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Chapter 1

Chapter 1
A Rational guide for the reader

Considering the structure and content of this dissertation, it is important to provide the reader
with some clarifications to help them understand the logical progression of what might
otherwise seem like a disparate project, as well as to lay the faumslafithe work. | cannot

begin without first mentioning the Electronic Food (ELFO) project, of which this dissertation

is a part.

Imagine the ability to look inside our bodies using misized cameras. Thanks to advances

in research and scientific development, technology once thought to be futuristic has now
become accessible. Now, picture taking a further step: detecting physiblpgrameters
inside our bodies without the need for invasive procedures or external devices. This is
precisely what ELFO aims to achiewesigning environmentally friendly, biocompatible,
costeffective, and biodegradable electronic devices thamatebolisedby the body after
completing their task.

Delving into the specifics dEdible Electronics exceeds the scope of this brief introduction,
and as such, the full discussion will be presented in the subsequent chapter. However, it was

essential to introduce the central theme of the project, as it provides the key terms that
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connect all the chapters of this dissertation: green chemistry, green electronics, and green
engineering. An edible device should ideally result from a safe production protocol, free
from harmful chemicals, from its inception to its disposal.

That said, it is also crucial to acknowledge the intrinsic complexity of the specific task that
underlieghis researcmamely, the synthesis bflly edible materialsuitable for electronic
devices. Developing functional materials that meet the demanding requirements of electronic
performance while also being safe for ingestion presents a formidable scientific and
technical challenge. It requires balancing chemicaktionality with biocompatibility,
electronic performance with environmental sustaimgbiband synthetic feasibility with
safety constraints.

With these challenges in mind, the objective of this doctoral work has been to explore and
developsome benign strategies to purghe synthesis okafersemiconducting materials

that could be integrated into edible electronic devices. The guiding philosophy throughout
has been one of minimising ecological impact and toxicological risk, while still striving to
achieve meaningful electronic functionality.

In doing so, this dissertation aims to contribute to the broader vision of truly sustainable,
transient, and edible electronias field that sits at the intersection of materials science,

chemistry, and bioengineering
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Chapter 2

Introduction to edible electronics

AQuam multa fier:i non posse priu
Gaius Plinius Secundus /In Pliny: Natural History (1947), Vol. 2, Book 7

The vision ofelectronic devices that can be safely ingested, operate within the human body,
anddegradeonce their function is completed had ways been perclei ved :
recent years, however, this concept has evolved into a tangible research fiedilde

electronic® 1. This emerging interdisciplinary field aims to integrate electronic functionality

with complete biocompatibility, digestibility, and metabolizability, creating devices capable

of performing semtinvasive diagnostic, therapeutic, or monitoring tasks while safely
degrading into notoxic metabolites, thereby eliminating the need for retrigwalimising

medical risks antbweringenvironmental impac.

The origins of ingestible electronicsdate back to the 1950s, when telemetric
fEndor adi osondeso wer e devel oped (ptessure,r ec or ¢
temperature and pHin the gastrointestina{Gl) tract® Over the subsequent decades,

advances in sensariniaturisationand wireless communication led to the development and
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regulatory approval of ingestible camerpartially dissolvable digital pillend ingestible
sensors, able to monitor different-@llated signals, such as local biomarkers that can be
linked to inflammationor other diseases when exposedsdme specific signal@igure
2.1).4

d)

Figure 2.1 Available Technologies for ingestible electronigsGassensing capsujé) X-ray scanning capsuje
¢) Optical coherence tomography) IntelliCap for drug delivery.

Despite these breakthroughs, conventional ingestible devices relied predominantly on rigid,
nondegradable materialencapsulated with rigid nesegradable polymers (e.g.,
polydimethylsiloxane, parylene/epoxykestricting their application to supervised clinical
settings>® Within this framework, he size of rigid edible devicgdays a pivotal role as the

risk of device retention is strictly associatetth it, and can be mitigated by choosing
flexible or biodegradable materialkdible Electronicsrepresents paradigm shift. Iseeks

to replace all functional components with materials derived from natural food substances or
synthetically produced compoundscognisedssafe. It aims to create a new generation of
microencapsulated electronic devices that can be dissalgested or absorbed after

fulfilling the task (diagnosis, monitoring, therapy) they are designed for.

radio-frequency
|V|;Icmﬁuuhm chip eceiver werable patch
[ &,
\

Figure 2.2 Schematic representation of the digital compliance monitoring system based on an ingestible RFID chip. The
ingestion is detected by a wearable patch, enabling healthcare providers to adjust therapy according to objective,
unbiased data.

data collection
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This newly born research fieldpens the possibility of autonomous administration,
continuous monitoring, ameviceintegration into food or pharmaceutical prodyéigure

2.2), supportingthe societal trends towardecentralisedhealthcare and Internet of Things
(loT)-aided health technologiel this scenario,hite pharmaceutical industry céenefit

from it in applications involving devices operating outside the human lfiSdyar t 06 e di bl
identification (ID) labels integrated into pharmaceutical présloffer an effective strategy

to prevent counterfeiting and to monitor drug exposure to external factors such as ultraviolet
(UV) radiation, temperature, and humidity. Designed to be safely ingested together with the
medicine, these labels eliminate the need for remmafareadministration: Owing to their

edible, nortoxic, and environmentally sustainable characteristics, the potential applications

of edible electronics extend beyond the pharmaceutical field. In the food industry, ingestible
andcosef f ecti ve fismar t 6timé mopioring a proddct geatitpdntd e r e «
safety throughout the distribution chain. Such systems would enhance traceability and
contamination control while contributing to the reduction of food waste and the

environmental impact associated with conventiomakpging®

2.1 The foundation of Edible Electronics: the green triangle

Beyond the biomedical domain, edible electrodicsctly comes frongreen and sustainable
technologies(Figure 2.3).° The principles of green chemistry and engineering have
underlined themportance ofmaterialdesign aimed at minimisingxicity, environmental

impact, and waste generation

Green chemistry

/\Mzmlrns.
S-w—;h‘:-w/ 4

Green
< engineering

Green
electronics

Design

Figure2.3The figreen triangle: o visual representation of the
concept. Stages of the figreend f ab rgreeneengineenng;ongterisle and di s
green chemistry; final systengreen electronics.
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The escalating accumulation of electronic wHsteurrently measured in hundreds of

millions of tons annuallyhas prompted the search for biodegradable and renewable
alternatives to conventional electronic componéht$

In edi bl e el ectroni cs; ;of-ltihfee on oitsi orne doeff ian edde wwii
context: rather than requiring disposal or recycling, the device is designed to be fully
assimilated by the organisifhis approach promises a convergence of safety, environmental
sustainability, coseffectiveness, and energy efficiency, establishing a context in which
electronican be both functional and transidedible electronic systems retain the essential

building blocks of traditional electronic$ including conductors, semiconductors,
dielectrics, sensors, power sources, and communication modulekile employing

materials that are entirely safe for ingestion.

a) biomedical and pharmaceutical applications b) food industry applications

Figure 2.4 . Applications of edible electronics. Edible electronic devices, made entirely frorbdsed or edible
synthetic materials derived from sustainable sources, are designed to degrade, be digested, or metabolised after fulfilling
their function. a) Biomedidgpharmaceutical applications include diagnostics, therapy, and drug delivery, represented
by a smart pill met abolised within the body. b) Food in
labelling and realtime communication with the @5 enabling monitoring of food quality, spoilage, and contaminants
along the distribution chain.

As already stated,palications of edible electronics includ®ernal,in-body systems for
diagnostic monitoring®'# targeted drug delivery, and medication adherence, as well as
external, foodintegrated solutions such as ingestible smart |&b¥isr assessing freshness,
detecting contamination, and verifying product authenti(fiigure 24). The effects of
edible electronicscould be profound. In healthcare, these technologies promise to

revolutionisepatient monitoring by providing continuous, réiahe physiological datd
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without invasive procedures bospitalisationin the food industry, they offer new strategies

for traceability, waste reduction, and safety assurance across complex supply chains. From
an ecological perspective, replacing conventional electronic materials with biodegradable,
food-derived componentscan mitigate electronic waste and encourage circular
manufacturing models. However, realising these ambitions necessitates overcoming
significant interdisciplinary challenges, including the development ofleedinctional
materials] assessment of biocompatibility,establishment of regulatory standards, and
design of efficient power and communication strategies. Achieving progress in this field
requires coordinated collaboration among materials scientists, food technologists,
biomedical engineers, and regulatory entgp.

The ultimate aim is to establish a new category of transient, metaboktatti@nicdevices
designed to function safely within the human body and the environment while serving as
temporary, active, and potentially nourishing elements. By merging electronics, biology, and
sustainability, edible electronics opens new possibilities fontdolgies that are intelligent,

safe, and ecologically responsible, redefining conventional notions of electronic

functionality and interactioh.

2.2 Edible materials as ingredients for an Edible Electronics
platform

At the core of edible electronics lies a unique challenge: identifying materials that combine
electronic functionality with safe biochemical and organoleptic propertiakjng them

truly edible. Unlike general biodegradable or ingestible substances, edibility imposes stricter
criteria. Materials must be biocompatible, digestible, and metabolically benign. Addressing
this challenge requires bridging two historically distinct domains: electronics, which
prioritises stability, conductivity, and performancencafood science, whickmphasises
safety, digestibility, and sensory acceptance.
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2.2.1 Semiconductors as ik ey C 0 mp forn &dibles o
Electronics

Semiconductors constitute the most scientifically challenging and promising class of edible
materials. They require controlled charge transparproperty rarely found in natural
compoundsFor this reasonthis class of materials remains the least explored in terms of
edibility. Reports on edible semiconductors are rare, and only a few potential candidates
have been identified. This is somewhat surprising, given that many natural chrompphores
especially those found in fopdwe theircolourt o-electrondelocalisationwhich can also
confer semiconductingehaviourin the solid state.

Research in organic semiconductors has shown that efficient charge transport depends
critically on molecular packing and intermolecular coupfih§inding naturally occurring
materials with comparable structural order is therefore challenging. Moreover, edible
semiconductors must achieve a balance between ingestion safety, sufficient electronic
stability, and adequate performance within a limitedraponal timeframe.

Materials of natural originsuch as DNA, proteins, pigments, and dya® of particular

i nterest due to their -cenjugatechngtwankyg, dvihiah gupport b o n d
charge transport and environmental stability. To date, most potentially edible
semiconductors derive from naturally occurring pigments and dyes oflampiant, or
mineral origin, as well as from FDApproved synthetic compoundsotable examples
include: indigo carmine (E132J showing ambipolar charge transport and-geisitive
optical propertiesb-Caroten&®?° acting as a flype semiconductoriboflavin (vitamin

B2)2! and derivatives, employed in bavganic lightemitting diodes (OLEDs)perylene
diimide (PDI)*> an ntype semiconductor with toxicity lower than table saihd
anthraquinone derivatives, naturally present in plants and approved as food colorants,
demonstrating fielaffect mobilities on the order of £ 102 cm?V-st. These examples
demonstrate that semiconducting functionality can emerge from compounds already familiar
in nutrition and pharmacology. Their practical implementation, however, requires careful
optimisationof molecular order, stability in agueous environments, and strict toxicalogi
validation. In fact, materials synthesed from edible precursors cannot automatically be

deemed safe for ingestion and require further toxicological evaluation
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While conductors and dielectrics are essential for edible electronic devices, their detailed
discussion including materials, electrical properties, and applicatioggends beyond the
scope of this thesis. Interested readers are referr&thacova et ai.for comprehensive

information on edible conductors and dielectrics.

2.2.2Toward a database of edibldunctional materials

Systematiccharacterisatiorof edible materialsi including electrical, mechanical, and
biochemical propertiesis crucial for developing standardiseddible electronics platform.

A comprehensive database should include parameters such as conductivity, carrier mobility,
dielectric constant, degradation rate, and nutritional information (RDI, &DBuch a

resource would accelerate materials discovery, facilitate regulatory approval, and enable the

i nclusion of Ai ngredi ent l i stso and nutrif

transparency and consumer trust.



Chapter2

Bibliography

1. Sharova, A. S., Melloni, F., Lanzani, G., Bettinger, C. J. & Caironi, M. Edible
Electronics: The Vision and the Challengelv. Mater. Technob, 2000757 (2021).

2. Bettinger, C. J. Materials Advances for N&&neration Ingestible Electronic Medical
Devices.Trends BiotechnoB3, 575 585 (2015).

3. Connell, A. M. & Rowlands, E. N. Wireless Telemetering from the Digestive Tract.
Gutl, 266 272 (1960).

4. Arnott, I. D. R. & Lo, S. K. The Clinical Utility of Wireless Capsule Endoscopy.

5. Rogers, A. M., Kuperman, E., Puleo, F. J. & Shope, T. R. Intestinal Obstruction by
Capsule Endoscopy in a Patient With Radiation Enteritis.

6. Xin, L., Liao, Z., Du, Y., Jiang, ¥P. & Li, Z.-S. Retained capsule endoscopy causing
intestinal obstructiod Endoscopic retrieval by retrograde singlloon enteroscopy.
J. Interv. GastroenteroR, 15 18 (2012).

7. Wu, Y.et al.Edible and Nutritive Electronics: Materials, Fabrications, Components,
and ApplicationsAdv. Mater. Technob, 2000100 (2020).

8. Wang, Z., Mathiyazhagan, K., Xu, L. & Diabat, A. A decision making trial and
evaluation laboratory approach to analyze the barriers to Green Supply Chain
Management adoption in a food packaging companglean. Prod117, 19 28
(2016).

9. Anastas, P. & Eghbali, N. Green Chemistry: Principles and PraCt@m. Soc. Rev.
39, 301 312 (2010).

10. J of Industrial Ecology 2023- Fenwick-Recy cl i ng pl astics from

|l mplications for effective eco design. pdf

10



11.

12.

13.

14.

15.

16.

17.

18.

19.

Chapter2

Irimia-Vladu, M. et al. Biocompatible and biodegradable materials for organic-field
effect transistorsAdv. Funct. Mater20, 4069 4076 (2010).

Lei, T. et al. Biocompatible and totally disintegrable semiconducting polymer for
ultrathin and ultralightweight transient electroniesoc. Natl. Acad. Sci. U. S. Al14,
5107 5112 (2017).

Becker, D.et al. Novel Orally Swallowable IntelliCap® Device to Quantify Regional
Drug Absorption in Human Gl Tract Using Diltiazem as Model DABPS
PharmSciTech5, 1490 1497 (2014).

Mimee, M.et al. An ingestible bacteriadlectronic system to monitor gastrointestinal
health.Science360, 915 918 (2018).

Stenmarck, A., Jensen, C., Quested, T. & Moates, G. Estimates of European food
waste levels. Preprint at https://doi.org/10.13140/RG.2.1.4658.4721 (2016).

Ell, C. et al. The First Prospective Controlled Trial Comparing Wireless Capsule
Endoscopy with Push Enteroscopy in Chronic Gastrointestinal Bledgtogscopy
34, 685 689 (2002).

Matsidik, R.et al. Effects of PNDIT2 end groups on aggregation, thin film structure,
alignment and electron transport in fiadtfect transistorsl. Mater. Chem. @,

10371 10380 (2016).

Yao, M.et al.Indigo carmine: An organic crystal as a posHelectrode material for
rechargeable sodium batteri&si. Rep4, 3650 (2014).

LlansolaPortoles, M. J., Pascal, A. A. & Robert, B. Electronic and vibrational
properties of carotenoids: from vitro to in vivo. J. R. Soc. Interfacg4, 20170504

(2017).

11



Chapter2

20. Burch, R. R., Dong, ¥H., Fincher, C., Goldfinger, M. & Rouviere, P. E. Electrical
properties of polyunsaturated natural products: field effect mobility of carotenoid
polyenesSynth. Met146 43 46 (2004).

21. Pietsch, Met al. Biodegradable inkjeprinted electrochromic display for sustainable
shortlifecycle electronicsJ. Mater. Chem. @, 16716 16724 (2020).

22. Kuznetsova, L. let al. Disubstituted perylene diimides in organic figtfect
transistors: Effect of the alkyl side chains and thermal annealing on the device

performanceOrg. Electron.58, 257 262 (2018).

12



Chapter3

Chapter 3

Carotenoids asedible organic semiconductors

ANature alreadyiweolavreed jtuhset plreoabrlneimmng t o
R.E. Blankenship

In this chapter, the vibrant world of carotenoids steps into electronics.
Astaxanthind a molecule known for giving salmon and flamingos their cofiolrecomes

a bridge between biology and technology. Its natural role as a light harvester becomes the
foundation for electronic functionality. By modifying, protecting, and assegbts
structure, we turn a biological pigment into an active layer for organic transisiors

merging colour, conductivity, and sustainability in one molecular design.

3.1 Introduction

This section of the project is directly linked to the ongoing research carried out at the Istituto
Italiano di Tecnologia (iit) as part of the ELFO project, on the use of carotenoids as organic
semiconducting materials. Within this context, bstdnsa s t a x a n tcarotame hawved b
been evaluated as active semiconducting layers in organieefielct transistors (OFETS),
wher e t hei rsysternsrepablg eharge dransport. While these studies confirmed

their potential for edible sustainable and-derived electronics, they also highlighted key
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limitations related to chemical instability and poor solubility, particularly for pristine
astaxanthin. The aim of this chapter is to address these challenges by exploiting the chemical
reactivity of astaxanthinods f wmewcastaxanthia | gro
derivatives with improved stability, solubility, and processability. This work seeks to
enhance the material 0s robustness at t he
contributing to the broader effort of developing edible semicawdsicfor organic

electronics.

3.1.1 Historical highlights of organic electronics

Conventional electronics is rooted in Lee d
beginning of the last century. However, the transistor forefather only appeared twenty years

l ater, i n appdabus forvedniofiing &ha flowr of an electric current between

two terminals of an electronically conducting solid by establishing a third potential between

said terminal® Figure 3.1) was described for the first time in a J. E. Lilienfeld patént.

His early concept was fully demonstrated during the second half of the century with the
finalization of siliconsilicon dioxide metabxide-semiconductor fieleffect transistor
(MOSFET) technology that, besides being a westiablished commercial techogy, gave

rise to a fundamental tool to have direct access to the measurement of semiconductor charge

carrier mobility.
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Figure 3.1 Structure of the first current flow controlling apparatus patented by J.E. Lilienfeld in 1926, adapted from
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Since their first appearance, field effect transistors (FETS) have been thus perceived not only
as a basic unit able to act as an on/off switch in a broad range of electronic and optoelectronic
applications but also as a platform for studying charge teahspsolid materials, allowing

fine control of the charge density in the semiconductor I&/&rThin-film transistors

(TFTs) represent a clear example of such a concept. This architecture was first employed to
measure the mobility of hydrogenated amorphous silice®i:(4) and, differently from
MOSFET, the conducting channel is induced in the acttion regime, then employed in
applications requiring large areas and where single crystalline silicon cannot be employed.
The field of organic electronics arose in the 1960s with the identification of the first organic
semiconductors. Initially considetéo be materials with low mobility, it was only in the late
1980s that works on organic tHiihm transistors (OTFTs) appeared; however, they became
the focus of a limited number of academic studies because of their poor performance. The
research field eended to industry only ten years later when the mobility of organic
semiconductors matched and exceeded that of amorphous silicon. The development of new
materials allowd the development of new device designs, procesgogniques and
applications rangg from low-cost sensors to radioequency identification (RFID) tags and
singleuse electronic$’ The rapid advancement of organic electronics in the early 2000s
was driven not only by improved chargarrier mobility but also by the development of
novel device architectures and deposition techniques. Sclottmessable semiconducting
polymers and sall molecules enabled lewost, largearea fabrication methods such as spin
coating, inkjet printing, and retb-roll processing, which are incompatible with
conventional silicon technology. This versatility opened pathways for flexible, lightweight,
andeven stretchable electronic devices, expanding the potential applications beyond rigid
substrates.

Simultaneously, significant progress in understanding the physics of organic semiconductors
i such as charge transport mechanighisterface engineeringf,and the role of molecular
packing®3'i allowed researchers to optimise device performance systematically. Organic
light-emitting diodes (OLEDSs), organic photovoltaics (OPVs), and organic-éiéatt
transistors (OFETs) emerged as key technological pillars, each benefiting from tailored
molecubr design and th#ilm engineering. By the 2010s, some organic devices had
achieved performance levels approaching or surpassing that of amorphous silicon in specific

metrics, particularly in lowoltage operation and mechanical flexibiffy.
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3.1.2 Organic semiconductorsoverview and comparison with inorganic
ones

A traditional i norgani c semi enmetalitsotidwhosee mat e

el ectrical conductivity r ang(BigureB?®.ltoaalken a
either an elementary, binary, or ternary compound having covalent bonds defining its crystal
structure (e.g. cubic or lattice). Silicon and Germanrhased materials are the most
widespread among inorganic semiconductors. Since their discoviigy have played a
fundamental role in modern electronics, enabling mamshfgping technologies, as well as
advances in transport, communications, manufacturing, engineering, medicine, energy, and
industry. On the other harideven if they only appeaie40 years latei 3334 organic
semiconductors (OSCs) have also gradually gained the attention of both academic and

industrial research groups.

Energy

band

conductor  semiconductor insulator

Figure 3.2 Schematicepresentation o€onduction and valence band for insulators semiconductors and conductors,
showing the different bandgaptbk three typesf materials The Fermi level (Ef) is represented as a dotted grey line.

The differences between these two classes of materials primarily lie in fundamental solid
state properties, such as their molecular structure. OSCs rely on the presence of weak dipole
dipole (Van Der Waals) interactions that bond organic moleculd®ey usually
areamorphous or polycrystalline materials whose molecular arrangement differs from their
inorganic counterparts, leading to different material properties, processing, and final

application®® Inorganic compounds usually require harsh and expensive processing
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conditions, such as high temperature and vacumwitder processing procedures (spin
coating, inkjet printing, laser printing, or vacuum deposition) are instead associated with
organic materials, allowing material processing at or close to room tempéfaRather

than replacing inorganic semiconductors, orgamesare intended tgupplement existing
technologies and enable the developmenewof applicationsvhere theigidity makesthem
inaccessibleo siliconbased electronics.

3.1.3 Structure and electronic states of organic semiconductors

Organic semiconductors arecardora s e d mat e r i acbmugated mojecueseod o f
pol ymers in which t h-eectronsdorns the foundatiord & theirc al i z
semiconducting behaviour. The conjugation arises from alternating single and blontls

along the mol ecul electransto ételwaalize gcrosa the shrueture gnd °
create an extended electronic sysfénfihis delocalisation gives rise to discrete energy

levels at the molecular scale, which, when the molecules are assembled in the solid state,
broaden slightly to form electronic bands. However, because the molecules interact mainly
through weak van der Wisaforces rather than strong covalent bonds, the resulting bands

are narrow, and charge carriers remain partially locafied.

Conduction band

LUMO

Energy

Eg

] *_'_!_
_H_ HOMO *—H—
+

Valence band

Figure 3.3 Distribution of the electronic states of a polymer as a function of its conjugated double bonds, where valence
and conduction bands constitute the limit case. The reduction of Eg is represented by red harrows.
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The electronic structure of organic semiconductdfggure 3.3) is defined by two
fundamental energy levels known as the frontier molecular orbitals (FOMs): the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
These levels are the molecular analogues of the valence athaiction bands in inorganic
semiconductor€ The energy difference between them is denoted as Energy gagn(E
described irEquation 8.1)

o O Quywmo Qiowmo

Ey determines the optical absorption threshold and the electrical conductivity of the material.
Typically, this band gap lies between 1.5 and 3 eV, depending on the degree of conjugation
and the chemical nature of the molecule. The position of the HOMO @htDLrelative to

the vacuum level is crucial for charge injection and transport. The HOMO energy defines
the ionisation potential (IP), while the LUMO corresponds to the electron affinity (EA).
Efficient operation in devices such as OFETs, OPVs, or OLeQsires proper alignment

of these levels with the work functions of the electrodes to minimise energy barriers for
carrier injection. By chemical desigh such as introducing electratonating or -
withdrawi ng gr o-copjugated eoxet oenaiging side chaih$ghe frontier
orbitals can be systematically tuned, all ov
properties?®

3.1.4 p-Type and nType organic semiconductors

Similar to inorganic semiconductors, organic materials are classifieetyge pr ntype
depending on the predominant charge carrier responsible for conduction. The application of
an electric field modulates the electronic state of the material, typibgllgdding or
removing electrons to alter the charge carrier density and enable charge transport. In this
context, polymers that transport electrons are referred tayggematerials, whereas those

that transport holes are classified asype material$® Their behaviour is primarily
determined by the relative positions of the HOMO and LUMO energy levels and their
alignment with respect to the electrode work functions and the Hemergy level (Er)

(Figure 3.4).4
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p-Type organic semiconductors are characterised by alyiighh HOMO level, typically
aroundi 5.0 eV with respect to vacuum, which facilitates hole injection from-higik-
function electrodeg¢e.g, gold or PEDOT:PSE Charge transport in these materials occurs
predominantly through the removal of electrons (i.e., the movement of holes) within the
HOMO manifold3’

LUMO

d)f-‘ €
-
EEN 4 1umMo
/4 HOMO f
E; - Source - - (- ----- Source - -----emecmeenan—
¢h
HOMO
p-type n-type

Figure 3.4 A schematicepresentation othe relationships among the Fermi energy) @& the source electrode, the
frontier energies of the organic semiconductor, and the polarity of the majority charge camfen®. e andt » denote
the electron and hole injection barrier heighaslapted fronQuinn et al*© American Chemical Society.

Conversely, rtype organic semiconductors exhibit a {mwng LUMO level, generally
below 3.8 eV, which facilitates electron injection from lework-function metés (e.g.,
calcium, aluminium, or bariujnCharge transport occurs through the addition of electrons
into the LUMO.p-Type semiconductors are often more stable in ambient cond{goce

holes are less susceptible to trapping by oxygen or )yvatethe other hand;type materials

are often more sensitive to air and moisture due to oxidation of the injected electrons or
degradation of the LUMO level alignmenfThe advancement of -type polymer
semiconductors has traditionally lagged behind that of théyp@ counterparts. This
disparity arises becausechannel polymers more readily achieve the delicate balance
beween solubiliitystaadkisntgr oingt eracti ons reqiu
transport and high device performance. In contrast, the desigftyperpolymers faces
additional challenges: to enable lmwost, solutiorbased processing under ambient
conditions, these materials must remain soluble in conventional organic solvents while
exhibiting a sufficiently lgh EA to minimize electron trapping by environmental species
such as @ H0, and OHE*
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Interestingly, some organic semiconductors exhibit ambipolar behaviour, supporting both
hole and electron transport under appropriate bias conditions or electrode configurations.

3.1.5 Small molecule versus polymeric organic semiconductors

Organic semiconductors can be broadly divided into two structural classesnsvtedlile

and polymeric semicondu c-tonjugation toAdndble chargeh b o't
transport, their physical structures, processing methods, and electronic behdiffeurs
markedly. Smalimolecule semiconductors are composed of discreterolecularweight
compounds that often crystallise into wedfined molecular lattice@igure 3.5). Their
electronic and optical properties are highly reproducible and camudhedtwith precision
because of their structural uniform§\When deposited by thermal evaporation or solution
processes followed by controlled crystallisation, these materials can form highly ordered
thin films WitlktadkKirdg* Asha esulsg csmainmlacsle
semiconductorsexhibit very high charge carrier mobilitiesometimes exceeding 10
cm?/V-s in singlecrystal or epitaxial films. However, their brittleness and the tendency to
form grain boundaries in polycrystalline films can limit their mechanical flexibility and long
term stability?>46
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Figure 3.5 Typical smalkmolecule packingnotifsand” -electron overlap state(a) herringbone packing motifs without
faceto-face p p overlap, (b) herringbone packing motifs with slipped festace p p stacking and (c) lamellar stacking
motifs with onedimensional (1D) charge carrier channel; (d) brierk arrangements providingyvo-dimensional
percolation paths for chargearrier transport

In contrastpecause of their long molecular chaaml intra and intermolecular interaction,

polymeric semiconductorsannot achieve ideal ordered molecular stackihgy instead
consi st -conjugatedochains that can form semystalline or amorphous films
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depending on the processing conditiomgpical crystalline packingn semicrystalline
conjugated polymers involves ordered lamettlamposed of cdacially stacked molecules

that exhibit strong -orbital overlap(Figure 3.6).*

) Lamellar stacking
Chain backbone slow charge ransport

Justest charge transport

green region indicate planar
conjugated backbone participating
in ordered/aggregating regions

n-stacking
w fast charge transport

substrate

S

\“"-

Figure 3.6 Ty p i € a le-dngoacking observed for classic semicrystalline polymers. The three main charge transport
directions are showwith red dotted arrow

Even when optimized for high performance, conjugated polymers inherently retain a
considerable degree of lattice and energetic disorder, independent of their specific chemical
composition or crystallinity. This disorder leads to electronic localizatidnwit’ st ac k e d
molecular aggregates and the formation of trap states that limit carrier mobility. The
relationship between local structural order and macroscopic transport properties thus defines

a fundamental structuqgroperty correlation in organic seunductorgFigure 3.6).48

Sk »%%
%\}\M!/,/w&m %ﬁ%

Figure 3.7 Graphic representation of the microstructure of a variety of polymeric materials. (a)cBestdlline

polymer, (b) partial order due to sherange aggregates and (c) an amorphous structure. The darker green shading

indicates ordered regions, and longlpg mer chains, indicated in red, represen

significantly improving charge transpordapted fromNoriegaet al*” © American Chemical Society

In semicrystalline conjugated polymers, charge transport is primarily mediated through

o r d erstaaked domains, where efficient intermolecular coupling enables delocalization
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of charge carriers. In contrast, amorphous regions, characterized by disrupted conjugation
and larger energetic gaps, act as barriers to carrier motion. Effective transport requires the
formation of an interconnected network of ordered aggregates, ofke by semiflexible

chain segments that preserve partial conjugation and setieenasieculesThese structural
connections facilitate charge percolation across the material, ensuring continuous pathways
for transport. As a result, the electronic parfance of conjugated polymers is governed
predominant!| yibysttaekidreg, eegpfedgate connect

within the ordered domains, rather than by the amorphous rhatrix.

3.1.6 Charge Transport in Organic Semiconductor Thin Films

As already mentionedharge transport in organic semiconductors is a complex phenomenon
determined by both the intrinsic electronic properties of the molecules and their spatial
arrangement within thin films. Unlike crystalline inorganic semiconductors, where carriers

can movefreely within wide electronic bands, organic materials exhibit partiatiglised

charge carriers due to weak intermolecular interactions and the discrete nature of molecular
orbitals. As a result, the efficiency of charge transport is strongly influemged t he f i I m
microstructure and morpholog$*’

Electrical Conductivity and Current Density

The electrical conductivity, () and current density)(are fundamental parameters describing

the macroscopic electrical behaviour of organic semiconductors and provide a bridge
between microscopic charge transport mechanisms and device perfoffnanpentifies

how easily charges move through the material under an applied electric field and is defined
by Equation(3.2)

o , N¢

Where qis the elementary charge, the carrier density, and the carrier mobility.J

representisteadhe current flowing per unit area and is expressefiquation(3.3)

o 0 ,0nReg" 0
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with E being the applied electric fieldhese relations reveal that bathand udepend
critically on the carrier density and mobility, whiclegoverned by the molecular packing,
degree of crystallinity, and pr es-etacked of
structures facilitate efficient charge percolation and thus yield higher conductivity and

current density, whereas disorderedraptich morphologies hinder transport.

Mechanisms of Charge Transport

The movement of charges in organic semiconductors primarily occurs through two

complementary mechanism@) hoppingand (2) bandike transporiFigure 3.8).

a) band transport a) hopping transport
e ,
e
¥,
e — i
O o -.
® O
® a — @
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Figure 3.8 Cartoon representing the two different mechanisms of charge transport: ajlikaricansport and b)
hopping transport

In regions of disorder or amorphous material, transport occurs predominantly through
thermally activated hopping between localised molecular sites. The probability of a carrier
successfully hopping from one site to another depends on several factordinindhe

energy difference between donor and acceptor sites, the distance separating them, and the
rel ati ve or i-eonjagatedisystentSdriiis ptotess is” highly sensitive to
energetic disorder and the presence of trap states, which can temparaolyilisecarriers

and reduce overall mobility. In contrast, in highly ordered crystalline domains, charges may

become delocalized over several molecules, allowing for a morelikaricanspor{Figure
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3.9. Although the resulting mobilities are lower than in typical inorganic semiconductors,
they are significantly higher than in disordered regions and are critical for achieving high

performance deviceehaviour*®

Hopping ,  Transient localisation Boltzman band

VAN AN T
VAN OO N \
NN SN Y

esentation of the charge transport

Figure3.9Schemati c epr
t z ma@he aranbesareas represdnéthe.charge delocalisation.

r
localisation and Bol

Beyond these basic mechanisms, other factors also modulate charge transport in organic
films. Traps arising from structural defects, chemical impurities, or grain boundaries can
capture carriers, while locglolarisationeffects, such as polaron formation, alter site
energies and hopping rates. Furthermore, hopping is thermally activated: the probability of
a carrier moving from one site to the next increases with temperature, reflecting the energetic

barriers inherent tthe disordered molecular landscape.

Thin-Film Morphology

The morphology of the thin filnis a primary determinant of transport properties. Small
molecule and polymeric semiconductors behave differently due to their distinct molecular
architectures and packing tendencies. Deposition methods, including thermal evaporation,
spin coating, and primg, as well as posteposition treatments such as thermal or solvent
annealing, significantly influence the resulting microstructtitdighly crystalline domains

provide pathways for quasdielocalized transport, while the connectivity between these
domains and the surrounding amorphous regions determines whether charges can traverse
the film efficiently. In polymers, the alignment of tpelymer backbones relative to the
substrateé’ often described in terms of edgm or faceon orientation has a pronounced

effect on inplane mobility*! Similarly, in blended or mixed systems, the size and

distribution of domains, as well as the degree of phase separation, govern the formation of
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continuous pathways for both electrons and hdiésitimately, the morphology of organic

thin films shapes the delicate balance between-bke@dransport in ordered regions and
hopping in disordered domains, and it is this balance that defines the effective mobility and
device performanceOptimising film morphology through careful molecular design,
controlled processing, and pafposition treatmests therefore essential for achieving the
high performance required in organic electrarewices.

3.1.7 Organic Field Effect Transistors

Organic FieldEffect Transistors (OFETS) represent a fundamental class of devices in
organic electronics, enabling the controlled modulation of current through an organic
semiconductor channel by means of an external electric field. Their operatioronethes

same basic principles as conyveonugatedsamall i nor
molecules or polymers introduces distinct electronic and structural considerations that

influence device performan¢Eigure 3.10.

Dielectric

Semiconductor

Drain

Figure 3. 10 Schematic representation of an OFEAving a top gaté bottom contactonfiguration

An OFET is typically composed of four terminals: the source, the drain, the gate, and the
gate dielectric. The organic semiconductor forms a thin channel between the source and
drain electrodes, while the gate electrode modulates the charge densitytmgitnannel
via the insulating dielectric layer. By applying a voltage between the gate and source, an
electric field is established that induces charge carriers (holetypemr electrons in-type

materials) in the semiconductor, thereby enablingecuito flow between source and drain.
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The magnitude of this current depends on the gate voltage, the mobility of carriers within

the channel, and the structural quality of the organic Eyer.

=]
[E]
(@ (b) (c) (d)

Figure 3. 11 OFET device structures: (a) bottom gate, bottom contact, (b) bottom gate, top contact, (c) top gate, bottom

contact, and (d) top gate, top contact.

OFETs can adopt several architectural configurations, each with specific advantages and

constraintgFigure 3.11):

a)

b)

Bottom-Gate, BottoraContact BGBC): the gate electrode and dielectric lie beneath the
organic semiconductor, with source and drain electrodes deposited on top of the
dielectric. This architecture is common due to ease of fabrication and compatibility with
standard substrates, although theposition of the organic layer over fpatterned

electrodes can compromise the interface quality and limit contact efficiency.

BottomGate, TopContact BGTC): the organic semiconductor is deposited first, with
source and drain electrodes subsequently evaporated or printed. dmitoppproach
improves the contact interface and often leads to higher charge injection efficiency, but

care must be taken to avoid damaging the organic layer during electrode deposition.

Top-Gate Configurationéc, d): the gate electrode and dielectric are deposited on top of
the organic semiconductor, while the source and drain contacts reside bepegate
devices can offer improved dielectric/semiconductor interfaces and allow for flexible or
laminated device structures, although deposition of the gate stack may require low

temperature or solutieprocessable dielectrics to preserve the organic.laye

The operation of an OFET can be divided into several regimes. At low sinaiicevoltage,

the device behaves in the linear regime, where the current increases proportionally with

voltage. As the souredrain voltage exceeds the gate overdrive, the chargalthe drain

becomes pinched off, entering the saturation regime, where the current reaches a nearly
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constant value. The performance metrics of OFEM®st notably the fieleffect mobility,
threshold voltage, and on/off current ratidepend sensitively on the intrinsic mobility of
the organic semiconductor, the quality of the semiconductor/dielectric interface, and the

morphology of the thin film.

3.1.8 Performance Parameters in OFETs

A comprehensive understanding of OFEJerformance requires careful evaluation of
sever al i nterrel ated parameters that gover.
functionality. Among these, the fiekeffect mobility (a), the threshold voltagé) andthe

on/off current ratio(c), play a central role. Each of these quantities encapsulates distinct

aspects of charge injection, transport, and accumulation within the organic channel

Field-Effect Mobility (i) (a)

The fieldeffect mobility represents the effective charge carrier mobility within the
accumulation channel under the influence of the applied gate electric field. It quantifies how
efficiently carriers move laterally between the source and drain elecaodeserves as a

key figure of merit for comparing materials and device architectures. In ideal crystalline
semiconductors, mobility is a material constant determined by band structure and scattering
processes. However, in organic semiconductors, it depgrahgly on extrinsic factors such

as film morphology, trap density, and the dielectric interf&ogerimentally, mobility is

extracted from the slope of the transtarveor output characteristics using analytical.

Threshold Voltage (Y(b)

The threshold voltage defines the gate bias required to induce a conducting channel at the
dielectric/semiconductor interface. It reflects both the intrinsic energy level alignment
between the semiconductor and the dielectric and the presence of trajess,dp fixed
charges within the gate dielectric or at its interface. In organic transistasoftén shifted

from its ideal value due to charge trapping or dipolar disorder in polymeric dietectri
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On/Off Current Ratio (c)

The on/offratioit he r ati o between the maximum curre
| eakage curreniti si m tdhe eftdaf fionddtcaatteor of t he
between conductive and n@onductive states. High on/off ratios (typically*:aL0") are
desiredHowever, organic semiconductors often exhibit lower ratios compared to crystalline
silicon due to trapnediated leakage, subthreshold conduction, and thermally activated
charge carriers that per si Fhe ofestate nurrentnis t h e
particularly sensitive to the quality of the dielectric/semiconductor interface, the presence of
pinholes in the semiconductor film, and the degree of molecular ordering. In addition,
impurities, unintentional doping, and oxygen or watesaaiption can introduce shallow trap

states that contribute to leakage. Therefore, encapsulation, interface cleaning, and the use of
hydrophobic dielectric surfaces are critical to suppresstate currents and achieve sharp
switching characteristic®.

3.1.9 Carotenoids as edible organic semiconductor: literature background

Carotenoids represent one of the most promising families of edible organic semiconductors
owing to their natural a b u n eanjugated elettronccc o mp a
structuret® These pigments s u ¢ h -caratenep lycopene, bixin, fucoxanthin, and
astaxanthin exhibit extended polyene backbones with alternating single and double bonds,
enabl i ng de letedrans and fadiliiatmg chasge transport along the molecular

chain (Figure 3.12. They are of notable interest due to their documented high single

molecule conductance, photoinduced charge transfer, and known degradation pathways.

Early studies demonstrated that solid films of carotenoid polyenes display semiconducting
behaviout’, with reported hole mobilities in the range of®1i010* cm?V-1s?, thereby
confirming their potential as-fype materials. Subsequent experimental and theoretical
works have elucidated their optoelectronic characteristics, showingiOUMO gaps
between 1.8 and 2.5 eV and strong photo absorption in the visible>fafigese attributes

make carotenoids suitable candidates for organic OFETSs, organic photovoltaics (OPVs), and
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dye-sensitisedsolar cells (DSSCs), where they can serve as-hghtesting or charge
transporting component$>*

OH

o S S e N L S T
HO'
B-carotene astaxanthin
OH
conjugated double bonds AR R AN

HO"
lutein

Figure 3.12 Chemical structure of three carotenoidscarotene, and its derivatives, astaxanthin and lutein; the
conjugated double bonds are highlightedéd

Beyond their electronic properties, carotenoids possess unique advantages for edible and
sustainable device architectures. Being naturally occurring food pigments with established
nutritional roles and low toxicity, many carotenoids are classified as &neecognised

As Safe (GRAS), aligning them with the material requirements for edible electronics.
Computational investigations further support their environmental and physiological safety,
while highlighting the tunability of their electronic levels dogh molecular length and
functionalization Carotenoidsthus embodythe intersection of biology and electronics

natural molecules capable of mediating charge transport within systems that are both
functional and ingestible, therglproviding astep forwardor the next generation of fully

edible semiconducting materials
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3.2 Aim of the work

The aim of this work is to explore and advance the use of caroterspdsifically
astaxanthin and its derivativeas edible organic semiconductors for application in
sustainable and biderived electronic devices. Within the broader framework of edible
electronics, carotenoids offer a uniqgue combination of natural origin, biocompatibility, and
I nt r rcongugated suctures capable of supporting charge transport. However, despite
these advantages, their practical implementation in OFETs remains limited by inherent
drawbacks such as chemical instability, poor solubility, and morphological disorder in the
solid state.To address these challenges, this work builds upon the experimental results
obtained within the ELFO project at th&tituto Italiano di Tecnologiaiif), focusing on
astaxanthin as a model compound. The research is articulated into three main obféytives
Characterisation of pristine astaxanthin to establish its intrinsic structural, thermal, and
electronic properties, and to assess its performance as a semiconducting layer in(B)FETs
Design and synthesis of functional derivatives of astaxanthaughr controlled chemical
modification, aimed at enhancing its solubility, stability, and processability while preserving

i t -sonjugated electronic framework. This includes kethporary functionalisatiofvia

silyl protection) and permanent modification(through hydrazone formatign)(3)
Development of polymeric architectures incorporating astaxanthin to improvestatid
organisation, suppress degradation pathways, and achieve enhanced mechanical and

environmental stability.
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3.3 Results and discussion
3.3.1 Operative background

Before proceeding with the chemical modification, it was essential to study the pristine
material to gain a comprehensive understanding of its intrinsic propeksesxanthin
characterisation was therefore performed to evaluate its bemmaana suitability as a
semiconductor for OFETsEstablishing the performance of astaxanthin is crucial for
assessing how structural modifications may influence its stability, morphology, and

electronic performance when used as a semiconducting layer.

Film morphology and annealing influence

Figure 3. 13 Astaxanthin micrographs after thermal annealing, under polarised light. (a) as casted, (b) 60 °C, (c) 80 °C,
(d) 100 °C, (e) 120 °C, (f) 160 °C, (g) 180 °C, (h) 200°C, (i) 220 °C
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Figure 3.13reports polarised optical micrographs of astaxanthin thin Blonscoatedrom

THF solutions and subsequently annealed at different temperatures. Polarised light
microscopy enables the observation of optical anisotropy associated with birefringence,
although it does not directly quantify the degree of crystallidis/shown inFigure 3.13,

thermal annealingtronglyinfluenced the morphology and optical response of the films. The
ascast film exhibited no significant polarisation of transmitted light, suggesting a
predominantly amorphous morphology. Upon annealing at 120 °C, the highest degree of
birefringence was aerved, indicating the formation of larger and more ordered crystalline
domains. At temperatures above this threshold, however, birefringence decreased, consistent
with partial degradation or disruption of the crystal structure. The observed increase in th
size and coherence of polarised regions with temperature can be interpreted as evidence of
thermally induced crystal growth. These results demonstrate that, despite its known
susceptibility to degradation, astaxanthin remains stable up to approxim2®eiC1and

under these conditions, improved molecular ordering can be acheeeedcial factor for

efficient charge transport in carotendidsed OFETS.

Astaxanthirbased OFETs

Figure3.14Wor kf | ow f or t faotepebased ®EETi on of a b

In the context of developing edible organic electronics, the Istituto Italiano di Tecnologia

(iit) provided experimental results concerning the charge carrier mobility of astaxanthin in
OFETdevicesFigure 3.14 schematically illustrates the fabrication steps of an OFET based
on-chrotene, used her e -@aotere wastfirstudissolved anl ref
tetrahydrofuran (THF) and sptoated onto a substrate to form a thin semiconducting film.

The substrateonsisted of glass coated with gold elecesidvhich served as the sou(&g
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and drain(D) contacts for applying the gate potential. On top of the semiconductor layer, a
Teflon film was deposited as the insulating dielectric, followed bglaminiumgate(G)
contact.These transistors are typically configured in botigee/bottoracontact (BGBC)

or bottomgate/topcontact (BGTC) geometries, which facilitate straightforward deposition
of the semiconducting layer for rapid device screening. In contrasgatieparchitettires
(TGBC or TGTC) are generally employed in final devicebdter protect the active layer

and ensure longer operational stability. Following the same fabrication strategy, an
astaxanthirbased OFET was prepared adiracterisednder identical condition3.he as

cast astaxanthin film appeared amorphous, but upon thermal annealinganndert
atmosphere at 100 °C, small crystalline domains became visible. Electrical measurements
for both pristine and annealed samples are show@raph 3.15. The device based on

astaxanthin exhibited significant performance improvement after thermal treatment.

Figure 3. 15 Optical micrographs under polarised light of astaxanthin spyated from THF solution. (left) pristine,
(right) after annealing at 100°C.

Prior to annealing, the amorphous thin film showed low current modulation and poor
semiconductingpehaviour As reportedn Graph 3.1, the bsvsVgstransfer curves revealed

a current on/off ratio ofess thanl(® indicating limited charge carrier transport. After
annealing, the on/off ratio increased dramatically to vadlese to10°, consistent with the

formation of a more ordered and crystalline semiconducting layer.

33



Chapter3

108" As cast 10 Annealed at 100°C
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Graph 3.1 Drain-source current behaviour varying gate potential, (left) for pristine astaxanthin, (right) after thermal
annealing at 100°C

—_
<
I
-
=
]

As cast Annealed at 100°C

—
it
I
—
e
L
r

—_
e
fal

Saturation mobility {cm 2Ns}
=

Saturation mobility (cm 2Ns)

—
e
o

—ry
e
@0

-40 -20 0 20
v, (V)

-40 -20 0 20 -60
V, (V)

-80 -60 -80

Graph 3.2 Saturation mobility measurement as a function of gate potential (left) for pristine astaxanthin, (right) after
same thermal annealing.

Similarly, the fielde f f ect m dGhbaphl 3.2¢ showdd ca)subgtantial increase after

annealing, reaching values around?i@’ V1! s?, comparable to-those
carotene under similar conditions. The thermal treatment thus plays a crucial role in
enhancing the electrical performance of astaxanthin by promoting crystal growth and
improving molecular ordering, both of which fatate more efficient charge transport within

t he con-gystgnat ed
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3.3.2 Protective Functionalization of Astaxanthin for Solution Processing

After establishing the solidtate properties of astaxanthin and [shaviour when
incorporated into an OFEWwe tried different strategies to overcome the aforementioned
limitations. The first one was focused thereversiblederivatisatiorof astaxanthin through

the protection of its hydroxyl groups with trialkyl silyl (SiIRmoieties. This modification
was intended to improve solubility in common organic solvents, thereby facilitating
solutionbased film deposition techniques such as spin coaigen thewell-known
liability of somesilyl protecting groups, a processing strategy was envisioned in which film
formation is followed by thermal annealing ito situ remove the protective gup. This
approacttannot only restore the native carotenoid in the final filatcanalso providean
opportunity to investigate how thetial presence and subsequent removal of the protective
groups affect filmcrystallisationand morphology. The following sections detail the
synthesis ofwo silyl-protected derivatives and provide a foundation for understanding their
solubility, processability, and structural characteristics

3.3.2.1 Synthetic Strategy and Reaction Optimisation

«
Ssig O
S ! [) \ N IRy
X S I 0 | S S I 0
DCM, 0 °C to rt, dry, N,, dark, 5h Rl‘Si
7 ‘0

OH imidazole,

1 2a: R;= Me (yield: 96%)
2b: R,= tBu (yield: 97%)

Scheme 31 Optimised reaction path for the obtainment of {8SiR; derivative of tastaxanthin, using TMS and
TBDMS as silylating agents and imidazole as a mild base

The synthesis of @rotected derivatives afastaxanthin(l) was first attempted using
hexamethyldisilazane (HMDS) as the silylating agent. However, the reaction proceeded with
very low conversion, and the desired silylated product could not be isolated in pure form.
This observation suggested that the reactivitdiiDS under the employed conditions was
insufficient to achieve fullierivatisatiorof the hydroxyl groups, prompting the investigation

of alternative silylating agents. Subsequently, trimetlyylshloride (TMSCI) and tert
butyldimethylsilyl chloride (TBDMSCI) were selected, both in the presence of imidazole as
a base(Scheme 3.1 Theywere found to allow a substantial improvementienms of
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reactivity. Underoptimised conditions (anhydrous environment, inert atmosphere and
absence of light) both reagents successfully converted tastaxanthin into the
corresponding &ilylated derivatives with excellent yield86% for the TMSprotected
(2a), and 97% for the TBDM%rotected compoun(@b).

During the optimisationprocess, the workp procedure emerged as a critical factor in
obtaining pure products. Initial attempts to remove excess imidazole thiitasih
chromatography oextraction with slightly basic water (pH 7.6pth led to rapidpartial
deprotection of the silyl groups, confirming the extreme moistndesilicasensitivity of the
protected carotenoids. It became evident that any aqueousuparias incompatible with

the integrity of thesilyl-protected moieties. To circumvent this sse, noraqueous
purification routes were explored. Reprecipitation from anhydrous isopropanol ettabled
removal of imidazole but resulted in significant material loss. Ultimately, precipitation from
acetonitrile proved to be the most effective approach, providing clean products in high yield

and with excellent reproducibility.

Figure 3. 16 Optical micrograph under polarised light of the two derivativeagnd b)2bin the form of powder
showing a highly crystalline morphology

The degree of anhydricity of the solvent wen surprisinglycrucial and dependent on the
nature of the protecting group. For the Tid®tected derivativ€2a), the use of rigorously
anhydrous acetonitrile was necessary to prevent hydrolysis during isolation, whereas for the
more sable TBDMS analogue(2b), nonanhydrous acetonitrilevas employed without

compromising the integrity of the protection.

36



Chapter3

Both compounds were obtained as forgstalline powders(Figure 3.12 and exhibited
remarkable stability undemninert atmosphere aB2 °C for extended period§he integrity

of t he c-eyst¢nungaapresedved hyinimisingthe time the material remained in
solution, thereby limiting potential degradation of the polyene backbone. The chemical
stability of the conjugated framework after protection and isolation was confirméd by
NMR analysis, which showed no evidermfeisomerisation §ee experim@al section for
further information about NMR specjreOverall, theoptimisationof both reaction and
purification protocols enabled the reliable synthesis of two stablepsdycted astaxanthin

derivatives.

3.32.2 Characterisation of Stability and Processing Behaviour

To gain a deeper understanding of the stability and behaviour dcfytiteesisedsilyl-

protected astaxanthin derivatives, both in solution and in the solid state, a combination of
optical and thermalcharacterisationtechniqgues was employedAbsorption (ABS)
spectroscopyin the UV-vis rangewas first used to investigate the properties of the
compounds in solutiorip further ensurether eser vat i on esysterhdter conj
the functionalization. The spectral featarearticularly the position andhape of the
characteristic carotenoid absorption barcn be anndicator of the molecular integrity,
conjugation length, and possible aggregafio@omparison between the protected and
unprotected forms of astaxanthin allows assessment of how the introduction of silyl groups
affects theABS spectra profilesThe UVi Vis absorption spectrum of the sHgtotected
astaxanthin derivatives idichloromethane ICM) exhibits a sharpand weltdefined
absorptionbandhaving a maximum at 483 nnGfaph 3.3) . Td & unprotected-

astaxanthin in the same solvent is 482 @raph 3.3 dotted red linejn excellent agreement

with literature values foall-trans astaxanthin in nonpolar medi&The minimalredshift

observed can be considerad experimental variabilityAs expectedthe silyl protecting
groups do not alter the el-systanr’ dlmsigaificaitt r uct u
broadening or additional absorption bands are detettasl suggests that the silyl groups
enhancehe carotenoigolubility without promoting aggregation
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Graph 3.3 UV-Vis spectra acquired in the range 3660 nm using DCM as solvent, showing the derivatfea) and
2bhaving the same ank@83 nnprtahasBxanti(#8@mm)l e and &

As reported byBruijn et al®®, cistransisomerisatiorof astaxanthin results in hypsochromic
shifts and reduced band i ntcenjugation. Yhe dogemcet o
of such spectral features in our derivatives indicates that no significasboigr formation

has occurredThis observation is consistent with the synthetic procedgurefication and
storage, minimising the exposure to oxygen and lifhe preservation of thBall-tran

form is critical for maintaining the electronic structofeastaxanthin

Thermogravimetric analysis (TGA) wésenperformed to evaluate the thermal stability of

the silytprotected derivatives and to determine the conditions required for removal of the
protecting groups. TGA measurements were carried out both under nitrogen and in air,
allowing differentiation betweaeintrinsic thermal decomposition and oxidative processes
associated with the presence of oxygen.
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Graph 3.4 TGA curve of derivativ€2a) (grey line) and 2b) (brown ling performed under air

Graph 3.4 shows the TGA ofZa) (grey line) andZb) (brown line) performed under air. In
both samples, the first weight loss step is associated wittheeprotectionBoth TMS

and TBDMSprotected derivatives exhibit a mass loss of approximately 10% during
correspondig to the removal of the silyl protecting grougdthough the stoichiometric
mass of twaprotectinggroups would predict a larger weight loss, the TGA waderair

shows an apparent loss smaller than the theoreabad Table 3.1).

Derivative Theoretical weight loss (%) Effective weight loss (%)
2a 19,7 12
2b 27,9 9

Table 3.1 Comparison in between the theoretical and effective weight loss due to the removal of the protecting groups of
derivatives 2a) and @b)

Rather than volatilizing cleanly, silyl fragments, in fact, are prone to oxidation and
condensation, yielding $)-Si networks or silicdike species that remain in the solid
residue’® Therefore, the net mass lost as volatile products is lower than the purely

stoichiometric estimation.
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TGA of the Osilylated derivatives of-astaxanthin under nitrogeisfaph 3.5 show a
gradual mass loss starting around 150 °C and extending up to 450 °C28odnd @b)
derivatives display similar overall profiles, with the TBDMfBotected compound exhibiting
a slightlyhigheronset of degradation, consistent with thajorthermal stability generally

associated with bulkier silyl groups.
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Graph 3.5 TGA curve of derivative2g) (grey line) and Zb) (brown line) performed under nitrogen

The total mass loss observeéddring the first step iboth cases is lower than the theoretical
value expected for complete volatilisation of the silyl protecting groups, suggesting that the
process is not pure stepwise desilylatioMcGearyet al® study helps in the interpretation

of the obtained resulunder inert conditionssilyl-containing species evolve aganols
further condenig to siloxanes$! This explains why TGA traces recordedder inert
atmosphershowbroader, less defined masss steps and higher residual messpared

with measurements in air, where oxidative combustion yields lower residual mass.

TGA profiles confirm that the derivatives are stable under the condiiisunelly required

for spincoating and subsequent thermal annegll®§ °C) and that the silyl groups can be
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selectively removed without ¢ o mp-comugatesli ng
system.

These results, in combination with the YNs data showing preservation of the-imins
configuration, provide a solid basis for processing the derivatives into thin films with
retained optical and electronic properties, suitable for application in OFET and EGOFET

devices.

3.33 Permanent structural modification of t-astaxanthin for enhanced
solubility and solid-state organisation

The synt he s3i,sBhidroxy4 , BSKgighéhgihydrazoned ,-carotene J) was
designed to enhance the solubility of astaxanthin in processing solvents commonly used for
thin-film fabrication, without introducing removable protecting groy@heme 3.2

Unlike silyl-protected derivatives, in which deprotection during thermal annealing is
required t o r-cogugated framéeworg, tha diphenythgdrazono modification
represents a permanent structural alteration that remains intact througbkotitth
processing steps.

PhNH,NH, pTSA H
d N

X N N
A A AN g g N N N
° DCM, rt, dry, N,, dark, 4h H b O
HO HO

Scheme 32 Synthetic protocol for the obtainment 8§ (

The synthetic protocol, based on the condensation otastaganthin with phenylhydrie

in the presence of catalytic-tpluenesulfonic acid under reflux in anhydrous toluene,
afforded the target compound in good yield (79%). The procedure ensures high purity by
removing residual hydrazine and pTSA through filtration and brine washing, folloywe
drying underaninert atmosphere arldw-temperaturestorage. From a processipgint of

view, the modification significantly improves solubility in organidvamts, which is a

critical factor for obtaining homogeneous films via solui@sed techniquedike spin
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coating. Moreover as the structural modification is permanetiiermal treatments, if

present, will not aim at removing protecting groups.

It is worth noting that the presence of bulky diphenylhydrazono groups may influence
molecular packing in the solid state and, consequently, the morphology of films once
fabricated. Although film formation has not yet been experimentally explored, pratymin
consideration of the molecular structure suggests that steric effects and altered
intermolecular interactions could affect crystallingtiyd film uniformity. These factors are
highly relevant for future studies, as they capactelectronic properties potential OFET
applicationsThis highlights a complementary approach to removable protecting gaodps

createsa foundation for subsequent tHilm studies.

3.34 Polymerisation strategy to enhance the stability of astaxanthin
based conductive layer

The third strategy for theseof carotenoiebased materials as conductive layers in OFETs
addressethe intrinsic instability of this class of moleculés alreadystated(See chapter

3.1) carotenoidsincluding astaxanthin, are highly sensitive to light, oxygen, and thermal
stress, which limits their practical application in organic electronics. To enhance their
stability, a natural progression of the projeas been the explorationtbiir polymerisation

It is possible to reduce degradation pathways, impogigation resistanceandstabilisethe
"-conjugated backbonky embeddingastaxanthin moieties into a polymeric framework
Additionally, polymerisatiorcan enhancmaterialprocessabilityandpromote uniform film
formation,bothof which are advantageous for device fabricatiorthe following sections,

the synthesis andharacterisatiorof two astaxanthibased copolymers are presented,
highlighting their structural design, optical properties, and potential implications fer thin

film applications in OFET devices.
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3.34.1 Preparation of Astaxanthin-Based Polymers

o
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Scheme 33 Two different synthetic approaches for the obtainment of astaxacdhiaining copolymer; route a) is a
straightforward copolymerization with a dialkylsilane, allowing for the introduction of linear chains in the
macromolecular structure; route b) invels a twestep process allowing for the carotenoid polycondensation with
succinic acid.

Two complementary synthetic strategies werersued to obtain astaxanthibased
polymers, addressing stability, functionalization, and potential biocompatibility in distinct
ways.The first polymer(7) (Scheme 3.3route ) was obtained via a twstep approacti
preliminary astaxanthin(1) functionalization with succinate group§4) and subsequent
polycondensation of the disuccinate derivative with pristine astaxafthésuccinylation
reaction proceeded efficiently under mild conditions using DMAP aatalyst, with a
guantitative yield (99%)In the second step, the disuccinate was copolymerized with native
astaxanthin using dert-butyl dicarbonate (B@©) as a coupling agent. Soxhlet purification
was employed to remove unreacted monomedsharter length chaingielding ared solid.

The choice of succinic anhydride as the functionalizing agent was delibaratiition to
improving solubility and providing reactiienctional groupgor polymerisationit allows

the polymer to degrade pesseinto succinic aci®? a naturally occurring and edible
compoungand, of course, astaxanthirhis aspect introduces a potential advantage in terms
of environmental safety and biocompatibilitoreover, this polymedoes not incorporate
alkyl chains, which affects both its solubility profile and the ovemaltrostructureof the
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resulting polymer backbonélhe second polymer wasynthesisedvia a condensation
reaction (Scheme 3.3 route a)between astaxanthifl) and dchlorodihexylsilane This
approach introduces silane linkages along the polymer backtogystherwith long alkyl

chains These chains are expected to influence solubility and morphology, potentially
enhancing processability in organic solvents. The reaction was conducted at low temperature
to preserve the carotenaidnjugated cordmportantly, this strategy was chosen to remain

in line witht h O fp r ot a&preachmimimising degradation during synthesis while
incorporating hydrophobic units that could imprgaymerstability in devicesThese two
synthetic strategies illustrate complementary approaches to designing astalas#un
polymers. Polyme(7) allows controlled polymer growth, without introducing long alkyl
chains, and includes the additional benefit of environmentally benign degradation products.
Polymer(8), in contrast, introduces hydrophobic alkyl chains via silane linkages, enhancing
stability and proessability while following a design stratethat preservethe carotenoid
chromophoréno hightemperature treatment is involved in both synthesis and purification
see experimental section for further informatatout purificatior). Overall, these strategies
highlight the importance of careful synthetic design to overcahee limitations of
carotenoids. By selecting functionalization gralymerisationmethods thoughtfully, it is
possible to produce materials tlesthance astaxanthgtability andprocessability, with(7)
providing a rigid, biocompatible framewodnd @) offering a hydrophobic, alkylchain

containingstructure.

050
OH " pmap, t)=° o*n/\)LOH
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B DI _— o
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Scheme 34 Disuccination protocol performed on luteid) @s starting material to prove the generality of the strategy

To further assess the general applicability of the succinylaiidymerisation protocol, the
disuccination reaction was also performed using lu{e)nas a model substrate. This
carotenoid was selected because, while maintaining a conjugated backbone similar to that of
astaxanthin, it presents slight structural differences, particularly in the terminal hydroxyl
functionalities and the absence of ketoup®. Evaluating lutein under identical reaction

conditions providd valuable insight into whether tharae functionalisation strategy can be
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extended tathercarotenoids wittsimilar molecular architectures. The reaction proceeded
efficiently, yielding the lutein disuccinate derivati{@ in 75% yield, thereby demonstrating
that themethodology is potentially generalisable toestbarotenoids and may serve as a

versatile platform for future polymerisation studies.

3.3.4.2 Optical and thermal characterisation of astaxanthirbased
copolymers

A detailed characterisation of the synthesised astaxab#isied polymers was performed to
evaluate the structural integrity of the chromophore and the impact aivthdifferent
synthetic strategies on the resulting materials. A combination of complementary analytical
techniques was employedJV-vis spectroscopy was used to investigate the optical
absorption features of the polymers and to monitor possible alterations in the electronic
conjugation of the astanthin backbone.

1,0 5 . N
Amax =470 nm N\ |:| p(astaxanthin-a/t-dihexylsilyl)
hAmax =484 nm -0SiMe,
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Graph 3.6 Normalised ABS spectra in the spectral range-380 nm of the tw@®SiR protected derivative of
astaxanthin 2Za) (grey line) and Zb) (grey line) in comparison with polyme8)((green line) using DCM as solvent.
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ThenormalisedJVi Vis absorption spectra of-8llyl protected derivative®a and2b, and

the corresponding polymé8) areshown inGraph 3.6. As already reported in the chapter,

both O-protected derivatives displdlye sameabsorption maxima of tharistine carotenoid

(& &°° TheBabbsentaof appreciable spectral shifts confirms that the introduction

of silyl protect i ng -cgnjugategsystethar emduceraggtegator r t u r k
in solution Upon polymerisation the materialexhibitsa modest hypsochromic shift of the

main absorption band (@& a 4oftbe bandihesa ¢ ¢ 0 mp
changescan beattributedto different aggregations of the polymeather than to any

di sr upt i coonjugation. Thepolymerisationpresumablyalters intermolecular
interactions and packing without affecting the characteristic optical transition of the

chromophore, preserving the electronic struetiniat iscrucial for chargeransport in OFET
devices.
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Graph 3.7 Normalised ABS spectra in the spectral range-380 nm of pristine astaxanth(t) (dotted red line),
astaxanthin disuccinatel) (blue line) and polymer7j§ usingtetrahydrofuran THF) as solvent.

Graph 3.7 showsthe ABSspectra of pristiné-astaxanthin, its eésuccinate derivativés),

and the correspondingolymer (7). The spectrum of the native caroten@dd te d
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succinyl derivativdeatures the characteristic maximum at 482 nm, typical cdltieans
configuration confirming thatalso theesterification at the terminal hydroxyl positions does
not pert ur b -systemAsdnahe previpus casdde polymeric sample exhibits

a sl ight mnl# 476 nny, hndi¢ating 4 small decrease in planarity due to the
incorporation of the ester linkagéihe small shoulder observed in the B3P0 nm region

is likely due to the formation of cisomers}® presumably resulting from the Soxhlet

extraction process, whiadxposeghe polymer to elevated temperatures in solution.
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Graph 3.8 TGA curve of polymer (8) performed under air (dark green line) and under nitrogen (light green line)
compared with the TGA curve of astaxanthin (red dotted line) performed under nitrogen

TGA was used to assess the thermal stability of the materials and to compare the influence
of the polymerisation on the degradation behaviour. The TGA profile reveals clear
differences between the polym@) (Graph 3.8, green linesand the pristine astaxanthin
(dotted red ling)highlighting the stabilising role of polymerisation and the introduction of
alkyli silane linkagesIn both oxidative (air) and inertNg) atmospheres, polymedB)
displayed a significant improvement in thermal stability compared to pristine astaxanthin.
The onset of weight loss shifted from approximatél$ AC for the molecular compound to
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about 200 °C for the polymer, confirming that polymerisation and silane incorporation
effectively delay the initial decomposition processks.addition to the higher onset
temperature, a residual mass is clearly observed at the end of the TGA run for the polymer,
whereas pristine astaxanthin is almost completely volatiliEbi$ behaviour indicates the
formation of thermally stable inorganic fragments, plausibly related to siiootaining
residues that do not decompose within the temperature rangeszkplotably, the residual
fraction is larger under nitrogen than under air, suggesting that, in inert conditions, the
silicon-based moieties tend to condense into-nolatile silicatelike structures rather than

being oxidised into gaseous products saE®iQ This trend is consistent with the behaviour
previously observed for similar silawentaining systems (compounga and 2b), where

the TGA curves also displayed a more pronounced residue when analysed under nitrogen.
Under oxidative atmosphere siead, partial oxidation of the alkyl substituents and of the
silicon framework leads to a more complex, msetép degradation pathway and a reduced

residual fraction.

3.3.4.3 Potential degradation pathway of an astaxanthirsuccinic acid
copolymer in the human gastrointestinal system

The proposed copolymer comprising astaxanthin and succinic adgipsthesisedo
undergo enzymatic hydrolysis and metabolic conversion upon oral ingestion, based on
existing literature on carotenoid esters and dicarboxylic acid derivatives. However, it is
important to note that no specific studies have been conducted on thislgaadipolymer.

The following discussion outlines a plausible degradation pathway, referencing relevant
studies on the metabolism of astaxanthin and succinicddacidatives Figure 3.17). Upon
ingestion, the copolymer reaches the stomach, where it may undergo partial disaggregation
due to acidic conditions and mechaniaetion In the small intestine, bile salts facilitate the
emulsification of lipophilic components like astaxanthin, forming micelles that enttegice
enterocyteabsorptiorP® Simultaneously, esterases and lipaseshgaitolyseester bonds,
releasing free astaxantffrand succinic acif® Astaxanthinis subsequently transported via

the lymphatic system as part of chylomicrons, reaching the liver and entering systemic

circulation, often associated with lipoproteins such as VLDL, LDL, or BB Succinic
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acid, upon hydrolysis, is absorbed into the portal circulation and transported to the liver.
There, it is converted to succir@loA, entering the citric acid cycle as an intermediate
metabolite®™® Once it reached the liver,staxanthincan be converted into various
metabolites, including-Bydroxy-4-oxo-b-ionong®’ then primarily excretedia the bile As

a matter of fact, thdegradation of the copolymer within tie tractis likely influenced by

factors such as th@olymer'smolecular weight, crystallinity, and solubility.

Astaxanthin-alt-disuccinic acid copolimer fragments

""""""""" > Clearage site_ g
7% e T %
o® 04 2 —_— ) ®
® - 1 o @] [
a) Stomach 000 - Yoec?
: Bile salts
v s I 2 .®" . — Astaxanthin
L]
g . > o sa, + .
%«\-;A o * @ *
& SR

al 4 . .
2%

{/O. b) Small intestine

N :
| H Enterocytes
S
H ===
.

= \

v l
/"’ Krebs Cycle _’_,':' 57':
/ -‘;" ¥/

c) Liver

Figure 3. 17 Hypothetical degradation pathway of astaxanthin copolyiebésed on the metabolic pathway of its
single components

Polymers with high molecular weight and low solubility neyveincomplete digestion and
absorption. While direct studies on the metabolism of an astaxarghatinic acid
copolymer are lacking, existing literature on the individual components suggests that such a
copolymer could benetabolisedthrough pathways involving enzymatic hydrolysisd
absorption. However, the efficiency of these processes would be contingent upon the

copolymer's physicochemical properties.
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3.4 Conclusions

This work demonstrates the feasibility of employimgrotenoids, and particularly
astaxanthin, as functional materials for edible organic electrowitde addressing their
inherent chemical and physical limitations through targeted molecular design. The
investigation of pristine astaxanthin revealed that, despite its limited solubility and
susceptibility to degradation, the molecule can form sagstalline films upon moderate
thermal annealing (~120 °C), resulting in a marked improvement indfédt mobility.

These results confirm that carotenoids can indeed support charge transport when
appropriately ordered in the solid state. Building upon this foundationchkeical
modification strategiegxplored, namely silyl protection and hydrazone derivatisation,
successfully enhanced astaxanthinds -sol ubi
conjugated backbone. The reversigjilation approach enabled solution processing under
mild conditions, with the protecting groups removable upon gentle heating, thereby restoring
the pristine chromophore. Conversely, the hydrazone derivative introduced permanent
solubility improvements, suggestiran alternative route toward stable carotermaded
semiconductors. Furthermore, tip@lymerisation of astaxanthimto copolymers with
succinic acid and dialkylsilane demonstrated a significant enhancement in thermal stability
and structural robustnesBhese polymeric systems combine improved processability with
potential biodegradability, aligning with the principles of green and edible electronics.
Preliminary analyses also indicate that the succinic acid copolymer could undergo enzymatic
degradation rnito naturally metabolizable products, further supporting its suitability for
ingestible applications.

In conclusion, this study provides a comprehensive framewotkafiosforming carotenoids

from nutritional pigments into functional, processable, and edible semiconduBtors
integrating molecular engineering, sefithte characterisation, and materials design, it
advances the broader vision of sustainable;iriiegrated electronic systems capable of
safely interacting with living organisms and the environment. The gteatdeveloped here

open the path toward a new generation of transient, metabolidablees that merge
functionality with biocompatibilitybridging the gap between materials science, electronics,

and life sciences
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[ ]
3.5Experimental
3.5.1 Materials and methods
Al l reagents are pufrAdidaded ,f rFdmoVYWRhe S| gma

Ambeed, Fi sher Scienti fiicnclanmdi nTgh ea nmoyrd rsches
sol viamtes pur c haskerdb af,r oFm sChaerrl oSci ent i fi c, and
unl ess otherwise stated. Extra dry solvents
having a >99,5% purity are always employed

conditions. Gl assware is dried tfhoer s2y4n thhoeutr
protocol requires an anhydrous environment .
chapter are performed in the dark to preven
reason, al |l the obtai nckdr prmldaucd ss. alrfe talH evas
requires an inert atmosphere, solid reagent
mbar) and then refilling the reaction vess
ti mes) . L rmged itpiongw!| |l dsv are degaspwedphatwr oug
procedure using liquid nitrogen as a cool in
G UV254 silica gel pl at em)a f p o & ewdasviveb €UV 610a mp,
(e: ad8l4 365 nm). When cited, the compositio

as a volume/ Mel tumagr apiats are -lé@sappdr amp
Solution Nuclear Magnetic Resonance (NMR)
400 NEO sp®ictNMRmetferknown compounds are inc
procedure to provide the readeMHNWIRd lhe dthrea c h

of new mol ecul e sCharpea eal s3a 5i.M3cl uded i n

3.5.2 Synthetic procedures
Synt hes-E3® ,-BiNs [( @t i meht fthalr o-# ledhid) DX yan&) (al |
3 ,-BiINg [(H(uteyrltdi me t-bh,¢bla $ o-# pdhim2xy ] (

Jol
imidazole, \Si‘R O.gi~
S 7 R 0, N N
X X AN g g g (o] o | X X AN g g (o]
DCM, 0 °C to rt, dry, N,, dark, 5h Rl‘si
e “O

OH

1 2a: R;= Me
2b: Ry=tBu

ScheneSy3nt hetic protoco2pa fadid t(he obtai nment of
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The twootCected deqfaistatxiame i of areamsynt hesi z
procedure and purified accordingly. TMSCI

TBDMSCI is used as received withoutr efewret he
pump t hawaedvreinemmcec® 25 -mhat troomnfdl ask, di ssol v
DCM, and added to the reaction mixture as a
200 mg -aodt axd@mtgdh0 N34 mmol , 1 eq) and 138, 7
6 eq)e added-dtoedocXRové&n-mkt troomnfdl as k. The
degassed, then dissolved in 4 mL of anhyd
temperature for 10 minutes, then O0zSL3CImL (

(TMSCI or TBDMSCI solution) are dropwi se ad
products are precipitated by addi negac2tOi omL ¢
flask. The powders are filtered and washed
Schlenk line. The pr&8Qu Qi3si edlrde2 sa @WE:d UhWber

2alH NMR40O MDPA( pCm)6.66T7 3( 4H, m), 6. 469 3(12H,
(4H, m), 6.27 (2H, d, J=11.4), 6.08 (2H, d,
(6H, s), 1.79 (6H, s), 1.00 (12H, d, J=33.4

2bH NMRAOO MNBOZ( pCm)-6 667 3(4H, m), 6. 469 3(12H,
(4H, m), 6.27 (2H, d, J=11.4), 6.08 (2H, d,
(6H, s), 1.79 (6H, s), 1.12 (18H, s), 1.02
(6H, s)

Synt hesi s3,aBfiNh(y3Hs, a3\ )d i p h e nfy lchayr dorBpezncen ()

OH OH
PhNH,NH, pTSA H

B \\\\\\\ 0 N'N\ \\\\\\\\\ \N.N
DCM, rt, dry, N,, dark, 4h H
HO HO

1 3

Schen&Ssyht hetic protocod for the obtainment c

300 mg of tra)®, Esmawéant Hi re gi) o launedn e%,ud If omg
(PTSA) (0,05 mmol , 0, dregee@ cokr e2 5a eotld dr atroon fdd ra s d

The reagents are degassed, then dissolved i
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hydrazine are dropwise added to the reacti
temperature for 4 hours. The reaction miXxt
mL of toluene are added. The fiotrhmebdr ipmreectiopir
resi dual hydrazine and PTSA. The solid is
stored ulseACAr(witel d: 79 %)

'H NMR400 MBted( p€m) 7.27 (4H, t, J=7,9), 7.1
J=7,1pH,66. 8@H6. M ,( 6OKBO m), 4-18B8(ZR2Hq, m)=
(6H, s), 1.17 (6H, s)

Synt hesk)8 ,-BiNs (au ¢ ei,-chay o-baedilpdHh e (

OH " pmap, cyclic anhydride o‘n/\)LOH

X \\\\\\\ {0 I —— o

DCM, rt, dry, N,, dark, 4h
HO' HO\n/\)'LO

o]

Schensyhthetic protocod for the obtainment ¢

300 mg -aosft a&x &mtghGi ,n5 (mmol , 1 eq), 400, 2 mg of
8 eq), and-dé Iethyrmhamofmopyri dine (DMAP, 5,0
an edweine@c® 25 -bhdt trom nfdl as k. The reagents &
in 2,5 mbusf D&EMhydfter 4 hours, the mixtur
aqgueous 5% citric acid. The product 1is thei
with brine. Tdrei od g@dincd Nfaiyletreriesd. The sol v
afforednasgdi d. The product is dried overnicg

IH NMRAOO MHDU p@PDOQH6 66 FO0(4H, m), 6.-63264H4HL,
m), 6.20 (2H, d, J=162.132 (681B24. R H,2HHQ 9m)=6
(12H, s), 1.90 (6H, s), 1.35 (6H, s), 1.22
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Synthesis f-B{NBRs 8 Nb-6MiR) Bexryd (

N o
OH " pmar, \l\;)=° o\n/\)LoH
S Y VN - o IIIIID DI [
L DCM, rt, dry, N,, dark, 4h Ho. L
. o

o
5 6

Schem&Syhthetic protocof) for the obtainment c

300 mg &f (Qteimmdl , 1 eqg), 400,2 mg of suc
614,1 +whgmef hyl aminopyridine (DMAP, 5; 02 mm
drie@dc®R 25 -bmdt troomnfdl as k. The reagents are
mL of oaunsh ydOM. After 4 hours, the mixture i
5% citric acid. The product is then extract
The or gandirc elda y8eixa midsNfai | t ered. The sol vent

geen solid. The product is dried overnight

IH NMR40O MH2I ppDO6 67F6(4H, m), 6.41 (2H, ¢
6.8427 (2H6. MY ,( BHE264M9 , ( B5HE5.70m9 , ( BH2L661n) , ( &H,7 C
m), -2.64 (2H, m), 2.19 (1H, m), 2.00 (9H, s
(1H, d,1.¥F5.(8)H, s), 1.69 (3H, s), 1.62 (1
J2=4.8), 1.15 (3H,s), 1.12 (3H, s), 1.04 (3

Synt hesi st o&mBssed3ydiYhayl ébr-cha y o-4 edhidpne) s7Wccinat

OH 9
(4), DMAP, Boc,0 OM
(o] X S o

X X g g g (o] 0, A NS R o
DCM, rt, dry, N,, dark, 24h N

()

1 7

Schem&yhthetic protoco’l) for the obtainment c

223 mg of astaxan(b) 2a8dmmaoakci hatgl( (20,02 8ng

mmo | 1 eq), 23 mg of DMAP (-O0edwt ynmodi, c &r, Ibo
(B9 (0,84 mmol, 3 edini et ek a2d end tttommm mfdl oavsel
The reagents are degassed, then dissolved i
bath for 24 hours. The solvent i s itdenbyva

54



Chapter3

[ ]
Soxhl et extraction using MeOH, Acet one, PE,
71"s recovered with THEF, t hen the sol vent i s

H NMR4OO MHRAUW p@DGH 69B8( 1445, 48) (25426®9 )( 41, 9
m), R2.7AB (224, 1m) ( 12 H38 m)

Synt hesi s-dofth ypbodbxjy 0-8 eBiINBnN-BIN) al t (di h&x hyl sil

OH imidazole, CI‘Si\CI OSii’n/W
o IR 0 °. IR 0
DCM, 0 °C to rt, dry, N,, dark, 5h £
HO' 0
1 8

Schene®wBnt hetic protoco8 for the obtainment

00 mg -aodt ax@mtgdh0 N34 mmol , 1 eq) and 163, 2
eagr)e added-dtoedmc X ovl2é&n-mht troommndl as k. The 1
egassed, then dissolved in 4 mL of anhydr
Omi nutOe,sl, mlheonf di hexyildichlaresddamwei &, ¢

he reaction fl ask. After 5 hour s, the sol v

w o o DN

—+

s taken up with MeOH. The precipitate is f
for 3 hours using threg Socfh lae nrke dloi gnoew titeor sa f$fhoer
under-38r ALt

IH NMR400 MbCH), U €®mM)-6 61 B8( 14H,. 38) ,( 24419068 ) , 2
(20H, -Mm)03.6364,. 8E) (9HOODY ) (6B, 7I6r)

3.5.3 Materials characterizations

3.5.3.1 Optical characterizations

ABS anal ysvissimandge &NVe performed to charac
samples and to monitor possi ble wvariations
coll ected wiOngJvd Viad dNd RVspectropB8otdemeteor
and a edauvmalopti cal system. The instrument <co
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nm, using a deuterium3l5&mmmfl) g fhaa lhaugnddnig tireargp c
the visiblig800O egm)o,n qdmBdd0a PbS phot eicrofnrdaurced v
region. The specopaadmIaendltutd oncdd@dmln isng md pe e
Al l measur ements-farce @dercfmorpmdd il rentgwd quar i
correction is performed oursitgygF ¢ heefspreen ¢ &.m
and absorbance of the samiBl0dds Mant.esamplesed
prepared by dissol wirngHtf hceo nacreanltyrtag s oinrs D QM
0,1 mgLnrmmbl LO0ensuring absorbance values
Bedrambert | aw (A < 1)

where A is tUhvdLahsiosbaheemol ar absorpti on
optical pat h, and ¢ Y%s Ohetacangensiatoban :

processing were performed with Jas@®x Spec

determination, normalisation) was carried o
1,0 =
p(astaxanthin-alt-dihexylsilyl)
-0SiMe,
-0SiMe,f-butyl
0.8
<
g
E
= 0.6
—
g
=
=
=
@
S04 4
=
£
-
=]
=
0,2
0‘0 v 1 ’ 1 v I 1 v I 1
300 350 400 450 500 550 600
wavelength (nm)
Graph39Nor mal i sed ABS s Ra(cdreay DMf(i bdem)winv dptoid wéBsrm(een | ine) wusi

DCM as solvent
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1,0

Jmax =482 nm

astaxanthin disuccinate
=476 nm — — astaxanthin
astaxanthin-a/~disuccinicacid

0,8

0,6 -

0,4 -

normalized absorbance (A)

0,2 5

0.0 . - . . .
400 500 600

wavelength (nm)

Graph 3. 10 Normalised ABS spectra in the spectral range-380 nm of pristine astaxanthing)((blue line) and 7)
using THF as solvent.

3.5.3.2 Thermogravimetric analysis

TGA are carried out wusing a TGA/ DSC 1 STAR
alumina cruciblit@. mpepfr ogamaatedmymplbe are hea
at a constant hedtimgdearata odntlion udoQitsmiga s
Measurements are performed both under a nit
stability) and under an air atmosphere (to
e. g., t hermogravi metric derivaepbvdef{e&Gh) nat

are performed using OriginPro software.

Herein are reported the TGA curves (contin
compo2addand
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3.5.33 Spectroscopic characterizations
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Chapter 4
Introducing RAFT pendants on isoindigo core

AThe best way to have a good idea i s

Linus Pauling

The isoindigo core, long valued for its electronic stability, is reimagined as a platform for
controlled growth. Through RAFT chemistry, short oligomers of PDMA and polystyrene are
grafted onto its backbone, transforming ordinary side chains into funt¢tot@nsions that
guide structure and performance. Two chemistries, one hydrophilic and flexible, the other
hydrophobic and rigid, are connected, defining how the material organises, interacts, and
conducts. This gives rise to isoindigased materials daeged for both OECTs and OFETS,
where control at the molecular level becomes the key to multifunctional behaviour.

4.1 Introduction

This part of the project represents a transversal research effort aimed at developing
alternative sidechain architectures for isoindigmsed semiconducting polymers intended
for use as active materials in OFET and OECTSs. It was carried out within ¢agategroup

where | conducted my doctoral studies, in close collaboration with a postdoctoral researcher.
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The project originated from the convergence of our respective areas of expertise: the
chemistry of organic semiconductors and the controlled synthesis of polymeric side chains
via Reversible AdditionFragmentation Chain Transfer (RAFT) polymerization. By
combining these two domains, the primary motivation is to identify new polar side chains
capable of supporting mixed iorétectronic conduction while avoiding the extensive
reliance on PEG substituefftsthey currently are the most common strategy to enhance
ionic transport and water compatibility in conjugated polymers operating in accumulation
mode, yet they also impose certain limitations in terms of synthetic flexibility;tknng
stability, and cotrol over interfacial interactiorS. To address these aspects, this work
combines the classical synthetic approaches of conjugated polymer chemistry witH RAFT,

a living radical polymerisation technique. In contrast to its conventional application in
preparing highmolecularweight polymers, RAFT polymerisation is here exploited
(although with its limitations) to synthesise short, oligomeric segrfietitat can be
covalently attached as side chains to the conjugated backbone. This approach enables a

systematic finguning of sidechain polarity, length, and composition.

4.1.1An introduction to Organic Electrochemical Transistors (OECTS)

During the last decade, the rapid development of the field of bioelectronics has accelerated
the emergence of new platforms capable of acting as interfaces between biological and
electronic systems. Since biological systems rely on ions and neutral resldoul
communication, signalling, and the regulation of physiological statésybrid devices

able to translate biological signals into electronic ahesr vice versad through ionic
signalling have become crucial. Such technologies enable more effective sensing, recording,
and monitoring of biological activity® Organic electronic devices hawbus gained
significant attention as effective translators between the signals and functions of biological
systems and those required by humaede electronic technologies. Their capability to
conduct and process both electronic and ionic sigeasabled by the intimate coupling
between ionic motion and electronic charge compensakarthermore, the chemical
versatility of organic molecules and polymers allows for precise control over their physical,
mechanical, and ietfacial properties. Through molecular design and synthesis, materials

can be engineered to exhibit tailored morphology, flexibility, and elasticity, along with
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surface chemistries that ensure biocompatibility and-teng operational stability” The

ability of a material to conduct electrons and ions simultaneously is knownixasl
conductanceand organic compounds capableabsorbing andransporting both types of
charge carriers are classified as organic mixed ionic and electronic conductors (OKIIECs).
Conjugated polymers constitute an ideal platform for samaviour t hcenjugated
backbone supports efficient electronic transport, while their bulk structure can accommodate
the motion of iong! This dual transport capability has enabled the development of a wide
range of innovative electronic devices, among which the organic electrochemical transistor
(OECT) stands out as a particularly versatile example. OECTSs effectively translate ionic
biological signé into electronic outputs and provide substantial signal amplification, a
feature that arises directly from the interaction between electrolyte ions and the active
OMIEC material throughout its volunf€ An OECT consists of an organic semiconductor
film in direct contact with an electrolyte, within which a gate electrode is immé&t&&the
conductive channel, formed by the organic material, is connected to two metallic electrodes,
termed thesource(S) anddrain (D) , which allow the flow of charge carriers (electrons or

holes) across the channel (Figure 4.1).

Electrolyte

Source Drain

Semiconductor

— ID ‘?I'

Figure 4.1 Schematic representation of the typisalicture of an organic electrochemical transistor (OECT), showing
the source (S), drain (Dglectrolyte, OMIECand gate (G)

A defining feature of OECTs, in contrast to conventiof@FETs or inorganic
semiconductors, is thathanks to OMIEC capabilitpf ion infiltration®! conductivity
modulation occurs through the injection of ions from the electrolyte into the bulk of the

channel, thereby altering itxidationstateand overall conductivit§? Device operation is
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governed by the voltages applied to the gate) @nd the drain (%), measured relative to
the source; the gate voltage controls ionic injection, while the drain voltage induces a current

(Io) proportional to the number of mobile charge carriers in the channel

4.1.1.1 Charge Transport and Operational Principles of OECTs

Depletion and accumulation mode
OECTs can operate in either depletion or accumulation mode, depending on the intrinsic

doping of the channel material and the polarity of the applied gate véttége.

a) depletion mode OECTs ON

In (A)

In (A)
\,
o
o

Ve (V)

Figure 4.2 a) Transfer curve showing depletiomde operation of an OECT with a conducting polymer channel. At
zero gate voltage, holes on the conducting polymer contribute to a high drain current, and the transistor is ON. When a
gate voltage is applied, the holese replaced by cations, and the transistor is OFF; b) Transfer curve showing
accumulatioamode operation of an OECT with a semiconducting polymer channel. At zero gate voltage, the channel has
few mobile holes and the transistor is OFF. When a gate @itagpplied, holes accumulate and compensate for the
injected anions, and the transistor@sN.

In depletioamode devices, the channel is initially highly conductive due to the presence of
mobile carriers (e.g., holes in PEDOT:PSS), and application of a gate voltage induces the
injection of counteions from the electrolyte, which compensate thetmgscarriers and

reduce the channel conductivity, switching the transistor from ON to OFF. Conversely,
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accumulatiormode OECTSs feature a channel with a low initial carrier density; in this case,
gating injects ions that electrochemically dope the channel, increasing carrier concentration
and turning the device ON (Figure 4%3)The dynamics of ion injection and redistribution
govern the temporal response of the transistor: ions migrate from the electrolyte into the

channel under the influence of the gate potential, modulating the bulk conductivity.

TEEEEE
+ T =+
+ =
- +
+

2) OFET b) EGOFET ¢) OECT

Figure 4.3 Schematic of the three device types. A) In OFETS, the gate voltage induces carriers at the semiconductor
dielectric interface; b) In EGOFETS, a liquid electrolyte forms an electric double layer at the interface, enhancing
interfacial charge accumulatiorg) In OECTS, ions penetrate the bulk of the semiconductor, modulating the volumetric

doping and enabling large drain current changes at low gate voltages.

The spatial distribution of these ions throughout the channel thickness gives rise to the
volumetric gating characteristic of OECTS, in contrast to conventional BEdlsctrolyte
gated field effect transistors (EGOFEWhere charge modulation occurs primarily at the

interface(Figure 4.3).84

Device Physicef OECTs

The operation of OECTs is based on their ability to transduce small variations in gate voltage
into large modulations of the drain current. This relationship is described by the transfer
curve, which represents the dependence of the drain cui@®@rinthe gate voltage).

The slope of this curve defines the transconductébgeation 4.}

4.0 Q TOITe

a key parameter quantifying the amplification efficiency of the device. OECTs exhibit

remarkably high transconductance valuige to theirvolumetric gating mechanisf in
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which ions penetrate and modulate the entire semiconductor bulk rather than only an
interfacial region, as in conventional FETs quantitative basis for OECT operation is
provided by the Bernards model, which describes the device as two coupled circuits: an
electronic circuit(Figure 4.49, corresponding to the sourtechanneli drain pathway
(model |l ed as a vari abl ¢, amda smicscircoit(Figiire4.4b),0 wi n g
representing the gateelectrolytei channel configuration.

a) Ionic circuit
] 1
<

R

_____ Ccg>C¢ Poor gating

Ccn

- N o

,: x = distance

! Potential (V)

b) Electronic circuit

Figure 4.4 Schematic representation of a) ionic and b) electronic circuits used to Q&AETs The ionic circuit (a)
consists of capacitors corresponding to the cha@el), and gate(Cg), respectively, and a resistor corresponding to
the electrolytdRe). The electronic circui{b) is modelled as a resistor with a resistance that varies upon gating. The
panel on the right shows the distribution of potential in the ionic circuit. The solid line corresponds to the case of
efficient gating, in which most of themigd gate voltage drops at the electrolgteannel interface, driving ions inside
the channel. The dashed line corresponds to the case of poor gating, where most of the applied gate voltage drops at the
gatd electrolyte interface.

The ionic circuit comprises a resistor associated with ion transport through the electrolyte
and a capacitor describing ionic accumulation in the chalmilis model, the gate voltage
drives ions from the electrolyte into the channel, where they balance the existing electronic
charges without undergoing any chemical reactions with the semiconductor. Once the ions
are fully distributed and the channekisbilised the gate current drops to nearly zero, and

the drain current reflects the new equilibridimping of the channé?. The Bernards model
provides a reliable description of OECT output characteristics and allows quantitative
prediction of the transconductand@ (). For depletiormode devices operating in saturation,

it is expressed throudhquation 4.2

~

o
@ 0 Qb Gy o f
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wherew , 0, andQrespectivelyare the channel width, length, and thicknéss;the charge

carrier mobility; 6°is the volumetric capacitance of the channel; apgs the threshold
voltage. For accumulatiemode devices, the voltage terms are reversed. This equation is
analogous to that of a conventional FET, with the key differetheg the product

Qt 6° replaces the areal capacitande) £° The volumetric gating mechanism thus enables
OECTs to achieve superior amplification compared with other transistor technologies.
However, high transconductance comes at the cost of slower operation. According to the
Bernards model, the response time is limited by either the electronic or ionic circuits, with
most devices being dominated by the ionic pathway. In this case, the seqpoe is
determined by the product of the electrolyte resistance and the channel capacitance, the latter
being proportional to the channel thickness. Consequently, thicker chaedatse the
device speed. Therefore, channel thickness can be stratggutjakted to balance the trade

off between gain and bandwidibptimisingOECT performance for specific applicatidiis.

4.1.1.2 Organic Mixed lonic- Electronic Conductors as active layer for
OECTs

As alreadystated(see chager 4.1.0), OMIECs are a class of soft organic materials that
simultaneously conduct electronic and ionic charges, enabling volumetric modulation of
electronic conductivity when ions from an electrolyte penetrate the material. Unlike
conventional organic semiconductar fieldeffect transistors, where charge accumulation
occurs primarily at the interface, OMIECs allow ions to permeate the bulk of the polymer,
modulating the charge density throughout the volume. This unique property underlies the
high transconductancdarge volumetric capacitance, and efficient signal amplification
observed in devices such as OECTSs, bioelectronic sensors, and neuromorphic circuits. The
design of OMIECs requires careful balance between electronic transport, ionic accessibility,
and mophological stability under repeated ion injection, swelling, or hydration, which can
otherwise degrade device performaft¥
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Material Classes of OMIECs

OMIECs are typically categorized along two dimensions: whether the material intrinsically
contains fixed ionic groups, and whether ionic and electronic transport pathways are spatially
segregated (heterogeneous) orlamalized within a single mixedonduding phase
(homogeneougq)Figure 4.5).

Figure 4.5 Heterogeneous blends of a conjugated polymer with (a) a polyelectrolyte or (b)-solvating polymer
electrolyte, forming largely disordered phaseparated morphologies; block copolymers combining a conjugated
segment with (c) a polyelectrolyte of) @h ionsolvating segment, yielding more ordered, tuneable microphase
separated structures; homogeneous OMIECs based on fully conjugated (e) polyelectrolytes -@o(fjgitimy polymers,
forming a single mixedonducting phase. Sketches illustrate iamomponents (grey), electronic components (red),
cations (pale red), and anions (cyan).

The intersection of these criteria yields six widely recognized OMIEC types. Heterogeneous
OMIECs include blends of conjugated polymers with polyelectrohg@e®¢° blends with

solid polymer electrolytesbf, and block OMIECs (typesc, d), in which electronically
conducting and iortonducting segments are covalently linked andastemble into phase
separated morphologies. Homogeneous OMIEEs f) incorporate ionic or polar
functionalities directly along the molecular backbone or side chains, thereby forming a
single, continuous mixedonducting phase. This classification provides a useful basis for
understanding how chemical structure and mowmuippolinfluence iore uptake, electronic

charge transport, and volumetric doping in OM{B&sed devices.
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