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RESUME

Les Nations unies ont défini le développement durable comme "la capacité de répondre aux
besoins des générations actuelles sans compromettre ceux des générations futures [...]"%. L'accés
a une énergie propre et peu colteuse est primordial pour atteindre le développement durable a
I'échelle mondiale. Les formidables progrés technologiques des derniéres décennies,
parallelement a un pouvoir d'achat élevé, a une urbanisation et une industrialisation croissante,
ont élargi I'acces a I'électronique grand public, entrainant une demande croissante d'équipements
électriques et électroniques (EEE). La croissance rapide de la demande du marché donne lieu a
des processus de fabrication qui ne sont pas durables en termes de flux de déchets électroniques
(e-déchets ou DEEE), d'épuisement d’éléments chimiques clés, de consommation d'énergie et
d'écotoxicité. Dans ce scénario, I'électronique organique verte (dite durable) pourrait constituer

une voie prometteuse pour atténuer I'empreinte écologique de I'électronique.

L'électronique organique verte est basée sur l'utilisation de matériaux organiques a base de
carbone biosourcés (c'est-a-dire extraits de sources naturelles ou synthétisés en suivant les
principes de la chimie verte), a faible énergie intrinséque, a faible codt, biocompatibles,
biodégradables, pouvant étre traités en solution. La structure moléculaire des matériaux utilisés
en électronique organique présente des caractéristiques de conjugaison (alternance de simple et
doubles liaisons carbone). Cette structure peut aussi permettre liaisons hydrogéne. La souplesse
mécanique des matériaux organiques permet un transport combiné électronique et ionique
(parfois protonique). De fagon remarquable, la conductivité mixte ionique-électronique permet la
connexion entre la biologie, qui parle le langage des protons, et I'électronique conventionnelle
basée sur le transport des électrons et des trous. Les dispositifs électroniques organiques ne
peuvent actuellement pas rivaliser avec la technologie du silicium en termes de performances,

mais ils représentent son complément le plus prometteur.

L'eumélanine, un sous-groupe brun-noir des melanines (biopigments abondants dans la faune et

la flore), s'est révélée étre un candidat ideal dans le domaine de I'électronique organique verte et

! Tiré de I’anglais, traduit par M. Reali.



de la bioélectronique. L'eumélanine est une biomacromolécule conjuguée, non toxique,
biocompatible, pouvant &tre mise en solution et présentant des propriétés d'absorption UV-Vis, de
chélation des ions métalliques, de piégeage des radicaux, d'activité red-ox et de transport mixte
ionique (protonique) et électronique. Plusieurs applications basées sur l'eumélanine ont été
démontrées, y compris les dispositifs de mémoire, les hétérojonctions poreuses de type n-p
Sileumélanine, les électrodes pour les dispositifs de stockage d'énergie, les transistors
électrochimiques et les phototransistors.

Cette thése de doctorat se concentre sur I'étude de propriétés fondamentales des films et des
pastilles d'eumélanine pour la conception et le développement de technologies électroniques et

bioélectroniques optimisées et durables a base d'eumélanine.

Dans le chapitre 1, nous fournissons le contexte de recherche et présentons les objectifs clés de
ce travail de doctorat, a savoir : (i) I'étude du processus de formation et de la morphologie des
couches de (5,6)-dihydroxyindole (DHI)- et d'acide (5,6)-dihydroxyindole-2-carboxylique
(DHICA))-eumélanine, déterminés par des interactions physiques et chimiques, (ii) I’exploration
d'un transport électronique exclusif dans des pastilles seches de mélanine de Sepia (c'est-a-dire,
poudres d'eumélanine extraites et purifiées du sac d'encre de la seiche) et en mettant en lumiere
leur comportement de commutation résistif. En fin de chapitre, nous présentons la structure de
cette thése de doctorat. Dans le chapitre 2, nous donnons un apercu général des mélanines, avec
une attention particuliére a la structure supramoléculaire, au désordre chimique et physique et aux
propriétés physico-chimiques de I'eumélanine. Dans le chapitre 3, nous fournissons un résumé
approfondi de la technologie des couches d'eumélanine, en mettant I'accent sur la morphologie et
les techniques de traitement des couches. Ensuite, nous passons en revue les propriétés de
transport électronique et protonique des matériaux bio-sourcés afin de fournir un contexte détaillé
pour présenter les propriétés de transport des porteurs de charge de I'eumélanine. A la fin du
chapitre 3, nous présentons I'état de I'art des applications de I'électronique organique et de la
bioélectronique démontrées pour I'eumélanine. Dans le chapitre 4, nous donnons une description
des techniques de caractérisation utilisées pour atteindre les objectifs de recherche de ce travail.
Dans le chapitre 5, nous étudions I'évolution dynamique de I'état moléculaire a la couche, aprés
I'application par centrifugation de solutions (spin-coating) de monomeéres d'eumélanine DHI et

DHICA (eumélanine synthétique) sur SiO2/Si. Nous suivons la croissance des couches (films)



dans différentes conditions environnementales (c'est-a-dire I'obscurité par rapport a la lumiére du
jour et du laboratoire, les conditions ambiantes par rapport a une atmosphére enrichie en
ammoniac (catalyseur de polymérisation)) par microscopie a force atomique (AFM),
spectroscopie infrarouge (FT-IR) et spectroscopie UV-Vis. Nous constatons que les couches de
DHI et DHICA subissent des changements spectaculaires de propriétés morphologiques et
chimiques au fil du temps. Les couches de DHI conservés dans l'obscurité présentent des
structures de type ‘fougére’ que nous attribuons a des processus d'agrégation limités par diffusion
(DLA). Lors de I'exposition a la lumiere du jour, des structures semblables a des piliers et a des
cristaux se développent au-dessus des fougeres. Les couches de DHICA conservés dans
I'obscurité puis exposés a la lumiére du jour en laboratoire forment des structures en forme de
tige. D'autre part, les couches de DHI et de DHICA exposés a I'ammoniac sont caractérisées par
un polymorphisme prononcé. La spectroscopie IR suggere l'apparition d'interactions physiques
(C'est-a-dire I'empilement n-n et la liaison hydrogéne) et chimiques (formation de nouvelles
liaisons covalentes par l'oxydation des films) dans les couches en fonction du temps aprés la
déposition. Dans le chapitre 6, nous étudions la réponse électrique de pastilles séches et
fortement hydratées (humides) de mélanine de Sépia afin de trouver les conditions dans
lesquelles I'eumélanine présente un transport électronique prédominant. Nous compressons des
granules séches et humides de mélanine de Sépia en configuration sandwich entre du cuivre et de
I'acier inoxydable. Avant la compression, les poudres seches et humides sont maintenues dans
une atmospheére inerte (argon) et a 90% d'humidité relative (%HR), ce dernier qui correspond a
environ 20% de gain de poids. Nous mesurons la réponse électrique des pastilles de mélanine
Sépia séches et humides en effectuant des balayages I-V séquentiels & 100 mVs? et en le
modifiant de la vitesse de balayage de tension de 1 mVs? a 4500 mvs™. A 100 mvs? (i) les
pastilles seches commutent électriquement pendant le premier balayage. A partir du deuxiéme
balayage, la réponse |-V étant linéaire avec une diminution de la résistance électrique balayage
par balayage ; (ii) les pastilles humides commutent de maniere répétée pendant tous les balayages
I-V testés. De plus, la réponse I-V des pastilles séches (humides) étant indépendante (dépendante)
de la vitesse de balayage de la tension apres la commutation. En particulier, les pastilles humides
présentent une linéarisation de la réponse 1-V sans commutation au-dela de 2000 mVs?. Les

mesures de courant transitoire des pastilles seches apres commutation montrent un comportement
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de type plateau attribuable au transport électronique. Inversement, les caractéristiques courant-
temps des pastilles humides étant une décroissance exponentielle attribuable a la formation de
doubles couches ioniques. Le graphique de Nyquist (c'est-a-dire la partie imaginaire négative de
I'impédance par rapport a la partie réelle) des pastilles seches et humides montre un demi-cercle
et plusieurs demi-cercles que nous interprétons comme la signature d'un transport électronique et
ionique prédominant, respectivement. Dans I'ensemble, ces observations nous conduisent a
expliquer la commutation électrique résistive des pastilles de mélanine de Sépia seches (humides)
par la formation de couches de charges spatiales électroniques (ioniques) aux interfaces mélanine
de Sépia/métal, respectivement. La possibilité d'observer, pour la premiere fois, un transport
électronique exclusif dans 1'eumélanine séche a travers la structure empilée n-n attendue dans les
granules de mélanine de Sepia, ouvre de nouvelles opportunités pour exploiter le plein potentiel
du biopigment pour des applications en électronique organique. Dans le chapitre 7, nous
discutons des connaissances acquises en matiére de formation de couches d'eumélanine et de la
physique du transport, en référence a la littérature présentée dans les chapitres 2 et 3. Dans le
chapitre 8, nous résumons les connaissances globales acquises dans cette these en référence aux
objectifs de recherche de ce doctorat et nous introduisons un certain nombre de recherches
futures possibles que ce travail ouvre en ce qui concerne I'étude de la formation du film

d'eumélanine et ses propriétés de transport de porteurs de charge.

En conclusion, dans cette theése, nous avons examiné les propriétés physico-chimiques du
biopigment eumélanine tels que les parametres de traitement du film synthétique, la morphologie,
les propriétés électriques et chimiques, le transport électronique, la commutation électrique
résistive et les phénomenes de percolation des porteurs de charge électroniques dans les pastilles
et les couches de mélanine de Sepia pour applications en électronique organique verte. Dans
I'ensemble, ce travail souligne l'importance de (i) déméler la relation structure-propriété de
I'eumélanine et (ii) de décrire les propriétés de transport des porteurs de charge du biopigment
avec le modele approprié pour la conception et le developpement de technologies électroniques

organiques a faible énergie intrinseque, basées sur I'eumélanine.
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ABSTRACT

The United Nations defined sustainability as “the ability to meet the needs of the present
generations without compromising future generations [...]”. The access to clean and low-cost
energy is paramount to achieve sustainability on the global scale. The formidable technological
advances of recent decades, paralleled by high purchasing power, growing urbanization and
industrialization, have broadened access to consumer electronics, leading to a growing demand
for electrical and electronic equipment (EEE). The rapid growth of market demand is giving rise
to manufacturing processes that are unsustainable in terms of electronic waste (e-Waste or
WEEE) streams, depletion of key chemical elements, energy consumption and ecotoxicity. In this
scenario, green (sustainable) organic electronics can constitute a valuable route to alleviate the

footprint of electronics.

Green organic electronics is based on the use of organic carbon-based bio-sourced (i.e., extracted
from natural sources or synthesized following the green chemistry principles), low embodied
energy, low-cost, biocompatible, biodegradable, solution processable materials. The molecular
structure of organic electronic materials exhibits conjugation (alternance of single double carbon
bonds). This structure can also allow the formation of hydrogen bonds. The mechanical
flexibility of organic materials allows a combined electronic and ionic (sometimes protonic)
transport. Remarkably, mixed ionic-electronic conductivity enables the connection between
biology, which speaks the language of protons, and conventional electronics based on electron
and hole transport. Organic electronics devices cannot currently compete in terms of performance

with silicon technology, but they represent its most promising complement.

Eumelanin, a black-brown subgroup of melanins (abundant biopigment in flora and fauna), has
proven an ideal candidate in the field of green organic electronics and bioelectronics. Eumelanin
IS non-toxic, biocompatible, solution-processable, conjugated biomacromolecule exhibiting UV-
Vis absorption, metal-ion chelation, radical scavenging, redox activity and mixed ionic
(protonic)-electronic transport. Several eumelanin-based applications have been demonstrated,
including memory devices, n-p type porous Si/eumelanin heterojunctions, electrodes for energy

storage devices, electrochemical transistors and phototransistors.
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This PhD thesis focuses on the study of a few fundamental properties of eumelanin films and
pellets for the optimal design and development of eumelanin-based sustainable organic electronic

and bioelectronic technologies.

In chapter 1, we provide the research context and present the key objectives of this PhD work,
namely: (i) investigating the process of formation and the morphology of (5,6)-dihydroxyindole
(DHI)- and (5,6)-dihydroxyindole-2-carboxylic acid (DHICA))-eumelanin films as determined by
physical and chemical interactions, (ii) exploring the possibility of exclusive electronic transport
in dry Sepia melanin pellets (i.e., eumelanin powders extracted and purified from the ink sac of
cuttlefish) and shedding light on their resistive switching behavior. At the end of the chapter, we
provide the structure of this PhD thesis. In chapter 2, we provide a general overview on
melanins, with special attention to supramolecular structure, chemical and physical disorder and
to the physicochemical properties of eumelanin. In chapter 3, we provide an in-depth summary
of eumelanin’s film technology, with focus on morphology and film processing techniques.
Afterwards, we review the electronic and protonic transport properties of bio-sourced materials to
provide a detailed context for presenting the charge carrier transport properties of eumelanin. At
the end of the chapter 3, we present the state-of-the-art of the organic electronics and
bioelectronics applications demonstrated for eumelanin. In chapter 4, we give a description of
the characterization techniques used to achieve the research objectives of this work. In chapter 5,
we investigate the dynamic evolution from molecular state to film, after spin coating solutions of
DHI and DHICA eumelanin building blocks (synthetic eumelanin) on SiO./Si. We follow film
growth in different environmental conditions (i.e., dark versus laboratory daylight, ambient
conditions versus an ammonia enriched atmosphere (polymerization catalyst)) by atomic force
microscopy (AFM), Infrared Spectroscopy (FT-IR), and UV-Vis spectroscopy. We find that DHI
and DHICA films undergo changes of morphological and chemical properties over time. DHI
films kept in the dark exhibit the presence of fern-like structures that we attribute to diffusion
limited aggregation processes (DLA). Upon exposure to laboratory daylight, pillar-like and
crystal-like structures grow on top of ferns. DHICA films kept in the dark and then exposed to
laboratory daylight, form rod-shaped like structures. On the other hand, DHI and DHICA films
exposed to ammonia are characterized by pronounced polymorphism. IR spectroscopy suggests

the occurrence of physical (i.e., n-r stacking and hydrogen bonding) and chemical interactions
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(formation of new covalent bonds by films oxidation) in the films as a function of time after
deposition. In chapter 6, we investigate the electrical response of dry and highly hydrated (wet)
Sepia melanin pellets to find conditions under which dry eumelanin features predominant
electronic transport. We press dry and wet pellets Sepia melanin powders in sandwich
configuration between copper and stainless steel. Prior to pressing, dry and wet powders are kept
in inert atmosphere (argon) and at 90% relative humidity (%RH), corresponding to about 20% of
weight gained. We measure the electrical response of dry and wet Sepia melanin pellets by
performing sequential I-V scans at 100 mVs™ and by changing it from the voltage scan rate from
1 mVs? to 4500 mVs?. At 100 mVs? (i) dry pellets electrically switch during the first scan.
From the second scan I-V response is linear with decrease of the electrical resistance scan by
scan; (ii) wet pellets repeatedly switch during all tested 1-V scans. Furthermore, the I-V response
of dry (wet) pellets is independent (dependent) on the voltage scan rate after switching.
Particularly, wet pellets feature linearization of the 1-V response without switching beyond 2000
mVs?. Transient current measurements of dry pellets after switching show a plateau-like
behavior attributable to electronic transport. Conversely, the current-time characteristics of wet
pellets is an exponential decay attributable to the formation of ionic double layers. Nyquist plots
(i.e., the negative imaginary part of the impedance vs the real part) of dry and wet pellets show
one semicircle and multiple semicircles that we interpret as signature of predominant electronic
and ionic transport, respectively. All in all, these observations lead us to explain the electrical
resistive switching of dry (wet) Sepia melanin pellets by the formation of electronic (ionic) space
charge layers at the Sepia melanin/metal interfaces, respectively. The possibility to observe, for
the first time, exclusive electronic transport in dry eumelanin through the n-m stacked structure
expected in Sepia melanin granules, opens new opportunities to exploit the full potential of the
biopigment for applications in organic electronics. In chapter 7, we discuss the insights gained
with respect to eumelanin film formation and transport physics, and with reference to the
literature presented in chapter 2 and chapter 3. In chapter 8, we summarize the global insights
gained in this thesis with reference to the research objectives of this PhD and introduce a number
of possible future investigations that this work opens in regard to the study of eumelanin film

formation and its charge carrier transport properties.
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In conclusions, in this thesis we examine the physicochemical properties biopigment eumelanin
such as synthetic film processing parameters, morphology electrical and chemical properties as
well as electronic transport and electrical resistive switching in Sepia melanin pellets for
applications in green organic electronics. All in all, this work highlights the importance of (i)
unraveling eumelanin structure-property relationship and (ii) describing the charge carrier
transport properties of the biopigment with the appropriate model for the design and the

development of low embodied energy, eumelanin-based organic electronics technologies.
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CHAPTER 1 INTRODUCTION

1.1 Context of Investigation: Green Organic Electronics and

Bioelectronics

The United Nations defined sustainability as “the ability to meet the needs of the present
generations without compromising future generations”. In this regard, the access to clean and
low-cost energy is the underpinning to achieve sustainability at the global level. We are living an
era of tremendous technological achievements. Electronics progress at a terrific pace to the point
that our lives are becoming more and more dependent on it. Although we undoubtedly benefit
from electronic technologies and devices, such a terrific boom poses environmental and health
concerns. Quoting SONY’s founding chairman A. Morita, “we are moving from consumer to
consumable electronics”: replacement cycles and lifetime of electronics are becoming shorter and
shorter [1], [2]. According to the Global E-Waste Monitor 2020, 53.6 Mt of E-Waste have been
produced worldwide in 2019 and this amount is expected to reach 74.7 Mt by 2030 [3]. Such an
increase of E-waste stream is accompanied by the depletion of natural resources [4], [5] including
precious (e.g., gold (Au), silver (Ag), copper (Cu), platinum (Pt)) and critical raw materials (e.qg.,
cobalt (Co), germanium (Ge), palladium (Pd), indium (In)) [3]. Furthermore, another issue of
concern is the high energy embodied? into conventional (inorganic) optoelectronic devices.
Indeed, the electronic sector has primarily focused on performance, reliability and cost; concepts
like energy efficiency, endangered chemical elements [6], green chemistry and sustainability® [7],
have been so far only marginally addressed. A global effort is now in place towards achieving a
paradigm shift from linear to circular electronics, focusing on durability, reuse, refurbishment and

advanced recycling [8].

2Energy used to manufacture an usable object, including the energy for extracting, refining, processing and
transporting of primary materials. This definition often comes along with the concept of embodied carbon or CO;

footprint.

3 In 1987 the United Nations defined sustainability as “the ability of satisfying one generation’s needs without

compromising the ability of future generations to meet their own needs”.



In this context, great attention has been given to Green (Sustainable) Organic Electronics, having
as essential principles the use of (i) abundant bio-sourced (extracted from biomass and/or
agriculture-waste feedstocks), low-cost, solution-processed materials, (ii) potentially compostable
materials featuring (at least) acceptable charge carrier transport properties and (iii) the
development of devices featuring low embodied energy and conceived for sustainable end-of-life

scenarios.

Organic electronics relies on carbon-based conjugated materials (i.e., featuring alternance of
single-double carbon bonds) as the main active components of devices [9]. In 2000, Heeger,
MacDiarmid, and Shirakawa were awarded the Nobel Prize in Chemistry for their discovery that
the electrical conductivity of conjugated materials can increase of several orders of magnitude via
chemical doping. Since then, bio-sourced and/or bio-inspired materials have been applied to
devices such as organic field-effect transistors (e.g. indigo, epindolidione, quinacridone, tyrian-
purple) [10], [11], organic solar cells [12], light-emitting diodes [13], [14], organic sensors [4],
p-n ionic junctions (i.e. chitosan) [15] and many others [16]-[18]. Organic electronics constitute
thus a promising complement of silicon (Si)-based technologies for printable, stretchable and

flexible applications [19].

In this context, Nature developed plenty of materials with a wide variety of chemical structures
and functional properties that are of tremendous inspiration for humankind. We could say that
nanotechnology was born with Nature: evolution relies on self-assembly of ubiquitous organic
molecules. Nature selected organic over inorganic materials to create complex living beings
equipped with all kinds of biodevices, from ion-to-electron transducers to sensors, solar cells,

memory switching, energy storage, and many others [4], [5], [10], [16], [20].

Melanins are among the most interesting bio-sourced conjugated and hydrogen-bonded materials
available in nature. Melanins are a large class of natural pigments, ubiquitous in flora and fauna,
originating from the oxidative polymerization of phenolic precursors in plants and animals.
Melanins are divided into four main subgroups of pigments: (i) the black-brown insoluble
eumelanin found in human skin and in several animals (ii) the yellow-reddish brown
pheomelanin, found in the human red-hair and in birds’ feathers, the dark (iii) neuromelanin,
present in the substantia nigra and locus coeruleus of the human brain and large primates and (iv)

pyomelanin, present in various microorganisms.



Eumelanin originates from the oxidative polymerization of (5,6)-dihydroxyindole (DHI) and (5,6)-
dihydroxyindole-2-carboxylic acid (DHICA) building blocks (Figure 1.1 (a) and (b)). Eumelanin
is by far the most studied melanin pigment. Eumelanin exhibits several physicochemical properties,
including electronic conjugation, UV-Vis broadband optical absorption, metal-ion chelation, radical
scavenging, redox activity and mixed ionic (protonic)-electronic transport [21], [22], [23]. As such,
eumelanin is a very promising multifunctional material for organic electronics. Furthermore,
eumelanin is abundant and can be extracted from various natural sources such as cephalopods (e.g.,
Sepia Officinalis), cuticles of insects and arachnids. Sepia melanin is the standard natural source of

eumelanin and can be extracted from the ink sac of Sepia Officinalis [24] .

Several eumelanin-based organic electronic applications have been demonstrated, including n-p type
porous Si/eumelanin heterojunctions, organic electrochemical transistors (OECTS), phototransistors

(OPTs) and electrodes for energy storage devices [25]-[32].

In this PhD thesis, focus is given on the study of physicochemical properties of (i) synthetic DHI-and
DHICA eumelanin films and (ii) Sepia melanin pellets, for the design and development of eumelanin-

based sustainable organic electronic technologies.

a) b)

HO HO o
JI oA
HO N
H HO H OH

(5,6)-dihydroxyindole (5,6)-dihydroxyindole-2-carboxylic acid
(DHI) (DHICA)

Figure 1.1 Eumelanin building blocks: (a) (5,6)-dihydroxyindole (DHI) and (b) (5,6)-
dihydroxyindole-2-carboxylic acid (DHICA).



1.2 Research Objectives

As we shall see in detail in chapter 2 and chapter 3, a few fundamental aspects of the
physicochemical properties of eumelanin remain poorly understood [22], [28], [33]-[35].
Because of that, the full technological exploitation of eumelanin still entails issues.

Firstly, eumelanin is insoluble in most common solvents: electronic devices rely on smooth,
continuous, and uniform thin films. Therefore, the limited solubility of the biopigment is a
crucial challenge to address. Secondly, eumelanin exhibits chemical heterogeneity and structural
disorder which prevent the fabrication of device-quality films. In addition, the degree of
structural disorder is such that the mechanisms of solid-state aggregation (supramolecular self-
assembly) and polymerization (covalent bonding) have proven challenging to unravel in

eumelanin.

The access to chemically controlled eumelanin powders (i.e., only based on one of the two
building blocks DHI and DHICA, see chapter 3) offers a great tool to circumvent the insolubility
issue and fabricate synthetic eumelanin films mimicking the natural biopigment [36]. However,
there are no current studies on the early stages of formation of DHI- and DHICA-eumelanin-
based films as determined by physical (hydrogen (H)-bonding and n-r stacking) and chemical

interactions.

A third important challenge is the study of the transport physics of eumelanin. The biopigment
has been considered an amorphous semiconductor since McGinness et al. reported on an
electrical resistive switching behavior in synthetic and natural hydrated melanin pressed pellets
[37]. Indeed, the electrical resistive switching has been commonly observed in the current-
voltage response of inorganic amorphous semiconductors (e.g. a-Si, a-Ge, a-Se and a-Te) [38]—
[40]. Recently, studies on the electrical conductivity of eumelanin pellets as a function of
hydration seemed to undermine the amorphous semiconductor model in favor of the mixed ionic-

electronic conductor model for eumelanin [27], [41]-[45].

Thus, the charge carrier transport properties of eumelanin have been only partially understood
since different works point to different interpretations. In this context, describing the charge

transport properties of the biopigment with appropriate models is the underpinning to



demonstrate ion-to-electron transducers (in the case of mixed- ionic electronic conductors, proton

membranes) and organic electronic devices based on exclusive electronic transport.

Based on the state-of-the-art of eumelanin film formation and transport physics (thoroughly

provided in the next two chapters), the objectives of this PhD thesis are the following:

1. Exploring the early stages of film formation and morphology of synthetic DHI-and DHICA-

eumelanin as determined by physical and chemical interactions in different environmental

conditions (see experimental section, Article 1, chapter 5). The motivation is to pave the way

toward the construction of structure-functional property-device performance relationships for

eumelanin films notoriously exhibiting chemical and structural disorder (Article 1, chapter 5).

To achieve objective 1, we:

Use atomic force microscopy (AFM), to study the morphological changes occurring in
DHI- and DHICA eumelanin-based films during their formation.

Collect the Fourier-Transform Infrared Spectroscopy (FT-IR) and UV-Vis-NIR
spectroscopy spectra of DHI-and DHICA-eumelanin-based films to investigate the

changes of physical and chemical interactions taking place during film formation.

2. Gaining insights on the possibility to observe exclusive electronic transport in Sepia melanin

pellets, beside proton and mixed protonic-electronic transport already reported in the

literature (Article 2, chapter 6).

To achieve objective 2, we:

Perform direct current measurement experiments (DC), to acquire and compare current-
voltage resistive switching response of dry and highly hydrated (wet) Sepia melanin

pellets.

Collect the impedance spectroscopy (IS) spectra of dry and wet Sepia melanin pellets,
before and after the occurrence of the electrical resistive switching, to shed light on
electronic and ionic processes taking place in the bulk of the active layer and at the Sepia
melanin pellets/metal contact interfaces (i.e., charge transport, charge transfer and
diffusion).



e Collect the scanning electron microscopy (SEM) images and Energy Dispersive X-Ray
Spectrometry (EDX) spectra of Sepia melanin pellets metal electrodes, to exclude the
occurrence of electrodes’ dissolution processes during the electrical tests that could lead

to the formation of metallic filaments bridging the electrodes.

e Collect the Raman Spectroscopy spectra and the X-Ray Photoelectron Spectroscopy
(XPS) spectra of dry and wet Sepia melanin pellets, before and after switching, to exclude
that a Joule-heating-induced phase transition from amorphous to graphitic carbon is at the

origin of the electrical resistive switching behavior of eumelanin.

1.3 Structure of the Thesis

This PhD thesis is organized into 8 chapters. Below the detailed structure of the document:

1. Chapter 1 provides the research context, the gaps of knowledge and illustrates the key

objectives and the structure of this PhD thesis.

2. Chapter 2 presents an overview of the melanins pigments, with special focus on to the
supramolecular self-assembly, physical and chemical properties of eumelanin, the organic

electronic material study case of this PhD thesis.

3. Chapter 3 firstly gives the state-of-the-art of eumelanin film processing and morphology.
Afterwards, the chapter reviews the electronic and protonic transport properties of bio-
sourced materials to provide a detailed context of the charge carrier transport properties of
eumelanin. The final part of the chapter provides a the state-of-the-art of the organic
electronic applications reported for eumelanin. For a portion of chapter 3, we considered
the following publications: (i) M. Reali and C. Santato, “Eumelanin: semiconductor,
protonic conductor or mixed electronic-ionic conductor?”, published on December 19"
2019 as a book chapter in the Handbook of Nanoengineering, Quantum Science and
Technology, pp. 101-113 [34]; (ii)) M. Reali, P. Saini and C. Santato, “Electronic and
Protonic Transport in Bio-sourced Materials: A new Perspective on Semiconductivity”,
published as a review article on October 13" 2020 in Materials Advances, 2(1), 15-31
[46].



. Chapter 4 provides a description of the characterization techniques used to achieve the
research objectives of this PhD thesis, namely: AFM, UV-Vis-NIR spectroscopy and FT-
IR spectroscopy (Article 1, chapter 5) and SEM, EDX spectrometry, DC measurements,
impedance spectroscopy, Raman spectroscopy and XPS spectroscopy (Article 2, chapter
6).

. Chapter 5 presents the first publication of this PhD work (i.e., Article 1) pertaining to the
study of the early stages of formation of DHI-and DHICA-eumelanin-based films
(Objective 1, section 1.2). The article, entitled “Eumelanin: from Molecular State to Film”
has been published in The Journal of Physical Chemistry C (JPCC) on February 3', 2021.

The Supplementary Information is provided in Appendix A.

. Chapter 6 presents the second publication of this PhD work (i.e., Article 2) pertaining to
the study of electronic and protonic transport properties of dry and wet Sepia melanin
pellets (Objective 2, section 1.2). The article, entitled “Electronic Transport in the
Biopigment Sepia melanin” has been published on the American Chemical Society (ACS)
Applied Bio Materials on July 6™, 2020. The Supplementary Information is provided in
Appendix B.

. Chapter 7 discusses the insights gained in chapter 5 and 6 with respect to eumelanin film
formation and transport physics, and with reference to the literature presented in chapter 2
and chapter 3.

. Chapter 8 concludes this PhD thesis document by (i) summarizing the global insights
gained in this thesis as related to the research objectives of this PhD work and (ii)
introducing a number of possible future investigations that this work opens in regard to
the study of eumelanin film formation and its charge carrier transport properties.



CHAPTER 2 EUMELANIN

2.1 Classification of Melanins

The word melanin (from Greek pélac=black) indicates a vast category of black biopigments
presents in humans and other mammals, birds, reptiles, amphibians, insects, cephalopods as well
as plants and microorganisms [47], [48]. The chemist Berzelius was the first researcher to coin
the word melanin to refer to black animal pigments [49]. A few years later, Nicolaus provided a
classification of melanins based on their formation process in the living beings where they could
be found. Accordingly, the term melanins was referred to pigments formed via intracellular
processes in humans and animals whereas the word allomelanins to pigments formed via

extracellular processes in plants and microorganisms [48], [50].

d’Ischia et al. proposed a more rigorous classification based on the chemistry of the pigments
[47], [48]. Melanins were defined as “pigments of diverse structures and origin derived by the
oxidation and polymerization of tyrosine in animals and phenolic compounds in lower organisms
[47], [48] (Figure 2.1 (a)). Based on this definition, they identified four main subgroups of

melanin pigments:

1. Eumelanin (from Greek gb=well and pélog=black) is a black-brown insoluble pigment
originated from the oxidative polymerization of L-3-(3,4-dihydroxyphenyl)-alanine (L-
dopa) (Figure 2.1 (b)) via (5,6)-dihydroxyindoles intermediates, namely (5,6)-
dihydroxyindole (DHI) and (5,6)-dihydroxyindole-2-carboxylic acid (DHICA) (Figure
2.1 (c) and (d)). Sepia melanin and black hair melanin are two examples of natural

eumelanin [51].

2. Pheomelanin (from Greek ¢@aiog=dusky, grey), is a yellow-reddish brown subgroup of
sulfonated melanins. Pheomelanin originates from the oxidative polymerization of cysteinyl-
dopa (Figure 2.1. (e)) via benzothiazine and benzothiazole intermediates (Figure 2.1. (f) and
(9)). Melanin in human red hair and in hens’ feathers are two examples of natural

pheomelanin.

3. Neuromelanin is a dark subgroup of melanin pigments present in the substantia nigra and

locus coeruleus of the human brain and large primates. Neuromelanin is derived from the



oxidation of dopamine and other precursors within the human neurons (Figure 2.1 (h)).
Human neuromelanin consists of a pheomelanin core surrounded by a eumelanin shell [52],
[53].

4. Pyomelanin is a dark pigment mainly present in microorganisms and derived from (2,5)-

dihydroxyphenil-acetate via oxidative coupling of (1,8)-dihydroxynaphtalene (DHN) (Figure

2.1 (i) and (1)).
a) b) c) d)
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Tyrosine L-3-(3,4-dihydroxyphenyl)- (5,6)-dihydroxyindole (5,6)-dihydroxyindole-2-
alanine (DHI) carboxylic acid
(L-dopa) (DHICA)
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Figure 2.1 Key precursors of melanins: (a) tyrosine; (b) L-3-(3,4-dihydroxyphenyl)-alanine (L-
dopa); (c) (5,6)-dihydroxyindole (DHI); (d) (5,6)-dihydroxyindole-2-carboxylic acid (DHICA);
(e) cysteinyl-dopa; (f) benzothiazine; (g) benzothiazole; (h) dopamine; (i) (2,5)-dihydroxyphenil-
acetate; (1) (1,8)-dihydroxynaphtalene (DHN).
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The words melanin and eumelanin are often used as synonyms in the literature, mainly due to the
relevance of eumelanin in the scientific community. From now on, the two words will be

interchangeably used.
2.2 Eumelanin

2.2.1 Eumelanin in the Biosphere

Eumelanin can be found in several outer and inner parts of the body of mammalian vertebrates,
including the epidermis, hair, eyes, ears, as well as heart, lungs, kidneys, liver, spleen and tissues
[21]. In the human body, eumelanin partially screens the epidermis from ultraviolet (UV)
radiation and regulates skin complexion. Prolonged exposure to harmful UV light brings about
the formation of radicals in the epidermis that can cause skin cancer (melanoma). The
physiological roles of inner eumelanin are manifold, from antioxidant and photoprotection in the
iris of the eyes [54], [55], the protection of the inner ear from noise-induced stress [56], to

stiffening the tissues surrounding heart and lungs [21].

Birds, cephalopods and insects are the groups of non-mammalian vertebrates where the biological
functions of eumelanin have been studied the most [47], [51]. In birds, eumelanin is responsible for
the thermoregulation of the body [57], the pigmentation of the feathers and their protection against
abrasions [58], [59]. Eumelanin can be found in cephalopods ink produced by the glands in the ink
sac. Due to its high content of tyrosinase, the ink is toxic and serves as a defence against potential
attacks of predators [60]. In insects, eumelanin originates from dopamine (Figure 2.1 (h)) and is
mainly involved in cuticle sclerotization, camouflage, wound healing and immune response against
pathogens [51], [61].

Melanin is present in plants and fungi, too, where (1,8)-dihydroxynaphtalene (DHN) is the main
precursor (Figure 2.1 (1)). Strengthening and hardening the cells walls at a site of injury are central
biofunctions of melanin in plants [5]. Fungal melanin has crucial roles including cell walls
strengthening and UV photoprotection [62]. Microorganisms such as bacteria have also been reported
as sources of melanin. Bacterial melanin originates from the oxidation of (3,4)-dihydroxyphenyl-
acetate (Figure 2.1 (i)) and is responsible for the protection of the microorganisms against

environmental stress.
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2.2.2 lIsolation from Natural Sources

The isolation of eumelanin from natural sources has proven difficult. The limited solubility of
eumelanin in most common solvents is the major obstacle to its isolation [23], [47], [63]. The
presence of tightly bound cellular components, metal cations, and residual amounts of proteins in
cells where the melanogenesis happens and plays its functions, affects the structural aggregation
and physical properties of the natural biopigment [64]. Current strategies of isolation comprise
the homogenization of the source tissue in blenders followed by several acidic treatments. These
approaches has proven effective to remove cellular components and proteins without altering the
physicochemical properties of natural pigment [48], [50], [51]. The extraction of eumelanin from
human hair (black hair eumelanin), from the ink sac of cuttlefish Sepia Officinalis (Sepia
melanin) and from birds’ feathers are examples of successful isolation protocols. Black hair
eumelanin is a granular pigment found in the core of the human hair fiber (i.e., the medulla) and
in the hair cortex [47], [48]. Sepia melanin is considered the standard natural source of eumelanin
[24]. The extraction of Sepia melanin includes sequential washings and centrifugations of the raw
ink with HCI, ethyl acetate, ethanol and water, followed by lyophilization at -80°C [64]-[67].
Among all methods of isolation, the protocol of extraction of Sepia melanin provides the highest

extraction yield (about 80%).

2.2.3 Synthetic Eumelanogenesis and Redox Forms

A terrific effort has been devoted to develop synthetic eumelanin in biomimetic conditions (i.e.,
resembling the melanogenesis in the biological environment) [68]. The structural and physical
properties of synthetic eumelanin depend on precursors, environment of reaction and post-
synthesis conditions. The Raper-Mason-Prota scheme provides biosynthetic pathways leading to
the formation of eumelanin (Figure 2.2) [69]. During the biosynthesis of eumelanin, the enzyme
tyrosinase oxidizes tyrosine into dopaquinone (DQ), which forms cyclodopa via intermolecular
cyclization. Redox exchanges between DQ and cyclodopa generate dopachrome and L-Dopa
(Figure 2.1. (b)). In the absence of the enzyme dopachrome tautomerase (Dct) dopachrome
spontaneously decarboxylates into DHI (Figure 2.1. (c)). The enzymatic assistance of Dct leads

to the tautomerization of dopachrome with formation of DHICA (Figure 2.1 (d)).
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Figure 2.2 Biosynthetic pathways leading to the formation of eumelanin and pheomelanin.

Reproduced with permission from Ref. [69].

DHI and DHICA are the building blocks of eumelanin. The building blocks can be reversibly
oxidized into their orto-quinone forms by means of two processes of one-electron one-proton
removal [70]. Thus, eumelanin is a good electron transfer agent in several reduction-oxidation

systems [71].
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The redox forms of DHI and DHICA, i.e. the reduced hydroquinone (H2Q), the intermediate
semiquinone (SQ) and the oxidized quinone (Q), coexist in eumelanin [35] (Figure 2.3). The
comproportionation equilibrium regulates the relative concentrations of the three redox states in
presence of water (Figure 2.4). This reaction plays a fundamental role in defining the

paramagnetic and the electrical properties of eumelanin (see section 2.3.4 and chapter 3).

'H+, e 0] o]
. R = R
< —
o q OH ¥
H

Hydroquinone (H2Q) Semiguinone (SQ) Quinone (Q) Quinone Imine (QI)

Figure 2.3 Redox forms of DHI and DHICA eumelanin building blocks: hydroquinone (H2Q),
semiquinone (SQ), Quinone (Q) and the tautomer quinone imine (QI). R is -H in DHI and -
COOH in DHICA. The binding sites at each carbon position are shown anticlockwise in the H2Q
form. Granted by authorship from Ref. [72].

Figure 2.4 The comproportionation equilibrium reaction controlling the relative concentration of
hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) species in presence of water. R denotes
an H atom and a COOH group in DHI and DHCA, respectively. Granted by authorship from Ref.
[72].
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2.2.4 Supramolecular Structure and Physical Disorder in Eumelanin

The supramolecular structure of eumelanin has been investigated by X-ray diffraction (XRD)
[73]-[75], mass spectrometry [76]-[80], atomic force microscopy (AFM) [64], [81], [82],
scanning tunneling microscopy (STM) [83], ultrafast vibrational spectroscopy [84] and quantum
mechanical simulations [85]-[90]. Despite this extensive body of work, a definitive structural
model for eumelanin does not currently exist. There is, however, general agreement to a
structural model based on stacked aggregates. Accordingly, the supramolecular buildup of
eumelanin is a three-steps process involving four levels of aggregation [91], [92]: (i)
oligomerization (level 1), (ii) formation of nanoaggregates (level 2) by n-n stacking and (iii)
agglomeration of small aggregates (10-20 nm, level 3) and large spherical particles via edge-to-
edge stacking (100-200 nm, level 4) (Figure 2.5). The first step involves the formation of
oligomers of up to a few tens of monomers through their oxidative polymerization. Oxidation of
DHI leads to the oxidative coupling of dimers in which indoles are mainly linked through 2-2 and
2-7-bonds. Further oxidation of the dimers brings about the formation of tetramers featuring 2-3,
2-4, 4-4, and 7-7-bonds. The presence of carboxyl groups (COOH) at 2-position limits the range
of sites available for oxidative coupling in DHICA. Thus, the oxidative polymerization of
DHICA leads to dimers and tetramers mainly linked via 4-4 and 4-7 bonds [92], [93].

During the second step, three-four sheets of oligomers form nanoaggregates via n-n stacking
(non-covalent bonds) with typical interplanar distance of about 3.4 A, and vertical and lateral
extension of about 13.6 A and 20 A, respectively [74], [75], [94]. Throughout this phase, the
degree of physical organization of growing oligomers affects the supramolecular arrangement by
generating a certain level of structural disorder. The efficiency of n-n stacking, the presence of
coexisting m-n stacked regions of oligomers with different extension and orientation (i.e., planar
vs twisted segments), and the extent of H-bonding are all factors contributing to supramolecular
structure [87], [93], [95]. In the third step, protomolecules agglomerate via edge-to-edge stacking
bringing about the formation of 10 nm-to 20 nm-sized aggregates. In the case of Sepia melanin,

these aggregates finally assemble into 100 nm- to 200 nm-sized granules (Figure 2.5) [64], [85].
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Figure 2.5 Schematic representation of the supramolecular buildup of eumelanin.
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2.2.5 Chemical Disorder in Eumelanin

The presence of several available binding sites in the molecular structures of DHI and DHICA
building blocks, paralleled by their coexistence in various redox forms (i.e, H2Q, SQ and Q,
Figures 2.3 and 2.4), make eumelanin a chemically heterogeneous biopigment. Recently, the
chemical heterogeneity of eumelanin has been summarized in terms of hierarchical chemical

disorder entailing various levels of complexity [96]:

1. Building block disorder, stemming from the chemical diversity of the structural units
involved in the polymerization pathway. Different starting ratios of DHI/DHICA, the
presence of unreacted monomers and their degradation during the polymerization are the
main causes of building block disorder [93], [97]. Different starting ratios of DHI/DHICA
brings about differences in the structures of natural and synthetic eumelanin. Sepia
melanin contains up to 50% of DHICA in molecular ratio [23], [98] whereas synthetic
eumelanin contains about 10% [99]. As we shall see later, the ratio DHI/DHICA also
affects the optical absorption and radical scavenging properties of eumelanin (see sections

2.3.1 and 2.3.3, respectively).

2. Molecular-size disorder, arising from the presence of oligomers with different molar

masses that causes molecular weight dispersion during polymerization [80].

3. Molecular disorder sensu stricto, mainly caused by the extent of chemical reactivity of the
monomers during the polymerization (availability of binding sites) and by the presence of

several isomers populating each oligomer [100].

4. Redox disorder, due to the various redox forms of the monomers populating the
oligomers. This type of disorder is mainly driven by intrinsic oxidation capability of DHI

and DHICA and degree of r-electron delocalization.

Based on the above information, eumelanin has been defined as a physicochemically
disordered biopigment. Because of physicochemical disorder, the underlying mechanisms of
solid-state aggregation (supramolecular self-assembly) and polymerization (covalent

bonding) have proven challenging to unravel and are still object of debate.
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2.3 Physicochemical Properties of Eumelanin

Apart from its biological importance, eumelanin exhibits a set of distinctive physicochemical
properties, including electronic conjugation (i.e. alternance of single and double carbon-carbon
bonds), broadband UV-Vis absorption, radical scavenging (a radical is a molecular entity with an
unpaired electron), metal-ion chelation, hydration-dependent electrical  response,
photoconductivity and redox activity [23], [98]. In a biological environment, an antioxidant is a
substance that considerably delays and/or prevents the oxidation of an oxidizable substance.
Radical scavengers and metal-ion chelators materials match this definition [101]. Thus,
eumelanin is de facto an antioxidant. Eumelanin is filmable, biocompatible [102] and potentially
biodegradable [65].

We note that the terms “radical” and “free radical” have been interchangeably used in the
literature. However, in this thesis the term “free radical” will be avoided whenever possible,
according to IUPAC recommendations: “ [...] in the context of physical organic chemistry, it
seems desirable cease using the adjective ‘free’ in the general name of this type of molecular

entities [...]” [103].

Being the key objects of investigation of this PhD work, the fundamentals of eumelanin
filmability and charge carrier transport properties, are provided in the literature review (see

chapter 2).
2.3.1 Optical Properties

2.3.1.1 Broadband Optical Absorption

Eumelanin displays broadband optical absorption, both in solution and in solid form [23], [104]
(Figure 2.6 (a)). The lack of any absorption peak in the excitation and absorption spectra, usually
associated with individual and/or combined vibro-electronic transitions of molecules, makes
eumelanin an atypical organic pigment. In virtue of its absorption, eumelanin is an effective

photoprotector [22].

Several hypotheses and models have been proposed to explain the origin of the broadband optical
absorption of eumelanin: (i) Rayleigh scattering dominates the absorbance, (ii) the chemical and
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the geometrical disorder model, and (iii) eumelanin is an organic amorphous semiconductor
(ASc), due to the similarity between the optical absorption spectra of eumelanin and those of

amorphous semiconductors.

Regarding hypothesis (i), the optical absorption properties of eumelanin were initially ascribed to
Rayleigh scattering [105], due to the presence of 20 nm-200 nm-sized aggregates during the third
and fourth level of supramolecular buildup (Figure 2.5). Indeed, Rayleigh scattering is a
wavelength-dependent interaction (~A*) between the electromagnetic radiation and matter
occurring in presence of structures with dimensions lower than the wavelength of the incident
light. Rayleigh scattering has the effect of superimposing a broad background on any individual
electronic transition. For this reason, it was invoked to explain the steep rise in absorption in the
high-energy end of the spectrum. However, it was found that, under spectroscopic conditions,
scattering contributes less than 6% and 12% to the total light attenuation in solid state and in

solution, respectively [105], [106].

In regard to hypothesis (ii), the chemical disorder model posits that the oxidative polymerization
brings about the formation of several chemically distinct species (i.e., groups of oligomers
differing by bonding configurations, number and type of monomers). The wide variety of these
chemical species generates ensembles of oligomers with different secondary structures (see
section 2.2.5, point 1). In this picture, the broadband absorption is a consequence of
superimposed, non-homogeneously broadened Gaussian transitions associated to each secondary
structure composing the ensemble (superposition principle, Figure 2.6 (a)) [22], [23]. The
geometrical disorder model is based upon the supramolecular structural disorder featured by the
biopigment (see section 2.2.4). The model suggests that eumelanin’s optical absorption properties
stem from peculiar excitonic couplings between stacked oligomers differing by size and
orientation [107]. The geometrical disorder model undermined the chemical disorder one, this
latter being uncapable to predict the monotonic increase of the optical absorption in the UV

region of the spectrum.

As mentioned in section 2.2.5, the ratio DHI/DHICA plays a central role in defining the optical
absorption properties of eumelanin. It has been observed that the optical absorption of DHI-

eumelanin (i.e., eumelanin made up of only of DHI monomers) in the visible region of the
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spectrum is higher than that of DHICA-eumelanin (i.e., eumelanin made up of only DHICA
monomers). In DHI-eumelanin the planar configuration of oligomers promotes a high degree of
n-n stacking and favors electronic delocalization (stacking increases visible absorption, Figure
2.6 (b)) [104]. Conversely, the presence of carboxyl groups in DHICA-eumelanin limits the

extension of inter-units w-conjugation and the structure is highly non-planar (twisted, Figure 1.6
(€)).
The formulation and the implications of hypothesis (iii) are central to the investigations of this

PhD work and will be discussed in detail in the literature review (see chapter 3).
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Figure 2.6 (a) UV-Vis absorption spectrum of eumelanin with its corresponding log-linear plot in
the inset; representative sketch of (b) DHI- and (c) DHICA-eumelanin structures. Reproduced

and adapted with permission from Refs. [98] and [108].

2.3.1.2 Optical Excitation and Emission

Numerous steady state and time-resolved studies have been carried out to clarify the mechanisms
of relaxation after the optical excitation in natural and synthetic eumelanin [109]-[112]. These
investigations showed that eumelanin features radiative emission (fluorescence) with typical
quantum vyield of 10%* [105], [113]-[115]. Picosecond and femtosecond time-resolved

spectroscopy measurements enabled researchers to explain the dynamics of excitation and
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relaxation in the biopigment [84], [116]-[119]. The results of this body of work can be
summarized by the three following points:

1. The radiative emission is composed of four main components, each one decaying on the

order of nanoseconds.

2. The radiative emission energy constitutes a small portion of the total energy of the

absorbed photons.

3. All remaining excited states decay via non-radiative paths. The repopulation of the ground

state takes place via vibrational relaxation and/or internal conversion processes.

2.3.2 Metal-lon Binding

Natural and synthetic eumelanin, as well as DHI-and DHICA-eumelanin can bind metal-ions
including lithium (Li*) [120], sodium (Na®) [102], [120]-[122], potassium (K*) [120], [123],
calcium (Ca?*) [120], [124]-[128], zinc (Zn?*) [124], [129], [130], magnesium (Mg?*) [120],
[124], [131], manganese (Mn?*) [132], iron (Fe®*) [133]-[136], copper (Cu?*) [130], [136], [137]
and many others [35]. lon binding takes places via coulombic interactions and/or coordination,
this last through chelation (from Greek ynAr=claw). Typical primary and secondary binding sites
are the catechol hydroxyl groups, the amine groups in DHI and DHICA, and the carboxyl groups
in DHICA [35].

The incorporation of metal cations influences eumelanin’s formation rate as well as the ratio
DHI/DHICA during melanogenesis. However, it is currently unclear what is the role of metal-
ion binding in regard to the supramolecular aggregation of the biopigment [115]. Recently,
Mostert et al. showed that it is possible to modulate the protonic conductivity of hydrated
synthetic eumelanin pellets by chelating Cu?* cations [138].

Finally, the metal-ion binding properties of Sepia melanin, DHI- and DHICA-eumelanin have
been recently probed by electrochemical studies in buffer solutions. Results showed that binding
capability, binding site (i.e., primary vs secondary) and binding affinity depend on pH, type of
eumelanin (i.e., natural vs synthetic) and type of cation [139], [140].
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2.3.3 Radical Scavenging

The redox state of eumelanin determines its ability to scavenge radicals. It must be in an oxidized
(reduced) state to receive (donate) electrons and scavenge reductive (oxidative) radicals [70],
[71], [141].

The radical scavenging and photoprotection properties of biological systems are profoundly
connected [23], [54], [92], [142]. Forest et al. showed that photoprotection mechanisms take
place in the UVA (320 nm-400 nm) and UVB (280 nm-320 nm) irradiations [143]. On the other
hand, when exposed to UVC photons (220 nm-280 nm), eumelanin can generate reactive oxygen
species (ROS) and become cytotoxic (photodamaging behavior) [144]-[147]. Eventually,
eumelanin can scavenge ROS species that lead to severe skin damage [148]. Nofsinger et al.
proposed that the dualism between photoprotective and photodamaging behavior depends on the
degree of structural aggregation of the biopigment [149]. In this context, the authors found that a
structure made of few nm-sized aggregates is likely involved in photodegradation processes
leading to the formation of ROS. On the other hand, a few hundreds of nm-sized aggregates are

expected to promote photothermal conversion.

Several studies showed that the ratio DHI/DHICA affects the radical scavenging properties of
eumelanin [149]-[151]. The radical scavenging capability of DHI and DHICA monomers and
DHI- and DHICA-eumelanin were determined by scavenging tests using nitric oxide (NO) [152],
(1,1)-diphenyl-2-picrylhydrazyl (DPPH) [153] and (2,2’)-azinobis(3-ethyl-benzothiazoline-6-
sulfonic acid) (ABTS) [154].

Results can be wrapped up as it follows: (i) DHICA is a superior radical scavenger with respect
to DHI. Particularly, the planar n-n stacked structure and high degree of n-electron delocalization
make DHI less accessible than DHICA to radical species (Figure 2.6 (b) and (c)); (ii) DHI and
DHICA feature superior radical scavenging properties with respect to their polymerized
counterparts. Indeed, the oxidative polymerization of DHI- and DHICA-eumelanin decreases the
number of O-H and N-H groups participating to radical scavenging due to the oxidation of H2Q
forms into Q ones [93], [150], [151]; (iii) as in the case of the monomers, DHICA-eumelanin has

proven a better radical scavenger than DHI-eumelanin [93].
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2.3.4 Paramagnetic Properties

Eumelanin exhibits a permanent electron paramagnetic resonance (EPR) signal both in solution
and in solid state [23], [33], a marked signature of the presence of radical centers [155]. These
lasts are associated with the comproportionation reaction, namely the chemical equilibrium
between the relative content of H2Q, SQ and Q redox forms of the building blocks (Figure 2.4)
[155], [156].

EPR surveys showed that the relative concentrations of radicals depends on pH [157], [158],
temperature [159], exposure to redox agents [160], photo generation [45], [161] and metal-ion
binding [162]. More importantly, EPR studies revealed that the comproportionation reaction
determines both type and content of radicals [163], [164]. In this regard, in eumelanin there are
two types of radicals: (i) intrinsic, carbon-centered radicals (CCR), derived from the
polymerization process and (ii) extrinsic radicals associated to the SQ population (i.e. referred as
semiquinone radicals (SQR)) [165]. SQR have been observed in strongly hydrated eumelanin and
are considered mobile charge carriers. On the other hand, it seems that CCR play no role in

defining the electrical properties of eumelanin [166].

The contribution of intrinsic and extrinsic radicals to the transport physics of eumelanin will be

thoroughly discussed in the literature review (see section 3.4, chapter 3).

2.3.5 Redox Properties

The redox properties of eumelanin are determined by the electron transfer ability of DHI and
DHICA building blocks and their redox state (e.g., H2Q, SQ, Q, and QI, Figure 2.3 and Figure
2.4).

Several works investigated the redox properties of synthetic and natural eumelanin mainly by
cyclic voltammetry (CV). Rozanowska et al. found a one-electron reduction process for synthetic
eumelanin at a potential of about 500 mV versus the normal hydrogen electrode (NHE) [167].
Serpentini and co-workers reported on oxidation processes for Dopa melanin at 460 mV and 530
mV versus the saturated calomel electrode (SCE), respectively [168]. Gidanian and Farmer
studied the redox properties of eumelanin films derived from the oxidative polymerization of
DHI [169]. The authors reported on an oxidation process at a potential of 125 mV versus the Ag-
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AQCl electrode that was attributed to the formation of quinone-imine (QI, Figure 1.3).
Electrochemical studies on electropolymerized eumelanin films immersed in different
electrolytes, revealed that the redox activity of eumelanin depends on pH and presence of metal
ions. Robinson et al. and Horak et al. showed that changing the pH of the electrolyte can shift
and/or suppress anodic and cathodic peaks [170], [171]. Kim and co-workers reported on the
appearance (disappearance) of an oxidation peak at 160 mV versus saturated hydrogen electrode
(SHE) in presence (absence) of Mg ions in the electrolyte [131]. Recently, Xu et al. performed an
in-depth electrochemical study on DHI-, DHICA-eumelanin and Sepia melanin in different buffer
solutions and in presence of several metal ions including monovalent (Na*, K* and NH4*) and
divalent (Cu®*) cations. As opposed to previous studies, where no clear voltammetric peaks were
found for natural eumelanin [25], the authors observed an oxidation and a reduction peak at 150
mV and -60 mV versus Ag/AgCl in presence of monovalent cations, respectively [139].
Furthermore, all eumelanin samples immersed in buffer solutions with Cu?* cations featured a
strong oxidation peak at 100 mV. As we shall see in section 1.5, these studies on the synergy
between redox activity and metal ion binding have set the basis for the use of eumelanin in

energy storage applications.

2.3.6 Other Properties

2.3.6.1 Hydrophilicity

When exposed to an enriched water vapor environment, eumelanin can incorporate an amount of
water up to 20% of its own mass in 24 hours (hydrophilicity) [41], [123], [172], [173]. Two
“forms” of water are found in solid eumelanin: weakly bound water (i.e., adsorbed in a few
surface layers) and strongly bound water (i.e., absorbed in the bulk and retained in the inner
macromolecular structure of the biopigment) [23], [173]. In this regard, Albano et al. performed
thermogravimetric analysis (TGA) on Sepia melanin powders hydrated at 70% relative humidity
(RH) for 24 hours. Results revealed the loss of weakly and strongly bound water at about 53 °C
and from 124 °C to 171 °C, respectively. Mostert et al. performed a systematic study on water-
and ethanol-adsorption isotherms in synthetic eumelanin pressed pellets. Both adsorbates were
adsorbed in equal amounts (about 20% of weight gain) but at very different time scales, namely

from 24 min to 30 min and from 1 hour to 30 hours for water and ethanol, respectively [41].
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Recently, Martinez-Gonzales et al. used inelastic neutron scattering (INS) to unravel the
structural order/disorder of water molecules in synthetic eumelanin pellets upon water adsorption.
Inelastic neutron scattering spectra suggest that the adsorption of weakly bound water leads to the
formation of 3-5 layers featuring structure akin to that of amorphous ice [174]. Despite these

efforts, there are no studies on the structural properties of strongly bound water for eumelanin.

2.3.6.2 Biodegradability

Eumelanin is biocompatible as well as bioresorbable [102]. We note that in the eumelanin
community the words bioresorbable and biodegradable were often interchanged, leading to a
certain confusion. Bioresorbable refers to the degradation of a material in contact with body
fluids, whereas biodegradation relies on the spontaneous decomposition of a material under the
attack of microorganisms (i.e., bacteria and fungi). Human hair eumelanin, synthetic eumelanin
and fungal melanin were considered biodegradable in some works [175], [176] and non-
biodegradable in others [177], [178]. At the origin of this controversy there are the complex
experimental conditions required to assess the extent of biodegradation. Indeed, the outcomes of
a biodegradation experiment depend on type of microorganisms, nutrients and, in the case of
eumelanin, on the degree of supramolecular buildup. An additional issue is the lack of standards
to evaluate the biodegradability of organic electronics materials. This concern has recently been
addressed by Di Mauro et al. who studied the mesophilic (25 °C) and thermophilic (58 °C)
biodegradation of natural Sepia melanin in industrial compost conditions [65]. Sepia melanin
biodegradation reached 4.1% in 97 days and 37% in 98 days in mesophilic and thermophilic
conditions,  respectively.  According to ASTM 5338  (http://www.astm.org/cqi-

bin/resolver.cgi?D5338), Sepia melanin was not considered biodegradable.

2.4 Other types of Melanins

2.4.1 Pheomelanin

The oxidation of tyrosine into DQ by tyrosinase starts the biosynthesis of pheomelanin (Figure
2.2). In presence of the enzyme cysteine, the oxidation of 5-S-cysteinyldopa (5-S-CD) and 2-S-

cysteinyldopa (2-S-CD) leads to the formation of pheomelanin through the precursors
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benzothiazine and (g) benzothiazole (Figure 2.1 (f) and (g)). Pheomelanin is mainly found in
human red hair and hen feathers, and it has poorer photoprotective properties than eumelanin.
The photoreactive properties of benzothiazine and benzothiazole building blocks are still under

investigation [179].

2.4.2 Neuromelanin

The biosynthetic pathways leading to the formation of neuromelanin differ from that of
eumelanin and pheomelanin and it is poorly understood. Neuromelanin is a dark, insoluble
biomacromolecule mainly composed of melanin, lipids and proteins and metal ions.
Neuromelanin is only found in the large primates. In humans, neuromelanin accumulates in the
neurons of the substantia nigra and locus coeruleus of the brain [52], [53], where its concentration
increases with aging. The loss of neuromelanin in the neurons of patients with Parkinson’s
disease, is likely responsible for the occurrence of such a neurodegenerative syndrome as well as
brain aging [180]. However, neuromelanin also play a role of neuroprotection through chelation
of toxic metals and release of non-redox active moieties [181].
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CHAPTER 3 LITERATURE REVIEW

3.1 Eumelanin Films: Processing Techniques and Morphology

In the quest to design and develop high-performance optoelectronic devices, organic electronics
and bioelectronics rely on solution processing and evaporation of continuous and smooth organic
thin films. In this regard, the preparation of eumelanin films of device quality has proven
difficult, owing to its (i) limited solubility in most organic solvents and (ii) oligomeric disordered
nature that also makes the thermal evaporation a challenging task [22], [23], [47], [51] (see
section 2.2, chapter 2). Over the last twenty years, several research groups focused on the
solution processing of eumelanin thin films [36], [182]-[188]. Alternative fabrication techniques
such as spray-coating [189], electrospray deposition [190], matrix-assisted pulsed laser
deposition [191], [192], thermal evaporation [83] and electropolymerization [193], [194] were

also explored.

Déziderio et al. da Silva et al. fabricated synthetic eumelanin films by spin coating and drop
casting from dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) solutions on Si and
quartz substrates. Atomic force microscopy (AFM) images showed the superior homogeneity and
smoothness of DMSO films with respect to DMF. The morphology of films processed from
DMSO were characterized by spherical aggregates and terraces featuring height of 50 nm and
lateral extension of about 10 um [182], [183]. A few years later, the better filmability (i.e. high
thin film stability) of DMSO eumelanin films compared with DMF films was explained by the
high chemical stability provided by sulfonated groups bonded to the catechol groups of
eumelanin [184]. Bothma et al. spin coated eumelanin films on Si and glass substrates from an
ammonia solution [188] and reported on the formation of smooth films characterized by 20 nm-
sized spherical aggregates. Langer’s group exploited the solubility of eumelanin in strongly
alkaline aqueous solutions to compare the morphology of eumelanin films spin coated from
sodium hydroxide (NaOH) and DMSO solutions [185]. The authors observed that films prepared
from NaOH were rough and characterized by micrometer-sized dendrites. On the other hand,
films spin coated from DMSO formed spherical aggregates and were molecularly smooth (root
mean square roughness (RMS) of about 0.3 nm). Recently, Wiinsche et al. performed an in-depth

investigation of the morphological properties of eumelanin films obtained by dissolving Dopa
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melanin, DMSO melanin and commercial melanin (Sigma melanin) in DMSO and ammonia
(NH3) [186]. The spin coating of either Dopa melanin or Sigma melanin from DMSO solutions
generated eumelanin films of superior quality in terms of homogeneity and smoothness with
respect to films obtained from NHzs solutions. Remarkably, Sigma melanin films spin coated from
DMSO were the smoothest (RMS roughness of 0.35 nm) and featured stable nanoaggregates

about 2 nm-high and 30 nm-wide.

Pezzella’s group synthesized chemically controlled DHI- and DHICA- powders (melanin
obtained exclusively from one of the two building blocks) soluble in methanol and other organic
solvents. The same group obtained DHI-and DHICA-eumelanin films via an ammonia-induced
solid state polymerization (AISSP) protocol [36], [187]. This procedure involves the deposition
of DHI and DHICA films (e.g., via drop casting or spin coating) from methanol solutions and the
subsequent exposure to an ammonia (polymerization catalyst)-enriched atmosphere. The authors
reported on very stable, homogeneous, and smooth eumelanin films. In the atomic force
microscope, films showed the presence of columnar structures a few nm high. Recently, Pezzella
et al. observed the spontaneous formation at ambient conditions of wrinkles in AISSP-DHI films
deposited on glass from DHI solutions with concentrations from 25 mg ml* to 200 mg mi*
[187]. The formation of wrinkles took place only in films thicker than 250 nm (thinner films were
smooth and exhibited columnar-like structures). Based on these observations, self-wrinkling of
AISSP-DHI was attributed to inhomogeneous oxidation processes occurring in thick films, where
inner and outer layers would experience slower and faster oxidation rates, respectively. In terms
of film growth, faster (slower) oxidation rates were associated with faster (slower) molecular

mobility as well as higher (lower) degree of crosslinking and stiffening in the films.

Abbas et al. deposited spray-coated eumelanin films on glass substrates from dispersions in a
solvent mixture of methanol:DMSO [189]. Scanning electron microscopy (SEM) and AFM
images revealed the formation of smooth surfaces (RMS roughness of 0.4 nm) with the presence
of micrometric filamentary structures. In a subsequent study, the same group succeeded in
depositing eumelanin films on glass substrates by electrospray deposition from the same solvent
mixture of methanol:DMSO [190]. Despite good continuity and homogeneity, these films were

considerably rougher than their counterparts fabricated by spray deposition.
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Bloisi et al. prepared eumelanin films via matrix-assisted pulsed laser evaporation (MAPLE)
deposition from suspensions of DHI in phosphate buffer solutions. The authors obtained
relatively rough and thick eumelanin films (RMS roughness and thickness of about 100 nm and
250 nm, respectively). In an independent study, they also showed that film RMS roughness and
thickness uniformity were strongly dependent on the frequency of the laser pulse and on the
substrate temperature. Notably, the lower the frequency and the substrate temperature, the
smoother and thinner the films [192].

Eumelanin films have been also deposited on Au and ITO electrodes by electropolymerization in

aqueous suspensions [193]-[195].

Irrespective of the body of work herein summarized, the question whether and how the synergy
between supramolecular self-assembly (i.e., n-n stacking) and polymerization (i.e., formation of

covalent bonding) govern eumelanin film formation and morphology has not been answered yet.

3.2 Concepts in Electron-Band Theory to Understand Charge

Transport in Bio-sourced Materials

Here, we present introductory aspects of the band theory for ordered (crystalline) and disordered
(amorphous) materials that are fundamental to understand the transport physics of bio-sourced
materials akin to eumelanin. To this aim, we briefly give an overview on the band theory of
electrical conduction for conventional crystalline solids (section 3.2.1) and then its modification

for amorphous materials (section 3.2.2).

The charge carrier transport properties of any material can be described by basic conductivity (o)

equation:
0 = nqu Eqg. 3.1

Where o is the conductivity, n is charge density, q is fundamental charge, and p is the mobility of
the charge carrier (i.e., electrons and holes). Indeed, any discussion on charge carrier transport
properties in solids can be carried out only by understanding ¢ in terms of p and n. In Section

3.2.3, we shortly discuss the relevance of these transport models to bio-sourced materials.
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Then, we discuss fundamental aspects of proton transport mechanisms (e.g., vehicle and
Grotthus) in hydrated protonic bio-conductors to introduce the concept of protonic
semiconductor by means of a quantum mechanical description of protonic transport in H-bonded

chains of proton conductors (sections 3.2.4, 3.2.5 and 3.2.6).

At the end of the chapter, we will provide a state-of-the-art picture of the charge carrier transport
properties of eumelanin (section 3.3). The focus on a central topic of this PhD work, i.e. the
dichotomy between two models of transport proposed for eumelanin: (i) the MD amorphous
semiconductor model suggested in the 1970s by J. McGinness (section 3.3.1); (ii) the mixed ionic
(protonic)-electronic conductor model proposed between 2010 and 2018 by P. Meredith’s group
(section 3.3.2).

A summary on the charge carrier transport properties of hydrated and dry eumelanin pellets and

films is also provided in Article 2 (chapter 6, Table 6.1).

All in all, what follows aims to provide the reader with the necessary elements to understand the

current challenges faced when describing charge transport in eumelanin.

3.2.1 Band Theory of Electrons

The properties of electrons in crystalline solids are explained by the band theory. In crystalline
solids (inorganic and organic) the structure is constituted of unit cells (e.g., atoms, ions,
molecules) arranged in periodic planes of arrays (Bravais lattice). This periodicity is responsible
for highly ordered structures and profoundly impacts the foundations of band transport theories
[196]. The energy levels of an electron are determined considering a steady state single-electron
Hamiltonian with periodicity of underlying lattice. Indeed, the electron interacts with the lattice
units through periodic potential wells. In this framework, the long-range order enables the
extended delocalization of the electronic wavefunction, and the motion of electrons is described

by Bloch waves.

The delocalization of the electronic charge carriers generates energy bands, namely valence band
(VB) and conduction band (CB), for the occupancy state of holes and electrons respectively. The
states are extended within the band i.e. the wavefunction occupies the entire volume. The energy
difference between the top of the VB (Ev) and the bottom of the CB (Ec) defines the crystalline
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band gap region (Eg). In a crystal with N primitive unit cells, the number of allowed values of
the electron wavevector (k) is exactly N (i.e., each unit cell contributes with an independent value
of wavector k to each energy band). Considering that electrons exhibit two spin orientations,
there are 2N independent electronic states in each energy band. Thus, a crystal with one valence
atom per unit cell exhibits a half-filled energy band (Figure 3.1 (a)). This is the case of electrical
conductors such as alkaline metals and noble metals. In these systems, the application of an
electric field, small enough not to perturb the electronic structure of the crystal, gives rise to an
electric current. On the other hand, given an even number of valence atoms per unit cell, two

cases are possible:

1. The valence band partially overlaps in energy with the nearest top energy band: instead of
a fully occupied band giving rise to an insulator, there are one or more partially filled
bands such that the crystal is broadly defined a semimetal. Examples of semimetals are
the alkaline hearth metals. While the application of an electric field to semimetals gives
rise to an electric current, the electrical conductivity of these systems is lower than that of
metals (Figure 3.1 (b)).

2. One or more energy bands are fully filled and separated with an energy gap from the
nearest top energy band. In this case, the crystal is insulator: the application of an external
electric will not give rise to an electric current. In insulators, Eg is typically greater than 3
eV (Figure 3.1 (c)).

Crystalline semiconductors at the absolute zero (T=0 K) are insulators because they exhibit a
fully occupied VB separated by an energy gap (about 1 eV to 3 eV) from a fully empty topmost
CB (Figure 3.1 (d)). In intrinsic semiconductors (i.e., a defect and impurity free semiconductor)
the Fermi energy level e lies between Ev and Ec (the band gap) where no electronic states are
found. In semiconductors, electronic conduction arises from the addition of dopants (impurities)
by doping. The doping introduces energy levels in the energy gap with significant modification
of charge carrier concentration and electrical conductivity. For example, the addition of
pentavalent (Arsenic (As)) or trivalent (Gallium (Ga)) impurities to Germanium, introduces
electron donors (electron acceptors) energy levels close to the CB (VB) of the semiconductor.
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Thus, the ionization of electron donors (acceptors) levels can send an extra electron (hole) in the
CB (VB).
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Figure 3.1 Density of electronic states in the energy landscape for (a) metals, (b) semimetals, (c)
insulators, (d) crystalline intrinsic semiconductors, and (e) amorphous semiconductors
(permission granted by authorship from Ref. [46]). The red dashed line shows the Fermi level in
(c) and (d). The grey areas in (a) to (d) indicate the region filled with electrons. The dashed blue
area in (e) indicates the region of the space where VB and CB tails of states extend with a

Gaussian distribution of in the energy gap as posited by the MD model.

The study of charge transport of any material consists in understanding the relationship between

Ec and the density of intrinsic charge carriers’ concentration (n). In intrinsic semiconductors, the
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total density of electrons ny(T) and holes p,(T) as a function of the temperature in CB and VB

_Ec-¢r _er—Ey
are given by equations of the form ny(T) = Nc(T)e 8T and po(T) = Ny(T)e *BT ,where kg

is the Boltzmann constant, T the temperature, N¢(T) and Ny(T) the effective CB and VB density
of states, respectively. The mass-action law posits that the intrinsic concentration of available
charge carriers for conduction depends on Eg and T with a Maxwell-Boltzmann relation of the

form n = /nc(T)ny(T)e Ec/2keT [197]. As a result, the electric conductivity can be written as:
6 = quy/Nc(T)Ny(T)e Ee/2ksT Eq.3.2

g and p being the elementary charge and the total charge mobility (i.e., the sum of electron (ue)
and hole mobility (un)), respectively. Electron mobility is typically higher than hole mobility
because in CB there is a much larger number of available empty states than in the VB. In
semiconductors, o is temperature-dependent and Eg is an activation energy barrier for charge

carrier transport.

3.2.2 Modifications of Band Theory: the Mott-Davis (MD) Amorphous

Semiconductor Model

The word amorphous, both for the case of inorganic and organic solids, refers to the presence of
long-range (extended) disorder (or short-range order). For inorganic materials, structural disorder
stems from fluctuations of bond length, presence of interstitial defects and vacancies. In organic
amorphous materials, positional disorder originates for instance from shorter (or longer) than
average conjugations lengths of molecular chains not arranged into periodic structures [38],
[196]-[198]. Twists of molecular backbones cause additional source of disorder (i.e.
conformational disorder) [199], [200].

A key aspect to understand the transport physics of amorphous systems is that disorder strongly
localizes the electronic states. The electrical properties of amorphous semiconductors have been
described by several models. In the Mott-Davis (MD) model [201], disorder confines Bloch’s
waves around a few lattice units and introduces band tails of states at the band edge of VB (Evse)

and CB (Ecee). These states extend in the gap around ez with a Gaussian distribution (shaded
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blue area, Figure 3.1 (e)) such that only a mobility energy gap can be defined. In the MD model,
such an electronic structure exhibiting a non-well-defined energy gap is responsible for the
broadband optical absorption properties of amorphous semiconductors, like chalcogenide glasses
[39].

We note that other models, such as the Brust model, the Penn-Philips model and the Thorpe
model, admit the existence of a well-defined energy gap in the density of electronic of states as
function of the energy [202].

In crystals, only band-like conduction is expected because Eg is the only activation energy
appearing in the analytic expression for o(T). Conversely, for amorphous solids several
activation energies exist, each one corresponding to a given transport mechanism. For instance, a
localized electron can hop to its closest localized empty state (nearest neighbor hopping (NNH))
or to an empty localized state further away but within the energy landscape around the e level
(variable range hopping (VRH)). For an electron to hop from a fully occupied localized state to
an unoccupied localized state, it requires an activation energy B such that the conductivity is

described by the following equation:
o = Aexp(— B/kgTX) Eq. 3.3

where A is pre-exponential factor related to the electrical conductivity in localized electronic
states and k is an exponent determined by the temperature (i.e. at room temperature k=1 and at

lower temperatures k= v4).

By applying strong electric fields (e.g. thousands of V cm™ as in resistive switching experiments)
and/or increasing temperature, electrons can hop from occupied localized states, located within
Ecse and &g, to empty delocalized states in CB (band-like conduction, Figure 3.1 (e)) [38]. The
conductivity in band-like conduction regime is temperature-dependent through an exponential
relation similar to eq. 3.3 but with the exception that k=1 and B indicates the minimum required
energy for electrons to hop from localized to delocalized states. Same discussion holds for
hopping of holes in localized states (NNH and VRH) and from localized to delocalized states
beyond the VB (hole band-like conduction).
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3.2.3 Relevance and Limitations of the MD Model to Bio-sourced Materials

The relevance of the MD model to bio-sourced materials is an open debate in the field of organic
electronics. In biomaterials the presence of intrinsic and extrinsic (e.g., adsorbed water in the
molecular structure) disorder impacts their charge transport properties. Particularly, it has been
reported that the presence of adsorbed water perturbs the structural environment of these systems
by locally changing dielectric constant and capacitance [203]. In addition, the interplay of
hydration and temperature effects makes challenging the assignment of an exclusive temperature
(or hydration)-dependent analytical expression for the electrical conductivity of bio-sourced
materials. Several studies on proteins [204], dry and hydrated hemoglobin [205], and DNA [203],
[206]-[209], showed that the conductivity in these systems is strongly temperature-dependent
through hopping of electrons across activation energy barriers, in analogy to amorphous
semiconductors. In accordance with these studies, the mobility for mixed electronic-protonic bio-

molecular systems can be described as follows:

H = Ho exp (—Eu/kpT) Eq. 3.4

I, being a pre-exponential factor and En the average energy barrier height for a hopping event. It
is worth noticing that there is no exponent behaviour at low temperature, as observed in
amorphous semiconductors (Eg. 3.3). This appears to be a fundamental difference between
localized hopping transport in disordered inorganic and organic materials. As mentioned above,
in inorganic materials charge carrier mobility and density strongly depend on temperature. In bio-
sourced materials the effects of hydration and temperature on the charge carrier transport
properties are profoundly linked and therefore, difficult to disentangle. This is a fundamental
aspect to considered when describing the electronic conduction properties of bio-sourced

materials.

Although the direct application of the MD model to biological systems is quite rare, one of the
most important exceptions is given by the case of eumelanin. The optical and hydration-
dependent electrical properties of eumelanin were initially ascribed to the MD model, since the
observation of broadband absorption (see section 2.3.1, chapter 2), paralleled by band-like
conduction in resistive switching and temperature-activated conductivity experiments [23], [37],
[203] (see section 3.3.1). Over the last ten years, the MD model for eumelanin has been
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undermined by the “mixed protonic-electronic conductor model”. This model posits that
eumelanin is mainly a protonic conductor when it adsorbs water beyond a threshold of about 12%
by weight (%w/w). Thus, adsorbed water would act as a “proton sink™ increasing the density of
available charge carriers (i.e. protons and electrons for conduction in the biopigment) [42], [44]

(see section 3.3.2).

From these considerations, the question whether in bio-sourced materials the band theory of
transport holds for ions and for the special case of protons, naturally arises. This is particularly
true in the case of eumelanin, for which the role of protonic and electronic transport in conferring
semiconducting properties has not been clarified, yet. In sections 3.2.4, 3.2.5 and 3.2.6 we show
that studies on proton transport mechanisms in protonic biomaterials lead to the concept of
protonic semiconductor. The existence of this model highlights, once more, the challenges of
attempting to provide an appropriate description of the transport physics of bio-sourced materials,

including eumelanin.

3.2.4 Protonic Transport in Bio-sourced Materials

Biomaterials are intrinsically wet and feature ionic transport. Biological signals naturally arise
from the movement of ions (e.g., Na*, K*, Ca?*, CI" etc.) and protons (H"). In these systems, the
presence of ionic species affects charge transport properties by locally modifying molecular

environment, this last dependent upon the hydration/solvation conditions.

Protons are the most mobile charges among ionic species with close radius and similar mass
[210]. Nature conveyed to protonic transport a pivotal role in several biological energy
conversion processes, these lasts occurring via protonation/deprotonation reactions across
hydrogen (H) bonds. The most common example is the formation of adenosine triphosphate
(ATP) via oxidative phosphorylation of adenosine diphosphate (ADP), driven by proton gradients
during the photosynthesis in mitochondria [211], [212]. Additional examples include proton
gradients in rhodopsin [213], proton activated flagella in a few species of bacteria [214], pH

regulation in cellular proton channels [215].
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Aside from specific biological functions, protonic (ionic) transport attracts tremendous interest in
the field of organic bio-sourced iontronics. Particularly, protonic (ionic) and mixed conductors
can be integrated in logic circuits to mimic, register and stimulate biological functionalities [216],
[217]. Beside converting biochemical (ionic) into electronic signals [27], they can be active
components in bioprotonic FETs [218], LEDs [14] and switching memory devices [219], [220].
Therefore, understanding role and impact of mixed transport on the mesoscopic properties of bio-
sourced materials (i.e., physicochemical properties of matter at the nano- and micron-scale) is the
underpinning to design and develop high performance bioelectronic devices. In protonic and
mixed protonic-electronic biomaterials H-bonds build up molecular chains that serve as pathways

for protons.

3.2.5 Proton Transport Mechanisms

The H-bond is a noncovalent and directional interaction where a H atom is shared between two
electronegative atoms that take part to a covalent bond. Due to different bonding configurations,
many types of H-bonds exist, approaching typical energy range from 0.05 eV (i.e. van der Waals
bonds) to about 0.7 eV (i.e. covalent bonds) [221]. In several hydrated bio-sourced materials,
molecular chains known as proton wires form via H-bonding between water molecules and
between water molecules and proton donors (e.g. N-H, NH>) and/or proton acceptors (e.g. O-H,
=0) functional groups. The acidity increases with the content of proton donors and basicity with
the content of proton acceptors [222]. The acidity and basicity can be also increased by hydration,

i.e. the increase of water %w/w via water absorption in the molecular backbone.

Depending on the level of acidity/basicity (and/or hydration), two hopping mechanisms are
possible for protonic transport along the proton wires. At low acidity/basicity (and/or hydration),
sequential hops take place via diffusion processes induced by local charge gradient concentration
(vehicle mechanisms). In vehicle mechanisms, the diffusion coefficient (D) depends on the
frequency of proton hopping; proton mobility (1) and conductivity (o) are given by the Einstein-
Stokes relations [223]:

u=qD/kgT Eq. 3.5

o = nqu = nq? D/kgT Eqg. 3.6
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where q is the proton charge and D the diffusion coefficient. Thus, in vehicle mechanisms,
protons can be thought as localized charges diffusing across proton wires featuring short H-bond

networks.

At high acidity/basicity (and/or hydration), proton wires form continuous pathways such that
cooperative proton transport via Grotthus mechanism takes place (Figure 3.2 (a)) [224]. In the
Grotthus mechanisms, injected protons (H") and hydroxyl ions (OH") (considered as ionic
defects, with respect to conventional electronic charge carriers) can hop from one molecular site
to another (Figure 3.2 (a) and (b)). Each hopping event locally modifies the charge neutrality
along the chain. Consequently, a sequence of hopping events can occur only if the molecule
donating (receiving) the ionic defect rotates to reverse the direction of its dipole moment. As
soon as a rotation occurs, the H-bond losing (receiving) a proton generates an orientational
negatively (positively) charged defect, i.e. Bjerrum L (Bjerrum D) in which no protons (two
protons) are shared in the H-bond (Figure 3.2 (c)). In this framework, a fast-cooperative proton
transport is driven by the sequential motion of ionic and orientational defects along the proton
wires. The generation and translation of ionic and orientational defects requires energy that can
be provided to the system by applying an electric field and/or by raising the temperature.
Considering the contribution of the Grotthus transport and vehicle mechanism together, the

protonic conductivity can be written as follows:
o = nqu = (C/kgT) exp(— E,/KkgT) Eq. 3.7

where C is a constant including the diffusion coefficient (D) and the elementary charge (q), Ea the
activation energy barrier for protonic hopping, this last approximatively equal to the energy
required to break a H-bond (i.e. 0.1 eV) [225]. It is worth noticing the similarity between
equation 3.7 and equation 3.3 for the transport physics of amorphous semiconductors,
experimentally verified for a wide range of biological systems and bio-sourced materials,
including mixed conductors [203], [205], [208], [226], [227].

3.2.6 Protonic Semiconductor Model

The concept of protonic semiconductivity was formulated for the first time in 1958 after the

experimental observation of p-n rectification effects in ice crystals doped with donor-acceptor
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functional groups [228]. P-n rectification effects as well as p and n-type field-effect behavior of
chitosan films have been recently reported by M. Rolandi’s group [15]. These observations,
paralleled by recent quantum mechanical models [227]-[230], led to describe the protonic
transport in proton wires by considering H" and OH" respectively as the electron and the hole
counterparts of electronic semiconductors. In this framework, protons occupy the protonic
valence band leaving the protonic conduction band empty, in analogy to the case of intrinsic
electronic semiconductors. The protonic band gap corresponds to the energy required to generate
a proton - proton hole pair. As in the case of electronic intrinsic semiconductors, such an
ensemble of proton wires is poorly conductive because the energy required to excite a proton to
the conduction band is about two orders of magnitude higher than the room temperature thermal
energy (kg T~25 meV). However, the conductivity of proton wires can be enhanced by injecting
ionic defects into them. This process is in analogy with the case of electronic semiconductors,
where the addition of electron donor or electron acceptor groups transforms intrinsic
semiconductors into n or p type extrinsic ones (i.e. doped) [197]. In a similar fashion, a proton
wire is doped with proton donor-proton acceptor groups to obtain n-p type wires. Upon n (p)
doping, the proto chemical potential, conceptually equivalent to the electronic Fermi energy

level, shifts from mid gap toward the protonic conduction (valence) band edge.

As previously mentioned, this phenomenological description of protonic transport is well
explained by quantum mechanics, as for electronic transport in band theory [201]. In this context,
the protonic energy levels are determined by considering the proton in the potential of the lattice
made of H-bonded water molecules (Figure 3.2 (d)). The problem considers the displacement of
protons and water molecules as well as mutual interactions in the system (i.e., proton-water
molecule, water molecule-water molecule interactions, including dipole-dipole interactions

generated by the perturbation of charge neutrality in the chain).

Intuitively, the range of periodicity and the spatial coherence of the lattice potential strongly
depends on the total concentration of proton wires available for transport. The proton can be
found in two degenerate ground states of a double-well potential separated by a barrier which
represents the energy required for the proton to hop across two equilibrium positions in the H-
bond (intra-bond barrier, black arrow, Figure 3.2 (d)).
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Figure 3.2 (a) Hopping and reorientation of H-bonded chains in Grotthus’s theory of transport,
(b) ionic and (c) orientational defects in H-bonded proton wires containing water molecules, (d)
schematic representation showing the double-well potential of quantum model for Grotthus
transport and the sequence of proton hopping events between H-bonded molecules in chains
forming the proton wires. Protons and water molecules are represented by black and blue circles
respectively. Permission granted by authorship from Ref. [46].

A second barrier represents the energy required to rotate the molecule and reverse its polarity to
eventually generate a Bjerrum defect (inter-bond barrier, red arrow, Figure 3.2 (d)). Therefore,
the protonic valence band is equivalent to the ensemble of energy levels (i.e. potential wells)
generated by the H-bonded water molecules. If no energy is provided to the system, these levels
are fully occupied by protons sitting in the double-well. On the other hand, by applying an
electric field, the Hamiltonian of the quantum system admits the propagation of two delocalized
wavefunctions. Depending on the direction of the electric field, a delocalized positive (negative)

wavefunction is generated by the overlap between the wavefunctions of positive (negative) ionic
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and orientational charge defects [229], [231]. In this view, the definition of protonic conduction
band given by M. Rolandi’s group [218] as the “excess of protons fluctuating between hydrogen

bonds”, naturally arises from the delocalized character of the protonic wavefunction.

In conclusion, the protonic semiconductor model can be potentially extended to any bio-sourced
materials featuring significant presence of H-bonded molecular chains, e.g. by absorbing water
molecules through hydration [225], [232]-[234].

3.3 Electrical Properties of Eumelanin

3.3.1 Resistive Switching Behavior, Amorphous Semiconductor Model and

Electronic Transport

In section 3.2.3, we raised the question whether the MD amorphous model, based on the
modified band theory (section 3.2.2), is an accurate description of the transport physics of bio-
sourced materials. In this context, the case of eumelanin is unique and inspiring. For decades the

biopigment has been considered an amorphous semiconductor for manifold reasons.

Firstly, eumelanin features broadband UV-Visible absorption, which in amorphous
semiconductors is the consequence of the peculiar density of electronic states (Figure 3.1 (d))
[39]. Secondly, McGinness et al. observed, for synthetic and natural melanin pressed pellets, a
reversible electrical resistive switching behavior (Figure 3.3) [37], commonly observed in

inorganic amorphous semiconductors (e.g. a-Si, a-Ge, a-Se and a-Te) [38]-[40].

3.3.1.1 Electrical Resistive Switching in Eumelanin

Amorphous semiconductors exhibit several charge transport mechanisms depending on the
population of charge carriers that can be eventually promoted to the band states (i.e., NNH, VRH
and band like conduction, section 3.2.2). Ultimately, the peculiar density of electronic states in
the energy landscape of amorphous semiconductors (Figure 3.1 (e)) has been ascribed as the
underlying cause of the resistive switching. In most materials biased with as high as 10°-10° v
cm? electric fields, a disruptive breakdown is observed. Conversely, some crystalline and

amorphous materials, if such high electric fields are applied, do not experience a disruptive
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breakdown but they instead switch from high to low resistance states, respectively called OFF
and ON states. This is, for example, the case of amorphous semiconductors. In these systems, the
threshold voltage (V) is defined as the voltage beyond which the switching takes place.

The practical interest of amorphous semiconductors is that they set up a self-sustained high
conducting state that prevents breakdown and make them suitable for applications in memory and
switching devices.
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Figure 3.3 Resistive switching behavior of the current-voltage response of natural and synthetic
hydrated eumelanin pellets featuring thickness of 0.1 mm, 1 mm, and 10 mm. The inset shows
the original experimental apparatus which now belongs to the collection of the Smithsonian
Museum in Washington. Reproduced and adapted from Ref. [37].

It is noteworthy that in McGinness ’experiment the resistive switching was observed in sandwich
configuration, regardless the type of electrical contact (C, Al, Cu) but only with eumelanin
powders hydrated prior the electrical tests. Pellets obtained from dried powders did not switch.
McGinness’s results were interpreted with the modified dielectric constant theory formulated by

Powell and Rosenberg [203]. The theory posits that the presence of water increases the dielectric
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constant of the material (i.e., by ionizing acid groups). Such an increase lowers the activation
energy barrier for charge transport, leading to the resistive switching. Accordingly, the effect of
water absorption on the electrical conductivity of eumelanin was modeled by the following

equation:

Ep q®> (1 1)
o= O-Oe KT e ZKBTR\Gd Ew

Eq. 3.8

with Ep activation energy in dry conditions, R the effective screening radius of absorbed water

molecules (about 1 A), €, and €,, the dry and hydrated state dielectric constants, respectively.

These results triggered a series of quantum chemical studies, electrical measurements,
temperature-resolved conductivity and photoconductivity experiments, looking for evidence in

support of the amorphous semiconductor model for eumelanin.

3.3.1.2 Quantum Chemical Studies

In 1960, Longuet-Higgins showed that a fully oxidized quinone molecule has a closed electron
shell and applied Huckel’s theory to a eumelanin structure model made of only quinone units.
Results indicated that an addition of surplus electrons would populate delocalized molecular
orbitals formed by the combination of individual quinone lowest unoccupied molecular orbital
(LUMO) levels [235]. In 1961, Pullman and Pullman computed the energies of molecular orbitals
of monomers and dimers made of quinone units [236]. Their findings can be summarized as
follows: (i) the monomer unit features low-lying energy LUMO level, (ii) the LUMO level of the
dimer is a good electron acceptor orbital; (iii) a eumelanin structure made of quinone dimers

brings about the formation of energy bands akin to semiconductors.

In 1988, Galvéo and Caldas investigated the electronic properties of an ideal eumelanin structure
made of five-six oligomeric units. Results suggested that a short-range ordered structure made of
a few subunits may predominate on the overall structural disorder of the biopigment to eventually

conveying it semiconducting properties [237].

Between 2003 and 2005, Stark et al. applied both steady-state and time dependent density
functional theory to stacked H2Q, SQ, Q-based dimers, tetramers and hexamers and predicted the
corresponding absorption spectra and HOMO-LUMO band gaps [89], [90].
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3.3.1.3 Temperature-Resolved and Photoconductivity Studies

Between 1995 and 2002, Jastrzebska et al. studied the electrical response of eumelanin pellets as
a function of hydration (0% RH-100% RH) and temperature (273 K-343 K) [238], [239]. In
vacuum, authors reported an increase of the room temperature electrical conductivity with water
absorption, from about 10%® S cm™ at 0% RH to 10° S cm™ at 100% RH (Figure 3.4 (a)).
Furthermore, they observed an increase of conductivity of about two orders of magnitude when
the temperature was raised in vacuum, akin to semiconductors (Figure 3.4 (b)). Thermal
activation energies of 0.76 eV and 0.69 eV were computed for heating and cooling cycles,
respectively. In 2005, the same authors studied the alternate current response of natural and
synthetic eumelanin. Authors showed that the dielectric response of eumelanin is modulated by
clusters of percolating water.
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Figure 3.4 (a) Moisture (%RH)- and (b) temperature-dependent electrical conductivity of
synthetic eumelanin pellets performed in vacuum atmosphere (0.8 mbar to 0.04 mbar).

Reproduced and adapded with permission from Ref. [238].
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These clusters contribute to decrease the charge carrier hopping distance by increasing the

Coulombic screen [239], as proposed by Powell and Rosenberg (see Eq. 3.8).

A series of landmarks works, published between 1978 and 2006, showed that eumelanin is a
photoconductor under UV and visible light [45], [73], [240], [241]. Interestingly, negative
photoconductivity was reported for eumelanin pellets (the photoconductivity being broadly
defined as the change of the current under illumination (I}, — Ip) normalized to the value of the
current in dark conditions (I4)). The presence of shallow and deep trap states in the band gap of
eumelanin, as in the case of amorphous semiconductors, was invoked to explain the observed

negative photoconductivity.

3.3.2 Hydration-Dependent Electrical Response of Eumelanin Pellets: Mixed

Protonic-Electronic Conductor Model

The application of the MD amorphous semiconductor model to eumelanin has been questioned in
a series of studies published mainly by Meredith’s group [27], [41]-[45] between 2010 and 2018.
In these works, the authors investigated the impact of absorbed water on the transport physics of
eumelanin, by studying the water adsorption isotherms of the synthetic eumelanin pellets (i.e. the
effective amount of water adsorbed by weight as a function of atmospheric RH) [41], [43], [172]
They measured the electrical conductivity of eumelanin pellets in sandwich and van der Pauw
(vdP) configurations using Au electrodes. Pellets were hydrated in water atmosphere with values
of relative humidity from 0% RH to 90% RH, corresponding to a water content of about 0%-20%
by weight. For the two configurations, eumelanin’s conductivity increased rapidly if the water
content was greater than about 12% by weight (hydration threshold). Particularly, the
conductivity vs water content in the sandwich geometry (Figure 3.5 (a)) fitted the MD model
whilst the vdP one did not (Figure 3.5 (b)). Such a discrepancy was explained assuming that in
the sandwich geometry, eumelanin pellets did not reach the hydration equilibrium because only

the sides of the pellets were exposed to water vapors.

3.3.2.1 Muon-spin Relaxation Spectroscopy Studies

Afterwards, focus was given on probing the microscopic nature of the charge carriers in

eumelanin pellets as a function of hydration and illumination. To this purpose, Mostert et al.
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performed muon-spin relaxation spectroscopy (LSR) on hydrated eumelanin pellets [42]. Muons
are fundamental particles that can be obtained from proton sources and have semi-integer spin. In
uUSR a beam of spin-polarized muons is sent to the sample in presence of a magnetic field (§).
Muons are expected to simulate the interaction of protons and their diffusion in the sample.
Indeed, the interaction between the muons beam and the sample causes the muons to relax and
decay into positrons that are eventually emitted in a direction parallel to the muon spin at the time
of decay. The uSR technique provides a measure of the so called “decay asymmetry” (At (ﬁ, t)),
broadly defined as the relative number of positrons detected in front of and behind the plane of
the sample, relative to the direction of propagation of the beam. The decay asymmetry is a
function of the magnetic field and decay time (t) and is given by the sum of diamagnetic (Ap) and
paramagnetic (Ap) asymmetry components. Particularly, the signal of paramagnetic component is
strongly related to local unpaired electrons spin (radicals, see section 2.3.4 chapter 2).
Accordingly, the measurement of At (§, t) provides details on the interaction of muons (and

hence protons) with diamagnetic and paramagnetic species in the sample [242].

Mostert and co-workers modeled the total uSR decay asymmetry of hydrated synthetic eumelanin

pellets as it follows:
Ar(B,t) = Ap(|B[, 0)K(4, [B|,t,v) + Ap(|B], 0)e Eq. 3.9

where K is the Kubo-Toyabe diamagnetic relaxation function, v muon hopping rate, A and A the

relaxation rate of diamagnetic and paramagnetic muons, respectively.

Mostert’s results evidenced that (i) uSR spectra were mainly associable to proton signature at
higher water content; (ii) both proton and SQ populations (i.e., electronic charge carriers)
increased with the increase of water content; (iii) protonic and electronic charge carriers hopping
rate did not change with the increase of water content (Figure 3.5 (c)). In accordance with that,
the increase in conductivity with hydration would be due to the increase of charge carriers’

density and not to the decrease of the activation energy barrier for hopping.
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Figure 3.5 Conductivity as a function of water content by weight for eumelanin pellets (a) in
sandwich and (b) van der Pauw geometry (respectively insets in (a) and (b)). The solid blue line
shows the corresponding MD model. Reproduced and adapted with permission from Ref. [43]. In
(c) paramagnetic and diamagnetic uSR relaxation rates for eumelanin pellets as a function of
water content. In (d) p-EPR time response and corresponding photocurrent response of eumelanin
pellets featuring water content of about 11.6 % by weight. Reproduced and adapted with

permission from Refs. [42] and [45].

3.3.2.2 Electron Paramagnetic Resonance Spectroscopy Studies

The same authors performed photoinduced electron paramagnetic resonance spectroscopy (p-
EPR) surveys on hydrated eumelanin pellets to monitor the population of intrinsic and extrinsic
radicals as a function of hydration and illumination (CCR and SQR, respectively, section 2.3.4

chapter 2) [45]. They reported on comparable transient photocurrent and SQR photo-EPR time
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response of hydrated eumelanin pellets (Figure 3.5 (d)). This similarity led the authors to
conclude that protonic transport and increase of SQR density (through hydration and/or
illumination) were profoundly connected in hydrated eumelanin. Mostert et al. offered an
interpretation of eumelanin’s electrical properties by which electrons and/or protons are released
during a comproportionation equilibrium reaction in presence of water and/or light (the reaction
takes place between hydroquinone and quinone moieties with water molecules, Figure 2.4,
chapter 2).

3.3.2.3 Studies on the Electrical Response of Hydrated Eumelanin Films

In a sequence of papers published from 2013 and 2015, Winsche et al. confirmed the
predominance of protonic over electronic transport for highly hydrated eumelanin films spin
coated on coplanar platinum (Pt) and Palladium-hydride (PdHx) electrode-patterned substrates
[243], [244] (Figure 3.6). The I-V response of hydrated films as a function of the voltage scan
rate showed a capacitive behavior for |V| < 0.2 V. From a linear fit of the voltage rate
dependence, the authors extracted a capacitance value much higher than that expected in
dielectric polarization processes, an indication of bulk ionic conductivity. For [V| > 0.2 V, the
increase of the current with the voltage was exponential, suggesting a non-capacitive behavior

with redox processes taking place at Pt/eumelanin interfaces (Figure 3.6 (a)).

The contribution of protonic transport compared to the electronic transport was assessed in planar
configuration by studying transient current measurements on synthetic eumelanin films, making
use of Pd and PdHy contacts (protodes) (Figure 3.6 (b)). Indeed, the exposure of Pd to molecular
hydrogen (H2) forms PdHx electrodes that can inject both electrons and protons (for further
details, see section 4.3, chapter 4). At the same % RH conditions, authors measured higher steady
state current with PdHx contacts than that Pd ones. Furthermore, this difference increased with
the increase of % RH, suggesting that the protonic contribution to the total conductivity becomes

more and more prominent with the content of absorbed water.

Based on all these observations, the MD model for eumelanin was essentially ruled out because
of the predominant protonic nature of the transport physics of eumelanin at high water content. In
Mostert’s frame, water absorption causes, quoting the authors, a “chemical self-doping” where

electrons (in the form of SQ) and protons are released by shifting the comproportionation
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equilibrium. Beyond the hydration threshold, water dopes eumelanin and significantly increases
the density of charge carriers (protons and electrons). In turn, protons are transported across
protonic pathways (proton wires) via Grotthus mechanism (see sections 3.2.4, 3.2.5 and 3.2.6).
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Figure 3.6 (a) I-V characteristics as a function of voltage scan rate of hydrated eumelanin films
(90% RH) on coplanar Pt electrodes (W=24.5 mm, L=10 um), (b) transient current measurements
(0.5 V) of eumelanin films on Pd electrodes and PdHx contacts at 60% RH, 70% RH and 80%
RH. Reproduced and adapted with permission from Ref. [244].

These studies herein reviewed considerably advanced the knowledge on the impact of adsorbed
water on the mesoscopic properties of eumelanin by clarifying the relationship between
microscopic and macroscopic conductivity. Remarkably, by recalling the fundamentals of the
protonic semiconductor model for bio-sourced conductors (section 3.2.6), it appears that
Mostert’s conclusion on the electrical properties of highly hydrated eumelanin, describes a doped

protonic semiconductor.

In conclusion for this section, it should be now clear that the physical description of the charge
transport properties of eumelanin is only partly understood and deserves more attention, as

several reliable works point to different interpretations.
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3.4 Organic Electronic and Bioelectronic Applications of

Eumelanin

The unique physicochemical properties of eumelanin make it an ideal candidate for a wide

variety of organic electronic applications [26]-[28].

Owing to its broadband optical absorption matching the solar spectrum, eumelanin has been
considered for photovoltaic applications. In this regard, Antidormi et al. focused on the band
alignment as well as adhesion properties of eumelanin (electron donor)/Si (electron acceptor)
interfaces [29]. They performed ab initio calculations on five tetrameric eumelanin structures
differing in the binding sites and electronic configurations (e.g., number and positions of
carbonyl terminations (=O) of the monomers in each tetramer). Authors found suitable band
alignment only for the case of molecular structures with high degree of planarity. Furthermore,
eumelanin structures with a higher number of carbonyl terminations featured stronger adhesion

on Si than their counterparts.

Eumelanin/porous Si interfaces have been experimentally fabricated by Mula et al. [30] for solar
cells applications. DHI-eumelanin methanol and methanol/water solutions were casted on etched
Si substrates to form p-n eumelanin/porous silicon donor-acceptor bulk heterojunctions,
sandwiched between top and bottom Au sputtered electrodes. The device, featuring a square
active area of 1 mm?, was illuminated with an irradiance of 0.2 Sun (ca. 20 mW cm) in the UV-
Vis range and delivered a photocurrent and an open circuit voltage of about 2 mA and 0.15 V,
respectively. Lee et al. used eumelanin from purified squid ink as a dye in dye-sensitized solar
cells (DSSCs) based on TiO. nanocomposites electrodes [245]. Authors showed the ability of
eumelanin to sensitized TiO2 nanotubes. Despite these interesting outcomes, the use of eumelanin
in photovoltaic applications is still at the early stages as it entails several challenges, among them

the unknown position in energy of its HOMO and LUMO levels is of great concern.

Migliaccio et al. demonstrated superior water stability and visible optical transmission of DHI-
eumelanin/poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)  (PEDOT:PSS)  films
compared with PEDOT:PSS [246]. Eumelanin/PEDOT:PSS films were subsequently integrated
in ITO anodes of organic light emitting diodes (OLEDs [247]). The efficiency-luminance and the

efficiency-voltage curves of eumelanin/PEDOT:PSS anodes (referred in the article as Eu:PH)
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were compared to that of an ITO electrode and a PEDOT:PSS ITO-free electrode (referred as
PH1000). It was found that the OLED efficiency of eumelanin/PEDOT:PSS anodes was
comparable to that of ITO-free anodes. The authors reported on a lower turn-on voltage of
eumelanin/PEDOT:PSS anodes compared to ITO and ITO-free anodes (Figure 3.7 (a)). This
result not only showed that the addition of eumelanin into PEDOT:PSS improves its hole

injection properties, but also set the basis toward the use of eumelanin in OLEDs technology.

The hydration-dependent electrical response of the biopigment inspired the fabrication of
eumelanin-based organic electrochemical transistors (OECTSs) [27], and humidity and pH sensors
[248], [249]. Sheliakina et al. tested the ion-to-electron transducing properties of eumelanin in a
top-gated PEDOT:PSS-based OECT (Figure 3.7 (b)) [27]. The transistor architecture was
obtained by the deposition of a PEDOT:PSS channel between source(S) and drain (D) Au
electrodes, followed by the spin coating of hydrated DHI-eumelanin. Then, a Au gate electrode
(G) was thermally evaporated on the eumelanin film (inset, Figure 3.7 (b)). From the analysis of
the output and the transfer curves (S-D current (Isp) plot for constant S-D (Vps) and G-S voltage
(Vas), respectively) it was inferred that (i) the device was in the ON state at Ves=0 V and (ii) it
was sufficient to apply a small positive Ves to turn the device OFF (Figure 3.7 (b)). These results
pointed to the ability of eumelanin to modulate the conductivity of a p-type PEDOT:PSS channel
by injecting protons (as per comproportionation equilibrium) upon the application of a positive
Ves.

Hong’s group studied the static and dynamic moisture sensitivity of eumelanin films deposited on
Au electrodes [174]. In the static sensitivity test, film resistance was found to decrease of about
six orders of magnitude with the increase of hydration from 0%RH to 100% RH. Furthermore, by
performing dynamic sensitivity tests, the authors evaluated a response time for moisture detection
and recovery of about 5s and 9s, respectively. Piacenti da Silva et al. studied the pH sensing
capability of eumelanin films in extended gate field-effect transistors (EGFETS) [250]. Typically,
EGFETSs consist of an-ion sensing film deposited on a conducting substrate (e.g., Au or ITO)
connected to the gate of a standard metal oxide semiconductor FET (MOSFET). In this regard,
the authors fabricated EGFETs comprising a eumelanin film deposited on a Au substrate
immersed in phosphate/citrate buffer solutions (0.1 mol/L, pH range from 2 to 12, the device

architecture is shown in Figure 3.7 (c)). The authors studied the influence of Vpsand Vgs on the
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total Ips as a function of the pH. The output and transfer curves of films immersed in low pH
buffer solutions displayed higher Isp with respect to films immersed in high pH ones (Figure 3.7
(c)). Based on these results, the authors proposed that the sensor response depends on the pH
values of the buffer solutions and on the acid dissociation potential (pKa) of hydroxyl groups of
the aromatic rings of eumelanin structure. In this framework, the pKa provides information on the
ability of hydroxyl and carboxylic acid groups to bind or release ions in solution (and, in turn, on
the protonation/deprotonation of eumelanin structure). Thus, when the pH of the buffer solution
is lower (higher) than the pKa of eumelanin hydroxyl groups, the transistor’s Ips is higher (lower)

because the functional groups are protonated (deprotonated).

Dopamine films have also been explored as active layers in organic phototransistors (OPTs)
exhibiting remarkable photo-conducting response at relatively low applied voltage [31].
Eumelanin films were deposited on SiO/Si substrates patterned with Ag planar electrodes
(interelectrode distance L=90 um). When biased with variable Vgs (from Vgs=-12 V to Vgs=-2
V) in presence of light (irradiance of 0.2 Sun), the best device featured photo-responsivity

(defined as P = ILP;ID, where P is the power of the incident light, IL the photocurrent and Ip the
I

dark current) and photoconductivity (broadly defined as the change of the current under

illumination (I, — Ip) normalized to the value of I,) of 9 A W™ and 7x10%, respectively.

The combined effects of metal-ion binding properties and redox activity of DHI and DHICA
building blocks (see sections 2.3.2 and 2.3.5, chapter 2) paved the way towards the use of
eumelanin in energy storage applications. Natural and synthetic eumelanin films have been
explored as anodes and cathodes in sodium-ion [102] and magnesium-ion batteries [131],
respectively. Kumar et al. fabricated eumelanin electrodes for flexible micro-supercapacitors

A—Sm , Where AQ is the electrical charge, AV

featuring specific capacitance (i.e., defined as Cg = v

the potential change and m the electrode mass) of 167 Fg! and capacitance retention of 75% after
1000 cycles [25].

Recently, Xu et al. combined solar energy conversion and energy storage properties of eumelanin
to develop light-assisted eumelanin-based supercapacitors [32] (Figure 3.7 (d)). Eumelanin
electrodes were fabricated by drop casting of DHI- and DHICA-eumelanin films on activated

carbon paper.
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Figure 3.7 (a) Luminance of eumelanin/PEDOT:PSS (Eu:PH), ITO and ITO-free (PH1000)
anodes for OLEDs; (b) output characteristics of a PEDOT:PSS channel (thickness 100 nm, length

100 pm), eumelanin top gate and Au gate electrode, solid state OECT. Inset shows the

transistor’s architecture; (c) output characteristics of an EGFET comprising a eumelanin film on a

conductive substrate that is immersed in buffer solutions with variable pH (the device

architecture is shown on the right side of the figure); (d) capacitance rated to the initial value and

Coulombic efficiency for 5000 cycles of galvanostatic charge and discharge in light assisted

eumelanin-based supercapacitors. In the inset a schematic representation of the device.

Reproduced and adapted with permission from Refs. [246], [27], [250] and [32], respectively.
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Under illumination (incident irradiance ca. 1 Sun), the specific capacitance of eumelanin
electrodes increased of 39 %. In supercapacitor configuration (inset, Figure 3.7 (d)) and under
prolonged illumination (about 40 min), eumelanin electrodes featured a capacitance retention of

about 100% over 5000 cycles of galvanostatic charge and discharge and higher maximum power

2
density (defined as Pp = Mavgnﬁ where V2, is the upper limit of the potential while charging

[operating voltage], IT is the mass loading and ESR is the equivalent series resistance with respect

to the initial values).

Finally, eumelanin has been recognized as a good candidate for biomedical and biotechnological
applications, including drug-delivery [251], [252], melanoma detection [253], protection of the
liver from alcohol-induced stress [252], growth of biocompatible stem cells [36] and many others
[254], [255].
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CHAPTER 4 METHODOLOGY

The theoretical physicist Wolfgang Pauli, Nobel Prize in physics in 1945 for “his decisive
contribution through his discovery of a law of Nature, the exclusion principle” (cit. Einstein),
once said: “God made the bulk; the devil made the surface”. As a matter of fact, surfaces occur as
structural defects in nature since they intrinsically are interfaces between the bulk and its

surrounding environment.

The investigation of surface topography is essential to carry out fundamental studies of inorganic
and organic electronics materials in view of practical applications. This study involves the
qualitative and quantitative evaluation, possibly at the atomic and subatomic scale, of surface
coverage and continuity (i.e. presence of voids, holes, terraces and steps), surface roughness as
well as its morphology type (e.g. isomorphism versus polymorphism, this last being the lack of a
unique surface morphology due to different degrees of supramolecular aggregation in molecular

materials).

4.1 Microscopy

Microscopy is the technical field to get a visible image of an object otherwise too small to be
seen at bare eye. The two basic parameters of microscopy are magnification and resolution. The
former is the ratio between the angle at which an object is seen without the instrument and the
angle at which the same object is seen with the instrument. The latter is the smallest distance at
which two-point sources of an object can be seen as separate entities by the observer.

In the case of optical microscopy (OM), the Abbe’s theory posits that optical resolution (Ropt)
depends on the wavelength of the light source (1), the index of refraction of the optical lenses (n)
and the angle at which an object is seen by the microscope (a), according to the following
relation:

A

—_ Eq.4.1
2nsin a a

Ropt =

In a typical optical microscope, 400 nm < A < 700 nm, sina = 1 and n~1.5. Thus, the highest

achievable resolution is about 133 nm (Table 4.1).



55

The characterization of thin films of device quality requires much higher resolution than the
optical one. Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) are two
advanced microscopy techniques providing resolution at the subatomic and atomic scale (Table
4.1) [256]-[258]. In paragraphs 4.1.1 and 4.1.2 we give a short overview of the basic principles
of AFM and SEM, respectively.

Table 4.1 Comparison between analytical performance of OM, AFM and SEM.

) Scanning
Optical _ _
] Atomic Force Microscopy Electron
Microscopy )
Microscopy
Magnification 1X-103X 102 X-108X 10X-10*X

e 0.02 nm (vertical resolution)
Resolution limit 133 nm 1 nm-5nm
e 0.1 nm-10 nm (lateral resolution)

4.1.1 Atomic Force Microscopy (AFM)

AFM is an advanced microscopy technique conceived to obtain three-dimensional (3D) surface
morphologies with atomic and subatomic resolution [259]. The atomic force microscope allows
the acquisition of the surface morphology in air, in controlled atmosphere for environmentally
sensitive surfaces (e.g., N2, Ar glovebox with minimal content of O, and H20), in liquids and, in

sSome cases, vacuum.

The atomic force microscope is based on a movable stage on top of which the sample is loaded
in. A sharp silicon (Si) tip, mounted underneath the apex of a cantilever arm, scans the sample’s
topography. In turns, the cantilever is mounted onto a piezoelectric crystal which allows to scan
the tip on top of different regions of the analyte’s surface. A laser beam impinges the uppermost
side of the cantilever to be reflected to a photodetector. During the scan of the surface, the
deflection of the cantilever translates into a change of the position of the laser beam on the

photodetector (Figure 4.1). By continuously monitoring the changes in the position of the laser
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spot, the AFM software generates a height image of the surface. Typically, a height image is
displayed using a dark-brown-light brown color gradient for small and high topographical
features, respectively. As the image arises from height data, AFM allows to study the distribution
of height, steps, hills and slopes along with their corresponding standard deviations [260], [261].
AFM also permits to perform the Fourier analysis of the topography for the identification of

periodic features.

Atomic force microscopy can be performed in static (contact) and dynamic (tapping) mode. In
static mode, the tip is always in contact with the sample’s surface during the scan. Static mode
can be performed in constant height mode or in constant force mode. In the former case, the tip is
kept at a fixed distance from the sample. In the latter, the cantilever deflection is set as a feedback
parameter in a way to control the intensity of the force applied by the tip on the surface [257],
[259], [260], [262]. The static mode with constant force is usually performed on robust samples
capable to resist to high lateral and torsional forces. In the dynamic mode, the cantilever
oscillates at high frequency at about the frequency of resonance, typically in the kHz range. In
amplitude modulation and phase modulation modes, the amplitude and phase of oscillations are
the feedback parameters, respectively. During operation in dynamic mode, the AFM tip
continuously engages and disengages from the sample surface. As the interaction tip-sample is
very gentle, the impact of lateral and torsional forces is minimum. Beside preserving the tip
sharpness, this condition allows to study the morphology of soft materials such as polymers and

biomaterials, otherwise very challenging in static force mode.

The AFM vertical resolution (R;) also known as z-resolution, is affected by the thermal noise of

the deflection of the cantilever of spring constant k, according to the following equation:

1
KzT\2
RZ=2(L>

Eq.4.2
K q

where Kk is the cantilever spring constant (typically 1 N m™? to 50 N m?), Kg the Boltzmann
constant (1.38x102 J K!) and T the temperature (K). From equation 4.1, the best achievable
vertical resolution of an AFM at room temperature is about 0.02 nm (Table 4.1)[257].
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The AFM lateral resolution (Ria) is the smallest detectable distance between two topographical
features of small relative height (Ah). The lateral resolution depends on the radius of the tip (r),

on Rz and Ah according to the following equation [257]:

Rpae = (Zr)%(\/R_Z + /R, + Ah) Eq.4.3

Depending on Ah, for a vertical resolution of 0.02 nm and a standard tip radius of 10 nm, the

AFM lateral resolution varies from 1 nm to 10 nm (Table 4.1).

The main artifacts occurring in AFM imaging are tip-related and feedback-related [256]. The
geometry and sharpness of the tip affect the quality of the images: morphological features with
smaller radius of curvature than the radius of the tip will be inaccurately imaged. Typically, tip-
related artifacts give an image where the lateral dimension of the apparent structure is larger than
the actual one. Furthermore, the majority (if not all) the topographic features appear with similar
shape (usually pyramidal facets). Tip-related artifacts can be avoided by choosing a cantilever tip
with aspect ratio larger than that of the morphological features of the samples.

Piezoelectric
crystal

Photodiode

Canti

‘\'-'a%’

Figure 4.1 Basic set up of an atomic force microscope. The tip-sample interaction region is

magnified to provide a simplified schematics of AFM lateral resolution.
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Feedback-related artifacts occur when there is a difference between the value setpoint (e.g., force
intensity in static mode, amplitude of oscillation in dynamic mode) and the actual value.
Whenever a feedback-related artifact is produced, the edge of a topographic feature is
oversmoothed. The asymmetry between the trace and retrace signals is an indication of the
occurrence of these artifacts during the scan. Feedback-related artifacts can be avoided by
decreasing the scan speed and by performing an optimization of the feedback parameters, for
instance by retuning the deflection force of the cantilever in static mode and the frequency of the

oscillations in dynamic mode.

In this PhD work, we used AFM to study the morphological changes occurring in DHI and

DHICA films during their formation at ambient conditions (Article 1, chapter 5).

4.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
(EDX) Spectrometry

SEM relies on the interaction between electrons and matter. When an incident electron beam
penetrates the matter, elastic and inelastic scattering events occur. The volume of the primary
excitation region (i.e., the region of the space in the sample interacting with the electron beam)
and the type of scattering event depend on (i) the angle of incidence and initial energy of the
electron beam (typically from 5 keV to 50 keV)), (ii) the mean free path of the electrons in the
sample, (iii) the sample’s atomic number (Z) and density. For a fixed Z, the higher the energy of
the beam the larger the volume of interaction; for the same electron beam energy, the higher Z
the smaller the volume of interaction [263].

Elastic scattering events between the electron beam and the atoms of the target are such that
electrons are deflected with negligible energy loss (typically a few eV). This process generates a
signal of high-energy backscattered electrons (BSEs). Conversely, during inelastic scattering
events, the electron beam transfers part of its energy to the atoms of the target to generate low

energy secondary electrons (SEs), Auger electrons and X-rays signals (Figure 4.2 (a)).

The detection and decoding of either BSEs or SEs signals form the sample’s SEM image in a
display. These images provide different information based on the intrinsic differences between
the physical processes involving the emission of BSEs and SEs.
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For BSEs, the diffusion angle rescales with the sample’s atomic number (about 1°-2° for small Z
to and close 180° for large Z). Moreover, the emission coefficient of BSEs, broadly defined as
the number of reflected electrons over the total number of incident electrons, depends on Z: the
higher Z, the higher emission coefficient [263]-[265]. Therefore, BSEs signals form contrast
images where elements of higher Z appear brighter than those of smaller Z. The analysis of

contrast images provides information on sample’s composition.

SEs are emitted at small diffusion angles and from a small volume of interaction. As opposed to
the case of BSEs, the emission coefficient of SEs is affected by surface orientation and
morphology, but it does not depend on Z. Thus, for a given surface orientation, the emission of
SEs is very stable, and the SEs signals form a reliable topographic image of the sample [265],
[266].

The highest resolution achievable by SEM is about 1 nm-5 nm (Table 4.1), depending on the
dimensions of the interaction volume, the electron beam spot-size and the yield of electron
emission. The basic components of a scanning electron microscope are a vacuum chamber, an
electron beam gun, a system of electromagnetic lenses and deflection coils, an electron detector,
and a display (Figure 4.2 (b)). An Energy-Dispersive X-ray (EDX) spectrometer is often coupled
to the electron microscope to get a chemical fingerprint of the sample. When the electron beam is
sufficiently energetic, the sample bombardment can bring about the ejection of an inner shell
paralleled by the creation of a vacancy. To stabilize the atom and fill the vacancy, an electron
from an outer shell spontaneously decays in the inner shell. This process causes the emission of
an X-ray photon with energy equal to the difference between the outer and the inner shell
energies. As this energy difference is characteristic of each element, the analysis of the X-ray

signal gives a unique footprint of the local chemical composition of the sample.

In this thesis, we collected the SEM images and EDX spectra of Sepia melanin pellets metal

electrodes after the electrical resistive switching (Article 2, chapter 6). The objective was to

exclude the occurrence of electrodes’ dissolution processes which could lead to the formation of

metallic filaments bridging the electrodes during the electrical tests.
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Figure 4.2 (a) Sketch of the interaction between the electrons and the matter generating
backscattered electrons (BSESs), secondary electrons (SEs), Auger electrons, characteristic X-
rays, and the continuum X-ray spectrum during scanning electron microscopy. In (b) basic set up

of a scanning electron microscope.

4.2 Spectroscopy

4.2.1 UV-Vis-NIR Absorption Spectroscopy

Optical spectroscopy relies on interactions between UV-Vis and NIR light with electrons of
atoms and molecules and is used to probe the fundamental properties of the matter, e.g., the

optical extinction coefficient.

Such an interaction is explained by quantum mechanics. Briefly, the energy ground state of a
molecule is determined assuming the nuclear (rotations and vibrations) and the electronic motion
as separated motions (Born-Oppenheimer approximation). Indeed, the nucleus to electron mass
ratio goes from 10° to 10°, i.e., the period of motion of the nucleus is very small with respect to
that of electrons. Therefore, the nucleus rotates and vibrates around a nearly fixed equilibrium
position within the molecule. In this framework, the electronic and the nuclear wavefunctions are
independent (separable) and the rotational (Erot), vibrational (Eviv) and electronic (Ee) energies are

additive;

ET = Ee + Erot + EVib Eq44
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As E.o. ~ 107*E, and E;, ~® 1072E,, Ee being of a few electron volt (eV), rotational and
vibrational states are quantized energy levels within the same electronic state [267].
The interaction of the UV-Vis-NIR radiation with matter brings about the transition of electrons
from the ground state energy (So) to an excited state energy (S.). According to the Bohr-Einstein

relation, the energy difference during the electronic transition is:

hc
AE=S*—SO=7 Eq.4.5

where h is the Planck’s constant (6.6x103* J s), ¢ the speed of light (3x10® m s™) and A the
absorbed wavelength. In the case of molecules, quantum mechanics predict that the individual
energy levels correspond to electrons in singlet (S) and triplet (T) spin states (Figure 4.1). The So-
S1, So-S2, So-S3 and Sp-S4 transitions generate the absorption spectrum of a material in the
ultraviolet (UV, 220 nm-400 nm), visible (Vis, 400 nm-700 nm) and near infrared (NIR, 700 nm
-2500 nm) regions (Figure 4.3). Since the electronic states of a molecule depend on the number
of electrons as well as molecule’s geometry (i.e., symmetry) and structure, UV-VIS-NIR

spectroscopy is an efficient technique to unravel the structural properties of the molecules.

The physical principles of light absorption in the UV-VIS-NIR region are given by the empirical

Beer-Lamber law [268]. This law posits that the analyte’s absorbance (unitless, As) is given by:

5 Iy 100
A, =g ¢cd = log (T) = log (T(%)) Eq.4.6

where lo is the intensity of the incident light (power per unit area), | the intensity of the light
emerging from the analyte (power per unit area), &,the molar extinction coefficient (M™* cm™), @
the concentration of the analyte (M), T (%) the transmittance and d the optical pathlength (cm).
Owing to light scattering effects taking place in solid samples and thin films, UV-Vis-NIR

spectroscopy is more accurate in the case of liquid samples or solutions than solid state ones.



62

S,
7'y
53 7y T
a T
52 7 y ! T
1 - 3
H I
! |
1
I
Sl vy !
1 h— 'y TZ
1 I
1 I
1 s 1
1 % 1
1 C
1 '-_ I
! <X ¥
! ry Tl
1
1
1
1
1
1
|
1
S LAd Yy Vv
o]
T Radiative transitions
o Non-radiative transitions
S Singlet states
T Triplet states

Figure 4.3 Energy level diagram of the electronic excitations arising from the interaction between
the UV-Vis-NIR photons and matter. The black solid arrows represent the singlet-singlet
radiative transitions generating the UV-Vis-NIR spectrum of the analyte. The red solid arrows
show all the other radiative transitions. Black dotted and dashed arrows indicate the ensemble of

all singlet-singlet and singlet-triplet non-radiative transitions.

UV-Vis-NIR spectra are collected using a spectrophotometer comprising a monochromatic light
source (usually a deuterium lamp for the UV spectrum and a tungsten-halogen lamp for the Vis-
NIR spectrum), a detector and a sample holder. Most of modern spectrophotometers are double
beam, that is the path of the light source is such that the 50% of the beam goes to the analyte and
50% goes to the detector (analyte-free path). This configuration allows to compare the two beams
during the acquisition of the spectra avoiding that any undesired effects (e.g. change of light

source intensity) affect the actual analyte’s spectrum [269].

In this thesis, we used a Cary 7000 universal measurement double-beam spectrophotometer to
study the change in absorption spectra of DHI and DHICA films as a function of different

environmental conditions and time (Article 1). Since light scattering constitutes up to 6% of the
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overall light absorption in eumelanin [105], we collected the total optical absorption of eumelanin

by acquiring the total diffusely transmitted and reflected radiation.

4.2.2 Vibrational Spectroscopy

Vibrational spectroscopy relies on the interaction between the visible light as well as the mid
infrared (IR) radiation (i.e., photons in the frequency range 10* cm™-102 cm™, Table 4.2) and the

molecules of matter.

Beside electronic transitions, the absorption of photons by the molecules can cause transitions
between quantized roto-vibrational energy levels within the same electronic state (see paragraph
4.3). Roto-vibrational modes include symmetric-antisymmetric stretching, bending, twisting

along specific the axis of a chemical bond and torsions.

An IR spectrum shows the absorption bands as a function of the frequencies of excitations of
vibrational modes. The IR bands represent a unique chemical fingerprint of the material under
analysis. Indeed, the frequency of IR bands depends on molecular structure, mass, and strength of
chemical bonds, whereas the intensity and shape depend on concentration of functional groups
and their chemical environment, respectively. Remarkably, vibrational spectroscopy allows the
collection of high-resolution IR spectra using small quantities of the analyte in different physical

states (e.g., gasses, solutions, powders, and films) [270].

The two prevalent vibrational spectroscopy techniques are Raman spectroscopy and Fourier
transform infrared spectroscopy (FT-IR). These techniques are complementary since some
Raman active molecular vibrations are FT-IR inactive and vice versa. For instance, symmetric
vibrations of non-polar functional groups are Raman active whilst asymmetric vibrations of polar

functional groups are FT-IR active [271].

The complementarity of the two techniques stems from the different ways in which the IR photon

energy is transferred to the molecules to change their vibrational and rotational energy state.

In Raman spectroscopy, the sample is irradiated by a laser beam in the UV-Vis region and the
scattered light is collected in the direction perpendicular to that of the incident light. The
interaction between the UV-Vis laser beam and the sample induces a deformation of the

electronic cloud surrounding the molecule of the sample. This deformation forms temporary
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(induced) dipole moments causing a change in the polarizability of the molecule. In this process,
the incident photon (hvo) transfers part of its energy to the vibrational energy of the molecule
(hvm) and the remaining energy is scattered as a second photon. The scattered light is of two
types: (i) Rayleigh, where the frequency of the scattered photon (vs) is equal to incident one and
(if) Raman, where the scattered photon has frequencies vs=voxvm. The vo-vm and vo+vm lines are
called Stokes and anti-Stokes lines, respectively (Figure 4.4 (a)). The Stokes lines are associated
to quantized transitions from the lowest vibrational ground state to a virtual ground state, anti-

Stokes lines to the opposite process [272].

Conversely, in FT-IR the absorption of the incident mid-IR light by the molecules of the analyte
causes a change in the electric dipole moment of the molecules [271]. Thus, the corresponding IR
band intensity is proportional to the square of the change in the dipole moment [273]. As in the
case of UV-Vis spectroscopy, the intensity of the absorbed IR light is given by the Beer-Lamber
law (see Eq. 4.6, section 4.3).

The substantial difference between Raman and FT-IR spectroscopies brings about different types
of instrumentation to collect their spectra. As mentioned above, in the Raman spectrophotometer
a monochromatic laser beam excites the sample. Subsequently, the scattered light goes to a notch
filter which collects the Stokes and anti-Stokes scattering light and filter out the Raleigh light. A
diffraction spectrograph grating bends the Raman light according to the wavelength and sends it

to a detector for decoding (Figure 4.2 (b)).

The FT-IR spectrometer uses a Michelson interferometer to split the light into individual
components. A Michelson’s interferometer is composed of a light source, a beam splitter, a fixed
and a movable mirror and a detector. The beam splitter transmits 50% of the incident light
intensity to the fixed mirror and reflects off the remaining 50% to the movable mirror. The two
beams are then back reflected from the mirrors to the beam splitter where, once again, 50% of the
radiation is transmitted and 50% is reflected. As a result, one beam goes to the detector and one
back to the light source (Figure 4.4. (c)).

The working principles of the interferometer are based on the laws of interference between the
two beams at the beam splitter. Specifically, when the distance beam splitter-movable mirror and
beam splitter-fixed mirror are identical, the two beams arrive in phase on the beam splitter
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resulting into constructing interference for the beam going to the detector (maximum of
interference). This situation occurs whenever the optical path difference between the two beams
Is an integer number of wavelengths. On the other hand, if the optical path difference is a semi-
integer number of wavelengths, the detector will detect a minimum of interference. Such an
alternance of maxima and minima of interference with the motion of the movable mirror,
generates a sine (or cosine) signal at the detector called interferogram. The Fourier transform of
the interferogram is then performed by the FT-IR spectrometer to obtain the IR spectrum.

In this PhD thesis, we collected the Raman spectra of Sepia melanin pellets to exclude that a
Joule heating-induced phase transition from amorphous to graphitic carbon could explain the

resistive switching behavior of Sepia melanin pellets (Article 2, chapter 6).

We used FT-IR spectroscopy to systematically investigate the change of physical and chemical
interactions occurring in DHI and DHICA films in different conditions (e.g., ambient conditions
versus an ammonia (polymerization catalyst) enriched atmosphere [36], [187], stored in the dark

or in presence of laboratory daylight, Article 1, chapter 5).

Fixed

Laser mirror
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0TV Sample ‘,-" filter
So ** / /, Be.am
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scattering scattering Beam -
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Figure 4.4 (a) Schematics of Stokes and anti-Stokes inelastic scattering events that generate the
Raman spectra of molecular vibrational energy states. In (b) and (c) a simplified sketch of Raman

and FT-IR spectrometer, respectively.
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Table 4.2 Frequency, wavelength regions and origin of UV-Vis, IR and Raman spectroscopies.

Frequency | Wavelength

Technique Origin
(cm) (cm)
UV-Vis Transition between electronic energy levels of
106-10* 105-10*
spectroscopy valence atoms and molecules

Transition between roto vibrational energy
Raman and IR o _
10%-102 102-10* levels within the same electronic state of

spectroscopies
molecules

4.2.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is one of the most popular surface analysis techniques. XPS allows to identify and quantify
the elemental composition of a solid with a depth resolution of about 10 nm [274]. XPS also
provides the relative atomic percent of elements along with useful information on the chemical
state and valence band structure. This information can be easily obtained as sample preparation
requires minimal effort. Furthermore, XPS can analyze practically any kind of surface, from
organic to inorganic, from conducting to insulating and in different physical states (e.g., powders,

pellets and thin films).

An XPS spectrometer comprises an ultra high-vacuum (UHV) chamber, a monochromatic X-ray
source (e.g., Mg or Al Ka lines, 1253.6 eV and 1486.6 eV, respectively), a sample holder, a
system of electromagnetic lens to focus the photoemitted electrons to an electron energy analyzer

and a detector.

The physical principle of XPS is the photoelectric effect. Briefly, an X-ray photon impacts the
analyte’s surface and transfers its energy to an electron initially bound to an atom of the surface.
If the photon energy is higher than the surface electron binding energy (BE), the surface electron

is emitted with a discrete kinetic energy (KE) given by the following equation:

KE = Ep, — BE — ¢ Eq.4.7
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where Eph is the energy of the photon and ¢ fixed the work function of the instrument. The
electron KE is the physical quantity recorded by the XPS spectrometer. However, the XPS
spectrum is derived by calculating the electron BE, which is element- and environment-specific,
as well as independent on the initial X-ray photon energy. Since the photoelectron emission is a
discrete process, to each value of KE corresponds an ejected electron. As a result, the XPS

spectrum shows the counts of electrons per seconds as a function of the electron BE [274], [275].

In this work we compared the high-resolution Cis XPS spectra of dry and wet Sepia melanin
pellets, before and after the electrical tests, to find the presence of graphitic carbon domains in

the structure that could explain the observed electrical resistive switching (Article 2, chapter 6).

4.2.4 Impedance Spectroscopy (IS)

Impedance spectroscopy is a non-invasive technique where the system is probed with a
sinusoidal potential of given amplitude, frequency and phase (typically small amplitude
excitation of 1-10 mV and frequency range from MHz to mHz). The differences of amplitude and
phase between the input and the output signal provide useful information on a specific
protonic(ionic)/electronic process occurring in the material under analysis (bulk) and at the
interface between the metal contact and the material [276], [277]. IS measurements can in
principle distinguish protonic (ionic) and or electronic contributions to the conductivity of a
mixed protonic/electronic conductor between ion-blocking electrodes (see section 4.3). The
experimental results are usually given in terms of Nyquist plot, where the negative imaginary part
of the impedance (-Im (Z)) is plotted against its positive real counterpart (Re (Z)). From the
difference in amplitude and phase between the input and output signals it is possible to measure
electronic, ionic and dielectric relaxation times that can be signature of charge transfer processes
at the interface, charge transport in the bulk of the active layer and diffusion processes (electronic
and ionic). To each process corresponds a different value of the impedance such that the system
can be often described with different circuit models [278], [279]. We note that it is challenging to
provide an accurate description of the electrical properties of a material using solely 1S: Nyquist
plot themselves can correspond to different circuit configuration models [279]. For this reason,
the investigation of the charge carrier transport properties of matter should be carried out

performing both IS and direct current (DC) measurements.
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In this PhD work, we collected the IS spectra of dry and wet Sepia melanin pellets to shed light
on the different electronic and ionic processes taking place in the bulk and at the Sepia
melanin/metal interfaces, before and after switching (Article 2, chapter 6).

4.3 Measuring Electronic and Protonic Currents in Bio-sourced

Materials

In this section we considered as a reference a paragraph of my first author work
“Electronic and Protonic Transport in Bio-sourced Materials: A new
Perspective on Semiconductivity”, by Manuel Reali, Pooja Saini, and Clara
Santato, published as a review article on October 13", 2021, in Materials
Advances, 2(1), 15-31.

Good contacts and efficient charge transfer processes (injection) at the electrode/active layer
interface are essential requirements for carrying out reliable charge transport studies and
developing optimized architectures for high-performance devices. For electronic conductors,
electron/hole injection at metal electrodes (e.g. gold (Au), aluminum (Al), copper (Cu), platinum
(Pt), palladium (Pd) and silver (Ag)) is affected by energy band-bending [197]. In other words, an
offset exists between the metal work function and the valence (highest occupied molecular orbital
(HOMO))-conduction band (lowest unoccupied molecular orbital (LUMO)) edge levels of the
electronic conductor. This energy mismatch causes the formation of energy barriers for
electron/hole injection, known as Schottky barrier [197]. Schottky barriers effects can be
considerably reduced by tuning the metal work function e.g. via chemical functionalization [280]

or, as recently demonstrated, by using carbon nanotubes (CNTs)-based electrodes [281].

The choice of using metal electrodes to measure protonic currents, both for protonic and mixed
conductors, entails several challenges. Indeed, metal electrodes do not effectively transfer protons
at the contact/active layer interface; they are known as ion(proton)-blocking electrodes. The
electron and proton transfer across this type of interface occurs with variable efficiency, i.e. from
complete blocking (lowest efficiency) to ohmic injection (highest efficiency) [225]. During

charge carrier injection, chemical reactions may occur at the metal/active layer interface, causing
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blocking effects and unbalanced charge injection rates. These two effects cause the polarization
of the metal electrodes and the formation of space charge layers at the interface (defined as an
accumulation of charge carriers in a region of the space). The application of moderate or high
electric fields can cause discharge effects in the form of space charge currents in the protonic

(ionic) conductor.

Thus, at least for mixed conductors, the formation of space charge layers during DC
measurements is not conclusive to disentangling the single contribution of different carrier types
(e.g., protonic/ionic versus electronic) to the total electrical conductivity. DC measurements of
protonic conductors between blocking electrodes should be accompanied by alternate current
(AC) measurements i.e. impedance spectroscopy (IS) [210], [225]. It is important to notice that
space charge currents can also flow in amorphous electronic conductors between metal electrodes
because their disordered nature favors charge trapping phenomena facilitating injection at the
interface [38].

Over the last four decades, researchers evaluated protonic and electronic conductivity of
biomaterials [204], [205], [219], [227], [234], [282], [283], bio-sourced and mixed protonic-
electronic conductors using metal electrodes. In this regard, it was demonstrated that protonic
currents can be efficiently detected by Cu, Au and Pd partially ion-blocking electrodes, especially
at high hydration (high relative humidity (RH) atmosphere) [284].

To get rid of ion-blocking effects when acquiring DC in bio-sourced protonic devices, the use of
contacts capable to (i) inject protons (H*) at the source (drain) active layer/contact interface and
(ii) transport electrons towards the external circuit, is paramount. These types of contacts are
often referred as protodes. Palladium has been widely used as proton source because of its ability
to inject and extract protons as well as conduct electronically [15], [218], [225], [285]. Palladium
forms proton conducting palladium hydride (PdHx) protodes upon exposure to molecular
hydrogen atmosphere. Protonic and electronic transport across the PdHy /active layer interface
and in the bulk is monitored by keeping the protodes under constant H> atmosphere during the
acquisition. This operation ensures the presence of a pool of protons during the measurements.
Therefore, palladium hydride protodes act as a proton source (or proton sinks) in hydrogen
atmosphere. Accordingly, PdHy injects protons into the active layer at the source terminal and

extract protons from the channel at the drain terminal.
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Several studies already exist on protonic transport in eumelanin films and pellets, interfaced both
with protodes and ion-blocking electrodes [27], [42]-[44], [182], [184], [186], [243], [244], [286]
(see chapter 3).

In this PhD work we were interested in finding evidence of exclusive electronic transport in
eumelanin (see section 1.2, chapter 1). Thus, we studied the charge carrier transport physics of
chemically controlled DHI and DHICA films (Article 1, chapter 5) and Sepia melanin pellets
(Article 2, chapter 6) by using ion-blocking electrodes.

In Article 2, DC measurements were coupled to IS measurements to study the charge transfer and

transport properties taking place at the interface and in the bulk of Sepia melanin pellets.
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CHAPTER 5 ARTICLE 1: EUMELANIN: FROM MOLECULAR STATE
TO FILM

Article 1 has been published in The Journal of Physical Chemistry C on February 3", 2021. The
Supplementary Information is provided in Appendix A.
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5.2 Abstract

Eumelanin, a macromolecular biopigment, is an attractive candidate for Sustainable (Green)
Organic Electronics. Establishing structure-property relationships in eumelanin films is an
essential step to exploit its technological potential. We report on the evolution from the molecular
state to film after spin coating on silicon dioxide solutions of (5,6)-dihydroxyindole (DHI) and
(5,6)-dihydroxyindole-2-carboxylic acid (DHICA) eumelanin building blocks (monomers). The
evolution of the spin-coated films was followed under various environmental conditions, such as
ambient vs ammonia atmosphere which catalyzes polymerization. Atomic force microscopy
images reveal dramatic morphological changes as a function of the environmental conditions.
Infrared and UV-Vis spectroscopies indicate these changes are due to a combination of physical
(self-assembly) and chemical (polymerization) processes. Preliminary electrical measurements on

films were also carried out.

5.3 Introduction

The expansion of consumer electronics has generated unsustainable amounts of Waste Electric &
Electronic Equipment (WEEE), posing serious environmental and health concerns[1]. Sustainable
Organic Electronics, based on the use of abundant, bio-sourced and biodegradable organic
electronic materials, are an emerging route to design low eco- and human-toxicity technologies
and alleviate the environmental footprint of electronics[4], [5]. Despite their interest, enormous

challenges have to be overcome before applying bio-sourced organic materials in electronics.

The charge transfer and transport properties of bio-sourced organic materials are complex, due to
the materials” chemical composition and structure. Indeed, they are usually immersed in aqueous
saline media, such that their composition includes water and salts. Furthermore, their biosynthesis
brings about a certain amount of chemical disorder (chemical heterogeneity), e.g.
macromolecules resulting from more than one building block (monomer), and physical disorder,
e.g. n-x stacked regions with different extension and orientation coexisting in the supramolecular
structure of the materials[83], [182], [184], [243]. Intrinsic chemical and physical disorder (that

we qualify as intermediate since these materials are not well ordered , yet not amorphous either
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[287]), are among the key factors limiting the performance of corresponding devices (e.g. in

terms of charge carrier mobility).

Considering the weak van der Waals interactions that bind organic molecules together into films,
polymorphism (i.e. lack of a unique structure due to different types of molecular arrangements)
has always been a challenge when attempting to establish sound structure-property relationships

in organic electronic materials and optimize device performance[288], [289].

Among bio-sourced materials, eumelanin, a black-brown bio-pigment belonging to the melanin
family, is an interesting candidate for study[31], [34], [42], [290]. Eumelanin is a redox-active
quinone-based bio-macromolecule that features an electronically conjugated molecular structure
(alternating single and double bonds). It is derived from the oxidative polymerization of 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) monomers (building
blocks)[93] (Figure 5.1). The building blocks have several polymerization sites and co-exist in
different redox states (fully reduced hydroquinone (HQ), semi-reduced semiquinone (SQ), and
fully oxidized quinone (Q)). It, therefore, features chemical heterogeneity. Considering the
different supramolecular structures that can be generated from different monomers and
oligomers, eumelanin also features physical (structural) disorder [22], [92], [107]. A few models
predict that ensembles of oligomers of the two building blocks hierarchically build up via n-n
stacking with inter-plane distance of about 3.4 A and lateral extension of about 20 A [85], [87],
[88], [95], [291], [292].

Recently, chemically controlled films obtained from eumelanin building blocks have been

fabricated using an ammonia-induced (catalyzed) solid-state polymerization (AISSP)[36], [187].

Understanding the formation of DHI- and DHICA-based films, as determined by both chemical
(covalent) and physical (self-assembly) interactions, is needed to establish structure-functional
properties relationships, a crucial piece of knowledge in view of the practical applications of

eumelanin films in electronics.

In this work, we report on the early stages of the formation of films obtained from eumelanin
building blocks under different environmental conditions (ambient conditions vs ammonia
atmosphere, laboratory daylight vs dark). Atomic force microscopy (AFM) and optical

microscopy (OM) images were acquired at different stages of film formation. Infrared
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spectroscopy (IR) and UV-Vis spectroscopy surveys showed that the formation of DHI- and
DHICA-based films is driven by the interplay of physical (self-assembly) and chemical
(covalent) interactions. Preliminary investigations into the electrical properties of the films were

also carried out.

HO 4 3 HO A 3 0
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HO : b HO ¥ h OH
DHI DHICA

Figure 5.1 Molecular structure of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) eumelanin building blocks.

5.4 Experimental Section

Preparation of Chemically Controlled DHI- and DHICA-based Films. DHI and DHICA
powders were synthesized as previously reported [293]. Ten milligrams of DHI and DHICA
powders were dissolved in 1 ml anhydrous methanol in controlled atmosphere (N2 with 0,and
H,0 < 5 ppm). DHI and DHICA solutions were spin-coated (40 pL, 30 s at 2000 rpm) on SiO2
/Si (1 cm x 1 cm, (1-0-0) n-doped Si, SiO2 thickness of 200 + 10 nm) for morphological and
electrical characterization, on fused silica substrates (pre-cleaned, area 1 cm % 1 cm, thickness
0.96-1.06 mm) for optical characterization and BaF2 windows for IR characterization. Prior to
spin coating, substrates were cleaned by sequential sonication in acetone, isopropanol and
deionized water, followed by 10 min UV-ozone treatment. Films were exposed to different
environmental conditions after spin coating: (i) AC-L-DHI and AC-L-DHICA films stored in
ambient conditions (relative humidity (RH) between 30% and 50%) and exposed to ambient
laboratory daylight (Philips, F32T8/TL841 model, 32 W); (ii) AC-D-DHI and AC-D-DHICA
films stored at ambient conditions in the dark (between 30 %RH and 50 %RH). AC-L films were
kept in open sample holders whereas AC-D films were kept in closed sample holders, wrapped up
in aluminum foil; (iii) AISSP-L-DHI, AISSP-D-DHI, AISSP-L-DHICA and AISSP-D-DHICA
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films exposed to ammonia vapors (Sigma Aldrich, 28-30% w/v) at ambient conditions for 24 h.
AISSP-L- and AISSP-D- films were exposed to ammonia vapors in a glass bell respectively
unprotected and protected from laboratory daylight. To protect AISSP-D- samples from
laboratory daylight, an aluminum foil was used to cover the glass bell.

Powders were synthesized in the Department of Chemical Sciences of the University of Naples,
“Federico II” (Italy) and stored in closed vials (under N2, protected by Parafilm®) during
shipping to Polytechnique Montreal. After shipping vials were stored at -25 °C.

Morphology. Morphology of DHI and DHICA films on SiO2/Si substrates was investigated at
ambient conditions using AFM in tapping mode (AFM Digital Instruments Dimensions 3100,
aluminum-coated silicon cantilever (radius 10 nm, spring constant 42 N m-1)). AFM images

were analyzed using NanoScope Analysis software.

In the case of DHI films, the formation rate of the fern front was evaluated by taking the
difference between two sequential front positions of a forming fern along its X direction (yellow
arrow, Figure 5.2 (a)). The width of the ferns’ branches as a function of time was evaluated by
taking the average width of a fern along its § direction (blue arrow, Figure 5.2 (a)). Our
fabrication protocol enables a well reproducible morphology of AC-DHI films (90% over 100
experiments). Furthermore, our protocol gives an average of about 10 spiral-like shapes of AC-
DHI films on SiO-.

For AC-L-DHICA, the formation rate of rod-shaped structures along the z direction (v,(t), Table
A.2, SI) was evaluated from the time derivative of the average height profile of the rods (z(t),
Table A.2, SI). The fabrication protocol provides a well reproducible morphology and surface
coverage of AC-L-DHICA films (90% over 50 experiments).

Fourier Transform Infrared Spectroscopy. IR spectra were acquired in inert dry air in
transmission mode using a Vertex 70 FT-IR spectrometer (Bruker Optics) equipped with a
DLaTGS detector. The background spectra of the atmosphere were automatically removed from
the actual spectra during the measurements. Spectra were recorded with 4 cm™ resolution by

averaging 200 scans.

UV-Visible Absorption Spectroscopy. UV-Vis spectra of DHI and DHICA were collected using
a Cary 7000 Universal Measurement Spectrophotometer (Agilent, UMS). The total transmitted
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(%T) and reflected (%R) radiation was collected to evaluate the total resulting absorption of the
films by posing %A = 100 — (%T + %R). The Tauc plot model was used to extract the optical
absorption gap of DHI and DHICA films from the linear extrapolation of the plot (chv)Y? vs hv,
where a is the absorption coefficient, h the Planck’s constant and v the frequency of the light. The

wavelength-dependent absorption coefficient was computed by posing a(1) = %A/t, where t is

the thickness of the film. The thickness was evaluated by means of a profilometer tip after gently
scratching the films.

IR and UV-Vis spectra were acquired on different films prepared under similar conditions at least

in duplicate.

Electrical characterization. Organic films were deposited on SiO2/Si substrates
photolithographically patterned with interdigitated circular electrodes (5 nm of Ti adhesion layer,
40 nm of Au) with interelectrode distance L = 10 um and electrode width W = 24.5 mm and
total in-plane area A = 0.8 mm? (Figure 5.6 (a)). Films were transferred in a manipulated
cryogenic optoelectronic probe station (CXP, Lakeshore). Current-voltage measurements were
acquired using Agilent B1500 in vacuum (107-10 Torr, 295 K).

The electrical conductivity as a function of voltage scan rate was evaluated as follows:

L
TT AR

where R is the film resistance (including the contact resistance) evaluated at a voltage V = 1.5 V.

The charge stored vs. voltage scan rates was calculated as follows:

g="-=
(%)

where V,, and V;,, are voltage extremities of the hysteresis characteristics, AV = V), — (=V,,) the

[ rvnyav’

voltage window and % the voltage scan rate.

The p-V characteristics of AC-L-DHICA and AC-L-DHI films were obtained by evaluating the

-1
differential resistance R(V) = (%) (namely the inverse of the derivative of the hysteresis
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current with respect to the hysteresis voltage) and then by plotting the resistivity p(V) = % asa

function of the voltage.
5.5 Results and Discussion

5.5.1 Atomic Force Microscopy Characterization

5.5.1.1 DHI-Based Films in Dark Conditions: Changes during the First Few Hours.

AFM images of spin-coated DHI samples exposed to ambient conditions (indicated as AC, Table
5.1) in the dark (indicated as D) reveal the formation of fern-like structures (green dashed lines in

region A, Figure 5.2 (a)), within a few hours of deposition.

We followed the growth of the ferns in the X direction and found that the growth rate is about 5
pum min? during the first hour, decreasing to about 0.5 um min™ in 3 h (see Experimental).
Within this time, the fern-like structures are about 120 nm high, and branches are about 400 nm
wide (Figure 5.2 (a), red and blue crosses). Optical microscopy images, acquired a few hours
after preparation, show that fern-like structures are part of spiral-like shapes forming on the
surface (Figure A.1 (a) supplementary information, SlI). After about 3 h, spiral-like shapes are
approximately 200 pmx2150 pm (e.g., Figure A.1 (a) and (f), SI). The density of the ferns depends
on the distance from the center of the spiral. Denser branches are observed close to the center
(Figure A.1 (b) and (c), SI).

The formation of fern-like structures likely results from diffusion-limited aggregation
(DLA)[294] paralleled by the coffee ring effect[295]. Indeed, DLA has already been observed
during the self-assembly of natural and synthetic melanin particles in aqueous solutions[296],
[297]. During DLA, particles follow a Brownian motion with the probability to stick on the first
encountered cluster being higher than that of sticking on the inner portions. Thus, the outermost
portions of the clusters screen the innermost ones, leading to the formation of branched
structures. In the coffee ring effect, ring-like structures (like our spiral-like shapes) generate at the
micrometric scale after the evaporation of solvent drops. Different evaporation rates across the
spin-coated sample cause an outward flow of solvent to minimize surface tension bringing about

accumulation of particles at the edge of the forming structures.
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5.5.1.2 DHI-Based Films Stored in Open Sample Holders in the Presence of Laboratory
Daylight: Changes during the First Few Hours.

AFM images of DHI films exposed to ambient conditions, stored in open sample holders in the
presence of laboratory daylight (indicated as L, Table 5.1 and Experimental) show, during the
first few hours after deposition, the formation of fern-like structures as did their dark
counterparts. On top of fern-like structures, pillar-like aggregates form (Figure 5.2 (b), region B
and Figure A.2, SI). The density of the pillar-like aggregates is between 0.5 and 1 um™. These
aggregates grow in the z direction at a rate of about 70 nm h™. Within 1-2 h of exposure to
laboratory daylight, pillar-like aggregates reach a height and width of about 150 nm and 400 nm,
respectively. Heights and widths of pillar-like aggregates did not significantly change after about
2 h from the exposure to laboratory daylight.

5.5.1.3 DHI-Based Films Stored in Open Sample Holders in The Presence of Laboratory
Daylight: Changes from 1 Day to 1 Month

After about one day at ambient conditions, in open sample holders, under laboratory daylight,
well-defined structures (crystal-like aggregates) are observable on the ferns (Figure 5.2 (c),
regions Ci: and C). These aggregates, possibly developing from pre-existing pillar-like

aggregates, grow in the Z direction at an initial rate of about 25 nm ht,

The process is considered completed about 30 h after deposition (Table A.1, SI).
No further drastic morphological changes were observed during the following month.
Our films were processed from anhydrous methanol solutions, in dry nitrogen. Other
morphologies have been reported in the literature for non-anhydrous processing conditions[36],
[187]. This observation points to the potentially relevant role played by moisture in affecting film

morphologies.

5.5.1.4 Ammonia-Induced Solid State Polymerized-DHI-Based (AISSP-DHI) Films

AISSP-L-DHI films feature remarkable polymorphism. AFM images show that films feature
fibrous morphology with a small population of small spheres and flat rings (Figure 5.2 (d),
regions D1, D2 and D3 respectively, Table 5.1 and Experimental). These structures reach a height

of about 100 nm after one day. Upon exposure to ambient conditions, the height of these
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structures did not significantly increase. While following the sample for a month, we did not

observe any further morphological changes.

AFM images of AISSP-D-DHI films (Figure A.3, Sl), show spontaneous segregation into
spherical aggregates confined by rims (Figure A.3 (a) and (b), SI). These structures could result
from the interplay of intermolecular and film-substrate van der Waals interactions possibly

associated to thermodynamic instabilities in the films, leading to de-wetting-like processes[298].

Figure 5.2 10 pumx10 pm AFM height images of (a) AC-D-DHI films acquired after 3 h (b) AC-
L-DHI after a few minutes and (c) AC-L-DHI after one day. In (d) AISSP-L-DHI film after one
day.
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Table 5.1 Experimental conditions for the study of DHI- and DHICA-based samples on SiOz. The

abbreviations AC-L and AC-D respectively indicate films formed at ambient conditions with and

without exposure to laboratory daylight, while AISSP-L and AISSP-D represent their

counterparts exposed to ammonia vapors.

Storage Light
environment conditions Morphology Time of
Name
. observed observation
Ammonia
Air Light | Dark
vapors
DHI
Fern-like 0-3h
AC-L-DHI X X Pillar-like 1-3h
Crystal-like 20-30 h
AC-D-DHI X X Fern-like 0-3h
Fibers, sphere-like,
AISSP-L-DHI X X continuous flat
regions
24-26 h
Spherical-like
AISSP-D-DHI X X shapes confined by
rims
DHICA
AC-L-DHICA | x X Rod-shaped 0-3h
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AC-D-DHICA Rod-shaped 0-3h
AISSP-L- Small spheres,
x 24-26 h
DHICA shell-like and rods
AISSP-D-
Dense aggregates 24-26 h
DHICA

Rod Dimension (nm)
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Figure 5.3 10 umx10 um AFM height images of AC-L-DHICA samples acquired at about (a) 1
h, (b) 1d, (c) 3d and (d) 1 week. In (¢) Rod Dimension (average Rod Height and Rod Width) and
Rod Density of AC-L-DHICA samples as a function of time. In (f), AISSP-L-DHICA sample

after one day.
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55.1.5 DHICA-Based Films Stored in Open Sample Holders in the Presence of
Laboratory Daylight: Changes during the First Few Hours

AFM images of DHICA spin-coated samples exposed to ambient conditions and laboratory
daylight show rod-shaped structures [93], which form on the surface already in the early stages of
formation (about 1 h from fabrication, Figure 5.3 (a)). After about 1 h, rod height and width are
about 70 nm and 180 nm, respectively. Over one month, rod height and width increase to about
100 nm and 300 nm, respectively (Figure 5.3, Figure A.4 (red and blue crosses) and Table A.2,
SI). Rod density reaches a maximum after about one week and a minimum after about one month
(Figure 5.3 (e)), likely due to Ostwald ripening[299]. The formation of larger rods ((Figure 5.3
(d) region D1, D2) is paralleled by a change in the root mean square roughness (RMS) of the
films from about 15 nm to about 65 nm (Table A.2, SI)[300]. The decrease of the rods’ density
does not affect the homogeneity of the rods on the surface; substrate coverage is still very
uniform even one month from fabrication. It is worth noticing that AFM images of DHICA films
spin-coated at ambient conditions in dark (AC-D-DHICA, Table 5.1) feature the same
morphology of their counterparts exposed to laboratory daylight (Figure A.5 (a), SI).

5.5.1.6 Ammonia-Induced Solid-State Polymerized-DHICA-Based (AISSP-DHICA) Films

AISSP-L-DHICA films are polymorphic as were their DHI counterparts. AFM images show that
films feature layers made of small spheres on which rods and shell-like structures developed at
high density (Figure 5.3 (f), regions F1, F> and F3 respectively). The morphology of AISSP-L-
DHICA films does not evolve over time, as we also observed for AISSP-DHI films (Figure 5.2
(d)).

DHICA films exposed to ammonia vapors in dark (AISSP-D-DHICA, Table 5.1) are not
polymorphic as were their counterparts exposed to laboratory daylight. AFM images of AISSP-
D-DHICA samples show dense aggregates, about 50 nm high (Figure A.5 (b), SI). Likely, the
exposure of AISSP-DHICA samples to light favors the formation of different molecular

aggregates that generate the observed polymorphism.
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5.5.2 Chemical Characterization

The changes in DHI-and DHICA-based samples was observed by IR spectroscopy. Indeed,
molecular vibrational modes can provide information about the physical (self-assembled) state
and chemical (monomeric or polymerized) state in the films[301], [302].

5.5.2.1 AC-DHI-Based Films: Changes in IR Spectra

The IR spectrum of AC-L-DHI films about 1 h after fabrication is characteristic of the
monomeric form of DHI [301], [302]. It features a strong broadband around 3400 cm™ due to O-
H stretching vibrations (Figure 5.4 (a)) that overlap with the N-H stretching with various levels of
hydrogen bonding. The aliphatic C-H stretching modes expected within 2934-2837 cm™ are
mostly obscured. Two peaks, at 1636 cm™ and at 1595 cm™, stem from C=C vibrations in the
phenyl and pyrrole rings, while two features at 1507 cm™ and 1473 cm™ are due to coupled in-
plane ring and C-H deformation modes (Figure 5.4 (a), blue solid and dashed arrows
respectively). Additional groups of peaks attributed mainly to C-H and O-H deformations, are
present at 1380-1120 cm™. We do not observe any band in the carbonyl stretching region (1715-
1660 cm™) of the spectrum at 1 h.

After 4 days (4 d, indicated in red), two shoulders appear at around 3460 cm™ and 3430 cm™
(Figure 5.4 (a), red dashed arrows). This points to a possible preferential supramolecular
arrangement developing in the samples. Indeed, band splitting is an indication of the existence of
specific molecular environments within the sample and is typically observed upon crystallization
of initially amorphous materials. There is also a small increase of the intensity of the background
around 1750-1600 cm™ that can be associated with the formation of carbonyl groups by

oxidation.

The formation of carbonyl bands in DHI melanin is attributable to the oxidation of the
hydroquinone form into the semiquinone and quinone forms[35],[303].

Thus, the observed slight increase of intensity in the carbonyl region of the 4 d spectrum suggests
slow oxidation of DHI films at ambient conditions. All in all, a reorganization of DHI via
noncovalent interactions (supramolecular assembly) is observed as a function of time. It is

possible that the formation of pillar-like and crystal-like aggregates, observed by AFM (Figure
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5.2 (b) and (c)), is related to supramolecular self-assembly manifested by the splitting of the 3400
cm™ band. The IR spectrum of AC-D-DHI films after one day is akin to that of AC-L-DHI,
except for a slightly broader O-H stretching band (Figure 5.4 (b)).

5.5.2.2 AISSP-DHI Based Films: Changes in IR Spectra

The IR spectrum of AISSP-L-DHI films after one day (1 d) displays a much broader O-H and N-
H stretching band compared to AC-L-DHI (Figure 5.4 (c)). The absorption of AISSP-L-DHI
films in the carbonyl region is also stronger than that of AC-L-DHI films. These observations
indicate that samples exposed to ammonia are more oxidized than those stored at ambient
conditions. Oxidation of hydroquinone (HQ) is a fundamental step towards achieving the
polymerization of DHI[93],[19],[304], [305].

It is worth noticing that the absence of splitting around 3400 cm™ in the IR spectrum of AISSP-L-
DHI could be linked to the lack of pillar-like and crystal-like aggregates in their AFM
morphology (Figure 5.2 (d)).

The spectrum of AISSP-D-DHI after one day is quite different from that of AISSP-L-DHI
(Figure 5.4 (d)). In particular, the strong band around 3400 cm™ is narrower and the broad
absorption in the carbonyl region is lower than for its counterpart exposed to laboratory daylight
(AISSP-L-DHI), pointing to a lower extent of the oxidation. Furthermore, the band around 3400
cm shows the same shoulders as noted in Figure 5.4 (a) for the AC-L-DHI films prepared in

absence of ammonia and attributed to a preferential supramolecular arrangement.

5.5.2.3 DHICA-Based Films: Changes in IR Spectra

The IR spectrum of AC-L-DHICA shows an O-H band at 3437 cm™ a shoulder at around 3346
cm™ as well as a strong C=0 band at 1660 cm™. Furthermore, the IR spectrum of DHICA
samples feature more intense absorption around 1200 cm™ than does AC-L-DHI, this last
attributable to additional C-O stretching (Figure A.6 (a), SI). The appearance of these bands in
the IR spectrum of AC-L-DHICA stems from the anticipated presence of carboxylic acid groups
in DHICA. The IR spectra of AC-L-DHICA, recorded after 1 h and 4 d, do not significantly

change, except for the appearance of a more defined shoulder at 3346 cm™ (Figure 5.4 (e)).
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The IR spectrum of AC-D-DHICA films after one day is akin to that of AC-L-DHICA, except for
a more intense band at 3437 cm™ and a broader O-H shoulder at about 3346 cm™ (Figure A.6 (b),
SI). The region of the carbonyl band, for both AC-L-and AC-D-DHICA samples, is almost
unchanged after 4 d, indicating very limited oxidation within this time (respectively Figure 5.4 (e)
and Figure A.6 (c), SI).

The spectrum of AISSP-L-DHICA films after 1 d, is considerably different from that of AC-L-
DHICA counterparts. We observe the appearance of a new band in the spectrum of AISSP-L-
DHICA at 3151 cm™ (red solid arrow, Figure 5.4 (f)). The C=0 peak at 1660 cm™ of carboxylic
acid groups, found for AC-L-DHICA, is absent in the spectrum of AISSP-L-DHICA. In the
region of C=C vibrations of AISSP-L-DHICA spectrum, the peak at 1545 cm™ is replaced by two
peaks located at 1557 cm™ and 1529 cm™. This process is paralleled by the appearance of strong
peaks at about 1300 cm™ and 1400 cm™ and the weakening of the peaks at 1253 cm™ and 1222

cml,

The IR spectrum of AISSP-D-DHICA after 1 d is similar to that of AISSP-L-DHICA, except for
a slightly broader band at 3151 cm™, a weaker peak at about 1300 cm™ and two stronger ones at
about 1557 cm™ and 1529 cm™ (Figure A.6 (d), SI).

One plausible explanation for these observations is an acid-base reaction between ammonia and
the carboxylic group of DHICA. Ammonia can act as proton acceptor when in proximity with the
carboxylic acid groups of DHICA in AISSP-DHICA samples. The formation of an ammonium
salt could explain the appearance of the broad absorption band at 3150 cm, the new intense band
at 1400 cm™ (Figure 5.4 (f) and Figure A.6 (d), red and blue solid arrows respectively, SI) and the
shift of the C=0 stretching band to lower frequencies in the carboxylate form.

The deprotonation process reveals the different role played by ammonia in film formation from
DHI and DHICA. AISSP-DHI films are more oxidized than their ambient conditions
counterparts. Our results suggest that, for L- and D-DHICA, ammonia plays a predominant role

as acid-base agent, not catalyst.
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Figure 5.4 IR spectra of (a) AC-L-DHI films at different stages of formation. IR spectra of (b)
AC-L-DHI and AC-D-DHlI, (c) AC-L-DHI and AISSP-L-DHI and (d) AISSP-L-DHI and AISSP-
D-DHI after one day. IR spectra of (€) AC-L-DHICA films at different stages of formation.

5.5.3 UV-Vis Spectra of DHI and DHICA-Based Films

The UV-Vis spectrum of AC-L-DHI films after about 1 h from fabrication shows a broad peak
with lambda max of about 307 nm (Figure 5.5 (a)). In a timescale of one week (7 d) at ambient
conditions, the peak at 307 nm is more intense than after 1 h and 1 d. The UV-Vis spectrum of
AC-L-DHICA films after 1 h shows a broad peak located at lambda max of 364 nm (Figure 5.5
(b)). The UV-Vis spectra of AC-L-DHICA films also undergo changes over time. After one
week at ambient conditions, the peak shifts to lambda max of 359 nm and its width increases. The
UV-Vis spectra of AISSP-L-DHI films are broadband and do not significantly change within one
week of observation (Figure 5.5 (c), Table A.3, SI). Conversely, spectra of AISSP-L-DHICA
show a small feature at around 351 nm (Figure 5.5 (d) and Table A.3, SI). As in the case of
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AISSP-L-DHI, we did not observe any remarkable variation of the absorption spectra of AISSP-

L-DHICA in the timeframe of one week.

The progressive increase of optical absorption in the visible region of the spectrum, for both AC-
L-DHI and AC-DHICA, might stem from an improvement of n-electron delocalization through
self-assembly[306]-[308]. To validate this conjecture, we evaluated the highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) optical energy gap of
our films using the Tauc Plot model [34] (see Experimental and Table A.3, SI). The evolution of
the optical HOMO-LUMO energy gap of both AC-L-DHI and AC-L-DHICA films, after one
week at ambient conditions, cannot exclude the hypothesis of n-electron delocalization. The UV-
Vis spectrum of AISSP-L-DHI is characteristic of the polymerized form (i.e., broadband) already
after 1 h from fabrication. On the other hand, in AISSP-L-DHICA spectra, the presence of a small
feature at around 351 nm after one week at ambient conditions, suggests a slower polymerization
rate than that of AISSP-L-DHI films.
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Figure 5.5 UV-Vis absorption spectra of (a) AC-L-DHlI, (c) AISSP-L, (b) AC-L-DHICA and (d)
AISSP-L-DHICA films respectively. The dotted black line shows the UV-Vis absorption

spectrum of fused silica (background substrate).
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5.5.4 Electrical Characterization of DHICA-and DHI-Based Films

The electrical response of AC-L-DHICA and AC-L-DHI films (respectively Figure 5.6 (a) and
Figure A.7, Sl) features hysteresis behavior in the current density voltage curves (J-V) obtained
sweeping the voltage at 25 mVs?t and 50 mVs?! in vacuum conditions (see Experimental).
Hysteresis curves, akin to those we report here, were also observed in a few conjugated organic
polymer-based memory devices (e.g. 3-(6-methoxylhexyl) thiophene (P60me)[309], poly (3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate)[310] (PEDOT:PSS), and synthetic eumelanin
films[290]).

We observe that hysteresis area and parameters J,(V =0), J_(V=0), V,(J=10), V.(J =0)
depend on voltage scan rate (Figure 5.6 (a), Figure A.7 (a) and Table A.4, Sl). Indeed, when
changing the voltage scan rate from 25 mVs? to 50 mVs? we observe an increase of the
hysteresis areas, paralleled by a decrease of V,.(J = 0) and V_(J = 0) (Table A.4, SI). Regardless
of the voltage scan rate, the hysteresis curves are asymmetrical (i.e., current density is higher in
the negative voltage region than in the positive one). Furthermore, AC-L-DHICA hysteresis
exhibits a broad peak centered around -1.1 V at 50 mVs™ not observable at 25 mVs* which could
be due to diffusion limited proton-related phenomena. This peak is absent for the hysteresis of
AC-L-DHI at any voltage scan rate (Figure 5.6 (a) and Figure A.7, SI).

The formation of space charge layers (i.e. excess of electrons and/or holes in a region of space)
in presence of an electric field, followed by de-trapping of charge carriers from traps at structural
defect sites, may explain the electrical hysteresis of our films[290]. Structural defects originate
from disruption of hydrogen bond networks, steric hindrance, weaker-than-average interchain
interactions, higher (lower)-than-average conjugated molecular segments (i.e. electronic
coupling)[200], [311]. The build-up of space charge layers of different densities at the metal
electrodes/film interfaces would justify the asymmetry of the hysteresis. The higher amount of
charge stored in our films at 25 mVs™ than at 50 mVs? supports the build-up of denser space
charge layers at slower voltage scan rates (Table A.4, SI and Experimental). Assuming space
charge layer formation in the presence of an electric field, charge carriers could hop from one
defect to another via charge trapping/releasing mechanisms. The resistivity-voltage

characteristics (p-V) of our films show significant variations in the region of the plot where
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V.(J=0) <V <V,.(J =0) (blue shaded region, Figure 5(b)). This region corresponds to the
portion of the plot where J_(V = 0) and J,.(V = 0) are detected (Figure 5(b) and Figure A.7 (b),
SI). The presence of oscillations in the p-V characteristics of a few organic conjugated polymers,
has been considered as evidence of charge transport taking place via trapping/releasing
mechanisms[290], [310]. These observations suggest that the current densities J_(V = 0) and

J+(V=0) would originate from combined effects of charge carrier trapping/releasing

mechanisms.
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Figure 5.6 AC-L-DHICA films (a) J-V hysteresis at different scan rates on circular interdigitated
Ti/Au electrodes (schematic of electrodes geometry is in inset of (a)). In (a) the third J-V cycle is
shown. In (b) Resistivity at 50 mVs™,

5.6 Conclusions

In conclusion, we show that films spin-coated on SiO. from solutions of eumelanin DHI and
DHICA building blocks (monomers) dramatically evolve over time as a function of the
environmental conditions. Atomic force microscopy (AFM) images of DHI-based films kept in

the dark show the formation of fern-like structures, explained by diffusion-limited aggregation.
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Further, if samples are not protected from light, pillar-like and crystal-like aggregates form on

ferns over different time scales.

On the other hand, AFM images of DHICA-based films show the formation of rod-shaped

structures, attributed to Ostwald ripening.

When exposed to ammonia (catalyst for the solid-state polymerization), DHI- and DHICA-based
films feature polymorphism: in the case of DHI, we observe fibers, sphere-like structures and flat
regions, whereas in the case of DHICA-based films sphere-like and shell-like structures as well as

rods.

Infrared spectroscopy suggests a combination of physical (n-n stacking and hydrogen bonding)
and chemical (new covalent bonds) interactions occurring as a function of time, after deposition.
The exposure to ammonia vapors of DHI causes the oxidation of the films, a crucial step to form
new covalent bonds (polymerization). Conversely, there are indications that ammonia does not
oxidize DHICA to the same extent as DHI.

The evolution of the optical HOMO-LUMO gap of both DHI and DHICA films, evaluated from
the UV-Vis spectra at different stages after deposition, cannot exclude the hypothesis of -

electron delocalization.

After the physicochemical surveys we explored the electrical response of DHI and DHICA-based
films. We show that the current-voltage response, in vacuum atmosphere, is an electrical
hysteresis which we attribute to charge carrier trapping/de-trapping mechanisms, expected in

organic electronic materials.

Work is in progress to shed light onto a possible further degree of freedom in our study, namely
the aging of the DHI and DHICA powders.

All in all, our results are paramount for understanding the structure-property relationships in
eumelanin, which is a fundamental step to achieve eumelanin films of device quality. Our study is
a step in the establishment of a phase diagram that correlates eumelanin film processing
parameters, morphology, and functional properties. The creation of this diagram is necessary for
exploitation of the full technological potential of usually disordered bio-sourced organic

electronic materials, well beyond eumelanin.
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CHAPTER 6 ARTICLE 2: ELECTRONIC TRANSPORT IN THE
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6.2 Abstract

Eumelanin is the most common form of the pigment melanin in the human body, with diverse
functions including photoprotection, antioxidant behavior, metal chelation, and free radical
scavenging. Melanin also plays a role in melanoma skin cancer and Parkinson’s disease. Sepia

Melanin is a natural eumelanin extracted from the ink sac of cuttlefish.
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Eumelanin is an ideal candidate to eco-design technologies based on abundant, biosourced and
biodegradable organic electronic materials, to alleviate the environmental footprint of the

electronics sector.

Herein, the focus is on the reversible electrical resistive switching in dry and wet Sepia
eumelanin pellets, pointing to the possibility of predominant electronic transport a conditio sine
qua non to develop melanin-based electronic devices. These findings shed light on the possibility
to describe the transport physics of dry eumelanin by the amorphous semiconductor model.

Results are of tremendous importance for the development of sustainable organic electronics.

6.3 Introduction

The rapidly growing demand for consumer electronics, one of the most ubiquitous technologies,
has led to unsustainable amounts of waste of electrical & electronic equipment (WEEE). On a
global scale, WEEE amounts approximately to 45 megatons per year[1]. WEEE contains
hazardous substances that pose health and environmental concerns[1]. Refurbishment, recycling
and recovery in conventional (inorganic) electronics are viable routes to limit the environmental
footprint of consumer electronics[2]. In parallel, the eco-design of electronic devices based on the
use of abundant organic bio-sourced materials that are potentially biodegradable, a field that we
call organic green (sustainable) electronics, is of the utmost importance, e.g., for the development

of low human- and eco-toxicity technologies for the Internet of Things.

In the melanin biopigment family, eumelanin is a brown-black subgroup found in the human
body, other mammals, birds, reptiles, amphibians and fishes as well as in lower invertebrates,
such as cuttlefish and insects[63]. In humans, aside from photo-protection, eumelanin is involved
in a variety of processes, e.g. the accumulation and release of metal cations in the body[45],
[312]. It is noteworthy that the interactions between iron and neuromelanin, a pigment made of
eumelanin and red-yellow pheomelanin, present in the brain of humans and primates, have been
related to Parkinson’s disease[53]. The remarkable adhesion of melanin-like materials on
surfaces is the underpinning for emerging applications in the biomedical and water treatment
fields[185], [313], [314].

Sepia melanin is a natural eumelanin extracted from the ink sac of cuttlefish (Sepia

officinalis)[315]. Eumelanin is an ideal bio-sourced candidate for the exploration of the potential
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of sustainable organic electronics. Indeed, its molecular structure features electronic conjugation
(alternance of single and double bonds), which is a peculiar structural feature of organic
semiconductors[9]. At the same time, beyond its ubiquity among flora and fauna, eumelanin is
biocompatible, edible and potentially biodegradable[65], [185]. Considering the presence of
redox active quinone groups in the molecular structure[185], electronics powered by eumelanin-
based electrochemical energy storage devices can also be conceived. Indeed, the redox activity of
eumelanin has recently enabled a number of technologies, such as melanin-based biological
electrodes as well as flexible and light-assisted (micro)supercapacitors[32], [102]. Eumelanin is
made up of two building blocks, 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), coexisting in different redox states. Hydroquinone (H2Q) is the
reduced state, semiquinone (SQ) the intermediate redox state and quinone (Q) the oxidized state,
with its tautomer quinone imine (QI) (Figure 6.1). The presence of water shifts towards the right
the comproportionation equilibrium where H2Q and Q react to give SQ extrinsic radicals and
protons. The latter are the mobile electronic charge carriers in eumelanin[162] (Figure 6.2).

DHI and DHICA have several polymerization sites making eumelanin a chemically
heterogeneous macromolecule[93], [107]. This heterogeneity explains the short-range order in
the material that can therefore be defined, to a certain extent, as amorphous. Nevertheless, self-
assembled n-n stacked supramolecular structures with a characteristic inter-plane spacing of ~3.7

A have been observed both with natural and synthetic eumelanin[91].

In the 1970s, McGinness et al. reported on the reversible electrical resistive switching from a
high (OFF) to a low (ON) resistive state observable beyond a threshold voltage (V) for hydrated
eumelanin pressed pellets[37]. At that time, resistive switching had been experimentally observed
in amorphous Si, amorphous Ge and chalcogenide glasses (e.g. amorphous Te and amorphous
Se)[38]. As a result, the resistive switching behavior shown by eumelanin pellets was interpreted
within the Mott-Davis amorphous semiconductor model (ASM)[37], [235]. This model also
provided an explanation for the broadband UV-Vis absorption of the biopigment [39]. A crucial
element in the work of McGinness et al. was the observation that only hydrated eumelanin pellets
exhibited electrical resistive switching, i.e., dry pellets did not. The lack of switching of dry
pellets was explained by the modified dielectric constant theory, which posits that the adsorbed
water increases the dielectric constant of the material, lowering the activation energy for charge

transfer processes[203]. Recent publications on the electrical response of hydrated
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eumelanin[186], [244], [286] questioned the ASM and proposed the mixed ionic-electronic
conductor model (Figure 6.2 and Table 6.1)[27], [42], [44].

Here, we report on the observation of predominant electronic transport in dry pellets of natural
Sepia melanin, processed at room temperature. Pellets exhibit room temperature conductivity of
about 10° S.cm™, after switching. Our observation has profound implications for the
development of the field of sustainable organic electronics. Indeed, the observation of pure
electronic transport paves the way towards the development of Sepia melanin-based transistors

and memory devices. Further, long-term implications are also foreseen in the medical and

H, e © ©
R = R = R
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H

Hydroquinone (H2Q) Semiquinone (SQ) Quinone (Q) Quinone Imine (QI)

biomedical fields.

Figure 6.1 Hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) redox forms of the building
blocks of eumelanin: 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA). R is —H in DHI whereas R is the -COOH group in DHICA. The quinone imine form

the tautomer of Q.

Figure 6.2 The comproportionation equilibrium that regulates the relative concentrations of
hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) redox forms of the building blocks of
eumelanin in the presence of water. Specifically, H2Q and Q react to form protons and SQ free

radicals.
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Table 6.1 Literature on the charge carrier transport properties of eumelanin in the form of wet and

dry pellets and thin films.

Type of Charge
et Eumelanin Metal lon | Interelectrode | Applied | Carrier
ef.
(Form Factor, Contact | Content Distance Voltage | Transport
Dry versus Wet) Properties
Enzymatic action
on tyrosinase, Electronic
autooxidation of Conductor
L-dopa, extracted Interval | with Local
[37] from melanoma Cu, C, Al - 0.1,1,10 mm oV _ | Modificatio
tumor material, 400 V n of the
homogenized Dielectric
tumor (pellets, Constant
wet)
From solutions of _
Mixed
DL-dopa .
e lonic-
[42] oxidized in air Au - 2mm 15V )
Electronic
(pellet, 7- 16%
Conductor
water content)
From solutions of
DL-dopa )
S Predominan
oxidized in air )
[27] ) ) Au - - - tly lonic
(film used as ion
) ) Conductor
gating medium,
wet)
[316] Sigma melanin o or n-Si i 50 nm (diode) | ca3V Predominan
(film, 40% RH in tly
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air and vacuum) and Au Electronic
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50% and 90% Configuration) Conductor
RH)
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obtained by
oxidation of 10 um Predominan
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17% water
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Sigma melanin Cl ca lonic
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u ca
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water content) 3.9 lonic and
mg/g Electronic
Conductors

6.4 Experimental Section

Sepia Melanin Extraction. Sepia melanin was extracted from the ink sac of the cuttlefish Sepia
officinalis. First 100 g of ink were suspended in 200 mL of HCI 2M and stirred for 24 hr at 10
°C. The suspension was centrifuged in a planetary mixer (THINKY ARM-310) and washed
several times with 0.5M HCI, ethanol, DI water, ethyl acetate and a buffer solution (0.95 v/v of
monobasic sodium phosphate 200 mM, 40.5 v/v of dibasic sodium phosphate 200 mM, 50 v/v of
DI water). For each step, the suspension was weighed, and the pH measured. Centrifugation was
performed at 10000 rpm at 5 °C (25 min for DI water and buffer solution, 15 min for HCI 0.5M,
ethanol and ethyl acetate). After stirring, the centrifugate was sequentially washed with HCI
0.5M, DI water, the buffer, and ethanol, and centrifuged at each washing step. Subsequently, the
suspension was washed again with DI water and centrifuged three times. The final product was

lyophilized for 24 hr to remove solvents. A fine black powder was finally obtained.

Fabrication of Wet Pellets. The Sepia melanin powder was ground to remove large
agglomerates and subsequently weighed (analytical balance, accuracy 10~> g). For the hydrated
pellets, we measured the weight percent gained by the pellets after 24 hr hydration (% wt), at
different percentages of relative humidity in the atmosphere (Table B.1). The percentage of

weight gained after hydration was calculated using the following relation: %wt = % % 100,
1

where W» and W1 are the weight after and before hydration respectively. The hydration was
performed in a Cole-Parmer Mini Humidity Chamber (03323-14) equipped with an automatic
humidity controller and an ultrasonic humidification system (control humidity levels from 20% to

90% with programmable set points).

A cylindrical stainless-steel coin cell (inner diameter 15.5 mm, outer diameter 19.5 mm,
thickness prior pressing 2.6 mm) was used as protective gasket to assemble and seal the pellet.

The coin cell was assembled as follows. A pre-cleaned 99% purity Cu foil (dimensions of the
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inner diameter of the coin cell, 0.1 mm thickness), from Goodfellow Cambridge Limited, was
placed inside the coin cell and the hydrated powder gently transferred on the Cu surface. The top
contact was then made by placing the top stainless-steel disk (0.1 mm thickness, SUS316L from
SteelJIS) on the powder and the sandwich structure sealed with the upper cap (Figure 6.3 B and
C). The coin cell was then manually pressed into 2 mm thick pellets by applying a pressure of 3

tons for 60 s by means of a manual hydraulic press machine (Specac’s Atlas Series).

Fabrication of Dry Pellets. Sepia melanin powder was ground to remove large agglomerates and
transferred with the coin cell and the pre-cleaned contacts to an argon glovebox (H20<0.1 ppm,
equipped with a manual hydraulic press machine where it was kept for 24 hr prior to pressing it
into pellets. The powder was weighed (analytical balance, accuracy 10> g) and the coin cell
assembled following the same fabrication procedure as the hydrated samples. The structure was

then pressed into 2 mm thick pellets (3 tons for 60 s).

Electrical. The pellets were clamped to ensure the stability of the contacts during the electrical
measurements. Then, they were connected to an amperometer at the terminals of which the
current was recorded. The pellets were modeled with an electrical resistance (Rp = Rey +
R. where R., and R, are the intrinsic eumelanin resistance and the contact resistance,

respectively) in series with the internal resistance of the voltage source Rs. At the threshold
voltage (Vr), RP can be calculated as Rp =¥— Rg, where V is the applied voltage and | the

measured current (Figure 6.3 A). At least five dry and wet Sepia melanin pellets were tested. The
reported values of resistances (Figure B.2 and Table B.3) are average with an error of = 0.5 %.
The electrical response of the pellets was acquired using a Genesys™ Lambda-TDK 600-2.6 DC
power supply (output voltage 600 V, maximum output current 2.6 A). LabView I-V Software was
used for data recording and programmed to limit the current of the power supply (output current)
to the maximum value supported by the resistor (about 150 mA, Scheme 3A). The room

temperature electrical conductivity of the pellets can be calculated using the following equation:

0(295K) =

AXR, M

where t is the thickness, A is the inner surface area and Ry is the resistance of the pellets.

Chemical. Before and after the electrical tests, the chemical properties of the hydrated and dry

pellets were characterized via Raman Spectroscopy and X-ray Photoelectron Spectroscopy



100

(XPS). For the former, we used a Renishaw InVia Raman spectrometer (A=514 nm, 100 nm s*
scanning rate, 5% of the total power to prevent overheating effects). XPS was performed with a
VG ESCALAB 3 MKII apparatus (source Mg Ka, power 300 W [15 kV, 20 mA], pressure in
analysis chamber ca. 107° Torr, electron take off angle 0 deg, analyzed depth less than 10 nm,
detection limit 0.1% at). Survey scans and high-resolution scans were carried out with 1 eV and
0.05 eV energy steps. Background subtraction was performed via the Shirley method and charge

correction with respect to Cys set at 284.7 eV.
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Figure 6.3 Schematic representation of (A) the electrical circuit used in this work to acquire the
electrical response of the pellets (B) the sandwich configuration of our Sepia melanin pellets (C)
top view of Sepia melanin powders in a half coin cell. In (A) V is the voltage source, A is the
amperometer in series with the resistance of the voltage source Rs and the pellet resistance R, =
Reu + Re, Where Rey and Rc are the intrinsic eumelanin resistance and the contact resistance

respectively.

Electrochemical Impedance Spectroscopy. EIS measurements were performed at ambient
conditions with a BioLogic bipotentiostat (SP-300). Data were acquired at open circuit potentials
(OCP), within the frequency range 3 MHz - 0.1 Hz, 20 points per decade, 10 mV oscillation
amplitude.
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Scanning Electron Microscopy and Energy-Dispersive X-Ray. A JEOL JSM7600F
microscope was used. EDX was carried out using the same microscope with Aztec (Oxford)
software, detector x-Max (80 mm?, Oxford), at 5 kV.

6.5 Results

6.5.1 Electrical Response of Sepia Melanin Pellets

The current-voltage characteristics of dry and wet Sepia melanin pellets, placed between Cu and
stainless-steel electrodes, show that for dry pellets, during the first current-voltage scan, the
current monotonically increases with the increase of the voltage up to the threshold voltage VT,
where the electrical resistive switching takes place (Figure 6.4 A). The resistance across the
pellets in the ON and OFF states is about 100 Q and 550 Q (the ON resistance, Ry, iS calculated
at the maximum value of the current after switching, whereas the OFF resistance, Rygp, iS
calculated at Vr right before switching (see experimental section and Table B.2). For an ON
resistance of 100 Q, dry pellets feature a room temperature electrical conductivity of about

1 x 1073 S-cm?, a value falling within the range of electrical conductivity of semiconductors.

From the second current-voltage cycle, the electrical response is significantly different from that
of the first. Indeed, the response from the second cycle fits a current-voltage power law of the
form I < V2, with values of a close to or higher than unity (Figures B.1 A and C and Table B.3).
The electrical response of dry pellets features the same current-voltage power law at different
voltage scan rates, after the first scan (Figure 6.4 C). The independence of the electrical response
on the voltage scan rate suggests predominant electronic conduction in the dry pellets. Values of
a = 1 in the power law indicate that, under the effect of an electric field, electronic space charge
layers, broadly defined as an excess of electrons or holes over a region of space, form at the Sepia
melanin/metal interface. Amorphous materials, such as eumelanin, are prone to host space charge
layers due to the presence of structural defects acting as charge carrier traps[200], [241]. To
validate this hypothesis, we converted our I-V curves into log (J)-log (V) plots, J being the
current density, namely the total current per unit area. Our log (J)-log (V) plot shows the change
of slope between the Ohmic regime and the Space Charge Limited Current (SCLC) regime
(Figure B.1 E, red and blue solid lines with slope of 0.93+0.06 and 2.09+0.02 respectively). This
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change of slope can be attributed to the flow of space charge currents in the presence of a
distribution of shallow trap states in organic semiconductors[317].

Wet Sepia melanin pellets also feature electrical resistive switching (Figures 6.4 B, B.1 B and D).
No considerable difference is observable between the first and the following scans apart from Vt
(Figure B.1 D). The scan rate has a dramatic effect on the current-voltage characteristics of wet
pellets. At 2000 mVs™ the current starts to increase at about 12 V to reach a maximum at about
40 V. This maximum likely results from the increase of the electronic component of the current
and the (exponential) decrease of the ionic component, at this rate. In addition, the electrical
response for the whole interval 0 V to 180 V shows that, beyond 2000 mVs?, the resistive
switching is not observable, and the electrical response fits a power law (Figures B.1 D, B.2 and
Table B.3). From these results, we infer that conduction in wet pellets is predominantly electronic

at high voltage scan rates.

After the resistive switching, we followed the evolution of the resistance with time, for dry and
wet pellets (Figure B.3). Dry and wet pellets have an initial resistance of 130 Q and 225 Q. The
resistance of dry and wet pellets increases up to about 1200 Q in 10 hr (in the first 5 hr the
resistance of the dry pellets increases by ca. 27 Q hr! while the resistance of the wet counterparts
by ca. 155 Q hr). Such an increase of resistance with time points to volatile memory behavior
of both dry and wet Sepia melanin pellets, analogous to organic polymer-based memory
devices[17].

To gain insights into the relaxation processes taking place after resistive switching, we measured
the current-time characteristics at constant electrical bias. Dry pellets show a plateau-like
behavior after an initial increase of the current, most likely attributable to an electric field-
induced supramolecular arrangement favorable to electronic transport (Figure 6.5). On the other
hand, the transient current characteristics of wet pellets show an exponential decay likely due to
the formation of ionic double layers, followed by a plateau-like behavior attributable to electronic
transport (Figure 6.5 and Table B.4).
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Figure 6.4 Current-voltage response at 100 mVs™ for (A) dry and (B) wet pellets; sequential
current-voltage acquisitions from low to high scan rates for (C) dry and (D) wet pellets (beyond
2000 mVs?, see also Figure B.2). When the voltage source increases, the current monotonically
increases up to the threshold voltage (V). At VT, because of the switching, the resistance of the
pellet drops and the current increases non-monotonically up to the maximum current (maximum
value of the current tolerated by the amperometer (Figure 6.3 A). Thus, from the portion of the
plot where the source voltage increases to where the source voltage decreases a transition takes
place. Since this transition is fast, only its start and end points can be measured. The real
transition should appear as the contribution of a first line at constant voltage and of a second line

at the constant maximum current (dash red lines and arrows).
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Figure 6.5 Current-time characteristics of wet and dry Sepia melanin pellets after resistive
switching for dry (V is about 25 V, close to V) and wet Sepia melanin pellets (V is about 45 V,

close to V7).

6.5.2 Electrochemical Impedance Spectroscopy

To shed light on ionic and electronic processes featuring different relaxation times, as well as
possible interfacial processes at Sepia melanin/metal interfaces, we performed an
Electrochemical Impedance Spectroscopy (EIS) study with frequency ranging from 3 MHz down
to 0.1 Hz. Nyquist plots (imaginary vs real components of the complex impedance) obtained
from dry pellets before resistive switching feature one semicircle and a low-frequency diffusion
tail (Figure 6.6 A). We associate the high-frequency semicircle with the electronic impedance of
the dry pellet and the Sepia melanin/metal electrode interfacial impedance. The low-frequency
tail describes electronic diffusion processes in dry Sepia melanin (suggesting the hypothesis that
ionic contribution can be excluded). Assuming a simple resistor-capacitor behavior (RC) with a
semicircle, a relaxation time of 17.4 ms is obtained (this is the 1/fmax value where fmax is the
frequency of the top of the semicircle, about 57.5 Hz). On the other hand, Nyquist plots of the
wet pellets before resistive switching exhibit three semicircles with relaxation times of 1.33 ps,

0.31 ms, 6.14 ms (Figure 6.6 C). We propose that the two high-frequency semicircles are
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attributable to the ionic and electronic impedance in the bulk whereas the low-frequency one is
attributable to the charge transfer impedance at the Sepia melanin/metal interfaces. The presence
of three semicircles suggests electronic conduction in parallel with ionic conduction[279], [318].
The overall impedance should include the capacitance developing at the interface. Nyquist plots
of wet and dry pellets do not show any low-frequency capacitive line. Considering the thickness
of the pellets (ca. 2 mm, see experimental section), the capacitance is expected to be insignificant.
Before the electrical resistive switching, wet pellets show lower impedance than their dry
counterparts. This observation can be rationalized in terms of the comproportionation
equilibrium, which induces a high density of SQ extrinsic radicals (mobile charge carriers) and
protons in wet pellets with respect to dry ones, and leads to the decrease of ionic and electronic
impedance[42].

After the electrical resistive switching, we observe that dry and wet pellets exhibit only one
semicircle in the EIS spectra (Figures 6.6 B and D). The buildup of an electrical double layer
under the action of the electric field, expected to be electronic for dry pellets and predominantly
ionic for their wet counterparts, likely facilitates charge carrier injection in the two types of
pellets. We also observe that the real part of the total impedance of wet pellets, after the electrical
resistive switching, is higher than that of dry pellets. This observation could be attributed to
possible side reactions at the wet Sepia melanin/metal interface that passivate the metal contacts.

To better quantify the impedance changes before and after the electrical resistive switching, for
both dry and wet Sepia melanin pellets, we fitted the EIS with a simplified Rt Q circuit where
Rt is the total resistance in series with the constant phase element Q (Table B.5). The total
resistance includes the electronic (Re), ionic (Ri) and interface resistance (Rif) such that
Rwt=Ret+Ri+Ri. The constant phase element is the series combination of the melanin’s
geometrical capacitance and the capacitance at the Sepia melanin/metal interface that describes
any deviation from an ideal capacitive response. The fitting parameters indicate that the value of
Q (the capacitive element) for dry pellets increases from ca. 6.70x 1072 F.s®~1 before
switching to 6.77x 1072 F.s""1, after switching (Table B.5). This increase in capacitance after
switching for the dry pellet confirms the formation of a space charge layer that facilitates the
charge carrier injection. Considering that the thickness and the section of the pellet do not change

before and after switching, the dielectric constant of melanin increases too after switching.
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On the other hand, the total capacitance of the wet pellet decreases from ca. 2.60x 1078 F.s"1,

before switching to 3.80x 1071° F.s™"1, after switching. The aforementioned decrease in

capacitance of the dry pellet, is in agreement with the hypothesis of the formation of a passivating

layer at the wet Sepia melanin/metal interfaces (Table B.5).
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Figure 6.6 Electrochemical impedance spectroscopy
Nyquist plots of dry, (A) and (B), and wet, (C) and (D), pellets; (A) and (C) before and (B) and
(D) after resistive switching. Insets of figures (A) and (C) corresponding to equivalent circuits

of dry and wet Sepia melanin pellets.

where Re is the electronic resistance, R; the ionic resistance, Rif the interface resistance, Q is the

constant phase element (the series combination of melanin’s geometrical capacitance and the

capacitance at melanin/metal interface that describes any deviation from an ideal capacitive

response) and Zy the diffusion hindered impedance.
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6.5.3 Scanning Electron Microscopy

To evaluate the possibility of explaining the resistive switching by the formation of metallic
conductive filaments bridging the interelectrode distance by electrode dissolution [38], [286], we
investigated the surface of the electrodes after switching by Scanning Electron Microscopy
(SEM). SEM images and Energy Dispersive X-ray spectra (EDX) do not show any trace of
metallic filaments (Figures B.4 and B.5). Therefore, we tentatively exclude the formation of

metallic filaments as the cause of the resistive switching.

6.5.4 Raman Spectroscopy

We evaluated the possibility of attributing the resistive switching to a phase transition from
amorphous to graphitic carbon by Joule heating [38] To this end, we performed Raman
spectroscopy surveys of dry and wet Sepia melanin powder samples obtained from pellets before
and after resistive switching (Figures B.6 A, B, C and Table B.6). Raman spectra of dry and wet
Sepia melanin do not show any change before and after switching. We did not observe any peak
or shoulder attributable to ordered sp2 carbon expected at 2750 cm™ (2D band) and at 2700 cm™
(2D1 shoulder) [319].

6.5.5 X-ray Photoemission Spectroscopy and X-ray Diffraction

In agreement with the results of Raman spectroscopy, the high-resolution Cls X-ray
photoemission (XPS) spectra of dry Sepia melanin powders, acquired before and after the
current-voltage measurements, do not show evidence of graphitic carbon (Figures B.6 D and E,
Tables B.7 and B.8). Typical signatures of graphitic carbon are a Cys peak at BE=291.4 eV and an
unusually thin C1s component at BE=284.6 eV. The high-resolution C1s XPS spectra of dry Sepia
melanin powders show a satellite peak at BE=291.4 eV, this is expected in eumelanin because of
the cyclic carbon structure. The Cis component at BE=284.7 eV is broad and not as sharp as
expected in graphitic carbon (Figure B.6 E). The concentration of C-O, C-OH, or C-O-C groups
(BE=286.7 eV) is high compared to the other chemical groups observed (Tables B.7 and B.8).
The concentration of C-O groups, compared to C-N and C=C groups, is also higher than
expected. Nevertheless, the Cis spectra before and after switching of Sepia melanin powders are
similar, except for a slight increase in C-O and decrease in C-N after switching. X-ray Diffraction

(XRD) patterns of dry Sepia melanin powders before and after the electrical resistive switching
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do not show any signature of graphitic planes (Figure B.7), expected as sharp peaks located at
20~27° and 20~54° [320].

6.6 Discussion

We propose a tentative model to explain our results, based on the hypothesis that in dry pellets
charge carrier injection takes place at sufficiently high applied voltages causing the formation of
space charge layers namely electronic double layers at the Sepia melanin/metal interface (Figure
6.7). A further increase of the voltage leads to traps filling[200], [241], and to the effective
overlap of the tails of the functions describing the density of energy states of the valence and
conduction bands, eventually leading to the resistive switching[38]. In our model, the tails stem
from the amorphous nature of the Sepia melanin material. From the second current-voltage scan,
dry pellets are in a trap-free regime and the current-voltage characteristics can be described by a
power law[38]. For the wet pellets, space charge layers with ionic nature at the Sepia
melanin/metal interfaces would lead to the electrical resistive switching (Figure 6.7). The mixed
protonic-electronic conductor model for the wet pellets is supported by the linearization of the
current-voltage characteristics at voltage scan rates higher than 2000 mVs™. Work is in progress
to locate the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) energy levels of Sepia melanin, by Ultraviolet Photoelectron Spectroscopy
(UPS) and Inverse Photoemission Spectroscopy (IPES), with the aim to optimize the charge

carrier injection process.
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Figure 6.7 Tentative model to describe the phenomenon of electrical resistive switching observed
in dry and wet pellets of Sepia melanin, reported in this work. A key role in the model is played
by the formation of electrical double layers (predominantly electronic when the pellets are dry
and predominantly ionic when the pellets are wet) at the Sepia melanin /metal interfaces.
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6.7 Conclusions

In conclusion, dry and wet Sepia melanin pellets included between metal electrodes feature
reversible electrical resistive switching. Our dry and wet pellets feature a conductivity of about
1073 S.cm? after switching. This value refers to natural eumelanin pellets processed at room
temperature. We propose that in dry Sepia melanin pellets, under bias, the effective overlap of the
density of energy states of valence and conduction band leads to the electrical resistive switching.
Electrical double layers (expected to be electronic in dry pellets and ionic in wet ones) enable
charge carrier injection at the Sepia melanin/metal interface. This behavior points to the validity
of the amorphous semiconductor model to describe the transport physics of dry Sepia melanin.
The linearization of the current-voltage characteristics after switching and at different voltage
scan rates is a strong indication of predominantly electronic conduction. However, the buildup of
ionic double layers at voltage scan rates below 2000 mVs? and the linearization of the current-
voltage characteristics at higher voltage scan rates support the mixed protonic-electronic
conduction model to describe the transport physics of wet Sepia melanin pellets, in agreement

with the literature.

The observation of predominant electronic transport in Sepia melanin satisfies the conditio sine
qua non to start designing and developing Sepia melanin-based devices. Our results are of the
highest importance for the development of the field of sustainable organic electronics that aims at
alleviating the environmental footprint of the electronics sector using abundant, solution
processable, possibly biodegradable electronic materials, including biomolecules extracted from

agri-waste and biomass feedstock.
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CHAPTER 7 GENERAL DISCUSSION

In this thesis, we chose eumelanin as the study case material for several reasons. First and
foremost, as presented in chapter 2 and chapter 3, beside playing fundamental roles in flora and
fauna (e.g., photoprotection, antioxidant, camouflage etc. etc.) eumelanin is edible,
biocompatible, and potentially biodegradable. Its unique set of physicochemical properties makes
eumelanin an exciting material to be studied in several fields: medicine (e.g., dermatology and
oncology for melanoma skin cancer), neurology for Parkinson’s disease, drug binding), physics,
chemistry, electrochemistry, materials science, and engineering (e.g., structural properties, charge
transfer and charge carrier transport properties, etc.).

Thin films are the core organic electronic devices and enable the investigation of the
physicochemical properties of matter using plenty of techniques. The development of high-
performance organic electronic devices based on eumelanin relies on the fabrication of smooth,
uniformly thick, and continuous films as well as on the study of their physicochemical properties,
both at the microscopic and macroscopic scale. The accomplishment of this task requires the
construction of structure-property relationships correlating eumelanin film processing,
morphology, and functional properties. As discussed in chapter 2 and chapter 3, several poorly
understood physicochemical properties of eumelanin are limiting the potential of its applications

in green organic electronics and bioelectronics.

In this chapter, the results of Chapter 5 and 6 are discussed with reference to the literature
discussed in chapter 2 and chapter 3. While in this PhD thesis we could investigate only a few
physicochemical properties of eumelanin, we gained exceptional insights. We discuss these
insights with respect to eumelanin film formation (as governed by physical interactions (self-

assembly) and covalent bonding) and transport physics.

7.1 Eumelanin film Formation

Because of the high degree of chemical heterogeneity and structural disorder, little is known
about the underlying mechanisms of eumelanin aggregation (supramolecular buildup) and
polymerization (covalent bonding) in solid state. Despite the body work of the last twenty years,
eumelanin filmability has not been investigated under the lens of supramolecular self-assembly

(physical interactions through n-m stacking) and covalent bonding. Indeed, the limited solubility
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of eumelanin in most common solvents de facto prevented to unravel these mechanisms during
film formation (solubilization requires partial interruption of supramolecular buildup). In this
context, Pezzella’s group at the University of Naples “Federico II”” (Italy), recently demonstrated
the fabrication of synthetic eumelanin films (i.e., films expected to mimic the natural pigment and
obtained from powders of only one of the two building blocks, DHI and DHICA) through an
ammonia-induced solid state polymerization protocol (AISSP). The AISSP protocol involves the
fabrication of eumelanin films by (i) spin-coating or drop casting solutions of DHI and DHICA
powders dissolved in methanol and (ii) exposing the films to an ammonia enriched atmosphere

(polymerization-catalyst, see chapter 3).

In Article 1 (chapter 5), we built from these findings to follow the early stages of formation of
DHI- and DHICA-eumelanin films under different environmental conditions, including ambient
conditions versus ammonia atmosphere, dark versus laboratory daylight. Our investigations led
us to unravel the dramatic morphological and chemical changes undergone by DHI, DHICA,
AISSP-DHI and AISSP-DHICA films from the first few hours to months after deposition.

AFM images of DHI films in dark conditions revealed the formation fern-like structures. When
exposed to laboratory daylight, pillar-like structures grow on top of the ferns and eventually
evolve into micron-sized crystal-like structures after one month from deposition. In the case of
DHICA films we observed the formation rod-shaped like structures with density, length and
width increasing over time at ambient conditions. We attributed the formation of ferns in DHI
and rods in DHICA films to diffusion-limited aggregation (DLA) and Ostwald ripening
mechanisms, respectively. These processes are associated to the change of physical interactions
(self-assembly) during the supramolecular buildup of DHI and DHICA. Furthermore, in presence
of laboratory daylight the formation of pillar-like structures in DHI films suggests the
coexistence of various molecular arrangements responsible for structural and morphological
polymorphism. In this regard, we also found that the exposure to an ammonia enriched
environment for 24 h after deposition brings about marked polymorphism both in AISSP-DHI
and AISSP-DHICA films.

The IR spectra of DHI and DHICA-based films, collected over time after film deposition, were

twofold relevant as they enable us to provide important insights into: (i) the change of and
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chemical interactions in the films and (ii) the effectiveness of the AISSP protocol in achieving

film polymerization.

Particularly, in DHI-based films the observation of band splitting in the O-H stretching vibrations
(expected at 3400 cm™) paralleled by the slight increase of the absorption in the carbonyl region
(expected at 1660-1715 cm™) from 1 h to 4 d after deposition, suggested (i) prevalent
reorganization through noncovalent interactions and (ii) slow oxidation at ambient conditions.
The IR absorption in the carbonyl region of AISSP-DHI films revealed higher film oxidation
with respect to DHI films processed at ambient conditions. As we discussed in chapter 2,
oxidation of hydroquinone (HQ) into semiquinone (SQ) and quinone (Q) is a key step to achieve
the polymerization of eumelanin. Thus, we proposed that structural reorganization in AISSP-DHI
films is prevalently governed by oxidation of HQ that can eventually favor the formation of new
covalent bonds. On the other hand, the IR spectra of AISSP-DHICA films provided evidence of
the occurrence of deprotonation of COOH groups in ammonia atmosphere. Our results casted
doubts on the role of polymerization-catalyst of ammonia for DHICA.

All in all, these findings represent a very important step towards the achievement of a holistic
structure-property relationship phase diagram for the correlation of processing parameters,
morphological, chemical and functional properties of eumelanin films. The achievement of this
diagram is paramount to engineer device-quality eumelanin films for its extensive exploitation in

the field of green organic electronics.

7.2 Eumelanin Transport Physics

The degree of supramolecular self-assembly (m-m), H-bonding and covalent interactions
profoundly impact the electrical properties of eumelanin, both in terms of charge carrier type
(electronic/protonic) and transport mechanisms (electronic hopping, trapping-de trapping,
protonic Grotthus transport). In this context, in chapter 3 we gave a detailed overview of the
electrical properties of eumelanin with focus on the two models of transport physics formulated
for the biopigment: the Mott-Davis amorphous semiconductor model and the mixed ionic
(protonic) conductor model. Despite these two charge carrier transport models were based on
solid and compelling evidence, they showed important limitations. The mixed-protonic-electronic

conductor model has not been tested regarding the electrical resistive switching (only low electric



115

fields have been considered) and did not explain it [43]. On the other hand, crucial details were
not reported during the electrical resistive switching experiments [37], i.e. the %RH, hydration
time, I-V response of dry eumelanin pellets. Besides that, in most of the works published between
the 1960s and the 1970s supporting the Mott-Davis amorphous semiconductor model,

information on the quantitative water intake before and after tests is missing.

In Article 2 (chapter 6), we reported on the reversible resistive switching behavior of dry and wet
Sepia melanin pellets in a sandwich configuration between copper and stainless-steel electrodes.
We focused on the electrical properties of eumelanin pellets at the opposite sides of the hydration
scale (i.e., highly hydrated (19% w/w) vs. dry pellets). By combining I-V voltage sweeps at
different voltage scan rates, transient current measurements, and impedance spectroscopy surveys
before and after switching, we (i) found strong indications of predominant electronic and protonic
transport, for dry and wet Sepia melanin pellets; (ii) reported on the increase of the electrical
resistance of dry and wet pellets in unbiased conditions over a period of 10 h after switching.
Such an increase of the resistance suggests a volatile-memory behavior of both dry and wet
eumelanin pellets; (iii) provided a tentative model to explain the resistive switching behavior. We
attributed the resistive switching behavior to the formation of electrical double layers of
electronic and ionic (protonic) nature for dry and wet pellets, respectively. Assuming the Mott-
Davis model for dry pellets, we proposed that, under the action of the electric field, electronic
space charge layers help in charge carrier injection thus shifting eumelanin’s Fermi level and
consequently improving the overlap of the CB and VB energy states. Likewise for wet pellets,
the formation under bias of ionic (protonic) double layers increases the proton and SQ radical
density (as per comproportionation equilibrium), leading to resistive switching.

This thesis contains the first detailed investigation of the electrical properties as well as the first

observation of resistive switching in dry Sepia melanin pellets.

All in all, when inserted in a broader context comprising both electronic and protonic transport
models for bio-sourced materials (chapter 3), our results suggest that the mixed protonic—
electronic conductivity of eumelanin is the signature of a special semiconducting behavior.
Particularly, depending on the molecular characteristics of eumelanin, degree of supramolecular
self-assembly and content of adsorbed water, eumelanin appears to ‘‘switch’’ from electronic to

protonic semiconductivity.
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CHAPTER 8 CONCLUSION AND PERSPECTIVES

In conclusion, the global objective of this PhD thesis was providing insights on eumelanin film

formation and transport physics for its exploitation in green organic electronics and

bioelectronics.

Based on the results collected during this PhD work, we can conclude the followings:

In Article 1, we reported on the evolution from the molecular state to film after spin coating of

solutions of DHI and DHICA on SiO2. The examination of film growth with atomic force

microscopy (AFM), Fourier transform infrared (FTIR) and UV-Vis spectroscopy revealed that:

1)

2)

DHI-based films show fern-like structures resulting from diffusion-limited aggregation,
whereas rod-shaped structures, attributable to Ostwald ripening, are observable for
DHICA-based films. When exposed to ammonia (a catalyst for the polymerization of
eumelanin building blocks in solid state), DHI- and DHICA-based films exhibit

polymorphism.

A combination of  physical (i.e., =wmn  stacking and  H-bonding)
and chemical (covalent) interactions occurs in the films as a function of time. As
discussed in detail in chapter 5 and 7, the exposure to ammonia causes oxidation of the
DHI building blocks, the oxidation being an initial step to the formation of new covalent
bonds (polymerization). Conversely, ammonia does not oxidize DHICA to the same

extent as DHI, bringing about a limited polymerization in DHICA-based films.

The remarkable insights we gained in Article 1 call for a number of future investigations.

a)

Considering the hydrophilicity of eumelanin (section 2.3.6) and our findings on film
oxidation at ambient conditions, we suggest studying the changes of morphology and
chemical properties taking place in films (i) in inert atmosphere (e.g., low content of H.O

and O) and (ii) in controlled humidity conditions.

Furthermore, since the molecular mobility is affected by the evaporation rate of the
solvent, (i) and (ii) should be performed by dissolving chemically controlled powders in

suitable solvents featuring low, intermediate and high evaporation rate.
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b) Considering the impact of DHI:DHICA ratio on the physicochemical properties of
eumelanin (see chapter 2), we also recommend performing studies as in (i) and (ii) by
exploring several ratios. In this regard, replicating the DHI:DHICA ratio of the natural
biopigment in synthetic films, would open the opportunity to mimic the supramolecular

aggregation of natural eumelanin.

c) Considering the high degree of chemical heterogeneity and reactivity of the building
blocks, synthetic DHI and DHICA powders may not feature a monomeric character.
Therefore, we also suggest studying film formation as a function of the oligomerization

state of the powders.

In perspective, the combination between the results of this thesis and the investigations in (a),
(b) and (c) will provide a complete description of the supramolecular buildup of eumelanin
from DHI and DHICA by the AISSP protocol and enable the establishment of a structure-

property relationship diagram for the biopigment.

In Article 2, we studied the electrical properties of dry and wet room temperature-processed
Sepia melanin pellets, in sandwich configuration between Cu and stainless-steel electrodes.
The acquisition of 1-V response as a function of the voltage scan rate, transient current

measurements and impedance spectroscopy led us to:

1) Finding evidence, for the first time, of predominant electronic transport in dry Sepia

melanin pellets.

2) Confirming the prevalence of protonic transport in wet (highly hydrated) Sepia

melanin pellets.

3) Reporting on the electrical resistive switching in dry and wet Sepia melanin pellets.
After switching, pellets featured an electrical conductivity as high as 102 S cm™, this

last falling within the range of electrical conductivity of organic semiconductors.

4) Reporting on the increase of the electrical resistance in unbiased conditions and after
switching of dry and wet Sepia melanin pellets, suggesting volatile memory behavior.
We observed that the resistance of wet Sepia melanin pellets increases faster than the

resistance of dry counterparts.
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5) Explaining the electrical resistive switching of dry and wet Sepia melanin pellets with

the formation of electronic and ionic double layers at the Sepia melanin/metal

interface, respectively.

The results achieved in Article 2 open the door to future experiments:

a)

b)

Studying the electrical response of Sepia melanin pellets pressed using high work
function (e.g., Cu, Au) and low-work function metal contacts (e.g., Zn, Y), expected
to easily inject holes and electrons in the bulk of Sepia melanin pellets, respectively.
Such a study will contribute to shed light on the nature of the polarity of electronic
charge carrier in eumelanin pellets when electronic transport is dominant (as in dry
Sepia melanin). We also recommend changing the pellet thickness to gain insights on
the contribution of the contact resistance to (i) the mechanisms of charge carrier
injection at the Sepia melanin/metal contact interfaces and (ii) the total resistance of
system.

Studying the electrical response of Sepia melanin pellets using chemically inert metal
electrodes such as Pt (i.e., metal electrodes exhibiting high resistance to the formation
of passivation layers or corrosion in presence of adsorbed water). These investigations
are expected to provide further insights into the mechanism of formation of ionic-

double layers in wet Sepia melanin pellets in presence of an electric field.

Collecting sequentially the impedance spectroscopy characteristics of Sepia melanin
pellets and the corresponding resistance in unbiased conditions until the pellet
resistance reaches a stationary value (about 8 h for dry pellets and 6 h-10 h for wet
pellets, Figure B.3, appendix B). Such an investigation is expected to shed light on the
characteristic relaxation times of charge carriers in dry and wet pellets in unbiased
conditions, several hours after the electrical resistive switching. These experiments are
expected to answer a question that we left open in this PhD thesis, that is “why the
resistance of wet pellets increases faster with respect to the resistance of dry pellets”.
Unraveling the different mechanisms of charge carrier relaxation in dry and wet
eumelanin, after the occurrence of the electrical resistive switching, open the door to

the design and characterization of volatile memory devices based on Sepia melanin.
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In perspective, the unprecedented values of electrical conductivity reported in this thesis for
Sepia melanin pellets, call for an in-depth study of the charge carrier transport properties of Sepia
melanin films. Once again, the limited solubility of eumelanin in most common solvents remains
a key challenge to face. The formulation of Sepia melanin-based inks is a promising route to
circumvent the limited solubility issue. Conventional ink formulations make use of polymer
binders (e.g., polyvinyl butyral (PVB), polyvinyl pyrrolidone (PVP)) that are soluble in organic

solvents, to bind and stabilize insoluble pigments in the ink state.

In this regard, at the end of this PhD work, we succeeded in formulating a Sepia melanin ink
optimized for large scale roll-to-roll printing. The ink includes Sepia melanin powders (extracted
and purified from the raw ink of cuttlefish as in Article 2), PVB as a binder and 1-propanol as
organic solvent. We successfully demonstrated proof-of-principle printability of Sepia melanin
ink films on Kromekote® paper and flexible polyethylene terephthalate (PET) for low-cost, low
embodied energy printable electronics. SEM images of printed and spin-coated Sepia melanin ink
films show complete substrate coverage and exhibit homogeneity, continuity and thickness
uniformity. Film morphology by SEM also shows the presence of aggregates of PVB that
improve the contacts among the Sepia melanin granules, thus affecting the transport properties at
their interfaces, eventually leading to inter-granule percolation phenomena.

The fabrication of uniform and continuous Sepia melanin ink films currently enables the
investigation of a few fundamental aspects of the transport physics of eumelanin that we could

not study in the pellet form during this PhD work. These aspects include:

a) Determining the nature of the predominant electronic charge carrier in dry Sepia
melanin films by performing Hall effect measurements. Hall effect should be coupled
with electron-paramagnetic resonance spectroscopy surveys to disentangle the
contributions of unpaired electrons (semiquinone radicals (SQR)), electrons and holes
to the overall electrical conductivity of eumelanin (see section 2.3.4, section 2.3.6
chapter 2 and section 3.3, chapter 3).

b) Finding characteristic values of activation energies for charge carrier transport by

performing temperature-activated electrical conductivity measurements. Besides that,
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the observation of a temperature-dependent electrical conductivity could set the basis
toward the design of Sepia melanin-based temperature sensors.

¢) Studying the behavior of Sepia melanin ink films as channel materials in field effect
transistor (FET). Beside the intrinsic technological relevance, FETs would permit
evaluation FET mobility as well as the contribution of the contact resistance and the
channel resistance. Furthermore, the FET threshold voltage would provide an accurate

evaluation of the density of shallow trap states of the channel.

d) Coupling the investigations in ¢) to photoconductivity experiment to estimate the
density of deep charge carrier traps from the rise and decay of the transient-
photocurrent intensity of Sepia melanin films.

In summary, we collected experimental evidence supporting the interest of eumelanin for
technological applications in sustainable organic electronics. We have proposed a solid
methodology for extending the eumelanin studies to other biosourced materials exhibiting high

degrees of chemical and structural disorder.
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Table A.1 Height of crystal-like aggregates of AC-L-DHI films and their vertical formation rate.

AC-L-DHI: Crystal-like Aggregates

Time of ) Vertical formation
] Height z(t)
observation rate
(nm)
(h) (nm h)
24 132+ 2 27+1
25 159 +3 30+1
26 192 + 2 26+1
27 211+ 2 19+1




Table A.2 Height, width, surface density, root mean square roughness and vertical formation rate

(vz (1)) of rod-shaped structures of AC-L-DHICA films.

AC-L-DHICA: Rod-Shaped Structures

Time surf
urface
from | Height z(t) Width _ Root mean 2,0
» density square
(Lm™?) roughness
(h)
(nm)
1.0 68+1 94 +1 3.3+0.3 15+1 6.8+ 0.1
1.2 70 £ 2 113+ 2 494+0.3 22+1 3.7+ 0.1
11.0 71+ 1 133+ 1 7.7+ 0.3 3212 0.5+0.1
38.0 8312 147 + 2 8.7+0.3 29+1 0.2+0.1
168.0 95+1 179 +1 11.84+ 0.2 36 +1 0.2+0.1
504.2 175+ 3 264+ 1 40+04 56 +2 0.1+0.1
672.0 181+ 3 270+ 1 3.7+ 0.1 65+2 0+0.1
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Table A.3 Absorption wavelength and optical energy gap evaluated over time by the Tauc Model
for AC-L-DHI, AC-L-DHICA, AISSP-L-DHI and AISSP-L-DHICA films.

Absorption Optical energy
Name Time wavelength gap
(nm) )
As prepared (1 h) 307 £1 1.19 £ 0.25
One day 305 +1 1.06 + 0.19
AC-L-DHI
4 days 306 +1 0.98 +0.16
7 days 306 +1 0.94 + 0.19
As prepared (1 h) 364 +1 241+0.23
AC-L- One day 363+ 1 2.39 £0.05
DHICA 4 days 363+ 1 2.24 + 0.04
7 days 3591 2.20 + 0.04
AISSP-L - As prepared (1 h) X X
DHI 3 days X X
AISSP-L- As prepared (1 h) 351 +1 X
DHICA 3 days 351 +1 X
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Table A.4 Positive and negative current densities at zero voltage (J+ (V=0), J- (V=0)), positive

and negative voltage at zero current density (V+ (J=0), V- (J=0)), charge stored (q) at the

AU/DHICA and Au/DHI interfaces room temperature electrical conductivity (o) at 1.5 V as a

function of the voltage scan rate.

Electrical hysteresis of AC-L-DHICA and AC-L-DHI Films

Voltage
J J+ J- vV, v Hysteresis | o at 1.5
Building scan q Y
block rate V=0 | (v=0) =0) J=0) area
oc (u0) 1
(mvsy | BACM?) (A (V) (V) (MAV) - Sem)
4.6
25 0.20 —0.20 11 | —-11 | 24 60 « 10-11
DHICA
6.8
50 0.50 —0.20 04 | —-08 | 15 75 « 10-11
1.1
25 0.05 ~0.06 1.2 12 | 0.2 3.8 « 10-11
DHI
1.4
50 0.08 —0.09 1.1 -1.1 0.1 5.6

x 10”11
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AC-D-DHI

120.0 nm

Figure A.1 Morphological evolution of AC-DHI films over a period of 1 day. In (a) optical image
of AC-D-DHI spiral-like shapes 2 h after deposition and in (b) and (c) AFM images in different
regions of the spiral-like shape revealing the different density of fern as a function of the distance
from the center of the spiral. In (d) an optical image of AC-L-DHI spiral-like shapes (red arrows
denoting the front propagation direction and the flow of solvent according to the coffee-ring
effect, dark dot circle is the Z direction) and (e) its nanoscale structure revealed by AFM image
30 minutes after the deposition. Optical images of AC-DHI spiral-like shapes after (f) 3 h and (h)
1 day after the deposition at AC-L, with their respective AFM height images (g) and (i). Pillar-
like and crystal-like aggregates forming on top of fern-like structures are shown respectively in
(9) and (i). The size of the AFM images is 10 pmx10 pm. AC-DHI films feature an average

number of spiral-like shapes of about 10.
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Figure A.2 10 pmx10 um AFM height image showing the morphologies of AC-DHI films (a)
stored one day in the dark and (b) exposed one day to laboratory daylight (see Experimental).

120.0 nm 260.0 nm

0.0 Height 10.0 ym

5.0 nm 10.0 nm

Height 10.0 pm 0.0 " Height 30.0 pm

0.0

Figure A.3 AFM height images of spin-coated AISSP-D-DHI films from powders received after:
(@) and (b) 10 day-shipping; and (c) and (d) 30 day-shipping.
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We cannot exclude that an aging of the DHI powder takes place during its shipping (e.g., because
of changes in the oxidation state of DHI), possibly affecting the morphology of DHI-based films
(see Experimental). De-wetting processes are observed for AISSP-D-DHI films fabricated from
powders received after a shipping time of ten days (Figure A.3 (a), (b)). On the other hand,
AISSP-D-DHI films fabricated from powders received after a shipping time of thirty days are
smooth and featureless, in agreement with literature[36] (Figure A.3 (c), (d)).

Height (nm)

S\ ——

100 200 300 400 500

Figure A.4 3 umx3 um AFM height image of AC-L-DHICA showing the profile of rod-shaped

like structures forming at ambient conditions after 1 h from fabrication.

28 50.0 nm

Figure A.5 10 umx10 um AFM height image showing the morphologies of (a) AC-D-DHICA
and (b) AISSP-D-DHICA films stored one day in the dark.
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Figure A.6 IR spectra of (a) AC-L-DHI and AC-L-DHICA films recorded after 1 h, (b) AC-L and
D-DHICA films recorder after one day, (c) AC-D-DHICA films at different stages of formation
and (d) AISSP-D-DHICA films acquired after one day. DHI spectra were normalized to the
maximum peak (ca. 1300 cm™). For further details on abbreviations see Table 5.1 and

experimental section.
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Figure A.7 AC-L-DHI films (a) J-V hysteresis at different voltage can rates on circular

interdigitated Ti/Au electrodes (W=24.5 mm L=10 pm). In (b) Resistivity vs voltage at 50 mVs™.
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Raman Spectroscopy of dry and wet Sepia melanin powders

The Raman Spectroscopy surveys of dry and wet Sepia melanin powders from pellets before and
after the electrical resistive switching do not show any peak and or shoulder attributable to
graphitic carbon (Figures B.6 A, B, C and Table B.6). Typical Raman modes of graphitic carbon
are indeed located at ca. 2750 cm™ (2D, band) and at 2700 cm™ (2D shoulder) [319].

High-resolution X-ray photoemission spectra (XPS) of dry Sepia melanin powders

The high-resolution Cys XPS spectra of dry Sepia melanin powders obtained from pellets before
and after the electrical resistive switching do not indicate the presence of graphitic carbon (Figure
B.6 D and E, Tables B.7 and B.8).

Typical signatures of graphitic carbon are a Cis peak at BE=291.4 eV and an unusually thin Cys
component at BE=284.6 eV. The high-resolution Cis XPS spectra of dry Sepia melanin powder
show a satellite peak at BE=291.4 eV; this is expected in eumelanin because of the cyclic carbon
structure. The Cys component at BE=284.7 eV is broad and not as sharp as expected in graphitic
carbon (Figure B.6 E).

The concentration of C-O, C-OH, or C-O-C groups (BE=286.7 eV) is high compared to the other
chemical groups observed (Tables B.7 and B.8). The concentration of C-O groups, compared to
C-N and C=C groups, is also higher than expected. Nevertheless, the C1s spectra before and after
switching of Sepia melanin powders are similar, except for a slight increase in C-O and decrease

in C-N after switching.
X-ray diffraction (XRD) survey of dry Sepia melanin powders

In agreement with Raman spectroscopy and XPS surveys, XRD patterns of dry Sepia melanin
powders, obtained from pellets before and after the electrical resistive switching, show a broad
XRD spectrum with a small shoulder around 26~27°, not due to graphitic carbon (Figure B.7).
The typical (002) and (004) graphitic planes correspond indeed to sharp peaks located
respectively at 26~27° and 26~54°[320].
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Table B.1 Percentage of weight gained (% wt) after hydration (24 hr) at different percentages of

relative humidity (% RH) for Sepia melanin pellets (see experimental section, main file).

%RH %wt gained
90 +0.3 19.0 £ 1.0
Sepia Melanin dry 0

Table B.2 Threshold voltage (V1) and Ron/Rorr for dry and wet pellets at different voltage scan

rates (see main file for the meaning of Ron and Rorr).

Scan Rate Vr Roy
Sample R
(mVs?) ) OFF
1 41.7 0.191
Dry
100 51.6 0.18
1 68.5 0.003
100 55.1 0.05
19.0% wit, wet
1000 143.2 | 0.025
2000 97.0 0.070
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Table B.3 Values of ain I « V2 at a different voltage scan rate, for dry and wet pellets.

Scan Rate
Sample a
(mVs?)
100
0.959 + 0.005
(Cycle 2)
100
1.059 £+ 0.003
(Cycle 3)
Dry
1000 1.137 +0.018
2000 1.168 + 0.081
3000 1.344 £ 0.026
4500 1.250 £ 0.010
3000 1.325 +0.116
19.0% wt, wet
4500 1.001 £ 0.067

Table B.4 Fitting parameters for the transient characteristics of wet pellets, at V1, after electrical

resistive switching. The transient characteristics fit a biexponential function of the form I(t) =

Iy + ZleAjexp (- Ti]_), where lo is the quasi-plateau current, t1 and T2 the characteristic decay

times, Ar and Az the amplitudes of the decay profile.

Iy (mA) 71 (5) 72 (5) A; (mA) A; (mA)

10.49 £ 0.07 | 1629+ 5.3 | 1.17 £ 0.05 | 12.25+ 0.20 | 62.52 + 0.88
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Table B.5 Fitting parameters of the equivalent circuit of both dry and wet Sepia melanin pellet in
the frequency range 3 kHz -3 Hz and 3 kHz -145 Hz for dry and wet pellet respectively. Riot
includes the electronic resistance Re, the ionic resistance R, the interface resistance Rif, i.e., Riot =
Re + Ri+ Rif, Q (CPE the constant phase element) is the series combination of melanin’s
geometrical capacitance and the capacitance at melanin/metal interface that describes any

deviation from an ideal capacitive response and n is a dispersion parameter that determines the

_r
Q j2mf)n’

=1, the CPE reduces to an ideal capacitor. If n = 0, the CPE reduces to a real resistor, and if n =

physical meaning of Q. The CPE impedance is Z;pp = where f is the frequency. If n

0.5, the CPE reduces to a Warburg element (describes any process controlled by ionic or
electronic diffusion).

Fitting parameters Dry Pellet Wet pellet
Rt Q Before After
— Before switching | After switching
switching switching
Riotal 4.5 GQ 172 Q 9 KQ 719 Q
Q(F.s" 1) 6.70x 10712 6.77x 107° 2.60x 1078 | 3.80x 10710

n 0.81 0.94 0.58 0.88
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Table B.6 Fitting parameters of the deconvolution of the Raman modes of melanin pellets before

and after electrical tests. The deconvolution function is a Gaussian distribution of the form y =

12
4 exp {—2 [xWxC] } where x. is the Raman shift of the mode, w the standard deviation
w "/,

and A the amplitude of the distribution (Figures B.6 A, B and C).

Yo +

Wet pellet after switching
Raman A+AA w + Aw x,+Ax, |FWHM
Mode Yo + Ayg
4 (cm™) (cm™) (cm™) (cm™)
1 0.036 £ 0.001 | 203.2+19 | 251.1%26 13639+ 1.3 | 295.6
2 0.036 £ 0.001 | 91.8+ 1.5 101.3+1.1 1583.3+ 0.5 | 215.1
Wet pellet before switching
1 0.024 +£0.001 | 1839+ 1.7 | 287.6+2.5 13899+ 1.4 | 338.6
2 0.024 £ 0.001 | 82.3+1.2 92.3+£0.8 1587.4+ 0.3 108.6
Dry pellet after switching
1 0.026 +£ 0.001 | 1585+ 1.5 1779+ 2.0 1346.3+ 09 | 209.5
2 0.026 £ 0.001 | 95.4+1.1 93.6+1.2 1581.6+ 0.6 | 110.2
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Table B.7 Atomic percentage of the elements and binding energies obtained from the XPS survey

scan of the dry pellets, before and after resistive switching.

At. %
Name BE (eV)
Before switching After switching

Sop 166.6 0.2 0.4

Cis 284.9 61.8 61.6

Ny 399.1 4.5 5.6

015 531.8 32.9 31.5

Nayg 1070.7 0.5 0.9
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Table B.8 Attribution of chemical bond from high resolution XPS scans (Cys only) of dry pellets

before and after resistive switching (Figures B.6 D and E).

At. %
BE L
Name V) Identification Before After
switching switching
284.7 C—CandC=C 30.7 34.0
285.3 C—N 16.1 9.3
c-0,C-0-¢C,
C 286.7 29.4 35.5
1s C—OH
287.6 CcC=0 11.9 8.5
289.1 |0—-C =0,CO0H 11.1 11.5
291.4 non"ofC=C 0.8 1.2
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Figure B.1 Dry: (A) forward scan only and (C) forward and backward scans (cycles); 19.0% wt

wet: (B) forward scan only and (D) forward and backward scans (cycles). In (E) log (J)-log (V)

plot for dry pellets showing the change of slope between the Ohmic and the Space Charge
Limited Current (SCLC) regime (red and blue solid line with slope of 0.93+0.06 and 2.09+0.02

respectively).
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Figure B.2 Sequential current-voltage acquisitions from low to high scan rates for wet pellets.
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Figure B.3 Resistance vs time in unbiased conditions (i.e., without electrical bias) after the

electrical resistive switching for Sepia melanin pellets. (A) dry and (B) 19.0% wt wet.
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Figure B.4 Scanning electron microscopy (SEM) of copper and stainless-steel electrodes. SEM
images of copper and stainless-steel electrodes (A), (B), (E) and (F) before electrical resistive

switching; (C) and (D), (G) and (H) after electrical resistive switching.
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Figure B.5 EDX spectra of copper and stainless-steel electrodes. EDX spectra of copper and
stainless-steel electrodes (A), (B), (F) and (G) before electrical resistive switching; (C), (D), (E),
(H) and (1) after electrical resistive switching (Figure B.4).
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Figure B.6 Raman and XPS characteristics of dry and wet Sepia Melanin pellets. Raman spectra
after resistive switching for pellets dry (A) and wet (B) pellets. Raman spectrum before resistive
switching for wet pellets (C). High resolution C1s XPS spectra of dry pellets before switching (D)
and after switching (E).
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Figure B.7 Structural characterization of dry Sepia Melanin. XRD patterns before and after

resistive switching.
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