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ABSTRACT

Organic semiconductors are mechanically soft materials and generally exhibit mixed ionic

and electronic conduction. These properties are exploited in organic bioelectronics, a new

field of research at the interface of electronics and biology that aims at providing knowledge

and technology required for applications such as biosensing, drug delivery, and neuronal stim-

ulation. In addition to well-characterized organic electronic materials already used in organic

light-emitting diodes and solar cells, researchers in the field of organic bioelectronics are ex-

ploring the use of biomolecular electronic materials. The search for suitable biomolecular

materials is motivated by potential benefits such as biocompatibility and biodegradability,

for applications at the interface with living systems. On a more general level, biomolecular

electronic materials are relevant because they could lead to more environmentally friendly

electronics.

The biomolecular material eumelanin has been considered to be an amorphous semicon-

ductor since the 1970’s. Eumelanin is a pigment ubiquitous in flora and fauna and has many

functions in the human body including UV-protection, free radical scavenging, metal ion

chelation, and thermoregulation. Eumelanin has a π-conjugated backbone and is character-

ized by a high degree of energetic and structural disorder. Different types of eumelanin can

be distinguished according to their (bio-)synthetic origin, resulting in different molecular and

supramolecular structures. Pressed powder pellets of eumelanin show thermally activated

conductivity and photoconductivity. However, in contrast to typical organic semiconductors,

the conductivity of eumelanin pellets strongly increases with hydration. Although there are

reports about mobile ions in eumelanin, the amorphous semiconductor model prevailed and

was used to interpret the electrical properties of eumelanin during the last four decades. Dur-

ing the work for this thesis, a new study on eumelanin pellets was published showing that

this model cannot correctly describe the hydration-dependent conductivity of eumelanin. In-

stead, the work suggests that eumelanin is a mixed ionic-electronic conductor. This report

underlines the need to reinvestigate the electrical properties of eumelanin and reinforces the

recent interest in eumelanin as a material for organic bioelectronics. The integration of eu-

melanin in device structures has been facilitated by the recent progress in the preparation

of eumelanin thin films. Indeed, first attempts to employ eumelanin in chemical sensors and

batteries have been reported. However, the properties of eumelanin thin films are far from

being fully characterized. In particular, the electrical properties of hydrated films are largely

unexplored.

In this thesis, the structural and the electrical properties of eumelanin films are inves-
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tigated in view of possible applications in bioelectronics. The first focus of this work is

to identify a suitable procedure for the solution-processing of eumelanin films to achieve

homogeneous and smooth films, a non-trivial task due to the insolubility of eumelanin in

common solvents. Several combinations of different synthesis routes and processing solvents

are compared in terms of the morphology and the chemical composition of the films pre-

pared, using atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS).

It is shown that the use of ammonia solution, suggested in the literature, severely affects

the chemical composition of eumelanin. The use of dimethyl sulfoxide (DMSO) as process-

ing solvent in combination with commercial synthetic eumelanin yields homogeneous films

with sub-nanometer surface roughness, good adhesion on hydrophilic substrates, and without

significantly changing the elemental composition of the films. Based on the comparison of

eumelanins of different origins and a more detailed XPS study, it is argued that there is a

trade-off between the solution-processibility of a eumelanin-derived material and its chemical

resemblance to natural eumelanin. Furthermore, the growth of eumelanin films deposited

from DMSO is investigated by AFM. This investigation reveals that the films are composed

of nanoaggregates and assemble in a quasi layer-by-layer fashion. The observation of nanoag-

gregates supports the stacked-oligomer model for the eumelanin samples investigated in this

work, as opposed to the heteropolymer model.

The core of this thesis is devoted to a better understanding of the electrical response

of hydrated eumelanin films and the charge carrier transport properties of eumelanin. Eu-

melanin is characterized in thin film form with coplanar metal electrodes under controlled

humidity, using voltages ≤ 1 V. A surprisingly strong interaction of hydrated eumelanin

thin films with Au electrodes under electrical bias is revealed. This interaction leads to the

growth of Au-eumelanin dendrites between the electrodes paralleled by a sudden resistive

change of the sample. The growth of the dendrites is investigated by AFM, scanning elec-

tron microscopy, and time-of-flight secondary ion mass spectroscopy. Samples of eumelanin

of various sources are compared to gain insight into the role of molecular structure and im-

purities. Based on this study, a mechanism for the formation of the dendrites is proposed,

involving the electrochemical oxidation of Au enabled by the presence of chloride traces and

enhanced by the metal chelation properties of eumelanin. The phenomenon described herein

is interpreted considering electrochemical metallization cells and suggests the possibility to

conceive biocompatible eumelanin-Au based memory devices.

To investigate the intrinsic electrical properties of eumelanin, further experiments are con-

ducted with Pt electrodes. Transient current measurements, current-voltage measurements,

and electrochemical impedance spectroscopy (EIS) are employed to distinguish different con-

tributions to the electrical current by their voltage and time/frequency-dependence. The
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effect of sample hydration, film and electrode dimensions on the electrical current is investi-

gated. The strong hydration dependence of the current, previously investigated for pellets,

is confirmed for eumelanin thin films. It is shown that the electrical current is capacitive

at voltages below 0.2 V (over 10 µm) and that electrochemical reactions dominate the non-

capacitive currents at higher voltages. Current measurements with proton-transparent PdHx

electrodes reveal the strong contribution of protons to the current in hydrated eumelanin

films. EIS provides a first estimate (10−4 S cm−1) for the proton conductivity at 90% rela-

tive humidity. In contrast, the experimental results do not show clear evidence of electronic

conduction. Based on the recent suggestion that the density of mobile electrons is governed

by a pH-dependent comproportionation equilibrium, a qualitative model is developed for the

electrical response of hydrated eumelanin films. The model suggests how the interplay of pro-

ton migration, the redox properties of eumelanin, and the comproportionation equilibrium

could limit electron transport over micrometric distances. Subsequently, results of this thesis

and from the literature are discussed in terms of protonic conduction and the possibility of

electronic conduction in eumelanin.

In view of bioelectronic applications, the main contribution of this thesis is the first de-

tailed investigation of the electrical properties of strongly hydrated eumelanin films. This

investigation revealed the importance of electrochemical processes in the electrical response

of hydrated eumelanin films. Such processes can yield interesting new phenomena such as

the growth of Au-eumelanin dendrites. For the study of charge transport in eumelanin, it is

important to consider the contribution of electrochemical processes to the electrical current.

This thesis provides new insights into the charge carrier properties of eumelanin films. It

demonstrates and quantifies protonic conduction in hydrated eumelanin films. In contrast,

it places a question mark over the paradigm of electronic conduction in eumelanin. Further-

more, this work emphasizes the necessity to consider the specific chemical composition of the

eumelanin under investigation and the effect of the processing solvent on this composition.

In a wider context, this thesis promotes the awareness of the effects of water, impurities, and

electrochemical processes on the electrical performance of organic bioelectronic devices.
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RÉSUMÉ

Les semi-conducteurs organiques sont des matériaux souples à conduction ionique et élec-

tronique mixte. Ces propriétés sont exploitées dans la bioélectronique organique, un nouveau

champ de recherche à l’interface de l’électronique et de la biologie qui vise à fournir les

connaissances et la technologie pour des applications telles que les biocapteurs, la livraison

de médicaments et la stimulation neuronale. Outre les matériaux électroniques organiques qui

ont été bien caractérisés à des fins d’applications de diodes électroluminescentes organiques et

de cellules solaires, les chercheurs dans le domaine de la bioélectronique organiques explorent

l’utilisation des matériaux électroniques biomoléculaires. La recherche de matériaux biomo-

léculaires est motivée par ses bénéfices potentiels en biocompatibilité et en biodégradabilité,

essentiels pour des applications à l’interface avec des systèmes vivants. Sur un plan plus géné-

ral, les matériaux électroniques biomoléculaires pourraient éventuellement être utilisés pour

la conception de systèmes électroniques plus écologiques.

L’eumélanine, un matériau biomoléculaire, a été considéré comme un semi-conducteur

amorphe depuis les années 1970. L’eumélanine est un pigment omniprésent dans la flore et

la faune. Il possède de nombreuses fonctions dans le corps humain: la protection UV, le

piégeage des radicaux libres, la chélation des ions métalliques, et la thermorégulation. L’eu-

mélanine a une structure électronique moléculaire de type pi-conjugué qui se caractérise par

son haut degré de désordre énergétique et structurel. Il y a différents types d’eumélanine et

ils se distinguent par leurs structures moléculaires et supramoléculaires, lesquelles dépendent

des conditions de (bio-)synthèse. Par exemple, les pastilles de poudre pressée d’eumélanine

possèdent une conductivité et photoconductivité activée thermiquement. Cependant, contrai-

rement aux semi-conducteurs organiques typiques, la conductivité des pastilles d’eumélanine

augmente drastiquement avec l’hydratation. Bien que la mobilité des ions dans l’eumélanine

ait été rapportée, le modèle de semi-conducteur amorphe est le modèle prévalent dans la

communauté scientifique depuis quatre décennies et il est encore utilisé pour interpréter les

propriétés électriques de l’eumélanine. Pendant le travail qui a mené à cette thèse, une nou-

velle étude sur les pastilles d’eumélanine a été publiée démontrant que ce modèle ne peut pas

décrire correctement la conductivité de l’eumélanine en fonction de l’hydratation. Cette étude

suggère plutôt que l’eumélanine est un conducteur ionique-électronique mixte. Cela souligne

la nécessité de réexaminer les propriétés électriques de l’eumélanine et renforce l’intérêt d’uti-

liser l’eumélanine comme matériau de base dans la bioélectronique organique. L’intégration

d’eumélanine dans des dispositifs est facilitée par les récents progrès dans la préparation

de couches minces d’eumélanine. Récemment, des premiers essais à employer l’eumélanine
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dans les capteurs chimiques et les piles ont été rapportés dans la littérature. Cependant, des

propriétés des couches minces d’eumélanine restent à être caractérisées, particulièrement les

propriétés électriques des couches hydratées qui demeurent inexplorées.

Dans cette thèse, l’étude des propriétés structurales et électriques des couches d’euméla-

nine est présentée dans l’optique d’une éventuelle application dans la bioélectronique. L’ob-

jectif premier est de mettre au point une procédure adéquate pour la préparation des couches

d’eumélanine homogènes et lisses à partir de solutions. Cette tâche est un défi en raison de

l’insolubilité de l’eumélanine dans les solvants usuels. Dans ce travail, des combinaisons de

différentes voies de synthèse et de solvants de dépôt sont comparées en termes de la mor-

phologie et de la composition chimique des couches obtenues. La caractérisation s’est faite

à l’aide de la microscopie à force atomique (AFM) et la spectroscopie photoélectronique par

rayons X (XPS). L’utilisation d’une solution d’ammoniaque comme solvant est rapportée

dans la littérature. Pourtant, les résultats présentés dans cette thèse montrent que ce solvant

affecte grandement la composition chimique de l’eumélanine. L’utilisation de diméthylsul-

foxyde comme solvant de dépôt combinée à l’eumélanine synthétique commerciale permet la

synthèse de couches homogènes dont la rugosité de surface est sub-nanométrique. Elles pré-

sentent une bonne adhérence sur des substrats hydrophiles, et ce, sans faire de modification

significative dans la composition élémentaire des couches. S’appuyant sur une comparaison

de différents types d’eumélanine et une étude XPS détaillée, il est suggéré qu’un compro-

mis doit être fait entre la possibilité de préparer des couches lisses de l’eumélanine à partir

des solutions et sa ressemblance à l’eumélanine naturelle. La caractérisation par AFM de la

croissance de couches déposées à partir d’une solution d’eumélanine révèle que les couches

sont composées de nanoagrégats et sont assemblées dans une mode quasi couche-par-couche.

L’observation de nanoagrégats supporte le modèle d’oligomères empilés pour les échantillons

d’eumélanine examinés dans cette thèse, par opposition au modèle d’hétéropolymère.

Le noyau de cette thèse est consacré à une meilleure compréhension de la réponse élec-

trique de couches d’eumélanine hydratées et des propriétés de transport de charges dans

l’eumélanine. L’eumélanine est caractérisée sous forme de couche mince en utilisant des élec-

trodes coplanaires métalliques dans un environnement d’humidité contrôlée, sous des tensions

≤ 1 V. Sous tension électrique, une forte interaction des couches minces d’eumélanine hydra-

tées avec les électrodes Au est remarquée. Cette interaction se traduit par une croissance de

dendrites Au-eumélanine entre les électrodes, en parallèle avec un changement brusque de la

résistance de l’échantillon. La croissance des dendrites est étudiée par AFM, par microscopie

électronique à balayage et par spectrométrie de masse à ionisation secondaire à temps de

vol. Les échantillons d’eumélanine provenant de diverses sources sont comparés afin de mieux

comprendre le rôle de la structure moléculaire et des impuretés. À partir de cette étude,
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un modèle est proposé pour le mécanisme de formation des dendrites, impliquant l’oxyda-

tion électrochimique de Au activée par la présence de traces de chlorure et renforcée par

les propriétés de chélation de métal de l’eumélanine. Le phénomène décrit est interprété en

considérant les cellules de métallisation électrochimiques et suggère la possibilité de concevoir

des dispositifs de mémoire biocompatibles basés sur l’eumélanine et Au.

Pour étudier les propriétés électriques intrinsèques de l’eumélanine, des mesures élec-

triques ont été menées avec des électrodes en Pt. Des mesures de courant en régime transitoire,

de courant-tension et de spectroscopie d’impédance électrochimique (EIS) ont été effectuées

pour distinguer les différentes contributions au courant électrique. L’effet de l’hydratation

et des dimensions des couches et des électrodes sur le courant électrique a été étudié. Tel

que démontré dans des études sur les pastilles d’eumélanine, la forte dépendance du courant

électrique à l’hydratation de l’échantillon est confirmée pour les couches minces de l’euméla-

nine. Il est observé que le courant électrique est capacitif à des tensions inférieures à 0.2 V

(distance d’électrodes 10 µ m) et que les réactions électrochimiques dominent les courants

non-capacitifs à des tensions plus élevées. Les mesures de transport de charges avec électrodes

en PdHx transparent aux protons révèlent que les protons contribuent fortement au courant

dans les couches d’eumélanine hydratées. Les mesures d’EIS fournissent une première estima-

tion (10−4 S cm−1) pour la conductivité protonique à 90 % d’humidité relative. En contraste,

les résultats expérimentaux ne montrent pas de preuve claire sur la présence d’une conduction

électronique. En considérant la récente suggestion que la densité des électrons mobiles est

régie par un équilibre de médiamutation dépendant du pH, un modèle qualitatif est proposé

pour décrire la réponse électrique de couches d’eumélanine hydratées. Le modèle suggère com-

ment la migration de protons, les propriétés d’oxydoréduction de l’eumélanine et l’équilibre de

médiamutation pourraient limiter le transport d’électrons sur des distances micrométriques.

Subséquemment, les résultats de cette thèse et de la littérature sont discutés en termes de

conduction protonique et de la possibilité de conduction électronique dans l’eumélanine.

En vue d’applications bio-électroniques, la contribution principale de cette thèse est la pre-

mière étude détaillée des propriétés électriques des couches d’eumélanine fortement hydratées.

Cette étude révèle l’importance des processus électrochimiques dans la réponse électrique des

couches d’eumélanine hydratées. De tels processus peuvent mener à de nouveaux phénomènes

intéressants, tels que la croissance des dendrites Au-eumélanine. Pour l’étude du transport

de charges dans l’eumélanine, il est important de considérer la contribution des processus

électrochimiques pour le courant électrique. Cette thèse fournit de nouvelles connaissances

sur les propriétés des porteurs de charge dans les couches d’eumélanine. Elle démontre et

quantifie la conduction protonique dans les couches d’eumélanine hydratées. En revanche,

elle met un point d’interrogation sur le paradigme de la conduction électronique dans l’eumé-
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lanine. En outre, ce travail met l’accent sur la nécessité de considérer la composition chimique

spécifique à l’eumélanine étudiée et de comprendre l’effet des solvants utilisés lors des dépôts

sur cette composition. Dans un contexte plus large, cette thèse contribue à sensibiliser aux

effets de l’eau, des impuretés et des processus électrochimiques sur la performance électrique

des dispositifs bioélectroniques organiques.
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CHAPTER 1

INTRODUCTION

Since the discovery of the first conductive polymers four to five decades ago [1–3], research

on organic electronics has made substantial progress. Displays based on organic light-emitting

diodes (OLEDs) are now commercially available on a large scale and other organic electronic

devices such as white OLEDs for lighting and organic solar cells might follow soon [4]. Organic

electronic devices make use of thin films of π-conjugated small molecules or polymers with

semiconducting or conducting properties. The structural, optical, and electrical properties of

these materials can be tuned by chemical synthesis to meet the requirements of a wide range

of applications. Organic thin film devices can be produced under low energy consumption

by printing or low-temperature evaporation. They are light-weight and conform to flexible

substrates. The goal of organic electronics is not to exceed the performance of Si-based

devices but rather to reduce the cost and the environmental impact of electronics, as well

as to enable new fields of applications such as semitransparent and flexible electronics [5, 6].

Thousands of peer-reviewed publications per year indicate both that the potential of organic

electronics has not yet been fully exploited and that some challenges have not yet been

met. These challenges include understanding the effect of microstructure on charge transport

[7], the optimization of charge separation in organic solar cells [8], printable electrode and

semiconductor materials [9], stable and efficient n-type materials and blue emitters [10, 11],

and large scale processing [12].

Starting about ten years ago, another property of organic electronic materials has gained

much attention. While inorganic (semi-)conductors usually conduct only electronic charge

carriers, their organic counterparts often support both electronic and ionic/protonic cur-

rents. This property allows for ion-to-electron transduction and opens new possibilities for

the interaction of electronic and biological systems, now explored in the field termed Organic

Bioelectronics [13]. Potential applications include bio-sensing for health and environmental

monitoring, drug delivery, and neuronal signal recording and stimulation [13–16]. Naturally,

biocompatibility is an important requirement for such applications. Indeed, biocompatibility

and biodegradability, in addition to low power consumption during production and opera-

tion, is a desirable feature for any electronic device in the effort to reduce its environmental

footprint. The vision of sustainable electronics and the potential benefits from coupling elec-

tronic and biological systems has recently encouraged several research groups to search for

biomolecular and bio-inspired materials suitable as components of electronic and ionic de-
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vices [17–20]. While the list of biomolecular materials that have been successfully employed

as substrate or dielectric layer in transistors is long [17], the identification of biomolecules that

are semiconducting or conducting in thin film form is much more challenging. Remarkably,

during the work for this thesis, hydrogen-bonded pigments emerged as a new class of organic

semiconductors, also including well-known natural pigments such as indigo [20]. Proton con-

ductors such as maleic chitosane fibers have been employed in bio-protonic transistors [21]. In

addition to the properties mentioned above, biomolecules often have remarkable mechanical,

chemical, or optical properties related to their biological function.

Organic bioelectronics, a multidisciplinary field of research, is still in its infancy. The

systems investigated are generally characterized by a high degree of structural and energetic

disorder, the simultaneous conduction of ions and electrons, and a complex environment,

possibly including water and redox-active species. Understanding the effect of all these

factors on device performance requires models and characterization methods beyond inorganic

solid state physics [18]. There is thus an urgent need for further studies contributing to a

better understanding of charge carrier transport, structure-property relationships, and the

interaction of organic and biomolecular materials with their environment and other device

components.

1.1 Eumelanin - a natural pigment and a potential material for bioelectronics

The biomolecular pigment melanin, more precisely eumelanin, was reported to have semi-

conducting properties already in the 1960’s and 70’s [22–25]. Melanins are bio-macromolecules

ubiquitous in flora and fauna that hold important functions in the human body including

photo-protection, coloration of skin, hair and eyes, free radical scavenging, metal ion chela-

tion, thermo-regulation, and might also be involved in neuronal signal transmission [26–28].

Furthermore, melanins play a role in diseases such as melanoma skin cancer and Parkin-

son’s disease [29–31]. Eumelanin is the predominant form of melanin in the human body.

Properties of eumelanin that caught the attention of material scientists and physicists in-

clude a persistent electron spin resonance signal, indicating stable free radicals [32], strong

optical absorption with a featureless spectrum [33], and the hydration-dependent (photo-

)conductivity of eumelanin pellets [34, 35]. These properties were mostly explained within

the framework of the amorphous semiconductor model, building on the discovery of reversible

threshold switching of eumelanin pellets by McGinness in 1974 [25]. Most recent works re-

ferring to the electrical properties of eumelanin still consider eumelanin as an amorphous

semiconductor [19, 36–40]. However, there have also been reports about mobile ions, in par-

ticular protons, in eumelanin [41–44]. In 2012, Mostert et al. resumed the debate on the
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origin of the electrical conductivity of eumelanin [42]. Their work on eumelanin pellets seems

to disprove the amorphous semiconductor model and suggests that both electrons and pro-

tons are mobile in eumelanin pellets. Definitive proof of electron and proton transport over

device-relevant distances, insights into the relative contribution of electrons and protons to

the electrical current at different sample hydration states, and a new model for the charge

carrier transport mechanism in eumelanin are still missing to date. In particular, reports on

the electrical properties of hydrated eumelanin films are very sparse.

The characterization of eumelanin is complicated by its high degree of chemical and

structural disorder and its insolubility in common solvents [45]. Furthermore, many properties

of eumelanin are strongly affected by hydration [46]. It is now accepted that eumelanin does

not have a well-defined chemical structure but is rather a mixture of different oligomers and

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

their various redox forms. The stucture of eumelanin depends on (bio-)synthetic conditions

and precursors [45,47]. Chemical and structural disorder also implies energetic disorder and

makes any structure-property correlation challenging. The insoluble nature of eumelanin

defies many conventional techniques for the characterization of organic molecules and it is

furthermore an obstacle for the preparation of eumelanin thin films. Indeed, strategies for the

solution processing of eumelanin films have been suggested only recently [48,49]. Thin films

enable the use of a wider range of characterization techniques and facilitate the integration

in device architectures. The next step in this line of research is to optimize film processing,

characterize film structure and functional properties, and to investigate the interaction of

eumelanin thin films with other device components.

The development of organic bioelectronics revived the interest in eumelanin as a func-

tional material [17, 18, 50, 51]. The electrical and chemical properties of eumelanin in com-

bination with its intrinsic biocompatibility have encouraged researchers to explore the use

of eumelanin in tissue engineering [39], biocompatible batteries [52], memory devices [53],

and sensors [37,54]. The possibility of mixed ionic-electronic conduction makes eumelanin an

interesting candidate for ion-to-electron transduction [42]. A glance at the vast literature on

polydopamine, a synthetic eumelanin-like polymer, reveals further potential applications, in-

cluding biosensing, drug delivery, and membranes for fuel cells [40,55]. However, the electrical

properties of polydopamine films are largely unexplored.

1.2 Objectives and organization of the work

The primary objective of this thesis is to investigate the structural and electrical prop-

erties of eumelanin thin films for potential applications in organic bioelectronics. The rich
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biofunctionality of eumelanin in combination with its hydration-dependent electrical conduc-

tivity, possibly based on mixed ionic-electronic conduction, opens diverse possibilities for its

use at the interface of electronics and biological systems. A better understanding of the

fundamental properties of eumelanin is also of great fundamental interest considering its role

in biology and medicine.

For device integration, it is advantageous to use eumelanin in the form of thin films. Fur-

thermore, thin films offer a better control over sample morphology and dimensions, and enable

the use of a wider range of characterization techniques such as scanning probe microscopy.

Therefore, the first objective of this work is:

(1) The identification of a procedure for the solution-processing of eumelanin films that

yields homogeneous, smooth films with good adhesion to the substrate and has little effect

on the chemical composition of the eumelanin film.

Since the electrical properties of thin films strongly depend on film morphology and structure,

the second objective is

(2) The investigation of the growth and morphology of eumelanin thin films.

Finally, the main focus of this thesis is

(3) The characterization of the electrical response of hydrated eumelanin thin films and

to shed light on the charge carrier transport properties of eumelanin.

The thesis starts with a literature review of the thin film processing and the physical

and chemical properties of eumelanin (Chapter 2). Special attention is paid to the charge

carrier transport properties of eumelanin. Chapter 2 also contains a brief introduction to

the processing, the growth, and the electron and proton transport properties of organic thin

films. Subsequently, Chapter 3 to 5 are reprints of three articles resulting from the work for

this thesis:

– Article 1: Eumelanin thin films: solution-processing, growth, and charge transport

properties

– Article 2: In situ formation of dendrites in eumelanin thin films between gold electrodes

– Article 3: Proton conduction and transient nature of electronic currents in hydrated

eumelanin thin films.

In the following, it is explained how these articles contribute to the objectives of the



5

thesis. In Article 1, published in the Journal of Materials Chemistry B, different synthesis

routes and processing solvents for eumelanin suggested in literature are compared in terms

of the morphology and the chemical composition of spin-coated thin films. The combination

of the synthetic eumelanin and the processing solvent that was found to yield the best films

with respect to the objective defined above is used in all subsequent studies of this thesis.

Article 1 also addresses the second objective. Studying the growth of eumelanin films gave

insight into the supramolecular organization of eumelanin in the form of nanoaggregates and

the 3D film morphology of the films, suggesting that the processing technique employed is

suitable to obtain continuous eumelanin films.

The first electrical characterizations in this project were carried out with Au electrodes,

often employed in organic electronics for their chemical inertness and also in several pre-

vious studies on eumelanin. In Article 2, published in Advanced Functional Materials, an

unexpected interaction between hydrated eumelanin films and Au electrodes, the growth of

Au-eumelanin dendrites, is reported. The dendrites completely dominate the electrical prop-

erties of the sample and suggest interesting new applications of eumelanin. These results

point to the importance of the electrode material and the consideration of electrochemical

reactions in the electrical response of hydrated eumelanin films.

Further electrical measurements on eumelanin were conducted with Pt and Pd electrodes.

In Article 1 the strong hydration dependence of the conductivity of eumelanin thin films is

confirmed and the time-dependence of the current is investigated. The current transients

suggest several contributions to the current. In Article 3, which has recently been submitted,

these contributions are disentangled for strongly hydrated eumelanin films using a combina-

tion of electrical and electrochemical characterization techniques. The eumelanin films are

shown to be proton conductive over micrometric distances and the proton conductivity is

estimated. Furthermore, the results of Article 3 indicate that electrochemical processes play

an important role in the electrical response of hydrated eumelanin films. In contrast, the

results of Article 3 show no clear evidence of electronic conduction. A qualitative model is

developed describing how the interplay of proton migration, the redox properties of eume-

lanin, and the comproportionation equilibrium, determining the density of mobile electrons,

could limit electron transport in eumelanin thin films.

Following these three articles, supplementary methods and results that have been obtained

during the work for this thesis are presented (6). These include details on the film processing,

strategies for the patterning of eumelanin films, and attempts to enhance the conductivity of

eumelanin films.

In Chapter 7, the results of this thesis are discussed as a whole, supported by the literature

review in Chapter 2. Finally, conclusions are drawn and perspectives on future work are given
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(Chapter 8).
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CHAPTER 2

LITERATURE REVIEW

Eumelanin can be found in many plants and animals and has various functions in the

human body. In addition, some of its intriguing solid-state properties have already been dis-

covered in the 1970’s. Nevertheless and despite considerable progress during the last years,

many fundamental properties of eumelanin are still a matter of debate. This is partly due to

the high chemical heterogeneity and the insolubility of eumelanin, making characterization

challenging. This chapter starts with an overview of the current knowledge about the molec-

ular and supramolecular structure of eumelanin (Sec. 2.1), followed by a brief description of

the physical and chemical properties of eumelanin (Sec. 2.2). Following this, the processing,

growth (Sec. 2.3), and charge carrier transport properties of eumelanin (Sec. 2.4) are reviewed

in more detail. The latter two sections also include a brief introduction to general concepts of

organic thin film growth, electron transport in organic semiconductors, and proton transport

in hydrated polymers.

2.1 Synthesis, molecular and supramolecular structure of eumelanin

The terms melanin and eumelanin are used ambiguously in literature. In 2013, leading

chemists in melanin research made a new attempt in establishing a common nomenclature

[47]:

“Melanins: Pigments of diverse structure and origin derived by the oxidation

and polymerization of tyrosine in animals or phenolic compounds in lower or-

ganisms. Eumelanins: Black-to-brown insoluble subgroup of melanin pigments

derived at least in part from the oxidative polymerization of L-dopa via 5,6-

dihydroxyindole (DHI) intermediates.”

Accordingly, eumelanins are defined via their oxidative formation pathway, which can lead

to different macromolecular structures depending on precursors and oxidation conditions.

The biosynthetic formation of eumelanin from tyrosine is described by the Raper-Mason

scheme shown in Fig. 2.1 [56]. The last step of the formation is the oxidative polymerization

of DHI and 5,6-dihydroxyindole-2-carboxylic acid (DHICA). In eumelanin, different oxidation

states of these monomer units coexist, the ortho-hydroquinone (H2Q), -semiquinone (SQ),

and -(indole)quinone (Q) form (Fig. 2.2). Furthermore, the tautomer of Q, quinone imine

(QI) is often found [46, 57, 58]. Eumelanin thus contains phenolic hydroxyl, amine, and
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Figure 2.1 Raper-Mason scheme for the biosynthesis of eumelanin. Reprinted from Ref. [50].

carboxyl groups, which can act as proton donors or acceptors depending on their degree

of protonation. The ratio of oxidized and reduced forms as well as of monomers with and

without carboxyl groups strongly depend on the biological origin of eumelanin or, in the

case of synthetic eumelanins, on precursors and reaction conditions. Due to difficulties in

the extraction and purification of natural eumelanin, synthetic forms of eumelanin are used

in most chemical and physical studies. A list of the different synthetic procedures reported

in literature can be found in Ref. [50]. Apart from the monomer units shown in Fig. 2.2,

eumelanin can contain uncyclized units (residues of precursors or intermediates) and pyrroles

(eumelanin degradation products) [47, 59]. The variety of monomers that can be present in

eumelanins is a source of both significant chemical diversity between eumelanins of different

origin and the chemical heterogeneity of a certain eumelanin.

Considerable variety and disorder is furthermore present on the macromolecular and

supramolecular level of the eumelanin structure. Coupling between monomers can occur

at the 2, 3, 4, and 7 position as indicated in Fig. 2.2 leading to the formation of mainly

planar oligomers of different structure and size [45]. The presence of a carboxyl group at

the 2 position in DHICA reduces the number of potential coupling sites and results in the

formation of more linear structures.
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(H2Q) Q 

Figure 2.2 Constituent monomers of eumelanin: : 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA). The various redox forms that coexist in the
eumelanin macromolecule are shown for DHI: H2Q, SQ, and Q. QI is the tautomeric form of
Q. Reprinted with permission from Ref. [46] (Copyright © 2006, John Wiley and Sons).

For a long time, it was commonly believed that eumelanin is a high-molecular-weight het-

eropolymer [23]. Evidence for polymeric structures of DHI of more than 30 monomer units

was also recently collected by mass spectroscopy [60]. A possible heteropolymeric structure

for eumelanin formed by polymerization of DHI is shown in Fig. 2.3a. However, most ex-

periments, including AFM, scanning tunneling microscopy, transmission electron microscopy,

and X-ray diffraction (XRD), point to a model commonly referred to as the“stacked-oligomer

model” (Fig. 2.4) [61–65]. This model predicts the formation of planar sheets composed of 4-8

monomers, which stack in graphite-like manner via π−π interaction with a spacing of 3.3-4.0

Å. The so-called protomolecule is about 1.5-2 nm large and 1-2 nm high and self-assembles via

non-covalent binding to larger structures. The structure of eumelanin oligomers has been ex-

tensively studied [45,50,66] and examples for suggested structures are reported in Fig. 2.3b,

c and d. The discussion above reveals that eumelanin has a conjugated backbone, whose

extension depends on the (bio-)synthetic origin of eumelanin.

A comment should be made on the use of the term polydopamine at this point. Poly-

dopamine is the “black oxidation product of dopamine” [67] and is also commonly referred

to as “the dopamine-derived synthetic eumelanin polymer” [40]. Since the discovery of poly-

dopamine as a versatile platform for biofunctional coatings in 2007 [55], publications on its

application in biomedicine and other domains have been numerous [67]. It is commonly be-

lieved that polydopamine is a polymer of DHI or uncyclized catecholamines. However, it has

recently been demonstrated that polydopamine can also contain other units and should be

regarded as a mixture of various macromolecules [67], in analogy to eumelanin. It is gener-

ally accepted that the polydopamine structure strongly depends on the synthetic conditions.

A notable difference to eumelanin derived from L-dopa or tyrosine lies in the apparent ab-

sence of DHICA and its redox forms. However, carboxyl groups can be formed by oxidative
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Figure 2.3 Examples for different macromolecular structures of eumelanin suggested in the
literature: (a) polymer structure for eumelanin obtained from DHI, (b) and (c) tetramer
structures for DHI, (d) tetramer structure for DHICA. In (b) the color orange refers to C,
blue to N, and red to O atoms. Adapted with permission from (a) Ref. [60] (Copyright
© 2012 John Wiley & Sons, Ltd), (b) Ref. [66] (copyright © 2006 by the American Physical
Society) and (c) and (d) Ref. [45] (copyright © 2009 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).
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Figure 2.4 Stacked oligomer model according to Clancy et al. Reprinted with permission
from Ref. [63] (copyright © 2001, American Chemical Society).

degradation of polydopamine [67]. To date, it is still unclear under which conditions the

oxidation product of dopamine is similar in structure and properties to eumelanins derived

from other precursors. Thus polydopamine and eumelanin should not be used as synonyms

and, in general, the origin of eumelanin has to be considered when referring to literature.

In this work, the precursor of the eumelanin investigated will often be included by referring

to dopa melanin, DHI melanin etc. An exception is DMSO melanin, which is eumelanin

derived from L-dopa by oxidation in dimethyl sulfoxide (DMSO) instead of aqueous suspen-

sion. Commercial synthetic eumelanin prepared by the oxidation of tyrosine with hydrogen

peroxide (Sigma Aldrich) will be indicated as Sigma melanin and natural eumelanin from

sepia officinalis (Sigma Aldrich) as Sepia melanin.

2.2 Physical and chemical properties of eumelanin

This section describes the physical and chemical properties of eumelanin that are of

particular relevance for this work. The charge carrier transport properties of eumelanin are

discussed separately and in more detail in Sec. 2.4.3.

2.2.1 Hydration

Eumelanin is hygroscopic and its properties are strongly dependent on hydration. Mostert

et al. measured the absorption isotherms for water in eumelanin pellets [68]. The pellets

contained about 11.5 wt% water at 50% RH and 16 wt% at 80% RH. Eumelanin is known
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to contain at least two types of water, often referred to as weakly and strongly bound water

[69,70]. Weakly bound water is easily removed by reducing the relative humidity in air or by

gentle heating, while the sample has to be placed in vacuum or heated well above 100� to, at

least partially, remove strongly bound water [36,71]. Recently, Bridelli et al. investigated the

interaction of eumelanin and water by infrared spectroscopy [72]. The -OH stretching band

revealed the presence of three different water species in synthetic dopa melanin and natural

Sepia melanin drop cast from aqueous suspension: strongly bound water in the vapor-phase

and two more weakly bound water species in the liquid phase, characterized by H-bonding.

The presence of the different water species depend upon the pore size distribution of the

sample investigated. For dopa melanin, only the liquid-phase water, which exist in larger

pores, was found and hydration/dehydration was reversible. In contrast, in Sepia melanin

vapor-phase water was also detected and dehydration was partly irreversible, i.e., the sample

could reabsorb only a smaller amount of water after dehydration.

2.2.2 Optical properties

One of the characteristics of eumelanin is its strong broad-band absorption in the UV-

visible, exponentially decreasing with wavelength. This was often considered an indication

that eumelanin shows extended π-conjugation and can be described as an amorphous semi-

conductor (Section 2.4.3). However, it has been shown that the absorption spectrum can

result from the superposition of the absorption of eumelanin oligomers of different size and

structure [73]. Pezzella et al. furthermore reported that the coexistence of oxidized and

reduced monomers contributes to the broad-band absorption [57].

In accordance with the role of eumelanin in photoprotection, the pigment efficiently trans-

forms absorbed photon energy into heat via nonradiative relaxation pathways, which are still

under investigation today [74–76]. It has been suggested that intramolecular proton transfer

plays an important role in the dissipation process [74–76], as well as chemical and structural

disorder [77].

Consequently, the fluorescence quantum yield of eumelanin is very low (about 10−4) [78].

The fluorescence spectrum of eumelanin extends between 250 and 500 nm with the peak

position and intensity depending on the excitation wavelength. The multi-exponential decay

of the fluorescence is in agreement with the chemical disorder model [79].

2.2.3 Paramagnetic properties

Eumelanin shows a persistent electron spin resonance (ESR) signal, reflecting the presence

of stable free radicals [32, 80]. The ESR is affected by pH, various metal ions, light, and
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H2Q Q SQ- 

Figure 2.5 Comproportionation equilibrium between the different redox states of the eume-
lanin building blocks. Reprinted with permission from Ref. [42] (copyright © 2012 National
Academy of Sciences).

hydration [41, 42, 80–84]. Two different types of unpaired spins can be distinguished in

eumelanins, carbon-centered “intrinsic” spins and the “extrinsic” spins of the semiquinone

radicals [42]. In aqueous suspension, the ESR signal at neutral and basic pH has been assigned

to SQ radicals [85]. Numerous experiments have shown that the SQ radical population

is controlled by the comproportionation equilibrium (Fig. 2.5) [80, 85]. The equilibrium

strongly favors the reactants over the products resulting in only one SQ radical per 1000-

1500 monomers in aqueous suspension at pH 7 [83,86]. The SQ population can be increased

by increasing the pH [42,83,86] or by complexation of SQ with suitable metal ions [80,82].

The ESR signal of hydrated eumelanin pellets is more complex and was investigated

only very recently [85]. The signal is dominated by carbon-centered radicals, resulting from

the incomplete polymerization of the monomers, but also shows the response of SQ radicals

as a minor component. An increase of hydration resulted in a decrease of the total signal

intensity. The separation of the two components was difficult and no clear trend of the SQ

population with hydration was observed. However, the relative contribution of SQ radicals

to the ESR signal was stronger in basic pellets than in acidic or neutral pellets, in agreement

with the comproportionation reaction [85]. A muon spin relaxation study by the same authors

furthermore suggested the increase of the radical density with hydration [42].

2.2.4 Redox and proton-exchange properties

Eumelanin acts as a redox buffer in biological systems [87] and its redox ability is pH-

dependent [88]. Eumelanin contains oxidized as well as reduced moieties [57]. Due to the

insolubility and the aggregated structure of eumelanin, characterization of the redox activity

of eumelanin in solution is difficult [58]. Serpentini et al. reported cyclic voltammetry (CV)

measurements on DOPA melanin incorporated into a carbon paste electrode (0.1 M KCl

aqueous solution, pH 5.6) [89]. Two irreversible oxidation peaks were observed at 460 and

550 mV (vs SCE), attributable to the oxidation of either a SQ or the amino group of an

indole unit (QI) of eumelanin, and two reduction peaks at 20 and -355 mV. The absence of a
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peak at +50 mV, where DHI (H2Q) oxidation is usually located, was interpreted as the initial

absence of DHI units at the surface of the eumelanin aggregates. The authors observed that

only a small portion of the total number of monomers participated in the redox reactions

and suggested that the eumelanin structure may be compact and have limited electronic

conductivity.

Several CV studies have been reported on electropolymerized or electrodeposited eume-

lanin films. Films prepared by these means generally showed a higher electrochemical activity

than solution-processed (drop cast or spin-coated) films [90]. Farmer et al. reported a spectro-

electrochemical experiment on DHI melanin thin films, prepared by CV polymerization [58].

Partly reversible oxidation was observed at about 100 mV vs Ag/AgCl (0.1 M KCl pH 7.0),

attributed to the two-electron oxidation of DHI (H2Q) to Q state, followed by tautomer-

ization to QI. This oxidation peak overlapped with an irreversible bleaching reaction. Only

about one out of six monomers participated in the reversible oxidation process.

Eumelanin has several proton donating groups: a carboxyl group (pKa 4.2-4.5) in DHICA,

two phenolic hydroxyl groups (first pKa 9-10 and second pKa of about 13), and an amine

group (pKa >14) in DHI/DHICA [91,92]. The pKa for the tautomer QI is 6.3 [86]. The pKa

of SQ has not been well established but, although a pKa of 9-10 has been suggested [86], SQ

is usually assumed to be deprotonated at neutral pH [42,80,93].

2.2.5 Metal ion chelation properties

In the following, the metal chelation properties of eumelanin are described due to their

potential role in the interaction of eumelanin films with metal electrodes, presented in Article

2. Eumelanin strongly binds heavy metal ions such as Fe(III), Cu(II), and Pb(II), while the

binding of lighter metal ions such as Ca(II), Na(I), and K(I) is weaker [91, 94–96]. Binding

sites have been investigated by ESR [80,83,97], FT-IR [95,98], and Raman spectroscopy [99]

and were found to depend on the metal ion, its concentration, and pH. Fe(III) predominately

binds to phenolic -OH groups [99], while Cu(II) binding sites vary with concentration and

pH [83, 98]. Ca(II), Na(I), and K(I) bind to -COOH groups [91, 98]. Metal ions can bind

to several eumelanin monomers simultaneously and various complexes of up to 5 monomers

have been suggested [83,100,101]. Studies on the binding of Au, Pt, or Pd ions to eumelanin

have not been reported. Recently, Kim et al. employed the binding of Na+ by eumelanin in

aqueous sodium-ion batteries with eumelanin as the anode material [52].
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2.3 Thin film growth and processing

Thin films are the basis of state-of-the art organic (bio-)electronic devices and are also

advantageous for the characterization of organic materials in the solid state. The physical

properties of organic thin films, in particular their charge carrier transport properties, are

strongly dependent on film morphology and crystalline structure. Thus, a good knowledge of

the parameters governing film growth can help in tuning the film properties by processing.

The preparation of continuous and smooth thin films of eumelanin is a challenge in itself

due to the insolubility of eumelanin in common solvents [50] and its oligomeric/polymeric

nature prohibiting thermal evaporation (see, for example, the investigation of thermal sta-

bility in Ref. [102] and Sec. 6.1). Therefore, most studies on solid-state eumelanin samples

have been performed on pellets (compressed eumelanin powder). Recently, several strategies

for the solution processing of eumelanin thin films have been suggested, as well as some al-

ternative deposition techniques. This section first points out the particularities of organic

thin film growth (Sec. 2.3.1) and discusses specific aspects of solution processing (Sec. 2.3.2).

Subsequently, reports on eumelanin film processing and growth are reviewed (Sec. 2.3.3).

2.3.1 Characteristics of organic thin film growth

Thin film growth is determined by inter-adsorbate interaction and adsorbate-substrate

interaction. The interactions depend upon the adsorbate properties but also on external

parameters such as the deposition technique, deposition flux, and substrate temperature.

Fundamental processes during film formation are: adsorption, desorption, surface diffusion,

nucleation, and island growth [103]. In the following, the specific properties of organic thin

film growth are described.

Since organic molecules are anisotropic, not only the positions of all molecules need to

be known but also their orientation in space to fully describe the structure of an organic

film [103]. Intermolecular and molecule-substrate interactions depend on the orientation

of the molecule. Therefore, the structure of organic crystalline or polycrystalline films is

difficult to predict [104]. This is further complicated by the fact that molecules are not rigid

but can deform in contact with the substrate or the bulk [105]. Intermolecular interactions

are dominated by van der Waals forces, which are much weaker than covalent bonds in

inorganic films. This results in films that have a lower surface energy, are more tolerant

to strain, and can be processed at low temperatures [103]. Since the footprint of organic

molecules is large compared to atoms and the adhesion of organic molecules to the substrate is

weak, organic film growth is usually incommensurate and non-epitaxial [103,106]. The weak

intermolecular and molecule-substrate interactions result in different crystalline structure
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Figure 2.6 Illustration of island growth (a), layer-plus-island growth (b), and layer-by-layer
growth (c) [109].

with similar energy. Therefore, different phases often coexist in organic films (polymorphism)

[107, 108]. For these reasons, variations in the film processing parameters can have a huge

impact on the film properties. This also means that film morphology and structure need to

be characterized case-by-case.

The evolution of the surface topography with increasing film thickness substantially influ-

ence the final film morphology. One usually distinguishes between three growth modes: island

growth (Vollmer-Weber), layer-plus-island growth (Stranski-Krastanov), and layer-by-layer

growth (Frank-van der Merwe) [109]. Fig. 2.6 illustrates the different modes. In layer-by-

layer growth, the second layer is only formed after the completion of the first layer and so

on. In island growth, 3D-islands grow and even at higher film thickness, the substrate is

still not completely covered. The Stranski-Krastanov mode refers to a mixed growth. After

the formation of one or two wetting layers, the formation of 3D-islands becomes favorable.

Organic thin film growth is said to follow a quasi-layer-by-layer mode if the growth of suc-

cessive layers starts before the previous layers have been fully completed. The growth mode

depends on both thermodynamics and kinetics. Important factors are the surface energies of

the substrate and the film, the deposition flux, and the substrate temperature.

2.3.2 Solution processing

Techniques used for the solution processing of thin films include spin coating, drop cast-

ing, dip coating, stamping, and inkjet printing. The film growth and morphology is strongly

dependent on the technique used and the processing conditions. Important parameters in-

clude the type of solvent, the concentration of the solution, the solvent evaporation rate,

and the atmosphere during processing [110,111]. Post-deposition treatments such as thermal

annealing are common to increase molecular ordering and to remove solvent residues. As

mentioned above, the substrate also plays a determining role in film growth.

Organic thin film devices commercialized so far are produced mainly by vacuum sub-

limation. Vacuum sublimation allows for the well-controlled deposition of small molecule
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films of high purity and the straightforward fabrication of multilayer structures. Despite

considerable progress, scalability and the potential for cost-reduction are limited in vacuum

deposition [112]. The greatest potential for low-cost, large-area applications lies in solution-

processing, compatible with roll-to-roll manufacturing processes [113]. However, solution-

processed devices often show performances inferior to their vacuum-sublimed counterparts.

This has several reasons. Polymers, which are most commonly used for solution-processing,

are more difficult to purify than small molecules [114]. The solvent and the atmosphere during

processing are further sources of impurities that can decrease device performance. Further-

more, the state-of-the-art of certain organic electronic devices such as organic light-emitting

diodes is based on complex multilayer structures. It is difficult to obtain such structures by

solution-processing, since solvents will generally affect previously deposited layers [114].

Many (semi-)conducting molecules are insoluble in common solvents. Different strategies

have been developed to circumvent this problem. One of them is the addition of solubilizing

side chains to the molecular structure. It is important to note that these side chains also

affect other properties of the molecule and the molecular packing in the film [115]. The

use of soluble precursors that convert to the final molecular structure after post-deposition

treatment of the film has also been explored [116]. This and other synthetic approaches have

yielded many solution-processable materials, which are now employed in high-performance

organic electronic devices [117–120]. A further possibility to solubilize conducting polymers

is blending with surfactants, which often simultaneously dope the polymer [121,122].

The processing of (semi-)conducting biomolecular films has been explored only to a limited

extent so far. This is because biomolecular materials only recently received more attention as

potential components of electronic/ionic devices. Thin films of some natural pigments with

high electron and hole mobilities, such as indigo and tyrian purple, have been fabricated by

vacuum sublimation after thorough purification of the pigments [20,123]. Proton-conducting

nanofibres and amorphous films have been prepared by drop casting aqueous solutions of

the polysaccharide-based biopolymers maleic chitosane and proline chitosane [124]. For the

preparation of aligned and stretchable DNA films, DNA was mixed with a lipid and sub-

sequently deposited by drop casting from organic solvents [125]. The processing of homo-

geneous and smooth films of biomacromolecules remains challenging because they are often

insoluble, disordered on the macro- and supramolecular level, and/or self-assemble to larger

structures [51].

2.3.3 Processing and growth of eumelanin thin films

First reports on eumelanin thin films were published in 2004 by the group of C. F. O.

Graeff [48,126]. The group developed a synthetic route for the formation of eumelanin from
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L-dopa in the organic solvents dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF).

The synthesis product, referred to as DMSO or DMF melanin, showed UV-vis absorption,

electron spin resonance (ESR), and infrared transmission (FT-IR) properties almost identical

to eumelanin synthesized in aqueous solution according to one of the standard methods [80].

Thin films of DMSO melanin prepared by drop casting or spin-coating from DMSO or DMF

solution on Si or glass showed micrometer-large terraces of 1-3 nm height and a root mean

square surface roughness Rq = 0.3 nm, as well as round aggregates. The authors claimed that

the synthesis of eumelanin in DMSO results in a more homogeneous product that facilitates

solubilization and thin film deposition [48, 126]. AFM measurements showed that films of

DMSO or DMF melanin deposited from DMSO or DMF solution were much smoother than

films of water-based eumelanin dispersed in water [127]. From the analysis of the scaling

of surface roughness with surface area, it was concluded that DMSO melanin films grow

via diffusion-limited aggregation. Only in 2013, a structural characterization by the same

research group revealed that the reason for the improved solubility and film forming properties

of DMSO melanin are sulfonate (-SO2-CH3) groups that attach to the -OH groups of the

eumelanin building blocks during synthesis [128].

“Device-quality” eumelanin thin films spin-coated from ammonia solution on glass and Si

were reported by Bothma et al. in 2008 [49]. Eumelanin was prepared by a standard method

by auto-oxidation of L-dopa in aqueous solution (dopa melanin) [80]. Eumelanin is known

to be soluble in strongly alkaline aqueous solutions. Ammonia solution was chosen to avoid

contamination of the film with cations (as possible in the case of NaOH amongst others),

as verified by XPS. No further effort was made to investigate if the molecular structure of

eumelanin was still intact after treatment with alkaline solution. The films were composed

of spherical particles 20 nm in diameter and Rq was about 1 nm.

Bettinger et al. prepared films of commercial synthetic eumelanin (Sigma melanin) by

spin-coating from aqueous NaOH and DMSO solution [39]. Films prepared from NaOH

solution showed large dendritic stuctures, whereas films prepared from DMSO solution were

very smooth (Rq = 0.3 nm). Elemental composition and presence of chemical groups were

investigated by XPS and FT-IR, respectively, but no distinction between the two processing

solvents was made.

Films of Sigma melanin were also deposited by spray coating on a heated glass substrate

using a solvent mixture of DMSO:methanol (1:20) [36]. These films were smooth (Rq =

0.3 nm) on a submicrometer-scale but showed larger agglomerates and discontinuities. The

uniformity of the films was improved in a second study using electrospray deposition but

film roughness remained rather high on a micrometer length scale (around 10 nm) [129].

The chemical composition of the films was studied by XPS and Raman spectroscopy, which
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indicated the presence of all functional groups typical for eumelanin. However, the ratio of

C, N, and O atoms was far from the ratio expected for eumelanin. This was not further

discussed by the authors. It suggests that the molecular structure of eumelanin was affected

by the film deposition procedure and/or that the eumelanin films contained large amounts

of other organic species.

Some alternative film deposition techniques have been explored for eumelanin. Thin films

of eumelanin have been prepared by matrix-assisted pulsed laser deposition (MAPLE) from

frozen aqueous suspensions of DHI melanin [130, 131]. The advantage of this technique is

that alkaline or organic solvents that might affect the molecular structure of eumelanin are

avoided. However, the surface roughness of these films was very high (Rq ≈ 100 nm) and

could not be reduced by raising the substrate temperature [131]. For device applications, such

high surface roughness can cause problems such as short circuits or hinder efficient charge

transport.

Another approach is the electrodeposition/electropolymerization of eumelanin on conduc-

tive substrates. Dı́az et al. deposited films from a Sigma melanin-containing 0.1 M NaOH

solution on a Au electrode biased at -1 V vs SCE [90]. The authors suggested that the film

growth is initiated by the electroreduction of Q to H2Q. Borghetti et al. investigated the effect

of potassium on the aggregate size in electro- and solution-deposited eumelanin films [132].

Free-standing eumelanin films were obtained by Subianto et al. by electropolymerization of

L-dopa in aqueous suspension (pH 9) on indium tin oxide on glass [133]. Micrometer thick

films were grown over several days under galvanostatic conditions (0.5 mA/cm2).

Interestingly, film-forming properties of polydopamine are distinctively superior to those

of eumelanin. Polydopamine films are readily prepared by simple dip-coating of a substrate

in aqueous dopamine solution [55], which is one of the reasons for the great success of poly-

dopamine coatings in biomedical research. This indicates that there are important differences

in the molecular and/or supramolecular structure of polydopamine and eumelanins.

2.4 Charge carrier transport

A recent review chapter on the charge carrier transport properties of eumelanin stresses

that“the highly conjugated sp2 backbone, planar secondary structure and presence of multiple

stable redox states all point to an intriguing possibility - the question of whether melanins

could be naturally occurring organic semiconductors” [51]. Indeed, eumelanin in the solid

state conducts electric charge, shows weak photoconductivity, switches between high and low

resistive states under certain conditions, and can store electric charge or polarization. All

these properties are strongly hydration-dependent and have intrigued biologists, chemists,
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and physicists since the 1960’s. Most studies have been conducted on pellets of eumelanin

powder.

As a basis for the discussion of the charge carrier transport properties of eumelanin, this

section starts with an introduction to electron (Sec. 2.4.1) and proton transport (Sec. 2.4.2)

in organic materials. In the third part (Sec. 2.4.3), studies on the charge carrier transport

properties of eumelanin pellets and thin films are reviewed.

2.4.1 Fundamentals of electron transport in organic semiconductors

Thin films of π-conjugated small molecules and polymers can have electrical properties

similar to inorganic amorphous semiconductors. In this section, the origin of electron trans-

port in organic solids and parameters affecting the electronic conductivity are briefly reviewed.

Due to the presence of hydrogen-bonds in the supramolecular structure of eumelanin, recent

results on the electron transport in hydrogen-bonded molecules are presented. At the end

of this section, the peculiar property of certain organic semiconductors to transport both

electrons and ions, is briefly discussed.

π-Conjugation

The electronic configuration of a single carbon atoms is 1s2 2s2 2p2. In organic semicon-

ductors, the 2s- and 2p-orbitals hybridize to form three sp2 orbitals, which lie in the same

plane, leaving one p-orbital (pz) perpendicular to the plane. The overlap of sp2 orbitals in

the plane of carbon atoms leads to the formation of σ-bonds, while the overlap of pz-orbitals

creates π-bonds. The formation of molecular orbitals is illustrated in Fig. 2.7 for the molecule

benzene. When pz-orbitals overlap along a chain or a ring, an extended π-electron system

forms, in which electrons are delocalized. This phenomenon is called conjugation and is a

common property of all organic semiconductors [134, 135]. Conjugation is often represented

by alternating single and double bonds, where the double bond is made of a σ and a π-bond.

The smaller overlap of pz orbitals compared to sp2 orbitals results in a smaller energetic

splitting of the bonding π and anti-bonding π∗ orbital. Due to spin-orbit coupling, the π-

states split further into substates. As illustrated in Fig. 2.7, the highest occupied molecular

orbital (HOMO) is the π-orbital with the highest energy and the lowest unoccupied molecular

orbital (LUMO) is the π∗ orbital with the lowest energy. Thus, the energetically lowest

excitations are π − π∗ transitions [137]. The energetic distance of the HOMO and LUMO

from the vacuum level roughly correspond to the ionization potential I and the electron

affinity A of the molecule, respectively. This approximation neglects any rearrangement of

the electrons in the molecule cation or anion [134].
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Figure 2.7 Illustration (a, reprinted from Ref. [136]) and electron energy level diagram (b) of
the formation of molecular σ and π orbitals from atomic orbitals in benzene.

Electronic properties of disordered organic thin films

Due to the weak intermolecular interaction in organic solids, electron energy levels are

largely determined by the energy levels of single molecules [138]. The transition from a single

molecule to an organic solid is illustrated in Fig. 2.8. In the case of relatively strong inter-

molecular interaction and high order (e.g. in single crystals), narrow valence and conduction

bands can form from the overlap of HOMO and LUMO levels, respectively. These allow for

a delocalization of electrons and holes (missing electrons in the valence band) over many

molecules. If the intermolecular interaction is weaker, HOMO and LUMO states remain

localized on individual molecules separated by energy barriers. This is typically the case

for less ordered organic solids. The width of the energy bands is so small that HOMO and

LUMO are usually represented by a line. The HOMO (LUMO) of the solid is shifted towards

higher (lower) energies with respect to a single molecule due to the polarization of the sur-

rounding molecules [138]. This also results in the decrease of the band gap energy between

HOMO and LUMO. Three types of polarization can be distinguished: the electronic polar-

ization, intramolecular geometrical polarization (structural reorganization of the molecule),

and intermolecular geometrical polarization [138]. Due to structural disorder, HOMO and

LUMO energies vary from molecule to molecule and are often assumed to follow a Gaussian

distribution.

Adding an electron to the LUMO of a molecule is equivalent to the reduction of the

molecule, while removing an electron from the HOMO corresponds to the oxidation of the

molecule. Therefore, HOMO and LUMO levels of organic thin films are related to oxidation

and reduction energies as derived from solution-based cyclic voltammetry (CV) measure-

ments [139]. However, this relationship is complex, because oxidation and reduction energies

determined for solvated molecules are affected by solvent, electrolyte, and electrodes. Fur-

thermore, the bulk polarization energy shifting the HOMO and LUMO is not accessible by
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Figure 2.8 Energy level diagram for (a) a single molecule, (b) a solid with weak intermolecular
interaction, and (c) a solid with strong interaction. The electron affinity A and the ionization
potential I are indicated for the solid (s) and gas (g) phase. P is the polarization energy, Eg
the energy gap, and EF the Fermi level. VL is the vacuum level. Reprinted with permission
from Ref. [138] (Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA).

CV.

Electron transport in disordered organic thin films

As illustrated in Fig. 2.8, electrons and holes are localized on individual molecules in

disordered films of organic semiconductors. Charge carrier localization and the geometrical

polarization of the environment reflect the strong electron/hole-phonon coupling [138]. To

describe the transport of electrons/holes accompanied by the induced polarization, the quasi-

particle polaron was introduced. Fig. 2.8 illustrates that electrons and holes have to overcome

energy barriers to move from one molecule to the next. At low temperatures, electronic charge

carriers can move by coherent tunneling. At room temperature, charge transport mostly takes

place by thermally activated (phonon-assisted) charge carrier hopping [138].

The charge carrier mobility µ is defined by

−→v = µ
−→
F , (2.1)

where −→v is the charge carrier velocity and
−→
F is the electric field. The Einstein relation

states that the mobility is proportional to the electron transfer rate kel,

µ =
eD

kbT
kel. (2.2)
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Figure 2.9 Energy diagram for the electron transfer according to Marcus theory. The config-
urational coordinate R describes the configuration of all nuclei of the molecule simplified to

one dimension. The activation energy EA equals (λ+∆G)2

4λ
. Reprinted from Ref. [140].

The electron transfer rate depends on the electronic coupling between two molecules,

described by the intermolecular transfer integral t, and the reorganization energy of the

molecules λ associated with charge transfer. For strongly localized charge carriers, Marcus

theory predicts the temperature-dependence of kel from the change in the Gibbs free energy

∆G due to the charge transfer and λ [138,141]:

µ ∝ kel ∝ t2
1√

4πλkbT
exp

(
−(λ+ ∆G)2

4λkbT

)
, (2.3)

where kb is the Boltzmann constant. Fig. 2.9 shows a schematic energy diagram for the

electron transfer according to Marcus theory.

At high electric fields (104 − 106 V/cm), the mobility shows a field-dependence which is

usually described with the Poole-Frenkel model [142]:

µ ∝ exp
(
γ
√
F
)
, (2.4)

where γ is temperature-dependent. The charge carrier mobility is strongly affected by

the molecular packing and the morphology of the film [143]. The correlation between film

structure and electronic charge transport is also investigated in the article Wünsche et al., J.

Mater. Chem. C, vol. 1, no. 5, p. 967, 2013 for vacuum-sublimed tetracene films.

The conductivity σ of a material is not only determined by the carrier mobility µ but also

by the charge carrier density n:

σ = nqµ, (2.5)
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where q is the charge of one charge carrier. The occupancy of electron energy levels

in the organic solid is given by the Fermi-Dirac distribution. The Fermi energy EF lies

approximately in the center of the energy gap between HOMO and LUMO if impurities can

be neglected and the effective masses of holes and electrons are similar [138]. Since the energy

gap in organic semiconductors is typically a few eV large, the density of thermally generated

charge carriers at room temperature is very low. However, unintentional doping by impurities

often leads to higher charge carrier densities.

There are several possibilities to further increase the electron and hole density. Amongst

others, the film can be doped with suitable electron donor (reducing agent) or acceptor

molecules (oxidizing agent) [4]. Charge carriers can be generated by photoexcitation (pho-

toconductivity) or injected from the electrodes. Charge carriers injected from the electrodes

can be accumulated in the organic film in thin film transistor structures via electrostatic or

electrochemical doping [14,144–146]. Many polymers with extended conjugation can achieve

“metallic” conductivity when sufficiently doped [1].

It should be mentioned here that the electrical properties of an organic thin film sample

depend not only on the properties of the film itself but also on the choice of electrodes and

on the atmosphere during film processing and characterization. The position of the electrode

work function with respect to HOMO and LUMO of the organic film largely determines

the injection barrier for holes and electrons, respectively. Furthermore, charge injection

is affected by surface reactions, trap states at the interface, and the formation of double

layers [134, 147]. Water and oxygen from the atmosphere can introduce trap states that

hinder electron transport [148,149].

Hydrogen-bonded molecules

In the most general definition, a hydrogen bond is a directional bond between a proton

donor and a proton acceptor via a hydrogen atom and is the result of the sum of various types

of interactions [150]. At the most typical bond lengths, electrostatic interactions (including

dipole-dipole) dominate but there is also a contribution from charge transfer. H-bonds play an

important role in the supramolecular assembly of many biomolecules, e.g., DNA and proteins

[151], and enable proton conduction via the Grotthuss mechanism, as will be discussed in

Section 2.4.2.

The carbonyl and amine groups often present in H-bonded molecules are often considered

to interrupt π-conjugation [151]. Recently, it has been demonstrated that a range of H-bonded

small molecules can yield films with electron and hole mobilities comparable to benchmark

organic semiconductors [20, 151–154]. For example, thin films of the natural pigment indigo

were employed in organic field-effect transistors and showed electron and hole mobilities of
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about 10−2 cm2 V−1s−1 and good air stability [20]. The strong H-bonding between indigo

molecules induced high crystalline order with favorable molecular packing. The high degree

of order and the reversible redox properties of indigo were identified as the main reasons for

efficient electron/hole transport in the film. It should be noted that all materials cited above

were purified and deposited by vacuum sublimation. These results indicate that molecules

with limited intramolecular π-conjugation can show high electron and hole mobilities if the

molecular packing is favorable. Such packing can be achieved by self-assembly induced by

H-bonding [152]. In contrast, electronic conduction in H-bonded biomacromolecules such as

DNA and eumelanin is still controversial [42,155].

Mixed ionic-electronic conduction

In the previous sections, only the transport of electronic charge carriers was discussed.

However, organic semiconductors are generally mixed conductors that transport both elec-

tronic and ionic charge carriers. The soft nature of organic thin films facilitates ion diffusion

via interstices. The presence of mobile ions causes different device physics as compared to

conventional semiconductor devices. For example, the presence of mobile ions opens the

possibility to electrochemical reactions in organic solids. As discussed in Section 2.4.1, the

injection of an electron (hole) is equivalent to the reduction (oxidation) of the acceptor/donor

molecule in disordered organic solids. The difference between the electronic and the electro-

chemical perspective is the availability of ions to compensate the space charge created by

carrier injection [156]. In organic electronic devices inspired by inorganic semiconductor de-

vices, such as light-emitting diodes, solar cells, and field-effect transistors, electrochemical

reactions are usually undesirable. Ions, solvents, water, and air can cause hysteresis in the

device characteristics, introduce trap states, and reduce the device stability [156]. Therefore,

their presence is avoided by material purification, processing, and encapsulation of the device

under vacuum or inert atmosphere.

Recently, devices making use of ion migration and electrochemical reactions gained more

attention, also due to potential applications at the interface of electronics and biology [15,157].

Ion migration can be employed in various ways. Mechanical actuators employ the swelling

of the organic film [158]. Oxidation or reduction of the film upon insertion of ions can

change the optical absorption properties of the film (used in electrochromic displays [159])

and its conductivity (used, for example, for sensing with electrochemical transistors [160]).

Accumulation of ions at the electrodes can facilitate electron and hole injection, which enables

low-voltage light-emitting electrochemical cells [161]. Furthermore, electrophoretic ion pumps

have been realized with conducting polymers [162]. These examples illustrate the diverse

applications enabled by the simultaneous conduction of ions and electrons/holes.
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Despite its technological importance, ion transport in organic semiconductors is largely

unexplored [163]. Many approaches have been suggested to distinguish and investigate simul-

taneous electron and ion conduction. These include impedance spectroscopy [164, 165], the

measurement of polarization currents [166], coulometric measurements [43], the use of ion-

blocking vs non-blocking electrodes [167], and the tracking of moving doping fronts [163,168].

However, most techniques do not yield unambiguous results when used on their own or can

be applied only to certain classes of materials.

2.4.2 Fundamentals of proton transport

Proton transfer plays an important role in many biological processes, for example, in

photosynthesis [169] and proton-activated bioluminescence [170]. Furthermore, many tech-

nologies rely on proton conduction, including fuel cells [171], and certain batteries and elec-

trochemical transistors [172]. Recently, there has been considerable process in employing

proton conduction in biocompatible materials for the development of sensing or stimulating

devices that can interface with biological systems [124]. Thus, it is a common interest of

various disciplines to understand and control proton transport in a wide range of systems.

This section briefly introduces the basics of proton conduction (Section 2.4.2), focusing in

the second and third part on hydrated acidic polymers (2.4.2) and analogies to electron and

hole conduction in amorphous semiconductors (2.4.2).

Mechanisms of proton transport

Two limiting mechanisms for proton conduction can be distinguished, the vehicle mecha-

nism and the Grotthuss mechanism, also referred to as structure diffusion mechanism [172].

In the vehicle mechanism, the proton is carried by larger species such as H3O+, which move

at a rate corresponding to the molecular diffusion coefficient of the vehicle. The self-diffusion

coefficient of liquid water at room temperature (DH2O) is 2 · 10−5cm2 s−1. The vehicle mech-

anism contributes about 22% to the conductivity of water under standard conditions [171].

In structure diffusion, the environment of the proton has no translational motion but its

local dynamics are an inherent part of proton conduction [171]. Hydrogen interacts with

up to two electronegative species (usually O, N, or F) in its close environment forming a

hydrogen bond. The proton migrates along this H-bond network. The H-bond is usually

asymmetric (O–H· · ·O), the shorter, stronger bond belonging to the proton donor and the

longer, weaker bond to the proton acceptor [172]. To transfer from donor to acceptor, the

proton has to overcome an energy barrier, which is smaller for stronger hydrogen bonds. For

the case of a proton transfer from one O atom to another, the H-bond becomes symmetric
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Figure 2.10 Illustration of proton conduction by structure diffusion in bulk water. The plots at
the top of the figure schematically represent the potential seen by the proton in the various
configurations. Reprinted with permission from Ref. [171] (Copyright © 2004 American
Chemical Society).

and thus strongest (about 0.2 eV) at an O-O separation of about 240 pm [172]. However,

proton conduction also requires the continuous breaking and reformation of H-bonds and

the structural reorganization of the H-bond pattern. The proton conductivity depends on

both the rate of proton transfer and the rate of reorganization of the environment. Indeed,

compounds with weak or medium H-bond interaction (characterized by a proton donor-

acceptor separation >260 pm) typically have the highest proton conductivities [172]. Fig. 2.10

illustrates the structure diffusion mechanism for proton conduction in water. The excess

proton follows the diffusion of the center of symmetry of the H-bond network. During this

process the proton can be considered part of either a Zundel ion (H5O+
2 ) or an Eigen ion

(H9O+
4 ) as the limiting cases [171]. The transport of protons along H-bond chains in bulk

water should not be imagined as the concerted transfer of many protons as suggested by early

descriptions of the Grotthuss mechanism but rather as a step-wise local phenomenon. The

character of proton conduction in low-dimensional water structures can be partly concerted.

The transport of defect protons (OH−1) can be described in a similar way as the transport of

H+. However, the coordination of the hydroxide ion to its environment is somewhat different
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and still a matter of debate [171].

Hydrated acidic polymers

Hydrated acidic polymers play an important role as separator materials in low-temperature

fuel cells [171]. Their nanostructure is characterized by hydrophobic domains (the polymer

backbone) and hydrated hydrophilic domains, where proton conduction takes place. The

hydration water creates mobile protons by dissociation from the acidic groups of the poly-

mer and facilitates proton transport. For efficient proton conduction via structure diffusion,

the H-bond network in the hydrophilic domains needs to provide continuous transport paths

between the two electrodes. The formation of continuous pathways can be described by the

percolation theory [171], which predicts a power law increase of the conductivity (σ) with

hydration (H) beyond a certain critical value (Hc) [173,174],

σ(H) ∝ (H −Hc)
µ , (2.6)

where µ is an exponent depending only on the dimensionality of the system in an ideal

case. The percolation threshold and in general the proton transport properties strongly

depend on the morphology of the hydrated polymer [175]. For Nafion®, the archetype

proton-exchange membrane material, good percolation is found at low hydration levels of few

water molecules per sulfonic acid group [171]. However, the higher concentration of excess

protons in water domains at low hydration suppresses protons transfer (reflected by a lower

proton conductivity diffusion coefficient, Dσ (Fig. 2.11)). Therefore, the vehicle mechanism,

determined by the water self-diffusion is dominant at low hydration [171]. Apart from proton

concentration, important parameters that determine the contribution of vehicle mechanism

and structure diffusion to the protonic current are temperature T and pressure p.

Analogies to electron and hole transport in amorphous semiconductors

Proton conduction is a thermally activated process, as can also be seen in Fig. 2.11. The

temperature dependence of the conductivity is often described by the following formula [176]:

σ(T ) ∝ 1

T
exp

(
EA
RT

)
, (2.7)

where EA is the activation energy and R the universal gas constant. Already in 1958, it

was recognized by Eigen and de Maeyer that proton conduction along H-bond networks shows

analogies to electron and hole transport in semiconductors [177]. Recently, this idea gained

new popularity for the explanation of the working principle of protonic field-effect transistors
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Figure 2.11 Temperature and hydration dependence of the proton conductivity diffusion co-
efficient, Dσ, and the water self-diffusion coefficient, DH2O, for Nafion®, representing proton
conduction by structure diffusion and vehicle mechanism, respectively. n is the number of wa-
ter molecules per sulfonic acid group. Reprinted with permission from Ref. [171] (Copyright
© 2004 American Chemical Society).

(FETs) and p-n type junctions [21,124]. Rolandi et al. modified chitin with acidic and basic

groups so that the majority charge carriers are either H+ or OH−, the latter being treated as

“proton hole”. In this picture, the energy level of the neutral H-bond network corresponds to

the valence band and the energy level of migrating excess protons to the conduction band.

Valence and conduction band are separated by an energy gap, which was derived from the

dissociation constant of water. Acidic and basic groups introduce donor and acceptor levels

in the energy gap, respectively. This concept is schematically illustrated in Fig. 2.12. The

authors support this model by the demonstration of p- and n-type protonic FETs, as well

as of a rectifying junction. The protonic devices showed characteristics qualitatively similar

to their electronic counterparts, with two exceptions: a true off-state was not achieved in

the protonic FETs (this was attributed to the “doped” nature of the chitin derivatives used)

and a slow increase of the current in the p-n junction was also observed under reverse bias

(tentatively assigned to water splitting). By modeling the FET characteristics, the authors

derived a proton mobility of about 5 · 10−3 cm2 V−1 s−1 [124]. The devices described above

were realized with palladium hydride (PdHx) electrodes, which are able to inject and extract
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(a) (b) 

Figure 2.12 Energy diagram for proton conduction in H+- and OH−-type chitin derivatives
according to a semiconductor model. The diagram shows valence and conduction band for
protons with hopping barriers. The “doping” effect of acidic and basic groups is also illus-
trated. Reprinted from Ref. [124] (Creative Commons license, Copyright © 2013, Rights
Managed by Nature Publishing Group).

protons under electrical bias [176,178].

2.4.3 Charge carrier transport properties of eumelanin

The first part of this section (2.4.3) summarizes important results on the electrical proper-

ties of eumelanin pellets. For the most part, these results have contributed to the paradigma

that eumelanin is an amorphous semiconductor. A recent study, which seems to disprove the

amorphous semiconductor model for eumelanin, is disscussed in more detail [42]. Section 2.4.3

is devoted to recent works on eumelanin thin films.

Eumelanin pellets

Several biomolecular materials are electrically conductive. Typically, the conductivity is

higher in the hydrated than in the dry state [179]. The nature of the charge carrier and the

mechanism of conduction in biomolecular materials has been a matter of intense debate since

the discovery of their electrical properties [42,180,181]. Apart from eumelanin, a prominent

example is DNA [155].

In 1960, Longuet-Higgins suggested that the free-radical properties and the broad op-

tical absorption spectrum of eumelanin could be understood if eumelanin was assumed to

be a one-dimensional semiconductor [22]. Shortly after, Pullman et al. proposed a band

model for eumelanin [23]. At the end of the 60’s, a wide range of biological substances,
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including synthetic eumelanin, were considered to be semiconductive [43, 179]. Semiconduc-

tivity was defined by an Arrhenius temperature dependence of the conductivity. Rosenberg

et al. stressed that the term does not imply any specific conduction mechanism or type of

charge carrier, i.e., electrons or ions [179]. On the basis of solid-state electrolysis, Powell and

Rosenberg suggested, that 65% of the current is protonic and 35% electronic in eumelanin

pellets [43]. Surprisingly, they did not observe any change between 10 wt% and 35 wt% of

hydration. It should be noted that coulometric measurements can be ambiguous [176]. To ex-

plain the strong hydration dependence of the conductivity σ, the phenomenological modified

dielectric theory was developed [179]. According to this theory, water increases the effective

dielectric constant of the hydrated material (κhyd), in turn decreasing the activation energy

for charge carrier separation:

σ(T, κhyd) = σ0 exp

(−EA,dry
2kbT

)
exp

[
e2

2kbTr

(
1

κdry
− 1

κhyd

)]
, (2.8)

where κdry and −EA,dry are the dielectric constant and the activation energy for charge

carrier separation in the dry state, respectively, T is the temperature, kb the Boltzmann

constant, and r the screening length of the electric charge.

In 1972, McGinness argued that the optical and electrical properties of eumelanin can

be best understood within the framework of the amorphous semiconductor model, recently

developed by Mott [24, 182]. His discussion is based on the featureless monotonic optical

absorption spectrum of eumelanin, its photoconductivity [34], and field-dependent carrier

mobility (derived from non-linear current-voltage characteristics) amongst others. Two years

later, the same author reported reversible switching of eumelanin pellets from a high to a low

resistive state beyond a certain threshold voltage [25]. Threshold switching was previously

reported for inorganic amorphous semiconductors. The eumelanin pellets (thickness 0.1-

10 mm) were sandwiched between carbon, copper, and Al electrodes and voltages up to

350 V were applied. Switching was observed only for hydrated samples, with on/off-ratios

of 100-1000. By estimating the amount of water in the eumelanin pellet, McGinness et al.

argued that the protonic contribution to the current in the on-state must be negligible.

In the following decades, electrical studies on eumelanin were mostly interpreted within

the amorphous semiconductor model. Further band models were suggested based on temperature-

dependent conductivity, optical absorption, and photoconductivity measurements [33, 183].

The optical band gaps determined varied from 1.4 to 3.4 eV. Important contributions came

from Jastrzebska et al. [35, 71, 184–186]. They reported the thermoelectric effect for eu-

melanin suggesting p-type conduction and that eumelanin is able to retain its polarization

state [184]. In a later study, they reported the hydration dependence of the conductivity
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of eumelanin pellets ranging from 10−13 S cm−1 under vacuum to 10−5 S cm−1 at a fully

hydrated state [71]. From the temperature dependence of the conductivity, they deduced

an activation energy of 0.5-0.8 eV, which is in contrast to the values determined from their

thermoelectric measurements, 0.2-0.3 eV. It has to be noted that the temperature was varied

only over 50 K and that it is challenging to control temperature and sample hydration at

the same time. This is reflected in the difference of heating and cooling curves even under

vacuum conditions. Jastrzebska et al. also characterized dried eumelanin pellets by dielectric

spectroscopy [185, 186]. Polaron hopping was deduced as the main conduction mechanism

from the low-frequency dielectric response. Hopping distances of 1.5 and 3.6 nm were deter-

mined, which increased after further drying of the pellets by heating. Activation energies for

pellets of Sigma melanin and Sepia melanin under vacuum were also reported by Ligonzo et

al. [38]. Values between 0.4 and 0.9 eV were determined for Sigma melanin depending on the

temperature range and previous heat treatment, as well as an optical band gap of 1.4 eV.

Bridelli et al. investigated the polarization properties of eumelanin pellets under N2 [70].

They attributed the thermally stimulated depolarization currents to the re-orientation of

water molecules. For a quantitative agreement, they had to assume an unusually high water

content of 16 water molecules per monomer of eumelanin. As alternative interpretation, they

suggested the hopping of protons from water dissociation to neighbouring water molecules.

While most works since the 1970’s focused on electronic charge transport in eumelanin,

Gonçalves et al. reconsidered the role of protons in the electrical properties of eumelanin in

2006 [41]. Temperature-dependent conductivity measurements on eumelanin pellets under

vacuum showed the typical hysteresis due to water loss (Fig. 2.13). Infrared spectroscopy

showed an increase of the -COOH signal upon heating, which the authors interpreted as a

trapping of mobile interlayer protons by -COO− groups. At the same time the ESR signal

increased, which was explained by the comproportionation equilibrium (Fig. 2.5) and an in-

crease of the effective pH. Gonçalves et al. discussed the possibility of protons being the

dominant type of charge carrier based on the strong decrease of conductivity during dehy-

dration. However, they considered it more likely that protons modulate the density of mobile

electrons on the polymer backbone, analogous to the pH-dependent electron conduction of

polyaniline [121], since they did not observe any dependence of the DC current on time.

Important new insights came from a study published in 2012 by Mostert et al. based on

hydration-dependent conductivity, ESR, and muon spin relaxation measurements [42, 187].

Mostert et al. showed that the use of a sandwich configuration, encountered in most experi-

ments on eumelanin pellets, can lead to erroneous results in hydration-dependent conductivity

measurements due to incomplete sample hydration. Their results, obtained with coplanar

electrodes in van der Pauw configuration, are incompatible with the amorphous semiconduc-
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Figure 2.13 Temperature-dependence of the conductivity of synthetic eumelanin pellets under
vacuum using different maximum temperatures: 373 K (a), 333 K (b), and 313 K (c). An
activation energy of about 0.5 eV was deduced from the cooling curve. Reprinted with
permission from Ref. [41] (copyright © 2006 American Institute of Physics).

tor model with modified dielectric constant (equation 2.8) using the Lorentz-Lorentz relation

for κhyd (Fig. 2.14a). The authors could furthermore show that the electron spin density

as deduced from the relaxation rate of paramagnetic muons increases with hydration in a

similar way as the conductivity (Fig. 2.14b). While the intrinsic carbon-centered spin den-

sity decreased with hydration, pH-dependent ESR measurement indirectly suggested that the

semiquinone free radicals should increase with hydration according to the comproportiona-

tion equilibrium (Fig. 2.5). Thus, the authors concluded that semiquinone radicals are the

electronic charge carriers in eumelanin. This contradicts the assumption of Gonçalves et al.

that the increase of ESR signal during dehydration can be understood through the compro-

portionation equilibrium [41]. The muon hopping rate deduced from muon spin relaxation

measurements can serve as an indication for proton mobility and was found to be constant

over the hydration range studied. This was interpreted by the authors as a further indication

that the comproportionation equilibrium governs both the density of mobile protons and

electrons. They termed this phenomenon “water-induced self-doping” and suggested that it

is responsible for the hydration dependence of the conductivity. A more detailed recent ESR

study on hydrated eumelanin pellets by the same authors could only weakly support this

hypothesis (discussed in Section 2.2.3) [85]. Mostert et al. also reported a photoconductiv-
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Figure 2.14 (a) Hydration dependence of the conductivity of eumelanin pellets with electrodes
in van der Pauw configuration and best fit according the modified dielectric theory (equation
2.8). (b) Results from the muon spin relaxation experiments. λ is the relaxation rate for
paramagnetic muons (a measure for the unpaired spin density), ∆ is the relaxation rate for
diamagnetic muons (a measure for the local field experienced by free protons), and ν is the
muon hopping rate (a measure for the proton mobility). The inset shows ∆ vs hydration on
a different scale. Both measurements in (a) and (b) were conducted at room temperature.
Reprinted with permission from Ref. [42] (copyright © 2012 National Academy of Sciences).

ity measurement of a partly hydrated pellet that shows no correlation to the intrinsic spin

signal and demonstrates the long RC time often observed in electrical measurements of eume-

lanin [42]. The overall conclusion of their work is that eumelanin is a mixed ionic-electronic

conductor and that the amorphous semiconductor model cannot be applied to eumelanin [51].

It should be noted that the spectroscopic techniques used by the authors only give qualita-

tive insight on locally mobile carriers. It is not clear to which extent electrons and protons

contribute to charge conduction over several micrometers or 1 mm (typical size of pellet

samples).

Eumelanin thin films

Studies on eumelanin thin films have been reported only recently, due to the challenges

in film processing. Dezidério et al. reported the temperature dependence of the in-plane

current of DMF melanin films under vacuum. A voltage of 100 V was applied with Ag

electrodes. Results indicated an activation energy of 0.9 eV and no effect of HCl treatment

on the conductivity. Abbas et al. also investigated the temperature dependence of the in-

plane resistance of eumelanin films (Sigma melanin electrospray deposited from methanol-

DMSO suspension) under vacuum and N2 [36,129]. They observed hysteresis in the heating-
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cooling curves of the electrical resistance above 375 K due to the removal of strongly bound

water. The photoconductivity was found to be very small (10-15% increase of pA currents)

under rigorous temperature control. To reach a steady-state, the samples were pre-biased

at 50 V for 20 min before the actual measurement [36]. In a subsequent study, the authors

derived two activation energies, 0.8 and 1.3 eV, from a temperature-dependent measurement

over 180 K [129]. Current-voltage (I-V ) characteristics at room temperature showed strong

hysteresis, while hysteresis was absent at 480 K. The authors suggested electron transport

through delocalized π-states and hopping between shallow trap states to explain their results

at high and low temperature, respectively. In the works mentioned above, information on

the sample geometry is missing, so that a comparison of conductivities is not possible.

In-plane conductivities have been reported for eumelanin films in fully hydrated state:

2.5 · 10−5 S cm−1 for dopa melanin deposited from ammonia solution [49] and 7 · 10−5 S cm−1

for Sigma melanin films from DMSO solution [39]. Ohmic behavior was reported in the

former work, without specifying over which voltage range. In the latter work, which uses

thermally evaporated Au top electrodes, it was suggested that the contact resistance was

zero (channel length variation between 50 and 200 µm). Voltages up to 10 V were applied.

Ohmic behavior was also reported by Bloisi et al. for MAPLE-deposited eumelanin films

with uncontrolled partial hydration (V ≤ 50 V). It is important to note that at such high

voltages the electrical response of the samples might be dominated by water electrolysis if

the samples are sufficiently hydrated and protons are mobile.

A series of electrical measurements on vertical structures with eumelanin (Sigma melanin

spin-coated from ammonia solution) sandwiched between Au and indium tin oxide (ITO)

or doped Si has been reported by Ambrico et al. between 2010 and 2014 [44, 53, 188, 189].

Measurements were conducted under vacuum or ambient air (40-50% relative humidity) and

aimed at investigating the charge storage/memory characteristics of eumelanin thin films.

Cyclic I-V measurements between -1 V and 1 V on ITO/eumelanin/Au structures showed

symmetrical hysteresis in vacuum but asymmetric hysteresis and superlinear increase of the

current in air [53]. The loop area increased with the sweep rate and the maximum voltage.

Charge trapping was suggested as the cause of hysteresis under vacuum and electron or hole

accumulation at one of the interfaces for the hysteresis in air. Also the transient nature of

the photocurrent under vacuum was explained by charge storage. In contrast, light had no

measurable effect on the current in air. It was shown that samples switched to a low resistive

state beyond -3 to -4 V both in air and under vacuum. No “erasing” voltage was found to

reset the sample to its initial high resistive state.

For doped Si/eumelanin/Au structures, Ambrico et al. reported capacitance-voltage mea-

surements that show hysteresis with a different loop direction in air and under vacuum [44].
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The eumelanin film was modeled by a parallel RC circuit. The authors claim that water

bridges and H-bonds form a percolation path for hole and electron conduction between the

eumelanin molecules and that weakly bound water acts as a hole and electron trapping site

at the same time, when measurements are done in air. Under vacuum, both the continuous

path for electrons and holes and the water-induced trapping sites were considered absent. In

apparent contradiction, the authors argue that the drift of H+ and OH− ions from residual

water causes the observed hysteresis. It has to be noted that this interpretation is based

on capacitance-voltage measurements alone and seems to be in contradiction with what the

authors suggested in their previous study on ITO/eumelanin/Au samples. The memory be-

havior of p-Si/eumelanin/Au was investigated by further capacitance-voltage measurements

before and after the application of a writing voltage in air [188]. The capacitance-voltage

curves shifted towards negative voltage after biasing at -2.5 V (Au electrode negative). The

authors assigned this behavior to hole injection from p-Si and subsequent trapping in the eu-

melanin film. This state was retained for several days and the initial state was re-established

after more than one week. To explain the behavior under positive and negative voltages as

well as the absence of an erasing voltage, Ambrico et al. suggested that in addition to hole

injection, the drift of H+ and OH− induces a “persistent electrical polarization”.

In 2014, Ambrico et al. reported EIS measurements on planar and nanostructured p-

Si/eumelanin/Au as well as ITO/eumelanin/Au samples, measured in air (50% RH) [189].

Different equivalent circuits were used to fit the Nyquist plots of each structure (Fig. 2.15).

For the planar devices, a low-frequency capacitance Cad and a Warburg element W for car-

rier diffusion were assigned to the melanin layer. In series to these components, the authors

used parallel RC and R-CPE (CPE-constant phase element) circuits to describe the Si or

eumelanin film high-frequency impedance and charge carrier trapping at the Au/eumelanin

interface. For the nanostructured devices, a CPE-RCT element parallel to a double-layer

capacitance CDL was introduced. Such a circuit is characteristic for Au/polyelectrolyte in-

terfaces and suggests the presence of redox processes at the Au/eumelanin interface. RCT

is the corresponding charge-transfer resistance. CDL was found to be two orders of magni-

tude lower than in typical Au/polyelectrolyte interfaces (0.1 µF/cm2). The application of a

+15 V pulse to the Si side of the nanostructured device resulted in a decrease of the contri-

bution of the CPE element, assigned to detrapping of charge carriers at the Au/eumelanin

interface and the removal of the double layer capacitance. The initial value of the CPE el-

ement was partially restored after 1 h, explained by slow re-trapping of the charge carriers.

The authors also mention the possibility of a redox cycling process. Similar behavior was

found for nanostructured reference devices without eumelanin. It was shown that the charge-

transfer resistance assigned to the Au/polyelectrolyte interface was reduced by the presence
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(a) (b) 

(c) (d) 

Figure 2.15 Nyquist plots of the impedance spectroscopy results for a planar p-
Si/eumelanin/Au device (a) and for two devices with differently nanostructures p-
Si/eumelanin interfaces, (b) and (c). (d) schematically illustrates the assignments of equiva-
lent circuit elements used to fit the Nyquist plots. Reprinted with permission from Ref. [189]
(copyright © 2013 The Royal Society of Chemistry).

of eumelanin.

In summary, it is no exaggeration to say that the charge carrier transport properties of

eumelanin are poorly understood. Although charge transport in eumelanin has been studied

since the late 1960’s, the type of charge carrier (electronic vs. ionic, positive vs. negative) and

the charge transport mechanism are unclear. Charge transport parameters such as energy

gap and activation energy vary widely from one study to another and data interpretation is

sometimes contradictory. This should be partly due to the often poor control of the sample

hydration state and, in particular in the case of pellets, sample morphology. Furthermore, it

should be noted that the sample geometry, size and the applied voltage strongly differ from

one study to another. The charge carrier transport properties of strongly hydrated eumelanin

films have not been systematically investigated. Nevertheless, several works from Mostert

et al. [42, 187] and Ambrico et al. [188, 189] over the last two years contain important new

information about the potential role of protons/ions in charge transport and the origin of the

electronic charge carrier.
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CHAPTER 3

ARTICLE 1: Eumelanin thin films: solution-processing, growth, and charge

transport properties

This article has been published in the Journal of Materials Chemistry B as part of a

themed issue on Carbon Bioelectronics in 2013 1 and was submitted upon invitation. It

reports a comparison of different procedures for the solution-processing of synthetic eumelanin

thin films, an investigation of the growth and morphology of these films, and the hydration-

dependent transient electrical properties of eumelanin films. The supporting information for

this article is reprinted in Appendix A of this thesis.

3.1 Authors

Julia Wünsche,a Fabio Cicoira,b Carlos F. O. Graeff,c and Clara Santatoa

a Département de génie physique, École Polytechnique de Montréal,CP 6079, Succursale

Centre-Ville, Montréal, Québec H3C 3A7 (Canada)
b Département de génie chimique, École Polytechnique de Montréal, CP 6079, Succursale

Centre-Ville, Montréal, Québec H3C 3A7 (Canada)
c DF-FC, UNESP - Univ Estadual Paulista, Av. Eng. Luiz Edmundo Carrijo Coube 14-01,

17033-360 Bauru (Brazil)

3.2 Abstract

Eumelanin pigments show hydration-dependent conductivity, broad-band UV-vis absorp-

tion, and chelation of metal ions. Solution-processing of synthetic eumelanins opens new

possibilities for the characterization of eumelanin in thin film form and its integration into

bio-electronic devices. We investigate the effect of different synthesis routes and processing

solvents on the growth, the morphology, and the chemical composition of eumelanin thin

films using atomic force microscopy and x-ray photoelectron spectroscopy. We further char-

acterize the films by transient electrical current measurements obtained at 50%-90% relative

humidity, relevant for bioelectronic applications. We show that the use of dimethyl sulfoxide

is preferable over ammonia solution as processing solvent, yielding homogeneous films with

1. J. Wünsche, F. Cicoira, C. F. O. Graeff, and C. Santato, Journal of Materials Chemistry B, vol. 23,
pp. 3836-3842, 2013
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DHI DHICA 

Figure 3.1 Main building blocks of eumelanins: 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA).

surface roughnesses below 0.5 nm and a chemical composition in agreement with the eume-

lanin molecular structure. These eumelanin films grow in a quasi layer-by-layer mode, each

layer being composed of nanoaggregates, 1-2 nm high, 10-30 nm large. The transient electrical

measurements using a planar two-electrode device suggest that there are two contributions to

the current, electronic and ionic, the latter being increasingly dominant at higher hydration,

and point to the importance of time-dependent electrical characterization of eumelanin films.

3.3 Introduction

Melanins are biomacromolecules responsible for the pigmentation of many plants and an-

imals. The biological functions of melanins, also present in the inner ear and the substantia

nigra of the human brain, go far beyond coloration and include photoprotection, anti-oxidant

behavior, and metal chelation [27,56]. Melanins are also intensively studied for their involve-

ment in melanoma skin cancer and Parkinson desease [29,31].

Eumelanins, macromolecules mainly composed of 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) and their redox forms, are the most ubiquitous

melanins in humans and the most studied by material scientists (Fig. 3.1) [46]. Back in the

1960-70s, eumelanin in form of pressed pellets was discovered to be conductive, photocon-

ductive, and to show threshold switching [25, 33, 34]. These properties and the broadband

UV-vis absorption of eumelanin were explained mostly within the amorphous semiconductor

model [24,71]. However, this interpretation has been challenged several times, especially con-

sidering the strong hydration dependence of the electrical properties of eumelanin [43, 187].

There is now growing evidence that protons play an important role in the charge carrier trans-

port in eumelanin [41, 42, 44]. The potential for mixed ionic-electronic conduction combined

with anti-oxidant, metal chelation properties, and the intrinsic biocompatibility of eumelanin

make it an interesting candidate for organic bioelectronic applications.

Despite the recent research efforts, most fundamental properties of eumelanin such as

its molecular structure and charge transport mechanism are still poorly understood [46]. In
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particular, it is still a matter of debate whether eumelanin has an extended heteropolymeric

structure or is composed of smaller oligomers, stacked in a graphite-like manner [45, 60].

Eumelanin should furthermore be regarded as a mixture of chemically similar macromolecules

rather than a well-defined chemical entity [56, 77]. This chemical heterogeneity, the limited

solubility of eumelanin and the amorphous character of materials based thereon make its

characterization challenging [45].

Due to difficulties in the extraction and purification of natural eumelanin without alter-

ation of its molecular structure, different synthesis routes have been developed to prepare

model eumelanins [50]. Only recently, protocols for the solution processing of synthetic eu-

melanin thin films have been reported and the selection of potentially suitable solvents seems

to be restricted to dimethyl sulfoxide (DMSO) [48], dimethyl formamide, [48] and ammonia

solutions [49]. Therefore, there is an urgent need to investigate the effect of the synthesis

route and processing conditions on the growth mechanism of eumelanin thin films and their

final properties.

To explore the potential of eumelanin thin films for bioelectronics, which typically involves

operation in aqueous environment, the charge transport properties of strongly hydrated eu-

melanin films need to be well characterized and understood. This effort would represent a

first step towards the interfacing of eumelanin thin films with biologically relevant solutions.

Studies of electrical properties of eumelanin thin films reported so far have been carried

out in vacuum and ambient air (i.e. low film hydration) [36, 41, 44, 48, 130, 133] or are lim-

ited to the determination of the film conductivity at 100% relative humidity (RH) [39, 49].

Studies on (partly) hydrated eumelanin films were commonly performed at high voltages

(≤10 V) [39,130,133], which might result in undesired currents due to water electrolysis, for

example. Furthermore, Au or Ag were typically used as electrode materials in melanin thin

film devices [39,41,44,49,130]. However the use of these metals should be avoided, since they

can electrochemically react with eumelanin, as we recently demonstrated (Article 2).

In this work, we investigate the morphology and chemical composition of solution-processed

eumelanin thin films obtained with three different procedures: the auto-oxidation of L-dopa

in aqueous suspension (Dopa melanin) [80], a standard method reported in 1978; the auto-

oxidation of L-dopa in DMSO suspension (DMSO melanin) [48], which has been reported

to yield a more homogeneous product with higher solubility; the oxidation of tyrosine with

hydrogen peroxide, a product that is commercially available from Sigma Aldrich (Sigma

melanin). Eumelanins films were spin-coated from DMSO and ammonia suspensions. Atomic

force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) were employed to

identify the most promising synthesis routes and processing solvents amongst those stud-

ied here, in terms of film morphology and chemical composition. AFM characterization of
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eumelanin films of various thicknesses also permitted to identify the growth mode of the

solution-processed eumelanin films giving a simple explanation for the low surface roughness

obtained even at film thicknesses of several hundreds of nanometers and lending support for

the stacked oligomer picture of the eumelanin structure. Furthermore, we performed tran-

sient current measurements of eumelanin thin films at controlled humidity, ranging from 50%

to 90%, using Pt electrodes, upon application of electrical biases ≤ 1 V. Such measurements

supply important information on mixed ionic-electronic transport in eumelanin thin films,

where the presence of mobile ions/protons has been revealed by infrared, electron spin reso-

nance, and muon spin relaxation measurements [41,42]. Our measurements, at short and long

timescales support the hypothesis of mixed ionic-electronic conduction and give new insights

into the contribution of these two types of charge carriers at different hydration states.

3.4 Experimental

3.4.1 Sample preparation

Dopa melanin was synthesized according to the standard method reported in Ref. [80].

DMSO melanin was synthesized as described in Ref. [48]. DMSO melanin has to be stored

under inert atmosphere, since it is prone to a slow degradation in air, significantly reducing its

solubility [128]. Sigma melanin and all other chemicals were purchased from Sigma Aldrich

and used as received. The eumelanins were suspended in DMSO or ammonia solution (2:1

by volume, NH3(aq) (28%) in deionized water), stirred for 30 minutes, and filtered. Concen-

trations of 0.3, 3, 15, and 30 mg ml−1 were used to obtain films about 8, 15, 30, and 50 nm

thick by spin-coating. Film thicknesses were determined by AFM measurements on a scratch

done on the film as well as by ellipsometry, the error associated to the measurement was of

25%. The suspensions were spin-coated at 1000 rpm for 2 minutes, followed by 4000 rpm

for 30 s, on glass or thermally grown SiO2 on Si substrates (SiO2/Si). The substrates were

pre-cleaned with isopropanol and acetone in an ultrasonic bath; SiO2 substrates were also ex-

posed to UV-ozone for 15 min after wet cleaning. For electrical measurements, Pt electrodes

(30 nm thick, including a 5 nm Ti adhesion layer) were deposited onto Si/SiO2 wafers by

e-beam evaporation and patterned by photolithography (planar configuration, interelectrode

distance L = 10 µm, electrode width W = 7810 µm 2). Eumelanin films were deposited onto

these patterned substrates using the same experimental conditions as described above.

2. This value misses a factor π. The correct W is 24.5 mm.
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3.4.2 Sample characterization

AFM measurements were taken with a Dimension 3100 (Digital Instruments) with Si

probes (tip radius <10 nm, spring constant 20-100 N/m) in tapping mode. Images were

analysed with Nanoscope Analysis from Bruker. The root mean square roughness was aver-

aged over 3 images of the same sample.

XPS measurements were taken with an ESCALAB 3 MKII from VG Scienta with a Mg

Kα source. Measurements were taken on 30 nm thick films. The contribution of the SiO2

substrate was subtracted.

Electrical measurements were performed in air, in a chamber with controlled relative

humidity. The Pt electrodes were contacted with micromanipulated tungsten probes. A

software-controlled source/measure unit (Agilent B2902A) was used to apply voltage pulses

between 0.2 and 1 V to a 30 nm thick Sigma melanin film and to record the current-time

characteristics. After each pulse the voltage was set to 0 V for 1000 s to allow the sample

to equilibrate. For verification, the backward current was recorded during these phases. The

first measurement was taken at 90% RH and the humidity was then decreased in steps of 10%

for subsequent measurements. The sample was left for at least 24 h at constant humidity

to equilibrate hydration before each measurement. A different device on the same substrate

was used for each of the relative humidity states. Conductivity values were determined at an

electrical bias V = 0.6 V by calculating I(t)L/(VWd).

3.5 Results and discussion

3.5.1 Thin film processing

Figure 3.2 shows 10 µm Ö 10 µm AFM images of 30 nm thick films of Dopa melanin,

DMSO melanin, and Sigma melanin spin-coated from DMSO and NH3(aq) suspensions.

The film root mean square roughness (Rq) was only 0.3-0.4 nm for films deposited from

DMSO and 0.4-0.5 nm for films deposited from NH3(aq), with the exception of Dopa melanin,

which tended to yield films decorated with larger aggregates, especially when deposited from

NH3(aq). Except for the latter case, AFM images show that homogeneous and smooth films

can be deposited using the eumelanin-solvent combinations studied here. The morphology is

very similar for all these films, especially on a 1 µm Ö 1 µm scale (Fig. S1).

Interestingly, the similar film morphologies shown in Fig. 3.2 and S1, correspond to

distinct chemical compositions, as revealed by XPS measurements (Tab. 3.1). While Dopa

and Sigma melanin deposited from DMSO suspension have a C/N/O content approximately

within the expected range for a macromolecule consisting of DHI and DHICA, DMSO melanin

has a non-negligible concentration of S and higher C/N and O/N ratios than the other two
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Figure 3.2 10 µm × 10 µm AFM images of 30 nm thick films of different eumelanins spin-
coated from DMSO and NH3(aq) suspensions as indicated. The root mean square roughness
Rq is indicated for each film.

eumelanins. XPS data also reveal that processing eumelanin films in NH3(aq) significantly

increases the N content of the film and likely alters the molecular structure of eumelanin.

The C/N and O/N ratios are more than a factor two lower for Sigma melanin films deposited

from NH3(aq) compared to films deposited from DMSO. The use of DMSO led to a slight

increase in S content of less than 1 at%. The increase in S concentration is not necessarily

related to a modification of the eumelanin molecular structure but might reflect residues of

the low volatile solvent DMSO.

Although a complete structural picture of eumelanin synthesis products is usually ob-

scured by the heterogeneous and insoluble character of these pigments, it is well known from

numerous studies that different precursors and oxidation conditions during synthesis lead to

eumelanins differing in macromolecular structure, DHI/DHICA ratio, and the presence of

different monomers [50,59]. For example, it has been recently reported that DMSO melanin

contains –SO2CH3 groups bound to the phenolic hydroxyl groups, which is consistent with

our results [128]. The effect of the processing solvent on the chemical composition of eume-

lanin films has been poorly investigated. Our results suggest that the use of Dopa and Sigma

melanin deposited from DMSO suspensions yields preferentially films of a macromolecular
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Table 3.1 XPS results on the chemical composition (in atomic %) of eumelanin films prepared
according to different synthesis routes and deposited from DMSO and NH3(aq) suspensions.
The difference to 100% in sum is due to impurities not specified here. The atomic ratios of
the three main elements most abundantly present in eumelanin apart from H (C/N, C/O,
O/N) are also given. This permits to compare such ratios with those expected for eumelanin,
which is composed of DHI and DHICA building blocks and their redox forms.

Dopa DMSO Sigma Dopa DMSO Sigma Theoretical
melanin melanin melanin melanin melanin melanin

Solvent DMSO DMSO DMSO NH3(aq) NH3(aq) NH3(aq) DHI DHICA

C1s 67.7 69.9 66.3 60.9 68.8 62.9 - -
O1s 22.9 22.4 26.1 22.9 21 22.4 - -
N1s 9.1 5.4 6.8 15.2 8.6 14.1 - -
S2p 0.2 1.9 0.5 0.1 1.1 0.3 - -
C/N 7.4 12.9 9.8 4.0 8.0 4.4 8 9
C/O 3.0 3.1 2.5 2.7 3.3 2.8 4 2.25
O/N 2.5 4.1 3.8 1.5 2.4 1.6 2 4

material resembling the eumelanin pigment. The use of DMSO melanin or NH3(aq) can yield

smooth films, at the expense of a modified chemical composition. Because of the chemical

modifications produced by the use of NH3(aq) as processing solvent, we will not consider

films deposited from NH3(aq) suspensions any further in this work.

3.5.2 Film growth

To shed light on the growth of eumelanin thin films deposited from DMSO, spin-coated

and drop cast films of various thicknesses d were characterized by AFM. Spin-coated films

with thicknesses of 30 and 50 nm consistently had smooth, homogeneous, and granular mor-

phologies similar to those reported in Fig. 3.3 and S1. Besides that, most images on drop

cast films (d = 0.1− 1 µm) show comparably smooth surfaces (Fig. S2).

In contrast, films with a thickness of 15 nm thick and less, had a more complex surface

topography featuring flat islands at different stages of coalescence. Figure 3.4a-c shows these

islands for an 8 nm thick film of Sigma melanin. Similar morphologies were observed also for

spin-coated DMSO melanin films (d = 15 nm, 8 nm, and less, Fig. S3) and for several drop-

cast samples, including DMSO melanin (Fig. 3.4d-f) and Dopa melanin (Fig. S4). These flat

islands observed at different film thicknesses indicate a quasi layer-by-layer growth mode and

explain the low surface roughness observed for films with thicknesses of several hundreds of

nanometers.

The height of the islands, typically 1-2 nm, is consistent with the height suggested for the

fundamental nanoaggregate of eumelanin, composed of 3-6 stacked oligomers [45, 62]. High-
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Figure 3.3 1 µm × 1 µm AFM image of a 30 nm thick film of Sigma melanin spincoated
from DMSO.
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Figure 3.4 AFM images of an about 8 nm thick film of Sigma melanin spin-coated from DMSO
suspension on SiO2 ((a) and (b), z-scale 6 nm) and of drop-cast film of DMSO melanin on
glass (thickness > 100 nm), also using DMSO as a solvent ((d) and (e), z-scale 8 nm). (c)
and (f) are sections along the lines indicated in the images (b) and (e), respectively. Point A
corresponds to x = 0, B to x = 275 nm and 325 nm, respectively.
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resolution AFM images indicate that islands are made-up of disk-shaped nanoaggregates,

with a lateral extension of 10-30 nm (Fig. 3.4b; occasionally larger as for the drop cast film,

Fig. 3.4e). Nanoaggregates of such width have been observed before [49, 190] and indicate

either an edge-to-edge aggregation of the eumelanin fundamental nanoaggregate (with a

width of about 2 nm) [45, 62, 100] or oligomers with a relatively large lateral extension.

The observation of these disk-shaped nanoaggregates for films of Dopa, DMSO, and Sigma

melanin with different thicknesses suggest that they are very stable and likely already present

in the DMSO suspension (for this reason we avoided the word ‘solution’ in this work). It is

possible that covalent bonds are formed between the stacked oligomers as suggested by Meng

et al. [100], which would explain their insoluble character.

Eumelanin is known to aggregate in a hierarchical way forming structures with height

and width up to several hundreds of nanometers [45, 190]. Our results suggest that DMSO

stabilizes nanoaggregates of a height of about 1-2 nm and a width of 10-30 nm, preventing

their further aggregation, and that their deposition in a quasi layer-by-layer manner allows

the growth of homogeneous films with roughness below 0.5 nm.

3.5.3 Charge transport properties

Figure 3.5a shows the electrical response of eumelanin films (Sigma melanin deposited

from DMSO) to 0.2 V - 1 V pulses 3000 s long, in air, at different relative humidity values

(RH). The first measurement was taken at high film hydration, at 90% RH and the humidity

was decreased for subsequent measurements. This procedure ensures that only the content

of the weakly bound water is varied in the film, since the strongly bound water can be

removed only by heating [46]. It thus permits to disentangle the effect of the weakly bound

water from the effect of the strongly bound water. The electrical current is dominated by a

fast decreasing transient current within the first 100-500 s, depending on sample hydration.

The fast decrease is followed by a much slower, nearly exponential decrease over several

thousands of seconds 3. Longer measurements performed at 90% RH showed that the current

decreases more and more slowly without reaching a steady state (Fig. S5). This behavior

points to several contributions to the electrical current. We attribute the initial decrease

of the current to the presence of ionic currents that are blocked at the Pt electrodes and

persist until the electrochemical potential of mobile ions is equal throughout the eumelanin

film. This interpretation is based also on previous reports on mobile protons in solid state

eumelanin [41–43]. The slowly decreasing current at longer time scales could be either due to

a slower component of the ionic current as well as to electrochemical reactions or electronic

3. The temporary increase of current visible in some of the curves is due to external noise that could not
be completely avoided.
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current. The persistence of this current even after many hours of biasing and its presence at

applied electrical biases as low as 0.2 V suggest that this current is of electronic type.

The well-known hydration dependence of eumelanin conductivity is clearly indicated in

our current measurements. Both the ionic and electronic components of the current increase

with the amount of weakly bound water. This is in agreement with the recent study of Mostert

et al. [42], which describes an increase in both mobile proton and extrinsic (semiquinone) free

radical contents with hydration. We calculated, from the electrical currents at V = 0.6 V at

0 s and after 3000 s, an apparent effective conductivity, plotted over the relative humidity to

facilitate discussion and comparison with literature (Fig. 3.5b). The initial current at 90%

RH is more than 400 times larger with respect to the initial current at 50% RH, while the

current after 3000 s is only about 20 times larger at 90% RH with respect to 50% RH.

This suggests that the ionic contribution to the electrical current is more important with

increasing sample hydration and that neglecting the time-dependence of the electrical current

in eumelanin films interfaced with ion-blocking metal electrodes can easily lead to inconsis-

tencies in DC conductivity. As a function of the time of biasing before reading the current,

the conductivity might vary up to almost two orders of magnitudes. Conductivity values re-

ported for spin-coated eumelanin films at 100% RH (2.5× 10−5 and 7× 10−5 S cm−1) [39,49]

lie between those that could be obtained at short and long timescales according to our results

when extrapolated to 100% RH 4.

It should be noted here that ionic and electronic contributions to the electrical current

cannot be considered as independent. The ionic current inevitably affects the electronic

current. On one hand, the ion accumulation close to the electrodes can facilitate electron

and hole injection from the metal electrodes in the eumelanin films [161]. On the other

hand, the electric field created by these space charges is opposed to the external electric

field and thus reduces the driving force for electronic transport within the eumelanin film.

The local concentration of mobile protons and free radicals is furthermore coupled by the

hydration-dependent comproportionation reaction [42]. However, not all radicals and protons

are necessarily mobile. Due to this complexity, further efforts using complementary experi-

mental techniques and theoretical modeling are required to quantify the relative contribution

of ionic and electronic conduction to the charge transport properties of eumelanin and to

unravel the interplay of these two types of charge carriers in eumelanin thin films.

4. The extracted conductivity might also be affected by a number of other factors such as electrochemical
reactions at the electrode-eumelanin interface, the presence of ionic impurities, and film morphology.
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Figure 3.5 (a) Transient current measurement of Sigma melanin film for 3000 s long voltage
pulses from 0.2 to 1 V at relative humidity (RH) varied between 90% and 50%. Zero voltage
was applied during the 1000 s between subsequent voltage pulses. The curves have been
smoothened to reduce spikes caused by external noise. (b) Effective conductivity derived
from the electrical current at 0.6 V at 0 s and 3000 s as a function of relative humidity.
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3.6 Conclusions

We investigated different combinations of synthesis routes and processing solvents for the

fabrication of eumelanin thin films with respect to film growth, morphology, and chemical

composition. We show that the use of Dopa or Sigma melanin deposited from DMSO is

preferential for the fabrication of smooth eumelanin thin films with a chemical composi-

tion corresponding to eumelanin macromolecules. These nanoaggregates assemble in a quasi

layer-by-layer growth mode, yielding films with surface roughness below 0.5 nm. This ob-

servation supports the stacked-oligomer model, according to which eumelanin is composed

of aggregated stacks of small oligomers rather than being an extended heteropolymer. We

also investigated the time- and hydration- dependence of electrical currents in eumelanin

thin films interfaced with Pt electrodes. Our results suggest two contributions to the elec-

trical current, both increasing with the weakly absorbed water content of the sample. These

contributions can be interpreted as ionic and electronic currents in agreement with results

observed in electron spin resonance and muon relaxation studies recently published [42]. The

ionic current became increasingly dominant at higher sample hydration. Our results represent

a contribution towards the discovery of the factors governing charge transport in eumelanin

and indicate the need for time-dependent electrical measurements. Further efforts using a

combination of different characterization techniques and modelling are ongoing to gain a

deeper understanding of charge transport in eumelanin films.
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CHAPTER 4

ARTICLE 2: In situ formation of dendrites in eumelanin thin films between

gold electrodes

This article has been published in Advanced Functional Materials in 2013 1 and was

featured on the cover of the corresponding issue. It reports the interaction of hydrated

eumelanin films with Au electrodes leading to the growth of Au-eumelanin dendrites and the

abrupt change of the electrical resistance of the sample. The supporting information for this

article is reprinted in Appendix B of this thesis.

4.1 Authors

Julia Wünsche,a Luis Cardenas,b Federico Rosei,b Fabio Cicoira,c Reynald Gauvin,d Carlos

F.O. Graeff,e Suzie Poulin,a Alessandro Pezzella,f and Clara Santatoa

a Département de génie physique, École Polytechnique de Montréal,CP 6079, Succursale

Centre-Ville, Montréal, Québec H3C 3A7 (Canada)
b INRS-EMT, Université du Quebec, 1650 Boul. Lionel Boulet, Varennes, Québec J3X 1S2

(Canada)
c Département de génie chimique, École Polytechnique de Montréal, CP 6079, Succursale

Centre-Ville, Montréal, Québec H3C 3A7 (Canada)
d Department of Mining and Materials Engineering, McGill University, 3610 rue University,

Montreal, Quebec H3A 0C5 (Canada)
e DF-FC, UNESP - Univ Estadual Paulista, Av. Eng. Luiz Edmundo Carrijo Coube 14-01,

17033-360 Bauru (Brazil)
f Department of Chemical Sciences, Univ. of Naples Federico II, Via Cintia 4, 80126 Napoli

(Italy)

4.2 Abstract

Eumelanin is a ubiquitous pigment in the human body, animals, and plants, with potential

for bioelectronic applications because of its unique set of physical and chemical properties,

1. J. Wünsche, L. Cardenas, F. Rosei, F. Cicoira, R. Gauvin, C. F. O. Graeff, S. Poulin, A. Pezzella, and
C. Santato, Advanced Functional Materials, vol. 23, no. 45, pp. 5591-5598, 2013
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Figure 4.1 a) Main building blocks of the eumelanin macromolecule: 5,6-dihydroxyindole
(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA). b) Planar structure of Au elec-
trodes and eumelanin film used in this work.

including strong UV-vis absorption, mixed ionic/electronic conduction, free radical scaveng-

ing and anti-oxidant properties. We report detailed investigations of eumelanin thin films

grown on substrates patterned with gold electrodes as a model system for device integration,

using electrical measurements, atomic force microscopy, scanning electron microscopy, fluo-

rescence microscopy, and time-of-flight secondary ion mass spectroscopy. Under prolonged

electrical biasing in humid air, we observed gold dissolution and formation of gold-eumelanin

nanoaggregates, whose assembly led to the formation of dendrites forming conductive path-

ways between the electrodes. Based on results collected with eumelanins from different

sources, we propose a mechanism for the formation of the nanoaggregates and dendrites,

taking into account the metal binding properties of eumelanin. The surprising interaction

between eumelanin and gold points to new opportunities for the fabrication of eumelanin-gold

nanostructures and biocompatible memory devices and should be taken into account in the

design of devices based on eumelanin thin films.

4.3 Introduction

Eumelanin has been the subject of intensive research in biology, biochemistry, and medicine

due to its diverse functions in the human body and its involvement in diseases such as

melanoma skin cancer and Parkinson’s disease [27, 29, 56]. In the 1960’s and 70’s, after

reports on the semiconductor-like behavior of eumelanin pellets, research on eumelanin ex-

tended to physics and materials science [22–25]. Nevertheless, the limited solubility and

chemical heterogeneity of eumelanin macromolecules, based on 5,6-dihydroxyindole (DHI)
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and 5,6-dihydroxyindole-2-carboxylic acid (DHICA, Fig. 4.1) building blocks, made its char-

acterization challenging [45, 48, 59, 101]. Recent progress in eumelanin thin film processing

has created new opportunities for the study of the fundamental and functional properties

of eumelanin and its integration into thin film devices [36, 48, 49, 55, 130]. Eumelanin is of

potential interest for organic bioelectronic applications due to their metal chelation prop-

erties [94], mixed ionic/electronic conduction [42], broad band UV-vis absorption [57], free

radical scavenging properties [191], and their intrinsic biocompatibility [39].

A number of studies have been reported on the preparation and functionalization of

coatings based on eumelanin for applications in catalysis, cell imaging, and nerve tissue

engineering [39, 40, 55, 192, 193]. On the other side, only a few studies have been reported

on the chemical and physical properties of eumelanin thin films in device structures relevant

to bioelectronics. In particular, eumelanin-Au nanoparticle hybrid films have been prepared

on electrode surfaces for biosensing [194,195]. A piezoelectric sensor has been functionalized

with eumelanin for metal ion sensing [196]. Ambrico et al. studied the memory-like behavior

of eumelanin films sandwiched between Au and doped silicon/indium tin oxide [44, 53, 188].

To assess the potential of eumelanin for applications in bioelectronic devices, the properties of

eumelanin thin films interfaced with device components, such as metal electrodes, in presence

of water and ionic species need to be further explored.

Here we report on the interaction of hydrated eumelanin thin films with gold electrodes

in a planar configuration. This geometry represents the first step towards transistor-based

sensing devices [15,46]. We observed the in situ formation of Au-eumelanin dendrites, leading

to a resistive change in the eumelanin film, and characterized their morphological, chemical,

and electrical properties. Our results suggest an active role of eumelanin in Au dissolution

and formation of dendrites, based on its metal-binding phenolic hydroxyl groups. The dis-

covery of the interaction between eumelanin and Au in a thin film device structure opens

new avenues for the fabrication of Au-eumelanin nanostructures and biocompatible memory

devices [197] and emphasize how crucial is the choice of the electrode material in eumelanin-

based electronic devices.

4.4 Results

4.4.1 Formation of Au-eumelanin nanoaggregates and dendrites: morphological

and photoluminescent properties

Eumelanin films were deposited from dimethyl sulfoxide (DMSO) suspensions onto SiO2

substrates pre-patterned with gold electrodes (Fig. 4.1). Upon application of 1 V bias between

the metal electrodes in air with 90% relative humidity at room temperature, atomic force
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Figure 4.2 AFM images of eumelanin thin films between Au electrodes (L = 6 µm) a)
before electrical biasing and b–d) after biasing at 1 V for increasing times. Numbers in (c)
mark the distinct features of the growth of the nanostructures: (1) Decomposition of the
positively biased Au electrode, (2) NAs moving towards the negatively biased electrode, and
(3) dendrite growth. e) AFM height and phase image of dendrite structures. f) Height profile
for the sections in (a) (green) and (c) (red).
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microscopy (AFM) revealed the formation of nanostructures within the interelectrode region

on the timescale of minutes to hours (Fig. 4.2a-f). Initially, nanoaggregates (NAs) formed

in proximity of the positively biased electrode (Fig. 4.2b). These NAs are made up of Au

and most likely also eumelanin, as will be shown below. Prolonged biasing, for a few more

minutes, caused the NAs to move towards the negatively biased electrode (Fig. 4.2c). A

comparison of the film cross section before (Fig. 4.2a) and after (Fig. 4.2c) biasing reveals

a depression at the edge of the positive electrode (Fig. 4.2f). The bright line parallel to the

positively biased electrode in Fig. 4.2c is likely an agglomeration of eumelanin and Au. Its

position coincides with the initial position of the positive electrode edge. The depression

beyond this line is due to the decomposition of the Au electrode (indicated with (1) in

Fig. 4.2c). When the NAs reached the edge of the negative electrode, they nucleated and

formed dendrite-like structures (indicated with (3) in Fig. 4.2c, see also Fig. 4.2e and S1),

which are typical of diffusion-limited aggregation [198] The growth continues as long as

the bias is applied, leading to dendrites extending over the interelectrode region (from the

negative to the positive electrode) and beyond (Fig. 4.21). The profile in Fig. 4.2f reveals the

typical heights for the newly formed structures: separate NAs (indicated with (2)) were up

to several tens of nanometer-high, while dendrites (indicated with (3)) had a quite uniform

height between the electrodes of a sample, typically only 5-10 nm. This height difference

suggests that the NAs partially decomposed during dendrite formation.

Conductive AFM measurements showed that the dendrites are highly conductive and

in electrical contact with the gold electrodes (Fig. 4.3). Charges were injected from the

conductive AFM tip into the dendrites only above a certain threshold voltage, thus suggesting

the presence of a poorly conductive material on top of the conductive structures, most likely

eumelanin-based (Fig. S2). The height image in Fig. 4.3 further shows that the dendrites

grow higher and larger once they reach the positive electrode since their extension in forward

direction is blocked by the electrode.

High resolution scanning electron microscopy images (SEM) and energy-dispersive X-ray

spectroscopy (EDS) measurements on the dendrites are shown in Fig. 4.4. The EDS spectra

(Fig. 4.4e), taken at positions corresponding to those indicated in Fig. 4.4c, and the gold EDS

mapping (Fig. 4.4d and S3) clearly indicate that the dendrites have a high gold content. The

presence of carbon (originating from eumelanin and the environment), silicon (from the SiO2

substrate), and oxygen (from substrate, eumelanin, and the environment) is also observable

in the spectra (Fig. 4.4e).

In Fig. 4.4a, the horizontal bright line included in the upper circle corresponds to the

edge of the positive electrode before electrical biasing. The dark regions beyond this line

indicate that the nanostructures were formed under dissolution of gold at the electrode edge.
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Figure 4.3 AFM and corresponding conductive AFM image of the dendrite-like structures
extending from the negative to the positive electrode. The voltage applied to the AFM tip
was -10 V.

The high-resolution images (Fig. 4.4b, c), corresponding to the regions marked with circles in

Fig. 4.4, show that the dendrites initially had a porous fine structure (Fig. 4.4b) but became

more and more compact during the growth (see the dendrite trunk in Fig. 4.4c). In the initial

stage of dendrite growth, many gold-rich dendrite parts were not in direct contact with each

other but appeared like equally spaced filaments and nanoparticles (Fig. 4.4b and S4). This

suggests that the gold portion of the NAs is surrounded by eumelanin, which affects their

assembly.

Fluorescence microscopy provided us with further insight on the nature of the nanostruc-

tures formed. In contrast to eumelanin, which has an extremely low fluorescence yield [199],

and large Au particles, Au clusters can be fluorescent [200, 201]. A weak emission around

655 nm, attributable to Au clusters of about 25 atoms, was detected after biasing the eume-

lanin film (Fig. S5) [200,202]. The fluorescence signal disappeared after removing eumelanin

by exposing the sample to a 1 h-long UV-ozone treatment (Fig. S6). A possible interpretation

of this result is that eumelanin stabilizes the Au clusters and that the clusters aggregate to

form relatively large, non-fluorescent Au particles in the absence of eumelanin.

4.4.2 Resistive change in eumelanin films on Au electrodes

We carried out transient measurements of the electrical current between the Au electrodes

during the formation of nanostructures (Fig. 4.5a). The rapidly decreasing current during the

first few minutes was likely dominated by ionic currents (capacitive currents), in agreement

with recent works suggesting the presence of mobile ions (such as H+ and OH−) in eumelanin
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Figure 4.4 a) SEM images of the dendrites growing on the eumelanin film between the Au
electrodes using the backscattered electron signal (BSE). b,c): High-resolution SEM-BSE
images taken at positions similar to those marked in (a). d) Mapping of the gold distribution
based on the EDS signal. e) EDS spectra taken at positions similar to those marked in (c).
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Figure 4.5 a) Transient current measurement for a eumelanin film between Au electrodes
(L = 10 µm, W = 2 mm, applied voltage 1 V) at 90% relative humidity. The sample was left
hydrating for 24 h before biasing. b) Example for the resistive change of eumelanin films with
Au-eumelanin dendrites between states of discrete resistance (L = 6 µm, W = 4 mm, applied
voltage 1 V). c) Conductance histogram corresponding to (b). d) Voltage-step measurement
of an Au-eumelanin-Au structure (L = 6 µm, W = 4 mm). The sample was biased at 1 V
beforehand to attain the highly conductive state. The dashed lines separate the region of
linear I − V characteristics from the region of electrochemical reactions.

films [42, 44]. It was followed by a slowly decreasing current including contributions from

electrochemical reactions and, possibly, purely electronic charge transport. After several

minutes to a few hours of biasing, a sudden increase of current over 3-6 orders of magnitude

was observed. The onset of this increase corresponded to the first dendrite connecting the

two electrodes, as indicated by AFM images (Fig. S7). The shape of the current transient

after this first increase varied from sample to sample (Fig. S8). However, some features were

typical: the current initially alternates between high and low values; the further increase

occurred in discrete steps or under strong fluctuations, and the current saturated around

10−2 -10−3 mA (for an electrode geometry with L = 6 or 10 µm, W = 2 or 4 mm with a film

thickness about 30 nm, Fig. 4.5a and b, Fig. S8).

The fluctuations in the electrical current are due to the growth of an increasing number of

conductive dendrites between the electrodes and to the continuous evolution of the contact
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between the dendrite and the positive electrode, including also a possible breaking of the

contact. In some devices, the variation of the current between discrete values of conductance

(Fig. 4.5b and c) reminds of the quantized conductance of atom-sized conductors, which is well

studied for gold [203,204]. The conductance of the sample of Fig. 4.5b and c preferably varied

between multiples of G0/4, where G0 = 2e2/h = 77.48 µS, the quantum of conductance. This

could be an indication of both the atom-size of the contact between the dendrite and the

electrode and the organic-inorganic hybrid character of the eumelanin-Au dendrites (since

conductance values smaller than G0 were found) [204]. However, the current steps we observed

varied from sample to sample and were not always well defined, which should be due to the

hybrid character of the eumelanin-Au dendrites and their complex environment.

The highly conductive state was stable up to 0.55 V (Fig. 4.5d). At 0.60 V and above,

current fluctuations occurred in the current vs time plot, caused by breaking and creating

contacts between the dendrites and the electrode, likely due to electrochemical reactions

(Fig. S4b). Within the stability window from -0.5 V to 0.5 V, the samples displayed highly

linear I-V characteristics, even at a conductance below G0 (Fig. S9).

4.4.3 Effect of electrical bias, sample hydration, and processing solvent on the

formation of nanoaggregates and dendrites

We investigated the conditions that promote the formation of Au-eumelanin nanostruc-

tures between planar Au electrodes. NAs formed upon application of an electrical bias of

0.7 and 1 V, whereas 0.3 and 0.5 V were not sufficient (Fig. S10). This is in agreement with

the voltage-step measurement reported in Fig. 4.5d and suggests that the electrochemical

reactions leading to the formation of NAs set in for biases larger than 0.55 V.

The presence of water in the film was crucial for the formation of NAs. When eumelanin

was deposited from anhydrous DMSO suspensions and sample processing and electrical char-

acterization were conducted under dry nitrogen atmosphere (H2O and O2 content <0.1 ppm),

no NA formation could be observed and the eumelanin film was not conductive enough to

yield currents above noise level.

Another requirement for the formation of dendrites was the presence of traces of the low-

volatility solvent DMSO that leaves the film in a gel-like state, enhancing the mobility of

the NAs on the film surface. After solvent removal by heat treatment, NAs still formed

under electrical bias but they were confined to a small region close to the positive electrode

(Fig. S11). The dendrite growth and the highly conductive state were also reproduced with

eumelanin films deposited from dimethyl formamide (DMF) suspensions indicating that the

phenomenon is not specific to suspensions of eumelanin in DMSO (Fig. S12).
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Table 4.1 Summary of results from electrical measurements, AFM/optical microscopy, and nu-
clear activation analysis of Cl− concentration on eumelanins obtained from different sources.

Sample Resistive change Nanostructures [Cl] (mg g−1)

Sigma melanin Yes Dendrites 7.0 ± 0.3
Sepia melanin Yes Difficult to image due to 64.1 ± 2.6

film inhomogeneity
DHICA melanin No Strong accumulation at 0.28 ± 0.02

positive electrode
DHICA monomer Yes Dendrites 0.20 ± 0.02
DMSO melanin No No 0.34 ± 0.02
NaOH-treated DMSO melanin Yes Dendrites Not measured

4.4.4 Investigation of eumelanins from different sources

To investigate the mechanism of Au dissolution and dendrite formation, we tested eu-

melanins with different chemical compositions, obtained by different synthetic routes or as

natural eumelanin [59, 128]. More precisely, we investigated: commercial eumelanin (Sigma

Aldrich) obtained by the oxidation of tyrosine (from now on indicated as Sigma melanin),

used for all experiments presented above; eumelanin obtained by the non-enzymatic poly-

merization of DHICA in aqueous solution (DHICA melanin); the DHICA monomer with-

out further polymerization [205]; eumelanin obtained by the oxidation of 3,4-dihydroxy-L-

phenylalanine (dopa) in DMSO solution (DMSO melanin);[11] DMSO melanin treated with

NaOH; natural eumelanin extracted from Sepia officinalis (Sepia melanin) [128]. The re-

sults are summarized in Tab. 4.1 and described in detail in the Supplementary Information

(Fig. S13-S17). In particular, we quantified the Cl− concentration in the different eume-

lanins by nuclear activation analysis (NAA, Table 1), because halides, especially Cl−, are

known to enable the electrochemical oxidation and dissolution of Au [206–208]. Br− and I−

concentrations were negligible compared to Cl− and are therefore not listed.

Sigma melanin and Sepia melanin both led to sudden resistive change, although it was

difficult to image the dendrites for Sepia melanin, due to a very inhomogeneous substrate

coverage. Sepia melanin had the highest Cl−, amongst the eumelanins investigated, followed

by Sigma melanin, whereas all other eumelanins had much lower Cl− concentrations.

DHICA melanin clearly interacted with the Au electrodes under electrical bias, as evi-

dent from the strong accumulation at the positive electrode (Fig. S14). However, no NAs

or dendrites were formed, possibly related to a high degree of polymerization and limited

substrate coverage. Therefore, we also prepared films directly from the DHICA monomer,

which was easier to process. In this case, we observed dendrite formation and resistive change

(Fig. S15).
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Films of DMSO melanin, having a slightly higher Cl− content than the DHICA monomer

and DHICA melanin, did not seems to react with the Au electrodes or yield any other signif-

icant change under electrical bias (Fig. S16). As recently discovered, DMSO melanin differs

in molecular structure from Sigma and DHICA melanin by the incorporation of sulfonate

groups –SO2CH3, primarily binding to the phenolic hydroxyl groups [128]. The latter are

known to be metal chelation sites of eumelanin [94,209]. Only after removal of the sulfonate

groups by treatment with NaOH [128], DMSO melanin also led to dendrite formation and

resistive changes (Fig. S17). This result is a strong indication for the active participation of

the eumelanin metal binding sites, particularly phenolic hydroxyl groups, in the process of

Au dissolution and the subsequent formation of nanostructures.

To gain further insight into the chemical properties of the eumelanin-Au interface, Time-

of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) measurements were conducted on

selected eumelanin-Au samples after electrical biasing. Dendrites could be located only if

they were exceptionally large (about 100 nm in height and 1 µm in width) as in the sample

of Sigma melanin in Fig. S18. In this case, ToF-SIMS indicated the presence of Cl− in the

dendrite region. A preliminary analysis of the high-mass region of the ToF-SIMS revealed the

presence of a number of ionic complexes of the type [(M-Hv)x-AuyClz]
−−/−/+/++ (M=DHI

monomer, v = 0, 2, x = 1, 2, 3, y = 1, 2, z = 0, 1). A chemometric analysis of the ToF-SIMS

spectra is underway to get more insights into complex formation between eumelanin, Au, and

Cl−.

4.5 Discussion

AFM and SEM images show that the positively biased Au electrode in contact with the

hydrated eumelanin film is partially dissolved upon application of an electrical bias above

0.55 V. Details of the Au dissolution and the role of Cl−, present in all eumelanin sam-

ples, sometimes only in trace amounts, require further investigation. We hypothesize that

the Au dissolution is due to the electrochemical oxidation of Au enabled by Cl−[44] and that

eumelanin with active phenolic hydroxyl groups, which act as metal binding sites, strongly en-

hances the Au dissolution. This hypothesis is supported by the results obtained on eumelanins

with low Cl− concentrations, having different molecular structures, namely DHICA melanin,

DHICA monomer as well as untreated, and NaOH-treated DMSO melanin. The presence

of a eumelanin with active phenolic hydroxyl groups was required to obtain dendrite growth

and resistive changes at low Cl− concentrations. The eumelanin analogue polydopamine and

the eumelanin precursor dopa have been recognized as efficient binding and reducing agents

for Au cations, which was ascribed to their phenolic hydroxyl groups [195, 210, 211]. Under-
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standing the (electro-)chemical reactions leading to eumelanin-enhanced dissolution of Au is

of significant interest. Nevertheless, at present, any conclusion supported by experimental

evidence is challenged by the difficulties in locally probing the chemical compounds formed

at the positive electrode and in predicting (electro-)chemical reactions in a hydrated solid-

state environment with unknown local pH. Based on the process suggested for the halide-

catalyzed dissolution of Au in acetonitrile [207], we suggest that Cl− adsorbs on the surface

of the positively biased Au electrode and enables the electrochemical oxidation of Au by the

displacement of water and under formation of AuClx. Eumelanin binds and partly reduces

Aux+ ions from AuClx complexes mainly through its phenolic hydroxyl groups. This leads to

the release of Cl−, which subsequently can facilitate the electrochemical oxidation of further

Au atoms. Cl− could thus have a purely catalytic role, when present at low concentrations.

Polydopamine and dopa have been exploited as reducing agents for the formation of Au

nanoparticles in HAuCl4 solution [195, 210, 211]. Along this line of thought, eumelanin can

be expected to promote the formation of Au nanoparticles in our case. The NAs we observed

are likely to contain Au cluster and/or nanoparticles, which is supported by fluorescence

measurements .

The migration of NAs to the negative electrode indicates their residual positive charge.

The drift and the residual charge of the NAs prevent their assembly to larger structures

before arrival at the negative electrode. Once in contact with the negative electrode (directly

or via dendrite), the NAs are electrochemically reduced, which is likely to break up some

of the eumelanin-Au complexes. The NAs nucleate at the negative electrode and dendrites

start to grow from the negative towards the positive electrode. This direction of growth is in

agreement with the working principle of electrochemical metallization cells [197]. SEM images

suggest that eumelanin is an integral part of the initial dendrite structure but that the Au

parts of the dendrites become more and more connected as the growth continues. Eumelanin

has been reported to chemisorb on negatively biased Au surfaces, permitting efficient charge

transfer [90,194], which favors the charge transport along the Au-eumelanin dendrites.

The conductive path created by the dendrites and their continuously evolving contact with

the positive electrode lead to sudden changes in conductance, similar to resistive switching

memory devices based on electrochemical metallization [197]. Such devices are composed

of a solid electrolyte layer, as well as one electrochemically active, where faradic processes

take place, and one inert metal counter electrode. By reversing the bias, the devices can be

switched between the on- and off-state. Due to its chemical properties, Au is usually used

as the inert electrode [197]. In this work, Au forms the electrochemically active and counter

electrodes and eumelanin the solid electrolyte, playing an active role in the Au dissolution.

We suggest that, in principle, biocompatible eumelanin-Au based memory devices could be
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built by exchanging the counter Au electrode for a conductive material that is non-reactive

with eumelanin.

Our findings on the interaction of Au, eumelanin, and Cl− shed light on previously re-

ported results about the electrical properties of eumelanin films in presence of Au elec-

trodes. Ambrico et al. reported memory switching in vertical Au/eumelanin/p-Si and

Au/eumelanin/indium tin oxide structures, claiming the absence of metallic nanoclusters

in the eumelanin film without however reporting experimental evidence [44, 53, 188]. Au

electrodes were also used in several other works to characterize the conductivity of hydrated

eumelanins [39,42,187]. In particular, Bettinger et al. reported negligible contact resistance

for hydrated films of Sigma melanin with Au electrodes [39]. Our results suggest that elec-

trode materials alternative to Au, such as Pt, graphene, carbon nanotubes, or conductive

polymers, should be considered to study the intrinsic properties of eumelanin.

4.6 Conclusions

We showed that hydrated eumelanin films between Au electrodes under electrical bias

lead to the formation of Au-eumelanin NAs and dendrites in the interelectrode region. This

phenomenon was observed with eumelanins from different sources, as long as they have active

phenolic hydroxyl groups. We suggest that the dissolution of the Au electrode is enabled by

low amounts of Cl−, present in eumelanins, and that the reducing and metal binding ability

of eumelanin is responsible for a strong enhancement of Au dissolution and the formation of

NAs. The interaction between eumelanin and Au can potentially be exploited for the in situ

formation of Au-eumelanin nanostructures and biocompatible resistive switching memory

devices. Moreover, the interaction between Au and eumelanin has to be taken into account

for the design of bioelectronic devices based on eumelanin thin films.

4.7 Experimental

4.7.1 Materials and sample preparation

Synthetic eumelanin (Sigma Aldrich, Sigma melanin) was dissolved in dimethyl sulfoxide

(DMSO, Sigma Aldrich, purity >99.9%) to yield a 15 mg ml−1 suspension, unless otherwise

stated. The suspension was stirred for 30 min and filtered. The substrates were silicon

wafers with 200 nm thermal SiO2 and 30-nm-thick Au electrodes on a 4-nm-thick adhesion

layer of Cr, deposited by e-beam evaporation and patterned by photolithography. Before

film deposition, substrates were cleaned in an ultrasonic bath with acetone, isopropanol, and

de-ionized water, followed by 20 min UV-ozone treatment. Eumelanin suspension is spin-
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coated onto the substrate at 1000 rpm for 2 min followed by 4000 rpm for 30 s. For a control

experiment, dimethylformamide (Caledon Laboratories, purity >99.8%) was used instead of

DMSO. DHICA was synthesized according to the procedure reported in Ref. [205]. For non-

enzymatic polymerization, DHICA was dissolved in distilled water (12.5 mM). Oxygen was

bubbled through the solution for 20 min, followed by exposure to ammonia vapors for further

20 min. Finally, the solution was kept under stirring for another 4 h in air. The DHICA

polymer was extracted by lyophilization. DMSO melanin was synthesized and part of it was

treated with NaOH according to the procedures described in Ref. [128]. Sepia melanin was

purchased from Sigma Aldrich. The DHICA monomer, DHICA melanin, Sepia, and DMSO

melanin were dissolved in DMSO (15 mg ml−1) and spin-coated on the same substrates

and with the same parameters as Sigma melanin. DMSO melanin treated with NaOH was

deposited by drop casting due to its limited solubility in DMSO.

4.7.2 Sample characterization

Current transients and current-voltage curves were measured with a semiconductor pa-

rameter analyzer (Agilent B1500A) or software-controlled source/measure unit (Agilent B2902A).

Measurements were taken in air with a controlled humidity of 90% after at least 1 h time to

hydrate the eumelanin film, unless otherwise stated. W or Pt probes were used to contact the

Au electrodes. AFM measurements were taken with a Dimension 3100 (Digital Instruments)

with Si probes (tip radius <10 nm, spring constant 20-100 N m−1) in Tapping mode. Images

were analysed with Nanoscope Analysis from Bruker. For conductive AFM measurements, a

Pt cantilever (constant force <6 nN) was used. A voltage of -10 V was applied between the

tip and the Au electrodes on the sample.

SEM measurements were conducted with a Hitachi SU – 8000 cold field emission scanning

electron microscope combined with a silicon drift detector provided by Oxford Instruments

for EDS. Imaging was performed at 5 keV with a through the lens (TTL) backscattered

electron (BSE) detector. Most images were taken in BSE mode, since the BSE signal is

more sensitive to the chemical composition of the sample than the secondary electron signal.

Photoluminescence spectra and images were obtained with a hyperspectral imaging system

(PARISS, LightForm Inc), using the (550±10) nm emission of a X-Cite Series 120 short arc

lamp. ToF-SIMS measurements were conducted with an ION-TOF SIMS IV using a Bi1

source at 15 kV and 0.7 pA for spectral measurements and a Bi+3 + source at 25 kV and

0.013 pA for imaging (both with 200 µs cycle time). The primary ion dose was limited

to 1Ö1013 ions cm−2. Spectra were recorded in Bunch mode using a 19.9 ns primary ion

pulse to provide a mass resolution (m/δm) >8000 on 29Si. Images were recorded in Burst

mode, in which the lens magnification is set to zero to provide both high lateral resolution



64

of <300 nm and high mass resolution >5000 simultaneously. Nuclear activation analysis was

performed with a SLOWPOKE nuclear reactor (Atomic Energy of Canada Limited) and a

Ge semiconductor gamma-ray detector (Ortec, GEM55185). The samples were irradiated for

600 s at a thermal neutron flux of 5.4Ö1011 cm−2s−1. Gamma rays were detected after 120 s

for 600 s at a distance of 35 mm.
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CHAPTER 5

ARTICLE 3: Proton conduction and transient nature of electronic currents in

hydrated eumelanin thin films

This manuscript, which has recently been submitted, reports the investigation of the elec-

trical response of hydrated eumelanin thin films, revealing the strong contribution of protonic

currents and electrochemical processes. Furthermore, an investigation of the chemical compo-

sition of Sigma melanin is included. The supporting information for this article is reprinted

in Appendix C of this thesis.
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5.2 Abstract

The electrical properties of eumelanin, a ubiquitous natural pigment, have fascinated sci-

entists since the late 1960’s. For several decades, the hydration-dependent electrical proper-

ties of eumelanin have mainly been interpreted within the amorphous semiconductor model.

Recent works undermined this paradigma. Here we study protonic and electronic charge

carrier transport in hydrated eumelanin in thin film form. Thin films are ideal candidates
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for these studies since they are readily accessible to chemical and morphological character-

ization and potentially amenable to device applications. Current-voltage (I-V ) measure-

ments, transient current measurements with proton-transparent electrodes, and electrochem-

ical impedance spectroscopy (EIS) measurements are reported and correlated with the results

of the chemical characterization of the films, performed by X-ray photoelectron spectroscopy.

We show that the electrical response of hydrated eumelanin films is dominated by proton

conduction (10−4 S cm−1) and electrochemical processes. To propose an explanation for the

electrical response of hydrated eumelanin films as observed by EIS and I-V , we considered the

interplay of proton migration, redox processes, ad electronic transport. These new insights

improve the current understanding of the charge carrier transport properties of eumelanin

opening the possibility to assess the potential of eumelanin for organic bioelectronic appli-

cations, e.g. protonic devices and implantable electrodes, and to advance the knowledge on

the functions of eumelanin in biological systems.

5.3 Introduction

Eumelanin is the most common form of the pigment melanin in the human body, with

diverse functions including photoprotection, anti-oxidant behavior, metal chelation, and free

radical scavenging [27]. Melanin also plays a role in melanoma skin cancer and Parkinson’s

disease [29,31]. Recently, biologically derived batteries and chemical sensors based on eume-

lanins have been reported [37, 52, 54]. Polydopamine, a melanin-like synthetic polymer, is a

versatile platform for biofunctional coatings [55].

Eumelanin is a heterogeneous macromolecule arising in part from the polymerization

of L-dopa via 5,6-dihydroxyindole (DHI) [47]. It is composed of oligomeric and/or poly-

meric species of DHI, 5,6-dihydroxyindole-2-carboxylic acid (DHICA), and their various re-

dox forms, namely the ortho-hydroquinone (H2Q), semiquinone (SQ), and (indole)quinone

(Q) forms, as well as the tautomer of Q, quinone imine (QI) (Fig. 5.1) [47, 57, 58]. From

the structural point of view, eumelanins feature significant similarities with polyindole con-

ducting polymers [212,213]. Macro- and supra-molecular structures of eumelanin depend on

the (bio)-synthetic conditions [50]. Several studies indicate the formation of planar oligomer

sheets, which stack via π − π interaction and form disk-like aggregates [63,214].

The electrical properties of eumelanin, characterized by a thermally activated, strongly

hydration-dependent conductivity and weak photoconductivity, have fascinated scientists

since the late 1960’s [34, 43, 179]. Electronic band structures in analogy to inorganic semi-

conductors were suggested based on the strong broad-band UV-vis absorption and the π-

conjugated molecular structure [23,183]. After the observation of a reversible resistive switch-
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Figure 5.1 Redox forms of the final monomer precursors of eumelanin (5,6-dihydroxyindole
(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)). Hydroquinone (H2Q),
semiquinone (SQ), and quinone (Q) forms. The quinone imine form (QI) is the tautomer of
Q [58,90]. Reversibility of the redox processes is indicated assuming that no other reactions
occur after oxidation/reduction.

ing in eumelanin pellets reported by McGinness et al. in 1974 [25], electrical measurements

on pellets [38, 41, 186] and thin films [36, 44] have been interpreted within the amorphous

semiconductor model. Within this model, the strong hydration dependence of the conduc-

tivity [71] has been explained by the increase of the dielectric constant in presence of water,

in turn decreasing the activation energy for charge carrier hopping [179]. Several reports on

eumelanin pellets or thin films also show evidence of mobile protons [41,43,44,70]. However,

apart from the early work of Powell and Rosenberg based on a coulometric measurement [43],

none of these reports assigned a dominant role to protons in charge transport. Recently,

Mostert et al. demonstrated that the amorphous semiconductor model cannot properly de-

scribe the hydration-dependent conductivity of eumelanin pellets [187]. The same authors

probed the presence of locally mobile protons and extrinsic free radicals by muon spin relax-

ation and electron spin resonance measurements and concluded that eumelanin is a hybrid

ionic-electronic conductor [42].

It is now of paramount importance to establish to which extent protons and electrons

contribute to the electrical response of hydrated eumelanin in view of possible applications

of eumelanin in bioelectronics, e.g., protonic devices and implantable electrodes. Thin films

are ideal candidates for these investigations since they are readily accessible to chemical

and morphological characterization and potentially amenable to device applications. We

recently investigated the growth and the hydration-dependent conductivity of eumelanin

thin films [215], and the their interaction with Au electrodes [216].

In this work, we study ionic and electronic transport in strongly hydrated eumelanin thin

films. Current-voltage (I-V ) measurements, transient current measurements with proton-

transparent electrodes, and electrochemical impedance spectroscopy (EIS) are reported and

correlated with the chemical composition of the eumelanin thin films, investigated by X-ray
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Figure 5.2 Transient current measurements of a eumelanin film (d = 50 nm) with Pd elec-
trodes (L = 9 µm, W = 20 µm) at 60, 70, and 80 % RH, under proton- and electron-injecting
(with H2) vs electron-injecting (no H2) conditions. The applied bias is 0.5 V.

photoelectron spectroscopy (XPS).

5.4 Results and discussion

5.4.1 Measurement of proton current using PdHx electrodes

To establish to which extent protons contribute to the electrical current in hydrated

eumelanin thin films, we investigated proton transport by transient current measurements

with Pd electrodes in a planar two-electrode configuration at 60-80% RH (Fig. 5.2). In the

pristine state, Pd injects only electrons. When exposed to H2, Pd forms PdHx, which can

also inject and extract protons, into and from the material under investigation [21,124,178].

For every proton injected in the material, an electron is collected by the leads that complete

the circuit. Therefore, PdHx contacts are able to measure both the electronic and protonic

contribution to the current in eumelanin films. The steady-state current in eumelanin films

is higher with PdHx contacts. The largest difference is found at 80% RH, indicating that the

protonic component of the current increases with sample hydration, 1 as expected for most

proton-conducting biomolecular materials [21, 124]. The transient component also contains

contributions from dielectric polarization and possibly double layer charging by ions other

than protons (Fig. S1).

1. Thicker films of eumelanin show an enhancement of the steady-state current of up to a factor of 10
with PdHx contacts and a very pronounced hydration dependence (Fig. S1)
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5.4.2 Chemical characterization by XPS: Proton donor sites

To gain insight into the molecular structure and the nature of proton donor sites of our

eumelanin samples, we performed a XPS survey. The chemical composition of eumelanin de-

pends on its (bio-) synthetic origin and can also be affected by thin film processing [47,215].

The commercial synthetic eumelanin (Sigma melanin) used in this study is synthesized by

oxidation of tyrosine. The standard oxidative path leads via L-dopa to DHI and DHICA,

which subsequently polymerize to eumelanin (Fig. S2). Pyrrolic acids can form due to ox-

idative degradation. We analyzed the elemental composition and the C1s, N1s, and O1s

peaks regarding the relative contribution of the various precursor units to the eumelanin

macromolecule (Fig. S3 and Tab. S1-S3). The N1s peak suggests that a rather large por-

tion of the units, 37%, is uncyclized. The elemental ratio [C]/[N]=8.8 and the portion of C

bound in -COOH moieties (8.5%), indicate a low content of pyrrolic acids. Indeed, combining

these three numbers yields a composition of 22% DHI units, 41% DHICA units (both can

be present in H2Q, SQ, or Q form), 37% of L-dopa or tyrosine, and the absence of pyrrolic

acids. Several impurities (F, Fe, S, Cl) were also detected in the wide scan survey. Although

XPS alone does not permit to draw a complete picture of the chemical composition of Sigma

melanin, it reveals the presence of about 0.8 -COOH moieties per monomer unit and a rel-

atively high content of uncyclized units in the eumelanin films. Based on the XPS results,

the -COOH group (pKa 4.2 [92]) should be the dominant source of protons in the eumelanin

films. Further proton donors in eumelanin include the amine group of the tautomer QI (pKa

6.3 [86]) and the hydroxyl group of SQ. However, only about one out of 1500 indole units is

in SQ form at neutral pH [86]. 2

5.4.3 Exploring electronic transport by EIS and I-V measurements

EIS was performed on eumelanin thin films at 90% RH with Pt electrodes in two electrode

configuration (Fig. 5.3). At zero bias, the Nyquist plot, showing the impedance Z of the

sample on the complex plane, consists of a semicircle at high frequencies (Fig. 5.3a) and a

low-frequency tail indicating ion and electron blocking electrodes (Fig. 5.3b). This behavior

is typical of electrolytes sandwiched between metal electrodes with the semicircle usually

assigned to the ionic resistance in parallel to the geometric capacitance [164]. 3 From the

diameter of the semicircle, we extracted an ionic conductivity in the range of 2 · 10−5 to

2. It should be noted that the pKa given above have been determined in aqueous suspensions. In solid
state, both pKa and pH are unknown. Therefore, an estimation of the proton concentration from pKa values
is impossible at this stage [42]

3. The deviation from a vertical line at low frequencies is a general observation for solid elec-
trolyte/electrode interfaces and reflects the non-ideal properties of the blocking interface, associated with
interface roughness and ion diffusion, among others [217]
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Figure 5.3 Nyquist plots of the EIS measurement on a eumelanin film at 90% RH, applying a
bias between 0 and 0.8 V (L = 10 µm, W = 24.5 mm, d = 50 nm). (a) High-frequency range.
The inset illustrates the sample geometry. (b) Entire frequency range (10−2 − 106 Hz).

6 · 10−4 S cm−1. XPS measurements showed the presence of impurities, including some that

might be present in the films in the form of mobile ions. These ions could contribute to ionic

currents and the capacitive response of the eumelanin films at |V | < 0.2 V. However, due to

the high diffusion coefficient of protons in hydrated systems as compared to other ions and

the high density of potential proton donor sites, we expect that protons dominate the ionic

currents in hydrated eumelanin films. Hence, the ionic conductivity as determined by EIS is a

good estimate of the proton conductivity at 90% RH. The values are slightly higher than the

DC conductivity (not attributed to a specific charge carrier) of strongly hydrated eumelanin

films reported in literature [39, 49]. The blocking behavior of the electrodes dominates up

to a bias of 0.2 V: the sample responds to the AC voltage by charging and discharging the

double layer.

With increasing bias, the onset of a second semicircle can be recognized at low frequen-

cies (Fig. 5.3a and b). The diameter of this semicircle decreases when the bias is increased.

This is typical of electrodes loosing their electron blocking behavior. The second semicircle

depends on the in-plane electrode area A (inset of Fig. 5.3). It is smaller with respect to

the first semicircle for samples with a larger ratio A/W (Fig. S4), suggesting that it arises

from an interface rather than a bulk phenomenon. In the study of mixed conductors, the

appearance of a second semicircle in the low-frequency region of the Nyquist plot and the si-

multaneous absence of a capacitive low-frequency tail, in absence of electrochemical reactions,

is usually taken as evidence of electronic conduction in parallel to ionic conduction [164,165].
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Nevertheless, a number of charge transfer processes at the electrodes can cause a similar

low-frequency behavior, in absence of electronic conduction in the bulk. The dependence

of the low-frequency semicircle on the applied bias and in-plane electrode area indicates its

electrochemical origin.

The conclusions drawn from EIS measurements are supported by the I-V characteristics

of hydrated eumelanin thin films measured with the same electrode configuration at different

voltage sweep rates (Fig. 5.4a). Currents at |V | < 0.2 V are primarily of capacitive origin,

as deduced from the weak dependence on voltage and the quasi-linear dependence on sweep

rate (Fig. S5). A linear fit of the rate-dependence according to I = C dV
dt

yields a capacitance

C of about 10−7 F (Fig. S5). This corresponds well to typical values of the double-layer

capacitance at electrode/electrolyte interfaces (10−5 F cm−2), when taking into account not

only the film cross section (W · d), but also the in-plane electrode area (A = 0.8 mm2) [218].

The capacitive currents are orders of magnitude higher than what is expected from dielectric

polarization and are thus an indication of ionic currents in hydrated eumelanin films.

At |V | > 0.2 V, currents show a quasi-exponential dependence on V , suggesting a non-

capacitive behavior. Figure 5.4b shows the positive branches of the first five I-V cycles at

the slowest sweep rate, 0.5 mV s−1. The current decreases with each cycle and shows a broad

shoulder above 0.4 V. From an electrochemical perspective, the I-V characteristics suggest

the presence of irreversible redox processes at the Pt/eumelanin interfaces. The decrease of

the current with each cycle is attributable to the depletion of redox species or the formation

of an insulating layer at the electrode interfaces. To further investigate the importance of

electrochemical reactions as compared to ionic and electronic conduction in the bulk, we

investigated the scaling of the current with interelectrode distance L, film thickness d, and

in-plane electrode area A (Fig. S6-S8). While conduction in the bulk should scale with the

film cross section (W · d) and increase with L−1, electrochemical reactions should be more

sensitive to the interface area, and thus A. Our results suggest that both transport in the

bulk and processes at the electrodes determine the electrical response of the films.

To shed light on possible redox processes, cyclic voltammetry (CV) measurements were

conducted on films of Sigma melanin. An intense oxidation peak, located at about 0.5 V

vs SCE, is observed (Fig. S9). This peak has an irreversible character. CV measurements

were also carried out on films with a more controlled chemical composition, using eumelanins

obtained by the polymerization of DHI and DHICA (DHI melanin and DHICA melanin).

Analogously to the case of Sigma melanin, an irreversible oxidation peak is observed during

the first cycle (Fig. S9) [89, 219]. The irreversibility of the oxidation peak likely originates

from the covalent coupling (intramolecular reticulation) of the intermediate species formed

at the positive electrode. Indeed, radicals and Q species formed by the oxidation of DHI
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Figure 5.4 Current-voltage characteristics of a eumelanin film (d = 50 nm) at 90% RH,
measured with coplanar Pt electrodes (L = 10 µm, W = 24.5 mm). (a) Voltage sweep rate
dependence of the first cycle. (b) First five cycles of the 0.5 mV s−1 measurements for positive
voltages.

moieties are reactive and may undergo coupling processes with other radicals and nucleophilic

counterparts [214, 220, 221]. The decrease of the current density with each CV cycle can be

interpreted at least in a twofold manner: polymerizing species are depleted under prolonged

biasing and/or the reaction products have limited electronic conductivity. We did not observe

any reversible redox activity, a prerequisite for efficent electronic conduction.

5.4.4 Discussion on the interplay of proton migration, redox processes, and

electronic transport

To propose an explanation for the electrical response of hydrated eumelanin films as

observed by EIS and I-V , we consider the interplay of proton migration, redox processes,

and electronic transport. Before biasing, the hydrated eumelanin film contains eumelanin

building blocks DHI and DHICA in different redox states (H2Q, SQ, Q, and QI tautomer,

Fig. 5.1) as well as protons originating from -COOH, QI, and SQ moieties, homogeneously
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distributed within the film (Fig. 5.5a). -COOH groups, not explicitly shown in Fig. 5.5, leave

quasi immobile negative moieties when deprotonated. It has recently been proposed that the

electronic charge carrier in eumelanin originates from the SQ free radical [42]. The density

of SQ moieties is determined by the comproportionation equilibrium [42],

H2Q + Q + 2H2O ⇀↽ 2 H3O+ + 2 SQ−. (5.1)

We first consider the case of low bias (|V | < 0.2 V), where currents are largely capacitive.

Protons migrate under the influence of the external electric field and accumulate close to

the negative electrode, creating a pH gradient across the film (Fig. 5.5b). The electric field

within the bulk is significantly reduced due to formation of space charges. The change in local

pH affects protonation and the comproportionation equilibrium. In aqueous suspensions of

eumelanin, the SQ− concentration increases up to a factor of 7 between pH 7 and 11 [85,86].

An increase in SQ− with pH has also been observed for hydrated pellets [85]. Thus, the

density of SQ− is expected to be higher at the positive than the negative electrode.

At higher bias (|V | > 0.2 V), electron transfer processes take place at the electrodes

(Fig. 5.5c). The low pH at the negative electrode should favor the reduction of Q and SQ

moieties (Fig. 5.1) [88]. The reduction of Q to SQ− would correspond to the injection of an

electron capable to contribute to electronic conduction [42]. Several processes might hinder

the efficient injection. If two SQ− are formed in close proximity, they might recombine

by disproportionation to H2Q and Q, assisted by the presence of protons (Equation 5.1)

or undergo free-radical coupling [222]. In addition, SQ− might be further reduced to H2Q

incorporating H+. Species such as H+ and O2 could also be reduced.

At the positive electrode, the extraction of a mobile electron corresponds to the oxidation

of SQ− to Q, a process that could extend into the bulk of the film. However, tautomer

formation from Q to QI followed by deprotonation of QI could limit electron transport.

Furthermore, H2Q could be oxidized to Q in a two-electron process with release of two H+

that subsequently migrate toward the negative electrode. Irreversible processes as those

discussed for CV measurements are also expected to take place.

In this picture, under sufficiently high electrical bias, an increasing number of DHI and

DHICA moieties get fully reduced at the negative electrode and fully oxidized at the positive

electrode. At least two processes might lead to the continuous decrease of the electronic

current in eumelanin: the formation of H2Q at the negative electrode and QI− at the positive

electrode. Both reduce the number of potential hopping sites for electrons. For a certain time,

a non-capacitive current can flow even in absence of a continuous electron path between the

two electrodes, the electric circuit being closed by proton migration.
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Figure 5.5 Illustration of the most important concepts of the model proposed for the electrical
response of hydrated eumelanin films between co-planar Pt electrodes. (a) Composition of
the eumelanin film before biasing including the various redox forms of DHI and DHICA
(H2Q, SQ, Q, QI tautomer). (b) Under electrical bias, proton migration affects protonation
and the comproportionation equilibrium (Eq. 5.1). (c) Possible electron transfer reactions at
higher bias include the oxidation (brighter background) and reduction of eumelanin (darker
background) according to Fig. 5.1. Moieties that changed their redox state are marked in
green. While H2Q might form an insulating layer at the negative electrode, Q provides a
transport path for the electronic charge carriers.
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5.5 Conclusion

In conclusion, we show that eumelanin films are proton conductive over micrometric dis-

tances and that the contribution of protons to the electrical current strongly increases with

hydration, reaching about 10−4 S cm−1 at 90% RH. Our results point to the importance of

electrochemical reactions in the electrical response of hydrated eumelanin thin films. We

propose a qualitative model to describe how the interplay of proton migration, compropor-

tionation equilibrium, and redox processes could limit electron transport through eumelanin

films. Reversible and irreversible redox processes have to be properly recognized to improve

the understanding of electrical conduction in eumelanin. We are currently carrying out a

systematic CV survey considering different pH and electrolyte conditions.

In perspective, two approaches can be adopted to observe electronic currents in eume-

lanin films. From the structural point of view, electron transport could be enabled by the

use of eumelanin derived from DHI. It has recently been suggested that DHI-derived eume-

lanin forms planar oligomers, which assemble via π-stacking [223]. In contrast, eumelanin

derived from DHICA, while leading to superior proton donating and free radical scavenging

properties, forms non-planar structures [223]. The high content of -COOH and uncyclized

building blocks, as detected by XPS, indicate that there might be room to improve the elec-

tronic conduction by engineering the molecular structure of eumelanin. Other H-bonded

pigments, which show strong intermolecular π-stacking, have recently emerged as ambipolar

semiconductors [20,151].

Furthermore, electron and hole injection might be enhanced by the use of different elec-

trode materials. The lack of well-defined highest occupied and lowest unoccupied molecular

orbital energies for eumelanin makes a rational choice of the electrode material based on

energy-level alignment difficult. In this regard, carbon nanotube electrodes, which have been

shown to enhance electron and hole injection in different organic semiconductors [224], could

help to ensure that electronic currents in eumelanin are not limited by injection.

Our results point to the need for a holistic approach, including chemical, electrochemical,

and structural contributions, to uncover the charge transport properties of eumelanin films. A

good understanding of these properties holds the potential to reveal bioelectronic applications

of eumelanin and to advance the knowledge on the functional properties of eumelanin in

biological systems.
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5.6 Experimental

5.6.1 Sample preparation

Si/SiO2 substrates with 50 nm thick co-planar Pt or Pd electrodes patterned by pho-

tolithography were wet-cleaned and UV-ozone treated. Eumelanin thin films were deposited

from a suspension of synthetic eumelanin (Sigma Aldrich) in dimethyl sulfoxide (sonicated

and filtered) by spin-coating (1 min at 1000 rpm + 30 s at 4000 rpm, 30 mg ml−1 suspen-

sion). Some thicker films were prepared by drop casting a diluted eumelanin suspension. Film

thicknesses were determined by atomic force microscopy measurements on a scratch. Films

were kept in humid air (90% relative humidity (RH)) without heating for at least 24 h before

characterization for evaporation of residual solvent and hydration. The effect of residual

DMSO and different thermal treatments on the electrical properties of the films is currently

investigated. In measurements with Pt electrodes, two different electrode geometries were

compared: an interdigitated circular design with interelectrode distance L = 10 µm, elec-

trode width W = 24.5 mm, and total in-plane electrode area A = 0.8 mm2, and a design

with a straight single channel with L = 10 µm, W = 4 mm, and A = 8 mm2 (see Fig. 5.3 for

definition of sample dimensions). DHI melanin and DHICA melanin used for CV measure-

ments were obtained from DHI and DHICA by the procedure reported in Ref. [225]. DHI

and DHICA were prepared according to Ref. [47]. Suspensions of DHI melanin and DHICA

melanin in methanol (30 mg ml−1) were spin-coated on ITO substrates using a rotation speed

gradient from 2000 rpm to 4000 rpm. For CV measurements, Sigma melanin was spin-coated

on ITO substrates as described above.

5.6.2 Sample characterization

I-V and EIS measurements were performed in a chamber with controlled RH at 90%

RH in air. This value of RH corresponds to about 14 wt% sample hydration according to

thermogravimetric analysis (Fig. S10). The Pt electodes were contacted with micromanip-

ulated tungsten probes. A software-controlled source/measure unit (Agilent B2902A) was

used for I-V measurements. EIS data was acquired from 1 MHz to 0.01 Hz (10 points per

decade, 50 mV oscillation amplitude) with a potentiostat (Versa STAT 4, Princeton Ap-

plied Research). The ion conductivity was evaluated from measurements on five independent

samples with L=10 µm (several measurements each). For transient current measurements

with proton-transparent electrodes, eumelanin was deposited on Si/SiO2 substrates with pre-

patterned Pd electrodes (L=9 µm, W=20 µm). Measurements were conducted with a semi-

conductor parameter analyser (Agilent 4155C) in an environmental chamber with controlled

humidity under N2 atmosphere, with and without 5% H2. XPS measurements were taken
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with an ESCALAB 3 MKII from VG Scienta with a Mg Kα source. CV measurements were

conducted with Versa STAT 4 (Princeton Applied Research) in 0.01 M phosphate-buffered

saline solution (PBS, pH 7.4). Eumelanin films were deposited on ITO on glass, used as the

working electrode (area 0.63 cm2). A saturated calomel electrode (SCE) and a Pt foil were

used as reference and counter electrode, respectively. The voltage was scanned from 0 V to

positive and then to negative voltages at a rate of 50 mV s−1.
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CHAPTER 6

SUPPLEMENTARY METHODS AND RESULTS

This chapter describes methods and results that have not been incorporated in a peer-

reviewed article but are believed to be useful for future work and the general discussion in

Chapter 7. The chapter contains information on the solution-processing, the patterning,

and the structure of eumelanin thin films, as well as on the RH-dependent water content of

eumelanin powder. Finally, two attempts to enhance the conductivity of eumelanin films, by

molecular doping and in electrolyte-gated thin film transistor structures, are described.

6.1 Thin film processing: Effect of the molecular structure of eumelanin, sub-

strate, and post-treatments

The film forming properties of eumelanin strongly depend on its synthetic or biological ori-

gin. Apart from the differences between Sigma melanin, Dopa melanin, and DMSO melanin

described in Article 1, DMSO melanin was found to be unstable in air. Once degraded,

it has a strongly reduced solubility and results in films with larger aggregates (Fig. 6.1a).

This was also recently reported by Graeff et al. who developed the synthetic procedure for

DMSO melanin [128]. Furthermore, it was not possible to deposit continuous films of Sepia

melanin from DMSO suspension due to strong aggregation (compare Fig. S13 of Appendix

B). DHICA melanin had a tendency to form dendritic structures on SiO2 substrates often

resulting in discontinuous films (Fig. 6.1b).

Good film adhesion was only obtained on hydrophilic substrates such as glass and thermal

SiO2 on Si wafers. Thin films of Sigma melanin, Dopa melanin, and DMSO melanin readily

adhere on glass, while UV-ozone treatment is required to enhance the adhesion on thermal

SiO2. Considering the similar surface chemistry of these substrates, the difference in adhesion

is likely due to the difference in surface roughness (Rq ≈ 0.3 nm for SiO2 and 0.6 nm for

glass). The film forming properties of Sigma melanin, Dopa melanin, and DMSO melanin

were reported in ECS Transactions, vol. 35, no. 7, pp. 75–81, 2011.

The use of a solvent with low vapor pressure and high boiling point such as DMSO bears

several challenges in thin film processing. For example, high rotation speed is needed to

remove at least the majority of the solvent during spin-coating, limiting the maximum film

thickness that can be obtained. A two-step process using 1000 rpm (1 or 2 min) and 4000 rpm

(30 s) was found to yield homogenous films of thicknesses up to 50 nm (for 30 mg ml−1
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Figure 6.1 10 µm×10 µm AFM images of thin films of degraded DMSO melanin spin-coated
from 15 mg ml−1 NH3(aq) suspension (a) and DHICA melanin spin-coated from 15 mg ml−1

DMSO suspension (b).

Table 6.1 Thickness of eumelanin thin films deposited by spin-coating from DMSO suspension
at 1000 rpm (2 min) and 4000 rpm (30 s).

Concentration
(mg ml−1)

Thickness by
ellipsometry (nm)

Thickness by
AFM (nm)

0.3 8±4 10±4
3 14±7 21±8
15 25±13 34±6
30 40±20 50±10

suspension). Omitting the fast spinning step left drops of suspension on the substrate, which

resulted in inhomogeneous films after drying.

The thickness of thin films prepared by spin-coating eumelanin suspensions of different

concentrations on SiO2 were determined by AFM (scratch test) and ellipsometry. For the

analysis of ellipsometry data, a refractive index of 1.7 was assumed for eumelanin [226].

Measurements were taken on at least three positions for each sample and technique. The

results are shown in Tab. 6.1.

Several post treatments have been explored to remove residues of DMSO after spin-

coating. In order to evaluate the success of these treatments, thermogravimetric analysis

(TGA) was performed on pristine eumelanin powder (Sigma melanin) and eumelanin recov-

ered from post-treated films prepared by drop casting a suspension of eumelanin in DMSO.

The TGA curves and their weight loss derivative (DTG) of pristine eumelanin and eumelanin

deposited from DMSO suspension without post-treatment are shown in Fig. 6.2a. Measure-

ments were done on powder samples under N2 with a heating rate of 10 � min−1. The DTG
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Figure 6.2 TGA (weight) and DTG (weight loss derivative) curves of (a) pristine eumelanin
powder and eumelanin deposited from DMSO and (b) eumelanin deposited from DMSO and
treated according to the procedures given in the legend.

curve for pristine eumelanin has a first peak below 100 � that can be attributed to the loss

of weakly bound water (eumelanin is stored under ambient conditions). This attribution was

confirmed by comparing the initial mass of a sample with its mass after heating to 100� and

exposure to ambient atmosphere for several hours, which were almost the same (not shown).

The weight loss derivative has a minimum at 125 � and then increases again up to 200 �,

from where it is approximately constant up to 450 �. Eumelanin keeps more than 50% of its

mass up to 500 � and is therefore often considered thermally stable [48]. However, our TGA

results also show that weight loss starts at much lower temperatures. Part of the weight loss

above 125 � is due to strongly adsorbed water [72]. Above 250 � eumelanin decomposes

under the release of CO2 [56]. The thermal decomposition of eumelanin seems to take place

gradually up to 500 �. Similar results have also been obtained on DHI melanin and DMSO

melanin [41,131]. The loss of strongly bound water and eumelanin decomposition cannot be

distinguished based of the TGA curves. Furthermore, it should be noted that the removal of

strongly bound water can also induce irreversible structural modifications [50,72]. Therefore,

eumelanin is considered thermally stable only up to 125� in this work. The thermal stability

of eumelanin was further tested by heating eumelanin (stored under ambient conditions) at

200 � for 3 h under N2. During this time, the sample lost about 17% of its mass. 5% of the

initial mass could be regained by exposure to ambient conditions for 12 h. However, 12% of

the mass was permanently lost, indicating the decomposition of eumelanin at 200 �.

DMSO residues introduce a broad peak around 170 � to the DTG curve (Fig. 6.2a, the

boiling point of DMSO is 189 �). Its overlap with the weight loss of pristine eumelanin
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above 125 � indicates that DMSO cannot be removed by heating the sample at tempera-

tures above 170 � without risking a degradation of eumelanin. Furthermore, the eumelanin

sample deposited from DMSO shows a further peak in DTG around 500 �, possibly re-

lated to a modification of the macro- or supramolecular structure of eumelanin. Therefore,

three different procedures using lower temperatures have been investigated to remove DMSO

residues: storage under high vacuum (10−5 mbar) overnight, heating at 80 � in low vacuum

for 18 h, and heating at 125 � under N2 for 24 h. The TGA curves of samples treated in

this way are given in Fig. 6.2b. Samples stored under vacuum or heated at 80 � still show a

peak in the DTG curve around 170-210 �. Heating at 80 � shifts this peak to higher tem-

peratures. The origin of this peak are likely DMSO residues. However, it cannot be excluded

that structural modifications also play a role because the TGA curves were also affected at

higher temperatures. In contrast, heating at 125 � removed the peak attributed to DMSO

and resulted in a TGA curve similar to pristine eumelanin (the sample was not exposed to air

after heating and thus shows no loss of water below 100 �). Heating at 125 � did not affect

the morphology or surface roughness of spin-coated films, as investigated by AFM measure-

ments. However, electrical currents through heated eumelanin films were lower than through

non-treated films. This could indicate that DMSO assists electrical conduction in eumelanin

films and/or that eumelanin is irreversibly affected by the thermal treatment. From these

results, heating at 125 � under N2 appears to be the most promising post treatment of eu-

melanin thin films to remove the majority of residual DMSO. However, further investigations

are required to determine the amount of residual DMSO after heating and to evaluate the

effect on the molecular and thin film structure of eumelanin.

6.2 Patterning of eumelanin thin films

Patterning of the eumelanin film limits charge carrier movement on top and around the

electrodes and to reduce the area of the eumelanin/electrode interface. In Article 3, it was

shown that the electrical response of eumelanin films measured with co-planar electrodes is

affected by the in-plane electrode area, not only the film cross section. To facilitate modeling

and to obtain a system with well defined boundary conditions, it is advantageous to pattern

the eumelanin film with minimal overlap with the electrodes. Furthermore, in this work, the

use of Kelvin probe microscopy was envisaged for the investigation of charge carrier accumu-

lation at the electrodes. However, conclusive results can only be obtained if the electrodes

are not covered by the ion-conductive film [161]. Therefore, different procedures based on

photolithography were explored to pattern eumelanin films without any overlap with the elec-

trodes. It is important to note that standard resists and solvents used in photolithography
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Figure 6.3 Process flow for the preparation of patterned eumelanin thin films between Pt
electrodes using a parylene C layer as a mask for metal etching and eumelanin deposition.

are generally not compatible with organic films.

The first process investigated makes use of a parylene C layer as a mask for metal etching

and eumelanin deposition. This process is similar to the one reported in Ref. [161]. After

wafer cleaning, a 3 nm Ti adhesion layer and a 30 nm thick Pt layer were deposited by e-beam

evaporation. 1.6 µm of parylene C was coated on top of the metal layers by thermal deposition

(Fig. 6.3a). The parylene C layer was patterned by a standard photolithography process and

etched by O2 reactive ion etching (RIE, 125 mTorr, 10 sccm, 150 W, 10 min) (Fig. 6.3b).

Pt was subsequently etched using Ar plasma (75 mTorr, 4 sccm, 200 W, 10 min) in an RIE

chamber. Ti was removed by wet etching using a mixture of hydrofluoric acid and deionized

water (10:1) in an ultrasonic bath (2 min) (Fig. 6.3c). In this way, Pt electrodes with a spacing

of 10 µm were obtained and a sufficiently thick layer of parylene C remained on top of the

electrodes to be used as a mask for spin-coating eumelanin (Fig. 6.3d). Subsequently, the

parylene C layer can be peeled off mechanically, avoiding the use of any solvents that could

affect the eumelanin layer (Fig. 6.3e). Unfortunately, the DMSO suspension did not well wet

the substrate in proximity of the parylene C layer, so that the interelectrode region remained

largely uncovered by eumelanin. Other solvents might yield better results. However, the

selection of possible solvents for eumelanin is very limited. Therefore, the use of parylene C

as a method to pattern eumelanin films was discarded.

Recently, fluorinated resists, developed for the patterning of organic layers, became com-

mercially available (OSCoR 4000 from Orthogonal Inc.). They are also referred to as or-

thogonal resists since they do not interact with conventional polar and non-polar solvents.

Developer and stripper are also orthogonal and thus do not severely affect the eumelanin

layer, as was verified by AFM and electrical measurements on unpatterned devices. The or-

thogonal resist can potentially replace both the resist and the parylene C layer in the process

described above. The photolithography parameters for the orthogonal resist needed to be
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Figure 6.4 Process flow for the preparation of patterned eumelanin thin films between Pt
electrodes using an orthogonal resist layer as a mask for the etching of eumelanin and in the
lift-off process to pattern the electrodes.

optimized. 60 s soft bake at 90 �, 55 mJ/cm2 exposure dose (365 nm), 40 s post-exposure

bake at 80 � and 2×60 s puddle development were found to be suitable for resist films spin-

coated at 1000 rpm. The orthogonal resist film was intended as a mask for metal etching as

well as eumelanin deposition. However, the resist film was not sufficiently resistant against

dry etching of Pt in Ar plasma. Other dry and wet etching procedures for Pt were explored

but were not successful.

Due to the challenges related to selective etching of Pt, a lift-off process using the orthog-

onal resist on top of a predeposited eumelanin film was explored as an alternative. In this

process, the orthogonal resist layer acts as a mask for eumelanin etching. First, the eumelanin

film and the orthogonal resist were deposited on a wafer by spin-coating (Fig 6.4a). The resist

was patterned by the photolithography process described above and eumelanin was etched

by O2 RIE (125 mTorr, 10 sccm, 150 W, 40 s) (Fig 6.4b). Subsequently, metal was deposited

(Fig. 6.4c) and the resist layer was removed by sonication in stripper solution (Fig. 6.4d).

Unfortunately, the orthogonal resists available so far tend to have an overcut profile, whereas

an undercut profile is required for a successful lift-off process. The consequence were metal

side walls several hundreds of nanometers high at the Pt/eumelanin interface. Processing

parameters for the orthogonal resist were varied in a wide range in an attempt to solve this

problem but without success.

Finally, the use of the orthogonal resist as a lift-off resist beneath a layer of conven-

tional negative photoresist was explored. By selective development of the lift-off resist, an

undercut profile can be generated. In this way, the formation of metal sidewalls was largely

avoided. However, the undercut profile caused another problem. The openings created in

the eumelanin film by O2 RIE were slightly too large as compared to the size of the Pt con-
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Figure 6.5 20 µm×20 µm AFM image (a) and corresponding height profile (b) of a eumelanin
film patterned to fit the interelectrode region between two Pt electrodes. The sample was
fabricated by the lift-off process in Fig. 6.4 but using orthogonal resist as a lift-off material
and a conventional negative photoresist on top. The red circles indicate interstices between
the eumelanin film and the Pt electrode leading to a bad electrical contact.

tacts deposited into these openings. This is a direct consequence of RIE being an isotropic

etching process and metal deposition being directional. Thus, the process resulted in a bad

contact between eumelanin and Pt, as was observed by AFM (Fig. 6.5) and electrical mea-

surements (not shown). Furthermore, during this process eumelanin is potentially exposed

to the developer solvent for the conventional photoresist. Therefore, it is advantageous to

work only with an orthogonal resist optimized for lift-off. However, such a resist is not yet

commercially available. Etching of eumelanin by a directional process such as ion milling

could greatly improve the Pt/eumelanin interface morphology.

6.3 Thin film structure

Preliminary grazing incidence X-ray diffraction measurements were performed by collab-

orators in the group of Prof. Alberto Salleo at the synchrotron facility of Stanford University

on Sigma melanin films drop cast from DMSO suspension onto Si substrates with native

oxide (Fig. 6.6). The 2D diffraction pattern shows a weak broad arc, which has its strongest

intensity close to the y-axis of the 2D plot (Fig. 6.6a), corresponding to the diffraction of the

X-ray beam on molecular planes parallel to the substrate. The intensity profile along the y

axis reveals that the maximum occurs at a scattering vector qz = 1.7 Å−1 (Fig. 6.6b). This

corresponds to a spacing d = 2π/qz = 0.37 nm of the scattering planes, which is in good

agreement with the stacking distance of eumelanin in powder and pellet samples reported in
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Figure 6.6 2D plot (a) and intensity profile along the y-axis (b) of GIXRD data taken on a
drop cast film of Sigma melanin on a Si substrate.

literature [48,61].

The broad peak in Fig. 6.6b and the extension of the arc to larger angles from the y-axis

indicate a large variation in both stacking distance and orientation of the oligomer sheets

of eumelanin. The XRD peak width is related to crystallite size, paracrystalline disorder

within the crystallites (the degree of disorder in the π-stacking direction), and variations in

the average lattice spacing [7]. In the case of high-molecular weight polymers, the paracrys-

talline disorder g often dominates and can be estimated from the XRD peak width (∆q)

by g =
√

∆q/2πqz. Polymers with g > 10% are considered amorphous. At this degree of

paracrystalline disorder, the density-of-states can be described by a single broad distribution

of localized states [7]. Fig. 6.6b, suggests g ≈ 25% for the eumelanin films. This value is

an overestimation, since the small size of the eumelanin nano-aggregates (limiting the size of

crystallites), as observed by AFM in Article 1, also contributes to peak broadening [7]. Nev-

ertheless, this comparison indicates the large degree of disorder in Sigma melanin deposited

from DMSO. Synchrotron XRD measurements on deposits of Sigma melanin from DMSO

suspension have also been conducted by Borghetti et al.. No diffraction peak could be iden-

tified for drop-cast films on Au, whereas electrodeposited films showed a peak corresponding

to a spacing d = 0.38 nm.

GIXRD measurements should be repeated on spin-coated eumelanin films on thermal

SiO2, as used for the electrical measurements, for a more reliable correlation of film structure

and charge transport.
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Figure 6.7 TGA data of eumelanin powder hydrated at the RH as indicated in the legend.
The water content, also given in the legend, was determined from the weight loss up to 140�.

6.4 Degree of hydration for different relative humidities

TGA was performed on powder samples of Sigma melanin hydrated at constant humidity

during 24 h to estimate their water content (Fig. 6.7). Powder samples were used since spin-

coated thin films did not provide enough mass of eumelanin when scratched off and scratching

would have to be performed in the humidity chamber. The samples had to be exposed to

ambient air for a few minutes during sample transfer. Therefore, the initial water content

might have been slightly higher than indicated by the TGA curves. The water content was

determined by the weight loss up to 140 �, where the derivative (DTG) had a minimum for

these samples. The results are given in the legend of Fig. 6.7. At 90% RH, one sample was

hydrated for two days to verify that hydration had saturated. The water content shows a

clear increase from 60% to 70% RH and then again from 80% to 90% RH. In contrast, the

hydration of samples at 70% and 80% RH is almost the same. This indicates a plateau in

water adsorption, which has also been observed in studies based on infrared absorption [72].

6.5 The effect of molecular dopants on the electrical properties of eumelanin

A common strategy to increase the conductivity of organic semiconductors by several

orders of magnitude is doping with strong electron acceptors (for p-type transport) or strong

electron donors (for n-type transport) [4]. Doping shifts the Fermi level closer to the transport
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states and thus leads to an increase of the density of mobile electrons or holes. Furthermore,

it improves charge injection from the electrodes into the organic film. Typical molar doping

ratios vary between 1:100 and 1:10 [227]. Since reliable HOMO and LUMO energies are

not reported for eumelanin (indeed there should be a broad distribution of energies [73]), a

rational choice of dopants based on energy level alignment is not possible. Two molecules

successfully employed in the doping of organic semiconductors and carbon nanotubes are 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, for p-doping) and tetrathiafulvalene (TTF, for

n-doping) [228–231]. These molecules were used to explore the possibility of doping eumelanin

thin films.

Eumelanin, DDQ, TTF were separately dissolved/dispersed in DMSO to yield three so-

lutions with a concentration of 15 mg ml−1, 2 mg ml−1, and 2 mg ml−1, respectively. The

solutions were mixed to yield a ratio of one DDQ or TTF molecule to 30 monomers of eu-

melanin (DHI:DHICA assumed to be 1:1). The pristine eumelanin solution, the eumelanin-

DDQ, and eumelanin-TTF solution were spin-coated as described in Section 6.1 on Si/SiO2

substrates with patterned Pt electrodes (25 nm thick on a 5 nm Ti adhesion layer) for elec-

trical characterization and AFM. For Fourier transform infrared spectroscopy (FT-IR), films

were deposited onto intrinsic Si substrates (UV-ozone treated) due to the strong IR absorp-

tion of SiO2. Processing was conducted under controlled N2 atmosphere to minimize the

introduction of additional H2O and O2 to the samples.

FT-IR was conducted to investigate any charge transfer between the dopant molecules and

eumelanin, which should lead to an energetic shift or the enhancement of certain vibrational

modes [232, 233]. IR absorption spectra were taken under vacuum (1.6 Torr, RH<1%) with

a Vertex 80v IR spectrometer from Bruker directly after sample preparation. The sample

was left 10 min under vacuum before starting the measurement. The spectrum of a bare

Si substrate was subtracted from all spectra. FTIR spectra of films of pristine eumelanin,

eumelanin:DDQ, and eumelanin:TTF are shown in Fig. 6.8. The absorption peaks are listed

in Tab. 6.2 together with a tentative assignment of vibrational modes. As expected, the

main features of the spectra include C=C stretching from the phenyl ring, C-N stretching

from the indole ring, C=O and C-OH contributions from the catechol and phenolic hydroxyl

groups, respectively. In addition, peaks corresponding to the stretching of alphatic C-H

(2870-3020 cm−1) are observed. Peaks below 1500 cm−1 are strongly asymmetric. The

asymmetry is much more pronounced than in other FT-IR spectra of eumelanin reported in

literature and is subject of further investigations. Comparison of the spectra is difficult due

to the different background and absolute intensity of the spectra, which should be mainly

due to the inhomogeneity of the deposits on Si. Overall, the spectra appear similar. Notable

differences are the enhancement of all peaks in the spectrum of eumelanin:DDQ, probably
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Figure 6.8 FT-IR measurements on pristine eumelanin, eumelanin with DDQ and TTF (molar
ratio 1:30). The spectra are normalized and shifted along the absorption axis for better
comparability.

attributable to a higher local film thickness, and a large background peak centered at about

2400 cm−1 in the spectrum of eumelanin:TTF, possibly related to scattering. Tab. 6.2 reveals

that the FT-IR peak positions are almost identical for the pristine and doped eumelanin films.

The most remarkable change in peak position is observed for C=O stretching, which is found

at 1730 cm−1 for eumelanin:DDQ as compared to about 1720 cm−1 for the other two films.

Taking a closer look at this wavelength region, a sharp peak at about 1580 cm−1 can be

noticed in the spectrum of eumelanin:DDQ (marked by an arrow in Fig. 6.8). This peak

can be assigned to C=C aromatic/pyrrole ring stretching [234]. The enhancement of C=C

stretching can be an indication for the transfer of a positive charge (a hole) from DDQ to

the π-conjugated portion of the eumelanin macromolecule [233]. Smaller changes in peak

position can also be observed for the peaks assigned to C-OH stretching and bending and

C=C ring vibrations. The latter were associated with a larger error, however. These changes

suggest an interaction of DDQ with the DHI or DHICA phenyl ring and its –OH and =O

groups. This FT-IR analysis is preliminary and preferably measurements should be repeated
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on homogenous deposits with consistent film thickness.

Table 6.2 FT-IR peak positions for a pristine eumelanin films and eumelanin films with DDQ
and TTF (molar ratio 1:30) and their possible assignments [234–236].

Peak position Peak position Peak position Possible assignment
Eumelanin Eumelanin:DDQ Eumelanin:TTF

(cm−1) (cm−1) (cm−1)

657 656 657 Aromatic ring deformation
742 742 743 C-H stretching, indole ring vibration
763 763 763 C-H stretching, indole ring vibration
792 791 792 [NH2]+ rocking
852 852 855 C-H stretching
882 882 882 Pyrrole ring vibrations
949 951 950 Pyrrole C-H out-of-plane deformation,

O-H bending
1007 ≈1007 1008 C-H in-plane deformation
1065 1063 1065 C-H in/out-of-plane deformation
1146 1146 1146 C-OH phenolic stretching
1212 1209 1213 C-OH phenolic stretching, C-O stretching
1234 1231 1238 C-OH phenolic stretching, C-O stretching
1336 1335 1335 C-N stretching, indole ring
1362 1361 1361 C-N stretching, indole ring
1472 1472 1473 Pyrrole ring vibrations
≈1580 1579 ≈1575 C=C aromatic/pyrrole ring stretching
≈1618 1623 ≈1620 C=C aromatic ring vibration

1719 1730 1722 C=O stretching in COOH or quinone
2880 2881 ≈2876 -CH3 sym. stretching

≈2920, ≈2940 2940 ≈2920, ≈2940 -CH2 stretching
2970, ≈3016 2968 ≈2969, ≈3014 -CH3 assym. stretching

3125 3126 ≈3104, ≈3123 =C-H stretching
3169 3168 ≈3166 N-H stretching, indole ring

3000-3500 3000-3500 Hidden by -O-H stretching, also due to water
background residues in films

The morphology of pristine eumelanin, eumelanin:DDQ, and eumelanin:TTF films on

SiO2 was investigated by AFM. All films were homogeneous, smooth, and showed no sign of

phase segregation on a length scale of tens of nanometers to micrometers. To verify if DDQ

and TTF had an effect on the conductivity of dry eumelanin films, I-V measurements were

conducted under high vacuum (<10−5 mbar). Samples were stored overnight under the same

conditions to remove residual water. Currents remained below noise level for voltages up to

50 V for all samples (Fig. 6.9a). An upper limit for the conductivity of about 10−11 S cm−1

can be estimated, in agreement with other studies on dry pristine eumelanin films [41,48,130].

DDQ and TTF at a 30:1 molar doping ratio do not increase the conductivity of dry eumelanin
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Figure 6.9 (a) I-V measurement for thin films of eumelanin, eumelanin:DDQ (30:1), and
eumelanin:TTF (30:1) under vacuum. L = 10 µm, W = 24.5 mm, d = 30 nm. Currents are
below noise level . (b) Measurement of current vs time at 90% RH for the same samples.
The applied voltage is 0.8 V.

films beyond that limit. Transient current measurements were conducted in air at 90% RH

on the same samples (Fig. 6.9a). There is no significant difference between the currents

measured in pristine eumelanin, eumelanin:DDQ, and eumelanin:TTF films.

6.6 Electrical characterization of eumelanin thin films in thin film transistor

configuration with ionic liquid as gating medium

In undoped organic semiconductors, high carrier densities can be achieved when incor-

porating the semiconductor as the channel material in organic thin film transistors (OTFT)

(Fig. 6.10). In OTFTs, a third electrode, the gate, is separated from the channel by an elec-

tronically insulating gating medium. The charge carrier density in the channel and thereby

the current between source and drain electrode (IDS) is modulated by the gate voltage via

electrostatic and/or electrochemical doping [237]. In electrostatic doping, charge carriers

(injected from source or drain electrode) accumulate at the interface of the channel and the

gating medium. The number of accumulated charges depends on the capacitance of the

gating medium sandwiched between the gate and the transistor channel. Ionic liquid (IL)

electrolytes have been used as gating media because of the very high capacitance of the elec-

tric double layers at the gate/IL and the IL/semiconductor interfaces [238]. The capacitance

also depends on the area of these interfaces. To avoid having the gating efficiency limited

by the size of the gate electrode, high surface area activated carbon has recently been em-

ployed as gate electrode [239]. If ions from the gating medium enter the channel material,

electrochemical doping of the bulk can occur in addition to electrostatic doping [237]. The
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Figure 6.10 OTFT structure as used in this work, with bottom source and drain electrodes
(Pt), unpatterned channel material (eumelanin), gating medium (BMPyrr-TFSI ionic liquid
in Durapore® filter), and top gate (high surface-area activated carbon). Voltages are shown
for n-type operation but p-type operation was also tested.

combination of IL as gating medium and carbon gate electrode has recently been reported to

be very efficient in making organic transistor channels conductive at low gate voltage [239].

In collaboration with Jonathan Sayago (École Polytechnique de Montréal), this approach was

explored for eumelanin.

30 nm thick films of Sigma melanin were deposited by spin-coating DMSO suspension

on SiO2 substrates with co-planar pre-patterned Pt electrodes (L = 10 µm, W = 4 mm).

Processing was conducted under inert atmosphere and anhydrous DMSO was used. However,

it should be noted that eumelanin was stored under ambient conditions. A Durapore® fil-

ter soaked in the ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

(BMPyrr-TFSI, IoLiTec) was placed on top of the eumelanin channel as the gating medium.

An activated carbon gate electrode (prepared according to the procedure in Ref. [239]) was

added on top of the Durapore® filter. Devices were stored overnight under high vacuum

(<10−5 mbar) to remove residual water and characterized under the same conditions. Drain-

source (VDS) and gate-source (VGS) voltages up to ±1.5 V were applied (the maximum voltage

is limited by the electrochemical stability window of the IL). No modulation of IDS could

be observed. The only measurable currents were leakage currents between the gate and

source/drain suggesting that ions penetrated the eumelanin film.
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CHAPTER 7

GENERAL DISCUSSION

In the following, the results of Chapter 3 to 6 are discussed as a whole with reference to

the literature presented in Chapter 2. Although only a small part of the complex properties

of eumelanin could be investigated in this work, several insights were gained. These insights

are discussed with respect to processibility and chemical identity of eumelanin, charge carrier

transport properties, and the role of electrochemistry in the electrical response of eumelanin.

7.1 Processibility and chemical identity of eumelanin

Eumelanin is a natural, insoluble pigment with strong hierarchical aggregation [45, 63,

64]. Indeed, natural Sepia melanin does not form fine suspensions in DMSO (Section 6.1).

Problems were also encountered during the processing of DHICA melanin obtained by bio-

mimetic synthesis. In contrast, synthetic DMSO melanin, dopa melanin, and Sigma melanin

readily disperse in DMSO and NH3(aq) and yield smooth and continuous films in most

cases (Article 1). It is well known that different synthesis routes yield chemically distinct

eumelanins [47, 50, 59]. As mentioned in Article 1 and 2, it has recently been reported that

the monomers of DMSO melanin are sulfonated, a significant modification of the molecular

structure of eumelanin that results in a better solubility [128]. This is supported by the XPS

data in Article 1, which also show that a considerable amount of N is incorporated into the

eumelanin structure during solubilization in NH3(aq). Thus, Article 1 reveals that the first

two procedures reported in literature for the preparation of eumelanin films [48, 49] lead to

changes in chemical composition.

It is important to note that the solubilization (or the fine dispersion) of eumelanin re-

quires at least the interruption of its supramolecular aggregation. For example, the analysis

of film growth and morphology in Article 1 suggests that DMSO preserves the nanoaggre-

gate/protomolecule structure of eumelanin but prevents the formation of larger aggregates.

Although the elemental composition of Sigma melanin is in agreement with a macromolecule

of DHI and DHICA, Sigma melanin is different from natural eumelanin, for example, in its

content of uncyclized structures (XPS results of Article 3 and Ref. [59]).

The comparison of eumelanins from different sources suggest that there is a trade-off

between (solution) processibility of eumelanin and a chemical composition closely resem-

bling the natural pigment. The choice of the synthesis route or natural source of eumelanin
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and the procedure employed for processing should be guided by the objective of the study.

In view of bioelectronic applications, it is strongly desirable to have a solution-processable

eumelanin/eumelanin-inspired material to readily obtain homogeneous and smooth films that

can be incorporated into devices. For example, the great adhesion and film-forming prop-

erties of polydopamine enabled its use in many biomedical applications [40]. Apart from

good processibility, film structure is essential for potential applications because it strongly

affects the functional properties of the film. Therefore, a larger variety of eumelanins with

different supramolecular structures and further processing techniques/conditions should be

explored. In contrast, in studies aimed at a better understanding of the bio-functionality

of eumelanin, the use of a natural eumelanin or a bio-mimetic synthesis route might have

priority over good film-forming properties. In any case, it is important to investigate the

effect of synthesis route and film processing on the molecular or supramolecular structure as

well as on the film properties.

7.2 Charge carrier transport properties

Article 3 showed that protons are the dominant charge carriers in solution-processed

thin films of Sigma melanin at 90% RH. The proton conductivity of about 10−4 S cm−1

is in the range of the DC conductivity of strongly hydrated eumelanin films and pellets

reported in literature [39, 49, 71, 187]. This suggests the possibility that protonic currents

might have been dominant in these measurements. Previous studies were conducted with

proton-blocking electrodes. However, at the high voltages employed (≥ 5 V and up to

100 V), water electrolysis could occur and protons could thus contribute to the DC current.

Among proton conductors, eumelanin can be classified as a hydrated acidic polymer

(disregarding questions about the macromolecular structure) [171]. The proton conduction

mechanism of acidic polymers depends on their hydration state [171]. At low hydration,

the vehicle mechanism dominates, whereas at high hydration, when a continuous hydrogen-

bond network exist, protons migrate mostly by structure diffusion (the Grotthus mechanism)

[171]. The transition between the two mechanisms can be described by percolation theory

and strongly depends upon the morphology of the material [175]. At 90% RH, eumelanin

contains about 14 wt% water, which corresponds to 1.35-1.75 water molecules per monomer,

depending on the ratio of DHI and DHICA. Infrared absorption studies have shown that

water is in the liquid-phase (i.e. hydrogen-bonded) in synthetic eumelanin drop cast from

aqueous suspensions [72]. Furthermore, the conductivity of eumelanin pellets shows a strong

increase with hydration only beyond 10 wt% [42], which resembles the power-law dependence,

beyond a certain threshold, predicted by percolation theory [173]. These observations suggest
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that proton conduction via structure diffusion could dominate in strongly hydrated synthetic

eumelanin pellets/films. To assess the contribution of the two transport mechanisms to proton

conduction in hydrated eumelanin thin films, the dependence of the proton conductivity on

hydration and the morphology of water domains should be investigated.

Many experimental observations on eumelanin can be explained by proton migration and

hence without assuming electron transport according to the amorphous semiconductor model:

– A strong hydration dependence is expected for protonic conduction. This dependence

was indeed observed in Article 3. With increasing hydration, the density of dissociated

protons increases and the hydrogen-bond network providing proton transport paths

becomes more dense. The hydration dependence of the proton density is due not only

to the comproportionation equilibrium but also to a varying degree of protonation of

moieties other than SQ. Indeed, Gonçalves et al. reported the trapping of protons in

-COOH groups during dehydration [41].

– The long RC time constants observed in transient current (Article 1) and photoconduc-

tivity measurements are typical of ionic charge carriers [42,53]. The photoconductivity

itself is possibly related to excited-state proton transfer, which has been suggested to

cause efficient non-radiative relaxation in eumelanin [74, 76]. Heating of the sample

during illumination can also contribute to the observation of photoconductivity [36].

– The high polarization currents observed for eumelanin pellets [70], the hysteresis in

the I-V characteristics of ITO/eumelanin/Au structures in ambient air [53], and the

capacitive currents in hydrated eumelanin films reported in Article 3 are likely caused

by protonic currents blocked by the electrodes.

– The non-capacitive currents in hydrated eumelanin films observed at 0.2 V< V <0.8 V

in Article 3 can be explained by electrochemical reactions, enabled by proton migration.

– Like electronic conduction in semiconductors, protonic conduction is a thermally acti-

vated process and, hence, can give rise to the Arrhenius-type temperature dependence

of the eumelanin conductivity [36,41].

It should be noted that ions other than protons are also likely to contribute to the electrical

current. ToF-SIMS measurements in Article 2 (Fig. S18, Appendix B) show the accumulation

of Cl− ions at the positively biased electrode. NAA measurements, conducted to quantify

the Cl− content, also revealed the presence of Na and K, likely present in the cationic form.

The contribution of these ions to the capacitive and non-capacitive currents in hydrated

eumelanin films should be investigated systematically, e.g., by varying their concentration.

In the following, experimental results from literature and this thesis will be discussed

with regard to the possibility of electronic conduction in eumelanin pellets/films. In the

dry state, the number of dissociated protons should be very low. Hence, one could expect
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that electron transport dominates the electrical properties of dry eumelanin pellets/films.

The conductivities measured so far for nearly dry eumelanin samples are very low, in the

range of 10−13 − 10−10 S cm−1 [41, 48, 71]. Measurements of activation energies EA under

vacuum or N2 are partly affected by sample dehydration but consistently indicate rather

large values. EA of 0.4-1.5 eV and 0.8-1.3 eV have been reported for pellets and thin films,

respectively [36, 38, 41, 48, 71]. Hence, if we assume that the electrical current under dry

atmosphere is dominated by electronic conduction, the mobility of the electronic charge

carrier would be very low in dry samples [142]. The question arises if water could increase

the electron/hole mobility. Ambrico et al. suggested that water might form bridges between

eumelanin molecules for electron/hole transport [44]. The only report found on the activation

energy or charge carrier mobility of hydrated eumelanin dates back to 1969 [179] and indicates

1.2 eV for partially hydrated pellets vs 1.5 eV for dry pellets. The model of Mostert et al.

suggests that the density of mobile electrons increases with hydration but does not predict the

dependence of the mobility of the electronic charge carrier on hydration. Indeed, as pointed

out by the authors, the model does not assume any specific electron transport mechanism.

In contrast to these hypotheses, water is detrimental to electron transport in many organic

materials due to the creation of trap states [148,240].

So far, classical approaches to increase the conductivity of organic semiconductors by

increasing the density of electronic charge carriers such as chemical and field-effect doping

have not been successful for eumelanin (Section 6.5) [35,241]. The development of an effective

doping strategy suffers from the lack of well-defined HOMO and LUMO levels for eumelanin,

among others. For the same reason, a rational choice of an electrode material optimized for

hole or electron injection based on energy-level alignment is difficult at this point. Carbon

nanotube electrodes have been shown to enhance electron and hole injection in different

organic semiconductors [224] and could help to ensure that electronic currents in eumelanin

are not limited by injection.

One of the requirements of efficient electronic conduction in organic semiconductors is that

the constituent molecules have to be easily oxidized and reduced. In Article 3, only irreversible

redox reactions were clearly observed. In contrast, partly reversible redox processes have been

observed for electropolymerized eumelanin films [58]. This redox activity was weak though.

Apart from the influence of atmosphere and electrode material, briefly discussed above,

electron transport in organic materials is largely determined by structure: from molecular

structure to molecular packing on the nanoscale to film microstructure [7]. All eumelanins

have a π-conjugated backbone but the extension of the π-conjugation varies with the syn-

thesis route. An important parameter is the ratio of DHICA vs DHI. Panzella et al. have

suggested that eumelanin based on DHICA units forms non-planar rod-like structures with in-
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terrupted π-conjugation, whereas DHI melanin forms planar oligomer sheets with enhanced

π-conjugation and stacking [223]. Although the XPS data of Article 3 indicates a high

-COOH content in Sigma melanin, round-shaped nanoaggregates dominate its film morphol-

ogy (Article 1). Furthermore, the optical absorption spectrum of Sigma melanin was found

to resemble more the spectrum of DHI melanin than DHICA melanin (Wünsche et al., ECS

Transactions, vol. 35, no. 7, pp. 75–81, 2011). This indicates the need for further structural

characterization. The presence of uncyclized units as found in Sigma melanin interrupts

π-conjugation and should thus be limited.

Intermolecular electron transfer is greatly enhanced by π-stacking [7]. Recently, effi-

cient electron and hole transport has been reported in films of highly purified H-bonded

pigments, which have limited intramolecular π-conjugation but strong intermolecular π-

stacking [20, 151]. XRD measurements indicate weak graphite-like π-stacking but a large

degree of disorder in Sigma melanin deposited from DMSO suspension (Section 6.3). The

preferential orientation of π-stacking is perpendicular to the substrate and hence unfavorable

for in-plane electron transport. The large degree of structural disorder in eumelanin is likely

promoted by the large number of different coexisting oligomers.

AFM images in Article 1 show that eumelanin films processed in DMSO are composed of

nano-aggregates 1-2 nm high and 10-30 nm large. A small aggregate size does not necessarily

impede electron transport if the aggregates are well interconnected [7]. In the AFM images

(Article 1), the connectivity of aggregates appears to be generally good due to their small

and compact size, although some interstices can be seen. Further studies are required to

conclude about the electronic connectivity, which depends on intermolecular distances and

orientations [242].

The strong degree of structural disorder at the molecular and supramolecular level trans-

lates into energetic disorder, which is believed to be the origin of the broad-band optical

absorption of eumelanin [73, 77]. The tail states of this broad distribution of HOMO and

LUMO levels act as traps for electronic charge carriers. Further trap states can be intro-

duced by impurities. Along this line of thought, a reduction in the chemical and structural

disorder might enhance electronic conduction in eumelanin films. It is possible though that

the remaining degree of disorder, inherent to eumelanin, and the self-assembly to nanoaggre-

gates continue to limit electron transport.

This discussion points out that electron conductivity in eumelanin is not an intrinsic

material property. It strongly depends on film structure, material purity, and atmosphere.

Furthermore, the electrode material and the sample dimensions have an effect on the elec-

trical properties of the sample. A particularity of eumelanin is its high structural diversity

depending on the (bio-)synthetic origin. Eumelanins with different monomer composition,
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macro-, and/or supramolecular structure could show different electron transport properties.

Therefore, while no clear evidence of electronic conduction was found in this thesis, there are

several approaches that should be explored in order to determine if eumelanin or eumelanin-

inspired materials can conduct electrons under different conditions.

7.3 The role of electrochemistry

Recognizing and investigating the role of electrochemistry in the electrical response of

hydrated eumelanin films was a major part of this work. As discussed in Section 2.4.1, the

presence of water and mobile ions enables electrochemical reactions. Electrochemical reac-

tions play an important role in the working mechanism of various organic devices based on

mixed conduction. Nevertheless, an electrochemical perspective on the electrical properties

of eumelanin is largely missing in literature. Early coulometric measurements on the mixed

conduction in eumelanin pellets were based on hydrogen evolution [43] but other redox pro-

cesses that might occur in parallel were not discussed. Redox processes at the Au/eumelanin

interface are considered in a recent EIS study on p-Si/eumelanin/Au and ITO/eumelanin/Au

samples [189] but not further specified and their role in DC electrical measurements was not

evaluated.

Both Articles 2 and 3 clearly indicate the presence of electrochemical processes at V ≤ 1 V.

Under certain conditions, these processes dominate the electrical response of Sigma melanin.

The chemistry and electrochemistry of eumelanin films is without doubt very complex. Sev-

eral efforts were made to shed light on the various reactions occurring. CV measurements in

Article 3 indicate the importance of irreversible oxidative processes in hydrated eumelanin

films, possibly involving further polymerization of the film. The change of film height after

biasing points to pH-induced disaggregation. Furthermore, the possible involvement of re-

versible redox reactions of eumelanin and the comproportionation equilibrium is considered

in the model in Article 3.

Article 2 reveals that the electrode material itself can participate in electrochemical re-

actions. Chloride traces could promote the electrochemical oxidation of Au, underlining the

importance to consider impurities in the electrical response of hydrated eumelanin films.

Traces of chloride were present in all eumelanins investigated. It should be noted that eu-

melanin is difficult to purify due to its low solubility, varying molecular weight, and metal

chelation properties. Furthermore, chloride is ubiquitous in biological systems. In view of

bioelectronic applications, it is thus important to consider the effects of halides on typical

electrode materials such as Au. Article 2 also suggests that the metal chelation properties of

eumelanin play a role in Au dissolution and aggregate formation. The analysis of ToF-SIMS



98

data is ongoing to identify Au-eumelanin complexes forming at the interface of the hydrated

eumelanin film and the positively biased Au electrode.

In summary, this thesis reveals the rich chemistry and electrochemistry of hydrated eu-

melanin films and makes several hypotheses for the processes occurring. Further studies are

required to clearly identify the reactions taking place.
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CHAPTER 8

CONCLUSION AND PERSPECTIVES

In this thesis, new insights were gained on

– the solution-processing and growth of eumelanin thin films,

– the electrical response of hydrated eumelanin films including their interaction with Au

electrodes,

– the charge carrier transport properties of eumelanin films.

Due to the largely insoluble character of eumelanin, only few eumelanin synthesis routes

and processing solvents have been reported as suitable for the preparation of thin films. In

this work, these synthesis routes and solvents are compared with respect to their effect on

film morphology and chemical composition, studied by AFM and XPS, respectively. Ho-

mogeneous and smooth eumelanin films are obtained by spin-coating suspensions of Sigma

melanin in DMSO. These films show good adhesion on hydrophilic substrates and an ele-

mental composition in agreement with the molecular structure of eumelanin. In contrast,

film deposition from NH3(aq) suspension severely affects the chemical composition. The use

of the low volatile solvent DMSO has the drawback of solvent residues in the film. TGA

measurements suggest that heating the films at 125 � could be a suitable method to remove

DMSO residues without risking the thermal decomposition of eumelanin. Sigma melanin has

a much better processibility than natural eumelanins, which is likely related to differences in

molecular structure. XPS measurements indicate that Sigma melanin has a high content of

DHICA units and uncyclized monomers. The morphology and the growth of films deposited

from DMSO was studied by AFM. Films are composed of nanoaggregates 1–2 nm high and

10–30 nm large, supporting the stacked-oligomer model for the supramolecular structure of

eumelanin. The nanoaggregates assemble according to a quasi layer-by-layer mode, yielding

films with surface roughnesses as low as 0.4 nm. Preliminary GIXRD measurements indicate

a large degree of disorder in the films and weak π-stacking with a preferential orientation

perpendicular to the substrate.

This thesis contains the first detailed investigation of the electrical properties of strongly

hydrated eumelanin films. The electrical characterization of eumelanin in thin film form and

in a strongly hydrated state is especially important in view of bioelectronic applications. The

strong hydration-dependence of the conductivity of eumelanin was confirmed for thin films.
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Transient current measurements with proton-transparent PdHx electrodes, rate-dependent

I-V , and EIS measurements were employed to distinguish between the contributions of ionic

conduction, electronic conduction, and electrochemical reactions. For the first time, evidence

is provided for protonic conduction in eumelanin thin films and an estimate for the proton

conductivity (10−4 S cm−1) is given. Furthermore, the important role of electrochemical

processes in the electrical response of hydrated eumelanin films is revealed. In the case of

eumelanin films between coplanar Au electrodes, a combination of AFM, SEM, and ToF-

SIMS measurements could show that electrochemical processes lead to the dissolution of Au

from the positive electrode, followed by the growth of Au-eumelanin dendrites between the

electrodes. A comparison of eumelanins from different sources suggest that chloride traces

as well as the metal chelation properties of eumelanin play a role in this process. The den-

drites cause a sudden change of the electrical resistance of the sample. In analogy to resistive

switching memory devices based on electrochemical metallization, this phenomenon can pos-

sibly be employed for biocompatible memory devices. Even in absence of a transformation of

the electrode material, electrochemical processes strongly contribute to the electrical current

in hydrated eumelanin films measured with coplanar Pt electrodes. In contrast, no evidence

is found for a significant contribution of electronic conduction. A model is proposed to ex-

plain this observation, based on proton migration, the redox properties of eumelanin, and the

recent insight that the electronic charge carrier density is directly linked to the concentration

of the semi-oxidized semiquinone form of the eumelanin building blocks.

Future work on the electrical properties of eumelanin thin films should aim at a correla-

tion of structure and electron transport at different length scales. The relative portion of the

various eumelanin building blocks, the macro- and supramolecular structure, as well as the

thin film texture are expected to affect charge transport. To this end, it would be instructive

to compare the structure and the charge carrier transport properties of films of eumelanins

obtained by the polymerization of DHI and DHICA. DHI melanin and DHICA melanin not

only have a better defined chemical composition but they are also reported to have very dif-

ferent macro- and supramolecular structures. The use of DHI melanin and DHICA melanin

will require further efforts in the development of suitable film processing techniques. Films

of eumelanin with a higher content of DHI, promoting the formation of planar oligomers

and π-stacking, might show better electronic conduction than Sigma melanin. Furthermore,

electropolymerized eumelanin films seem to show enhanced molecular ordering and redox

activity compared to spin-coated films. However, their applications seem limited since they

have to be deposited on conductive substrates. To explore the limits of electron transport

in eumelanin, it would be helpful to prepare highly ordered films of one specific eumelanin

monomer or oligomer with strong π-stacking in the direction of current flow. In analogy to
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semiconducting films of other H-bonded pigments such as indigo, this strategy might pro-

vide an efficient electron transport path. However, it has to be noted that such well-ordered

eumelanin-derived structures, if processable, might have very different properties than natu-

ral eumelanin, with its inherent chemical and structural disorder. In addition, efforts could

be extended to innovative electrode materials other than thermally evaporated noble met-

als. A promising candidate are carbon nanotubes because of their superior charge injecting

properties. In the case of enhanced electronic conduction, it would be very interesting to

re-investigate the effect of hydration on the density and mobility of electronic charge carriers.

A further avenue of research put forth by this thesis is the investigation of the various

electrochemical processes that take place at the interface of hydrated eumelanin films and

metal electrodes. Apart from further CV studies with a conventional electrochemical cell, it

would be useful to integrate a (quasi-)reference electrode directly into the thin film sample.

In this way, the electrochemical potential at the electrodes can be determined and electro-

chemical reactions can be studied in-situ. In addition, the use of various spatially resolved

spectroscopy techniques should be explored to detect local chemical changes. Infrared spec-

troscopy coupled to AFM seems to be a promising new technique for this purpose.

For a better understanding of the interplay of ion/proton accumulation and charge transfer

at the electrodes, it would be useful to investigate the electric field distribution in hydrated

eumelanin films by Kelvin probe microscopy. For this purpose and for quantitative modeling

of the electrical response of eumelanin films, it is necessary to obtain films with well defined

dimensions and little overlap with the electrodes. Therefore, capitalizing on the experiments

performed in this work, a procedure for the patterning of eumelanin films by photolithography

using fluorinated photoresists should be developed.

The demonstration of proton conduction in eumelanin films in this thesis could be the

starting point for the design of eumelanin-based protonic devices. Complementary field-effect

transistors based on purely protonic conduction in biomolecular materials have recently been

reported. Protonic conduction in combination with the peculiar properties of eumelanin such

as metal chelation could be a unique platform for new sensing devices.

In order to explore the feasibility and performance of Au-eumelanin based resistive switch-

ing memory devices, one of the two electrodes should be made of another conducting ma-

terial, inert in the range of voltages applied. Promising candidates for the inert elec-

trode are non-metallic materials such as graphene or the conducting polymer poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate. The electrode distance should be decreased

to reduce writing times. Furthermore, a substitute for DMSO with higher boiling point

should be found to enable aggregate migration over prolonged device operation.
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In summary, this thesis reports solution-processed eumelanin thin films that are proton-

conductive and show interesting electrochemical interactions with Au electrodes in the hy-

drated state. New insights are gained on the origin of electrical currents in hydrated eume-

lanin films, based on chemical, electrochemical, and electrical characterization. The necessity

of a combined approach, including electrochemical and structural characterization, to uncover

the charge carrier transport properties of eumelanin is discussed. A good understanding of

the charge carrier transport properties of eumelanin can contribute to the elucidation of the

diverse biological functions of eumelanin. Furthermore, the characterization of protonic and

electronic conduction in hydrated eumelanin films, as well as their interaction with metal elec-

trodes is essential to evaluate the potential of eumelanin for bioelectronic applications. As a

contribution to the emerging field of organic bioelectronics, this work emphasizes the need to

consider electrochemical processes in the electrical response of organic bioelectronic devices

and to carefully assess the effect of ionic impurities and water on the electrical properties of

the organic active layer.
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Fig S1 1 µm ×1 µm AFM images of 30 nm thick films of different eumelanins spin-coated from 

DMSO and NH3(aq) suspensions as indicated. Z-scale 2 nm ((a-c), (e-f)) and 11.5 nm (d). The root 

mean square roughness Rq is indicated for each film. 

 

 

Fig. S2 10 µm ×10 µm AFM images of drop cast films of (a) DMSO melanin on glass and (b) Sigma 

melanin on Si. In both cases, a DMSO suspension of 3mg/ml concentration was used. Z-scale: 3 nm. 

The root mean square roughness Rq is indicated for each film. 
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Fig. S3 10 µm ×10 µm AFM images of DMSO melanin films of about 8 and 15 nm thickness, spin-

coated from DMSO suspension (top) and the corresponding height histograms (bottom). Z-scale: 4 

nm. The morphology is dominated by planar islands, about 1 nm high.  

 

Fig. S4 10 µm ×10 µm AFM image of a Dopa melanin drop cast from DMSO suspension (3 mg/ml) 

on SiO2 and height profile corresponding to the white line. Z-scale: 5 nm. The surface of the film is 

covered with holes, about 1.5 nm deep. 
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Fig. S5 Transient current measurement on a Sigma melanin film, about 30 nm thick, at 90% RH and 

an electrical bias of 0.6 V. L = 10 μm and W = 7810 μm. The current decreases more and more slowly 

without reaching a steady state. 
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Figure S1. AFM images of the dendrite growth on eumelanin films between Au electrodes. (a)-

(c) Height images, (d)-(f) corresponding phase images. (a) and (d) show how the dendrites 

continue to grow under consumption of Au at the positive (left) electrode once they crossed the 

entire interelectrode region. Due to the larger amount of Au available, the dendrites easily grow 

much higher than in the interelectrode region. In (b) and (e), the decomposition of the material at 

the positive electrode edge into nanoaggregates can be seen. (c) and (f) show how differently 

dendrites can appear in AFM images. The dendrite at the bottom of the image has thin brunches 

composed of small nanoaggregates. The brunch-like structure above has a much broader, more 

compact structure, is generally lower and it shows almost no contrast in the phase image. 

Possibly, the nanoaggregates merge or sink into the eumelanin film. 
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Figure S2: Conductive AFM height (a) and current (b) image of the dendrite structures on a 

eumelanin film between Au electrodes. The voltage applied to the AFM tip was varied during the 

scan to demonstrate the voltage dependence. 
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Figure S3. SEM image in back-scattered electron mode (a) and Si mapping (b) of the 

nanostructures grown between Au electrodes. The region shown is identical to the region of the 

Au mapping in Fig. 4 (d). (a) shows the same contrast as the Au mapping, while the contrast of 

the Si mapping is inversed since the Au structures block the electron beam from the SiO2 

substrate. 
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Figure S4. SEM images in backscattered electron mode ((a)-(c)) and secondary electron mode 

(d) of the Au dendrites between the electrodes. The contrast in images (a)-(c) is caused by sample 

composition mostly, while (d) contains topographical information. (b) shows the delicate 

connection of the dendrites to the positive electrode. (d) reveals that the dendrites are higher and 

have more 3-dimensional morphology beyond the positive electrode edge. 
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Figure S5. (a) Fluorescence microscopy images of the nanostructures grown on a eumelanin film 

between Au electrodes taken with (550±10) nm excitation light from a short arc lamp. (b) 

Fluorescence spectra of the interelectrode region before and after electrical biasing. 
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Figure S6. (a) Fluorescence microscopy images of the interelectrode region of eumelanin film 

after biasing in bright field and with (550±10) nm excitation light from a short arc lamp. (b) 

Corresponding images after removal of eumelanin by 1 h UV-ozone treatment. 
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Figure S7. AFM image of a eumelanin film between Au electrodes (L=10 μm, W=200 μm) 

biased at 1 V for 1.2 h. The electrical measurement was stopped when the sample switched to the 

highly conductive state. Exactly one dendrite crossing the interelectrode region could be found. 

The color scale of the AFM image was changed to improve the visibility of the dendrite.  
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Figure S8. Different current transients for eumelanin films on Au electrodes (L= 6 μm, W= 4 

mm) at V=1 V. (a), (c), (d) are the I-t curves for the first biasing for three different samples with 

the same geometry. The time to the first increase of current, the height and shape of the current 

steps varies. (b) A second measurement on sample (a). 
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Figure S9. Current-voltage measurement for a eumelanin film between Au electrodes with 

dendrites in the highly conductive state. The voltage was cycled from -0.5 V to 0.5 V. The 

current-voltage dependency is highly linear and independent of the sweeping rate between 0.02 V 

s
-1

 and 2 V s
-1

. 
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Figure S10. AFM images of eumelanin films between Au electrodes (L=10 μm) biased at 0.3 V 

(a), 0.5 V (b), and 0.7 V (c). The duration of biasing was 5.5 h for (a) and (c), and 1.7 h for (b). 

Only at 0.7 V NA formation can be observed. 
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Figure S11. AFM height and phase image of a eumelanin film on Au electrodes (L=6 μm), 

deposited from DMSO suspension, heated at 125°C for 46 h and biased at 1 V for 20 h. NAs 

form close to the edge of the positively biased electrode but no dendrite formation is observed. 
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Figure S12. AFM image (a) and current transient (b) for a eumelanin film between Au electrodes 

(L=6 μm) deposited from DMF and biased at 1 V. Dendrite growth and the resistive change 

similar to eumelanin films deposited from DMSO were observed. 
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Figure S13. Optical microscopy image (a) for a film of Sepia melanin after 2 h of biasing (L=6 

μm) at 1 V and corresponding current transient measurement (b). Sepia melanin films were 

composed of large particles and covered only partly the interelectrode region, which made the 

localization and imaging of dendrites difficult. However, the sudden increase in current clearly 

indicates bridging of the interelectrode region by Au-eumelanin nanostructures. The instabilities 

in the current are likely related to the bad film quality. 
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Figure S14. AFM image of a DHICA melanin film between Au electrodes (L=6 μm) biased at 

1 V for 2 h. A strong accumulation, most likely due to Au dissolution, is formed at the edge of 

the positive electrode. No dendrites or resistive change were observed possibly due to a high 

degree of polymerization and insufficient film formation. 
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Figure S15. Optical microscopy image (a) of a film deposited from a suspension of the DHICA 

monomer between Au electrodes (L=6 μm) after biasing at 1 V for 2.8 h. DHICA partly 

polymerized during processing as indicated by a darkening of the solution. The growth of 

dendrites and the sudden increase of current within less than 2 h are clearly visible. 
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Figure S16. AFM image of a film of DMSO melanin after 2 h biasing at 1 V (L=6 μm). The 

experimental conditions were exactly the same as for DHICA melanin in Figure S14. Only the 

formation of a thin line close to the positive electrode can be observed. No larger accumulation or 

dendrites were formed. No resistive change was observed. Even after 14 h of electrical biasing no 

significant changes were observed. 
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Figure S17. Optical microscopy image (a) and current transient (b) of a film of NaOH-treated 

DMSO melanin biased for 2 h at 1 V (L=6 μm). Nanostructures were formed between the Au 

electrodes during biasing, which lead to sudden increases in the current, particularly around 1800 

s and 5000 s. The current transient shows strong instabilities, which we ascribe to the 

inhomogeneous and bad film quality of NaOH-treated DMSO eumelanin. 
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Figure S18. Reconstructed ToF-SIMS images of dendrites forming between two Au electrodes 

on a Sigma melanin film showing the total ion intensity (a) and the distribution of Au
- 
(b), Cl

-
 (c), 

and CN
-
 ions (d). The presence of Cl

-
 in the dendrite region is clearly visible. It seems to be more 

intense around the dendrites than on top of them in contrast to some organic ions such as CN
-
. 
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Figure S1: (a) Transient current measurements (V = 0.5 V) on a drop-cast sample of
eumelanin with Pd electrodes (W = 20 µm, L = 6 µm) under proton- and
electron-injecting (5% H2 in atmosphere) and only electron-injecting conditions
(no H2) for different values of relative humidity. The film thickness is about
1 µm. (b) First 20 s of same current measurements showing that the transient
component is weaker under H2 exposure. While protons are blocked by Pd elec-
trodes without exposure to H2 and thus contribute to the transient current, they
contribute to the steady-state current when measured with PdHx electrodes.

X-ray photoelectron spectroscopy

The elemental composition of Sigma melanin films deposited from DMSO as obtained by
a XPS wide-scan survey is given in Tab. S1. High-resolution spectra of the C1s, N1s,
and O1s core levels are displayed in Fig. S3. Binding energies and identification of the
components used for peak fitting can be found in Tab.S2. The peak fitting and the analysis
of the data regarding the monomer composition of Sigma melanin was guided by the
standard oxidative pathway for eumelanin from tyrosine (Fig. S2). We also included the
possibility that pyrrolic acids form due to oxidative degradation, as well as that they can
be incorporated in the macromolecular structure [1] (see end of SI). Thus, we considered
the possible presence of the species A-G as given in Fig. S2. To estimate the relative
contribution of these units to Sigma melanin, we solved a system of equations based on
the theoretical (for the monomers) and experimental (for Sigma melanin) values of the
elemental ratios [C]/[N], [O]/[N], the portion of C bound in carboxyl groups, and the
portion of N in pyrrole rings vs. uncyclized structures (Tab. S3). These quantities were
judged the most reliable from the XPS spectra and the most useful to distinguish the species
A-G. Based on our assumptions, the values given in Tab. S3 do not allow a significant
content of pyrrolic acids, E-G. Indeed, we obtain a composition of 22% DHI units, 41%
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DHICA units, 37% of L-dopa or tyrosine based on [C]/[N], [C in COOH], and [N in pyrrole].
This composition corresponds to [O]/[N]=3.6, which is lower than the measured ratio but
within the experimental error, considering also the presence of impurities. The result can
change if other N-containing uncyclized molecules or hydrocarbon contamination are taken
into account. Further structural characterization is required to obtain a complete picture
of the chemical composition of Sigma melanin.

COOH

NH
2

OH

OH

N
H

OH

OH

COOH

N
H

OH

OH

N
H

COOH

HOOC

HOOC

N
H

COOH

HOOC

HOOC

N
H

HOOC

HOOC

N
H

COOH

+
C    55 %  N     7  %  
O    32 %

C    56 %  N     7  %  
O    33 %

C    64 %  N     9  %  
O    21 %

C    42 %  N     7  %  
O    48 %

C    46 %  N     9  %  
O    41 %

MW=197.19

MW=149

MW=193 MW=175

MW=131

C    54    N    13%  
O    29%

COOH

NH
2

OH

OH

N
H

OH

OH

COOH

N
H

OH

OH

N
H

COOH

HOOC

HOOC

N
H

COOH

HOOC

HOOC

N
H

HOOC

HOOC

COOH

NH
2

OH

+
C = 64.2; N = 7.1;
O = 28.7

C = 72.8; N = 9.0;
O = 18.2

C = 50.0; N = 7.2;
O = 42.8

C = 47.4; N = 9.0;
O = 28.6

C = 69.2; N = 7.7;
O = 23.0

A 

B 

C 

D F 

F E 

G 

Figure S2: Standard oxidative pathway for the formation of eumelanin from tyrosine (A),
via L-dopa (B), DHI (C), and DHICA (D). DHI and DHICA polymerized to give
eumelanin. Pyrrole-2,3-dicarboxylic acid (E) and pyrrole-2,3,5-tricarboxylic
acid (F) are the main oxidative degradation products of eumelanin and can
also be incorporated into the macromolecular structure in the form of specie G.

Table S1: XPS wide scan survey results for a thin film of commercial synthetic eumelanin
deposited from dimethyl sulfoxide.

Binding energy Atomic %
Pt4f 74.1 0.1
S2p 167.1 0.4
Cl2p 198.7 0.1
C1s 285.1 61.9
N1s 399.8 7.0
O1s 531.9 27.9
F1s 688.0 2.0
Fe2p3 708.9 0.6
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Figure S3: XPS spectra of a eumelanin thin film. C1s (a), N1s (b), and O1s core level (c).
The assignment of the individual components used for peak fitting can be found
in Tab. S2.

Table S2: Chemical moieties used to fit the XPS spectra of a eumelanin thin film. The
composition is normalized to 100 % for each element.

Element Binding energy Assignment Atomic %
C 284.7 C-C aromatic 23.1

285.3 C-C aromatic 23.0
285.8 -C-N 9.3
286.5 -C-OH, -C-N 19.3
288.0 -C=O 13.0
289.2 O=C-OH 8.5
291.4 π − π∗ in C=C 3.9

N 399.2 -NH2 21.4
400.3 pyrrole 62.9
401.8 -NH+

3 15.7
O 531.3 O=C 27.5

532.1 O=C in COOH 24.7
532.8 HO-C in COOH 21.7
533.5 HO-C aromatic 26.1

143



Table S3: The theoretical (for species A-G) and experimental (for Sigma melanin) values of
the elemental ratios [C]/[N], [O]/[N], the portion of C bound in carboxyl groups,
and the portion of N in pyrrole rings.

[C]/[N] [O]/[N] [C in COOH]/[Ctotal] [N cyclized]/[Ntotal]
A Tyrosine 9 3 0.11 0
B L-dopa 9 4 0.11 0
C DHI 8 2 0 1
D DHICA 9 4 0.11 1
E Pyrrole-2,3-dicarboxylic acid 6 4 0.33 1
F Pyrrole-2,3,5-tricarboxylic acid 7 6 0.43 1
G Pyrrole-2,3,5-tricarboxylic acid 7 2 0.14 1

linked
Sigma melanin 8.88 4 0.085 0.63

Electrochemical impedance spectroscopy
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Figure S4: Nyquist plots of the EIS measurement on a eumelanin film at 90% RH, applying
a bias between 0 and 0.8 V (L = 10 µm, W = 4 mm, A = 0.8 mm2, d =
50 nm). The frequency range is 10−2 − 106 Hz. The electrode geometry used
in this measurement is characterized by a larger electrode area but a smaller
electrode width compared to the interdigitated electrode design used in most
measurements (W = 24.5 mm, A = 8 mm2), including the EIS results reported
in Fig. 2 of the main text. Compare also with Fig. S8.
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Current-voltage measurements
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Figure S5: (a) Sweep rate-dependent current-voltage characteristics of a eumelanin film at
90% RH for [-0.4 V, 0.4 V], measured with coplanar Pt electrodes (L = 10 µm,
W = 24.5 mm, d = 50 nm). (b) I(0 V) (taken at the end of the cycle) vs sweep
rate. The red line is a linear fit. The slope of the fit corresponds is an estimate
of the capacitance C of the sample. C divided by the in-plane electrode area
(0.8 mm2) yields 9 µF cm−2.
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Figure S6: Current-voltage characteristics of eumelanin films at 90% RH for different elec-
trode spacings L (W = 1.5 mm, d = 30 nm). The sweep rate is 5 mV s−1.
I(0.8 V) increases when L decreases from 50 µm to 10 µm, indicating that the
current is partly limited by (mass or charge) transport in the bulk. I(0.8 V)
saturates at L = 2 µm to 5 µm. This suggests that the current is limited by
charge transfer at the electrodes for relatively low values of L.
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Figure S7: Current-voltage characteristics (sweep rate 5 mV s−1) of eumelanin films at
90% RH (L = 10 µm, W = 24.5 mm). The legend indicates the concentration
of the eumelanin suspension and the approximate film thickness obtained by
spin-coating. I(0.8 V) increases with the film thickness, indicating the partial
limitation of the current by transport in the bulk.
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Figure S8: Current density-voltage characteristics (sweep rate 5 mV s−1) of eumelanin films
(d = 50 nm) at 90% RH using two different electrode geometries shown in the
insets (both L = 10 µm). The electrode width and in-plane area is 4 mm and
8 mm2 for the geometry with straight electrodes (red curve) and 24.5 mm and
0.8 mm2 for the circular interdigitated design (black curve). The dependence of
the current density, as evaluated taking into account only the film cross section
(W · d), on the in-plane area A suggests the contribution of electrochemical
reactions to the current.
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Cyclic voltammetry
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Figure S9: Cyclic voltammetry of Sigma melanin (a), DHI melanin (b), and DHICA
melanin films (c) on ITO substrates as working electrode, platinum foil and
saturated calomel electrode as the counter and the reference electrodes, respec-
tively. Nitrogen purged PBS buffer (0.01 M) of pH 7.4 is used as the electrolyte
and a 50 mV s−1 scan rate is maintained. The voltage is cycled from 0 to posi-
tive V and then to negative. The cyclic voltammogram of ITO without melanin
in PBS is represented in gray. Black arrows indicates the decrease in current
density as a function of the number of cycles.
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Thermogravimetric analysis
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Figure S10: Thermogravimetric analysis of a powder sample of eumelanin having been
hydrated at 90% RH during one day. The weight loss of about 14% up to
140 ◦C is attributed to water evaporation. The sample had to be exposed
to ambient air for few minutes during sample transfer. Therefore, the water
content might be slightly underestimated.
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