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Abstract 

 

Eumelanin, the mammal pigment originating via the oxidative polymerization of 

5,6-dihydroxyindole (DHI) and/or 5,6-dihydroxyindole-2 carboxylic acid 

(DHICA), for more than forty years have been the focus of uncommon interest in 

biomedical research due to their central relevance to skin and eye photoprotection.  

 

 

 

During the last two decades, several peculiar properties of eumelanin-inspired 

polymers have attracted the attention of the materials science community too, 

following the realization of device quality thin films through controlled 

polymerization of DHI and derivatives. The properties of these materials include: 

a) broadband optical absorption in the UV-visible range; b) efficient UV-

dissipative mechanisms; c) photoconductivity in the solid state; d) electronic-ionic 

hybrid conduction properties.  

Anyway, despite a burst of interest in the use of synthetic eumelanin for organic 

electronics and bioelectronics, the implementation of competitive eumelanin based 

technology has so far been hindered by several drawbacks. These ones include: 

complete insolubility in all solvents, preventing the development of standardized 

and reproducible synthetic procedures, low conductivity, and the lack of a solid 
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conceptual frame of structure–property–function relationships. In particular, the 

high molecular heterogeneity of the eumelanin, whose impact on their electrical 

performances has not been still systematically assessed, generates several critical 

consequences like, for example, the lack of well-defined HOMO–LUMO gaps. 

 

This PhD project aims to identify Structure Property Function relationships in order 

to propose a mechanistic model describing the ionic-electronic charge transport in 

eumelanin thin films and finally fabricate eumelanin based devices. 

In Chapter 1, is described an overview related to the physico-chemical properties of 

Eumelanin and the different methods used to obtain it , and this chapter will present 

also a description related to the recent explosion of interest for Eumelanin 

applications in bio-electronics and organic-electronics fields that will be one of the 

main focus with which this thesis will deal. 

In Chapter 2,  to increase the eumelanin conductivity performances, hybrid 

materials were designed, adding eumelanin to conductive materials (in this case, 

PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene sulfonate)). Resulting 

material properties have been studied through spectroscopic characterizations, and 

by means of X-rays, SEM, UV-VIS, contact angle, profilometry, and electrical 

measurements on different devices architectures. 

 

 
Figure 1: Part of the instruments used to characterize material properties  

Contact angle Scanning electron 

microscopy 

 

 

 

Four point probe UV/VIS 

Spectrophotometer 
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deposition 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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Thin films are ideal candidates to be studied, because they are easily accessible to 

chemical and morphological characterizations and potentially susceptible to device 

applications. The first step in the PhD study has involved the design and 

characterization of hybrids made from blends of Clevios™ PEDOT:PSS PH1000, a 

conductive polymer, and melanin pigments. The aim of this blend is to have a 

material which is conductive or satisfactorily conductive as the PEDOT:PSS and, 

at the same time, resistant to the possible conditions under which the PEDOT: PSS 

is unstable, for example, exposure to water and other degrading agents such as 

oxygen. The melanin is able to ensure factors such as stability to degrading agents, 

but also adhesion to the substrate, which does not make the PEDOT:PSS. 

The designed and prepared blends differ in the variable DHI / PEDOT:PSS ratio; 

the solvent used for the solubilization of the DHI was found to be the propan-2-ol. 

The blends were prepared in the presence and in the absence of a secondary dopant. 

A primary dopant differs from a secondary dopant (better defined as “additive”) 

since the former has a reversible effect, while the effect of the secondary doping is 

permanent and remains even when the additive is removed. Here, the agent of the 

secondary doping was dimethylsulfoxide (DMSO). 

Capitalizing on a recently developed protocol to prepare high quality eumelanin 

coatings, herein it is reported the design and the integration of standard commercial 

PEDOT:PSS with eumelanin pigment (see chapter 2). During this study, were 

prepared different blends with different DHI/PEDOT ratios in order to understand 

and define an electrical conductivity trend, with eumelanin content increase in the 

chemical system. The study of electrical properties of these blends was mandatory 

in order to define and satisfy a good blend able to work as polymeric anode in an 

Organic light emitting diode device (OLED) that is one of the ideas of application 

of this material for organic-electronics and bio-electronics purposes. The blend 

used is the one with DHI/PEDOT ratio = 0.4 w/w. This blend has allowed to get 

water stable transparent thin films, capable to operate as electrodes for organic 

devices, complementing the PEDOT:PSS electronic conductivity with the peculiar 
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eumelanin properties, including adhesion, water stability and ionic-electronic 

conductivity. 

As a proof of concept, an unprecedented ITO (Indium tin oxide)-free organic light 

emitting diode (OLED) implementing an eumelanin-PEDOT layer as the anode 

was fabricated and characterized. To the best of our knowledge, this is the first 

evidences of an OLED device based on an anode layer integrating eumelanin. To 

prepare the mixture of eumelanin and PEDOT:PSS (Eu-PH), a protocol involving 

in situ eumelanin generation was designed. This approach allowed not only to 

circumvent the actual insolubility of eumelanin in any solvent, but also to gain over 

the PEDOT molecular organization. The target was to obtain a material with good 

conductivity (not less than 300 S*cm
-1

) and a work function at least comparable 

with the ITO (whose commonly reported around 4.4÷4.7 eV) or larger for an 

efficient hole injection, to be effectively used as the anodic material in organic 

electronic devices. The Eu-PH thin films were thus obtained by exposing the DHI-

PEDOT:PSS films, obtained via spin-coating onto glass substrates, for 1 h to air-

equilibrated gaseous ammonia (AISSP (Ammonia induced solid state 

polymerization) protocol)), from an ammonia solution (28% in water) inside a 

sealed chamber at 1 atm pressure and at controlled temperature (25°C÷ 40°C).  

For the OLEDs, a hole injection layer (HIL), CLEVIOS PEDOT:PSS PVP Al 

4083, used as-is, was deposited via dip-coating (thickness 90 nm). Final steps of 

the OLEDs fabrication were carried out under inert atmosphere. All the substrates 

were loaded into a glove box system (N2 atmosphere, O2 < 1 ppm, H2O < 1 ppm), 

and transferred into an in-line evaporation chamber. The active area of the devices 

was 7 x 10
-6

 m
2
. The final OLED architecture includes: the glass substrate; the 

anode (ITO; or CLEVIOS PH 1000; or Eu-PH); the HIL; the HTL; the ETL-EML 

and the cathode. 
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Figure 2: Schematic section of the OLED devices prepared 

Because a more in-depth investigation is required to fully address the eumelanin-

PEDOT integration, the effect of the eumelanin on conductivity of the blends was 

thus related to structural features observed in Wide Angle X-ray Scattering 

(WAXS) and X-ray diffraction (XRD) patterns of films with different eumelanin 

content and fixed PEDOT:PSS ratio. Analysis of free-standing films in 

transmission geometry (WAXS) allowed to get rid of substrate scattering 

contribution, and mainly probe crystallographic directions parallel to the film 

plane. On the other hand, reflection geometry (XRD, GIWAXS) allowed probing 

structural order in both directions, in and out of the film plane, and can be used for 

the as-prepared films, laying on glass substrates, to better relate structural and 

electrical properties. The effect of the eumelanin integration within PEDOT:PSS 

layers was investigated in terms of the changes in the hierarchical structure of the 

PEDOT:PSS films. The results of the X-ray scattering characterization clearly 

demonstrate that the presence of the eumelanin affects the PEDOT component of 

the blend, inducing an overall increase of the crystalline order at low eumelanin 

contents. This effect is associated with a smaller distance between the PEDOT 

chains. Moreover, when eumelanin percent content increases, a less steep decay of 

the blend conductivity was observed, than the one expected on the basis of the data 

reported on the conductivity of PEDOT ternary mixtures. At the same time, the 

introduction of the eumelanin gives noteworthy properties to the Eu-PH blend, 

including a strong adhesion on inorganic substrates, and water stability, which open 
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to an efficient exploitation of the Eu-PH for conductive coatings within 

biointerfaces for application in bioelectronics. 

As said, higher values of the eumelanin electrical conductivity are needed for 

applications in organic electronics, thus several studies explored the integration of 

the pigment with conductive materials. But, these approaches actually modify the 

chemistry of the layers. Other approaches also exploited severe modifications of 

the eumelanin-like materials to gain a graphene-like material, as for example by 

pyrolitic treatment of polydopamine under hydrogen atmosphere. 

 

The mechanism of charge transport in eumelanin is still not fully clear, but several 

evidences are concurring to sustain a hybrid ionic-electronic behaviour, where the 

electronic contribution depends on the presence, extent and the redox properties of 

the delocalized aromatic systems, while the ionic part is largely dictated by the 

hydration level of the pigment (i.e. humidity in the measuring environment). 

Basing on the concurring evidences disclosing the correlation between the chemical 

physical properties of the eumelanins and the polyindole -system staking, as well 

as the packing of the molecular constituents within the pigment, we speculated 

about the modulation of the electronic conductivity, by acting on the polyindole 

packing in eumelanin thin films. Here (Chapter 3), preparation and 

characterization of eumelanin thin films showing conductivity up to 318 

S/cm are discussed. Highly conductive films were prepared via the oxidative 

polymerization of films of 5,6-dihydroxyindole (DHI), the ultimate monomer 

precursor in the formation pathways of natural and synthetic eumelanins, 

then treated under high vacuum thermal annealing. We name the obtained 

material as High Vacuum Annealed Eumelanin, HVAE. 

 

During the 3
rd

 year of the PhD course, I have had a research visiting period in 

the Laboratory of Organic Electronics of the University of Linköping in 

Norrköping under the supervision of Dr. Eric Daniel Głowacki. During this 
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time, I worked on a project concerning the photo(electrochemical) properties 

of the eumelanin. We report (see Chapter 4) that eumelanin is a photo-

catalytic material. Though photoconductivity of eumelanin and its 

photochemical reactions with oxygen have been known for some time, 

eumelanins have not been regarded as photofaradaic materials. We found that 

eumelanin shows photocathodic behaviour for both the oxygen reduction 

reaction and the hydrogen evolution reaction. Eumelanin films irradiated in 

aqueous solutions at pH 2 or 7 with simulated solar light, photochemically 

reduce oxygen to hydrogen peroxide with accompanying oxidation of 

sacrificial oxalate, formate, or phenol. Auto-oxidation of the eumelanin 

competes with oxidation of donors. Deposition of thin films on electrodes 

yields photoelectrodes with higher photocatalytic stability, compared with 

the case of pure photocatalysis, implicating the successful transport and 

extraction of holes from the eumelanin layer. These results open up new 

potential applications for eumelanin as a photocatalytically-active 

biomaterial, and inform the growing fundamental body of knowledge about 

the physical chemistry of the eumelanin. 

 

From all of this work, as result of this finding, we demonstrate new 

potentialities of Eumelanin in organic-electronics and bio-electronics field, 

developing new methods and new recipes either to increase electrical 

conductivity in order to exploit this material for several applications and 

purposes either to use it as photocatalytically-active material.  Although a 

conclusive picture about the conductor vs semiconductor behavior of the 

eumelanins and insights about the mobility of charge carriers will require 

further investigations, results related to annealed thin films of Eumelanin, 

here reported, radically modify the actual picture of the eumelanin charge 

transport properties, reversing the paradigm according to which eumelanin 

conductivity increases with the water content of the pigment. Indeed, when 
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eumelanin molecular constituents are rearranged in conductive layers, the 

contribution of electronic current is demonstrated to be largely preeminent 

with respect to the ionic one, allowing to get unprecedented conductivity and 

to consider the mammalian pigment as an actual conductor. 
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1. Introduction 

 

1.1 Introduction on melanins 

 

The term Melanins (μέλας = black)
1 has been used since 1840 to denote the 

broad class of pigments found throughout nature, from human beings to 

invertebrates, plants and fungi. 

Melanin is a predominantly indolic macromolecule
2
. There are many 

different types of melanin, including eumelanin, pheomelanin, neuromelanin 

and allomelanin. Eumelanin and pheomelanin are both found in the skin, hair 

and eyes of many animal species, including humans, where they act as photo-

protectants (absorbing harmful ultraviolet and visible radiation). 

Eumelanin is known to be a macromolecule built up from 5,6-

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

and is black to brown in colour
3
. Eumelanin is the most extensively studied 

of all melanins since it is the primary pigment found in human skin, although 

it also forms the major component of squid ink and is responsible for the 

dark colouration in feathers
4
. Pheomelanin is a sulfur containing 

macromolecule composed of 1,4-benzothiazine units, and is red to yellow in 

colour (pheomelanin is responsible for the colouration of human red hair and 

chicken feathers
5, 6

). This thesis deals essentially with eumelanins. 

The other varieties of melanins (including allomelanins and neuromelanins) 

will not be described in this thesis, but briefly allomelanins are pigments 
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nitrogen free found largely in plants such as certain fungi and seeds, and also 

in soil. Neuromelanins are found in the brainstem and inner ear of humans 

and higher primates where its role is unknown, although it is thought to have 

some biological significance; neuromelanin is decreased or absent in 

individuals with Parkinson’s disease, for example
7, 8

. It is not clear whether 

the relationship between neuromelanin and Parkinson’s disease is causal, 

although it is suggested that the pigment might modulate neurotoxic 

processes through interaction through iron, binding of drugs or reaction with 

free radicals and free radical producing species
9
. Additionally, albinism often 

leads to deafness in animals, suggesting biological functionality
10

. 
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1.2 Interest in melanins 

 

Paradoxically, although melanin is a photoprotectant, it has also been 

implicated in the chain of events that lead to malignant melanoma skin 

cancer
11-13

, although this link is very poorly understood. Highly pigmented 

skin is more protected from carcinogenesis than un-pigmented skin
14

, but it 

has been suggested that pheomelanin may actually function as a 

photosensitizer
15

, and has been shown to actually enhance DNA damage in 

cells in response to ultraviolet radiation
16, 17

. The skin is the most common 

site of cancer in humans
14

, and although melanoma is one of the rarer types 

of skin cancer, it causes the majority of skin cancer related deaths
18

. 

According to the World Heath Organisation, approximately 48,000 

melanoma related deaths occur each year
19

. This makes understanding the 

biological functionality of melanin and its role in melanoma a health priority, 

particularly for countries with high levels of solar radiation such as Australia. 

Melanin also plays a central role in a variety of highly visible and 

inconvenient pigmentary disorders such as albinism and vitiligo
20

. 

Melanin is also of interest as a model system for understanding disorder in 

biological systems. Disorder is thought to be an essential part of the 

biological functionality of melanin, which is unlike other much more 

thoroughly studied biomolecular systems such as DNA and proteins. 

Disordered systems in biology have yet to receive a great deal of attention, 

likely due to the difficulties inherent in studying them. This makes melanin a 

fascinating novel system with the potential for development of techniques 

applicable to a wide range of important biosystems
21-23

. 

As a third point of interest, melanins exhibit interesting physical and 

chemical properties such as anti-oxidant and free-radical scavenging 
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behaviour, metal and drug binding properties
24-27

, broad band ultraviolet and 

visible absorption and strong non-radiative relaxation of photo-excited 

electronic states
28

. These physical chemical properties, together with the 

natural pigment bio-compatibility, are the basis for the great interest in the 

realization of eumelanin based electronic devices. Possible examples include 

highly efficient broadband single photon counters (superconductor based 

bolometers with a thin eumelanin film as the sensitising pigment), extremely 

sensitive humidity sensors (based on the extreme sensitivity of eumelanin 

solid state conductivity to hydration), organic semiconductor electronics and 

solar cells
29, 30

. Despite a burst of interest in the use of synthetic eumelanins 

and related biopolymers for organic electronics and bioelectronics, the 

implementation of competitive eumelanin based technology has so far been 

hindered by several drawbacks, expecially related to the low conductivity of 

the material. One of the main focuses with which this thesis will deal is thus 

related to the possibility to modulate the electrical conductivity of this bio-

polymer in order to make it suitable for its application as material for devices 

fabrication. 
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1.3 Synthesis of eumelanins 

 

Biochemically, eumelanin is derived from tyrosine in a reaction catalysed by 

the enzyme tyrosinase, as outlined in the scheme depicted in scheme 1.1. 

Analysis of this synthetic process and final eumelanin structure is extremely 

difficult due to the highly unstable nature of the reaction intermediates, and 

extremely stable and insoluble nature of the final product
31

. Nevertheless, 

intermediates have been identified, largely due to the pioneering work of 

Raper and Mason
32

. The enzyme tyrosinase acts on dopa and tyrosine to 

produce dopaquinone, which reacts to form dopachrome (a red compound). 

Dopachrome is rather stable, but will spontaneously decompose to form DHI 

(5,6-dihydroxyindole), giving off CO2. If the enzyme dopachrome 

tautomerase is present (Dct), dopachrome will instead tautomerise to give 

mostly DHICA (5,6-dihydroxyindole-2-carboxylic acid), retaining the 

carboxylic acid group
33

. Hence the availability of Dct will determine the 

relative amounts of DHI and DHICA produced, and therefore the ratio of 

these components in the final eumelanin macromolecule. This ratio will also 

be affected by other enviromental factors, and hence varies widely depending 

upon the source of the eumelanin under study
34

. It is widely accepted that 

eumelanin is a heterogeneous macromolecule of DHI and DHICA. Melanin 

must be extracted from biological systems for study, and the extensive 

amount of bound protein must be removed. This is often achieved via harsh 

processes such as acid/base treatment, which is known to severly disrupt the 

properties of the pigment
35

. 

Much milder enzymatic methods are also available to extract melanin from 

hair, skin and eye tissue yielding melanin that is closer to its natural state
36

. It 

has become common practice to use eumelanin extracted from the ink sac of 
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the cuttlefish Sepia officinalis as a model eumelanin pigment since it is 

readily available and easily extracted via mild techniques which yield a 

uniform black pigment that is appropriate for use as a standard
37

. Material 

that is termed ‘synthetic melanin’ is also often used as a standard for natural 

melanins. Synthetic melanin is formed under a variety of conditions in vitro 

including: 

• Biomimetic conditions - oxidation by DHI with enzyme tyrosinase in aqueous 

buffer at neutral pH. This would seem to be the best synthetic method since it is 

closest to the natural system, but unexpectedly eumelanin formation occurs very 

slowly under these conditions, even in the presence of large amounts of enzyme
38

. 

Additionally, it is challenging to control and measure the activity of tyrosinase 

during this reaction, giving poor reproducibility
3
. Enzymatic preparations may also 

be performed with the alternate substrates of dopa and tyrosine. 

• Autoxidative dopa eumelanin may be prepared by simply allowing alkaline 

solutions of dopa to come into contact with air. The solution may then be acidified 

to precipitate the eumelanin
31

. 

• A peroxidase/H2O2 couple induces a complete and rapid conversion of DHI to 

eumelanin in aqueous buffer at biomimetic pHs
39

. Similarly, a synthetic eumelanin 

is commercially available that has been prepared by persulfate or peroxide 

oxidation of tyrosine
31

. 

The resulting black pigments show great similarity to natural eumelanin, 

although proof that they are identical to natural eumelanin remains lacking3. 

Synthetic eumelanin is convenient as a model system for pioneering new 

methods or theories to treat this difficult material, and since they are 

produced under controlled conditions and contain known monomeric units 

they offer advantages for analysis over the more complex naturally extracted 

melanins. Throughout this thesis we use DHI eumelanin as a synthetic 

analogue for natural eumelanin in the way to be able to circumvent the 
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multiple problems related with the low processability of the Eumelanin 

following the monomer route
40

 as will be described in 1.5. 

 

Scheme 1.1. Schematic view of eumelanin synthesis from tyrosine or dopa. 

Representative intermediates in the process are highlighted.  
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1.4 Eumelanin physicochemical properties  

 

Working on eumelanins has usually been regarded as an intriguing, though 

experience
40

. This is due to several challenging features of the system, 

including almost complete insolubility in all solvents, an amorphous 

particulate character, and extreme molecular heterogeneity. Eumelanin does 

however possess a number of physicochemical properties
28

 that can be used 

to identify and quantify the system, such as a persistent electron 

paramagnetic resonance (EPR) signal, broadband monotonic optical 

absorption, peculiar excitation and emission properties
41, 42

, and time 

dependent photodynamics
43-45

.
 
Standard vibrational methods such as infrared 

absorption and Raman spectroscopy
46, 47 

and more recently inelastic neutron 

scattering spectroscopy
48

 have also been applied with varying degrees of 

success to study the vibrational finger-print of eumelanin precursors. 

Controlled chemical degradation giving traces of pyrrolic acids has been 

exploited mainly for pigment analysis in tissues
49, 50

 yielding only limited 

information as to the basic aspects of eumelanin primary-level structure
3
. Yet 

to-date eumelanins fundamental structure (if indeed the term “structure” can 

rightly be applied to such a highly heterogeneous material), is still under 

intense scrutiny
40, 51

. 

These properties – which include features such as anti-oxidant and free-

radical scavenging behaviour, broad band UV and visible absorption and 

strong non-radiative relaxation of photo-excited electronic states – are 

defined by the molecular, supramolecular and aggregate-level structure. 

Establishing the relationships which link structure and properties is a 

common goal in many branches of materials physics and chemistry. 

Understanding how these structure–property relationships define biological 
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function is the realm of molecular biophysics and molecular biology. The 

ultimate goal of melanin research is to link all these facets together to gain a 

full mapping of how molecular and cellular scale structure relate to 

macroscopically observable properties and functions. Such a process will 

allow us to understand melanin related disease states, and create meaningful 

medical interventions. Exactly this process has led to the genomics and 

proteomics revolutions of the last decade. 
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1.5 Eumelanin-based organic (bio) electronics 

 

The pigment melanin, more precisely eumelanin, was reported to have 

semiconducting properties already in the 1960’s and 70’s
56-59

. Properties of 

eumelanin that caught the attention of material scientists and physicists 

include a persistent electron spin resonance signal, indicating stable free 

radicals
60

, strong optical absorption with a featureless spectrum
61

, and the 

hydration-dependent (photo- )conductivity of eumelanin pellets. 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
59

. Most recent works 

referring to the electrical properties of eumelanin still consider eumelanin as 

an amorphous semiconductor
54, 61-65

. However, there have also been reports 

about mobile ions, in particular protons, in eumelanin
67-69

. In 2012, Mostert 

et al. resumed the debate on the origin of the electrical conductivity of 

eumelanin
68a

. Their work on eumelanin pellets seems to disprove the 

amorphous semiconductor model and suggests that both electrons and 

protons are mobile in eumelanin pellets.  

Santato et al. have elaborated a charge transport model in a series of papers 

showing the relationship between protons as the major charge carrier and the 

paramagnetic species observed in eumelanin
68b

. 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 
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and structural disorder and its insolubility in common solvents
70

. 

Furthermore, many properties of eumelanin are strongly affected by 

hydration
71

. The structure of eumelanin depends on (bio-)synthetic 

conditions and precursors
70, 72

. 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
73, 74

. 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 functional material
53, 54, 

75, 76
. The electrical and chemical properties of eumelanin in combination 

with its intrinsic biocompatibility have encouraged researchers to explore the 

use of eumelanin in tissue engineering
65

, biocompatible batteries
77

, memory 

devices
78

, and sensors
66, 79

. The possibility of mixed ionic-electronic 

conduction makes eumelanin an interesting candidate for ion-to-electron 

transduction
68

. 
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1.6 Thin film fabrication 

 

The employment of eumelanin in organic electronics requires effective 

technologies for device fabrication, in particular thin film preparation. A 

milestone in film fabrication is given by the report on device-quality 

synthetic melanin thin films by Bothma and de Boor in 2008
74

, using 

eumelanin solution obtained by alkaline treatment. It has to be noted here 

that such treatments also produce serious chemical modification in the 

structural backbone of the pigment
80, 81

. A number of other papers also report 

melanin film preparation by spin-cast procedures. 

Generally, these procedures require alkaline treatment of eumelanin 

samples
69, 82

 or very harsh synthetic procedure such as benzoyl peroxide-

promoted oxidation of L-DOPA in dimethyl sulfoxide (DMSO) over days
83, 

84
. Bettinger and Bruggeman reported good biocompatibility of eumelanin 

films spin-cast from either alkaline solution or DMSO
66

. 

More recently, a series of studies addressed novel technologies for film 

preparation. Abbas and Ali reported the use of electrospray deposition
86

. A 

similar procedure has been adopted previously
62

. The first deposition of 

biomimetically prepared eumelanins was achieved by the use of laser 

deposition matrix-assisted pulsed laser evaporation (MAPLE), as reported by 

Bloisi and Pezzella, yielding melanin films featuring a high structural 

integrity at the molecular level
87, 88

. 

Electrochemical methods were also used for the self-assembly of eumelanin 

films on Au and graphite surfaces, using alkaline suspensions of eumelanin 

aggregates
79, 84, 89

. A totally different approach is the polymerization of 

melanin precursors on substrates. Subianto and Will obtained eumelanin 

free-standing films by electrochemical oxidation of DOPA solution on 
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indium tin oxide (ITO) glass electrode
90

. Electrochemical polymerization of 

DHI on ITO substrates was obtained by using cyclic voltammetry and 

constant potential methods
84

. Also, dopamine was used as precursor to obtain 

films of melanin-like polymers, namely, polydopamine. By simple 

immersion in dopamine solution, a large variety of substrates could be 

coated
91

. The thickest films were produced in alkaline medium
85, 92

. 

These works demonstrate the significant progress made in eumelanin film 

fabrication during the last years. In this thesis the approach used for the 

fabrication of eumelanin films was the use of DHI as the eumelanin 

precursor in place of commonly used dopa or dopamine, for the following 

reasons: (1) DHI is soluble in organic solvents and is the ultimate monomer 

precursor in the pathways of natural and synthetic eumelanins, ensuring the 

generation of homopolymers rather than copolymers of various 

intermediates, as in the case of dopa and dopamine melanins
72, 93, 94

; 

(2) the mode of polymerization of DHI and its dimers and oligomers
95-99

, the 

mechanisms of aggregation underlying particle growth, and the optical and free 

radical properties of DHI melanin
93-100

 have all been clarified in detail;  

(3) the electrical properties of DHI melanin suspensions have been characterized 

using an organic-electrochemical transistor
101

;  

(4) DHI melanin can be used to prepare thin films by a variety of methodologies, 

although their morphological properties are not always of high quality
87, 88

.  

The manifold problems associated with the limited processability of 

insoluble eumelanins were then overcome by rational development of a 

procedure, referred to as ammonia induced solid state polymerization 

(AISSP), which is based on the uniform deposition by spin coating of the 

soluble DHI monomer as highly homogeneous thin films, followed by solid 

state polymerization induced by exposure to gaseous ammonia in an air-

equilibrated atmosphere. Film fabrication on suitable quartz substrates 
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allowed to easily follow the polymerization process by UV-vis spectroscopy, 

observing the spectral evolution with time. 
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2. Integration of Eumelanin within 

Conductive Polymers  

 

2.1 Introduction 

 

Since the initial discovery of conducting polymers (CPs) in the 1970s
1
, the field of 

organic electronics has seen significant development. The application of CPs at the 

interface with biology is an exciting new topic in the field of organic electronics
2
. 

The term organic bioelectronics
3
 refers to the coupling of CP (and conducting small 

molecule)- based devices with biological systems, in an effort to bridge the 

biotic/abiotic interface. Applications to date include (but are not limited to) 

biosensing, diagnostics, tissue engineering, and neural interfacing. The field of 

organic electronics has progressed a great deal in the past
4
 years Here will be 

shown the advantage of the unique functionalities associated with CPs, as opposed 

to traditional biomaterials and electronic materials. Due to the versatility of 

polymer synthesis, there is a large catalog of CPs and small molecules, with 

champion materials optimized for the various applications. Some common CPs 
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used for biological applications are shown in Figure 2.1. The conjugated bonding 

structure of the polymers shown in Figure 2.1 gives rise to their metal-like, 

semiconducting properties. However, dopants are necessary to raise the room-

temperature electrical conductivity to practical levels (100 S/cm and above). For p-

type doping, in which the material is oxidized into a more conductive state, the 

dopant can be any form of anion. When in close proximity with the conjugated 

polymer, the negative charge will be compensated with a mobile hole along the 

conjugated polymer backbone. Such is the case for polypyrrole (PPy) an poly(3,4-

ethylenedioxythiophene) (PEDOT), which are both considered hole conductors. 

Figure 2.1b shows how a polaron on the backbone of a CP chain neutralizes the 

SO3
-
 on the PSS molecule, a common macromolecular dopant. A common small-

molecule dopant is the anion of p-toluenesulfonic acid (pTS), sometimes referred to 

as tosylate (TOS). 

 

Figure 2.1 (a) Chemical structures of common conducting polymers used in biological applications: 

polypyrrole, polythiophene, poly (3,4-ethylenedioxythiophene), and polyaniline. (b) Chemical 

structure of PEDOT doped with PSS, showing a delocalized hole in the form of a positive polaron. 

The anion on the PSS chain acts as the dopant (acceptor).  
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Conducting polymers serve as the active layer in a variety of different applications. 

The attributes of CPs that make these materials uniquely suited for interfacing with 

biological systems include soft mechanical properties: the soft mechanical 

properties allow for compatibility with flexible substrates and good mechanical 

matching with delicate biological tissue. In applications for neuroprobes or 

functional substrates for cell growth, these materials better mimic in vivo 

environments compared to their inorganic counterparts. 

Mixed conduction and ideal interfaces: The unique ability of organic electronic 

materials to conduct ions, in addition to electrons and holes, facilitates their 

communication with biological systems, which rely heavily on ion fluxes.  

 

Freedom in chemical modification: The nature of polymer synthesis allows for a 

level of chemical variation not achievable with inorganic materials. Various 

moieties can be covalently added to a polymer chain for the purpose of increased 

biological functionality. In situ polymerization enables physical entrapment of 

desired molecules, including large polyanions and bulky proteins. Overall, the 

extensive catalog of available chemistries is extremely useful in optimizing 

materials for various applications. 

Ease of processing: Along with the advantages unique to bioelectronics, the 

benefits of organic electronics as seen in other fields are maintained. Namely, 

commercially available CP inks and monomers are extremely adaptable to a wide 
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range of processing techniques based on solution- and vapor-phase deposition 

methods. The ease of processing facilitates deposition on a variety of substrates 

with unique mechanical properties and form factors, including extreme aspect 

ratios
4
. 

Moreover, easily scaled-up processing techniques, such as spray coating and other 

roll-to-roll compatible techniques, lower the cost of the final product. In developing 

single-use devices for point-of-care diagnostics, low cost remains extremely 

important. 

In this chapter will be discussed the integration of PEDOT:PSS as conductive 

material within eumelanin, in order to investigate the electrical properties and the 

structural organization of this blend in the way to create a merge between the 

unique properties of both of these two polymers. 
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2.2 Pigment functionalization: tailoring Eumelanin 

conductivity properties by hybrid buildup  

 

The growing interest toward biocompatible and bioinspired materials is boosting 

the investigation and the engineering of natural products as active components in 

electronic devices. Capitalizing on a recently developed protocol to prepare high 

quality eumelanin coatings, herein will be discribed the design and the integration 

of standard commercial poly(3,4-ethylenedioxythiophene) with the 

poly(styrenesulfonate) (PEDOT:PSS) with eumelanin pigment.  

The growing advancements of organic (bio)electronics
3, 5

 together with a number of 

concurrent needs
6
, such as processability, and issues

7
, as the scarcity of the 

indium
8
, a critical raw material

9
, are spurring the search for an alternative to 

replace the indium tin oxide (ITO) in organic electronic devices
10

. To date, other 

transparent conductors cannot compete with the ITO, particularly on its 

transparency, conductivity, and electronic properties, and on the performances of 

the devices basing on it. A number of different solutions are under investigation, 

including metal nanowires
7, 11

, graphene and/or graphene oxide
12

, conductive 

polymers
13

, carbon nanotubes
14

, and fullerenes
15

, each one of these carrying pros 

and cons. The applications in bioelectronics have particularly fuelled the 
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investigation on conjugated polymers, especially as they can play a key role in 

bridging the electrodes with the living systems
16

, by combining high electronic and 

ionic conductivity together with suitable mechanical properties, including 

flexibility
10b

. In the realm of conducting polymers, the blend of poly(3,4-

ethylenedioxythiophene) with the poly(styrenesulfonate) (PEDOT:PSS, Figure 2.1) 

is a very promising candidate for the next generation of transparent electrodes 

materials
17

, because of its good processability, mechanical flexibility, optical 

properties, and dispersibility in water and in some polar organic solvents
18

. Large 

area high-quality PEDOT:PSS films can be easily prepared using low-cost solution 

processing techniques, such as coating and printing
19

. Furthermore, PEDOT:PSS 

thin films are quite transparent in the visible range and highly mechanically 

flexible
18, 20, 21

. Beyond this picture, PEDOT:PSS does exhibit some limitations
22

, 

including the relatively low adhesion
23

 particularly on inorganic substrates
24

 and 

low stability to water
25

. Indeed, improving the mechanical properties of PEDOT 

coatings appears mandatory to the achievement of true water stable organic 

electrodes featuring a limited cracking and delamination of the coatings from 

substrates
10, 23a 

and possibly the long term performance required for interfacing 

applications
25, 26

. 
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Figure 2.2. Schematic view of eumelanin build up (after DHI oxidative polymerization 

and π stacking of oligomeric species) and possible organization of the Eu–PH blend. It has 

to be highlighted that literature evidences have been reported in support of organization of 

sole  eumelanin constituents
32

, while the spatial arrangement reported in the picture for 

PEDOT, PSS, and eumelanin is actually speculative. 

 

At the same time, the increasing interest toward biocompatible
25, 26 

and 

bioinspired
27

 materials is boosting the investigation and the engineering of natural 

products as active components in electronic devices
28

. Indeed, a number of 
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materials of natural origin are recently emerging as highly valuable sources for the 

fabrication of biocompatible
23b

 and bioinspired devices
28, 29

, thanks to their 

capability to merge multiple functionalities and mechanical performances
30

. The 

human pigment melanin, and particularly its subgroup composed by the eumelanin, 

the black-brown pigments derived from the oxidative polymerization of L-3,4-

dihydroxyiphenylalanine L-DOPA via 5,6-dihydroxy-indole (DHI) intermediates
31

, 

are increasingly emerging as valuable candidates for organic (bio)electronics 

applications
11, 12a, 12b, 28a

. 
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2.3 Eumelanin integration within PEDOT:PSS 

conductive polymer and structural organization  

 

Charge transport properties in conducting polymers feature a marked dependence 

over the structural organization at the molecular level
33

 which in turn is largely 

dictated by the processing protocols
34 .

Also post processing treatments can produce 

a main impact over the conductivity properties, as widely reported for the most 

studied PEDOT
35

 and the PEDOT:PSS blend
36

. Indeed, the extensive work 

addressing the investigation on conductivity properties of PEDOT:PSS
37-40

 has led 

to the definition of a supramolecular model of the two interacting polymers 

envisaging a sort of micellar organization featuring a more or less produced 

segregation of PEDOT and PSS with a varying degree of crystallinity
33, 41 

Since the 

pioneer work by Kim et al.
42

, methods have been reported, involving the addition 

of dimethyl sulfoxide (DMSO) or dimethylformamide (DMF) into the PEDOT:PSS 

aqueous solutions
43

, to enhance significantly the conductivity of PEDOT:PSS 

thanks to a PSS rich phase segregation
41, 44, 35b

. Indeed the effects of PSS weight 

fraction on the conductivity of PEDOT:PSS blends was investigated, disclosing the 

presence of a conductivity threshold at the PEDOT:PSS ratio 1:6 where the PSS 

component is regarded as the not conducting one
45

. 

Other approaches for the improvement
42

. also involved the search for ternary 

blends where the PEDOT:PSS is paired with a third component, including a 

conductive carbon material
46

 or natural products
47

.  

Integration of the mammal pigment eumelanin into PEDOT:PSS was recently 

proposed as a strategy to gain improvements of adhesion on inorganic substrates 
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and enhanced stability to water
48

. The new blend (EUPH) proved to possess 

appropriate merit figure to allow its use as anode of OLED (Organic Light Emitting 

Device) devices despite the very low conductivity of eumelanins with respect to 

PEDOT (as will be shown in the next section). Indeed, the dependence of EUPH 

conductivity on the eumelanin content proved to follow a plot significantly 

different from the one observed for PSS in spite of the low intrinsic conductivity of 

eumelanin. In particular, the conductivity of EUPH featuring a PEDOT percent 

content of 24% is comparable to the one in PEDOT:PSS with a PEDOT content of 

28.57%. This finding has relevance not only for its possible role in expanding the 

scope of eumelanin based PEDOT blends, but also with respect to possible insights 

it can provide in the PEDOT doping. Here is reported a systematic investigation of 

structural motifs associated to the eumelanin introduction in PEDOT:PSS and the 

conductivity of the ternary blend. 

 

Eu-PH thin films were prepared at different eumelanin content starting from 

mixtures (DHI:PEDOT:PSS w/w ratio of X:1:2.5), obtained combining two mother 

solutions: a) DHI in isopropyl alcohol and b) PEDOT:PSS in water (a Clevios™ 

PH 1000 commercial product)
49

. Blank films of sole eumelanin and PH-1000 were 

also prepared and film thicknesses were in the 800-2000 nm range. Films were 

fabricated on glass substrates by drop casting with the appropriate DHI containing 

mixture and subsequently inducing eumelanin formation by AISSP protocol 

(ammonia induced solid state polymerization)
50

. 

Conductivity measurements were carried out via four probes equipment and 

conductivity values are reported (Figure. 2.3) on logarithmic scale in function of 

PEDOT weight content within the Eu-PH blend. The plot presents a double 

sigmoid profile and is reminiscent of the profile observed in the case of sole 

PEDOT:PSS at different PEDOT:PSS ratios
51

. Indeed, conductivity of 
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PEDOT:PSS was reported to feature a sigmoid decay with PSS content increase 

featuring a marked decay of the recorded conductivity at the weight fraction of 1:6. 

This behavior was accounted for by considering percolation between conducting 

PEDOT:PSS domains embedded in a poorly conducting PSS matrix
45

. 

 

 

 

 

Figure 2.3. Electrical conductivity (▫) of PEDOT:(PSS + eumelanin) and (▪) 

PEDOT:PSS
52

 as a function of the normalized PEDOT content (relative PEDOT = 

0.05)  
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In the operating condition of this study eumelanin can be considered as poorly 

conducting as PSS and thus a conductivity dependence on the ratio of PEDOT to 

PSS plus eumelanin might be expected to resemble the one in the case of sole PSS 

as PEDOT pairing material. 

On the contrary, this was not the case and not only the conductivity profiles 

appeared different, but also decay amounts proved different. When normalizing 

conductivity to the value measured for PEDOT:PSS 1:2.5 ratio we observe a 90 % 

decay after dropping to the PEDOT:(PSS+ Eumelanin) 1:7 ratio. In comparison, 

moving from PEDOT:PPS 1:2.5 to 1:7 is reported
52

 to produce a 99.9 % decay. 

There are few PEDOT based ternary blends in literature
53-55

 and even fewer 

addressing the effect on conductivity of a third polymer in the blend
56

, and there is 

limited knowledge concerning the relationship between the conductivity 

dependence in PEDOT based ternary blends. 

Because of the low conductivity of eumelanin, its introduction into the PEDOT 

containing blend was expected to produce a conductivity decay of the blend which, 

in light of literature
50

, could be produced by a modification of PEDOT packing.  

The effect of eumelanin on conductivity was thus related to structural features in 

Wide Angle X-ray Scattering (WAXS) and diffraction (XRD) patterns of films 

with different eumelanin content and fixed PEDOT:PSS ratio. Analysis of free-

standing films in transmission geometry (WAXS) allows to get rid of substrate 

scattering contribution, and mainly probe crystallographic directions parallel to the 

film plane. On the other hand, reflection geometry (XRD, GIWAXS) allows 

probing structural order in both directions, in and out of the film plane, and can be 

used for the as prepared films, laying on glass substrates, to better relate structural 

and electrical properties.   

Typical diffraction patterns collected from free-standing films of the blends with 

and without Eu inclusions are reported in Figures 2.4a and 2.5. Eumelanin 
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diffraction pattern features an amorphous-like broad band (Fig. 2.5, bottom curve), 

the pigment being expected to consist of a disordered mixture of several oligomeric 

species. The presence of PEDOT:PSS in the blend is associated to the appearance 

of bands at q = 0.24 Å
-1

, q = 1.2 Å
-1 

and q = 1.8 Å
-1

 (Figures 2.5 and 2.4a). These 

correspond to the lamellar packing of PEDOT chains along the a axis, and to the -

 stacking distance in PSS and PEDOT, respectively
35b, 56

. 

The patterns in Figure 2.5 were collected at a smaller sample-to-detector distance 

(28mm) allowing the access to larger q-values for a better definition of the q = 1.8 

Å
-1 

peak, ascribed to the - stacking (b axis) of the PEDOT orthorhombic 

structure
57, 35b

, and to highlight the additive and broadening effect of the diffracting 

Eu on the latter peak. 

 

 

 

Figure 2.4 . (a) 1D-folded WAXS patterns (radial profiles) for 0, 0.2 and 0.6 Eu 

fractions. The in plane radial cut from the GIWAXS pattern in Fig. 2.10 is also 

shown to be consistent. (b)  XRD patterns collected in detector scan mode, at 1° 

incidence angle. In figure 2.4b the numbers on the right are referred to Eu fraction 

of 0, 0.17, 0.4, 0.6, 0.76, 0.87, 0.94. 

 



53 
 

 

 

 

 

Figure 2.5. Integrated radial Wide Angle X-ray Scattering (WAXS) patterns from 

PEDOT:PSS blends, with and without embedded eumelanin, and bare eumelanin 

film as a blank, collected at 28 mm sample-detector distance. 

 

 

A similar effect is seen in reflection geometry, in GIWAXS in and out of plane cuts 

in Figures 2.6 and 2.7, and even more evidently in the detector scans in Figure 

2.4b, where also scattering from the substrate is no more negligible as long as the 

Eu fraction increases and film thickness decreases, leading to a convolution of 

PEDOT and PSS peaks. Substrate scattering contribution increases indeed with 

both the incidence (compare Figures 2.6 and 2.7) and scattering angles, and with 

decreasing film thickness (Figure 2.4b); so that in-plane cuts in Figure 2.6a better 
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account for the Eu diffraction contribution, whereas out of plane cuts in Figure 2.6b 

and detector scans in Figure 2.4b better show the substrate contribution, both 

occurring in the same angular/q range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. GIWAXS patterns collected at 0.2° incidence angle, in vacuum. Linear cuts of 

the in (d) and out of (e) plane from EUPH 2D GIWAXS patterns of PEDOT:PSS blends 

with Eu fractions 0, 0.17, 0.4, 0.6; azimuthal profiles for the q = 1.2 Å
-1

 (PSS) and the q = 

1.8 Å
-1

 (PEDOT) diffraction rings, respectively (f, g).  
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Figure 2.7. GIWAXS patterns collected at 0.5° incidence angle, at room pressure. Linear 

cuts of the in (a) and out of (b) plane from EUPH 2D GIWAXS patterns of PEDOT:PSS 

blends with Eu fractions 0.6, 0.76, 0.87.The pattern of the bare Eu film is also replicated 

from Figure 2.5 and scaled for comparison. 

 

 

On the other hand, the patterns in Figure 2.4a were collected at a larger sample-to-

detector distance (about 20 cm), allowing to improve the definition of the  q = 0.24 

 0.02 Å
-1

 peak and disclosing the structural effect of Eu inclusion on the PEDOT 

in-plane lattice parameter a (100). The last resulted equal to a0 = 2.6  2 nm in the 

bare PEDOT:PSS blend (the same value resulted from the out of plane GIWAXS 

profile, Fig. 2.4c), and was found to decrease to blend = 1.6  2 nm (q = 0.4 Å
-1

) 

when Eu is included in the blend, for any concentration (Figures 2.4a, and Figure 

2.4b). In particular, the XRD patterns reported in Figure 2.4b, collected in detector 

(2) scan mode, accurately show the unaltered blend value as a function of Eu 

concentration, while the degree of order (domain size) along a is seen improving 
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based on the increased visibility of the 100 peak and the appearance of the second 

order (200) diffraction peak. Figure 2.4b also confirms that no significant changes 

occur in the PSS and PEDOT - stacking distance (the apparent peak broadening 

is ascribed to the decreasing film thickness with increasing Eu concentration, and 

consequent increasing scattering from both Eu and the substrate). The [100] 

crystallographic direction is thus the only affected by Eu inclusion, both in 

molecular packing distance (a parameter) and orientation. Indeed, the intensity plot 

along the azimuth (Figure 2.8) for the q = 0.24 Å
-1

 diffraction ring shows a mild 

modulation with about 180° period in the case of the  PEDOT:PSS sample, 

indicating a partial orientation of PEDOT chains within the film plane; whereas no 

such modulation results when Eu is included in the blend. 

 

 

 

 

 

 

 

 

 

Figure 2.8. Azimuthal profiles of the first ring of diffraction (q = 0.24 Å
-1

 peak in Fig. 

2.4a). 
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Diffraction data therefore indicate that Eu somehow affects the arrangement of 

PEDOT/PSS molecules towards in-plane randomization, while making them 

approach each other. Since the a lattice parameter is expected to be related to the 

lamellar stacking of intercalated PEDOT and PSS
35b

, the observed decrease of 

periodicity distance along a could be ascribed to Eu molecules partially substituting 

PSS ones intercalating with PEDOT, as observed with other additives such as 

dimethyl sulphoxide (DMSO) or ethylene glycol (EG)
53

.  

In Figure 2.9 the 2D patterns for films with Eu fraction of 0.17, 0.4, 0.6 (a,b,c) are 

reported, respectively, and in Figure 2.6 the corresponding in (d) and out of (e) 

plane linear cuts, and the azimuthal profiles for the PSS (f) and the PEDOT (g) 

rings are reported.  

 

Figure 2.9. GIWAXS 2D patterns of EUPH: Eu fraction of 0, a) 0.17, b) 0.4, c) 

0.6 . 

 (a) 

(b) (c) 



58 
 

Direct evidence of film texture (orientation of crystalline domains) comes from 2D 

GIWAXS patterns: the intensity distribution along the diffraction rings in Figure 

2.9 indicates a random orientation of PSS molecules on average (isotropic intensity 

of the q = 1.2 Å
-1

 ring) and a preferred out of plane orientation of PEDOT 

molecules, mainly in domains with the a axis [100] oriented perpendicular to the 

film plane (high intensity anisotropy of the q = 0.4 Å
-1

 ring), and to a less extent in 

domains with the b axis [010] oriented perpendicular to the film plane (slight 

intensity anisotropy of the q = 1.8 Å
-1

 ring). On the contrary, no preferred 

orientation of the PSS molecules is detected (similar diffraction intensity in both 

the in and out of plane cuts), likely because most part of the PSS is not bound to 

PEDOT and is randomly oriented, while only the small fraction of PSS intercalated 

with PEDOT is expected to be oriented giving rise to a negligible anisotropic 

scattering. On the other hand, the partial preferred orientation of PEDOT domains 

with the b axis perpendicular to the film plane is quantitatively visible in the 1D 

patterns (linear cuts in Figures 2.6 and 2.7), by comparing the intensity ratio of the 

PEDOT to the PSS ring, featuring opposite trends in the in and out of plane cuts, 

respectively. As a further check, in Figure 2.6c,d the raw azimuthal profiles are 

reported, where only a scale factor has been applied in order to normalize all of 

them to the PSS diffraction intensity, for an easy comparison. It is indeed clearly 

recognized a basically identical intensity distribution in the PSS ring for all 

samples (Figure 2.6c,d. GIWAXS ), whereas intensity differences are found in the 

PEDOT ring intensity (Figure 2.6c) , which are in particular related to its overall 

(normalized) level rather than to its distribution along the azimuth. The similar 

intensity spread indicates a similar degree of orientation of PEDOT molecules 

along the b axis; on the other hand, different intensity levels (as for Eu06 in Fig. 

2.6d) would suggest increasing fractions of ordered molecules of (crystalline) 

PEDOT with increasing Eu content, but such trend is expected to be also affected 

by the increasing scattering from the substrate, besides the additive Eu scattering 
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contribution close to the PEDOT angular region, as previously discussed, so that 

such different contributions are hardly discriminated.  

It is worth noting that the film without Eu features a significantly lower diffraction 

intensity of the PEDOT:PSS 100 peak in Fig. 2.4b and 2.9a, compared to the films 

embedding Eu. The reason is explained in Fig. 2.10, showing the GIWAXS pattern 

of the PEDOT:PSS film collected at a larger distance from the sample, allowing the 

100 and 200 to show up as spots and confirming the out of plane orientation of the 

a axis, with 2.4 nm periodicity (as in Fig. 2.4a). Thus the texture of the 

PEDOT:PSS blend does not change qualitatively upon Eu addition, yet it changes 

quantitatively, due to the increasing degree of orientational and crystalline order 

(Fig. 2.4b); moreover, a structural variation occurs, with a decrease of the a lattice 

parameter (Fig. 2.4a) 
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Figure 2.10 . GIWAXS pattern from the bare PEDOT:PSS film, collected at 19 

cm distance from the sample, clearly showing the out of plane orientation of the a 

axis [100] with 0.25 Å
-1

 periodicity.  

 

 

On the other hand, the evolution of the 010-oriented minority domains with Eu 

concentration is not clear, because of the simultaneuous scattering increase from Eu 

and the substrate. Indeed, at larger Eu concentrations and incidence angle 0.5°, Eu 

and substrate scattering signals enlarge and overwhelm the PSS and PEDOT ones 

which finally disappear for a 0.87 Eu concentration, where both in- and out-of-

plane GIWAXS cuts become similar to the amorphous-like WAXS pattern 

(transmission geometry) of the bare Eu film (Figure 2.5). As a result, X-ray 
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diffraction data suggest an increasing ordering and approaching of PEDOT 

molecules with Eu content up to a fraction of 0.76. For larger Eu concentrations, 

diffraction from PSS and PEDOT becomes negligible, so that details about their 

structure are progressively hidden, although the net decrease of the PEDOT 100 

and 200 reflection visibility (Figure 2.4b) suggests an increasing disorder of 

PEDOT chains for Eu fractions larger than 0.76. 

The Eu–PH blends were prepared starting from a mixture DHI-PEDOT:PSS (w/w 

ratios of 0:1:2.5, 0.2:1:2.5, 0.7:1:2.5, 1.5:1:2.5, 3.2:1:2.5, 6.5:1:2.5 ), obtained by 

two mother solutions: (a) DHI in isopropyl alcohol and (b) PEDOT: PSS in water 

(a Clevios PH1000 commercial product). In order to enhance the conductivity of 

the pristine PEDOT:PSS, 5% DMSO was added to the PH1000. The two solutions 

were mixed for 5 min in a vial placed on a shaking plate under inert  atmosphere, in 

order to give a homogeneous solution. The DHI-PEDOT:PSS blend was filtered 

through a 0.20 μm PTFE membrane, deposited by drop casting on glass substrates 

and then annealed at 110
◦
C for 20 min on a hot plate, to evaporate the residual 

water. The Eu–PH thin films were thus obtained by exposing the DHI-PEDOT:PSS 

films for 1 h to air-equilibrated gaseous ammonia, from an ammonia solution (28% 

in water) inside a sealed chamber at 1 atm pressure and at controlled temperature 

(25 ÷ 40 ◦C). For reference purposes, films by sole Eumelanin and sole PH1000 

were also prepared, using the same experimental conditions. 

 

Wide Angle X-ray Scattering data were collected from both free-standing films in 

transmission geometry (WAXS), and from as prepared films deposited on glass 

substrates in Grazing Incidence reflection geometry (GIWAXS). A Fr-E+ 

SuperBright rotating anode microsource (CuKa, =0.154 nm) was employed, 

equipped to a three-pinhole camera (Rigaku SMAX-3000) through a multilayer 

focusing optics (Confocal Max-Flux; CMF 15–105). An image plate (IP) detector 

with 100 mm pixel size was placed at about 28 mm or 20 cm, and 8.7 or 19 cm far 
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from the sample for WAXS and GIWAXS measurements, respectively. Diffraction 

patterns were calibrated by using LaB6 or Ag Behenate standard reference 

materials, for 28 mm and larger sample-to-detector distances, respectively. The 

diameter of the primary X-ray beam was approximately 200 m. The incidence 

angle in GIWAXS experiments was 0.2 or 0.5°.  

X-ray diffraction (XRD) data in detector scan mode were collected from the as 

prepared films deposited on glass substrates, by a Bruker D8 Discover (CuKa,  = 

0.154 nm), equipped with a Göbel mirror, an Eulerian cradle, and a scintillation 

point detector. 

The effect of eumelanin integration within PEDOT:PSS layers was investigated in 

terms of the changes in the hierarchical structure of PEDOT:PSS films. The results 

of the X-ray scattering characterization clearly demonstrate that the presence of 

eumelanin affects the PEDOT component of the blend molecules inducing an 

overall increase of crystalline order at low eumelanin contents. This effect is 

associated with the approaching of the PEDOT chains and the overall result 

appears to be a less steep decay of the blend conductivity, when eumelanin percent 

content increases, than the one expected on the basis of data reported on 

conductivity of PEDOT ternary mixtures. At the same time, the introduction of 

eumelanin confers noteworthy properties to the EUPH blend, including a strong 

adhesion on inorganic substrates, and water stability, which opens to efficient 

exploitation of EUPH as conductive coatings within biointerfaces for application in 

bioelectronics.  
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2.4 Exploitation of Eumelanin-PEDOT:PSS as 

polymeric anode for the design and fabrication of 

ITO-free OLED  

 

In light of the approach
58 explained in the previous section, the new blend has made 

it possible to obtain water stable transparent thin films, capable to operate as 

electrodes for organic devices, complementing the PEDOT:PSS electronic 

conductivity with the peculiar eumelanin properties, including adhesion, water 

stability, and ionic–electronic conductivity. 

As a proof of concept, an unprecedented ITO-free organic light emitting diode 

(OLED) implementing an eumelanin – PEDOT:PSS layer as the anode was 

fabricated and characterized. To the best of our knowledge this is the first evidence 

of an optoelectronic device based on an anode layer integrating eumelanin
59

. To 

integrate eumelanin and PEDOT:PSS, a protocol involving in situ eumelanin 

generation was designed. This approach has made it possible not only to 

circumvent the actual insolubility of eumelanin in any solvent
60, 61

, but also to gain 

over the PEDOT:PSS molecular organization
62

. The rationale supporting this is 

rooted in the chemistry of DHI, in particular the control over the eumelanin 

fabrication via solid state polymerization of DHI and the known hydrophobic 

organization of the eumelanin supramolecular constituents (Figure 2.11) driven by 
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the π–π stacking interaction, which proved to allow efficient blending with 

conducting carbon-based systems
32

.Indeed, in previous studies, the complementing 

of the conducting graphene-like systems with the eumelanin concrete proved to 

result in a blend featuring higher conductivity than the one expected on the basis of 

the conductivities of the starting materials and their weight ratio
62

.  

On this basis, it was expected a significant control over the structural, mechanical, 

and chemical characteristics of the eumelanin–PEDOT:PSS (Eu–PH) films, 

without a parallel detrimental decay of the conductivity. The target was to obtain a 

material featuring good conductivity (not less than 300 S*cm
−1

, for a small voltage 

decay ) and a work function at least comparable with the ITO (whose commonly 

reported values are around 4.4 ÷ 4.7 eV
63

 or larger for an efficient hole injection, to 

be effectively used as the anodic material in organic electronic devices. 

The Eu–PH blend was prepared starting from a mixture DHI-PEDOT:PSS (w/w 

ratio of 0.7:1:2.5), obtained by two mother solutions: (a) DHI in isopropyl alcohol 

and (b) PEDOT:PSS in water (a Clevios PH1000 commercial product). In order to 

enhance the conductivity of the pristine PEDOT:PSS, 5% DMSO was added to the 

PH1000. The two solutions were mixed for 5 min in a vial placed on a shaking 

plate under oxygen free atmosphere, in order to give a homogeneous solution. The 

DHI-PEDOT:PSS blend was filtered through a 0.45 μm nylon membrane, 

deposited by spin coating on glass substrates and then annealed at 80 °C for 30 min 

on a hot plate, to evaporate the residual water (Figure 2.11). 



65 
 

 

Figure 2.11. UV –vis plots of PH1000 and Eu-PH (60 min AISSP time) films on glass 

substrates are showed with the corresponding substrate picture: PH1000, left and Eu-PH: 

right 

 

 

 

Evaluation of the water content within the films before, and after the annealing, 

was obtained by thermogravimetric analysis (TGA) (Figure 2.12) which proved the 

actual complete removal of water after thermal treatment of the films. 

 

Figure 2.12. TGA profiles Eu-PH before (blue) and after (black) thin layer annealing (80 

°C, 30 min) 
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The Eu–PH thin films were thus obtained by exposing the DHI-PEDOT:PSS films 

for 1 h to air-equilibrated gaseous ammonia, from an ammonia solution (28% in 

water) inside a sealed chamber at 1 atm pressure and at controlled temperature (25 

÷ 40 °C). Film inspection by optical surface profiling (Figure 2.13) revealed a 

thickness in the range of 120–130 nm and an average roughness of about 9 nm, so 

confirming the thin film quality and the ability to overcome the many problems 

associated with the limited processability of the insoluble eumelanins. 
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ITO          PH1000) 

                                       

 

Eu-PH)     

before  and after 24h in water)   

 

Eumelanin)   

 

Figure 2.13. (A) Surface analysis pictures of ITO, PH1000, Eu-PH (before and after 

immersion in water) and DHI melanin thin films on glass. The Eu-PH film has been 

characterized before and after the immersion in water to test the stability of the film  
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Material 
Roughness 

(nm) 
H2O contact angle (°) 

CH2I2 contact angle 

(°) 

PH1000 (+ 5% DMSO) 11.0 --- 53.9  

Eu-PH 8.7 57.9 48.1 

Eumelanin 6.6 50.5 28.1 

 

Table 2.1. Values of roughness and contact angle for the investigated materials. Errors are 

in the limit of 2% for each datum 

 

 

 For reference purposes, films by sole DHI and sole PH1000 were also prepared, 

using the same experimental conditions. The optical transmittance of thin films of 

ITO as well as eumelanin, PH1000 and Eu–PH were measured for comparison 

(Figure 2.14). Films of PH1000 and Eu–PH are both quite transparent in the visible 

range featuring a transmittance of nearly 80%–90% in the range 400–600 nm. 

Further insights into the Eu–PH chemistry were obtained from the Fourier 

Transform Infrared Spectroscopy (FTIR) spectra of Eu–PH in comparison with the 

spectra of sole eumelanin and PH1000 films (Figure 2.15). All the spectra showed 

a composite absorption profile in the 1100–1800 cm
−1

 region (CC, CO, and CN 

bonds) and large signals at 1600–1700 cm
−1

, typical of aromatic systems. Although 

the complexity of the polymer constituents prevents a more detailed signal 

identification, it is worth of note the clear evidence of the C-S bond stretching in 

the thiophene ring at 982 and 840 cm
−1 

. Also, the bands appearing at 1520 and 

1380 cm
−1

 have to be ascribed to the C=C stretching of the quinonoid structures 

present in both eumelanin and PH1000. 
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Overall the comparison of the profiles witness the retaining of the chemical 

composition of both the constituents (eumelanin and PH1000) demonstrating no 

appreciable degradation occurs, following the film fabrication steps. 

The electrical conductivity of the films was evaluated by sheet-resistance 

measurements, performed with a four-point probe system. The sheet resistance 

values of the PH1000 and Eu–PH films were 1.02 × 10
2
 and 1.98 × 10

2
 Ω sq

−1
, 

respectively. The eumelanin conductivity was estimated according to a reported 

protocol
32

. In Table 1, the values of the various parameters for the tested materials 

are reported, including a sample of commercial ITO (Delta Technologies, Ltd. on 

Corning Eagle XG glass (substrate thickness 1.1 mm)), routinely used as anodic 

material, and here used as a further reference material. Data in Table 2.1 also 

demonstrate the critical role of DMSO in improving electrical properties of the 

films. Addition of 5 % of DMSO to the starting solutions allowed to get up to a 

value around 800 S cm
−1

 for the PH1000 and of 370 S cm
−1

 for the Eu–PH blend, a 

value well fitting in the range required for a conducting layer of a device. Relevant 

information concerning the stability of Eu–PH films to water and organic solvents 

were  also acquired and H2O and CH2I2 contact angles were determined, to better 

understand the wettability of these surfaces and the possibility to use other solvents 

for the deposition of subsequent polymeric layers in view to fabricate a device 

based on Eu–PH film as the anode. Relevant data and film surface characterization 

are reported in the Table 2.2 and Figure 2.13. 
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It is worth to note that EU–PH films did exhibit marked stability to water and 

retention of the adhesion over the substrates, even after 24 h of film immersion in 

water, with roughness actually unchanged and film thickness decreased of about 

3%. PH1000 films partially dissolved and detached from the substrate within 1 h 

after water immersion. Indeed, after 24 h of water exposition PH1000 films 

appeared completely ruined. The electrical and optical characteristics of Eu–PH 

thin film did suggest its actual exploitation as the device anode instead of ITO. To 

verify this conjecture, three model OLED devices were fabricated differing only for 

the anode materials: the Eu–PH and, as reference devices, ITO and PH1000. To get 

the devices layout, each anodic material was shaped by mechanical/chemical 

removal of the exceeding material. The ITO layer profile was obtained by 

photolithography and wet chemical etching, followed by a UV-ozone treatment to 

remove organic residues and activate the ITO surface. In the case of  PH1000 and 

Eu–PH, the exceeding zones were mechanically removed before the annealing step. 
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Figure 2.14. UV–vis transmittance spectra of thin films of: Eu–PH, ―; Eumelanin, ; 

Clevios PH 1000, ; ITO, . 
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Figure 2.15. FTIR spectra of  Eu-PH before (blue) and after (black) thin layer annealing 

(80 °C, 30 min) 
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Material
a)

 
Thickness 

[nm] 

Optical 

transmittance 

[%, 555nm] 

Sheet 

Resistance 

[Ω sq
-1

] 

Conductivity 

[S cm
-1

] 

ITO 160 90.0 8 ÷ 12 5200 

PH1000 130 91.2 1.02 × 10
2
 780 

Eu-PH 130 87.3 1.98 × 10
2
 370 

Eumelanin 50 71.1 2.0 × 10
7
 4.0 × 10

-7
  

a) Data reported are the average of triplicate measures. Errors are in the limit of 0.5% 

for each datum 

Table 2.2 Values of the valuable parameters for the investigated materials. 

 

 

The Eu–PH layer was obtained by spin coating of the mother solution comprising 

DHI and PH1000, the layer was then subjected to the ammonia-induced solid state 

polymerization (AISSP) protocol
51  

to finally obtain the integrated Eu–PH thin film. 

As the oxidative polymerization process is carried out in solid phase, at the 

supramolecular scale it is expected that the layer retain the homogeneity of the 

starting solution. Indeed, although in view of future development a more detailed 

analysis of the layer buildup is required, this hypothesis is consistent with the 

reaction to AISSP of the surface profile of the film, which appeared virtually 

unchanged before and after the treatment. The other functional layers of the 

OLEDs were all identically fabricated for the three OLED typologies. A hole 

injection layer (HIL), CLEVIOS PEDOT:PSS PVP Al 4083, used as-is, was 

deposited via dip-coating (Figure 2.16). 
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Figure 2.16. Image of HIL ( PEDOT:PSS PVP Al 4083) deposition via dip-coating. 

 

 

Final steps of the OLEDs fabrication were carried out under controlled atmosphere. 

All the substrates were loaded into a glove box system (N2 atmosphere, O2 < 1 

ppm, H2O < 1 ppm), and transferred into an in-line evaporation chamber. 

Functional organic layers and cathode materials were deposited by thermal 

evaporation, at rates below 1 Å s
−1

, through shadow masks to define the devices 

layout. The active area of the devices is 7 × 10
−6

 m
2
. Since the devices were not 

encapsulated, they were kept inside the glove box to be characterized. The final 

OLED architecture (Figure 2.17) includes: the glass substrate; the anode (ITO; 

CLEVIOS PH1000; Eu–PH); the HIL; the HTL; the ETL-EML and the cathode.  
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Figure 2.17. Schematic section of the OLED device here adopted, organic layers are: 

N,N′-di-1-naphthaleyl-N,N′-diphenyl-1,1′-biphenyl-4,4′-diamine (α-NPD) as the hole 

transport layer (HTL, thickness 40 nm), and tris- 8-hydroxyquinoline aluminum salt (Alq3), 

which acts as the electron transport layer (ETL) and the emitting layer (EML, thickness 60 

nm). Cathode is a bilayer made of calcium (Ca) (20 nm) and aluminum (Al) (80 nm). 

 

 

The electro-optical characterization of the OLEDs was performed in triplicate for 

those devices featuring organic anodes and a comparison measure was taken in the 

case of the ITO anode, all device typologies featured the same emission spectra 

(Figure 2.18), a picture of the emitting devices is also reported in Figure 2.19. The 

current density and the luminance vs. the applied tension are reported in Figure 

2.20. 
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Figure 2.18:Spectra of ITO, PH1000 and Eu-PH based devices and CIE coordinates 
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Figure 2.19: Pictures of OLEDs equipped with anodes of: ITO (a), PH1000 (b), Eu-PH 

(c). (a) and (c) appear white because the light emitted has saturated the sensitivity of the 

camera. 

 
 

 

 

Figure 2.20. a) Luminance and b) current density measured for the OLEDs equipped with 

the different anodes. --, cyan: ITO; --, green, red, black: Eu–PH; -- green, red, black: 

PH1000. 

 

(a) 

 

(b) 

 

(c) 
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The performances of the Eu–PH OLEDs are characterized by a turn-on voltage of 

2.5 V and a luminance of 300 cd*m
−2

 at 12 V. These performances are very near to 

the ones of the PH1000 devices and, moreover, even to those of the ITO OLED 

when looking at the efficiency plots (Figure 2.21)  

 
 
Figure 2.21: Efficiency-voltage and efficiency-luminance (inset) characteristics of the 

three different OLED fabricated. 

 
 

 

witnessing the little impact of the lower transmittance of the Eu–PH film with 

respect to the ITO film. Organic OLEDs featured a lower turn on voltage than the 

ITO device possibly as consequence of a better charge injection also associated to 

the smoother surfaces of organic anode layers. Moreover, PH1000 and Eu–PH 
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present similar behaviors, with the performances of the Eu–PH OLEDs just a few 

below the first ones. Some performance decrease was expected, because of the 

lower conductivity and smaller transmittance of the eumelanin with respect to 

PH1000, which induces a reduction of these parameters for the mixture.  

Although a more in-depth investigation is required to fully address the eumelanin–

PEDOT integration, these data do demonstrate that the two materials interaction 

within the blend allows to get an efficiently working anode. It may be speculated 

that a contribution from the large scale homogeneity of the layer, warranted by the 

solid state fabrication protocol and associated with a better connection between 

uniformly distributed PEDOT chains, is at the origin of possible percolating paths 

inside the Eu–PH layer. 

In summary, a blend of the mammalian eumelanin pigment and the PEDOT:PSS, is 

devised and prepared featuring good conductivity and thus suitable to be employed 

as the anodic material for organic devices. 

A new method has been designed and exploited to prepare the eumelanin-PEDOT 

blend and fabricate thin films of it, starting from the solutions of the eumelanin 

precursor DHI and of the water soluble polymer mixture PEDOT:PSS, and 

applying the AISSP procedure to get in situ polymerization of the DHI in the solid 

state. This approach allowed to meet the needs required by the processing of the 

insoluble eumelanin and those of expedient PEDOT thin film deposition. Thanks to 

the formation of the eumelanin crosslinked eumelanin matrix, the Eu–PH material 

proved to be resistant to water, retaining the actual surface smoothness after 
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immersion in water for 24 h. Moreover, it showed to be highly adhesive, stable to 

solvent treatment and capable to maintain its electrical performances over weeks. 

The final demonstration of the potentialities of this approach was obtained by the 

actual exploitation of the Eu–PH as the anode within ITO-free organic light 

emitting devices, presenting performances comparable to reference ITO-free 

devices. Because of the versatility of the coating technique and the chemical and 

mechanical properties of the Eu–PH these findings are as well applicable for other 

electronic devices featuring different architectures, including organic 

electrochemical transistors and photoelectrochemical cells. Overall, the results here 

presented appear highly promising in view of the eumelanin applications in organic 

(bio)electronics and biocompatible interface fabrication and pave the way for 

innovative ITO-free electrodes susceptible of eumelanin-based tuning of the 

electrical and electrochemical properties. 
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3 Enhancement of electrical conductivity of 

Eumelanin through vacuum processes  

 

3.1 Introduction on high vacuum annealed DHI 

Eumelanin  

To date, eumelanin conductivity is reported in the range
1, 2

 10
-13

-10
-5

 S/cm, largely 

depending on the measuring conditions, and especially on the presence of humidity 

in the measuring environment
3
. For valuable applications, higher conductivity 

values are needed yet, thus several studies explored the integration of the 

eumelanin with other more conductive materials
4-6

, but strongly affecting its 

chemistry, or exploiting severe modifications of eumelanin-like materials to gain a 

graphene-like material, as for example by pyrolytic treatment of polydopamine 

under hydrogen or argon atmosphere
7, 8

. 

Although the mechanisms of charge transport in eumelanin are still not fully clear, 

several evidences are concurring to sustain its hybrid ionic-electronic behaviour
9, 10

, 

where the electronic contribution depends on the presence, extent and the redox 

properties
9
 of the delocalized aromatic systems, while the ionic part is largely 

dictated by the hydration level of the material
10

 (i.e. the humidity in the measuring 

environment). 
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Basing on the concurring evidences disclosing the correlation between the 

chemical-physical properties of the eumelanin and the polyindole π-system 

stacking, as well as the packing of molecular constituents within the material
11, 12

, 

we speculated about the modulation of the electronic conductivity
13, 14 

by acting on 

the polyindole packing in eumelanin thin films. This is bringing us, here, for the 

first time in our knowledge, to report the preparation and characterization of 

eumelanin thin films showing the highest conductivity values of this material up to 

318 S/cm. Conductive eumelanin films were prepared via the preliminary oxidative 

polymerization of the solid state form of the 5,6-dihydroxyindole (DHI, the 

ultimate monomer precursor in the formation pathways of natural and synthetic 

eumelanin
15

), and then by thermal annealing of the material films, at temperatures 

no higher than 600°C and under high vacuum conditions. We name the obtained 

material as High Vacuum Annealed Eumelanin, HVAE. 
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3.2 High vacuum annealing of DHI Eumelanin thin 

films: synthesis and characterization 

 

The samples were prepared on quartz substrates (dimensions 15 mm X 6 mm X 1.2 

mm), cleaned by sonication in a solution of detergent Borer Chemie AG Deconex 

12PA
®
 in deionized water (18 MΩ·cm) at 70°C for 30 min, and rinsed in acetone 

and then in isopropanol for 15 min each sequentially. A concentrated solution of 

DHI in methanol-ethyl acetate (1:1 v/v) (50 mg/mL) was prepared, filtered through 

a 0.2 μm Whatman membrane before deposition; on each sample, 15 μL of this 

solution were applied. Thin films were obtained by spin coating, using a Laurell 

WS-650MZ23NPP/LITE coater, with the spinning recipe acceleration 2000 rpm/s, 

speed 3500 rpm, duration 30 s; the samples were then dried at 90°C for 30 min in 

oven in air, the thicknesses of the resulting films were 230 nm  10 nm, measured 

using a stylus profilometer KLA Tencor P-10. 

The eumelanin formation was obtained by the oxidation of the DHI films thanks to 

the Ammonia-Induced Solid State Polymerization (AISSP) method, a recently 

developed solid state protocol
15, 16

: each sample was exposed for 12 hours to an 

oxidizing atmosphere made of oxygen and ammonia vapours at controlled 

temperature (25°C), produced by the equilibrium of the air with an ammonia 
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solution (5% NH3 in H2O) in a sealed chamber at 1 bar pressure. The thicknesses of 

the resulting films were 260 nm  6 nm. Films showed the typical dark brown 

colour of the eumelanin, presenting flat surfaces (Figure 3.1, Figure 3.2, surfaces 

roughness images were taken using a Taylor Hobson
®
 CCI-HD noncontact 3D 

Optical Profilometer with thin & thick film measurement capability; films’ 

roughness was estimated as a Root Mean Square (RMS) value from several scans 

on each sample). This material is here named DHI-eumelanin, to distinguish it 

from the starting DHI, and from the final HVAE. 

 

(A) 

 

(B) 

 

(C) 

 

Figure 3.1. Images of some samples of the main materials prepared in this work: (A) DHI, 

before AISSP and no high vacuum thermal annealing; (B) DHI-eumelanin, after AISSP 

and before annealing; (C) High Vacuum Annealed Eumelanin (HVAE), after AISSP and 

after high vacuum thermal annealing (here performed at 600°C, 10
-6

 mbar, 2 h). The DHI-

eumelanin film shows the typical dark brown colour of this material. 
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(A) 

 

 
(B) 

 

 
(C) 

 

Figure 3.2. Surface profilometer characterizations of the samples of Figure 3.1: (A) DHI 

surface; (B) DHI-eumelanin surface; (C) HVAE surface. All the samples present low 

roughness values (Sq defines the roughness following the standard law ISO 25178; DHI 

roughness = 6.45nm; DHI Eumelanin roughness = 6.52nm; HAVE roughness = 6.58nm). 
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The eumelanin films were then annealed at different controlled temperatures 

(230°C, 300°C, 450°C and 600°C,  1°C for each value) in high vacuum conditions 

(10
-6

 mbar); some samples were annealed at various time lengths (from 30 min up 

to 6 hours). The processes were performed in a dedicated high vacuum chamber 

using a turbomolecular pump, and doing preliminary leak detection and samples 

temperature verifications. The mean thicknesses of the HVAE films were 

dependent on the annealing conditions, with the smallest value down to 110 nm  2 

nm for the processes at 600°C for more than 1 hour (Figure 3.3). 

 

Figure 3.3. Conductivity (open squares) and Thickness (filled squares) vs. the Annealing 

Temperature of the HVAE films.  
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The chosen annealing temperatures are well below the values reported as the 

starting temperature for the degradation
17

 and/or the carbonization processes in 

similar materials
18

, but includes a significant part of the eumelanin mass loss 

region, as shown by thermogravimetric analysis (TGA) performed under not 

oxidizing atmosphere (Figure3.4), using a Perkin–Elmer Pyris 1 thermogravimetric 

analyser. Moreover, applied temperatures include the complete loss of both weakly 

and strongly bound water
1, 17, 19

, as well as the loss of CO2 from carboxyl groups in 

DHI-melanin (thermal decarboxylation)
20

. Indeed, TGA data under not oxidizing 

conditions indicate that mass loss is nearly completed at 800°C, suggesting that 

little or no modification of the molecular backbone occurs at 600°C. Instead, a 

complete different picture is obtained in presence of oxygen, which critically 

affects the stability of the material (Figure 3.4). 

(A)  
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(B)  

 

Figure 3.4. (A) Mass loss vs. Temperature, and (B) TGA plots for DHI-eumelanin films in 

air and in nitrogen. An inert environment preserves the material from a complete 

degradation. 

 

 

Morphology and surface analysis of the materials at the different stages of the 

process revealed a nearly unmodified roughness, passing from the starting DHI 

films to the HVAE films (Figure 3.2), while, as said, the thicknesses suffered a 

significant decrease in function of the annealing temperature (Figure3.3). This was 

expected because of the known tendency of the eumelanin to loss labile carboxylic 

groups
15, 17, 20 

and on the possible loss of low molecular weight components 

embedded in the material layers. 
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Scanning electronic microscopy (SEM) inspection (using a SEM Zeiss Leo 1530 

Gemini) confirmed the retaining of the high quality morphology in the HVAE 

films (Figure 3.5), showing an uniform surface of this material. Data from the 

microanalysis inspection are coherent with the polyindolic nature of the HVAE. 

(A)  

(B)  

 

Figure 3.5. (A) SEM images (two different section of the same sample; the scratch was 

made to measure the thickness of the film) and (B) microanalysis of the HVAE treated at 

600°C, 10
-6

 mbar, 2 h. All the materials’ films showed an uniform surface, while 

microanalysis indicated that HVAE had still a polyindolic nature. 
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UV-Vis inspection was carried out using a Perkin-Elmer Lambda 900 

spectrophotometer. Samples were observed at the different process steps (Figure 

3.6) to record the spectra. It can be seen an evident increase in the absorption 

coefficients in nearly the entire UV-Vis range, passing from the DHI to the DHI-

eumelanin and to the HVAE. This phenomenon is associated to the increase of both 

the delocalization of the aromatic systems and their π-stacking interactions
11, 12

, 

that suggest the actual increase of the extension and of the filling factor
12, 19 

for the 

delocalized aromatic systems of the material backbone, in particular happening 

after the thermal annealing in vacuum, i.e. this reorganization results in an overlap 

of the π-electronic density of the adjacent packed chains and the delocalization of 

their electronic wave-functions
21

. 

 



101 
 

 

Figure 3.6. UV-Vis absorptivity (percent absorbance / film thickness) of the films at the 

different process stages: (red, circles) DHI thin film; (black, squares) eumelanin film after 

AISSP; (blue, triangles) HVAE film after thermal annealing in vacuum (600°C; 2 h; 10
-6

 

mbar). 

 

 

Strong supports to the picture of a structural reorganization and an enhanced 

packing order
22-24

 of the molecular constituents within the eumelanin films (made 

possible by the concomitant loss of labile and low molecular weight components
20

 

and the clustering of the longer polyindole chains (a graphic representation of these 

mechanisms is shown in Figure 3.7)), were further given by the retaining, in the 

annealed films, of the typical eumelanin signature observed in the electron 

paramagnetic resonance (EPR) spectrum
1, 15

 (measured using an X-band (9 GHz) 
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Bruker Elexys E-500 spectrometer, equipped with a superhigh sensitivity probe 

head), in the FTIR analysis
25

 (using a Thermo Fischer Scientific Nicolet 6700 FTIR 

to determine the attenuated total reflectance (ATR) spectra of the samples, with a 

resolution of 4 cm
-1

 and 16 scans averaged for each spectrum in a range between 

4000 – 650 cm
-1

), in the Raman spectroscopy
17, 26

 (Renishaw inVia 2 Raman 

microscope (532 nm), which uses a microscope to focus a laser source onto specific 

areas of a sample, then the light scattered off the surface of the sample is collected 

and directed to a Raman spectrometer), and in the MALDI-MS
16

 analysis (positive 

reflectron MALDI and LDI spectra were recorded on a Sciex 4800 MALDI 

ToF/ToF instrument) (Figures 3.8 to 3.11). 

 

Figure 3.7. Pictorial model of the polyindole packing evolution during high vacuum 

annealing. Water molecules and carboxylic groups are evidenced, to show their reduction 

in the material as the process temperature increases. 
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Figure 3.8. (A) EPR spectrum and (B) power saturation profile of HVAE (600°C, 10
-6

 

mbar, 2 h). Data were recorded on thoroughly desiccated samples. Measurement 

conditions: T = 25.8°C, microbridge power = 0.6 mW. 
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Figure 3.9. FTIR spectra of DHI Eumelanin (black, squares) and of HVAE (red, circles). 

Arrows denote signals associated to water (3200 cm
-1

), hydrogen bonds and carboxyl 

groups (1620 cm
-1

). The region with wavenumber smaller than 1150 cm
-1

 (the dotted line) 

is dominated by the quartz substrate signal. 

 

 

 

1150 cm
-1
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Figure 3.10. Comparison of Raman spectra of films of pristine DHI-eumelanin (black, 

squares), HVAE (600°C, 10
-6

 mbar, 2 h) (red, circles), and DHI as is before oxidative 

polymerization (blue, triangles). 
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Figure 3.11. MALDI-MS spectra of DHI-eumelanin, (A) before and (B) after high vacuum 

annealing. The recurring profile of masses of general formula DHI oligomer  + rnO2 - 

nCO2 are recognizable in both spectra for low molecular weights
27

.
 

 

(A) 

(B) 
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Without entering into the details of the Raman spectra (Figure 3.10), it is worth to 

note here how the comparison of the profiles before and after the annealing reveals, 

in agreement with the loss of carboxylic groups and possible pyrrolic acids, a 

relative reduction of the G band (the range of 1600 cm
-1

) following the reduction of 

O and N contribution. 

Consistent information is provided by the FTIR spectra of eumelanin and HVAE 

films (Figure 3.9) too, highlighting in particular the drastic decrease of signals 

associated to C=O stretching (1620 cm
-1

) and to the water (3200 cm
-1

)
25

. 

Finally, direct support to the packing evolution hypothesis comes from 2D 

GIWAXS patterns, as the anisotropic intensity distribution along the diffraction 

rings in Figure 3.12 indicates an increased orientation degree after the vacuum 

thermal treatment is operated. In particular, the HVAE film (Figure 3.12A) features 

a diffraction intensity definitely concentrated  along the Qz axis, i.e. perpendicular 

to the sample surface, denoting a preferred orientation of the diffracting planes 

parallel to the film surface. On the other hand the Eumelanin film (Figure 3.12B) 

features a weak diffraction intensity evenly distributed along the azimuth of a broad 

diffraction ring, indicating low crystallinity and random orientation of the 

molecules. The 1D radial cuts extracted from the GIWAXS maps along the out of 

plane (Figure 3.12C) and in plane (Figure 3.12D) directions show indeed a clear 

difference between the two directions in the case of the HVAE film, with a peak 

asymmetry in the out of plane direction revealing a diffraction contribution of the 
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oriented molecules appearing as a shoulder at q = 1.85 Å of the main peak at q = 

1.56 Å ascribed to the substrate which gives in turn the only scattering contribution 

in the in plane cut. On the contrary, no difference between the two directions is 

recognized in the case of the Eumelanin film (so that a 5.5 additional scale factor 

has been applied in Figure 3.12C for the sake of clarity in the comparison). 

 

  

Figure 3.12. GIWAXS 2D patterns of HVAE films processed at (A) 600°C (2h treatment) 

and (B) eumelanin thin films; 1D out of plane (C) and in plane (D) radial cuts from the 2D 

maps in A,B.  
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The electrical properties of the various materials was measured using a four probes 

system
28

 Napson RESISTAGE RG-80 and a power supply source meter Keithley 

2410 for the different ranges of conductivity, working in air at room temperature. 

The samples conductivity vs. the annealing temperature and vs. the duration of the 

processes are shown in Figure 3.13. After the vacuum annealing, the conductivity 

of the eumelanin films featured a remarkable increase, up to over 9 orders of 

magnitude, passing from around 10
-7

 S/cm for the DHI and DHI-eumelanin films, 

up to an unprecedented value of 318 S/cm for the material processed at 600°C for 2 

hours, and anyway obtaining values larger than 10
2
 S/cm for all the samples 

processed at 600°C (Figure 3.13 inset). 
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Figure 3.13. Conductivity of vacuum annealed eumelanin thin films, vs. the annealing 

temperature and (inset) vs. the annealing time at 600°C temperature. Data are listed in 

the table. All the measurements were performed in air at room temperature. Errors of 

each point are indicated inside the plots symbols. 

 

 

This record result is not a humidity response effect, as the data acquisitions were 

performed in few tens of seconds for each sample, with no variation of the ambient 

relative humidity, so suggesting that actual nature of the involved charge carriers is 

electronic. 
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Current-voltage measurements performed before and after the exposition of the 

films to water or acidic conditions conclusively ruled out any conductivity increase 

with the water content of the film. 

Immersion of the films in deionised water results in a marked decrease of the 

conductivity, also associated to a deterioration of the surface smoothness (Figure 

3.14 and Table 3.1).  

(A)  

(B)  

Figure 3.14. Optical profilometer surface analysis of HVAE: (A) before and (B) after 2 h 

immersion in deionized water (18 MΩ*cm) at room temperature. All the roughness values 

increase after the immersion. 
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HVAE  

(600°C, 2 h) 

Before 2 h 

water  

immersion 

After 2 h 

DI water  

immersion 

After three  

weeks at  

standard  

humidity  

and  

temperature 

conditions 

After  

climatic  

chamber  

treatment: 

RH = 85% 

T = 65°C 

time = 90 h 

After  

annealing  

on  

hot plate: 

in air 

T = 115°C 

time = 5 h 

Thickness 

(nm) 
96.8 96.8 105.4 109.2 103.7 

Sheet  

resistance 

(Ω/□) 

415 540 1670 1850 1441 

Normalized  

Conductivity 

(%) 

100 76.4 22.80 19.80 26.80 

 

Table 3.1. Thickness, Sheet Resistance and Normalized Conductivity values of one of the 

HVAE samples (600°C, 2 hours annealing), measured before and after water immersion 

and after different treatment conditions. Errors are in the limit of 2% for each datum. 

 

 

Reduction of the conductivity is even more pronounced when films are exposed to 

acidic solutions
15

 (Figure 3.15 and Table 3.2). 
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(A)  

 

(B)   

Figure 3.15. Optical profilometer surface analysis of HVAE: (A) before and (B) after 

immersion in a sulfuric acid solution (96 w/w%) for 2 hours at room temperature. 

 

 

HVAE  

(600°C, 2 h) 

Before H2SO4 

treatment for 2 h 

After H2SO4 (96 w/w% in 

DI water) treatment for 2 h 

Thickness 

(nm) 
120 161 

Sheet resistance 

(Ω/□) 
342 404 

Normalized  

Conductivity 

(%) 

100 63.1 

 

Table 3.2. Thickness, Sheet Resistance and Normalized Conductivity values of one of the 

HVAE samples (600°C, 2 hours annealing), measured before and after sulfuric acid 

treatment. Errors are in the limit of 2% for each datum. 
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 Notably, the films appear moderately stable under accelerated ageing (Table 3.3), 

but stability is lost if the film were previously immersed in water (Table 3.1).  

 

HVAE  

(600°C, 6 h) 

After  

preparation 

process 

After three weeks  

at standard  

humidity  

and temperature  

conditions 

After climatic  

chamber  

treatment: 

RH = 85% 

T = 65°C 

time = 90 h 

After  

annealing  

on hot 

plate: 

in air 

T = 

115°C 

time = 5 

h 

Thickness 

(nm) 
95.5 115.7 121.2 118.1 

Sheet resistance 

(Ω/□) 
340 440 528 527 

Normalized  

Conductivity 

(%) 

100 62.07 49.67 51.93 

 

 

Table 3.3. Thickness, Sheet Resistance and Normalized Conductivity values of one of the 

HVAE samples (600°C, 6 hours annealing), measured immediately after the preparation 

process and after different treatments or storage conditions. Errors are in the limit of 2% 

for each datum. 
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HVAE  

(600°C, 2 h) 

Before 2 h 

water  

immersion 

After 2 h 

DI water  

immersion 

After three  

weeks at  

standard  

humidity  

and  

temperature 

conditions 

After  

climatic  

chamber  

treatment: 

RH = 85% 

T = 65°C 

time = 90 h 

After  

annealing  

on  

hot plate: 

in air 

T = 115°C 

time = 5 h 

Thickness 

(nm) 
96.8 96.8 105.4 109.2 103.7 

Sheet  

resistance 

(Ω/□) 

415 540 1670 1850 1441 

Normalized  

Conductivity 

(%) 

100 76.4 22.80 19.80 26.80 

 

 

Table 3.4. Thickness, Sheet Resistance and Normalized Conductivity values of one of the 

HVAE samples (600°C, 2 hours annealing), measured before and after water immersion 

and after different treatment conditions. Errors are in the limit of 2% for each datum. 

 
 

In light of known literature
10, 29

, this behaviour clearly suggests that contribution of 

the ionic effects in the charge transport can be considered negligible in HVAE. 

Moreover, the drastic effects induced by the exposition to soaking
30

 water or acidic 

solutions witness the key role of packing of the aromatic polyindole systems in 

determining electrical properties of the films
13, 14, 31

. 

The here observed increases in the conductivity cannot be ascribed to the formation 

of films akin to dense carbon black materials
32, 33

, because the processes producing 

these materials operate at much higher temperature (1000°C or more) when applied 

to eumelanin-like materials
7, 8

, or anyway using temperatures above 600°C to 
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obtain good conductivity values when applied to polypeptides rich in eumelanin 

precursors (phenylalanine)
34

. Instead, in this study we observed a conductivity 

increase from 3 to 5 order of magnitude even after annealing in the 200°C-450°C 

range. This strongly suggests that conductivity rise has not to be ascribed to 

carbonization processes. Indeed, elemental analysis data (Table 3.5) do confirm the 

material does not present C/X ratios expectable for carbon black materials
34

. 

 

Sample %C %H %N %O C/O C/N N/O (C+N)/O 

DHI 63.81 4.01 8.14 24.02 3.54 9.14 0.38 2.28 

Eumelanin 50.53 2.28 5.87 41.3 1.63 10.02 0.16 1.04 

HVAE  

(231°C, 12 h) 
59.65 2.01 7.12 31.22 2.54 9.77 0.26 1.63 

HVAE  

(600°C, 6 h) 
57.34 2.98 9.13 30.55 2.50 7.32 0.34 1.67 

 

 

Table 3.5. Elemental analysis, estimated by a Perkin–Elmer 2400 CHNSO elemental 

analyzer, of the various samples prepared . Elemental composition wt% (average of 

duplicate measures) and element ratios of: DHI, DHI-eumelanin as prepared, and HVAE 

samples. Errors are in the limit of 2% for each datum. It is worth of note how the relative 

oxygen content increases after the DHI oxidative polymerization and decreases with 

thermal treatment. The relative ratios of the elements may be interpreted as a consequence 

of the loss of water and CO2. The values obtained after the more extensive treatment does 

not match the ones of ordinary carbon black materials
35

. 
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Measurements of electrical resistance vs. temperature were also performed (Figure 

3.16), using two terminals devices. 

Nonetheless, at fixed temperature the conductivity appears pretty stable with time 

(Figure 3.16), allowing the material to sustain a constant current with a very low 

increase in the applied voltage along the time, as it can be expected for electronic 

conductive organics
36

. 
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Figure 3.16. Voltage vs. Time in HVAE layers (annealing conditions: 600°C, 2 h, 10
-6

 

mbar). This plot shows the trend of the voltage required to sustain a fixed current (100 μA) 

in a HVAE thin film (thickness = 109 nm), using two probes with 1 mm spacing, measured 

at room temperature in air. 
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Results here reported indicate a radical modification of the actual picture of the 

eumelanin charge transport properties, reversing the paradigm according to which 

eumelanin conductivity increases with the water content of the material. Indeed, if 

the eumelanin films are rearranged into conductive layers, thanks to a simple 

thermal annealing in vacuum which succeeds in inducing a structural 

reorganization of their molecular constituents and the removal of low molecular 

weight components embedded in the pigment layer. A potential aspect behind the 

conductivity increases can also be chemical changes to the eumelanin in the form 

of further condensation of the eumelanin heterocyclic components with each other. 

The contribution of the electronic current is here demonstrated to be largely 

preeminent with respect to the ionic one, allowing to obtain unprecedented high 

conductivity values, up to 318 S/cm in this work, and the mammalian pigment can 

be considered as an actual conductor. 

The conductivity values achieved and their fine tuning allowed by the control of 

the process conditions, open to possible tailoring of ad-hoc eumelanin-based active 

layers for a wide range of applications in organic electronics and bioelectronics, 

deserving further extensive investigations to get a conclusive picture about the 

conductor vs. semiconductor behaviour of the eumelanin and insights about the 

mobility of charge carriers. 
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4 Eumelanin as a photocatalytically-active bio-

material  

 

4.1 Introduction 

Conversion of solar irradiation is widely acknowledged to be one of the most 

promising strategies for sustainable energy. Photovoltaic conversion of light 

directly into electricity is currently the most well-developed approach, however 

there exists a great demand to develop direct solar-to-chemical energy conversion 

schemes
1, 2

. The classic example is photo- or photoelectrochemical splitting of 

water into hydrogen and oxygen
3
. H2 can be burned directly to release energy or 

used in fuel cells in a completely carbon-free energy cycle. An alternative concept, 

long-theorized to be thermodynamically as competitive as the H2 energy cycle, is 

storing energy in hydrogen peroxide, H2O2. H2O2 has the significant advantage 

over H2 as it exists as a stable aqueous solution. Hydrogen peroxide (H2O2) is at the 

center of a revolution in industrial green chemistry, but it may also hold the key to 

future efficient, inexpensive, and safe energy technology. It is celebrated as a 

sustainable reagent since its only byproducts are water and oxygen. Because of 

these thermodynamically stable byproducts, H2O2 contains a high free energy (120 

kJ/mol). In turn, the energy contained within hydrogen peroxide can be released in 

manifold ways. Large amounts of heat can be released via H2O2 exothermic 

autocombustion into H2O and O2 steam. This reaction has for instance been used 

for years in liquid-fueled outer space rockets. A newer discovery is that the 

spontaneous reactions to produce H2O and O2 can be harnessed in fuel cells
4-6

, 

acting in a single compartment where H2O2 is both the fuel and oxidizer. The 

peroxide energy cycle is thermodynamically nearly as efficient as burning H2. A 

50% aqueous solution packs an impressive 1.72 MJ/kg. 
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In this chapter will be discussed also the way to use eumelanin as photocatalyst for 

producing hydrogen, which is a relatively well-established fuel concept, and to 

pave the way for the hydrogen peroxide carbon-free energy cycle, which is 

something more still in early stages of development but with great potential. 

Organic semiconductors are carbon-based materials which have been extensively 

develop for high performance and low-cost electronics, and are today ubiquitous in 

display technology, organic-light emitting diodes, and in devices such as copiers, 

scanners, and printers
7
. They are also the active component in low-cost 

photovoltaic technologies
8
. Despite the substantial research interest in organic 

semiconductors, they have been largely overlooked as potential photocatalytic 

materials. This is largely due to the fault of the fact that many archetypical organic 

semiconductors are known be sensitive to degradation in the presence of water and 

oxygen, especially under illumination
9
. Głowacki et al. demonstrated in 2016 

organic semiconductor photocathodes for oxygen reduction to peroxide, fabricating 

a photoelectrochemical cell which generated electrical power and peroxide while 

illuminated with sunlight (Figure 4.1, left)
10

. We  found that the photocatalytic 

properties of eumelanin were impressive, as it is capable of both peroxide and 

hydrogen production depending on the level of oxygenation of the environment 

(Figure 4.1, right). 
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Fig. 4.1. (left) Organic semiconductor photocathodes for catalytic photogeneration of 

H2O2. This was the first example of a photoelectrochemical cell which generates peroxide 

and critically it is uniquely enabled by organic semiconductors
10

 (middle) Nanoparticles of 

synthetic organic pigments have recently been shown by Gryszel et al.
11

 to photocatalyze 

oxygen reduction selectively to peroxide, with concurrent oxidation of various substrates 

including water to oxygen. (right)  

 

 

  



127 
 

4.2 Stable Photocatalyst for oxygen reduction reaction 

(ORR) to hydrogen peroxide  

 

Photoconductivity of eumelanin and its photochemical reactions with oxygen have 

been known for some time, eumelanins have not been regarded as photofaradaic 

materials. We find that eumelanin shows photocathodic behavior for both the 

oxygen reduction reaction and the hydrogen evolution reaction. Eumelanin films 

irradiated in aqueous solutions at pH 2 or 7 with simulated solar light 

photochemically reduce oxygen to hydrogen peroxide with accompanying 

oxidation of sacrificial oxalate, formate, or phenol. Autooxidation of the eumelanin 

competes with oxidation of donors. Deposition of thin films on electrodes yields 

photoelectrodes with higher photocatalytic stability compared with the case of pure 

photocatalysis, implicating the successful extraction of positive charges from the 

eumelanin layer. These results open up new potential applications for eumelanin as 

a photocatalytically-active biomaterial, and inform the growing fundamental body 

of knowledge about the physical chemistry of eumelanins.  

The electrical properties of biomolecules such as proteins
12-14

, DNA
15

, 

polysaccharides
16, 17

, and biopig-ments
18-20

 have attracted a growing amount of 

scientific interest in recent years. This attention is motivated by expanding 

fundamental understanding of the roles electronic transport may play in biology, as 

well as the possibility of using bio-origin materials as active components in 

bioelectronics devices
21, 22

. The long history of research into eumelanins, the most 

common organic pigmentary materials found in nature, is as complex as the 

chemistry and physics of eumelanins themselves. From the biophysical perspective, 

the physiological roles played by eumelanins have been the topic of the most 

scrutiny
23

. Agreement exists that the primary purpose of eumelanin is as a 

photoprotectant, as it is ideally suited to absorbing potentially damaging high 

energy photons
24, 25

. Eumelanins have however been implicated in other important 
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biochemical processes, and are also crucial for mediating light management in the 

mammalian eye
26

. Since the seminal work of McGinness
27

 on electrical transport in 

eumelanin in 1974, many have endeavored to exploit eumelanin as a natural active 

material for bioelectronics
21, 28-30

. Under-standing the nature of eumelanin 

conductivity is complicated by its heterogeneous nature, and two models for its 

structure exist: The extended heteromacromolecule model versus the stacked 

oligomer model, where planar molecular units assemble via π-π stacking. The 

nature of conductivity of eumelanin remains debated, though the recent consensus 

is that observations of macroscopic conductivity in eumelanin are primarily 

protonic in nature. Meredith et al. and Santato et al. have elaborated a charge 

transport model in a series of papers
31-33 

showing the relationship between protons 

as the major charge carrier and the paramagnetic species observed in eumelanin, 

with the phenomenon of photoconductivity in eumelanin also being accounted 

for
34

. There are two distinct radical species in eumelanin, a carbon-centered and 

semiquinone one, with the latter being involved in protonic photoconductivity and 

implicated in potential photochemical reactivity
35

. Several devices exploiting 

protonic transport in eumelanin thin films have been demonstrated
33, 36

, though 

there is also evidence that there may be electronic charge carrier mobility in 

eumelanin
37

. Eumelanin thin films can be electrochemically-addressed and 

intercalated with ions
38

, thus they have been used in sodium ion batteries
29

.  

It has been recently demonstrated that some organic semiconducting small 

molecules can act as aqueous photocatalysts
11, 39

 or photoelectrocatalysts
10, 40

 for O2 

reduction to H2O2. A starting off question for this work is: Can eumelanin be a bio-

origin material with intrinsic photocatalytic activity? The photo-chemical 

properties of eumelanins have been studied in the biological context. Sarna et al. 

discovered the photochemical production of hydrogen peroxide via oxygen 

reduction during eumelanin autooxidation
41, 42

, inspiring detailed investigation into 

the role of eumelanin interactions with reactive oxygen species (ROS). In these 

works, the widely-accepted synthetic eumelanin
23, 33, 36

 consisting of oxidatively-
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polymerized 5,6-dihydroxyindole (DHI) was used. In his 1990 paper, Sarna noted 

that the molar quantity of H2O2 produced during the photochemical degradation of 

eumelanin was 20% higher than the molar equivalent of the starting DHI 

monomers. This foreshadows the possibility of a photochemical redox cycle where 

photoexcited electrons in eumelanin reduce oxygen to hydrogen peroxide, while 

the photogenerated positive species oxidize some other donor. It follows that these 

holes can be, in principle, thanks to the (photo)redox properties pigment, 

neutralized by electrons originating from an electrode to complete the cycle. In this 

work, we provide evidence that it is indeed the case that eumelanin behaves in a 

way analogous to a semiconductor photocatalyst, and is suitable for 

photoelectrodes as well. Eumelanin can behave as a photocathode in both 

oxygenated and deoxygenated conditions, demonstrating higher catalytic stability 

than in the case of pure photocatalytic conditions. This shows that eumelanin can 

be electrochemically addressed by an underlying electrode with an impressive 

effectiveness. 

As a commonly-used standard eumelanin, we prepared synthetic eumelanin thin 

films by spin coating a 30 mg/mL 5,6-dihydroxyindole (DHI) methanolic solution 

onto PET foil substrates followed by the ammonia-induced solid-state 

polymerization
30

 procedure (Fig. 4.2a). For photochemical experiments, 

eumelanin-coated foil circles were placed in solutions at two different pH values 

(pH=2, pH=7) in the presence and in absence of different sacrificial electron donors 

(Phenol, Formate, Oxalate). The “blank” condition, referring to electrolyte alone, 

indicates that oxygen reduction to hydrogen peroxide, or proton reduction to H2, 

can be accompanied by the autooxidation of eumelanin itself. If a photocatalytic 

redox cycle can be supported, more peroxide should be produced in conditions with 

added donors, and the eumelanin must show higher stability. The hypothesized 

photo-redox processes with eumelanin as a photocatalyst are illustrated in Fig. 

4.2b.  
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Figure 4.2. a) Eumelanin thin films obtained via oxidation of 5,6-dihydroxyindole (DHI) 

were used in this study as a model for natural eumelanin. b) Semiconductor model of 

eumelanin photocatalysis, where photogenerated electrons and holes participate in redox 

reactions. Reduction of oxygen to hydrogen peroxide proceeds in oxygenated conditions, 

or reduction of protons to hydrogen in deoxygenated conditions. Holes can oxidize suitable 

electron donors, or be neutralized by electron injected by an electrode in the case of 

photoelectrocatalysis. If the hole is not quenched by an electron-donor, it will lead to 

eumelanin autooxidation. 
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The two pH values were chosen since neutral pH is relevant to biological 

applications of melanin and also corresponds with the majority of existing 

experimental data on melanin photochemistry, and low pH was chosen to see if the 

proton-enhanced reaction of peroxide production (or hydrogen evolution) proceed 

more efficiently. High pH conditions cannot be tested for photochemical 

experiments, as the eumelanin degradates  in alkali conditions (pH>9). 

We first conducted photolysis experiments by irradiation of eumelanin films in 

water under a pure O2 atmosphere, using solar simulator light source with an 

irradiance of 1.05 sun. (Fig. 4.3a). Aliquots of solution were periodically removed 

to test for the evolution of hydrogen peroxide using the tetramethyl 

benzidine/horseradish peroxidase (TMB/HRP) assay well known from biological 

applications (Fig. 4.3c)
43

. The results for hydrogen peroxide evolution over 12 

hours are shown in Fig. 4.3b. Samples with added electron donors yield about 

twice as much peroxide as “blank” samples. To quantify the difference between the 

contribution of eumelanin autooxidation and the oxidation of donors, we calculated 

the catalytic turnover number (TON) expressed as nmol of H2O2 generated / nmol 

DHI (starting indole equivalent) regarding a simplified picture in which DHI acts 

as monomer and eumelanin as its polymer, although the picture would be more 

complex
23

. The amount of degraded DHI is calculated from measurement of the 

optical absorbance of the eumelanin in the film before and after the entire process 

and comparing to the absorbance of standard curves, as detailed in the experimental 

methods section. The TONs, along with max final [H2O2] values are given in Table 

4.1. The presence of donors increases the TON in all cases, giving values 2-4 times 

higher than eumelanin alone (autooxidation). This result confirms the presence of a 

true photo-redox cycle in eumelanin (Fig. 4.3b). 
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Figure 4.3. Photochemical evolution of hydrogen peroxide by eumelanin. a) The 

experiment involves irradiating eumelanin films in oxygenated aqueous solution with a 

broad-spectrum light source and removing aliquots to determine H2O2 concentration. At 

the end of the experiment, the film is removed and dissolved to determine the amount of 

degraded eumelanin by measuring optical absorption. b) The amount of evolved H2O2 over 

time for conditions of pH 2 and pH 7, without donor (blank case) and with readily-

oxidizable donors oxalate, formate, and phenol. c) Example calibration curve for the 

horseradish peroxidase/tetramethyl benzidine peroxide assay. 
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pH Donor [H2O2] 

in 

reaction 

[µM] 

catalytic TON 

[nH2O2 generated / nDHI 

monomer consumed] 

2 Blank 248.8 1.0 

Oxalate 710.8 3.7 

Formate 644.0 1.7 

Phenol 295.8 1.6 

7 Blank 350.6 1.5 

Oxalate 695.5 2.2 

Formate 503.9 3.3 

Phenol 606.8 3.9 

 

Table 4.1. Photochemical evolution of hydrogen peroxide by eumelanin in terms of final 

peroxide concentration and turnover number (TON). 
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4.3 Eumelanin as Photoelectrocatalyst for efficient hydrogen 

peroxide photosynthesis  

 

Concluding that a photochemical redox cycle is possible, and considering that 

eumelanin has been re-ported to possess photoconductivity
34, 35

 it follows that it 

may also be possible to have a photoelectrochemical catalytic behavior. In this 

case, photoexcited electrons participate in oxygen reduction, or hydrogen 

evolution, while carriers originating from the underlying electrode neutralize the 

resultant positive holes. To this end, we deposited eumelanin films on fluorine-

doped tin oxide (FTO), on which we found eumelanin had good adhesion. 

Photoelectrolysis was carried out with a three-electrode potentiostat using 

FTO/eumelanin as the working electrode, and the same light source as for the 

aforementioned photocatalysis experiments. The cathode chamber, containing an 

O2 inlet and also an Ag/AgCl reference electrode, was separated from the anodic 

chamber (Pt wire anode) with a Nafion membrane (Fig. 4.6). The Nafion is critical 

to prevent the diffusion of H2O2 to the anode chamber, as it would otherwise be 

oxidized on the counter electrode. In chronoamperometric conditions at a potential 

of 0V, the eumelanin electrode was found to give a steady photocathodic current of 

about 8 µA/cm
2
, which was found to decline by about 50% over 6 hours of 

continuous illumination. Measurement of aliquots from the cathode chamber 

confirmed that the photocathodic product was hydrogen peroxide, which was 

produced with a constant Faraday yield of ≈90% (Fig. 4.4a). Fig. 4.4a shows a long 

photoelectrolysis with a few periods where the light was turned off to check the 

level of the dark current. Regular frequency on/off cycles, with 45s illumination, 

are plotted in Fig. 4.4b, evidencing a rapid photoelectrochemical response from the 

eumelanin film. A turnover number of 5.13 was calculated for the eumelanin film 

used as the photocathode. This TON is higher than any of the photocatalytic cases, 
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indicating that holes must be quenched in the eumelanin layer by the FTO electrode 

more efficiently than they oxidize the various donor molecules discussed 

previously. Since the films are 150 nm thick, conductivity/photoconductivity of the 

eumelanin plays a key role.  

The distinctive absorption of eumelanins has been seen as evidence that it is an 

amorphous semiconductor analogous to amorphous silicon, for instance; or it can 

be interpreted as originating from a mix of different discrete chromophores 

overlaying to create the absorption envelope of eumelanin
24

. One can question 

which of these chromophoric species is responsible for the photocatalytic 

processes. We measured the photocathodic current using a series of different 

narrow-band LEDs, calibrated to the same irradiance, in order to construct a 

photocurrent action spectrum (Fig. 4.4c). These results show that all wavelengths 

where the eumelanin absorbs photo-current is generated, and its magnitude follows 

the optical absorption of the eumelanin film. This behavior could be explained by a 

more complex picture in which there is a cooperative contribution of excited states 

of different potentials contributing to a single higher potential excited state as 

resultant after disproportionation/comproportionation reactions of different 

pigment constituents
32, 44, 45

.  

Despite the higher TON in eumelanin under oxygenated photocathodic conditions, 

it still degrades. The spectra obtained for pristine samples versus used samples, 

both as thin films (Fig. 4.4d), and after dissolution (Fig. 4.4e), confirm this. Neither 

the film nor the solution shows any additional peaks or otherwise changes in the 

shape of the spectra following irradiation. Only a monotonic decrease of each 

spectrum is seen, indicating that the eumelanin is uniformly degrading and not 

obviously producing another chromophoric byproduct. Degradation proceeds as in 

the photocatalytic case from the action of unquenched positive moieties, holes, 

leading to autooxidation. It is possible that the action of accumulating H2O2 may 

also play an additional role in accelerating degradation as the photoelectrolysis 
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proceeds and concentration of peroxide increases. In oxygenated electrolytes, the 

reaction of oxygen to hydrogen peroxide dominates. 
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Figure 4.4. Photocathodic experiments in oxygenated conditions. a) Chronoamperometric 

photocurrent density for an FTO/eumelanin working electrode under solar simulator 

illumination, pH = 1, 0V vs. Ag/AgCl. Faraday efficiency of O2 reduction to H2O2 is 

plotted on the right axis. b) Chronoamperometry of a eumelanin photocathode with 45s 

light on/off cycles. c) Photocurrent action spectrum measurement. eumelanin film on FTO 

absorption spectrum with accompanying photocurrents for seven different LEDs. d)  UV-

VIS comparison between dissolved eumelanin thin film used as blank (150nm) vs. 

dissolved eumelanin thin film used in photo(electro)catalytic oxygen reduction reaction for 

H2O2 evolution (50nm).   
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4.4 Application of DHI Eumelanin for hydrogen evolution 

reaction  

 

Thorough deoxygenation of the electrolyte with argon for several hours followed 

by measurement under argon shows that a smaller photocurrent persists (Fig. 4.5a), 

on the order of 4 µA/cm
2
 at a cathodic polarization of -0.25V. The photocurrent 

action spectrum follows the broad absorption of the eumelanin, exactly as in the 

oxygenated photocathode case (Fig. 4.5b). Sustained photocurrent in fully 

deoxygenated conditions can only be attributed to the hydrogen evolution reaction, 

where the photoexcited electrons reduce protons instead of oxygen. We find 

relatively stable photocurrent over 32 hours. Over this time, the eumelanin film 

was found to degrade by the same amount as the oxygenated conditions gave after 

6 hours. This indicates that despite the photocurrent density being about 70% of the 

oxygenated photocurrent, the eumelanin is about five times more stable (Fig. 4.5 

c,d). These photocurrent densities are too small to provide sufficient quantities of 

H2 for reliable quantification, however the only possible alternative hypothesis for 

the observed photocurrent is a degradation reaction of the eumelanin itself, which 

is not consist with the observation of substantially improved stability. From this we 

infer that the hydrogen evolution reaction is indeed occurring, albeit with very 

limited efficiency.  

From our results it emerges that synthetic eumelanin can produce peroxide not only 

from autooxidation, as previously established
42

, but also as part of a redox cycle 

where a donor molecule is oxidized (as discussed in the case of pure 

photocatalysis), or where holes are neutralized by an electrode. This behavior is 

analogous to a classic semiconductor photocatalyst model, from the point of view 

of photochemical processes the semiconductor picture holds macroscopically. The 
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mechanisms at play specifically in eumelanin are more complex, and still need to 

be resolved in detail. Sarna et al. had proven that eumelanin can perform a single-

electron photoreduction of oxygen to superoxide, which then becomes further 

reduced and protonated to yield peroxide
41

. These findings however are for 

conditions of UV irradiation. We would speculate that with lower energy photons, 

as in our case, the superoxide mechanism may be surpassed by the 

thermodynamically-favored two-electron reduction of oxygen directly to peroxide. 

Our present results on photocathodic current are consistent with either the one-

electron, two-electron, or coexistence of both pathways. Our observation of 

eumelanin-catalyzed photooxidation of various electron-donors, as well as the 

stabilizing effect of having an electrode injecting electrons into eumelanin 

photocathodes, highlights the important role of the photogenerated positive species 

on eumelanin. In the traditional semiconductor model of photocathodes, 

photoinduced electrons reduce a species in solution, while the corresponding holes 

are transported away to the electrode. Previous studies have established that 

protons are the positive charge carrier in eumelanin
31, 34

, this means that for 

eumelanin this photocathode model must be understood differently. A picture 

consistent with the prevailing knowledge on eumelanin is that photoreduction 

occurs, leaving behind a positive charge. This can be quenched by electron-

carrying semiquinone species, which can be restored via injection of electrons from 

an underlying electrode. In the pure photocatalytic case, the positively-charged 

eumelanin moiety oxidizes electron donors directly. Our results confirm that 

oxygen accelerates photodegradation, and that in oxygen-free conditions a redox 

cycle involving hydrogen evolution is possible, with apparently better eumelanin 

stability. 

These results are remarkable from the point of view of catalysis – eumelanin is a 

photocatalytic bio-material capable of peroxide evolution, hydrogen evolution, and 

photooxidation of various organic substrates. This invites not only exploration in 
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sustainability technologies with eumelanin as a bio-origin photocatalyst, but also 

has implications in the biological sciences. Photodynamic therapies exploiting 

these photoprocesses in eumelanin are intriguing. Recently, eumelanin particles 

have been explored for photodynamic therapy which harnesses photothermal 

heating of the particles
46

, however our results suggest that photofaradaic reactions 

could also be used to achieve various physiological effects. Mechanistic 

understanding must still be improved. More detailed eumelanin photochemistry 

should be conducted to elucidate the role of one- and two-electron processes. 

Overall our results open a new side of understanding of the physical chemistry of 

eumelanins. 
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Figure 4.5. Photocathodic experiments in oxygen-free electrolyte. (a) Chronoamperometry 

with solar simulator illumination over 32 hours at -0.25 V vs. Ag/AgCl and deoxygenated 

pH =1 electrolyte. The positive spikes in the current trace are turning off of the light source 

in order to see the level of dark current in the sample (b) Photocurrent action spectrum 

overlaid with the absorption spectrum of eumelanin on FTO for deoxygenated 

photocurrent. (c) Direct UV-VIS comparison between DHI eumelanin thin film used as 

blank (150 nm) vs DHI eumelanin thin film used in the 32-hour photo(electro)catalytic 

experiment (150 nm); (d) UV-VIS comparison between dissolved eumelanin thin film used 

as blank vs. dissolved eumelanin thin film used in the same experiment. 
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4.5 Experimental section  

 

Eumelanin sample preparation. All commercially available reagents were used as 

received and all the solvents were analytical grade quality. Anhydrous solvents 

were purchased from commercial sources. 5,6-Dihydroxindole (DHI) was prepared 

according to a reported procedure
47

. DHI thin films were pre-pared by spin coating 

with Laurell WS-650MZ-23NPP/LITE coater on round PET foils of 3.14 cm
2
 and 

on square FTO glasses of 3.75cm
2
 from concentrated methanol solutions (30 

mg/mL) after filtering through a 0.2 μm Whatman membrane using a speed 

gradient of 2500 rpm for 30s. Appropriate volume deposition (100 - 150 μL) was 

used. The DHI films then were chemically polymerized following the AISSP 

procedure: Eumelanin thin films were obtained by exposing the DHI films (150-

200 nm thickness) for 1 h to air-equilibrated gaseous ammonia from an ammonia 

solution (28% in water) in a sealed chamber at 1 atm pressure at controlled 

temperature (25 - 40°C).  

 

Photocatalysis. Eumelanin films were put in vials in 1 mL solutions at two different 

pH (pH=2, pH=7) in presence and in absence of different sacrificial electron donors 

(Phenol, Formate, Oxalate) to test the possibility to increase, with suitable donors, 

the amount of peroxide produced during the photocatalytic oxygen reduction 

reaction. A white LED solar simulator with intensity of 1.05 sun was used to 

illuminate the substrates for a total time of 12 h. Before the exposure of these films 

to the light, every vial was filled with O2 at the beginning and after every single 

H2O2 assay made every 4 h. The quantification of the produced hydrogen peroxide 

was done spectrophotometrically via the method of Horseradish 

Peroxidase/3,3′,5,5′-Tetramethylbenzidine (TMB) H2O2 quantification by 
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following the oxidation of TMB
43

 at 653 nm using a Synergy/H1 microplate reader 

BioTek®. Aliquots of every single solution (10 μL) were afterwards added into a 

mixture of 30 μg mL
−1

 TMB (Sigma-Aldrich) and 0.750 ng mL
−1

 HRP (Sigma-

Aldrich) in 0.1 M citrate-phosphate buffer pH 6.0, giving a volume of 1 mL. 

Quantification of the produced H2O2 was determined using extinction coefficient 

values for the TMB dimer and cross-checked with a calibration curve made by 

measuring solutions of known H2O2 (Merck). The TON was calculated with 

respect to the amount of DHI monomer in the sample. Eumelanin was quantified 

by dissolving thin films in 1M NaOH solution, and comparing absorption to a 

standard curve. The standard curve was produced by polymerizing DHI in 

suspensions using varying known starting quantities of DHI, and subsequently 

converting these polymer suspensions into solutions by adding NaOH. This gives a 

linear relationship between absorption and DHI content. 

 

Photoelectrocatalysis. Photoelectrochemical measurements were conducted using 

an H-cell configuration as shown in Figure 3.6, using a Redox.me MM PEC H-

CELL. Cyclic Voltammetry and chronoamperometry experiments were carried out 

using an Ivium technologies Vertex One potentiostat, with the eumelanin-modified 

FTO as the working electrode, a Pt wire as the counter electrode, and an Ag/AgCl 

(3M KCl) reference electrode. The electrodes were illuminated with a white LED 

light source with the power of 255 mW/cm
2
. In our case we compared both 

oxygenated and deoxygenated (O2-bubbled, Ar-purged) conditions. 
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Figure 4.6. Photoelectrochemical H-cell measurement configuration with Eumelanin 

modified FTO as the working electrode. Aqueous electrolytes in the pH range 1-7 were 

used, purged with either O2 or Ar. 
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Conclusions and future directions 

From all of this work, as result of this finding, we demonstrate new 

potentialities of Eumelanin in organic-electronics and bio-electronics field, 

developing new methods and new recipes either to increase electrical 

conductivity in order to exploit this material for several applications and 

purposes either to use it as photocatalytically-active material. The results 

concerning photo(electro)catalysis are remarkable from the point of view of 

catalysis – eumelanin is a photocatalytic bio-material capable of peroxide 

evolution, hydrogen evolution, and photooxidation of various organic 

substrates. This invites not only exploration in sustainability technologies 

with eumelanin as a bio-origin photocatalyst, but also has implications in the 

biological sciences. Photodynamic therapies exploiting these photoprocesses 

in eumelanin are intriguing. Recently, eumelanin particles have been 

explored for photodynamic therapy which harnesses photothermal heating of 

the particles, however our results suggest that photofaradaic reactions could 

also be used to achieve various physiological effects.  Although a conclusive 

picture about the conductor vs semiconductor behavior of the eumelanins and 

insights about the mobility of charge carriers will require further 

investigations, results related to annealed thin films of Eumelanin, here 

reported, radically modify the actual picture of the eumelanin charge 

transport properties, reversing the paradigm according to which eumelanin 

conductivity increases with the water content of the pigment. Indeed, when 

eumelanin molecular constituents are rearranged in conductive layers, the 

contribution of electronic current is demonstrated to be largely preeminent 

with respect to the ionic one, allowing to get unprecedented conductivity and 

to consider the mammalian pigment as an actual conductor and remarks the 

possibility to use this material in several different applications in 

organic(bio)-electronics, for example as conductive layer in organic light 
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emitting diode devices working on the transparency and modulating the 

conductivity of the layer. 
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BIORESORBABLE VASCULAR SCAFFOLDS" ORGANIZED BY 

RESEARCH CENTER ENEA IN PORTICI (ITALY), ON 07/06/2017, HELD BY 

PROF. I. A. KORNFIELD. SEMINAR 

11. "PRIMA SCUOLA NAZIONALE SENSORI CHIMICI" ORGANIZED BY 

SCUOLE DI DOTTORATO DELLA SCUOLA POLITECNICA E DELLE 

SCIENZE DI BASE, FROM 24/05/2017 TO 26/05/2017, AT C.U. OF MONTE 

SANT'ANGELO. SCHOOL. 4 C.F.U. 

12. "XIV Convegno Nazionale AIMAT 2017, FROM 12/07/2017 TO 18/07/2017 IN 

ISCHIA PORTO, ITALY. SUMMERSCHOOL. 3 C.F.U. 

13. "  SYNTHESIS, STRUCTURE AND APPLICATIONS OF NATURAL AND 

MODIFIED OIGONUCLEOTIDES" ORGANIZED BY  UNIVERSITY OF 

NAPLES, DEPARTMENT OF CHEMICAL SCIENCES, HELD BY PROF. D. 

MONTESARCHIO. COURSE (21/07/2017). 3 C.F.U. 

14. "ORGANIC AND BIO-ORGANIC SYSTEMS FOR SOLAR ENERGY 

CONVERSION AND CO2 RECYCLING" ORGANIZED BY LINKOPINGS 

UNIVERSITET (SWEDEN), ON 17/01/2018, HELD BY PROF. N. S. 

SARICIFTCI. SEMINAR. 

15. "METROLOGICAL AFM AND ITS APPLICATIONS" ORGANIZED BY 

LINKOPINGS UNIVERSITET (SWEDEN), ON 20/02/2018, HELD BY DOTT. 

M. HAVLICEK. SEMINAR. 

16. "5
th
 INTERNATIONAL WINTERSCHOOL ON BIOELECTRONICS, BioEl 

2018" FROM 10/03/2016 TO 17/03/2016 IN KIRCHBERG IN TYROL, 

AUSTRIA. WINTERSCHOOL. 3 C.F.U. 
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 Aknowledgements (Italian version) 

Ringraziamenti 

Prima di tutto vorrei ringraziare i miei due instancabili supervisori, Alessandro 

Pezzella e Paolo Tassini, senza i quali ogni singolo esperimento sarebbe stato 

difficile e dalle complicate risposte scientifiche. So ancora di dovere imparare tanto 

da loro, ma durante questi anni ho cercato di rubare tante idee che spero mi 

serviranno per il mio futuro da ricercatore. Inoltre risulta essere doveroso 

ringraziare Mariagrazia Maglione e Paola Manini che mi hanno aiutato anche in 

situazioni che esulavano dagli esperimenti relativi alla mia tematica di dottorato e 

che sono state sempre in prima linea durante l'intero percorso.  

Una piccola parentesi del mio dottorato, che poi si è rivelata essere una modifica 

della mia vita, è stata l'esperienza svolta come studente visitatore presso il LOE 

group in Norrköping (Sweden), per la quale opportunità ringrazio Alessandro 

Pezzella che ha creduto in me e mi ha saputo bene indirizzare, ed è doveroso 

ringraziare anche Eric Głowacki che è stato il mio supervisor durante questo 

periodo ed il suo gruppo che mi ha accolto e considerato come parte integrante del 

team. Per tutto ciò che hanno fatto, è più che giusto ringraziarli singolarmente, per 

cui vorrei ringraziare Vedran Đerek, uno degli scienziati più meticolosi che abbia 

mai incontrato nel mio percorso, praticamente un factotum con un cervello non 

comune. Vorrei ringraziare anche Marie Jakešová, una vera amica ed una persona 

splendida non solo scientificamente ma anche umanamente. E ringrazio anche 

Maciej Gryszel, il mio compagno di esperimenti, col quale, nonostante gli 

innumerevoli momenti di desolazione, siamo stati in grado anche di ridere durante 

gli esperimenti. E’ stato un periodo davvero bello che mi ha reso più forte. Non è 

stato semplice per me lottare contro il freddo, la neve, il buio e quant'altro, per me 

che se mi affaccio dall'ufficio vedo il mare, però ha aiutato a migliorare me stesso 
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perchè sono del parere che prima di essere dei buoni scienziati, bisogna essere delle 

brave persone ed apprezzare le cose che si hanno di fronte. Per questo vorrei 

ringraziare il pezzo più grande del mio cuore, la mia " Bella famiglia", che mi è 

stata accanto dai giorni più felici a quelli più tristi di questo percorso. Non era 

semplice per loro combattere contro il mio brutto carattere risultante da giornate di 

esperimenti inconclusivi, ma non me lo hanno mai fatto pesare e ne approfitto qui 

per scusarmi con loro di questo mio atteggiamento. Però  uno dei momenti più belli 

della giornata era proprio ritornare a casa, la mia fortezza, con le mie persone fidate 

ed amate, per cui vorrei ringraziarli riportando alcune righe dal discorso iniziale del 

film "Patch Adams", che ho visto quando ero in Svezia e subito ho condiviso quel 

pensiero e significato attribuito a casa e nel mio caso famiglia:  

 

 “Per tutti la vita è un ritorno a casa: commessi viaggiatori, segretari, minatori, 

apicoltori, mangiatori di spade, per tutti. Tutti i cuori irrequieti del mondo, cercano 

tutti la strada di casa. 

È difficile descrivere cosa provassi allora… immaginatevi di camminare in un 

turbine di neve senza neppure accorgervi di camminare in tondo: la pesantezza 

delle gambe nei cumuli, le vostre grida che scompaiono nel vento con la sensazione 

di essere piccoli e immensamente lontani da casa. Casa. Il dizionario la definisce 

sia come un luogo di origine sia come uno scopo o una destinazione… e la bufera, 

la bufera era tutta nella mia mente. O come dice Dante, il divino poeta: «Nel mezzo 

del cammin di nostra vita, | mi ritrovai per una selva oscura | ché la diritta via era 

smarrita.» Alla fine ho trovato la diritta via, ma nel posto più improbabile.” 

 

Ovviamente ringrazio i miei amici storici, Antonio, Carlo e Nicola, persone con le 

quali sono cresciuto e benchè abbiamo intrapreso strade diverse per prefiggerci 
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obiettivi diversi, non c’è stato giorno in cui non ci siamo visti e divertiti per rendere 

le giornate più felici. Li ringrazio perchè mi hanno sempre sostenuto in tutto quello 

che ho fatto, credendo in me e rafforzando la mia costanza ed audacia in tutte le 

attività che svolgevo. 

 

Infine ringrazio "Lei", LA MUSICA, la dama di accompagnamento perfetta di ogni 

singolo istante della mia vita. Mi reputo essere una persona abbastanza solitaria, la 

musica e la Chitarra però mi hanno ingentilito e sono di una compagnia che non 

stanca mai, dalle corse per prendere i treni, alle lunghe camminate di ritorno a casa, 

ai voli aerei, agli innumerevoli esperimenti.  

 

La musica sensibilizza, ascoltatela, fatevelo dire da un solitario topo di laboratorio 

come me. 

 


