() (see Table 5.2).
It is important to highlight that the efficiency loss is mainly attributed to the changes
in Ryt as [Fc—COOH] increases. The value of Ryt rose from 23 + 5 ) to 400 £ 200 ),
whereas the values of R; remained constant at 2000 & 100 for the entire concentration
range. The coefficient of variation of Ry is 0.05, indicating its constancy.

The parallel paths to ET mediation mentioned in chapter 3 are evidenced in Fig. 5.8b,
which depicts the obtained values of the resistance associated to Pep-rSAM (R;;) that
are in agreement with those of Pep—-SAM (R), which does not feature C, states to
mediate the ET. As a result of the high resistances, the parallel paths demand high
energetic costs for the ET to succeed. Note that R;; is higher than the resistance of the
path mediated by the C, states within the quantized limit (i.e., R;).

Finally, the obtained ET kinetics employing the quantum rate expression (Eq.1.15)
considering g, = 2, describes two differentiated kinetics as shown in Fig. 5.8c. Follow-
ing the behavior of C,; where there is an ET mediation with quantum efficiency, the
obtained profile of k o« C; 1. Furthermore, for this particular situation the correspond-
ing f. can be observed in the capacitive bode plot (see Appendix N), and the obtained
values are in agreement with that of k. However, f, is not spotted when the energy of
the capacitive interface changes, as explained previously. Therefore, the kinetics re-
lated to the region (III) depicts a slow ET process as the quantum elements R, and C,
do not govern. The sluggish constant rate could reflect the high energetic barrier that
the ET process must overcome for the electron to be transferred by tunneling, where
the quantum states can not longer mediate such process.

5.4 Conclusion

The stability of the energy level alignment of energy levels is strongly dependent on
the occupancy of states of the capacitive interface, which can be compromised by elec-
trostatic effects caused by the surface charge of the monolayer and the concentration
of redox probe, specially when such electroactive species undergo proton-coupled
electron transfer reactions. When the related phenomenon operating in the ET process
follows quantum mechanical efficiency, such as the minimum quantum resistance in
agreement with the quantum rate theory, the stability of the energy level alignment
will lead to major accessibility of conductive N increasing C,, in response to an incre-
ment of non-capactive states in solution. These results could support in designing of
electronic devices such as in the sensing application explored in the former chapter.
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Chapter 6

Quantum Rate Model for the Study of
Molecular Junctions

The correlation between molecular conductance and charge transfer rate has been
proposed as a nonlinear rate—conductance relationship (ARTES et al., 2011; WIERZBIN-
SKletal., 2013; VENKATRAMANI et al., 2014), as briefly described in the introductory
chapter. Recently, our research group has demonstrated that the ET constant rate op-
erates in dry experimental setting, using azobenzene molecular junctions (M]s) with
different thicknesses (SANTOS et al., 2020). The interpretation of the IS data through
the mesoscopic elements such as C;, and R, led to expand the physical insights in the
molecular electronics field, opening up new avenues of possibilities to be explored,
aiming to understand the electric properties of the MJs within the quantum rate the-
ory framework. This chapter deals with the detailed study of the rate-conductance
relationship described by the quantum rate expression. In summary;, the electric prop-
erties of a set of aromatic MJs were measured by impedance spectroscopy (IS) at dif-
ferent bias potentials and temperature ranges. The obtained response was studied
within the quantum rate theory framework, with a main objective:

@ To demonstrate that for molecular electronics settings the conductance G and
the electron transfer rate k are correlated by the electrochemical capacitance C,
as k = G/c,, showing that the electrochemical and molecular electronic concepts
are not physically different.

6.1 Introduction

The capability of the MJs in transporting electric current received special attention by
the molecular electronics field in order to understand and design molecular devices
(MCCREERY, 2022; GUPTA et al., 2023). The variety of molecular composition that
can be modulated by synthesis provides versatility in terms of electronic structure that
confers special properties to these devices. In particular, the application of molecules
in the development of miniaturized devices can be attained due to their nanometer
scale, which represents an advantage over the limiting size of the complementary
metal-oxide semiconductors (CMOS) (MCCREERY, 2022; GUPTA et al., 2023). Fur-
thermore, the electric properties of the MJs can be modulated by the electrode mate-
rial, the electronic coupling between the electrodes and the molecules (MCCREERY,
2022; GUPTA et al., 2023).

Regarding the electronic characterization of MJs, the typical studies are based on
the analysis of the /v behavior aiming to elucidate the electron transport mechanism,
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which has been explored in terms of molecular thickness L, potential V, temperature
T and molecular structure (BERGREN et al., 2010; YAN; BERGREN; MCCREERY,
2011; SAYED et al., 2012). For instance, the quantum mechanical tunneling is known
to be a temperature independent process (DAVIES, 1998), which can be evaluated
using either Arrhenius or attenuation plots on a semilog scale, which depict a linear
behavior for an activationless transport (VAN NGUYEN et al., 2020). In the first one,
it is plotted In j versus 1/T (BERGREN et al., 2010), wherein the activation energy E, is
obtained from the slope. Whereas in the latter case, Inj (or R) is plotted against L, its
slope supplies the value of B (SAYED et al., 2012).

Aromatic molecular layers chemisorbed onto carbon-based contact have exhibited
high reproducibility and temperature stability for electron transport (MCCREERY,
2022). The wide range of possible energy levels conferred by the sp? carbon-conjugated
system of this electronic structure mediates the electron transport through molecular
orbitals rather than through space (BERGREN et al., 2010), implying a non resonant
tunneling mechanism. In addition, the use of carbon surfaces favors a strong elec-
tronic coupling as a result of not only the covalent C-C bond formation between the
substrate and aromatic molecular layer but also the energy level alignment (BERGREN
et al., 2010; YAN; BERGREN; MCCREERY, 2011; SAYED et al., 2012). As mentioned
in section 1.4, there is a barrier height associated with this alignment, which is re-
lated to the difference between the electrode’s Er and the HOMO or LUMO of the
molecule. Therefore, the smaller the barrier height, the better alignment, leading to
higher conductance.

The study of j-V curve of these aromatic MJs as a function of T or L has allowed
us to determine E, and 8, showing that j « exp(—pBL) similar to that obtained for
aliphatic, oligopeptides and proteins, where conductance measurements were per-
formed (ARTES et al., 2011; WIERZBINSKI et al., 2013). It is worthwhile to note that
similar to the electrochemical counterpart k in the case of redox SAMs, the electron
transport associated with the molecular conductance follows a quantum mechani-
cal tunneling and is exponentially dependent on the molecular thickness L, such as
G x exp(—pBL). Therefore, the obtained results are in agreement with the theoretical
relationship between G and k established in section 1.4.

The first approach of the quantum rate theory to study molecular conductance
was realized in electrochemical settings using DNA nanowires aiming to measure the
G employing ECS (RIBEIRO et al., 2016). For this electrochemical system, the rate-
conductance relationship was demonstrated. Later, the interpretation of the IS char-
acterization of MJs through mesoscopic elements was reported (SANTOS et al., 2020).
In this work a set of MJs comprising azobenzene layers and carbon-based contacts
with different L was studied by IS (see Fig. 6.1). For those MJs, the corresponding k
was determined through an equivalent circuit analysis (see Fig. 6.2a), demonstrating
that the quantum rate constant operates not only in nanoscale electrochemical sys-
tems but also in MJs. This allowed us to demonstrate quantitatively a relationship
between electrochemical (k) and molecular electronic (G) concepts through C, within
the framework of the quantum rate theory.

In terms of an equivalent circuit that models the impedance response of the elec-
trochemical and molecular electronics settings, differences are spotted whether the
elements C, and R, operate in parallel or in series, as shown in Fig. 6.2. The elec-
tric current modelled by the RC circuit in Fig. 6.2b, characterizes the Faradaic current
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of electrochemical interfaces, as explained in chapters 2 — 5, recalling that the quan-
tum contribution dominates the capacitive response as C, ~ C;. Conversely, the
circuit shown in Fig. 6.2a depicts C;, and R, in parallel, which model the response of
MJs (BUENO; DAVIS, 2020). Although C,, is governed by the geometric contribution
Ce, it is implied that the electronic structure of the molecular bridge associated with
C, participates in the transmission process as DOS « C;. Hence, the electron trans-
port mediated by the DOS has to overcome the resistance R; for the current passage
(BUENO; DAVIS, 2020).

In this final chapter, aromatic MJs comprising different molecular structures with
different molecular thicknesses were studied by IS over a range of T and V. Equiva-
lent circuit analyses were realized to determine the mesoscopic properties such as Ry,
Cy, and k. In addition, Arrhenius plots for G and k were analyzed aiming to demon-
strate that these mesoscopic properties are temperature-independent. Finally, the IS
characterization allowed us to confirm that G and k are correlated by Cy, providing
substantial experimental evidence, showing the capability of the quantum rate theory
to address mesoscopic systems.

6.2 Materials and methods

In this chapter large-area MJs featuring different thicknesses were analysed, which
were supplied by Prof. Dr. Richard L. McCreery from Department of Chemistry,
University of Alberta, Canada.

6.2.1 Large-area molecular junctions

Fig 6.3 shows a schematic illustration of the large-area MJs (0.00125 cm?) studied in
this chapter. The multilayers of each MJs are comprised of three different molecules:
fluorene (FL), azobenzene (AB), and nitroazobenzene (NAB). The aromatic molecules

7" (MQ)

0 2 4 6 8 10
Z' (MQ) Z' (MQ) Z' (kQ)

Figure 6.1: Impedance characterization measured at 0 V bias of azobenzene MJs with different
thicknesses. (a) Nyquist diagrams of thickest MJs exhibiting higher impedance response. (b)
and (c) Corresponds to the magnification of (a). The fitting curves were obtained using the
equivalent circuit shown in Fig. 6.2a

Source: (SANTOS et al., 2020). Copyright 2020 Royal Society of Chemistry.



Chapter 6. Quantum Rate Model for the Study of Molecular Junctions 128

(@) _|C‘;‘C/34I_ (b) ~. B
" H-

R

q

Figure 6.2: Difference between the equivalent circuit that models the response of the (a) M]
settings for studying molecular conductance and (b) electrochemical configuration for study-
ing the ET constant rate. The purple boxes show the electrostatic and the quantum contribu-
tions of C;, for both configurations. While C, dominates the C,, of MJs in (a), C; rules the C, of
SAMs in (b).

Source: Author (2023).

were chemisorbed on carbon substrates by electrochemical reduction of the corre-
sponding diazonium ions (BERGREN et al., 2010; YAN; BERGREN; MCCREERY,
2011), obtaining the following MJs with L values of 8.4 nm (NAB1), 10.2 nm (NAB2),
9.2 nm (AB), 4.3 nm (FL1) and 4.8 nm (FL2). The bottom and top contact are electron-
beam deposited carbon films (eC), to which Au was deposited as the conducting lead.

6.2.2 Spectroscopy impedance measurements

The electrical characterization of the MJs was performed using an AUTOLAB po-
tentiostat from METROHM, controlled by NOVA software, and equipped with a fre-
quency response analysis (FRA) module. J-V curves were measured at s = 100 mV s~1
from-1Vto1V for FL and NAB, and from - 1.5 V to 1.5 V for AB, in a two-electrode
configuration at room temperature. IS measurements were recorded at different bias
potentials, such as at 0, = 0.05, £ 0.1, & 0.15, and £ 2 V at room temperature, using
10 mV (peak to peak) perturbation, over a frequency range from 1 MHz to 0.1 Hz.
Temperature experiments were performed in a Janis CCS-400H /204 cryogenic closed
cycle system configuration (see Fig. 6.4), equipped with a 331 temperature controller
and an HC-4E Cryopump compressor. The MJ contacts were welded to Cu wires (as
shown in the inset of Fig. 6.4) and connected to alligator clips to plug into the poten-
tiostat. The potentiostat was further connected to a no-break system to suppress the
noise contributions from the supply power. IS measurements were carried out at 0,
£ 0.1, and + 0.15 V for each studied temperature, over a range from 243 to 313 K at
vacuum, with an increment of 10 K between measurements. A time lag of 20 min was
considered before measurement once the chamber reached the desired temperature.

6.2.3 Equivalent circuit analysis

The values of the circuital elements were obtained by fitting the raw impedance data
of the MJs, using an equivalent circuit shown in Fig. 6.6a. The obtained values were
reported for each chip for a total of five MJs (i.e., FL1, FL2, NAB1, NAB2, and AB).
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Figure 6.3: Schematic illustration of the studied MJs comprised of organic multilayers sand-
wiched between carbon and gold contacts. The molecular units that conform to the aromatic
layer are (a) nitroazobenzene, (b) azobenzene, and (c) fluorene. The molecular thicknesses are
8.4 nm (NAB1), 10.2 nm (NAB2), 9.2 nm (AB), 4.3 nm (FL1), and 4.8 nm (FL2).

Source: Author (2023).

6.3 Results and discussion

The electrical characterization of the MJs is shown in Fig 6.5a, which overlays five
j — V curves on linear scales. All MJs feature a reversible junction conductance at the
explored bias, that is, = 1.5 V for AB and £ 1.0 V for both FL and NAB MJs. This
reversible behaviour is attributed to the stability of the covalent bond between the
aromatic molecule and the conducting carbon surface, as the C — C bonding avoids
electromigration (MCCREERY, 2022), a common problem of metal contacts where
metallic atoms tend to migrate within the molecular layer at high bias, leading to
irreversible increment of j (YAN; BERGREN; MCCREERY, 2011). Additionally, it is
noteworthy that there is a decrease in j at high bias, showing strong dependence on
both molecular structure and thickness, as reported in the literature for these carbon-
based MJs (MCCREERY, 2022). For instance, for less thick MJs, j is the highest with
a value of ~ 0.25 A cm? at + 1.0 V bias (see black and red curves). Whereas the
lowest j ~ 0.004 A cm? at & 1.5 V bias corresponds to AB (see blue curve), which
lacks withdrawing groups such as the nitro group (CAREY; SUNDBERG, 2007). This
nitro substituent improves the junction conductance, as seen in the case of NAB M]Js
with j ~ 0.05 A cm? at + 1.0 V bias (see green and yellow curves).

Additional information is obtained from j — V' curves on the semilogarithmic scale
shown in Fig 6.5b. Regardless of molecular thickness and structure, all j — V curves
show a similar behavior. At low bias ( < £ 0.1 V), |j| increases linearly with V, while
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Figure 6.4: Schematic illustration of the cryogenic system used for temperature-controlled
impedance measurements. The MJ was placed inside the vacuum jacket and was welded to
Cu wires, as shown in the inset. The cu wires were then connected to the potentiostat using
an adapter (potentiostat connection).

Source: Author (2023).

at higher bias |j| follows an exponential function of V. Note that this behavior is also
observed for electrochemical settings, such as redox SAM (HOSSAIN; BEVAN, 2016;
VALIANTI; CUEVAS; SKOURTIS, 2019), where the same graphic is known as a Tafel
plot, as described in section 1.6. Through the quantum rate model, the analysis of the
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Figure 6.5: j — V curves obtained for NAB, AB, and FL MJs from (a) DC scans at 100 mV
s~1. (b) Equivalence between the logarithm of the modulus of j versus bias V curves from
DC (lines) and AC (circles) measurements. IS-obtained circles were calculated through the
definition of G discussed in the text, using the values obtained in the equivalent circuit fitting
(see Table O.1).
Source: Author (2023).



Chapter 6. Quantum Rate Model for the Study of Molecular Junctions 131

IS data using equivalent circuit fitting leads to a reasonable correspondence between
j obtained from the DC and AC measurements as depicted in Fig 6.5b, where the IS-
calculated circles (AC data) are consistent with the shapes of j — V (DC data). The
j was calculated from the mesoscopic element G using the equation j = GV/A (see
Appendix O), where G = 1/r; and A is the molecular junction area. R; was obtained
employing the equivalent circuit analysis (see Fig 6.64).

The impedance of MJs measured at different biases, at room temperature, is de-
picted by the Nyquist impedance spectra shown in Fig. 6.6, which evidences the de-
pendence of the impedance on the bias potential in agreement with that observed
in the j — V curves. Additionally, the differences in the impedance patterns of the
MJs are expected since j is inversely proportional to the resistance, more specifically
R4, which can be determined whether by graphical analysis (diameter semicircle) or
by the equivalent circuit fitting (see Table O.1). Hence, the less resistance, the more
conducting an M] is, such as the case of FL (see Fig. 6.6c—d), in comparison with AB,
which features higher resistance (see Fig. 6.6b). As mentioned above, the molecular
structure and thickness affect how the MJ responds to voltage perturbation. In par-
ticular, these factors impact the dielectric constant of the molecular layer and, in turn,
the polarizability or the capability of charge density distribution along the molecular
layer. For instance, for aromatic MJs, the distribution of the electronic structure (i.e.,
HOMO-LUMO) along the molecular length, favored by the conjugate system, leads
to better charge distribution (BERGREN et al., 2010). Therefore, FL MJs may feature
a better electronic distribution due to their smaller thickness. Finally, note that for all
MJs there is symmetry in the electron transport when positively or negatively biased
(see Fig 6.6b—f). For instance, the values of R, are equivalent for a given potential re-
gardless of the sign (see Table O.1). This can be attributed to the symmetric coupling
between the molecule and the carbon contacts as well as the fact that both the bottom
and top contacts are comprised of the same material (GUPTA et al., 2023).

Fig. 6.7 shows the mesoscopic elements versus bias for all aromatic MJs as obtained
by IS fitting (R, and C;;) and as calculated from the values of R; and C;, (G = 1/R; and
k = 1/r,c,). Fig. 6.7a shows the logarithm of R; as a function of bias, depicting the
same trends for all MJs, supporting the above discussion about the influence of the
electronic structure, molecular thickness and bias symmetry. It is important to high-
light that SI allows us to measure this resistance directly in comparison with the DC
measurements, which determine the resistance value indirectly from the slope of the
j — V curve (YAN; BERGREN; MCCREERY, 2011). Furthermore, Fig. 6.7a shows that
Rq is highly sensitive to small variations of L, such as the case of FL1 and FL2, which
despite their molecular thicknesses differing only by 0.5 nm, have different R, values
(see Table O.1). Also, the resistance of the observed electronic responses is dominated
by the molecular component R; owing to the contact resistance R. corresponds to
only 0.03 - 0.0003 % of the value of the total resistance for all MJs (see Table O.1).

On the other hand, C; does not vary with changes in bias potential as shown
in Fig. 6.7b, its low value remains constant regardless of the chemical structure and
thickness (ca. C;, ~ 0.8 -1.5 nF)!. Recalling that Cy, considers both electrostatic and
quantum capacitive contributions as /¢, = 1/c. + 1/¢;, we can say that the contribu-
tion attributed to C; cannot be accessed since the DOS (i.e., 4n/dy) associated with the
left and right "plates” of this quantum capacitance ¢/ Cq = Y (dn/du), + 1/(dn/du).) are

'Normalized by the area C;, ~ 0.6 — 1.2 yF cm™2.
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Figure 6.6: (a) Equivalent circuit constituted by C, and R, in parallel, which are in series
with R.. Impedance Nyquist diagrams for (b) AB, (c) FL1, (d) FL2, (e) NABI, and (f) NAB2,
showing the variation of the impedance pattern as a function of bias at room temperature.
Note the influence of the molecular structure on the impedance response.

Source: Author (2023).
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Figure 6.7: Electric properties for FL, NAB, and AB M]Js as a function of bias. (a) R; and (b)
C, correspond to the electrical features obtained from circuit fitting. Whereas (c) G and (d) k
correspond to the values calculated as G = 1/r, and k = 1/Rr,C,, respectively.

Source: Author (2023).

large enough due to these DOS being referred to the electronic structure of the con-
ducting contacts (bottom and top carbon films). Meaning that the contribution of C,
is neglected, which leads to C;, « C.. Accordingly, the obtained capacitance reports
only on the electrostatic capacitive phenomenon, which is constant due to its depen-
dence on the dielectric medium (molecular layer) and the distance separation of the
"plates” (i.e., L). Note that C, is not as sensitive as R; due to the physics related to this
resistance being quantum mechanical.

Regarding the involvement of the electronic structure of the molecular layer as
conducting channels, the N values of the MJs were determined by using the expres-
sion G = Ggexp(—pBL)N, where G was calculated from IS data measured at 0 V bias.
For aromatic MJs with L < 6 nm the B value of 2.7 nm ~! was obtained (SAYED
et al., 2012), and was used for an approximate determination of N. The low values
of N for the smallest MJs, such as FL1 and FL2 with the lowest resistance, suggest
that when the passage of current confronts high resistance associated with long dis-
tance, additional quantum channels are available to permit the transport of electrons.



Chapter 6. Quantum Rate Model for the Study of Molecular Junctions 134

Consequently, NAB2 has the largest amount of N, although its G is the lowest (see
Table 6.1). Although the B value corresponds to less thick MJs, its use for N deter-
mination is consistent since sequential tunneling through the HOMO-LUMO orbitals
of the molecular bridge (short distances) is the quantum mechanical mechanism pro-
posed for aromatic structures (MCCREERY, 2022). Therefore, the values obtained for
N inform the DOS that mediates the electron transport via sequential tunneling. For
that reason, N for the thickest MJs has the highest amount of N, that is, 2.30 x 10 for
NAB2.

Table 6.1: N calculation at 0 V bias at room temperature for § = 2.7 nm 1.

M] G (uS) L (nm) N

AB 0.04 9.2 3.13 x 107
FL1 1.33 43 1.90 x 10°
FL2 2.66 4.8 1.46 x 10*
NAB1 0.44 8.4 4.01 x 107
NAB2 0.20 10.2 2.30 x 10°

Source: Author (2023).

Note that G patterns shown in Fig. 6.7c are similar to that of k depicted in Fig. 6.74,
as k = G/c, « G, suggesting that the quantum conductance (or resistance) prop-
erty governs the electron transfer/transport phenomena of these junctions as well as
the associated kinetics as depicted in Fig. 6.7. This demonstrates that the correlation
between k and G by C, previously demonstrated in the latter chapters for electro-
chemical settings is also valid for MJs, for which several attempts were made for
understanding the relationship between the conductance and the constant rate, as
described in section 1.4.

To corroborate the quantumness of the electronic properties that govern the elec-
trodynamics of the MJs, the temperature and bias potential were varied, and the E,
was determined. Fig. 6.8 shows the impedance Nyquist pattern for FL and NAB M]Js
at several temperatures between 243 and 313 K, measured at 0 V bias. The IS recorded
at = 0.10 and + 0.15 V is presented in the Appendix P. Note that the IS data are suit-
ably fitted by the circuit shown in Fig. 6.6a. Despite the impedance patterns recorded
at different biases seem to respond to temperature changes, the variation of G, C;,
and k with temperature was the main matter of study. Fig 6.9 and Fig 6.10 depict the
electric response at the temperature range for FL and NAB, respectively.

Firstly, the C;, — T curves on the linear scale shown by the panels d and e of Fig 6.9
and Fig 6.10, corroborate that the capacitive component does not contribute signif-
icantly to the electric response as discussed earlier. On the contrary, R, exhibits a
temperature dependence as shown earlier in the Nyquist plots, which is reflected in
the conductance behavior. G plotted as a function of T on the semilogarithm scale
(see the panels a and d of Fig 6.9 and Fig 6.10), reveals that the passage of current
caused by the AC perturbation not only increases with bias voltage but also with an
increment of temperature. Note that similarly with G, k responds in the same way to
the variation of bias and T as observed in the panels c and f of Fig 6.9 and Fig 6.10,
complying with k o< G.
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Figure 6.8: Impedance Nyquist diagrams for (a) FL1, (b) FL2, (c) NAB1, and (d) NAB2, show-
ing the variation of the impedance pattern as a function of temperature at 0 V bias, which was
fitted using the equivalent circuit shown in Fig. 6.6a.

Source: Author (2023).

The corresponding Arrhenius plots of In G versus 1000/ T and Ink versus 1000/ T
for FL and NAB MJs are shown in Fig 6.11 and Fig 6.12, respectively. All curves
exhibit a linear response, from which E; was determined from the expressions G =
Aexp —E/RT and k = A exp —Ea/RT, which can be rewrittenas InG = In A — %% and

Ink=InA — %%, respectively, where Ea/R is the slope of the trend line. The obtained
parameters from this linear regression are summarized in Table 6.2 and Table 6.3 for
FL and NAB MJs, respectively. The obtained values of E; for FL (~ 40 meV) and for
NAB (~ 60 meV) imply that the charge transport obeys a quantum mechanical tunnel-
ing, which is temperature-independent in agreement with the literature (BERGREN
et al., 2010; YAN; BERGREN; MCCREERY, 2011). It is worthwhile to observe that
tfor each MJs the E, obtained by either the conductance and constant rate Arrhenius
plot at the same bias, are almost equal in compliance with the rate-conductance pro-
portionality. Furthermore, the amount of N for the temperature range compiled by
Table 6.4 suggests that the accessibility of these channels does not depend on the tem-
perature. Note that the coefficient of variation for all MJs is < 0.3, thus, one can say
that N does not significantly change with temperature, as expected for a tunneling
mechanism (see Table 6.4).
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Figure 6.11: Arrhenius plots of G and k at different biases for FL1 (a and b) and FL2 (c and d).
The E, values are determined from the slope of the linear regression and are summarized in
Table 6.2.

Source: Author (2023).

Table 6.2: Linear regression data from the Arrhenius plot for FL MJs and the values of E,.

Plot Bias FL1 FL2
V) slope SD r? E, (eV)  slope SD r? E; (eV)
7 -0.15 -347 58 0.8345 0.030 -496 45 0.9445 0.043
Z; -0.10 -412 55 0.8873 0.035 -470 43 0.9439 0.040
§ 0.00 -579 62 0.9251 0.050 -593 68 0.9140 0.051
Qg 0.10 -419 49 0.9099 0.036 -486 42 0.9488 0.042
- 0.15 -380 46 0.9067 0.035 -518 45 0.9483 0.045
n -0.15 -299 48 0.8438 0.026 -436 43 0.9358 0.038
E -0.10 -367 45 0.9018 0.032 -405 38 0.9423 0.035
2 0.00 -542 60 0.9193 0.047 -530 63 0.9078 0.046
% 0.10 -376 49 0.8906 0.032 -417 38 0.9434 0.036
0.15 -340 41 0.9046 0.029 -457 43 0.9421 0.039

Source: Author (2023).
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Figure 6.12: Arrhenius plots of G and k at different biases for NAB1 (a and b) and NAB2 (c and
d). The E, values are determined from the slope of the linear regression and are summarized
in Table 6.3.

Source: Author (2023).

Table 6.3: Linear regression data from the Arrhenius plot for NAB MJs and the values of E,.

Plot Bias NAB1 NAB2
V) slope SD r? E, (eV)  slope SD r? E; (eV)
7 -0.15 -456 64 0.8758 0.039 -977 142 0.8680 0.084
Z; -0.10 -511 61 0.9094 0.044 -900 140 0.8522 0.078
§ 0.00 -665 84 0.8972 0.057 -972 134 0.8809 0.084
Qé 0.10 -520 68 0.8904 0.045 -879 122 0.8791 0.076
- 0.15 -447 68 0.8562 0.039 -930 112 0.9073 0.080
n -0.15 -423 62 0.8675 0.036 -925 131 0.8754 0.080
E -0.10 -476 60 0.8983 0.041 -852 130 0.8563 0.073
2 0.00 -633 82 0.8928 0.055 -932 127 0.8823 0.080
% 0.10 -493 62 0.9000 0.042 -831 114 0.8816 0.072
0.15 -417 66 0.8474 0.036 -881 101 0.9143 0.076

Source: Author (2023).
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Table 6.4: N calculation for 243 - 313 K temperature range at 0 V bias, for  =2.7 nm ~1.

refers to the mean average value and SD refers to the standard error.

T (K) FL1 FL2 NAB1 NAB2

243 7.86 x 10? 5.36 x 103 1.36 x 107 4.65 x 108
253 8.05 x 102 5.66 x 103 1.44 x 107 5.21 x 108
263 8.41 x 102 6.15 x 103 1.43 x 107 5.53 x 10®
273 9.38 x 102 7.32 x 103 1.57 x 107 6.06 x 108
283 1.14 x 103 8.36 x 103 1.73 x 107 6.41 x 108
293 1.13 x 10° 7.64 x 10° 2.00 x 107 8.82 x 10°
303 1.17 x 10° 8.57 x 10° 2.18 x 107 1.13 x 108
313 1.28 x 10° 9.00 x 10° 2.52 x 107 1.02 x 108
¥+SD 10402 x 10° 741 x10° 1.8 +£0.4 x 107 7 42 x 108

Source: Author (2023).

6.4 Conclusion

The impedance spectroscopy study of the MJs performed at different biases and tem-
peratures has demonstrated that the associated electron transfer/transport phenom-
ena obey the quantum mechanical tunneling and are controlled by the mesoscopic
properties C, and Ry, thus proving that the rate-conductance relationship is described
by the quantum rate expression k = G/c,. Additionally, the determination of the
amount of N enabled us to describe the participation of the electronic structure of the
molecular layer within the framework of the quantum rate model. Finally, these re-
sults once again demonstrate that the quantum rate theory allows us to understand
the electron transfer/transport phenomena of molecular electronic devices, which can
be experimentally studied by IS.
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Conclusions

The findings presented in this study demonstrated that the quantum rate model pro-
vides an accurate interpretation of electron transfer and transport processes occurring
at mesoscopic interfaces. The relationship between conductance G and quantum ca-
pacitance C, proposed by the theory allowed us to understand and quantify the elec-
tron transfer kinetics k of electroactive interfaces whenever the degeneracy of the spin
gs and of the electrochemical current g; are considered.

The quantum rate theory permitted the interpretation of the quantum resistance
R, obtained by equivalent circuit analysis as the contribution in series of two resistive
terms, Ry and Rs, which cannot be separated. The interpretation of R, challenges the
traditional understanding of R in equivalent circuit analyses. Furthermore, it has
been demonstrated that R, establishes a quantized limit of the minimal resistance (or
maximum conductance) in agreement with the theoretical value of 12.9 k(). Hence,
it has been demonstrated that C; and R; govern the electrodynamics of the studying
electrochemical interfaces.

From experimental point of view, it has been introduced a straightforward method
to calculate k for heterogeneous electrochemical reactions, with C; as the only vari-
able, obtained from impedance-derived capacitive spectroscopy (ECS) that is in agree-
ment with the C; obtained from cyclic voltammetry (CV).

It has been demonstrated that the DOS of redox molecules assembled over con-
ductive electrodes acts as accessible conductive quantum channels for ET reactions
between electrodes and redox states in solution. The efficiency remains unaffected
whether the ET process occurs in a single or two-step mechanism. Moreover, align-
ing the energy levels of capacitive states with that of the species in the bulk solution
increases the number of quantum channels N available for ET reactions, potentially
benefiting the development of advanced electrochemical nanoscale devices.

The study successfully demonstrated the amplification of the electrochemical ca-
pacitive current signal of the interface for the quantification of the NS1 DENV biomarker
in undiluted serum samples with enhanced sensitivity and specificity. This novel
strategy enabled the detection of small biological molecules and avoided false posi-
tive errors associated with matrix effects. Besides, the use of miniaturized gold elec-
trodes showed promise for point-of-care (PoC) devices.

It has been demonstrated that the acidity of electroactive interfaces affects the me-
diation of diffusionless electron transfer process, specially when the redox probe un-
dergoes to proton-coupled electron transfer reaction. It was observed an electrostatic
repulsion between the negatively charged surface and redox species, which is trig-
gered by high concentration of the redox probe. It was shown that whenever the
electron transfer process is ruled by the C; and R, elements, the associated quantum
capacitive states are enable to mediate the electron transfer due to the energy level
alignment is sustained, leading to a diffusionless electron transfer process.
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Impedance spectroscopy studies of aromatic MJs at different biases and tempera-
tures showed the applicability of the quantum rate model to study the electron trans-
fer/transport properties of molecular electronic settings. These phenomena are con-
trolled by C, and R;. The quantum rate expression k = G/c, successfully described
the rate-conductance relationship. Also, the estimate value of N allowed to address
the role played by electronic structure of the molecular layer within the framework of
the quantum rate model.

In conclusion, the quantum rate theory, supported by experimental studies, allows
us to gain insights into the electron transfer/transport phenomena of molecular elec-
tronic and electrochemical devices. The results obtained through various techniques,
such as SI, validate the feasibility and potential applications of the quantum rate
model in understanding and controlling electron transfer processes at the nanoscale
interface, allowing us to develop novel and advanced electrochemical quantum de-
vices.
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Appendix A

Peptide Characterization: SS—-Pep-Fc

The peptide Fe-Glu-Ala-Ala—Cys-Cys-NH; of MW = 733.16 g mol ! (Fig. A.1a) was
synthetized by solid phase approach and purified by HPLC. The successful of the
synthesis was confirmed by mass spectrometry using electrospray positive ioniza-
tion (ESI) in the m/z 300-2000 range (Fig. A.1c). The peptide purity (> 93%) was
assessed by analytical mode HPLC (Fig. A.1b). The retention time of 14.45 min, using
the method of 5 to 95% of solvent B in 30 min with 1 mL min~! (solvent A = 0.045%
TFA /H;0O and B 0.036% (TFA /ACN v/v), corresponds to the purified peptide.

HS.

B ] 0 0
PR D A R \
N AL G N AL B B

(@]
I
Pt S ~

LU g T

e O T
“SH ]’

ey
{ - 3 \
N gD
(a)
081 100
14.45 794,52
8
E c 80
E 061 5
S £
60
o L
w04 <
= 2 40 -
@ =
g 0.2 4 %
- T 5
0.0 T
. . - 0+
0 5 10 15 20 25 30 300 600 900 1200 1500 1800
Time (min) m/z

(b) (©)

Figure A.1: (a) SS-Pep-Fc chemical structure. (b) Chromatogram of the purified peptide
with retention time of 14.45 min. (c) Mass spectrum of the redox peptide was obtained
using a Brucker system in positive mode: 734.82 g mol~!, corresponding to the peak of
14.45 min in (b).
Source: Author (2023).
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Appendix B

Determination of Electroactive Area of
Au Electrode

The voltammogram of the last cycle of the sulphuric acid cleaning step reveals infor-
mation about the quality of the surface of the gold electrode. Fig. B.1 depicts three
main regions: (i) the oxygen reduction at lower potentials; (ii) non-Faradaic capac-
itive region that indicates contaminants adsorbed on the gold surfaces whether the
current difference is out of the range around 0.3 and 0.9 uA; (iii) gold oxide formation
at the surface of the polycrystalline electrode between ~1.2 and 1.6 V, which reports
on the orientation of the crystalline gold lattice. The area of the cathodic peak (re-
duction peak area A,)is used to calculate the A,, which is obtained by mathematical
integration. The valued obtained is used in the following expression,

-1
A= Ar[pA.V ]

"~ s[Vs1] x 410[uC.cm~2] (B.1)

.
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Figure B.1: Voltammogram of gold surface in 0.5 M H>SO,. Shaded region depicts A, area of
the cathodic peak
Source: Author (2022).
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Appendix C

Peptide Characterization: Pep-Fc

The peptide Fc-Glu-Ala-Ala—Cys-NH, of 630.14 g mol~! (Fig. C.1a), synthetized
by solid-phase method and was purified by semi-preparative reverse-phase HPLC.
Afterwards, the peptide was identified by electrospray mass spectrometry, using a
Thermo LCQ-fleet spectrometer. Fig. C.1c shows the mass spectrum obtained in elec-
trospray positive ionization mode at mass/charge ratio (m/z) of 200-1200. Eventu-
ally, the HPLC in analytical mode provided the peptide purity (> 96%)(Fig. C.1b).

HS_
\ O O
| H L [ 1
HQN\C// > N’/C\‘\/N'\“C// H-N/' ST ““OH
I H | [ H
(0] (0] O\\\_:\T/.NH
(a)
100
13.7 i 631.1
& 80
=)
5
ﬁ 60
jib]
= 40
@
Jub]
o 29
SLESE A i . 0 _‘J'_“‘_J | " l Y
5 0 15 20 25 30 400 600 800 1000 1200
Time (min) m/z

(b) (©)

Figure C.1: (a) Pep—Fc chemical structure. (b) Chromatogram of the purified peptide with
retention time of 13.7 min. (c) Mass spectrum of the redox peptide was obtaine using a
Brucker system in positive mode: 630.14 g mol 1, corresponding to the peak of 13.7 min in

(b).

Source: Author (2023).
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Non-Faradaic Circuit Elements
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Table D.1 summarizes the values of circuit elements that comprises the non-Faradaic
contribution measured at potential outside redox window (i.e., V,ut= 0.1 V), using
a supporting electrolyte of 20 mM TBACIO4 in ACN/H,O (1:4, v/v), for Pep-Fc and

C11-FC monolayers.

Table D.1: Circuit parameters values.

SAM Pep-Fc C11-Fc

X 0¥ X %3
Cyn/uF cm 2 2.0 0.1 0.74 0.04
C;/uF cm™2 5.1 0.6 1.4 0.4
R;/Q 0.7 0.1 0.5 0.1
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Appendix E

Diffusion versus Diffusionless
Processes

The diffusion and diffusionless dependence of the ET kinetics of the studied hetero-
geneous settings was evaluated from the CVs measured at different scan rate s, for
bare gold and Fc-COOH and for modified gold electrode with redox SAM. Plots of
the anodic/cathodic current peaks iy versus s”/2 or s are shown in Fig. E.1. The linear
dependence between iy, versus 572 follows the relations described in Randles-Sevcik’s
for the redox Fc-COOH, indicating a diffusion-limited kinetics (Fig. E.1a), whereas for
Pep-Fc the linear dependence between i, versus s follows the Laviron’s equation, for
a diffusionless-limited kinetics (Fig. E.1b).
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Figure E.1: The relationship between current peaks and scan rate. (a) i, versus s”? plot
for both cathodic and anodic peak currents of 100 uM Fc-COOH, which was conducted in
triplicate. Linear regression parameters (r>=0.9992 and r?=0.9988 for anodic and cathodic
plots, respectively) indicate the s”? linear dependence of ip in the electrochemical reaction
between the metal electrode and the redox probe free in solution, Fc-COOH that according
to Randles-Sevcik equation, indicates a diffusion-controlled kinetics. (b) i, versus s plot for
both cathodic and anodic peak currents of Pep-Fc. Linear regression parameter (r>=0.9997
and 12=0.9974 for anodic and cathodic plots, respectively) indicate the s linear dependence
of i, in the electrochemical reaction between the metal electrode and a redox probe chemi-
cally attached to the electrode, which follows the Laviron equation, indicating a diffusion-
less kinetic situation. Source: Author (2023).
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Electrochemical Impedance of

Fc—-COOH

149

Electrochemical characterization of Fc-COOH in direct contact with the electrode,
measured at the formal potential Er/e, in 20 mM TBACIO,4 supporting electrolyte,
without intermediation of redox capacitive states. Fig. F.1a shows the impedimetric
response, at low frequency, typical for a diffusion-controlled system. No relevant im-
pedimetric information can be extracted, whereas Fig. F.1b depicts a capacitive feature
attributed to the double layer capacitive disruption of the ions of the electrolyte by the

presence of the Fc-COOH.
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Figure E.1: (a) Impedimetric and (b) capacitive Nyquist plots of redox Fc-COOH.

Source: Author (2023).
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Appendix G

Anodic Peak Deconvolution

CV of C11-Fc interface measured in the presence of Fc-COOH shows an oxidative
peak with an additional contribution at lower potentials. A deconvolution of this
anodic peak, as depicted in Fig. G.1, was conducted to revealing separate the two
peaks with: one at 0.39 V and another at 0.45 V, corresponding to the individual peak
potential contributions of the C11-Fc (see Fig. 3.5a) and Fc-COOH (see Fig. 3.1a). This
evidence the two contributions and confirm the weaker alignment of the energy levels
of states in solution and that of the electrode through two different paths: one through
capacitive states in the interface and the other directly without intermediation of the
capacitive states. Only the electron path associated with the capacitive states has a
quantum efficient of transport, as discussed in the main text.
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Figure G.1: (a) Anodic peak deconvolution of the cyclic voltammetry C11-Fc in 20 mM
TBACIO4 supporting electrolyte with 100 uM Fc-COOH.
Source: Author (2023).
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Appendix H

Surface characterization of
Miniaturized Gold Electrodes

Topological and roughness characterization of the bare miniaturized gold was per-
formed by Dr. C. A. R. Costa and the staff of the Brazilian Nanotechnology National
Laboratory (LNNano), part of the Brazilian Centre for Research in Energy and Mate-
rials (CNPEM), Brazil using an atomic force microscope. The micrograph shown by
Fig. H.1, reveals that the electrode surface is composed of Au grains with a diameter
ranging from 20 to 50 nm, with a roughness mean squared value, of 1.4 nm. Low
surface roughness is required to achieve well organized self-assembled monolayer
ensuring reproducible electrochemical response.

X:290 nm -3.6nm

Figure H.1: (a) Atomic force microscopic topographical imaging of SiO, / Au patterned elec-
trodes. (b) Three-dimensional rendering of a selected region.
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Appendix I

Equivalent Circuit Fitting of Modified
Miniaturized Electrodes

Equivalent circuit fitting of the EIS raw data related to non-Faradaic and Faradaic re-
sponse obtained at Vs = 0.1 V and Er/e ~ 0.36 V, respectively, terface fabrication pro-
cess measured in 20 mM TBACIO4 in ACN/H,0 (1:4, v/v) as supporting electrolyte.
Fig. I.1 shows the complex capacitive diagram of the non-Faradaic, Faradaic of Pep—
Fc and Fc—~COOH suitable fitted followed the equivalent circuit analysis performed
in chapter 3. The inset shows the non-faradaic contribution measured at V,,; = 0.1V,
which is minimal in comparison with the faradaic response measured at Er/e ~ 0.36
V. Consequently, Table 1.1 summarizes the values of circuit elements obtained for the
non-Faradaic response.

10
@ non-faradaic
. . © Pep-Fc
Table I.1: Circuit parameters values. 8 | @ Pep-Fc+Fe-COOH
— ﬁmng 0.10 i
E 6 0.05 © e

Parameters =
CIuF 0.054 O 4 D'Dcn.\.ao 005 0o 015 020
Ci/uF 1.468 2
R;/Q 430 08 :

1

RO 1860 0 2 4 6 8 10

Source: Author (2023).
Figure I.1: Capacitive Nyquist plot of the re-

dox interface before biosensing interface fab-
rication. Source: Author (2023).
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Appendix ]

Peptide Characterization: non-redox

peptide

The peptide Glu-Ala-Ala—Cys-NH, of MW =392.2 g mol ! (Fig. ].1a) was synthetized
by solid phase approach and was purified by semi-preparative reverse-phase HPLC.
Afterwards, the peptide was identified by electrospray mass spectrometry, using a
Thermo LCQ-fleet spectrometer. Fig. J.1c shows the mass spectrum obtained in elec-
trospray positive ionization mode at mass/charge ratio (m/z) of 200-1200. Eventu-
ally, the HPLC in analytical mode provided the peptide purity (> 94%)(Fig. J.1b).
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Figure J.1: (a) non-redox peptide chemical structure. (b) Chromatogram of the purified
peptide with retention time of 5.3 min. (c) Mass spectrum of the peptide was obtained
using a Brucker system in positive mode: 392.2 g mol~!, corresponding to the peak of 5.3
min in (b).

Source: Author (2023).
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Appendix K

Additional Electrochemical
Characterization of Fc—COOH

20
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Figure K.1: The diffusion dependence of the ET kinetics between bare gold and Fe-COOH
was evaluated from the CVs measured at different scan rate s for some plot for both cathodic
and anodic peak currents of 100, 1000 and 1500 yuM Fc-COOH, which was conducted in
triplicate. The linear dependence between i, versus s/? follows the relations described in
Randles-Sevcik’s for the redox Fc—-COOH, indicating a diffusion-limited kinetics for these
studied concentrations. All linear regression have r? ~ 0.998 - 1.

Source: Author (2023).

The diffusion coefficients for Fc-COO~ and Fc™-COO~ were calculated by re-
placing the obtained slope of the linear regression in Randles-Sevcik equation (see
Eq. K.1). The obtained values are reported in Table K.1.

_ slope 2 RT
Bo = (0.446nFAg[Fc - COOH]) “ nF &D

where n is the number of electron involved in the redox reaction, F is the Faraday
constant, A ¢ l1s the geometric area of the electrode and R is the ideal gas constant.
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Table K.1: Diffusion constant values for representative [Fc-COOH]. Error bars represent
one standard deviation of measurements on three separate electrodes.

[Fe-COOH] (4M) DfC00" (1078 em=2s71) DI 00" (10718 em 257 1)
100 3.84 + 0.02 7.30 & 0.06

1000 218.8 + 0.3 2523 4+ 0.5

1500 4240 +0.3 489.91 + 0.05

Source: Author (2023).

AR

Figure K.2: Equivalent circuit that models the electroactive response of Fc-COOH at high
concentrations. Z; is the Warburg diffusion element, which models the diffusion process
typical at low frequencies. The obtained values are reported in Table K.2

Source: Author (2023).

Table K.2: The electroactive response of [Fc-COOH] at high concentrations was fitted using
the Randless-circuit shown by Fig. K.2.

Fc—COOH Rt

1000 108 =4
1100 120 £ 10
1250 110 £ 10
1500 140 + 8

Source: Author (2023).
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Appendix L

Pep—-SAM: Diffusion-controlled
kinetics of Fc-COOH

The diffusion dependence of the ET kinetics was evaluated from the CVs measured
at different [Fc-COOH], for modified gold electrode with non-redox SAM. Plot of the
anodic/cathodic current peaks i, versus [Fc~COOH] is shown in Fig. L.1. The linear
dependence between iy, versus [Fc-COOH] follows the relations described in Randles—
Sevcik’s for the redox Fc-COOH, indicating a diffusion-limited kinetics (Fig. L.1a)

—~ 3]
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0{¥
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=
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Figure L.1: i) versus [Fc-COOH] plot for both cathodic and anodic peak currents, which was
conducted in duplicate. Linear regression parameter (r* = 0.9261 and r? = 0.9765 for anodic
and cathodic plots, respectively) indicate the [Fc~COOH] linear dependence of iy, in the
electrochemical reaction between the metal electrode and the redox probe free in solution,
which is in agreement with the Randles-Sevcik equation.

Source: Author (2023).
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Appendix M

Equivalent Circuit Fitting of Pep—-SAM
in Function of [Fc-COOH]

Pep-SAM
1uM

5 uM

10 uM
50 uM
100 uM
150 pM
300 M
800 uM
1000 uM
1100 uM
1250 uM
1500 uM

non-faradaic
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oB X 3 EN XoBeR 3 E N B

101 10° 10" 102 10° 104 108
frequency (Hz)

Figure M.1: (a) Bode capacitive diagram showing the peak value that informs on the re-
laxation process time-scale 7; = R;C;, which remains constant ~ 260 s~1. (b) The equiva-
lent circuit that models response of the Pep-SAM, which is comprised by the non-Faradaic
branch and a parallel branch related with the resistive process such as R¢;. At Fe-COOH]
> 50 uM, diffusive process are observed, thus the Warburg element is added in series with
Ret. The main elements are reported in Table 5.2, whereas additional values of Rs and C,
are 1980 4= 70 Q) and 0.449 + 0.006 uF cm~2, respectively.

Source: Author (2023).
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Appendix N

Equivalent Circuit Fitting of
Pep-rSAM in Function of [Fc-COOH]

CIll
@
© e B PeprSAM
non-faradaic & © f ® 1uM
o v 5uM
i R, G. 150 1 Q B 10uM
| | pr ¢ s50uM
'_/V\/\/_l | £ A 100 uM
-’\/\/\/— = @ 150 um
faradaic L 100 4 @ 300uM
it C, 2
A o
R, Z
_IVV\/_:]J 0

10" 10° 10" 102 10® 104 108
frequency (Hz)

Figure N.1: (a) Bode capacitive diagram showing the peak value that informs on the re-
laxation process time-scale 7, = R,C; = f. ! and consequently on the kinetics, recalling
fe = k/2. f. decreases from 9.1 to 3.9 s~ ! as [Fe-COOH] increases, until is not spotted. (b)
The equivalent circuit that models response of Pep-rSAM, which is basically that studied in
chapter 3.1. At Fe-COOH] > 1000 M, diffusive process are observed, thus the Warburg el-
ement is added in series with R;;. The elements associated with the non-Faradaic response
are summarized in Table D.1.

Source: Author (2023).



Appendix O

159

Density Current Calculation from IS

Data for MJs

Table O.1: Data fitting using the equivalent circuit shown in Fig. 6.6 for the all the large-area
MJ (0.00125 cm?) performed at different bias potentials at room temperature. Additional

mesoscopic properties are calculated from the obtained values of C;, and R,.

M] Bias Cy R, R, k=1/rR,c, ~ G=1/r, ljl =6V/a
V) (nF) Q) (MQ) (s (1S) (pA cm™?)
-0.2 7.82 69 14.93 86 0.07 11
-0.15 7.83 70 18.37 70 0.05 7
-0.10 7.83 69 21.40 60 0.05 4
-0.05 7.83 70 24.23 53 0.04 2

i% 0.00 7.83 69 25.31 50 0.04 0
0.05 7.83 69 24.02 53 0.04 2
0.10 7.83 68 24.04 64 0.05 4
0.15 7.83 69 17.36 74 0.06 7
0.20 7.82 69 13.00 98 0.08 12
-0.20 14.27 41 0.18 3996 5.70 913
-0.15 14.27 39 0.28 2513 3.59 430
-0.10 14.29 39 0.45 1549 2.21 177
-0.05 14.31 40 0.65 1068 1.53 61

E 0.00 14.39 40 0.75 928 1.33 0
0.05 14.34 39 0.41 1083 1.55 62
0.10 14.31 40 0.27 1722 2.46 197
0.15 14.30 40 0.16 2594 3.71 445
0.20 14.31 40 0.18 4295 6.14 983

9 -0.2 14.59 44 0.13 5303 7.73 1238

. -0.15 14.58 44 0.17 4015 5.85 702

Continued on next page
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Table O.1 - continued from previous page
M] Bias Cyu R, Ry k =1/Rr,c, G=1/r, ljl =6V/a
V) (nF) () (M) (s (1S) (A cm™?)
-0.10 14.58 44 0.24 2857 4.16 333
-0.05 14.61 44 0.33 2063 3.01 121
0.00 14.66 43 0.38 1812 2.66 0
9 0.05 14.64 44 0.32 2138 3.13 125
a 0.10 14.61 44 0.25 2725 3.98 318
0.15 14.59 44 0.16 4226 6.17 740
0.20 14.61 44 0.12 5661 8.27 1324
-0.20 11.00 35 0.36 2492 2.74 439
-0.15 11.01 36 0.61 1483 1.63 196
-0.10 11.04 36 1.08 836 0.92 74
— -0.05 11.07 36 1.73 521 0.58 23
E 0.00 11.09 36 2.28 396 0.44 0
0.05 11.06 36 1.67 541 0.60 24
0.10 11.04 35 1.17 776 0.86 68
0.15 11.02 36 0.72 1268 1.40 168
0.20 11.01 36 0.43 2110 2.32 372
-0.2 11.18 43 1.23 727 0.81 130
-0.15 11.19 42 1.95 459 0.54 62
-0.10 11.20 42 3.09 289 0.32 26
o~ -0.05 11.26 42 4.42 201 0.23 9
g 0.00 11.28 41 5.11 173 0.20 0
0.05 11.26 42 427 208 0.23 9
0.10 11.22 42 2.84 313 0.35 28
0.15 11.21 39 1.83 486 0.55 65
0.20 11.20 42 1.25 776 0.87 139

Source: Author (2023).
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Appendix P

IS Data in Function of Temperature for
M]s
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Figure P.1: Impedance Nyquist diagrams for FL1, showing the variation of the impedance
pattern in functionof T measured at (a) -0.15 V, (b) -0.10 V, (c) 0.10 V and (d) 0.15 V, which
were fitted using the equivalent circuit shown in Fig. 6.6a.

Source: Author (2023).
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Figure P.2: Impedance Nyquist diagrams for FL2, showing the variation of the impedance
pattern in functionof T measured at (a) -0.15 V, (b) -0.10 V, (c) 0.10 V and (d) 0.15 V, which
were fitted using the equivalent circuit shown in Fig. 6.6a.

Source: Author (2023).
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Figure P.3: Impedance Nyquist diagrams for NAB1, showing the variation of the impedance
pattern in functionof T measured at (a) -0.15 V, (b) -0.10 V, (c) 0.10 V and (d) 0.15 V, which
were fitted using the equivalent circuit shown in Fig. 6.6a.

Source: Author (20.

23).
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Figure P.4: Impedance Nyquist diagrams for NAB2, showing the variation of the impedance
pattern in functionof T measured at (a) -0.15 V, (b) -0.10 V, (c) 0.10 V and (d) 0.15 V, which
were fitted using the equivalent circuit shown in Fig. 6.6a.

Source: Author (2023).
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