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RESUME

L’¢électronique organique est un domaine émergent apportant petit a petit de nouvelles possibilités
dans le monde de 1I’électronique : les matériaux organiques sont récemment tres prisés en recherche
en raison de leur abondance, potentielle compostabilité et biocompatibilité et de leur conductivité
(qui peut présenter des comportements hybrides de conduction électronique et ionique), ouvrant la
porte a un nouveau domaine appelé 1’électronique verte. Parmi ces matériaux, I’eumélanine est un
candidat intéressant puisque ce biopigment se retrouve largement chez I’humain et chez plusieurs
autres organismes vivants. Celui-ci présente plusieurs propriétés comme la chélation métallique,
une conduction mixte électronique/ionique dépendante de I’humidité de 1’atmosphére et une forte

absorption UV-visible. De plus, ce biopigment est potentiellement biodégradable.

Le principal probléme ressortant de 1’utilisation de I’eumélanine en tant que matériel dans des
dispositifs organiques provient de son fort désordre chimique et physique qui limite la fabrication
controlée de dispositifs. L’eumélanine émerge effectivement de deux molécules précurseurs
(monomeres), le dihydroxyindole (DHI) et le dihydroxyindole-2-acide carboxylique (DHICA), qui
se combinent suite a une série d’interactions comme de I’empilement n-m, 1’auto-assemblage
(autres que I’empilement 7-xt), la liaison hydrogene, la polymérisation (formation de liaisons
covalentes entre les monomeres), et, la plupart du temps, un mélange des trois interactions, créant

ainsi une macromolécule désordonnée et difficile a contréler pour la création de dispositifs.

Le sujet de ce mémoire concerne I’étude des interactions entre ces précurseurs et leur menant a la
formation de I’eumélanine. L’attention a été focalisée sur le monomere DHI, ayant une structure

moléculaire plus simple que celle du DHICA.

Il en ressort que le dépbt de monomeres de DHI sur divers substrats mene a la formation de
structures auto-assemblées qui proviennent probablement d’un processus d’agrégation limité par
la diffusion qui stabilise 1’échantillon en une forme cristallisée dans laquelle les monomeéres de
DHI peuvent ensuite polymeriser en gardant la méme structure. Le processus d’agrégation menant
a la formation de ces domaines cristallins est fortement influencé par I’humidité, les interactions

avec le substrat et les différences entre différentes synthéses de monomeéres.

Des études plus approfondies sur la formation de ces structures, au-dela de ce travail de maitrise,
doivent encore étre faites afin d’étudier plus attentivement les propriétés de ces structures. Malgré

le fait que plusieurs questions restent ouvertes concernant le processus de formation de
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I’eumélanine (ou mieux de poly-DHI), I’observation de ces structures organisées consiste en la
premiere étape vers un contr6le de la croissance de 1I’eumélanine de type poly-DHI au niveau
moléculaire, ce qui pourrait mener a son utilisation future dans des applications d’électronique

organique verte.
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ABSTRACT

Organic electronic materials, featuring biocompatibility and mixed electronic/ionic conduction,
have been recently explored to demonstrate the use of electronic devices for the biomedical and
sustainable (green) electronics sectors. Amongst these materials, eumelanin is a great candidate
since it is a biopigment found in the human body as well as in many other living organisms that
features interesting properties such as metal chelation, hydration-dependent mixed electronic/ionic

conductivity, strong UV-visible absorption and, potentially, biodegradability.

The main challenge with this biopigment, emerging from the combination of two precursors
(building blocks) dihydroxyindole (DHI) and dihydroxyindole-2-carboxylic acid (DHICA), lies in
its strong chemical and physical disorder which limits the controlled fabrication of devies. The two
building blocks interact through n—r stacking, self-assembly (other than n—n stacking), H-bonding,
polymerization, and, most of the time, a combination of the three interactions. The disorder makes
a challenging subject to control the structure and the functional properties of eumelanin samples
for device production.

The object of this MSc research project is to study the interactions between the building blocks of
eumelanin leading to the formation of eumelanin, at the surface of substrates of technological
interest. The attention is primarily focused on the DHI monomer (not the DHICA), due to the

complexity of the study and the time frame of the MSc project.

DHI monomers on various substrates interact through noncovalent bonding generating diffusion-
limited aggregates, featuring a quasi-crystalline arrangement; from this arrangement, the DHI
molecules can polymerize while keeping their quasi-crystalline structure. The aggregation process
leading to the formation of these structures is notably influenced by relative humidity of the

atmosphere, interactions with the surface of the substrate and batch-to-batch differences.

Further studies, beyond this MSc work, will be needed to shed light onto the underlying properties
of these quasi-crystalline structures. Although there are still many undiscovered issues about the
formation process of eumelanin, the observation of these well-ordered structures is the first step
into possibly controlling the (supra)molecular structure of DHI-melanin (poly-DHI), which could

lead to the use of eumelanin films in future sustainable electronic devices.
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1 INTRODUCTION

1.1 Organic electronics: an overview

Conventional electronics, mainly Si-based, has revolutionized our world to such an extent that we
are currently living in an era often referred to as “Silicon age” that is said to follow the stone,
bronze, and iron ages [1]. The capability to control the physicochemical properties of
semiconducting materials is at the basis of the success of conventional electronics. Despite this
success, conventional electronics suffers from a number of limitations, in particular in terms of
mechanical flexibility of the devices and operational instability in moisture-rich atmosphere, e.g.

for applications in the biomedical sector.

First stumbled upon approximately four decades ago, organic electronic materials are gaining in
popularity for their various properties that can be used to complement Si-based electronics. Organic
electronics are based on carbon-based materials featuring conjugation, i.e. alternate simple and
double covalent C-C bonds in the molecular structure [2]. Small organic molecules, typically
processed by vacuum-based techniques, and organic polymers, typically processed by solution-
based techniques, are both investigated in organic electronics. The structural, charge carrier
transport (electronic and ionic) [3], [4] and optical properties of organic electronic materials are
dramatically affected by their molecular structure. Chemical synthesis has been successfully and
widely employed to tune the physicochemical properties of organic electronic materials. This
tuning can be used for ad hoc applications (e.g. color of the emitted light for organic light-emitting
devices) [5], [6].

Thanks to the softness of organic materials, organic electronic materials have been used for
flexible, bendable, rollable and stretchable applications [7]-[10]. The permeability of organic
electronic materials to ions make them excellent candidate for bioelectronics applications such as
sensors or catalysts in biological environments [11]. Furthermore, bio-sourced, non-toxic and
biodegradable organic electronic materials make them ideal for applications in sustainable
electronics [12]. Eumelanin is of interest for this since it is non-toxic (eumelanin is indeed edible),
it is bio-sourced (e.g. from squid ink) abundant and, in principle biocompatible [12], [34]. The

biodegradability of eumelanin is currently investigated by Santato’s group.



1.2 Review on melanins

Melanin is a natural organic biopigment found in many living organisms [13]. In the human body,
it is known to be the main color agent in skin and hair. The term “melanin” is a general term that
refers to dark organic pigments. It represents an entire category of different molecular organic
materials including eumelanins, pheomelanins and neuromelanins, which can be found in the
human body, and allomelanins, which can be found in plants and microorganisms [14]. Eumelanin
is the black brown type of melanin that can be found in the skin and hair of many mammals.
Pheomelanin is its yellow-to-reddish analogue, that can be observed in red hair or hen feathers
[13]. Neuromelanin is especially present in the substantia nigra, a part of the brain in which a
lowered concentration of neuromelanin is linked to Parkinson’s disease, suggesting a potentially

protective role for neuromelanin against oxidative agents [15], [16].

In the late 1960’s, reports were published about the semiconducting behaviour of eumelanin [17],
[18]. Since then, it has been shown that eumelanin is not really a semiconductor, but an organic
material sustaining protonic and electronic transport [19]-[21]. Eumelanin is known in the human
body for its photoprotective properties. Other properties of interest for organic electronic
applications are metal chelation [22]-[29] and water-dependent mixed ionic-electronic conduction
[4], [30]. The poor solubility of eumelanin in common organic solvents limited the depth of
physicochemical studies on eumelanin throughout the years. The main obstacle to using eumelanin
in organic electronics is its strong chemical and physical disorder, at the molecular and
supramolecular levels. Disorder did not prevent researchers from trying to build various melanin-

based devices such as supercapacitors and solar cells [11], [31]-[33].

Two monomeric structures (Figure 1.1) constitute the building blocks of eumelanin:
dihydroxyindole (DHI) and dihydroxyindole-2-carboxylic acid (DHICA).
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Figure 1.1: The two main building blocks of eumelanin, dihydroxyindole (DHI) and
dihydroxyindole-2-carboxlyic acid (DHICA). Sites 2, 3, 4, and 7 are active for polymerization in
DHI; 3, 4 and 7 for DHICA.

DHI and DHICA monomers can undergo, in solution or solid state, a series of interactions. Such
interactions can be non-covalent, e.g. n—n stacking and self-assembly (other than n—m stacking),
as well as covalent, e.g. polymerization. Eumelanin is mostly composed of small polymers, which
are referred to as oligomers. Oligomers can be defined by the number of monomers they are made
of, such as dimers for two monomers, trimers (three), and up to, approximately, octamers (eight).
The polymerization of the monomers eventually leads to the black-brown pigment, eumelanin.
Most of the chemically related disorder of eumelanin appears during polymerization since, unlike
most polymers, eumelanin’s polymers can form from two different monomers (possibly present in
different redox states), which can themselves be linked to each other through different sites. Sites
2, 3, 4, and 7 are active for polymerization of DHI, and the same is true for DHICA, with the
exception of site 2, which is occupied by the carboxylic acid group. Figure 1.2 shows various
oligomers that can be obtained by the polymerization process of DHI, although many more are

possible and have been observed.

The mechanisms of 5,6-dihydroxyindole (DHI) dimerization and further dimer—dimer coupling
[35] to form the tetramers are uncertain, but it has been suggested, on the basis of a recently
proposed general-purpose reactive indicator produced through ab initio DFT calculations, that
these reactions proceed through an electron-transfer-controlled process subsequent to catechol—

quinone interactions [36].
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Figure 1.2: Various oligomers obtained from the oxidation and polymerization of DHI monomers
[37]. Possible dimers are shown in the first line while other likely trimers and tetramers are shown

below.

Figure 1.3 is a schematic illustration of the non-covalent processes leading to eumelanin from DHI
and DHICA oligomers. Oligomeric disks start to interact through z- stacking to form a few
nanometer-high clusters. Afterwards, the clusters interact with neighboring clusters, stacking in an
edge-to-edge manner for a few tens of nanometers. These clusters finally create aggregates of 100
to 200 nm in diameter [38]-[43]. The material formed from this process is clearly a disordered

material.

n-stacking, Aggregation
N n-stacking edge-to-edge Hase ——

Sypsns e T i
“o :1 e Large particles

Figure 1.3: The oligomerization, stacking and aggregation in eumelanin [38].



The biosynthesis of eumelanin occurs via the enzymatic oxidation of the amino acid tyrosine and
is described by the Raper—Mason scheme (Figure 1.4) [44]. The building blocks DHI and DHICA
(respectively 1 and 2 in Figure 1.4) are oxidized in the last steps of the synthesis to eventually

produce the eumelanin polymers.

The synthesis of eumelanin powders used for scientific research purposes is either obtained
by a “top-down” approach, via the extraction (purification) of eumelanin from a natural source
[13], [45] or from a “bottom-up”’ approach, via the synthetic route shown in Figure 1.4. Both routes

yield polymerized eumelanin, likely featuring a number of different supramolecular assemblies.

o COOH
I
HO ™ ¥
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Figure 1.4 : Synthesis of 5,6-dihydroxyindoles (1 and 2, i.e. DHI and DHICA) by the oxidative
metabolism of tyrosine and their role in the biosynthesis of eumelanins as it takes place in the
human body [44].

Although the (supra)molecular structure of eumelanin is ill defined, as it is generally the case for
bio-sourced materials, (supra)molecular models have been proposed in the literature [46]. X-ray
diffraction and scanning tunneling microscopy studies show that the size of eumelanin oligomers
formed from DHI (protomolecules) is around 15-20 A [40], which suggests that the tetramers and

pentamers formed by covalently bonded DHI are the most probable molecular structures of



eumelanin. Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) studies
show that the mass of eumelanin protomolecules is within or below 600-1200 amu. Hence, most
of the investigations performed by mass spectrometry support that the tetramers and pentamers
constitute the majority of eumelanin, while slightly larger structures, such as the hexamers and
octamers, are also possible. Dreyer et al. [47] recently proposed a new molecular model for
poly(dopamine), i.e. synthetic eumelanin, and natural eumelanin, based on a variety of solid-state
spectroscopic and crystallographic techniques. Their study suggests that eumelanins results from
the supramolecular assembly of monomers. These reports show the importance of understanding
the early steps for the polymerization of eumelanin, and that different molecular models might
apply in different situations, depending on various environmental and physicochemical factors.

The polymerization of eumelanin also leads to the appearance of its well known, broadband,
featureless and monotonic UV-Visible absorption spectrum [32], [48], [49]. Optical absorption of
melanin is currently explained by two models that put the emphasis on the intrinsic disorder in the
material: the “chemical disorder model” [50], [51] and the “geometric disorder model” [52]. The
chemical disorder model suggests that the broadband and monotonic UV-visible absorption
spectrum of eumelanin originates from the superposition of many different absorption spectra
rising from the various chemical species that appear in the early steps of eumelanin formation i.e.
the various oligomers. Figure 1.5a shows that the superposition of many differing gaussian
absorption spectra can lead to a monotonic and featureless absorption spectrum [50], [53], [54].
The geometric disorder model proposes that excitonic effects resulting from the =- & stacking step
shown in Figure 1.3, flatten the absorption spectrum of the oligomers with increasing stacks, and
that a high number of different oligomers is not necessary to explain the featureless absorption.
Figure 1.5b shows a simulation of the effect of the gradual stacking of 3 identical pentamers where
the sharpest features are lost with stacking. A combination of the two effects (chemical and
geometrical disorder) can also explain the broadband, monotonic, and featureless absorption
spectrum of eumelanin. Monitoring the advancement of the polymerization through the evolution
of the absorption spectra of eumelanin is frequently used in the literature [55].
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Figure 1.5: a) A simulation of the absorption spectrum of eumelanin according to the chemical

disorder model [51], and b) simulations of the n—rx stacking of a few pentamers [52].

1.2.1 Ammonia-induced solid-state polymerization

Ammonia-induced solid-state polymerization (AISSP) has been recently reported as an
experimentally simple and versatile approach to the fabrication of device-quality thin films of DHI
and DHICA, on various substrates (Figure 1.6). AISSP is based on a deposition by spin coating of
a suspension of the DHI monomer in methanol, followed by solid state polymerization induced by
exposure to gaseous ammonia in an air-equilibrated atmosphere. MALDI-MS suggests a limited
degree of polymerization through AISSP. The highest oligomers detected are hexamers and
heptamers. Both the structural integrity of the synthesized eumelanin (i.e. preservation of indole
units and avoidance of aromatic ring fission) and the possibility to control the advancement of the
polymerization can be attributed to the specific constraints and the lack of water associated with
the solid-state conditions, limiting water and/or hydroperoxyl anion-induced oxidative cleavage of
indole units and uncontrolled oligomer chain growth. Figure 1.7 shows the evolution of a UV-vis

absorption spectra from the monomeric layer to the polymerized layer during AISSP.
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Figure 1.6: Schematic illustration of the AISSP procedure for DHI melanin film deposition [32].
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Figure 1.7 : UV-vis profiles of DHI thin film fabricated by AISSP. Plots are reported from Pezzella
2015 [32], and are taken 5, 15, 30, 45, 60 and 180 min after exposure to a polymerization inducing

atmosphere. Arrows denote evolution.

1.3 Open problems in eumelanin

Despite reports available in the literature about the charge transfer and charge carrier transport
properties of eumelanin [4], many questions still need to be answered. For instance, although the
eumelanin absorption spectrum is known, the nature of the chromophores responsible for the
efficient and featureless broadband absorption still needs to be identified. Furthermore, the
oxidative polymerization mechanism is still not well understood, especially with respect to the

electron transfer processes involved in the early stages of the dimer formation.

It is paramount to control the formation of eumelanin from the early stages to understand how the

molecular and supramolecular order affect its physicochemical properties and, in perspective, the



performance of eumelanin-based sustainable devices. The disorder of eumelanin and the reactive
nature of the monomers render poor the reproducibility of the experiments performed with melanin.
Part of the challenge also lies in the fact that literature regarding the chemically controlled

formation of eumelanin on technologically relevant substrates is very low.

1.4 Objectives

The objectives of this MSc project evolved in time, since unexpected and interesting phenomena
and processes were observed, at the very beginning of the project. We decided, because of the
relevance of such phenomena and processes, that they were worth a thorough investigation. The
results of such investigation and their critical interpretation constitute the main body of the present
MSc thesis.

If the original objective of the MSc work was the study of the optical absorption properties of
melanin monomers, oligomers and polymers to gain insight into the molecular structure of the
chromophores responsible for the optical absorption in melanin pigments, the fascinating structural
and morphological features observed on samples of melanin monomers at the surface of, e.g.,
thermal silicon dioxide, brought us to try to understand the formation of such morphological
features, considering a wide range of interactions, from non-covalent to covalent. We remind here
that since decades materials scientists and physical chemists have tried to understand the

mechanism of formation of melanin biopigments.

We Dbelieve we have in our hands an ideal system that, for the first time, could open the possibility
to understand how melanin polymers form in a way to try to control both molecular and
supramolecular structure of eumelanin, in turn affecting its functional properties and, on the long

term, the performance of eumelanin-based device.

Keeping these considerations in mind, the “re-formulated” objectives of this MSc thesis, oriented

on morphology and structural problems instead of optical absorption problems, are:

¢ Discovering how experimental factors, such as the quality of the solvent (anhydrous or not) used
for the processing of the samples and the atmosphere during the storage of the samples, affect the

morphology and structure of the samples and their evolution over time.
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e Understanding the formation of eumelanin materials from monomers, trying to figure out the role
played by non-covalent (e.g. n-n stacking, hydrogen bonding) and covalent (polymerization of the

monomers) interactions in the formation of the materials.

The understanding of the early stages of formation of the melanin biopigment polymers is essential
for establishing methodologies, understanding, controlling, and exploiting eumelanin and other

natural functional materials for devices applications.

1.5 Outline of the document

This MSc document is organized in two main chapters, Experimental procedures and techniques
(Chapter 2), and Results and discussion (Chapter 3). These two chapters are followed by a chapter
of Conclusions and perspectives. Chapter 2 introduces the experimental procedures and techniques
used during this experimental research activity, from the careful cleaning of the substrates where
the samples were overgrown to the preparation process of the samples and the characterization
techniques used, such as AFM and optical microscopy, FTIR and X-Ray diffraction (XRD). Most
of Chapter 3 focuses on the observation and interpretation of the evolution of eumelanin samples
from the monomer state to the aggregate state (involving non-covalent and covalent interactions),

in controlled atmosphere.
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2 EXPERIMENTAL PROCEDURES AND TECHNIQUES

This chapter introduces the experimental procedures and techniques used in this document. The
first section (2.1) explains how the DHI-based “monomer” samples were fabricated whereas the
second one (2.2) reviews the characterization techniques used, such as atomic force microscopy
(AFM), optical microscopy, Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD).

2.1 Sample fabrication

We fabricated our samples by a solution-based technique, spin coating. Spin-coating can yield
films of predictable thickness with excellent reproducibility. Initially, a powder of the DHI
monomers (received form our colleague, Dr A. Pezzella, at the University of Napoli, Italy) was
dissolved in a solvent to form the solution to be deposited. The DHI powder has to be stored
at -30°C to prevent its polymerization. As the solvent, we used methanol due to its chemical
inertness with respect to DHI and suitable volatility (facility to be removed after spin-coating). We
prepared the DHI solution in a dry nitrogen glove box, using methanol of anhydrous quality, to
limit the chances of oxidative polymerization. Throughout this work, three main batches of DHI
were used; they were named as “Alessandro” batch, synthesized in May 2016, “Tanya”,
synthesized in September 2016, and “Mustard”, synthesized in December 2016. The use of three
different batches was necessary due to the low yield of material following a synthesis (~ 500 mg),
the batch used during each experiment is therefore specified with the presented results. The spin-
coating deposition process consists of one step rotation of the sample for which the deposition

parameters used for most of the experiments throughout this MSc are presented in Table 2.1.

Table 2.1: Deposition parameters for the spin coating of DHI-based samples

Substrate
where the

Spin coating Acceleration of Time spent Concentration of film is
speed the rotation rotating DHI in methanol overgrown

2,000 rpm 500 rpm/s 30s 10 mg/mL SiOo/Si
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Prior to the deposition of the DHI solution, we proceeded to the cleaning of the surface of the
substrate. Before the cleaning process, substrates were blow dried with a nitrogen gun and rinsed
with DI water, acetone and isopropanol to get rid of superficial dirt. Afterwards, they were placed
in a Teflon sample holder and submitted to sonication in solvents meant to dissolve any organic
impurities present on the surface in the following sequence: IPA (10 min), acetone (10 min) and
IPA again (10 min). Every tool used, including the Teflon holder and the glass beakers, was also
rinsed with the solvent used in the following cleaning step. Finally, the samples were transferred
in a DI water solution for 10 min of sonication to precipitate any remaining organic contaminant.
After the sonication steps, the substrates were dried with a nitrogen gun and placed individually in
polypropylene sample holders. Afterwards, the substrates were brought to a UV-ozone treatment
chamber. Here, activated oxygen atoms react with surface contaminants, such as photoresist,
cleaning solvent residues, human skin oils and other organic contaminants, leading to their removal
and increasing the wettability of the substrate (Teflon and polypropylene substrates were used

during the research, they did not undergo ozone exposure).

* :
O :Atomic Oxygen
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1: Ozonegeneration 2: Ozonolysis 3: Decomposition of organic matter

(Cleaning, surface modification)

Figure 2.1: The UV-ozone cleaning mechanism uses UV light to create activated oxygen to remove

molecular organic contaminants from surfaces [56].

Figure 2.2 shows the effect of the UV-ozone cleaning step on the wettability of a SiO> substrate.
After the sequential sonication cleaning steps (before UV-ozone cleaning) the contact angle of a
water drop on a SiO./Si wafer substrate is about 57° (Figure 2.2a) due to the presence of surface
contaminants which were not removed during the sonication steps, whereas after UV-ozone
cleaning the angle is about 6° (Figure 2.2b). After UV-ozone cleaning, if the sample spend 30 min
in ambient conditions, the wettability is lowered again due to contaminants slowly adsorbing again
on the surface: the contact angle is about 14° (Figure 2.2c). Data collected with quartz and glass

substrates are included in Table 2.2.
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Figure 2.2: Contact angle evolution of a water drop on SiO; already cleaned with solvents (see
text): a) before UV-ozone cleaning, b) 5 min after UV-ozone cleaning and c) 30 min after

UV-ozone cleaning.

Table 2.2: Evolution of the water contact angle on different substrates before and after UV-ozone

cleaning.
Contact angle
Substrate type Contact angle after UV-ozgne
before UV-ozone (5 min)
SiO2 57° 6°
Quartz 51° <2°
Glass 31° 8°

2.2 Experimental techniques

To characterize the samples, different experimental techniques were used, as illustrated in what

follows.

2.2.1 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscopy. Resolution in the nanometer range can be obtained
while imaging surfaces, depending on the mode of operation used, including contact mode, tapping

mode, and noncontact mode. AFM is based on the measure of the deflection of a cantilever at the
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surface of the sample by shining a laser on the cantilever itself and measuring the displacement of
its reflection. AFM measurements permit to probe the surface topography of the sample. Figure

2.3 shows the important parts of an AFM instrument.

4 quadrant
photo detector

Cantilever
deflection
measurement

Laser

grieuet

pEM €

Xyz-
stage

sample
sample stage

- >

Figure 2.3: Working principle of an AFM instrument [57].

In contact mode, the tip is made to touch and scan the surface while keeping contact. In tapping
mode, the cantilever is made to oscillate up and down near its resonance frequency. Here, when
the tip comes in proximity with the surface, the topographic variations of the sample induce a
change in the oscillating frequency of the cantilever. The main forces acting on the AFM tip are
van der Waals, dipole-dipole interactions and electrostatic. By monitoring the change in frequency
induced by the surface, tapping mode AFM can also differentiate materials, even if no topographic
variations are present. AFM images taken in tapping mode provide two types of images: height
images, showing the topography of the scanned area, and phase images, providing information on
the oscillation phase of the cantilever. The results presented in this MSc were obtained in ambient
conditions with a Digital Instrument, Dimension 3100 AFM with a silicon tip of 40 nm tip radius,
in tapping mode. Figure 2.4 shows an example of a 1 umx1 um region on a DHI spin coated
sample. The presence of 2 nm-high agglomerates of poly-DHI on the SiO. surface is visible on

both the phase and height image.
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-2.0 nm

Phase 200.0 nm Height

Figure 2.4: Tapping mode AFM images, (a) phase and (b) height, of DHI-based samples spin-

coated from 0.05 mg/mL methanol solution on a SiO2/Si wafer.

AFM is also used to measure the thickness of samples by AFM scratch measurements. A scratch
iIs made on the sample with a blade, creating a furrow-like structure. Figure 2.5a and Figure 2.5b
show the step generated after scratching a polyDHI sample and its corresponding profile, indicating

that the sample is approximately 40 nm thick.

-50.0 nm

Height =Zom

Figure 2.5: (a) AFM height image of the left border of a scratch made on a poly-DHI sample on
SiOz and (b) corresponding step profile.

2.2.2 Optical microscopy and interference

This section introduces the optical imaging system used in this MSc work. The system is an
Olympus BX51 fluorescence microscope. Pictures were taken with a 40megapixel cellphone
camera (Nokia Lumia 1020). The camera enables color images and time lapse auto processing to
study the evolution of a sample over a few hours. Figure 2.6a shows a DHI-based sample on SiO»/Si
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observed in reflective microscopy. A similar film deposited on quartz is shown in Figure 2.6b. The
interference effect in (a) generates a sharp contrast of colors mostly dependent on the sample

thickness whereas on quartz features are much harder to be distinguished.

Figure 2.6: 500 umx500 pm optical images of a DHI-based sample on (a) 200 nm-thick SiO2/Si
and (b) quartz.

The wafers used are composed of a 1 mm-thick monocrystalline Si on which 200 nm of SiO: is
thermally grown (roughness of around 0.25 nm, refractive index n=1.46). In this configuration, the
underlying Si acts as a mirror and the 200 nm-thick SiO> acts as a quarter-wave anti-reflective (AR)
coating (Figure 2.7) where destructive interference is found to be around 390 nm for light arriving

at normal angle, according to equation (1).

Ao kA

X =
4n, 2nq

,  k=0,12.. 1)
Where x is the thickness for which destructive interference at normal conditions happens, A, is the
vacuum wavelength, n; the refractive index of SiO2 layer, and k a factor to account for shorter

wavelengths that also interfere destructively.
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R;

Figure 2.7: Scheme of the principle of a quarter-wave anti-reflective coating. I is the incident ray,
R, areflected ray, T the transmitted ray, n, the refractive index, and A = 4,/n,, where A, is the
vacuum wavelenght. The light reflected from the air/coating interface (Ri1) and the
coating/substrate interface (R2) can interfere, causing the reflected light spectrum to be different

from the incident light spectrum. Destructive interference happens if equation (1) is respected.

The addition of another portion of material, such as poly-DHI, on the SiO> modifies the
wavelengths at which the destructive interference effect happens. It is challenging to extract
conclusive information about the overgrown sample from the colors, because of the combination
of multiple effects such as interference, absorption and reflection of the sample and substrate,
diffusion of the sample, and software image treatment. Nevertheless, AFM scans, AFM scratch
measurements and time lapses suggest that color variation is a good indication of changes in the
thickness of a sample. On Figure 2.6a, the yellow areas surrounding the aggregates, that look blue,
is thinner than the aggregate. Purple areas far from the aggregates are unaffected by the aggregate
and were unaffected during the evolution of the sample. These purple areas feature a thickness

lower than the aggregates, but higher than the yellow zone.
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2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR operating principle is based on the Michelson interferometer to produce transmission or
absorbtion spectra over a spectral range with high resolution. By shining broadband infrared light
in the arms of an interferometer, the instrument can provide an interferogram of the sample under
investigation and a Fourier transform of the obtained interferogram corresponds to the spectral
information about the sample. Absorption spectra with resolution of a few cm™ can be obtained
this way. Spectra were recorded in transmission mode, with a resolution of 4 cm™, using a Vertex
70 FT-IR spectrometer (Bruker Optics) equipped with a DLaTGS detector. At least 200 scans were
averaged for each spectrum. FTIR measurements require the use of low energy light that is not
expected to trigger photopolymerization in the sample [48]. An FTIR absorption spectrum of a
DHI-based sample fabricated by AISSP is shown in Figure 2.8. Here the contributions of different
vibrations in the spectrum are indicated as based on the attribution proposed by Centeno et al.
(Table 2.3) [58]. The broad peak centered at around 3400 cm™ is common to organic materials
including O-H, N-H and C-H stretching signals. The H-stretching peak can trail off to 2500 cm™
and is usually broad since the stretching is influenced by neighboring molecules and the formation
of H bonds. Vibrations under 1700 cm™ are usually associated with carbon-related vibrations. The
region between 1700 cm™ to 1600 cm™ is associated with the C=0O stretching, including the
carbonyl bond that appears in the oxidized form of DHI. Aromatic C=C stretching can also be
found in that region, but C=C aromatic ring vibrations and C=C aromatic/pyrrole ring stretching
extend to lower energies, down to 1400 cm™. C=N vibrations are found around 1500 cm™.
Simulations of the FTIR spectrum of DHI show that bands under 1500 cm™ arise from highly
coupled modes due to the resonance structures in the fused rings. It is expected to find pyrrole ring
stretching near 1400 cm™, followed by indole ring vibrations and stretching around 1350 cm™.
Between 1200 cm™ and 1100 cm™, in-plane deformations of CN, CH and CO dominate the

spectrum. Under 1000 cm, the absorbance is mostly due to BaF [58].



19

1.4 1
1.2 4
Ring vibrations, .

—~ O-H, N-H and C-H stretching stretching and deformation
= 1.0- c=N|
)
5} C=0
2 0.8+
@©
o]
:C_) C=C
S 06 l/v \
o)
< g

0.4

0.2 /
--/
0.0 " e T

A T T T T T T T

I .
3500 3000 1500 1000
Wavenumber (cm-1)

Figure 2.8 : FTIR absorption spectrum of a DHI-based sample after AISSP on a BaF, substrate.
The main vibrations in the spectrum are identified with textured boxes, based on attributions

proposed by Centeno [58].



20

Table 2.3: Numerical frequencies observed in the FTIR and SERS spectra of the sepia sample

extracted in the laboratory, together with its tentative assignments, and published data for indole,

pyrrole, pyrrole derivatives, and for the eumelanin extracted from Rana esculenta L. [58].

Indole [26,27]

Eumelanin from
R. esculenta L. [4]

Sepia extracted from
the cuttlefish

Pyrrole [28]

Substituted pyrroles

(the range 33801570 cm 1
from [29]; the range
1558-882cm ! from [28])

Assignments

Raman IR Raman SERS IR Raman IR Raman
(cm") (cm") (cm") (em™) (em ™) (cm’l) (cm’l) (em™Y)
3400w 3400m 3375vs 3400 3410 3400-3380 NH stretching
3133 3133 3130-3120 CH stretching
31 CH stretching
3100 3105-3100 CH stretching
3052w 3052vs 3045-3035 CH stretching
2934m CH stretching
2873w CH stretching
1690 1700w,br C=O0 stretching in COO ", quinone or
ketone
1642vs™
1615w 1615s 1613m 1614vs,sh C=C aromaltic ring vibration/COO™
antisymmetric stretch
1600s.sh C=C aromatic ring vibration/[NH,]"
deformation
1580w 1580m 1590 1574w,sh  1560s.sh C=C aromatic/pyrrole ring stretching
1528 1531 1558 1535 vibration/indole ring vibration
1544m 1545s,sh C=C aromatic/pyrrole ring stretching
vibration
1503m  1503m 1510 C=N in semiquinone/NH bending
1480w 1480m 1484 Pyrrole ring vibrations
1468 1466 1503-1471 Pyrrole ring stretching vibration
1453w 1453w 1457m,br  1457m C=C aromatic ring vibration/COO™
symmetric stretching
1438m > aromatic ring vibration
1413w 14135 1418 1417m,sh 1418 Pyrrole ring stretching
1415-1410
1409m
1387w 1379 1384 1394-1391 Pyrrole ring stretching
1351w 1351s 1367m 1370m Indole ring vibration/CNC stretching
1335w 1335s 1341 1325s Indole ring vibration/CN stretching
1250w 1250s 1241w 1232w 1237 CH in-plane deformation
1220 1224m CO stretching/OH in-plane deformation
in COOH
1200w 1200m
1135m,br  1147w** 1144 1146 Pyrrole NH in-plane deformation/ring
breathing
1120w 1120m
1098w 1098s 1096w 1074s™ 1076 1076 1088-1069 CH in-plane deformation
1059m  1059s 1047w 1041m** 1045 1047 1033-1027 CH in-plane/CH out-of-plane
deformation
1004m  1004m 1015 1015 CH in-plane deformation
983w
958m 970-961 Pyrrole CH out-of-plane deformation/
OH deformation
923m* 927-926 Colloid vibration/pyrrole CH out-of-
plane deformation
900w 900m
880 884 Pyrrole ring vibrations
875w 875sh 873br,sh 866 869 882 CH out-of-plane deformation /indole ring
vibration
850w 850w
838w 837 839 Pyrrole ring out-of-plane deformation/
CH deformation
765s 797w 801w [NH,]" rocking
758s T43vs 740s 768 CH out-of-plane deformation/indole ring
vibration
720vs 724s 722 CH out-of-plane deformation
709w 711 Pyrrole ring in-plane deformation/CH
out-of-plane deformation
661s 667w,sh Aromatic ring deformation
647 652 Pyrrole ring in-plane deformation
617br,sh” 618 Colloid vibration/pyrrole ring vibrations
606w 606s 609m 0O=0=C deformation in COOH
578m 565 561 NH out-of-plane deformation
543m 543sh Indole ring vibration
518m 510 Pyrrole ring out-of-plane deformation
503w 503s Aromatic ring deformation
428w 428s Aromatic ring deformation
107vs 107w

s, strong; m, medium; w,

veak; sh, shoulder; v, very; br, broad. The symbol * indicates the position of a colloid vibration; and ** indicates bands that

appear with higher intensity in the FTIR spectrum of the sepia extracted in the laboratory, compared to the commercial sepia sample; assignments for the
latter group of bands are discussed in Section 3.2.2.
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2.3 Substrates

Two main types of substrates we used are: SiO/Si wafers (1 mm-thick Si wafer where 200 nm-
tick SiOz is thermally grown) and BaF> windows. SiO»/Si was mainly used for optical microscopy
and AFM. Figure 2.9 shows AFM images (height and phase images, please refer to section 2.2.1)

of the bare SiO surface. The surface is smooth, with an rms roughness of about 0.25 nm.

Phase 200.0 nm Height 200.0 nm

Figure 2.9: (a) Phase and (b) height images of a SiO./Si substrate inspected by AFM in tapping

mode.

BaF», due to its transmission properties in the visible and infrared regions of the electromagnetic
spectrum, is ideal for FTIR studies. The transmission in the infrared region for BaF extends in the
low energies down to 900 cm, as discussed in subsection 2.2.3.
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3 RESULTS AND DISCUSSION

To follow the formation of eumelanin (actually poly-DHI) from the early stages, monomeric DHI
Is deposited on various substrate surfaces and the evolution of the samples is followed by optical
microscopy, Atomic Force Microscopy (AFM) and Fourier Transform Infrared spectroscopy

(FTIR). Preliminary results obtained by X-ray Diffraction will be also presented and discussed.

3.1 Eumelanin self-assembly from building blocks

When DHI monomers are deposited on the surface of SiO2/Si wafer (as well as other substrates)
from methanol solutions, by spin coating, aggregated structures can be immediately observed at
the substrate surface. Factors like substrate-molecule and molecule-molecule interactions together
with temperature and relative humidity of the atmosphere influence the formation of these

structures.

3.1.1 Formation of aggregated structures

Through the study of the effect of the molecular environment on the FTIR spectroscopic behavior
of the DHI-based samples, we can get information on the supramolecular aggregation in the
samples. The first type of DHI-based samples investigated by FTIR was kept in dry air during the
investigations, to prevent the influence of moisture on the formation process (from now on this
type of samples will be indicated as “dry air” sample). For this first type of samples, deposition
was made on BaF2 in a N2 glovebox from DHI batch “Mustard”. Afterwards, the samples were
transferred to the FTIR spectrometer using a closed container; purging with dry air started
immediately after the installation in the sample holder. “Dry air” samples were in contact with
ambient air (ca. 40 % relative humidity) for ca. 5 minutes during sample installation. Initially,
spectra were taken every 15 minutes, for 3 h, and then every 2 h for up to 3 days after deposition.
The samples stayed in the sample holder for a total of 12 days in dry conditions without taking
spectra. During the dry air characterization, atmospheric O2 was still present. Figure 3.1 shows the
first (initial) spectrum featuring sharp peaks that hint at the monomeric nature of the sample. Figure
3.1 also includes a comparison between such spectrum and a DFT simulation for a single DHI
molecule in gas phase. The position and the ratio of the intensity of the peaks are similar, thus

suggesting that the sample is indeed made of DHI monomers. Figure 3.2 shows the FTIR spectrum
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reported in the literature for Sepia melanin (natural eumelanin); such reference spectrum will be
useful for the discussion of our results. A large H-stretching band between 3700 cm™ and 2700 cm™
can be seen, as well as a convolution of many different vibrational signals between 1800 cm™* and
700 cm™ due to the disorder featured by natural eumelanin. A dominant peak (~1600 cm™) is

observed in the region associated with carbonyls [59]-[61].
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Figure 3.1: FTIR spectra of “dry air” spin coated DHI-based samples (red) and DHI gas phase
simulation (pink). The simulation is unreliable for wavenumbers over 2000 cm™, and the BaF.

features strong absorbance under 1000 cm™.

Figure 3.3 shows the time evolution of the “dry air” samples. Comparing the first spectrum in
Figure 3.3 to that of Sepia melanin (Fig 3.2), it can be observed that the H-stretching band, in the
region 3600 cm™ - 3000 cm™, is narrower for the “dry air” sample (FWHM of 177 cm™) than for

Sepia melanin (FWHM is around 400 cm™). The low-energy bands, between 1800 cm™ and
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900 cm’?, for the “dry air” sample also feature a low background and multiple well-defined peaks
for DHI compared to Sepia melanin. This low-energy spectral region corresponds to carbon-
related vibrations (indicated in Figure 2.8) [58].
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Figure 3.2: FTIR spectrum of Sepia melanin exctracted from cuttlefish (solid line, the peak around

1100 cm™ originates from contaminants) and synthetic commercial (dotted). [58]

During the evolution of the “dry air” sample (Figure 3.3), the H-stretching band narrows even
more, going from a FWHM of 177 cm™ to 146 cm™. This suggests that the H bonds (N-H, C-H,
and O-H) are part of a supramolecular arrangement where DHI molecules are immersed in a similar
environment. The appearance of band splitting in the H-stretching region (three peaks between
3400 cm™ and 3500 cm?, indicated by downward pointing arrows in Figure 3.3) further hints at
this ordered, crystalline supramolecular arrangement. Furthermore, peaks can be seen to split also
in other areas on the spectrum, e.g. the 1505 cm™ and 1320 cm™. Attribution of these peaks is
difficult because of the strong coupling between the various vibrational modes, but the 1505 cm™?
and 1320 cm™ peaks could possibly be associated with N-H bending and C-N bonds in indole
and/or aromatic ring vibrations respectively, according to Table 2.3 [58], [62]. Only a weak
decrease of the intensity of a peak at 1600 cm™ is observable during the evolution in the region

between 1550 cm™ and 1700 cm, the spectral signature of carbonyl groups; this suggests that
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limited oxidation of the monomers is taking place in the samples, even though oxygen was present
in the FTIR chamber. It can be concluded that the supramolecular rearrangement is taking place

through noncovalent, H-bonding, interactions which crystalizes the DHI-based samples.
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Figure 3.3: FTIR spectra of “dry air” DHI sample as a function of time. The three spectra refer to
the same DHI sample, kept in dry air at all time: first spectrum (45 min after deposition), 3 d and
5 h after deposition, and 12 d and 5 h after deposition. FTIR spectra normalized to the height of the
H-stretching band peak, at around 3400 cm™.

Afterwards, we investigated the effect of moisture in the atmosphere during the FTIR
measurements. Throughout the measurements, the “ambient air” sample was exposed to ambient
relative humidity (RH), ca. 40 %, but was otherwise formally identical to the “dry air” sample. The
spectra were taken every 15 min for the first 3 h and then every 2 h until 21 h after the first spectrum

and are presented in Figure 3.4.
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Figure 3.4: FTIR spectra of a DHI sample in ambient atmosphere, as a function of time, normalized

to the height of the H-stretching band peak, around 3400 cm™.

The widening of the H-stretching band with time shown in Figure 3.4 indicates an increasing
disorder in the material. Figure 3.4 also shows that the band splitting observed on the “dry air”
sample can still be seen in the spectrum of the sample left in ambient conditions for 21h30 (e.g.
3464, 3432, 3405 cm™); the previously observed splitting of the 1505 cm™ peak is also present.
The appearance of a stronger carbonyl band, between 1700 and 1550 cm™ [59]-[61], on the
“ambient air’” sample suggests an oxidation of the monomer. Carbonyls indeed form after oxidation
of the reduced (hydroquinone) and semi-reduced (semi-quinone) forms of the melanin building
blocks (Figure 3.5). Interestingly, literature suggests that polymerization of the melanin building
blocks proceed through an electron transfer-controlled process subsequent to hydroquinone

(catechol)—quinone interactions [36]. Although not a conclusive indication of polymerization, the
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observation of carbonyl-related bands suggests that one required step for the polymerization is
taking place, and that the presence of water is required for this to happen.
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Figure 3.5: DHI and its redox forms, hydroguinone (H2Q, reduced form), semiquinone (SQ, semi-
reduced form) and quinone (Q, oxidized form). The quinone imine for (QI) is the tautomer of Q
[63].

The last type of sample we investigated was a “AISSP”” DHI sample made from the Mustard batch
(see section 1.2.1), characterized with FTIR in ambient conditions, right after fabrication and after
2 weeks spent in ambient conditions to compare it with the evolution of the “dry air” sample.
Spectra in Figure 3.6 show the advancement of the oxidation (carbonyl formation) with the time
spent in ambient conditions, together with no indication of crystalline supramolecular organisation
(considering the convoluted shape of the H-stretching region and the lack of band splitting as
observed in both Figure 3.3 and Figure 3.4). In the case of AISSP, the polymerization of the sample
is faster than the reorganization process, and the lack of reorganization in the “AISSP” sample

indicates that the DHI-based samples need to be of monomeric nature to feature this reorganization.
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Figure 3.6: FTIR spectrum of a DHI AISSP sample after fabrication, and after 2 weeks in ambient

conditions, normalized to the height of the H-stretching band peak, around 3400 cm™™,

Figure 3.7 indicates that, for the “AISSP” sample, the initial width of the H-stretching band is wider
than for the “dry air” and “ambient air” samples. Indeed, the “dry” and “ambient air” samples
showed traces of band splitting, which is not the case with the “AISSP” sample. Such an
observation can be explained considering that the AISSP process is not expected to lead to
oligomers and polymers with the same supramolecular structure; in agreement with that, the
molecular environment of the different DHI-based oligomers and polymers formed is expected to
lack any significant degree of crystallinity (described as periodicity in the supramolecular

arrangement).
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Figure 3.7: Comparison of the first spectra of each type of sample, normalized to the height of the
H-stretching band peak, around 3400 cm™.

In summary, this evolution of the FTIR spectra tells us that the DHI-based samples feature the
evolution of a supramolecular arrangement similar to a crystallization process when significant
polymerization is not yet present in a monomeric DHI-based sample. It also appears that the
presence of humidity is necessary for the appearance of carbonyls in the sample, which, although

doesn’t indicate polymerization, is a critical step towards it.

3.1.2 Observation of the DHI samples by Atomic Force Microscopy

AFM can be used to observe the reorganization process presented in the previous section.
DHI-based samples prepared on SiO>/Si substrates by spin-coating feature a uniform and smooth
(roughness of ~1 nm) deposition of DHI when scanned by AFM. Figure 3.8 shows height AFM

images of a sample kept in air for 30 min (Figure 3.8a) and 2 h after its fabrication (Figure 3.8b).
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30 min-old samples feature aggregation fronts separating smooth portions of the sample, where no
aggregation has taken place yet, from portions where the aggregation already took place. As the
material gets depleted, the aggregates start to generate branch-like shapes [64]. The appearance,

progress and branching of this front was reproducibly observed by AFM on more than 5 samples.

Figure 3.8: 20 umx20 um height AFM images of a DHI-based sample (batch Tanya) deposited on
SiO2/Si with the usual parameters (Table 2.1): a) 30 min-old sample, b) 2 h-old. Samples were kept
in ambient atmosphere (22°C, 30% RH). Smooth brown regions correspond to smooth deposited

DHI while textured zones show aggregated DHI.

Height 10 um

Height 10 um Height 70 pm

Figure 3.9: AFM height images taken on a DHI-based sample (batch Tanya) deposited on SiO2/Si
with the usual parameters (Table 2.1). Samples were kept in ambient atmosphere (22°C, 30% RH).
Images are 4 minutes apart, on the same spot. Smooth brown regions correspond to smooth

deposited DHI while textured zones show aggregated DHI.
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Figure 3.9 shows four consecutive height AFM images, each taken 4 min apart in the same spot;
the first image being taken about 30 min after sample fabrication and the following images
respectively 4, 8 and 12 min later. Figure 3.9 shows the formation of the branch-like structures
leading to the structures shown in Figure 3.8b. The shape of these aggregates is likely determined
by a diffusion-limited aggregation (DLA) of the DHI monomers, a type of aggregation observed
in conditions of limited mass mobility and supply of material, that features dendrimer-like

structures.

The appearance, progress and depletion of this aggregation front was reproducibly observed by
AFM on more than 5 samples. AFM images taken after prolonged time following fabrication (a
few weeks) were hard to be performed and led to inconclusive results. It appears that material gets
immobilized on the cantilever while the AFM image is taken, a problem that is not present when
taking AFM images shortly after fabrication. This effect suggests that changes happen in the

DHI-based material during these few weeks.

3.1.3 Observation of the DHI samples by optical microscopy

Figure 3.10 (a) and (b) shows optical microscopy images obtained from formally identical three
days old DHI-based samples (batch Mustard), kept in ambient conditions. Various aggregates
(about 100 um-wide) are observable in the optical images and share common boundaries where
two adjacent aggregates meet. Such aggregates are characterized by the presence of radial features
and branch-like structures surrounded by depleted regions. Optical images such as these can be

used to monitor the progress of the aggregation in the DHI-based samples.



Figure 3.10: 500 umx500 pum optical images of formally identical DHI-based samples (batch
Mustard) deposited with the usual parameters (Table 2.1), kept in ambient conditions for three
days. A few recognizable features are identified: centers of the aggregates (i), common boundaries
between two aggregates (j), and branch-like extremities with depleted regions in between (k).

Regions where no DHI was deposited during fabrication are also identified (h).

Time lapse videos made using an optical microscope, on a DHI-based sample (batch Mustard) kept
in ambient conditions (RH 30 %, 23°C), show that (i) aggregates form, (ii) their sizes increase until
when fronts between aggregates meet and (iii) regions of the substrate depleted in organic materials
appear. Figure 3.11 shows three critical times of the evolution of the samples. Figure 3.11a was
taken 15 min after deposition. At this point, the aggregation front is advancing at about 2.5 pm/min
and continues to advance at a constant rate for ca. 30 min (Figure 3.11b), after which the growth
rate slows down until no change can be observed with optical microscopy (Figure 3.11c).
Afterwards, no clear evolution could be observed by optical microscopy (from here the similarity
between Figure 3.14c and Figure 3.14d). For each DHI-based sample on which the aggregates are
observed, the evolution of these aggregates follows the same three critical steps i.e. formation (i),
growth (ii) and depletion (iii), regardless of the variations observed between samples (e.g. the

aggregates shape or size).
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Figure 3.11: 1 mmx1 mm optical images constituting a time-lapse for a DHI-based sample (batch
Mustard) kept in ambient conditions (RH 30 %, 23°C). Time after deposition: a), 15 min, b)
45 min, ¢) 2 h and d) 2 weeks.

Figure 3.12 shows typical optical images obtained with the three different batches used during this
optical microscopy study. Differences in the chemical quality of the monomeric powders (e.g.
undesired presence of oligomers) clearly affect the morphology of the samples. The clear blue-grey
areas in the figure are not covered by DHI (monomers, oligomers or polymers). The aggregates
observable in (a), assuming a circular shape, grow more than 400 um in diameter. Individual
aggregate regions, no more than 150 um in diameter, are observable in (b) (they are observable in
(a)) and feature fibrils. Depleted regions are observable in (c), between aggregates. The aggregates
in (c) reach between 150 and 250 um in diameter and feature a well-defined center and radial
structures. These features as well as the general shape of the aggregates are constant for
experiments performed with an individual batch in similar conditions i.e. identical substrate and
similar temperature and relative humidity. Although a specific batch doesn’t produce better results
than another one, this shows that the composition of the synthesized batch influences the growth
of the aggregates in a reproductible way and highlights the need for a better control of the synthesis

process.
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Figure 3.12: 500 umx500 pum optical images of DHI samples (kept during three days in ambient

conditions after fabrication) prepared starting from different batches: a) Alessandro, b) Tanya and
c¢) Mustard batch.

Among other things, the morphology of the DHI-based samples as observed by optical microscopy
is expected to be affected by the relative humidity (RH) of the atmosphere. The effect of RH is
expected to be at least twofold: water could promote the mass mobility of the molecules being a
fluid medium, and, at the same time, it could also act as a glue, through intermolecular hydrogen
bonding, in this latter case limiting mass transport. The aggregation of the
monomers/oligomers/polymers of the DHI-based material, known to be a highly hygroscopic, is
influenced by the value of RH [33], [65]. Figure 3.13 shows the structures of three samples placed
in three different atmospheres for 24 h (RT, 23 °C): RH=27% (Figure 3.13a), RH=41% (Figure
3.13b) and RH=65% (Figure 3.13c). Observation by optical microscopy right after fabrication of
the samples show that DHI is initially present everywhere (not shown). After exposition to
humidity during the evolution of the sample, the DHI-based material aggregates in radial structures
in some portions of (a) and (b) by depleting the surrounding area from melanin (see the clear halo
at the borders of the aggregates), leaving continuous melanin portions elsewhere. In (c), long and

curved “arms” are observable, leaving depleted areas in between each “arm”.
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Figure 3.13: 500 umx500 um optical images of 1 day-old DHI-based samples (batch Mustard)
kept for 24 h in atmospheres with different RH: a) 27%, b) 41%, and c) 65%.

A DHI-based sample spin-coated on SiO> (no AISSP) and kept in ambient conditions for 3 days,
for which the initial growth is complete, shows morphological changes after exposure to high
relative humidity (near 100 % RH, for one hour) (Figure 3.14). Samples kept in ambient conditions
for a few weeks instead of 3 days were unaffected by such exposure to high relative humidity. The
effect of humidity, both during and after the initial growth is to be expected since, as stated earlier,
the DHI-based material is known to be a highly hygroscopic. The fact that humidity doesn’t
influence older samples shows that a certain stabilization takes place in the DHI-based sample over

time.

Figure 3.14: 500 umx500 pum optical images of a DHI-based sample (batch Mustard) observed
3 days after deposition, (a) before and (b) after exposure to 100 % RH, for an hour. During the
3 days the sample was kept in ambient conditions.
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Figure 3.15 is an optical image of a DHI-based sample deposited on a gold-patterned SiO>
substrate. The gold pattern is about 30 nm thick such that the spin coated sample is deposited on a
surface where 30 nm-high gold steps are present. The striking feature in the optical image is that,
within the spatial resolution capability of our optical microscopy image, the shape of the melanin
aggregates does not seem to be affected by the nature of the substrate since a continuity can be
observed, going from melanin deposited on SiO2 and gold. Similar observations were made on a
palladium-patterned SiO> substrate. The measured thickness on the gold region is ca. 30 nm thick
whereas thickness on the SiO> region is ca. 50 nm, indicating that the effect of the substrate cannot

be discarded due to its interaction with the monomers at the interface.

Figure 3.15: 500 umx500 pm optical images shows that the aggregation of the DHI-based material
(batch Alessandro) takes place in a continuous way over a 30 nm-thick gold step on a SiO2
substrate. The DHI layer is ca. 50 nm thick in the blue (SiO2) region and ca. 30 nm thick in the
yellow (gold) region, as determined by AFM scratch measurements.

We explored the possibility to deposit the melanin monomers on substrates other than SiO». The
adhesion properties of melanin, and its synthetic analogue polydopamine, have been widely
investigated in the literature [66]. We therefore selected a number of substrates differing for their
chemical composition and technological relevance (dielectrics vs metals): quartz, microscopy slide
glass, thermally evaporated gold, thermally evaporated platinum, thermally evaporated palladium,
thermally evaporated copper, Teflon, and barium fluoride (substrate used during our FTIR
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measurements). VVarious aggregated structures can be observed in Figure 3.16, some showing radial
features (such as (a), (c), (d), (g) and (i)). The size of these domains varies from 300 pum to 600 pm
in diameter. Some other substrates show aggregated structure featuring fibrils (such as (b), (e), and
(f) and extend for distances up to the millimetre. The numerous different aggregate shapes
observed here support the fact that the substrate has an influence on the formation of the aggregated
structures, although it is unclear what this effect is since aggregation is observed regardless of the

substrate.

Figure 3.16: 500 umx500 um optical images of DHI-based samples deposited on various
substrates: a) SiO2, b) quartz, c) microscopy glass slide, d) gold, e) platinum, f) palladium, g)
copper, h) Teflon and i) BaF.. Metals were in the form of films thermally evaporated on SiOa.
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3.1.4 Discussion on possible covalent interactions in the DHI-based samples

Figure 3.17 shows reflective microscopy images of fresh (a few minutes) and aged (a few months)
DHI-based samples, kept in ambient conditions, on polypropylene and quartz substrates. A color
change is observed: samples older than 6 months begin to darken. Interestingly, the aggregated
structures also darken without losing their morphology, as observed by optical microscopy. This
black coloration is likely due to the polymerization process leading from DHI monomers to poly-
DHI [38], and this is the first clear indication in this work that the aggregated structures are

polymerizing. This is particularly important since it indicates the possibility of having a poly-DHI

material in which a certain level of order can be observed.

T

Figure 3.17: 3 mmx3 mm optical images of two DHI-based samples deposited on (a, b)
polypropylene and (c, d) quartz. (a) and (c) show optical images of the two samples less than 30 min
after fabrication; (b) and (d) show the corresponding samples after 10 months in ambient
conditions.
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3.2 Summary

This section covered the evolution of DHI-based spin-coated samples and the way they evolve as
a function of a number of factors. FTIR investigation revealed the appearing of an ordered,
crystalline supramolecular arrangement with time and RH. This arrangement seems to rise from
highly monomeric DHI-based samples in which the molecules arrange in such a way that each
molecule is surrounded by a similar environment. The thinning of the H-stretching band and the
band splitting of several peaks in the FTIR spectrum act as an evidence towards this. At 40 % RH,
the evolution towards a supramolecular arrangement is still observed, but the spectral signature of
carbonyls is also observed. The presence of carbonyls in the DHI-based material could hint at an
evolution towards poly-DHI since the oxidation of the monomers is a critical step towards the
polymerization of the monomers [36]. DHI-based samples which underwent AISSP, effectively
producing a poly-DHI sample, do not show any signs of enhanced supramolecular arrangement

according to FTIR spectra, and feature a strong carbonyl signature.

AFM images taken during the evolution of a sample indicate that an aggregation process is taking
place in the DHI-based samples. During this evolution, the aggregates grow by incorporating new
material from their surroundings, forming an aggregation front. The aggregation front eventually
branches out as the available material gets limited and forms individual branches that continue to
grow until the surrounding material is depleted. The resulting shape of these aggregates is likely a
result of a diffusion-limited aggregation (DLA) process.

Even when observed by optical microscopy, DHI-based samples feature aggregated structures.
This aggregation can take place over large features such as 50 nm steps. The aggregation process

is influenced by factors such as the DHI batch, the relative humidity and the nature of the substrate.

After the initial aggregation process is completed (usually within a few hours), it seems that the
DHI-based sample continues to evolve, and a few observations support this argument. First, the
FTIR spectrum of a sample evolves over a period of two weeks, secondly, a sample is sensitive to
the presence of high relative humidity up to three days after its fabrication. Furthermore, after a
few weeks, samples are very difficult to investigate by AFM, and after more than 6 months,
samples show evidence of darkening. These observations point to the fact that, in addition to the
numerous factors influencing the initial aggregation process, the DHI-based samples still undergo
significant changes at the molecular level. The possibility of controlling and stabilizing these
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changes in the material is on of the key to the eventual fabrication of reproducible and molecularely
ordered poly-DHI samples.
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4 CONCLUSIONS AND PERSPECTIVES

Eumelanin is a macromolecule with great potential for sustainable organic electronic devices,
mostly due to its abundance, non-toxicity, redox activity together with, considering preliminary
results collected by our and other groups, biocompatibility and biodegradability. The main obstacle
to its exploitation is the lack of control over its molecular and supramolecular structures. Eumelanin
features indeed chemical and physical disorder. In an effort to control the formation of eumelanin
at surfaces of technological interest, monomer samples were fabricated from DHI, one of the two
precursors (building blocks, monomers) of eumelanin (namely, DHI and DHICA) and studied

using different experimental techniques.

The objectives motivated the work in this MSc project. The former was to uncover how
experimental factors such as the composition of the atmosphere during the storage of the samples
affects their morphology and structure. DHI-based samples were made by spin coating a solution
of DHI monomers in anhydrous methanol on various substrates. Deposition in a dry nitrogen
glovebox use of anhydrous methanol were necessary to obtain reproducible samples. AFM
investigations of such samples revealed that an aggregation process takes place leading to branch-
like structures. Optical microscopy images showed that the shape of the aggregates is influenced
by the batch of monomers. Importantly, it has been observed that the presence of humidity during
sample storage affects the shape of the aggregates. Unfortunately, other factors, such as the nature
of the substrate surface, temperature and exposure to light (likely also affecting the morphology
and structure of the samples) were not investigated during this MSc project. The latter objective
was to shed light onto the presence of non-covalent (e.g. m-n stacking, hydrogen bonding) and
covalent (polymerization of the monomers) interactions during the formation of the materials.
FTIR investigations revealed the appearance of an ordered, crystalline supramolecular
arrangement that rises from non-covalent interactions between the DHI monomers (mostly through
hydrogen bonding). The spectral signature of carbonyls (belonging to quinones, the oxidized form
of DHI) in the spectrum of samples exposed to ambient humidity (~40 % RH) suggests that a step
towards the oxidative polymerization is also taking place during the evolution of the samples [36],
but no clear signature of polymerization was observed with FTIR. Polymerization in the DHI-based
samples is observed after long term exposure to ambient conditions (more than 6 months) by a
distinctive darkening of the samples (the shrinking of the optical bandgap of organic electronics

molecular materials in going from monomers to polymers is a well-established concept, based on
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qguantum mechanical considerations) [55]. Preliminary X-Ray Diffraction (XRD) studies to
investigate the properties of the crystalline supramolecular arrangements led to inconclusive
results, possibly due to the low thickness of the sample with respect to the possibilities of the

diffractometer we used.

The presence of the aggregation process we observed, possibly leading to structural order (by non-
covalent interactions) and polymerization (by covalent interactions), opens the possibility to
structural control, at the molecular level, of melanin in solid state, a possibility not yet demonstrated
in the research community. From the comparison between the shape of the aggregates with
theoretical models, such as the diffusion limited aggregation (DLA), we could gain interesting
insights on the structural properties of the material, at the molecular and supramolecular level.

In perspective, we should study the behavior of the second building block of eumelanin, DHICA,
where H-bonding interactions are expected to be more important than in DHI-based samples.
Electrical measurements on chemically controlled samples could help to assess the full potential
of melanin-based films for sustainable electronics. Last but not least, such studies should take into

account the influence of metal electrode surfaces on the formation of the polymeric material.
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APPENDIX A - GLOSSARY

Agagregation: The mechanism by which molecules assemble with each other.
Crystallization: Formation of an ordered solid phase, featuring a periodic structure.

o Crystal-like aggregates: A group of molecules packed in a periodic array, held

together by noncovalent (weak) interactions.
Dendritic arms: Supramolecular structures featuring the shape of dendrimers.

Macromolecule: A molecule composed of many identical building blocks (monomers),

formed by the polymerization of these building blocks.

Monomer: Repeating unit in a polymer, where the monomers are covalently bound. When
the number of repeating units is relatively low (6-8) the monomers form what is called an

oligomer.

Nucleation: The first step in the formation of a crystal; the formation of a nucleus, the point

from which crystallization starts.

o Homogenous nucleation: Nucleation with the nucleus in the bulk.

o Heterogenous nucleation: Nucleation with the nucleus on a surface.

Self-assembly: The process by which molecules adopt a defined arrangement without

external force.

Supramolecular assembly: An assembly of molecules held together by noncovalent bonds.
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