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ABSTRACT

The natural pigment known as melanin has become a very promising material for many
technological applications, but especially in the emerging area of organic bioelectronics due to
its charge transport properties and biocompatibility. Thus, this thesis aimed to shed light on the
optoelectronic properties of a series of melanin derivatives and apply such materials in organic
devices. With this in mind, synthetic melanin derivatives were investigated using structural,
optical, magnetic resonance and electrical techniques to elucidate the basic behavior of the
materials as well as their charge transport properties. These set of characterizations included
depth-profile X-ray photoelectron spectroscopy, photoluminescence, UV-Vis-NIR and
ellipsometry spectroscopy, electron paramagnetic resonance, DC conductivity and
electrochemical impedance spectroscopy under hydration control and neutron scattering. It was
possible to show that soluble melanin synthesized in water behaves similarly to standard (and
insoluble) melanin with slight variations that could be related small changes in the oxidation
state of the samples or to different film thickness. On the other hand, the sulfonated melanin
behaves like the standard one, indicating that these materials can be considered part of the
“melanin family” of compounds. However, there were at least two key differences; it appears
to have a lower ionic conductivity, most likely due to sulfonated groups replacing available
conductive protons. However, this is compensated by the fact that sulfonated melanins exhibit
easier thin-film formation on different surfaces, making it more attractive for device
applications. We further demonstrated that SMel (one of the sulfonated melanin derivatives) is
sensitive to pH in a carbon/graphene screen-printed electrode, that is, a sensor. This device can
be considered a proof of concept that sulfonated melanin can act as transduction material for
bioelectronics applications.

Keywords: bioelectronic material, melanin, synthetic melanin, optoelectronics, charge

transport, pH sensor.
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RESUMO
O pigmento natural conhecido como melanina tem se tornado um material bastante promissor
para muitas aplicacdes tecnoldgicas, mas principalmente na area emergente da bioeletrénica
organica devido as suas propriedades de transporte de cargas e biocompatibilidade. Desta
forma, esta tese tem como objetivo estudar as propriedades optoeletrénicas de uma série de
derivados de melanina e aplicar estes materiais em dispositivos organicos. Com isto em mente,
derivados sintéticos de melanina foram investigados utilizando técnicas estruturais, épticas, de
ressonancia magneética e elétricas para elucidar suas propriedades, em especial as de transporte
de carga. Este conjunto de caracteriza¢@es inclui técnicas como a espectroscopia de fotoelétrons
de raios-X com perfil de profundidade, UV-Vis-NIR, fotoluminescéncia e elipsometria,
ressonancia paramagnética eletronica, condutividade elétrica DC e espectroscopia de
impedancia eletrénica com controle de hidratacdo e espalhamento de néutrons. Mostramos que
as melaninas sollveis sintetizadas em agua se comportam de maneira similar a amostra padrdo
(e insoltvel) com pequenas variagGes que podem estar relacionadas a pequenas diferencas no
estado de oxidacdo das amostras ou a diferentes espessuras dos filmes. Por outro lado, as
melaninas sulfonadas se comportam como a amostra padrdo, indicando que estes materiais
podem ser considerados como parte de compostos da “familia melanina”. Contudo, existem
pelo menos duas importantes diferencas: ela aparenta ter uma menor condutividade i6nica,
provavelmente devido aos grupos sulfonados substituindo os prétons condutores disponiveis.
Entretanto, isto é compensado pelo fato de que a melanina sulfonada apresenta maior facilidade
de formacao de filmes finos em diferentes superficies o que a torna mais atrativa para aplicacédo
em dispositivos. Demonstramos ainda que a SMel (um dos derivados de melanina sulfonados)
é um material sensivel ao pH em um eletrodo impresso de carbono/grafeno, ou seja, em um
sensor. Este dispositivo pode ser considerado a prova de conceito de que as amostras sulfonadas

podem atuar como um material para transducdo para aplicacdes bioeletronicas.

Palavra chaves: material bioeletrénico, melanina, melanina sintética, optoeletrénica,

transporte de carga, sensor de pH.
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RESUMO EXPANDIDO

A revolucdo da eletronica organica demonstrou que materiais organicos condutores tém
caracteristicas Unicas e desejaveis (entre elas, transporte e incorporacdo de ions, alteracdo do
comportamento eletrdnico por caminhos sintéticos, flexibilidade e baixo custo) que
possibilitam a criagdo de dispositivos para auxiliar no entendimento de fenémenos bioldgicos,
assisténcia médica e na interface entre sistemas naturais e maquinas. Esta nova era ficou como
Bioeletrénica Organica. Biosensores, drug-delivery, pele eletrdnica, sistemas sensoriais
artificiais, préteses de membros, exoesqueletos robéticos e interfaces neurais sdo areas deste
campo de pesquisa. Além disto, marcapassos e implantes cocleares sdo tecnologias amplamente
ja difundidas no mercado consumidor.

A maioria dessas aplicacbes combina dispositivos optoeletrénicos com o mundo
biolégico de forma que uma funcdo fundamental da bioeletrénica orgénica é a transducéo
eficiente dos sinais idnicos dos meios bioldgicos com os sinais eletrénicos de um dispositivo
tradicional e vice-versa. Contudo, tal tarefa ndo é facil de ser obtida, uma vez que tanto ions
quanto elétrons apresentam propriedades fisico-quimicas diferentes. Desta forma, utilizar
materiais capazes de sustentar sinais eletrdnicos e i6nicos € de extrema importancia. Um
material promissor para esta aplicacdo e que sera o foco deste trabalho é o pigmento natural
melanina.

A melanina pode ser considerada o principal pigmento da biosfera e esta amplamente
difundida em humanos, animais, plantas e microrganismos. A melanina esta presente no
mecanismo de defesa de alguns cefalépodes e em nosso cotidiano, por exemplo, em manchas
pretas em alimentos ou superficies mofadas, em partes escuras de cascas de banana e no
escurecimento de uma macd. Também é responsavel pela cor dos cabelos, olhos cinza-azul-
verde-amarelo-aveld-marrom, complexacdes da pele humana e cérebro, apresentando
diferentes funcdes bioldgicas como quelacdo de metais, propriedades antioxidantes e anti-
inflamatdrias e protecéo contra radiagéo ultravioleta-visivel.

O interesse tecnoldgico desta classe de pigmentos decorre de suas intrigantes
propriedades fisico-quimicas como absorbancia em toda a regido UV-visivel, forte relaxamento
ndo radiativo de estados eletronicos fotoexcitados, a presenca de centros de radicais livres

estaveis, biocompatibilidade, biodegradabilidade e condutividades variando entre 108 e



10* Scm™ dependendo do seu estado de hidratagdo. Outra vantagem é possibilidade de
producdo de filmes com espessuras inferiores a 100 nm, caracteristica atraente para
dispositivos. Estas propriedades deram origem a uma série de potenciais aplicacfes
tecnoldgicas como corantes, materiais fotoativos e fotoprotetores, transistores, sensores,
dispositivos de armazenamento de energia, engenharia de tecidos e interfaces biomiméticas.

Melanina, contudo, foi considerada um material dificil de se trabalhar devido a
dificuldade no processo de extracao de suas fontes naturais sem a interferéncia de impurezas de
proteinas e possiveis efeitos de degradacdo estrutural, mas principalmente sua elevada
insolubilidade. Sua insolubilidade ndo sé dificulta uma andlise quimica mais completa a
respeito de sua composicdo estrutural, como também dificulta o processamento de camadas
homogéneas para aplicagbes em dispositivos.

Atualmente, diferentes alternativas foram utilizadas para solucionar este problema. A
principal é a utilizagdo de solugdes alcalinas com amodnia ou hidroxido de sodio. Este
procedimento pode estar relacionado a dissolugdo de fragmentos da estrutura com grau limitado
de polimerizacdo ou mesmo aos efeitos da fissdo oxidativa do anel indol. Outra abordagem é a
modificacdo da estrutura quimica da melanina e/ou estado de agregacdo para aumentar sua
solubilidade, porém mantendo as demais propriedades fisico-quimicas o mais inalterado
possivel.

No trabalho aqui desenvolvido, estas duas perspectivas foram exploradas do ponto de
vista estrutural, dptico, de ressonancia magnética e elétrico para elucidar suas propriedades, em
especial as de transporte de carga. Alem disto, também estudamos o uso de melanina em um
sensor flexivel e impresso de pH. Diferentes amostras foram analisadas: i) melaninas néo-
funcionalizadas (NF), padrdo & insolUvel e derivados soliveis em &gua, e; ii) melaninas
sulfonadas (S), soltveis em DMSO, DMF e NMP.

Devido a insolubilidade da melanina, espectroscopia de fotoelétrons de raios-X (XPS) é
uma técnica amplamente utilizada para avaliar sua analise elemental. Contudo, XPS é uma
técnica de superficie e sempre houve uma divida se o0 espectro obtido poderia ser uma
representacdo do bulk do material, devido a possiveis contaminantes atmosféricos e oxidacdo
parcial decorrente do contato com o ar. Desta forma, realizamos um estudo estrutural com a
técnica de XPS em perfil de profundidade para examinar a composicdo quimica de pastilhas e
filmes finos como um todo. Mostramos que XPS pode ser utilizado como uma caracterizagdo
basica da NF-Melanina e S-Melanina. Além disto, a superficie e o bulk sdo bastante compativeis
entre si, porém pequenas variacdes foram observadas e as relacionamos a impurezas adsorvidas,

forca de empacotamento m-m ou a quimica da estrutura do indol. Também, outros dois



importantes resultados foram: i) a adicdo de amonia para produgdo do final ndo altera de
maneira significativa a estrutura basica da melanina, sendo observado principalmente um
aumento da quantidade de nitrogénio, e; ii) os derivados sulfonados de uma razéo de enxofre e
nitrogénio de 0,5. Atribuimos esta razdo a uma possivel mistura de unidades funcionalizadas e
ndo-funcionalizadas nas S-Melanina; isto €, o grupo sulfonado ndo estd presente em todos 0s
monomeros.

Outra caracterizagdo basica da melanina refere-se as suas propriedades Opticas. Para isso,
tais propriedades foram investigadas em solucdo e em filmes finos por UV-Vis-NIR,
fotoluminescéncia e espectroscopia de elipsometria. Os resultados indicaram que ambos 0s
grupos de amostras possuem um comportamento Optico similar. No entanto, uma diferenca
significativa é a S-Melanina apresentar uma eficiéncia do rendimento quéntico de até duas
ordens de magnitude maior em comparacdo com as ndo funcionalizadas. Propusemos que este
comportamento seja decorrente das diferentes estruturas e um conjunto de mecanismos de
quenching (empilhamento z-z, transferéncia de protons, grupos carboxilicos e grau de
conjugacéo da estrutura).

Para analise de elipsometria, utilizamos um modelo gue consiste em silicio cristalino com
uma camada de Oxido como substrato e uma camada homogénea de melanina. Com este
modelo, a melanina apresentou um indice de refracdo que aumenta conforme a comprimento
de onda diminui, comportamento similar ao coeficiente de absorbancia. O indice de refracdo
foi entdo calculado utilizado a equacdo de Cauchy e obtemos um valor 1.54 + 0.06 para
NF-Melanina e 1.58 + 0.04 para derivados sulfonados. Nos atribuimos este resultado para NF-
melanina ao alto empacotamento de suas macromoléculas e no caso das S-melanina uma
combinacdo da menor intensidade de empacotamento com atomos de enxofre dos grupos
sulfonados. Calculos tedricos da susceptibilidade Optica corroboram que unidades sulfonadas
devem apresentam maior indice de refracdo, de forma que atribuimos a similaridade a mistura
dos diferentes monémeros, conforme observado por XPS. Através dos espectros do indice de
refracdo, também calculamos o nimero de Abbe que é associado ao grau de dispersao de uma
amostra. As melaninas apresentam um valor equivalente a 17.86 £ 0.14, sugerindo alto grau de
disperséo e aberracdo cromatica.

Considerando que os radicais livres estaveis apresentados na estrutura da melanina podem
apresentar-se de forma proeminente como um portador de carga ou um marcador de spin para
o transporte de carga, é altamente essencial compreender sua natureza. Atualmente, é aceito
gue a melanina possui dois tipos de radicais livres: radicais centrados em carbono (CCR) e

radicais livres de semiquinonas (SFR). Embora se acredite que o segundo surja de estruturas de



semiquinona, a natureza do primeiro ndo é bem compreendida. Desta forma, utilizando
simulacgdes espectrais mostramos que realmente a melanina pode ser vista como um sistema
com multiplas espécies de radicais livres, porem mais importante mostramos que a origem do
sinal CCR possa ser consequéncia de um defeito estrutural no nitrogénio com carga neutra
(Ndef%). Além disso, comparando os espectros de ressonancia paramagnética eletrénica (EPR)
em estado solido em banda-X (v = 9,7 GHz) da NF e S-melanina em condi¢fes secas ou em
80% de hidratacdo foi possivel observar que o sinal de EPR dos dois grupos sdo similares,
porém derivados sulfonados possuem uma menor sensibilidade de hidratacdo. As analises
computacionais dos espectros da S-melanina sugerem a existéncia de pelo menos trés espécies
paramagnéticas que sdo compativeis tanto com estruturas funcionalizadas quanto n&o
funcionalizadas. Desta forma, atribuimos que a baixa variacdo com a umidade possa estar
relacionada as propriedades hidrofobicas dos grupos metilicos do grupo sulfonado e também
ao fato de que as unidades sulfonadas possam prevenir as interacdes das unidades néo
funcionalizadas com o ambiente Umido. Baseado em célculos de estrutura eletronica,
especulamos que o CCR da S-Melanina também pode ser atribuido & estrutura S-NDef?,
enguanto que as SFR a estruturas anidnicas de quinona imina e indolquinona e também ao
radical de semiquinona. Tais atribui¢cbes foram confirmadas com medidas de EPR em alto
campo/alta frequéncia (v = 263 GHz). Nao s isso, conseguimos mostrar que as espécies CCR
e SFR devem apresentar simetria espectral rébmbica, porém baixa e alta anisotropia,
respectivamente.

As propriedades eletronicas dos derivados sollveis da melanina também foram estudas.
A forma de plote de Nyquist apresenta um semicirculo em alta frequéncias e uma linha quase
linear em baixa frequéncia, geralmente atribuida a um elemento de Warburg. E interessante que
para NF-melanina o plote de Nyquist é quase uma linha reta com um slope de aproximadamente
45° em quase toda a regido de frequéncia, enquanto que para S-melanina existe uma separagédo
clara entre o semicirculo e o Warburg. Utilizando o circuito de Randles como modelo
mostramos que os dois grupos podem apresentar comportamentos de transporte de carga
similares, porém é esperado uma diminuicdo da densidade de carga i6nica para S-melanina,
observado pela diferenca da intensidade da componente de Warburg. Este comportamento
também é observado pela menor histerese observado através das medidas de condutividade DC.
N&o s0 isso, as medidas de condutividade DC sugerem (de maneira similar as medidas de EPR)
que S-melanina apresenta uma menor sensibilidade ao efeito de hidratagéo, o qual novamente
a atribuimos a presenca dos grupos funcionais. Por fim, através de uma analise mais detalhada

do mddulo e fase de cada uma das amostras, especulamos que a S-melanina deve apresentar um



aumento de processos eletronicos mesmo em alto niveis de hidratacdo, em comparagdo com
NF-melanina que é puramente ionica. Isto pode estar relacionado a substitui¢do dos “protons
condutores” das hidroxilas fenolicas pelos grupos sulfonados ou a presenga de impurezas de
DMSO que impedem a solvatacao dos hidrogénios disponiveis.

Espalhamento quase elastico de néutrons (QENS) é uma ferramenta poderosa para
estudar a dindmica de atomos e ions, sendo particularmente interessante para o estudo das
melaninas devido a importancia dos fenémenos envolvendo movimentos de hidrogénio. A
analise da componente elastica do espectro de QENS confirma uma propor¢cdo maior de
hidrogénio movel em amostras Umidas quando comparadas com as secas. Por outro lado, para
temperaturas maiores que 270 K a componente ineléstica mostra que NF-Melanina molhada
apresenta uma maior quantidade de movimento de prétons do que a S-Melanina. Este resultado
é compativel com a menor sensibilidade do transporte de carga observado com medidas de
condutividade DC e a também a menor variacdo da quantidade de radicais livres da melanina
observados com EPR.

O ultimo assunto desta tese foi usar S-Melanina em um sensor de pH flexivel e impresso.
Sabe-se que a NF-Melanina padrdo ndo adere bem a superficies parcialmente hidrofébicas e os
filmes finos se dissolvem em condicOes alcalinas moderadas a altas, tornando-a inadequada
para esta aplicacdo. Portanto, o objetivo principal foi utilizar um derivado sulfonado em um
dispositivo para transdugdo de ion-elétron no qual a melanina padrdo ndo pode ser usada. Foi
demonstrado que o sensor de pH é capaz de funcionar em uma ampla faixa de pH, com
desempenho excepcional em condicdes fisiologicas. Além disso, deve-se notar que a
S-Melanina atuou como um elemento transdutor de ions para elétrons; com alta sensibilidade,
ele pegou uma atividade ionica (pH) e a traduziu em um sinal eletronico. Este estudo fornece a
base para o desenvolvimento e otimizacdo posteriores das propriedades sensiveis ao pH do
eletrodo para aumentar ainda mais sua precisdo e sensibilidade.

Em conclusdo, considerando as semelhancas entre a estrutura e as propriedades
optoeletronicas dos derivados sulfonados da melanina com a amostra padréo, é possivel afirmar,
sem davida, que tais amostras pertencem a vasta gama de compostos da “familia melanina”. Os
resultados apresentados nesta tese sdo um avanco no entendimento das propriedades bésicas
dos derivados solUveis da melanina e € uma base para o desenvolvimento de dispositivos
bioeletronicos a base de melanina soltvel, especialmente no que diz respeito as amostras

sulfonadas.
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1.1 INTRODUCTION TO ORGANIC BIOELECTRONICS

Bioelectronic dates back to the 18" century at the University of Bologna with the now-
famous experiment of Luigi Galvani and the frog leg. In this experiment, by applying a small
voltage to a detached leg muscle of a frog Galvani induced muscular activity. Such leg
movement revolutionized the understanding of muscular and nerve function and the use of the
biological electrical current to study living organisms’ tissues (PICCOLINO, 1997; ADEE,
2019).

Nowadays, with the solid-state organic electronics revolution that has demonstrated that
conducting organic materials have unique and desirable features including transportation and
incorporation of ions, high tunability of electronic behavior via synthetic paths, flexibility (in
comparison to silicon) and cost-effective manufacturing; many research group from all around
the globe are expanding the field not just to increase the understanding of biological
phenomena, but also explore the potential use of bioelectronics in artificial synaptic systems,
health care and interfaces for machines (BERGGREN; RICHTER-DAHLFORS, 2007,
MALLIARAS, 2013; RIVNAY; OWENS; MALLIARAS, 2014; BETTINGER, 2015;
SCHWEICHER et al., 2020). This new era for bioelectronics was coined as Organic
Bioelectronics by Magnus Berggren and Agneta Richter-Dahlfors in their critical review of
2007 (BERGGREN; RICHTER-DAHLFORS, 2007).

The bioelectronic field demonstrates tremendous promise and hype for technological
applications and is continuously present in popular media as in TV series and Hollywood films.
Take as an example Doctor Who, famous British science fiction since 1963 from BBC (“BBC
One - Doctor Who”, ). The show follows the main character's adventures, “the Doctor”, across
time and space using only his versatile sonic screwdriver. This device can diagnose any disease
or substance in the human body or environment. During his quests, he often finds events
involving bionic humans, humans whose advanced technology allowed cybernetics
enhancements interface as an integral part of the body, and even complete transference of
human conscience into inorganic machines (“BBC One - Doctor Who”, ). Even if in the real
world we are still technologically far behind the show, significant progress has been made in
the areas of biosensing and drug-delivery (HOLZINGER; GOFF; COSNIER, 2014,
MEHROTRA, 2016; HOSSEN et al., 2019; RAZA et al., 2019), electronic skin (LEE; LEE,
2019; SOMEYA; AMAGAI, 2019), artificial sensory systems and peripheral nerve interfaces
(BETTINGER, 2018; JUNG et al., 2019), prosthetic limbs and robotic exoskeletons suits
(FRITZ; PATZER; GALEN, 2017; GORGEY, 2018), and neural interfaces (MOULTON et al.,
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2012; LAGO; CESTER, 2017; RIVNAY et al.,, 2017; LEE; LEE, 2019). Additionally,
pacemakers and cochlear implants can be viewed as key applications already widely spread in
the consumer market (MALLIARAS, 2013; RIVNAY; OWENS; MALLIARAS, 2014;
BETTINGER, 2015). Such technological advances have also increased the clinical interest in
search of Parkinson’s and chronic pain therapies and alternative approaches for controlling
epileptic seizures using electrical stimulation of nerve cells and neurons to modulate their
behavior through implanted microelectrode arrays (MOULTON et al., 2012).

Most of these application combines organic and optoelectronic devices with the
biological world. The interaction between these two worlds can happen in two directions
(schematically illustrated in Figure 1): from biology to organic electronics, where a signal is
obtained in an organic device from a biological process or reaction; and from organic
electronics to biology, where the organic device trigs biological process or biochemical reaction
(OWENS; MALLIARAS, 2010; MOULTON et al., 2012; SIMON et al., 2016). This means
that a fundamental task for organic bioelectronics is to interface organic devices and biological
systems such that there is efficient transduction of the ionic/protonic signals in biological media
to the electronic signals to a readout computer and vice versa (OWENS; MALLIARAS, 2010;
RIVNAY et al., 2013; RIVNAY; OWENS; MALLIARAS, 2014; MEREDITH et al., 2016;
BRAENDLEIN et al., 2017; INAL; MALLIARAS; RIVNAY, 2017; INAL et al., 2018).

Biological systems Electronic Devices

Sensing

Channel
Tissue/organs Cells (e.g., neurons) 1
( !iE Conjugated Polymers Electrodes Transistors

Bact Viruses
ot Synthetically tunable
e
=), Processable )
~ Electrical
. Soft/compliant
Antibodies Enzymes
lon/electron conducting
o Biocompatible
r 2 \
e Chemical o’
OH
wu_at_igﬁ/ lon pumps Memristors
Metabolites
Nucleotides (e.g lactate) Therapy

Figure 1. Organic bioelectronic scope. Biological moieties can be interfaced with organic
electronic devices for electroceuticals purposes. Reprinted with permission from (INAL et al.,
2018). Copyright® 2018, American Chemical Society.
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However, transduction is not simple to be achieved because both ions and electrons have
different chemical and physical properties (AMDURSKY; GLOWACKI; MEREDITH, 2019).
For instance, an ionic charge is usually treated with classical physics, while electrons and holes
are quantum mechanical entities. Also, ions are slow charge carriers (mobilities less than 102
cm?/Vs) that can move through a medium by the center of mass diffusion; on the other hand,
electrons can move faster than ions and their motions are strongly affected by local structure
and disorder (AMDURSKY; GLOWACKI; MEREDITH, 2019). The trapping properties are
different as well: an electronic trap usually is a localized state within the energy band gap
whereas for ionic entities trapping occurs chemically via an inter-or-intramolecular trap
(MEREDITH et al., 2016).

One way to reach the transduction is fabricating devices that can amplify ionic signals by
incorporating materials that can sustain both electronic and protonic/ionic signals, i.e. hybrid
or mixed ionic/electronic conductors. Rolandi’s group provided one example in 2011, where
the first bioprotonic field-effect transistor was demonstrated by using hydrogenated palladium
as an electrode (ZHONG et al., 2011). The hydrogenated palladium electrode was able to take
an electronic input and through electrochemical means inject a proton into the device. In a more
recent example, Gorodetsky’s group showed, through humidity-dependent electrical
measurements, that a high carboxylate protein may form hydrophilic water channels that can
serve as effective conduits for proton transport (ORDINARIO et al., 2014).

As in any emergent research field, the critical task is the correct selection of proper
material. In organic bioelectronics, usually there is the desire for features such as mixed
electron-ionic charge transport, mechanical flexibility and elasticity, biodegradability,
biocompatibility with ability to cell adhesion and cell proliferation (BERGGREN; RICHTER-
DAHLFORS, 2007; OWENS; MALLIARAS, 2010; RIVNAY; OWENS; MALLIARAS,
2014). Today, an omnipresent in the bioelectronic field is the commercially available poly(3,4-
ethylene dioxythiophene) doped with poly(styrene sulfonate), i.e., PEDOT:PSS. This
bicomponent macromolecule can fulfill most of these properties because it is chemically stable
and biocompatible (BERGGREN; RICHTER-DAHLFORS, 2007); and the PSS dopant not
only increase the conductivity of the system and assist in the ion transport but also allow better
dispersion in water of conducting part PEDOT (GROENENDAAL et al., 2003; BERGGREN;
RICHTER-DAHLFORS, 2007; STAVRINIDOU et al., 2013; RIVNAY et al.,, 2016).
Polyaniline, proteins and polysaccharides are materials that can also be found in this field. For

instance, polyaniline (PANI) is garnering attention (especially for tissue engineering) due to its
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good biocompatibility, superior stability in electrolytes and high electrical conductivity
(HUANG; HUMPHREY; MACDIARMID, 1986; LIAO et al., 2015). The downside is that to
sustain a high conductivity, there is the need to keep it in its protonated state, which implies
that the charge transport would be significantly degraded in physiological environments
(HUANG; HUMPHREY; MACDIARMID, 1986; FOCKE; WNEK; WEI, 1987). To improve
PANI biocompatibility and the interface between devices and the biological systems,
researchers usually functionalize the material with selected dopants, nanostructured materials
and biocompatible elements (HUANG et al., 2003; LIAO et al., 2015). On the other hand, the
mechanical flexibility of protein, and specially fibers, is of great importance for developing
smart e-textiles (LIAO et al., 2015) and high-performance flexible natural-cotton-fiber-based
organic transistors have already been fabricated in physiological conditions (TARABELLA et
al., 2012). However, as active materials, they have been barely touched (AMDURSKY;
GLOWACKI; MEREDITH, 2019).

Another promising candidate that can fulfill all these requirements and will be the focus

of this thesis is the natural pigment melanin.

1.2 INTRODUCTION TO MELANIN

Melanin can be considered the primary pigment in the biosphere and it is widespread in
humans, animals, plants and microorganisms. Melanin is present in the defense mechanism of
some cephalopods (PROTA, 1992; DERBY, 2014). It is also present in our daily life, for
instance, in black spots on moldy food or surfaces, in dark parts of banana peels and in the
browning of an apple (PLONKA; GRABACKA, 2006). It is also responsible for the gray-blue-
green-yellow-hazel-brown eye color and human skin complexations (JABLONSKI,;
CHAPLIN, 2010; D’ISCHIA et al., 2013, 2015; DORGALELEH et al., 2020).

In humans, this pigment is produced mainly in melanocyte cells, known as melanosomes,
and then deposited throughout the organism within the melanocyte or in the epidermis, hair,
eyes, as well as in several internal parts of the body, summarized in Figure 2 (DUBEY;
ROULIN, 2014). Nevertheless, melanin is not present only in today’s fauna and flora. Recent
studies have found melanosomes organelles in a three million-year-old fossil fur from mammal
species Apodemus atavus (MANNING et al., 2019), in a 54 million-year-old fossilized eye from
crane-flies (LINDGREN et al., 2019), in a 110 million-year-old fossil found in Brazil in Ceara
region, from a pterosaur Tupandactylus imperator (PINHEIRO et al., 2019) and also in a

dinosaur fossil feathers from the late Jurassic, 145-161 million years ago (LI et al., 2010).
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Localization and function of melanins in vertebrates

Melanin Neuromelanin and melanin Melanin
Inner hear (cochlea) Brain Eye
(Mammals) (Primates and other vertebrates) (Iris of vertebrates and pecten in birds)
Important for ear development Antioxidant Antioxidant and UV-light protection

Protection against noise and noxious compounds

Melanin
Venom glands and surrounding tissues Melanin
(snakes) Oral cavity
UV-light protection (Smokers)
Melanin Melanin

External body surface
(skin, feather, scale, hair)

Heart and pulmonary vein
(Human and mouse)

(Vertebrates) Cal Gatres s
Antioxidant Stiffness of tissues
UV-light and abrasion protection
Melanin Melanomacrophage
Peritoneum Liver, spleen and kidney
(Amphibians, reptiles and fish) (Amphibians, reptiles and fish)
Protection against:
UV-light protection oy
Pollutant
Low temperature
Oxidative stress
Hypoxemia

Melanoma cells and melanophages

(In various body parts, Melanomacrophage

metastases resulting from melanomas, Muscles
paragangliomas and (Salmon)
adenomas in human) Mel4nin Melanin Chronic inflammation
Adipose tissue Testicles
(Morbid obesity in human) (Vertebrates)
Anti-inflammatory and antioxidant Antioxidant and UV-light protection

Figure 2. Melanin’s function and localization in vertebrates. Reprinted with permission from
(DUBEY; ROULIN, 2014). Copyright® 2014, John Wiley & Sons A/S.

The denomination “melanin” derives from the Greek uélal that means black/dark. It is a
generic term introduced by Aristotle denoting pigments of various structures whose origin can
be obtained through the oxidation and polymerization of tyrosinase in animals or of phenolic
compounds in lower organisms (BLOIS, 1978; D’ISCHIA et al., 2013, 2015). However, unlike
many other natural pigments, melanin does not have a unique and well-defined structure.
Hence, it was proposed a classification based on its chemical structures and precursor.

The most common and abundant group is eumelanin. This pigment class has a brown-
black coloration and is formed predominantly from the monomers 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxy-indole-2-carboxylic acid (DHICA). In vivo, eumelanin synthesis occurs in
melanocytes being regulated by the melanocortin-1 receptor (D’ISCHIA et al., 2015). The
beginning of the synthesis is the hydroxyalkylation of tyrosine to form

3,4-dihydroxyphenyl-L-alanine (L-DOPA) followed by the oxidation of L-DOPA into
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dopamine, both steps in the presence of the tyrosinase enzyme and oxygen. Dopamine is a
highly reactive intermediate capable of spontaneously cyclize to cyclodopa that can rearrange
through redox processes to generate the dopachrome. Afterward, the presence of the enzyme
tyrosinase and its derivatives encoded by Tyrpl and Tyrp2 genes rearrange the dopachrome to
forming the DHI or DHICA structures (PROTA, 1992; MUNOZ-MUNOZ et al., 2009;
PANZELLA et al., 2013; D’ISCHIA et al., 2015). Scheme 1 display a brief overview of this
process. It is worth point out that this is a radical synthesis and all the structures mentioned can

and will be present in the final eumelanin structure.

0 0 o
o HO o o _
NJi-I Tyrosinase NE Tyrosinase T 0
> 3 NH
HO 3 o, HO 0, O 3

TYROSINE L-DOPA DOPAQUINONE

O 0 HO 0)
o 0
HO N o0 HO N 0O
Dopachrome tautomerase DOPACHROME CO, CYCLOD(;P A
(Tyrp2) //
0 OH HO
HO N N
q OH \ / HO q
DHICA DHI

DHICA oxidase Tyrosinase
(TyrpI)

0
0 mo / \ m
HO N 0 0 N
Scheme 1. Eumelanogenesis pathway. Adapted with permission from (BRONZE-UHLE et al.,
2016). Copyright® 2016, Society of Chemical Industry.

Z—~Zp-mHZ

The second group is known as pheomelanin. It has a red-yellow color and is found mainly
in redheaded individuals (ITO; WAKAMATSU, 2003). The pheomelanin synthetic process is
similar to eumelanin until the formation of dopaquinone. At this stage, the L-cysteine amino
acid is incorporated into the synthesis to form the monomers of benzothiazine and
benzothiazole, units that, in addition to nitrogen, contain sulfur in its backbone structure (ITO,
2003; SOLANO, 2014).
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Another important group of melanin can be found in the brainstem of specific populations
of catecholaminergic neurons. This group is called neuromelanin. It is a dark and insoluble
particle composed of a combination of the previous groups being eumelanin in the outer shell
and pheomelanin in the core (BUSH et al., 2006; ZUCCA et al., 2014; MENTER, 2016).
Curiously, humans exhibit the highest amount of neuromelanin in all primates and it is wholly
absent in many other species (FEDOROW et al., 2005).

The last group of this class of pigment is named allomelanin, i.e., “other”-melanin, or
pyomelanins. This group is the least studied and can be found in insects, plants and
microorganisms like fungi (PLONKA; GRABACKA, 2006; SOLANO, 2014). Unlike
eumelanin and pheomelanin which have a common origin, allomelanin can be obtained from
the  oxidation/polymerization  of  phenolic  substrates such as  catechols,
1,8-dihydroxynaphthalene, 4-hydroxyphenylacetic acids, y-glutaminyl-4-hydroxybenzene and
2,5-dihydroxyphenyl-acetate (homogentisate). In a similar manner to eumelanin and
pheomelanin in the human body, allomelanin is also involved in a series of function related to
pigmentation, wound healing, camouflage and defense reactions against pathogens, heavy
metals, high concentrations of salts, UV radiation and extreme environment conditions
(GESSLER; EGOROVA; BELOZERSKAYA, 2014; VARGA et al., 2016; CORDERO;
CASADEVALL, 2017; BAREK et al., 2018). An unexpected consequence of the last roles has
led to the intriguing hypothesis that fungal melanin could transduce radiation into metabolic
energy. Such a proposition was raised after the discovery in Chernobyl’s reactors that certain
melanized fungi could respond to the exposure of the ionizing radiation with enhanced growth
(DADACHOVA; CASADEVALL, 2008). Further along, allomelanin can contribute to
virulence in pathogenic fungi, in which it promotes the tissue invasion and deactivated the plant
defense system (BELTRAN-GARCIA et al., 2014).

Among these subgroups, eumelanin is considered the archetype of melanin and the terms
“eumelanin” and “melanin” are usually used interchangeably in the literature. Thus, since

eumelanin is the only focus of this thesis, it will be hereafter referred to as simply melanin.

1.2.1 Physical-chemical properties and biological functions

Biologists, chemists, physicists and materials scientists have shown significant interest in
the melanin pigment because it can be found throughout the biosphere with exotic physical and
chemical properties. Several physical and chemical techniques have been applied to the study
of its properties. Surprisingly, they are not fully understood until now because of the lack of

precisely-defined chemical and physical characteristics, implying in energetic disorder and the
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highly insoluble nature of the pigment. These features make it a laborious task to obtain any
possible structure-property correlation (PROTA, 1992, 2000; MEREDITH; SARNA, 2006;
D’ISCHIA et al., 2009, 2015). Hence, there is some speculation towards its implications for
biological function.

One of the fundamental properties of melanin is the excellent ability to chelate and also
to bind with metal ions (LYTTKENS et al., 1979; D’AMATO; LIPMAN; SNYDER, 1986;
LARSSON; LARSSON; TJALVE, 1988; HONG; SIMON, 2007; KARLSSON; LINDQUIST,
2016). This ability has a potential benefit since it could allow drugs to remain in the body for
longer and clean the environment from heavy metals pollution. However, this ability may also
have an undesirable effect. For instance, the metal chelation ability has been correlated to
neurological diseases like Alzheimer’s and Parkinson’s (MANN; YATES, 1983; D’AMATO,;
LIPMAN; SNYDER, 1986; LINDQUIST; LARSSON; LYDEN-SOKIKIWSKI, 1987;
ZUCCA et al., 2004; LIU; SIMON, 2005; HONG; SIMON, 2007; PAL et al., 2015).

Additionally, melanin has an unusual optical absorbance without any distinct peak in the
spectra, behaving like a broadband, monotonic exponential decaying function ( WOLBARSHT;
WALSH; GEORGE, 1981; TRAN; POWELL; MEREDITH, 2006), see Figure 29 in Chapter
IV. Moreover, unlike most chromophores, it shows very low fluorescence with the ability to
dissipate more than 99.9 % of the UV and visible absorbed radiation non-radiatively
(MEREDITH; RIESZ, 2004). Both of these properties may be related to the photoprotection
effect. When melanin absorbs the light, the internal conversion dissipates the optical light into
heat and molecular vibration. Thus, fewer high-energy photons will induce DNA damage to the
surrounding tissues (WOLBARSHT; WALSH; GEORGE, 1981; KOLLIAS et al., 1991;
MEREDITH et al.,, 2006). In fact, it has been shown that high levels of natural skin
pigmentation present less susceptibility to the harmful effects of UV radiation, while at the
opposite extreme, individuals with albinism will be more sensitive to light (BRENNER;
HEARING, 2008; MONTOLIU et al., 2014).

The role melanin plays as a photosensitizer, on the other side, should be looked at with
care since it has also been involved in photodamage. Some studies point to a universal relation
between melanin and melanoma, a type of skin cancer formed in the epidermal melanocytes
(KOCH; CHEDEKEL, 1986; GILCHREST et al., 1999; NOONAN et al., 2012). Furthermore,
it has been demonstrated that when melanin is exposed to UV-visible light, there is the
formation of reactive oxygen species (ROS) that could cause DNA damage (FELIX et al.,
1978a; SARNA et al., 1980; KOCH; CHEDEKEL, 1986, 1987).
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Besides the formation of such ROS radicals, melanin also presents paramagnetic species
intrinsically related to its structure. These radicals are persistent and stable even under harsh
conditions in both solution and solid-state (COPE; SEVER; POLIS, 1963; BLOIS; ZAHLAN;
MALING, 1964). Also, melanin’s free-radical may feature prominently as either a charge
carrier or at least be an indirect spin-label for its charge transport (BATAGIN-NETO;
BRONZE-UHLE; GRAEFF, 2015; MOSTERT et al., 2018).

The study of melanin's electrical and photophysical properties goes back to the ‘60s being
one of the earliest bio-organic materials to have been studied experimentally and theoretically
(LONGUET-HIGGINS, 1960; PULLMAN; PULLMAN, 1961; POWELL; ROSENBERG,
1970; MCGINNESS, 1972). It was proposed that melanin behave like an amorphous
semiconductor with a bi-stable reversible switching (POWELL; ROSENBERG, 1970;
MCGINNESS; CORRY; PROCTOR, 1974; CULP; ECKELS; SIDLES, 1975; FILATOVS;
MCGINNESS; CORRY, 1976; JASTRZEBSKA et al., 1995). This switch would only happen
when the melanin was hydrated, which was an odd feature to the consistent amorphous
semiconductor model (MOSTERT et al., 2010), however not completely unsupported (REALL;
SAINI; SANTATO, 2021). Nonetheless, the apparent switching ability may be necessary for
disorders such as Schizophrenia, deafness and Parkinson's (MCGINNESS; CORRY;
PROCTOR, 1974), but it also could be involved in eye disorders and visual process (SEVER;
COPE; POLIS, 1962; COPE; SEVER; POLIS, 1963; SARNA, 1992).

1.2.2 Technology issues and synthetic derivatives

Melanin and melanin-like materials are a versatile class of compounds with many
technological applications due to the materials' physical and chemical properties combined with
their inherent biocompatibility. Hence, potential application for the melanin family covers
several fields, including organic electronics and bioelectronics, biomedicine and cosmetics, as
summarized in Table 1. Also, glasses with infused melanin to the lens are already available
commercially (TRUEBLUE, ). However, for a long time, melanin was considered a difficult
material to work with due to the difficulty in the extraction process from its natural sources
without the interference of proteins impurities and possible structural degradation effects, but
most of all its high insolubility (BLOIS, 1978; PROTA, 1992).
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materials.

Table 1. Examples of different technological applications with melanin and melanin-like

Application

Melanin

Reference

Anti-inflammatory

Polydopamine

(WANG et al., 2020)

Artificial muscles

Polydopamine

(TIAN et al., 2018)

Biomimetic
interfaces

Eumelanin
Sigma-melanin
DHI-eumelanin

Polycysteinyldopamine

(WUNSCHE et al., 2013a)
(AMBRICO et al., 2014)
(PEZZELLA et al., 2015)
(VECCHIA et al., 2015)

Bioremediation

Allomelanin

(CORDERO; CASADEVALL,
2017; CORDERO; VI3;
CASADEVALL, 2017)

Drug release

Sepia-melanin
Sigma-melanin with
polyethylene glycol chains

(ARAUJO et al., 2014)
(ZHANG et al., 2015)

Electrochemical
biosensor

Polydopamine

(WANG et al., 2014)

Electronic ink

Polydopamine

(CHANG et al., 2017)

Humidity sensor

Polydopamine

(WU; WEE; HONG, 2015)

Fertilizer

Not specified

(HERRERA, 2019)

lon-to-electron

transduction &

electrochemical
transistors

Eumelanin

Copper-eumelanin

(SHELIAKINA; MOSTERT;
MEREDITH, 2018a)

(MOSTERT et al., 2020)

Memory device

Sigma-melanin

Sigma and Sepia and
Sulfonated-melanin

(AMBRICO et al., 2010, 2012)
(DI MAURO et al., 2016)

Polydopamine

(LIU et al., 2019)

Packaging Sepia and DHI and DHICA-
melanin (DI MAURO et al., 2019)
Polydopamine (X1AO et al., 2017)
Pigments Sepia and DHI and DHICA-

melanin

(DI MAURO et al., 2019)

Photocatalysis

DHI-melanin
Polydopamine

(MIGLIACCIO et al., 2018)
(LEE et al., 2018)

Photothermal
therapy

Polydopamine

Polydopamine

Sepia-melanin and
polydopamine

(LIU et al., 2013)
(WANG et al., 2016a)

(JIANG et al., 2017)
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Table 1. Continuation.

Application Melanin Reference
Eumelanin (MEREDITH et al., 2005)
Sepia-melanin (MATSUURA et al., 2012)
Photovoltaic Sepia-melanin (LEE et al., 2013)
DHI-melanin (ANTIDORMI et al., 2017)
DHI-melanin (PINNA et al., 2017)

Radioprotection

Eumelanin and feomelanin

(SCHWEITZER et al., 2010)
(CORDERO, 2017; CORDERO;

Allomelanin CASADEVALL, 2017)
Piezoelectric Tea-melanin (HUANG et al., 2007)
sensor
Eumelanin (PIACENTI-SILVA et al., 2014a)
pH sensor

Sulfonated-melanin

(TEHRANI et al., 2020)

Shape-memory

Polydopamine

(CHEN et al., 2018)

Storage

Eumelanin/vanadium
pentoxide hybrid material
Sepia and DHICA-melanin
and eumelanin
Polydopamine

Sigma-melanin

(OLIVEIRA et al., 2000)

(KIN et al., 2013)

(BIE et al., 2016)
(KUMAR et al., 2016)

DHI-melanin and eumelanin
Sigma-melanin
Polydopamine

(XU et al., 2019)
(BETTINGER et al., 2009)
(KWON et al., 2016)

Tissue engineering

Sepia-melanin (SRISUK et al., 2018)
Sepia-melanin (WANG et al., 2016b)
UV-shieldi i -
shielaing Eumelanin and qugenated (ALBANO et al., 2019)
melanin

The low solubility of melanin is a matter of considerable technological relevance since
its use in optoelectronic and bioelectronic devices depends on the deposition of homogeneous
layers of the material (AMBRICO et al., 2015; D’ISCHIA et al., 2015). Currently, several
techniques have been used to overcome this barrier: electrodeposition (DIAZ et al., 2005; KIM
et al.,, 2011; KLOSTERMAN; RILEY; BETTINGER, 2015), electro-spray (ABBAS et al.,
2009), matrix-assisted pulsed laser deposition (BLOISI et al., 2011), solid-state polymerization
(PEZZELLA et al., 2015), layer-by-layer (GUIN et al., 2015), self-deposition by an enzymatic
process (STRUBE; BUNGELER; BREMSER, 2015), evaporation (XIAO et al., 2015) and
screen-print (GURME et al., 2018).
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A simpler alternative would be through techniques such as spin-coating or drop-casting
where concentrated aqueous sodium hydroxide or ammonia solutions are used (DA SILVA et
al., 2004; BOTHMA et al., 2008; WUNSCHE et al., 2013b). However, it is essential to consider
that the apparent solubility caused by this procedure may be related to the dissolution of
fragments of the structure with a limited degree of polymerization or even the degradation
effects caused by the oxidative fission of the indole ring (D’ISCHIA et al., 2013; AMBRICO
et al., 2015). Currently, it is possible to commercially obtain soluble melanin samples
synthesized from tyrosine with hydrogen peroxide. The commercial melanin can be dispersed
in a slightly alkaline aqueous solution or dimethylsulfoxide (DMSO); however, such material
appears to be quite different from natural and synthetic melanin since structural analyses
suggest the absence of the basic melanin indole units (D’ISCHIA et al., 2013; AMBRICO et
al., 2015).

Considering that the solubility depends on the polymer nature, i.e., monomer
composition, a promising technological pathway is to slightly modify the structure or
aggregation state of the melanin macromolecule to increase its solubility, while the others
physicochemical properties are kept as much as possible unchanged. In this way, several
research groups are working on this issue and different functional groups such as sulfonated
(DEZIDERIO et al., 2004; PIACENTI-SILVA et al., 2014b; PAULIN et al., 2018) benzyl and
octyl ester (LAWRIE; MEREDITH; MCGEARY, 2008), S-galactosyl (PEZZELLA et al.,
2009), triethylene glycol (CICCO et al., 2015) and carboxylic acids (BRONZE-UHLE et al.,
2016) have been used as a means to obtain soluble melanin.

One of the first soluble derivatives, and, in fact, probably the first melanin thin-film
reported in the literature, was proposed by Dezidério and co-workers back in 2004
(DEZIDERIO et al., 2004). In this work, the route used to synthesize melanin was the oxidation
of 3,4-dihydroxy-L-phenylalanine (L-DOPA) and DMSO by benzoyl peroxide. The DMSO
oxidation was a crucial step because it will be responsible for the formation of the
methanesulfonic anhydride that will functionalize the phenolic hydroxyls and nitrogen atom of
the monomers of DHI and DHICA with the sulfonated groups (BRONZE-UHLE et al., 2013),
Figure 3. The sulfonated groups allow the production of more homogeneous melanin, with
higher thermal stability (DEZIDERIO et al., 2004) and also solubility in DMSO,
dimethylformamide and N-methyl-2-pyrrolidone (PAULIN, 2016; PAULIN et al., 2018),
which, as mentioned before, enables the production of homogeneous thin films with excellent
adhesion even on hydrophobic surfaces (DA SILVA et al., 2004; DEZIDERIO et al., 2004;
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WUNSCHE et al., 2013b; ALBANO et al., 2016). Also, these derivatives are biocompatible
(PIACENTI-SILVA et al., 2016) with the ability to support proton transport (ALBANO et al.,
2016). Hence, these properties make sulfonated melanin, i.e., melanin synthesized in DMSO,

an attractive candidate for bioelectronics applications.

RI,R2=H0r S—

Ry=H or CH; or S—
R3 : : [

R, =H or COOH
Figure 3. Proposed monomeric unit of sulfonated melanin.

Although the melanin synthesized by Dezidério ef al. has good technological potential,
its synthesis is relatively slow (57 days). Since the conditions under which the reactions occur
are critical and changes in the synthetic procedure from the same substrate may present
variations in the polymer and macromolecular structure (D’ISCHIA et al., 2013), two different
strategies were proposed in an attempt to optimize the reaction rate of this derivative. The first
approach evaluated the effect of different temperatures in the traditional route proposed by
Dezidério et al.. In this case, as the temperature increases, the synthetic mechanism accelerates,
reducing the reaction time to 11 days when heated to 100 °C (PIACENTI-SILVA et al., 2014b).
In addition to increasing the synthesis speed, the increase in temperature also decreases the
number of carboxylic groups from the indole structures given rise to a final polymer with a
higher amount of DHI structures (PIACENTI-SILVA et al., 2014b).

The second strategy studied the synthesis's oxidizing agent, i.e., molecular oxygen
replaced the benzoyl peroxide. The molecular oxygen is considered an ideal oxidant since it is
cheap, abundant and non-toxic with high academic and industrial interest (RONSEIN et al.,
2006). In this alternative synthetic route, the reaction rate increases even more when compared
to the traditional procedure. For example, it can be decreased to only three days when 8 atm of
O; pressure is used (PAULIN, 2016; PAULIN et al., 2018). However, the synthetic derivative
presented two significant structural changes. The higher the pressure, the higher the number of
carboxyl and carboxylate groups than the one synthesized through the traditional route in
DMSO. The increase of such groups could be linked to a higher amount of DHICA structures
or by-products from the indole ring's degradation (NAPOLITANO et al., 1995; GALVAN et
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al., 2018). Nevertheless, due to indirect structural characterization, the first option seems to be
the case (BRONZE-UHLE et al., 2016; PAULIN et al., 2018). However, it is important to stress
that the increase of the structure oxidation does not follow a linear behavior with the rise of the
oxygen pressure; that is, a higher amount of carboxylic groups is obtained for the sample
synthesized with 4 atm of O instead of 8 atm (PAULIN, 2016; PAULIN et al., 2018), probably
due to changes in the kinetic and thermodynamic process of the reaction, that are not well
understood yet.

The second structural change is related to the polymerization process of the sulfonated
monomers. In the traditional (and heated) synthetic procedure, the polymerization may take
place at the indole structure's carbon atoms, Figure 4(a). However, in the presence of molecular
oxygen, such a route does not seem to be possible. Thus, we speculated that it might happen
through hydroxyl groups from indole and carboxyl structures, Figure 4(b) (PAULIN et al.,
2018).

(a) (b

)
R1/O AN E{O A 2
RZ\O §3 O g:a O%

Figure 4. Possible available positions for polymerization of melanin synthesized in DMSO
from (a) traditional and (b) molecular oxygen pressure synthetic approaches.

Although exotic functional groups' presence is not relevant from a technological point of
view, the structural question is of fundamental importance when trying to understand biological
samples' structure-property relationship. Considering that much of the knowledge gained about
the structure and functionality of melanin is derived from studies of synthetic materials, it would
be interesting to obtain a synthetic derivative whose system is similar to a natural one.

Traditionally, melanin is synthesized through the auto-oxidation of L-DOPA in an alkaline
aqueous solution with the bubbling of atmospheric air (D’ISCHIA et al., 2013). In this process,
the melanin obtained is insoluble, with high chemical heterogeneity and a low amount of
DHICA monomer. However, natural melanin usually presents a higher amount of DHICA
structures due to the tyrosinase enzyme presence widely spared in natural melanogenesis
(MUNOZ-MUNOZ et al., 2009; PANZELLA et al., 2013). Therefore, increase the number of

carboxylic groups in a synthetic derivative could result in a material more likely to the natural
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one. Combining the traditional synthesis with the molecular oxygen pressure approach can
achieve this condition (BRONZE-UHLE et al., 2016; PAULIN, 2016). In this case, rather than
bubbling air during synthesis, the molecular oxygen pressure was used to supply the oxygen
during melanogenesis. Bronze-Uhle et al. proposed that the synthetic media's oxygen pressure

could act like tyrosinase enzyme in the natural environment (BRONZE-UHLE et al., 2016).

1.3 MOTIVATION AND GENERAL CONSIDERATIONS

Despite the abundance of melanin in nature, details regarding its structure, properties and
functions are not well established yet. In this way, the technological application of melanin in
stable organic (bio)electronic devices with excellent performance accentuates the need to
improve the understanding of its properties. Therefore, the work described in this thesis seeks
to deepen the study of the structure and optoelectronic properties of synthetic melanin and
applied them in organic devices. With this aim:

Chapter Il Methodology and Characterization Techniques describes the synthetic
methodology of the melanin derivatives with a brief overview of the techniques used.

Chapter 111 Structural composition the melanin derivatives structures are discussed for
pellets and thin-films using X-ray photoelectron spectroscopy.

Chapter IV Optical Characteristics of Melanin Derivatives presents the optical properties
(photoluminescence, UV-Vis-NIR and ellipsometry spectroscopy) in solution and thin-films.

Chapter V Free Radical Nature of Melanin and Melanin Derivatives discuss the nature
of the melanins free-radical with electron paramagnetic resonance spectroscopy, spectral
simulations and electronic structure calculations.

Chapter VI Charge Transport Properties also evaluated the melanin charge transport
properties using DC and electrochemical impedance spectroscopy under hydration control. The
proton dynamic of standard and sulfonated melanin derivatives is also compared using quasi-
elastic neutron scattering.

Chapter VII Melanin-Based Device sulfonated melanin was used as active material in a
pH sensor.

Chapter VIII General Conclusions a review of the major conclusions is drawn and

perspectives on future directions are given.
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CHAPTER |1

METHODOLOGY AND CHARACTERIZATION
TECHNIQUES
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2.1 METHODOLOGY

2.1.1 Nomenclature and general information of the synthetic melanin derivatives

The present study aimed to characterize a series of different soluble melanin derivatives
and it was used for comparison the standard and insoluble melanin (referred here as NFMel-1).

Two water-soluble derivates were synthesized in water following a similar procedure to
the standard one (NFMel-S) or under oxygen pressure (NFMel-6P). These samples have
identical structures but with different oxidation states, being higher for NFMel-6P compared to
NFMel-S and NFMel-l. NFMel-I, NFMel-S and NFMel-6P will also be called “non-
functionalized melanin” and “NF-Melanin” in the following chapters.

Besides NF-Melanin, this project also evaluated four soluble sulfonated melanin
derivatives. These samples are soluble in DMSO, dimethylformamide (DMF) and
N-methyl-2-pyrrolidone (NMP), with the basic monomeric structure like the one present in
Figure 3. SMel is considered the traditional sulfonated melanin derivative and it was
synthesized at room temperature. However, if the SMel synthetic procedure were heated in a
silicone bath at 100 °C, the new sample will be named SMel-T. The synthetic route for
sulfonated melanin also follows an alternative process using 4 (SMel-4P) or 8 (SMel-8P) atm
of oxygen pressure. SMel and SMel-T should have a similar polymerization structure (Figure
4(a)) that is different from SMel-4P and SMel-8P (Figure 4(b)). Similar to NF-Melanin, these
four samples also show different oxidation states, following SMel-T<SMel<Mel-8P<SMel-4P.
These samples will also be called as “functionalized melanin”, “sulfonated melanin” and “S-
Melanin™.

The most relevant details about all these samples are summarized in Table 2.

2.1.2 Chemical synthesis
All commercially available chemicals and reagents were used without further

purification.

NEMel-I: Standard and insoluble non-functionalized melanin

5 g of 3,4-dihydroxy-phenyl-DL-alanine (DL-DOPA,; Sigma-Aldrich, > 98%) were
dissolved in 2 L of deionized water. Ammonia (NHs; Sigma-Aldrich, 28 %) was used to adjust
the mixture to pH 8. The solution was kept under constant stirring and with air bubbling for
three days. The pH was measured continuously using litmus paper and, when necessary, a drop

of NHz was added to maintain the alkaline conditions. After three days, concentrated
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hydrochloric acid (Sigma-Aldrich, 25%) was used to adjust to pH 2 to precipitate the melanin.
The aggregated solution was filtered, washed several times using deionized water and dried

overnight under ambient conditions to yield a black powder.

Table 2. Information regarding the melanin derivatives.

Carbon atoms

NFMel-I (Figure 4(a)) None Insoluble
NF-Melanint  NFMel-S C(Elrggpea;?;;‘)s None H20
NFMel-6P c(:slrgﬁpea:‘(’g‘)s None e
G o O
S-Melanin? oMelT C(Elrgﬁpeai?g)s S02CHs group Dm%ONaEAF
SMel-4P czl):(?gguerr; Zt(obr)n)s SO2CHzs group DI;/:}%OI\’IIaE/IF
SMel-8P ?ééguerr; it(obr;‘)s SOCHsgroup  Dhao 0 M

T Non-functionalized melanin
1 sulfonated melanin

NFMel-S: water-soluble non-functionalized melanin

1.0 g of DL-DOPA were dissolved in 200 mL of MiliQ water (18 MQ cm). The mixture's
pH was adjusted to be between 8 e 10 by the addition of 1.4 mL of ammonium hydroxide
(NH4OH; Synth, 28-30%). The NH4sOH was chosen to avoid the continuous need to check the
solution pH. The solution was kept stirring at room temperature (27 °C) and oxygenated using
an air pump for three days. For extraction and purification, a 3500 MWCO dialysis membrane
was used with MiliQ water as a dialysate medium, which was changed every day until no further
color change could be observed (approximately four to six days). Finally, drying the aggregated

solution in an oven at 90 °C for two days yielded NFMel-S black powder.
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NFEMel-6P: Oxygenated water-soluble non-functionalized melanin

The NFMel-6P synthetic route follows the same NFMel-S process; however, instead of
using air bubbles in the solution, the mixture of 0.3 g DL-DOPA dissolved in 60 mL of MiliQ
water (18 MQ cm) and 400 pL of NH4OH was placed in a 150 mL stainless steel reactor. The
synthesis's oxygenation happens by increasing the internal pressure to 6 atm of industrial
oxygen gas (O2). The solution was stirred for 6 hours. NFMel-6P was extracted and purified
using a 3500 MWCO dialysis membrane and MiliQ water as dialysate medium, which was also
changed every day until no further color change could be observed. The aggregated solution

was dried in an oven at 90 °C for two days.

SMel: Standard and soluble functionalized melanin

In 200 mL of DMSO (PA, Vetec, 99.9%), 1.50 g of DL-DOPA and 0.93 g of benzoyl
peroxide (Vetec, 75.0-80.0 %) were dissolved in a flat bottom flask. This mixture was stirred
under magnetic for 57 days at room temperature (~ 27 °C). For purification, the reaction
solution's temperature was increased to 140 °C to concentrate it to ¥ of the initial volume. Once
it cooled down to room temperature, 150 mL of acetonitrile (Synth, 99.5%) was added to the
concentrated solution. The new solution was allowed to stand for two days to separate SMel
from synthetic by-products. After the resting period, SMel was extracted by centrifugation at a
speed of 2500 rpm for 15 minutes and the precipitate was dried in the oven at 90 °C for two

days.

SMel-T: Heated and soluble functionalized melanin

SMel-T was synthesized using a mixture of 1.50 g of DL-DOPA and 0.93 g of benzoyl
peroxide dissolved in 200 mL of DMSO in a round bottom flask. The mixture was kept stirring
in a temperature-controlled silicone bath at 100 °C for eleven days in reflux. A sequence of
solution concentration to ¥ of the initial volume (at 140 °C), dissolution in 150 mL of
acetonitrile, centrifugation (2500 rpm for 15 minutes) and drying in an oven (at 90 °C) was

used for extraction and purification of the sample.

SMel-4P: 4 atm of O, pressure and soluble functionalized melanin
0.45 g of DL-DOPA was dissolved in 60 mL of DMSO and placed in a 150 mL stainless
steel reactor whose internal pressure was increased to 4 atm with the introduction of O gas and

kept under magnetic stirring for six days. A sequence of solution concentration to ¥ of the
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initial volume (at 140 °C), dissolution in 45 mL of acetonitrile, centrifugation (2500 rpm for 15

minutes) and drying in an oven (at 90 °C) was used for extraction and purification of the sample.

SMel-8P: 8 atm of O pressure and soluble functionalized melanin

In a 150 mL stainless steel reactor, 0.45 g of DL-DOPA was mixed with 60 mL of DMSO.
The reactor's internal pressure was increased to 8 atm with Oz gas and kept under magnetic
stirring for three days. A sequence of solution concentration to ¥ of the initial volume (at 140
°C), dissolution in acetonitrile (45 mL), centrifugation (2500 rpm for 15 minutes) and drying

in an oven (at 90 °C) was used for extraction and purification of the sample.

2.1.3 Setup for hydration control

The measurements carried out with controlled hydration were performed using a specific
module for each characterization (details about each of these modules will be presented in the
appropriate section) coupled to a steam delivery system, Figure 5. In this system, the
measurements were performed as a function of the relative pressure, i.e., the pressure
corresponding to a specific relative humidity. The desired relative water vapor pressure, verified
by a calibrated BOC-Edwards GK series (0-50 mbar) gauge, is obtained by opening/closing the
valve (VRr) of the solvent reservoir (Rs). Note that two conditions must be obtained for this to
happen: i) the system must be in a vacuum (obtained with a rotary vacuum pump); and, ii) the
use of degassed solvent. The second condition is necessary to ensure that the pressure arises
exclusively from the solvent vapor and was obtained by doing three freeze—pump—thaw cycles
with liquid nitrogen. Once a relative pressure was obtained, the system was allowed to get in

equilibrium, between 20 minutes and one hour, before performing the measurement.

Pressure gauge €«——+«— ,—) Valve

{ I ﬂﬂ : To characterization
module

To vacumm
pump

——

e

Reservoir valve
E— N
(Ve)

Solvent resevoire
Rys)

Figure 5. Experimental setup of the steam delivery system.
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2.2 CHARACTERIZATION TECHNIQUES

2.2.1 X-ray photoelectron spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a technique based on the physical principle
known as the Photoelectric Effect and it can provide the elemental identification and chemical
composition of a sample. Simplistically, an atom of the sample surface layer absorbs X-ray
radiation giving rise to an excited state. This atom in an excited state will emit a photoelectron
to relax to the ground state. Thus, from the analysis of the intensity of the photoelectrons as a
function of their respective kinetic energy, it is possible to determine the binding energy of the
photoelectric peaks and to directly characterize the elemental composition, chemical state and
atom coordination on the surface of a sample (MOULDER et al., 1992; RIBEIRO et al., 2003;
SKOOG; HOLLER; CROUCH, 2007; FADLEY, 2010). However, a complete analysis of the
bulk of the system may not be described with high reliability. Thus, an alternative to obtain
chemical information on a micro scale from this technique is to analyze the chemical
composition on a depth scale, by combining the traditional XPS analyses with a surface
corrosion sequence with ions or clusters of inert atoms (SKOOG; HOLLER; CROUCH, 2007;
FADLEY, 2010).

2.2.2 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy is used to measure the absorbance, transmittance and
reflectance properties of substances in solution or solid-state from predetermined ultra-violet
(UV), visible (Vis) and near infra-red (NIR) electromagnetic radiation wavelengths. Basically,
the technique consists of monochromatic radiation of initial intensity lo focusing on a medium
that can absorb and/or reflect the beam, which will decrease its intensity to a transmitted
intensity T,. However, if the medium is not transparent or homogeneous, the radiation will be
spread through the system, reducing its intensity (CUSTODIO; KUBOTA; ANDRADE, 2000;
VOGEL; MENDHAM, 2000). All these phenomena are related to each other by a linear
expression described by Eq. 1,

where R represents the intensity of the reflected beam, S the intensity of the scattered part and
A the amount of radiation absorbed by the medium. However, the light absorption
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characterizations are usually performed with a homogeneous media, which makes the scattered
radiation negligible.

The intensity of the energy absorbed is an intrinsic characteristic of the materials and is
dependent on a specific frequency, thickness and concentration. This property can be described
by the absorbance (CONSTANTINO, 2006; SKOOG et al., 2006). The Lambert-Beer Law, Eq.

2, describes the absorbance A as,

A(A) = —=In (f—;) =eD)clL 2
where c is the concentration of the solution, L the optical path size and ¢ is an optical constant
called the absorption coefficient or extinction coefficient that depends on the wavelength (L) of
the electromagnetic radiation incident on the sample and the material to be studied
(CONSTANTINO, 2006; SKOOG et al., 2006). Therefore, the Lambert-Beer Law can be
applied to low concentration solutions to obtain &(1) experimentally (CONSTANTINO, 2006).

Considering that the optical path is the thickness of the optical cuvette, usually 1 cm,
plotting the absorbance as a function of the solution's concentration should give a straight line,

Figure 6, whose angular coefficient will be the absorption coefficient.

3] »
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Figure 6. Absorbance as a function of concentration for SMel in DMSO.

2.2.3 Ellipsometry
Ellipsometry is a technique used to measure changes in the polarization state of a
polarized vector wave interacting with a material (AZZAM; BASHARA, 1977; FUJIWARA,
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2007), usually light waves. It can obtain optical information of thin-film, surface, interface, and
multi-layered structures through the light's transmission or reflectance. This measurement
analyzes the changes in the light's polarization instead of intensity changes in UV-Vis
spectroscopy (FUJIWARA, 2007).

By changing the wavelength of light at a particular incidence angle, it is possible to
measure the values of the amplitude ratio, ¥, and phase difference, A, between p- and s-
polarized light waves (AZZAM; BASHARA, 1977; FUJIWARA, 2007). Thus, the data
analysis necessarily requires the use of an optical model for the extraction of physical constants

such as refractive index n, extinction coefficient k and thickness of the sample.

2.2.4 Photoluminescence

Photoluminescence is a non-destructive method used to explore the material's electronic
structure. When electromagnetic radiation is absorbed in a process called photo-excitation, the
excess energy causes the electrons to move to higher energy state. When the electron returns to
its equilibrium state, it releases the accumulated energy through radiative (light emission) or
non-radiative (internal and external energy conversion or vibrational relaxation) processes. In
this way, the emitted light's energy is directly related to the difference of the energy levels
between two electronic states involved in the transition from the excited state to the equilibrium
state (LAKOWICZ, 2006a; SKOOG et al., 2006).

The quantum-yield ¢(2) is an intrinsic property of each molecule and is, therefore, a useful
parameter for comparing the intensity of photoluminescence between different samples. It is
defined as the ratio between the number of photons emitted and the number of photons absorbed
at a given excitation wavelength (LAKOWICZ, 2006a; SKOOG et al., 2006). Eq. 3 allows the
calculation of the quantum-yield (MEREDITH; RIESZ, 2004)

am\ (M)
D =452 () :
on() = s () (5 ®)
where « is the graph coefficient obtained from the area of the sample emission spectrum as a
function of the absorbance and n represents the solvent refractive index. Subscript S represents
the standard sample with a known quantum yield, while M represents, in our case, the melanin

sample.
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2.2.5 Electron paramagnetic resonance
2.2.5.1 Overview

Electronic paramagnetic resonance (EPR) is a spectroscopy technique used in systems
with paramagnetic centers such as free radicals, ionic radicals and molecules in triplet states. It
can be used to explore the chemical structure of these species or their interactions with the
chemical environment and the dynamics of processes in which they may be involved (POOLE,
1982; YADAYV, 2005; WEIL; BOLTON, 2007; BRUSTOLON, 2009).

EPR is based on the absorption of electromagnetic radiation, usually in the microwave
frequency region, by a paramagnetic sample in the presence of an external magnetic field. The
presence of the external magnetic field is a necessary condition for the occurrence of the
Zeeman Effect that will promote the splitting of paramagnetic levels for the different spin states
of the sample (Figure 7(a)); in other words, the magnetic field enables the breaking of the
degeneracy of the spin states.

If the microwave frequency is kept fixed while the magnetic field is varied, the
microwave's absorption will only occur when the energy /v of the radiation coincides with the
energy difference between the spin states (POOLE, 1983; WEIL; BOLTON, 2007;
BRUSTOLON, 2009). Mathematically, Eq. 4 describes the absorption and it is the fundamental
equation of EPR spectroscopy.

hv = E, — Eg = g lusl Ho (4)

where h corresponds to the Planck constant, v is the resonance frequency, E, and Eg are the spin
energies at high and low energy levels, respectively; g, denoted by g-factor or g-value, is a
dimensionless constant that determines the magnetic dipole moment, ug is an atomic unit of the
magnetic moment called Bohr magneton and Ho is the magnetic resonant field.

It is interesting to note that the spin of the electron may have its resonance condition
altered in the presence of a nuclear spin that provides an additional magnetic field to the system
due to its magnetic moment. The presence of this new magnetic field will create additional
energy states, once forbidden, giving rise to spectra whose resonance lines can be divided into
several components, being in general equivalent to 21+1 for interaction with a spin nuclear I
(POOLE, 1983; WEIL; BOLTON, 2007; BRUSTOLON, 2009). The EPR spectral lines' width
gives the degree of interaction between the unpaired electron and its perturbing nucleus. Such

a process is known as hyperfine interaction.
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Figure 7. (a) Energy-level scheme of a simple % spin system as a function of the magnetic
field. (b) Microwave absorption of this system. (c) The derivative of the absorption spectrum
(b), which corresponds to the typical EPR signal obtained experimentally.

Significant spin-orbit interactions are present in systems with heavy nuclei or crystals
where the atoms have fixed orientations. This interaction will result in a g-value with an
anisotropic character; that is, the system will undergo different interactions of the magnetic
field depending on the molecule's orientation axis, providing different g-value values for each

molecular axis, i.e., gx # gy # g. However, in many organic materials, paramagnetic systems
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have little spin-orbit interaction such that the value of the effective g-value is independent of
the magnetic field direction. In this case, when the effective g-value is identical across all axes
of the sample, gx = gy = g, it is said to be isotropic (POOLE, 1983; WEIL; BOLTON, 2007,
BRUSTOLON, 2009).

As mentioned above, by varying the magnetic field intensity during data collection, the
microwaves' absorption is obtained. Experimentally, this absorption results in a Gaussian-like
line form shown in Figure 7(b). However, since the measurement is carried out with a
modulated magnetic field and a lock-in detection, the signal obtained corresponds to the first
derivative of the absorption, Figure 7(c) (POOLE, 1983; WEIL; BOLTON, 2007;
BRUSTOLON, 2009). In this way, from the traditional EPR signal presented in Figure 7(c) it
is possible to find the main experimental parameters of this technique, which are: i) signal
shape, ii) the number of peaks, iii) position of the resonant magnetic field Ho, iv) the linewidth
AHpp and; v) the peak-to-peak signal amplitude A Ypp.

In addition to the experimental parameters, another useful parameter is the spin density
that serves to quantify the concentration of spin in a sample. For determination of the spin
density, the signal from the studied sample is compared to the standard sample signal, usually
of amorphous silicon, containing a known spin number. In this way, the spin density (pn) can
be estimated using Eq. 5 where it is considered the area Arc under the resonance curve, a
constant Ce specific to each equipment, the temperature T, the modulation amplitude AM and
the applied microwave power P (POOLE, 1983; WEIL; BOLTON, 2007; BRUSTOLON,
2009).

_ 2 Cy T
PN = RCAM\/ﬁ

(5)

For a more detailed interpretation of the EPR signals, numerical simulations can be
used. Among the various computational tools available, EasySpin package (STOLL;
SCHWEIGER, 2006) written in MATLAB® (MathWorks, Inc) has been gaining much attention
because it is a freely available on the internet (STOLL, 2018). This computational package has
several high-level functions that separate the resonance lines (g-value, linewidth and intensity)
of the paramagnetic species present in the studied systems and thus identify their spectroscopic
characteristics. Not only that, it is possible to simulate EPR spectra with isotropic and/or
anisotropic g-value, different line forms and linewidths, hyperfine interactions and an arbitrary

number of electronic and nuclear spins of samples in several physical states (powders, crystals
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or liquids) and experimental conditions (continuous or pulsed wave, low or high temperature)

(STOLL; SCHWEIGER, 2006).

2.2.5.2 High-Field/High-frequency EPR

For disordered materials, standard X-band EPR spectra has limited resolution and the

broad lines hides information on molecular orientation and magnetic parameters (MOBIUS;
LUBITZ; SAVITSKY, 2013). Hence, the use of higher microwave frequencies and higher

magnetic fields has important features:

) enhanced spectral or g-value resolution: g-values are directly proportional to

the EPR spectrometer microwave frequency. Hence, a higher external Zeeman

field will be able to increase the resolution of the g-values in relation to the

hyperfine coupling (Figure 8), since it can separate the field-dependent spin

interactions from the field-independent ones.
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Figure 8. Enhanced spectral resolution by HFEPR of a two spins system with isotropic
lineshapes and similar g-values. At v1/B: the two EPR lines are almost completely overlapping;

as vi/Bi increases, the two lines gets more separated.

i) enhanced orientational selectivity in disordered samples: materials with

different spin-orbit can yield different response with respect to the Zeeman-field.

Hence, as the external magnetic field is increased, a specific orientation relative
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to high field is obtained, which enables differentiate the g-tensor anisotropy
(Figure 9), i.e., the orientation of their main axes within the g-matrix system.
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Figure 9. Enhanced orientational selectivity by HFEPR. Reprinted with permission from from
(MOBIUS; LUBITZ; SAVITSKY, 2013). Copyright® 2013 Elsevier B.V.

iii) enhanced detection sensitivity for restricted-volume materials;

iv) enhanced sensitivity for probing fast motional dynamics;

V) enhanced low-temperature electron-spin polarization.

For more details, please, see (BENNATI; PRISNER, 2005; MOBIUS; SAVITSKY,
2008; MOBIUS; LUBITZ; SAVITSKY, 2013; ROESSLER; SALVADORI, 2018).

2.2.6 DC conductivity measurements

Direct current (DC) conductivity measurement is the most straightforward and essential
step for materials' electrical characterization. In a DC conductivity measurement, the rate at
which all movable charges flow in a material is measured as a function of a potential difference
between the electrodes. It is commonly measured as current as a function of voltage (J vs V)
and can give valuable insight into the nature of electrical conduction through a material or

electronic device.

2.2.7 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a versatile and powerful technique used

to investigate the carrier’s dynamic processes, in bulk material or its interface with other
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systems (BISQUERT et al., 1998, 1999; BISQUERT; COMPTE, 2001; BISQUERT;
GARCIA-BELMONTE; PITARCH, 2003; LVOVICH, 2012; LASIA, 2014).

The EIS general approach is to apply an oscillating electrical stimulus to the electrodes
and observe the response; it consists of measuring an AC electric current at an angular
frequency when an AC voltage is applied to the system or vice versa (LVOVICH, 2012;
LASIA, 2014). Typically, the impedance is measured by sweeping the angular frequency over
a range of Hz (or mHz) values up to MHz while maintaining the constant amplitude of the
voltage or current.

System parameters such as resistances, impedances and frequency-dependent responses
are represented using the Bode and Nyquist plots, Figure 10. While Bode shows the impedance
Z (v) and angle of phase 8 (v) as a function of frequency (v), Nyquist represents the real Z' (v)
and imaginary Z" (v) components in a complex plane. The latter's advantage is the possibility
of obtaining electrochemical parameters such as solution resistance, contact resistance,
electrode bias resistance, and double-layer capacitance (LVOVICH, 2012; LASIA, 2014).
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Figure 10. A typical example of (a) Nyquist and (b) Bode plots. The equivalent circuit inserted
in the Nyquist plot represents the model used to fit the data.

For data analysis, the Nyquist plot is modeled in an equivalent circuit to study the system's
specific physical model (LVOVICH, 2012; LASIA, 2014). Figure 10(a) displays a simple
example of a Randles circuit. The equivalent circuit of such a system must contain at least four
different parameters: a resistor (R1) connected in parallel with a capacitor (C) and another
resistor (R2) in series with a Warburg element (W). The semicircle is a feature that appears due

to the resistor and capacitor in the equivalent circuit to represent the occurrence of charge
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transfer and its diameter is equal to the polarization resistance. Additionally, the tail of the graph
represents diffusion processes and is related to the Warburg element. Also, the intersection of

the high-frequency region in the real axis of the plot is used to obtain the solution’s resistance.

2.2.8 Adsorption isotherm

Whenever a solid is exposed to a liquid or gas, molecules, atoms or ions increases the
density of an interface (ROUQUEROL etal., 2014; THOMMES et al., 2015). This phenomenon
is called adsorption and can be considered an interaction between the adsorbent (solid material
on which adsorption occurs) and an adsorptive (adsorbable substance in the fluid phase). For a
gas/solid system, as in the present case, it will happen outside the solid structure and in the
vicinity of the solid surface (ROUQUEROL et al., 2014; THOMMES et al., 2015). There are
two kinds of forces that dominate adsorption: chemisorption and physisorption (physical
adsorption). The essential difference between these two types is that in the first case, there is
some chemical bonding involved to the reactive parts of the surface to the formation of new
compounds and it is confined to a monolayer, whereas the last case is a more general
phenomenon with a relatively low degree of specificity and, at high relative pressure such as
saturation pressure, the formation of multilayers of adsorbable at the solid/fluid interface
(ROUQUEROL et al., 2014; THOMMES et al., 2015).

At a given fixed temperature T, the relation between the amount of gas adsorbed (n?, in
mol) and the solid mass (m®, in gram) is dependent on the equilibrium pressure (p) and the

nature of interaction if the gas-solid system following the relation present at Eq. 6

™y (2) )

where p° is the saturation pressure.

Eq. 6 represents the adsorption isotherm and is the adsorbate retention capacity, i.e., the
relationship between the amount of adsorbed by a unit of solid mass and the relative pressure
at a specific temperature. Thus, the isotherm shape is the first tool to understand the interaction
between the solid chemical structure and the fluid. Brunauer and co-works (BRUNAUER et
al., 1940) classified the isotherms according to process and shape and established five different
types. However, nowadays, the International Union of Pure and Applied Chemistry (IUPAC)
updated its classification to eight different isotherms (THOMMES et al., 2015).
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2.2.9 Quasi-elastic neutron scattering

Quasi-elastic neutron scattering (QENS) is a powerful technique used to study the
dynamic processes of atoms or ions within soft matter, including complex biological systems,
covering length scales around inter and intramolecular distances, about 1-30 A, and time scales
in the range of 102 - 10 s (JOBIC; THEODOROU, 2007; SAKAI; ARBE, 2009; CAVAYE,
2019). Therefore, it is suitable to study dynamic processes that can be important in developing
an organic device, such as ionic diffusion and polymer relaxation. Additionally, QENS can be
viewed as a complementary characterization for atomic/molecular diffusion to dynamic light
scattering, X-ray photon correlation spectroscopy, nuclear magnetic resonance, tracer diffusion,
and dielectric spectroscopy because none of this technique can provide detailed information
about transport mechanisms in the condensed materials (SAKAI; ARBE, 2009; EMBS;
JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO; CHEN, 2012; SAKAI,
2013; TYAGI; CHATHOTH, 2016).

In QENS, the length scale of the motions is given by the scattering vector
Q =4 msin (Ons) / An. Q is the momentum transfer of neutron 2, Ons is the scattering angle and
AN is the neutron wavelength (EMBS; JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-
SIMIONESCO; CHEN, 2012; TYAGI; CHATHOTH, 2016). In most cases, the instrument
measures the scattering over a range of angles that corresponds to 0.1 A1 < Q < 3.0 A1, e,
2 A - 60 A in real space, well suited for local atomic and molecular motions characterization.
Additionally, the energy of the neutron is in the order of a few meV, being compatible with the
activation energy of solid-state excitations, molecular relaxations and dynamic process in soft
materials (EMBS; JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO;
CHEN, 2012; TYAGI; CHATHOTH, 2016), Such characteristic implies that when a neutron
gain or loses energy, the exchange energy between the neutron and the sample will be a
significant fraction of the initial neutron energy, which easy to measure with accuracy. Besides
this technique typically does not alter or destroy the samples during or after the experiment, an
essential characteristic for biological samples, due to its low energy, compared to X-rays, for
instance (TYAGI; CHATHOTH, 2016).

In neutron scattering experiments, the sample is the target of a narrow and well-defined
energy (or wavelength) distribution of a cold beam of neutrons. The strong nuclear interaction

between the beam and the sample atoms will scatter the neutrons in various directions, changing

L1t is important to stress that, even though Q is usually referred as momentum transfer, it rigorous corresponds to
a wave vector transfer (JOBIC; THEODOROU, 2007).
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its energy distribution compared to the initial one. If the time scale of the motions is too slow
to the time range of the instrument, the neutrons will scatter elastically with no exchange of
energy with the sample; on the other hand, if the time scale of the motions matches instrument
resolution, strong interactions are expected (SAKAI; ARBE, 2009; EMBS; JURANYI,
HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO; CHEN, 2012; TYAGI,
CHATHOTH, 2016). In this case, the interactions could result in inelastic scattering that is
represented as a shift in the scattered peak from the incident energy; or the scattering could
appear as a broadening of the incident energy distribution immediately surrounding the elastic
peak, Figure 11, referred to as QENS (JOBIC; THEODOROU, 2007; SAKAI; ARBE, 2009;
EMBS; JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO; CHEN, 2012;
TYAGI; CHATHOTH, 2016).

Elastic

Quasi-elastic Quasi-elastic

S(Q, »)

0
do (MmeV)

Figure 11. Schematic of a scattering function S (Q, ®) as a function of energy exchanged do
with the representation of elastic, quasi-elastic and inelastic peaks. Inspired by (SAKALI, 2013).

The scattering intensity in QENS experiments is measured as a function of the scattering
angle 26 and the exchange energy dw between neutrons and the sample (SAKAI; ARBE, 2009;
EMBS; JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO; CHEN, 2012;
TYAGI; CHATHOTH, 2016). Also, it is a combination of incoherent (correlations between the
positions of the same atom at different times, i.e., self-motion) and coherent (correlations
between the positions of different atoms at different times, i.e., collective motion) contributions
that are weighted by the corresponding scattering cross-sections (JOBIC; THEODOROU,
2007; SAKAI; ARBE, 2009; EMBS; JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-
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SIMIONESCO; CHEN, 2012; TYAGI; CHATHOTH, 2016). The cross-sections of the neutron
scattered depend only on the interaction between the neutron and the nuclei.
The intensity of scattered neutrons can be expressed as the double differential cross-

section, Eq. 7,

dzch _ kf [UCoh Inc

2 Seon(Q, @) + 3 Sine(Q, )] ™

with o is the scattering cross-section, dQ is the solid angle, dw is the energy exchange, ks is the
wavenumber of the scattered neutrons and ki is the wavenumber of the incident neutrons. The
subscripts Coh and Inc indicate coherent and incoherent, respectively. S(QO, w) is called the
scattering function, or dynamical structure factor, and it contains the dynamic processes
information (in Q and ® space) on the sample within the resolution of the experiment (EMBS;
JURANYI; HEMPELMANN, 2010; SAKAI; ALBA-SIMIONESCO; CHEN, 2012; TYAGI;
CHATHOTH, 2016).

Considering that the hydrogen cross-section is much higher than other elements, Table 3,
the scatter intensity signal of protonates samples will be dominated by the incoherent
contribution from hydrogens in the sample. Another valuable piece of information in Table 3
is that the cross-section of hydrogen (*H) and deuterium (°H or D) is very different. Thus, the
substitution of *H for 2H will massively diminish the incoherently scattered intensity enabling
the study of isolated dynamics to a particular molecular group or component in a multi-
component system by “labeling” a subsystem (SAKAI; ARBE, 2009; EMBS; JURANYI,
HEMPELMANN, 2010; TYAGI; CHATHOTH, 2016)

Table 3. Neutron scattering cross-section of elements present in NF-Melanin and S-Melanin.

SSimE rﬁ}&r&cr (barn) (barm) (bar)
1 1.76 80.27 82.03

: 2 5.59 2,05 764

C 12 5.56 0.00 5.56

N 14 11.03 0.50 11.53

0 16 423 0.00 423

S 32 0.99 0.00 0.989

Fonte: (SEARS, 1992)
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3.1 INTRODUCTION

Although there is an extensive collection of studies in the literature seeking to determine
the physicochemical properties of melanin, its characterization is still considered a challenging
task due, at least in part, to the difficulty in accurately studying the structure of this
macromolecule (MEREDITH et al., 2006; MEREDITH; SARNA, 2006; D’ISCHIA et al.,
2015). However, it is accepted that melanin is a heterogeneous macromolecule arising mainly
from the polymerization of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) and their various redox forms ortho-hydroquinone (HQ), o-semiquinone (SQ*),
o-(indole)quinone (1Q) and o-quinone(imine) (Ql) (CHEDEKEL; AHENE; ZEISE, 1992;
MEREDITH; SARNA, 2006; D’ISCHIA et al., 2013; PANZELLA et al., 2013). Furthermore,
it can also contain, in less concentration, uncyclized and nitrogen-protonated (Ndef*) units that
are residues of synthetic intermediates and precursors, Scheme 1, and degradation products
from the indole ring fission such as pyrrole-2,3-dicarboxylic acid (PDCA) and pyrrole-2,3,5-
tricarboxylic acid (PTCA) (CANOVAS et al., 1982; CHEDEKEL; AHENE; ZEISE, 1992;
D’ISCHIA et al., 2013). All of these structures, presented in Figure 12, with the inherent ability
to form multiple bonds, account for the melanin chemical heterogeneity. It is necessary to
clarify that the presence of Ndef* structure may seem unusual, however it is strongly supported
by the necessity of fitting N1s XPS spectra of a series of melanin and melanin-like materials
with polaronic species (CLARK et al., 1990; BERNSMANN et al., 2009; BRONZE-UHLE et
al., 2016) and with surface enhanced raman scattering and infrared spectroscopy (CENTENO,;
SHAMIR, 2008).

HO. _*_ 3 HO. _*_ 3 o

\2 \2
I:[N j/v\:N OH
HO” > N HO N
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(DHL HQ) (DHICA, HQ)
O 0
O H HO =N
(SQ%) (IQ) QD
HO COOH COOH
HO N N~ ~COOH HOOC~ "y~ ~COOH
. H, H H
(Ndef™) (PDCA) (PTCA)

Figure 12. Building blocks of melanin. R = H (for DHI-like species) or COOH (for DHICA-
like species).
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Remarkably, despite its abundance in nature, as a result of the complexity of melanin and
the difficulty in solution or crystallographic structural studies through current biochemical and
biophysical techniques, little is known on the macromolecular and supramolecular level of the
melanin structure (PROTA, 1992; MEREDITH et al., 2006; MEREDITH; SARNA, 2006;
D’ISCHIA et al., 2015).

Initially, based on early chemical studies, it was speculated that melanin was composed
of linear indole molecules and/or sheets of indole polymers, with no inherent limit to the sizes
of these segments in analogy to graphite (MEREDITH; SARNA, 2006). Nevertheless, from
these assumptions, it would be expected that melanin would have a crystalline structure with a
lattice spacing of the indolequinone, which is not the case. Melanin seems to have a length scale
of order 3-4 A, usually associated with n-r interactions of an aromatic compound and consistent
with n-n stacking (THATHACHARI; BLOIS, 1969; ZAJAC et al., 1994; CHEUN, 2004;
SIMON; ITO, 2004). Additionally, melanin presented a higher degree of structural
fragmentation, which led to the rejection of this model (CLEMO; DUXBURY; SWAN, 1952;
NICOLAUS; PIATTELLLI, 1962). Hence, the extended heteropolymer model came to light to
update such a paradigm.

The heteropolymer model, proposed by Marsden S. Blois in 1978, declares that melanin
should consist of several monomeric building blocks, as mentioned earlier, incorporated into
the secondary structure during melanogenesis, and, thus, lead to a more heterogeneous and
irregular system (BLOIS, 1978). In this case, the monomers should be linked through different
kinds of covalent bonds, yielding a highly cross-linked polymer with large sheets in extent,
Figure 13. Considering the multiple available bonding positions of DHI and DHICA structures,
it has been proposed that the coupling between different monomers can occur at the 2, 3, 4, and
7 carbon positions, indicated in Figure 12, and the 4-4 is the preferential one (MEREDITH;
SARNA, 2006). Such a variety of coupling positions can result in mainly planar oligomers with
different structures and sizes (D’ ISCHIA et al., 2009). Additionally, in DHICA monomers, due
to the presence of the carboxyl group at position 2 there is a decrease in the potential coupling
sites leading to the formation of more linear structures with a twist at dihedral angles between
the rings to minimize the electrostatic interactions (D’ ISCHIA et al., 2009; PANZELLA et al.,
2013).

The heteropolymer model also predicts two fundamental physicochemical properties of
melanin. In this model, melanin should have an optical absorption resulted from the sum of

different chromophores, which can give rises to its black appearance (BLOIS, 1978); an
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anticipation of the chemical disorder model demonstrated almost 30 years later. Also, melanin
should entrap free radicals produced during melanogenesis in its structure, where they would
be permanently stabilized (BLOIS, 1978).

0
0 OH OH
0 \
HO 7
H

O o)
o) HO D HN \ OH
T ) o
0
Vi OH ‘ HNTN OH
o) HO OH  HN ‘ HO
i o OHpy N\

HO NH, O

\ NH
Figure 13. An example of the secondary structure following the heteropolymer model point of
view. Inspired by (BLOIS, 1978; PROTA, 1992).

This heteropolymer model was accepted for a long time because the large sheets could
explain the melanin's chemical insolubility and describe, at least in parts, its optoelectronic
properties (MEREDITH; SARNA, 2006). However, it failed to explain the real space images
of melanin structure. Measurements of transmission electron microscopy (ZAJAC et al., 1994;
WATT; BOTHMA; MEREDITH, 2009; CHEN et al., 2013), X-ray diffraction (CHENG et al.,
1994; CHENG; MOSS; EISNER, 1994; DA SILVA et al., 2004), X-ray scattering (GALLAS
et al., 1999) and atomic force microscope (CLANCY; SIMON, 2001) indicates that melanin
forms stacked structures, Figure 14. In this new point of view, planar sheets stack via non-
covalent bonding (supramolecular assembly) mainly from n-n interaction with a spacing of 3.3-
4.0 A, in a graphite-like manner. These planar sheets should be composed of 4-8 monomers and
have dimensions in height and length of approximately 10-20 and 15-20 A, respectively
(KAXIRAS et al., 2006; MEREDITH; SARNA, 2006; D’ISCHIA et al., 2009). However, the
possible formation of the extended heteropolymer model during the synthesis process cannot
be completely ruled out (MEREDITH; SARNA, 2006).
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10.2-136 A
3-4 layers

Figure 14. Stacked oligomer model. Reprinted with permission from (CLANCY; SIMON,
2001). Copyright® 2001, American Chemical Society.

The discussion above shows that melanin is a compound with various monomers that
results in significant chemical diversity and heterogeneity in a specific sample. In fact, there is
a truism in melanin biophysics that “no two melanin particles can ever be made the same”
(PROTA, 1992). Consequently, the ratio between carboxylate and non-carboxylate monomers
and between the proportion of reduced, oxidized and semi-reduced/semi-oxidized forms will
actively be dependent on precursors and reaction conditions. For instance, while the synthetic
pigment generally has about 90% of decarboxylated monomers (DH]I), in vivo melanin obtained
from Cephalopoda marine mollusks, i.e., sepia-melanin, has a DHICA/DHI ratio higher than
50% (PANZELLA etal., 2013).

The difference in the DHI and DHICA monomers ratio is an essential feature in melanin
because it affects its physicochemical and biological properties (PANZELLA et al., 2013;
PIACENTI-SILVA et al., 2014b; PAULIN et al., 2018). Not only that, but the degree of
protonation is also an essential characteristic since, as shown in Figure 12, melanin contains
amine, carboxyl, and phenolic hydroxyl groups that can act as electronic e proton donors or
acceptors, a fundamental property for bioelectronics applications. Figure 15 presents an overall
view of how the coupling mode of the indole units can affect the aggregation at the
supramolecular level, the extent of electron delocalization and paramagnetic and absorption

properties.
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Figure 15. Main differences between the structure-property relationships of synthetic DHI-rich
melanin and DHICA-rich Melanin. Reprinted with permission from (D’ISCHIA et al., 2015).
Copyright® 2015, John Wiley & Sons A/S.

In this chapter, considering the chemical diversity of melanin, the chemical information
of several synthetic melanins will be evaluated and compared. The differences between pressed
powder samples, which can be considered as pure melanins, and those spin-coated for
technological applications were studied. These latter films are usually spin-coated out of a
solvent and there is some question as to whether some chemical modification is occurring
during this intermediate fabrication step (WUNSCHE et al., 2013b).

3.2 EXPERIMENTAL PROCEDURE
3.2.1 Sample preparation

Melanin was analyzed in two different formats: pellet and thin-film. For the pellets,
approximately 150 mg of each melanin derivative was crushed to a fine powder and pressed
into 13 mm of diameter and 1 mm of thickness using a standard pellet press under 10 tons of
pressure for 5 minutes. Afterward, for XPS analysis, the pellets were broken into small pieces
with around 0.3 cm2.

Melanin thin-films were deposited into glass slides (25 x 25 mm) that were initially
cleaned with a soap solution (Alcanox®), rinsed in water, ultra-sonicated in acetone (15 min)
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and 2-propanol (15 min). Prior to deposition, the glass was dried with nitrogen flow and treated
with UV-ozone (20 min). The films were prepared by two steps spin-coating (1000 rpm for 60
s and 4000 rpm for 30 s) with 30 mg/mL solution. Due to the insolubility of NFMel-I, thin-
films are usually made by dispersing the sample in a mixture of distilled water and ammonia (1
H20:2 NH3 %v) (BOTHMA et al., 2008). Hence, 30 mg of NFMel-1 were dispersed in 1 mL of
such mixture, stirred for 1 hour at 50 °C, ultra-sonicated for another 1 hour, and filtered with a
0.45 um Hydrophobic PTFE filter (Cole-Parmer). Additionally, as NFMel-S and NFMel-6P are
water-soluble samples, a less concentrated ammonia solution was used to decrease the
possibility of any structural alterations (WUNSCHE et al., 2013b; CLULOW et al., 2017). In
this case, 30 mg of NFMel-S and NFMel-6P was diluted in 1 mL of a mixture of deionized
water and ammonia (3 H20:2 NH3z %v) or 1 mL of deionized water only (1 H20:0 NH3 %v)
before following the same procedure from before. For sulfonated melanin derivatives
(synthesized in DMSQO), 30 mg of the sample were dispersed in 1 mL of anhydrous DMSO
(Sigma-Aldrich, > 99.9%), or anhydrous N,N-dimethylformamide (DMF; Sigma-Aldrich, >
99.8%), or anhydrous 1-Methyl-2-pyrrolidone (NMP; Sigma-Aldrich, > 99.5%) stirred for 1
hour at 50 °C and filtered with a 0.45 um Hydrophobic PTFE filter (Cole-Parmer).

3.2.2 XPS Measurements

The XPS was performed on a Kratos Axis Supra using a 225 W AlKa A-rays with an
emission current of 15 mA and equipped with a monochromator. The X-rays typically
illuminates a 300 x 700 um area, with sampling depth being limited by the mean free path of
an electron in this energy range to < 10 nm. High-resolution experiments were performed with
a pass energy of 40 eV, with a hybrid lens setting, 0.1 eV step size, 1 s dwell time, and up to
four sweeps depending on the signal/noise ratio. For depth profiles, XPS spectra were collected
after etching by a rastered (3 x 3 mm) Arsoo* cluster beam for between 0-600 s. At first, we have
evaluated the stability of the melanin sample using the depth-profile analysis in NFMel-I and
SMel with 5 and 10 kV. By integrating the carbon peak areas, Figure 16 shows an increase in
the atomic% for both pellets at 10 kV acceleration voltage, which can be understood as the
formation of graphite-like structures. Thus, the result indicates that the samples are unstable at
such etching energy. Hence, all the measurements were performed with 5 kV to avoid possible
melanin structure degradation. During depth profiling, the excess argon caused pressure in the
sample analysis chamber to rise to 3.0 x 10”7 Torr from the instrument base pressure of 4.4 x

10°° Torr. The integral charge neutralizer was used to limit the build-up of any surface charge.
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Figure 16. Atomic concentration quantification of carbon C1s in depth of (a) NFMel-I and (b)
SMel pellets.

The analysis was performed in CasaXPS (2.3.17dev6.4k) using the Kratos sensitivity
factor library. A Shirley background was used, and mixed Gaussian-Lorentzian peaks “GL(30)”

fitted to the raw data. After fitting, the x-axis of all spectra was calibrated to the C-C component
in the Cl1s fit.

3.3 RESULTS AND DISCUSSION 2

As mentioned in section 3.1, the structural disorder is well known, and the fact that the
stacked oligomeric structure leads to melanin’s well-known insolubility has made its chemical
analysis (e.g., simple elemental analysis) a notorious problem (MEREDITH; SARNA, 2006).

One way researchers have dealt with their chemical analysis is to use x-ray photoelectron
spectroscopy (XPS) to determine the basic atomic ratios of their samples (CLARK et al., 1990;
HONG; SIMON, 2005; ABBAS et al., 2009; BERNSMANN et al., 2009; WUNSCHE et al.,
2013b; ZANGMEISTER; MORRIS; TARLOV, 2013). The ease of use and the ability to skip
the use of solvents and bypass the insolubility problem is a significant benefit. Furthermore,
melanin is highly hygroscopic (MOSTERT et al., 2010; RIENECKER et al., 2015; CLULOW
et al., 2017). Hence using XPS, a technique done under vacuum, will have the bonus of
removing the substantial contribution of physiosorbed water, which can skew an elemental
analysis.

However, XPS is a surface technique, and the question always remains as to whether the
spectra observed is an accurate indication of the bulk of the material. To address this primary

issue and investigate whether the use of XPS in recent literature has been legitimate, it was

2 The results presented in this section were published in Paper V. Reproducible with permission.
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investigated the XPS depth-profile of melanin and melanin derivatives to see whether there is

indeed a difference between the surface and the bulk composition.

Synthetic Non-Functionalized Insoluble Melanin Powder

Our study begins with the XPS spectra of the pellet sample labeled NFMel-I, a sample
made with the standard procedure and accepted as the synthetic version of melanin (D’ ISCHIA
et al., 2013), which enables us to use it as refence to compare. From the surface high-resolution
scans (i.e., time = 0 seconds, Figure 17), we estimate the atomic content for carbon (C1s),
oxygen (O1s) and nitrogen (N1s) and compare it to the values we would expect for a non-
functionalized poly-DHI (NF-DHI) and non-functionalized poly-DHICA (NF-DHICA)
systems. In principle, the synthetic melanins should roughly be in between the aforementioned
polyindoguinone systems. The atomic percentages and ratios are shown in Table 4 (first three
rows) for the pellet surface. The data in Table 4 were renormalized to exclude the pellets
contaminants of sulfur (S2p), calcium (Ca2p) and silicon (Si2p) (see Table A1, in Appendix A,

for each atomic composition) from syntheses solvents impurities and sample handling.

Table 4. The atomic composition (%) and atomic ratios determined from pressed powder pellets

of standard synthetic melanin samples.

Samples Cils Ols N1s C/N O/N C/O
NF-DHI
(Theoretical) 2.1 18.2 9.1 8 2 4
NF-DHICA
NFMel-I
(Pellet surface) 69.1 226 8.2 8.4 2.7 3.1
(Pl:ﬁg{l Elu-llk) 69.7 19.2 11.1 6.3 17 36

By comparing the C/O/N contents, it suggests that these samples are a combination of
DHI and DHICA (in fewer amount) monomers. Hence, at the moment, the surface scan result
does appear to validate the XPS method for elemental analysis. However, as indicated in the
introduction, the surface may still not represent the bulk. To this end, we inspect the resulting

depth profile spectra (Figure 17(a-c), time >0 s).
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Figure 17. (a-c) High-resolution XPS depth profiling spectra of NFMel-I pellet. The legends
indicate the time since start of depth profiling. O seconds is equivalent to a standard surface
scan, whereas 600 s (after five etching procedure with 5 kV energy during 120 s each) is
considered the pellet bulk. (d-f) High-resolution XPS spectra simulation for a surface pellet of
NFMel-1. The same modeling was applied to the depth profile spectra. (g-i) Functional group
distribution as a function of etching time normalized by the surface intensity.

The carbon spectra, Figure 17(a), shows minimal changes with etching, which
demonstrate that the underlying carbon chemistry is unchanged between the surface and the
bulk. However, one may see that the intensity of O1s spectra, Figure 17(b), decreases of about
9.4%, in area, while N1s, Figure 17(c), increase about 38.8%. The difference in the oxygen
spectra could be understood as the removal of water trapped within the macromolecule or the
removal of surface impurities. Given that the reported binding energies for H.O can range from
~533 — 535 eV with outliers to 538 eV (see example in references (WAGNER; ZATKO;
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RAYMOND, 1980; LUNDHOLM et al., 1986; HERMAN et al., 2003)), the removal of water
is an unlikely reason. Hence, we ascribe the change to the removal of oxygen impurities.

Regarding the nitrogen behavior, the binding energy is commensurate with that of indole
nitrogen, as has been observed for melanin and melanin-like materials (CLARK et al., 1990;
HONG; SIMON, 2005; ZANGMEISTER; MORRIS; TARLOV, 2013). Therefore, we suggest
that the indole nitrogen on the surface is a slightly different chemical species to that which is
seen in the bulk, but both are indoles. In fact, the depth profile spectra in Figure 17(c) show a
subtle shift to higher binding energy (+ 0.2 eV), which could be understood as changes in the
nitrogen atom local charge. Such variation suggests a lower electron density, probably due to
the possibility of a more systematic opportunity for non-covalent interactions (like hydrogen
bonding) given by a packed structure (KERBER et al., 1996).

With the above, we calculated the atomic percentages and ratios of the pellet bulk (i.e.,
with 600 s of etching) and the results are shown in Table 4 (last row). The data indicate that the
bulk is well within the expected values for a melanin sample, barring the nitrogen content only
slightly outside the expected range. Therefore, the depth profile data for the bulk confirms that
the surface and the bulk chemical composition of the standard melanin are similar enough to
that of a surface scan, which validates and confirms previous elemental analysis done via XPS.

However, to make the above even more useful for any future work, we now turn to some
peaks modeling. A representative peak simulation of the high-resolution XPS spectra of C1s,
O1s and N1s regions at the pellet surface is shown in Figure 17(d-f). The assigned chemical
groups with their respective energies are listed in Table A2 and are compatible with those from
the literature (CLARK et al., 1990; HONG; SIMON, 2005; BERNSMANN et al., 2009;
ZANGMEISTER; MORRIS; TARLOV, 2013; BRONZE-UHLE et al., 2016). The same model
was a good representative of these three regions for all depth profiled spectra. The only
difference was the atomic composition intensity of each peak shown in Figure 17(g-i).

There are five carbon species assigned to CxHy, C-O/C-N, C=0, O-C=0, and n-n* to fit
the C1s region reasonably. The intensity of the primary peaks attributed to CxHy, C-O/C-N and
C=0 species seems not to suffer significant variation with etching time, which indicates that
the basic melanin indole structure remains the same from the surface to the bulk. On the other
hand, a slight decrease in intensity was observed for O-C=0 species, whereas n-n* satellite
showed a significant increase with etching time. The latter can indicate higher strength of
extended delocalized electrons from aromatic carbon species in bulk, probably related to the -
n packing in the melanins (HUNTER; SANDERS, 1990; WATT; BOTHMA; MEREDITH,
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2009). Moreover, Figure 12 shows that the basic monomers of melanin have quinone
oxygen/ketones, hydroxy and carboxyl groups (for DHICA species only). Hence, our
attributions of two peaks assigned to O=C and O—C species for the fit of the O1s region are in
good agreement with the expected chemical composition. However, these species seem to be
consistent across the entire sample with the change in intensities related to the removal of
surface impurities, as discussed above. Note that the ratio of ketone/hydroxyl indole groups will
not necessarily be one to one due to the structural disorder and inability to precisely control the
different monomeric species' oxidation states that build up the samples. The N1s regions were
fitted with three different indole nitrogen species. Based on the melanin chemical structure, the
main species (R2-NH) is understood as the pyrrole-like nitrogen from the indole structure, while
the imine (=NR) functionality as the tautomer quinone imine (QI in Figure 12) and potential
non-cyclized structures and polaron species (RNH2/NHz"). Interestingly, in the N1s region, R2-
NH species do not vary with the etching time, which corroborates the above discussion that the
basic melanin is not changed from the surface to the bulk.

Synthetic Non-Functionalized Insoluble Melanin Thin-film

As mentioned previously, melanin thin films are an important morphology for device
applications and should be investigated. Thin-films for standard synthetic melanins are usually
obtained using an ammonia solution to dissolve the initial powder and improve its adhesion.
Still, it can also increase the sample's nitrogen content (WUNSCHE et al., 2013b; CLULOW
et al., 2017). Hence, we would like to evaluate if ammonia would significantly affect the
chemical information on the melanin sample, i.e., the stability of the indole ring structure and
oxidation state. The corresponding atomic percentages and ratios are given in Table 5 and the
resultant XPS spectra can be seen in Figure 18(a-c). Again, the results presented in Table 5
were renormalized to exclude sulfur (S2p), calcium (Ca2p), silicon (Si2p) and sodium (Nals)

impurities (see Table A3).

Table 5. The atomic composition (%) and atomic ratios determined from the spin-coated thin-

films of standard synthetic melanin samples.

Samples Cls O1s N1s CIN O/N C/O
NFMel-I

(H20+NHs film surface) 61.2 26.8 12.0 51 2.2 2.3
NFMel-I

(HONH filmbuk) 029 227 143 44 16 2.8
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Figure 18. (a-c) C1s, O1s and N1s high-resolution XPS depth profiling for NFMel-I thin-film
from standard water and ammonia procedure (H20+NHs3). Also indicated in the legends is the
time since the start of depth profiling. 0 seconds, in this case, is equivalent to a standard surface
scan. 600 s (equal to 5 different etching with 5 kV energy during 120 s each) represents the
thin-film bulk. (d-f) High-resolution XPS spectra simulation of C1s, O1s and N1s regions for a
surface thin-film of NFMel-1 prepared using standard ammonia procedure (H2O+NHz3). The
same modeling was applied to the depth profile spectra. (g-i) Functional group distribution as
a function of etching time normalized by the surface intensity.

The films prepared with the traditional ammonia solutions showed a few divergences to
the theoretical values for the surface scans. It is clear that ammonia increases the amount of
nitrogen in the film, as shown in a previous study (WUNSCHE et al., 2013b). As a result, the
percentage of carbon and oxygen values is also changed. Such alterations could indicate an
adjustment in the melanin stacked oligomer particles’ surface exposed to the high oxidative
environment. When we turn to the bulk result (e.g., 600 seconds), we see some changes in
carbon peaks, some in the oxygens, but in either case, not nearly as much as was observed for
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the pellets. It appears that the thin-film processing removed the oxygen impurity, or the pellet
press imparted a contaminant, or the films are less conducive to adsorb pollutants from the
environment. Again, the nitrogen peak shows a distinct difference, with a shift to higher energy.
Furthermore, we see similar behavior for the other thin-film samples, which indicates that the
solution process leads to some chemical redistribution by altering the n-n staking strength or
changing some of the indole structure's underlying chemistry. However, to gain a deeper
understanding of the chemistry involved, especially the nitrogen, we undertook modeling the
depth profile results shown in Figure 18(d-i).

The overall depth profile behavior of the thin-films modeling is in accordance with the
results from the pellets, nonetheless, with some divergences. Similar to pellet data, CxHy, C-
O/C-N and C=0 contributions do not suffer significant differences with etching. Still, the O-
C=0 varies differently, probably due to the oxidative environment caused by ammonia. Even
though we have considered n-n* satellite in the simulations, their intensities were negligible
compared to the other peaks. This could be related to possible oligomeric sheets' destacking
effect caused by water or alkaline solution (HUNTER; SANDERS, 1990; MOSTERT et al.,
2013; JU et al., 2016). Also, it is possible to see that the change in intensity of O-C (Figure
18(h)) and =NR (Figure 18(i)) are smaller than what was seen in powder, which could be related
to fewer impurities adsorbed in the film as mentioned before. The main difference was the
presence of a broad peak at 536.0 £ 0.5 eV that can be attributed to sodium Auger electrons
originated from the glass substrates (SAHA et al., 1996) and the absence of the peak related to
non-cyclized structures. In any case, it does appear that for the films, the surface and the bulk
profiles are much closer to one another than the pellet samples. Therefore, thin-film
characterization of the surface scan is an even better approximation of the chemical
composition, demonstrating the potential for elemental composition characterization of melanin
by XPS.

Synthetic Non-Functionalized Soluble Melanin Samples

In order to evaluate if the above discussion could be applied to other samples, we have
considered different soluble, non-functionalized melanin derivatives and soluble sulfonated
melanin derivatives (which we will turn to in a little while).

The two water-soluble non-functionalized melanin derivatives chosen to be studied here
were obtained by slightly changing each sample's synthetic parameters. These samples have

similar structures to the standard one discussed above. Still, they tend to show a higher amount
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of carboxylic acid content or, alternatively, an increase in its oxidation state (BRONZE-UHLE
et al., 2016). Our study begins with the estimation of the atomic content for carbon (C1s),
oxygen (O1s) and nitrogen (N1s) and their ratios for the pellet and thin-film systems. However,
we will first focus on the pellet morphology data, as presented in Table 6, which shows the
atomic percentages and ratios after excluding the of sulfur (S2p), calcium (Ca2p) and silicon
(Si2p) impurities (see Table A1, in Appendix A).

Table 6. The atomic composition (%) and atomic ratios determined from pressed powder pellets

of soluble non-functionalized melanin samples.

Samples Cls Ols Nis CN ON  Clo
(Twelf)-rztli_lclal) 2.7 18.2 91 8 2 4
gﬁ;ggt'ifg) 64.3 29.6 7.1 9 4 29
(Pe'l\:gt'\gﬁlr}ice) 676 233 9.2 7.4 25 2.9
(PNeﬁZIT)t?k) 71.2 17.7 11.1 6.4 16 40
(pg:z:/'selj;?aie) 659 245 96 6.0 25 2.7
('F?'eﬁ:\:tekl)ﬁi) 684 202 114 60 1.8 3.4

The XPS C/O/N content of NFMel-S and NFMel-6P present in Table 6 is compatible
with the one found for NFMel-I, indicating that these samples are also a combination of DHI
and DHICA monomers. To deepen our analysis, we also evaluate the high-resolution depth
profiling spectra of NFMel-S and NFMel-6P and they are displayed in Figure 19.

Comparing both the surface (0 s) and the bulk (600 s) of each material, in the same way
we did above for NFMel-1, one can also see a decrease in the O1s spectrum area (of about
22.7% for NFMel-S and 21.9 % for NFMel-6P) and an increase in the N1s spectrum area (of
23.9 % for NFMel-S and 12.8 % for NFMel-6P) after the etching. Another feature of N1s
spectra is that there is also a slight shift towards higher energy (+ 0.2 eV for NFMel-S and
NFMel-6P)
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Figure 19. High-resolution (a, d) C1s, (b, €) O1s, and (c, f) N1s XPS depth profiling for NFMel-
S and NFMel-6P pellet (see legend). In the legends, 0 s corresponds to the equivalent of a
standard surface scan and 600 s to the system bulk (after 5 different etching with 5 kV energy
during 120 s each).

The modeling analysis of these spectra was identical to the NFMel-I for all the C1s, O1s
and N1s regions (Figure 17(d-f)). The only difference was the atomic composition intensity of
each peak that is shown in Figure 20. The variation of each peak assignment has the same trend
as the ones in Figure 17(g-1) for NFMel-I, indicating that the different melanin samples have
the same etching behavior. Therefore, such a result implies, again, that a surface scan can be an
excellent alternative to obtain the elemental composition of the system with a fair
approximation to all modeling peaks for all kinds of “standard melanin”.

We now tackle the thin-film morphologies of NFMel-S and NFMel-6P samples. Initially,
our focus was on the atomic composition of the films prepared with water and ammonia
mixtures. The results present in Table 7 show the renormalized values to exclude possible film
contaminants (see in Table A3, in Appendix A, the composition of sulfur S2p, calcium Ca2p,

silicon Si2p and sodium Nals).
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Figure 20. XPS functional groups distribution for NFMel-S and NFMel-6P pellets as a function
of etching time. The surface intensity normalized the intensity of each group.

Table 7. The atomic composition (%) and atomic ratios determined from spin-coated thin-films

of soluble non-functionalized melanin samples from H,O+NHz solutions.

Samples Cls O1s N1s C/N O/N C/O
NFMel-S
(H20+NH; film surface) 62.3 25.2 12.5 5.0 2.0 2.5
NFMel-S
(H20+NH; film bulk) 60.7 23.3 16.0 3.8 1.5 2.6
NFMel-6P
(H20+NH; film surface) 57.9 29.4 12.7 4.6 2.3 2.0
NFMel-6P 563 278 159 35 1.8 2.0

(H20+NHjs film bulk)

Once more, the trend we observe for the soluble samples is compatible with NFMel-I.
There is an increase in the nitrogen content of the film with a slight decrease in carbon and
oxygen content. As we mentioned before, such variation can be related to the remolding of the
oligomer particles’ surface. However, what caught the most attention was the higher variation
of the atomic composition of NFMel-6P in comparison to NFMel-S (that is more or less the
same as NFMel-1), which could imply that such a sample is more unstable under a high
oxidative environment caused by the ammonia. Therefore, to evaluate the possible effect of the

ammonia solution in these samples and understand the chemistry involved, we combine the
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high-resolution spectra analysis, shown in Figure 21, with their spectra simulation. The same
number of peaks as used for NFMel-1 (Figure 17) was necessary for NFMel-S and NFMel-6P,

but with differences in intensity shown in Figure 22.
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Figure 21. High-resolution (a, d) C1s, (b, €) O1s, and (c, f) N1s XPS depth profiling for NFMel-
S and NFMel-6P thin-films (see legend) following the standard water and ammonia procedure.
Time equal to 0 s corresponds to the equivalent of a standard surface scan, whereas 600 s to the
system bulk (after 5 different etching with 5 kV energy during 120 s each).

The result presented in Figure 21 and Figure 22 indicates no significant differences
between the surface and the bulk of each thin-film samples. The main differences are related to
O-C=0 and =NR peaks of NFMel-6P that changes with the fabrication procedure or even with
etching. Such variation could be a consequence of the higher oxidation state of NFMel-6P that
lead to smaller particles (compared to NFMel-S) (BRONZE-UHLE et al., 2016) that are unable
to withstand the deposition process and the etching step, or it could be related to the higher

amount of oxygen impurity as we can see in Figure 22(b and e).
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percentages and ratios of each sample are given in Table 8 with their resultant depth profile

XPS spectra in Figure 23. Table 8 shows the renormalized data to exclude calcium (Ca2p),

Now, we turn to NFMel-S and NFMel-6P thin-film prepared using only water. The atomic
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sulfur (S2p), silicon (Si2p) and sodium (Nals) impurities (see Table A3, in Appendix A).

Table 8. The atomic composition (%) and atomic ratios determined from spin-coated thin-films

of soluble non-functionalized melanin samples from H2O solutions.

Samples Cils O1ls N1s C/N O/N C/O
NFMel-S
(H20 film surface) 64.0 25.5 10.5 6.1 2.4 2.5
NFMel-S
(H.0 film bulk) 60.8 25.7 135 4.5 1.9 2.4
NFMel-6P
(H20 film surface) 61.1 27.9 11.0 55 25 2.2
NFMel-6P 60.7 26.4 12.9 4.7 2.0 23

(H.0 film bulk)
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Figure 23. High-resolution (a, d) C1s, (b, €) O1s, and (c, f) N1s XPS depth profiling for NFMel-
S and NFMel-6P thin-films (see legend) using the water-only procedure. Time equal to 0 s
corresponds to the equivalent of a standard surface scan, whereas 600 s to the system bulk (after
5 different etching with 5 kV energy during 120 s each).

Initially, we had expected that the estimation of the elemental analysis of the H2O thin-
films would be similar to the pellets data (Table 6) because no high oxidation environment was
used to prepare the films. However, comparing the data from Table 8 to Table 6 & 7, it appears
that the values are within both pellet and H2O+NHs thin-film results. These values may reflect
simply sample to sample variation due to the chemical heterogeneity of melanins or that the
overall deposition procedure is somewhat affecting the macrostructure organization of the
melanin samples. In any case, the atomic values are consistent for the surface and depth profile
of the bulk, corroborating that a basic surface XPS scan essentially captures the bulk elemental
composition for these materials.

When it comes to the details of the underlying chemistry, the actual XPS profiles in Figure
24, compared to previous data above (Figure 20 and Figure 22), show some differences. For
instance, the intensity of the surface C1s peaks change as we go deeper into the sample, but the
differences are consistent with all the etching. Such behavior could indicate that the surface
chemistry was altered or using water during deposition the surface is more affected by the

impurities, which could imply that the ammonia could assist the cleaning of the samples.
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Figure 24. XPS functional groups distribution for NFMel-S and NFMel-6P thin-film from
water procedure as a function of etching time. The surface intensity normalized the intensity of
each group.

Another interesting result is that the comparing the O-C=0 and =NR peaks of NFMel-6P
from ammonia solution (Figure 22(d and f)) with only water (Figure 24(d and f)), it is possible
to observe that there is no significant alteration in its intensity, implying that the ammonia and
the deposition process can influence the chemistry of, at least, NFMel-6P.

In short, NFMel-S and NFMel-6P behave similarly to NFMel-I in all aspects. Therefore,
these results corroborate our initial proposal that the chemical composition of both pellets and
thin-films (spun out of H2O+NHj3 or just H,O) surface can be a good approximation of the bulk

a particular melanin sample.

Powdered Synthetic Sulfonated Melanin Samples

We now turn our attention to the investigation of other synthetic melanin systems with a
more complex structure to see whether the trends observed above continue. The data presented
below are on sulfonated melanin that incorporates sulfonated structures (Figure 3) in the basic
DHI and DHICA monomer moieties.

The C1s, O1s, N1s, and S2p atomic ratios were obtained for the sulfonated samples and
are shown in Table 9. Note that such values do not take into account calcium (Ca2p) and silicon

(Si2p) impurities (see Table A4, in Appendix A). For comparison, we also show the theoretical
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values expected for sulfonated-DHI (S-DHI) and sulfonated-DHICA (S-DHICA) monomers
considering the presence of only one sulfonated group attached in any of the possible positions
(Figure 3).

Table 9. The atomic composition (%) and atomic ratios determined from pressed powder pellets

of sulfonated melanin samples.

Samples Cls O1ls Nls S2p CIN O/N SIN C/O
S-DHI
(Theoretical) 60.1  26.7 6.7 6.7 9 4 1 2.25
S-DHICA
(Theoretical) 556 333 5.6 5.6 10 6 1 1.7
SMel
(Pellet surface) 723 224 35 18 207 64 05 32
SMel
(Pellet bulk) 76.1 179 4.3 1.7 17.6 4.2 0.4 4.2
SMel-T
(Pellet surface) 696 232 44 28 159 53 06 3.0
SMel-T
(Pellet bulk) 754 169 5.2 2.5 14.4 3.2 0.5 45
SMel-4P 66.1  25.0 5.6 3.4 11.8 45 0.6 2.6
(Pellet surface)
SMel-4P
(Pellet bulk) 69.7 20.1 7.0 3.2 9.9 2.9 0.5 35
SMel-8P 670 241 5.8 3.0 11.5 41 0.5 2.8
(Pellet surface)
SMel-8P
(Pellet bulk) 701 201 68 29 103 2.9 04 35

Based on the elemental analysis shown in Table 9, one may see that the C/O/N/S amount
is different from the theoretical considering the proposed sulfonated structure. However, they
are compatible with the non-functionalized monomers (see Table 4 to Table 6), suggesting that
not all monomer moieties have sulfonated groups attached to them as confirmed by the ~0.5
atomic ratio S/N. The low amount of nitrogen for SMel and SMel-T, which is probably related
to the chemical heterogeneity discussed earlier, also catches the attention. However, we cannot
completely rule out the possibility that other chemical entities have replaced some of the
nitrogen from DL-DOPA before intramolecular cyclization or that the sulfur group could
potentially de-stabilize the DL-DOPA nitrogen and remove it from the melanin precursor. In-
depth analysis with '°N, *3S and *H-13C nuclear magnetic resonance technique should assist a

more precise structural elucidation; however, they are not in the scope of the present study.

P.|84



As we aim to evaluate if the surface analysis of the sulfonated melanin samples is a good
representation of the bulk, we also inspected the depth profile of these samples. Figure 25 shows
the C1s, O1s, N1s, and S2p spectra for SMel pellets. The same behavior was found for the other

three samples, and their spectra are shown in Figure A1-A3, in Appendix A.
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Figure 25. High-resolution (a) C1s, (b) O1s, (c) N1s, and (d) S2p XPS depth profiling of SMel
pellet.

By comparing Figure 25 with the non-functionalized melanin pellet spectra in Figure 17
and Figure 19(a-c), it is possible to observe that the overall high-resolution depth profile
behaves in the same manner with a decrease in the O1s spectrum area of 15.3 % and an increase
of 31.8 % for N1s. The main differences are related to a higher intensity of S2p spectra (with
1.4% variation between surface and bulk) and the slight increase (about 11.3 %) of the C1s
spectrum area, which can be attributed to the sulfonated groups attached to the melanin indole
ring. Another divergence is the absence of a significant shift of the N1s peak position with
etching, in agreement with an earlier preposition that sulfonated melanin has a less densely
packed structure (PAULIN et al., 2018).

Here, we also investigate the chemistry involved in this sample using depth-profile
modeling, see Figure 26. The assigned chemical groups with their respective energies are listed
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in Table A5, in Appendix A. Again, in this case, the same model was applied to the other

sulfonated samples. The result is shown in Figure A4, in Appendix A.
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Figure 26. (a, b, ¢, g) Cls, Ols, N1s and S2p high-resolution XPS spectra simulation for the
SMel pellet surface. The same modeling was applied to the depth profile spectra. For S2p high-
resolution spectra, high intensity and low binding energy refer to S2p3/2, whereas the opposite
to S2p1/2. (d, e, f, h) Functional group distribution as a function of etching time normalized by
the surface intensity.

For sulfonated melanin, seven carbon species (CxHy, C-N, C-O, C-S C=0, O-C=0 and
n-n*) were considered to fit the Cls region. As shown in Figure 26(d), the peaks attributed to
the basic melanin structure do not vary with etching, indicating that the same system is obtained
for both surface and bulk. The only variation was related to the C-S peak associated with the
sulfonated groups and DMSO trapped in between melanin layers. In the same way, the oxygen

peak was deconvoluted to three components related to O-C and O=C/O=S bonds from ketones,
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hydroxyl, carboxyl and sulfonated groups and oxygen impurities absorbed at the surface. N1s
region was fitted considering three different nitrogen species: R2-NH as the main specie related
to indole structure, =NR related to imine group and RNH2/NHs" from non-cyclized forms. The
proposed model is compatible with non-functionalized melanin, which could point to similar
systems.

Additionally, note that both O1s and N1s also do not suffer significant variations with
etching, indicating high stability of the sulfonated melanin macrostructure. The S2p spectrum
shows three significant contributions from -S-, -SO- and -SO»- that are associated with the
sulfonated groups and synthetic DMSO, whereas another component of low intensity and high
binding energy was ascribed to -SO4- from synthetic by-product contamination (PAULIN et
al., 2018). Figure 26(h) indicates that there is no high deviation between the surface and bulk
of sulfonated melanin. The small variations could be understood with the removal of synthetic
impurities in the samples. Therefore, the result here agrees with our previous discussion that

we can use a surface analysis to characterize the bulk of sulfonated melanin derivative.

Thin-Film Synthetic Sulfonated Melanin Samples

Thin-films of SMel are usually made from DMSO solution (DA SILVA et al., 2004;
DEZIDERIO et al., 2004; LORITE et al., 2006; WUNSCHE et al., 2013b; ALBANO et al.,
2016; PIACENTI-SILVA et al., 2016; TEHRANI et al., 2020); however, recently, it has been
shown that sulfonated melanin samples are also soluble in solvents like DMF and NMP
(PAULIN et al., 2018). Thus, we intend to evaluate each derivative's interaction with these
different solvents and verify if the surface of the thin-film is still compatible with its bulk.
Hence, Table 10 presents the elemental analysis obtained at each film's surface and Figure 27
their depth profile. In the present case, Table 10 also excludes the impurities of calcium (Ca2p),
silicon (Si2p) and sodium (Nals), see Table A6, in Appendix A.

The values displayed in Table 10 are in agreement with the pellet analysis (Table 9),
indicating that pieces of information about the basic melanin structure, i.e., aromatic carbon
structure, is not lost, as evidenced by the C1s, O1s, and N1s high-resolution spectra in Figure
27. However, S2p spectra do show small changes. Such variations can not necessarily be related
to a fundamental alteration in the melanin structure; instead, it could only be a response of
higher concentration of the solvent trapped in between the melanin particles or to some
modifications in the sulfonated group due to instability of this group (BRONZE-UHLE et al.,

2013). In fact, when analyzing the sample's chemistry information, as evidenced in Figure 28

P.|87



and Figures A5-A7, in Appendix A, we cannot see higher variations when comparing the

surface and the bulk. The more considerable variation observed with NMP solution (Figure 27,

Figure 28 and Figures A1-A7, in Appendix A) could only be an indication that the films are not

thick enough or not homogeneous so that the glass substrate is contributing to the signal, as

evidenced by the higher proportion of impurities in Table A6, in Appendix A. Additionally,

note that the thin-films fabrication process of sulfonated melanin also shows the ability to clean

the sample, as there was no need to use the peak assigned to synthesize impurities (-SO:-) fit

the S2p high-resolution spectra.

Table 10. The atomic composition (%) and atomic ratios determined from the surface of spin-

coated thin films of sulfonated melanin samples.

Samples Solvents Cls Ols Nls S2p C/N O/N S/IN C/O
S-DHI

(Theoretical) # 60.1  26.7 6.7 6.7 9 4 1 2.25
S-DHICA

(Theoretical) # 55.6 333 5.6 5.6 10 6 1 1.7

DMSO 66.1 294 3.3 11 19.9 8.8 0.3 2.2

SMel DMF 741 221 2.9 0.9 25.2 7.5 0.3 3.4

NMP 615 34.0 3.5 11 17.6 9.7 0.3 1.8

DMSO 64.7 29.9 3.9 1.6 16.7 1.7 0.4 2.2

SMel-T DMF 670 26.8 4.3 1.9 155 6.2 0.4 2.5

NMP 604 334 4.6 1.7 13.2 7.3 0.4 1.8

DMSO 56.4 348 6.9 1.8 8.2 5.0 0.3 1.6

SMel-4P DMF 66.5 273 4.5 1.7 14.8 6.1 0.4 24

NMP 56.5 36.1 5.6 1.8 10.2 6.5 0.3 1.6

DMSO 574 351 6.4 1.0 9.0 5.5 0.2 1.6

SMel-8P DMF 67.7 26.3 4.4 1.6 154 6.0 0.4 2.6

NMP 58.1 339 6.1 1.9 9.5 5.5 0.3 1.7
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Table 11. The atomic composition (%) and atomic ratios determined from the bulk of spin-

coated thin films of sulfonated melanin samples.

Samples Solvents Cls Ols Nis S2p C/N O/N SIN C/O
S-DHI

(Theoretical) # 60.1 26.7 6.7 6.7 9 4 1 2.25
S-DHICA

(Theoretical # 556 333 56 56 10 6 1 17

DMSO 678 271 4.2 0.9 16.3 6.5 0.2 2.5

SMel DMF 724 224 4.3 1.0 17.0 5.2 0.2 3.2

NMP 8.4 90.9 0.6 0.2 135 1472 0.3 0.1

DMSO 58.0 358 4.6 1.6 12.5 7.7 0.3 1.6

SMel-T DMF 713 214 5.4 1.9 13.1 3.9 0.3 3.3

NMP 62.7 30.3 5.4 1.6 11.7 5.6 0.3 2.1

DMSO 53.0 38.0 7.5 1.6 7.1 5.1 0.2 1.4

SMel-4P DMF 744  18.9 5.0 1.7 14.7 3.7 0.3 3.9

NMP 7.5 90.8 1.2 0.4 6.3 75.7 0.3 0.1

DMSO 557 365 69 09 8.1 5.3 01 15

SMel-8P DMF 713 221 4.8 14.7 4.6 4.6 0.4 3.2

NMP 125 8538 1.6 0.1 7.9 54.3 0.1 0.1
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Figure 28. XPS functional groups distribution for SMel thin-film from DMSO (left column),
DMF (middle column), and NMP (right column) solutions as a function of etching time. The
surface intensity normalized the intensity of each group.

Therefore, based on what we have shown in this section, we have demonstrated that the
film deposition process, regardless of which solvent is used, does not change melanin's basic

structure. In addition, no significant variation was observed when comparing the surface and
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bulk of the sample, corroborating our proposal that a surface XPS scan can be used to obtain
the elemental composition of any melanin derivative (with non-metallic atoms) because the

surface seems to be a good representation of the bulk structure.

3.4 CONCLUSION

A couple of basic rules can be applied to the study of melanins that do not include metallic
atoms from the work presented here. The first is that a surface scan will essentially give the
same atomic ratio as the bulk and, therefore, XPS is an excellent tool for elemental analysis.
The second rule is that, for standard melanins, there are slight differences in the chemistry of
the bulk and the surface. The final rule is for melanin thin-films and all morphologies of the
other melanins (soluble and sulfonated), the atomic chemistry of the surface is representative
of the bulk as well. Overall, the data shows that the use of XPS as an elemental analysis tool
has been placed on a firmer footing and should be part of the basic characterization of the

melanin systems.
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CHAPTER IV

OPTICAL CHARACTERISTICS OF MELANIN
DERIVATIVES
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4.1 INTRODUCTION

One of the most unusual characteristics of melanin is its strong featureless broadband
optical absorption exponentially decreasing with the wavelength from the ultra-violet to visible
and near infra-red spectral regions (Figure 29) that give its black/dark appearance (STARK et
al., 2003; MEREDITH et al.,, 2006; MEREDITH; SARNA, 2006; TRAN; POWELL,
MEREDITH, 2006). This behavior differs from a typical organic molecule, which usually
presents a peaked profile correspondent to an electronic and vibrational excitation between the
ground and excited states (WOLBARSHT; WALSH; GEORGE, 1981), and appears more to an
inorganic material (MEREDITH; SARNA, 2006). Also, this feature can often be an indication
of an extended m-conjugation structure that has been used to support the amorphous
semiconductor property of melanin (MCGINNESS, 1972).

0.8

o
=

e
>
T

e

S

=

T
Absorbance (au)

S
n
T
e

" i . . . . . 1 :
200 300 100 500 600 700
Wavelength (nm)

Absorbance (au)

S
(¥
=l

B
600

900 400
Wavelength (nm)

Figure 29. Monoatomic profile of melanin absorption. The solid line represents the simulated
absorbance spectrum, while dashed lines are the individual absorbances of several different
chromophores. Reproduced from (MEREDITH et al., 2006) with permission from The Royal
Society of Chemistry.

Considering that natural and standard synthetic melanin is highly insoluble and can only
obtain a fine colloidal suspension in solution, many authors have assumed that light scattering
events could play a significant role in the absorbance properties rather than electronic ones
(WOLBARSHT; WALSH; GEORGE, 1981). However, Riesz et al. conducted optical studies
in dilute solutions of melanin with different optical geometry measurements and demonstrated
that less than 6 % of the total optical attenuation across UV and visible spectrum contributes to
scattering (RIESZ; GILMORE; MEREDITH, 2006). This result implied that most of the optical
absorption is due to electronic absorption.
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To describe the absorbance, Tran et al. proposed that a chemical disorder model could
explain the optical properties (TRAN; POWELL; MEREDITH, 2006). In this model, the
absorption spectrum is an overlap of the absorptions of the different melanin monomers. Since
melanin is a highly disordered system, as mentioned in CHAPTER Il11, each of the chemical
species present in the structure will absorb light in a different energy/wavelength region so that
the sum of all absorbances will cause the formation of its monoatomic spectrum. The
experimental absorbance was reproducible by a computational simulation based on a linear
combination of eleven different Gaussians, Figure 29 (MEREDITH et al., 2006). Later, Pezzella
and co-workers proposed that the coexistence of oxidized and reduced monomers also
contributes to the broadband absorption (PEZZELLA et al., 2009), which strongly supported
this model.

Another evidence from electronic excitations from different monomers arises from the
photoluminescence (PL) spectra. Figure 30 displays the PL spectra for excitation energy
starting at 360 nm and ending at 380 nm with 5 nm increments. From these spectra, it is possible
to see that the positions, widths and relative intensities of the emission change with excitation
wavelength (energy), an indication that distinct chemical species with different fundamental
highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
gaps are excited at each excitation energy (MEREDITH; RIESZ, 2004; PERNA et al., 2009;
LIN et al., 2015).
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Figure 30. The photo-luminescence spectra for eumelanin plotted as a function of (a)
wavelength or (b) energy of light for five excitation energy: from 360 nm (solid line) and in 5
nm increments to 380 nm (inner dashed line). Reprinted with permission from (MEREDITH,;
RIESZ, 2004). Copyright® 2004, John Wiley & Sons, Inc.

It is worth noting that even with a broad absorption, the radiative quantum yield is
minimal, and more than 99 % of the optical energy absorbed by the melanin will be converted
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into heat via nonradiative relaxation pathways (MEREDITH; RIESZ, 2004; MEREDITH et al.,
2006).

However, the superposition principle proposed by the chemical disorder model did not
satisfactorily explain the monotonic increase of the absorption spectrum towards higher energy.
A more recent study showed that such a fundamental optical feature of melanin could be a
consequence of a geometric disorder (CHEN et al., 2014). In this case, instead of the chemical
heterogeneity from different monomers, the broadband and smooth shape of the absorption is
a consequence of randomly oriented stacked melanin sheets with different sizes. Such
heterogeneous aggregation gives rise to peculiar excitonic interactions among each oligomer,
which would contribute to an enhancement of the absorption (CHEN et al., 2014).

This chapter evaluates the optical properties of different melanin derivatives. In detail,
two main studies will be performed: i) the absorption and photoluminescence properties of
sulfonated derivatives in solution will be discussed, and; ii) thin-films will be analyzed through

transmission, reflectance and ellipsometry.

4.2 OPTICAL PROPERTIES OF S-MELANIN IN SOLUTION

4.2.1 Methodology
4.2.1.1 Absorption and photoluminescence characterization

To obtain SMel, SMel-4P and SMel-8P absorption coefficient, each sample's DMSO
stock solutions were initially prepared with 5 mg/mL concentration and stirred for one hour to
improve the sample's dilution/dispersibility. These stock solutions were then further diluted in
concentrations ranging from 1 to 7 ug/mL. Beer-Lambert Law, Eq. 2, was used to calculate the
molar absorption coefficient.

PL measurements were performed at different excitation wavelengths (Aex) using
17 ug/mL solutions. Also, quantum yield efficiency (¢) was calculated following Eq. 3. For
this, fluorescein in 0.1 M NaOH solution ranging from 0.16 to 0.50 pg/mL (Aex = 490 nm,
¢s = 0.92 and ns = 1.33) was used as the standard. For melanin samples, Aex = 425 nm and
nm = 1.48 was considered.

The absorbance and PL measurements were made in triplicate in Shimadzu UVmini-1240

and Varian Cary Eclipse, respectively, with a quartz cuvette of 1 cm of optical length.
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4.2.2 Results and Discussion®

The optical properties of melanin synthesized in DMSO with O pressure (SMel-4P and
SMel-8P) were compared with the traditional melanin synthesized in DMSO (SMel). Figure 31
shows the molar absorption coefficient of the different samples and, as one would expect for
melanin, the absorption decreases as the wavelength increases. However, even though the
optical characteristic is similar to those in the literature, small changes indicate structural
differences (PELES; SIMON, 2011; PIACENTI-SILVA et al., 2014b). Note that for higher
energies, SMel has the lowest absorption coefficient compared with the samples synthesized

under Oz pressure.
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Figure 31. Molar absorption coefficient as a function of wavelength for SMel, SMel-4P e SMel-
8P.

The increase in the number of decarboxylated-sulfonated oligomers (that is, DHI)
decreases the absorption (PIACENTI-SILVA et al., 2014b). Thus, a lower absorption
coefficient can be associated with a higher DHI/DHICA ratio. Therefore, from Figure 31, SMel-
4P has a higher concentration of carboxylate structures, followed by SMel-8P and SMel. XPS
(in powder), FTIR and Nuclear Magnetic Resonance measurements corroborate this
assumption. See references (PAULIN, 2016; PAULIN et al., 2018) for structural
characterizations.

The emission characteristics of these samples were also studied. Initially, the emission

spectrum for different excitation energies was verified and the result is present in Figure 32. As

3 The results presented in this section were published in Paper I. Reproducible with permission.
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can be seen, when excited at small wavelengths, the PL spectrum is composed of a broad signal,
however as the excitation wavelength increases, the linewidth decreases and the spectral
position undergoes a red-shift. This behavior suggests that the structures responsible for the
emission are large oligomers composed of different monomers (MEREDITH; RIESZ, 2004;
PERNA et al., 2009; LIN et al., 2015).
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Figure 32. PL spectra at different excitation wavelengths at room temperature.

From the analysis of the different excitations, it was observed that the PL spectrum is
characterized by a maximum emission intensity at 487 nm for SMel when excited at 425 nm,
see Figure 33. At this excitation, the PL quantum vyields was calculated for SMel to be
(2.12 £ 0.02) %, SMel-4P (0.22 = 0.01) % and SMel-8P (0.19 £ 0.02) %. These results are one
or two orders of magnitude greater than those reported in the literature for non-functionalized
synthetic melanin (MEREDITH & RIESZ, 2004).
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Figure 33. SMel, SMel-4P and SMel-8P PL spectra at Aex = 425 nm.

As mentioned in the introduction (section 4.1), one of the melanin's characteristic
properties is its low photoluminescence, typically from photoexcited electronic states decay
through non-radiative decay, with PL yields lower than 0.07 % (MEREDITH; RIESZ, 2004).
Nevertheless, in the case of sulfonate-melanin analogues, it is higher. Several PL quenching
mechanisms propose that the non-radiative processes occur due to proton transfer (OLSEN et
al., 2007; GAUDEN et al., 2009; HUIJSER; PEZZELLA; SUNDSTROM, 2011; CORANI et
al., 2014), so the presence of sulfonated groups decreases the protonation in the catechol
structure and increases, as a consequence, the radiative emission efficiency of the molecule.
Besides, PL quenching is also induced by n-n stacking (LIN et al., 2015), which is diminished
in S-Melanin due to sterical hindrance of the functional group (PAULIN et al., 2018). On the
other hand, it is well established that carboxylic acid can quench the fluorescence of indole
structures (LAKOWICZ, 2006b) and it has also been proposed that the intensity of
photoluminescence of melanin is proportional to the conjugation of the structural backbone
(DAVIDENKO et al., 2005). Thus, based on the results discussed above, the breakdown of the
conjugation and the higher DHICA/DHI ratio of the samples synthesized with oxygen pressure
may be the cause of the decrease in PL quantum efficiency compared to SMel.

The role of sulfonated groups and protonation can be tested by changing the concentration
of OH and H" ions in solution. For that matter, a concentrated solution of ammonium hydroxide
(28%) and glacial acetic acid (CH3COOH) ranging from 0 to 50 pLL was added to the 17 pg/mL
SMel solution. When a small amount of NH4OH was added to the solution, the PL intensity
decreases exponentially; however, when CH;COOH was added it decreases linearly, Figure 34.

This result can be understood, in the first case, as the removal of the sulfonate groups from the
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macromolecule (BRONZE-UHLE et al., 2013) and in the latter to the quenching effect due to
polymer protonation (OLSEN et al., 2007; GAUDEN et al., 2009; HUWSER; PEZZELLA,
SUNDSTROM, 2011; CORANI et al., 2014).
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Figure 34. NH4OH and CH3COOH effect on the PL intensity at 487 nm with excitation at
425 nm of SMel.

4.3 OPTICAL PROPERTIES OF MELANIN DERIVATIVES IN THIN-FILMS

4.3.1 Methodology
4.3.1.1 UV-Vis and ellipsometry characterization

The same solutions from XPS measurements (CHAPTER 111, Section 3.2.1) were used to
make the thin-films. The difference was the spin-coating procedure. It was a two-step
procedure: i) 5 s at 500 rpm, and; ii) 60 s at 2000 rpm.

Transmission and reflectance spectra were obtained on standard glass slides using a
150 mm diameter integrating sphere coupled to a Lambda 1050 UV-Vis-NIR spectrometer
(Perkin-Elmer).

Ellipsometry measurements were taken on a silicon wafer with a J. A. Woollam M-2000
spectroscopic ellipsometer equipped with a xenon lamp source over a wavelength range
between 370-1700 nm. Simulation analysis of the Variable Angle Spectroscopic Ellipsometry
(VASE) experiment in 1 nm steps with incidence angles of 65°, 70° and 75° relative to the
surface normal was used to determine the optical constants using the CompleteEASE software
(v.5.23).
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4.3.1.2 Electronic structure calculations
Electronic structure calculations were conducted for NF and S-Melanin's monomeric

structure, illustrated in Figure 35, to better understand the refractive index values.
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Figure 35. NF and S-Melanin units considered in DFT calculations.

The most stable geometry for the calculations for NF-Melanin was reported in
(BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015) were considered. However, to better
evaluate the S-structural features of the compounds, 50 distinct conformers were designed for
each monomeric structure via molecular dynamic (MD) calculations at high temperature. For
this purpose, the monomeric forms were placed in contact with a thermal reservoir at 1000 K

and allow to evolve (during 500 ps); a distinct conformer structure was stored for every 10 ps
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for subsequent geometry optimization (BATAGIN-NETO et al., 2013; BATAGIN-NETO;
BRONZE-UHLE; GRAEFF, 2015). All the obtained conformers were pre-optimized in a
Hartree-Fock (HF) approach using the PM6 semiempirical approximation as implemented in
MOPAC2016 computational package (STEWART, 1990, 2018). The structures were then fully
optimized in vacuo in the framework of the density functional theory (DFT) using the B3LYP
(VOSKO; WILK; NUSAIR, 1980; LEE; YANG; PARR, 1988; BECKE, 1993; STEPHENS et
al., 1994) hybrid exchange-correlation functional and 6-31G basis set on all the atoms. The
most stable neutral structures were selected and fully optimized in a DFT/B3LYP/6-31G(d,p)
approach. These structures were used for subsequent evaluations. DFT-based geometry
optimizations were carried out with the aid of GAMESS (DFT/B3LYP/6-31G approach for pre-
optimization for all the conformers) and Gaussian 09 (DFT/B3LYP/6-31G(d,p) for the most
stable structures) computational packages (SCHMIDT et al., 1993; FRISCH et al., 2009).

The refractive indices of the molecules were theoretically predicted from the macroscopic
optical susceptibilities, x (HAICHUAN et al., 2014):

n=.1+4-m-y ©))

where,
N o' 5
X =
1_(47‘[/3)Na/ ()
TNy pm
N=—r— 10
3 (10)
o Aiso
 4me, (11)
1
Aiso = § (axx +ayy, + azz) (12)

N is the density of molecules, o’ represents the volume of polarization, /7 is coefficient of 109,
Na is the Avogadro’s constant, pm the mass density, M the molar mass and ¢ the vacuum
permittivity. aiso represents the polarization constant, which was estimated via DFT/B3LY P/6-
31G(d) calculations.
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4.3.2 Results and Discussion®

A comparative characteristic study was undertaken for both NF and S-Melanin
derivatives to provide any valuable information about the optical behavior and electronic
structure.

The transmittance and reflectance behaviors of each melanin derivative are displayed in
Figure 36 (and Figure B1&B2 in Appendix B). In most cases, it is possible to divide the
transmittance spectra into three different regions, being two of them dominated by the glass
substrate (Aclass < 350 nm and Aclass > 850 nm), and the other one dominated by the melanin thin
layer (350 > Amelanin < 850 nm). As shown in Figure 36(a, b), the melanin transmittance spectra
show an exponential decay in the visible region with a sudden drop at high energies. Such
behavior is related to a high absorbance in the ultraviolet and visible regions, as shown later.
Additionally, the NF-Melanin films displayed high transmission at 500 nm, around 75.6% from
alkaline solution (H.O+NHz3) and 83.5% from a neutral solution (distilled water); whereas for
S-Melanin 82.8% from DMSO, 77.1% from DMF and 84.6% from NMP solutions.
Furthermore, reflectance lower than 15% was obtained for all samples Figure 36(c, d). The
intensity differences for both transmittance and reflectance are probably related to different film
thicknesses.

Considering the negligible optical scattering of the films (see Figure B3), the absorption
(A) was calculated from the simple relation involving the transmittance (T) and reflectance (R):
A =1 - T - R. The values normalized by the film thickness (estimated from the optical
transmission spectra (KERREMANS et al., 2020)) is shown in Figure 37 and Figure B4. As
can be seen, there is no essential change in the qualitative behavior between both sample groups.
The absorbance spectra exhibit a featureless decaying response as a function of increasing
wavelength. However, it is possible to note that there are differences in intensity, indicating that
in sulfonated melanin derivatives, the light-absorbing chemical moieties are present in smaller

quantities than non-functionalized ones.

4 The results presented in this section is part of Paper VI, in preparation.
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Figure 36. Transmittance (a, b) and reflectance (c, d) spectra of NF-Melanin (a, ¢) and S-
Melanin (b, d). Similar features can be observed for other solvents.
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Figure 37. Calculated absorbance spectra normalized by the film thickness of NF-Melanin and
S-Melanin. Similar behavior was found for other samples (see Figure B3).
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Usually, melanin chromophores can be defined by the conjugation length of absorbing
species and different oxidized and reduced chromophores units (PEZZELLA et al., 2009;
TUNA et al., 2016). Therefore, the optical absorption differences can reflect the differences in
oligomeric structures due to the presence of the sulfonated groups. As a rule, higher molecular
weight oligomers should present higher absorption compared to oligomers with approximately
1000 amu, which indicates that non-functionalized derivatives have higher molecular weight
than sulfonated ones (NOFSINGER; FOREST; SIMON, 1999; TUNA et al., 2016). Besides,
melanins tend to aggregate, reduce solubility and increase light absorption and dispersion
(NOFSINGER; WEINERT; SIMON, 2002). Hence, S-Melanin's lower absorption and better
solubility compared to NF-Melanin could be partially explained if one considers that the first
is composed of smaller structures with a low degree of aggregation, probably due to the sterical
hindrance of the sulfonated group. Also, it is proposed that the functionalization occurs at the
hydroxyl of the indole monomeric structure (BRONZE-UHLE et al., 2013), which could, by
itself, perturb the interactions between the oxidized and reduced moieties in the polymer chain
affecting its optical response.

As mentioned earlier (section 1.2.2), melanins are being used as material for
optoelectronic applications, which means that another important property to study are its optical
constants, i.e., extinction coefficient (k) and refractive index (n). Figure 38 shows the variable
angle spectroscopic ellipsometry (VASE) spectra A three-layer model was employed to fit the
ellipsometry parameters A(4) (delta) and ¥(4) (psi): i) polycrystalline silicon as substrate, ii)
silicon oxide, and iii) a homogeneous synthetic melanin coating. Considering that melanin is
regarded as a high-absorbing and amorphous material, a multi oscillator Tauc-Lorentz
dispersion model was used to determine its optical properties (LI et al., 2020). We have also
tried to use single-layer Bruggeman effective medium approximation to account for any
additional roughness of the melanin layer; however, no improvement in the fit was obtained.
Therefore, to avoid over parameterization, we have constrained our fit with only three proposed
layers.
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Figure 38. VASE spectra of (a) NFMel-1 in H,O+NHs and (b) SMel-T in DMSO.

The thin-films optical constant is shown in Figure 39. As can be seen, the extinction
coefficient is compatible with melanin's absorption behavior, showing an intensity decay with
the wavelength, and it is in line with solution measurements (PIACENTI-SILVA et al., 2014b;
PAULIN et al., 2018). The refractive index of NF and S-Melanin increases towards higher
energies. Even though n(2) displays a similar form, the spectra have shown different magnitude
with no observed pattern (Figure 39). To obtain the refraction index of each melanin derivative,
n(2) was fit to the Cauchy equation, n(1) = ncgucn + €cauch A%, Where &cquen IS a
proportionality factor (STAVENGA et al., 2015; KERREMANS et al., 2020). The ncauch (for
L — o) of all samples is summarized in Figure 40.

The low variance of the refractive index between the different melanin derivatives was
unexpected due to the sulfur atom's well-known ability to increase n of many other materials
(LIU; UEDA, 2009; KLEINE et al., 2020). It is known that high packing density materials can
have high-n values (LIU; UEDA, 2009; HIGASHIHARA; UEDA, 2015), which implies that
NF-melanin can intrinsically be a material with high-n. On this basis, S-melanin's lower packing
structure (PAULIN et al., 2018) could decrease its refractive index. Accordingly, the
combination of low packing density and the presence of the sulfur atom of S-Melanin should

be responsible for the similarity in the refractive index of both groups of samples.
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Figure 39. Optical constants of all NF and S-Melanin derivatives for the different films (see
legend). The solid line represents the refractive index and the dash line the extinction
coefficient.
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Figure 40. Refractive index values, following n(2) = Ncqucn + €caucn A2 With A — oo, for
NF- and S-Melanin. The left side legend indicates the refractive index scale; whereas the right
side, the average value of the refractive index for NF-melanin (1.54 + 0.06) and S-melanin
(1.58 £ 0.04), represented by the pink- and violet-colored dashed lines.

Figure 41 displays the theoretical calculation performed to get further insights regarding
the refractive index values for each possible monomeric species (see Figure 35). As can be
noticed, the n values of the different monomeric species do not show significant variations,
being compatible with the estimated experimental values; however, S-units tends to be slightly
higher. Therefore, the theoretical calculations indicate that the similarities between NF and S-
melanin could also be explained, in the case of the latter, by the heterogeneous system

composed of both NF and S moieties (as discussed in section 3.3).
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Figure 41. Theoretical refractive indexes of melanin units. The dashed lines represent the
average values: 1.73 and 1.93 for NF and S-units, respectively. 01 number refers to DHI units,
whereas 02 to DHICA units (details in Figure 35).

Another important parameter for optical applications is the optical dispersion of a material
in the visible region (LIU; UEDA, 2009; HIGASHIHARA; UEDA, 2015). The optical
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dispersion is evaluated using Abbe’s number (vp) (LIU et al., 2007; LIU; UEDA, 2009;
HIGASHIHARA; UEDA, 2015) and it is determined by vp = (nc — 1):(ns — nr)™%, where ng, ng
and nr are refractive indices of the material at the wavelengths of the three primary colors (blue
at 486 nm, green at 589 nm, and red at 656 nm). Both NF and S-Melanin derivatives displayed
alow Abbe’s number (17.86 + 0.14, see Table B2), implying that the melanin films will present
higher dispersion and also higher chromatic aberration when compared to others standard
materials as poly-methyl-methacrylate (vp = 57) and polystyrene (vp = 30) (LIU et al., 2007),
which potentially limits their use for photonic devices. However, note that for applications

where high absorption material is needed, melanin would still be a good candidate.

4.4 CONCLUSION

In this chapter, the optical properties in solution and thin-films deposited by spin-coating
were investigated. The results show that sulfonated melanin's optical characteristics behave
similarly to non-functionalized ones; however, two points should be raised. i) in solution,
sulfonated melanin has higher photoluminescence and higher quantum-yield; ii) the thin-film
refractive index was 1.54 £ 0.06 for NF-Melanin and 1.58 £+ 0.04 for S-Melanin. Such
differences were discussed based on their structures. The thin-films also showed a low Abbe’s
number (17.86 + 0.14), indicating that the materials could have higher dispersion and chromatic

aberration.

P.|109



CHAPTER V

FREE-RADICAL NATURE OF MELANIN AND
MELANIN DERIVATIVES
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5.1 INTRODUCTION

Another unusual feature of melanin is the presence of a persistent paramagnetic signal
even under extreme experimental conditions (SEALY et al., 1980), which can easily be
detectable with continuous-wave (CW) electron paramagnetic resonance (EPR). In fact,
melanin was one of the first biological material characterized by this technique back in the ‘50s
(COMMONER; TOWNSEND; PAKE, 1954).

Although there are many studies on melanin's paramagnetic properties, there is no
consensus on the nature of the paramagnetic species existing in these systems. However, it is
highly accepted the existence of at least two different free-radical species, being one of them
produced during the growth of the oligomers and aggregates macrostructure in melanin
synthesis; and the other one is viewed as a molecular probe associated to melanin monomer
units and the redox state of its functional groups (SEALY et al., 1980; SARNA, 1992; SARNA,
PLONKA, 2005; SARNA; SWARTZ, 2006). These two paramagnetic centers can be
considered intrinsic and extrinsic free-radicals.

It is believed that the comproportionation equilibrium reaction, Scheme 2, governs the
concentration of the extrinsic free-radicals in melanin. An early study shown that the
concentration of melanin’s free-radicals could be one SQ* to 1000 fully reduced (HQ) and fully
oxidized (1Q) units (FRONCISZ; SARNA; HYDE, 1980). Evidence of such equilibrium was
found in a series of chemical studies and played a significant role in the development of the
current understanding of some basic physicochemical properties of melanin (SARNA;
PLONKA, 2005; MEREDITH; SARNA, 2006; BATAGIN-NETO; BRONZE-UHLE;
GRAEFF, 2015; MOSTERT et al., 2018). Given these functional groups' intramolecular
equilibria, melanin is considered a dynamic system (SARNA; PLONKA, 2005; SARNA;
SWARTZ, 2006).

Scheme 2. The comproportionation equilibrium reaction. Quinone and hydroguinone moieties
interact together to obtain an intermediate redox state like the negatively charged semiquinones
and protons.
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Even though no physicochemical procedure could irreversibly quench the EPR signal
without degradation of the basic melanin structure, they are by no means stable. In reality, it
was proven that the intensity of the extrinsic paramagnetic center can be sensitive to many
external factors such as metallic centers (FELIX et al., 1978b; FRONCISZ; SARNA; HYDE,
1980; NAJDER-KOZDROWSKA et al., 2009), temperature (FELIX; HYDE; SEALY, 1979;
CHIO; HYDE; SEALY, 1980), pH (CHIO; HYDE; SEALY, 1982; MOSTERT et al., 2018),
light (SARNA; SEALY, 1984), presence of the oxidizing and reducing agents (DUNFORD et
al., 1995; RESZKA; MATUSZAK; CHIGNELL, 1998) and hydration (MOSTERT et al.,
2013). Thus, any agent capable of modifying the ratio between the comproportionation rate
constant kc and the disproportionation ratio constant kp will affect the EPR signal intensity and,
consequently, the radical content.

It is worth noting that, since the intrinsic radicals are inaccessible to extraneous reactive
agents, trapped within melanin macrostructure, such species should present low chemical
reactivity and can be considered more “stable” than its counterpart. In this way, the intrinsic
radicals are usually reported as a spin-label on the melanin molecular state (SEALY et al., 1980;
SARNA; SWARTZ, 2006).

Mostert et al. defined the intrinsic radical as carbon-centered radicals (CCR), i.e., spin
density located in carbon atoms, and the extrinsic one as semiquinone-free radicals (SFR), i.e.,
spin density located in oxygen atoms (MOSTERT et al., 2013). Today, g-values and line shape
can be used to distinguish these species (BLOIS; ZAHLAN; MALING, 1964; CHIO; HYDE;
SEALY, 1980, 1982; MOSTERT etal., 2013; BATAGIN-NETO; BRONZE-UHLE; GRAEFF,
2015).

Based on the brief discussion above, one may expect that CCRs, protected from the
environment in internal regions of the melanin structure, govern the EPR signal in acidic and
neutral samples (dry powder or solutions/suspensions) and present a weak dependence on
temperature and pH. On the other hand, SFRs should dominate at alkaline samples/solutions,
showing a strong dependence on pH (especially the signal intensity). Moreover, these
paramagnetic species have similar g-values around 2.0030 for CCR and 2.0050 for SFR
(MOSTERT et al., 2013; BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015). However, it
should be stressed that, even if the structural nature of SFR is highly accepted to arise from
semiquinone species, the nature of CCR is still poorly understood.

Additionally, only a few reports in the literature attempt to solve the melanin EPR signs,

and these are still inconclusive. For instance, simulation analysis of Q-band (v = 35 GHz) EPR
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spectra recorded over a range of pH for different melanins showed the presence of two
paramagnetic species (GRADY; BORG, 1968). Grady and Borg speculate that such species
should arise from anionic and neutral radicals with different g-values. Later, this analysis was
further refined using computer simulation analysis. The authors proposed the existence of four
different species that could be related to cation radicals with extended delocalization of their
unpaired spins and anion o-semiquinone radicals with relatively localized unpaired electrons
(PASENKIEWICZ-GIERULA; SEALY, 1986).

More recently, to correlate melanin structures and the paramagnetic centers responsible
for EPR spectra, DFT calculation of g-values and hyperfine coupling constant was carried out
(BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015). Batagin-Neto and co-workers showed
that the signals generically described as SFR could be associated with fully and semi-oxidized
monomers (IQ-anion and SQ* radicals), whereas CCRs to hydroguinone (HQ) and nitrogen
protonated defects (Ndef), Figure 12.

In this chapter, some EPR spectra found in the literature were subject to simulation
analysis to give some insight into the structural nature of CCR species. Also, X-band EPR
spectra of sulfonated melanin derivatives were measured under hydration control. Lastly, the
anisotropy of NF and S-melanin was analyzed using HFEPR, probably for the first time to the
best of our knowledge.

5.2 THE NATURE OF INTRINSIC AND EXTRINSIC FREE-RADICAL OF NF-
MELANIN

5.2.1 Methodology
5.2.1.1 Data collection and spectra simulation

The EPR spectra were extracted from the work of Chio et al. (CHIO; HYDE; SEALY,
1982), Mostert et al. (MOSTERT et al., 2013) and Panzella et al. (PANZELLA et al., 2013)
employing the software WebPlotDigitizer (ROHATGI, 2018).

To gain more insights on the EPR data, simulation of the EPR spectra were done using
EasySpin (v. 5.2.13) implemented in the MATLAB® (MathWorks, Inc) software package. Also,
the samples were considered to have isotropic broadening signals and linewidths described by
Voigtian line shapes function, that is, a convolution of a Gaussian and a Lorentzian. Pepper and
garlic routines were employed in the fitting procedure for powders and solutions, respectively
(STOLL; SCHWEIGER, 2006). OriginPro 9.0 (OriginLab Corp., MA, USA) computational

P.|113



package was used for interpolation and spin concentration determination. In order to reduce the
number of variables involved in the fittings and then turn it feasible, we have tried to keep as
fixed as possible the parameters associated with signals line shapes and widths during the

fittings.

5.2.1.2 Density functional theory calculations for NF-Melanin

Electronic structure calculations were carried out to estimate the molecular energy levels
of non-functionalized melanin subunits. For this purpose, 50 random structures were
constructed for each monomer from the rotation of OH and COOH groups or molecular
dynamics calculations at high temperatures (1000 K), following the methodology presented in
literature (BATAGIN-NETO et al., 2013; BATAGIN-NETO; BRONZE-UHLE; GRAEFF,
2015). The geometries were then pre-optimized via the PM6 semi-empirical method
(STEWART, 2007) using a Hartree—Fock approach, and then fully optimized using density
functional theory (DFT), with Becke’s LYP (B3LYP) exchange—correlation functional and the
6-31G basis set. The most stable structures were then identified and their Kohn-Sham orbital
energies extracted with the aid of Gabedit computational package (ALLOUCHE, 2012). Pre-
optimizations were carried out with the aid of MOPAC2012 computational package
(STEWART, 1990) and DFT calculations (full optimizations and properties) were performed
with the aid of GAMESS computer package (SCHMIDT et al., 1993).

5.2.2 Results and Discussion®

The EPR spectra of natural and synthetic melanin under different pH conditions reported
by Chio et al. (CHIO; HYDE; SEALY, 1982) were used as a starting point. At first, only two
resonant components were employed to fit the spectra, with no success. For most of the cases,
a good fit was observed in the central region of the spectra with large deviations elsewhere. In
particular, with only two components, it was not possible to adjust the typical asymmetries
observed in the spectra (see Figure C1 at Appendix C.1). These difficulties were overcome by
considering a third component.

Figure 42(a, b and c) illustrate the results obtained for the experimental data reported by
Chio et al. (CHIO; HYDE; SEALY, 1982) at distinct pH (1.6, 6.9 and 12.3, respectively). The
experimental, simulated and the individual signals of the three components are presented in

black, red, and blue-pink-green lines, respectively. It is important to stress that despite

> The results presented in this section were published in Article 1. Reproducible with permission.
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employing three distinct resonant lines to fit the spectra presented in Figure 42, the g-values
and linewidths (AHpp) were kept fixed for each component, the only free parameter was the
intensity of the components. As can be seen, a reasonable adjustment is obtained
(RMSD < 0.040), which suggests that at least three populations of distinct paramagnetic centers
are present in these samples. The changes in intensity presented in Figure 42(d) are partially
explained by the comproportionation reaction (Scheme 2). Note that components NF-A and

NF-C follow strictly the trend imposed by Scheme 2, while component NF-B has no explicit

dependence.
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Figure 42. Melanin X-band EPR spectrum simulation at pH (a) 1.6, (b) 6.9 and (c) 12.3. (d)
Estimation of the spin densities of each component of the melanin EPR line for the different
pH. The black line represents the experimental spectra while the red is the sim simulated one.
Blue, pink and green lines and bars represent the three components used in the fit. Experimental
data reprinted with permission from Chio et al. (CHIO; HYDE; SEALY, 1982) Copyright ©
1982 Published by Elsevier Inc.
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Table 12 shows the spectroscopic parameters estimated for each component of the
simulated spectra.

Table 12. Spectral parameters of the simulated signals of NF-Melanin.

Lines g-Values AHpp (MT) Assignment
NF-A 2.0038 0.380 CCR
NF-B 2.0026 0.396 CCR
NF-C 2.0049 0.350 SFR

In general, there is a consensus in the literature that CCR species dominate the EPR
spectra of melanin suspensions at low pH, while SFR at higher pH, explained by changes
induced by OH™ and/or H20 species in the balance of Scheme 2. From Figure 42 and Table 12
notice that component NF-C presents the highest g-value and lowest linewidth, compatible with
SFR (MOSTERT et al., 2013, 2018; BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015).
On the other hand, components NF-A and NF-B are dominant at low pH, which indicates that
both refer to CCR (MEREDITH; SARNA, 2006; MOSTERT et al., 2013). Notice that the AHpp
of CCR and SFR components are similar, which suggest that the larger linewidths typically
ascribed to CCRs species in the literature (CHIO; HYDE; SEALY, 1982) could be linked to
the superposition of two signals with slight different g-values.

As a matter of fact, as shown before, the existence of more than two paramagnetic species
in melanin have already been proposed using Q-band EPR (GRADY; BORG, 1968;
PASENKIEWICZ-GIERULA; SEALY, 1986). However, the great challenge is understanding
their origin. In a previous work of our group, it has been demonstrated through DFT calculations
that charged and radical species of melanin units (Figure 12) have different EPR signatures
(BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015). In particular, it was shown that
signals with higher g-values and relative low linewidths (i.e. smaller hyperfine constants)
associated with SFR centers, could be ascribed to 1Q™ and SQ* species, compatible with the
literature (SEALY et al., 1982; MEREDITH; SARNA, 2006; MOSTERT et al., 2013). On the
other hand, based on the calculated g-values, the CCR signals should be ascribed to several
species such as neutral N-def, QH2-anion, QH»-cation and QI-cation, however, the proposition
that CCRs should present larger unsolved hyperfines, associated with the high ionization
potentials of the structures, N-def and QH»-anion was proposed as the most likely species.
Nonetheless, the mechanism associated with the formation of such species into melanin

macromolecule is not easy to understand, mainly QH:-anion.
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Indeed, as evidenced in Figure 43, the LUMO levels of the QH. are quite high in
comparison to other subunits, so that QH> are not supposed to act as electron traps in melanin.
In this context, a relevant mechanism that was not considered in the previous work is the role
of N-def” structures as electron acceptors. From a naive analysis of Figure 43, it is possible to
see that since N-def" is present in the macromolecular structure of melanins (protected from the
environment) it acts as strong electron acceptors, mainly from QH> species, leading to the
formation of the paramagnetic species N-def (neutral) and QHa-cation in the system, whose
EPR parameters are compatible with the CCR signal (BATAGIN-NETO; BRONZE-UHLE;
GRAEFF, 2015). Additionally, the stabilization of free radicals through electron trapping at
deep defect states has already been proposed by other group using Hiickel theory for band
structures (GALVAO; CALDAS, 1988).

Energy (eV)
|
T

_10_

-15 T T I T I I
N—def" QH: 1Q QI SQa SQb

Figure 43. Energy levels around the frontier orbitals of melanin subunits. The color represents
occupation: occupied orbitals (black), unoccupied orbitals (red), and semi-occupied orbitals

(grey).

This result is consistent with the weak dependence of CCR spin densities on pH. Since
the N-def* structures can be considered a kind of QH> species with an H" ion adsorbed on the
nitrogen (that is trapped between the melanin layers), they are supposed to stabilize in the bulk
of the macromolecule, protected from changes in the environment. This result is also
compatible with the destacking mechanism proposed by Mostert et al., that explains the weak
consumption of CCR centers induced by melanin hydration that induces destacking of the
melanin layers and exposure of such species (MOSTERT et al., 2013).

Another relevant feature from DFT is the prediction of a higher g-values and lower
effective hyperfines for DHICA compared to DHI. This result suggests that signals NF-A and
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NF-B can be associated with DHICA and DHI species, respectively, and consequently that EPR
could be used to measure the DHICA/DHI ratio in melanin qualitatively.

To reinforce our proposal of three components composing melanin EPR signal, we have
considered another work found in the literature that used hydration-controlled measurements
on acidic, neutral and alkaline solid-state melanin samples. Mostert et al. (MOSTERT et al.,
2013) showed that the EPR signal is dominated by CCR species, presenting small contributions
of SFRs in alkaline samples. Figure 44 presents the best fits obtained from the experimental
data considering three components. In these simulations, the spectroscopic parameters used are

close to those in Figure 42.
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Figure 44. Melanin X-band EPR spectra simulation obtained from (a) acidic, (b) neutral and
(c) alkaline solid-state samples in hydration-controlled conditions. (d) Spin densities estimation
for each component of the different samples. Experimental data reprinted with permission from
Mostert et al. (MOSTERT et al., 2013). Copyright © 2013, American Chemical Society.
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As can be seen, good fits were obtained. As in Figure 42, three components are necessary
to fit the spectra (see Figure C2, at Appendix C.1, for fits based on two components). For the
best fit the same g-values and linewidths were used for acidic and neutral samples, however for
alkaline samples, although the g-values remained the same, the linewidths used were broader;
0.558, 0.672 and 1.000 for components NF-A, NF-B and NF-C, respectively. These deviations
are assigned to the experimental procedure used to increase the sample pH, that may induce
changes in the CCR species (MOSTERT et al., 2013, 2018) and also induce degradation.

For solid samples, the spin densities of signals NF-A and NF-B are higher than that of
signal NF-C independent of the pH, which was indeed expected, since a higher proportion of
CCR species is commonly observed in solid-state samples. In particular, note that signals NF-
A and NF-B have different dependences on pH when compared to solutions. In fact, Mostert
and co-authors noticed a decrease in the CCR signal intensity after alkalinization/hydration of
the samples. Our results suggest that CCRB species (CCR associated with signal NF-B) are
initially more affected by hydration than CCRA ones (CCR associated with signal NF-A). An
opposite effect is observed for alkaline samples, leading to an equilibration between CCRA and
CCRB populations.

Considering a possible association of CCRA and CCRB with DHICA and DHI
paramagnetic species, such effects could be understood based on the destacking mechanisms
proposed by Mostert et al. (MOSTERT et al., 2013). In this context, the water molecules could
act as a destabilizing agent of the stacked substructures of melanin, facilitating the destacking
and exposing the internal and previously protected CCR species to the environment. As a matter
of fact, due to the typical connections between adjacent units (MEREDITH; SARNA, 2006;
MOSTERT et al., 2013; PANZELLA et al., 2013) this effect should be more pronounced in the
DHI-based substructures than in the twisted DHICA, resulting in an apparent stabilization of
CCRA in wet samples. On the other hand, after the alkalinization of the samples, additional
structural changes are observed as already identified in the parameters coming from the fittings,
probably leading to the formation of additional centers or modified structures. Note that this
result is in agreement with the previously discussed mechanism of CCR formation.

In addition, given the number of new routes that have been proposed to synthesize various
melanin derivatives with slight differences in chemical structures, it is also interesting to
evaluate if the same EPR components can still be employed for the fitting. Thus, we have
carried out solid-state X-band EPR measurements of DHI and DHICA-based melanin from the
data reported by Panzella et al. (PANZELLA et al., 2013). The different proportion of DHICA
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over DHI structures in a melanin sample particularly relevant since the biological, structural,
optical and even paramagnetic/free radical properties are generally governed by this ratio
(MEREDITH; SARNA, 2006; PANZELLA et al., 2013; D’ISCHIA et al., 2015). In Panzella
work, DHI and DHICA-melanin were obtained through L-DOPA oxidation by potassium
hydrogen carbonate and potassium ferricyanide with sodium dithionite or sodium
metabisulphite (for DHI or DHICA, respectively) (EDGE et al., 2006; PANZELLA et al.,
2013). Figure 45 illustrates the three components-based fits for DHI- and DHICA-Melanin (see

Figure C3, in Appendix C.1, for the simulations with only 1 or 2 components).
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Figure 45. Melanin X-band EPR spectra simulation obtained from (a) DHI and (b) DHICA
solid-state samples. (c) Estimation of the spin densities of each component of the EPR line for
the different samples. Experimental data reprinted with permission from (PANZELLA et al.,
2013) Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

As can be seen in Figure 45, the EPR spectra are well fitted by three components, in which

again the CCRB is assigned to DHI and CCRA to DHICA-rich samples, with a clear
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predominance of one component which re-enforces our assignment. In addition, notice the low
contribution from SFR species (component NF-C), in agreement with what is proposed by
Panzella et al. (PANZELLA et al., 2013).

In summary, from the above presented results, it is possible to identify the presence of
three common paramagnetic species in distinct melanin samples. In particular, it is possible to
associate two distinct species to the widely reported CCR centers which can be assigned to DHI
and DHICA paramagnetic moieties. The presence of these centers is responsible for the typical
asymmetric lineshape obtained from melanin. Based on the g-values and linewidths of the
signals and energy levels alignments of the melanin units, it was possible to associate the CCR
signals with QH>-cation and N-Def species.

5.3 X-BAND CW-EPR OF S-MELANIN UNDER HYDRATION CONTROL

5.3.1 Methodology
5.3.1.1 Sample preparation

Approximately 150 mg of each NF- and S-Melanin derivative (CHAPTER I, Section
2.1.2) was crushed to a fine powder and pressed into a pellet with roughly 13 mm of diameter
and 1 mm of thickness using a standard pellet press under 10 tons of pressure for 5 minutes.
Since the standard EPR quartz tube had an inner diameter of 3 mm, it was necessary to break

the resulting pellet into a small piece suitable to fit inside.

5.3.1.2 X-band CW-EPR under hydration-control measurements

For the hydration-control, the quartz tube was connected to a specially made glass funnel
and then to a KF16 stainless steel vacuum tubing with a BOC-Edwards glass to KF16 converter.
This system was attached to the stem delivery system (CHAPTER II, section 2.1.3). Once the
attachment was completed, the rotary pump was torn on to evacuate the line from atmospheric
fluids for one hour. After sufficient vacuum (< 10 mbar), the line was isolated from the pump
and the quartz tube placed within the sample cavity of the spectrometer. Due to the number of
samples and the limited time to the equipment, only two hydration data points were taken: dry
(at vacuum condition) and 19.0 mbar (~ 80.4 % humidity).

The CW X-band EPR spectra were recorded using a Bruker EMX Micro X, CW-EPR
spectrometer equipped with a high-power cavity/high-sensitivity ER4119HS resonator. The

spectra were taken at a modulation frequency of 100 kHz, modulation amplitude of 0.025 mT
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with a scan width of 6 mT and microwave powers of 0.03 or 10.00 mW. 2,2-diphenyl-1-
picrylhydrazyl (DPPH) with g = 2.0036 for g-value calibration.

It is important to note here that the diode current, a proxy for the quality factor Q, of the
EPR cavity did not change after the addition of water vapor into the system. Such behavior
indicates that the variation of the signal intensity is not an experimental artifact caused by
dielectric losses (DALAL; EATON; EATON, 1981), but rather change in the spin

concentration.

5.3.1.3 Spectral simulation

The EPR spectra were analyzed in a similar manner to previously section 5.2.1.1 (above).
EasySpin, v.5.2.13, (STOLL; SCHWEIGER, 2006) was used with the pepper routine, using
pseudo-Voigtian (~ 65% Lorentzian character) function and isotropic broadening. The
proposed pseudo-Voigt lineshape is a requirement for a complete analysis of the EPR signal
asymmetry (GRADY; BORG, 1968).

To reduce the number of variables used in the fittings, the parameters associated with the
g-values, linewidths and lineshapes were kept fixed during the fitting procedure. However, it
should be noted that, in the initial simulations, we have considered different amounts of
resonant lines and the spectral parameters converged to values close to those discussed below.

OriginPro 9.0 was used to doubly integrate the first derivative EPR spectra to determine
spin concentrations. In this work, we confine our analysis to low microwave power spectra only

to avoid any possible saturated effects originating from a higher microwave intensity.

5.3.1.4 Density function theory calculations for S-Melanin

To better understand the origin of the EPR signal in S-Melanins, electronic structure
calculations were conducted for charged and radicalar species of sulfonated DHI and DHICA
units, shown in Figure 35.

Initially, the optimization of neutral structural was performed similarly to section 4.3.1.2
and then it was used as starting point to optimize the charged units using the same computational
DFT/B3LYP/6-31G(d,p) approach (Gaussian 09). For the evaluation of paramagnetic features
of S-Ndef*, it was considered their neutralized structures (i.e., S-Ndef=S-Ndef*+e").

The g-values (gis)) Were obtained from the average of the principal values of the g'g
matrix (Ox, Oy and gz, square roots of the eigenvalues of g'g) (WEIL; BOLTON, 2007)
estimated with the aid of Orca 3.0.3 computational package (NEESE, 2012), using the

DFT/B3LYP/6-31G(d,p) approach.
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The energy of the frontier levels of the building blocks (the highest occupied molecular
orbital, Enomo; and the lowest unoccupied molecular orbital, ELumo) were estimated from the

ionization potentials (IP) and electron affinities (EA) as follows:

Enomo = —IP = — [Ex(M™) — Ex(M)] (13)
Erymo = —EA= — [Ex(M) — Er(M™)] (14)

where E-(M*), Ex(M) and Er(M™) represent the total energy of the molecule M at distinct
charge configurations (cation, neutral and anion), considering a same geometry (optimized for
M at neutral configuration).

The potentialities of charge transfer between S and NF-eumelanin building blocks were

estimated via donor-acceptor map (DAM) based on molecule’s philicities (w* and w):

__ (31P +EA)?

i =16 GP —EA) ()
, (P +3EA)?

i =16 GP —EM) (19

and relative electron-accepting (R,) and electron-donating (R,) powers, given by (GAZQUEZ;
CEDILLO; VELA, 2007; MARTINEZ et al., 2008; HERNANDEZ; TENORIO, 2018):

+
Wy
R, = a7
¢ w;luo_rine
Wy
Rqg=— (18)
Wsodium

where wj; and wj; represent the philicity powers of the molecule M, and w?,;,,0rine @Nd ©sogium
the powers associated with fluorine and sodium atoms (estimated from experimental IP and EA
values), that are considered electron acceptor and electron donating model systems
(MARTINEZ et al., 2008).

Low (higher) values of w™ (w*) imply a greater capacity for donating (accepting)
electrons. In this sense, R, and R, descriptors indicate the charge transfer potentiality of M in
relation to fluorine and sodium atoms. R, > 1 and R; < 1 indicate that M is a more effective
electron acceptor and electron donor than the model systems.

Additionally, the net spin populations over the structure of S-units was computed via

Mulliken population analysis in a DFT/B3LYP/6-31G(d,p) approach (Orca computational
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software). Red and blue colors represent positive and negative relative spin densities values,
respectively (a red-white-blue scale is followed).

5.3.2 Results and Discussion®

Considering that the hydration level is a key parameter for the paramagnetic, electronic
characterization of melanin, we systematically studied the free radical EPR signal of S-melanin
derivatives at different hydration levels (dry, 0 % RH, and wet, 80 % RH). As displayed in
Figure 46 (solid lines, 0.03 mW), no significant spectral feature or intensity differences were
observed between the hydration levels (also see Figure C4 in Appendix C.2). The asymmetric

spectra obtained showed an isotropic g value ranging from 2.0044 to 2.0047 (Figure C5 in
Appendix C.2).
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Figure 46. CW X-band EPR spectra normalized to the positive peak for the four S-melanin

under (a) dry (0% RH) or (b) wet (80% RH) hydration conditions, at low and high microwave
power (see legend).

It is known that the EPR spectra of melanins can change dramatically with the application
of higher microwave powers. As a matter of fact, the resultant EPR spectra recorded at 10.00
mW (dashed lines in Figure 46) show that the EPR spectra exhibit new features from broader
lines, which are not present at the low microwave power. Such behavior could be related to
distorted lineshapes as a result of saturation transfer phenomena between different components
that may be present in the system (POOLE, 1983; WEIL; BOLTON, 2007). However, it has

® The results presented in this section were published in Article IV. Reproducible with permission.
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also been shown that changing the nature of the paramagnetic species, due to changing the pH,
can modify the EPR spectrum in the same way as saturation effects (MOSTERT et al., 2013,
2018; RIENECKER et al., 2015). Hence, an alternative possibility to the high microwave power
behavior suggests that the paramagnetic system of S-melanin could be composed of at least two
different radical populations with similar g-values that have slightly different spin-lattice
relaxation rates, in a similar manner to NF-melanin (see Figure C6, in Appendix C.2, for
comparison).

Another interesting feature in Figure 46 is the change in lineshape; that is, the signal
asymmetry around the maximum absorption (or when the derivative lines cross zero). Such
behavior would be an indicator that the different lines that result in the EPR signal (i.e., different
paramagnetic species) do not have the same g-value, or, the species have a different anisotropic
g.

To gain more insights into the nature of the paramagnetic properties, the low microwave
power spectra were analyzed using simulations with EasySpin (STOLL; SCHWEIGER, 2006).
It should be stressed that even though the EPR signal may be anisotropic in nature, we restricted
our analysis to consider only isotropic g-values to not over parameterize the problem. This
assumption provides an excellent fit. However, if some species have a g anisotropy, a complete
analysis will only be possible at HFEPR spectroscopy (MOBIUS; SAVITSKY, 2008), which
will be explored in section 5.4.2.

Initially, our simulations considered the existence of one or two resonant lines. However,
the fits were poor. Therefore, a third component was introduced. Figure 47 shows experimental
spectra (black), the simulated fitted line (red) and the three simulated components (blue, pink
and green) for SMel-T, which is used as an example (see Figure C8-C10, in Appendix C.2, for
the other samples). The g-values and linewidths obtained for the three different lines in the dry
samples were kept fixed and used for the wet spectra simulations (Figure C7 and C8-C10, in
Appendix C.2, for the other samples) to facilitate the data analysis. The only free variables were
the intensities of the signals, which were transformed into an estimated spin concentration of
each species (Figure 48). Reasonable fits with a root-mean-square deviation (RMSD) below
0.020 were obtained (compared to 0.060 for one or 0.050 for two species). Hence, given the
modelling parameters, the simulations potentially indicate the presence of at least three

paramagnetic centers in S-melanin.
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Figure 47. SMel-T CW X-band EPR spectra simulations at a microwave power of 0.03 mW
under dry condition (0% RH). Black and red lines represent the experimental and simulated
spectra, while blue, pink and green the three components used in the fitting. SMel-T simulations
for wet spectra are shown in Figure C7, whereas for the other samples, please see Figures C8-
C10, in Appendix C.2. The key differences in the parameters are shown in Figure 48.
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Figure 48. Spin concentration for each component of S-melanin at a microwave power of 0.03
mW. The uncertainty bars (propagated from the difference between modelled and experimental
data) are smaller than the data point resolution.

To understand the data in Figure 48, we refer to Table 13 where the estimated and fixed
spectroscopic parameters for each component are shown.

Based on the spectroscopic parameters in Table 13, it is possible to see that the g-value
of components S-A, S-B and S-C are compatible with NF-melanin (Figure C11, in Appendix
C.2) and they are within experimental variations to previous simulations (PAULIN;
BATAGIN-NETO; GRAEFF, 2019). The similarity is an indication that the S-melanin
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paramagnetic response could be consistent with NF-melanin. In fact, given the relative
concentration of sulphur to nitrogen atoms, as estimated via XPS reported in section 3.3 and
elsewhere (PAULIN et al., 2018), NF-melanin moieties should be present within the polymer.

Table 13. The spectral parameters of the simulated signals for all four S-melanin samples under
both dry and wet conditions.

Resonant lines g-Values AHpp (MT) Assignment
S-A 2.0028 0.456 CCR
S-B 2.0043 0.421 SFR
S-C 2.0052 0.392 SFR

Figure 48 indicates that the paramagnetic species exhibited a hydration dependence,
which is in agreement with NF-melanin data, but far more subdued in intensity (compare with
Figures C12-C13, in Appendix C.2). Usually, the NF-melanin free-radical system is discussed
in terms of a supposed carbon-centered radical (CCR) and semiquinone free-radical (SFR). It
was proposed that CCR has g values below 2.004 and it is located within the stacked oligomeric
sheets. In contrast, the SFR is situated at the exterior of the macro-structure, in close contact
with the environment, with g higher than 2.004 (MOSTERT et al., 2013; BATAGIN-NETO;
BRONZE-UHLE; GRAEFF, 2015). An interesting feature about these two groups is that
experiments carried out with hydration-controlled atmosphere have shown that water and OH"
ions can quench the CCR signals generating SFR due to destacking of NF-oligomers
(MOSTERT et al., 2013). Hence, considering that the paramagnetic centers of NF-melanin are
integrally involved in its electrochemical processes, it should follow that similar free-radicals
are present in S-melanin because their electrochemical properties seem to be virtually the same,
with the presence of active moieties capable of undergo oxidation and reduction processes
(ALBANO et al., 2016; TEHRANI et al., 2020). Therefore, after the addition of water in the
system, the intensity of component S-A decreases and component S-B increases (Figure 48a),
which could potentially indicate that a CCR species is destroyed to form SFR.

On the other hand, component S-C has lower (to none) hydration effects on the spin
concentration. In NF-melanin, component S-C has a smaller linewidth compared to components
S-A and S-B, which has been proposed to be an indication of an SFR (BATAGIN-NETO;
BRONZE-UHLE; GRAEFF, 2015). The same trend is observed for S-melanin, i.e., the S-C
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component linewidth is smaller than the S-A and S-B component line widths. As such, the same
inference can be drawn, that the S-C component in S-melanin is indicative of an SFR species.

These observations could potentially mean an absence of surface interactions between S
and NF-moieties and water. Considering that S-melanin may be more hydrophobic, due to the
presence of additional methyl groups attached to the sulfonates, and its solubility in DMSO, it
is likely that the macromolecule that was formed under the synthesis conditions have led to S-
structure sitting on the surface of the particle. Consequently, S-moieties could i) be not affected
by hydration (due to the mentioned hydrophobic properties); and, ii) act as effective spacers
between reduced and oxidized NF-units to prevent the comproportionation reaction of NF-
monomers (Scheme 2) with the hydrating environment.

Figure 48b also shows that the hydration sensitivity of SMel, regarding the spin
concentration, is higher than the other sulfonated samples (in other words, there is a variation
in spin concentration for SMel of 20% with hydration, whereas for the others samples ~ 6%),
which could point towards different macro-structure sizes. If one assumes that SMel has smaller
particles compared to SMel-T (as shown by TEM, see Figure C14, in Appendix C.2), it would
be expected that the water molecules can easily penetrate through its macro-structure. Hence,
following a potential destacking mechanism, the presence of water between the melanin’s
oligomeric sheets would diminish -n stacking strength, exposing the CCR that was trapped
within the macrostructure. However, a natural question is whether the paramagnetic centers in
S-melanin are indeed NF-melanin moieties, somehow trapped and isolated even after water
addition, or whether the lineshapes can potentially be ascribed to concomitant S-melanin
radicals with similar EPR response.

We also note that from the results presented above indicates that the different
polymerization processes, through carbon atoms in the case of SMel and SMel-T, Figure 4a, an
d through oxygen atoms for SMel-4P and SMel-8P, Figure 4b, (PAULIN et al., 2018), of S-
melanin did not affect its paramagnetic properties and the EPR signal can be fitted with the
same components. Consequently, the monomeric nature of these samples seems to be more
important than the secondary structure, in accordance with a previous theoretical study
(BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015).

To investigate the above concerns and investigate if one could tell the difference between
the two potential scenarios in more detail, we turn to computational modelling. As suggested
above, the monomeric structures seem to play a significant role in the EPR signal. Therefore,

to evaluate which paramagnetic center could be associated with the three simulated species,
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DFT calculations were conducted for charged and neutral radical species of S-melanin units.
Figure 49 shows the distribution of g-values obtained. 01 and 02 numbers refer to Sulfonated-
DHI and Sulfonated-DHICA units, respectively. Color maps of the spin density are presented
in the Appendix C.2 (Figures C15-C18).
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Figure 49. Distribution of g-values obtained for charged (anion and cation) and radical units of
S-melanin with unpaired spins (i.e., EPR active species). The left side legend indicates the g-
values scale, whereas, on the right side, the g-values estimated via spectral simulation (Table
13).

According to Figure 49, there is a wide distribution of g-values for S-melanin with similar
values within different sulfonated structures. The range of g-values agrees with those reported
for NF-melanin (BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015).

Generally, the results from the modelling in Figure 49 indicates that the nature of the
substituent attached to the nitrogen does not play a significant role in the g-values of the
compounds. In a like manner, for most of the units, the presence of COOH groups in the 02
structures does not lead to significant effects in the g-values, with a relevant exception for S-
HQ (anion) units. A detailed analysis of S-HQO1 (anion) structure shows that the inclusion of
one electron in the neutral (pre-optimized) molecule leads to the releasing of one -SO>CH3
group attached to the quinone oxygen, with the spin localized on the *SO.CH3 radical (see
Figure C14, in Appendix C.2). Such an effect is not observed in the S-HQO2 counterpart, which
promotes a more homogeneous electronic distribution over the molecule. This result indicates
that the higher g-values could be associated with trapped sulfonated groups (-SO>CHz) coming
from the S-melanin synthesis that deserves more in-depth analyses. Additional calculations

conducted for a hypothetical *SO>CHj3 radical (using the same theoretical approaches in the
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methods) leads to a g-value of 2.0059, which is slightly higher than the signals S-C presented
in Table 13 and are compatible with those reported elsewhere (GEOFFROY'; LUCKEN, 1971).
The g-value of S-units can be divided in three main groups, which are associated with

g < 2.0040 and g > 2.0040 paramagnetic centres:

e (< 2.0040: S-HQO2 (anion), S-HQO1 (cation), S-HQO2 (cation), S-QI01 (cation);
S-QI02 (cation); S-Ndef01 and S-Ndef02.

e (>2.0040: S-1Q01 (anion), S-1Q02 (anion), S-QI01 (anion), S-QI02 (anion), S-1Q01
(cation), S-1Q02(cation), S-SQAO01; S-SQBO01; S-SQ02A and S-SQ02B.

e g~ 2.0059 (interlayer sulfonated groups): S-HQO1 (anion).

These subdivisions are compatible with those reported for NF-melanins (BATAGIN-
NETO; BRONZE-UHLE; GRAEFF, 2015), with sulfonated and non-functionalized units being
classified in the same category. The only exceptions are the degraded S-HQO1-based structures,
mentioned before. Such a result indicates that S-melanin units share similar paramagnetic
variables to NF-melanins units. In particular, the results suggest that the resonant line S-A could
be related to low g-value structures like S-HQO2 (anion), S-HQ (cation) and S-Ndef, while line
S-B can be ascribed to S-QI (anion) species with intermediate g-values. S-SQ (radicals) and S-
IQ (anion) species are candidates for line S-C.

To better interpret the electrochemistry associated with the formation of paramagnetic
centers in S-melanins, the relative alignment between the frontier energy levels (HOMO and
LUMO, Figure 50) and the electron donation/acceptance powers of the S-units were estimated

and compared with NF-monomers (Figure 51).
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Figure 50. Frontier energy levels of neutral S- and NF-melanin building blocks.
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S and NF-units present similar electronic features. A detailed analysis exhibit that NF-
monomers show a slightly higher tendency to donate electrons than their S-counterparts. In
contrast, the opposite behavior is obtained for S-monomers, i.e., S-monomers tends to accept
electrons more easily. However, these differences appear to be slight and may indicate similar
electrochemistry, which may explain the similarity between S-melanin and NF-melanin
electrochemical data (ALBANO et al., 2016; TEHRANI et al., 2020). A relevant feature to note
is the definition of Ndef* as effective electron acceptors, which indicate the plausibility of the
formation of Ndef-based paramagnetic species in the system.

S and NF-units present similar electronic features. A detailed analysis exhibit that NF-
monomers show a slightly higher tendency to donate electrons than their S-counterparts. In
contrast, the opposite behavior is obtained for S-monomers, i.e., S-monomers tends to accept
electrons more easily. However, these differences appear to be slight and may indicate similar
electrochemistry, which may explain the similarity between S-melanin and NF-melanin
electrochemical data.(ALBANO et al., 2016; TEHRANI et al., 2020) A relevant feature to note
is the definition of Ndef* as effective electron acceptors systems. As mentioned earlier, only
anionic S-Ndef* structure has unpaired electron capable of giving rise to an EPR signal. Hence,
the ability to accept electrons from its surrounding indicates the plausibility of Ndef-based
paramagnetic species formation in the system.

As mentioned above, we anticipate that a number of the molecular units present in S-
melanin do not contain sulfonate groups. Hence, the formation of paramagnetic centers in S-
melanins could include charge transfer and/or trapping between S and NF-monomers, as well

as to the surrounding environment, leading to the formation of anionic and cationic structures
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that can contribute to the EPR signal. The similarity between the frontier levels of NF and S-
units and the presence of trapping states associated with Ndef® is compatible with this
hypothesis.

The following could be the case: i) the resonant line S-A can be attributed to the
neutralized S-Ndef species that act as electron traps in the systems (as well as other cationic
species generated in the process); ii) the resonant line S-B can be ascribed to S-QI (anion) which
is reinforced by the low LUMO levels of these structures; iii) the resonant line S-C is mainly
associated with S-SQ, S-1Q (anion) and S-1Q (cation) species. The proposed structures are
consistent with the previous discussion regarding the water effect on the spin concentration.
For example, the disruption of the duplet configuration of S-Ndef centers
(S-Ndef + H2O = S-HQ + H30" + ¢°) decreases component S-A after hydration (Figure 48a).
With the rearranging of the neutral S-Ndef center, there will be a change in the electronic charge
experienced in the system, and, consequently, the extra electron would be donated to S-QI units
originating anionic S-QI (component S-B) or to S-HQ units originating anionic S-HQ and
*SO2CHjs radical. Considering the simulated parameters (Table 13) and the energy levels of the
monomeric structures (Figure 50), the first case seems to be the most probable one. Note that a
possible transformation of component S-A into component S-B, while maintaining component
S-C unchanged, could result in the apparent lack of hydration effect shown in Figure C5, in
Appendix C.2.

The electronic conductivity behavior of NF-melanin is usually viewed with the presence
of NF-Ndef being able to trap electrons and/or holes. At the same time, the formation of
plausible NF-1Q, NF-QI and NF-SQ species can be a source of electron and proton (MOSTERT
et al., 2012a; BATAGIN-NETO; BRONZE-UHLE; GRAEFF, 2015; ALVES et al., 2020).
Therefore, the similarities between the free-radical nature and frontier energy levels of NF and
S-melanin would point to similar electronic properties. However, it is possible to speculate that
S-melanin should present lower protonic current and less sensitivity to hydration due to the

presence of S-groups (as will be shown in section 6.2.2).
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5.4 HIGH-FIELD/HIGH-FREQUENCY EPR SPECTROSCOPY FOR NF AND S-
MELANIN

5.4.1 Methodology
5.4.1.1 EPR measurement

Continuous-wave (CW) HFEPR measurements were performed with a Bruker Elexsys
780 EPR quasi-optical spectrometer measuring simultaneously the induction and absorption
spectra. The spectra were acquired with quadrature detection at 263 GHz microwave frequency
with 10 kHz modulation frequency, 5 G of modulation amplitude, 600 G of sweep width and
0.1, 1.0 and 10.00 mW microwave powers. Trapped atomic nitrogen in the endohedral fullerene
(N@Ceo0, Qiso = 2.0020 (WITTMANN et al., 2018)) was used as reference for g-value

determination.

5.4.1.2 Data analysis and DFT calculations

The HFEPR spectra were processed by baseline and phase correction, which were
obtained by adjusting the admixture of a linear combination between the absorption signal with
its Hilbert transform until the spectrum integrated displayed a zero base line (EARLE; BUDIL;
FREED, 1993). Details in section C4 (Apendix C.) The spectra were then analyzed using
EasySpin (v.5.2.13) (STOLL; SCHWEIGER, 2006) with the pepper routine with gaussian
function and anisotropic broadening. To understand the EPR signal anisotropy, DFT

calculations was performed similarly to section 5.3.1.4.

5.4.2 Results and Discussion’

As mentioned earlier, most of the characterization of melanin’s free-radical species was
performed using X-band and more detailed information cannot be obtained due to the absence
of resolved hyperfine coupling and the limited g resolution. Hence, for a complete hyperfine
structure and g anisotropy analysis, HFEPR spectroscopy needs to be used. In Figure 52, we
present the 263 GHz HFEPR absorption signal of NF and S-melanin at different microwave
powers. All spectra show an asymmetric signal (Figure C19, in Appendix C) with significant
anisotropy, distinct rhombic character and no clear resolved hyperfine interaction. Such features

are different from the corresponding X-band spectra (see sections 5.2, 5.3 and Figure C20).

7 The results presented in this section is part of Paper VII, in preparation.
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Figure 52. Normalized 263 GHz EPR absorption spectra at 293 K and different microwave
power for (a) NFMel-S, (b) NFMel-6P and (c) SMel.

The distortion of the melanin EPR spectra at higher microwave power can be an
indication that the paramagnetic system is composed of different species with similar g-values
and different spin-lattice relaxation rates as a result of saturation (MOSTERT et al., 2013, 2018;
RIENECKER et al., 2015; PAULIN et al., 2020).

The melanin free-radical system was evaluated at low microwave power with EasySpin
(STOLL; SCHWEIGER, 2006). We first tested the hypothesis that the spectra are comprised
of isotropic broadened lines (Figure C21), anisotropic broadened with axial symmetry (Figure
C22), or rhombic symmetry line (Figure C23) with no success. The spectra were satisfactorily
fitted assuming anisotropic broadened lines with rhombic symmetry and g-strain (Figure C24).
These results are different from earlier observations on Q-band EPR (PASENKIEWICZ-
GIERULA; SEALY, 1986) due to the better resolution of 263 GHz spectroscopy. Note that the
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rhombic symmetry is commonly a good representation of indole materials (TIPIKIN et al.,
2016; DAVIS et al., 2018). Additionally, we also evaluated the presence of multiples resonant
lines (RL) in the system. We tested one, two and three RL. The fit was good in all cases;
however, when three RL are used, two of them have spectral features so similar that we could
be just overparameterizing the analysis (Table C3). Therefore, we disregard such a possibility.
On the other hand, with only one RL, we could not reproduce the shoulder at high g (Figure
C24a). Hence, we assumed that the spectra are composed of at least two different RL. To further
test this idea, we turned to the saturation phenomena mentioned above. The idea is that if the
fitting lines do work at high microwave power spectra by changing only their intensity, our
attribution is correct. In figures C25-C27, we show that at 10 mW we cannot fit the spectra with
one RL, whereas in the case of two RL the fit is good and there is a relative variation in the spin
density of each component (Table C4).

Figure 53 shows the HFEPR spectra and their respective simulation considering two
paramagnetic species and rhombic symmetry for NFMel-S, NFMel-6P and SMel. Moreover,
Table 14 shows the spectral parameters estimated from the fit in Figure 53. We also estimate
the anisotropy of the g-tensor (Ag), given by the difference between g« and gz, which present
greater precision than the absolute g-values (FUCHS et al., 2003) and the spectrum rhombicity,
calculated from [(gx — Oyy)-(9xx — 9z2) ] (DAVIS et al., 2018).

1)

dy"/dB (a. u.)

©

2008 2006 2004 2002 2000 1.998
g-values

Figure 53. Experimental HFEPR spectra (black line) and their simulation (red line) for (a)
NFMel-S, (b) NFMel-6P and (c) SMel at 0.1 mW microwave power. Simulation parameters
are displayed in Table 14.
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Table 14. Experimentally Determined g-Values for Melanin Derivatives.

NFMel-S NFMel-6P SMel
Component A-l A-l1 B-1 B-11 C-1 C-11
Oxx 2.0043 2.0037 2.0042 2.0038 2.0046 2.0038
Oyy 2.0030 2.0032 2.0032 2.0031 2.0033 2.0030
0z 2.0023 2.0022 2.0021 2.0021 2.0024 2.0021
oxx (107%) 5.10 5.71 5.00 9.58 6.98 8.61
oy (10 9.99 4.83 8.77 6.00 2.27 6.54
o2 (10%) 0.02 0.01 5.46 2.32 2.03 1.60
Jiso 2.0032 2.0030 2.0032 2.0030 2.0034 2.0030
Ag (10°) 200 150 210 170 220 170
Rhombicity 0.64 0.33 0.48 0.41 0.59 0.47

We first take a look at the simulation analysis of the NFMel-S (columns 2 and 3). Our
results indicate this sample has an HFEPR with a low isotropic g-value (giso < 2.0035) and g-
anisotropies (Ag) of 200 for specie A-I and 150 for A-11. Such values indicate i) the presence
of CCR paramagnetic species, and,; ii) the principal g-values of A-I can be fully resolved at the
magnetic fields used for this study, whereas for A-l1l are not resolved, i.e., there is an
overlapping of gx and gyy.

For a m radical, the spectra’'s high-field edge (gz;) has low spin—orbit coupling and is
usually oriented perpendicular to the aromatic system (STONE, 1963a, 1963b). In contrast, the
in-plane orientations correspondent to gxx and gyy exhibit large shifts due to spin—orbit coupling
originated from the radical structure and environment (STONE, 1963a, 1963b). The g-strain,
the full width at half maximum of the Gaussian distributions of the main g-values, demonstrates
low directional dependence at g, and moderate to high at gx and gyy. Such behavior would
indicate that, although the species may be similar, they should present some local structural
variation.

The g-values of NFMel-6P behaves similarly to NFMel-S, but with small variations that
are within experimental erros. The significant difference is an increased directional dependence.
This result indicates that NFMel-S and NFMel-6P have similar free-radical species, as we have
speculated in an earlier study (PAULIN; BATAGIN-NETO; GRAEFF, 2019; PAULIN et al.,
2020). However, the different oxidation states of these samples and the different macrostructure

are probably responsible for the changes.
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To help with the interpretation, we analyze the g anisotropy obtained from the density

functional theory of each anionic, cationic and radical structure summarized in Figure 54.

2012 Anion : Cation Radical N-deffect

- gxx
- gyy
[ 877

Figure 54. Different g-values obtained for anionic, cationic and radical NF-melanin units. 01
and 02 refer to NF-DHI and NF-DHICA species, respectively.

Our group’'s earlier study showed that CCR species associated with giso < 2.0040 would
be compatible with anion and cation NF-HQ, cation NF-QI and neutral NF-Ndef* (NF-Ndef);
whereas SFR, giso > 2.0040, with anion NF-1Q and radicals NF-SQ (BATAGIN-NETO;
BRONZE-UHLE; GRAEFF, 2015). To gain insight into each radical anisotropy, we convert
the theoretical g-values into Ag and rhombicity and compare them in Figure 55a. From Figure
554, it is possible to see that the species attributed to CCR has Ag < 300, whereas for SFR Ag
> 300 with no apparent order for rhombicity. Additionally, based on the spectroscopic values
in Table 14, the radical A-1 can be assigned to cationic NF-QI and A-11 to neutral NF-Ndef01
and anionic NF-HQO02. On the other hand, species B-1 and B-lIl seem to be related
predominantly to species NF-Ndef02 (neutral).

The isotropic g below 2.0035 and the low Ag in Table 14 indicate that the HFEPR signal
could be ascribed to only CCR species. Some studies suggest that semiquinone species should
present a gy higher than 2.0055 (Figure 54 and references (BAHRLE et al., 2015; TIPIKIN et
al., 2016)) at the low-field edge of the HFEPR absorption spectra. However, we do not see any
g tensor component in Figure 52.

The possible absence of SFR species on melanin is an odd feature at first. However, our
result does not imply the NF-SQ does not exist in melanin; it could mean that the experimental
condition of the measurement favors the presence of only CCR species. As a matter of fact, we

have shown that melanin pellets result in a higher amount of CCR species (PAULIN;
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BATAGIN-NETO; GRAEFF, 2019). On top of that, based on the synthetic procedure's
purification process, we also expect that our samples are at a neutral level, which also points
towards low SFR content (PAULIN; BATAGIN-NETO; GRAEFF, 2019). Moreover, there is
the possibility that organic radical with close g (as melanin does have, Figure 54) require even
higher fields than 263 GHz to fully resolved all species in the system (EATON; EATON, 1999).
Another possibility is that the measured signal is already saturated or at the vicinity of saturation
at 0.1 mW (Figure C28). In such case, the proper experimental approach would be to measure
the HFEPR spectra at even low microwave power, however the measurements were taken at

the lower limit of the spectrometer, which hinders further analysis.
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Figure 55. The plot of the rhombicity as a function of g-value anisotropy for the different (a)
NF-melanin and (b) S-melanin radical species. The theoretical radicals are represented by the
square, circle and triangle symbols; the crosses are each of the experimental radicals. A purely
isotropic signal would have Ag = 0 and a completely axial symmetry signal would be obtained
with rhombicity equal to 1.0 or 0.0.

Now, we turn to sulfonated melanin, i.e., SMel. Based on Table 14, it is possible to
observe that the spectroscopic features of SMel are similar to non-functionalized melanin, with
low isotropic g-value (giso < 2.0035) and Ag of 220 for specie C-1 and 170 for C-I1. However,
different from NF-melanin that has higher directional dependence at gxx and gyy, the C-I
component of SMel displayed a low dependence at gyy, probably due to the sulfonated groups.
In previous work, we have shown that the free-radical nature of SMel is compatible with NF-
melanin (PAULIN et al., 2020). Hence, the difference in the spectroscopy values may suggest

that there are both radicals in S-melanin, that is, sulfonated and non-functionalized radicals.
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The g anisotropy of anionic, cationic and radical S-units was also obtained from DFT and
they are displayed in Figure 56. Similarly to the NF-melanin, the same giso category can be
applied for S-melanin (PAULIN et al., 2020), with the difference that S-HQO1 has an isotropic
g higher than 2.0040. Such effect was assigned to a defect from the sulfonated species (PAULIN
et al., 2020). Also, each radical g component Figure 55b follows a similar order of NF-melanin.
A close analysis of Figure 55b indicates that species C-I is close related to cationic NF-QlI,
whereas for C-11 anionic to S-HQ-02(a, b) cationic S-HQO01b and S-HQO02(a, ¢) and neutral NF-
Ndef02.

2.012 Anion . Cation . Radical N-deffect
l . =] gxx
£ ] gyy

2.010
I:l g7

to S-DHI and 02 to S-DHICA species.

Both groups' spectroscopic similarities suggest that SMel can have an equivalent
paramagnetic system to NFMel-S and NFMel-6P, consistent with previous X-band analysis
(PAULIN; BATAGIN-NETO; GRAEFF, 2019; PAULIN et al., 2020). Hence, more
sophisticated pH-dependent EPR studies on multifrequency continuous-wave/pulsed EPR and
pulsed ENDOR experiments will be necessary to understand the melanin electronic structure

fully.

5.5 CONCLUSION

In this chapter, it was possible to identify and discuss the nature of paramagnetic species
found in different melanin samples. Our results suggest that the EPR spectra of non-
functionalized melanin samples are generically composed of three distinct components: two of
them related to carbon-centered radicals (CCR) species and the other to semiquinone free

radicals (SFR). Also, analysis of the EPR parameters and energy levels alignments of its
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building block subunits suggests that the CCR formation is associated with N-def species in the
bulk of melanin macrostructure. The results from samples with distinct DHI/DHICA ratios
suggest that CCR components can be related to DHICA and DHI species.

On the other hand, we have combined hydration-controlled, solid-state X-band CW EPR
spectroscopy and electronic structure calculations to study the nature of paramagnetic species
of S-melanin derivatives. Our results show that the S-melanin EPR signal appears similar to
NF-melanin. Simulation analyses of the EPR signals suggest that the S-melanin signal
comprises three different resonant lines that are compatible with NF-melanin. Intriguingly, the
theoretical calculations indicate that the EPR signal could arise from distinct S-units, in
particular S-Ndef, S-QI (anion) and S-SQ (radical)/S-1Q (anion). Based on S-melanin's free-
radical properties, we have speculated some potential positions for sulfonated groups binding
on its oligomeric structure and possible charge transport behavior.

Finally, using HFEPR we have shown that CCR species has low g-anisotropy, whereas
SFR higher. Additionally, S-melanin presents a similar behavior to NF-Melanin even at high-

fields, which corroborate our X-band analysis.
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CHAPTER VI
CHARGE TRANSPORT PROPERTIES
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6.1 INTRODUCTION

The charge transport study in melanin began in the early ‘60s with Longuet-Higgins
(LONGUET-HIGGINS, 1960) and Pullman and Pullman (PULLMAN; PULLMAN, 1961)
suggestions that, theoretically, the electronic delocalization of the melanin indole structure
could allow semiconductivity. A few years later, the first electrical and photoconductivity
observations started to emerge, including water's importance in the electrical properties
(ROSENBERG; POSTOW, 1969; POWELL; ROSENBERG, 1970).

However, it was just with the two pioneering works of McGinness (MCGINNESS, 1972;
MCGINNESS; CORRY; PROCTOR, 1974) that the electronic potential of melanin started to
show up. McGinness et al. demonstrated that a moisturized melanin sample sandwiched
between two gold-leaf electrodes had a reversible switching behavior; particularly, it could be
seen as an excitation of electronic charge carrier from a low mobility state to a high mobility
state with the application of moderate electric fields. Hence, melanin was established as an
amorphous organic semiconductor.

The reversible switching behavior was explained following a dielectric theory. This
theory modifies the Arrhenius temperature dependence of the conductivity, usually used to
describe semiconductivity, to account for the water effect in the material, Eq. 19, and does not
imply any specific conduction mechanism or type of charge carrier (ROSENBERG; POSTOW,
1969).

0 (T, Kyer) = 0y €X (— EDTy)ex e : - - (19)
yKwet) = 0¢ €Xp 2k T pZkBTR Kpry Kwet

where, g is the dry conductivity in the infinite temperature limit, T is the temperature, R is the

screening length of water, kg is Boltzmann’s constant, Ej,, and kp,., are, respectively, the

energy gap and the dielectric constant of dry melanin and k. is the dielectric constant of wet
melanin. The idea is that the presence of water is capable of changing the local dielectric
constant of organic semiconductor systems; in other words, the presence of water in the system
increases the average dielectric constant, which results in a reduction in the energy gap,
allowing the resistive switching behavior to emerge at low voltages (ROSENBERG; POSTOW,
1969; MEREDITH; SARNA, 2006).

In the following decades, the amorphous semiconductor model dominated the
interpretation of most, if not all, electrical studies on melanin (POWELL; ROSENBERG, 1970;
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MCGINNESS; CORRY; PROCTOR, 1974; CULP; ECKELS; SIDLES, 1975; FILATOVS,;
MCGINNESS; CORRY, 1976; BARALDI et al., 1979; BRIDELLI; CAPELLETTI; CRIPPA,
1981; OSAK et al., 1989, 1995; JASTRZEBSKA et al., 1995, 2002; JASTRZEBSKA;
JUSSILA; ISOTALO, 1998; JASTRZEBSKA; KOCOT; TAJBER, 2002; CAPOZZI et al.,
2006; GONCALVES; FILHO; GRAEFF, 2006; ABBAS et al., 2009; LIGONZO et al., 2009).
The most notable feature within the massive amount of work and a significant influence on the
electrical properties was the hydration dependent conductivity. Such hydration dependence is
quite impressive since the conductivity changes up to 8 orders of magnitude over the humidity

range, Figure 57.
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Figure 57. Standard melanin conductivity, in pellet, as a function of relative humidity.
Reprinted with permission from (JASTRZEBSKA et al., 1995). Copyright® 1996, Taylor &
Francis.

Even with the recognition of the importance of hydration on melanin's electrical
properties, many different authors searching for its dominant charge carrier lacked in
performing such a control experiment, which resulted in several inconsistent results. However,
a coulometric study under hydration-control determined that melanin seems to conduct about
65 % protons and 35 % electrons in the wet state (POWELL; ROSENBERG, 1970). In that
time, the split of the water molecule in the electrode to increase the number of proton carriers
was a possible explanation for this result (POWELL; ROSENBERG, 1970; GLASSER, 1975).
Another attempt at determining the charge carriers used a combination of Child's law behavior
in IV measurements with AC and dielectric spectroscopy data. This set of information has
interpreted the dominant charge transport mechanism of melanin due to the hopping of small
polarons (OSAK et al., 1989; JASTRZEBSKA,; JUSSILA; ISOTALO, 1998; JASTRZEBSKA

et al., 2002).
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While most of the studies since the late ‘60s focused only on the electronic nature of
melanin conductivity, it was just in 2006 with the work of Gongalves et al. that the charge
transport started to shift towards a more complex mechanism to account for the role of protons
in the electrical properties of melanin (GONCALVES; FILHO; GRAEFF, 2006). By joining
temperature-dependent conductivity, infrared spectroscopy and EPR measurements, the authors
considered that protons could be the dominant type of charge carrier on melanin, similarly to
the pH-dependent electron conduction of polyaniline, where the protons can modulate the
density of mobile electrons on the backbone structure.

A few years later, a more precise and controlled hydration study performed by Mostert
and collaborators re-evaluated the proton mechanism of Gongalves et al. and provided new
insights into the proton's role in the charge transport of melanin. They showed that the melanin
conductivity was incompatible with the amorphous semiconductor behavior and the modified
dielectric model of the early ‘70s (MOSTERT et al., 2012a, 2012b). They proposed that the
increase of conductivity with hydration was not due to dielectric changes but rather an increase
in both proton and electron concentrations. In this new point of view, upon adsorption of water,
there is the formation of free-carries, i.e., ions (protons, H*) and extrinsic free-radicals
(electrons, in the form of semiquinone radicals) into the hydrating matrix following the
comproportionation equilibrium reaction, Scheme 2, a similar effect of the pH in EPR
measurements (MOSTERT et al., 2012a). The authors termed this phenomenon “water-induced
chemical self-doping” and advocated melanin as a mixed ionic-electronic conductor rather than
an amorphous semiconductor to explain its exotic electrical property.

This hybrid conductivity model of electrons and protons is supported by a series of EPR
experiments as a function of the light intensity (COPE; SEVER; POLIS, 1963), metallic ions
(FELIX et al., 1978b), temperature (CHIO; HYDE; SEALY, 1980) and pH (CHIO; HYDE;
SEALY, 1982); and also by transient current analysis, current-voltage and electrochemical
impedance spectroscopy (WUNSCHE et al., 2013b, 2015; DI MAURO et al., 2016). Not only
that, the hybrid conductivity became a generic model for other materials with ionizable groups
such as polysaccharides and proteins (ZHONG et al., 2011; ORDINARY et al., 2014).

In the last couple of years, the mixed driving behavior of melanin conductivity is starting
to be questioned again. Using light-induced paramagnetic resonance analyses and
impedance/dielectric spectroscopy, the same group shown that wet melanins might be
exclusively a proton-conducting matrix system with no electronic components (MOSTERT et
al., 2018; SHELIAKINA; MOSTERT; MEREDITH, 2018b). The development of a solid-state
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organic electrochemical transistor capable of converting proton to electronics currents
exemplified this hypothesis since a melanin film used as a solid electrolyte could directly inject
protons into the p-type semiconductor channel of the device through a volumetric mechanism
(SHELIAKINA; MOSTERT; MEREDITH, 2018a). On the other hand, it has recently been
shown that dry Sepia-melanin (i.e., natural melanin) pellets between copper and stainless-steel
electrodes showed a quasi-linear and metallic-like electrical response (REALI et al., 2020;
REALI; SAINI; SANTATO, 2021). The absence of metallic filaments bridging the electrodes
and phase transformation (amorphous to graphitic carbon) indicates that the electronic response
of Sepia-melanin's dry pellets would be predominantly electronic.

Based on the above ideas, Santato’s group has proposed a new perspective on
semiconductivity's classical concept towards protonic transport on bio-sourced materials. In
this case, the charge carrier type of biomaterials is not the determinant for the semiconducting
properties but rather their extended systems of energy bands (REALI; SAINI; SANTATO,
2021). From this new semiconductivity point of view, melanin would feature both electronic
and protonic charge carries, with a switch from predominant electronic to predominant protonic
conduction depending on the hydration. Additionally, they claim that the highly hydrated
melanin conductivity properties can be explained by a doped protonic semiconductor model
(REALLI; SAINI; SANTATO, 2021).

Regardless of which mechanisms is dominant, protons' motions in synthetic melanin are
an open and important question. The primary evidence so far comes from Mostert et al., who
got a muon hopping rate of 0.3 us* (MOSTERT et al., 2012a). The muon hopping can be viewed
as an approximation for the proton movement in melanin. The value obtained is compatible
with the diffusion mobilities mediated by an incoherent proton hopping mechanism such as the
Grotthuss  mechanism, Figure 58 (GLASSER, 1975; AMDURSKY; GLOWACKI,
MEREDITH, 2019). Suppose one considered the presence of a massive positive charge carrier
in this mechanism, it would be comprehensible that in the earliest studies, a p-type small
polaron carrier were considered. However, such evidence does not exclude the possibility of a

proton moving through a center of mass diffusion or “vehicle mechanism” (GLASSER, 1975).

H_ 7 H ' H Ho  H_ 7 HY H. H_ H_’
~N |+/ \?/ ~. \O|/ \c|)+/ ~ \?, \?,
H H H H H H

Figure 58. Anionic charge hopping through a hydrogen-bonded network following the
Grotthuss mechanism. Dashed grey arrow indicates the electron pathway, whereas the solid-
colored arrow the hydrogen pathway.
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In this regard, it is not the purpose of this chapter to set a stone on melanin's charge
transport mechanism. Instead, in the first part of this chapter, DC and AC measurements were
used to verify the effect of different thin-film processes on NF-melanin's charge transport and
provide a more detailed study on the S-melanin charge transport for the first time. This chapter
finalizes with preliminary results on the proton dynamic in the melanin system using neutron

scattering.

6.2 COMPARISON OF NF AND S-MELANIN CHARGE TRANSPORT

6.2.1 Methodology
6.2.1.1 Device fabrication

Melanin samples were synthesized as described in CHAPTER 11, Section 2.1.2.

Glass slides (10 mm x 10 mm) were cleaned with Alcanox®, rinsed in water,
ultra-sonicated in acetone (15 min), 2-propanol (another 15 min) and dried under a flow of
nitrogen. Then, 50 nm of a gold interdigitated electrode with channel length and width of
100 um and 11.2 mm, respectively, were thermally evaporated. The electrodes were finally
treated with UV-Ozone (5 min) and, soon after, melanin thin-film was spin-cast at 500 rpm for
5 s followed by 1500 rpm for 60 s. For these films, melanin solutions were prepared as described
in CHAPTER 1lI, Section 3.2.1. At least six different pairs of electrodes from 2 different

substrates were used.

6.2.1.2 Electrical measurements

Humidity dependent measurements were carried out using a JANIS Research Cryogen
Free Micromanipulated probe station attached to the steam delivery system (CHAPTER I,
Section 2.1.3). The JANIS chamber was initially pumped down to vacuum overnight using a
rotary pump to ensure that all samples were completely dried. Four water vapor pressures were
used as described in the steam delivery system section: 0.0, 10.0, 20.0 and 24.9 mbar. All these
pressure data were normalized to a relative pressure value, using a water saturation pressure of
24.9 mbar at room temperature (21.5 + 0.1 °C).

The current-voltage (JV) data were measured using a Keithley 2450. The voltage was
swept forward and backward from -1 to 1 V to prevent electrochemical water splitting into
hydrogen and oxygen, which occurs at a potential difference of 1.2 V, and reduced additional

systematic uncertainty in the measurement. Electrochemical impedance spectroscopy was taken
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sweeping through a frequency range from 102 Hz to 10* Hz only at saturation vapor pressure
with a two-electrode cell and Metrohm Autolab PGSTAT302N with FRA32M module.

6.2.2 Results and discussion®

DC and AC measurements were done to study the several soluble melanin derivatives'
charge properties and compare them to the standard melanin (NFMel-I). Figure 59 presents the
current vs. voltage curves as a function of hydration level for NFMel-1 in H2O-NH3 and SMel
in DMSO. The behavior observed for these two samples is an excellent representative for the
other non-functionalized (Figure D1 & D2, in Appendix D) and sulfonated (Figure D3)
derivatives. Besides, due to the best results current intensity (Figure D4) at room atmosphere

using DMSO as a solvent, we have focused only on it for our analysis.
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Figure 59. Current as a function of voltage for (a) NFMel-1 in H,O-NH3z and (b) SMel-T in
DMSO at different hydration levels. Each 1V curve is an average of at least six different pairs
of gold interdigitated electrodes. Similar behavior was found for other samples.

From Figure 59, it is clear that for both groups of samples, the current increases as a
function of hydration, which could be understood as a rise in charge carriers, protonic and
electronic, due to the shifting of the comproportionation reaction (Scheme 2). Figure 59 also
shows a hysteresis between forward and backward sweeps linked to the protonic species'
capacitive effects due to their slow motion and inability to be extracted at the gold electrode.
However, one may see that S-Melanin has a lower sensitivity towards hydration, which would

result from the lower interaction of its macrostructure with water molecule (section 5.3.2).

8 The results presented in this section is part of Paper VI, in preparation.
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With this IV data, it was possible to get the conductivity as a function of hydration, and

the result can be seen in Figure 60. This type of conductivity plot ranging from the entire

hydration level for water is the first conductivity isotherm for the soluble derivatives used in

this study.
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Figure 60. (a, b) NF-Melanin and (c, d) S-Melanin conductivity as a function of hydration. The
conductivity was calculated through the inverse of the sample resistivity normalized by the
electrode geometry.

Figure 60(a, b) shows, for the films prepared with H,O+NHjs solution, a variation of 108
to 10 S/cm ranging from 0 to 100% humidity. On the other hand, from 40 to 100% humidity,

only distilled water resulted in a variation of 10° to 10 S/cm. Note here that we could not

calculate these samples' dry conductivity due to a high capacitive effect, i.e., the current vs.

voltage curve at 0% humidity had a box-like shape. The increase of the conductivity with

hydration demonstrates that the ionic component may have a significant role in its charge
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transport. Our result suggests that the ammonia’s oxidation environment could assist in the
deposition process and induce some change in the samples' aromaticity and improve their water
sensibility. One possibility would be that the ammonia de-stack NF-Melanin sheets, resulting
in a higher surface area for melanin and water interaction. A similar assumption could also be
verified by a slight increase in the conductivity of NFMel-6P compared to NFMel-S in both
cases. It is known that NFMel-6P is composed of smaller particles (BRONZE-UHLE et al.,
2016), which could lead to easy pathways for the water molecules to permeate through its
macrostructure.

On the other hand, it was found that S-Melanin's conductivity varies from 10® to 10°
S/cm in the whole hydration level, Figure 60(c, d). The lower hysteresis, Figure 59, and the
lower conductivity, Figure 60, of S-Melanin derivatives could be partially explained by the
lower S-macrostructure interaction with water (section 5.3.2). The lower interaction with water
content for the same hydration level would tend to indicate less ability to solvate protons than
NF-Melanin. So, if there are fewer protons available due to the presence of the sulfonate groups
at the indole ring's hydroxyl group, and less water means less ability to solvate, these together
will undoubtedly give a lower conductivity. Another interesting feature comparing both groups
of samples at 100% hydration is that S-Melanin still shows an ohmic-like behavior, which is
not the case of NF-Melanin. The non-ideal current vs. voltage characteristic can be considered
a signature of protonic (and ionic) transport (GLASSER, 1975; HUGGINS, 2002), which
corroborates our assumption that NF-Melanin has a higher concentration of movable ions than
its S-counterpart. A meticulous investigation of the current vs. voltage curve symmetry could
be possible with the Maxwell-Wagner model (IWAMOTO, 2015), allowing us to also refine
the conductivity values found in Figure 60. This study will be done in the near future.

It is worth noting that it is impossible to distinguish between electronic and ionic
contributions with DC measurements and cannot provide a complete insight into the melanin
derivatives charge transport. Therefore, in an attempt to investigate the charge transport
dynamics of NF and S-melanin, we have conducted electrochemical impedance spectroscopy
(EIS) studies at 100% hydration level. Figure 61 displays the NFMel-I and SMel-T EIS spectra
as examples. Similar behavior was obtained for the other samples (see Figure D5-D7). The
imaginary vs. real components of the complex impedance exhibited a semicircle coupled to an
upward nearly-linear line (or tail) at lower frequencies. Hence, we have modeled our data with
a Randles circuit. In the insert of Figure 61(a), a schematic of the Randles circuit is presented:

R1 is a resistor for the contact resistance, a second resistor R2 represents the ionic flow with
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the Warburg element W capturing the ionic/electrode effects. The CPE, or constant phase
element, captures the capacitive effects of the rest of the material (BISQUERT et al., 1998;
HUGGINS, 2002).

30 1 1 1 1 1 1 6 1 1 1 1 1 1
(a) B Experimental NFMel-I| (b) ® Experimental SMel-T
25 | Randles model I 5. Randles model
Solvent: H,O+NH, Solvent: DMSO
: . 0 Hydration level: 100 %
20 Hydration level: 100 % 4]
& —
S 151 S 3]
a =
= = o °
iy 104 i 2
) ) ®
54 14
w
0+ 0
O 5 10 15 20 25 30 o 1 2 3 4 5 &
Z' (10° Q) Z (108 )

Figure 61. Nyquist plots from EIS measurements on (a) NFMel-I and (b) SMel-T at 100%
hydration level. Scatter colored plots represent experimental data, while continuous grey lines
the fit using the Randles circuit as a model. Scatter colored plots represent experimental data,
while straight gray lines the fit using the Randles circuit (insert in part a) as a model. The dashed
green line is set at 45°,

The complex impedance of CPE (Zcee) can be defined by Zcpr = [Q - (j @)"]71, where
j is the imaginary unity (v—1) and Q and 7 are fitting parameters, with 0 < < 1 (BISQUERT
et al., 1998). For » = 0, CPE acts as pure resistor; and for = 1 as a pure capacitor. Based on
our modeling, we have found # = 0.78 + 0.08 for NF-melanin and » = 0.97 + 0.02 for S-melanin,
implying that the CPE acts as a capacitor. This difference could be an indication of the different
transport mechanisms in the AC regime. NF-melanin's Nyquist plot is almost a straight line
with ~ 45° slope over most of the frequency range, whereas, for S-melanin, there is a clear
separation of a semicircle at high frequencies and the Warburg tail at low frequencies.

For a better comparison of the charge transport mechanism, we analyze the impedance
modulus and phase angle as a function of frequency in Figure 62 for NF-Melanin and Figure
63 for sulfonated derivatives.

Figure 62(a, b) shows, in the high-frequency region (f > 100 Hz), the impedance response
of all samples is governed by a frequency-independent electronic process, which is compatible
with the low phase angle in Figure 62(c, d) (KWON et al., 2016); however, at the low-frequency
domain (f < 10 Hz), the ionic species diffusion takes place and control the system response.
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The phase angle variation at the low frequency can suggest capacitive double layer formation

with a significant impact on redox reactions (KWON et al., 2016).

(@)

|Z| (10° ©)

() -

Phase, 6 (deg.)

60 ; ; ; .
Solvent: H,0 + NH, = NFMel-|
50 Hydration level: 100 % NFMel-S
i A NFMel-6P
40+ -
n
30 4w 4
[\l
A\l
201 % & ;
A N
s, oy
104 ", \\ _
- Vv
0-
10? 10" 10° 10* 10° 10° 10°
Frequency
704 Solvent: H,0 +'NH3 . NF'IVIeI-I J
Hydration level: 100 % NFMel-S
-60 1 A NFMel-6P-
/AAA- K
-50 AA A‘\ 4
B
40 S Zf~“ A ]
-30- o 4 E
[\ A
LN A
-20 1 [ |
Y A
-101 %
0+ —
10 : : ; ; ;
10* 10" 10° 10" 10° 10° 10°
Frequency

(b)

|Z| (10° ©)

(d)

Phase, 6 (deg.)

60 T T T T T
Solvent: H,0 < NFMel-S

50 Hydration level: 100 % > NFMel-6P |
e

40- i

Frequency
-70 Solvent: H,0 < NFMel-S |
Hydration level: 100 % » NFMel-6P
-60 i
e
-50 Z _
O »
A0 e, ,ﬁ/ /&‘ S ]
. P> ) >
_M-M \‘q » |
-30 e oo \ \
<
. »
-20 D 1
\< ) "‘\
! \ ‘\"»»._-
01 M -
10 T T T T T
10* 10" 10° 10* 10° 10° 10*
Frequency

Figure 62. (a, b) Modulus and (c, d) phase angle as a function of frequency for NF-Melanin
films prepared using (a, ¢) water&ammonia and (b, d) water solution. Scatter colored plots
represent experimental data, while continuous light grey lines the theoretical fit using a Randles
circuit as a model.

The overall similarities between the three NF-samples indicate that film deposition's

different methodologies provide only subtle changes to the charge transport. Most of all, the

ionic component could be a consequence of small alterations in their macrostructures. When

one compares the three samples in Figure 62(a, b), it is possible to observe a slight decrease in

the NFMel-6P impedance samples at the low-frequency domain. Considering that in the low-

frequency region, ions dominate impedance, it is possible to speculate that the small impedance

would be the consequence of an increase in the ionic conductivity, as expected for a higher
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concentration of COOH in such sample (ORDINARIO et al., 2014; BRONZE-UHLE et al.,
2016). If we estimate the ionic conductivity of the semicircle diameter of the Nyquist plot
(SOBOLEVA et al., 2008; WUNSCHE et al., 2015), it is obtained values of 7.6, 16 and 30
mS-cm™* for NFMel-1, NFMel-S and NFMel-6P, respectively, in H,O+NHs and 4.7 mS-cm™*
for NFMel-S and 31 mS-cm™ NFMel-6P in only H,O. These ionic conductivities are compatible
with our previous discussion and the values reported in the literature for NFMel-1 (WUNSCHE
et al., 2015; SHELIAKINA; MOSTERT; MEREDITH, 2018b) and other proton conducting
materials (SOBOLEVA et al., 2008; ORDINARIO et al., 2014).

Additionally, note that there are no significant differences in the impedance of NFMel-
6P when comparing the solution using an oxidizing (as in H2O+NHzs solvent) or neutral
(deionized H20 only) environment; however, it increases for NFMel-S. Such an increase of
NFMel-S could be compatible with a large structure with a lower active surface and diminished
interaction with the water vapor. Hence, ammonia's use assists the adherence of NF-melanin on
the substrate surface and induces small changes in its macrostructure that allow an increase in
the ionic conductivity. Considering that NFMel-6P has smaller particles than NFMel-S
(BRONZE-UHLE et al., 2016), such structural variation could not be higher enough to induce
some significant charge alterations. Most importantly, section 3.3 indicates no significant
structural changes were observed, which ensures that we are studying melanin's electrical
properties.

By contrast, if one compares Figure 62 and Figure 63, the differences between NF and S-
melanin's charge transport behavior are evident. In the low-frequency domain of S-melanin, it
IS possible to see a subtle decrease in the impedance modulus until it reaches f > 100 Hz, see
Figure 63(a, b), when the impedance drops. This result could indicate that S-melanin has
movable ions in fewer amounts (as discussed above) and lower ionic conductivity. Indeed, these
samples estimated ionic conductivity was 0.2, 0.4, 0.2 and 0.1 mS-cm™ for SMel, SMel-T,
SMel-4P and SMel-8P, respectively. However, the change in the impedance modulus at high-
frequency could imply a preference for electronic charge transport. Note that the variation of
impedance is more visible for samples synthesized with oxygen (SMel-4P and SMel-8P),
suggesting that the different polymerization structures from oxygen atoms result in a higher
impedance, probably from the break of conjugation (PAULIN et al., 2018). The angle phase,
Figure 63(c, d), also supports the speculated mechanism since the variation in the high-

frequency domain is more significant than in the low-frequency region.
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Figure 63. (a, b) Modulus and (c, d) phase angle as a function of frequency for S-Melanin films
prepared using DMSO solution. Scatter colored plots represent experimental data, while
continuous light grey lines the theoretical fit using a Randles circuit as a model.

To get further information, we have also estimated the AC conductivity of the samples (
o(v) =d-(A-Z")71, where d is the thickness and A is the electrode area). As can be seen in
Figure 64, NF-melanin and S-melanin have opposites AC conductivity behavior. For instance,
NF-melanin is dominated by a frequency-dependent conductivity followed by a frequency-
independent plateau formation. The frequency-dependent conductivity at the low-frequency
region is ascribed as a polarization effect at the electrode—sample interface, whereas the high-
frequency domain is dispersive (GREENHOE et al., 2016; AMBRICO et al., 2017).

The conductivity ¢ behavior as a function of the frequency is usually described by the
Jonsher’s power equation o = op¢ + A w’ with o being a non-dependence contribution of
AC signal, S value ranging from 0 < S < 1 and A is associated with the polarization strength

(JONSCHER, 1981). However, our analysis considering this single power function was not
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successful. For future investigation, we believe that a multi-power function (o = op¢ +

YA; a)f") expressed by the Jump Relaxation Model (ELLIOTT, 1987; FUNKE, 1993) could be

a better approach to be considered.
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Figure 64. (a, b) NF-melanin and (c, d) S-melanin frequency dependency AC conductivity at
100% hydration level.

On the other hand, it has recently been proposed that melanin's charge carrier can “switch”
from electrons to protons depending on the hydration (REALI; SAINI; SANTATO, 2021). As
NF-melanin can be viewed as a proton conductivity material at a high humidity level, we could
ascribe the polarization effect in the low-frequency domain to the capacitance effect of ions at
the electrode interface, indicating that it would be highly doped at saturation conduction.
However, as discussed earlier, S-melanin has low dependence on hydration, implying that
doping should be different at the same experimental condition. Therefore, the absence of a

significant polarization effect could indicate lower protonic conductivity, even at 100 %
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hydration, as mentioned before. Accordingly, it is possible to speculate that the sulfonate
group's presence can potentially change the dominant charge carrier of the sample from protons
to electrons.

Considering that the DMSO boiling point is about 190 °C, it is unlikely that all of the
solvent molecule was removed with the vacuum step. Therefore, another possibility would be
that the DMSO residues compete with the water, hindering the hydration effect on S-melanin,
i.e., the DMSO block the available position for water solvation. However, more studies are
necessary to fully understand the effect of the functional group and the DMSO on the S-melanin

electronic properties.

6.3 QUASI-ELASTIC NEUTRON SCATTERING FOR PROBING PROTON
DIFFUSION

6.3.1 Methodology
6.3.1.1 Adsorption isotherm

To establish the water adsorption behavior of NFMel-1 and SMel-T (synthesized as
described in CHAPTER II, Section 2.1.2), a previously published method was followed
(MOSTERT etal., 2010). In brief, the steam delivery system (CHAPTER 11, Section 2.1.3) was
attached to a vacuum microbalance (CI Electronics Ltd.). To record the data, the microbalance
was connected to an external CI STABAL control unit where electronic signals were processed
into a mass value. The samples were pumped down over the weekend to obtain the dry mass.

The desired H20 pressure was admitted into the system for the adsorption measurements,
and the reservoir was closed. Considering that melanin is exceptionally hygroscopic, a
substantial drop in the pressure was observed as the reservoir was sealed. Hence, solvent steam
was allowed into the system until the pressure was relatively constant. Once a continuous
desired pressure was obtained, the mass of the sample was monitored overnight. The following
data points were obtained in the same manner, however, at higher relative pressures. The
experiments were conducted at room temperature (21.5 £ 0.1 °C). The weight was then
converted to the amount of water absorbed per gram of sample, allowing a direct comparison
between NFMel-1 and SMel-T. The result is presented in Figure 65 and it indicates that the
water adsorption isotherm of NFMel-I appears to be more like a 1-Type isotherm (one-layer
adsorption or chemisorption), whereas for SMel-T it resembles more a classical 2-Type

isotherm (infinite layers adsorption or physisorbed system) (MOSTERT et al., 2010). Such
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difference suggests that sulfonated-melanin have different hydration properties compared to

non-functionalized ones.
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Figure 65. Equilibrium adsorption isotherm for water adsorption of NFMel-I and SMel-T
powder. The dashed green line indicates the humidity level of 75%.

6.3.1.2 Sample preparations

For NFMel-I, two different experimental conditions were used in this study. In both cases,
the sample was initially dried in a vacuum oven at 50 °C for 05 hours and then loaded to the
steam delivery system (section CHAPTER II, Section 2.1.3), which was pumped down
overnight to ensure that there was no adsorbed water in the system. Afterward, NFMel-1 was
transferred to a dried box (Dry NFMel-1) or kept in the system and the pressure was increased
to 19 mbar with H2O steam to ensure that 17.5 moles of water be present in the sample (Wet
NFMel-1). In the last case, the sample was then transferred to a wet box (NaCl saturated
solution, 75% relative humidity). Approximately 500 mg of each sample was placed in an
aluminum sachet and sealed into a cylindrical aluminum sample can that had an annular sample
space of 0.5 mm-thick. The same procedure of Wet NFMel-I was performed for SMel-T to

understand the QENS behavior of S-melanin.

6.3.1.3 QENS measurements

QENS data were acquired on the backscattering IRIS spectrometer at the neutron
spallation ISIS Pulsed Neutron and Muon Source of the Rutherford Appleton Laboratory in the
United Kingdom (CARLILE; ADAMS, 1992). The measurements were performed using the
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PGO002 reflection of the pyrolytic graphite analyzer bank that affords a resolution of 17.5 peV,
a dynamical range from -0.5 to 0.5 meV and a Q-range from 0.442 to 1.854 A1, A vanadium
sample, a purely incoherent elastic scatterer, was measured to define the instrument resolution
and correct it for detector efficiency.

The sample can is equipped with bottom and top-mounted copper blocks containing
thermocouples and thermal resistance heaters to control the cell temperature during neutron
data collection with a closed-cycle refrigerator. Once installed, the sample was cooled to base
temperature (~ 5 K), a high signal-to-noise ratio QENS spectrum was collected to provide a
resolution function for the instrument for use in later data fitting analysis. The sample was
subsequently heated and 30 pA QENS spectra were taken at 10 K intervals from the base
temperature to 325 K and the measurement time at each temperature was approximately 10 min.
For 250, 275, 300 and 325 K, 750 pA QENS spectra were taken (~4 hours) to improve the
signal-to-noise ratio at these temperatures for further analysis. All data analysis was performed
using the Mantid software (ARNOLD et al., 2014).

6.3.2 Results and Discussion®

QENS is a powerful technique that can be used to study the dynamics of atoms or ions
within a sample (JOBIC; THEODOROU, 2007; CAVAYE, 2019). This technique is even more
interesting for melanin due to the presence of a high amount of hydrogen atoms in its structure,
which can yield a strong signal for their motions due to the large incoherent neutron scattering
power of this atom. Hence, the technique offers the ability to probe the melanin ionic motion.
Figure 66 shows the QENS spectra for NFMel-I and SMel-T.

In overly simplistic terms, there is no motion at absolute zero, and all neutron scattering
is therefore elastic. As temperature increases, atoms begin to move according to the energy
available. The scattering of an incident neutron caused by atoms and/or ions translational
motions results in a broadening of the elastic peak, lessening its intensity and increases the
background signal intensity. Hence, quasi-elastic scattering looks at a very narrow energy range
around the elastic peak, i.e., the spectrum immediately surrounding the zero-energy peak. The
decrease in the elastic peak with increased movement caused by increased temperature (see
Figure D9 for a zoom-in at @ = 0 meV) can either relate to transitions outside the energy range
(rotations and vibrations) or through scattering from moving particles, which essentially

doppler shift the energy of the neutrons.

¥ The results presented in this section is part of Paper VIII, in preparation.
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The result presented in Figure 66a for dried NFMel-1 suggests no significant motion in
the sample. The small broadening could be related to vibration and/or rotation of hydrogen
atoms in the melanin backbone structure. However, wet samples, Figure 66(b, c), clearly show

an increase in the broadening of the scattering function S(Q,®), indicating faster motions.
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Figure 66. QENS spectra for (a) dry NFMel-I, (b) wet NFMel-I and (c) wet SMel-T at different
temperatures.
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The total scattering intensity across all (Q, @) space should be constant, but the elastic
fraction and the inelastic fraction in the energy range observed will change. Therefore, to get
further insights on the NF and S-melanin motions, the elastic and inelastic windows with Q
summed (Figure 67) were obtained. The analysis starts with calculating the area under the

quasi-elastic peak measured by summing all detectors (all Q) and integrating between -0.0175
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and +0.0175 meV. This interval is considered an approximation of the instrument resolution

and, therefore, it is assumed to be the elastic intensity.

(a) 0.184 mm“ + (b) 1.051 i
s, 1.00{ begeg .
an > agge
0.16- aa, -2 sl L. i
- A, a b 444" 000
5 N 5 A, %
< 0144 s - £ 0.90 ‘AA:%. L
2 2 0.85- A -
g 0.12 - -, L % A%
5 Y L 0.801 Ao L
3 “-’ 'A®
= 0.10- S X
. g . [T Ty -...-... ﬁ 0.75 A.. L
2 s S 070 ae i
i 0.08- % L £ e
w % S
Dry NFMel-1 e S 0.65- Dry NFMel-I { L
e Wet NFMel-I °s z e Wet NFMel-I
0064 4 \wet SMel-T i 0.601 & WetSMel-T -
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)
(¢) 0.0181 Dry NFMel-I L (d) 261 Dry NFMel-I i
® Wet NFMel-I e Wet NFMel-I
00164 4 WetSMel-T - 241 Ao Wet SMel-T b
’; 4 2 2.24 °® i
. 0.014+ a - e ° 2
8 Py E 20 K L
[ ]
2 0.012- A L 2 18] o i
2 - & 'Y
Q A O 1.6- l} L
£ 00101 s ‘..' = A
(&) A ° 1.4 L
= 0,008 MAA‘A‘A““AM ° N .OE) Ao
% o‘. < 1.2 ‘A:‘ |
£ 0.006 ° L S o
£ " 5 10] snegequasaiesentsd I
- [E— ry{, 14 =2
0.004{ eeesesosts ¢ - 0.8 -
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)

Figure 67. (a, b) Elastic and (c, d) inelastic window scans (Q-summed) for NF and S-melanin
derivatives.

The elastic window's absolute intensity at low temperature indicates the relative scattering
strength affected by the sample shape, mass and composition. Hence, Figure 67a show that Dry
and Wet NFMel-I have similar scattering strengths that may indicate an equal amount of
hydrogen is present in a similar sample geometry and mass. Alternatively, there may be changes
in the sample that cancel co-incidentally. On the other hand, Wet SMel-T has the highest
absolute intensity, which could be explained by replacing the indole hydroxyl hydrogen with
the sulfonated group (Figure 3) or an increase in the water in the system. The high amount of
hydrogen atoms in both cases should undoubtedly increase the intensity of the scattering.
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However, the water adsorption isotherm of SMel-T indicates, for a given relative hydration,
that the amount of water molecule adsorbed should be small than NFMel-I (Figure 65). Hence,
the increase in the scattering intensity is related to the presence of the sulfonated group.

Figure 67b displays the elastic window normalized by the lowest measured temperature
to consider any possible mass variation or scattering strength and ensure that the samples have
equal scattering intensity to simplify the comparison. As the temperature increases, the samples'
motion increases, resulting in a decrease in the elastic intensity. Unless there are phase changes,
the decrease should be linear. Additionally, if the motion behavior is similar, the samples should
have the same gradient. Dry NFMel-I displays a shallow gradient, whereas Wet NFMel-1 and
Wet SMel-T both show significant intensity decreases, indicating a greater proportion of mobile
hydrogen in wet samples than when compared to the dry one. Moreover, there are more subtle
differences in the gradients between samples (that is, a break in the linearity) that could show
different kinetics. For instance, Dry NFMel-1 shows only one phase change at around 120 K;
and the wet samples two, being one at 117 K and the other at 233 K. Such result is compatible
with previously broadband dielectric spectroscopy (MOTOVILOV et al., 2019).

In a similar method to the elastic window, a representation of the inelastic area under the
quasi-elastic peak was obtained by summing all detectors (all Q) and integrating between 0.025
and 0.5 meV. The inelastic window's absolute intensity at low temperature in Figure 67¢ shows
that Wet SMel-T has the highest intensity, possibly from coherent diffraction leading to
increased background. The other samples show similar inelastic intensity at base temperature.

The variation of the normalized intensity of the inelastic window in Figure 67d with
temperature appears more illuminating than the elastic, as the variation between the Wet
NFMel-1 and Wet SMel-T is more pronounced. The Dry NFMel-1 shows little movement, and
the addition of water causes more H-motion. However, the most important information is
related to the increase in the inelastic intensity for temperatures higher than 270 K. At such
temperatures, Figure 67d indicates that Wet NFMel-1 has a strong proton motion when
compared to Wet SMel-T. Such a result is in line with the lower sensitivity of free-radicals
centers towards hydration observed with EPR (section 5.3.2) and the ionic current of sulfonated

melanin and DC & AC measurements (section 6.2.2).

6.4 CONCLUSION
The charge transport of different melanin derivatives was evaluated using AC and DC

measurements. The results in this chapter show no drastic changes in NF-Melanin samples'
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electrical behavior using an alkaline solution (or not) to deposit the films. Additionally, S-
Melanin's electrical conductivity proved to be hydration dependent, i.e., it increases with the
water content, but with less variation than the NF counterpart. Such a result indicates that the
S-Melanin has active sites for ions motion even with the functional groups' presence. An
analysis of impedance measurements demonstrates that the sulfonated group decreases the S-
melanin's ionic conductivity, but it may favor electronic currents at high hydration.

At the end of this chapter, it was shown that the QENS behavior of SMel-T is very similar
to NFMel-I, which indicates that both samples could sustain the same type of motion. However,
in line with DC and AC measurements, QENS also shows that SMel-T has a lower
ionic/protonic activity at temperatures higher than 270K.

All these findings can be understood based on the structural differences and they are an
essential step towards the development of bioelectronic devices based on melanin, especially

in the case of sulfonated derivatives.
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CHAPTER VII
MELANIN-BASED DEVICE
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7.1 INTRODUCTION

The evaluation of pH is a field of enormous interest in both industrial and academic
setting regarding, among other applications, medical diagnostics since biological processes can
be driven by its alterations (MCKINLEY, 2008; GUINOVART et al., 2014; BANDODKAR,;
JIA; WANG, 2015; KHAN; ANSARI; ALI, 2015; KHAN et al., 2017; CICHOSZ; MASEK;
ZABORSKI, 2018; NAG; MITRA; MUKHOPADHYAY, 2018; QIN et al., 2019). A good
example is skin wound repair. The healing process is considered a dynamic process that has
distinct stages, illustrated in Figure 68(a-c), that can be referenced as inflammation (to prevent
fluids losses and infections and removal of dead and dying tissues), new tissue formation
(cellular proliferation and migration of different cell types) and remodeling (a decline of all of
the processes activated after injury until its termination) (GURTNER et al., 2008). Even though
the healthy skin usually has a pH of 4-6, it can vary according to time during the healing process,
as present in Figure 68(d and e). Hence, it is essential to evaluate a wound's pH since the tissue
could present bacterial infections in alkaline environments (GURTNER et al., 2008; QIN et al.,
2019). Therefore, a biosensor capable of sensing such pH variations would be an exciting

candidate for clinical application.
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Figure 68. Steps of the healing process on skin wound: (a) inflammation, (b) new tissue
formation, and (c) remodeling. Alteration of pH as a function of time in (d) acute and (e) chronic
wounds. (a-c) Reprinted with permission from (GURTNER et al., 2008). Copyright© 2008,
Springer Nature. (d, e) Reprinted with permission from (SCHNEIDER et al., 2007).
Copyright© 2007, Springer Nature.
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A pH sensor can be assembled using an ion-sensitive layer with many materials (inorganic
and organic). However, a great interest is to obtain a high sensitivity device using biomolecules.
Recently, a pH sensor device was developed using standard melanin in an extended gate field-
effect transistors (EGFET) with a higher sensitivity to pH than indium tin oxide (PIACENTI-
SILVA et al., 2014a). However, it is known that standard melanin thin-films can be dissolved
in slight alkaline aqueous solutions, which could degrade the device if direct contact to the
system is necessary.

Therefore, a melanin derivative with device quality thin-films and stability in alkaline
solution would be ideal for pH sensing and sulfonated melanin derivatives can fulfill all these
requirements. As mentioned before, sulfonated melanin can be spin-coated in both hydrophilic
and hydrophobic surfaces, which means that these samples can be deposited on substrates with
minimal preparation; and it is stable in aqueous solutions of differing pH, including alkaline
solutions (ALBANO et al., 2016). Based on this context, in this chapter, the interest is to
investigate the ability of sulfonated melanin, in special SMel, to act in a sensitivity layer in
upon a newly developed (at Swansea University) carbon/graphene screen-printed electrode and
investigate a potential mechanism of operation for the sulfonated melanin pH sensor. The use
of carbon/graphene as a base electrode material is because graphene is a relatively common
material in (bio)organic electronics presenting high carrier concentration with high mobility,
biocompatibility, mechanical reliability and electrochemical stability (GEIM, 2009). Another
attractive of such a device is the low cost and simplicity of the screen-printing technique that
could easily be extended to industrial scales (HART; WRING, 1997).

7.2 EXPERIMENTAL PROCEDURE

7.2.1 Device assembly

The electrodes of the pH sensor were made using an R29 series screen-printer (Reprint,
UK) under ambient conditions. In a flexible substrate of polyethylene terephthalate (PET) with
a thickness of 175 um (HIFI Melinex 339), a conductive silver (SunTronic ref: AST6025) as a
reference electrode was printed, as well as carbon as an auxiliary electrode and carbon/graphene
as a working electrode, in the geometry displayed in Figure 69. To protect the electrode, an
insulating ink (Gwent, D214011D5) was applied in part of the sensor. The pH sensor was
completed by depositing SMel (synthesized as described in CHAPTER II, section 2.1.2) by two
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steps spin-coating (1000 rpm for 60 and 4000 rpm for 30s) on top of the working electrode.
More details about the electrodes fabrication can be viewed in (TEHRANI et al., 2020).
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Figure 69. Screen-printed electrodes from (a) top and (b) cross-section point of view. (c)
Photograph of the flexible sensor. Reprinted with permission from (TEHRANI et al., 2020).
Copyright® 2020, I0OP Publishing.

7.2.2 Characterization Techniques

X-ray photoelectron spectroscopy (XPS) measurements were taken with a Kratos Axis
Supra XPS system with a monochromatic Al Ka X-Ray source, with an emission current of 15
mA. Electrical measurements were performed using a 4-probe “EverBeing probe station” with
a 2636B Keithley Unit.

The electrochemical analysis was performed on four different samples using the advanced
potentiostat (PGSTAT-302 from Autolab, Metrohm Autolab, Runcorn, UK) with the scanning
voltage in the range of 0.0 V to 0.8 V. Standard 3-electrode system was used for the
electrochemical evaluation, where printed graphene/melanin was used as the working electrode,
Ag/AgCI as the reference electrode and printed carbon as the counter electrode. An electrolyte
of 5 mM Kjs[Fe(CN)s]/Ka[Fe(CN)e] in solution phosphate buffer saline (PBS) solution
(pH = 7.4). pH test and analysis of sensor were performed using the Ana-Pot from Zimmer and
Peacock Itd in the current range of 100 nA for 600 s at different buffer solutions. pH 4, pH 7
and pH 10 buffer solutions were obtained from Hanna Instruments and the intermediate pH
levels were produced by mixing these stocks together. pH 2 and pH 3 were created by adding
hydrochloric acid to the pH 4 buffer, while pH 11 and pH 12 by adding sodium hydroxide to
the pH 10 buffer solution. To account for any heterogeneity in the film deposition, five different

blank and SMel coated electrodes were tested.
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7.3 RESULTS AND DISCUSSION?
7.3.1 Characterization of melanin-coated pH sensor

The presence of SMel in the carbon/graphene electrode was obtained by N 1s high-
resolution XPS spectrum and IV measurements. The initial chemical composition of the SMel
coated electrode surface is depicted in Figure 70 (black line). For contrast, XPS measurements
were also taken on spin-coated SMel on PET substrate (Figure 70, red line) and uncoated
carbon/graphene electrode (Figure 70, blue line). In these spectra, one may see that melanin has
only one broad nitrogen-peak ranging from 397 to 403 eV that is related to nitrogen of the
indole structure, Figure 3 and Figure 12, in agreement with a previous study (PAULIN et al.,
2018); while carbon/graphene ink also has only one nitrogen peak at around 408.2 eV from
nitrate compounds. Moreover, when the carbon/graphene ink is coated with a SMel layer both
nitrogen peaks can be observed, suggesting that the melanin sample is present at the working
electrode's surface. Another evidence arises from the small shift towards lower binding energies
found for the carbon/graphene ink nitrogen-peak that is probably related to some structural and
electronic interaction between SMel and graphene (GARGIULO et al., 2015). J vs. V
measurements also show the presence of SMel across the screen-printed electrode, since the
resistivity of the coated electrode increased from 2.61 + 0.105 Q to 8.42 + 0.988 Q (TEHRANI
et al., 2020).

Coated

Bare

I N

412 410 408 406 404 402 400 398 396 394
Binding energy (eV)

Intensity (a. u.)

Figure 70. (a) High-resolution N 1s XPS spectra for SMel coated electrode (Black),
carbon/graphene ink on a bare electrode (Blue) and SMel (Red). The nitrogen peaks around 401
on the coated electrode indicate that melanin is present at the surface of the sensor working
electrode.

19 The results presented in this section is part of Paper IlI.
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In order to evaluate the capability of SMel detect changes in pH and the stability of the
coated electrode in real-time, the potential of the sensor was measured continuously in solution
across a wide range of pH (from 2 to 12, with an increase of 1 unit per steps) by open-circuit
potentiometry over 10 minutes periods exposing it to standards pH references. As shown in
Figure 71(a), there are evident changes in potential at every pH change. The slope of the mean
voltage measured with each solution from this data indicate that under these conditions, the
sensor has a sensitivity of 35.25 + 0.59 mV/pH.
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Figure 71. (a) pH sensing performed of the pH sensor in a wide range of pH, from 2 to 12.
(b) The ability of the SMel coated electrode to recover following exposure to high pH solution.

Another critical test is to check the hysteresis of the electrode behavior. In this case, a
similar analysis as before was performed for buffer solutions of pH 4, pH 7 and pH 10 followed
again by pH 7 and pH 4, as displayed in Figure 71b. In this case, the sensitivity only lost 2.3%
in the recovery step, suggesting that the sensor remains sensitive to pH changes following
exposure to high and low pH levels and implies that the pH sensor is robust/stable and can keep
its efficiency for multiple uses.

Considering that the aim is to obtain a bioelectronic and potential sensor for biomedical
applications, it would be interesting to test this device's sensitivity under physiological
conditions, between pH 5 and pH 8, as shown in Figure 68(d and e) for instance. The pH sensor
sensitivity under physiological conditions is displayed in Figure 72 and, as can be seen, SMel
coated electrode has a sensitivity of 62.00 + 7.00 mV/pH, which is an increase of five times
compared to the uncoated one (12.65 = 0.02 mV/pH), with better linearity and better
reproducibility.
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Figure 72. The sensitivity of (a) bare and (b) SMel coated electrodes under physiological
conditions.

In light of the biomedical applications, the sensor's effectiveness in measuring the pH of
real (i.e., non-reference buffer) samples was assessed. In a first test, the sensor's stability for a
common clinical sample type as blood plasma was sought. In such a case, the sensor's surface
was kept in contact with the blood plasma (obtained from healthy volunteers) for 10 minutes,
rinsed with distilled deionized water and then used to measure buffer solution of pH 7.2, pH
7.3 and pH 7.4. After the interaction with the blood plasma, the sensor exhibit sensitivity to the
different pH, indicating that the proposed device is robust enough to be considered a candidate
in biomedical device development (TEHRANI et al., 2020).

Following the above idea, the sensor operability was determined by measuring the pH of
different culturing media types (lysogeny broth, brain heart infusion and nutrient broth)
(WHELAN et al., ). Under these various media, the proposed pH sensor shows a sensitivity of
60.14 = 2.55 mV/pH. Additionally, the sensor was also able to precisely obtain the solutions'
pH with a variation of only 2.9% compared to an industrial standard glass electrode pH-meter.
Therefore, the graphene-melanin sensor can accurately measure the pH of different culturing

media, even in the presence of bacterial growth.

7.3.2 Mechanism of action

It is known that melanin is a very dynamic system since it belongs to the highly reactive
0-quinone chemical compounds (ITO, 2003) with interconversion between its various oxidative
states, as shown in Scheme 3. Hence, melanin can be considered an attractive material for

electrochemical sensing. Additionally, it has been reported sensitivity as a function of pH of
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50 mW/pH experimentally (HORAK; WEEKS, 1993; PIACENTI-SILVA et al., 2014a) and 64
mW/pH theoretically (MOSTERT, 2021) for the standard material.

H o N
N R+ N\ R I ke H
= Moo= -

Q - quinone QH, - hydroquinone QoH; - quinhydrone

2 H,0
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Q - quinone hydroqumone dlanlon $Q - semiquinone
B pK,=6.8
A L I
edo* 2 Hzo
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Scheme 3. Redox transformations of hydroquinones blocks within melanin in solid-state
(pathway I and I1) and aqueous environment (pathway 111, IV and V). Reprinted with permission
from (MOTOVILOV et al., 2019). Copyright® 2019, Royal Society of Chemistry.

The pH sensitivity of SMel is in line with the previously reported values, which is
unexpected since it contains additional sulfonated moieties attached to the hydroxyl groups of
the indole ring (Figure 3) that could be a limiting factor to the electrochemical reaction.

In previous work, an extended gate field effect transistor (EGFET) was developed using
standard melanin. It was proposed that the pKas of the various constituents are responsible for
the pH sensing effect (PIACENTI-SILVA et al., 2014). It has also been shown that the pH/E
behavior is due to the reduction potentials of the one-electron redox reactions for the
quinone/semiquinone and semiquinone/hydroquinone pairs (MOSTERT, 2019). Both these
reactions together yield the comproportionation reaction, Scheme 2 and Scheme 3 (pathways
IV and V), and yield a sensitivity of around 64 mV/pH, in line with our observations
(62 =+ 7 mV/pH). Therefore, one may speculate that both the pKas and the redox potentials'
positions drive the redox chemistry and ultimately make the device developed a sensitive pH

sensor.
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Based on the discussion above, it seems that sulfonated melanin acts electrochemically
as the standard melanin, i.e., the comproportionation reaction is still an active pathway. As
discussed in the previous chapter, not all the hydroxyl groups of the indole ring will be
sulfonated. Thus, there are still moieties that can undergo the standard melanin
electrochemistry, implying that sulfonated groups may only be spectators to this process.
Consequently, it appears that S-Melanin has a similar sensitivity to standard samples as a result
of analogous redox chemistry, but with the additional advantages of material processability and
stability. The downside would be fewer standard melanin moieties, which would decrease the
total current of the device. However, since the potential is what matters, this is not a significant
problem and further device engineering should enhance the device's accuracy.

Moreover, it should be noted that sulfonated melanin acted in an ion to electron
transducing device; with high sensitivity, the sensor took an ionic activity (pH) and transduced

it into an electronic signal.

7.4 CONCLUSION

In this section, sulfonated melanin (i.e., SMel) was applied as a sensitivity layer in a
carbon/graphene screen-printed electrode. By using SMel to the surface of the working
electrode, it seems that the electrochemical characteristics of the electrode are altered in such a
way that causes the sensor to become sensitive to a broad pH range, yielding a sensitivity of
62 mV/pH at physiological conditions and about 60 mV/pH at different culturing media.
Additionally, the electrode composed of SMel and carbon/graphene ink acted as an ion to
electron transducing element; it took an ionic activity (pH) and transduced it into an electronic

signal.
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CHAPTER VIII
GENERAL CONCLUSIONS
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8.1 CONCLUSIONS

Organic bioelectronics is an emerging research field in which the main challenge lies at
the interface of organic electronic devices and biological systems. The natural pigment melanin
presents great potential among many potential materials due to its charge transport properties
and inherent biocompatibility. Therefore, the main goal of the work presented in this thesis was
to characterize synthetic melanin and melanin derivatives and apply them to bioelectronic
device. Additionally, a thorough review of melanin properties was given to familiarize the
readers about its (somewhat exotic) properties at the beginning of each chapter.

Afirst step in developing a bioelectronic device is to understand the primary characteristic
of the active material; here, soluble non-functionalized and soluble sulfonated melanin
derivatives. To this end, all the samples were initially structurally and optically characterized
using depth-profile XPS, UV-Vis-NIR and ellipsometry spectroscopy. CHAPTER 11l showed
that the sulfonate group of the functionalized samples does not interfere in the basic indole
structure of melanin. Also, it was also possible to show that a surface analysis can represent a
more in-depth thin-film layer. Besides, CHAPTER 1V indicated that both groups of samples
have the same optical behavior. However, a significant difference was that the solution
quantum-yield efficiency of sulfonated melanin was up to two orders of magnitude higher than
non-functionalized ones. Our films displayed high transmittance, high-n values (1.54 + 0.06 for
NF-Melanin and 1.58 + 0.04 for S-Melanin) and low Abbe’s number (17.86 = 0.14). The
similarities in spectra and values comparing NF and S-Melanin were discussed based on the
structural differences.

If the stable free-radicals presented in melanin structure may feature prominently as either
a charge carrier or a spin-label for charge transport, it is essential to understand its nature. Thus,
in the first part of CHAPTER V, it was proposed that Ndef* structures of DHI and DHICA
monomers could be responsible for the origin of CCR free-radical using simulation analysis of
several EPR spectra found in the literature. Secondly, the solid-state X-band EPR spectra in
both non-functionalized and functionalized melanin samples were compared in dry and wet
conditions. The results presented here show that the S-melanin EPR signal appears similar to
NF-melanin. Simulation analyses of the EPR signals suggest that the S-melanin signal
comprises three different resonant lines compatible with NF-melanin. Intriguingly, the
theoretical calculations indicate that the EPR signal could arise from distinct S-units, in
particular S-Ndef, S-QI (anion) and S-SQ (radical)/S-1Q (anion). HFEPR analysis also support

such idea.
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The charge transport was studied in CHAPTER VI with DC and electrochemical
impedance spectroscopy measurements under hydration control. However, it should be pointed
out that, even though the charge transport seems to be similar, lower charge/ionic density and
lower hydration dependence was found for the sulfonated samples. It has been speculated that
S-melanin may have a significant increase in the electronic part of the conductivity at a high
hydration level when compared to standard NF-melanin. This feature was related to replacing
the phenolic hydroxyl “conducting protons” with the sulfonated groups. Still, it should be
noticed that sulfonated samples have better device properties since they can be deposited into
any surface without previous treatments. Moreover, QENS analysis has demonstrated that the
motion properties of S-Melanin are not significantly affected by the presence of sulfonated
groups. Also, QENS showed that S-melanin is less sensitive towards hydration than its NF-
counterpart, corroborating the EPR and DC/AC discussion.

The last subject of this thesis was to use the melanin derivative in a bioelectronic device.
Thus, it was shown in CHAPTER VII that the pH sensor was able to function across a wide
range of pH, with exceptional performance in physiological conditions and different culturing
media. Moreover, it should be noted that the sulfonated melanin acted in an ion to electron
transducing system; with high sensitivity, it took an ionic activity (pH) and transduced it into
an electronic signal. This study provides the foundation for later development and optimization
of the electrode’'s pH-sensitive properties to increase its accuracy and sensitivity further. The
low cost manufactured with high sensitivity printed electrochemical pH sensor has a significant
commercial interest.

In conclusion, considering the similarities between the structure and optoelectronic
properties of sulfonated melanin derivatives to the standard one, it is possible to affirm
undoubtedly that such samples do belong to the vast “melanin family” of compounds. The
results presented in this thesis are an advance in understanding the basic soluble melanin
derivatives properties. It is a foundation for designing and developing soluble melanin-based
bioelectronic devices, especially regarding the sulfonated-samples.

8.2 POSSIBLE FUTURE WORKS

The results presented in this thesis have pointed some open questions for future research
on melanin and some ideas will be described below.

First, it would be interesting to present some direct evidence of the ratio between DHI

and DHICA monomers to confirm the synthetic mechanism proposed for the synthesis under
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O> pressure and provide a more robust view on the different oxidation state discussion on the
paramagnetic and electrical characterization, which could be obtained by analyzing Raman
spectroscopy and quantifying PDCA and PTCA subunits of degraded structures through high-
performance liquid chromatography (GALVAN et al., 2018). Additionally, in-depth analysis
with N, 3S and *H-13C nuclear magnetic resonance technique should assist a more precise
structural elucidation of the sulfur and indole nitrogen of S-melanin. In the line of structural
characterization, a better understanding of each melanin macrostructure with microscopy
analysis would also be appreciated.

Most melanin’s free-radical species characterization was performed using X-band CW
EPR, which cannot provide detailed information on their electronic structure. Here, we have
started a more meticulously analysis; however, a temperature and pH-dependent study in
multifrequency CW & pulsed EPR spectroscopy will be necessary. Pulsed electron-electron
double resonance spectroscopy (PELDOR) and hyperfine-sublevel-correlation (HYSCORE)
spectroscopy could also give significant outcomes on the melanin dipolar and hyperfine
coupling (HARMER; MITRIKAS; SCHWEIGER, 2009; HANSON, 2010).

Next, the suggestion that S-melanin has a more dominant electronic component than NF-
melanin at high hydration has not been fully explored. Hence, a better understanding of the
sulfonated group and the solvent on the charge transport would be a must. Some experiments
examples would be EIS under the entire hydration level to deduce the relative fraction of the
charge contribution (LASIA, 2014). Another interesting experiment would be the Hall effect
experiment also under hydration control to assign the polarity of the majoritarian charge carrier
(MORGAN; PETHIG, 1971; MORTENSEN; MUNN; WILLIAMS, 1971). Mapping
conductivity as a function of temperature under vacuum or hydration, examining other
adsorbate's effect (like heavy water (SHELIAKINA; MOSTERT; MEREDITH, 2018b)) and
metal (MOSTERT et al., 2020) and carbonaceous materials (GARGIULO et al., 2015) doping
on the charge transport could be useful measurement candidates as well. A better
comprehension of the proton conductivity and its motion could be achieved with 2H nuclear
magnetic resonance and a more thoroughly neutron spectroscopy (PILI et al., 2018).

Lastly, going to a more technological point of view, the differences between NF- and S-
melanin regarding charge transport and the solubility, while keeping the others properties pretty
much unchanged, is the start point of the design of soluble NF- and S-melanin-base devices.
Potential device architecture candidates are sensing, batteries and memory devices, field-effect

transistors and electrochemical transistor. Additionally, we have shown in section 7.3.1 that
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SMel-based pH sensor did not lost efficiency when interfaced with biological entities. This
opens even higher exciting possibilities to investigate the devices' performance with electrically

active cells (cardiomyocytes and neurons, for example), the ultimate goal of bioelectronics.
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Table Al. The atomic composition (%) from pressed powder pellets impurities of synthetic

non-functionalized melanin samples.

Surface Bulk
Samples : :
S2p Cazp Si2p Total S2p Cazp Si2p Total
NFMel-1 0.15 0.13 2.10 2.38 0.06 0.13 2.10 2.29
NF'gAe" 040 006 263 308 | 024 006 263 293
NF(;\I/IDGI_ 0.42 0.18 0.92 1.52 0.09 0.18 0.92 1.19

Table A2. C1s, Ol1s and N1s photoelectron binding energies assignments for NF-Melanin.

Uncertainties were calculated using the standard deviation procedure of the XPS peaks

positions from all non-functionalized melanin derivatives.

Binding energy (eV)

Region Functionality Pellet Thin-film
CxHy 285.1+0.1 285.2+0.2
C-O/C-N 286.4+0.1 286.4+£0.1
Cils C=0 288.1+0.2 2885+0.1
0-C=0 289.2+0.1 289.7+0.2
n-* (shake-up) 291.4+0.1 292.1+0.1
0=C 531.5+0.2 531.7+£0.1
Ols O-C 533.2+0.2 5334+0.1
Impurity 532.5+0.2 533.0+0.1

RNH2/RNH3z* 401.5+0.1 #
N1s RoNH 400.0+0.1 400.5+0.1
=NR 398.7+0.1 399.1+0.2
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Table A3. The atomic composition (%) from spin-coated thin-film impurities of synthetic non-

functionalized melanin samples.

NFMel-I
(H20+NH; film)

NFMel-S
(H20)

NFMel-S
(H20+NHs film)

NFMel-6P
(H20)

NFMel-6P
(H20+NHs3 film)

0.07

0.13

0.11

0.10

0.07

1.37

1.59

1.43

1.34

1.44

4.02

6.47

4.43

4.48

3.23

0.15

0.39

0.19

0.20

0.17

5.6

8.58

6.16

6.12

0.05

0.08

0.10

1.34

1.44

1.43

1.32

1.44

4.77

9.82

6.06

6.92

4.79

0.11 6.27

0.58 11.92

0.14 7.73

0.09 8.40

0.13 6.43

Table A4. The atomic composition (%) from pressed powder pellets impurities of synthetic

sulfonated melanin samples.

SMel
SMel-T
SMel-4P

SMel-8P

3.34
3.01

2.51
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Table A5. Cls, Ols and N1s photoelectron binding energies assignments for S-Melanin.
Uncertainties were calculated using the standard deviation procedure of the XPS peaks

positions from all non-functionalized melanin derivatives.

Region

Functionality

Binding energy (eV)

Pellet Thin-film
CxHy 284.7 £0.0 285.1 £ 0.1
C-N 285.6 + 0.0 286.0 £ 0.1
C-0 286.2 +0.0 286.6 £ 0.2
Cls C=0 288.3+0.0 288.4 +0.1
C-S 285.1+0.0 285.4 +0.1
0-C=0 290.0 £ 0.1 289.7 £0.2
n-* (shake-up) 291.6 £ 0.0 291.9+0.2
0=C/O=S 531.4 0.0 531.6 + 0.1
Ols 0-C 533.0 £ 0.0 533.3+0.1
Impurity 532.6 0.0 532.8+0.1
RNH2/RNHz* 401.2+0.0 401.3+0.1
N1s RoNH 400.2 0.0 400.3+0.1
=NR 398.9+0.0 398.9+0.1
S-C (2p %) 163.2+0.1 163.9+0.2
S-C (2p 1) 164.4+0.1 165.1+0.2
S-0/S=0 (2p 3/2) 165.9+0.1 166.5+ 0.3
S-0/S=0 (2p 2) 167.0+0.1 167.7 0.3
5P SO> (2p %k) 167.9+0.1 168.8 +0.3
SO> (2p o) 169.0 £ 0.1 170.0+0.3
S04 (2p %1) 169.0 + 0.0 #
S04 (2p ) 170.2+0.0 #
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Table A6. The atomic composition (%) from spin-coated thin-film impurities of synthetic

sulfonated melanin samples.

Samples Solvents surface Bulk
Ca2p Nals Si2p Total | Ca2p Nals Si2p Total
DMSO 035 1234 049 1318 | 0.34 1570 252 18.56
SMel DMF 150 6.70 0.27 8.47 145 769 020 934
NMP 042 1275 163 1480 | 1.34 1135 17.64 30.33
DMSO 1.27 1044 276 1447 | 132 13.83 527 2042
SMel-T DMF 0.28 9.89 0.10 10.27 | 0.19 1060 0.09 10.88
NMP 049 1479 043 1571 | 048 2055 183 22.86
DMSO 1.23 1427 119 16.69 | 1.28 1852 4.34 2414
SMel-4P DMF 022 1154 0.11 1187 | 017 938 022 9.77
NMP 0.68 1234 255 1557 | 0.83 10.19 19.79 30.81
DMSO 1.20 13.05 088 1513 | 124 1656 4.48 22.28
SMel-8P DMF 1.19 1024 0.12 1155 | 160 921 0.14 1095
NMP 041 1553 125 1719 | 101 16.04 17.74 34.79

P.|202



Binding energy (a. u.) Binding energy (a. u.) Binding energy (a. u.) Binding energy (a. u.)

296 294 292 290 288 286 284 282 280 542 540 538 536 534 532 530 528 526 408 406 404 402 400 398 396 394 174 172 170 168 166 164 162 160
1.2{(a) DMel-T 1.24(b) DMel-T 1.24(c) DMel-T 181 (d) DMel-T
1.0 Time (s): Pellet 1.0/ Time (s): Pellet 1.0/ Time (s): Pellet 161 Time (s): Pellet

T 0 Cis L O1s _—o Nis 14
= 0.8{——120 =08 = 0.8{——120 212
EOG ——240 %os Eos — 240 %1.0
.E — 360 E . E 2 ]——360 E 0.8
8 04480 S 04 8 04]—480 g 06
= — 600 = = — 600 £ 04
0.2 0.2 0.2 ’
A 02
0.0 0.0 0.0 0.04
1.24(e) DMel-T 1.24(f) DMel-T 1.24(g) DMel-T 181 (h) DMel-T
1.0 Time (s): \ hin-film 1.0] Time (s): 1.0] Time (s): Thin-film 161 Time (s): Thin-film
T 0 Cis o _l—o Nis =
S 0.8{——120 MSO S 08 S 0.8{—— 120 DMSO =
\Eoe —— 20 Eos Eos 240 E
E’ 1——360 E E 21 ——360 E
© 04480 G 04 © 04480 |5
IS —— 600 £ £ —— 600 €
0.2 0.2 0.2 f\
0.0 0.0 0.0 t 01 ) .
1.24 (i) DMel-T 1.24(j) DMel-T 1.24 (k) DMel-T 1811 DMel-T
1.0] Time (s): hin-film 1.0] Time (s): Thin-film 1.0] Time (s): Thin-film Thin-film
— — —0 Ols — —0 N1s — S2p
08 3 DMF S 0.8{—120 DMF 3 DMF
& & & — 240 &
206 2 2 06 2
g @ @ 360 @
S 04 i3] o 04 ——480 i3]
£ £ = — 600 E
0.2 0.2
0.0 0.0 .
1.24(m) DMel-T 1.24(n) DMel-T 1.21(0) DMel-T 181 (p) DMel-T
1.0] Time (s): Thin-film 1.0] Time (s): hin-film 1.0] Time (s): Thin-film 167 Time (s): Thin-film
— 0 Cls - Ols - —0 N1s 14 0 S2p
S 0.8{——120 NMP S 08 S 0.8{——120 NMP S 12— 120
Eoe ——240 \“:06 Eos —— 240 \“:1.0 — 2404
-E — 360 E - 2 21— 360 E 0.8 —36
g 04480 g 04 & 04{ 480 8 06|48
< — 600 IS 1S — 600 £ g4 —60f]
0.2 0.2 0.2 ’
0.2
0.0 0.0 0.0 0.0- 4l =t
296 294 292 290 288 286 284 282 280 542 540 538 536 534 532 530 528 526 408 406 404 402 400 398 396 394 174 172 170 168 166 164 162 160
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure Al. High-resolution (a, e, i, m) C1s, (b, f, j, n) O1s, (c, g, k, 0) N1s, and (d, h, I, p) S2p
XPS depth profiling spectra of SMel-T pellet (first row) and thin-film (second-to-fourth rows).
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Figure A2. High-resolution (a, e, i, m) C1s, (b, f, j, n) O1s, (c, g, k, 0) N1s, and (d, h, I, p) S2p
XPS depth profiling spectra of SMel-4P pellet (first row) and thin-film (second-to-fourth rows).
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Table B1. Abbe’s number for the different films.

Abbe’s number for the different films

H20 + NH3 H20 DMSO DMF NMP
NFMel-I 17,78 # # # #
NFMel-S 17,91 18,01 #
NFMel-6P 19,59 17,64 # # #
SMel # # 17,91 17,90 17,86
SMel-T # # 18,10 18,00 17,93
SMel-4P # # 17,80 17,77 17,88
SMel-8P # # 17,73 17,75 18,05
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APENDIX C.1 - X-Band EPR supplementary material for Section 5.3.1 in the main-text
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Figure C1. Melanin X-band EPR spectrum simulation at pH (a)1.6, (b) 6.9 and (c) 12.3

obtained when only two paramagnetic species are considered for fitting. Experimental data

reprinted with permission from Chio et al. (CHIO; HYDE; SEALY, 1982). Copyright © 1982

Published by Elsevier Inc.
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Figure C2. Melanin X-band EPR spectrum simulation from (a) acidic, (b) neutral and (c) basic

solid-state samples when only two paramagnetic species are considered for fitting.

Experimental data reprinted with permission from Mostert et al. (MOSTERT et al., 2013).

Copyright © 2013, American Chemical Society.
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Figure C3. Melanin X-band EPR spectrum simulation from (a and b) DHI and (c and d)
DHICA solid-state samples when only (a and c) one or (b and d) two paramagnetic species are
considered for fitting. Experimental data reprinted with permission from Panzella et al.
(PANZELLA et al., 2013). Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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APENDIX C.2 — X-Band EPR supplementary material for Section 5.3.2 in the main-text
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Figure C4. CW X-band EPR spectra for S-melanin under dry and wet hydration level at low
(left column) and high (right column) microwave power.
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Table C1. Variation in the spin concentration after the introduction of water in the system. The
values present in this table were estimated from the double integration of the EPR signal present
in Figure C4. However, note that such values could be a consequence of mathematical artifact
coming from spectral variations in peak asymmetry and linewidth after the hydration (see
Figure C5).

Melanin samples Spin concentration changes with hydration (%o)

SMel -20.3
SMel-T +4.7
SMel-4P +94
SMel-8P -4.7
NFMel-I -44.7
NFMel-S -37.7
NFMel-6P -32.2
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Figure C5. (a, b) g-Values calculated with the fundamental equation of EPR spectroscopy
(he=guBo). The deviations were obtained by choosing three different baselines from the
positive and negative part of the spectra to get different zero position, that is, magnetic
resonance fields (Bo). (c, d) EPR signal symmetry obtained from the ratio between positive and
negative intensities. The closer the ratio is to 1, the more symmetrical the signal is. (e, f) The
linewidth of the EPR signal. The uncertainty bars, when not shown, are smaller than the data
point resolution.
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Figure C11. A rough estimation of the EPR simulation for NFMel-1 (a, b), NFMel-S (c, d) and
NFMel-6P (e, f) under dry (left) and wet (right) hydration level. The black lines represent the
experimental spectra and cyan and yellow dashed lines the simulated one at dry and wet
hydration level, respectively. Royal-orange-olive lines are the three components used in the fit.
The simulated parameters related to g-value and linewidth are shown in Table C2, whereas the
different intensities in Figure C12. The numbers between the brackets indicate the RMSD

values obtained for each simulation.

Table C2. Spectral parameters of the simulated signals for all three NF-melanin samples at

microwave power of 0.03 mW.

Lines g-Values AHpp (MT)
NF-A 2.0027 0.457
NF-B 2.0043 0.468
NF-C 2.0053 0.438
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Figure C13. CW X-band EPR spectra for NF-melanin under dry and wet hydration level at low
(left column) and high (right column) microwave power.
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SMel SMel-T

Figure C14. TEM images of SMel and SMel-T. The images were obtained with an FEI Tecnai
G2 F20 X-Twin 200 kV microscope (LIEC, Federal University of Sdo Carlos, Brazil).
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Figure C15. Representation of the spin population over the structure of S-HQ units.
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APENDIX C.3 — HFEPR supplementary material for Section 5.3.3 in the main-text

Table C3. Experimentally Determined g-Values for NFMel-S with different resonant lines.

Resonant Line Oxx Oyy Oz Qiso
A-l 2.0038 2.0033 2.0023 2.0031
B-I 2.0043 2.0030 2.0023 2.0032
B-I1 2.0037 2.0032 2.0022 2.0030
C-l 2.0050 2.0031 2.0023 2.0035
C-ll 2.0038 2.0033 2.0023 2.0031
C-lll 2.0038 2.0033 2.0022 2.0030

Table C4. Estimated spin concentration for one and two RL obtained from fitting.

Microwave power

RL (MW) NFMel-S NFMel-6P SMel
0.1 1 1 1
One
10 1 1 1
0.1 0.37/0.63% 0.09/0.91% 0.36/0.64%
Two
10 0.59/0.418 0.16/0.84% 0.65/0.35%
$x |y refers to specie A and specie B, respectively.
0.9
‘ )\
Z o8 s
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> °
g 0.7 ]
g
&
< 064 4
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n 0.1 mw A
054 ® 1.0mw
A 10.0mW
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Figure C19. HFEPR signal symmetry of NFMel-S, NFMel-6P, SMel. The closer AYpp is to 1, more
symmetrical the signal is.
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Figure C20. X-band EPR absorption signal of (a) NFMel-S, (b) NFMel-6P and (c) SMel at
different microwave powers. Gray arrow indicates the shoulder-like feature increases. The
measurements of Figure C20 were performed in solid-state using an X-band spectrometer
MiniScope MS300 (Magnettech) coupled with an Agilent Frequency Counter 53181A RF. For
g calibration, it was used 2,2-diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036).
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Figure C21. HFEPR absorption signal simulation of NFMel-S with different isotropic resonant lines
at low microwave power (0.1 mW).
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Figure C22. HFEPR absorption signal simulation of NFMel-S with different anisotropic resonant lines
and axial symmetry at low microwave power (0.1 mW).
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Figure C23. HFEPR absorption signal simulation of NFMel-S with different anisotropic resonant lines
and rhombic symmetry (without g strain) at low microwave power (0.1 mW).
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Figure C24. HFEPR absorption signal simulation of NFMel-S with different anisotropic resonant lines,
rhombic symmetry and g strain at low microwave power (0.1 mW).
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Figure C25. HFEPR absorption signal simulation of NFMel-S with different anisotropic resonant lines,
rhombic symmetry and g strain at high microwave power (10.0 mW).
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Figure C26. HFEPR absorption signal simulation of NFMel-6P with different anisotropic resonant
lines, rhombic symmetry and g strain at high microwave power (10.0 mW).
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Figure C27. HFEPR absorption signal simulation of SMel with different anisotropic resonant lines,
rhombic symmetry and g strain at high microwave power (10.0 mW).
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APENDIX C.4 — Phase correction procedure for HFEPR spectra

The phase correction procedure was based on Earle, 1993:

“The phase correction was accomplished by taking a linear
combination of the measured signal and a calculated
quadrature signal (generated from the Hilbert transform of the
measured signal) and adjusting the admixture of both
components across the spectrum until the integrated
combination spectrum displayed a flat, zero base line.” (K. A.
Earle, et al. J. Phys. Chem, 1993,13289-13297, page 13290.)

Initially, we create a hypothetical and arbitrary absorption spectrum from
.2
A =exp [— %} Figure C4-1a. The Hilbert transform of the absorption A spectrum was used

to obtain the dispersion signal D. As mentioned in section 2.2.5, we usually measure the first
derivative of the absorption. Hence, Figure C4-1b presents the first derivative of the absorption
(A”) and the first derivative of the dispersion (B’).

(b) -

~~
QD
<~

Intensity (a. u.)
Intensity (a. u.)

J—A I —A
—0D {—D

0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20

Hypothetical magnetic field (a. u.) Hypothetical magnetic field (a. u.)

Figure C4-1. (a) Hypothetical absorption A and dispersion D spectra. (b) The first derivative
of the signs in (a).

Figure C4-1 shows the pure spectra. In our experimental case, there is the possibility that
the spectra we got from the HFEPR spectrometer are a mixture of both absorption and
dispersion. Therefore, we create a hypothetical experimental spectrum S by taking a linear of

A’ and D’ (C4-1). Additionally, the Hilbert transform of S (named H) is given by (C4-2).
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S=A+aD (C4-1)
H=D +aA (C4-2)

Figure (C4-2) shows the resulted spectra for S and H considering o = 0.5.
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Figure C4-2. (a) Hypothetical experimental spectra S, with o = 0.5 with its (b) Hilbert
transform H.

As we intend to do a phase correction to obtain a pure absorption (or its first derivative)
of the experimental spectra, we need to discover a. Following the proposed methodology of

Earle (1993), we need to take a linear combination of the S and H. In this case, we got:

C=S+pBH
U (C4-3)
C=1—-ap)A +(a+ BD'

ap=1ep=- (Ca-4)

then, C is proportional to only D’. This means that for an arbitrary value of S, the double
integration of C results in a total area other than zero due to the term A’. However, for f = a
the term A’ disappears and the double integration results in zero total area because D’ has an
equal zero area. The double integration of the linear combination of C is present in Figure C4-

3. As can be seen, only g = 2 results in a flat and zero baseline, as expected by « = 0.5.
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Figure C4-3. Double integration of C for different values of .

As a real example, we applied the above procedure in an experimental NFMel-S HFEPR
dispersion spectrum (Snemel) and its calculated Hilbert transform (Hnewmel), see Figure C4-4(a).
We than take a linear combination of Snrevel and Hnewer following C4-3. The double integration
of the linear combination of Cnrmer with different values of g is shown in Figure C4-4(b).
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Figure C4-4. (a) Dispersion HFEPR experimental spectrum (Snrmer) and its Hilbert transform
(Hnrewmer). (b) Double integration of C for different values of 5.

Based on Figure C4-4, it is possible to observe that a flat and zero baseline is obtained
with g = 1.44. This implies that, considering relation C4-4, « = 0.69. Thus, with relation C4-1,

we can get the phase-corrected HFEPR experimental spectrum.
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APENDIX D.1 - DC and AC supplementary material for Section 6.2.2 in the main-text
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Figure D1. Current as a function of voltage for (a) NFMel-S and (b) NFMel-6P in H,O-NH3

at different hydration levels.
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Figure D2. Current as a function of voltage for (a) NFMel-S and (b) NFMel-6P in H20O

different hydration levels.
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Figure D4. Current vs. voltage curve for SMel-T in different solvents at room atmosphere.
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Figure D5. Nyquist plot of the EIS measurement of NF-Melanin using H2.O+NHjs as a solvent

at 100% hydration level.
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Figure D6. Nyquist plot of the EIS measurement of NF-Melanin using H>O as a solvent at

100% hydration level.

P.|244



8 1 1 1 1 16 1
(@) = Experimental swmel|  (b) A Experimental SMel-4P
Randles model Randles model
Solvent: DMSO Solvent: DMSO
61 Hydration level: 100% 124 Hydration level: 100%
[ ]
G 44 . G 84
S S
v 27 Y 4
=
2
0+ 0+
T i T T T
0 2 4 6 8 0 4 8 12 16
Z'(10° Q) Z' (10°Q)
16 1 1
(C) v Experimental SMel-8P
Randles model
Solvent: DMSO
121 Hydration level: 100%
S 8
I
N v
v
O.
0 4 8 12 16
Z'(10° Q)

Figure D7. Nyquist plot of the EIS measurement of S-Melanin using DMSO as a solvent at

100% hydration level.
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Table D1. Fitting parameters used to fit the data according to the equivalent circuit (Figure D8)

for all samples at 100% hydration level.

SMel 7.80E+06 6.04E+08 2.10E+03 3.22E-05
SMel-T 1.95E+06 3.58E+08 3.74E+08 2.44E+01
SMel-4P 1.61E+06 7.36E+08 4.55E+10 1.69E+05
SMel-8 1.07E+06 9.05E+08 1.35E+09 1.24E+02

4.32E-01
4.15E-01
4.41E-01
4.24E-01

NFMel-1 8.99E+05 1.73E+07 9.03E+07 8.65E+01 6.25E-01 6.81E-08 7.38E-01
NFMel-S 2.87E+05 5.84E+06 6.57E+07 1.06E+02 4.92E-01 4.91E-08 7.06E-01
NFMel-6P 1.02E+05 2.01E+06 1.39E+05 1.71E-03 2.62E-01 3.75E-08 8.68E-01

NFMel-S 1.41E+06 2.39E+07 9.06E+05 1.69E-02 2.82E-01 9.45E-08 7.12E-01
NFMel-6P 1.62E+05 2.11E+06 2.02E+07 7.79E+01 4.00E-01 4.25E-08 8.64E-01

6.55E-16
4.19E-13
4.68E-13
6.57E-13

1.00E+00
9.69E-01
9.68E-01
9.60E-01
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APENDIX D.2 — QENS supplementary material for Section 6.3.2 in the main-text
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Figure D9. QENS spectra for (a) dry NFMel-1, (b) wet NFMel-I and (c) wet SMel-T at different
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