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Résumé de These

Développement de nouvelles molécules hautement
conjuguées et leurs applications dans le domaine des
énergies renouvelables et des biomatériaux

Ce travail se concentre sur le développement et l'incorporation de molécules conjuguées a de
nouveaux matériaux fonctionnels hybrides qui seront utilisés dans une série d’applications de hautes
technologies allant de capteurs bio/médicaux, a la production d’énergie renouvelable. Les deux sujets
principaux de la thése sont la synthése de nouveaux colorants organiques pour des cellules solaires a
pigment photosensibleet le développement de nouveaux hydrogels a base de polyamidoamines
sensibles aux stimuli.

Développement de nouveaux colorants organiques pour des
applications energétiques

= |ntroduction

Les cellules solaires a pigment photosensible (CSPP), introduits pour la premiére fois en 1991 par Gréatzel
et O'Regan,! ont été I'objet d’une attention croissante ces derniéres années pour leur potentiel comme
nouvelle photovoltaique technologie et I'intérét de la recherche a 'amélioration de leur efficacité et stabilité
a considérablement augmenté.2 Dans une CSPP, la lumiére solaire est récoltée par des pigments, liés & un
semi-conducteur grace a un pont moléculaire. Aprés photoexcitation, le pigment injecte les électrons dans
la bande de conduction du semi-conducteur, permettant de générer un photocourant externe a travers le
dispositif. Pour ces raisons, le pigment joue un réle clé pour la performance énergétique globale (Figure 1).
Un grand nombre de colorants organiques sans métaux ont été employés dans ces dispositifs, et la plupart
des colorants possédent une structure D-T1-A. Cette classe de colorants a été intensivement étudiée depuis
de nombreuses années comme sensibilisateurs pour la production de dispositif CSPP? en raison de leur
faible colt de production, leur coefficient d’extinction molaire élevé et la possibilité d'ajuster finement leur
propriétés photophysiques et électrochimiques en optimisant de leur structure moléculaire.* Cette derniére
caractéristique dépend dans la structure de bloc particuliére possédée par ces pigments caractérises par un
groupe doneur riche en électrons (D) et un groupe accepteur pauvre en électrons (A), connecté par un
espaceur conjugué. Chacunes de ces parties des pigments D-11-A peut étre facilement modifié sans altérer
les deux autres. 24 Ces sensibilisateurs devront étre fixés sur les semi-conducteurs, afin de exploiter le
processus d'injection électronique, donc un groupe d’ancrage est nécessaire et dans presque tous les cas il
est coincident avec le groupe accepteur.
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Figure 1 Processus photoélectrochimiques impliqués dans le mécanisme de travail d’un CSPP.

Le photo-reformage de matiéres premiéres renouvelables, ol un composé organique agit comme un donneur
d'électrons sacrificiel, promet d’étre un processus valable et durable pour la production d’hydrogéne.® TiOo,
a cause de ses bonnes propriétés, est 'un des matériaux plus étudiés pour ce type d’applications et certains
systémes tandem avec co-catalyseurs métalliques particuliers ont déja démontré de bons résultats.
Cependant, le dioxyde de titane n’est pas en mesure d’absorber la lumiere visible et cela peut réduire
I'efficacité de tout le processus. Pour surmonter ce probleme, une possibilité est d'améliorer la récolte de
lumiére du systéme par la sensibilisation du TiO. avec un colorant capable d’absorber la lumiére visible.
Aprés la photoexcitation, le colorant peut injecter un électron dans le semi-conducteur (doté d’un catalyseur
approprié) afin d’exploiter la réduction de 'eau a Hz (Figure 2).5

—— Dye"—> Dye*
o

SED*

Figure 2 Représentation graphique du mécanisme de travail pour la production de Hz sur un photocatalyseur Pt/TiO2 sensibilisés par un
pigment.

Une partie de ce travail est concentrée sur I'étude des propriétés photophysiques de pigments D--A
particuliers développés précédemment dans notre groupe de recherche et caractérisés par la présence d’'un
fragment alkoxysilane dans le groupe accepteur, récemment reconnu comme 'un des groupes d'ancrage le
plus stable et performant pour la CSPP.” Leurs propriétés photophysiques ont été analysées par
spectroscopie d'absorption transitoire et ensuite leurs performances ont été évaluées sur des dispositifs
réels. De plus, en raison de I'absence d’une maniére simple et générale d'introduire le groupe siloxanes dans
ces pigments (Figure 3), il convient de développer une méthode de synthése alternative pour introduire sur
un groupe cyanoacrylique un groupe d'ancrage silylé différent, mais ayant les méme propriétés
avantageuses du groupe siloxane, le silatrane (Figure 3d).
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Figure 3 (a), (b), (c) Différentes voies synthétiques développées pour l'introduction du groupe siloxanes;®(d) structure du groupe silatrane.

Ensuite, certains pigments qui ont déja été développés pour la CSPP, donc déja optimisés en terme
d’injection d’électrons dans la couche de TiO-, ont été testés comme photosensibilisateurs pour la production
de Ha par photo-reformage. L'intérét pour ces pigments s'est accru au cours des dernieres années, en
particulier des études ont été menées sur 'effet de la structure moléculaire du pigment sur les performances
globales du systéme, méme si des études précises sur la corrélation entre la modification introduite et
l'augmentation des performances sont toujours manquantes. Nous avons ensuite décidé de tester une série
de pigments D-1r-A ayant sur différentes positions de leur squelette plusieurs chaines alkyles afin de tenter
de corréler leur structure avec les performances du pigment pour la production du Hy, en utilisant le classique
triéthanolamine (TEOA) comme donner d’électrons sacrificiel (DES).

= Résultats et Discussion

Les propriétés optiques et électrochimiques des pigments siloxanes et des acides cynoacryliques
correspondants (Figure 4) ont été analysées afin de démontrer la possibilité de les utiliser dans des
dispositifs CSPP. En particulier, leurs propriétés optiques ont été analysées tant a I'état d'équilibre,
qu’avec une spectroscopie d'absorption transitoire, dans divers solvants, et aprés sensibilisation sur
un film de TiO2 nanocristallin. La caractérisation a I'état d'équilibre a montré comment la modification
introduite sur le groupe d'ancrage avait un effet mineur sur les propriétés d'absorption du systéme
(Tableau 1), donc des spectres d'absorption transitoire de tous les composés ont été enregistrés pour
analyser aussi les propriétés d'injection d'électrons dans le semi-conducteur.
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Figure 4 Structure des pigments cyanoacrylates et siloxanes analysés.

Des techniques de spectroscopie avec résolution temporelle rapides et ultra-rapides ont été utilisées
pour déterminer les constantes de vitesse et les rendements quantiques des processus individuels qui
se déroulent sur des films de TiO2 sensibilisés.? Nous avons ensuite décidé d’enregistrer les spectres
d’absorption transitoire de nos pigments, en utilisant des solvants de polarité et de polarisabilité
différents, afin d’examiner I'effet de I'environnement sur les propriétés électroniques du systeme.
L'analyse quantitative des données obtenues a été réalisée afin d’obtenir tant les constantes
cinétiques, nécessaires pour décrire I'évolution dynamique du systéme, que les contributions
spectrales correspondantes (spectres de désintégration associés a I'évolution, "EADS").10 Pour tous
les pigments (en particulier pour DF15), les propriétés du solvant ont démontré qu'ils avaient beaucoup
d’influence sur les temps de vie des états excités et sur les formes spectrales, mais nous n’avons pas
observé de différence de comportement suffisante entre les colorants siloxanes et les cyanoacrylates
correspondants. Des films de TiO2 sensibilisés avec les pigments utilisés ont été ensuite réalisés et
analysés. Le temps de vie de ['état excité augmente significativement lors de I'absorption a la surface
du semi-conducteur (indication de I'occurrence de l'injection électronique) et la forme spectrale de la
bande d'absorption de I'état excité était qualitativement similaire pour tous les pigments (Figure 5, a
gauche). Sur la base d’études antérieures concernant des colorants D-1r-A similaires a DF15'" et sur
la comparaison entre les formes spectrales normalisées du EADS mesurées dans des solvants et sur
TiO2, la bande de I'état excité comprise dans la région 700-750 nm a été associé a la formation du
cation radicalaire du pigment apreés de l'injection électronique dans le substrat semi-conducteur.
Notamment, alors que cette bande est clairement visible dans les spectres de DF15 et MB25, pour
ceux des pigments silylés MM62 et MB56, une seule bande trés faible était présente, ce qui suggére
une contribution mineur du radical cation.
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Figure 5 (a gauche) Exemple de spectre EDAS enregistré pour le pigment DF15 sur le film de TiO: et (a droite) comparaison entre les traces
cinétiques normalisées des spectres EDAS relatifs enregistrés a 720 nm pour les différents colorants.

L'analyse des traces cinétiques a une longueur d'onde >700 nm, fournit des informations sur la
cinétique de recombinaison semi-conducteur-pigment et sur la quantité d'électrons injectés dans la
bande de conduction du substrat. Ensuite, la quantité relative du décalage constant mesuré a >700 nm
(qui peut étre connectée a la quantité d'électrons injectés dans la bande conductrice du semi-
conducteur??) a été comparée. Comme indiqué a la Figure 5 (a droite), DF15 et MB25 ont montré les
signes résidus les plus intenses, pendant que les deux pigments silylés ont présenté une constante de
décalage inférieure. Les résultats des mesures résolues en temps suggérent que les modifications
introduites sur le groupe d'ancrage pourraient affecter I'efficacité des cellules solaires préparées avec
les pigments silylés en raison de la plus grande impact du processus de recombinaison, en réduisant
l'efficacité de l'injection électronique si on les compare aux pigments cyanoacryliques correspondants.

Tableau 1 Résumé des propriétés photochimiques des pigments analysés et de leurs performances sur des dispositifs CSPP.

Pigment ¢ Amaxabs s):: )'(I'T;z Eox | Eno | Voo Jse i
(M-*em-1) | (nm) (nm) (V) | (eV) | (mV) | (mAlcm?) | (%) | (%)
DF150l 34000 528 458 | +0.94 | 2.05 | 686 10.86 67 | 4.97
MM62 24000 520 501 - 1213 | 514 1.03 68 | 0.36
MB25 28000 514 456 | +1.03 | 2.50 | 660 11.99 60 | 4.80
MB56 24000 510 478 | +1.00 | 2.48 | 560 2.20 69 | 0.86

[a] Valeurs prises par la ref. 13

Enfin, les deux pigments silylés ont été testés sur des dispositifs CSPP, et ont montré des efficacités
nettement inférieures a celles des acides cyanoacryliques correspondants, contrairement a ce qui est
rapporté dans la littérature scientifique pour des composés similaires.82 D'autre part, ces résultats sont
cohérents avec ce que nous avons observe durant les expériences de spectroscopie d'absorption transitoire
qui nous montrent un taux d'injection électronique plus faible et un taux de recombinaison plus rapide pour
les pigments silylés apres sensibilisation sur la surface de TiO2, ce qui justifie les performances plus
médiocres que leurs équivalents cyanoacryliques. Les excellents résultats obtenus par Kakiage et al.%a
pourrait s’expliquer par le procédé de fabrication de cellules extrémement raffiné qu'ils ont utilisé, comprenant
l'utilisation d’une solution électrolytique complexe et de plusieurs traitements de la couche de TiO,. Ces
observations ont été indirectement confirmées par les travaux de Zidtek et al. sur les facteurs affectant les
performances des groupes d’ancrages silylé sur CSPP.14
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Figure 6 Liaison trans-annulaire du groupe silatrane.

II était donc impératif de trouver un groupe alternatif au siloxane, capable de montrer les mémes bonnes
propriétés d’ancrage au TiO2 mais en méme temps qui se préte a une insertion beaucoup plus simple dans
la structure du pigment. Le groupe choisi est le silatrane et, apres la synthése du squelette silatrane approprié
(4), son introduction par couplage peptidique sur une série d’acides cyanoacryliques a été étudiée (Figure
7). La réaction a été favorisée par la structure particuliére de la cage du silatrane, dans laquelle une liaison
dative trans-annulaire de I'azote a I'atome de silicium, produit une espéce de silicium riche en électrons et
formellement penta-coordonnée, ainsi qu'une structure plus stable' (Figure 6). Aprés une bréve
optimisation, la réaction s'est avérée beaucoup prometteuse et tous les pigments silatranes désirés ont été
obtenus dans des bons rendements et des bonnes puretés.

DF15 or MB25 or MK-2
N(CH,CH,0H), EDC-CI (1.5 eq)

NaOH, toluene, 110 °C ;O/H CH,Cl, rt. J‘j( ’O/ﬁ
HzN@—Si(OMe}a — = HN Si;O\/\QN — § S-o”_n

90% N
MB26, MB113, MB104
CeHiz

L : . ‘@
N + 9 MB96 (66%)

J MK-2 CsHyq H“

j MB104 (60%) \©\ JO) O\ MB113 (43%) \©\

Figure 7 Synthése et structure des nouveaux pigments silatrane.

Z

Ensuite, une comparaison entre les propriétés spectroscopiques et d'ancrage des deux groupes a été
réalisée par spectroscopie UV-Vis (en solution et aprés sensibilisation des pigments sur des films de TiOo)
et ATR FT-IR. Tous les pigments ont un large spectre d'absorption de la lumiére et de bons coefficients
d'extinction molaires; en solution de DCM (Figure 8), des valeurs trés proches des maximaux d’absorption
(Amax) ont été observées pour tout la série, avec seulement un léger décalage vers le bleu passant de I'acide
(DF15, MB25) au siloxane (MM62, MB56) et puis au silatrane (MB96, MB113). Les spectres UV des
pigments absorbés sur TiO2 sont présentés en Figure 8. Tous les pigments présentent un profil d'absorption
beaucoup plus large par rapport aux spectres enregistrés en solution. Les caractéristiques d'absorption des
deux classes différentes de pigments silylés apres adsorption sur TiO2 sont presque identiques, renforgant
I'hypothese selon laquelle des espéces trés similaires, sinon identiques, se forment a la surface du semi-
conducteur aprés sensibilisation avec des pigments trialkoxysilanes et silatranes.
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Figure 8 Spectres d'absorption UV des pigments analysés (a, b) dans une solution de DCM et (c, d) sur un film de TiO2 apres sensibilisation.

Une étude FT-IR ATR (réflectance totale atténuée) a été réalisée ensuite pour explorer la nature de la liaison
établie entre les pigments et le TiO2. La comparaison entre les spectres des deux pigments silylés MM62 et
MB96 est remarquable: leur superposition presque parfaite (Figure 9, a droite) suggere fortement que les
especes formées sur la surface du semi-conducteur pour les deux pigments aprés la sensibilisation sont les
mémes. La derniére étape consiste a évaluer la stabilité relative des deux groupes d’ancrage a la surface du
TiO,. Pour ce faire, une étude de désorption en milieu aqueux a été faite et a montré qu'apres seulement 30
min, plus de 60% de 'acide cyanoacrylique était éliminé du film deTiO,, presque aucune désorption ne peut
étre observée pour les pigments silylés (Figure 9, a gauche).
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Figure 9 (a gauche) Variation de I'absorption relative des films de TiO2 sensibilisés avec les composés DF15 (carrés rouges), MM62 (cercles
bleus) et MB96 (triangles verts) aprés de I'exposition a la solution de désorption & 60°C; (a droite) comparaison entre les spectres FT-IR des
colorants MM62 (vert) et MB96 (orange) apres de I'ancrage sur le semi-conducteur, zoom sur la partie du spectre entre 2200 et 800 cm1.

Ensuite, une série de pigments D-11-A avec différentes chaines alkyles sur leur structure a été testée pour la
production de Ho, en utilisant le classique TEOA comme SED (Figure 10). Le pigmentt D5 est bien connu
pour son utilisation dans les CSPP'6 et il a déja été utilisé dans des systémes photocatalytiques pour la
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production de Ha.'” Pour cette raison, D5 a été utilisé comme référence et il a été comparé a trois autres
pigments, DF15, MB25 et AD418. Ces pigments ont été¢ congus en introduisant des modifications
structurelles sur la structure du composé D5, telles que l'introduction de substituants riches en électrons ou
des modifications sur I'espaceur 1 (qui peuvent influencer les propriétés d’absorption de la lumiére), ou
lintroduction de longues chaines alkyles (qui en revanche peut influencer 'agrégation entre les molécules
de pigment et leur effet de protection de la surface du TiO2'8). Les performances photocatalytiques de tous
les pigments ont été comparées a la position de la fraction hydrophobe sur le squelette moléculaire de
chaque structure. Avant tout, les propriétés optiques et électrochimiques de tous les pigments ont été
évaluées afin de déterminer si elles sont appropriées a cette application particuliére. Tous les pigments se
sont révélés capables d'étre utilisés pour les expériences de production d’Ha, présentant des coefficients
molaires d’extinction élevés, des spectres d'absorption larges et des propriétés électrochimiques
appropriées.
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Figure 10 Différences structurelles entre les pigments testés pour la production du Hz.

Ensuite, I'expérience de production de H: a été réalisée. Tous les pigments ont montré une augmentation
initiale du taux de production de H> lors des premiéeres 1-2 heures, suivi d'une stabilisation du taux sur le
long terme. Pendant que D5 et DF15 ont présenté une production de H. similaire et modérée, MB25 et
AD418 ont montré de meilleures performances tant en termes de quantité d’Hz produite, ainsi que de
meilleurs TON, confirmant I'hypothése selon laquelle la présence de longues chaines alkyle sur I'espacer
(plus proche du semi-conducteur) peut protéger la surface de TiO2 de 'approche d’autres espéces présentes
dans la solution et il peut réduire I'occurrence des réactions secondaires, comme cela a déja été rapporté
pour des systémes similaires.'®
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Figure 11 Taux de production du Hz dans les conditions d’essai pour les pigments: (A) D5, (B) DF15, (C) MB25, (D) AD418.
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La différence la plus importante entre le comportement de tous les pigments a été observée pour MB25:
aprés une activité initiale élevée, il a présenté une forte réduction du dégagement du Ho, indiquant que la
molécule avait subi un processus de dégradation progressif. D'un autre cété, AD418, qui ne s'en distingue
seulement que par la nature de son espacer 1, n'a montré qu'une production initiale de gaz légérement
inférieure a celle du MB25, mais sans enregistrer une chute massive de 'activité du dégagement du Ho. Le
processus de dégradation montré par MB25 a été ensuite analysé et expliqué par une probable attaque
nucléophile sur la double liaison prés de le groupe donneur de la molécule, partiellement confirmée par
I'absence des phénomenes similaires sur AD418, dans laquelle cette double liaison a été remplacée par une
liaison plus stable, un thiophéne.

= Conclusion

Dans la premiére partie du travail, 'emploi de différents groupes d’ancrage silylés en CSPP a été étudié,
ainsi que leurs propriétés optiques et électrochimiques. L'étude montre comment le groupe peut agir comme
excellent group d’ancrage, mais seulement avec une optimisation adéquate et fine de la construction de
I'appareil. Par conséquent, une nouvelle procédure générale pour insérer un groupe alternatif présentant des
propriétés similaires, la silatrane, a été explorée. Son introduction sur l'infrastructure d’'une série d’acides
cyanoacryliques a été possible et s'est avérée plus facile et général que linsertion du groupe
trialkoxysilanique. Les deux groupes présentaient la méme stabilité vers la désorption et le méme
comportement aprés la sensibilisation sur les films de TiO-.

La deuxiéme partie du travail était axée sur [l'utilisation de plusieurs acides cyanoacryliques pour la
production photocatalytique d’hydrogéne. L'expérience d’évolution de H2 a montré comment la présence de
longues chaines hydrophobes sur I'espacer T augmente considérablement le taux de production
d’hydrogéne en protégeant la surface de la TiO2 de I'approche des espéces en solution. La voie de
dégradation de MB25 pendant I'expérience a été étudiée et a été reconnue qui se déroulent sur la double
liaison prés de la triarylamine. Ensuite, le remplacement de la double liaison avec un thiophéne (AD418) a
permis de maintenir le méme excellent taux de production de H» et aussi d’éliminer les processus de
dégradation qui était présente pour MB25.

Développement d’Hydrogels Polyamidoamine: vers de nouveaux matériaux
sensibles aux stimuli

= |ntroduction

Les hydrogels sont des matériaux hautement hydrophiles constitués d'un réseau de liaisons
intermoléculaires covalentes ou non covalentes.20 Depuis les premiers travaux pionniers de Wichterle et de
Lim en 1960,2! en raison de leur biocompatibilité, de leur contenu hydrique élevé, de leurs propriétés
élastiques analogues a celles de tissus naturels et de leur structure poreuse, les hydrogels ont suscité ces
derniéres années un grand intérét dans la science des matériaux.2? Les hydrogels peuvent étre synthétisés
sous différentes formes, en fonction du réacteur utilisé pendant le processus de gélification et, également,
ils peuvent changer facilement de taille et de forme en réponse a des stimuli environnementaux. Leur bonne
biocompatibilité provient de leur contenu hydrique élevé, ce qui les rend également plus mous et plus
élastiques. Leur capacité a gonfler et dégonfler dans un milieu dépend de nombreux facteurs, parmi
lesquelles la densité de réticulation, le caractére hydrophile des chaines polymériques et la nature du solvant,
et peut étre évaluée au travers de la mesure du degré de gonflement a I'équilibre (EDS), définie selon
I'équation suivante:
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Eps = —wer ~ Wary 54
Wdry

ou Wet et Wary sont, respectivement, le poids de I'hydrogel gonflé et lyophilisé. La valeur ’EDS mesuré pour
chaque réseau dépend principalement par la densité et les caractéristiques de réticulation de I'hydrogel,23
méme si la solution environnante exerce aussi une grande influence (par exemple la valeur du pH). Les
hydrogels peuvent étre classés differemment,# en fonction de leur origine (systémes naturels vs.
synthétiques), de leur structure de réseau (inter-pénétrante, copolymere, homopolymere ou double), de leur
méthode de réticulation (s'il est chimique ou physique), de leur charge (anionique, cationiques, amphotéres
ou non-ioniques) ou leur biodégradabilité (si ils sont dégradables ou non). Chaque classe de hydrogel
présente des avantages et des inconvénients particuliers qui ont une grande influence sur I'application finale
des matériaux.
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Figure 12 Représentation du comportement typique des hydrogels répondant aux stimuli.

Les hydrogels sensibles aux stimuli appartiennent a une catégorie particuliere de matériaux dont la
caractéristique plus représentative est de réagir aux stimuli environnementaux (physique ou chimique)
en présentant des changements notables de leur taille, leur structure de réseau, leur résistance
mécanique ou leur perméabilité; pour cette raison, ils sont appelés aussi des hydrogels sensibles a
I'environnement ou hydrogels intelligents.2526 Les stimuli physiques les plus communément utilisés
incluent la lumiere, la pression, la température, les champs électriques ou magnétiques et les
contraintes mécaniques, alors que les stimuli chimiques comprennent le pH, la force ionique et les
agents chimiques. L'effet induit sur le réseau d'hydrogel par le stimulus extérieur peut souvent étre
observé a |'échelle macroscopique sous différentes formes, mais le changement le plus commun
observé est lié a leur volume, qui est aussi lié a leur capacité d'absorption de I'eau?’ (Figure 12). Ces
caractéristiques ont accru leur popularité au sein de la communauté scientifique pour leurs possibles
applications dans les domaines de la recherche de nouveaux capteurs, de systemes de délivrance de
médicaments ou de prothéses souples.

Ce travail était axé sur le développement des nouveaux hydrogels sensibles aux stimuli, a partir d’'une
formulation d’'un hydrogel biocompatible récemment mise au point.2¢ Ce gel est composé d’'un squelette de
polyamidoamine formé sans la nécessité d'utilisation d’un initiateur par condensation d’Aza-Michael du
méthyléne-bis-acrylamide (MBA) et de I'acide y-aminobutyrique (GABA), avec de la pentaethylenehexamine

10



Résumé de Thése

(PEHA) agissant comme un agent de réticulation. De nouvelles méthodologies pour I'obtention des hydrogels
polyamidoamine conducteurs et sensibles a la lumiére ont été étudiées et mises au point. Les hydrogels
électroconducteurs sont particulierement intéressants parce qu'ils sont des biomatériaux composites qui
rassemblent les propriétés de commutation d’oxydo-réduction et des propriétés électriques de la composante
électroactive avec le transport facile de petites molécules, le niveau élevé d’hydratation et la biocompatibilité
des matrices hydrogel.2?

= Résultats et Discussion

La premiére partie présente l'introduction de certains polyméres conducteurs dans le réseau d’un hydrogels.
Pour commencer, l'introduction d’un polymére conducteur commun, la polyaniline (PAn), a été étudiée, en
utilisant un hydrogels a base de polyacrylamide comme formulation de référence® (Figure 13).
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Figure 13 Représentation de la matrice d'hydrogel a base de polyacrylamide utilisée.

Le PAn peut étre communément introduit en utilisant un protocole composé de deux étapes:3! premiérement,
les gels sont immergés pour 18h dans une solution du monomere du polymere conducteur ou de l'initiateur
radicalaire, afin de laisser la matrice absorber le composant; ensuite, la matrice est enlevée de la solution et
ensuite immergée pour quelques heures supplémentaires dans une solution de I'autre composant nécessaire
a la polymérisation (Figure 14). Deux protocoles différents ont été testés et celui qui il a montré les meilleurs
résultats en termes de polymere conducteur introduit dans la matrice d'hydrogel, a été choisi pour les
expériences suivantes. La procédure choisie prévoit une premiere étape réalisée dans une solution aqueuse
acide d’APS, pendant que la seconde étape dans une solution d'aniline dans I'hexane: avec ces conditions,
'APS précédemment adsorbé ne sera pas libéré dans la solution a I'extérieur du gel, garantissant la
formation du polymere conducteur uniquement a l'intérieur de le réseau. Les propriétés électroniques des
hydrogels conducteurs synthétisés ont été ensuite analysées et I'effet du dopage du PAn (obtenu avec
I'exposition du réseau a une solution acide) a été étudié, permettant ainsi d’obtenir une augmentation d’un
ordre de grandeur de la conductivité du matériau.

11
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Figure 14 Représentation de la procédure en deux étapes adoptée pour l'introduction du polymére conducteur a l'intérieur de la matrice
d'hydrogel.

Aprés avoir mis au point une procédure satisfaisante pour I'incorporation du polymere conducteur dans
la matrice du gel, nous avons décidé d'étudier I'étendue de la procédure en utilisant une autre
formulation d’hydrogel. La nouvelle matrice que nous avons décidé d'utiliser était un hydrogel
polyamidoamine (PAA). Cette matrice particuliere (Figure 15) pourrait étre obtenue par réaction Aza-
Michael entre la double liaison pauvre en électrons du méthylénebisacrylamide (MBA), ayant le role de
monomére principal de la formulation, et les amines primaires de la pentaéthylénehexamine (PEHA),
I'agent de réticulation, ainsi que de l'acide y-aminobutyrique (GABA).%2 La particularité la plus notable
de cette formulation est I'absence d’un initiateur: la réaction chimique utilisée pour la polymérisation
peut aussi se produire spontanément a la température ambiante si le pH de la solution est suffisamment
basique (8 a 9).
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Figure 15 Représentation de la structure du hydrogel de PAA.

Pour introduire le PAn dans des hydrogels de PAA, la méme procédure que celle déja développée pour
la matrice & base de polyacrylamide a été testée. Etonnamment, aprés la premiére étape de la
procédure (le gonflement dans la solution d’APS) tous les échantillons utilisés sont devenus plus foncés
et plus petit. En particulier, deux échantillons ont été complétement décomposeés dans la solution, ce
qui nous a permis de conclure que la matrice était dégradée par réaction avec du APS dans des
conditions acides, selon une voie similaire a celle du mécanisme de la réaction de Cope 3 (Figure 16).

12
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Figure 16 Mécanisme de la réaction de Cope.

Ensuite, pour surmonter le probléme, une optimisation des conditions de polymérisation fut nécessaire, afin
de permettre la polymérisation de ['aniline sans provoquer la dissolution de la matrice d'hydrogel.
L'optimisation a été réalisée en testant différents ordres pour I'addition des deux réactifs dans les deux
étapes, pour différentes durées et a différents pH. L’évaluation de la résistance du matériau et du
changement de poids de la matrice aprés l'introduction du fragment conducteur a permis d'identifier les
meilleures conditions: la premiére étape a été réalisée pendant 18h dans une solution aqueuse d’aniline 0,1
M (pH 7) et la deuxieme pendant 5h dans une solution acide (HCI 1 M) d'APS 0,1 M. Ensuite, la morphologie
(Figure 17) et les propriétés électroniques des hydrogels conducteurs obtenus ont été évaluées a l'aide d'une
méthode a la sonde a quatre points (Tableau 2).

Figure 17 SEM de I'hydrogel pur (a gauche) et conducteur (a droite).

Ensuite, il a été exploré la possibilité d'utiliser d'autres types de polyméres conducteurs, en particulier le
polypyrrole (PPy) et le polyéthylenedioxithiophéne (PEDQT), qui sont bien connus pour étre des matériaux
polyméres hautement conducteurs. La principale raison de ce choix a été la possibilité de réaliser la
polymérisation du milieu conducteur dans des conditions plus modérées, sans devoir utiliser des oxydants
forts ou des solutions acides. L'incorporation a été réalisée en utilisant une procédure en deux étapes
similaire a celle optimisée précédemment pour l'introduction de la polyaniline dans I'hydrogel a base
d'acrylamide. Donc, la premiere étape a été réalisée dans la solution aqueuse de I'oxydant (FeCls) et la
deuxiéme dans une solution organique des monomeéres.34 La matrice de gel s'est révélée capable de résister
aux conditions d'oxydation et n'a montré aucun signe de dégradation aprées une nuit dans a solution de FeCls;
lincorporation des deux polyméres conducteurs, donc, a été réalisée avec succés. Ensuite, les
caractéristiques électroniques des différents hydrogels conducteurs ont été enregistrées et comparées a
celles rapportées dans la littérature. Les valeurs obtenues étaient d'un ordre de grandeur supérieur a celui
du PAA-hydrogel non-conducteur, ce qui montre bien la bonne amélioration des propriétés électroniques du
matériau composite. Les valeurs de conductivité les plus élevées ont été obtenues avec l'incorporation du
PEDOT et de la PAn apreés le dopage; la comparaison aussi avec le hydrogel contenant le PPy a montré
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clairement comment la nature du polymére conducteur introduit dans la matrice pouvait beaucoup influencer
les propriétés électroniques du matériau composite (Tableau 2). Malheureusement, méme dans nos
meilleures conditions, la conductivité observées reste toujours inférieure d’un ordre de grandeur a celle des
hydrogels conducteurs les plus performants développés pour les applications énergétiques336 (0,11-0,88
S/cm), méme si les valeurs étaient conformes aux valeurs moyennes observée pour ce type de matériaux37:38
(0,1-10 mS/cm).

Tableau 2 Résumé de la conductivité enregistrée de tous les différents hydrogels conducteurs développés.

Polymére Conducteur C"(’::Iztrln\l)lte
Polyaniline 3.4
Polyaniline (dopage) 154
Polypyrrole 0.2
Polypyrrole (dopage) 39
PEDOT 126
Pur 1.0 x 10-3

L'étape suivante consistait a créer une liaison covalente entre la partie conductrice et la matrice d'hydrogel
dans le but d'augmenter I'affinité entre les deux réseaux différents et les propriétés globales de I'hydrogel
conducteur. Pour créer la liaison, un monomeére du polymére conducteur approprié fonctionnalisé avec une
amine primaire a été inséré dans le squelette du réseau pendant la synthese de I'hydrogel, en remplagant le
GABA dans la formulation. Les molécules choisies étaient la 4-aminobenzylamine (ABA) pour le PAn et la
3- (1H-pyrrol-1-yl) propane-1-amine (1-PPA) pour le PPy (Figure 18). La synthése du composé 1-PPA devait
étre congue puis réalisée car il n'est pas disponible dans le commerce.
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Figure 18 Représentation des modifications de la structure d'hydrogel de polyamidoamine introduites et structure des addlitifs 1-PPA et ABA.

Enfin, des hydrogels chargés avec les deux composés ABA et 1-PPA ont été synthétisés (Figure 19) et, par
la suite, les deux polyméres conducteurs PAn et PPy ont été polymérisés a l'intérieur en utilisant les
méthodologies précédemment développées. Les caractéristiques électroniques des matériaux hybrides ont
été mesurées et un criblage de l'effet sur les propriétés physiques du systéme pour différentes charges
d'ABA dans les hydrogels a été réalisé. L'introduction des fractions hydrophobes dans le réseau d'hydrogels
amontré une réduction de la valeur ’EDS du matériau avant et apres la polymérisation du milieu conducteur,
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sans affecter sensiblement les propriétés électroniques. En fait, des valeurs extrémement similaires de
conductivité a celles précédemment enregistrées pour les hydrogels conducteurs sans liaison covalente ont
été obtenues pour ces nouveaux matériels (1,7 - 4,1 mS/cm).

25% 75% 100%

Figure 19 Aspect des hydrogels contenant une quantité différente d’ABA (% entre chaque paire d'images) avant (en bas) et apres (en haut) la
polymeérisation du milieu conducteur.

La derniére partie du travail a été centrée sur la synthese et a la caractérisation d'un hydrogel sensible a la
lumiére, dans lequel une partie photoactive favorise une altération des propriétés hydrophiles/hydrophobes
du gel par oxydation sélective des chaines latérales. En tant que partie photosensible, Ceo, qui est connu
pour étre capable de produire de l'oxygéne singulet aprés I'exposition a la lumiére UV39 avec un rendement
quantique élevé# et qui peut étre facilement fonctionnalisé avec différents substituants,*! a été choisi.
Ensuite, la méthionine a été identifiée comme le substrat oxydable le plus approprié: elle posseéde un
fragment hydrophobe contenant du soufre (capable de s'oxyder), un groupe amine primaire (pour participer
a la réaction d’Aza-Michael utilisée pour la constitution de la matrice d'hydrogel de polyamidoamine) et aussi
un acide carboxylique, qui la rend extrémement similaire au co-monomére GABA utilisé dans la formulation
originale du gel. De plus, l'oxydation de la méthionine au sulfoxyde correspondant a déja été accomplie en
utilisant de l'oxygéne singulet produit par des dérivés du fulleréne,*2 et il a déja été démontré qu'elle peut
améliorer le caractére hydrophile de certains systemes polymériques.*3 La stratégie utilisée pour charger les
nouveaux additifs dans la matrice était analogue a celle déja expérimentée avec succés avec ABA et 1-
PPA, consistant a remplacer le GABA dans la formulation originale (Figure 20). Pour cette raison, la synthese
d'un dérivé du fulleréne approprié, fonctionnalisé avec un groupe amine, était nécessaire; le composé Ce1-
NHa, a ensuite été congu et synthétisé en utilisant une réaction de Bingel comme étape clé.*
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Figure 20 Représentation de la formulation d'hydrogel avec la méthionine et le composé Ce1-NH>.

Afin de prouver la faisabilité de l'idée, la premiére étape consistait a déterminer la différence de propriétés
physiques entre deux matériaux construits avec le méme processus, mais incorporant des composés
contenant du soufre avec états d'oxydation différents, un sulfure et un sulfoxyde. Deux lots différents de gels,
l'un contenant uniquement de la méthionine et I'autre contenant uniquement le sulfoxyde de la méthionine,
ont été préparés et I'EDS a été mesuré pour les deux matériels. Les valeurs enregistrées ont montré que, en
passant par la méthionine hydrophobe au sulfoxyde correspondant (plus hydrophile), le contenu hydrique
d’hydrogels a augmenté considérablement, confirmant ainsi notre premiére hypothése. Les deux matériaux
différents ont ensuite été caractérisés au moyen de techniques XPS (Figure 21), SEM et ATR-IR pour la
comparaison successive avec les données obtenues pour I'hydrogel sensible a la lumiere.
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Figure 21 Spectres XPS du soufre d'hydrogels avec (a) la méthionine et (b) la méthionine sulfoxyde. Les zones colorées correspondant a
I'ajustement de donner des différents composants du soufre, en rouge la forme réduite (sulfure) et en bleu I'oxydé (sulfoxyde).

Ensuite, le nouvel hydrogel photosensible contenant le dérivé du fulleréne Ce1-NH> et la méthionine a
été synthétisé sans probléme, effectuant la gélification dans I'obscurité afin d'éviter de déclencher la
production de I'espéce oxydante avant les mesures. Le matériau a prouvé de ne étre pas capable de
relacher I'adduit du Cep méme dans des solvants organiques et la caractérisation précédemment
effectuée pour les systémes analogues a été répétée, en choisissant I'analyse XPS comme instrument
principal pour la détection semi-quantitative de I'oxydation du sulfure. Ensuite, I'expérience d’oxydation
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a été réalisée en exposant plusieurs échantillons de I'hydrogel sous une lampe a mercure de forte
puissance pendant 20h, en permettant la production de I'espéce oxydante par le dérivé du fulleréne et
donc I'oxydation de la méthionine. Comme contréle, la méme expérience a été également réalisée sur
des échantillons de I'hydrogel original (avec uniquement du GABA). L’analyse EDS, SEM et XPS par
tous les hydrogels a été effectué aprés I'expérience et comparés a la caractérisation effectuée avant
lirradiation (Figure 22).

g 9
EDS: 940 +60% EDS: 1700 + 200 %
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Binding Energy (eV) Binding Energy (eV)

Figure 22 Résumé des propriétés de I'hydrogel photosensible avant et apres I'exposition & la lumiére.

Alors que I'EDS de I'hydrogel original n’a pas changé sensiblement de celui enregistré avant
I'expérience, dans le cas de I'hydrogel sensible a la lumiére, le parametre a augmenté
considérablement apres l'irradiation. L'absence d’altérations du réseau originale a prouvé que la
matrice était capable de résister aux conditions de I'expérience sans étre dégradée. D’autre part,
I'augmentation de la valeur EDS enregistrée par le nouvel systéme était le signal d'un changement
important dans la structure de I'hydrogel, ce qui a été successivement confirmé par les analyses SEM
et XPS. En particulier, le spectre XPS du soufre (Figure 22) a montré une augmentation des formes
oxydées de la méthionine aux dépens de la forme réduite, qui ne représentant plus que le 34% du
soufre total présent dans I'hydrogel. L'apparition d’'une autre paire de pics ayant une énergie plus
élevée que celle du sulfoxyde de méthionine a été attribuée a la forme encore plus oxydée de
méthionine, sa sulfone, comme confirmé par comparaison avec d’autres travaux rapportés dans la
littérature.45 Ensuite, I'analyse SEM a mis en évidence le changement macroscopique de la structure
du matériau: aprés l'irradiation, la formation d’un réseau trés poreux a été observée, ce qui correspond
a l'augmentation de la valeur du EDS qui a été enregistré. Les pores étaient répartis uniformément
dans le matériau et semblaient étre interconnectés entre eux.
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Figure 23 Images SEM de I'hydrogel a base de méthionine aprés traitement avec KOx.

Enfin, un échantillon d'hydrogel a base de méthionine a été utilisé pour vérifier si le méme effet observé
sur les propriétés physiques et la structure du matériel a base du méthionine/fulleréne aprés l'irradiation
pouvait étre obtenu en I'absence de fulleréne au moyen d'une oxydation chimique classique. Le
composé choisi pour le test était le KOz, un oxydant fort commun. L’échantillon a été conservé dans
une solution d’oxydant et, aprés 16h d’immersion, I'hydrogel n’a présenté aucun changement significatif
de la valeur de I'EDS si on les comparait aux échantillons non-traités. Les analyses SEM et XPS
ultérieures effectuée sont montré une oxydation non-homogéne du réseau, ce qu'il pourrait justifier
I'absence d'incrément de la valeur du EDS. Les différents modes d'oxydation observés au XPS et au
SEM peuvent étre liés au fait que I'oxydation favorisée par les molécules des fullerénes dans I'hydrogel
sensible a la lumiére avait lieu in situ, pendant que le KO2 devait diffuser a l'intérieur de la matrice a
partir de la solution externe pour permise I'oxydation. Cette différence a conduit a une oxydation plus
efficace dans le cas d’hydrogel avec le fulleréne, ce qui s'est traduit par une valeur EDS plus élevée
et une structure plus poreuse observée dans le SEM.

= Conclusion

Dans la premiére partie des travaux, lintroduction de polyméres conducteurs a l'intérieur d'une matrice
d'hydrogel préexistante a été étudiée et la polymérisation du second réseau a été optimisée. Avec la
procédure choisie, il a été possible d'obtenir des hydrogels conducteurs fabriqués avec différents polyméres
conducteurs. Les propriétés électroniques des nouveaux matériaux ont été analysées et ont révélé étre
cohérentes. Ensuite, I'introduction d'une liaison covalente entre la matrice hydrogel et la partie conductrice a
été exploitée au moyen de l'introduction de composés fonctionnels appropriés pendant la synthese de
I'hydrogel. Les modifications ont montré que les propriétés physiques ont été modifiées plutdt que les
propriétés électroniques de la matiére finale, réduisant la capacité d'absorption d'eau en raison de leur nature
hydrophobe, sans provoquer de changement substantiel de la conductivité du matériau.

Ensuite, dans la deuxieme partie, le développement d'un nouvel hydrogel sensible a la lumiere a été réalisé.
Le matériau a été construit autour d'un systéme tandem ou un dérivé aminé du C60 approprié, lié au réseau
d'hydrogel, aprés I'absorption de la lumiére et la production d'oxygene singulet, a été en mesure d'oxyder les
fragments de méthionine présents en le sulfoxyde correspondant plus hydrophile. L'oxydation a été prouvée
par I'analyse de XPS et a conduit & l'incrément de la valeur ’EDS du matériel.
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Introduction and Aim of the Work

1.1. The energy issue

With the beginning of the modern era and the industrial revolution the economic system of the entire
world changed dramatically, leading to a huge increase of the energy demand and the extensive
exploitation of natural resources. In particular, in recent years the great development of the so-called
‘emerging countries” (especially China and India) significantly increased the world energy demand, as
depicted in Figure 1.1, with an increase of 2.3% in 2017 (doubled compared to 2016) and of more than
40% compared to 2000 (see Figure 1.1)."
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Figure 1.1 World energy consumption 1990-2017 (1000 Mtoe = 11.63 TWh).!

A relevant example is still China that, after few years with nearly zero energy growth, in 2017 was the
leader country in the energy consumption increment rank, with +3.3% on the previous year. With these
premises and taking into account the growth of the urbanization in Africa and the increment of world
population (expected to be 9.2 billion in 2040), a further increase of the energy demand of 30% s
estimated by 2040.2 Nowadays, the main energy sources are still fossil fuels (79.5% in 2016, Figure
1.2) that, apart from being non-renewable and therefore affected by a limited availability on the long
term, are the main responsible of the greenhouse effect due to the emissions of CO2 deriving from their
combustion. For these reasons, the development of alternative energy sources is fundamental to satisfy
the future global energy demand.
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Figure 1.2 Global energy consumption by source in 2016.3

Renewable sources, such as biomass, hydropower, bio-heat, wind and solar energy, could be an ideal
solution to the global energy problem since they are practically inexhaustible (in term of human
timescale) and should have a lower impact on the environment compared to fossil sources. Accordingly,
huge financial investments in the field have already been done, making them the fastest-growing energy
source in terms of deployed power with a projected increment of 40% in the total energy supply by
2040 (Figure 1.2).2 Among them, the most important at the moment is still hydropower (producing more
than one third of total energy from renewable resources), but wind and solar energy are those growing
most rapidly, with an increment, respectively, of 11% and 33% in respect to 2016 (for comparison,
hydropower achieved “only” a +2% increase).?
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Figure 1.3 Energy reserves of the principal energetic resources of the planet.*

Solar energy in particular is considered to have the highest potential to become the world main energy
source in the future (see Figure 1.3).> The annual solar radiation that reaches the Earth is estimated to
be = 15.2x105 TWh, orders of magnitude larger than any other resource present on the planet, and
also considering a realistic amount of exploitable power around 600 TW, using solar cells with a global
conversion efficiency of just 10% could already guarantee enough energy to satisfy three times the
Earth energetic needs.®
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A serious drawback in the use of renewable sources is that currently they are mostly used to produce
electricity but not fuels. This will be a great limitation in the future because, even assuming that electricity
produced from renewable sources could become the main energy source of the planet, it will still be very
improbable that the use of fuels will be totally abandoned. Indeed, as we can see in Figure 1.4, current energy
consumption is made of electricity only for the 22%, while almost 80% is in form of fuels.” This problem, mixed
with the environmental issue and the control of CO, emissions, leads to the need of a clean, easy to store,
safe, non-toxic alternative for the near future. Among all the candidates, hydrogen is considered a promising
choice since it produces water as by product, thus its carbon footprint is zero. However the use of hydrogen
as fuel suffers from some serious limitations, such as the absence of a large-scale technology for its
production and storage, or transportation issues, linked to the risk of leaking and explosion (it has the highest
energy density by weight, but also a low energy density by volume). Unfortunately, on the Earth free H,
cannot be found and it has to be obtained from another source in order to be employed, such as water,
through molecular splitting. However, the reaction is thermodynamically and kinetically disfavored, water
splitting in fact requires a free energy AGP of 237 KJ mol-' or 2.46 eV per mol of hydrogen produced.8 To
overcome this limit without losing the benefit of introducing an environmentally friendly fuel, the use of
renewable sources, such as solar energy, to produce hydrogen is the only realistic option.

1.2. Semiconductors & The Photovoltaic Technology

One of the technologies that can be used to trap and convert solar energy into a different energy form,
is photovoltaics (PV), which allows direct transformation of sunlight into electricity without the
production of waste, even though the amount of waste generated during the manufacturing process of
the devices and after their end-of-life, is not negligible.® Apart from the environmental issue, PV
technology suffers from some drawbacks such as the not-constant power production and the relatively
high cost of converted energy (0.20 — 0.30 $/KWh) compared to the electricity generated from coal or
natural gas (0.09-0.14 and 0.06-0.12 $/KWh, respectively).'® While until the 90s this technology remained
mostly confined into specialized applications, in the new Millennium the start of the mass-production of
these devices allowed to spread their use in several sectors of the society and the development of new
systems increased exponentially (Figure 1.5). The basis for the most common PV devices are
semiconductors, because they can exhibit the photoelectric effect, according to which after irradiation
with light, an electron is emitted.
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Figure 1.5 Evolution of the photovoltaic technology.'!

Semiconductors, in their natural state, are poor conductor materials with an electrical resistance
halfway between those of the conductors and the insulators. The reason of their low conductivity lies
in their electronic structure. To generate an electric current a flow of electrons is required, but this
cannot happen in the valence band because it is filled, while the existing band gap with the empty
conductive band, at room temperature, allow only a small amount of charge to be promoted and be
able to flow, resulting in a poor conductivity in standard condition (Scheme 1.1).12
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Scheme 1.1 Description of the electronic bands in insulator, semiconductor and conductor materials. ™

However, the conducting properties of these materials can be easily altered either by varying the
temperature (increasing it will increment the number of charges promoted to the conductive band),
using light (photoelectric effect), by applying an external field (a process called “gating”'4) or by the
controlled introduction of impurities into the crystal structure (“doping”12). In particular, the doping
process (Figure 1.6) greatly enhances the number of charge carriers within the material either by
creating free holes (“p-type doping”, realized by introduction of atoms with less electrons than the main
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material) or with free electrons (“n-type doping”, with atoms having more electrons). When two layers
with different doping are put in contact, a semiconductor junction is created.

Doping in Semiconductors

Array of Si atoms n-type semiconductor p-type semiconductor
o0 00 00 oo

\.. o0 00 00 o0 00 00 .Oj
Doped semiconductor

. Phosphorus . Boron

Figure 1.6 Representation of the doping into silicon crystals.’®

. Silicon ® Electron

For these reasons, semiconductors are widely used in electronic devices from the last decades of 20t
century, even if the first practical applications date back to the early 1900s, in diodes, transistors and
integrated circuits,'® that nowadays are still some of the main applications for these materials.
Semiconductors have been widely used also in PV devices from the very beginning, in 1954, with the
construction of the first silicon-based solar cell at Bell Laboratories.” These materials usually play a
key role in this kind of devices and they have been the target of intense studies focused on the
increment of the efficiencies and the reduction of the manufacturing cost of final cells. For that reason,
solar cells can be classified in three different categories based on the semiconductor used in their
construction, which then determine the working mechanism and the final physical properties of the
device.

= First Generation: Silicon-based Solar Cells

Historically the first type of PV cells ever invented, nowadays they are also the most diffused on mass-
production scale. Depending from the nature of the starting material used, monocrystalline or
polycrystalline silicon, the characteristics of the final device can be different either in manufacturing
cost and efficiency. The modules are composed by several p-n junction cells connected either in parallel
orin series; a single junction consists of two layers of crystalline silicon doped with an element of Group
1l (typically B or Al) for the positive side and with atoms of Group V (P or As are the most common) for
the negative one. An electric field is created when the electrons naturally flow from the n-side to the
positive one. Absorption of a photon on the surface of the silicon wafer promotes an electron to the
semiconductor conduction band that first migrates on the n-junction and then, through an external
circuit, recombines with a vacancy present on the p-side.’® These cells exhibit high efficiency
(respectively, 22-23% for monocrystalline silicon-based and 18-19% polycrystalline silicon-based solar
cells, for a definition of photovoltaic efficiency see below) and long durability but the cost of the high
quality silicon needed for their fabrication is still quite high. Furthermore, they also require a specific
orientation towards the sunlight to be able to work at their maximum efficiency.
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= Second Generation: Thin-Film Solar Cells

The so-called “thin-film” solar cells owe their name to the fact that they are much thinner than the
silicon-based solar cells. With the first generation of photovoltaic devices they share the working
mechanism, that it is still based on a p-n junction, but are composed of different materials. In this case,
the n-side is usually composed by cadmium sulfide (CdS), while various inorganic semiconductors can
be employed as the photoactive p-side material, influencing both the efficiency and the total cost of the
cell. The most commonly used materials for the positive layer are: a) Amorphous silicon,'® which is the
most developed and cheap technology, but also the one providing the lowest efficiency; b) Cadmium
telluride (CdTe),20 which has a good cost/efficiency ratio, although the toxicity of the material could be
a limiting factor for its use on large scale; c) Copper indium gallium selenide (CIGS),2!" which has an
extremely high absorption coefficient that allows to build very thin cells with good efficiency and a
reasonable cost, however the components are still toxic and quite rare; d) Gallium arsenide (GaAs):
cells made with this alloy reached the top world value in terms of efficiency of a single-junction device,
but the high cost of the active material relegates their use only in extremely high-tech applications (i.e.
in spacecrafts). Although some of these technologies can compete with monocrystalline silicon-based
solar cells in terms of efficiencies, they still lag behind in terms of installations, representing
approximately only 10% of the global PV market.

1.2.1. Third Generation: Emerging Photovoltaics

Emerging photovoltaics represent new types of solar cells theoretically able to surpass the Shockley-
Queisser limit, i.e. the maximum efficiency output for a classical PV device, which is around 30-40%,
depending on the semiconductor band gap.22 There are few methods to overcome this limit. One
possibility is to build multi-junction solar cells containing several thin layers of photoactive materials
with different band gaps, in order to absorb a wider range of light wavelengths. Alternatively it is
necessary to build devices based on a different working mechanism. This last option also implies the
possibility to employ new materials with different optical and electronic properties compared to
traditional semiconductors, indeed a huge research effort has been made in the search of these
alternatives. In particular, both the two most promising technologies of this generation, Dye Sensitized
Solar Cells (DSSC) and Perovskite Solar Cells, are based on different semiconductors materials than
those described above. While DSSCs have a different working mechanism compared to classical PV
cells (see Chapter 1.3.1), perovskite-based ones?® are composed by a p-i-n junction in which the
photoactive material is an hybrid compound with generic formula AIkNH3PbX3 and crystalline structure
analogous to that of natural perovskite (CaTiOs) (Figure 1.7). This compound (the “” of the junction)
generates the charge carriers which migrate to the corresponding electrode passing through the p- and
n-layer, respectively the hole transport material (HTM, the most used one is an organic compound
called spiro-OMeTAD) and the electron transport material (ETM, typically TiO2). Despite being the most
promising among all third generation solar technologies, in particular due to a maximum efficiency well
beyond 20%,2* this technology has some serious drawbacks related to the use of toxic Pb-containing
materials and the poor long-term stability of the devices, especially in presence of water.

30



Introduction and Aim of the Work

rmn (Spiro-MeOTAD)

HSCO
ETM (TiO,)

cho@f

000

Sunlight

Figure 1.7 (a) Scheme of a Perovskite solar cell; (b) Spiro-OMeTAD structure; (c) CH3NH3PbX3 crystal structure.?

In this context, where the best performing compounds are either expensive or toxic, the use of a
material which is stable, nontoxic and commercially available at low price is a valid alternative. For
these reason, the use of TiO2 and ZnO, two oxides that perfectly fit the profile for efficient and cheap
semiconductors, have been extensively studied during the past years. Regarding the photovoltaic
technologies, they have been particularly used in both perovskite and DSSC, where TiO is the most
used semiconductor. The excellent results obtained in the field of DSSC have also been extended to
other possible applications for energy production, as for instance in the photocatalytic H2 production.

1.2.2. Traditional Water Splitting

The main difficulty arising from the production of hydrogen from water splitting is the need to couple
one-photon reactions to multi-electrons processes. In fact, while usually only one electron can be made
available after the absorption of one photon, two electrons per molecule of hydrogen and four electrons
per molecule of oxygen evolved are needed during the water splittin process. Therefore, to perform the
electrochemical photolysis of water, there are two main approaches: not integrated systems (such as
a PV system coupled with an electrolyzer (in which a flow of electrons is granted by the solar cell), or
integrated systems, which consist of photocatalytic technologies and photoelectrochemical cells. While
the second class of devices is still in a laboratory scale, the first one has been studies for longer time
and the production of Hz with these methods is already possible, although the costs are still too high to
be compared with hydrogen produced by methane reforming.26 For that reason, this technology is
employed only when high purity hydrogen is needed. In recent years the focus moved from the
optimization of the tandem PV-electrolyzer systems (in which field good performances have already
been reached) to the use of the photocatalysis, considered promising since it is able to directly convert
the sunlight to chemical energy, skipping the electricity production step. In view of the difficulty to find
a material able to act both as catalyst and light-harvester, the research focused on the development of
multicomponent systems, where these two roles are fulfilled by separated components. Starting from
1972, with the work of Honda and Fujishima?” on water splitting using a n-type TiO2 electrode (acting
as photoactive material) connected to a platinum black electrode, the use of semiconductors in this
field was deeply studied for their capability to either interact with light and being able to ensure a good
charge transport, including oxides, sulfides, nitrides and hydroxides.28 While the record in quantum
efficiency (56% in Hz2 production) was established for NiO/NiTaO3 under UV irradiation,?® TiO; still plays
a prominent role as semiconductor for this application. Even though its activity and quantum efficiency
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are lower than those of many other materials, its photo- and chemo- stability, conjugated with low cost
and low environmental impact, make TiO2 the most used semiconductor in the field. %0
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Figure 1.8 Water splitting mechanism on semiconductors with noble metals loading (RuQ: is an oxidation catalyst)

The working mechanism for water splitting over a semiconducting photocatalyst mediated by suitable
redox co-catalysts is briefly represented in Figure 1.8. To make the photocatalytic reactions work, the
CB potential of the semiconductor has to be more negative than the redox potential of the couple H*/Ha,
while the VB energy level has to be more positive than the redox potential of O2/H20. After the
absorption of a photon with an energy equal or higher than the band gap, a e-/h* couple is generated.
Then, charge separation occurs (e in the CB, while h* in the VB) and the two species migrate from the
bulk to the surface of the semiconductor, where are transferred to the proper catalyst as the main
responsible for the two redox reactions.3' A semiconductor alone can perform water splitting if it has
the right energy potential for both the conduction and the valence band, but the coupling with proper
catalysts make the process more efficient.

One of the main drawbacks related to this kind of applications is TiO2 large energy band gap (around
3.0-3.2 eV), requiring a UV radiation to allow the promotion of one electron to the conduction band,
that is only the 10% of the total light output of the Sun. A possibility to enhance titania light-harvesting
properties is to sensitize it with a compound able to absorb also the visible and IR radiation, in order to
cover most of the Sun emission spectrum. Then, in order to make use of the augmented light-absorption
capability, the excited sensitizer has to be able to transfer electrons to the semiconducting layer where
it is adsorbed. This process, called electron injection, can occur only if the LUMO energy level of the
adsorbed compound is higher than the energy of the TiO2 conducting band. Finally, to be able to exploit
this process over and over again and allow the continuous flow of electrons from the sensitizer, it has
to be regularly reduced by another species.

In the following sections the applications of sensitized TiO2 films in photovoltaic devices will be
discussed. In particular, the use in DSSCs and in processes for H2 production will be presented along
with their working principles.
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1.3. Dye-sensitized Solar Cells

Introduced for the first time in 1991 by Gratzel and O’Regan, 32 dye-sensitized solar cells are considered
one of the most promising alternatives to the classical silicon-based solar panels, even if nowadays
they are challenged by the quick development of the perovskite technology (originally introduced as a
variation of the typical DSSC structure3?). The DSSC working mechanism is completely different form
the other photovoltaic technologies and directly inspired by natural photosynthesis; for these reasons
these devices possess unique features compared to the other PV cells, such as an easy manufacturing,
low cost (absence of high quality materials and rare elements), excellent performances under ambient
indoor light (with maximum efficiency close to 32%, near the theoretical limit34) and high temperature
and great flexibility in terms of weight, colors, shape and transparency. While the efficiency are still
lower that the classic PV (14.3% in laboratory test for a single dye® versus 26.3% for a silicon
heterojunction®), the other particular characteristics open to their use for indoor application and in
small electronic objects.

1.3.1. Structure & Working Mechanism

A classical DSSC device is composed by five main componentsé37 (Scheme 1.2).
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Scheme 1.2 Structure of a dye sensitized solar cell.3

e The conductive substrate (l), that is composed by a glass electrode coated with a
transparent conductive oxide and is the most expensive component of the entire cell. The
most used conductive materials are tin oxide doped with fluorine (FTO) and indium-tin oxide
(ITO), while common alternatives are polymeric films3? or metallic fibers.40

e A semiconducting-thin film (Il) that is deposed on top of the substrate and together with it
constitutes the photoanode of the cell. The semiconductors used are in the mesoporous
crystalline form in order to maximize the available surface area for dye sensitization. The
most common choice is TiO2 in its anatase form, obtained by means of hydrothermal
growth, because it has the more suitable band gap for this application; changing the
conditions of particles preparation allows to tune their size, shape and diameter. After
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mixing with polymeric additives, the obtained paste is deposited onto the conducting
substrate and sintered at 450°C in order to remove the organic components and to make
the electric connections between titania nanoparticles. The film usually has an average
thickness of 5-15 ym and a huge internal surface of about 1000 cm2 for conducting
substrate unit area (cm?2). In several cases, the entire photoanode receives some additional
treatments, i.e. deposition of blocking! or light-scattering42 layers or overcoating with
TiCls, %3 in order to maximize cell efficiency. Common alternatives to the TiO2 are zinc oxide
(Zn0),* that has a higher electron mobility but lacks in chemical stability, SnO2% or
Nb20Os.46

A photosensitizers:3” (lll) that is necessary in order to maximize the light-harvesting
properties of the device and to start the generation of electric current. To be able to work,
the photosensitizer needs to be permanently linked to the semiconductor. The sensitization
is realized by immersion of the photoanode in an organic solution of the proper dye for
several hours. A wide library of compounds has been developed, from natural dyes* to
transition metal complexes#8, though chlorophyll-like pigments*® and every category has
demonstrated merits and disadvantages (Figure 1.9). In particular, the category of the
metal-free D-1r-A dyes will be presented and their properties discussed (see Chapter 1.5).
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Figure 1.9 Some examples of transition-metal complexes (N3, N719,N749)%¢, porphyrin (LD12)*a and phthalocyanine (TT40)*% dyes used in
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DSSC.

An electrolytic solution (IV) that is used to fill the space between the two electrodes and
ensure the electronic communications between them. To be used in DSSC, the electrolyte
has to fulfill some requirements, such as to exhibit a long-term stability in the operations
conditions, not to cause the desorption or the degradation of the sensitizer and not to
display a huge absorption in the range of visible light. Nowadays, liquid electrolytes are still
the most commonly used due to their high conductivity, low viscosity and easy preparation,
but their drawbacks, such as the potential leaking and evaporation of the solvent, led to the
employment of alternative systems, such as quasi-solid-state electrolytes®0 and solid-state
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transport materials®'. Usually, the liquid electrolytes are composed by a high-boiling point
liquid (like nitriles or ionic liquids) in which a redox couple is dissolved.b lodide/triiodide is
the simplest redox couple to be used because it has a good solubility in organic media, a
suitable redox potential, high conductivity and low cost. More recently, metalorganic
[Co]2*3* complexes have also been applied: thanks to the possibility to tune their redox
potential through modifications of the ligands, they showed very good results and have
been recognized among the best performing redox couples for DSSC.52 In addition, in
several cases additives (i.e. the 4-tert-butylpyridine, TBP%3) are introduced in the electrolyte
solution to optimize DSSC performances by means of various mechanisms.

e The counterelectrode (V) that is usually constituted by a conductive glass substrate coated
with a nanometric layer of platinum. Due to the high price of the platinum, the research of
low cost alternatives is very popular and use of many highly conductive materials such as
carbon nanotubes® (CNT) and conductive polymers® has already been described.
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Figure 1.10 Photoelectrochemical processes involved in the working mechanism of a DSSC.

The working mechanism of a DSSC is reported in Figure 1.10.637 Initially the photosensitizer absorbs
sunlight (1), promoting an electron from the HOMO to the LUMO (2). The excited dye then injects the
electron into the conductive band of the semiconductor (3) with an estimated time for the process of
100 ps.%8 Then the electrons flow through the external circuit (4) and arrive to the counterelectrode, on
which the redox couple present in the electrolyte is reduced (5). Finally, the circuit is closed with the
regeneration of the dye in its ground state by the redox mediator in its reduced form (6). This last
process requires that the ground state oxidation potential of the dye is lower (more positive) than the
redox potential of the mediator to achieve a good regeneration.

In the cells, during the cycles, are always present also some side-processes that limit the device
performances, the most important of which is the recombination of the injected electrons both with the
oxidized dye (7) or the redox couple (8).
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1.3.2. Cells Characterization

The characterization of a DSSC device requires measurement of a series of defined parameters that
allow the comparison between different cells.837 They will be shortly present in the next sections.

= Incident Photon-to-current Conversion Efficiency (IPCE)

The IPCE is defined as the ratio between the number of electrons that flow through the external circuit
and the number of incident photons striking the device for any given wavelength, and is given by
Equation (1).

Jph (MA cm™2)

IPCE(%) = 1240 (eV nm) A (nm)/ I(mW cm~2)

Eq. (1)

A and | are respectively the wavelength and the intensity of the monochromatic light, while Jn is the
generated photo-current. The plot of the IPCE vs the excitation wavelength is a very useful tool to
evaluate a new photosensitizer for DSSC (Figure 1.11). The IPCE is either strictly related to some
intrinsic characteristic of the dye, the light-harvesting properties and the injection quantum yield, as
well to other external factors, such as the amount of dye adsorbed on the semiconductor and the
electron transfer process through the external circuit. The maximum IPCE value for DSSC is capped
around 80-85%, while experimentally is impossible to reach the 100% due to the loss in absorption and
reflection caused by the FTO conductive glass.

= Photocurrent/voltage curves (J/V curves)

The global performances of a complete cell can be evaluated by measuring the photocurrent/voltage
curve (Figure 1.11) under simulated sunlight in standard conditions of range of wavelengths and power
(in particular, usually the standard terrestrial spectra AM 1.5 under 100 mW cm-2 of irradiance is used).
Recording the J/V curve is quite useful because all the device key parameters (Voc, Jsc, ff and n) can
be extracted from that graph.
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Figure 1.11 Example of a typical J/V curve (left)3” and of a typical IPCE spectra (right)’” of a DSSC.

=  QOpen-circuit voltage (Voc)

The Vo parameter is the difference in electric potential between the two electrodes while the cell is
irradiated and the circuit is open. It can be calculated from the following equation:

Voo = 22+ 221n (=) - Erepox Eq. (2)

e e NcB

In the equation, Ec is the energy level of the conduction band of the semiconductor used in the anode,
e is the elementary charge, Ky is the Boltzmann constant, T is the absolute temperature, n is the number
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of electrons in the TiO2, Ny is the effective density of the conduction band states and finally Eredox is
the redox potential of the electrolyte. The maximum Vo value depends on the difference between the
potential of the conduction band (Ecv/e, the potential related to the TiO, Fermi level, usually in the range
between -0.5 and -0.4 V vs. NHE) and the electrolyte redox potential. If the redox couple is 17/I3™ (Eredox
=0.4 V vs. NHE), then the maximum theoretical Voc value stands between 0.8-0.9 V, but usually the electron
recombination processes that happen at the titania interface (channels 7 and 8 in Figure 1.10) reduce this
value.

Another factor affecting the Vo value is the molecular dipole at the dye/TiO2 interface: having a dipole
moment pointing away from the surface leads to a decrease in the potential of the TiO2 conduction
band, increasing the V.58 This phenomenon can be reversed by the use of additives, like 4-tert-
butylpyrine (TBP), that by means of an opposite effect are able to shift the TiO2 Ecy to more negative
values.

=  Short-circuit photocurrent density (Jsc)

Jsc is the photocurrent per unit area (mA ¢cm2) when a DSSC under irradiation is short-circuited (it
happens when the electrical impedance and the difference in electric potential are close to zero), and
represents the maximum value of photocurrent density produced. The Jsc value is strongly related to
the dye photophysical and electrochemical properties. For these reasons, to increase the Jsc, a proper
dye design is mandatory, in order to maximize its interaction with the semiconductor and to adjust its
spatial orientation on the TiO; surface.

= Fill factor (ff)

The fill factor is defined as the ratio between the cell maximum power output (JmpVmp) and the product
of Jsc and Voc and it is given by the Equation (3).

]m Vm
ff = —IS‘ZVOC" Eq. (3)
On the J/V curve (Figure 1.11) is represented by the ratio between the area of the rectangle having Jsc
and Vo dimensions, and that described by JmpVmp. The maximum theoretical value is 1, corresponding
to an ideal diode behavior, but experimentally the ff is reduced due to the power dissipation events
occurring in the various interfaces present inside the real cell. For these reasons, this value is strongly
related to the device practical fabrication.

= Solar enerqgy-to-electricity conversion efficiency (n)

The n value gives a global evaluation of all the processes that are present inside the cell and for that
reason is often the value use to compare different cells. It is defined as the ratio between the DSSC
maximum electrical output and the energy of the incident sunlight (lo, generally 100 mW cm-2 in the
standard AM 1.5 conditions).

Jsc (mA Cm_z)voc (W"ff
Iy (MW cm~2)

n (%) = Eq. (4)

n values can be increased by optimization of all the other parameters that have been previously
described and are present in Equation (4), most of which depend on the properties of the
photosensitizer used and its electronic communication with the other components of the cell. For these
reasons, molecular optimization of the dye is a crucial process for obtaining highly performing DSSCs.

37



Development of new organic dyes for energy applications — Chapter 1

1.4. Photocatalytic H2 Production

In recent years water splitting has been the object of many studies but its efficiency is still very low and
far from reaching a real viability.%® The process suffers from serious drawbacks mainly due to its working
mechanism, for the complex research of a suitable photocatalyst capable to catalyze both the two
processes, but also related to the production of two different gases (Hz2 and O) in the same reactor,
requiring introduction of an additional gas separation procedure. Moreover, optimization of catalyst or
sensitizer is often carried out by considering only one semi-reaction, in order to simplify the system
avoiding the dependence from the partner process; to do that, sacrificial electron donors (SED) or
acceptors (SEA) are used to mimic the effect of the other semi-reaction® (Figure 1.12).
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SED: Sacrificial Electron Donor
SEA: Sacrificial Electron Acceptor

Figure 1.12 Mechanism for hydrogen and oxygen production in presence of sacrificial agents.5!

Although photocatalytic H2 production is possible also with the employment of a single semiconductor,52
several systems described in the literature have been inspired by the working mechanism of DSSC and
are composed by a semiconductor, a sensitizer, a catalyst and a sacrificial electron donor (SED). 3

= Semiconductor: The main role of the semiconductor is to ensure the communication
between the molecular components of the system and the catalyst. For this reason, it has
to be chemically and physically stable in the working conditions, have an accessible surface
area, high charge mobility and fast electron injection rates. The materials that show almost
all these features are the metal oxides, but they generally have a large band gap and then
are able to absorb only UV light (Figure 1.13). Cu20 and metal chalcogenides, that have a
narrow energy gap, have been used alone, but these materials suffer from photo-corrosion
in water and their properties are difficult to tune.®5 For these reasons, usually the
semiconductors are sensitized with a dye capable to increase the light-harvesting
properties of the system, to reduce the side reactions given by highly reactive VB holes
following direct band gap excitation and increase the semiconductors stability. In analogy
to DSSC, the most studied and employed semiconductor is TiO2, in the form of micrometer
sized agglomerates of nanoparticles; indeed, the conductive network created by the
nanoparticles can facilitate charge transfer and reduce recombination phenomena.t
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Figure 1.13 Conduction band and valence band potential (in V vs. RHE) compared to the electrochemical standard potentials of water oxidation

and proton reduction.57

Sensitizer: The photophysical and electrochemical requirements a dye has to fulfill in order to
be suitable for photocatalytic H2 production are very similar to those needed in DSSCs, namely
efficient electron injection, broad range of light absorption, high molar extinction coefficient and
stability during multiple redox cycles. For these reasons, usually the most commonly employed
dyes are similar to those showing the best performances in DSSC, displaying some modifications
in order to increase the hydrophilicity or enhance the anchoring stability in presence of water.63.8
Apart from D-11-A dyes, metal-based dyes (i.e. ruthenium complexes), porphyrins and natural
dyes have been widely employed. More recently, other alternatives have been tested, such as
carbon dots®, but despite the first promising results, their photophysical properties have still to
be explored.

Catalyst: Directly responsible for the Hz production, is defined by three key parameters, the
onset potential for catalytic reduction (Ered), the turnover number (TON) and the turnover
frequency (TOF) at a given potential.”0 Ereq is particularly important because it has to be more
positive than the CB potential of the semiconductor and determines the overpotential needed for
the reaction.”" A larger difference in potentials between Erq and the CB it results in faster
catalytic rates. Platinum and other noble metals? are the most studied catalysts because they
possess all the requirements: they are thermodynamically stable and reversible towards the
proton reduction (and also water oxidation) and they require a small overpotential to be able to
work. However, these materials have some drawbacks, for example they are rare and expensive
a factor that hamper the scale-up of the devices. A recent alternative is constituted by molecular
catalysts inspired by the hydrogenases (natural enzymes able to drive proton reduction to
molecular hydrogen) based on transition metals for their low cost and atom efficiency, but for the
moment stability and immobilization issues hamper their use.” Regarding the use of platinum,
usually it is deposited as nanoparticles on the surface of the semiconductor either by
impregnation or photodeposition.”

Sacrificial Electron Donor (SED): The choice of the SED for phocatalytic H2 production is quite
delicate because in addition to dye regeneration, the SED also plays a key role in defining the
pH of the solution (their optimal working condition is with a pH close to their pKa value) and it can
interfere with all the reactions that lead to Hz evolution.”8 It has to be pointed out that, depending
on the particular interaction, this last problem can either lead to non-innocent interactions that
reduce the catalytic performances or to additional H2 evolution given by the SED oxidation.”” The
most commonly used electrondonors are triethanolamine (TEOA) and EDTA, but a wide range
of compounds have been used, including organic acids (i.e. ascorbic acid or formic acid),
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alcohols (mostly MeOH®'.78) and inorganic ions or redox couples (i.e. sulfite or 103/l and
Fe2t/Fe3*)88, In particular, the use of SED from renewable feedstocks (such as EtOH"®) in recent
years gained huge attention due to the possibility of carry out the scale-up of these devices with
limited environmental impact.

Finally, it has to be mentioned that also the pH of the agueous solution has to be taken in account because
it virtually influences all the interactions and the components of the system. For such reason, it is a key
parameter for determining the activity. In fact, the pH influence the dye redox potential, its photophysical
characteristics and anchoring capabilities, as well as the catalyst activity'9380 and the SED redox activity8!,
so its value has to be carefully decided while planning an experiment.

1.4.1. Working Principles

The working mechanism of photocatalyzed H2 production resembles the that of DSSCs, with the
difference that the TiO2 does not transfer the electrons to an external circuit, but instead to the catalyst
responsible for the H2 generation '

SED*

Figure 1.14 Graphical representation of the working mechanism for Hz production over dye-sensitized Pt/TiO2 photocatalysts.™

The working mechanism is depicted in Figure 1.14, while the reactions involved in a typical
photocatalytic system for H2 production are described by the following equations:

Pt/TiO,/Dye —_— Pt/TiO,/Dye* (1)
Pt/TiO,/Dye* —_— Pt/TiO,(e’)/Dye* (2)
Pt/TiO,(e’)/Dye*+ SED ——  Pt/TiO,(e’)/Dye (3)
Pt/TiO,(e)/Dye =~ ——  Pt(e’)/Ti0,/Dye (4)

Pt(e’)/TiO,/Dye+ H* ——  Pt(e)/TiO,/Dye+ % H, (5)
Pt/TiO,/Dye* > Pt/TiO,/Dye + hv (6)

Pt/TiO,(e")/Dye* e Pt/TiO,/Dye (7)

The process starts with the excitation of the dye after absorption of a light photon (1), followed by injection of
an electron into the conduction band of the semiconductor (2), with subsequent generations of a charge
separated state. The dye is then immediately reduced by the SED to the ground state (3), while the electron
is transferred from TiO- to the photocatalyst (4). Finally, the catalyst carries out protons reduction, producing
molecular hydrogen (5). Many other pathways can take place during the process, reducing the overall
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performances of Hz production. Two of these parasitic pathways are especially responsible for limiting the
efficiency of the whole process, namely the radiative relaxation of the dye to the ground state, hindering
electron injection (6) and the hole-electron recombination between the semiconductor and the dye, due to
slow proton reduction or dye regeneration (7). Both these side reactions have to be minimized in order to
enhance the performances and the durability of the system. As in DSSCs, a proper tuning of the FMO
energy levels of the dye is essential in order to make the system able to work. The energy of the dye
LUMO level has to be higher (more negative vs. NHE) than the energy level of the CB of the
semiconductor, because a potential difference between them is a requirement for an efficient electron
transfer. The HOMO level also plays a strategic role in the whole mechanism because the regeneration
process is a focal step of the entire process and a fast reduction of the dye from the SED must take
place in order to guarantee an efficient activity and stability of the whole photocatalytic system. In this
context, the affinity of the dye towards the aqueous solution plays a critical role too, because it
influences the interaction with the water-dissolved SED and in turn the rate of the regeneration process.

1.4.2. Efficiency Parameters

Compared to DSSCs, the parameters that determine the performances for H2 production are always relative
to the reaction time. In fact, usually, the shape of the H> production graph vs. time is not a linear line, but
consist in a different curve, which means that either there is an induction period for the first hours of reaction
or the manifestation of a deactivation phenomenon. For that reasons, the rate of Hz production is often used
and the comparison between efficiencies obtained with different irradiation time experiments cannot be done.
In the case of dye-sensitized system also the dye loading has to be taken into account to calculate efficiency
(because it is the expression of the active sites) and then a normalization of the value of gas evolved or of
the evolution rate on the weight of catalyst used is advisable. The most important parameters are presented
in the next sections.61.63.68

= Turnover number (TON) and turnover frequency (TOF)

The TON value is the equivalent to that normally used catalysis. It is given by Equation (5).

number of reacted electrons __ 2 Xmoles of produced H, Eq (5)

TON =

number of active sites - moles of dye loaded

The second part of the equation is the approximation that is really used after a measurement, since a
molecule of hydrogen should be produced by the reduction of two protons. The TON depends strongly
on the experimental conditions, in particular on the light source and its intensity, and has to be referred
to the irradiation time (i.e. TON (5h) or TON (20h)). Along the TON, also the TOF value is used to
compare different catalyst. It quantifies the activity level of the system by the number of catalytic cycle
occurring at the center per unit of time and it is practically given by the following equation:

TOF = — % Eq. (6)

unit of time

= Apparent (AQY) and Intrinsic (IQY) quantum yield

The value of this parameter is one of the most used for comparing different catalytic systems because
it is less dependent from the experimental conditions and is given by Equation (7).

number of reacted electrons _ 2 Xxnumber of H, molecules Eq (7)

AQY =

number of incident photons " number of incident photons
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As the TON, also the AQY is “translated” in measurable terms. It is called “Apparent QY” because not
all the incident photons can be actively used by the catalyst and it is the equivalent of the IPCE for
DSSCs. The number of incident photons can be experimentally measured by placing a silicon
photodiode in place of the photoreactor. Due to its definition, this value is independent from the nature
of the light used and can then be used also to compare dyes with different light-harvesting properties.

number of reacted electrons
Eq. (8)

IQY =

number of absorbed photons

The intrinsic quantum yield (IQY) is given by the Equation (8) and express the real quantum yield of
the process. However, the evaluation of the absorbed photons is quite difficult due to the light scattering
that occurs while employing a heterogeneous catalyst and for this reasons is rarely used. The value of
AQY corresponds to the IQY when all the striking photons are absorbed by the system.

= Solar-to-hydrogen efficiency (STH) and Light-to-fuel efficiency (LFE)

These two values are similar and both express the global efficiency of the system, intended as the
conversion ratio of solar energy into chemical energy; they are the equivalent to the n parameter in
DSSC.

0

STH (%) = —2F2 Eq. (9)
0

LFE (%) = 2 Eq. (10)

Where Fhy is the flow of H2 produced (in mol s'), AG%2 and AH%. are respectively the free Gibbs
energy and the enthalpy associated to the Ho combustion (respectively 237 x 103 J mol-' and 285.8 x
103 J mol-"), S is the total incident light irradiance (in W ¢cm-2) and Aj is the irradiated area (in cm2).
Both parameters are rarely used because, differently than the n parameter in DSSCs, which is
univocally defined for a PV device, their values depend from irradiation time and so can be compared
only between systems that have been exposed to the light for the same time. Usually their value are
low (inferior to 1%) and comparable to the efficiency of natural photosynthesis.82

In this PhD work we focused into the study of a particular category of sensitizer, called D-1-A dyes and
the development of new molecules with this particular structure that can find application as key
component in photo-activated devices. In the next section the properties of this particular category of
dyes will be presented.

1.5. D-r-A Dyes

This class of dyes is composed by organic metal-free molecules characterized by a particular push-pull
structure. They have been intensively studied since many years, especially for application as
sensitizers for DSSC production,83 due to their low production costs, high molar extinction coefficients
and the possibility to finely adjust their photophysical and electrochemical properties by optimizing their
molecular structure. This last feature relies on the particular block structure possessed by these dyes
characterized by an electronrich donor group (D) and an electronpoor acceptor moiety (A), connected
by a m-conjugated spacer (Figure 1.15). Of course such sensitizers need to be attached to the
semiconductor, in order to let the process of electron injection to occur, thus an anchor moiety is needed
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which is in almost all the case coincide with the acceptor group. Each of this three parts of the D-11-A
dyes can be easily modified without altering the other two.6.37

ITO Layer

Tio,

Figure 1.15 Representation of a D-m-A dye structure.

This particular design confers peculiar characteristics to the dyes, since having two groups with
opposite electronic properties leads to a better localization of the frontier molecular orbitals (FMO) on
these two parts of the molecule, the HOMO mostly localized on the donor part and the LUMO mostly
located on the acceptor moiety. As a consequence, after light absorption an intramolecular charge
transfer (ICT) between the two parts is observed, due to the electronic connection guaranteed by the
-spacer; in that way the electron density is transferred near the semiconductor surface and electrons
can be injected into its conduction band.3237 Tuning the energy levels of both HOMO and LUMO, as
well as increasing the light-harvesting properties of the molecule, can be achieved by replacing the
electronrich and electronpoor part with stronger/weaker groups or by increasing the conjugation length
of the m-spacer. Once the injection occurred, the spatial separation between the positive part of the
oxidized dye, located on the donor, and the TiO2 layer reduces also the possibility of recombination of
the electrons in the conductive band with the dye radical cation. Aggregation of these compounds on
the titania surface is one of the principal drawbacks in their use, together with the poor light abs orption
in the IR region. To minimize these effects, hindered groups such as long alkyl chains can be inserted
in the planar structure of the dye or bulky co-adsorbents such as the chenodeoxychloic acid (CDCA,
Figure 1.16) can be added to the dye solution used for electrode staining. &

Figure 1.16 Structure of the chenodeoxychloic acid.

The most common structures used to optimize the design of these dyes (depending on their
applications) will be presented below.
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Figure 1.17 Examples of some donor groups structures.
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The most used moieties are reported in Figure 1.17. The functionalization with additional donor groups
(like —OR or -NR2 groups) of this part of the molecule allows to tune the HOMO energy levels (mainly
delocalized on the donor part) and consequently the absorption spectrum of the final compound.
Another common modification is the introduction of bulky groups, in order to reduce dye aggregation.
Triarylamines (d1,d3) are the most used donor groups due to their excellent electronic properties and
the ease of functionalization. Used since 2004,85 they have been functionalized in the 4,4’ positions
either with long alkyl,8¢ alkyloxy®” and thioalkyl® chains or further aromatic8® and heteroaromatic® rings,
i.e. the fluorenyl group®! (d3), able to stabilize cation and anion radicals. The indoline group9 (d2) is
one of the best performing donor groups due to its outstanding electron-donating capability, influencing
the maximum absorption peak as well, and simple synthesis. Indoline dyes exhibit also good stability
and high molar extinction coefficients. Other donor groups widely used in recent years and worth to be
mentioned are phenothiazine® (d4), coumarine® (d5), tetrahydroquinoline® (d6), exhibiting also a
strong absorption in the IR region, and carbazole% (d7).

= m-Spacers
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Figure 1.18 Examples of some m-spacer groups structures.

The m-bridge allows the electron conjugation between the other two moieties of the molecule and is the
main responsible for the light-harvesting properties of the dye; extending the conjugation in fact shifts
the maximum absorption peak and increases the molar extinction coefficient. For these reasons, many
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different structures have been used as spacers (Figure 1.18), from single (hetero)aromatic rings®” (1r2-
4) (i.e. thiophene is widely used due to its good polarizability, which facilitates charge transfer process)
to polycyclic structures® (mw7-14) (that can greatly enhance the absorption spectra), passing thought
the use of a simple series of conjugated E double bonds (1) (which are however less efficient as can
undergo photoisomerization processes®). Use of electronrich rings, such as ethylendioxythiophene%
(EDQT) (m5) or propylenedioxythiophene'® (ProDOT) (m6) is also quite common because they can
shift the maximum absorption peak of the molecule. The ProDOT ring is particularly interesting because
during its synthesis it can be easily functionalized with alkyl chains on the central carbon between the
two CH20 groups. Introduction of bulky groups on the planar m-spacer is commonly used in order to
reduce dye aggregation.

= Acceptor/Anchoring Groups

This moiety plays two main roles in the dye structure, it is in fact both responsible for bonding on the
semiconductor surface, as well as for electron injection. Usually the same group that acts as acceptor
is also the anchoring one, but this is not compulsory because the sole requirements for a good injection
is that the TiO2 and the acceptor part have to be spatially close; indeed, electron transfer can happen
also if only weak interactions occur between the two partners.'0 This is, for example, the case of the
dye NI7 (Figure 1.19), in which the strong anchoring moiety is not the acceptor part, constituted by a
pyridine which only has to be spatially close to the semiconductor surface in order to be able to inject
the electrons into the CB.102

NI7

Figure 1.19 Proposed anchoring and electron injection processes for the dye NI7.102

The traditional anchors used in D-1r-A dyes are cyanoacrylic (a1) and carboxylic acids (a2), due to the
good electron injection and the strong ester linkage with the semiconductor they guarantee.6.193 The
cyanoacrylic acids, due to their stronger electron-acceptor character are the most used ones and for
this reason are also often used as references to test the properties of new anchoring groups. Their
principal drawback relies in their poor stability in the presence of water due to hydrolysis. For such
reason, research on different anchoring groups capable to form a stronger bond with TiO2 in those
conditions is very active and multiple structures and groups have been tested (Figure 1.20). In particular,
alkoxysilane (a4) are the object of the research of this PhD and their properties will be discussed in the
next chapter.
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Figure 1.20 Examples of some acceptor groups structures.

Phosphoric'%4 (a5) and sulfonic acids'% (a6) have been employed due to their similarity to the carboxylic
acid structure while being able to establish multiple bonds with the titania surface, increasing the
stability of the linkage; however, both groups showed slow injection rate due to the tetrahedral structure
of the anchoring moiety, which interrupts the electronic conjugation.0¢ 2-hydroxybenzonitrile'07 (a10)
can establish as well strong bonds with the -OH groups on the surface of the semiconductor, however
slow injection rates were obtained. Another possibility lies in the use of Lewis coordination bonds
instead of Brensted acid-base interactions. Rhodamines'® (a3) and, especially, hydroxamic acids'0?
(a7), which are also used as bidentate ligands for metals and metal oxides, have been shown to
establish a strong water-resistant bond with TiO2, and the latter have also showed good performances
in the electron injection process. Another possibility is the use of pyridine''0 (a9) and pyridine N-oxide'!!
(a8), which display a strong interaction of their nitrogen atom with the titanium centers of TiO»
(accompanied by the interaction of the O atom in the N-oxide) , allowing once again an efficient electron
transfer and a bathochromic shift of light absorption. These good properties can also be enhanced by
introducing additional electron withdrawing groups such as carboxylic acids or nitrile groups. However,
usually the loading of these dyes on TiO2 is lower compared to similar cyanoacrylic dyes due to the
lower number of binding sites available on the semiconductor. Other functions that have been recently
employed as anchoring groups are tetrazoles''2 (a12) (considered an analogous of the carboxylate
group due to their similar physical and electronic properties) and tropolone''3 (a13) (that has already
been used as chelating ligand, since after deprotonation can act both as acceptor and anchoring group).
Finally, a different way to perform the electron injection can be achieved by the use of cathecols'*
(a11). This group in fact is able to inject electrons directly from the ground state into the conduction
band of the semiconductor (the so-called “Type-II” injection process3) after photoexcitation, providing
also a bathochromic shift of the absorption spectra of the dye and a good stability of the anchoring.
However this group exhibits strong recombination phenomena, lowering cell efficiencies and
hampering its more widespread use.
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1.6. Aim of the work

As we have already discussed, the photosensitizer plays a key role in the working mechanism of
photoactivated processes such as DSSC and photocatalytic hydrogen production. Its optimization is
crucial in order to exploit efficient light conversion systems and the aim of this PhD work was the study
of the effect of modifications on the dyes backbone in order to enhance the performances of the final
devices.

Regarding the DSSC, the focus was into the introduction of particular silylated anchoring group, that
already showed excellent photovoltaic performances into the device, along with an extremely good
stability of the dye towards the desorption from the TiO2 film.35 This particular feature is very interesting
because, also if do not affect the immediate performances of the solar cell, it can extend the lifetime of
the final device and therefore increase the economic and environmental sustainability of the technology.
For that reason, we decided to study the reason behind their good performances and to research if
other silylated moieties can be employed as well, in order to broaden the use of these particular groups
in the field of the solar cells.

In the second part of this section, the use of these dyes will be extend to another field, the
photoactivated hydrogen production. The particular characteristics of this kind of dye, regarding the
easy tunability of their properties, are in fact perfect for the optimization of this new kind of device, due
to the complexity of the system. For that reason, a better understanding of the role of the modifications
on the backbone of the dyes is needed. We decide then to study the impact that some common
modifications have on the rate of hydrogen production in this kind of SED-assisted systems.
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Results and Discussion

2.1. Synthesis of Silylated Anchoring Groups for
DSSC Application

2.1.1. Background

As already shown, the dye plays a key role in the working mechanism of a DSSC, being able to influence
all the properties of the final solar cells, which are not only limited to photovoltaic performances but
also include, for example, the durability and transparency of the device. The durability in particular is a
crucial factor for the diffusion and the commercialization of this technology as a real counterpart to first
generation photovoltaic devices. There are two main processes that could cause a crash of a DSSC,
namely the UV-heat stress, possibly leading to the degradation of the various cell components, and the
defects in sealing that could lead to the electrolyte leaking or the intrusion of water inside the device.
Solving such problems represents a huge technical challenge, as demonstrated by the large number
of existing studies concerning the optimization of manufacturing conditions.'2 Regarding the dye, the
most critical problem could be the presence of water because, apart from the possibility to cause short-
circuits inside the cell, it could either lead to dye degradation or its desorption from the semiconductor
surface. This is particularly true for the dyes bearing a cyanoacrylic acid moiety that, as already pointed
out, is currently the most used anchoring group. Indeed, as demonstrated by a recent study?, the
combined action from both intense light and water in the presence of metal oxides could lead to the
degradation of the double bond of the cyanoacrylic acid moiety and the consequent desorption of the
dye (Scheme 2.1).
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Scheme 2.1 Proposed mechanism for the cyanoacrylic acid degradation in DSSC.3
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The research of new anchoring groups characterized by higher stability in these conditions is therefore
very active and directly linked to the sensitizers molecular structure. Among all the anchoring groups
already used in DSSCs,* our attention focused onto the siloxane, a group with general formula Si(OR)s3,
in which R are alkyl chains, that was already shown to be able to establish a strong bond with metal
oxides surfaces.® The bond formation mechanism is still debated, but the commonly accepted theory
implies that after hydrolysis of the OR group, the obtained silanol can form a covalent ester bond on
the metal oxide surface after the elimination of a molecule of water (Figure 2.1).6
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Figure 2.1 Proposed mechanism for the bond formation between the siloxane and the semiconductor surface.®

In the literature, various papers regarding the synthesis of dyes bearing the siloxane group can be
found, .78 but it is only with the most recent works of Hanaya et al.%10 that a breakthrough in the use
of silyl-anchoring dyes in DSSC was reached. In the first work of the series, the authors synthetized a
new dye called ADEKA-1 (Figure 2.2) as a derivation of the more famous cyanoacrylic dye MK-2'" and
showed that it had an excellent stability on the titania surface and was able to provide DSSCs of high
efficiency (over 12.5%), greater also than the corresponding cyanoacrylic acid. The presence of a
strong electron-acceptor moiety and an extended m-spacer system explain the better results obtained
compared to the dye previously synthetized by the same group, SFD-5 (Figure 2.2). The co-sensitization
of ADEKA-1 with this latter dye or with cyanoacrylate LEG4 (Figure 2.2), accompanied by a thorough
optimization of the cell parameters (i.e. electrolyte composition, pre-staining treatment of the
semiconductor surface), allowed to reach even better efficiencies in the final devices (over 14% for the
system ADEKA-1/LEG4). Finally in their last work, they also exploited the possibility to enhance
another important parameter of a DSSC device, the Vo, by synthetizing a new coumarine dye called
ADEKA-3 (Figure 2.2) with optimized FMOs energy levels in order to work with an electrolyte solution
that has the redox couple Br-/Brz- as main component; with that system they were able to reach a value
over 1.4 V for the Vo of the complete devices.10¢
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Figure 2.2 Structure of the siloxane dyes synthetized by Hanaya et al.1%

In a previous study conducted in the laboratory where this work was carried out, two new siloxane dyes
were synthetized starting from the corresponding cyanoacrylic acids. 2 However, the introduction of the
silylated group as described for ADEKA-1,'% by transforming the acid to the corresponding acyl
chloride with subsequent reaction with the 4-(triethoxysilyl)aniline (1), has turned out not to be
straightforward and general as it seemed to be and the development of a different synthetic route for
both the two new dyes, MM62 and MB56, was necessary (Scheme 2.2). The difficulties encountered in
the synthesis and the purification of these dyes stimulated us to look for a new valid anchoring group
as an alternative to the siloxane.
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Scheme 2.2 Different synthetic pathways for the introduction of the siloxane moiety. 0212
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The first part of this PhD work was then focused on investigating the photophysical properties of
trialkoxysilane dyes MM62 and MB56, which were prepared as shown in Scheme 2.2. The two
compounds were analyzed by means of transient absorption spectroscopy and their performances in
DSSC were evaluated. Furthermore we developed a simple and general way to introduce on a
cyanoacrylic dye a different silylated anchoring group having the same advantageous properties as the
siloxane. The group we chose was the silatrane moiety (Figure 2.3a), which is, in fact, relatively stable
under a wide range of pH values,'® can withstand many common reaction conditions and can be easily
purified with column chromatography on silica gel, but it can still be hydrolyzed on the titania surface
to form the same stable covalent bond as the siloxane group, without exhibiting the tendency to form
polymeric species (typical of the alkoxysilane deviratives).' For these reasons, there were already
examples on the use of this group for the sensitization of metal oxides surfaces with heterogeneous
catalysts,® tetra-aryl porphyrins'® and organometallic dyes,** while its introduction in the structure of
metal-free organic dyes had never been reported so far. We decided to introduce the silatrane moiety
on a series of cyanoacrylic acids in order to compare the new dyes with their already developed
siloxane analogs, and therefore designed the three dyes MB96, MB104 and MB113 (Figure 2.3b).
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Figure 2.3 Structure of (a) the silatrane cage, (b) the target dyes.
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2.1.2. Studies on the Siloxane Dyes MM62 and MB56

2.1.2.1. Siloxanes Characterization

The optical and electrochemical properties of the siloxane dyes were analyzed in order to prove the
possibility of their employment in real DSSC devices. In particular, their optical properties were
analyzed both with steady-state measurements and with transient absorption spectroscopy.

= Steady-State Spectroscopic Characterization and Electrochemical
Measurements

The absorption spectra’ of the siloxane dyes MM62 and MB56 have been recorded in dichloromethane
(DCM), benzene and acetonitrile (ACN) solution and compared with those recorded for the
corresponding cyanoacrylic dyes DF15 and MB25. The obtained spectra are showed in Figure 2.4.
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Figure 2.4 Absorption spectra in solution (DCM, benzene, ACN) of compounds DF15, MM62, MB25 and MB56.

Both DF15 and its trialkoxysilane derivative MM62 showed a strong absorption band in the visible
region, peaked near 500 nm, with the exact position of the maximum absorption depending from the
solvent used. In case of DF15, in DCM it exhibited an absorption peaks at 528 nm with a broad red-
tail, in benzene a Amax at 515 nm (with a decreased red-tail if compared to the DCM solution), while in
ACN the absorption maximum was peaked at 495 nm, thus showing dependence both on polarity and
polarizability of the external medium. Similar trend was observed for MM62, thus demonstrating that

* The spectroscopic characterization was performed by Mariangela Di Donato of LENS (European Laboratory for Non-Linear
Spectroscopy, University of Florence).
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the modification of the anchoring part of the molecule did not affect to a large extent the nature of its
electronic state. In the case of the couple MB25-MB56, an analogous behavior was observed, with the
absorption spectra also showing the appearance of two higher energy bands besides the band at 500
nm. This last comparison confirmed that modification of the anchoring part of the molecule had a minor
effect on the steady-state absorption.

Normalized Absorbance (a.u.)

0,04, . —

T
400 500 600 700
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Figure 2.5 Absorption spectra of dyes DF15, MM62, MB25 and MB56 on TiO: film.

Then, the spectra of the dyes adsorbed on a nanocrystalline TiO; film were recorded (Figure 2.5). The
staining conditions used for the sensitization were not the same for all the compounds examined: while
for the acids it is sufficient to dip the films overnight in a toluene solution of the dyes at r.t., for the
silylated compounds it is necessary to immerse the films in a toluene solution of the dyes heated up to
70°C for several hours. The difference in staining conditions depends on the reactions that have to
take place for the sensitization to occur: while for the carboxylic acids only a deprotonation is needed,
for the silylated dyes the hydrolysis of the SiO-R groups to the corresponding silanols has to happen
(Figure 2.1), a reaction that requires more energy to occur. All the recorded spectra appeared blue-
shifted if compared with the respective absorption measured in DCM solution; in particular, the blue-
shift was extremely pronounced in case of the cyanoacrylic acids (the maximum absorption shifts at
458 nm both in case of DF15 and MB25), which is most probably due to deprotonation of the carboxylic
group on the surface. In the other cases, the blue-shift observed with respect to the solution may be
caused by the formation of H-aggregates on the surface, which is commonly observed in DSSC
photoanodes prepared without the addition of any anti-aggregating agent.!”
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Figure 2.6 Normalized fluorescence spectra of all the analyzed dyes in DCM, benzene and ACN.

Fluorescence spectra of all dyes in the three analyzed solvents are reported in Figure 2.6. In all cases,
fluorescence spectra are very broad and usually blue shifted in benzene with respect the two other
solvents. For DF15 and its alkoxysilane derivative MM62, fluorescence yields increased in benzene
compared to the other two solvents, while a very low fluorescence was observed in acetonitrile. Both
MB25 and MB56 showed fluorescence of comparable intensity in benzene and dichloromethane and
lower fluorescence intensity was observed in acetonitrile also for these dyes.

Table 2.1 Spectroscopic and electrochemical data for dyes DF15, MM62, MB25 and MB56 in DCM.

glel Amaxabs/ | Amaxemi | Amaxabs.ONTiO2 | Eoxll | E'oxfd | Egol
oL (M-'em-) (nm) (nm) (nm) V) V) | (V)
DF15 34000 528 624 458 +0.94 | -1.09 | 205
MM62 24000 520 721 501 - - 213
MB25 28000 514 605 456 +1.03 | -1.02 | 250
MB56 24000 510 679 478 +1.00 | -1.08 | 248

[a] DCM solution; [b] Potentials vs. NHE; [c] Calculated from Eox — Eo-o; [d] Estimated from the intersection of normalized
absorption and emission spectra.
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Cyclic voltammetryT measurements were carried out in DCM to determine the ground-state oxidation
potentials (Table 2.1) of the dyes. All the potentials were comprised in the 0.94-1.03 V range, therefore
being positive enough to ensure regeneration by the iodide/triiodide redox couple (ca. 0.5V vs. NHE'S).
As already seen, the modifications on the anchor part of the structure, did not cause major changes to
the dyes electrochemical characteristics. Finally, by subtraction of the optical band-gaps (Eo-o) to the
ground-state oxidation potentials (Eox), it was possible to calculate the excited state oxidation
potentials (Table 2.1; E'ox. = Eox. — E0-0). These values resulted being always more negative than the
TiO2 conduction band edge (ca. -0.4 eV vs. NHE), which means that electron injection from the excited
state of the dye to the conduction band of the semiconductor could occur properly during cell operation.

= Transient Absorption Spectroscopy Analysis

Fast and ultrafast time-resolved spectroscopy techniques have often been employed to determine the
rate constants and quantum yields of the individual processes taking place on sensitized TiO» films.!7a
Starting from these premises, we decided to record transient absorption spectra of our dyes, using
solvents differing both in polarity and polarizability in order to investigate the effect of the external
medium on the system electronic properties of the system. Dyes DF15 and MM62 were excited either
at 400 and 520 nm (on the two different absorption peaks recorded before), however, changing the
excitation conditions had no remarkable effect on the measured transient absorption spectra and on
the dynamic evolution of the excited states. On the other hand, MB25 and MB56 have been excited at
480 nm (on their maximum absorption peak), in order to reach the lower excited state of the molecule.
In all the cases (especially for DF15), both the excited state lifetimes and the spectral shapes were
greatly influenced by the solvent properties. The quantitative analysis of the data obtained by the
ultrafast transient absorption experiments has been performed by global analysis, in order to retrieve
both the kinetic constants associated, necessary to describe the dynamic evolution of the system, and
the corresponding spectral contributions (evolution associated decay spectra, EADS)." Figure 2.7
reports the EADS and the kinetic traces registered at the maximum of the excited state absorption band
obtained by analyzing the transient absorption data recorded for all the dyes in the analyzed solvents,
together with the fit obtained by global analysis.

" Cyclic voltammetry measurements were performed by Dr. Fabrizia Fabrizi de Biani (University of Siena).
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Figure 2.7 EADS obtained by the global analysis of transient data recorded for DF15 in (a) ACN, (b) DCM, (c) benzene; panel (d) reports the
kinetic traces at 625 nm registered for DF15 in the three solvents (scattered points). Red lines underlying the kinetic traces lines on panel d
represent the fit resulting from global analysis.
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In the majority of cases three kinetic components have been necessary in order to accurately fit the
kinetic traces. For all molecules, the excited state absorption band rose in intensity and broadened
towards 650-750 nm on ca. 1 ps timescale (black to red evolution in Figure 2.7 panels a, b and c). On
a short timescale after excitation, several processes could occur, concerning both the relaxation of the
initially excited state and reorganization of the solvent. In analogy with what observed in similar dyes
presenting a D-1r-A structure, 72 the occurring of the spectral evolution on a few ps timescale could be
indicative of the evolution from an initial local excited state to an excited state with charge transfer
character. The transient absorption spectra of DF15 and MM62 reported in Figure 2.7 were qualitatively
very similar. In both cases, a very broad excited state absorption band could be noticed, besides a
negative feature corresponding to the bleaching of the ground state absorption. In case of MM62 the
measurement of the transient absorption spectra in ACN was not possible, due to the extremely low
solubility of the dye in this solvent. In order to have an idea of the effect of solvent polarity on the
excited state properties of this molecule, a transient spectrum in another polar solvent, DMSO (where
the molecule was more soluble), was registered. The lifetimes obtained by global analysis for all the
investigated compounds in the different solvents are summarized in Table 2.2.

Table 2.2 Time constants resulting from the analysis of transient absorption data.

DCM ACN Benzene

Dye | v || 15 | m | n W M| T2 | T
(ps) | (ps) | (ps) | (ps) | (ps) | (ps) | (ps) | (ps) | (ps)
DF15 | 0.7 [ 109 | 735 | 05 | 38 | 610 | 05 | 7.0 | 215
MM62 | 1.0 | 1.9 | 46 | 0.6 | 21.0= | 39001 | 2.8 | 65.4 | 1700
MB25 | 0.5 | 10 |1800 | 0.8 | 330 | 1600 | 3.0 |47.0| 727
MB56 | 0.7 | 179 | 1700 | 0.4 | 420 | 2100 | 3.7 | 232 | 1000

[a] Values referred to the DMSO solution.

In DCM, the excited state absorption band significantly decayed on a 10 ps timescale, while the residual
signal recovered in ca 750 ps timescale for DF15. On the other hand, in case of MM62 in DCM an
additional evolution on a 2 ps timescale was observed, which could be ascribed to vibrational relaxation,
being accompanied by a slight blue-shift and narrowing of the excited state absorption band. The
following decay of the excited state absorption occurred on a 46 ps timescale. When measurements
were repeated in a more polar solvent (ACN for DF15, DMSO for MM62), the observed spectral shapes
and the dynamic evolution of the transient signals were qualitatively similar to what already observed
in DCM. The difference was an overall acceleration of the excited state evolution and of the recovery
of the ground state. In fact, in the case of DF15, the excited state signals mostly recovered in 3.8 ps
(with a residual decay occurring in 60 ps), while for MM62, the ground state recovery occurred
respectively in 7.6 and 21 ps. On the other hand, when measurements were performed in benzene, the
excited state absorption band appeared more structured for DF15, while was again very broad in the
case of MM62. In this solvent, excited state relaxation was significantly slower that what previously
observed in more polar media, in agreement with the increased fluorescence yield already observed.
For both DF15 and MM62, besides an initial evolution occurring on a <1 ps timescale, which could be
ascribed to the relaxation of an initially hot excited state, a further dynamics evolution was observed
on a 7-10 ps timescale. The associated spectral changes mostly consisted in a blue-shift, narrowing
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and increasing in intensity of the excited state absorption band, which induced to associate this dynamic
evolution to vibrational cooling and solvent induced structural relaxation of the excited state. In the
case of MM62 the transient spectra in benzene were qualitatively similar to those already observed in
DCM and DMSO, but a significant increase of the excited state lifetime is observed. Although with
several specific differences, for all the compounds, the overall excited lifetime was dependent on the
solvent polarity, resulting quite short in ACN (DMSO for MM62), intermediate in DCM and significantly
longer in benzene. This observation suggested that the excited state stabilized upon visible excitation
in polar media had a significant charge transfer nature, as already reported in case of push-pull dyes.20
As already noticed from steady-state absorption spectra, the two dyes exhibited a strong similarity in
the transient absorption spectral shapes and in the trend observed for the solvent effect on the excited
state lifetime, confirm that modification of the anchoring group has a minor effect on the excited state
electronic distribution.

On the contrary, in the case of MB25 and MB56, several differences could be noticed. Although the
spectral shape of the transient spectra of these two molecules was qualitatively similar to that observed
for DF15, the excited state absorption band was narrower and slightly red-shifted for MB56.
Furthermore, the solvent effect was less pronounced: in all solvents the excited state lifetime was on
the ns timescale, and appeared to be only slightly longer in DCM as compared with ACN and benzene.
This observation brought to the conclusion that the excited state reached upon excitation at 520 nm in
both MB25 and MB56 had less charge transfer character as compared with the previously analyzed
compounds, by the effect of the differences on the backbone in these systems if compared with DF15.
This was due to a more delocalized electron density in the ground state which determines a minor
electron density shift in the excited state.
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Figure 2.8 EADS obtained by the global analysis of transient data recorded for all the investigated dyes when absorbed on a TiOz film.
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Finally, TiO2 film sensitized with all the dyes object of the study were analyzed and the relative transient
absorption spectra are reported in Figure 2.8. In all cases, the excited state lifetime increased
significantly upon absorption on the semiconductor surface (indication of the occurrence of the electron
injection) and, with the exception of MM62 (that showed an extremely broad excited state absorption
band), the spectral shape of the excited state absorption band was qualitatively similar for all dyes.
Soon after excitation, a very broad absorption band appeared in the spectra, which partly decreased in
intensity on a 0.5-2 ps timescale. On the same timescale, the spectral shape of the excited state band
became more structured, allowing to distinguish a double peak structure. Based on previous studies
on similar D-m-A dyes with analogous structure as DF152' and on the comparison between the
normalized spectral shapes of the last EADS measured in solvents and on TiO3, the excited state band
peaking on the 700-750 nm region could be associated to the formation of the dye radical cation upon
electron injection into the semiconductor substrate. Notably, while this band could be clearly seen in
the spectra of DF15 and MB25, in those of the silylated dyes MM62 and MB56 only a very weak band
was present, suggesting a lower contribution by the radical cation. In any cases, analysis of the
transient absorption spectra suggests that the electron injection process occurs at least in part on a
very short timescale for all dyes.
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Figure 2.9 Comparison between the normalized kinetic traces of the relative EDAS spectra recorded at 720 nm for the different molecules.

The analysis of the kinetic traces at wavelength >700 nm, due to the cation absorption, could give
information on the semiconductor-dye recombination kinetics and on the amount of injected electrons
reaching the conduction band of the substrate. As it can be seen in Figure 2.9, the kinetic traces
registered at 720 nm for all dyes show a fast bi-exponential decay component and a long lasting offset.
The fast decay was associated with rapid charge recombination due to the electrons injected on the
surface state of the semiconductor, or to cation quenching due to dye aggregation on the surface, in
line with what was already observed for similar D-1-A dyes.?2 A small qualitative dependence on the
anchoring group can be observed: after the substitution of the cyanocrylic moiety with the
phenylalkoxysilane group, in fact, the timescale of fast recombination shortened to ca. 14 ps (for MM62
and MB56) from the initial ca. 20 ps in the case of DF15 and MB25, possibly as the effect of the
increased conjugation of the anchoring group, or of a different absorption geometry on the
semiconductor surface.? The value of residual signal that was observed is related to the amount of
charge carrier that were successfully separated in the process and did not recombine with the dye
molecule itself,2'c as well the longer component of the decay (the longer it is, higher is the amount of
electrons that recombine?4). It has to be pointed out that the relatively large amount of the fast decay
component could result from the preparation procedure adopted for the colored films, which did not
involve the addition of any anti-aggregating agent to the dye solution, the use of any electrolyte (that
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can induce modifications both on the electron injection and charge recombination timescale)'72 and to
the fact that TAS measurements have been performed by directly exposing the film to air.

In order to evaluate the electron injection capabilities of the dyes, the relative amount of the constant
offset measured at >700 nm (which can be connected to the amount of electrons injected into the
semiconductor CB)2'2 were compared. As reported in Figure 2.9, DF15 and MB25 showed the most
intense residual signal, while two silylated dyes exhibited a lower constant offset (only slightly smaller
with respect to DF15 for MM62, while reduced to almost 1/3 of the value measured for the
corresponding cyanoacriylic acid for MB56). The outcomes of time resolved measurements suggested
that the modifications introduced on the anchoring group could affect the efficiency of solar cells
prepared with the silylated dyes due the larger extent of the recombinative process, possibly affecting
the efficiency of the electron injection if compared to the corresponding cyanoacrylic dyes.

2.1.2.2. Computational Analysis

A theoretical analysis of the silylated dyes MM62 and MB56 was also performed in order to rationalize
the electronic structure of the compounds and to characterize their excited state energy and charge
transfer capabilities. The analysis was based on DFT/TD-DFT calculationst and, once again, the results
were compared with those of the corresponding cyanoacrylic dyes. Both the isolated and the anchored
dye were considered, using, in the second case, a model (composed by a TiO; cluster) to simulate the
electronic properties and the FMOs of the semiconductor.

= |solated Dye

In the calculations, the pentylic chains of dyes MB25 and MB56 were replaced by simple methyl groups
to reduce the computational burden, without affecting the nature of the conjugated system. The dyes
structures were optimized by means of TD-DFT calculations, which were performed as reported in the
Experimental Section (see below). The energy values of the FMOs and their shape were calculated for
all the computed structures (DF15, MM62, MB25 and MB56) and the wave function plots of the
corresponding orbitals are shown in Figure 2.10.

* TD-DFT calculations were performed by Prof. Adalgisa Sinicropi (University of Siena).
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Figure 2.10 Wave function plots of the HOMO and LUMO orbitals of compounds DF15, MM62, MB25 and MBS56.

The plots showed the typical FMOs distributions of a D-1-A dye, with a HOMO mainly localized on the
donor part and the m-spacer, while the LUMO was mostly localized on the acceptor part. In particular,
in the case of MM62 and MB56 can be seen how the electron density of LUMO level remains
substantially located on the cyanoacrylic moiety, without any significant contribution arising from the
siloxane anchoring group, which limits the intramolecular charge-transfer nature of the excitation
process. Anyway, the modification on the anchoring group did not cause any significant change of the
shape and the energy values of the FMOs.
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Table 2.3 TD-DFT (CAM-B3LYP/6-31G* and, in brackets, MPW1K/6-31G*) computed absorption maxima (Aemax), energy (Eexc), oscillator
strengths f and composition in terms of molecular orbitals for the lowest singlet-singlet excitation* of DF15, MB25, MB56 and MM62 in DCM,

benzene and ACN.
Dye | Solvent ?m) ie\;; f T’:"i“L‘”
DCMEl | 489 (517) | 2.53 (2.40) | 1.594 (1.517) | 77% (90%)
DF15 | Benzene | 487 (513) | 2.54 (2.41) | 1.607 (1.539) | 77% (89%)
ACN | 487 (515) | 2.54 (2.41) | 1.583 (1.501) | 77% (90%)
DCM | 480 (505) | 2.58 (2.46) | 1.819 (1.750) | 77% (89%)
MM62 | Benzene | 480 (504) | 2.58 (2.46) | 1.820 (1.760) | 77% (89%)
ACN | 478 (502) | 2.59 (2.47) | 1.819 (1.746) | 77% (89%)
DCM | 477 (497) | 2.60 (2.49) | 1.505 (1.494) | 80% (91%)
MB25 | Benzene | 475 (493) | 2.61 (2.51) | 1.519 (1.518) | 80% (90 %)
ACN | 476 (496) | 2.61 (2.50) | 1.491 (1.475) | 80% (91%)
DCM | 479 (499) | 2.59 (2.48) | 1.733 (1.721) | 80% (90%)
MB56 | Benzene | 477 (495) | 2.60 (2.50) | 1.741 (1.741) | 80% (90%)
ACN | 478 (498) | 2.60 (2.49) | 1.728 (1.710) | 80% (90%)
[a] Values taken from ref.25

TD-DFT absorption maxima (Aamax), vertical excitation energies (Eexc) and oscillator strengths (f) in
DCM, benzene and ACN are shown in Table 2.3. Calculations showed how the main visible band in the
spectrum of all dyes is due to a HOMO — LUMO transition and, in agreement with experimental values,
the vertical excitation energies were computed in the 2.52-2.63 eV and 2.40-2.51 eV ranges at the
CAMB3LYP/6-31G* and MPW1K/6-31G* levels of theory, respectively. In addition, the deprotonated
form of DF15 was also computed at the CAM-B3LYP/6-311+G(2d,p) level of theory and its data were
compared to those of the neutral form (Table 2.4).
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Table 2.4 TD-DFT (CAM-B3LYP/6-311+G(2d,p)) computed absorption maxima (A%max), excitation energy (Eexc), oscillator strengths (f) and
composition in terms of molecular orbitals for the lowest singlet-singlet excitation of DF15 and of its deprotonated form in DCM, benzene and

ACN.
Dye Solvent Mmax | Eexc f Transition
— (nm) (eV) H—L

DCM | 508.97 | 2.4360 | 1.5944 7%
DF15 Benzene | 506.64 | 2.4472 | 1.6050 7%
ACN | 506.75 | 2.4467 | 1.5829 7%
DCM | 439.42 | 2.8215 | 1.5348 73%
Benzene | 428.20 | 2.8955 | 1.5707 83%
ACN | 443.24 | 2.7972 | 1.5065 2%

Deprotonated
DF15

The computed difference in vertical excitation energy between neutral and deprotonated form was in
line with the observed blue-shift of the absorption maximum in the UV-Vis. spectra after sensitization
on TiO2 film (if compared to the data obtained in solution), confirming that the deprotonated acid was
the active anchoring group.

= Absorbed Dye

The optimized geometries of dyes on TiO2 are shown in Figure 2.11, in comparison with their calculated
arrangement in solution.
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Figure 2.11 Geometries and dihedral angles of dyes DF15, MM62, MB25 and MB56 isolated and adsorbed on TiOz (in parenthesis).
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As can be seen, the geometries of the dyes do not show any major change upon binding to TiO2. In
particular, the dihedral angles between the donor and the -conjugated units and between the spacer
and the cyanoacrylic groups did not significantly deviate from planarity upon binding the semiconductor,
meaning that the degree of m-conjugation was conserved. As a consequence, the energy values of the
HOMOs for the isolated DF15, MM62, MB25 and MB56 dyes are comparable with those for the same
dyes after sensitization (Figure 2.12).
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Figure 2.12 Wave function plots and energies of the frontier molecular orbitals of compounds DF15, MM62, MB25 and MB56 on TiO.

The LUMO energy levels, instead, were considerably stabilized when bound to TiO3, thus reducing the
HOMO—LUMO energy gap, which was confirmed by the red-shifted absorption maximum computed
for all the dye/TiO2 systems (see Table 2.5). Nevertheless, as previously reported,? the observed blue-
or red-shift of the absorption maximum in going from dye/solvent to dye/TiO2 systems is rather mainly
caused by the protonation state of the dye in solution and by the dye aggregation which, in turn,
depends on the dye packing on the surface and thus it is not predictable. For these reasons, and
contrarily to the predicted reduced energy gap, a blue-shift is observed in the experimental UV-Vis.
dyes absorption spectra after sensitization (see Figure 2.5). To complete the set of TD-DFT calculation
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and learn more about the electronic differences, absorption maxima (A2mayx), vertical excitation energies
(Eexc) and oscillator strengths (f) for the all the cyanoacrylic and siloxane dyes on TiO2 were computed,
and are shown in Table 2.5; for comparison, the same values obtained for all the compounds in DCM
solution are also reported at the CAM-B3LYP/6-311G(d,p) level of theory.

Table 2.5 TD-DFT* computed absorption maxima (A2max), energy (Eexc), oscillator strengths f and composition in terms of molecular orbitals for
the lowest singlet-singlet excitation of DF15, MM62, MB25 and MB56 in DCM and upon binding TiO».

Nemax | Eex
Dye " e f Transition
(nm) | (eV)
TiO2 528 | 2.35 | 2111 H—L 78%
DF15
DCM 490 | 2.53 | 1.595 H—L 77%
TiO2 459 | 2.71 | 1.864 H—L+8 78%
MM62
DCM 481 2.58 | 1.819 H—L 77%
TiO2 493 | 2.52 | 1.950 H—L 69%
MB25
DCM 479 | 2.61 | 1.506 H—L 80%
TiO2 455 | 2.72 | 1.810 H—L+8 82%
MB56
DCM 480 | 2.58 | 1.736 H—L 80%
[#] For dyes/TiO2: CAM-B3LYP/6-311G(d,p) level in which the standard LANL2DZ basis set
was used for the Ti atom; for dyes in DCM: CAM-B3LYP/6-311G(d,p) level.

2.1.2.3. Photovoltaic Measurements$

Strip DSSC cells (3.6 cm?2) containing the acid MB25 and its silylated derivative MB56 as sensitizers
and a small-scale test DSSC (0.25 cm?) sensitized with MM62 were assembled in order to evaluate
and compare their photovoltaic performances. The standard organometallic dye 290727 was used as
reference (Figure 2.13).

Z907

Figure 2.13 Structure of the reference dye Z907.

§ All the photovoltaic measurements were carried out by Dr. Daniele Colonna and Prof. Aldo di Carlo (C.H.0.S.E., University of
Rome “Tor Vergata”).
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Considering the obtained value for the molar extinction coefficient of the studied dyes, the cells were
prepared with transparent photoanodes having thickness of 6 ym (using commercial Dyesol 18NR-T
paste), without any other treatment on the semiconductor film. A commercial electrolyte solution based
on the most classical |-/I3- redox couple (Dyesol HPE) was employed in the cells without the use of any
other additive. Typical J/V curves measured on the transparent solar cells are shown in Figure 2.14,
while the photovoltaic performance parameters are reported in Table 2.6.
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Figure 2.14 Typical J/V curves for transparent strip cells built with dyes (a) MB25, (b) MB56, (c) Z907 and for small-scale test cells sensitized
with (d) MM62 and Z907.

Table 2.6 Photovoltaic parameters for transparent DSSCs built with dyes MB25, MB56, MM62 and Z907.

Voc Jsc ff n
(mV) | (mAlem2) | (%) | (%)

MB25 (strip) 660 11.99 | 60 | 4.80
MBS56 (strip) 560 2.20 69 | 0.86
Z907 (strip) 688 12.00 | 52 | 4.28
DF15 (small-scale)l] | 686 10.86 | 67 | 4.97
MM62 (small-scale) | 514 1.03 68 | 0.36

Dye

Z907 (small-scale) | 628 17.92 57 | 6.37

[a] Values taken from ref. 25
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As can be seen from Table 2.6, the two silylated dyes exhibited notably lower efficiency when compared
either to the reference dye 2907 or the corresponding cyanoacrylic acid. This effect can be seen for
both the two different series of dyes sharing the same backbone and both in the small-scale test devices
and in the strip cells. In particular, the recorded value for the Jsc in the case of the silylated dyes was
six to ten times lower than those of the corresponding cyanoacrylic acids. As example, in Figure 2.15 is
reported the IPCE spectra of the two dyes MB25 and MB56: both of them showed a peak around 460
nm, but while MB25 exhibited a values for IPCE of 61%, MB56 showed only a value of 5%.
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Figure 2.15 IPCE spectra for strip cells build with dyes MB25 and MB56.

This unexpected result seems to be in contrast with what was observed by Kakiage et al. with their
silylated dye ADEKA-1, which was reported to have better efficiency of the related cyanoacrylic acid
MK-2.1% On the other hand, such a result is in agreement with what we observed in the transient
absorption spectroscopy experiments which showed us lower electron injection rate and the slightly
faster recombination rate for the silylated dyes after sensitization on the TiO2 surface, which justify a
worse performances than their cyanoacrylic equivalents. The excellent results obtained by Kakiage et
al. could be probably explained by the extremely refined cell fabrication procedure they employed,
comprising use of a complicated, multicomponent electrolyte solution and treatment of the TiO> layer
with several different metal oxides and co-adsorbents (establishing an “anti-recombination” layer). Such
observations can be also related to the work of Ziéfek et al. on the factors affecting the performances
of silylated anchoring group on DSSC.2'® |n that study, the synthesis and the purification of ADEKA-1
were optimized and the effect of the dye purity, along with the presence of additives in the electrolyte
solution and of pre-treatment on the semiconductor surface, was studied. Indeed, the presence of co-
adsorbents and capping agents was observed to strongly reduce the fast-recombination this kind of
anchoring group suffers, due to the suppression of the coupling between the injected electrons and the
dye molecules. In addition, the bulky co-adsorbent molecules impose a perpendicular orientation on
the TiO2 surface to the sensitizer, which plays a critical role on the final performances. Indeed, a twisted
anchoring geometry (possibly caused by the high flexibility of the anchoring group) could reduce the
distance between the donor part of the dye and the TiO», thus promoting the recombination process.?3
For that reason, a perpendicular geometry of the dye on the TiO2 surface is preferable. In their case,
in the best conditions, cells built with ADEKA-1 displayed performances comparable to those obtained
by devices sensitized with the corresponding acid MK-2, but were not able to surpass the results of the
carboxylate. Probably, the high electronic coupling between the dye and the TiO», along with the great
flexibility conferred by the long phenyl-alkoxysilane group are the main causes of the not satisfactory
performances we obtained with this anchoring moiety in DSSCs. This last observation shows how the
siloxane group could be a great anchoring group for DSSC application, but only when a huge work of
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optimization of the staining conditions and of the electrolyte solution is carried out, in order to speed
up the electron injection and slow down the recombination processes.

2.1.3. Development of the New Silatrane Dyes

2.1.3.1.

In a previous study,?® two new synthetic procedures for the introduction of the siloxane moiety on
cyanoactrylic acids were developed using dyes DF15 and MB25 as starting materials (Scheme 2.3),
respectively, as the previously reported procedure’®a used to prepared ADEKA-1 proved to be not
general. In order to validate the new procedures, we attempted then the synthesis of dye ADEKA-1
(Scheme 2.4 and Scheme 2.5).

Validation of the Siloxane Synthesis

HSi(OEt); (1.5 eq.) Si(OEt)
3

p-lodoaniline {1.5 eq.) DIPEA (3.0 eq.)
EDC-CI (1.5 eq.) Pd,dbas x CHCl5 (3% mol)
COOH  HOBt (1 5eq.) /\/\L JohnPhos (6% mal) 3, /H/U\

a) N S ﬂ/\g,\, CH ,Cly 16 h, 50°C NMP_ 16 h, r.t.
A 4
DF15 53% 2 78% MM62
O\
Hex
1) Triphosgene (1.5 eq.) Si(OMe)
NH; DIPEA (2.1 eq.) o ?
COOH THF 3.5 h, 70°C
Nt N
2) MB25 (0.5 eq.) g LA
3 46% MBS56
HMGSNHZ

Scheme 2.3 Synthetic procedures developed for preparing the dyes (a) MM62 and (b) MB56.

Thus, we performed a simple peptide coupling between acid MK-2 and 4-iodoaniline, mediated by EDC-
Cl; after purification by column chromatography, amide 4 was collected with a reasonable yield (Scheme
2.4). Unfortunately when then following step was attempted to obtain the I-Si exchange by treatment of
amide 4 with triethoxysilane in the presence of a Pd-based catalyst and DIPEA as a base, we obtained
the product of the dehalogenation (5) as the main product of the reaction. Such a process, which is
known to occur sometimes under the reaction conditions used?® hampered the possibility to extend the
protocol to our model compound MK-2. The second protocol, developed for the preparation of siloxane
MB56 (Scheme 2.3b), was also tested. In this case we need to perform two consecutive steps with the
in situ formation of the isocyanate of amine 3 by reaction with triphosgene in basic THF, followed by
interception of the latter with carboxylic acid MK-2 to give the corresponding amide (Scheme 2.5).
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p-lodeaniline (1.5 eq.)

E/\\,CGOH __EDCCI(15eq) _ /@
CN zi/\)L

1,2 dichloroethane
16 h, 50°C

MK.-2 56%

HSI(OEt); (1.5 eq.)

DIPEA (3.0 eq.) _
I' Pdydbas x CHCI, (3% mol) Si{OE); o
e Q JohnPhos (6% mol) a‘
—_— g
‘*/*])kﬁ NMP 16h,rt. o " ?,RA(/LKH
CN CN
4 ADEKA-1 5

Scheme 2.4 Attempted synthesis of ADEKA-1 using the same procedure employed to prepare MM62.

Unfortunately, also in this case, the formation of the right product was not observed, and only acid MK-
2 was recovered after purification by column chromatography. An attempt to rise the temperature of
the second step from r.t. to 50°C, did not give any better result.

Q Hex Hex
N s N s %%, -COOH
® S

N TN
§ Hex Hex MK.2
NH, 1) Erlig:;;s?zer;eegf eq.) b, . Si(OMe);
THF 3.5 h, 70°C @
2) MK-2 (0.5 eq.) ke .
Liowey ” BEEAGS%)
3 ADEKA-1

Scheme 2.5 Attempt in the synthesis of ADEKA-1 using the same pathway as MB56.

2.1.3.2.  Silatrane Synthesis

As we have already anticipated, at this stage of the work we decided to exploit the possibility to look
for a new valid anchoring group alternative to the siloxane, in order to overcame the difficulties in the
synthesis and the purification of silylated dyes encountered so far.

Figure 2.16 Chosen silatrane precursor.

We decided to use the silatrane moiety (Figure 2.16) which can be easily synthetized from the
corresponding siloxane in one step.30 Such moiety is expected to be more stable due to the particular
characteristic to establish a trans-annular dative bond from the nitrogen to the silicon atom, producing
a formally penta-coordinated electron-rich silicon species.3!
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Figure 2.17 Trans-annular bonding in silatrane.

In particular we decided to focus on the preparation of phenyl derivative 6, which was successfully
synthetized with high yield using a procedure already reported in literature.30 Trialkoxysilane 3 was
reacted in boiling toluene with triethanolamine (TEOA) and after filtration of the solution, compound 6
was obtained in high purity as a white solid (Scheme 2.6). This reagent was then used to prepare
silatrane MB96.

Triethanoclamine (1.0 eq.)
HzN_®_Si(OM ¢), —NaOH (0.1eq.) Q
Tol, 16 h, 110°C

3 90%

Scheme 2.6 Synthesis of the silatrane precursor.

Indeed we knew from a precedent work that the introduction of the silylated group by peptide coupling
between precursor 3 and acid DF15 (Scheme 2.7) was not an efficient process. Due to the low
nucleophilicity of the aniline nitrogen and the tendency of siloxane to hydrolyze to the corresponding
hydroxysilane, the only product of the reaction was the methyl ester of acid DF15. However, we
reasoned that the presence of the silatrane cage could overcome both the problems encountered with
the siloxane: the trans-annular bond, in fact, makes the aniline nitrogen more nucleophilic (by pushing
a negative charge towards the aromatic ring), while the presence of the cage strongly reduces the
possibility to get hydrolysis of a Si-C bond, minimizing the esterification side-reaction.

-© NG Hex~© NC

Q WCOOH N2 EDG-CI (1.5 & \@ WCOOW

N S Seq) N S

. HOBt (1.5 eq.)
@ DF15 i CH,Cl,, 16h, . Q 7

Si(OMe)s

e} 3 Hex-©
(1.5eq.)

Hex

Scheme 2.7 Attempt in the synthesis of MM62, formation of the methyl ester.

Thus, the peptide coupling between a cyanoacrylic acid and aniline 6 was investigated. Initially, the
reaction was tested on dye DF15 as reference compound (Scheme 2.8).The conditions employed are
summarized in Table 2.1. First of all, EDC-CI (Figure 2.18) was employed as coupling agent in DCM at
r.t.; differently from our previous studies, 2 in this case the use of HOBt was avoided because control
reactions demonstrated that its presence was irrelevant for the reaction outcome.
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Scheme 2.8 Synthesis of dye MB96.

The reaction proceeded much more cleanly than in the case of the corresponding siloxane and, after a classic
purification by flash column chromatography, the desired silatrane MB96 was obtained in good yield and
purity. Before trying the protocol on other acids, a small screening of the reaction conditions was carried out
in an attempt to maximize the yield. In particular, two further coupling agents, PyBOP and TBTU (Figure
2.18), were used without changing the other reaction parameters, and an increase of the reaction
temperature to 50°C was tested, still using EDC-CI as reagent.
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Figure 2.18 Structure of the peptide coupling agents.

As can be seen in Table 2.7, increasing the temperature led to a drop of the yield, while changing the coupling
agent did not yield the desired product, but actually promoted a different reaction pathway. Indeed, when
PyBOP and TBTU were used, a different compound was produced (while still some of the starting acid was
recovered) which, after purification and NMR analysis, turned out to be the product of silatrane desilylation
after formation of the amide bond (compound 5 in Scheme 2.4).

Table 2.7 Optimization of the peptide coupling conditions between aniline 6 and dye DF15.

Entry | Coupling Agent | Temperature Solvent Yield
1 EDC-CI r.t. DCM 66%
2 EDC-CI 50°C 1,2 dichloroethane | 40%
3 TBTU r.t. DCM -
4 PyBOP rt. DMC -
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Based on these results, the reaction on other two cyanoacrylic acids was performed according to the best
conditions (Entry 1 in Table 2.7), and the synthesis of silatranse MB104 and MB113 was achieved with good
yield after purification by flash column chromatography, showing how this method is more general than those
already employed for the introduction of the siloxane group (Scheme 2.9).
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Scheme 2.9 Synthesis of dyes MB104 and MB113.

2.1.4. Dyes Characterization

Once the synthesis of cyanoacrylic silatrane derivatives was carried out, their spectroscopic properties
were analyzed. To prove that silatrane is a valid alternative to siloxane, a comparison between the
spectroscopic and anchoring properties of the two groups was carried out. In particular, the species
present on TiO2 surface after dye adsorption were analyzed and compared for both silylated groups, in
order to prove that the same (or a very similar) covalent adduct was formed in both cases.

Regarding the spectra recorded in solution, the concentration of the dye used was =2.0x10-5> M, while
for the sensitization a concertation around 1x10-4 M was used. All the dyes exhibit a broad light
absorption spectrum and good extinction molar coefficients; the spectra are shown in Figure 2.19, along
with the superimposition of the correspondent cyanoacrylic acids and siloxanes, while relevant data
are reported in Table 2.8.
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Figure 2.19 UV-Vis spectra of the carboxylic acid (red line), siloxane(blue line) and silatrane (green line) dyes in CH2Cl2, CHCI3 and EtOH
solution.

It can be seen that in CH2Cl2 solution very close values of maximum absorption wavelengths (Amax)
were observed along all the series , with just a slight blue shift moving from the acid (DF15, MB25) to
the siloxane (MM62, MB56) and then to the silatrane (MB96, MB113). In the case of the siloxane
obtained from acid MK-2 (ADEKA-1), in CHCI3 it can be seen that its Amax is red shifted compared to
the acid, while the introduction of the silatrane cage (MB104) on the structure causes a blue shift of
the absorption maximum, going back to the same value as the acid (MK-2). The molar extinction
coefficient, on the other hand, showed a different trend: it decreased going from the carboxylic acid to
the siloxane, while it increased again moving to the silatrane (reaching a value even higher than that
of the corresponding acid in the case of MB96). The data related to ADEKA-1 follow once again, with
the ¢ increasing when moving from the acid to the siloxane and then decreasing again going to the
silatrane.
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Table 2.8 Relevant UV-Vis spectroscopic data of the investigated dyes, both in solution and adsorbed on TiO2.

DCM Solution EtOH Solution TiO: film
Dye
Amax (nM) | € (Mem™) | Amax (nM) | € (MTecm™) | Amax(nm)
DF15lal 530 35000 493 26900 457
MM62 523 22900 508 13800 493
MB96 518 42500 504 42300 490
MB25 515 27900 459 34300 457
MB56 511 22800 494 24500 475
MB113 506 27300 491 27100 476
CHCIs Solution EtOH Solution TiO; film
MK-2 491 35800 : : 44110]
ADEKA-1 5071 43500Lc] - - 512[c]
MB104 491 37200 473 35300 478
[a] Taken from ref. 30; [b] Taken from ref. 11b; [c] Taken from ref. 9.

Regarding the data collected in EtOH solution, it can be seen that the molar extinction coefficient shows
the same trend already observed in the chlorinated solvent solution, while the maximum absorption
wavelength, on the other hand, follows a totally different evolution. In fact, in EtOH it is the Amax Of the
acids to be significantly blue shifted compared to those of the silylated compounds (whose values are
instead much closer to those observed in DCM solution). This solvatochromic effect is related to the
interactions that can occur between molecules having acidic functional groups and protic solvents (i.e.
hydrogen bonds or dissociation processes). In particular, if a deprotonation equilibrium takes place, it
will cause an increment of the net negative charge on the acceptor group of the molecule, resulting in
a destabilization of the LUMO and a blue shift of the Amax compared to those registered in aprotic
solvents, where this process cannot happen. Despite that, the differences recorded between the dyes
sharing the same backbone were not very high (the molar extinction coefficients remained on the same
order of magnitude, while the maximum shift in Amax is 35 nm, observed between MB25 and MM62 in
EtOH), suggesting that the electronic and photophysical properties remained stable and were not
significantly affected by the changes in the anchoring group.

Figure 2.20 TiO: films on glass sheets, from left to right: untreated; sensitized with DF15; sensitized with MM62; sensitized with MB96.
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After the evaluation of the optical properties in solution, to verity that silatrane can be considered a
proper anchoring group, dyes MB96, MB104 and MB113 were adsorbed on nanocrystalline TiO: films
deposed on glass sheets and then their optical properties were compared to those of sensitized films
obtained from the corresponding acid and siloxane dyes. The staining conditions used for the
sensitization were not the same for all the compounds examined: while for the acids it is sufficient to
dip the films overnight in a toluene solution of the dyes atr.t., for the silylated compounds it is necessary
to immerse the films in a toluene solution of the dyes heated up to 70°C for several hours. The
difference in staining conditions depends on the different reactions that have to take place for
sensitization to occur: while for the carboxylic acids only a deprotonation is needed, for the silylated
dyes hydrolysis of the SiO-R groups to the corresponding silanols needs to happen (see Figure 2.1), a
reaction requiring more forcing conditions. As a visual example, the stained films obtained for the series
of dyes DF15, MM62 and MB96 together with the original untreated TiO- layer are shown in Figure 2.20.
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Figure 2.21 UV-Vis spectra of the carboxylic acid (red line), siloxane (blue line) and silatrane (green line) dyes absorbed on TiOz.

The recorded UV-Vis spectra of the dyes absorbed on TiO2 are shown in Figure 2.21. All dyes showed a
much broader absorption profile compared to the spectra recorded in solution while the absorbance maxima
exhibited a trend similar to that observed in EtOH solution. In this case, the bathochromic shift observed for
the silylated dyes compared to the corresponding acids can be explained either by the deprotonation of the
carboxylic moiety occurring upon sensitization, or by the less pronounced formation of aggregates on the
semiconductor surface due to the reduced amount of adsorbed dye molecules (see below). Remarkably, the
absorption characteristics of the two different classes of silylated dyes after the compounds were adsorbed
on TiO2 were almost identical, strengthening the hypothesis that the very similar (if not identical) species are
formed on the semiconductor surface after sensitization with trialkoxysilane and silatrane dyes.
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Figure 2.22 ATR FT-IR spectra of dyes DF15, MM62 and MB96 (blue: powder; red: adsorbed on TiO»).

To obtain further proof of that, an ATR (Attenuated Total Reflectance) FT-IR study was carried out to explore
the nature of the bond established between dyes DF15, MB56 and MB96 and TiO. (Figure 2.22).
Sensitization of the pristine TiO2 powder was carried out in conditions analogous to those employed for the
coloration of semiconductor films used for the UV analysis. The only difference was that staining was
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conducted under stirring in order to obtain a more homogeneous dispersion of the powder in the solvent.
After adsorption on TiO2 some important changes related to the modification of the anchoring groups could
be recognized in the spectra, which are summarized in Table 2.9.

Table 2.9 Diagnostic peaks in the ATR FT-IR spectra of isolated and adsorbed dyes DF15, MM62 and MBY6.

Isolated compound Adsorbed on TiO2
Dye
v (cm-) v (cm-)
DF15 1685 (C=0 str.) 1387 (COO-symm. str.)
1468 (C-H bend.) not present
MM62
1190-1160 (4 peaks, C-O str.) not present
MB96 | 1130-1090 (4 peaks, C-O str.) not present

Deprotonation of acid DF15 could be easily recognized from the disappearance of the band related to C=0
stretching (1685 cm-') and the appearance at 1387 cm-! of a new peak that can be attributed to the symmetric
stretching of the new species that was formed, the COO- group.'® In the case of the silylated compounds,
the signal related to the actual anchoring group (the related silanols) could not be detected in the spectrum,
but the hydrolysis of the siloxane and silatrane groups could be easily recognized. In the spectra of MM62,
the two sets of signals related to the trialkoxysilane moiety, located at 1468 cm-' (C-H bending of the CH;
units of the alkoxysilane group) and 1190-1160 cm-' (4 peaks, C-O stretching of the alkoxysilane group),6
present in the spectrum of the isolated dye, disappear after adsorption on TiO, indicating the hydrolysis of
the alkylic moieties of the molecule. Instead, in the case of the dye MB96, only the disappearance of the
group of four peaks at 1130-1090 cm~1 (C-O stretching of the silatrane group) can be observed because in
the spectra of the pristine compound, the peak around 1450 cm-! (C-H bending of the CH2 units of the
silatrane group) is concealed by a strong signal at 1500 cm-! and thus its disappearance in the spectrum of
the adsorbed compound could only be inferred by the relative thinning of that peak. Finally, remarkable is the
comparison between the spectra of the two silylated compound MM62 and MB96: their almost perfect
superimposition (Figure 2.23), in fact, strongly suggests that the species formed on the semiconductor
surface after the sensitization is the same for both dyes.
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Figure 2.23 Comparison between the FT-IR spectra of the dyes MM62 (green) MB96 (orange). (a) Full spectral range; (b) zoom in the 2200-
800 cn' portion of the spectrum, highlighting the similarity of the observed bands.

The next step was to evaluate the relative stability of the different anchoring groups on the TiO- surface and
the dye loading that was achieved upon sensitization. The first parameter was assessed by desorption
studies in aqueous environment. In particular, sensitized films of dyes DF15, MM62 and MB96 were
immersed in a ACN/H20 1:1 (v/v) mixture, which was heated up to 60°C, and then, after fixed time intervals,
they were extracted from the solutions, carefully washed with EtOH and directly analyzed with a UV-Vis
spectrophotometer. Such procedure was selected to simulate a working DSSC environment after the
infiltration of water inside the device.0a
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Figure 2.24 Variation of the relative absorbance of TiO: films sensitized with compounds DF15 (red squares), MM62 (blue circles) and MB96
(green triangles) upon exposure to the desorption mixture at 60°C.

As can be seen in Figure 2.24, while in the case of DF15 after just 30 min more than 60% of the dye is
removed from the TiO; film, almost no desorption can be observed for the silylated dyes MM62 and MB96.
The difference became even more pronounced with the progression of the experiment, with only
approximately 20% of the acid DF15 still anchored to the semiconductor surface after 3h, while almost the
entire amount of dyes MM62 and MB96 was still retained. Once again, the two silylated compounds showed
the same behavior and in their case to observe a significant drop of the absorbance of dye loaded on TiO
the experiment had to be continued overnight (in the morning, a loss around the 20-30% of the initial
absorption was detected).

Table 2.10 Dye loading for the series DF15, MM62 and MBY6.

Film Area | Dye Loading
Dye
(cm?) (mol cm~2)
DF15al 3.70x1077
MM62 1.44 0.48x10-7
MB96 1.01x107
[a] Taken from ref. 25.

Finally, the total amount of dyes absorbed on a reference TiO- film was determined by means of a quantitative
desorption method. The principle is identical to that already used in the previous stability evaluation, with the
difference that this time the experiment is carried out until complete detachment of the dye from the film. Due
to the strong bond established between the silylated groups with the TiO», it was necessary to use a base in
the desorption mixture, that was constituted by a 0.1 M solution of KOH in THF/EtOH 1:9 (to ensure that both
the dye and the base could be dissolved). The sensitized TiO films were immersed in the desorption mixture
for several days at 50°C, and the absorbance of the resulting solutions was compared with that of reference
dyes solutions in order to quantify the released amount of dye by means of UV-Vis absorbance intensity. As
can be seen in Table 2.10, the estimated amount of attached DF15 was much higher compared to the two
other dyes of the series. This can be possibly related to the bulkier structure of the phenyl-silylated anchoring
moieties compared to the cyanoacrylic acid, that can shield the nearest areas of the semiconductor surface
from attachment of other dye molecules. Noteworthy is the difference in dye loading between MM62 and
MB96, with the latter exhibiting an almost double value compared to the corresponding siloxane. In this case,
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the difference can be attributed in the different tendency of the two silylated moieties to form oligomers:
siloxanes are known' for being able to polymerize on metal oxides surfaces and this characteristic can
increase the area covered by dye molecules not bonded to the semiconductor, reducing the total amount of
compound that can be able to inject electrons on the TiO; film.

2.2. Rational Design of Triarylamine-based Dyes for
Sustainable Hz Production

2.2.1. Background

As we have already shown, the working mechanism of photocatalyzed H2 production resembles the
that of DSSCs , at least in its first step. For this reason many dyes that have been tested for H»
production are similar to those already used in DSSCs and the same can be stated for the most common
modifications to the dye structure. The molecular design of the dye in this kind of dye-sensitized
systems is particularly crucial, because their photocatalytic performances do not depend only from the
relative redox potential of the sensitizer and the SED, but also from the kinetics of all the electron
transfer processes taking place in the system.32 For these reasons, D-11-A dyes, with their particular
architecture that allows a fine tuning of their properties and an excellent versatility, have been
recognized among the most promising sensitizers for photocatalytic H2 production.3 The interest in this
particular dyes has grown in the last years, especially investigations on the effect of the dye molecular
structure on the global performance of the system. Apart from the classical screening of the different
groups that can be used in the various sections of the dye, a great deal of attention was also dedicated
to the role played by other modifications, such as the introduction of hydrophobic/hydrophilic chains or
the incorporation of additional donor groups in different parts of the molecule and the use of multiple
anchoring groups.
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Figure 2.25 Examples of modification on the anchoring group and on the m-spacer.3438b.39
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Having multiple anchoring groups on the same dye34.35 (Figure 2.25) can have a double effect by both
increasing the electron deficiency of the molecule (in order to have a more efficient ICT process) and
enhancing the stability of the bond on the TiO. surface. Besides, the use of multiple anchoring group
can also help to improve the dye orientation on the semiconductor, a factor that has already been
established to play a role in the performances of the system.36 Another possibility for enhancing the
efficiency is to introduce modifications to the m-spacer, the part of the molecule mainly responsible for
light absorption. As in DSSC, increasing the conjugation,37 introducing different polycyclic structuress®
and introducing an additional acceptor moiety within the conjugated bridge3® can either increase the
light-harvesting properties of the molecule (by shifting and broadening the absorption spectra) and
produce a higher rate for the ICT process.
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Figure 2.26 Examples of different hydrophilic and hydrophobic bulky groups used in dyes for H2 production. 4041

Another common modification employed in this kind of photocatalytic system is the introduction of
hydrophilic group on the dyes backbone. In fact in order to be regenerated, the dye has to interact with
the water soluble SED that is present in solution. The presence of a hydrophilic moiety on the sensitizer
can facilitate the interaction and speed up the regeneration process, that is one of the most crucial of
the entire system. Classic glycolated chains (i.e. tris(ethylene glycol) monomethyl ether, PTZ-TEG in
Figure 2.26) have been employed to reach this goal,3640 but recently the use of carbohydrates has
shown even better results in term of wettability of the dye-sensitized TiOx film (PTZ-Glu in Figure 2.26).41
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Interpreting the effect of using hydrophobic chains is more complex: if, on one hand, their introduction
on the donor part of the molecule (directly pointed to the solution) was already demon strated to hamper
the efficiency in Hz production4® (i.e. PD is 3 times more efficient than MOD into H, evolution, Figure
2.26), on the other hand their use, analogously to what already observed in DSSCs, could both reduce
dye aggregation (preventing fast charge recombination between the spatially close dye molecules) and
shield the semiconductor surface from the water approaching, preventing the deactivation/desorption
of the anchored dye. While there are already some examples regarding the use of alkylic chains in
sensitizers for Hz production37:42 and studies about the influence of their length in the photocatalytic
activity35.3640ab (P and UP series, Figure 2.27), a particular investigation about the effect that different
position of hydrophobic chains can have on the global efficiency of the system, is still missing. In this
part of the PhD work we decided to test a series of D-1r-A dyes (Figure 2.28) having different alkyl
chains on different position of their backbone in order to try to rely the structure, in particular the position
of the hydrophobic chains, with the efficiency of the dye for Hz production. The classic TEOA was used
as SED.

2.2.2. Dyes Characterization

Among the dyes chosen for this study, D5 is well-known for its use in DSSCs“? and it has been also
already employed into dye sensitized photocatalytic systems.38a For such reason, D5 was used as
reference and compared to three other dyes, DF15, MB25 and AD418, which are reported in Figure
2.28. The dyes were designed introducing some structural modification , in particular, DF15 and MB25
were both derived from D§, the first by introducing two electron donor hexyloxy chains on the terminal
triarylamine group, and the second by replacing the thiophene moiety on the m-spacer with an
electronrich ProDOT ring bearing two n-pentyl chains. Dye AD418, instead, differed from MB25 by the
nature of its T-bridge, featuring a thiophene ring between the triarylamine moiety and the ProDOT ring
instead of a simple double bond. While modifications such as the introduction of electron rich
substituents or changes on the m-spacer can only affect the light-harvesting properties of the
compound, the presence of long alkyl chains influence the aggregation between dye molecules and
their shielding effect on the TiO2 surface. To this end, the presence of two alkyl chains on the ProDOT
ring can be particularly effective, due to the quaternary geometry of the carbon they are bound to.4
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Figure 2.28 Highlight of the structural differences between the dyes object of the study.

The optical and electrochemical properties of all dyes were evaluated to understand if they were
suitable for this particular application. The UV-Vis spectra of all compounds are shown in Figure 2.29;
as can be seen, DF15, MB25 and AD418 exhibit a red shift in the absorption maximum compared to
D5 due to the presence of additional electron donor groups on their molecular backbone, which
enhance the donor-acceptor nature typical of D-m-A dyes. The effect is more pronounced in DF15
because the alkoxy chains are directly located on the donor part of the molecule.
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Figure 2.29 UV-Vis absorption spectra of: (a) compounds D5, DF15, MB25 and AD418 in dichloromethane solution.

To check if the good light-harvesting properties of the selected dyes are conserved upon sensitization
of the semiconductor, they were adsorbed over benchmark TiO2 P25 powder previously loaded (by
photodeposition38) with Pt (the catalyst). The THF solution of each dye was mixed with a suspension
of the nanoparticles in EtOH for 12h in the dark, then the powder was retrieved by filtration; in all cases
the isolated solution was colorless, indicating that the dye was fully loaded on the nanoparticles. Then,
diffuse reflectance spectra (DRS) of the sensitized Pt/TiO2 were collected and analyzed (Figure 2.30).
The spectra showed a strong absorption band in the range 400-650 nm, confirming that all the dyes
were successfully loaded onto the powder.
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Figure 2.30 Normalized DRS spectra of the compounds adsorbed on the Pt/TiO2 catalyst used for hydrogen production tests.

Concerning the first series, DF15 and MB25 showed a similar behavior as in solution, their Amax in fact
is red shifted compared to D5 (even if with a smaller difference), while the spectrum recorded for AD418
it is almost superimposable to that of D5.
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Figure 2.31 Tauc plots for compounds D5, DF15, MB25, AD418.
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Table 2.11 Optical and electrochemical properties of the employed dyes.

Dve Amax € Eo.o Amax PH/TiO Eox Etomo Erumo
= [nm] [M-tem-1] | [eV]El [nm] [VIEl [eV]icl [eV]ied
D5 501l 27300 2.19 478 +1.0911 -5.69 -3.50
DF15 530d] 350401] 2.07 498 +0.9401 -5.54 -3.47
MB25 515l 27925 214 490 +1.03 -5.63 -3.49
AD418 5126l 30400 2.16 475 +1.05 -5.65 -3.49
[a] Estimated from the corresponding Tauc plot; [b] Potentials vs. NHE; [c] Values relative to a vacuum, using a potential
value of 4.6 £ 0.2 eV for NHE vs. vacuum?5; [d] Values calculated using the following equation: ELumo = Exomo — Eo-0; [€]
Measured in DCM solution; [f] Value taken from ref. 46; [g] Values taken from ref. 25.

To determine the optical band gaps of the analyzed compounds, the Tauc plots of all the dyes were
collected (Figure 2.31). The optical band gap can then be directly determined from the value of the
intercept on the x-axis of the line fitting the straight region of the plot.4” These values are summarized in
Table 2.11, along with the dyes electrochemical properties, evaluated by means of cyclic voltammetry. The
tendency already observed in the spectra of dyes D5, DF15, MB25 and AD418 was confirmed by the
electrochemical experiments, with the presence of the electron rich groups on the last three compounds of
the series causing a negative shift of the Eox (ground-state oxidation potential) compared to the value
recorded for D5. On the other hand, the energy of their LUMO level did not change significantly compared to
that of D5, and was always higher than the CB level of the TiO2 (-4.0 V vs. vacuum), allowing the electron
injection process to happen.

2.2.3. Performances Evaluation

H. production experiments™ were carried out in classic conditions, that is using TEOA as SED, fixing the pH
at 7.0 and using only visible light (A > 420 nm, obtained with a glass filter), in order to eliminate the contribution
of light absorption by the TiO2 nanoparticles. The optimal dye loading was set at 10 umol g, after an
optimization of the experimental conditions. The sensitized Pt/TiO2 nanoparticles were then put into the
TEOA solution under inert atmosphere and the suspension was irradiated with a Xe lamp; the evolved H:
was collected and its quantity was measured by GC; the LFE (light-to-fuel efficiency) of the catalytic system
was calculated after 3h and 20h of irradiation. The H2 evolution rates for all the dyes are shown in Figure
2.32, while the TON and LFE values are reported in Table 2.12.

" The Ha production experiments were carried out by Dr. Matteo Monai (University of Trieste).
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Figure 2.32 Hz production rates in the experimental conditions for the dyes: (A) D5, (B) DF15, (C) MB25, (D) AD418.

Regarding the dyes all of them showed an initial increase of the H2 production rate in the first 1-2h of
experiment (due to chromatographic effects and to the activation of the passivated Pt under
irradiation38) and then a subsequent stabilization of the rate on the long term. While D5 and DF15 in
particular exhibit similar moderate H, production, MB25 and AD418 showed better performances both
in terms of amount of H, evolved and TON. The reason for the close values observed for DF15 and D5
can be found in the difference in optical and electrochemical properties they showed: while DF15 has
a better light-harvesting ability, D5 has a more positive redox potential, which can facilitate the dye
regeneration process (see Table 2.11). The biggest difference among their behavior was the decreasing
of the Ha evolution rate, in fact, by comparing the LFE 2 it can be seen that the value related to D5 is
about the 25% lower than the one registered for DF15. This can be ascribed to the presence of
quenching processes in the case of D5 that were significantly reduced in the case of DF15: the
presence of the long alkyl chains on its backbone, in fact, can shield the TiO2 surface from the approach
of other species present solution and reduce the occurrence of side-reactions, as it has already been
reported for similar systems.35 MB25 showed a particular behavior: after a high initial activity (as can
be seen from LFEgs, doubled compared to those of D5 and DF15), it presented a sharp drop of H»
evolution with its LFE2 reaching similar value to those of the previous two dyes. The excellent activity
at the beginning of the experiment (compared to DF15) suggested that moving the bulky chains from
the donor to the m-spacer was a good idea: having those hydrophobic groups in the middle of the
molecule instead on its terminal part, in fact, can favor the approach of the SED to the dye and then its
regeneration, while the TiO2 surface still remained covered from the approach of undesired species
(such as radicals and partially oxidized TEOA derivatives) present in solution. The subsequent activity
drop indicated that the molecule underwent a progressive degradation process (in fact the H»
production did not reach a plateu, but instead continued to drop also after 20h). On the other hand,
AD418 (which shared most of its structure with MB25, excluding the replacement of the double bound
near the ProDOT ring with a thiophene), showed only slightly lower initial gas production compared to
MB25, but without recording a successive massive drop of activity. In fact, in its case the amount of
evolved Hz and TON resulted the highest among all the dyes.
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Table 2.12 Photocatalytical performances in Hz production.

Hz amount
Dye pmol g-qe | TON® | LFEsl | LFExl
D5 1884 397 0.065% | 0.038%
DF15 2371 474 0.066% | 0.050%
MB25 2846 569 0.127% | 0.041%
AD418 4359 872 0.417% | 0.121%

[a] Overall H2 amount produced after 20h of irradiation per gram of catalyst; [b] TON
= (2 x H2 total amount after 20h of irradiation)/(dye loading); [c] Light-to-fuel
efficiency calculated after 3h of irradiation; [d] Light-to-fuel efficiency calculated after
20h of irradiation.

In general, the results obtained for all dyes were quite remarkable due to the very little difference
between their ground-state oxidation potential and the potential for one-electron oxidation of TEOA. In
fact, all the compounds exhibit ground-state oxidation potentials ranging from +0.94 V to +1.09 V (Table
2.11), very close to the reported value for the TEOA redox potential (from +0.82 to +1.07 V, depending
on the conditions used8). Despite that very little difference, the production of H2 was possible with all
the dyes, demonstrating that dye regeneration was always active, even in presence of a seemingly
small overpotential, while no direct relationship could be identified between the amount of H, evolved
and the Eox value. This last observation clarifies how Hz evolution activity depends on the delicate
balance of various factor, not only limited to the optical and electrochemical properties of the dyes, but
also related to the characteristics of the water/dye/TiO interfaces that can be strongly influenced by
the presence and the position of bulky hydrophobic groups.

The degradation process of MB25 on the TiO: film during the photocatalytic activity was then analyzed.
Already during its synthesis, this compound showed the tendency to degrade, possibly due to
isomerization of its double bond, as testified by the fact that AD418, which does not have a double
bond in its structure, did not show any particular degradation process.
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Scheme 2.10 Synthesis of MB25 starting from triarylamine derivative 8.

In Scheme 2.10 part of the synthetic pathway for the synthesis of MB25 is shown. Aldehyde 9 was
obtained in a 10:1 mixture with another similar aldehyde from metalation with n-BuLi, followed by
quenching with N,N-DMF of the compound 8, that was obtained as pure E isomer by Horner-
Wadsworth-Emmons reaction. But, after purification of the compound 9 by flash column
chromatography, surprisingly, the ratio of the two aldehydes changed, arriving close to 1:1, with the
ESI-MS analysis showing only one mass value for the mixture. With these data, the possibility to
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brought back the aldehydes ratio to the original 10:1 by treatment of the mixture with I, at r.t.25
confirmed that the mixture was composed by the two E/Z isomers of the aldehyde 9 (the NMR was too
crowded to be able to identify the peaks related to the protons on the double bond).
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Figure 2.33 UV-Vis spectra of the CHCl3 fraction and the KOH/EtOH fraction.

Regarding the H2 production experiment, subsequent UV-Vis and ESI-MS analysis on the retrieved
powder suggested that a reaction on the backbone of MB25 took place. Two fractions were collected
from the used powder, one retrieved after extraction with organic solvent (“CHCI; fraction”) and the
second by extraction in presence of a base (“KOH/EtOH fraction”). The UV-Vis spectra (Figure 2.33) of
the two fractions showed a strong peak around 305 nm and a weaker one around 360 nm that could
be related to the localized m — 1* transition proper of the triarylamine moiety of this kind of D-1-A
dyes,*? suggesting that the donor group was still attached to the backbone. The spectrum of the CHCl3
fraction showed the presence also of another peak around 513 nm, in correspondence of the Amax of
the pristine dye MB25: this can be explained with the presence on the powder surface of some
compound either physisorbed (not directly linked with the carboxylic moiety) or aggregated by means
of weak interactions (i.e. -stacking) on the top of the monolayer of anchored dye, thus not participating
on the electron injection process. This hypothesis was confirmed by the ESI-MS spectra of the CHCI3
fraction that showed the presence of only one intense peak with m/z = 660, compatible with the
unscathed structure of dye MB25. On the other hand, the nature of the main component present in the
KOH/EtOH fraction (m/z = 766.23) could not be clearly assigned to any derivative of acid MB25. The
presence of the ProDOT ring close to the double bond near the triarylamine, could have favored the
protonation of the unsaturated moiety thanks to its electrondonating ability, followed by nucleophilic
addition of water or TEOA derivatives.®® We proposed that the hydrolysis of the already degraded
compound 11 triggered the conjugated addition of ethanol to the former double bond leading to the
formation of the product of decomposition 12 (Scheme 2.11). The addition of an ACN solution of formic
acid to that of the sample to facilitate ionization, could have led to the formation of the protonated
12.CH3CN complex (m/z = 766.23), which perfectly matched the mass of the main peak observed in
the ESI-MS spectrum. In order to confirm the hypothesis, the fragmentation of the compound related
to this last peak was carried out and the obtained fragmentation peaks showed m/z equal to 725.55,
709.57 and 693.42. While the first one could be related to the protonated form of compound 12 and
confirm the hypothesis, the explanation of the other two is more difficult and an hypothesis is given in
Scheme 2.11 (the protonated form of the compounds 13 and 14 have to be considered). Unfortunately
the "H-NMR analysis of the two fractions was impossible to the high dilution of the samples. In AD418,
with the replacement of the double bond near the ProDOT with the thiophene ring, the dye degradation
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was not observed, validating the hypothesis that the nucleophilic attack on that part of the backbone is
the main responsible of the drop in activity of the compound MB25.
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Scheme 2.11 Proposed decomposition pathway for the dye MB25 and proposed fragmentation process for the mass spectrum of the
KOH/EtOH fraction.
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2.3. Conclusions

This chapter of the PhD work has been focused onto the application of metal-free organic dyes with a
particular structure, called D-1-A dyes, in two different field of the photoactive technologies, the Dye-
Sensitized Solar Cells and the photocatalytic hydrogen production. In both this kind of devices, the
dyes acted as photosensitizers loaded on a TiO2 film, capable to transfer electrons to the semiconductor
itself. For these reasons, the research needed to focus on the search for structures characterized by
good light-harvesting properties and great long-term stability.

In the first part of the work (Chapter 2.1), the employment of different silylated anchoring groups in
DSSC was studied, along with their optic and electrochemical properties. The processes that happens
onto the TiO2 surface when trialkoxysilane are used as anchoring groups were analyzed and the
obtained results were compared with the literature data and the performances recorded for complete
solar cells build with these dyes. The study showed how the group can act as excellent anchoring
moiety but only upon a proper and fine optimization of the device construction. Therefore, a new general
way to introduce an alternative group showing similar properties was explored. The introduction of the
new group, the silatrane, on the backbone of a series of cyanoacrylic acids was possible and resulted
to be easier and more general than the insertion of the analogous trialkoxysilane group. Finally, the
nature of the bond established from the silatrane dyes with the TiO» film was analyzed and compared
to those of the analogous siloxane derivatives. Both the two groups showed the same stability towards
the desorption and the recorded characterization of the behavior of the dyes upon the sensitization
showed how the species that are created on the semiconductor surface are the same for both the two
anchoring groups.

The second part of the work (Chapter 2.2) was focused onto the use of several cyanoacrylic acids for
photocatalytic hydrogen production. The study was aimed to understand how some modifications on
the molecular backbone of the above mentioned dyes can change the long-stability and the production
rate of the final device. In particular, the effect of the presence and of the positioning of electrondonating
moiety and bulky hydrophobic chains was studied. The H2 evolution experiments showed how the
introduction of electronrich group on the donor part of the molecule and the presence of long
hydrophobic chains in the middle of the molecular backbone can greatly increase the hydrogen
production rate. In particular, the presence of the alkyl chains on the T-spacer seemed to excellent
shield the titania surface from the approach of species from the solution, increasing the performances.
The unexpected results on the long-term stability recorded for MB25 was studied and explained by the
existence of a degradative pathway taking place on the double bond near the triarylamine group
because of the coordinative properties of the ProDOT ring. Then, the replacement of the double bond
with a thiophene ring (AD418) allows to maintain the same excellent H2 production rate and to greatly
increase the stability of the system, eliminating the degradation processes that was present for MB25.
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2.4. Experimental Section
2.4.1. Synthetic Procedures

3-Aminophenyl silatrane (6)

6

In a flame-dried round bottom flask under an atmosphere of nitrogen, 3-aminophenyltrimethoxysilane (300
mg, 1.41 mmol, 1.00 eq.) was dissolved in dry toluene (1 mL). To the solution was then added triethanolamine
(190 uL, 1.43 mmol, 1.02 eq.) and a catalytic amount of sodium hydroxide (approximately 5% mol). The
mixture was heated to reflux and left under vigorous stirring for 16h. After that, the resulting suspension was
cooled and filtered to yield a grey solid, that was washed with cold dichlorometane (2 x 5 mL). A white solid
was then collected and the crude product was used without further purification for the next step (340 mg,
1.28 mmol, 91% yield).

1H-NMR (CDCls, 300 MHz): 5 (ppm) 7.53 (d, J = 7.6 Hz, 2H), 6.64 (d, J = 7.8 Hz, 2H), 3.88 (t, J = 5.6 Hz,
6H), 2.89 (t, J = 5.6 Hz, 6H).

The spectroscopic data were in agreement with those reported in the literature.0

2.41.1. Preparation of Silatrane Dyes; General Procedure

The appropriate acid DF15, MB25, or MK-2 (0.045 mmol, 1.00 eq.) was dissolved in anhydrous 1,2-
dichloroethane (1 mL), then EDC-CI (13 mg, 0.069 mmol, 1.5 eq.) was added. The solution was left
under vigorous stirring for 30 min, during which it turned blue. 3-Aminophenyl silatrane (6; 19 mg, 0.069
mmol, 1.5 eq.) was then added, and the mixture was allowed to react at 50 °C for 16h. The solution
was diluted with dichloromethane (10 mL) and washed with 0.3 M (aq) HCI (3 x 30 mL) and H20 (2 x
30 mL). The organic phase was dried over Na2SO4 and the solvent was removed under reduced
pressure. The crude product was then purified by silica gel flash column chromatography to give the
pure silatrane product.
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(E)-N-(4-(2,8,9-Trioxa-5-aza-1-silabicyclo[3.3.3Jundecan-1-yl)phenyl)-3-(5-(( E)-4-(bis(4-
(hexyloxy)phenyl)amino)styryl)thiophen-2-yl)-2-cyanoacrylamide (MB96)
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Prepared starting from dye DF15 (29 mg). Purified by silica gel flash column chromatography (Tol/AcOEt
10:1 to Tol/AcOEt 2:1). Dark red amorphous solid (27 mg, 0.030 mmol; 66% yield).

IR (KBr): v = 3390, 2923, 2199, 1671, 1575, 1506, 1239 cm-1.

1H-NMR (CsDs, 400 MHz): 5 (ppm) 8.38 (s, 1H), 8.22 (d, J = 8.3 Hz, 2H), 7.73 (bs, 1H), 7.60 (d, J = 8.4 Hz,
2H), 7.14-7.05 (m, 8H), 6.9 (d, J = 16.0 Hz, 1H), 6.93 (d, J = 3.9 Hz, 1H), 6.84-6.77 (m, 5H), 6.51 (d, J = 3.9
Hz, 1H), 3.65 (t, J = 6.4 Hz, 4H), 3.47 (t, J = 5.7 Hz, 6H), 1.9 (t, J = 5.7 Hz, 6H), 1.65-1.59 (m, 4H), 1.38-
1.31 (m, 4H), 1.28-1.18 (m, 8H), 0.88 (t, J = 7.0 Hz, 6H).

13C-NMR (CsDe, 100 MHz): & (ppm) 158.4, 156.6, 152.5, 149.9, 144.3, 140.7, 140.3, 138.7, 137.5, 136.0,
134.8, 133.0, 128.6, 128.5, 127.5, 126.1, 120.1, 119.0, 118.3, 117.9, 115.9, 100.2, 68.2, 57.9, 50.8, 31.9,
29.7,26.1,23.0, 14.3.

HRMS: m/z = 896.3996 [M]* (calculated m/z = 896.39973)

(E)-N-(4-(2,8,9-Trioxa-5-aza-1-silabicyclo[3.3.3Jundecan-1-yl)phenyl)-2-cyano-3-(8-(( E)-4-
(diphenylamino)styryl)-3,3-dipentyl-3.4-dihydro-2H-thieno[3.4-b][1,4]dioxepin-6-yl)acrylamide
(MB113)

/7 N

QL /j

S

% 3 ¥
N S S N

0% MB113

Hy1Cs CsH1

Prepared starting from dye MB25 (30 mg). Purified by silica gel flash column chromatography (Tol/AcOEt
10:1 to Tol/AcOEt 2:1). Dark red amorphous solid (18 mg, 0.020 mmol; 43% yield).

IR (KBr): v = 3420, 2923, 2194, 1666, 1577, 1496, 1271 cm-1.

1H-NMR (CDCls, 400 MHz): & (ppm) 8.56 (s, 1H), 7.76 (bs, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.2 Hz,
2H), 7.37 (d, J = 8.6 Hz, 2H), 7.30-7.28 (m, 2H), 7.14-6.99 (m, 12H), 4.03 (s, 2H), 3.97 (s, 2H), 3.91 (t, J =
5.7 Hz, 6H), 2.93 (t, J = 5.7 Hz, 6H), 1.37-1.29 (m, 16H), 0.91 (t, J = 6.8 Hz, 6H).

13C-NMR (CDCls, 100 MHz): & (ppm) 159.3, 155.9. 148.4, 147.4, 145.8, 141.0, 138.8, 137.1, 135.2, 1321,
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131.2,130.2,129.5,128.1, 125.1,123.6, 122.8, 119.0, 118.5, 115.6, 113.5, 95.1,78.2, 77.9, 57.9, 51.2, 43 8,
32.7,32.2,29.8,22.7,14.2.

HRMS: m/z = 908.3999 [M]* (calculated m/z = 908.39973)

(E)-N-(4-(2,8,9-Trioxa-5-aza-1-silabicyclo[3.3.3Jundecan-1-yl)phenyl)-2-cyano-3-(5"'-(9-ethyl-9H-
carbazol-3-yl)-3'.3",3"" 4-tetrahexyl-[2,2":5',2":5",2"'-quaterthiophen]-5-yl)acrylamide (MB104)

Q / \Hex ] \Hex o o
S S 1
Si~_~
' O " L s U N,O 9=
Q Hex Hexc'N H

MB104

Prepared starting from dye MK-2, (43 mg). To promote its dissolution in the reaction mixture, MK-2 was first
dissolved in dry THF (0.5 mL) and then dry 1,2-dichloroethane was added. Purified by silica gel flash column
chromatography (Tol/AcOEt 20:1 to Tol/AcOEt 2:1). Dark red amorphous solid (33 mg, 0.027 mmol; 61%
yield).

IR (KBr): v = 3409, 2923, 2194, 1671, 1572, 1506, 1422, 1231 cm-'.

1H-NMR (CDCls, 300 MHz): & (ppm) 8.57 (s, 1H), 8.31 (d, J = 1.2 Hz, 1H), 8.15 (d, J = 7.7 Hz, 1H), 7.87 (bs,
1H), 7.77-7.71 (m, 3H), 7.57-7.47 (m, 3H), 7.43 (d, J = 4.3 Hz, 1H), 7.40 (d, J = 4.9 Hz, 1H), 7.29-7.17 (m,
2H), 7.08 (s, 1H), 7.02 (s, 2H), 4.38 (q, J = 7.0 Hz, 2H), 3.92 (t, J= 5.7 Hz, 6H), 2.93 (t, J = 5.7 Hz, 6H) 2.87-
2.80 (m, 8H), 1.78-1.64 (m, 8H), 1.46 (t, J = 7.1 Hz, 3H), 1.40-1.34 (m, 24H), 0.92-0.90 (m, 12H).

13C-NMR (CDCls, 75 MHz): & (ppm) 159.0, 155.0, 144.2, 143.6, 143.1, 142.3, 141.0, 140.8, 140.5, 139.7,
139.2, 137.0, 136.6, 135.3, 135.2, 130.1, 129.4, 129.0, 128.7, 128.4, 127.4, 126.2, 125.3, 125.2, 124.0,
123.5,123.0, 120.7, 119.3, 119.0, 118.1, 117.6, 108.9, 108.8, 97.5, 57.9, 51.2, 37.8, 31.9, 31.8, 31.7, 31.4,
30.7, 30.5, 30.2, 29.9, 29.7,29.5, 29.4, 29.2, 22.8, 22.7, 14.3, 14.0.

HRMS: m/z = 1202.5298 [M]* (calculated m/z = 1202.52957)

2.4.2. Other Procedures Chapter 2.1.2

= Spectroscopic measurements

Sub-picosecond transient absorption spectroscopy (TAS) has been carried out with a system based on a
Ti:sapphire regenerative amplifier laser system (BMI Alpha 1000) and a fs-laser oscillator (Spectra Physics
Tsunami). The details of the experimental system have been described in previous works.5' For the current
measurements the pump wavelength has been fixed either at 400 nm, obtained by second harmonic
generation of the fundamental laser radiation at 800 nm, or at 520 nm. Visible pulses have been obtained by
mixing the output of commercial optical parametric generator and amplifier (TOPAS by Light Conversion,
Vilnius, Lithuania) with the residual laser fundamental.2.53 Excitation power was set at 100-150 nJ. The probe
pulses have been obtained by focusing a portion of the 800 nm laser radiation on a 3 mm thick CaF> window.
Both pump and probe were focused on the sample with a 150 mm parabolic mirror, the spot size of both
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beams on the focus was about 100 um. Transient spectra have been recorded for a time interval spanning
between -5 and 1500 ps. The IRF of the system was about 150 fs. The sample was contained in a quartz
cell with a 2 mm optical path, mounted on a movable stage in order to minimize photodegradation. Solid state
samples were directly mounted on the same motorized stage used for solution samples. The OD of all
analysed samples was between 0.2 and 0.5 at the excitation wavelength. Visible absorption spectra were
recorded using a Perkin Elmer LAMBDA 950, while fluorescence was recorded using a Perkin Elmer LS55
fluorimeter.

= Data analysis

Femtosecond transient spectra have been analysed by global analysis, which consists in the simultaneous
fitting of all the collected kinetic traces by means of exponential functions. The number of kinetic components
has been identified by singular values decomposition (SVD).54.5 Global analysis has been performed using
the GLOTARAN software,'956 and employing a linear unidirectional kinetic scheme. Transient spectra were
numerically corrected for the chirp of the white light pulse before global analysis, using a third order
polynomial function.

= Computational methods

DFT and TDDFT calculations on compounds DF15, MB25, MB56 and MM62 have been performed using the
Gaussian 09, Revision C.01 suite of programs.5” Geometry optimization was carried out in vacuo using the
B3LYP functional®85® and the standard 6-31G* basis set for all atoms. Methyl groups have been used in
place of the alkyl chains to reduce the computational cost. The absorption maximum (A2may), vertical excitation
energy (Eexc) and oscillator strength (f) in solution were calculated on the minimum structures via time-
dependent DFT (TD-DFT) at the CAM-B3LYP/6-31G*0 and MPW1K/6-31G*" levels. Solvent effects have
been included by using the polarizable continuum model (PCM).62 Geometry optimizations of the dyes on
TiO2 was carried out using a Ti1sO32 model which has been proven to be a suitable model for computing
energies and molecular orbitals of organic dyes/TiO> systems.® The dyes were anchored on the
semiconductor using a bidentate bridging mode and the optimizations of the dye/TiO2 systems were
performed using the B3LYP/6-311G(d,p) level, in which the standard LANL2DZ basis set was used for the
Ti atom. The absorption maximum (A2may), vertical excitation energy (Eexc) and oscillator strength (f) of dyes
on TiO2 were calculated on the optimized structures at the CAM-B3LYP/6-311G(d,p) level in which the
standard LANL2DZ basis set was used for the Ti atom; for the sake of comparison, A2max, Eexc and f for DF15,
MB25, MB56 and MM62 dyes in CH.Cl> was also computed at the CAM-B3LYP/6-311G(d,p) level of theory.

The total densities of states (TDOS) and partial densities of states (PDOS) for the optimized isolated dyes
and dyes/TiO structures were obtained using GaussSum 3.0.84 DOS spectra were obtained by convoluting
orbital contributions with Gaussian curves of full width at half maximum of 0.3 eV.

= DSSC fabrication and photoelectrochemical measurements (Siloxane Series DF15, MM62,
MB25, MB56

Transparent photoanodes for small-scale DSSCs were prepared by screen-printing a commercial TiO, paste
(Dyesol 18NR-T) on a 8 Q sq-' conductive glass substrate (Pilkington), and by sintering the resulting
electrodes at 520 °C for 30 minutes. After sintering, the thickness of the semiconductor layer was measured
by means of a profiler (Dektak 150, Veeco) and determined to be 5.5 um. In both cases, the electrode active
area was 0.25 cm?. Counter electrodes were obtained by screen printing a commercial platinum-containing
paste (Chimet) on pre-drilled conductive glass plates and by heating at 420 °C for 15 minutes. TiO2 photo-
electrodes were sensitized by overnight immersion into the appropriate dye solution (1.0x10-4 M in Toluene),
which took place at r.t. for the carboxylic acid dyes and at 70°C for the silicon-containing dyes. After
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sensitization, the anodes were rinsed with EtOH and deionized water, and then dried. A TiO2-sensitized
photoanode and a Pt counter electrode were assembled into a sealed sandwich-type cell using a 25 ym hot-
melt Surlyn® gasket (Solaronix). A drop of the I-/I5~ containing commercial HPE electrolyte solution (Dyesol)
was placed on the drilled hole on the back of the counter electrode and was driven into the cell by vacuum
backfilling. The hole was finally sealed by using additional sealing film and a small glass cover. Fabrication
of strip cells (3.6 cm? active area) was carried out following the same procedure. The measurements were
performed with a power of incoming radiation of 100 mW cm-2. J/V curves were obtained by applying an
external bias to the cell and measuring the generated photocurrent with a Keithley model 2400 digital source-
meter, under the control of dedicated LabTracer 2.0 software. A black shading mask was used to avoid
overestimation of the measured parameters. IPCE spectra were measured with a dedicated apparatus built
with the following components: Newport model 70612 Xenon lamp (150 W), Cornerstone 130 1/8 m
monochromator and Keithley model 2400 digital source-meter.

= QOptical and electrochemical measurements

UV-Vis absorption spectra were recorded on diluted solutions of the compounds (approx. 10-5 M in the
solvents specified in the text). DRS spectra were recorded on sensitized Pt/TiO> catalyst powders in the
reflectance mode using an integrating sphere (with Ba2SO; as a reference standard), and were converted to
the corresponding absorption spectra using the Kubelka-Munk equation. Cyclic voltammetry experiments
were conducted in dichloromethane solution employing a three-electrode cell having a glassy carbon working
electrode, a platinum counter-electrode and an aqueous Ag/AgCl (sat. KCI) reference electrode. The
supporting electrolyte was electrochemical-grade [N(Bu)s]PFs. Under these experimental conditions, the one-
electron oxidation of ferrocene occurs at E* = 0.62 V.

2.4.3. Other Procedures Chapter 2.1.3

= Preparation of TiO, functionalized films

The titania paste (Dyesol 18NR-T) was screen-printed on a 2 cm x 2 cm sodalime glass substrate, and the
resulting films (active area: 1.44 cm2) were sintered at 520 °C for 30 min. After sintering, the titania films
were sensitized by overnight immersion into the appropriate dye solution (1.0 x 104 M in Tol), which took
place at r.t. for the carboxylic acid dyes and at 70°C for the silicon-containing dyes. After sensitization, the
films were rinsed with EtOH and deionized water, and dried.

= Preparation of TiO, functionalized powders

Nc-TiO2 powder (Sigma-Aldrich, 50 mg) was sensitized by overnight immersion into a 2.0 x 10-3 M solution
in Tol of the dyes (once again at r.t. for DF15, and at 70°C for MM62 and MB96). After sensitization, the
coloured powder was filtered, rinsed with petroleum ether and dried.

=  Measurement of density of adsorbed dye molecules on TiO-

The TiO2 films, sensitized with MM62 and MB96 according to the procedure described above, were placed
in flasks containing 15 mL of a 0.1 M solution of KOH in EtOH/THF 9:1. After 3 days at r.t. followed by 4 days
at 50°C under gyroscopic stirring, full decoloration of the films was observed. The absorbance of the resulting
solutions was measured by UV-Vis spectroscopy and compared to that of a standard 2.5 x 10> M solution
of the compounds in the same solvent/base mixture. The amount of dye present in the unknown solution was
calculated and divided by the film surface area, yielding density values in the 1.0-0.5 x 10" mol cm- range.
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= Dye desorption kinetics

The TiO2 sensitized films were placed in 50 mL flasks containing 20 mL of a ACN/H20 1:1 mixture (v/v),
which was then heated at 60°C. At specific times (after 5, 15, 30, 60 and 120 min. of immersion), the films
were removed from the solvent mixture, rinsed with EtOH and dried, and the absorbance of the films at the
dye Amax Was registered using a UV-Vis spectrometer. After the measurement, the films were placed back in
the solution and the desorption reaction was continued for a total of 3h.

2.4.4. Other Procedures Chapter 2.2

= Preparation of Pt/TiO2 nanopowder

Pt was photodeposited on TiO2 Degussa P25 following a previously reported procedure.40a.65 Briefly, 2 g of
TiO2 Degussa P25 were suspended in 400 mL Pt(NOs). aqueous solution (EtOH 50 % v/v), in order to reach
a final Pt loading of 1.0 wt%. After stirring for 1h in the dark, the suspension was irradiated with a 450 W
medium pressure Hg lamp for 4h. Nanopowders were recovered through centrifugation, washed with EtOH
3 times, and dried under vacuum at 50 °C overnight.

= Dyes adsorption on Pt/TiO,

200 mg of Pt/TiO2 nanopowder was suspended in 20 mL of dye solution (0.1 mM in ethanol) for 24h in the
dark. Then, the nanopowder was separated through centrifugation, washed twice with ethanol, and dried
under vacuum at room temperature overnight. After staining, the concentration of the dyes in the solution
was measured by UV-vis spectroscopy. More than 95% of the dye was adsorbed on the Pt/TiO2 material in
all cases.

= Hydrogen production through photoreforming

The dye-sensitized Pt/TiO. nanomaterials have been tested for Hz production using TEOA as sacrificial
electron donor, following or slightly modifying a previously described procedure.38 Briefly, 60 mg of the dye-
sensitized Pt/TiO. catalyst was suspended into 60 mL of 10 % v/v aqueous solution of TEOA previously
neutralized with HCI. After purging with Ar (15 mL min-T) for 30min, the suspension was irradiated using a
150 W Xe lamp with a cut-off filter at 420 nm. Irradiance was ~ 6 x 10-3 W m-2 in the UV-A range and ~ 1080
W m-2in the visible and near-IR range (400 — 1000 nm). The concentration of H in gas stream coming from
the reactor has been quantified using a Agilent 7890 gaschromatograph equipped with a TCD detector,
connected to a Carboxen 1010 column (Supelco, 30 m x 0.53 mm ID, 30 pm film) using Ar as carrier. Blank
experiments on PY/TiO; in the absence of dyes showed no Hz evolution under any of the experimental
conditions used in this work.

The performances of the sensitized photocatalysts have been reported in terms of H2 production rate and
overall Ha productivity. Turn-Over Numbers (TON) were calculated from the total amount of Hz produced in
20h of irradiation as:

2 x overall H, amount (umol g~ 1
TON — 2 (nmol g™)

2 x dye loading (umol g=1)
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Light-to-Fuel Efficiency (LFE) was calculated as:

Fy, AH%,
LFE = SA
where Fr is the flow of Ha produced (expressed in mol s-'), AHO% is the enthalpy associated with H,
combustion (285.8 kd mol-1), S is the total incident light irradiance, as measured by adequate radiometers in
400 - 1000 nm range (expressed in W cm-2) and Ay is the irradiated area (expressed in cm?2). UV-Vis spectra
of the aqueous solutions recovered at the end of the photocatalytic runs highlighted that no desorption of the
dyes took place during the experiments.

= Analysis of the species derived from dye MB25 after the photocatalytic H. evolution
experiment

After completion of the photocatalytic experiment (carried out as described above), catalyst suspension was
first filtered and washed with EtOH: after filtration the supernatant aqueous solution was colorless, indicating
that simple sensitizer leaching was not the cause of the decrease in catalytic performances. The catalyst was
then suspended in chloroform at reflux for 2h in order to extract the species loosely attached to the
semiconductor (“CHCI; fraction”). Finally, it was subjected to base-promoted desorption (using KOH 0.025
M in EtOH), to extract also the species still attached via the carboxylate-titanium linkage (‘KOH/EtOH
fraction”), followed by neutralization with diluted HCI.
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Introduction and Aim of the Work

3.1. What Are Hydrogels?

Hydrogels are three-dimensional networks of crosslinked hydrophilic macromolecules or polymers that
can swell in water without dissolution and entrap large amounts of solvent, up to thousand times of
their dry weight, through surface tension effects' (Figure 3.1). Since the first pioneering work of
Wichterle and Lim in 1960,2 due to their hydrophilic characteristics and potential biocompatibility,
hydrogels have been a topic of great interest in materials science. Even though the first hydrogels
being tested were based on natural polymers, the employment of total synthetic structures started
almost immediately,3 leading to the first significant differentiation inside this class of materials. The first
application found for these novel materials was in the biomedical area, both focusing on the
encapsulation and growth of cells inside the hydrogel network* and on the synthesis of tissue-like
systems, due to the possibility to mimic the viscoelastic properties of the human tissue.5

Figure 3.1 Example of polyacrylates hydrogels swelling behavior.

3.1.1. General Structural Properties

The aspect of a common hydrogel is that of a porous elastic network whose interstitial space can be
completely filled by water and that usually can undergo a reversible cycle between the swollen and dry
states (Figure 3.2). This structure can be taken after equilibration in aqueous medium, resulting from
the balance between the solvation forces acting on the repeating units of the macromolecular chains,
which lead to an expansion of the network, and the elastic force of the cross-linked structure.®
Hydrogels can be synthetized in different shapes, depending on the reactor employed during the
gelation process and can also easily change their size and shape in response to environmental stimuli,
for example by expelling or imbibing water from the outside solution. In addition, during the swelling
process other species (for example endowed with reactive and even potentially polymerizable
functional groups) can also be introduced inside the network, occupying the void volume and interacting
with its chain segments or pendant moieties.
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Figure 3.2 SEM pictures of hydrogels obtained with polyethyleneglycole of different weight.”

The hydrogels properties of being soft elastomeric materials with a low interfacial tension and high
swelling capability, makes them a perfect candidate for biological applications: the first property in fact
can reduce the mechanical and frictional irritation to the tissue bed, while the other two can increase
the permeability of drug molecules and metabolites, promoting cell adhesion and proliferation.® In
particular, the possibility to immobilize and stabilize enzymes?® allows their use also as micro-
bioreactors, by hosting biological molecules and providing a suitable environment for their reactions.!0

o storage (GF) and loss
W in terms of the

Figure 3.3 Examples of different shaped hydrogels.!!

All hydrogels specific characteristics, be they physical (even their mass transport properties’?),
chemical or biological (i.e. biocompatibility'® or biodegradability'4), are strongly dependent from the
nature of the network, the gelation conditions and crosslinking properties. For this reason, hydrogels
are classified in several ways depending on the nature of the reactant employed, of the crosslinking
established between the different components and their structural characteristics. 1015

3.2. Classifications

Hydrogels can be classified in various ways,'8 based on their original source (natural vs synthetic
systems), their network structure (inter-penetrating, copolymeric, homopolymeric or double), the
crosslinking method (chemical or physical), their charge (anionic, cationic, amphoteric, and non-ionic)
or their biodegradability (if they are degradable or not). Each class exhibits particular advantages and
disadvantages which influence also the possible final application of the material. However, the most
useful classifications are those based on the nature of the hydrogel network, on the crosslinking used
and on the network structure; they will be briefly described below.
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3.2.1. Natural vs Synthetic Components

There are many studies about the employment of natural compounds (both polymers or small
molecules) in hydrogels synthesis, motivated by the low toxicity, biodegradability and cell-interactive
properties of such systems.'” Two main classes of biological compounds have been used for this
application, proteins and polysaccharides. Collagen,'® gelatin,'® fibrin20 and heparin2! are the most
employed proteins, while chitosan,?2 hyaluronic acid,23 agarose?* and alginate?> are the
polysaccharides that recorded the best results for the synthesis of hydrogels. In particular, collagen
and hyaluronic acid (Figure 3.4) have been extensively studied, the former for its elasticity and high
biodegradability, while the latter for its high biological activity and capability to take part in more
complex networks;2 indeed, in recent years hyaluronic acid has been more and more employed not
only in the hydrogel field,?” but also in the general area of biomedical sciences.? The major drawbacks
in the application of polysaccharides for hydrogel preparation are their lack of adequate physical
properties (which are difficult to improve by structural modifications),2® and the limited control of their
degradability, possibly leading to potential immunogenic responses, which would compromise their
activity.®0 Finally, some natural biomolecules (such as nucleotides or folic acid) have also been used
for the preparation of physically crosslinked hydrogels based onto hydrogen bond and m-stacking
interactions, still showing excellent biocompatibility and cell proliferation properties.3!
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Figure 3.4 Hyaluronic acid structure.

On the other hand, synthetic polymers emerged as a valid alternative to natural compounds, 1232 due
to their controllable degradation rates (for example by inclusion of photodegradable linkers3? as well as
other variously tunable molecular and micro structures).®* In particular, their highly reproducible
syntheses and easy functionalization allow the incorporation of tailored functionalities,3® biological
molecules® or inorganic nanocomposites, which can be even covalently bound to the polymer
structure.®¥ For example, enzymes or amino acids sequences have been widely employed for
enhancing the cell-adhesion of synthetic polymers.3” However, also this class of hydrogels exhibits
some drawbacks, principally related to its inherent lack of biological compatibility if not properly
functionalized,'72.38 |imiting its ability to promote differentiation and proliferation of cells and tissue
regeneration.3? For this reason, combinations of natural and synthetic polymers have also been widely
investigated for various biological and biomedical applications.40
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Figure 3.5 Structure of the most used synthetic polymers for hydrogel synthesis.
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The principal synthetic polymers employed for the synthesis of novel hydrogels are poly(ethylene
glycol) (PEG), poly(vinyl alcohol) (PVA), poly(hydroxyethyl methacrylate) (PHEMA) and
poly(acrylamide) (PAm), whose structures are reported in Figure 3.5, even though polypeptides are
widely used as well.3® PEG and PHEMA hydrogels are probably the most widely employed networks in
the field. In the case of PEG, this is due to its low toxicity and immunogenity properties, thanks to which
it was approved also from the U.S. Food and Drug Administration for various clinical uses.4' PHEMA
on the other hand has been employed in several biomedical devices, even in contact lenses.42 Both
polymers can be easily modified and even photopolymerized using various diacrylates as
crosslinkers.#® PVA has characteristics extremely similar to those of PEG, mostly the high
hydrophilicity. It possesses a high elasticity and can be polymerized using several methods, both
without (by freezing/thaw methodologies)** or with crosslinker (e.g. glutaraldehyde#5). PAm hydrogels
are more similar in structure to PHEMA but they found more often use in “technological” applications
instead of biomedical ones, especially due to the high toxicity of the starting materials. A particular
property common to several PAm hydrogels is their thermosensitivity,*6 a characteristic which allows
their use in the field of sensors.4”

3.2.2. Crosslinking Differentiation

The crosslinking of the different hydrogel components into a more complex polymeric network is the
main process occurring during the gelation.*8 For this reason, the type and degree of crosslinking can
influence many of the material properties, such as the degree of swelling, the elastic modulus and the
transport of molecules.*® The presence of a physical (non-covalent) or chemical (covalent) crosslinking
(Figure 3.6) can lead to two major classes of hydrogels which exhibit different properties and thus have
a different application scope. Historically, hydrogel research mainly focused on chemically crosslinked
systems, although in recent years physical crosslinking acquired some popularity due to the possibility
to avoid the use of the crosslinker itself, which can be toxic and whose excess usually has to be
removed from the final material.!®
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Figure 3.6 Different kinds of hydrogel crosslinking.34
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Chemically cross-linked hydrogels (Figure 3.7a) are materials which can form a novel polymeric network
by establishing covalent bonds through chemical reactions. During the process, small molecules or
even living cells can be entrapped in the forming network. They are permanent systems>5? which cannot
be dissolved anymore without the disruption of the covalent network. These stable materials can be
obtained using various reactions on fairly concentrated aqueous solution.5" The main synthetic tools
for making a chemically crosslinked hydrogel are radical polymerization,52 click chemistry,53 Michael
reactions,> Schiff's base formation,5 enzymatic reactions,% or disulfide-forming reactions.5” Radical
and photo polymerizations are initiated by free radicals produced by peroxides and other radical
generators, or by decomposition of a photoinitiator upon visible or UV light exposure. The free radicals
then react with the monomers, typically acrylate moieties, to form the hydrogel network.®8 As far as
click chemistry is concerned, one of the most representative reaction is the CuAAC reaction,® which
has been widely used for the synthesis of hydrogels, due to the mild conditions, the compatibility with
aqueous environment and the high tolerance for functional groups, which allows its use also in the
presence of proteins and peptides.®0 To be performed, the reaction requires the previous
functionalization of the different hydrogel components with an alkyne and an azide, which can be
present either on the main monomer or the crosslinker depending on the particular needs, and a Cu
salt to catalyze the process, even though catalyst-free versions of the reaction have also been
successfully employed.8' Michael-type additions between both thiols or amines and acrylates have
been employed and , unlike other addition reactions, exhibit the major advantage to be applicable in
aqueous medium, at room temperature and at physiological pH, without the need of adding any other
reactant.52 Another process that does not require any additional initiator is Schiff’'s base formation, in
which amines and aldehyde groups react to form carbon-nitrogen double bonds. Moreover, the
aldehyde groups present in polymer chains can even react with amino groups of natural tissues,
promoting integration of the hydrogel into the surrounding environment.®3 Enzymatic processes have
received also remarkable attention for their cell-friendly reaction conditions, such as a neutral pH,
aqueous environment and mild temperature. They present also another significant advantage, the
substrate specificity of the enzyme, which can prevent toxicity caused by side reactions and lead to a
great control of the process outcome.®* However this last property is also one of the principal
drawbacks, because it also limits the number of reagents that can be employed for the hydrogel
synthesis. Chemically crosslinked hydrogels usually possess greater stability and better mechanical
properties if compared to their physically crosslinked counterparts, but the permanent crosslinking can
make the material rather fragile and unable to self-heal once the network is broken.8 For this reason,
chemical hydrogels including transient junctions, such as polymer chain entanglements or hydrogen
bonds, present more advantages, while the fine tuning of the cross-linker allows to obtain hydrogels
with different mechanical properties.® Another alternative is the so called “dynamic covalent polymer
networks” in which reversible covalent bonds, such as those needed to form acylhydrazones, allow
construction of an hydrogel capable to show the self-healing reversibility characteristics of physically
bonded network, while maintaining the good mechanical properties and stability typical of the
chemically crosslinked hydrogels.6” Chemical hydrogels present also another important drawback,
which is that the residual chemical crosslinkers, organic solvents, and photoinitiator which did not react
or were not removed from the material may cause cytotoxicity.
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transient
crosslinks

Figure 3.7 Schematic representation of hydrogels with (a) chemical and (b) physical crosslinking.68

Different from chemically crosslinked networks, physically crosslinked hydrogels (Figure 3.7b) achieve
a gel state by establishing intermolecular weak forces such as hydrogen bonding (e.g. using natural
polysaccharides®), hydrophobic interactions,’® metal-ligand complexation,”! electrostatic ionic forces
(e.g. with polyelectrolites’) or intermolecular assemblies such as guest-host inclusion (e.g. with
cyclodextrins’®), stereo-complexation’ and complementary binding.6¢ These interactions can be
achieved by internal arrangement of the reagents themselves or can be induced by external stimuli
such as heat, pH, ionic strength electric fields, light, pressure, sound or the presence of specific
molecules.” Due to the non-covalent characteristic of the bonds, the process produces reversible
hydrogels in mild conditions and aqueous solution in the absence of chemical crosslinkers,’ providing
simple and safe approaches to preparing biocompatible hydrogels, even if these good characteristics
are often associated to unsatisfactory mechanical properties and to an increased sensitivity to the
environmental conditions.68

heating

Figure 3.8 Snapshots showing conformations of a 30-mer poly(N-isopropylacrylamide) during a ultrafast heating process. Backbone atoms of
the polymer are shown in red, while atoms in the side-chain are shown in green.””

As examples, poly(N-isopropylacrylamide) and agarose are two of the most studied physically
crosslinked hydrogels due to their thermoresponsive properties, arising directly from their crosslinking
nature. Poly(N-isopropylacrylamide) undergoes a coil-to globule transition by warming it above its lower
critical solution temperature of 32°C (Figure 3.8), releasing the water molecules bound to the isopropyl
side groups, which results in an increase of the intra- and inter- molecular hydrophobic interactions
between these groups.” On the other hand, in agarose the cross-linking is driven by the formation and
aggregation of double helical structures, when the temperature decreases from the melting point (=
85°C).7 All the interactions mentioned above can also take place simultaneously in order to enhance
the final properties of the material and realize more complicated structures (Figure 3.9). This, for
example, can happen with already relatively complex short peptides, in which the mix of hydrophobic,
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H-bond and ionic interactions between the side chains could lead to the spontaneously organization in
nanofibers that aggregate to form the hydrogel,8° or also with particular small molecules capable to
give both hydrophobic and hydrophilic interactions, which can self-assembly in ordered macro-
aggregates and then in the final hydrogel network3! (Figure 3.9).
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Figure 3.9 Example of self-assembly of a small molecule (folate salt) into a supramolecular hydrogel using several weak interactions.3!

3.2.3. Network Structure

This classification is based on the nature of the hydrogel network, which is another factor which can be
modified when looking at a specific application for the material. In particular, homopolymeric,
copolymeric and multipolymer interpenetrating network (IPN) hydrogels can be distinguished.

Homopolymeric hydrogels are networks derived from the polymerization of a single species of
monomer, which represent the basic repeating unit of the system.8! They are the easiest form of
hydrogels to be synthetized and their properties mostly depend on the degree of crosslinking and on
the polymerization technique used. One of the most common examples of homopolymeric hydrogels
are PHEMA networks, which are usually crosslinked using diacrylates.

On the other hand, copolymeric networks are synthetized using two or more different monomer species,
in which at least one is an hydrophilic component. The repeating unit of the system is variable because
it depends on the polymerization conditions and the type of control exerted on the process, so that the
monomers can be arranged in blocks or in an alternating configuration or even randomly.82 An example
of copolymeric networks are hydrogels obtained by Aza-Michael reaction, in which usually more than
one monomer is employed in order to better tune the final properties of the material.83

IPN are more complex systems composed by two different interpenetrating networks, which could be
either natural or synthetic and either physically or chemically crosslinked.8* If only one of the polymers
is crosslinked, the material is called “semi-IPN”, while if both are crossliked (not necessarily together),
the material is a proper IPN.8 |PN are an important class of hydrogels because their double nature
structure confers them better mechanical properties and stability, which can also be better controlled
compared to “classic” hydrogels. Such properties are attributed to their unique contrasting network
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structure and strong network entanglement® (Figure 3.10). For these reasons, from their first synthesis
in 2003,87 many efforts have been devoted to the optimization of their synthesis and properties. Gong
et al.86b have summarized the principles for preparation of tough chemically linked IPN hydrogels: (i)
rigid and brittle polymeric chains serves as the first network, while soft and ductile neutral polymer
serves as the second network; (ii) the molar concentration of the second network is 20-30 times that
of the first network; (iii) the first network is tightly while the second network is loosely crosslinked to
achieve a strong asymmetric gel structure.®® Based on these design concepts, several synthetic
methodologies have been developed and led to the production of different tough IPN hydrogels,
including microgel-reinforced,® void,% inverse,®! jellyfish,% liquid crystalline,® and lamellar bilayer IPN
hydrogels.% The typical synthetic procedure is a so called “two-step procedure” in which, usually, the
first step consists in the formation of a tightly cross-linked network gel of polyelectrolyte, followed by
its immersion in an aqueous solution of a second monomer with a low ratio of cross-linking agent. Then,
the second step is performed by carrying out the polymerization of the second component in the first
network.8” Owing to its polyelectrolyte nature, the first network synthetized highly swells in the second
monomer solution and, as result, the first gel network is highly diffuse in the final product and, at the
same time, the amount of the second network in the final material is in large excess to that of the first
network. Other methodologies have been employed for the synthesis of IPN hydrogels, such as
molecular stent,% one-pot,% extrusion 3D-printing,%” and free-shapeable methods.%

Figure 3.10 Different behavior under high compression between (a) “classical” homopolymeric and (b) IPN hydrogels.

The strong chain entanglement between two different networks present in IPN gels is the origin of their
particular toughness and strength, and increases when the molar ratio of the second network to the
first one increases.® The reason behind the influence of such strong interaction on the mechanical
properties of the material derives from a dual stress-loading transfer between the two networks,
possible due to the inter-network topological entanglement of these interactions. The density ratio of
elastically effective polymer chains of the two networks, in fact, ensures that the propagation of the
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micro-cracks in the brittle first network is prevented by the ductile second network. On the other hand,
the second network will transfer the stress back to the brittle first network, causing further internal
fracture of the latter, but without causing its collapse.8 The inter-network interactions present can be
either covalent or noncovalent, with or without chemical crosslinkers: by adjusting them and the
structural parameters of the two networks, a wide range of mechanical performances can be reached,
according to the designed application. 100

3.3. Gel Network Engineering

The extreme flexibility of hydrogel networks allowed the development of more complex materials
containing also other components, and to their successive applications in several new fields.
Accordingly, several new categories of hydrogels were introduced over the years, each one having
particular characteristics. Some of the most famous and used hydrogel materials will be briefly
presented in the next sections.

= Nanocomposite Hydrogels

Nanocomposite hydrogels are soft materials whose polymer network incorporates nanoparticles or
nanostructures, both physically or by covalent attachment, capable to enhance the properties of the
material."0" Traditionally, the addition of nanocomposites has been employed to improve the
mechanical properties of hydrogels, and reinforcing materials have been typically limited to
organic/polymeric nanoparticles. The first attempts in this direction were made with inorganic
nanoparticles; 102 since then, various kinds of nanoparticles (carbon-based, inorganic, metal-based or
even polymeric) have been used to obtain nanocomposite hydrogels, as well as other nanostructures
like nanotubes or graphene (Figure 3.11).193 One of the main reasons behind the use of nanoparticles
is the large surface-to-volume ratio, which can increase the particles—matrix interactions and enhance
the nanoparticles effect on the overall material. The main challenges in the use of nanoparticles is to
achieve a both a homogeneous dispersion and a good adhesion to the polymeric matrix , but many
studies have been focused on the resolution of this problem.%4 For this last issue in particular, methods
centered onto the functionalization of the nanoparticle surface have been widely developed and
employed.'% These procedures led also to the design of novel hydrogels with tailored functionalities, 106
thanks to the fact that nanomaterials often possess specialized and tunable functions that are not found
in the polymers matrices. Nanocomposite hydrogels exhibiting enhanced properties such as
mechanical strength and swelling,”22.107 stimuli-responsive behavior induced via magnetic, %8 optical,10°
or thermal changes''? have also been synthetized and widely applied, especially in the biomedical field
for drug release devices. 103
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Figure 3.11 Examples of the extreme variety of nanocomposites employed for the synthesis of functionalized hydrogels and of the applications
of the final materials.?0%a

= Biodegradable Hydrogels

Many biomedical applications require hydrogels that can be easily degraded in physiological conditions,
in order to be eliminated from the organism after the exploitation of their activity without the need to
remove the implant. The main challenge is to design the material with a precise degradation rate
capable to match the entire duration of the clinical application.'" While this parameter can be difficult
to control when natural hydrogels are used,33 synthetic hydrogel networks can be tuned by fine tailoring
of the polymer structure, the cross-linking density and the amount of incorporated degradable moieties.
Many approaches have been developed in the last years to synthetize efficient biodegradable
hydrogels'’a and the most effective strategy appear the intercalation in the hydrogel network of
particular linkers that can be degraded by specific agents, for example via ester hydrolysis, enzymatic
degradation, photolytic cleavage or reversible click reactions. There are two principal methods to
introduce those degradable linkers, either by the formation of degradable bonds during the synthesis
of the hydrogel network, or by using specific crosslinkers containing suitable cleavable bonds. The
degradation of the cleavable bond then leads to the disruption of the connections within the hydrogel
network, causing dissolution of the initially insoluble material. Particularly interesting are hydrogel
scaffolds containing cell-cleavable bonds, which are degraded upon interaction with living cells as an
effect of interaction with cell-secreted molecules.!'2 For example, this can be achieved by incorporation
into the hydrogel network of protease-cleavable moieties as crosslinkers, due to the high concentration
of these enzymes into living cells,3 or with the introduction of disulfide bonds, since the cleavage of
this moiety is easily controllable under physiological conditions by altering the concentration of
reductants, such as glutathione, which are typical cell metabolites.'* As a consequence, the latter
degradation strategy is considered very promising in the field of the tissue engineering and drug
delivery.
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= |njectable Hydrogels

This kind of hydrogels was designed for biomedical applications, with the aim to overcome some of the
most common problems regarding the use of invasive procedures during patient therapy. Injectable
hydrogels, in fact, can be directly delivered in vivo in a minimally invasive manner, and then rapidly
solidify inside the body, without the need of any surgical operation.'” Moreover, these hydrogels can
be formed directly in situ, under physiological conditions, and can be also loaded with bioactive
compounds prior to the injection and successive gelation.'® The three most common methods generally
used to develop injectable hydrogels are photo-gelation, thermal gelation and chemical gelation. Photo-
gelation methods are based on the exposure to visible or near UV radiation of water soluble
components having photolabile groups on their chemical structure, in the presence of appropriated
photo-initiators. Instead, thermal-gelation takes advantage of the phase transition properties near
physiological temperature of particular polymers, thus achieving hydrogels formation through small
temperature changes after injection.'1® However, both these methods present some inconveniences:
use of the UV light can be challenging in areas difficult to reach, while thermoresponsive materials can
lose mechanical integrity due to the diluting environment of the body.1” On the other hand, chemical
gelation does not show any of these drawbacks: according to this approach, hydrogels are formed by
reaction of monomers and crosslinkers with complementary functional groups in physiological
conditions and do not require any other input to be formed. For this reason, several different chemical
processes have been employed for this purpose, such as Michael addition reactions''® or Schiff base
and disulfide bond formation,'72.119 taking always care not to use toxic components.

3.3.1. Stimuli Responsive Hydrogels

Stimuli responsive hydrogels are a particular class of materials whose peculiar trait is to respond to
environmental stimuli (both physical or chemical) by exhibiting unexpected changes in their properties:
these can include dimensions, network structure, mechanical strength and permeability; for this reason,
such materials are also called environmentally sensitive or smart hydrogels.'2 The most commonly
employed physical stimuli include light, pressure, temperature, electric fields, magnetic fields and
mechanical stress, while chemical stimuli include pH, ionic factors and chemical agents. The effect
induced by the external stimulus in the hydrogel network can be often observed also on the macroscopic
scale in different forms, but the most common is a change in shape and size, which also influences
their water uptake capability'2! (Figure 3.12).
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Figure 3.12 Representation of the typical stimuli-responsive hydrogel behavior.

This kind of hydrogels are often classified depending on the stimulus to which they respond, since a
huge variety of chemical structures can be employed in each case. For example, a particular class,
called “dual responsive hydrogels”, is defined by the reaction to a combination of two stimuli responsive
mechanisms in the same hydrogel system, and is mostly composed by particular IPN system. The most
studied stimuli for this application are, without doubt, pH, temperature, light and electricity.16.122 The
first two systems will be briefly described in the next sections, while the other two will be analyzed more
in detail in the next chapters of this PhD thesis (respectively in Chapter 4 and Chapter 5).

= pH Responsive Hydrogels

pH responsive hydrogels are systems possessing a large number of ionic pendant groups that can
accept or donate protons in response to an environmental pH change, dramatically altering the degree
of ionization of the matrix.'23 This change strongly depends on the amount of such functional groups
and their pKa or pKy values, and usually the modification in the net charge of the ionized pendant groups
causes a sudden volume transition due to the generation of electrostatic repulsive forces between
them, creating a large osmotic swelling force. Depending on the ionic groups employed, there are two
types of pH responsive hydrogels: anionic and cationic systems. Anionic hydrogels are networks in
which the ionization process leads to the formation of anions: accordingly, pendent groups such as
carboxylic or sulfonic acids are employed. With this kind of groups deprotonation is the process
responsible for the increment of the swelling capacity of the system, and it occurs when the
environmental pH is above the pKa.'?4 On the other hand, cationic hydrogels contain pendent groups
such as amines, capable to be protonated, and thus ionized, when the surrounding pH is below the
pKb, increasing the swelling due to the increased electrostatic repulsions. 125

= Temperature Responsive Hydrogels

Temperature sensitive hydrogels are defined by their ability to change their volume when they detect
a variation of the surrounding temperature.'?6 These networks can be classified as positive or negative
temperature responsive systems, depending on their change in volume in response to a drop of the
environmental temperature.46 A network is defined a positive temperature responsive hydrogel when it
possess a upper critical solution temperature (UCST) and then it shrinks, releasing solvents or fluid
from the matrix, when the temperature is below the UCST.'?" Instead, at higher temperatures than the
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UCST, swelling takes place. The reason behind the shrinking at low temperatures relies in the formation
of a complex structure of hydrogen bonds among the polymeric chains of the network, which dissociates
at a higher temperatures (above the UCST), allowing the hydrogel to swell to the maximum possible
extent. On the other hand, negative temperature responsive hydrogels have an opposite parameter
called low critical solution temperature (LCST); accordingly, they shrink when the temperature
increases above the LCST and swell when it is lower than the LCST. The LCST can be altered in
different ways, such as by mixing a small amount of ionic copolymer in the gels or by changing the
solvent composition, and in general shifts to lower values by employing polymers with more
hydrophobic constituents.'28 These kind of networks possess two distinct parts, a hydrophobic and a
hydrophilic one:'2° at temperatures lower than the LCST, the solvent establishes hydrogen bonds with
the hydrophilic part, improving the swelling capability of the network, which could even result into the
transition to the solution state of the hydrogel (Figure 3.13); as the temperature increases and surpasses
the LCST, the hydrophobic interaction within the hydrophobic part becomes stronger, while at same
time, the hydrogen bonds will progressively dissociate, resulting in a global shrinking of sample with a
release of the trapped fluids.130
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Figure 3.13 Example of the use of a thermoresponsive hydrogel in regenerative medicine. The polymeric network can be injected as liquid at
low temperatures and when raised to body temperature, a heat-induced gelation converts the hydrogel into a solidified occlusion. The sealant
can be then repositioned or removed without causing additional trauma via exposure to cold water. 3!

3.4. General Hydrogels Characterization

The characterization of such complex systems is not easy and can require several different techniques
and methodologies. For this reason, usually, the final protocol adopted strongly depends on the final
application of the material, in turn dictating the most interesting properties to be determined. Even with
that premise, a specific experiment, the determination of the equilibrium degree of swelling (EDS), is
always carried out because it defines the principal characteristic of an hydrogel, its water uptake
capability. Other experiments that are almost always carried out are the rheological characterization,
which provides information on the mechanical properties of the network (i.e. the elasticity),
biocompatibility tests, differential scanning calorimetry (DSC), as well as thermogravimetric (TGA), FT-
IR and SEM analyses.48.132
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3.4.1. Equilibrium Degree of Swelling

Good hydrogel biocompatibility arises from their higher water content, which causes also them to
become softer and to assume elastic properties. Their ability to swell and de-swell in a particular
medium depends on many factors, such as crosslinking density, hydrophilicity of polymer chains, and
the solvent nature. Moreover, the amount of water uptaken into the network regulates also the
absorption and diffusion of solutes throughout the scaffold.'3® Hydrogels swelling and shrinking
processes, due to the changes in volume they involve (Figure 3.14), are currently among the most
employed characteristics in various applications including control of microfluidic flow, muscle-like
actuators and drug delivery.'3* When a dry hydrogel begins to absorb water, solvent molecules start to
hydrate the most polar hydrophilic groups present in the polymer chains; then, as a result of polar
groups hydration, the network begins to swell and to expose the hydrophobic groups, leading to the
incorporation of hydrophobically-bound water.'% Finally, the network imbibes additional water filling the
free interstitial spaces present, due to the osmotic driving force of the network chains towards infinite
dilution.” The swelling process, which distends the network, is opposed by the elastic contractibility of
the stretched polymer network and an hydrogel reaches its EDS when a balance occurs between these
two forces. This parameter can be then calculated by gravimetric measurements using Equation 1:

Wwet_Wdry

EDS = x 100 Eq. (1)

dry
where Wwet and Wary are, respectively, the measured weight of the swollen and lyophilized hydrogel. The
EDS value reached by each network mainly depends on the hydrogel crosslinking characteristics and
density,” but also on the pH value of the surrounding medium, which could cause the ionization of
pendent groups on the polymer chains and thus increase the swelling properties of the system. These
values are usually comprised between 100% and 1000%, although even higher values have been
recorded.80
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Figure 3.14 Schematic representation of the swelling process.

3.4.2. Rheological Characterization

The rheological characteristics of hydrogels are key parameters to understand their structure and
consequently their application scope. Measurements can be performed at different swelling states of
the material and can give different results due to the influence of water on the hydrogel physical
properties; the most common case is to characterize the hydrogel in its saturated swelling conditions,
in order to mimic its physical conditions in the biological environment. Oscillatory rheology is a powerful
tool to understand both the structural and dynamic characteristics of the system because it allows to
quantify both its elastic and viscous-like properties by measuring two dynamic moduli: the storage
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modulus, G’, which describes the elastic response, and the loss modulus, G”, which is related to the
viscous behavior. The relation between these two values is often used also to monitor the gelation
process of the hydrogel: in fact while for a not-crosslinked polymer solution G” is much higher than G’
(for the predominance of the viscous property if compared to the elastics), for partially crosslinked
polymers G’ increases and becomes higher than G”; finally, when the hydrogel gelation process
finishes, the highly crosslinked network exhibits a solid-like mechanical spectrum with both very high
G’ and G” values, still showing the relation G’ > G”.13¢ Furthermore, a high separation between the two
values suggest the formation of a mechanically strong network.'37 From the graph of G’ and G” vs. time
(an example is shown in Figure 3.15) it is also possible to evaluate the gelation time, which correspond
to the sol-gel transition of the system and correspond at the time when the crossover between the
curves of G’ and G” occurs.
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Figure 3.15 Example of time evolution of the two Young moduli during the gelation process. %

Usually, oscillatory shear measurements are performed in the linear viscoelastic regime, in order to let
G’ and G” be independent from the strain amplitude. The viscoelastic zone can be evaluated by a
stress strain-sweep analysis in which the samples are subjected to a stress and deformed at different
shear strains (y) at fixed frequency (an example is showed in Figure 3.16a). From that graph is then
possible to determine the value of shear strain y to be employed for the determination of the two Young
moduli.
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Figure 3.16 Examples of (a) stress-strain curve and (b) G’ and G” graph as function of the oscillation frequency.8?
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The last experiment which is usually performed is the evaluation of the stability of G’ and G” over a
range of frequencies with a frequency sweep analysis. The strain determined within the viscoelastic
regime is then applied to the hydrogel samples in a particular chosen range of frequencies and the
samples response is recorded, generating a graph showing the dependence of the two Young moduli
vs the frequency (an example is showed in Figure 3.16b). In this case, a frequency-independent
behavior of both G’ and G” indicate the formation of a well-developed, cross-linked, and robust
network. 139

3.4.3. Other Characterization techniques

As pointed out above, depending from the final application of the material there are various other
analysis that can performed on hydrogels systems. Among them, there are few experiments which
provide useful information based on comparisons with other similar systems or starting materials (i.e.
SEM, FT-IR) or others which can give complementary data to those already obtained (i.e. DSC or TGA).
Remarkable are also the biocompatibility tests, in which the toxicity of the material and its components
is evaluated.

= FT-IR and SEM

FT-IR (Fourier transform infrared) spectroscopy is a useful technique for identifying functional groups
present on both small molecules and polymers. The technique is extremely flexible in term of sampling
methods, %0 which can be chosen according to the sample physical state. The most common methods
used include transmission (for singular substances or semi-thin films), external reflection (for thin films
loaded onto a reflecting substrate), reflection-absorption (extremely-thin films loaded onto a metal
substrate), internal reflection (thick and soft materials or for “wet” measurements) and diffuse reflection
(on powders). The obtained spectrum represents the fingerprint of the material and, for polymers, can
be compared to those of the starting materials in order to identify their presence and their contribution
to the polymer structure, along with the new signals related to the newly formed bonds.

Scanning electron microscopy (SEM) can be used to provide information about the sample surface
topography,'#! composition, and other properties such as electrical conductivity. Due to the usual low
conductivity of hydrogels, the samples have to be covered with a thin layer of conducting material
(typically gold or silver, but other choices are possible depending on the wanted magnification of the
images) before the analysis. Magnification in SEM can be controlled over a range of up to 6 orders of
magnitude from about 10 to 500,000 times. This is a powerful technique widely used to capture the 3D
aspect of the hydrogels network, although, due to the high vacuum conditions needed for the
experiments, the structure recorded is that of the collapsed state of the gel, not that of its swollen
state.132

= DSC and TGA

These two techniques allow to obtain additional information about the network physical properties. DSC
is a sensitive method to measure the polymers phase transitions as a function of temperature through
the changes in heat capacity, allowing to identify the glass transition temperature, crystal structure and
crystal transition temperature. In general this technique can be used to investigate the crystalline nature
of the hydrogels and if different domains exist within the network, especially for those prepared by
freezing-thawing processes, providing information also on the evolution of the system during the
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swelling process.™? TGA is a useful tool to evaluate the thermal stability of the system and its
composition. The samples are usually heated to high temperature and then burned both in the presence
or in the absence of oxygen, while the change in weight of the material is recorded. The shape of the
graph and the presence of unburned residues allow to identify the presence and the amount of
components different from the polymeric matrix (i.e. nanocomposites material) and the range of
temperature for the application of the hydrogel.43

= Biocompatibility Tests

Hydrogels must be biocompatible and non-toxic in order to find application in the biomedical sector. A
good parameter to first assess the biocompatibility of the material is its hydrophilicity (which can be
determined by measuring the contact angle of the material with water), since usually higher levels of
hydrophilicity are associated to greater levels of cells attachment'44 and better blood compatibility. 145
However, most of the polymers must also pass cytotoxicity and in-vivo toxicity tests before finding real
application.'6 Biocompatibility tests consist in the evaluation of two different parameters, namely
biosafety (the ability to induce an appropriate host response after the exposure to the material, not only
systemic but also local, with absence of cytotoxicity, mutagenesis, and/or carcinogenesis of the natural
tissue) and biofunctionality (defined as the ability of the material to perform the specific task for which
it is intended, e.g. allow cells proliferation or migration). Evaluation of these two properties is usually
performed on the final material, without taking into account the toxicity of the starting components; for
this reason, various purification processes should be performed on the hydrogel, such as solvent
washing or dialysis, in order to remove all residues of hazardous chemicals deriving from its synthesis.
Indeed, most of the toxicity issues associated with hydrogels are actually related to the presence of
unreacted monomers, oligomers and initiators that leach out during application.
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Figure 3.17 Examples of (a) cell viability test, printed in hydrogel after 48h incubation; (b) live/dead assay of cells embedded into the same
matrix after 48h incubation, recorded with three-dimensional stacking confocal laser scanning microscopy (in green living cells, in red dead
cells).?!

In vitro tests (Figure 3.17) are the most common tool to carry out the initial biocompatibility test and to
evaluate the cytotoxicity aspects of the material in the presence of living host cells. This kind of tests
can be usually performed following two different procedures.!36 The first method is a direct
determination, in which the material whose biocompatibility has to be determined is placed in contact
with the chosen host cells and then it is incubated for a determined period of time at fixed temperature.
The subsequent determination of the cytotoxicity is carried out on the cells detached from the material.
The second method is based on an indirect determination. The sample is kept in a suitable physiological
solution (e.g. phosphonate buffer) and is then incubated for a fixed amount of time to allow the release
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of any component from the material itself. The collected leachates are subsequently employed in the
biocompatibility tests in the presence of the cells. Usually, cell viability and proliferation are determined
from this kind of cytotoxicity tests. The procedure of a typical experiment requires the sterilization of
the hydrogel before the start, followed by the seeding with the host cells. The material is then incubated
for = 1h to allow the first cell adhesion and, after that, the proper incubation begins with the addition of
the culture media and the transfer of the systems into an incubator at a fixed temperature (usually
37°C). After the chosen amount of time, the cells are detached from the substrate and the cell viability
and proliferation is visualized by microscopy or by carrying out specific colorimetric assay.'4” However,
even if in vitro tests provide useful information about the biocompatibility and cytotoxicity of the material,
the behavior of the system once moved from the simple interaction with cells to a real tissue can be
strongly different. For this reason, in vivo tests in animals are always necessary when looking for an
application on humans.
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3.5. Aim of the work

As already discussed, stimuli-responsive hydrogels are very interesting systems with various potential
applications. Depending on the stimulus employed, in fact, they have been used in many different
sectors, from the biomedical area to the field of energy storage materials. Therefore, this entire field of
research is extremely open to the development of more advanced systems, able to optimize efficiency
or resolve practical problems compared to the existing options. We decided to focus on the
development of hydrogels able to respond to two of the most fundamental and easy-to-apply stimuli,
namely electricity and light.

The first part was focused onto the optimization of the introduction of several conductive polymers
inside a particular hydrogel matrix which was never made conductive before. This hydrogel network
can be synthetized by Aza-Michael reaction without the need of any other initiator and in mild reaction
conditions, giving rise to an extremely versatile material due to its good tolerance towards other
functional groups and easy exchangeability of its components. Investigating the possibility of
introducing a conductive moiety inside this network could then broaden the use of this flexible matrix
in the field of the stimuli-responsive hydrogels.

The second part regarded the development of a novel light-responsive hydrogel characterized by a
tandem responsive system. Light is probably the most interesting stimulus due to its easy application
and control over time and space. For this reason, this kind of systems have always attracted much
attention due to the various application they can find. We decided to develop a particular system in
which the light-responsiveness is granted by a chain effect between a photosensitive molecule and an
oxidisable compound, which can lead to a change of its physical properties. We anticipated that
carrying out this tandem process on a flexible hydrogel matrix could allow a simple and precise tuning
of the network properties, opening the way to potential practical applications.
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Conductive Hydrogels

4.1. Background

In this chapter the studies carried out for developing new conductive hydrogels will be reported.
Electroconductive hydrogels are a class of stimuli-responsive hydrogels which bring together the redox
switching and electrical properties of the inherently conductive electroactive component with the facile
small molecule transport, high hydration levels, tunable physical properties and biocompatibility of
cross-linked hydrogels.! In recent year these hybrid materials became very popular in the field of
material sciences, due to the wide range of possible applications derived from the features of both
class of materials they are derived. For instance, as it happens for non-conductive hydrogels they can
be employed in the field of the energy storage devices or as electrodes in novel sensors development,
while as conductive materials could be easily used for biological applications providing to solve the
issue of their inherent toxicity. Conductive hydrogels are generally constituted by two different parts,
an hydrogel matrix, either chemically or physically crosslinked, and a conductive material, which could
be represented by conductive polymers, carbon nanotubes?, graphene or graphene oxide® and metal
nanoparticles.* Of course the final properties of the hybrid material depend from the characteristics of
starting systems employed, from how they are synthetized and from the interactions they could
establish between themselves, thus, also the choice of the electroconductive system used greatly
change the properties of the final material. Some particular features can be controlled, i.e. magnetic®
and antibacterial properties® can be implemented by incorporation of metal nanoparticles or high
capacitance and electrochemical stability can be obtained by using graphene.” Another interesting
feature of conductive polymers is that to allow altering of their optical and electronic properties by
chemical modification of their backbone or by changes into their polymerization process.

4.1.1. Conductive Polymers

Conductive polymers are a family of highly conjugated polymers possessing spatially extended -
bonding that confers the feature to merge the positive properties of metals and conventional polymers
(the ability to conduct charge, great electrical and optical properties) with flexibility in processing and
ease of synthesis. These materials display also a controllable switching of their electrical and optical
properties and the possibility to have these properties altered by change of variables such as
temperature, humidity, gas/vapor composition, medium ionic strength, pH. These factor in fact could
alter the conjugated 1-system of the polymer, which is the base of their conductive properties due to
the possible delocalization of the electrons along the entire polymeric chain.® It is also possible to
further enhance their electronic properties by performing a particular process called “doping”, which is
able to increase the charge carriers amount along the entire length of the polymer. This process was
accomplished for the first time performing the oxidation of polyacetilene with iodine vapor (Figure 4.1),
leading to an increment of 10-million fold of the conductivity of the material.'0
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Figure 4.1 Doping process on polyacetilene.

This objective could be achieved in different ways: indeed, depending from the nature of the material,
in analogy to the semiconductors, “n-type” (reduction) and “p-type” (oxidation) doping could be
accomplished.! In the case of the n-type doping, an electron is introduced in the polymeric network
and acts as charge carrier, while in the p-type doping is the vacancy created by the removal of an
electron to undertake the role. These kind of modifications create local distortions of the crystal lattice
of the network, disrupting the stable backbone and allowing the freely move of the above-mentioned
charge carriers upon the application of an external field12 (Figure 4.2). The conductivity is then strongly
dependent from the mobility of these charge carriers and it could occur both intra and inter chain. 1a
On the other hand, as can be explained in Figure 4.2, the presence of structural disorder in the
conjugated network, along with the packing of the polymeric chains, could strongly reduce the overall
conductivity value due to the possibility of charge carriers hoping between the different chains.

Figure 4.2 Simplified explanation of the electrical conductivity in conductive polymers. (a) The dopant create the charge carrier by
removing/adding an electron; (b) the crystal lattice distortion is created as the most energetically favorable situation to stabilize the charge
carrier; (c) a charge surrounded by a distortion is known as polaron and (d) it is able to travel along the polymer chain, allowing the electrical
conduction.™
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The doping process can be carried out using different procedures, both chemically or electrochemically
or via photodoping.™ In all the cases it is a reversible process: if an electric potential is applied through
the polymer, it will cause the dopant to leave or re-enter into the polymer network, switching between
its two different redox states, conductive and insulating.'40."5 Dopants could be separated in two
different categories depending from their size: small (i.e. Cl-) and large (i.e. polystirenesulfonate, PSS)
dopants, which then could differently affect the polymer structural and electrochemical properties. 14216
For example, while large dopants are more integrated into the polymer network and rarely leaking out,
leading to an increased electrochemical stability, 6.7 small dopants can easily leave and re-enter into
the material with electrical stimulation, the latter property forming the base for drug release
devices.4a.18

Polypyrrole (PPy)

Polyaniline (PAn/PANI)

Polythiophene (PTh)

Poly(3,4-ethylendioxythiophene (PEDOT)

Figure 4.3 Most common polymeric materials employed in conductive hydrogels.

The possibility to modify the monomers by introduction of some functional groups is another interesting
feature of this kind of materials. This can be an easy approach to allow direct covalent bond formation
between the polymer and some interesting molecule’ (such as a compound to be released) or a
support.’® For these reason, along with their good stability and high conductance, polyheterocycles
have emerged as one of the most promising “families” of conductive polymers (Figure 4.3).

= Polypyrrole (PPy)

Polypirrole is probably the most studied conductive polymer because of a range of excellent qualities
and stimuli-responsive properties,20 such as good biocompatibility,2! good chemical stability in air and
water?2 and reasonably high conductivity in physiological conditions.2!23 Polypirrole can be easily and
flexibly synthesized at room temperature in a wide range of solvents, including water, with a large
surface area, different porosities?!23 and shapes? (i.e. fibers or nanotubes); furthermore, it can be
easily modified to be more suitable for specific applications.2> PPy is also a stimulus responsive
material, allowing the dynamic control of its properties by the application of an electrical potential.200
The principal drawbacks of such material are that it cannot be processed further once synthetized, 62
it has a non-thermoplastic behavior,22 poor mechanical properties?6 (rigid, brittle) and it is completely
insoluble. Nowadays it is employed in various field, from the electronic engineering?# to the biomedical
area,'%a passing through specific applications as biomaterial .2
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= Polyaniline (PAn)

The second most promising conductive polymer after PPy is polyaniline (PAn).28 Such material exhibit
many advantages, such as an easy synthesis, a low cost, a good environmental stability, and the ability
to be electrically switched between its conductive and resistive states.?? It can be found in one of three
idealized oxidation states, depending from the polymerization conditions, which affect its conductivity:
the fully oxidized pernigraniline base, half-oxidized emeraldine base and fully reduced leucoemeraldine
base (Figure 4.4).162a.28 The partially oxidized structure, the emeraldine, is in the most stable and
conductive of the three states of the physical mixture used to obtain PAn. The other two states exhibit
low conductivity values, however it can represent an advantage due to the ability to be electrically
switched between its conductive and resistive states.2% Polymerization of PAn is not easy to perform
and requires a stoichiometric amount of oxidant and acidic conditions to be able to achieve the
synthesis in its most conductive form.

OOl

Pernigraniline
Oxidation H Reduction
| : H : H : :
X
Emeraldine

Oxidation ‘ Reduction

OO OO

Leucoemeraldine

Figure 4.4 PAn molecular structure in its different oxidation states.3

PAn is also the only conductive polymer with electronic properties which can be regulated by
protonation or charge transfer doping. Then, the control of the magnetic,3' electrical3? and physical33
properties achievable for this polymer, makes PAn suitable to be employed on different applications,
such as pH switching electrical conducting biomaterials,34 electrically active redox biopolymers and
matrixes for nanocomposite conductive polymers preparation.3%.36 Unfortunately, its low processability,
lack of flexibility and non-biodegradability, along with the tendency to cause chronic inflammation once
implanted, 5.2% |imit its use for biological applications.

= Polythiophene Derivatives (PTh and PEDOT)

The third class of interesting conductive polymers is mainly composed by polythiophene (PTh) and
poly(3,4-ethylenedioxythiophene) (PEDOT). PTh is characterized by electronic stability and high
electrical conductivity (it can reach = 100 S c¢cm-"), which can be modified by the kind of dopant
employed and the polymerization procedure used.3” For these reasons, it has been intensively studied.
For example, the effect of the length of the conjugated sequences on conductivity was evaluated and
showing that oligomers consisting of 11 thiophene units have conductivity similar to that of higher
molecular weight polythiophene.3¢ Compared to PTh, PEDOT has another heterocyclic ring fused onto
the position 3- and 4- of each thiophene ring (Figure 4.3), which greatly improve its electronic properties
by lowering its band gap, its reduction and oxidation potential®® and grant a good electrical, chemical
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and environmental stability.40 Furthermore, this substitution also confer to PEDOT better conductivity
and thermal stability than PPy.2840 Another interesting characteristic of PEDOT is its ability to establish
an electronic interaction with neurons on their surface and for this reason it finds applications in
biosensing and bioengineering applications,*' despite it lacks chemical functionalities able to covalently
bind biological molecules. PTh and PEDOT can be synthetized both electrochemically and chemically.
In particular, the electrochemical polymerization occurs with the deposition of a film of polymer on an
electrode, resulting in the possibility to obtain also thin layer of conducting material. In both cases, after
the synthesis any isolation of purification is required, even if side decomposition processes can always
occur.

4.1.2. Conductive Hydrogels Synthesis

Many routes have been proposed for the synthesis of conductive hydrogels, but usually these materials
have been produced as combinations of two separated phases created by each component. The most
common procedures are depicted in Scheme 4.1 and are defined by their fabrication routes:

= Templated conductive hydrogels (Scheme 4.1a)
= Deposition of conductive polymers inside a pre-existing hydrogel matrix (Scheme 4.1b)
= Pre-mixing of all the precursors and then synthesis of the conductive hydrogel either with one

or two polymerization steps (Scheme 4.1c)
C
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Scheme 4.1 Representation of the most common procedures for the synthesis of conductive hydrogels: (a) templated conductive hydrogel, (b)
conductive polymer deposed within a pre-existing hydrogel matrix and (c) conductive hydrogel formed from mixed precursors, either
simultaneously or in a two-step process.*?
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The first two routes (Scheme 4.1a and b) are extremely similar and differ only for the inherent structure
of the hydrogel matrix employed. The electronic properties of conductive polymers usually improve by
increasing surface area. Then, fabrication using a micro or nanostructured template gel matrix can have
a great influence on the conductive of the material because with these procedures the surface area of
conductive polymer synthetized inside the matrix can be significantly increased. Nonetheless, the
polymerization of the conductive moiety within the confined area of a nanostructured template can also
provide a huge control over the structure and the morphology of the network.43 In both cases the dry
hydrogel matrixes are swelled again into a solution of the conductive polymer monomer and, when the
absorption reached its maximum value, the polymerization of the conductive moiety take place. Another
alternative, even if less common if compared to the other two procedures already described, is the
fabrication of the conductive hydrogels from a mixed precursors (Scheme 4.1c). In this method, the
hydrogel and conductive polymer precursors are placed in the same vessel and then polymerized either
together or in two different moments. The advantage of this procedure is the possibility to establish a
better interaction between the two different network. It is particularly efficient when the two polymers
could be synthetized using the same conditions .44

Electro-

c I @ é / polymerization

Electroactuation

Figure 4.5 Example of the procedure for obtaining micropatterned electrodes from the electropolymerization of PEDOT.*”

Finally, the polymerization of the conductive part can be carried out both by application of electrical
charge or by exposition to a oxidizing agent. Even if the chemical method would be preferred, being
more general and viable for almost all the conductive polymers, unfortunately the conductivities
obtained using this procedure have always been lower than that recorded for materials obtained with
the electrochemical method.4> Additionally, the conductivity of the polymers created by chemical
oxidation is known to be extremely dependent from the choice and purity of the solvent, the oxidant,
the relative concentration of the reagents, reaction time, temperature, etc., and that make the synthesis
difficult to reproduce.4546 On the contrary, the electrochemical synthesis allows the complete control of
the polymerization process, making possible also to obtain micropatterned highly conductive
hydrogels.4’
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Figure 4.6 Novel crosslinkers employed in the synthesis of highly conductive hydrogels.

The main drawback of this method is that it usually result in gel composites that consist of both
conductive and nonconductive components, reducing the overall conductivity of the resulting hydrogels.
Recently an alternative procedure has been developed which allows to obtain conductive hydrogels
composed only by a singular conductive network, without insulating part. Molecules with multiple
functional groups, such as phytic acid and copper phthalocyanine-3,4'4" 4"-tetrasulfonic acid
tetrasodium salt (CuPcTs, both in Figure 4.6), can in fact cross-link the conductive polymer chains
without the need of any other support matrix, directly leading to the formation of a conductive
hydrogel.#8 Basically, each of the crosslinker molecules can react with more than one conductive
polymer chain by protonation of the nitrogen moieties and through electrostatic interactions, thus acting
both as cross-linkers and dopant compounds. Nevertheless, these crosslinker molecules provide also
the hydrophilicity which would be extremely reduced in a network only composed by conductive polymer
chains. The conductive hydrogels synthetized with this procedure exhibit high electrical and ionic
conductivities, due to the construction of a heavily doped and interconnected polymer network suitable
for electron transport and a hierarchically porous structure suitable for ion diffusion (Figure 4.7a).
Furthermore, their chemical and physical properties can be easily tuned by changing the cross-linker
used in the synthesis and the reaction conditions. For example, in Figure 4.7b is reported PPy-hydrogel
with an interconnected fiber structure, synthesized using CuPcTs as crosslinker,® while in Figure 4.7c
is reported an hollow-sphere microstructured PPy-hydrogel obtained by interfacial synthesis still using
phytic acid, and adjusting the ratio between crosslinker and polymer monomers.50
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Figure 4.7 (a) Schematic and photograph of the 3D network structured PAn gel using phytic acid as the dopant and cross-linker;*¢ (b)
illustration of the supramolecular self-sorting mechanism that aligns the PPy chains to form the 1D nanostructure;*® (c) schematic of interfacial
synthesis of the hollow-sphere-structured PPy.50

4.1.3. Main Applications

Some of the most interesting application fields of these materials are reported in Figure 4.8 and will be
discussed in the next paragraphs.
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Figure 4.8 Examples of the application fields of the conductive hydrogels.5’
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= Sensors & Biosensors

It is one of the most common application of these materials, through the binding (covalent or not) of
compounds able to give a specific response to an analyte (i.e. GO enzymes). The conductive part has
to be designed in order to have a regular response to electrical signals which could be generated upon
a specific interaction between the active moiety of the conductive polymer and the analyte5? (Figure
4.9). For example, biomolecules could be easily used because their bioactivity is not altered by the
material, due its biocompatibility.42.53 This last property allows their use also in implantable biosensors
for continuous measures of particular parameters (i.e. glucose) or for electrode coating; in this last

case, the purpose behind their employment is to inhibit the inflammatory process, while still enhancing
the current response.!
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Figure 4.9 Schematic of the sensing mechanism of a conductive hydrogel-based electrode platform and its instant current-time response
curves after the addition of different metabolites.%*

In addition, the particular property of changing the conductivity value depending from the environmental
conditions, open to the employment as sensor for temperature, pH or humidity measurements.2 The
presence of the hydrogel matrix allow a better processability of the material, due to the better physical
properties and the possibility to be modelled in different shapes. In other cases, the conductivity is
employed only to transmit a signal, while the proper stimuli-responsiveness is exploited by the hydrogel
matrix. Noteworthy are two particular examples, for a temperature3® and pressure sensors.50 The first
system is based on a soft hollow shaped conductive network: when even a small pressure is applied,
the compression of the bubbles is translated into an increment of the conductivity of the material (Figure
4.10a). In the second system, instead, the thermosensitive hydrogel matrix exhibit a change in volume

of the material depending from the temperature, allowing or not the contact between two electrodes
(Figure 4.10b).
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Figure 4.10 Working representation of temperature (a) and pressure (b) sensors realized employing conductive hydrogels, along with their
electrical response to the applied stimuli.50.55
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= Neural Prosthesis

Neural prosthesis are engineered assistive devices that present a solution to restoring function lost to
neural damage, relying on an effective electrical communication between the implanted device and the
central nervous system. In this context, electroconductive hydrogels may be useful in providing an
electrically conductive, low-impedance and non-cytotoxic interface for long term, implantable neural
prosthetic devices. Incorporation of a conductive polymer into a hydrogel network offers major
advantages over its use on its own, due the superior mechanical properties (i.e. flexibility and
biocompatibility) and the better interaction with the body environment that the gel could ensure.%
Nevertheless, the hydrogel matrix can arrive to mimic the strength and flexibility of the natural tissue,
due to its particular structure and even allow the proliferation of cellules on its surface, while the
conductive part could be tuned in order to have similar resistance as the natural neuron, leading to the
design of an ideal tissue-like prosthesis® (Figure 4.11).

Peripheral nerve defect Conductive
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Figure 4.11 Ideal application of a conductive hydrogel as neural prosthesis.’
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= Drug Release Devices

Drug delivery is the process of transferring a drug into the body over a period of time and at specific
rate, in order to maintain a stable drug concentration for effective therapy. Electro-stimulated drug
release devices are engineered devices that produce a programmed drug release profile influenced by
the application of a predetermined voltage or current. Conductive electroactive polymers could be a
good option for this purpose, since they possess substantial porosity and delocalized charge centers
to allow counter-ion diffusion and electromigration inside the polymeric electrode body in response to
oxidation or reduction. Also in this case the principal drawbacks of the pristine conductive polymers,
such as low drug loading levels, poor control and unpredictability of the binding and release kinetics,
and finally low diffusion coefficients of the released drug through the dense semi-crystalline polymer
fibrils, could overcome by their employment in tandem with an hydrogel matrix which would be then
responsible for all the process described before, even speeding up the on-off response of the material.!
According to these premises, conductive hydrogels have been widely developed for the release of both
ions and molecules of biological interest, due to their high void volumes and high diffusion coefficients. %8
The flexibility of the hydrogel matrix also allows the use of novel release mechanism, as for instance
the cyclic change of the gel volume due to an electrochemical reaction (following a change in redox
state) of the conductive part.%® In this context, CNT-hydrogels have been widely employed due to their
exceptionally high electron conductivity, that could also aid the synthesis of well-dispersed co-networks
of electroactive polymers for a better tuning of electrochemical properties® (Figure 4.12).

Figure 4.12 Example of working mechanism of a drug release device based on a CNT-conductive hydrogel.®

= Electrochemical Capacitators

Designed to take advantage of the near-surface charge storage mechanism, electrochemical capacitors
show high power density and can store and release the energy within the time frame of a few seconds.
The 3D nanostructured conductive hydrogels, besides possessing a good electrochemical stability,
have a highly porous microstructure, a large surface area, excellent compatibility with other hydrophilic
molecules (i.e. electrolyte solution), and tunable mechanical properties originated from the crosslinking
structure and swelling nature, thus becoming a promising material for this application (Figure 4.13). In
particular, their 3D hierarchical nanostructure can provide an excellent interface for electrolyte ions to
access their electroactive surface, while the intrinsically conducting and robust framework could
promote the charge/mass transport, thus improving the electrochemical usage of active material .42.61
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Figure 4.13 Schematic representation for the construction of a conductive hydrogel-based supercapacitor.6?

4.2. Results and Discussion

This part of the PhD work will be focused onto the development of novel electroconductive materials
based on a hydrogel matrix recently developed and never made conductive before. A study centered
on the polymerization conditions and on the introduction of modifications into the hydrogel structure in
order to maximize the electronic properties of the final hybrid materials will be carried out and
discussed.

4.2.1. Preliminary Studies

4.21.1. Constructing a New Hydrogel

Initially, to start the study of these materials, the synthesis of polyacrylamide-based hydrogels obtained
by radical polymerization was carried out, employing different amounts of crosslinker and different
reaction times to obtain self-standing materials capable to swell in water. The chosen system was
based on the use of acrylamide (Acr) as main monomer, an oligomer of ethylene glycol as crosslinker
and an initiator system composed by tetramethylethylendiamine (TMEDA) and ammonium persulfate
(APS), a matrix that is well known for its simple synthesis and its hydrophilicity (Figure 4.14).63
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Figure 4.14 Representation of the first gel matrix used.

As crosslinker, triethylene glycol diacrylate (tEGDA) was used, which could be obtained by a standard
acrylation of triethylene glycol (15) with acryloyl chloride (16) in the presence of an organic base
(Scheme 4.2).64

0
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Scheme 4.2 Synthesis of the crosslinker tEGDA.

After chromatographic purification, it was possible to isolate the desired product with an acceptable
yield. Once the crosslinker had been obtained, it was tested in the preparation of the chosen hydrogel
matrix. In a typical synthesis, tEGDA was dissolved in water (with initial heating to facilitate its
dissolution); subsequently, acrylamide and the initiator system were added in this order under stirring.
When all the solids were dissolved, stirring was stopped and the solution was allowed to react for the
desired time at room temperature (see Table 4.1). To stop the polymerization process, the hydrogels
were removed from the reactor and put in distilled water in order to release all the unreacted starting
materials. After 3h the water was changed and the gels cut in pieces and used for different experiments.
Initially, the hydrogel was prepared applying the same components ratio and reaction time used in
literature for a similar system83 in which the crosslinker was tetraethylene glycol diacrylate (Entry 1,
Table 4.1). Then, the amount of crosslinker was increased®® in order to observe the change in physical
aspect and behavior after the diminution of the degree of freedom of the polymer chains inside the
hydrogel. The conditions applied and the results obtained for the different gel matrix are reported in Tab 4.1
and will be discussed in the next chapter.
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4.21.2. Characterization of the Matrix

In all the cases, the gelation process occurs without problems and solid hydrogels were obtained,
appearing transparent and homogeneous without any sign of phase separation. The hydrogels became
slightly yellowish as the crosslinker amount was increased. The inverted vial test (the easiest way to
confirm gelation) was performed and all the samples were self-standing, showing that the matter
withstood gravitation without falling out when the tube was inverted (Figure 4.15).

e 1

Figure 4.15 Inverted vial test for one the synthetized hydrogels.

The main characterization was then performed by comparing the equilibrium degree of swelling (EDS)
of the different gels, calculated as already described (see Chapter 3.4.1). The samples used to
determine the EDS, after being washed after their synthesis, were put again in water and left there until
a constant weight was reached (the water bath was changed every 6h). To determine the EDS, the
swollen weight was measured by weighting the gels after removing the external water with a paper
tissue, while the dry weight was measured after gel lyophilization. All the hydrogels proved to be
reversible, so they were able to undergo wetting-drying cycles in 16h, which involved a swell/collapse
behavior, without losing their properties.

Table 4.1 Different formulations tested for the new gel matrix.

Formulation | [EGPA | Acr | tEGDA | TMEDA | APS | H;0 | Time | EDS

| (k) | (M) | (mM) | (mM) | (mM)|(mL)|(min)| (%)
1 0.6% 2.3 10 -
2 0.6% 2.3 30 -
3 1.2% 5.6 10 | 10900
4 1.2% 5.6 30 | 3700

1.69 131 | 3.1 | 10

5 1.2% 5.6 60 | 4400
6 2.4% 11.2 10 | 4700
7 2.4% 11.2 30 | 3200
8 2.4% 11.2 60 | 4000

In Table 4.1 the EDS for all the formulation tested are reported. For Entry 1 and 2 it was not possible
to calculate the EDS value because after one night spent in water the hydrogel samples were
completely unraveled and it was impossible to retrieve any solid material from the solution. Probably
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the amount of crosslinking present inside the network was too low to keep the linear polymer chains
together once the material was put in a huge amount of solvent. In both cases, after evaporation of the
solvent, it was possible to recover a white powder, but it resulted to be totally insoluble in all common
solvents (CHCls3, DCM, Tol, MeOH, THF, acetone, ACN and DMSO), making an NMR analysis
impossible. Analyzing the other samples data, it can be seen how a particular trend was present for
both the series (ratio 1.2% w/w, Entry 3 to 5 and ratio 2.4% w/w Entry 6 to 8): as far as the gelation
time was considered, the EDS value increased in the order 30min<60min<10min. These results were
quite unexpected, since longer reaction times were supposed to produce materials with a higher
crosslinking degree, leading to a different order, namely 60min<30min<10min. The abnormal results of
the comparison of EDS values between 30 and 60min could be explained by considering that, since
the amount of crosslinker was quite low if compared to the main monomer (Acr), probably after 30min
it was completely consumed, leading to the exclusive linear chains elongation in the remaining 30min
of reaction. Such phenomenon could lead to an overall decrease of the network crosslinking degree,
explaining the higher water uptake capability. On the other hand, as expected, the EDS value
diminished when the amount of crosslinker was increased.

Table 4.2 Hydrogels behavior at different pH.

Formulation Ratio tEGDA/Acr | Time | EDS | EDS | EDS

- (wiw) (min.) | pH4.7 | pH7.0 | pH 9.3
1.2% 30 | 1300% | 3700% -
1.2% 60 | 1400% | 4400% -

The behavior of the hydrogels at different pH was then tested. Washed samples of the gels were put
in aqueous solution at different pH values for several days and, once they reached a stable swollen
weight, their EDS was evaluated. A buffer composed by the couple acetic acid/sodium acetate
(equimolar solution, pH = 4.7) was used to test the behavior in acidic conditions, while an equimolar
solution of ammonium hydroxide/ammonium chloride (pH = 9.3) was employed for the basic pH. As can
be seen in Table 4.2, hydrogels in acidic solution exhibited a smaller EDS if compared to those swollen
in pure water, while it was impossible to record a value in basic solution due to degradation of the gel
network. This behavior could be easily explained after taking a look at the gel structure (Figure 4.14):
in an acidic solution, the high proton concentration can enhance the formation of hydrogen bonds
between the linear chains of the gel network, leading to a more collapsed structure; on the other hand,
at basic pH, hydrolysis of the crosslinker ester bonds can occur, destroying the whole structure.

Table 4.3 Formulations tested after changing the hydrogels dimension.

Formulation | K210 tEGDA/Acr | Acr | tEGDA | TMEDA | APS | H0 | Time | EDS

- (wiw) (M) | (mM) | (mM) | (mM) | (mL) | (min.) (%)

7 2.4% 11.2 -

9 4.8% 224 6200
1.69 134 | 31 [ 03| 30

10 9.6% 44.8 4100

11 23.2% 108.4 1100

Next, we tried to find condition suitable to control the dimensions of the hydrogels, in particular to
reduce them in order to uniform the shape of the samples without the need to cut them for performing
special experiments (i.e. the resistivity of the conductive hydrogel is strongly dependent from the
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sample dimensions). To do that, the polymerization reaction was carried out in the same conditions
already experimented but, once the stirring bar was removed, the solution was transferred in smaller
container of ca. 0.3 mL volume, where the gelation process was completed. After 30 min., the samples
were removed and put in water for further 3h. For each formulation, 7 samples were prepared.
Formulation 7 (Table 4.3) was chosen as a reference because it gave the lowest EDS value producing
a gel whose shape and softness did not increase too much. Unexpectedly, once the polymerization
was carried out with this method, the corresponding gels unraveled after one night in water. For this
reason, we decided to test formulations with higher amounts of crosslinker. Among them, the
formulation that granted the better toughness, even without becoming too brittle, was formulation 11,
that showed an EDS value of 1100%.
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Figure 4.16 Kinetic study on the evolution of the EDS value overtime (left); zoom on the initial part of the kinetics (right). The line only connects
the mean value of each set of points.

A study on time evolution of EDS was also performed. In this case, the dry hydrogels were immersed
in distilled water, removed after precise intervals of time and their weight was recorded, having care to
remove only superficial water before the measurement. As can be seen in Figure 4.16, there was not a
linear dependence for the evolution of the EDS over time, but for all samples, after an initial rapid
increase of the value, the EDS slowly reached a stable value. The zoom highlights how, while
formulations 9 and 10 followed a similar evolution over time, reaching the maximum degree of swelling
only after ca. 3 days, formulation 11 reached a stable weight already after ca. 8h, showing that the gel
network obtained with this composition was much more compact than the others.
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Figure 4.17 Hydrogels (form. 11) FT- IR (a) and ATR-IR (b) spectra.

Finally, the gel matrix was characterized by infrared spectroscopy. The FT-IR spectrum (Figure 4.17a)
was recorded on KBr after grinding the dry hydrogel, while the ATR-IR spectrum was obtained directly
from small pieces of dry gel (Figure 4.17b). In Table 4.4 the most significant peaks that can be
recognized in the two different spectra are reported.5®
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Table 4.4 Diagnostic peaks in the recorded IR and ATR-IR spectra of the hydrogel matrix.

IR spectrum | ATR-IR spectrum
Comment
v (cm) v (cm™)
3332 :

- 3192 N-H stretching
2927 ,
5783 2930 C-H stretching
1662 1650 C=0 stretching

- 1609 N-H in plane bending
1448 1454 C-N stretching
1115 - C-O stretching

The shape of the spectra resulted similar in the two different conditions, even if in the case of ATR-IR
more signals could be detected. Indeed, the presence of the crosslinking could be detected in the IR
spectrum by the signal at 1115 cm-1, while in the ATR-IR spectrum, the two peaks present in that region
could not be assigned due to the low intensity observed.

4.21.3. Development and Characterization of Conductive
Hydrogels

To study the way of introduction of a conductive moiety inside the gel matrix, we chose to start testing
one of the most common conductive polymers used in this field, namely polyaniline (PAn), that can be
obtained from radical polymerization of aniline with ammonium persulfate (APS) in acidic conditions.
To let the polymerization to occur inside the hydrogel, a typical two step procedure was adopted.!67
First, the gels were immersed for 18h in a solution of either the monomer of the conductive polymer or
the radical initiator, in order to let the matrix absorb the component; then, the gels were removed from
the solution, washed and finally immersed for additional few hours in a solution of the other component
necessary for the polymerization (see Scheme 4.3). The obtained conductive hydrogels were then put
in water for 2 days to remove all the residual unreacted reagents present inside the matrix.

@Monomer/ A @ Initiator/

) Initiator Monomer
solution . solution
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Unswollen
Hydrogel Swollen Conductive
Hydrogel Hydrogel

Scheme 4.3 Representation of the two step procedure adopted for the introduction of the conductive polymer inside the hydrogel matrix.
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Two different protocols were tested and are summarized in Table 4.5. The first one reproduces a
classical process,® with a first step (the long one) performed in a solution of aniline in aq. HCI (in order
to maximize the amount of monomer encapsulated inside the matrix) and a second one where the gels
were put in a solution of APS in water. A drawback of this method is that during the second step some
aniline can diffuse in the water solution and polymerize there, reducing the loading of conductive
polymer in the gel matrix. For this reason, a second protocol was developed®6® to ensure that formation
of the conductive polymer would take place only inside the hydrogel. In this case, the first step was
performed in an acidic aqueous solution of APS, while the second one in a solution of aniline in hexane:
with these conditions, the adsorbed APS will not be released in the solution outside the gel (the salt is
not soluble in the organic solvent), whereas aniline can still diffuse inside the hydrophilic environment
of the matrix because is also soluble in water. In both procedures, one step was always performed in
acidic conditions to allow the polymerization process to occur at the correct pH. A special care need to
be paid to the amount of APS used during aniline polymerization: it is important that an equimolar
solution of aniline and APS is used in both procedures. In fact, since the process is stoichiometric, use
of sub-molar quantities of APS will not produce enough polymer to obtain a conductive PAn network
and, on the other hand, use of an excess of the persulfate can lead to overoxidation of the conductive
polymer, decreasing its conductibility. 9

Table 4.5 Summary of the conditions tested for the introduction of the conductive moiety inside the hydrogels.

Procedure 1 Procedure 2
1st step (18h) | Aniline (0.1 M) in HCl(ag) 1 M | APS (0.1 M) in HCl(aq) 1 M
2nd step (5h) APS (0.1 M) in H20 Aniline (0.1 M) in hexane

In summary, we can say that both methods induced the polymerization of the conductive moiety inside
the hydrogels, with the expected difference that while with the first procedure the polymerization
occurred also outside the gel (Figure 4.18), with the second one the process was forced to occur only
inside the matrix. In the latter case the solution was only light yellow colored. The hydrogels obtained
were all black (see Figure 4.18) and appeared more rigid than the pristine hydrogel, without becoming
too brittle. They were, in fact, still able to gain again their shape after compression without breaking.

Start 5min 10min 13min 16min 22min

[ ————
|
/

Figure 4.18 Evolution of the polymerization process following the procedure 1.

The hydrogels used in these experiments were obtained either with the formulation 9 or 10, to monitor
the impact of the different crosslinking degree on the polymerization of the conductive part. To assess
the best conditions for aniline polymerization, the process was carried out both on dry and rehydrated
(after the maximum EDS was reached) hydrogels. After the polymerization of the conductive part, the
hydrogels were left for 1 day in pure water (changed every hour for the first 10h) to remove all the
unreacted compounds from the gel matrix and weighted again. By comparison of the weight before and
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after the polymerization process, it was possible to determine the percentage of conductive polymer
present in the final material (Eq. 1).

Wca—Wph

CP(%) = x 100 Eq.(1)

In Equation 1, CP% is the percentage of conductive polymer present, Wch the dry weight of the
conductive hydrogel and Wey the dry weight of the pristine hydrogel. The CP% value was determined
for all the samples, the values we found are shown in Table 4.6.

Table 4.6 Percentage of conductive polymer incorporated using the different polymerization conditions used.

Formulation | Initial gels | Procedure | CP%
, 1 57%
Dried
g 2 64%
1 55%
Swollen
2 73%
, 1 48%
Dried
2 56%
10
1 48%
Swollen
2 66%

As it can be seen, the best result in terms of CP% (73%) was obtained with formulation 9, using the
second procedure and starting from an already swollen sample. By comparison, as expected, the
results obtained for formulation 10 (with more crosslinking, and so capable to absorb less water) were
always inferior. The second procedure always led to an higher amount of conductive polymer being
incorporated, probably due to the fact that the polymerization process took place only inside the matrix
and not in the outside solution. The fact that it was possible to incorporate more conductive polymer
starting from a swollen gel than a dry one can be explained by the not complete recovery of the swollen
state by the dry hydrogels during the re-hydration procedure.

100
80 +
&
-’ =
7 60
o
c
©
=
IS ol
& 40
=
©
&
'—
20
» 1655 cm™
0- 4 1565 cm'! = "
2957 cm-! 2850 cm™ 1482 cm? 1293 cm™ 1128 cm

T T T T T T T T v T g T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 4.19 IR spectrum of a PAn-conductive hydrogel.
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The IR analysis of the samples were then carried out. In Figure 4.19 one of the spectra recorded on

KBr is reported, while in Table 4.7 the most significant peaks are listed.65.66a

Table 4.7 Diagnostic peaks recognizable in the IR spectrum of the conductive hydrogel

IR spectrum Comment
v (cm1)
2957 C-H stretching
2850 Hy matrix
1655 C=0 stretchlng
Hy matrix
C=N stretching
1565 PAR
C=C stretching
1482 PAR
C-N stretching, aromatic secondary amine
1293
PAn
NH*=C stretching
1128 PAR
C-H bending, aromatic
800 PAn

Clearly it is evident the presence of new signals which can be assigned to the polymer now present
inside the hydrogel. Particularly interesting are the two signals at 1565 and 1482 cm-', which are
referred to the C=C and C=N stretching of the aromatic ring of polyaniline (see Figure 4.4 for the
structure). This is confirmed in Figure 4.20, where the comparison between the spectra of the conductive
hydrogel, of pure polyaniline (PAn) and of the pristine gel matrix is shown. As can be noticed, the
spectrum of the final conductive hydrogel is close to the “sum” of the spectra of the two isolated
components (the hydrogel and the conductor) suggesting that incorporation took place to a reasonable

extent.
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Figure 4.20 Comparison between the IR spectra of the conductive hydrogel (black line), the pure polyaniline (dotted blue line) and the pristine

gel matrix (dashed red line).
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Finally, the morphological characterization of the hydrogels obtained was carried out by means of
environmental scanning electron microscopy (ESEM). This technique was chosen instead the classic
SEM because of its instrumental setup (in terms of pumping process, electron beam used and signal
detection) which allow to use a lower vacuum degree and to avoid any pretreatment of the sample (i.e.
metal sputtering to make the material conductive) in case it is inherently conductive. For these reasons,
conductive hydrogels are perfect sample for this analysis and the pictures obtained are a more close
representation of how they look like once in the swollen state (in fact, the acquisition is made on a
partially swollen hydrogel, not on the dry one). Inspecting the recorded pictures (Figure 4.21), it can be
seen that the gels showed their typical porous structure with holes of two different average dimensions,
which were evaluated to be of ca. 3-10 ym for the smaller ones and comprised between 28 and 40 ym
for the larger pores.

Figure 4.21 ESEM morphological characterization of the conductive hydrogel obtained with formulation 9 at different zoom resolutions.
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4.21.4. Electrochemical Characterization®

The evaluation of the hydrogels electrochemical properties was carried out on samples obtained from
formulation 11 (see Table 4.3), before and after doping of the conductive part. As already described in
Chapter 4.1.1, conductive polymers can be doped in order to enhance their electronic properties; the
process is compatible with the incorporation of the conductor inside a neutral matrix and, in the case
of polyaniline, can be easily performed. Polyaniline doping consists only in protonating the polymer
nitrogens: protonation in fact allows to expand the conjugation of the system and, by consequence, to
enhance the conductivity of the polymer (Scheme 4.4). In addition, it also increases the ionic
conductivity of the hydrogel, due to the increment of ionic groups inside the material. To perform the
doping, the swollen conductive hydrogel samples obtained from aniline polymerization were first put in
water for two days to remove all the unreacted components and then immersed in a HCI 1 M solution.
Subsequently, the doped hydrogels were extracted from the solutions and dried with a paper tissue to
remove the external water. The electrochemical properties of the two conductive hydrogels before and
after doping were analyzed by means of cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) to determine their electrochemical redox potential and conductivity, respectively.

(00 Or0

Emeraldine base

Doping J 2n HX

{OHOHOHO

Emeraldine salt
Scheme 4.4 Structural differences after doping in polyaniline.

In particular, EIS is an electrochemical technique used to determine the impedance of a system over a
range of frequencies and to distinguish the different contributions of its distinct components (such as
resistor and capacitor elements) by measuring the opposition to the flow of alternating current that is
generated. The data obtained from the measurement can be plotted in different ways to help determine
the electronic parameters of the system. One of the most used graphical representations is the Nyquist
plot, in which the correlation between the real and the imaginary part of the impedance is reported.
This graph is particularly important because from its analysis is possible to determine the resistance of
the system (that is the real part of the impedance).

EIS measurements were performed on the swollen conductive hydrogels by placing them between two
gold contacts (placing particular care in letting all the surface of the samples being in contact with the
metal) and varying the frequency of the AC between 50 KHz and 2 MHz with a fixed amplitude of 30
mV. The impedance for each sample was then measured and the Nyquist plot was generated. The
conductive hydrogels are not homogenous materials, but complex systems composed by a gel matrix
with its internal solution (that has an inherent resistance and can exhibit ionic conduction) and a

* The electrochemical characterization was performed by Jonathan Filippi (CNR-ICCOM, lstituto di Chimica dei Composti
OrganoMetallici).
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conductive polymer network (to which a proper charge transfer resistance should correspond). This
means that the impedance itself is constituted by various components (i.e. resistances or capacitances)
related to the different parts of the material.”® In order to discern and evaluate the contribution of each
component, the entire system has to be modeled and the Nyquist plot obtained from the experiment
must be fitted in accordance with the chosen model. The easiest method is to represent the system as
an electronic circuit (called “Randles equivalent circuit”)”! and to describe each single contribution to
the global impedance as a basic electrical element (resistance, capacitor, inductor or constant phase
element), depending on their physical definition. For example, the charge transfer process inside the
conductive polymer and to the electrode is depicted as a resistance, while the ionic conductivity inside
the solution as a capacitance (for the migration to the opposite electrodes of the differently charged
ions).

Rct

Figure 4.22 Randles equivalent circuit used as model of the conductive hydrogel system.

To choose the right equivalent circuit, the entire structure of the conductive hydrogel has to be taken
into account. Starting from the simple model of a non-polarizable electrode in contact with an electrolyte
solution, with the introduction of the contribution of the diffusive process present into the system,2 the
equivalent circuit depicted in Figure 4.22 was obtained, where Rs is the inherent resistance of the
solution, Cq is the double layer capacitance phase element (used to represent the ionic conduction
contribute), W is the Warburg element that takes into account the diffusion process inside the liquid
phase and R is the charge transfer resistance, that is the values from which the resistivity of the
material can be determined. This circuit, already employed to model the behavior of similar conductive
hydrogels,” takes into account a mixed contribution to the total conductivity arising both from the
charge transfer pathway and the kinetic processes present in solution. The Nyquist plots obtained from
the impedance measurements were then fitted with the chosen equivalent circuit using EC-Lab software
and the fitting showed a good agreement with the experimental data (Figure 4.23).
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Figure 4.23 Nyquist plot and fitting curve of the experimental data for the sample obtained with procedure 1 before doping.
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From the fitting, Ret was determined for all the samples; the value of resistivity and its reciprocal, the
conductivity of the material, were then calculated using Equation 2 and 3.

p= "t Eq. (2)
=1
o= Eq. (3)

Where p is the electrical resistivity (Q x m), Ret is the measured electrical resistance (Q), A and | are
respectively the area and the length of the samples and o is the electrical conductivity (S/m). The
values of conductivity determined for the different samples are reported in Table 4.8.

Table 4.8 Conductivity values and oxidation potential obtained from the electrochemical characterization.

| A R o Ox. Potential
Hydrogel | Dopi o . Ag/AgCl, KCl sat.
droge oping (em) | (cm?) | (@) | (mSlcm) [vs. Agl gzs), Cl sat.]
Pristine - 411 129.73 | 4015 | 3.3 x 102 -
Conductive - 0.35 1 0.379 | 1620 0.6 0.353
(procedure 1) | v [ 0.35|0.379 | 315 66 0.460
Conductive - 0.41 [ 0.103 | 856 4.7 0.321
(procedure 2) | v | 0.41|0.103 | 14.0 126 0.447

All the samples showed a conductivity at least two order of magnitude higher than that of the pristine
gel matrix, demonstrating that the introduction of the conductive polymer effectively enhanced the
electronic properties of the material without affecting the elastic properties of the starting hydrogel
matrix. Particularly interesting is also the comparison between the conductivity of the gels before and
after doping: in both cases, the values increase by two orders of magnitude after the process, showing
also how the simple tunability of the electronic properties of the conductive polymer inside the hydrogel
is retained by the composite material. Notable is also the comparison between the two different
procedures adopted to grow the conductive polymer inside the hydrogel matrix. As can be seen in Table
4.8, either with or without doping, the values of conductivity recorded for conductive hydrogels obtained
with the second method are one order of magnitude higher than those synthetized with the first one.
These data agreed to what already observed for the CP% value (see Table 4.6), showing how there is
a direct correlation between the amount of conductive polymer incorporated within the hydrogel matrix
and the conductivity of the material.
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Figure 4.24 Cyclic voltammetry of the conductive hydrogels (vs. RHE) obtained with the two different protocols before and after the doping.
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Cyclic voltammetry (CV) of the samples were also measured. CV data could give information of the
long-term electrochemical stability (a stable material will have a constant peak size) and can be
indicative of the charge storage capacity of the gel (through the size of the redox peaks obtained).
Moreover, they can show if the redox process that the materials undergo are reversible or not. The
measurements were performed according to the literature,” using an Ag/AgCl (KCl sat.) reference
electrode, a platinum foil as counterelectrode and KCIO4 (ss.) as electrolyte. The CV spectra of the
conductive hydrogels before and after the doping were recorded (Figure 4.24) and the corresponding
oxidation potentials are reported in Table 4.8. The spectra of the hydrogels obtained in both the two
methods exhibit symmetric curves, indicating the presence of one reversible redox process within the
active part of the material. The curves were also found to be stable through several cycles, with no
signal of degradation of the conductive network being detected. The materials maintained their
properties also after the doping: as can be seen, in fact, even if the shape of the curves changed the
redox reaction still appears to be reversible and the curves to be stable. A shift of the oxidation potential
to higher values was recorded after doping coherently to the protonation of the polymer by the acid.
The analysis of the recorded curves showed only one peak instead of the three transitions usually
observed in the CV spectrum of PAn.75 In particular, the registered peak was closed in value to that
usually assigned to the formation of its most oxidized form, the pernigraniline’® (Figure 4.4). The small
dimensions of the sample were probably the reason of the extremely low currents recorded, that
prevented the detection of the other two peaks.

Figure 4.25 Demonstration of the conductibility of the conductive hydrogels developed by powering a small LED.

The above electrochemical characterization suggested that the between the two methods used to
prepare the hydrogels the second one (see Table 4.5) is the most promising for obtaining materials with
interesting electronic properties. Anyway, all the conductive hydrogels prepared showed a good
conductivity and could be used in a simple circuit without interrupting the electric current flow (Figure
4.25).
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4.2.2. PAA Hydrogels

Having developed a good procedure for the incorporation of the conductive polymer inside the pre-
existing gel matrix, we decided to investigate the scope of the process using another hydrogel as basic
component. The new matrix we decided to use is a polyamidoamine (PAA) hydrogel a gel matrix,
recently developed in Prof. De Cola’s group, at the University of Strasbourg.

This particular matrix (Figure 4.26) can be obtained by Aza-Michael reaction between the electron poor
double bond of methylenebisacrylamide (MBA), acting as the main monomer of the formulation, and
the primary amino groups of pentaethylenehexamine (PEHA), the crosslinker, as well as of y-
aminobutyric acid (GABA).77 This last component is used to balance the charge inside the hydrogel and
for the hydrophilicity that can confer to the hydrogel matrix.”® The most notable peculiarity of this
formulation is the absence of any initiator: the chemical reaction used for the polymerization, in fact,
can take place spontaneously also at r.t. once the pH of the solution is basic enough (almost 8-9) to
allow deprotonation of the amine groups after nucleophilic attack on the double bond. This requirement
is fulfilled by the use of PEHA, which helps also control the pH. The gelation of the polyamidoamine
network is in fact achieved at 50°C in few hours without the need to add any other component.

MBA GABA PEHA
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Figure 4.26 Representation of the PAA hydrogel structure.

To start our study, we tried to modify the synthetic procedure in order to evaluate the effect of the
reaction temperature on the final polymer. To achieve this goal the reaction temperature was raised to
90°C, thus MBA was dissolved in hot water, then the amino acid and the crosslinker were added to the
solution under stirring. The mixture was stirred for 5 min, then the stirring was stopped and we could
find that in these conditions, the gelation occurred in only 4h. The hydrogels obtained were yellowish
and quite brittle. To check the quality of the material, a swelling study similar to that already conducted
for the acrylamide-based hydrogels (see Chapter 4.2.1.2) was performed, and the results obtained for
the EDS were compared with whose previously reported in our group.””
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The curve obtained from the kinetics experiment is showed in Figure 4.27; as can be seen, the trend is
similar to those already observed with acrylamide-based hydrogel, even if the maximum EDS value
was smaller: after 24h the samples reached a constant weight and a maximum EDS value of 192%.
This result could be correlated to a possible different extension of crosslinking present in the two
formulations which can be due to the fact that PEHA can react not only with the terminal NH2 groups
(as depicted in Figure 4.26), but also with the “internal” secondary amino groups. This last process
would lead to a final network with smaller pores and a more compact structure, due to the shorter length
of the crosslinker. The comparison with the EDS value reported in literature for similar network’” (ca.
350%), showed that the changes introduced induced the formation of a network with a larger degree of
crosslinking. This could be explained considering that a higher temperature can speed up the Aza-
Michael reaction also of the secondary amine groups of PEHA, increasing the crosslinking degree of
the material.

Figure 4.28 SEM of the PAA hydrogel matrix.
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The reference hydrogel formulation was then changed aiming to obtain a softer final material capable
to store a higher amount of water. To do that, the amount of GABA was slightly reduced and the gelation
was performed at 40°C overnight, in verify if using a lower temperature would help in increasing the
length of the polymeric chains. The hydrogels obtained with this protocol were softer than those
obtained at 90°C and showed an EDS value of ca. 750%, even better than the one of the reference
hydrogel reported before.”” This formulation was then used as a reference for all the successive
experiments. The morphological characterization of the gel matrix obtained with the new formulation
was then carried out by means of SEM analysis (Figure 4.28). The hydrogel showed pores of two main
dimensions, the bigger one between 45 and 60 ym and the smaller one comprised in the range 5-25
um, similar to that observed in the literature formulation (20-70 ym), but displaying a more structured
porous system, in agreement with the trend of the EDS value.

4.2.21. PAn-Conductive Hydrogels

To grow PAn inside the PAA hydrogels, the same procedure already adopted for the acrylamide-based
matrix was tested. Accordingly, the freshly synthetized swollen gel samples were put in water for 2h to
remove the unreacted reagents from the gelation process, and were then immersed in a 0.1 M APS
solution in HCI 1 M for the entire night. Surprisingly, the next morning all the samples turned darker
and appeared to be smaller in dimensions if compared to the night before. Two samples had even been
completely dissolved by the solution, leading to the conclusion that the matrix was degraded by reaction
with APS in acidic conditions.
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Figure 4.29 Structure similarities (blue circles) and differences (red circles) between (a) the PAA hydrogels and (b) acrylamide-based
conductive hydrogels found in literature. 660

The analysis of the degraded gels by means of NMR proved impossible due to the insolubility of the
residue in the most common organic solvents. In literature,5 aniline polymerization was described in a
hydrogel matrix that showed similarity with that used in our group. Indeed, in both formulations amide
bonds were key components of the gel backbone, as part of the crosslink (in the acrylamide-based
hydrogel) or in the linear polymer chains (in our PAA gel). The principal difference between the two
networks was the presence in the PAA hydrogels backbone of secondary and tertiary amine moieties
(Figure 4.29). Amines (especially tertiary amines) are known in literatures for being able to lead to C-C
cleavage upon oxidation, following different pathways depending from the oxidizing agents. For
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instance, Cope reaction’ is a common tool in organic chemistry for the production of olefins starting
from substitutes amines by oxidation promoted from various peroxides’®:80 (mainly hydrogen peroxide
and m-chloroperbenzoic acid). In this case, the amine perform a nucleophilic attack on the peroxide
bridge leading to the formation of the corresponding amine oxide, which could evolve with the cleavage
of a C-C bond near the functional group and the creation of the hydroxylamine (Scheme 4.5). As APS
is known for being able to oxidize amines to the corresponding oxides, 8 the event of such process
cannot be excluded. Furthermore, the oxidation could be performed also in other ways: metal
complexes® could extract an electron from the amines, producing an amino cation which could evolve
both with the cleavage of one of the C-C bonds near the functional group, or, with other strong oxidants
such as Br2,8 KMnO48 and o-iodoxybenzoic acid8® the principal reaction product is the corresponding
imine which, in aqueous environment, could be easily hydrolyzed, leading to the removal of one of the
amine substituents. The occurrence of similar oxidation pathways in our hydrogel network cannot be
excluded and can be responsible of the destruction of the entire polymeric structure which is mostly
constituted by amine bonds on its entire length.

R
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Scheme 4.5 Cope reaction mechanism.86

In view of these consideration we needed to modify the two-step procedure, in order to allow aniline
polymerization without causing the dissolution of the hydrogel matrix. We tested different conditions
which are reported in Table 4.9. The change in weight of the hydrogel after the polymerization was
determined in order to evaluated the amount of conductive polymer introduce into the gel matrix and it
was calculated according to Equation (4):

Change in weight = Yoo~ Wop o 100 Eq. (4)
Whp
where Wp, and Wy, are respectively the dry weight after and before the polymerization process. The
hydrogels were then dried before in order to record Wy, for each sample. After the first step, the
hydrogels were washed before immersion into the second solution. Before recording their weight after
polymerization, the hydrogels were washed by immersion in water for two days.

Table 4.9 Different conditions tested for the polymerization of the aniline inside the PAA hydrogels.

1st step 2nd step Change in | Resistance
Entry .

Componentt! Solvent Componentt! Solvent weight (kQ)lel
1 aniline HCI (102 M) APS HCI (102 M) +13% =~ 10
2 aniline H.0 APS HCI (1 M) +23% =5
3 APS H.0 aniline HCI (1 M) -64% =~ 10
4 APS HCI (10-3 M) aniline hexane -84% = 60
5 APS HCIlel (1 M) aniline hexane +33% = 60

[a] The sample stayed in the APS only 2h instead of the entire night; [b] In all the cases the concentration used was 0.1
M; [c] For comparison, resistance of a pristine hydrogel: = 5 MQ.

The polymerization of aniline occurred in all cases and the best results were obtained using the
conditions reported in Entry 2 and 5. Samples treated according to Entry 3 and 4 showed significant
signs of degradation after 1 night in the oxidant solution, becoming darker and smaller in dimensions.
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In particular, as can be noticed from the comparison between the data obtained in Entry 3 and 4, the
negative effect of the long exposition to the oxidant was even enhanced with the simultaneous use of
acidic conditions. On the contrary, samples treated according to Entry 1 and 2 did not show any
significant change, while sample reported in Entry 5 showed a darker coloration of the matrix after the
first step, but the material seemed to remain intact. The degradation of the matrix treated according to
Entry 3 and 4 was confirmed also by the comparison of the weight before and after the entire process.
The resistance of all hydrogels was roughly recorded using a common multimeter. As reference, also
the resistance of a pristine hydrogel was recorded and resulted to be almost two order of magnitude
higher than the values obtained for the conductive hydrogels. Comparing the samples obtained with
different protocols it can be noticed how the best conditions in term of electric properties are those of
Entry 2 (resistance one order of magnitude lower than all the other samples). The relatively high
resistance obtained following the procedure in Entry 5 (showing also the highest increment in weight)
could be explained by an insufficient diffusion of the oxidant through the bulk of the gel matrix, leading
to insufficient electronic connection of the conductive network.

Figure 4.30 SEM of the PAn-condcutive hydrogel.

The topographic characterization of the conductive hydrogels was carried out by means of SEM (Figure
4.30), and the images recorded were compared to those of the pristine hydrogel matrix (Figure 4.28).
The pores showed diameters comprised between 7.5 and 25 ym, and by comparing the two samples it
could be noticed that the smallest pores of the matrix disappeared after aniline polymerization. This
could be due to the presence of the new conductive network, which could have filled and covered the
smallest channels.
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Scheme 4.6 Electric structure of a four-point probes method for the determination of the electric resistance of a material.

In order to gain a better understanding of the electric properties of the materials obtained according
with the protocol of Entry 2, we measured their resistance. In this case was used a different technique,
namely the four-point probes methodt (Scheme 4.6). This measurement allows the direct determination
of the electronic resistance of a material by using four different tips, two to generate an electric current
flow through the material and the other two to register the voltage drop across the resistance of the
material. The separation of the voltage and current electrodes eliminates also the contribution of the
lead and contact resistance from the measurement, increasing the overall sensitivity of the technique.
Also in this kind of measurements, it is essential to grant a good contact between the tips and the
surface of the hydrogels in order to obtain reliable results.
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Figure 4.31 Examples of (a,c) current/voltage and (b,d) resistivity/voltage graphs obtained with four-point probes measurements of PAn-
conductive hydrogel (a,b) before and (c,d) doping.

T All the four-point probes measurements were performed by Michele Petrecca from University of Florence.
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After the measurement, two graphs were generated, the current/voltage curve (showing the stability of
the material under the experimental conditions, Figure 4.31a,c) and the resistance/voltage plot (Figure
4.31b,d), which could be transformed into the resistivity/voltage plot after introduction of the samples
dimension (according to Equation 2). From the resistivity/voltage graph is possible to extrapolate the
resistivity of the material from the average value at high and low voltages recorded. The conductive
hydrogel samples were analyzed before and after the doping process, performed as already described
above, obtaining, respectively an average resistivity of 2.9 and 0.6 Q x m (Figure 4.32d). These values
were then converted into the reciprocally conductivity values (using Eq.(3)) of 3.4 and 15.4 mS/cm. The
average values recorded were comparable with those obtained for the doped and undoped acrylamide-
based conductive hydrogels obtained with the analogous procedure, the first (Table 4.10), showing the
same trend, with the conductivity exhibit after doping one order of magnitude higher than before the
process.

Table 4.10 Summary of the conductivity values recorded for PAn-conductive hydrogels obtained with the two different gel matrix.

Conductive Doping (o)
Hydrogel (mS/cm)
Polyacrylamide - 0.6
(procedure 1) N, 66
Polyacrylamide - 4.7
(procedure 2) \/ 126
- 3.4
PAR v 15.4

4.2.2.2.  Other Conductive Polymers

Finally, the possibility to use different kinds of conductive polymers was explored, focusing in particular
on polypyrrole (PPy) and polyethylenedioxithiophene (PEDOT), which are well-known highly conductive
polymeric materials. The main reason behind this choice was the possibility to achieve the
polymerization of the conductive component in milder conditions, in particular without the need to use
strong acids or oxidants (Scheme 4.7).
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Scheme 4.7 Reaction scheme for the polymerization of PAn, PPy and PEDOT.

Furthermore, in these synthesis persulfate is not required, and weak oxidant species such as CuClz or
FeCls can be used to achieve polymerization.®” To introduce the two conductive polymers we decided
again to use a two-step procedure similar to that optimized for the introduction of polyaniline inside the
acrylamide-based hydrogel(see Chapter 4.2.1.3).In this case, the first step was performed in the
aqueous solution of the oxidant (FeCls) and the second one in an organic solution of the monomer
(Table 4.11). Due to solubility issues, the second step of pyrrole polymerization was performed in Et20
instead of hexane. The gel matrix proved able to withstand the oxidative conditions and did not show
any sign of degradation after overnight treatment during the first step.

Table 4.11 Summary of the conditions used for the introduction of the different conductive polymers.

Conductive Polymer 1st step (16h) 2nd step
Polyaniline 0.1 MAPS in HCI 1M | 0.1 M Aniline in hexane (5h)
Polypryrrole 0.5 M FeClzin H,O | 0.5 M Pyrrole in Et20 (16h)

PEDOT 0.5 M FeClzin H,O | 0.5 M EDOT in hexane (16h)

In this case, it was also possible to perform the second step using a longer reaction time thanks to the
milder reaction conditions required. In all cases the desired conductive hydrogels were obtained without
any sign of degradation. The hydrogels were then washed in water for 2 days and their resistance were
measured with the four-point probes methodology. The current/voltage graphs resulted to be extremely
similar to those already recorded for doped and undoped PAn (Figure 4.31) and all the hydrogels were
stable in the experiment conditions; the resistivity/voltage graphs from which the resistivity values are
obtained are reported in Figure 4.32.
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Figure 4.32 Resistivity/voltage graphs recorded for conductive hydrogels with (a) undoped PPy, (b) doped PPy, (c) PEDOT and (d)
doped/undoped PAn.

As can be seen in Table 4.12, while the conductivity of the hydrogel/PEDOT composite was similar to
that of the analogous conductive hydrogel obtained with doped PAn, the result recorded for the PPy
with this method (“PPy undoped”) was one order of magnitude lower. To verify if it was possible to
enhance the conductive properties of the PPy-conductive hydrogel (as already verified in the case of
PAn) we tried to perform the doping of the material. Polypyrrole doping is achieved by over-oxidation
of the conductive network in protic solvents;888 in those conditions it is in fact possible to move from
the reduced form (called “contracted state”) to the oxidized form (“expanded state”) of the conductive
polymer, which is characterized by an higher conductivity (Scheme 4.8).89

Expanded state
Scheme 4.8 Structural differences in PPy network after doping.

Accordingly, the procedure was changed again and made more similar to that used for PAn, replacing
the FeCls of the first step with the stronger oxidant APS but avoiding the addition of acids (that can
speed up the degradation process of the matrix as observed above). The conductive hydrogel was
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synthetized and its resistance was recorded. To summarize, in Table 4.12 the conductivities of all the
developed conductive PAA-hydrogels are reported.

Table 4.12 Summary of the conductivity of all the different conductive hydrogels developed.

Conductive Conductivity

Polymer (mS/cm)
Polyaniline (undoped) 3.4
Polyaniline (doped) 15.4
Polypyrrole (undoped) 0.2
Polypyrrole (doped) 3.2
PEDOT 12.6

Pristine 1.0 x 10-3

To summarize, we were able to successfully introduce inside the PAA hydrogel matrix three different
types of conducting polymers obtaining three new conductive hydrogels characterized by a good
improvement of the electronic properties of the composite material. Doping of two conductive polymers
(PAn and PPy) could be performed without problems and allowed to increase the conductivity of the
samples by one order of magnitude. The highest conductivity values were obtained with PEDOT and
PAn in its doping state; the comparison with also the PPy showed, obviously, how the nature of
conductive polymer introduced was able to influence the properties of the composite material.
Unfortunately, even in our best conditions, the conductivity observed remained still order of magnitude
lower than that of the most performing conductive hydrogels developed for energetic applications*a.%
(0.11-0.88 S cm"), even if the values were in line with the typical range observed for this kind of
materials (0.1-10 mS cm-1).#291 Further work could then be focused into the optimization of the
introduction of PEDOT inside this particular hydrogel matrix, due the good performances exhibited.

4.2.3. Novel PAA-Hydrogel Formulations: Covalent Linkage

A lack of affinity between the two different networks, the hydrophilic hydrogel matrix and the
hydrophobic conductive polymer, could be the reason behind the not excellent electronic performances
of the conductive hydrogels developed until now. This could be due to a not optimal growth of the
conductive network inside the matrix, that can be explained to the different polarity of the material. As
a possible solution, we can imagine to introduce new moieties on the backbone of the hydrogel, similar
to those present on the second network and maybe able to promote its polymerization. To do that, we
decided to add in the hydrogel formulation properly functionalized monomers of the conductive
polymers already studied: we focused in particular on PAn and PPy. These monomers were designed
having a free primary amino group on their backbone to be capable to react in the Aza-Micheal
polymerization reaction and thus participate to the formation of the hydrogel backbone. Significantly,
with this formulation the conductive polymer could result at the end covalently linked to the hydrogel
matrix (and not only trapped inside), reducing the chance of leaking from the final material. Obviously,
the functionalization should not be on the same positions reacting in the polymerization process,
namely position 4 for the aniline and position 2 for the pyrrole (see Scheme 4.7). Thus, we choose two
functional monomers: the 3-aminobenzylamine (ABA) and 3-(1H-pyrrol-3-yl)propan-1-amine (3-PPA),
whose structures are shown in Figure 4.33. ABA in particular has already been employed as junction
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between two different polymeric chains, being able both to polymerize with other aniline molecules in
order to obtain polyaniline and to be covalently linked to an hydrophilic chain using its primary amino
group, then establishing a covalent bond between the two networks92 (Figure 4.33).

NH.
NH,
( o
NH, N

ABA 3-PPA

Figure 4.33 (top) Example of the use of ABA as covalent junction between two different networks; (bottom) structure of the two molecules
employed.

Despite more difficult to prepare, in the case of 3-PPA, the choice of putting the amino side chain on the 3
position of the pyrrole ring was made in order to leave the hydrogen on the nitrogen free to interact with the
surroundings amines® and to favorite the dissolution of the molecule during preparation of the hydrogel.

4.2.3.1.  Synthesis of the Additives

While ABA was commercially available, 3-PPA had to be synthetized. The proposed retrosynthetic pathway
for 3-PPA is reported in Scheme 4.9.

oS o

Aldol

Deprotection Reduction condensation
3-PPA 17 18
)
Aldol PG
PG Formylation Protection
condensation
19 20

PG = Protecting group

Scheme 4.9 Proposed retrosynthetic pathway for 3-PPA.
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Six steps are necessary to build the compound. 3-PPA can be obtained from the deprotection of amine
17, which is obtained from the complete reduction of the side chain of conjugated nitrile 18. The
formation of the double bond next the nitrile can be performed by aldol reaction between ACN and
compound 19. The aldehyde can be introduced by formylation in position 3; however, to avoid reaction
on position 2 (which is more activated towards electrophilic addition), a bulky protecting group on the
nitrogen has to be employed.

According to the hypothesized retrosynthesis, the first step would be the protection of the nitrogen. We
decided to employ various silanes (a typical protecting group for pyrrole®) in our experiments to
determine which one would induce the best selectivity in the following step. The reaction was performed
always with the same protocol, involving deprotonation of pyrrole with n-BuLi followed by addition of
the chosen chlorosilane (Scheme 4.10). The isolated protected pyrrole was then reacted without the
need of additional purification with (COCI)2 and DMF in order to introduce the aldehyde function. From
analysis of the "H-NMR spectra of the isolated reaction products it resulted that when Si(Et); and
SiMex(t-Bu) were employed as protecting groups the reaction occurred on both 3- and 2-position (in
ratio, respectively, of 3:2 and 2:1, favoring reaction on 3-position); on the other hand, only the product
of reaction in 3-position was obtained when the protection was performed with Si(i-Pr)3 (TIPS), which
provides a better steric hindrance on the 2-position% (Scheme 4.10).

X-Cl (1.0 eq.) (COCI), (1.3 eq.)
{/ \‘: n-Buli(1.1eq) [/ \ _DMF(1:3eq) d O\
N > N CHO
1
H THF, 16h x DCM 2.5h
-78°Ctor.t. 0°C to reflux (X) (X)
20 A B
. AB
Si(Et)s (21) 89% )
Si(Et)3 3:2

X = SiMey(t-Bu) (22) 78%
X = SiMey(t-Bu) 2:1

Si(i-Pr)s (23) 99%
Si(i-Pr)s 1:0

Scheme 4.10 Screening of protecting groups for the pyrrole.

In view of these results, TIPS was then chosen as protecting group. Unfortunately, the basic workup
performed after the reaction (quench with an aqueous solution of NaOH 1 M) allowed to recover only
the unprotected aldehyde A (Scheme 4.10). Even by changing the workup conditions, using H20 or a
smaller amount of base (aq. NaOH 0.4 mM), the right compound could not be isolated, and only reaction
intermediate 20 or the deprotected aldehyde A were recovered in the two cases, respectively. Even
though the functionalization of the pyrrole ring on the 3-position had already been achieved, the
protecting group on nitrogen was still important because it could stabilize the molecule, reducing the
chance of polymerization and avoiding the occurrence of side reaction in the subsequent steps. For
this reason an alternative synthetic pathway was tested,% involving introduction of the carbonyl group
via metalation with n-BuLi followed by nucleophilic attack on DMF (Scheme 4.11). To this end, bromine
was first introduced on the 3-position of pyrrole 23, in order to obtain a regioselective metalation by
metal-halogen exchange. Bromine introduction was achieved in excellent yield by reaction with NBS
leading to the isolation of compound 24, which was then reacted with n-BuLi. The subsequent quench
with DMF gave aldehyde 25 in almost quantitative yield.
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Br DMF (1.0 eq.) CHO
/" NBS(1.0eq) n-BuLi (1.0 eq.)
N o [\ /A
Tips  THF,3h N THF, 16h N
-78°C tor.t. TIPS -78°Ctor.t. TIPS
23 94% 24 98% 25

Scheme 4.11 Formylation of the protected pyrrole.

The next step was then the aldol condensation for the introduction of the nitrile group (Scheme 4.12).
The reaction was quite straightforward, ACN was deprotonated with n-BuLi, then pyrrole 25 was added
and after two hours of reaction, the disappearance of the aldehyde spot on TLC was observed. The
mixture was then quenched by addition of HCI 3 M and stirred overnight to promote water elimination
and the formation of the double bond. Nitrile 26 was then recovered as mixture of isomers E/Z = 1:1;
the two compounds were not separated since they had to be directly reduced in the following step. The
reduction of the unsaturated compound 26 to the corresponding aliphatic amine 28 was performed in
two steps, due to the impossibility to find suitable reaction conditions for the simultaneous reduction of
the double bond and the nitrile. The first step was the hydrogenation of the double bond under H>
atmosphere, using palladium on charcoal as catalyst, affording compound 27 in good yield, followed
by reduction of the nitrile group, carried out with LiAlH4. Protected 3-PPA (28) was then finally isolated.

CHO ACN (1.0 eq) N H(am) CN NH>
n-BuLi (1.0 eq.) PA/C g5, (0.1 €0.) LiAIH, (3.0 eq.)
B i(10eq) m P 2, T
N THF, 2h+16h EtOH, 16h Et,0, 16h

) N N N
_7no o h | o |
TIPS 78°C t0 35°C TIPS rt. TIPS 0°Ctort. TIPS
25 81% 26 92% 27 90% 28

Scheme 4.12 Introduction of the primary amino group.

The last step of the synthetic route to 3-PPA was TIPS deprotection, which is commonly performed by
treatment with tetrabutylammonium floride (TBAF) for 30 min.,% followed by purification by column
chromatography. In our case, only a small amount of product was recovered after deprotection (equal
to 10% yield), accompanied by a large amount of tetrabutylammonium salts. To try to overcome this
problem, the deprotection was tried using different deprotecting agents, such as CsF% (a fluoride salt
more soluble in organic media) and some strong inorganic bases which are known to be usually able
remove TIPS (as for instance in the first attempts for the synthesis of the aldehyde 25).97 Different
reaction times were used and the reaction were all performed at r.t. to hinder the polymerization of the
pyrrole derivative. The results obtained are reported in Table 4.13. Unfortunately, deprotection of TIPS
was never observed in these conditions and only compounds deriving from the polymerization of the
pyrrole derivative were obtained. The last deprotection attempt was performed using TBAF and adding
maleic acid to the mixture , hoping to isolated the deprotected product as the corresponding maleate
salt.% After the end of the reaction, EtoO was added to the solution as an anti-solvent to trigger the
precipitation of the salt, and the mixture was kept at —5°C for 16h. Unfortunately, after filtration of the
solid present in suspension, only a small amount of the 3-PPA ammonium maleate salt was isolated,
equal to 2% yield (Entry 5, Table 4.13).
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Table 4.13 Deprotection conditions tested on compound 28.

Entry Reactant Solvent Time Result
1 TBAF 1M THF 30min 10% yield
2 NaOH 1 M H2O/AcOEt 30min No deprotection
3 KOH1M H>O/THF 16h No deprotection
4 CsF0.2M H20/THF oh No deprotection
5 Mal;?ﬁ;; (':/'_ J oq, | EIOMIERO | 50min + 160 | 2% yelde
[a] calculated by LC-MS on the maleic salt of 3-PPA.

Due to these unsuccessful results we decided to focus on a different molecule. Indeed, the low yield
obtained in the deprotection step effectively prevented application of 3-PPA in the hydrogels synthesis,
where hundreds of milligrams of compounds would be needed for each sample. The target molecule
we chose was 1-PPA where the aminopropyl chain is moved from the 3-position to the 1-position, on
the nitrogen, hoping not to affect the physical properties of the molecule too much. The new compound
1-PPA could indeed be obtained in only one step by nucleophilic addition of pyrrole on 3-
bromopropylamine (29) (Scheme 4.13).

Reactant ﬂ

ﬂ system N
+ BrT"TNH, ————

N 24h
H r.t. to relfux

29 1-PPA

TBAS ImBF,4 TMPA

Entry | Reactant system | Solvent Result
1 TBAS/NaOH ACN 19% vyield
2 ImBF4/NaOH ACN No reaction
3 TMPA/NaOH ACN 15% yield
4
5

LDA THF No reaction
EtONa THF | Side products

Scheme 4.13 Tested conditions for the synthesis of 1-PPA.

In a typical synthesis,? pyrrole was deprotonated by NaOH in acetonitrile with the assistance of
tetrabutylammonium hydrogensulfate (TBAS) as phase transfer agent, followed by addition of the
hydrobromide of amine 29. After the synthesis, successive extractions allowed to collect the desired
product 1-PPA with 19% yield (Scheme 4.13, Entry 1). In order to increase the yield, different phase
transfer agents and bases were tested. Among the heterogeneous systems, a result similar to that
obtained with TBAS was observed using NaOH as base and trimethylphenylammonium chloride
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(TMPA) as phase-transfer agent, while employment of 1-butyl-3-methylimidazolium tetrafluoroborate
(ImBF4) allowed only the recovery of the bare pyrrole (Scheme 4.13, respectively Entry 2 and 3). On
the other hand, when we tried to employ an organic base, the desired product was never detected in
the reaction mixture: with LDA no reaction at all was observed, while with EtONa only the polymerization
of bromoamine 29 occurred (Scheme 4.13, respectively Entry 4 and 5). Trying to avoid this side-process
and to simplify the purification, Boc-protected compound 309 was prepared and reacted with pyrrole
in the presence of TBAS/NaOH (conditions in Scheme 4.13, Entry 1).

Pyrrole (0.9 eq.)
Boc,0 (1.3 eq.) TBAS (0.03 eq.) [/ \>
NaOH (0.05 eq.) B NaOH (3.2 eq. N
B NH, B - BOC (3.2 eq.)
ACN, rt. to reflux H ACN, r.t. to reflux
3.5h+4.5h
2h+22h NHBoc
29 99% 30 15% 31

Scheme 4.14 Synthesis of the protected 1-PPA.

Unfortunately, once again, after purification on column chromatography, compound 31 was isolated
only with 15% yield. Finally we decided to use conditions reported on Entry 1 (Scheme 4.13) which
resulted as the most convenient synthetic pathway for the synthesis of 1-PPA which was finally
prepared, even if with a very low yield, and employed in the next experiments.

4.2.3.2.  Synthesis of Covalently Linked Conductive Hydrogels

At this stage, hydrogel synthesis was repeated introducing the two functional monomers (ABA and 1-
PPA) in the reaction mixture. Due to its commercially availability, preliminary experiments were
performed with ABA, in order to find the optimal ratio between the starting materials. To avoid changing
the basic structure of the matrix and the original degree of crosslinking, varying amounts of ABA were
introduced together with GABA in the hydrogel formulation, but their sum was kept constant, so that
also the total amount of primary amino group was kept constant during the gelation process (Scheme
4.14).

MBA ABA PEHA GABA
o) o)
VLN’\NJ\/ * HQN\/©\NH * HN A /\,/l/NHZ *+ HoN. o~ COOH
H H 2 /4
o) o) o) o) o)
T\) H H H H H
NH HoOC
HN"Z2 O o) NH,
A
NTN -
H H

Figure 4.34 Representation of the structure of the PAA-hydrogel modified with the introduction of ABA.
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Table 4.14 Screening on the amount of ABA in the typical hydrogel formulation.

0
Entry Aé) A (?n?nBo?) (r:r?lﬁl) Other reagents
1 0 0.49 -
2 10 0.44 0.05
3 25 0.37 0.12
4 33 0.33 0.16 | MBA: 1.3 mmol
5 42 0.28 0.21 | PEHA: 0.31 mmol
6 | 50 | 025 | 025 |H0:1.5mL
7 66 0.26 0.33
8 75 0.12 0.37
9 100 - 0.49

The different amount of ABA tested and the hydrogel formulations used are reported in Table 4.14; the
procedure employed was the same of the classic PAA-hydrogel, corresponding to the Entry 1 in Table
4.14. The gelation occurred for all formulations and we were able to swell all the samples without
observing any leeching of organic compounds.

0% 10% 25% 33%

42% 50% 66% 75% 100%

Figure 4.35 Aspect of the hydrogels containing different amount of ABA (% on top of each picture).

The aspect of the swollen hydrogels is reported in Figure 4.35. As can be seen, hydrogels with an higher
amount of ABA presented a yellow color, directly depending form the partial oxidation of the
functionalized aniline, and were more opaque. This last observation can be explained by the different
kind of aggregation and structure that the hydrogels could assume after the introduction of an high
amount of an hydrophobic compound. In particular, the sample where all GABA was replaced by ABA
(100% in Figure 4.35) exhibit a sponge-like structure, completely different from the usual homogeneous
aspect of a classical hydrogel. As usual, the EDS value and the morphology (SEM) of each sample
were assessed in order to characterize the properties of the novel hydrogels.
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Figure 4.36 EDS evolution with different amount of ABA in the hydrogel.

As can be seen from Figure 4.36, by increasing the amount of ABA inside the hydrogel matrix a drop
in the EDS value was observed, until it reached a stable value at ca. 370% for %ABA > 60%. This trend
could be explained by taking into account that by replacing a hydrophilic molecule with a more
hydrophobic one, the affinity towards water of the entire material decreases. Despite that, the amount
of aniline monomer used was not enough to drastically change the global wettability of the hydrogel,
which could explain why after a certain amount of GABA was replaced by ABA, the drop in EDS stopped
and the parameter reached a stable value.

Figure 4.37 SEM pictures of hydrogels with different amount of ABA. On top, from left to right, 42%, 66% and 75%; on bottom, left 100%, right
zoom of the previous picture.

The evolution of the hydrogel structure when increasing the amount of ABA during the synthesis can
be observed from the SEM pictures in Figure 4.37. When the amount of ABA relative to GABA was
inferior to the 42%, no substantial change of hydrogel morphology compared to the reference
formulation (100% GABA, Figure 4.28) was observed; on the other hand, when higher amounts of aniline
monomer were introduced, the structure of the gel matrix began to change. With a percentage of ABA
comprised between 42% and 75%, a change of the porous structure was observed due to the
strengthening of hydrophobic interactions between the various polymer chains (i.e. T-stacking), leading
to bigger pores (up to ca. 90 um) with thicker walls. On the other hand, when all GABA was replaced
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by the aniline derivative the structure of the hydrogel was completely altered and became almost a
‘negative” of the classic hydrogel architecture, having only a series of interconnected spheres to
construct the matrix rather than a porous network. The cavity between the adjacent spheres formed
the “pores” of this particular structure. The spheres appear full, as can be seen from the zoom in Figure
4.37 (bottom, right); indeed, the small holes visible in the figure were not interconnected and part of a
bigger network, but seemed to be derived from the evaporation of part of the solvent that was trapped
inside the spheres. The reason behind such a great change in the hydrogel structure could be related
to the different affinity towards the water of the two components employed: when the hydrophobic ABA
was used and replaced all the hydrophilic GABA, the polymeric chains tended to organize themselves
into a completely different structure from before, in order to maximize the interaction between aromatic
rings, exposing the hydrophilic group to the solution and creating the observed spheres. This
explanation could also justify the lower EDS value recorded for hydrogels with higher amount of ABA,
due to the lower hydrophilicity of the aniline co-monomer and to the reduced surface are of the material.

\

25% 75% 100%

Figure 4.38 Aspect of the hydrogels containing different amount of ABA (% between each pair of pictures) before (bottom) and after (top) the
polymerization of the conductive media.

Subsequently, aniline polymerization was carried out inside the novel hydrogel matrix according to the
already optimized two-step procedure (Entry 2, Table 4.9). The aspect of the hydrogels did not differ
too much between the different formulations, having the same dark color and compactness (Figure
4.38).Also in this case the novel materials were then characterized recording their EDS and observing
their morphology by means of SEM.
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Figure 4.39 (a) EDS evolution with different amount of ABA in the conductive hydrogel, (b) comparison of the EDS trend before and after the
polymerization of the conductive polymer.
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In Figure 4.39 the dependence of the EDS value of the conductive hydrogel on the amount of ABA used
for the synthesis of the pristine hydrogel is reported, alongside a the comparison with the trend
observed before the polymerization of the conductive component. The trend in the conductive hydrogels
appeared different, with a sudden drop of the swelling degree with the amount of ABA, reaching a
minimum value around 40% and then increasing again when the percentage was > 60%. This trend
could be explained by considering the hydrophobicity of the molecule introduced and the augmented
degree of crosslinking due to the polymerization of the aniline chains of the hydrogel matrix with the
aniline in solution while the conductive network was formed. After the polymerization, in fact, protonation
of the conductive moiety could increase the network hydrophilicity and then counter the reduction of the water
uptake capability due to the increased crosslinking degree of the material. The balance of this two effects
lead to a different change in the material EDS value after the polymerization, depending from the amount of
ABA used in the formulation.

Figure 4.40 SEM pictures of conductive hydrogels with different amount of ABA. On top, from left to right, 42%, 66% and 75%; on bottom, from
left to right, 100%, zoom of the 100% ABA hydrogel, zoom if the 75% ABA hydrogel.

As can be noticed in Figure 4.40, the hydrogels structure changes a bit after formation of the conductive
polymer. The pores were still present, but they were very small in dimensions (as can be seen on the
zoom of the conductive hydrogel with 75% ABA, Figure 4.40f). This could be caused by the coverage
of the pristine hydrogel matrix by a layer of the conductive polymer. The look of the hydrogel with 100%
ABA (Figure 4.40d) was different: in this case the polymerization of the conductive media caused the
formation of other small spheres on the surface of the existing ones (Figure 4.40e), instead of leading
to the formation of the homogeneous layer observed for the other hydrogels of the series. The
aggregation of PAn in small spheres could be explained in analogy to the considerations already
presented for the particular structure of the hydrogel with this formulation. The presence of hydrophobic
interactions of the aniline in solution with the ABA chains from the hydrogel network could promote the
aggregation of the novel polymeric chains of the conductive media into small hydrophobic spheres in
order to maximize these interactions and reduce those with the aqueous solution.
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Figure 4.41 Current/voltage graphs of conductive hydrogels with (a) 33% and (b) 100% ABA.

Finally, the resistance of the ABA-conductive hydrogels was evaluated by means of the four-points
probe method. The samples analyzed were those with 33%, 50%, 66% and 100% of ABA. In Figure
4.41 two exemplificative current/voltage graphs of the series are reported, while in Figure 4.42 the
resistivity/voltage graphs for all the hydrogel samples analyzed are showed.
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Figure 4.42 Resistivity/voltage graphs of conductive hydrogels with (a) 33%, (b) 50%, (c) 66% and (d) 100% ABA.

The current/voltage graphs were very similar for all the samples and showed an analogous behavior
for the hydrogels with and without ABA (see for comparison Figure 4.31). The current registered was
low in all the cases, but the all curves did not show any significant drop in activity, sign of the stability
of the conducting material. The resistivity was evaluated from the graphs reported in Figure 4.42 and
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as can be seen, the values obtained were similar for all the samples (Table 4.15) and, unfortunately,
also to those obtained for the undoped PAn-conductive hydrogel without covalent linkage (Table 4.12).

Table 4.15 Conductivity and resistivity values obtained for the ABA-conductive hydrogels of the series.

Resistivity | Conductivity
Amount of ABA
(Q x m) (mS/cm)
33% 2.8 3.6
50% 5.7 1.7
66% 2.7 3.7
100% 2.5 4.1

To conclude the screening, the employment of 1-PPA was tested as well. To this end, a hydrogel were
all the GABA was replaced with the functionalized pyrrole was synthetized in analogy to what already
experimented with ABA (Figure 4.43). The pyrrole-based monomer resulted to be not completely soluble
in water and the formation of a small drops inside the stirred solution was observed. Anyway, after
about 30min, when all the MBA was solubilized due to the start of the Aza-Michael reaction, the
disappearance of the suspended 1-PPA was observed as well, implying its participation to the reaction.
After gel formation, the polymerization of the pyrrole inside the obtained matrix was carried out following
the previously developed procedure with APS (see Chapter 4.2.2.2), leading to the production of the
conductive hydrogel with the doped PPy.

MBA 1-PPA PEHA
L > [
\\\)LQAHJV + HaN A~ 7 . HZN\/TCH/\};NHZ

|
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Figure 4.43 Representation of the structure of the PAA-hydrogel modified with the introduction of 1-PPA.

The polymerization of the PPy occurred without problems and the conductive hydrogel was isolated as
well. Then, the morphology of the novel material was analyzed by means of SEM to check if also with
the pyrrole a structure similar to those observed for the PAn had been obtained (in Figure 4.44 with the
SEM picture of the corresponding 100% ABA hydrogel).
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Figure 4.44 Comparison between (left) the PAn-conductive and (right) the PPy-conductive hydrogels obtained by replacing all the GABA in the
basic formulation with, respectively, ABA and 1-PPA.

The comparison shows how the structure of the PPy-doped hydrogel resulted similar to those of
classical hydrogels, namely a polymeric network having a porous structure. Even the pores showed a
similar dimensions to those already observed in the pristine hydrogels (see Figure 4.28), with diameter
comprised between 25 and 70 um. The difference relative to the PAn hydrogels (Figure 4.40) could be
explained considering the lower degree of aromaticity of the pyrrole derivative, which decreases the
efficiency of the w-stacking interactions: if the hydrophobic interactions were not strong enough,
probably the lower energy structure for the polymeric chains resulted scattered instead of ordered with
a spherical shape, so as to maximize the H-bonds and the electrostatic interactions with the solvent.
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Figure 4.45 (a) Current/voltage and (b) Resistivity/voltage graph for the 1-PPA conductive hydrogel.

Finally, the resistivity was evaluated with the four-points probe method. As can be seen in Figure 4.45,
also in this case the resistivity registered (3.5 Q x m) and the relative conductivity value (2.9 mS/cm)
were not different from what previously observed for the traditional PPy-conductive hydrogel not having
a covalent link between the two different networks.

The obtained data did not show any significant disadvantage in the use of conductive hydrogels where
a stable linkage between the two network was established, if compared to the “classic” ones. The
conductivity values did not improved after the modifications on the hydrogel formulation introduced, but
a proper rheological characterization could clarify if an increment of the physical properties was
achieved. A critical evaluation of this new procedure must take into account the existing difficulties for
the identification of the covalent link between the hydrogel matrix and the conductive polymer.
Additional work could improve the knowledge of the double network structure properties and give an
input to the material design and achieve better electrochemical and physical properties.
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4.3. Conclusions

This part of the PhD work was focused on the development of novel conducting hydrogels starting from
a non-conductive platform. The first part of the study was focused onto the development of a solid
procedure for the introduction of a conductive polymer inside the hydrogel matrix. For this purpose, a
novel acrylamide-based formulation was developed upon the synthesis of the right crosslinker, tEGDA.
Gelation of the matrix was achieved by treatment with APS and the procedure was optimized in order
to obtain a good reference material. After that, the introduction of a commonly used conductive polymer,
polyaniline, was performed using two different procedures and by varying the polymerization conditions.
Physical, morphological and electrochemical characterization of the material allowed us to identify the
best conditions to carry out the growth of PAn inside an hydrophilic network. The conductivity of the
final hybrid material was obtained by EIS analysis and showed to be order of magnitude higher than
that of the pristine hydrogel and to be further enhanced by performing doping of the conductive polymer
introduced in the matrix.

The developed methodology has been then applied to another hydrogel matrix with different chemical
structure, obtained with another gelation reaction which does not need any initiator (Aza-Micheal
reaction). The methodology was optimized with the new matrix using the PAn as reference polymer
and the novel conductive hydrogel was characterized. The conductivity of the novel materials before
and after doping was recorded with a four-points probe method, and was in line with the value registered
for the polyaniline in the acrylamide-based formulations. The possibility to introduce PPy and PEDOT
conductive polymers characterized with milder polymerization conditions inside the hydrogel matrix was
also studied. Also in this case the conductivity was recorded. In general different material showed a
similar behavior, but a trend could be individuated, with the PEDOT being the best performing one,
along with doped PAn. In general these values were in line with the typical range observed with this
kind of material.

In the last part of the work the possibility of introducing a covalent linkage between the two different
networks of a conductive hydrogel was attempted with the aim of increasing the interaction among them
and maybe enhance the final properties of the material. Two particular monomers (ABA and 3-PPA)
were selected to be introduced in the hydrogel backbone for perform the covalent bond. While ABA
was commercially available, 3-PPA had to be synthetized and a retrosynthetic plan was designed.
Unfortunately, despite several efforts it was not possible to achieve the suitable monomer in reasonable
yield. Finally 1-PPA, which differed from 3-PPA only for the position of the side chain, was used and a
screening on the loading of the new components inside the hydrogel matrix was performed using ABA
in order to identify the best conditions for maximizing the final material properties. Different amounts of
ABA were used while replacing GABA and a series of novel hydrogels was synthetized. Their
morphology and EDS values were recorded and discussed. Finally, the samples were used to prepare
a conductive hydrogels. A conductive hydrogel containing 1-PPA was also synthetized. In both cases
the conductivity value recorded did not show any significant due to the introduction of ABA and 1-PPA
moieties.. Further work could be able improve both the design and the electrochemical properties of
these hybrid hydrogels.
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4.4. Experimental Section

4.41. Synthetic Procedures

Triethylene glycol diacrylate (tEGDA)

(0]
/\H/O\/\O/\/O\/\OM
o

tEGDA

In a flame-dried round bottom flask, under nitrogen atmosphere, triethylene glycol (1.13 g, 7.5 mmol, 1.0 eq.)
was dissolved in dry DCM (20 mL) and then, under vigorous stirring, distilled NEt3 (2.31 g, 22.5 mmol, 3.0
eq.) was added. The solution was cooled down to 0°C and acryloyl chloride (1.56 g, 17.3 mmol, 2.3 eq.) was
added dropwise. The obtained suspension was then allowed to react for 16h, while the temperature slowly
reached r.t.. The suspension was then filtered through Celite® and the obtained solution was washed with
H20 (2 x 50 mL) and brine (60 mL). The organic phase was finally dried over Na;SOs and the solvent
evaporated, giving a dark yellow oil. The purification by flash column chromatography (SiO2, PE/AcOEt 3:1
to 1:2) allowed to recover the purified product as a pale yellow liquid (1.27 g, 4.9 mmol, 65% yield).

1H-NMR (CDCls, 300 MHz): & (ppm) 6.42 (dd, J = 17.3, 1.4 Hz, 2H), 6.15 (dd, J = 17.3, 10.4 Hz, 2H), 5.83,
(dd, J = 10.4, 1.4 Hz, 2H), 4.35-4.32 (m, 4H), 3.78-3.74 (m, 5H), 3.69 (s, 3H).

The spectroscopic data were in agreement with those reported in the literature.

4.41.1. General Procedure for Pyrrole protection

In a flame-dried round bottom flask, under nitrogen atmosphere, distilled pyrrole (95 mg, 1.42 mmol, 1.0 eq.)
was dissolved in dry THF (6.5 mL) and cooled down to —78°C. Then, n-BuLi (1.6 M solution in hexanes, 1.0
mL, 1.60 mmol, 1.1 eq.) was slowly added under stirring and the solution was allowed to react for 1h. After
that, the proper chlorosilane (1.42 mmol, 1.0 eq.) was added and the mixture was allowed to react for 16h
allowing the temperature to rise slowly from —78°C to r.t.. Then, THF was evaporated, NaHCOs(aq.) (25 mL,
ss.) was added and the aqueous solution was extracted with DCM (3 x 25 mL). The reunited organic phases
were washed with brine (25 mL) and then dried over Na2SOs. Finally, the solvent was removed under reduced
pressure, affording the desired product.

1-(Triethylsilyl)-1H-pyrrole (21)

n

N
Si(Et)s
21

Prepared starting from triethyl chloride (214 mg). Collected as a pale yellow oil, which was used without
further purification for the next step (229 mg, 1.26 mmol, 89% yield).
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1H-NMR (CeDs, 300 MHz): 5 (ppm) 6.75 (s, 2H), 6.52 (s, 2H), 0.80 (t, J = 7.5 Hz, 9H), 0.63 (q, J = 7.4 Hz,
6H).

The spectroscopic data were in agreement with those reported in the literature. 101

1-(tert-Butyldimethylsilyl)-1H-pyrrole (22)

m

N
SiMe,(#-Bu)

22

Prepared starting from tert-butyldimethylsilyl chloride (214 mg). Collected as a brown oil, which was used
without further purification for the next step (200 mg, 1.12 mmol, 78% yield).

1H-NMR (CDCls, 400 MHz): & (ppm) 6.80 (s, 2H), 6.3 (s, 2H), 0.89 (s, 9H), 0.44 (s, 6H).

The spectroscopic data were in agreement with those reported in the literature.102

1-(Triisopropylsilyl)-1H-pyrrole (23)

n

N
Si(i-Pr);

23

Prepared starting from triisopropylsilyl chloride (274 mg). Collected as a brown oil, which was used without
further purification for the next step (314 mg, 1.41 mmol, 99% yield).

1H-NMR (CDCls, 400 MHz): & (ppm) 6.81 (s, 2H), 6.32 (s, 2H), 1.46 (sept, J = 7.6 Hz, 3H), 1.10 (d, J = 7.6
Hz, 18H).

The spectroscopic data were in agreement with those reported in the literature.%

4.41.2.  Other synthetic procedures

3-Bromo-1-(triisopropylsilyl)-1H-pyrrole (24)

s

N
Si(i-Pr);

24

In a flame-dried round bottom flask, under nitrogen atmosphere, protected pyrrole 23 (148 mg, 0.66 mmol,
1.0 eq.) was dissolved in dry THF (2.5 mL) and cooled down to =78°C. Then, NBS (118 mg, 0.66 mmol, 1.0
eq.) was added under stirring and the solution was allowed to react for 1.5h at this temperature. After that,
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the mixture was kept under stirring for further 1.5h, allowing the temperature to slowly rise to r.t.. Pyridine (25
uL) and hexane (2.5 mL) were then added under stirring to the solution, leading to the precipitation of a white
solid. The suspension was filtered on a short pad of Celite®, the solid was washed with hexane and the yellow
liquid part was recovered. The solution was then diluted with AcOEt (20 mL) and washed with H20 (3 x 25
mL). The recovered organic phase was finally dried over Na2SO4 and the evaporation of the solvent allowed
to collect the desired product 24 as a dark yellow oil which was used without further purification for the next
step (187 mg, 0.62 mmol, 94% vyield).

1H-NMR (CDCls, 400 MHz):  (ppm) 6.73 (bs, 1H), 6.67 (bs, 1H), 6.29 (bs, 1H), 1.42 (sept, J = 7.6 Hz, 3H),
1,09 (d, J = 7.6 Hz, 18H).

The spectroscopic data were in agreement with those reported in the literature.%

1-(Triisopropylsilyl)-1H-pyrrole-3-carbaldehyde (25)

In a flame-dried round bottom flask, under nitrogen atmosphere, bromo pyrrole 24 (1.37 g, 4.5 mmol, 1.0 eq.)
was dissolved in dry THF (14 mL) and cooled down to —78°C. Then, n-BuLi (1.6 M solution in hexanes, 2.8
mL, 4.5 mmol, 1.0 eq.) was slowly added under stirring and the solution was allowed to react for 20min. After
that, distilled DMF (0.33 g, 4.5 mmol, 1.0 eq.) was added under stirring and the solution was allowed to react
for 20min at —78°C. The mixture was kept under stirring for other 16h, while the temperature was allowed to
slowly rise to r.t.. The solution was then diluted with Et2O (20 mL) and washed with H20 (3 x 50 mL). The
recovered organic phase was finally dried over Na.SO4 and the evaporation of the solvent allowed to collect
the desired product 25 as a dark yellow oil which was used without further purification for the next step (1.11
g, 4.41 mmol, 98% vyield).

1H-NMR (CDCls, 400 MHz): & (ppm) 9.82 (s, 1H), 7.41 (bs, 1H), 6.78 (bs, 1H), 6.75 (bs, 1H), 1.48 (sept, J =
7.6 Hz, 3H), 1.1 (d, J = 7.6 Hz, 18H).

The spectroscopic data were in agreement with those reported in the literature.%

3-(1-(Triisopropylsilyl)-1H-pyrrol-3-yl)acrylonitrile (26)

CN

/A
N
Si(-Pr);

26

In a flame-dried round bottom flask, under nitrogen atmosphere, dry ACN (0.28 g, 4.5 mmol, 1.0 eq.) was
dissolved in dry THF (13 mL) and cooled down to —78°C. Then, n-BuLi (1.6 M solution in hexanes, 2.8 mL,
4.5 mmol, 1.0 eq.) was slowly added under stirring and the solution was allowed to react for 30 min. In another
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flame-dried round bottom flask, under nitrogen atmosphere, aldehyde 25 (1.12 g, 4.5 mmol, 1.0 eq.) was
dissolved in dry THF (5 mL) and then added to the first solution; the mixture was allowed to react for 1.5h at
—78°C. After that, the solvent was evaporated and the solid dissolved again in DCM (15 mL). HCI 3 M (2 mL)
was added and the mixture was stirred for 16h at 35°C. Then the organic phase was collected and washed
with H20 (2 x 80 mL) and brine (80 mL), and finally dried over Na2SQs. Evaporation of the solvent allowed
to collect the desired product 26 as a mixture of the E/Z isomers in a ratio = 1:1 in the form of a brown oil,
which was used without further purification for the next step (1.06 g, 3.6 mmol, 81% yield).

1H-NMR (CDCls, 400 MHz): & (ppm) 7.32 (d, J = 16.4 Hz, 1H), 7.2 (s, 1H), 6.78 (s, 1H), 6.75 (s, 1H), 5.45
(d, J= 15.3 Hz, 1H), 1.51-1.40 (m, 3H), 1.10 (d, J = 7.6 Hz, 9H), 1.09 (d, J = 7.5 Hz, 9H).

1H-NMR (CDCls, 400 MHz): & (ppm) 7.04 (d, J = 12.0 Hz, 1H), 6.97 (s, 1H), 6.93 (s, 1H), 6.46 (s, 1H), 5.01
(d, J= 11.3 Hz, 1H), 1.51-1.40 (m, 3H), 1.10 (d, J = 7.6 Hz, 9H), 1.09 (d, J = 7.5 Hz, 9H).

The spectroscopic data were in agreement with those reported in the literature.103

3-(1-(Triisopropylsilyl)-1H-pyrrol-3-yl)propanenitrile (27)

CN

o

N
Si(i-Pr);

27
In a round bottom flask, under nitrogen atmosphere, pyrrole 26 (1.06 g, 3.6 mmol, 1.0 eq.) was dissolved in
EtOH (35 mL) and the catalyst, Pd/C (0.49 g, 0.36 mmol, 0.1 eq.), was added. Then a baloon filled with H>
(1 atm) was connected to the flask. The mixture was then stirred under these conditions at r.t. for 16h. After
that, the suspension was filtered through Celite®; the solid was washed several times with AcOEt and the

solution was collected. Evaporation of the solvent allowed to collect the desired product 27 as a brown oil,
which was used without further purification for the next step (0.98 g, 3.3 mmol, 92% yield).

1H-NMR (CDCls, 400 MHz): & (ppm) 6.70 (s, 1H), 6.63 (s, 1H), 6.17 (s, 1H), 2.83 (dd, J = 7.6, 6.9 Hz, 2H),
2.54 (dd, J = 7.6, 6.9 Hz, 2H), 1.42 (sept, J = 7.6 Hz, 3H), 1.08 (d, J = 7.6 Hz, 18H).

13C-NMR (CDCls, 100 MHz): & (ppm) 124.7, 122.3, 121.7, 119.9, 110.2, 23.4, 19.5,17.8, 11.7.
ESI-MS (m/z) = 277.24 [M+1].

3-(1-(Triisopropylsilyl)-1H-pyrrol-3-yl)propan-1-amine (28)

NH
o

N
Si(i-Pr);

28

In a flame-dried round bottom flask, under nitrogen atmosphere, nitrile 27 (0.62 g, 2.1 mmol, 1.0 eq.) was
dissolved in dry Et,0 (35 mL) and the solution was cooled down to 0°C. Then LiAlH4 (0.24 g, 6.3 mmol, 3.0
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eq.) was added under stirring and the suspension was allowed to react for 16h, while the temperature slowly
rose to r.t.. Then, the reaction mixture was cooled down again to 0°C and H20 (2.5 mL), NaOH 15% (2.5 mL)
and H20 (7.5 mL) were added in this order under vigorous stirring; the suspension was then kept under
stirring for 15 min. Na2S04 (3.5 g) was added and the mixture was stirred for another 15min at r.t.. After that,
the suspension was filtered through Celite® and the liquid phase was collected. Evaporation of the solvent
allowed to collect the desired product 28 as a brown oil, which was used without further purification for the
next step (0.57 g, 1.9 mmol, 90% vyield).

1H-NMR (CDCls, 400 MHz): & (ppm) 6.69 (bs, 1H), 6.52 (bs, 1H), 6.14 (bs, 1H), 2.71 (t, J = 7.0 Hz, 2H), 2.53
(t, J= 7.5 Hz, 2H), 1.78-1.69 (m, 2H), 1.41 (sept, J = 7.6 Hz, 3H), 1.08 (d, J = 7.6 Hz, 18H).

13C-NMR (CDCls, 100 MHz): & (ppm) 125.7, 124.2, 121.2, 110.7, 41.9, 35.1, 24.5, 18.0, 11.8.
ESI-MS (m/z) = 281.28 [M+1]*.

3-(1H-Pyrrol-3-yl)propan-1-amine (3-PPA)

NH,
o

H
3-PPA

In a flame-dried round bottom flask, under nitrogen atmosphere, protected pyrrole 28 (100 mg, 0.33 mmol,
1.0 eq.) was dissolved in dry THF. Then TBAS (1 M in THF, 350 pL, 0.35 mmol, 1.1 eq.) was added and the
solution was kept under stirring at r.t. for 30min. Then, the solvent was evaporated under reduced pressure
and the mixture was directly purified by flash column chromatography (SiO2, DCM + 2% NEt3). The isolated
colorless oil was still not pure, as showed by the 'H-NMR analysis, and therefore it was diluted with DCM (10
mL) and washed with H20 (2 x 10 mL). The organic phase was dried over Na2SO4 and the evaporation of
the solvent allowed to collect the desired product 3-PPA as a brown oil still containing traces of the
deprotecting agent (5 mg, 0.03 mmol, 10% yield).

1H-NMR (CDCls, 400 MHz): & (ppm) 8.16 (bs, 1H), 6.72 (bs, 1H), 6.59 (bs, 1H), 6,08 (bs, 1H), 2.78 (t, J = 7.0
Hz, 2H), 2.55 (t, J = 7.4 Hz, 2H), 1.83-1.75 (m, 2H).

ESI-MS (m/z) = 125.05 [M+1]*.

3-(1H-Pyrrol-1-yl)propan-1-amine (1-PPA)

1-PPA

In a flame-dried round bottom flask, under nitrogen atmosphere, distilled pyrrole (0.50 g, 7.5 mmol, 1.00 eq.)
was dissolved in dry ACN (5 mL). Then, ground NaOH (1.15 g, 29.0 mmol, 3.80 eq.) and TBAS (0.10 g, 0.3
mmol, 0.04 eq.) were added in order under vigorous stirring and the suspension was stirred at r.t. for 2h.
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After that, 3-bromopropylamine hydrobromide (1.91 g, 8.2 mmol, 1.17 eq.) was added (the suspension turned
yellow and then red again), the mixture was heated at reflux and then allowed to react for 22h under stirring.
The suspension was then filtered through Celite® and the solid washed with a mixture ACOEt/MeOH 1:1. The
collected solution was diluted with other AcOEt (70 mL) and then extracted with H20 (2 x 80 mL). The pH of
the aqueous phase was adjusted to 10 with KOH, then the solution was extracted with DCM (2 x 80 mL).
The organic phases were reunited and dried, allowing to retrieve a brown oil. To increase the purity of the
compound, the oil was dissolved again in a 1:1 mixture of AcOEt/ aq. HCI 1M (60 mL in total), the two phases
were separated and then the aqueous one was washed with other AcOEt (2 x 30 mL). After that, the solution
was alkalinized again with KOH to pH 10 (the colour change from orange to yellow) and then it was extracted
with DCM (3 x 40 mL). Evaporation of the solvent allowed to collect the desired product as an orange oil,
pure enough for being used in the next experiments without the need of further purification (177 mg, 1.4
mmol, 19% yield).

When the reaction was performed with other base/catalyst systems, the procedure was exactly the same.
With TMPA (68 mg, 0.03 mmol, 0.04 eq.) only a yield of 15% was obtained (140 mg, 1.1 mmol).

1H-NMR (CDCls, 300 MHz): 5 (ppm) 6.65 (bs, 1H), 6.13 (bs, 1H), 3.96 (t, J = 6.9 Hz, 2H), 2.70 (t, J = 6.8 Hz,
2H), 1.94-1.86 (m, 2H).

The spectroscopic data were in agreement with those reported in the literature.104

tert-Butyl (3-bromopropyl)carbamate (30)

Br/\/\N,Boc
H
30

In a round bottom flask, under nitrogen atmosphere, 3-bromopropylamine (1.10 g, 5.0 mmol, 1.0 eq.) and di-
tert-butyl dicarbonate (1.20, 5.5 mmol, 1.1 eq.) were suspended in DCM (25 mL). Then, the mixture was
cooled down to 0°C and distilled NEt3 (0.56 g, 5.5 mmol, 1.1 eq.) was added, allowing to dissolve the solid
in suspension. The solution was allowed to react for 16h, while the temperature slowly rose to r.t.. After that,
the mixture was diluted with DCM (25 mL) and washed with ag. HCI 0.1M (50 mL), H20 (2 x 50 mL) and
brine (50 mL). The organic phase was finally dried over Na>SOs and the solvent was evaporated under
reduced pressure. The desired product was collected as a pale yellow oil, pure enough for being used in the
next experiments without the need of further purification (1.15 g, 4.8 mmol, 97% yield).

'H-NMR (CDCl3, 300 MHz): & (ppm) 4.66 (bs, 1H), 3.44 (t, J = 6.6 Hz, 2H), 3.27 (m, 2H), 2.05 (m, 2H), 1.44
(s, 9H).

The spectroscopic data were in agreement with those reported in the literature.100a
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tert-Butyl (3-(1H-pyrrol-1-yl)propyl)carbamate (31)

o

N

it

NHBoc
3

In a flame-dried round bottom flask, under nitrogen atmosphere, distilled pyrrole (101 mg, 1.5 mmol, 1.00
eq.) was dissolved in dry ACN (1.5 mL). Then, ground NaOH (230 mg, 5.7 mmol, 3.80 eq.) and TBAS (20
mg, 0.06 mmol, 0.04 eq.) were added in order under vigorous stirring and the suspension was stirred at r.t.
for 3.5h. After that, bromide 30 (480 mg, 1.8 mmol, 1.17 eq.) was added (the suspension turned yellow from
brown), the mixture was brought to reflux and then allowed to react for 4.5h under stirring. The suspension
was then filtered through Celite® and the solid was washed with DCM. The collected solution was purified by
flash column chromatography (SiO2, PE/AcOEt 7:1) and the desired product was obtained as a yellow pale
oil in a good purity (52 mg, 0.23 mmol, 15% yield).

1H-NMR (CDCls, 300 MHz): & (ppm) 6.65 (d, J = 2.0 Hz, 2H), 6.14 (d, J = 2.0 Hz, 2H), 4.47 (bs, 1H), 3.93 (t,
J=7.0 Hz, 2H), 3.1 (q, J = 6.0 Hz, 2H), 2.05 (quint, J = 6.8 Hz, 2H), 1.44 (s, 9H).

The spectroscopic data were in agreement with those reported in the literature.105

44.2. General Procedures for Hydrogels Preparation and
Characterization

= Synthesis of the Acrylamide-based hydrogels; General procedure

The following procedure? reports the amounts of reactants needed in the formulations that showed the best
performance (8 and 11, see Chapter 4.2.1.2, respectively Table 4.1 and Table 4.3), but it is valid for all other
formulations described in Chapter 4.2.1 by changing the amount of crosslinker and the reaction time
according to Table 4.1 and Table 4.3.

In a round bottom flask under stirring, Acr was dissolved in H20 and the crosslinker, tEDGA, was added to
the solution. Then, in order, TMEDA and APS were added to the mixture; the stirring bar was removed and
the solution kept in static conditions to promote gelation for 30 min. The resulting hydrogel was washed with
water several times and kept in water for 2 days (changing the solvent every 6h) before use, to allow the
release of all the unreacted starting materials from the gel matrix.

- Large scale procedure (Form. 8): Acr (1.2 g, 16.9 mmol), tEGDA (29 mg, 0.11 mmol), TMEDA (15
mg, 0.13 mmol), APS (7 mg, 0.03 mmol), H20 (10 mL). The hydrogels were synthetized inside a
cylindrical-shape container (volume = 25 mL) and were then cut in pieces of similar dimensions after
the synthesis.

- Small scale procedure (Form. 11): Acr (36 mg, 0.5 mmol), tEGDA (8.4 mg, 3.2 x 10-2 mmol), TMEDA
(0.45 mg, 3.9 x 103 mmol), APS (0.21 mg, 9.0 x 104 mmol), H20 (0.3 mL). The hydrogels were
synthetized inside a cylindrical-shape container (volume = 0.5 mL).
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= Sample lyophilization

Lyophilization, also known as freeze-drying, uses rapid cooling to allow solvent removal by sublimation under
vacuum.'08 The scaffolds were swollen in water and frozen at -196 °C in liquid nitrogen for 30min. Then, they
were transferred to a lyophilizing jar and lyophilized for 16 hours at a pressure of 150 mT. Lyophilized samples
were used right away for SEM analysis and the swelling kinetics. The same procedure was used also for the
PAA-based hydrogels.

= Swelling measurements

EDS was calculated using the following equation:

Wwet_W

EDS = Y % 100

dry
where Wyet and Waqry are, respectively, the weight of the swollen and Iyophilized hydrogel measured by
gravimetric method. The swollen weight was taken after several measurements when the value was found
to be stable (about 2 days), using the hydrogel obtained from the synthesis, not lyophilized. Their surface
was blotted free of water using filter paper and their swollen weights were measured on an analytical balance.
After that, the samples were lyophilized and the dry weight was recorded. The same procedure was used
also for the PAA-based hydrogels.

To determine the stability of the hydrogels at different pH conditions, the samples were incubated in buffer
solutions: pH 4.7 (acetate buffer, 0.5 M), pH 9.3 (ammonium buffer, 0.5 M). Their EDS valued were evaluated
with the same procedure described above.

= Swelling kinetics

Lyophilized cylindrical-shaped hydrogels (diameter of 7 mm and height of 1 mm) were used. The samples
were immersed in distilled water and were removed at set time points (after 1, 2, 5, 10, 20, 30 minutes, 1h,
2h, 4h, 8h, 23h, 48h, 72h, 96h). Their surface was blotted free of water using filter paper and their weight
was measured on an analytical balance. Then the samples were put again in the same solution. The same
procedure was used also for the PAA-based hydrogels.

= Conductive polymer growth (Polyaniline)

The samples of pristine hydrogel used could be dried or swollen depending on the particular experiment (see
Chapter 4.2.1.3).

- Procedure 1:68 the samples were put in a solution of distilled aniline (0.1 M) in aq. HCI 1 M for 16h.
The samples were then removed, washed with water and put again in a solution of APS (0.1 M) in
water for 5h to allow the polymerization of the PAn, in static conditions. After that, the conductive
hydrogels were removed from the solution and washed several times with water. The samples were
then put in distilled water for 2 days (changing the solvent every 6h) before use, to allow the release
of all the unreacted starting materials from the gel matrix.

- Procedure 2:5% the samples were put in a solution of APS (0.1 M) in ag. HCI 1 M for 16h. The
samples were then removed, washed with water and put again in a solution of distilled aniline (0.1
M) in hexane for 5h to allow the polymerization of the PAn, in static conditions. After that, the
conductive hydrogels were removed from the solution and washed several times with water. The
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samples were then put in distilled water for 2 days (changing the solvent every 6h) before the use,
to allow the release of all the unreacted starting materials from the gel matrix.

= Determination of the percentage of conducting polymer

CP(%) was calculated using the following equation:

CP(%) — Wen—Wen

x 100

where Wch is the dry weight of the conductive hydrogel and Wen is the dry weight of the pristine
hydrogel. The hydrogel samples were lyophilized and their Wp was recorded. After that, some samples
(see Chapter 4.2.1.3) were rehydrated by immersion in water and kept in the solvent until they reached
a constant weight. Both the rehydrated and the dry samples were then used for the polymerization of
the conductive moiety as described above. After the polymerization, the conductive hydrogels were
kept in water for 2 days (changing the solvent every 6h) to allow the release of all the unreacted starting
materials from the gel matrix. After that, they were lyophilized again and the WcH was measured.

= Environmental scanning electron microscope analysis

The swollen samples of conductive hydrogel were mounted on aluminum stubs using adhesive carbon tape
and directly used for the analysis. ESEM images were captured at 18-20 kV accelerating voltage and 1.00
Torr, using a SEM Philips XL 20 instrument.

= Doping procedure (Polyaniline)

To perform the doping, swollen sampled of the conductive hydrogel were put in ag. HCl 1 M and kept in
solution for 16h. The samples were then rapidly washed with water before use. The same procedure was
used also for PAA-based hydrogels.

= Electrochemical characterization

The electrochemical measurements were performed using a Parstat 2273 potentiostat-galvanostat
(Princeton Applied Research equipped with a Model 616 rotating disk electrode RDE (PAR-Ametek). The
counter electrode was a platinum gauze enclosed in a glass tube with porous bottom. The reference electrode
used was commercial Ag/AgCI/KClsat (Princeton Applied Research).

- Cyclic voltammetry analysis: all cyclic voltammetry potentials are reported against reversible
hydrogen electrode (RHE) calculated taking into account the potential-temperature dependence.'0?
The potential of silver-silver chloride versus normal hydrogen electrode (NHE) temperature
dependence for ranges between 0°C and 95°C is described by:

EAgIAgClIKCl(sat.) = 199 - 101 X (T - 25)

with T in °C and Eag | agci | kcisat) in mV. The reversible hydrogen electrode (RHE) pH correction
temperature dependence is described by:

RT
ERHE = - ? 2303 pH
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where Eree is the potential of RHE versus NHE in V, R is the gas constant (8.31 J K-' mol), T is
temperature in K, F is the Faraday constant (96485 C mol-'). The correction is applied adding Eag|
agel| Keisat) 10 the potential referenced vs. Ag | AgCl | KCl(sat.) to get the potential vs. NHE and then
subtracting Erne in order to get potential versus RHE.

The measurements were performed connecting the conductive hydrogel samples to a platinum wire
(working electrode) and immersing it in a KCIO4 saturated solution (the electrolyte), taking care
to not put in contact the platinum wire with the solution. The scanning was then performed at
60 mV/sec in the range between -0.2 and 1.0 V.

Electrochemical impedance spectroscopy: the measurements were performed on small
parallelepiped-shaped samples with dimensions ca. 1.2 x 1.2 cm and thickness of ca. 0.5 cm.
The gold foils used had an area of 2.25 cm2. The samples were placed between the two gold
foil having care that the entire surface was in contact with the two electrodes. The scanning
was then performed in the range 10 KHz < x < 2 MHz with an amplitude of 20 mV and data
quad = 2. The Nyquist plots obtained from the impedance measurements were then fitted using
EC-Lab software (v 9.46, Bio-Logic), using the equivalent circuit below as reference.’?

Ca
|
[

—/\/WVL@M

The value of R¢t was then employed to calculate the resistivity and the conductivity of the samples
using the following equation:

ct

R X A
P=
1
o= —
P

where p is the electrical resistivity (Q x m), R is the measured electrical resistance (Q), A and |
are respectively the area and the length of the samples and then ¢ is the electrical conductivity
(s/m).

Synthesis of the PAA-based hydrogels; General procedure

The following procedure reports the amount of reactants needed for the basic formulation of the PAA-based
hydrogels, as well for those were all the GABA was replaced by ABA or 1-PPA, but it is valid for all the other
formulations comprising both GABA and ABA, according to Table 4.14.

In a round bottom flask MBA (200 mg, 1.30 mmol) was suspended in 1.5 ml of distilled water at r.t.. Then the
co-monomer and PEHA (72 mg, 0.31 mmol) were added in this order and the temperature was raised to
40°C. The suspension was stirred vigorously until all solids were dissolved (approximately 30 min). Finally,
the mixture was transferred into a glass vial and allowed to react in static conditions at 40°C for 16h.

The obtained hydrogel scaffold was subsequently washed with water several times and then kept in water
for 2 days (changing the solvent every 6h) before use, to allow the release of all the unreacted starting
materials from the gel matrix.
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Basic formulation:”” co-monomer GABA (50 mg, 0.49 mmol)

100% ABA formulation: co-monomer ABA (60 mg, 0.49 mmol)

1-PPA formulation: co-monomer 1-PPA (61 mg, 0.49 mmol)

Scanning electron microscopy analysis

The lyophilized samples were mounted on aluminum stubs using adhesive carbon tape. Samples were then
sputtered with gold to form a layer of approximately 20 nm on the surface. SEM images were captured at 10-
20 kV accelerating voltage using a SEM FEI Quanta FEG 250 instrument.

Conductive polymer growth

The polymerization reactions of the conductive moieties were all performed on swollen samples of the
hydrogels by a two-step procedure. Before the second step the samples were always carefully washed with
water. After the polymerization, the novel conductive hydrogels were always kept in water for 2 days
(changing the solvent every 6h) before the use, to allow the release of all the unreacted starting materials
from the gel matrix.

198

Polyaniline (PAn): the optimized procedure used for all the subsequent experiments is described
(Entry 2, Table 4.9). All other conductive hydrogels were obtained with the same procedure only by
exchanging the components between the two steps and the solvents. The procedure was used also
for the hydrogels where GABA was (partially) replaced by ABA.

In a vial, a sample of hydrogel was put in a solution of distilled aniline (0.1 M) in ag. HCI 1 M for 16h.
The sample was then removed from the solution, washed with water and put in an aqueous solution
of APS (0.1 M) for 5h. The beginning of the polymerization process could be noticed in 5 min due to
the formation of a black compound inside the hydrogel and the solution.

Polypyrrole (PPy), undoped:87 in a vial, a sample of hydrogel was put in an aqueous solution of
FeCls (0.5 M) for 16h. The sample was then removed from the solution, washed with water and put
in a solution of distilled pyrrole (0.5 M) in Et0 for 16h. The polymerization of the conductive part
started in 10 min.

Polypyrrole (PPy), doped:#7c this procedure was also used for the hydrogel were GABA was replaced
by 1-PPA.

In a vial, a sample of hydrogel was put in an aqueous solution of distilled pyrrole (0.1 M) for 16h. The
sample was then removed from the solution, washed with water and put in an aqueous solution of
APS (0.1 M) for 5h. The polymerization of the conductive part started in 5 min.

Polyethylenedioxythiophene (PEDQT):87¢d in a vial, a sample of hydrogel was put in an aqueous
solution of FeCls (0.5 M) for 16h. The sample was then removed from the solution, washed with
water and put in a solution of EDOT (0.5 M) in hexane for 16h. The polymerization of the conductive
part started in 10 min.
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= Determination of the change in weight after the polymerization of the conductive component

The change in weight after the inclusion of the conductive polymer inside the hydrogel matrix was
calculated according to the following equation:
Change in weight = Yoo~ Wop 100
Whp
where Wp, and Wy, are respectively the dry weight after and before the polymerization process.
Lyophilized samples of the hydrogels were used for the polymerization process. After the second step,
the samples were kept in water for 2 days (changing the solvent every 6h), to allow the release of all the

unreacted starting materials from the gel matrix. Then, the novel conductive hydrogels were lyophilized again
and the Wy, was recorded for each of them.

= First resistance measurements

The first resistance measurements were performed by a normal multimeter in order to check if there
were major differences between samples obtained with different polymerization procedures (Table 4.9).
The measurements were performed on hydrogel samples of similar dimensions by placing the two
electrodes at a distance of ca. 0.5 cm, directly recording the displayed value. The measurements were
repeated several times in order to determine a mean value.

= Resistance measurements, 4-points probe method

Resistivity measurements were carried out using a set-up developed at the laboratory for this purpose. This
set-up consists of a voltage generator (Source Meter Unit (SMU) Keithley 2601) and a current flow measuring
system (Keithley 6514). The measurements was performed by applying a variable voltage in the -10 to 10
mV range by 1 mV steps, and reading the current flow up to 20 mA maximum value, with a few pA resolution
at low current values. The hardware instrumentation was interfaced to a PC through a GPIB cable, which
allowed the remote control of the measure using a Visual Basic script. Operatively, the samples
parallelepiped-shaped with accurately controlled sized, were connected using silver paste on the two
opposite smaller faces to the generator and the current flow meter. The current was then recorded as a
function of the applied voltage. The resistance value was extrapolated from the average value at high and
low voltages recorded in the resistance/voltage graph. This value was then normalized to the longitudinal
size of the sample to obtain the resistivity value.
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Light-Responsive Hydrogels

5.1. Background

Among all the external inputs able to induce a response by a stimuli-responsive materials,! light is an
interesting option because it can act instantly and be controlled both temporally and spatially with high
precision. Furthermore, this resource is safe, readily available, inexpensive, clean and easily
manipulated, especially in the visible and near-infrared (NIR) range. For these reasons, the interaction
with light has been exploited also in the field of biocompatible materials, in particular with hydrogels,
leading to the development of several new systems, especially in the engineering and biomedical fields,
with potential applications in optical switches, display units and drug delivery devices. Among them, a
difference can be recognized between the light-responsive and the photosensitive hydrogels, which
constitute two separated categories. Indeed, while in the light-responsive systems upon the irradiation
a change in the physical or chemical properties of the material can be observed,? within the
photosensitive hydrogels the light plays a different role, acting as the main factor inducing either the
formation (photocrosslinkable gels) or the destruction (photodegradable gels) of the covalent bonds of
the network.3 While photosensitive hydrogels have already been the subject of an intense research and
many synthetic alternatives have been developed,* in the case of light-responsive hydrogels the options
are still limited. Based on these considerations, we decided to focus our attention on this last class of
smart materials. Usually, depending on the kind of light used to induce the desired effect, different
compounds are used as photoactive species and different modifications are triggered inside the
hydrogel matrix. If UV light is used, usually the photoactive systems are molecules capable to undergo
to photoisomerization or photodimerization processes (Figure 5.1). Among them, the azobenzenes® and
the spyropiranes® are the most used; the double bond isomerization they undergo after the light
exposure is often used to change the hydrophilicity of the system? or the strength of host-guest
interactions they establish with another component of the network8 (typically a cylodextrin), in order to
achieve a UV-induced discontinuous reversible volume and shape transition. Other process often
employed in this field to achieve the same objective are photodimerization (i.e. coumarines) or
photocleveage of labile bond (i.e. triphenylmethanes).
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Figure 5.1 Common UV photoactive molecules used in light-responsive hydrogels.

On the other hand, light in the visible and NIR region is not able to the double bond isomerization due
the low energy of its photons. For this reason, a different approach is needed to exploit light in such
wavelength range. In particular, what is used are tandem systems in which a compound displaying a
photothermal effect (defined as the production of thermal energy after the photoexcitation of the
material) is coupled with an thermosensitive hydrogel matrix. The latter is usually composed by poly(N-
isopropylacrylamide), a polymer well-known for being able to shrink upon heating? (Figure 5.2). The
photoactive system can be constituted either by a metalorganic complex' (Figure 5.2) or
nanostructured materials, such as graphene oxide'! and metal nanorods.!?

Copper chlorophyllin trisodium salt poly(N-isopropylacrylamide)

Figure 5.2 Structures of (left) a light-sensitive metalorganic chromophore and (right) poly(N-isopropylacrylamide).

Inspired by this kind of tandem systems, we decided to develop a similar material, but exploiting a different
key property from the photothermic effect to induce a macroscopic change of its physical characteristics after
light irradiation. In this context, we considered oxidation as the optimal tool. In fact, oxidation of a polymeric
material is well known'3 to induce a sharp increase in its hydrophilicity, causing major alterations of its
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structure and its interaction with water; in addition, the process can be carried out on almost all the existing
compounds. Singlet oxygen was chosen as the optimal specie for this purpose, because it is a strong oxidant
which can be generated by excitation of a O2 molecule (whose ground state is a triplet state) upon charge or
energy transfer from another photoexcited compound.'* Singlet oxygen is already vastly employed in several
fields for its high activity and wide reaction scope, with examples ranging from organic synthesis'® to
photodynamic therapy.'® Several compounds are capable to produce singlet oxygen upon irradiation 14017
(Figure 5.3) with different efficiency, which is influenced both by the solvent used in the experiment and the
aggregation state of the sensitizer.

Fullerene Phenalenone Methylene Blue

LA D

J =0

Rose Bengal meso-Tetraphenylporphyrin

Figure 5.3 Examples of molecules capable to produce singlet oxygen.

Among them, fullerene is one of those showing the highest quantum yield in singlet oxygen production (= 1
in organic solvents).'8-22 Furthermore, it also possesses a large absorption spectrum, capable to cover the
electromagnetic spectrum from the UV region almost to the NIR region,'® and can be easily functionalized
with various substituents in different ways.20 The high efficiencies for 'O production derives from its particular
electronic structure which highly stabilizes the excited state from which the energy transfer to the O, takes
place. That means that modifications to the T-conjugated system of the molecule usually lead to a reduction
of the quantum yield of the charge and energy transfer process to molecular oxygen. The reduction of
quantum yield depends on the kind of functionalization performed and on its extent. For example, it has been
measured that for dihydrofullerenes (the Cso monoadducts) the quantum yield value for the process in organic
solvents ranges from = 0.952' to = 0.75,22 while smaller values were recorded for higher adducts (Figure
5.4).2
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Figure 5.4 Singlet oxygen production quantum yield for various adducts of fullerene in toluene.??

The use of fullerene and its adducts in water (the environment present inside the hydrogel matrix) is
not common due to their low solubility in that medium. For this reason, usually, recorded quantum yields
are referred either to fullerene aggregates'® (micelles or nanoparticles) or to fullerols2® (fullerene
compounds whose surface is almost entirely covered by OH groups). The low values recorded in these
cases have to be attributed to the quenching process taking place in the aggregate forms (strongly
reducing the lifetime of the excited states generated upon the photoexcitation) and to the major
alteration of the electronic structure of the fullerene cage which is also reflected on the electronic state
of the molecule. In fact, if a dispersion of fullerene in water is realized using particular care to avoid the
formation of aggregates (i.e. by using either y-cyclodextrins or poly(vinylpyrrolidone), hydrophilic
compounds capable to establish host-guest or complexation interactions with Ceo), the quenching
process cannot take place, the quantum yield rises and the efficiency of singlet oxygen production can
reach values 2-3 times higher than Rose Bengal.2# Then, if the fullerene molecules are enough
dispersed, Ceo-derivatives could be properly employed also in aqueous environment.

The next step was the identification of a proper substrate capable to be oxidized by the singlet oxygen
produced by the fullerene. Besides that, the molecule had to fulfill another requisite, namely the
capability to be inserted into an hydrogel matrix, such as the polyamidoamine already used for the
synthesis of the electroconductive hydrogels (see Chapter 4).25 This specific matrix was chosen taking
into account the possibility to fine tune its characteristics by easily replace its components with other
molecules having the proper functional groups, as already explored in Chapter 4.2.3 with the
introduction of compounds ABA and 1-PPA. The mild conditions required for the gelation reaction to
occur are another good quality, conferring a high tolerance to different functional groups (i.e. no
oxidation reaction is needed). To avoid degradation of the matrix, the fragment to be oxidized has to
possess a lower redox potential if compared to those of the major components of the network, mostly
secondary and tertiary amines. Sulfur compounds were thus identified as the optimal candidates for
this role, since they are usually easier to oxidize compared to amines.? Accordingly, singlet oxygen
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oxidation of sulfur compounds is widely used?” and even its mechanism has been explained.? Based
on these considerations, methionine was individuated as the most suitable substrate: it possesses a
sulfur-containing hydrophobic moiety (capable to be oxidized), a primary amino group (able to
participate to the Aza-Michael reaction used for the constitution of the polyamidoamine hydrogel matrix)
and also a carboxylic acid, making it extremely similar to the GABA co-monomer used in the original
gel formulation. In addition, oxidation of methionine to the corresponding sulfoxide has already been
accomplished using singlet oxygen produced by fullerene moieties,?® and, once implemented in
polymeric vesicles, has already been demonstrated to enhance the hydrophilicity of the entire
system,3a creating an interesting premise for the hypothesized application.

MBA GABA PEHA
Methionine /SMNAJ\OH
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N N
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Figure 5.5 Structural design of the reference formulation and of the novel additives employed in the work.

This part of the PhD work will then be focused onto the development of a novel light-responsive
hydrogel starting from a polyamidoamine gel matrix by implementation of a tandem system in which a
proper designed fullerene-derivative upon photoexcitation will be able to produce singlet oxygen,
thereby oxidizing methionine moieties also included in the hydrogel network (Figure 5.5). Such
molecular oxidation process is then supposed to induce a macroscopic change of the hydrophilicity of
the material, in turn altering its water uptake capability.

5.2. Results and Discussion

Before starting the synthesis of the novel fullerene derivative to be inserted into the hydrogel network,
the feasibility of the idea had to be proven. The first step, then, was to determine what was the
difference in terms of physical properties between two materials built with the same procedure but
incorporating methionine derivatives bearing sulfur in two different oxidation states (sulfide vs.
sulfoxide).
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5.2.1. Sulfide vs. Sulfoxide Formulation

Starting from the reference formulation reported in Figure 5.5, two different series of hydrogels were
developed, one incorporating methionine and the other bearing its sulfoxide analogue. The
methodology was the same already explored with conductive hydrogels described in Chapter 4, in
which GABA was replaced, partially or entirely, with other molecules (ABA and 1-PPA, in that case).
Here, four new formulations were developed (Figure 5.6): the first two kept the same ratio of co-
monomer (methionine or methionine sulfoxide, respectively) relative to the other components as in the
reference formulation with GABA, the other two, instead, contained an increased amount of co-
monomer (0.64 mmol vs. 0.49 mmol for the original formulation). These last two formulations were
investigated to see if the difference in physical properties (i.e. the EDS) between the two hydrogels
could be enhanced by increasing the amount of co-monomer.
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Figure 5.6 Representation of the hydrogel structure of the new formulations with (left) methionine and (right) methionine sulfoxide.

The four new formulations tested are reported in Table 5.1 along with their measured EDS values,
reported as an average of the analysis of 3 different samples synthetized with the same formulation.
The hydrogels were always synthetized in vials using 1.5 mL of H20. All formulations led to the isolation
of self-standing soft materials, transparent and slightly yellow in color.

Table 5.1 New formulations with methionine and methionine sulfoxide tested.

Entr Formulation Co-monomer EDS
=niny (mmol) (%)
1 o A 0.64 1000 + 30
Methionine
2 B 0.49 600 £ 60
3 Methionine | A 0.64 1010 + 150
4 sulfoxide | B 0.49 760 £ 20
Both for A and B formulations the other components amount is
MBA: 1.30 mmol and PEHA: 0.31 mmol

The swelling data were determined as already explained in Chapter 3.4.1: the hydrogels were kept in
water until they reached a stable weight, having care to frequently change the water in the first 2 days
to remove all the unreacted starting materials from the gelation process. After the swollen weight was
recorded, the samples were lyophilized and then the dry weight was registered. As can be seen from
Table 5.1, the amount of co-monomer used during the synthesis had a huge impact on the EDS value,
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since by increasing it of ca. 30% an increment of almost 50% of the EDS value was obtained. On the
other hand, the effect exerted by the different co-monomers was more contradictory: in the case of the
higher co-monomer concentration (0.64 mmol) the EDS values obtained with methionine and its
sulfoxide resulted substantially identical (Entry 1 and 3 of Table 5.1); on the contrary, when considering
hydrogels obtained according to the formulation B (with less co-monomer, Entry 2 and 4 of Table 5.1),
a significant difference in the swelling degree of the samples could be recognized. Taken together
these results suggest that increasing the amount of non-crosslinking monomer led to a reduction of the
network crosslinking degree which could make the more or less hydrophilic nature of the material less
relevant for its water uptake capability.
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Figure 5.7 ATR-IR spectra of the hydrogel containing (left) methionine and (right) methionine sulfoxide.

The new hydrogels were then characterized by means of two different spectroscopic techniques,
namely ATR-IR and XPS" (X-ray Photoelectron Spectroscopy). The main purpose of this study was to
identify the best technique to completely distinguish methionine and methionine sulfoxide in the
hydrogels, while also obtaining a semi-quantitative evaluation of their abundance into the sample. In
general, ATR-IR can be performed easily and is able to give information about the composition of the
entire material, while XPS can recognize the different oxidation states of the atoms present in the
sample and allows also an evaluation of their ratio by the comparison of the area under each peak.
Indeed in an XPS experiment, by irradiating the sample with a high energy source (such as X-rays), it
is possible to directly remove the core electrons of the atoms; by measuring the kinetic energy of each
electron and their number it becomes possible to extract the binding energy of each particular electron
(the energy required to remove the electron from the nuclear attraction), which is directly dependent
on the atomic number and the oxidation state of the atoms. In that way it is possible to observe which
kind of atoms constitute the sample and their oxidation states. The principal drawback of this last
technique is that the analysis can be performed only on the surface of the material, leaving the
composition of the inner part unknown. For this reason, hydrogel samples were all ground and, to
correct for ample inhomogeneity, the measure was repeated two times. In both cases hydrogel samples
were lyophilized before recording the spectra. In Figure 5.7 are reported the ATR-IR spectra of the novel
hydrogels, while the XPS spectra of the same materials are showed below, both the survey spectrum
(Figure 5.8) and the high-resolution spectrum on the sulfur channel (Figure 5.9).

* The XPS analysis was performed by Simone Silvestrini (Institut de Science et d'Ingénierie Supramoléculaires)
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Figure 5.8 Survey XPS spectra of hydrogels synthetized with (a) methionine and (b) methionine sulfoxide formulations.

As can be seen from Figure 5.7, the ATR-IR spectra of the two different hydrogels did not present
substantial differences. The only difference was the peak at 1010 cm-! (which can be ascribed to the
S=0 stretching of the sulfoxide group)3°, which was absent in the formulation with methionine and could
be used as a marker to monitor the oxidation of the sulfide moieties to the corresponding sulfoxides.
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Figure 5.9 HD-sulfur XPS spectra of hydrogels with (a) methionine and (b) methionine sulfoxide. The colored areas correspond to the fitting of
the different components of sulfur, in red the reduced form (sulfide) and in blue the oxidized (sulfoxide).

The XPS analysis showed more interesting results. In Figure 5.8 the survey spectra is reported, which
shows all the atoms recognized inside the sample, thus giving information about the material
composition. As expected from the formulation used, the sulfur peak was very small if compared to
those of the main constituents of the hydrogel (C, N and O), but still recognizable and analyzable. It
was then possible to record the high-resolution spectra on the sulfur channel (Figure 5.9), which allowed
to distinguish the different oxidation states of the atoms based on the energy required to remove the a
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specific core electron (in the case of the sulfur the electrons always belong to the 2p orbitals): the more
the atoms is positively charged, the more energy will be necessary to take the electron away. The
acquired spectra must then be fitted in order to separate the different components. In the case of sulfur,
the 2p peaks always show closely spaced spin-orbit components (A = 1.16 eV with an intensity ratio of
=~ (.5) ascribed to the two different possible spin states of the electrons (1/2 and 3/2), displayed in the
reported spectra. The spectrum of the sample with methionine (Figure 5.9a) shows the two expected
components around 163 eV,3! which are well-separated from the two components of the samples with
the sulfoxide (Figure 5.9b), localized at ca. 166 eV.32 Noteworthy was the presence of a large component
peaked around 163 eV in the spectrum of the sulfoxide-samples which could still be assigned to a
reduced form of the methionine, which probably present as an impurity in the methionine sulfoxide used
as the starting material. The simultaneous presence of the two different compounds in the spectrum in
Figure 5.9b confirms the good separation of the related peaks in the XPS spectra and renders this kind
of analysis an excellent tool to detect the methionine oxidation state inside the hydrogels.

Figure 5.10 SEM pictures of (top) the sulfide- and (bottom) sulfoxide-based hydrogel formulations.

Finally, some SEM pictures of the novel samples were taken. As can be seen from Figure 5.10, both
formulations produced hydrogels characterized by an uncommon non-porous structure, where only
extremely tiny holes were present. Considering the overall look of the structure, the bigger holes
showed in the pictures could indeed be derived from fractures generated upon the lyophilization
process which the samples underwent before performing the SEM experiments. Clearly, the two
structures were extremely similar, and no macroscopic difference could be recognized from the
recorded pictures.
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5.2.2. Development of the Oxidizing Agent

5.2.2.1.  Design & Retrosynthesis

After having identified fullerene as the possible active moiety for the hypothesized tandem system, the
following step was represented by the design of a proper derivative capable to be inserted into the
hydrogel network. According to the optimized strategy used to prepare PAA-hydrogels (see Chapter
4.2.3) a Cgo derivative bearing a terminal amine group was necessary. Due to the ample use of fullerene
derivatives in various branches of chemistry and materials science, several functionalization
methodologies have been developed during the years.33 Among them, we decided to employ the Bingel
reaction34 as synthetic tool for the insertion of the amino group on the Ceo scaffold. The choice was
made by taking into account the mild reaction conditions and the simple preparation of the reagent
required for the introduction of the amino group. The planned retrosynthesis of the aminofullerene
derivative is reported in Figure 5.11.

Bingel
reaction

(@] (0] @] O
/\OJJ\)J\C| + HOMN HZ C /\OJ\)J\O/MNHZ
n

33 34 32

Figure 5.11 Designed retrosynthetic pathway for the synthesis of the aminofullerene.

The reagent necessary for the Bingel reaction was identified with amino malonate 32, which could be
easily obtained by acylation of the proper aminoalcohol 34 with ethylmalonyl chloride (33). We decided
to use 6-amino-1-hexanol (n = 4) to confer a good flexibility to our fullerene co-monomer, in order to
increase the possibility of interaction with methionine fragments inside the gel matrix.

5.2.2.2.  Synthesis of the Amino-Ceo Derivative

According to the retrosynthesis pathway, the first step would be the acylation of the chosen
aminoalcohol 34; however, due to the simultaneous presence of two nucleophilic groups, the NH2 and
the OH, such reaction on the unprotected substrate would probably not be chemoselective. Therefore,
the first step was actually the protection of the amino group with Boc20 (Scheme 5.1).
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Boc,O (1.3 eq.)

NH NaOH (1.2 eq.) H
Ho/\/\/\/ 2 N TN TN N.
THF,0°Ctort.  HO Boc
overnight
35 99% 36

Scheme 5.1 Protection of the chosen aminoalcohol.

Protected alcohol 36 was obtained in excellent yield using a standard procedure for the Boc-protection
of primary amines?® and was then reacted with acyl chloride 33 in the presence of pyridine3® to access
malonate 37, to be employed for the functionalization of the Ceo (Scheme 5.2).

H O O Pyridine (1.5 eq.) o O H
AN + - > A~~~ N
HO Boc /\OMCI DCM, 0°C to reflux /\OMO Boc

16h

36 33 75% 37

Scheme 5.2 Synthesis of the target malonate.

Malonate 37 was isolated in good yield after purification by means of flash column chromatography and
used in the next step, the Bingel reaction (Scheme 5.3).

CBry (4.5 eq.)
O O
* N M /\/\/\/H\ =2 (5-0 eq)
(o] (@] Boc Tol., r.t.
16 h

Ceo 37 25%
Scheme 5.3 Synthesis of the desired fullerene monoadduct 38 by Bingel reaction.

The reaction proceeded smoothly and monoadduct 38 was isolated after purification by means of column
chromatography. The relatively low yield could be explained by the particular reactivity of Ceo itself: after
addition of the first molecule of malonate, monoadduct 38 exhibits the same reactivity towards the other
reactants as the bare fullerene. As a consequence, if 1 eq. of malonate is used, the bisadduct is always
present as byproduct of the reaction together with a certain amount of pristine fullerene which can be
recovered.” The use of an excess of malonate (which will also generate a higher amount of bisadduct) is
generally avoided to be able to recover the maximum possible amount of unreacted fullerene and re-use it
in the next batch.

99%
Scheme 5.4 Deprotection of the fullerene amino derivative

Finally, Boc-protected compound 38 was treated with trifluoroacetic acid (TFA) in order to remove the
protecting group3é and obtain the desired fullerene derivative Ce1-NH2 (Scheme 5.4). A huge excess of TFA
was employed and after 2h of stirring at r.t. the salt of the amino adduct was isolated in quantitative yield.
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The obtained salt was then used directly in this form for the synthesis of the light-responsive hydrogel, due
to the basic conditions used during the gelation process, which could directly release in situ the corresponding
free amine.

5.2.3. Tandem Light-Responsive Hydrogel

5.2.3.1.  Synthesis and Characterization

As soon as fullerene derivative Ce1-NH2 was synthetized, it was added to the chosen hydrogel
formulation (Entry 2, Table 5.1) in a ratio 1:10 compared to the amount of methionine present. The
compound was added to the mixture together with the methionine after being dissolved in few drops of
MeOH. Cs1-NH2 did not precipitate after the dissolution in water and the novel light-responsive hydrogel
was synthetized without problems (Figure 5.12). The gelation was performed in the dark in order to
avoid to trigger the production of the oxidant species from the fullerene before the measurements. For
the same reason, the samples of the synthetized hydrogel were always kept in the dark and were
exposed to the light only while handling the sample for the measurements. The gel appeared dark
brown in color (due to the presence of the fullerene monoadduct) and not particularly transparent. The
same characterization previously performed on the methionine-hydrogels was repeated for comparison.

07 M, NH;,
MBA Methionine PEHA
ST R
: \)L”Au)v S HzN\/J\\H&);NHz
oA \ /

Figure 5.12 Representation of the novel hydrogel matrix containing the fullerene derivative Cs1-NHz and photo of the obtained material.

First of all, various samples of the hydrogels were put in different solvents (acetone, MeOH, DCM, THF,
AcOEt) to test if a leaking of the fullerene moiety could be observed; the solution remained colorless
and the subsequent mass spectroscopy analysis did not show the presence of the compound in
solution. Then, the EDS value was calculated, with the same methodology already employed for the
other hydrogels (see Chapter 4). The recorded value for the EDS was of 940 £ 60%, higher than those
obtained with methionine- and methionine sulfoxide-based hydrogels of formulation (Entry 2 and 4 of
Table 5.1), containing the same amount of sulfur co-monomers. This result could be explained by taking
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into account that by adding the fullerene derivative to gel formulation the number of primary amino
groups present during the gelation process increased and reached a value half-way between the two
original formulations (A and B, Table 5.1).

100

—— C60-Methionine
—— Methionine

—— Meth. Sulfox
—— C60-Meth.

90 +

80
06
70
04
60 -

Transmittance (T%)
Transmittance (T%)

0,2
50
0,0

40

T T T T T T T T T T
3000 2500 2000 1500 1000 2000 1800 1600 1400 1200 1000 800

Wavenumbers (cm™) Wavenumbers (cm™)

Figure 5.13 (left) ATR-IR spectrum of the novel fullerene-based hydrogel formulation, (right) comparison between the ATR-IR spectra of the
different sulfur-based hydrogel formulations in the 800-2000 cm~" range.

In Figure 5.13, the ATR-IR spectrum of the novel fullerene-based formulation is shown alongside the
comparison with the recorded spectra of the sulfide- and sulfoxide-based formulations. As can be seen,
introduction of the Ceo moiety inside the matrix produced a new broad band right in the region where
the diagnostic peak of the sulfoxide moiety is present (1010 cm-', see also Figure 5.7). As a
consequence, ATR-IR was ruled out as an appropriate diagnostic tool to evaluate the sulfur oxidation
state inside the hydrogel matrix.
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Figure 5.14 (a) Survey and (b) sulfur-HD spectrum of the tandem hydrogel formulation; the colored areas correspond to the fitting of the
different components of sulfur, in red the reduced form (sulfide) and in blue the oxidized (sulfoxide).

XPS analysis gave a more interesting result. The survey spectrum (Figure 5.14a) showed the presence
of sulfur inside the material, even if in lower amount if compared to the corresponding spectra of the
two fullerene-free sulfur-based hydrogels (Figure 5.8), in line with the addition of another component to
the same formulation. The HD spectrum on the sulfur channel showed the expected two components
of the methionine sulfur present in the hydrogel (in red) along with another peak (in blue), which was
assigned to the presence of some sulfoxide. As can be seen in Figure 5.8, the latter was not present
in the original, fullerene-free methionine formulation, and the same aminoacid was used also in the
synthesis of the tandem hydrogel. This observation thus led to the conclusion that the small amount of
sulfoxide present inside the tandem hydrogel (less than 20% of the total amount of sulfur) derived from
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the in situ oxidation of the methionine mediated by the fullerene moieties when the sample was handled
(and then exposed to the ambient light) for preparing SEM experiments. After this result, more
precautions were taken while handing samples of this hydrogel to avoid the uncontrolled oxidation of
the methionine.

Figure 5.15 SEM pictures of the tandem hydrogel, on right the zoom of (top) the surface and (bottom) the section of the sample.

Finally, SEM pictures of the sample were recorded (Figure 5.15). The hydrogel showed a similar
structure to those already observed in the case of the other two sulfur-based formulations. The matrix
did not present a highly porous structure, most of the surface seemed a continuous layer of polymer
with only some sporadic big holes, while the inner part of the sample appeared more porous if compared
to the external part, even if the amount of channels observed was much lower if compared to those
observed in the reference hydrogel matrix. On the other hand, the filled and thick matrix structure could
help to observe eventual modifications that could take place after oxidation of the methionine moieties.

5.2.3.2. Oxidation Experiments

The first oxidation experiment was performed by exposing the tandem fullerene/methionine hydrogel
to UV light (365 nm) using a low power lamp (6 W). Four different samples of the material were used;
they were put in open glass vials filled with distilled water and placed under the UV lamp for 5h. After
the end of the experiment, the pH of each vial was measured and found to be different: indeed, two
samples had a neutral pH, while the other two had basic pH, in particular 8 and 10, sign that the
experimental setup had to be optimized. The hydrogels were then transferred in fresh distilled water
and kept there until they reached a constant weight. The subsequent lyophilization allowed to calculate
the EDS value of the sample after the experiment (Table 5.2). The XPS and SEM characterization was
then performed as well.
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Table 5.2 Hydrogel characterization before and after the exposition to the UV lamp.

XPS Analysis
Sample EDS
Ox. State | % Sulfur
sulfide 80.4
Before UV 940 + 60% .
exposure sulfoxide 19.6
After UV sulfide 47.2
oSV 1 830 £ 150% | sulfoxide | 26.7
exposure
sulfone 26.1

EDS values of the hydrogels matrix before and after the exposure to the UV lamp, unfortunately, did
not significantly differ. As can be seen from the large error (calculated as average deviation) reported
in Table 5.2, there was a significant difference in EDC values between the various hydrogel samples
analyzed, with those presenting a higher pH also showing better EDS. This last observation showed us
how a correct and uniform exposure of the samples to the lamp was necessary to the experiment.
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Figure 5.16 HD XPS spectrum on the sulfur channel of the tandem hydrogel after the exposure to the UV lamp. The colored areas correspond
to the fitting of the different components of sulfur, in red the reduced form (sulfide), while the oxidized form are in blue (sulfoxide) and green
(sulfone).

The XPS spectrum on the sulfur channel showed an unexpected result (Figure 5.16). If compared to the
recorded spectrum before the oxidation (Figure 5.14), it can be seen that the amount of sulfur in reduced
form (methionine) decreased after exposition to the UV light, going from more than the 80% of the total
sulfur present in the sample to = 47% (Table 5.2), in line with expectations. What was unpredicted was
the appearance of another pair of peaks at higher energy than those related to methionine sulfoxide.
By comparison with other works reported in literature,3 the two new peaks could be assigned to the
even more oxidized form of methionine, namely its sulfone (Figure 5.17).

Formal sulfur oxidation number

2 0 +2
(o] ? (0] (R (o]
/S\/\HLOH /SVW)LOH /('SS\/\I)J\OH
NH, NH, NH,
P Methionine Methionine
Methionine Sulfoxide Sulfone

Figure 5.17 Chemical structure of the different forms of methionine observed.
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Also the SEM picture taken on samples irradiated by the UV lamp showed some changes in the
structure of the material. In fact, as can be seen in Figure 5.18, while the surface of the hydrogel did
not show any significant difference after the exposure to the light (see for comparison Figure 5.15), the
inner part of the material presented a large number of small pores, which were almost completely
absent before the experiment. The formation of these holes could be explained by a more hydrophilic
structure causing a stronger interaction with water and thus a larger separation between the polymeric
chains of the network. Notably, the change was observed only in the inner part of the material,
compatible with the in situ production of the oxidant species form the fullerene moieties.

Figure 5.18 SEM pictures of the tandem hydrogel after he exposition to the UV lamp, on right the zoom of (top) the surface and (bottom) the
section of the sample.

Fullerene excitation had thus proved capable to trigger also the further oxidation of the sulfoxide and
change the macroscopic structure of the hydrogel. These observations suggested us that the constant
EDS value recorded could be actually due only to the low amount of light irradiated to the sample; to
test this hypothesis we tried to perform the experiment for longer times and with a more powerful lamp.
The samples were also placed in a different position relative to the lamp (not under, but in front of it) in
order to allow a more homogeneous irradiation and a PBS buffer solution was used to maintain the
same pH (7.4) in all the samples. The lamp used was a white-light one (high pressure mercury lamp,
chosen to be able to cover all the fullerene absorption spectrum) with higher power (100 W) and the
exposure time was increased to 20h. Due to the power of the lamp, a sample of the pristine hydrogel
was also exposed to the light for the entire experiment, in order to verify eventual degradation
processes taking place on the hydrogel network.
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Table 5.3 Hydrogels characterization after the exposure to the high energy lamp.

) XPS Analysis
Formulation EDS
Ox. State | % Sulfur
Tand sulfide 343
(1andem 260 £ 200% | sulfoxide | 32.6
Light-responsive
sulfone 33.8
Pristine - -
700 + 1009
(GABA) 00 + 100% - -

At the end of the experiment, the hydrogel samples were removed from their solution and kept in
distilled water until they reached a stable weight, in order to determine the EDS value as usual. The
pH of the solution of each sample was measured and did not differ from the value recorded before the
experiment. The lyophilized samples were then used also for the SEM and XPS characterization. As
can be seen from Table 5.3, while the EDS value of the original hydrogel did not significantly differ from
that recorded before the exposure (see Chapter 4.2.2), in the case of tandem hydrogel the EDS greatly
increased after irradiation with the white-light (see Table 5.2 for comparison). The value increased also
if compared to that recorded in the previous experiment with the low energy lamp (still see Table 5.2),
in agreement with our initial hypothesis. The huge increment of the EDS value recorded was also sign
of a great change in the hydrogel structure, which was confirmed by SEM and XPS analysis.
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Figure 5.19 HD XPS spectrum on the sulfur channel of the hydrogel after the second experiment of exposure to white light. The colored areas

correspond to the fitting of the different components of sulfur, in red the reduced form (sulfide), while the oxidized form are in blue (sulfoxide)
and green (sulfone).

XPS analysis on the sulfur channel (Figure 5.19) showed an increment of the oxidized forms of the
methionine at the expense of the reduced form, representing now only 34% of the total sulfur present
inside the hydrogel (Table 5.3). The amount of both the sulfoxide and sulfone increased if compared to
the results of the previous experiment (Table 5.2) and justifies the increase observed in the EDS value.
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Figure 5.20 SEM picture of the light-responsive hydrogel after the exposure to the high energy lamp.

Finally, SEM analysis confirmed the previous observation. After 20h of exposure to the 100 W white-
light lamp, the structure of the hydrogel greatly changed, leading to the formation of a highly porous
network which was consistent with the increment of the EDS value. The pores were equally and
uniformly distributed within the material and seemed to be interconnected, as already observed in the
pristine hydrogel. By comparison with the pictures taken after the previous experiment (Figure 5.18),
this results suggests that the increase in the amount of oxidized methionine present inside the network
had a huge effect on the gel hydrophilicity and the polymer chains separation (Scheme 5.5).
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Scheme 5.5 Summary of the properties of the light-responsive hydrogel before and after exposure to light in different conditions.

SEM pictures of the pristine hydrogel were also taken to monitor the effect of the long exposure of the
reference matrix to an high energy lamp and exclude that the pores observed in the light-responsive
hydrogel samples derived from the degradation of the poliamidoamine network. As can be seen in
Figure 5.21, the structure did not present any significant change after the exposure to the lamp. The
highly porous system was maintained and also the pores dimensions (5-70 ym) were similar to those
previously observed. Along with the EDS value registered, we could conclude that no sign of
degradation of the hydrogel matrix was detected as a result of the exposure to the high-energy lamp.

Figure 5.21 SEM pictures of the original hydrogel (left) before and (right) after the exposition to the high energy lamp.

Finally, a sample of methionine-based hydrogel was used to test if the same effect observed on the
physical properties and the structure of the methionine/fullerene system could also be obtained in the
absence of fullerene by means of a classical chemical oxidation. The compound chosen for the test
was KOz, a common strong oxidant. Such oxidizing species could diffuse inside the hydrogel network,
mimicking the effect of the singlet oxygen produced by the fullerene moieties under irradiation. A
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sample of the original, GABA-containing polyamidoamide hydrogel was also used as reference. The
experiment was carried out by immersing the hydrogel samples inside a aqueous solution of KOz 10
mM for one night. After that, the hydrogels were put in water and their EDS values were measured.
Subsequently, the corresponding dry samples were also used for the SEM and XPS analysis.

Table 5.4 Hydrogels characterization after the treatment with KOz.

) XPS Analysis
Formulation EDS
Ox. State | % Sulfur

sulfide 30.5
Methionine 550 + 50% | sulfoxide 50.2
sulfone 18.3

Pristine - -

1 + 1009
(GABA) 900 + 100% - -

Table 5.4 summarize the data obtained from the EDS and XPS analysis. As it can be seen, the
formulation with methionine did not show any significant change in the EDS value if compared to the
untreated samples of the same hydrogel (for comparison see Table 5.1). On the other hand, the case
of the pristine hydrogel (in which only GABA was used) was different, showing a great increment of the
EDS value after the exposure to the strong oxidant. This observation was consistent with what already
observed in Chapter 4.2.2 for the synthesis of the conductive hydrogel, where the degradation of the
hydrogel matrix was observed after treatment with a solution of APS. Probably in this case the same
degradation occurred, which did not seem to take place once the GABA was totally replaced by the
methionine. The explanation could be related to the fact that in the methionine formulation of an easily
oxidisable component is present in the matrix (methionine itself) acting as “sacrificial agent”, which is
oxidized more quickly than the hydrogel matrix, thus avoiding the massive degradation of the network.
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Figure 5.22 HD XPS spectrum on the sulfur channel of the hydrogel after treatment with KO2. The colored areas correspond to the fitting of the
different components of sulfur, in red the reduced (sulfide), while the oxidized form are in blue (sulfoxide) and green (sulfone).

The XPS spectrum of the methionine-hydrogel supports this hypothesis as well. As it can be seen in
Figure 5.22 and Table 5.4, exposure to the oxidizing agent caused formation not only of the sulfoxide,
but also of the sulfone. Notably, a different ratio between the three sulfur components was recorded in
this case relative to the values observed for the fullerene-mediated photooxidation (for comparison see
Table 5.3 and Figure 5.19). In particular, while the amount of methionine left was comparable, there was
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less sulfone present in the case of the oxidation with KO, indicating that the reaction principally led to
the formation of the sulfoxide. This difference could explain the discrepancy in the EDS value, due to
the more hydrophilic properties of the sulfoxide. 3

Figure 5.23 SEM pictures of (top) the original and (bottom) the methionine-based hydrogel after treatment with KOz.

SEM analysis showed the different behavior of the two hydrogel formulations tested. The original
hydrogel (Figure 5.23, top) did not show significant changes in the structure, even if the hydrogel layer
seemed thinner than those previously observed (i.e. in Figure 5.21). On the other hand, the hydrogel
obtained from the methionine-based formulation (Figure 5.23, bottom) showed large morphological
differences within the same sample. As it can be seen in the bottom left picture in Figure 5.23, two
separated regions were present, one in which the hydrogel presented a more porous structure (zoomed
in the bottom right picture of Figure 5.23) and another one constituted by thick wall of polymeric matrix
with only some big holes. The two different morphologies could derive from a different exposition to the
oxidizing agent: where the latter was present in larger amount a more pronounced oxidation of the
matrix could be recognized, leading to the porous system, while where it was almost absent the
hydrogel structure mostly resembled the initial one (see Figure 5.10 for comparison). Noteworthy is that
in the case of the light-responsive hydrogel, after exposure to the high energy lamp (Figure 5.20), only
one structural pattern was observed (the porous network), homogeneously distributed along all the
material. The different oxidation patterns observed either at the XPS and with the SEM could be related
to the fact that the oxidation promoted by the fullerene moieties in the light-responsive hydrogel took
place in situ, while KO2 had to diffuse inside the matrix from the external solution. This difference led
to a more efficient oxidation in the case of bound fullerene, which was also reflected in the higher EDS
value and the more porous structure observed in SEM.
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5.3. Conclusions

This part of the PhD work was focused on the development of a novel light-responsive hydrogel, starting
from a reference, not stimuli-responsive material. The hydrogel was designed as a tandem system were
two different moieties had to interact in order to use light to change the physical properties of the
system. We decided to use oxidation as the process able to induce the desired macroscopic change in
the material: by changing the oxidation state of a particular compound inside the hydrogel network we
hoped to increase the hydrophilicity of the system and then its water uptake capability. To trigger the
oxidation, we decided to employ an organic compound with a wide absorption spectrum and amenable
to easy functionalization to facilitate its covalent linkage to the hydrogel network. The compounds
chosen for the two roles were methionine and fullerene: the first one could be easily oxidized to the
corresponding sulfoxide and sulfone and possesses a structure similar to GABA, which was originally
employed in the polyamidoamine hydrogel formulation (Chapter 4). The second compound, fullerene,
is able to absorb visible and UV light, and use it to generate singlet oxygen, a strong oxidant specie; in
addition, it can also be easily functionalized in various manner in order to tune its properties.

First of all, we synthetized hydrogels containing methionine and the corresponding sulfoxide, to check
if they displayed a different water uptake capability. This first experiment allowed us to identify a
particular formulation for which the EDS values of hydrogels containing the methionine and methionine
sulfoxide were significantly different. The next step was the synthesis of the proper fullerene derivative
capable to be introduced into the hydrogel network. To this end, we designed amino fullerene Ce1-NH2
and then synthetized it using a Bingel reaction as the key step after preparation of a proper malonic
intermediate bearing a primary amino group. The fullerene moiety was then successfully introduced in
a hydrogel containing also methionine, with no leakage occurring in water or other organic solvents.
Initial characterization of this material showed that exposure to ambient light during its handling was
already sufficient to start production of singlet oxygen and then trigger the oxidation of the methionine.
The oxidation experiments were carried out by exposing samples of the fullerene-hydrogel to the light
of different lamps: the first experiment was performed with a low energy UV lamp (6 W) and an exposure
time of 5h, while later the procedure was repeated with a more powerful white-light lamp (100 W) for a
longer time (20h). The analysis carried out (EDS, XPS and SEM) showed a progressive change in the
physical and morphological structure of the hydrogels moving from the first to the second experiment.
In fact, if irradiation with the low power UV lamp did not affect the EDS value to a large extent, after
the longer exposition to the second lamp a significant increase of water uptake was observed. This
change was explained by the SEM and XPS analysis, which showed how the morphological structure
became more porous and the oxidation more pronounced with longer exposition time and more powerful
lamp. No change was observed when a sample of the original hydrogel, with no fullerene or methionine,
was exposed to the lamp, verifying our hypothesis of the existence of a tandem process inside the
samples. Increasing the exposure time and the power of the lamp resulted in an increased singlet
oxygen production, enhancing methionine oxidation and producing a more hydrophilic material. Finally,
a sample of the methionine-base hydrogel was treated with a good oxidant (KO2) to check if an chemical
oxidation process could lead to the same changes observed before in the light-responsive system. The
experiment showed how, even if methionine oxidation was similar to that observed in the tandem
hydrogel, the process was not uniform in the entire material (as easily detectable from the SEM
pictures), thereby not leading to similar changes of the physical properties, in particular the water
uptake capability. The reference experiment performed with the original, GABA-containing
polyamidoamine hydrogel formulation, showed a vast degradation process, confirming the above
observation. Thus, it appears that the different oxidation patterns observed for the two methodologies
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(photooxidation vs. chemical oxidation) could be related to the fact that the fullerene-promoted reaction
in the light-responsive hydrogel took place in situ, leading to a more efficient and homogeneous
process, while the outcome of the KO2-mediated reaction was strongly affected by the different
distribution of the oxidant within the gel matrix. We can then conclude that the light-responsive hydrogel
incorporating a tandem fullerene/methionine system could undergo a significant change in water uptake
capability upon exposure to a light source and that this change was general and homogeneous in the
entire network. The easy alterability of the chosen hydrogel matrix should allow its future employment
for the development of more optimized tandem systems.
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5.4. Experimental Section

5.4.1. Synthetic procedures

tert-Butyl (6-hydroxyhexyl)carbamate

N
HO/\\/\/\\/ “Boc

36

In a flame dried round bottom flask, 6-amino-1-hexanol (1.5 g, 12.8 mmol, 1.0 eq.) was dissolved in dry THF
(45 mL) and cooled to 0°C in an ice bath under nitrogen atmosphere. Then, NaOH (aq.) 1 M (15 mL) and
Boc.0 (3.6 g, 16.6 mmol, 1.3 eq.) were added in this order, and the reaction mixture was stirred for 16h at
room temperature. The solvent was removed by rotary evaporation and the aqueous phase was first diluted
with water (60 mL) and then extracted with Et,O (3 x 60 mL). The combined organic phases were dried over
Na2SOs4 and concentrated under reduced pressure to yield 36 (2.8 g, 12.7 mmol, 99% yield) as a pale yellow
oil.

1H-NMR (CDCls, 400 MHz):  (ppm) 4.54 (bs, 1H), 3.62 (t, J = 6.4 Hz, 2H), 3.12 (q, J = 6.4 Hz, 2H), 1.61-
1.32 (m, 17H).

The NMR spectrum is in agreement with that reported in the literature.40

6-((tert-Butoxycarbonyl)amino)hexyl ethyl malonate

(@] @] H
/\OJJ\/[LO/\/\/\/ N. Boc

37

In a flame dried round bottom flask, ethylmalonyl chloride (1.92 g, 12.7 mmol, 1.0 eq.) was added dropwise
to a solution of protected amino alcohol 36 (2.8 g, 12.7 mmol, 1.0 eq.) and pyridine (1.50 g, 19.2 mmol, 1.5
eq.) in dry DCM (115 mL) at 0°C, under nitrogen atmosphere. After 1h, the mixture was allowed to slowly
warm up to r.t., then stirred for 16h, concentrated under reduced pressure and diluted with Et2O (70 mL). The
solution was then washed with water (3 x 70 mL) and, after that, the reunited organic phases were dried over
Na2SO4 and concentrated under reduced pressure. Flash column chromatography (SiO2, P.E./AcOEt 3:1)
gave ester 37 (1.06 g, 11.4 mmol, 90% yield) as a yellow oil.

IR (neat): v = 3396, 3362, 2976, 2937, 2864, 1731, 1712, 1516, 1147 cm-".

'H-NMR (CDCl3, 400 MHz): & (ppm) 4.52 (bs, 1H), 4.20 (t, J = 6.9 Hz, 2H), 4.14 (q, J = 7.0 Hz, 2H), 3.36 (s,
2H), 3.13-3.08, (m, 2H), 1.65 (quint, J = 7.0 Hz, 2H), 1.57 (s, 2H), 1.44 (s, 9H), 1.38-1.33 (m, 4H), 1.28 (t, J
=6.9 Hz, 3H).

13C-NMR (CDCl3, 100 MHz): & (ppm) 166.6, 166.6, 156.0, 78.9, 65.4, 61.4, 41.6, 40.4, 29.9, 28.4, 28.3, 26.3,
25.4,14.0.

ESI-MS (m/z) = 354.01 [M+Na]*.
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Monoadduct of malonate 37 (38)

In a flame dried round bottom flask, DBU (0.21 mL, 1.40 mmol, 5.0 eq.) was added under nitrogen
atmosphere to a stirred solution of Ceo (200 mg, 0.28 mmol, 1.0 eq.), malonate ester 37 (94 mg, 0.28 mmol,
1.0 eq.) and CBrs (400 mg, 1.20 mmol, 4.5 eq.) in dry toluene (200 mL). The resulting solution was stirred for
16h at r.t. and then filtered through a short plug of SiO2, which was subsequently washed with DCM. The
solvent was evaporated under reduced pressure and then the mixture was separated by means of flash
column chromatography (SiO2, AcOEt/cyclohexane from 1:6 to 1:1), which gave fullerene derivative 38 (73
mg, 25%) as a brown glassy solid.

1H-NMR (CDCls, 400 MHz): & (ppm) 4.56 (q, J = 7.0 Hz, 2H), 4.49 (t, J = 6.3 Hz, 2H), 3.18-3.06 (m, 2H), 1.85
(quint, J = 6.9 Hz, 2H), 1.54-1.38 (m, 18H).

13C-NMR (CDCls, 100 MHz): & (ppm) 163.8, 163.7, 156.1, 145.5, 145.4, 145.4, 145.3, 145.0, 144.9, 144.8,
144.8,144.1,143.2,143.2, 143.2, 142.4,142.1,142.1,141.1,139.2, 139.1,79.3, 71.8, 67 4, 63.6, 52.4, 40.6,
30.2,29.9, 28.7, 28.6, 26.6, 25.8, 14.4.

ESI-MS (m/z) = 1049.49 [M-1]*.

Deprotected monoadduct (Cs1-NH>)

In a round bottom flask, protected fullerene derivative 38 (51 mg, 0.049 mmol) was dissolved in DCM (5 mL).
Then, under stirring, TFA (1.5 mL) was added and the solution was stirred for 2h.TLC analysis (DCM/MeOH
10:1 + 1% NEt3) showed the complete disappearance of the starting material (brown coloured spot, Rf =
0.93) and the formation of another brown coloured spot attributable to a more polar compound (Rf = 0.12).
The solvent was then evaporated and the product Ce1-NH2 was collected as a red solid and used directly for
the hydrogel synthesis (51 mg, 0.049 mmol, 99% yield).
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5.4.2. Other Procedures

= Synthesis of the hydrogels; General procedure

The following procedure is valid for all formulations reported in the text. By varying the co-monomer and its
amount according to Table 5.5 it is possible to synthetize all the previously described hydrogels.

In a round bottom flask, MBA (200 mg, 1.30 mmol) was suspended in 1.5 ml of distilled water at r.t.. Then, in
order, the co-monomer(s) and PEHA (72 mg, 0.31 mmol) were added and the temperature was raised to
40°C. The suspension was stirred vigorously until all solids were dissolved (approximately 30min). Finally,
the mixture was transferred into a glass vial and allowed to react in static conditions at 40°C for 16h.

The obtained hydrogel scaffold was subsequently washed with water several times and then kept in water
for 2 days (changing the solvent every 6h) before use, to allow the release of all the unreacted starting
materials from the gel matrix.

Table 5.5 Amount of co-monomers used in the different hydrogel formulations tested.

Formulation Co-monomer(s) Amount
Methionine-based A Methionine 100 mg (0.64 mmol)
Methionine-based B Methionine 72 mg (0.49 mmol)

Sulfoxide-based A | Methionine sulfoxide | 106 mg (0.64 mmol)
Sulfoxide-based B | Methionine sulfoxide | 80 mg (0.49 mmol)
Light-responsive Methionine 72 mg (0.49 mmol)
Ce1-NH2 57 mg (0.049 mmol)

Pristine GABA 50 mg (0.49 mmol)

= Sample lyophilization

Lyophilization, also known as freeze-drying, uses rapid cooling to allow solvent removal by sublimation under
vacuum.*! The scaffolds were swollen in water and frozen at -196 °C in liquid nitrogen for 30min. Then, they
were transferred to a lyophilizing jar and lyophilized for 16 hours at a pressure of 150 mT. Lyophilized samples
were used right away for SEM, XPS and ATR-IR analysis.

= Swelling measurements

EDS was calculated using the following equation:

EDS = —wet=Mdry 100
Wdry
where Wyet and Wary are, respectively, the weight of the swollen and lyophilized hydrogel measured by
gravimetric method. The swollen weight was taken after several measurements after the value stayed stable
(about 2 days), using the hydrogel obtained from the synthesis, not lyophilized. After that, the samples were
lyophilized and the dry weight was recorded. Their surface was blotted free of water using filter paper and
their swollen weights were measured on an analytical balance.
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= Scanning electron microscopy analysis

The lyophilized samples were mounted on aluminum stubs using adhesive carbon tape. Samples were then
sputtered with gold to form a layer of approximately 20 nm on the surface. SEM images were captured at 10-
20 kV accelerating voltage using a SEM FEI Quanta FEG 250 instrument.

= (Oxidation experiments

- with low power UV lamp

Cylindrical samples (= 3 mm diameter and = 1 mm thickness) of the hydrogel were put in vials filled with
distilled water. The vials were left open and then placed under a UV lamp (6 W, 365 nm, distance = 15 cm)
for 5h in static conditions. After the end of the experiment the samples were removed from the solution and
kept in fresh distilled water for 2 days before any other use. The pH of the solution used was measured right
after the end of the experiment.

- with high energy white-light lamp

Cylindrical samples (= 3 mm diameter and = 1 mm thickness) of the hydrogel were put in vials filled with PBS
buffer (Gibco™, pH = 7.4). The vials were closed and then placed in front of a high pressure mercury lamp
(100 W, white light, distance = 30 cm) for 20h in static conditions. After the end of the experiment the samples
were removed from the solution and then kept in fresh distilled water for 2 days before any other use. The
pH of the solution used was measured right after the end of the experiment.

- with KO,

Cylindrical samples (= 3 mm diameter and = 1 mm thickness) of the hydrogel were put in vials filled with an
aqueous solution of KO2 10 mM. The vials were closed and left in static conditions for 20h. The samples
were removed from the solution and then kept in fresh distilled water for 2 days before any other use.
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Annex

Abbreviation

13C-NMR 13Carbon-nuclear magnetic resonance
TH-NMR Proton-nuclear magnetic resonance
1-PPA 3-(1H-pyrrol-1-yl)propan-1-amine
3-PPA 3-(1H-pyrrol-3-yl)propan-1-amine
(aq.) IAqueous solution

ABA 4-Aminobenzylamine

Ac.0 Acetic anhydride

AcOEt Ethyl acetate

ACN Acetonitrile

Acr Acrylamide

An Aniline

APS IAmmoniumpersulfate

ATRFT-IR  |Attenuated total reflectance Fourier transform infrared spectroscopy
Boc20 Di-tert-butyl dicarbonate

CDCA Chenodeoxycholic acid

CNT Carbon nanotube

cv Cyclic voltammetry

dba Dibenzylideneacetone

DBU 1,8-Diazabicycloundec-7-ene

DCM Dichloromethane

DFT Density functional theory

DMAP 4-Dimethylaminopyridine

DMF IN,N-Dimethylformamide

DMSO Dimethylsulfoxide

DRS Diffuse reflectance spectra

DSC Differential scanning calorimetry
DSSC Dye-Sensitized Solar Cells

EADS Evolution associated decay spectra
EDC-CI IN-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
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EDOT

Ethylenedioxythiophene

EDS Equilibrium degree of swelling

EDTA Ethylenediaminetetraacetic acid

EIS Electrochemical impedance spectroscopy
ESEM Environmental scanning electron microscope
ESI-MS Electrospray ionization-mass spectrometry
Et,0 Diethyl ether

EtOH Ethanol

EtONa Sodium ethoxide

FMOs Frontier molecular orbitals

FTO Fluorine-Tin oxide

GABA y-Aminobutyric

HOMO Highest occupied molecular orbital

HRMS High-resolution mass spectrometry

ICT Intramolecular charge transfer

ImBF,4 1-Butyl-3-methylimidazolium tetrafluoroborate
IPCE Incident photon-to-current conversion efficiency
IPN Multipolymer interpenetrating polymeric hydrogel
IR Infrared

ITO Indium-Tin oxide

LDA Lithium diisopropylamide

LFE Light-to-fuel efficiency

LUMO Lowest unoccupied molecular orbital

MBA IN,\'-Methylenbis(acrylamide)

MeOH Methanol

min Minutes

MS-4A Molecular sieves — 4 angstrom

NBS IN-Bromosuccinimide

n-BulLi n-Butyllithium

NHE Normal hydrogen electrode

NIR Near infrared

NIS N-lodosuccinimide

PAA Polyamidoamine

PAm Polyacrylamide
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PAn Polyaniline

PE Petroleum ether

PEDOT Polyethylenedioxythiophene

PEG Poly(ethylene glycol)

PEHA Pentaethylenehexamine

PHEMA Poly(hydroxyethyl methacrylate)

PPy Polypyrrole

ProDOT Propylenedioxythiophene

PSS Polystyrenesulfonate

PTh Polythiophene

PVA Poly(vinyl alcohol)

Py Pyrrole

PyBOP Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
PV Photovoltaics

RHE Reversible hydrogen electrode

SED Sacrificial electron donor

SS. Saturated solution

TBAF Tetrabutylammonium floride

TBAS Tetrabutylammonium hydrogensulfate
TBP 4-tert-Butylpyridine

TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
TCO Transparent conductive oxide
TD-DFT Time dependent — density functional theory
tEGDA Triethyleneglycolediacrylate

TEOA Triethanolamine

TFA Trifluoroacetic acid

TGA Thermogravimetric analysis

THF Tetrahydrofuran

TIPS Triisopropylsilane

TMEDA Tetramethylethylenediamine

TMPA Trimethylphenylammonium chloride
TOF Turnover frequency

Tol Toluene

TON Turnover number
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UV-Vis Ultraviolet-visible

XPS X-ray photoelectron spectroscopy

General experimental remarks

All air-sensitive reactions were performed under inert atmosphere in a flame- or oven-dried apparatus using
Schlenk techniques.! Tetrahydrofuran (THF) was distilled over metallic sodium in the presence of
benzophenone, DCM was distilled over CaH,, toluene, diethyl ether and acetonitrile were dried on a resin
exchange Solvent Purification System (MBraun). 1,2-dichloroethane, was dried by storing under nitrogen over 4
A molecular sieves. Aniline and pyrrole were freshly distilled over CaH2 under reduced pressure and stored
under nitrogen, according to the reported procedures.? Triethylamine was distilled over CaH2 according to
the reported procedure.2 Triethylene glycol was kept for 2 days over 4 A molecular sieves, then distilled under
reduced pressure and stored under nitrogen over 4 A molecular sieves in the drier, according to the reported
procedure.2 Dye DF15, MB25, MM62, MB56, AD418 were prepared according to published procedures.34
MK-2, ABA and all other chemicals employed were commercially available and used as received. Petroleum
ether was the 40-60 °C boiling fraction. Thin-layer chromatography was carried out on aluminum-supported Merck
60 F254 plates; detection was carried out using UV light (A = 254 and 365 nm) and permanganate followed by
heating. Flash column chromatography was performed using Merck Kieselgel 60 (300-400 mesh) as the stationary
phase. 'H-NMR spectra were recorded at 300 or 400 MHz, and '3C-NMR spectra were recorded at 75.5 or 100.6
MHz, respectively, on Bruker Avance or Varian Mercury series instruments. Chemical shifts were referenced to
the residual solvent peak (CDCl3, & 7.26 ppm for "H-NMR and & 77.16 ppm for 13C-NMR; CeDg, & 7.16 ppm for 'H-
NMR, 6 128.06 ppm for ®C-NMR). FT-IR spectra were recorded with a Perkin-Elmer Spectrum BX instrument in
the range 4000-400 cm~" with a 2 cm~" resolution. ESI-MS spectra were obtained by direct injection of the sample
solution using a Thermo Scientific LCQ-FLEET instrument and are reported in the form m/z (intensity relative to
base = 100). HRMS spectra were measured using a Thermo Scientific LTQ Orbitrap (FT-MS) instrument and are
reported in the form m/z. UV-Vis spectra were recorded with a Varian Cary 400 spectrometer and a
Shimadzu 2600 series spectrometer, and fluorescence spectra were recorded with a Varian Eclipse instrument,
irradiating the sample at the wavelength corresponding to maximum absorption in the UV spectrum. UV-Vis
spectra of the compounds on TiO2 were recorded in transmission mode after sensitization of thin, transparent
semiconductor films. ATR-IR spectra of sensitized TiO, powders were recorded with a Shimadzu model IRAffinity-
1 in the range 4000-800 cm'. XPS experiments were carried out with a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer equipped with an aluminium X-ray source (energy 1486.6 eV) at a base pressure of
10-8-10-% mbar. The X-ray beam spot size was = 400 um. All spectra have been referenced to C1s adventitious
carbon at 284.8 eV. The peak fitting was performed with constraints on the full width half maximum (FWHM) and
the peak-area ratio of the spin-orbit components. The lyophilisation was performed at 150 mT for 16h at r.t. with
a VirTis BenchTop Pro (SP Scientific).

1 Shriver, D.F.; Dredzon, M.A. “The Manipulation of Air-Sensitive Compounds”, John Wiley & Sons, Hoboken, 1986.

2 Armarego, W.L.F.; Chai, C.L.L. “Purification of Laboratory Chemicals 5" Editions”, Butterworth-Heinemann, Elsevier
Science, 2002.

3 Franchi, D.; Calamante, M.; Reginato, G.; Zani, L.; Peruzzini, M.; Taddei, M.; de Biani, F. F.; Basosi, R.; Sinicropi, A.;
Colonna, D.; Carlo, A. D.; Mordini, A. Tetrahedron 2014, 70, 6285.

4 Dessi, A; Monai, M.; Bessi, M.; Montini, T.; Calamante, M.; Mordini, A.; Reginato, G.; Trono, C.; Fornasiero, P.; Zani, L.

ChemSusChem 2018, 11, 793.
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Development of new highly
conjugated molecules and their
application in the field of
renewable energy and
biomaterials

Résumé

Ces derniéres années, les matériaux fonctionnels hybrides ont commencé a étre employés pour des
applications de la haute technologie, allant des senseurs bio/médicaux, a la production d’énergie
renouvelable. Pour cette raison, ils sont devenus le centre de plusieurs études dans le domaine des
sciences des matériaux. Simultanément, des molécules conjuguées ont été examinée intensément a
cause de leurs propriétés venant de leurs longs systémes 1, allant de la possibilité de conduire
I'électricité, a leur capacité d’absorber la lumiére dans une grande fenétre spectrale. Le travail de cette
thése se concentre sur l'introduction de tels systémes dans deux sortes de matériaux hybrides, les
dispositifs photovoltaiques pour la production d’électricité (en particuliers les cellules solaires a
pigment photosensible) et de carburants alternatifs (hydrogéne), et pour les hydrogels biocompatibles
sensibles aux stimuli (capables de conduire I'électricité et de réagir sous irradiation), et sur I'étude de
leur influence sur les caractéristiques du matériau final.

Mots-clés: cellules solaires a pigment photosensible, pigment organique, production d’hydrogene,
photocatalyse, spectroscopie d’absorption transitoire, hydrogel, sensibles aux stimuli, polymére
conducteur, sensible a la lumiére, fulleréne

Résumé en anglais

In recent years hybrid functional materials began to be employed in a series of technologically
advanced applications spanning from bio/medical sensors, to renewable energy generation. For this
reason, they became the focus of several studies in the field of materials science. At the same time,
conjugated molecules have also been intensively investigated, due to the properties arising by the
presence of long 1-conjugated systems, from the possibility to conduct electricity to the ability to
absorb light in a wide range of wavelengths. This PhD work focused on the introduction of such
systems in two different kinds of hybrid materials, namely photovoltaic devices for the production of
electricity (in particular Dye Sensitzed Solar Cells) and alternative fuels (hydrogen), and biocompatible
stimuli-responsive hydrogels (capable to conduct electricity and to react upon irradiation), and on the
study of their influence on the characteristics of the final material.

Keywords: dye sensitized solar cells, organic dye, hydrogen production, photocatalysis, transient
absorption spectroscopy, hydrogel, stimuli-responsive, conductive polymer, light-responsive, fullerene




