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Introduction générale

Les polymeres sont les unités de base de la préparation de nombreux matériaux. lls sont
presque utilisés dans tous les secteurs de notre vie moderne tels que le transport, 1’énergie, la
santé, les nanotechnologies, I’emballage... Ainsi, ces matériaux représentent le centre
d’intérét de nombreuses industries et sont au centre de recherches académiques avec leur

grande compatibilité, leurs propriétés mécaniques et pour leur grande facilité d’acces.

Par ailleurs, le développement de nouvelles voies de synthéses de matériaux polymeres a
faible colt, respectueux de I'environnement, écologiques et moins énergivores reste plus que
jamais au cceur des préoccupations académiques et industrielles et 1'objet de nombreuses

nouvelles stratégies de recherche.

En effet, des sources lumineuses a la fois peu codteuses, efficaces et a faible
consommation d'énergie ont été récemment développées pour induire des réactions
photochimiques. La photopolymérisation déja présente dans de nombreux domaines de notre
vie quotidienne tel que : les cosmétiques [1], les revétements [2], les emballages [3], la
dentisterie [4] etc. (Schéma 1), est un processus photochimique trés utilisé aux niveaux
académique et industriel [5-9].

Photocomposites

Impression 3D

Microélectronique
Cosmétique s

Schéma 1. Quelques exemples de domaines d’applications des photopolyméres.
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Ce procédé de synthese, quasi instantanée et menant a des polymeres réticulés ou
linéaires, consiste en une transformation chimique d’un monomére (résine) liquide ou
visqueux en un matériau solide (ou un film) sous I’effet de la lumicre. Cette transformation
exige la présence, dans la résine organique, d’une molécule photosensible appelée
photoamorceur [10] puisque le monomere seul ne peut pas de lui méme amorcer une
polymérisation. Suite & une activation lumineuse, le photoamoceur se trouve excité et sera
ainsi capable de générer des espéces réactives (radicaux, cations, anions...) responsables de la
réaction de polymérisation (Schéma 2). La nature des espéces réactives ainsi formées contréle
la nature du monomeére choisi et donc la nature du polymére formé ; par exemple, des
monomeéres acryliques ou vinyliques seront utilisés dans le cas de la photopolymérisation
radicalaire alors que les monomeéres époxydes seront préférentiellement utilisés dans le cas de
réactions cationiques. Donc c’est un procédé divisé en trois étapes: photoamorcage
(considéré comme 1’étape clé de la photopolymérisation), propagation et terminaison. Un
photoamoceur (PA) peut soit se dissocier suite a une activation lumineuse selon un
mécanisme unimoléculaire, on parlera donc d’un PA de Type I, soit par I’intervention d’une
autre molécule on parlera donc d’un PA de Type II.

PA PA
(organique) (Etats excités singulets ou triplets)

' 2 ‘ ! \
- 5 l - N
E P " N\ | // -

—~Especes réactives

Résine liquide

(Radicaux ou cations)—

Propagation

H Terminaison

Polymeére final obtenu

Schéma 2. Principe d’une photopolymérisation.
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Geénéralement, le processus de polymérisation est amorcé thermiquement [11]. Ce
procédé de synthese présente tout de méme plusieurs inconvénients: son caractére énergivore,
I’emploi de solvant, réaction assez lente ainsi qu’un mauvais contrdle spatio-temporel.
Cependant, les réactions de polymérisation photoinduite sont considérées comme une
alternative verte a celles activées thermiquement avec leur faible consommation d’énergie,
leur aspect écologique (moins de Composés Organiques Volatils (COV) sont émis, réaction a
température ambiante), leur rapidité ainsi qu’un bon controle spatio-temporel observé

(impression 3D) [12-15] (Schéma 3).

<

|| Photopolymérisation s Polymerisationthermique

0g®

1. Technologie verte: la polymerisation aura |y pglymerisation necessite Iutilisation d’un
lieu sans solvant, a température ambiante, en | ¢5|yant.

utilisant la lumiere comme source d’energie.

2. Polymérisation trés rapide (quelques | 2.Réaction lente
secondes).

Conversion (%)

™ W @ w0
Time (s)

3. Faible consommation d’énergie (utilisation | 3. Processus Energivore (necéssite I’utilisation
des LED:s) d’energie thermique)

4. Polymerisation uniguement dans les zones

. - . - - , 4. Trés faible contrdle spatio-temporel
irradiées (résolution spatiale elevée)

Schéma 3. Les avantages de la photopolymérisation par rapport a la polymérisation thermique.

La stéréolithographie ou I’'impression 3D par photopolymérisation est une technologie de
fabrication additive qui permet 1’élaboration des objets 3D dans des conditions douces en
ajoutant des couches successives les unes sur les autres jusqu’a ce que la piece soit terminée
[16]. Sous I’effet de la lumieére UV émise par le laser, la résine durcit uniquement dans les
zones irradiées. Les objets obtenus présentent, donc, une résolution spatiale élevée et un
aspect lisse. Afin de remédier aux inconvénients liés a I’utilisation de la lumiére UV, des
imprimantes 3D a projecteur LED ont été élaborées depuis 2014, ce type d’imprimante
permet une projection compléte d’une couche en une seule fois, ce qui reduit les codts

énergétiques liés a 1’utilisation de la lumiére UV. Actuellement, de nombreux domaines sont
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intéressés par 1'utilisation de I’impression 3D : la médecine, ’architecture, 1’aéronautique [17-

20] et bien d’autres domaines.

Au cours des derniéres décennies et jusqu'a aujourd'hui, la production de matériaux
composites représente un marché trés dynamique, puisqu'elle est estimée a 90,6 milliards de
dollars en 2019, le marché mondial devrait atteindre plus de 131,6 milliards en 2024 (avec un
taux de croissance annuel moyen de 7,7 %) [21]. Cette production trés importante repose sur
les propriétés mécaniques trés intéressantes de ces nouveaux matériaux (plus légers,
chimiquement inertes, avec une résistance thermique et mécanique améliorée...). Récemment,
les processus de photopolymérisation ont été fortement incorporés dans la fabrication de
photocomposites par les industries souhaitant élaborer de nouveaux matériaux ayant de
bonnes propriétés mécaniques et chimiques avec moins de consommation d’énergie. Leurs
propriétés tres intéressantes font de ces matériaux I’'un des meilleurs utilisés dans différents
domaines tels que : les applications électriques [22], les automobiles [23], les infrastructures
[24], les applications medicales [25], ’aéronautique [26], les technologies militaires [27] et

les matériaux anticorrosion...

En fait, ’efficacité d’une réaction de photopolymérisation dépend de plusieurs facteurs
dont la majorité est liée au choix du photoamorceur (PA) qui est I’élément clé de la

polymérisation. Ainsi le PA doit répondre aux critéres suivants:

e [l doit présenter de bonnes propri€¢tés d’absorption bien adaptées a la zone
d’émission de la source lumineuse utilisée pour pouvoir former les especes

réactives.
e |l doit fournir un rendement quantique, en espéces actives, le plus élevé possible.
e |l doit étre totalement soluble dans le monomere choisi.

e Une courte durée de vie de leur état excité est favorable surtout dans le cas de PA
Type 1, cependant une longue durée de vie est souhaitable dans le cas de PA de

Type 1L

e Les radicaux générés doivent étre faiblement sensibles a 1’oxygéne pour la

polymérisation radicalaire.

Limitations
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La synthese de photopolyméres au niveau industriel se produit par voie radicalaire ou
ionique. La génération des radicaux ou des ions se fait uniquement par absorption du systeme
photoamorceur d’une énergie lumineuse convenable. En effet, la majorité des photoamorceurs
commerciaux absorbent la lumiére Ultra-violette, ainsi les photopolymeéres synthétisés
industriellement sont accompagnés par une consommation d’énergie qui reste forte liée a la
haute intensité de la lumiére UV. Ceci exige I’utilisation des dispositifs d’irradiation émettant
dans 'UV (lampes UV a vapeur de mercure) qui présentent plusieurs inconvénients : ils
nécessitent un certain temps de chauffage, le rayonnement est nocif pour la santé humaine, le
prix élevé, faible durée de vie des bulbes, ainsi qu’une faible pénétration de la lumiére en
profondeur dans les échantillons épais est souvent observée (limite I’accés aux matériaux

composites).

Par ailleurs, le développement de nouvelles sources d’irradiation depuis plusieurs années
telles que les Diodes Electroluminescentes (LED) a augmenté I’engouement des industries
pour la polymérisation photoinduite avec leur longue durée de vie, leur prix raisonnable, la
faible consommation d’énergie, leur spectre d’émission relativement étroit, la portabilité, la

stireté pour I’opérateur (possibilité d’émission dans le visible) (Schéma 4).

7

Lampe UV - Diodes Electroluminescentes

NG

1. Source d’irradiation dangereuse (UV): i) | 1. Source d’irradiation Slres : Rayonnement
Cancer de peau, ii) Impact environnemental visible ou proche UV.

2. Source d’irradiation énergivore : nécessite un | 2. Faible consommation d’énergie
chauffage avant utilisation

3. Faible durée de vie 3. Longue durée de vie

4. Dispositifs volumineux 4. Forme compacte

5. Forte génération de la chaleur au cours | 5. Faible libération de la chaleur : Adaptées aux
d’utilisation applications sensible a la chaleur

Schéma 4. Comparaison entre les dispositifs d’irradiations a base des LEDs et celle a base des lampes

UV (e.g. lampe a vapeur de Hg).
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Cependant, la longueur d’onde plus décalée de ces nouveaux dispositifs est associée a des
photons moins énergétiques, ce qui rend plus difficile la génération des especes réactives en

utilisant les systémes PA conventionnels.

La transition entre les dispositifs d’irradiation UV et leurs alternatives (LED) réside
principalement par le choix du systéme PA qui représente la clé de voute puisqu’il est
responsable de la génération des espéces réactives, il contrdle la vitesse de polymérisation
ainsi que des propriétés finales du polymere obtenu. Le développement de nouveaux systémes
photoamorceurs a haute performance, absorbant dans le visible, capables d’amorcer en faible
quantité la réaction ainsi que d’étre régénérés au cours de la réaction de polymérisation peut
remédier au probléme de la perte d’énergie liée a la transition UV -visible. Ce type de PA nous
meéne a la fin a utilisation d’un cycle catalytique, le PA est alors nommé "Catalyseur
photoredox™ [28-30] (Schéma 5).

Bonne Longue
absorption durée de vie
dansle des états
visible excités

Potentiels Oxydation
redox et réduction
appropriés réversible

Schéma 5. Caractéristique d’un catalyseur photoredox.

L’objectif de ce travail de thése est lié au développement de nouveaux systémes
photoamorceurs haute performance, efficaces et plus respectueux de I’environnement pour
I’amorcage de la polymérisation radicalaire et cationique sous lumicre visible. Les principales

thématiques de mon travail de these sont basées essentiellement sur :
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¢

Le développement de nouveaux PA type II a base de colorants organiques

o
A5

absorbant fortement dans le visible.
% Le développement de nouveaux PA photoredox.
% La recherche de nouveaux PA hydrosolubles pour la synthése des hydrogels.

¢ L’utilisation des Diodes Electroluminescentes (LED) comme source d’irradiations
sres qui se caractérisent par une longue durée de vie et une faible consommation

d’énergie.

L)

% Comme applications : i) la synthése de photocomposites par imprégnation des

fibres de verre par résine organique, et ii) I'impression 3D.

Le présent manuscrit s’articulera autour de quatre grandes parties principales dont le

contenu est resumé ci-dessous et representé dans le Schéma 6.
» La premiére partie contient un état de ’art divisé en trois chapitres abordant :
= LaPhotopolymérisation Radicalaire (FRP).
= LaPhotopolymérisation Cationique (CP).
= Les systemes hybrides (RIP ou IPN).

La deuxieme et la troisiéme partie de la thése sont consacrées a 1’étude de différentes
familles de colorants organiques (non métallique) a base de coumarines, cétocoumarines,
Phénothiazine et d’autres chromophores. Ces composés, synthétisés par nos collaborateurs de
I’université de Cergy et I'université d’Aix Marseille, ont été utilisés comme photoamorceurs
pour la polymérisation radicalaire et cationique sous lumiéere visible. En effet, ces colorants

ont montré des fortes capacités d’amorgage du processus de photopolymeérisation.

» La deuxieme partie est donc consacrée aux coumarines et céto-coumarines et

sera divisée en deux chapitres :

= Chapitre I : Ce chapitre comporte deux sections. Il couvrira deux familles de
colorants organiques a base de coumarines qui sont dotées d’excellentes

performances comme photoamorceurs de polymérisation radicalaire.
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= Chapitre II : Ce chapitre est dédie a I’étude d’une série de composés de céto-
coumarines pour la synthese de photopolymeéres ainsi que pour la génération

des matériaux par impression 3D.

» La troisieme partie est divisée aussi en deux chapitres et sera consacrée a

d’autres chromophores comme photoamorceurs :

= Chapitre I: Ce chapitre porte sur le développement de nouveaux systéemes
photoredox basés sur les dérivés de Naphthalimide comme photoamorceurs
Type II. L’un de ces colorants avait la capacité de produire des hydrogels par
polymérisation dans I’eau. La synthése de réseaux polymeéres interpénétrés

(IPN) a été aussi examinée dans ce travail.

= Chapitre II : Le présent chapitre est dévolu a la polymérisation radicalaire et
cationique en se basant sur I’utilisation de colorants organiques dérivés de
phénothiazines. Certains composés ont éte évalués comme catalyseur
photoredox (PCs).

» La quatrieme partie concerne les photoamorceurs a base de métaux en
particulier les composés contenants des métaux de transition comme le cuivre.
Deux composés organométalliques ont été evalués comme photoamorceurs a

haute performance.

L’ensemble de ce travail de recherche et de développement de nouveaux systemes
photoamorceurs a fait appel a diverses techniques de caractérisation : i) la spectroscopie
UV-Visible qui sert a déterminer les coefficients d’extinction molaire des colorants
utilisés ainsi que d’étudier leur comportement suite a I’interaction avec les additifs par
‘Photolyse’, ii) la spectroscopie Infrarouge a transformée de Fourier en Temps Réel (RT-
FTIR) qui vise & étudier la capacité d’amorgage de nos systémes en suivant 1’évolution de
I’intensité du pic caractéristique du monomere utilisé, iii) la spectroscopie de fluorescence
et la spectroscopie de fluorescence résolue en temps nous aident a évaluer les énergies des
états excités, le rendement quantique en especes réactives ainsi que la durée de vie des
états excités, iv) la Voltammétrie Cyclique (VC) avec les techniques de fluorescence,
permet de calculer les énergies libres des réactions de transfert d’électron (AGe), V) la
Résonance Paramagnétique Electronique (RPE) a partir de laquelle est possible de
détecter et de déterminer la nature des espéces réactives libérées lors de la polymérisation,
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vi) Les imprimantes 2D et 3D permettent la production de matériaux polymeres en 2D et
3D.

La combinaison de toutes ces techniques de caractérisations fournit la méthodologie
nécessaire pour comprendre le mécanisme réactionnel lors du processus de polymérisation

et d’évaluer les utilisations potentielles des PA proposés.
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PLAN DE LA THESE
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ChapitreI : Photopolymérisation Radicalaire (FRP)

Partie 1: , ChapitreII : Photopolymérisation Cationique (CP)
Etude Bibliographique

Chapitre III : Réseaux Polymeres Interpénétrés (IPN ou RIP)

ChapitreI : Dérivés de coumarine

Partie II :
Colorants organiques
comme PA . L, . .
e ChapitreII : Dérivés de Cétocoumarine
ChapitreI: Dérivés de Phénothiazine
Partie I1I :
Nouveaux PA a base de colorants
pour la FRP et CP Chapitre I1 : Dérivés de Naphthalimide

Partie IV :
PAorganométalliques a base de =—————=Dérivés de Complexes de cuivre
complexes de cuivre

Schéma 6. Plan de la these
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Valorisation du travail

Ce travail de thése fait I’objet de 7 publications dans des journaux internationaux et deux
autres articles sont en préparation. Les résultats obtenus durant mes travaux de thése ont été
aussi présentés a des congrés internationaux (Virtual 6" European Symposium of
Photopolymer Science VESPS, 2021) et nationaux (Colloque troisiéme Edition du Young
Scientists Day, Mulhouse, 2021).
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Rappels bibliographiques

La polymérisation est un procédé de synthése chimique souvent irréversible permettant
I’élaboration d’un matériau de haut poids moléculaire (Polymeéres) a partir des molécules de
faibles masses molaires (Monomeres). Ce processus nécessite la formation d’un centre actif
qui permettra la fixation de monoméres qui peut se faire selon deux mécanismes distincts :
par étapes, en chaine. Cette derniére consiste en une addition successive de plusieurs
molécules de monomeére, ainsi des chaines polymeéres avec de grandes masses molaires
peuvent étre obtenues méme pour des faibles taux de conversion. Par contre, la
polymérisation par étapes est un procédé produisant des chaines polyméres d’importantes
masses molaires pour des taux de conversion élevées uniquement, ce processus résulte d’une

réaction chimique entre deux monomeres de différentes fonctionnalités.

Ce present travail se concentrera uniquement sur la synthese des polymeres en chaines ou
le centre actif responsable de I’amorcage et la propagation contréle la nature de la
polymeérisation qui peut étre : Radicalaire, cationique ou anionique. Ce manuscrit portera sur
les deux premiers types de polymérisation puisque la polymérisation par voie anionique est

encore rarement décrite au niveau industriel.

En fait, la synthése des matériaux polymeres se produit suivant deux procédés : Thermique
et photochimique. Ce dernier est au cceur de ces travaux de thése vue leur avantage intéressant
par rapport au processus thermique. L’enjeu principal de ce travail est donc la recherche de
nouveaux systemes photoamorceurs absorbant dans le visible pour la polymérisation
radicalaire et cationique. En effet, le processus de polymérisation photoinduite repose sur
I’excitation d’une molécule photosensible capable de générer des especes réactives pour

I’amorgage de la polymérisation.

Différents processus photochimiques/physiques résultent de I’interaction lumiére-PA, de
ce fait, la compréhension de la réactivité des systémes PA sera fournie en expliquant ces

processus.
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1. Propriétés d’un Photoamorceur (PA)

1.1 Spectre d’absorption du PA : Activation du PA

Les propriétés d’absorption d’une molécule dépendent fortement de sa structure chimique,
et notamment des groupements chromophores qu’elle contient [1,2]. Ainsi, la nature de ces
groupes controle la localisation de spectre d’absorption du PA (UV, Visible ou Infrarouge)
sur le spectre électromagnétique. L’absorbance ou la densité optique (D.O) dans une gamme
de longueur d’onde refléte les propriétés d’absorption de la molécule photosensible qui sont
décrites par la loi de Beer-Lambert : D.O = ¢.1.C, ou € est le coefficient d’extinction molaire
(Mtcm?), | correspond a la longueur du chemin optique (cm) et C représente la

concentration de la solution contenant le PA (mol.L™).

En effet, I’absorbance est reliée directement a la transmittance suivant 1’équation : A= —
logio (T), autrement dit, si le coefficient d’extinction molaire est trop élevé 1’absorbance aura
ainsi une valeur importante induisant une forte diminution de la transmittance du rayon
incident. Ceci entraine un faible taux de conversion en profondeur des échantillons épais
connu sous le nom ‘Effet de filtre interne’, la polymeérisation aura lieu uniquement en
surface [3]. Ce phénomene observé est un probleme répandu dans la synthése de

photopolymeéres, ce qui explique le recours a la polymérisation couche par couche [4].

Pour une bonne génération des especes réactives, un bon chevauchement entre le spectre
d’émission des dispositifs d’irradiations et le spectre d’absorbance de la molécule

photosensible (ou PA) est fortement demandé.
1.2. Photoamorceur : Clé de voute de la polymérisation

Chague molécule est décrite par des orbitales moléculaires ayant différents niveaux
¢électroniques obtenues par combinaison linéaire d’orbitales atomiques (CLOA). Lorsqu’une
molécule (PA) absorbe une fraction de lumiére du rayonnement électromagnétique, le PA
passe de 1’état fondamental (So) a 1’état excité (Si1, S2....). Un électron du PA passe de
’orbitale moléculaire la plus haute occupée (HOMO) vers 1’orbitale moléculaire la plus basse
vacante (LUMO). La différence entre ces deux niveaux d’énergie correspond a I’énergie gap,
plus 1’écart entre ces deux orbitales est faibles (Egsp faible), moins d’énergie est nécessaire
pour que la transition électronique ait lieu, ainsi la transition sera plus décalée dans le visible

(E = h.c/A =h.v ou h est la constante de Planck, v la fréquence de I’onde électromagnétique,
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c correspond a la célérité de la lumiére et A représente la longueur d’onde de la lumiére
absorbée). Le PA sera ensuite capable de générer des especes réactives pour la
polymérisation.

2. Réactivité de I’état excité

Aprés avoir passé vers son état excité (Singulet S1 ou Triplet T1), le photoamorceur peut
subir de nombreux processus photophysiques/chimiques qui sont détaillés a I’aide du
diagramme de Perrin-Jablonski (Schéma 1). Tout d’abord, les niveaux d’énergie
électroniques correspondent a une molécule et les transitions sont rapportées dans le Schéma

1. Différents types de transition sont observés :

i) Transition non-radiative qui n’émet pas de photons, et se produit soit par relaxation
vibrationnelle (v=i — v=0 dans un méme état électronique; i: numéro d’un état
vibrationnel) soit par conversion interne (transition de S; vers Sp sans émission) ou
conversion intersysteme (passage de 1’¢lectron de S; — T1 —Sg sans émission). L’exces

d’énergie est libéré par dissipation thermique.

ii) Transition radiative qui implique 1’émission de photons. Ce type de transition est a
I’origine des phénomeénes de fluorescence (S1 vers So) et de phosphorescence (S1 —>T1—
So).

S Conversion Interne
2 N .
V\W} Conversion Intersystéme

Sl A | \/\/\I\IS
Ty

So

] e

Absorption Fluorescence Phosphorescence

Schéma 1. Diagramme de Perrin-Jablonski
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Alors que ces différents phénoménes photophysiques ont lieu sans aucune modification
chimique de la molécule photosensible, d’autres phénoménes peuvent aussi se produire au
niveau des états excités Sy et Ty, qui sont responsables de la génération des especes réactives
capables d’amorcer le processus de polymérisation [5]. En fait, le rendement quantique en
especes réactives est un parametre trés important caractérisant I’efficacité d’un systéme
photoamorceurs et ainsi le processus de polymérisation. Ce paramétre peut étre calculé suite a
I’ajout d’un additif sur la molécule photosensible, ce phénomene physico-chimique ainsi
observé est appelé ‘Quenching’ ou désactivation de I’état excité résultant de I’interaction
entre le PA et le quencher. L’interaction peut étre suivie en mesurant la variation de
I’intensité de fluorescence ou de phosphorescence du PA. Cette réaction de désactivation
obéit a la loi de Stern-Volmer: 1/ts= 1/to+ kq. [Q] ([Q] représente la concentration du

quencher).
3. Type de photoamorceurs

Le mécanisme ainsi que le type de processus de polymérisation dépendent fortement de la
nature des espéces réactives généerées au cours de I’amorcage, et la nature des monomeres a
polymériser (acrylate, méthacrylate, époxyde...). De ce fait, il existe trois types de
polymérisation en chaine : Radicalaire, cationique et anionique. La photopolymérisation
radicalaire et cationique sera au cceur de nos travaux de recherche puisque la polymérisation
anionique est faiblement décrite au niveau industriel. Ces deux types de polymeérisation
possedent différentes caractéristiques qui affectent fortement les propriétés finales du

polymere obtenu (Tableau 1) :

Tableau 1 : Différences entre le processus de polymeérisation radicalaire et cationique.

Type de polymérisation et photoamorceur

Caracteristiques
Radicalaire (FRP) Cationique (CP)
Choix en amorceurs Important Limité
Nature des centres actifs Radicaux Cations, acides
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Vitesse de la réaction Trés rapide Lente a modérée
a ’oxygene: tres sensible a ’oxygene: non sensible
Sensibilité
a ’humidité: non sensible a ’humidité: trés sensible
Propriétés finales du polymere Retrait important Faible retrait

Dans le premier et deuxieme chapitre de cette partie, la photopolymérisation radicalaire
(FRP) et cationique (CP) seront détaillées. Le troisieme chapitre est dévolu a la
polymérisation hybride d’un mélange de deux monomeres différents (Acrylate et époxydes)

pour la formation de Réseaux Polymeres Interpénétrés (RIP ou IPN).
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Chapitre I : la Photopolymérisation Radicalaire (FRP)

1. Introduction

Les processus de polymérisation photoinduite sont toujours en évolution rapide et touchent
de plus en plus les industries souhaitant 1’élaboration de matériaux écologiques et a faible
colt, surtout avec les évolutions technologiques développées telles que les dispositifs
d’irradiation a base de LEDs. Parmi ces processus, le procédé de photopolymérisation
radicalaire demeure le plus répandu par rapport aux autres types de photopolymérisation
(Cationique, anionique...) [1-3], puisqu’il offre I’accés a un grand nombre de polymeres avec

des propriétés trés variées.

Ce processus met en jeu des espéces reactives radicalaires générées par un photoamorceur
suite a une excitation lumineuse. Ces radicaux formés peuvent réagir facilement avec les
doubles liaisons des fonctions (méth)acrylates pour amorcer la photopolymérisation
radicalaire qui est considérée comme procéde tres efficace pour la synthése des matériaux
polymeres hautement réticulés (réeseau 3D) par polymérisation de monomeres
multifonctionnels (>2). Par ailleurs, de nombreux avantages et bénéfices font de ce type de
polymeérisation le plus utilisé : (1) la rapidité du processus, (2) I’insensibilité a I’humidité, (3)
les propriétés de polymeres obtenus (résistance chimique et thermique, rigidité), (4) large
choix de monomere [4]. De ce fait, les photopolymeéres obtenus par voie radicalaire entrent
dans diverses applications industrielles: les revétements, les encres, la dentisterie,

I’impression 3D, les composites. ..

Comme déja évoqué, notre travail est dévolu a 1’¢tude de nouveaux systémes
photoamorceurs, il est donc centré sur 1’étape d’amorgage. Ainsi, il est nécessaire de classifier
les photoamorceurs mais il est aussi indispensable de mentionner les monomeéres

photopolymérisables pour chaque type de polymeérisation.
2. Les résines photopolymeérisables

De nos jours, les résines radicalaires a base de (méth)acrylates dominent le marché malgré
I’existence d’une large gamme de monomere telle que : les vinyles, les esters, les styrénes, les
uréthanes. Le choix de monomeres (structure et fonctionnalité) dans le processus de
polymérisation contrble les propriétés chimiques et mécaniques finales des polymeres

obtenus, de sorte que des matériaux élastomériques seront obtenus avec des chaines
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aliphatiques, des polymeéres durs seront produits avec des chaines aromatiques. En effet, des

polymeéres souples sont souvent obtenus pour des monomeéres monofonctionnels, d’autres

rigides et dures (fortement réticulés) sont produits avec des monomeres multifonctionnels. En

fait, la dureté, 1’élasticité ainsi que la résistance a I’abrasion [4] font des (méth)acrylates la

famille la plus utilisée dans différentes applications (vernis, bois..

.). Les monomeres les plus

couramment incorporés dans les formulations photosensibles sont représentés dans le

Tableau 1.
Tableau 1: Quelques exemples de monomeéres radicalaires.
Monomere Fonctionnalité Nom
H2C4\[]/O\/\OH 1 2-Hydroxyéthyl acrylate
o) (HEA)
0
Yko/\/OH 1 2-Hydroxyéthyl méthacrylate
o (HEMA)
0
\)J\o/\/\/\/o\n/\ 2 Hexanedioldiacrylate
0 (HDDA)
A
0
0 o 3 Pentaérythritoltriacrylate
N~ (PETIA)
/\n/o\ﬁg\o
S (¢
(0]
“2%)\0 o~
X 3 Triméthylolpropane triacrylate
e N SCn (TMPTA)
(6]
H2C\)]\ )l\/CH2
?? ?? 4 Di(triméthylolpropane)tetraacrylate

Y

(TA)

36




Partie I : ETUDE BIBILIOGRAPHIQUE

Durant ces trois années de thése, nous nous sommes intéressés a I’utilisation des
monomeres acryliques multifonctionnels, qui ont la capacité de générer des réseaux
polymeéres hautement réticulés, tels que: (1) Triméthylolpropane triacrylate TMPTA
(trifonctionnel), (2) Di (trimethylolpropane) tetraacrylate TA (tetrafonctionnel). D’autre
part, un mélange de trois monomeéres méthacryliques (Mix-MA) a été utilisé : Uréthane
diméthacrylate (UDMA), butanediol diméthacrylate (BDDMA) et 1’hydroxypropyl
méthacrylate (HPMA). Par ailleurs, le polyéthyléneglycol diacrylate (PEGDA) a été
également utilisé comme monomeére acrylique pour la polymérisation dans 1’eau et la

formation d’hydrogel (Schéma 1).

0 0 0
e edonales 1

HyC 0~ 0 0
ﬁ]ﬁ% Y e, 0
0 0

0
TMPTA TA PEGDA

Schéma 1. Monomeres (méth)acryliques utilisés dans ce travail.

3. Mécanismes réactionnels

La photopolymérisation radicalaire est un procédé de synthése ou une résine liquide se
solidifie en un matériau sous I’effet de la lumiére par I’intervention des especes radicalaires
actives. Ce processus suit le méme mécanisme qu’une polymérisation thermique
traditionnelle, avec une difference notable au niveau de I’étape d’amorgage ou les radicaux
sont produits par voie photochimique. Ainsi la polymérisation radicalaire photoinduite est

divisée principalement en trois étapes: I’amorcage, la propagation et la terminaison.
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La forte réactivité des radicaux générés vis-a-vis de I’oxygeéne de ’air représente un frein
majeur a ce type de polymérisation. Ce probleme ainsi que les solutions proposées pour en

remédier seront traités dans les parties qui suivent.
3.1. Photoamorcage

Cette étape est divisée en deux processus qui seront a l’origine de I’amorcage de la

polymérisation :

> Geénération des radicaux primaires par décomposition du PA

La compatibilité entre le spectre d’émission des dispositifs d’irradiation et le spectre
d’absorption du photoamorceur impliqué dans la réaction représente un parameétre tres
important dans la génération des radicaux. Une fois excité (S1 ou T1), le PA peut subir soit
une coupure homolytique d’une liaison chimique (PA Type I), soit un transfert d’électron
et/ou arrachement d’hydrogene (PA Type II) en présence d’une autre molécule (additif ou un
co-amorceur). Par ailleurs, un photosensibilisateur (PS) sera incorporé dans la résine
photosensible dans le cas ou le PA n’absorbe pas la lumicre incidente, ainsi le PS absorbe
1I’énergie lumineuse et la transfert vers le PA qui va lui-méme générer les radicaux primaires
(R*).

PA —» PA"—R* (Typel)

PA— PA™+ coamorceur — R®* (Type II)

» L’amorcage : addition des radicaux primaires sur les insaturations
Les radicaux primaires produits réagissent efficacement avec les fonctions réactives du
monomere utilisé, le macroradical (RM?®) ainsi formé aura la capacité de propager le

processus de polymeérisation en chaine par additions successives d’autres unités monomeres.
3.2. Propagation

Cette étape est définie comme étant 1’addition successive des unités monomeéres sur le
premier macroradical formé jusqu'a la formation d’un macroradical (RM,®). Ces réactions
sont trés rapides et conservent le méme nombre de radicaux générés. Les réactions de
propagations sont trés rapides, mais une diminution de la vitesse de polymérisation est
observee a la fin de la réaction avec la consommation du monomere ainsi que I’augmentation

de la viscosité du milieu réactionnel.
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3.3. Terminaison

Dans cette étape, le centre actif de polymérisation est complétement consommé ce qui
entraine un arrét de croissance des chaines polymeres actives. Cette réaction se fait

essentiellement par voie bimoléculaire (Recombinaison ou dismutation).

i) Recombinaison

Ce processus se produit par une recombinaison entre deux macroradicaux en croissance
aboutissant a la formation d’une liaison covalente simple. Ce mode augmente la longueur des
chaines polyméres obtenues. Moins les chaines en croissance sont substituées (faible
encombrement stérique), plus la probabilité pour une terminaison par recombinaison est

élevée.
RMm. + RMn. —> RM(n+m)

ii) Dismutation
Ce mode de terminaison aura lieu par capture d’un hydrogéne par le radical en
croissance et formation d’une instauration en position terminale. Dans ce cas il n’y aura pas

un doublement de la longueur de chaine.
RMm. + RMn. — RMn(-H) + RMm (+H)

Un autre mode de terminaison peut aussi entrainer la disparition du centre actif: la
terminaison Monomoléculaire. Ce mode aura lieu lorsque le milieu réactionnel devient tres
visqueux, la diffusion du monomere vers les radicaux actifs ne sera alors plus possible. Ainsi

les chaines polymeéres en croissance se trouvent piégées dans la matrice polymere.
4. Les systemes photoamorceurs conventionnels

Selon la réactivité de leur état excité, autrement dit selon le mécanisme de génération des
especes réactives, les PA sont principalement classés en deux grandes familles : PA Type I et
PA Type II [5].

En fait, la majorité des photoamorceurs conventionnels sont hautement sensibles a la
lumiere UV. Par ailleurs, certaines cétones aromatiques, cétocoumarines et thioxanthones ont

leur spectre d’absorption plus décalé dans le visible.

39



Partie I : ETUDE BIBILIOGRAPHIQUE

4.1. Photoamorceurs Type I

Ce sont des systemes qui procedent par coupure unimoléculaire suite & une absorption
lumineuse. C’est une réaction photochimique trés utile pour générer des radicaux libres
susceptibles d’amorcer une réaction de photopolymérisation, car c’est un processus tres

efficace.

Les cétones aromatiques, notamment les dérivés d’acétophénone constituent la famille la
plus fréquente des PA Type I. D’autres PA Type I efficaces existent déja : les dérivés des
éthers de benzoine, les cétones halogénées, les esters sulfoniques de cétone, les dérivés de
thiobenzoate, et les oximes-esters [6-9]. La coupure homolytique s’effectue généralement en
a ou B de la cétone aromatique. Ce processus conduit a la formation de deux radicaux libres

suite a une absorption lumineuse dans la zone UV du spectre électromagnétique, soit par :

e Coupure de la liaison en position o par rapport au carbonyle

Les dérives des éthers de benzoine constituent une famille hautement sensible a la lumiere
UV et amorcent efficacement la polymérisation radicalaire des acrylates. Le 2,2-Diméthoxy-
2-phénylacétophenone (DMPA) est 1’un de ces dérivés, il conduit a un durcissement rapide
des résines (méth)acryliques). Une fois excite, ce composé subit une scission homolytique en
o de carbonyle et aboutit a la formation de deux radicaux : le radical benzoyle et le radical
acetal [10]. En effet, le premier est bien connu pour sa réactivité envers les acrylates, tandis

que le deuxiéme est dépourvu d’une activité d’amorcage importante (Schéma 2).

0
OMe
(0]

OMe | OMe

hv . |

- °C

O + i
OMe

Radical benzoyle Radical Acétal

Schéma 2. Coupure en o du 2,2-Diméthoxy-2-phénylacétophénone.

L’avantage principal de la rupture en o est sa faible sensibilité au dioxygene de I’air
puisque la durée de vie de I’état excité triplet du DMPA est tres faible et par conséquent la
désactivation triplet-triplet par I’O> est presque négligeable. Cependant, les radicaux primaires

générés ainsi que les macroradicaux restent eux sensibles.
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e Coupure de la liaison en position B par rapport au carbonyle
C’est le cas des cétones aromatiques halogénées qui peuvent facilement subir une rupture
de la liaison en position B du carbonyle et génerent des radicaux phénacyles et des radicaux

halogénes (Schéma 3).

> C + CI*
cl | \ 7/ i°
Cl Cl

Schéma 3. Scission homolytique en 8 de la 2,2,2 - trichlorotertiobutylacétophenone

4.2. Photoamorceurs Type 11

Certaines cétones aromatiques ne sont pas capables de subir une rupture unimoléculaire
suite a une absorption lumineuse, et reagissent ainsi en deux étapes successives en présence
d’une autre molécule (Co-amorceur) qui favorise la génération des radicaux libres. La
thioxanthone (ITX), la benzophenone (BP), la camphorquinone (CQ) constituent les familles
principales des photoamorceurs organiques Type II [11-14]. La majorité de ces composes
possedent une gamme d’absorption qui se limite a la zone UV, cependant, la camphorguinone

et ’anthraquinone absorbent fortement dans le visible (Schéma 4).

o o e S 0
L }\K O *O‘O
§ HC Y 0
Benzophénone 2-1sopropylthioxanthone Camphorquinone Anthragquinone

(BP) (ITx) (CQ) (AQ)

Schéma 4. Exemples de Photoamorceurs de Type II

Selon I’interaction mise en jeu avec le co-amorceur, les photoamorceurs réagissant a partir

de leur état excité (souvent triplet) suivant généralement deux mécanismes :

i) Un mécanisme d’arrachement d’hydrogéne qui aura lieu en présence d’un donneur

d’hydrogéne tel que : les alcools, les éthers (ou thiols), les thioéthers.

ii) Un mécanisme par transfert d’électrons suivi de proton qui nécessite la présence d’un

donneur d’électron portant un hydrogeéne labile : les amines (aromatiques et aliphatiques).

e Meécanisme d’arrachement d’hydrogene
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Ce processus d’amorgage se fait en une seule étape : transfert d’hydrogéne entre le
photoamorceur et le donneur d’hydrogene menant a la formation de deux radicaux. Les
dérivés de thioxanthone et de benzophénone excités dans leur états triplet réagissent
efficacement avec un co-amorceur donneur d’hydrogéne (alcools, €éthers...) pour former un
radical cétyle et un radical alkyle issu du co-amorceur (Schéma 5). Ce dernier est responsable
de I’amorcage de la polymérisation radicalaire, tandis que le radical cétyle (fortement stabilisé
par délocalisation €électronique) est dépourvu d’une activité d’amorgage et sera consommé par

réaction de terminaison avec les chaines macromoléculaires en croissance [13,15].

- - *
0 0
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DH . .
0|00 — U e

Radical cétyle Radical alkyle

OH

Schéma 5. Formation des radicaux par un processus d’arrachement d’hydrogéne

e Mécanisme de transfert d’électron suivi de proton

Une fois excité par absorption d’une énergie lumineuse, le PA subit un transfert d’électron
avec le co-amorceur qui est généralement une amine. Ce transfert d’électron est a I’origine
d’un exciplexe qui se désactive par transfert de proton aboutissant ainsi a la formation de deux
radicaux : Ceétyle et Aminoalkyle (Schéma 6). Le premier intervient dans la réaction de
terminaison de la polymérisation radicalaire, tandis que le deuxieme est considéré comme

I’agent d’amorcage de la polymérisation.
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Schéma 6. Formation des radicaux a partir de la benzophénone (PA Type II) par un mécanisme de
transfert d’électron suivi de proton.
Ce transfert d’électron entre le donneur et 1’accepteur d’électrons obéit a 1’équation de

Rhem-Weller a partir de laquelle on peut calculer I’énergie libre (AG) pour la réaction :
AGet = on 'Ered 'E* +C (Eq 1)

Comme déja évoqué, les co-amorceurs utilisés dans ce type de processus sont des amines
secondaires ou tertiaires (aliphatiqgues ou aromatiques) qui réagissent fortement selon un
mécanisme de transfert d’¢électron suivi de proton avec les PA Type II. Ils sont largement
utilisés dans le domaine de photopolymérisation aux niveaux académique et industriel [16].
La N-phénylglycine (dérivé d’acide aminé), I’éthyle 4-(diméthylamino) benzoate (EDB), la
méthylediéthanol amine (MDEA), la diméthylaniline (DMA) sont les amines les plus utilisées

comme co-amorceurs par transfert d’électron (Schéma 7).
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Schéma 7. Exemples de différentes amines comme co-amorceurs.

Comme exemple de ce type de photoamorceurs, on peut citer la camphorquinone, la
benzophénone (Schéma 4) ou I’éosine Y (Schéma 8).

Schéma 8. PA avec un mécanisme de transfert d’électron suivi de proton.

Les amines ainsi utilisées sont capables de réduire I’inhibition par 1’oxygéne observé, lors
de la polymérisation radicalaire. Les radicaux aminoalkyles générés durant 1’amorcage
réagissent efficacement avec les molécules d’O2 présentes dans le milieu réactionnel en

évitant la destruction des sites actifs des chaines de polymeres en croissance.
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5. Limitation de la Photopolymérisation Radicalaire (FRP)

Comme toute réaction chimique, le processus de photopolymérisation radicalaire est
accompagné par de nombreux désavantages qui influencent les propriétés finales de matériaux

synthétisés.
5.1. Inhibition par I’oxygéne

Le processus de photopolymérisation radicalaire est fortement perturbé par la présence de
I’oxygene de I’air dans le milieu réactionnel, de sorte que les radicaux amorceurs générés par
le PA entrent en compétition avec la désactivation bimoléculaire par 1’02 (Schéma 9).
D’autres processus de désactivation peuvent étre observés (désactivation par un Quencher, par

le monomere...)

82 Conversion Interne
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Absorption Fluorescence Phosphorescence

Schéma 9. Différentes voies de désactivation d’un PA excité.

La forte réactivité de I’oxygéne vis-a-vis des radicaux ainsi que des états excités du PA est
a Dorigine de cet effet inhibiteur. En fait, I’oxygéne est une molécule diatomique
paramagnétique qui possede deux électrons non appariés, elle existe donc sous forme triplet a
I’état fondamental (multiplicité de spin = 3). Cette structure électronique, confere a
I’oxygene un pouvoir désactivateur favorisant le croisement intersysteme de I’état triplet a
I’état singulet du PA. Il peut aussi réagir par un transfert d’énergie en provoquant la

désactivation du PA excité vers ’état fondamental.

La présence de l'oxygeéne dans la formulation photosensible implique une période

d’induction durant laquelle la consommation d’O. est nécessaire pour démarrer la
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polymérisation, ce qui implique une perturbation de la cinétique de polymérisation.
Physiquement, 1’02 désactive les états excités singulets et triplets du PA, engendrant leur
retour & 1’état fondamental, ainsi le rendement quantique en radicaux est fortement affecté.
D’autre part, la forte réactivité de 1’02 contre les radicaux, deésactive ces derniers ainsi que les
chaines de polymeres en croissance aboutissant a la formation des radicaux péroxyles (ROO*®
et RM,OO*) inactifs vis-a-vis des fonctions (méth)acrylates [17-20] ce qui provoque une
baisse de la vitesse de polymérisation ainsi qu’un faible taux de conversion finale en fonctions
réactives (voire méme une réduction de la longueur de chaine polymere). Par ailleurs, la forte
présence de 1’02 en surface, conduit également a des surfaces collantes (cas des revétements).
A noter que I’épaisseur de I’échantillon et la viscosité de la résine polymérisable jouent un
role tres important en diminuant ou augmentant le phénomeéne d’inhibition par ’oxygene. Par
exemple une polymérisation plus performante est observée dans les échantillons épais et les

résines visqueuses puisque le processus de réoxygénation est potentiellement lent [21].

Les différents effets néfastes de I’inhibition par ’oxygéne (faible taux de conversion,
surfaces collantes, ’apparition d’une période d’induction) ont é€té mis en évidence en utilisant

la Spectroscopie Infrarouge a Transformée de Fourier en Temps Réel (RT-FTIR) [22-24].

Mais la question que se pose : Comment peut-on remédier aux inconvénients liés a la

présence de I’oxygéne ?

En fait, différentes stratégies ont été adoptées pour pallier cette inhibition, parmi lesquelles

on cite :

e Augmenter I'intensité de la LED utilisée, ou utiliser des pourcentages élevés en PA
afin d’augmenter la réactivité intrinséque du systeme amorceur (le rendement

guantique en espéces réactives augmente) [25,26].

e Le travail sous atmospheére inerte en purgeant la formulation photosensible avec un
gaz inerte tel que : ’azote [27], le dioxyde de carbone [28] et I’argon. Mais a I’échelle
industrielle ceci nécessite des installations encombrantes et colteuses. Pour cela, de
nouveaux systémes PA Type I a base d’oximes-esters ont été développes. Ces
composés libérent des molécules CO: lors du processus de photopolymérisation,

diminuant ainsi I’inhibition par ’oxygéne [29,30].

e La manipulation dans des conditions laminées en utilisant des films de polypropyléne

comme barriére (la diffusion d’O2 dans la formulation diminue) [31].
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e L’incorporation dans la résine photosensible d’additifs tels que les amines [32], les
thiols etc... qui seront capables de consommer 1’oxygene présent dans la résine.

e L’ajout dans la formulation contenant le systéme PA, des composés phosphorés tels
que les phosphates ou les phosphines (triphénylphosphine) [33-35] qui sont capables
de piéger les radicaux péroxyles et les convertir en radicaux actifs (Schéma 10). Les

silanes, amines, boranes peuvent aussi jouer ce réle [36,37].

D080
e

0, 0, 0O,

P(Ph)s P(Ph)s

Régénération des m m
especes réactives

Schéma 10. Processus de Photopolymérisation Radicalaire, désactivation par 1’0 et régénération de
radicaux amorceurs.

5.2. Le retrait

Un deuxiéme inconvénient majeur de la polymérisation radicalaire est le phénomene de
retrait qui peut varier entre 5 et 15% pour les acrylates multifonctionnels [38]. Ce processus
affecte fortement les propriétés finales du polymére obtenu. Par exemple sur le revétement,
les contraintes et défauts provoqués par le retrait peuvent étre importants (fissuration,
délaminage). Les objets obtenus par impression 3D peuvent également étre modifiés, ce qui

présente un grand inconvénient pour certaines applications (restauration dentaire...).

Généralement, ce phénoméne est di a une forte réticulation du systeme qui entraine une
réduction de la distance intermoléculaire entre les unités de monomeres. En fait, les unités de
monomeéres, avant polymeérisation, sont séparées les unes des autres par des liaisons Van der
Waal’s. Une fois I’irradiation lancée, la résine photopolymérisable durcit, les doubles liaisons
portées par le monomere se convertissent en simples liaisons. Cette conversion aboutit a une

diminution de la distance entre les motifs monomeéres polymérisés. C’est I’exemple de
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I’éthyléne, ou la distance entre deux molécules vaut 3.4A, tandis que deux atomes de carbone
adjacents dans une chaine polymére sont séparés d’une distance de 1.54A [39] (Schéma 11).

134 A !
3.40 A 1.54 A

Schéma 11. Phénoméne de retrait.

Le probléme de ‘Shrinkage’ ou le retrait représente un grand défi dans les recherches
actuelles, par ailleurs ce phenomene peut étre résolu en diminuant la densité C=C par
incorporation des charges dans la résine ou méme en utilisant des structures optimisées de
monomeres [40]. Une autre solution réside par polymérisation hybride d’un mélange de deux
monomeres différents (acrylates et époxydes) aboutissant a la formation de Réseau Polymeéres
Interpénétrés (RIP ou IPN), ce réseau est le résultat d’une polymérisation radicalaire et

cationique qui induit moins de retrait que la polymérisation des acrylates seuls [41].
6. Photopolymérisation Radicalaire dans des conditions douces

De nos jours, les processus de durcissements photoinduits sont realisables avec le
développement de nouveaux dispositifs d’irradiation (Diodes Electroluminescentes LEDS)
capable d’¢mettre de la lumiére visible. Par ailleurs, le spectre d’absorption des
photoamorceurs commerciaux est souvent limité a la zone UV qui nécessite 1’utilisation de
dispositifs émettant une lumiére connue par sa nocivité, sa faible pénétration dans les

échantillons épais, et de telles sources sont assez énergivores.

Pour cela, différentes stratégies ont été adoptées afin d’assurer la transition de I’irradiation

UV vers le visible :

e L’incorporation dans la résine photosensible d’un photosensibilisateur capable
d’absorber la lumiére visible et la transmettre vers le systéme PA par un processus

de transfert d’énergie.

e Décaler le spectre d’absorption d’un photoamorceur UV vers le visible en

modifiant sa structure par ’ajout d’un groupe chromophore.
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e Le développement de nouveaux systemes photoamorceurs ayant de bonnes

propriétés d’absorption dans le visible (colorants organiques)
6.1. Dérivés de Photoamorceurs UV

Comme déja été mentionné dans la partie 4, les cétones aromatiques (Benzophénone,
thioxanthone etc.) constituent une famille des PA de Type I et de Type II qui est largement
utilisée dans les reactions de durcissement des acrylates. Vu leur incapacité a amorcer la
polymérisation sous lumiére visible, ces composés ont été modifiés par ajout des groupements

chromophores pour qu’ils puissent absorber dans la zone visible.

Le truxene et le pyréne sont les groupements les plus utilisés pour modifier la photochimie
de la benzophénone. Ainsi, les dérivés tels que : Benzophenone-di-1,3-dioxane (BP-DDO)
[42] et 5-Benzoyl-13-Piperidino-2,1-([1,8]Naphthalenomethano)-1H-Benzoimidazole-16-One
(BPD5) [43], ont montré de bonnes propriétés d’absorption dans le proche-UV et le visible

ainsi que de bonnes performances en FRP.

D’autre part, des groupes alkyles et/ou halogénés ont été incorpores sur les thioxanthones

pour décaler leur spectre d’absorption dans le visible [44-48].
6.2. Photoamorceurs pour la polymérisation dans le visible.

La limitation des photoamorceurs UV, implique la recherche et le développement de
nouveaux systemes PA sensibles a la lumiére visible. Actuellement, la camphorquinone (CQ)
et D’anthraquinone (AQ) représentent deux excellents exemples de photoamorceurs
commerciaux de Type II ayant une forte capacité a absorber la lumiére visible. En fait, de
bonnes performances en FRP ont été obtenues en utilisant la CQ couplée avec des amines
[49,50], ce systeme est principalement utilisé pour les applications dentaires. L’AQ et ses
dérivés ont également montré une forte capacité d’amorcage de la polymérisation radicalaire
[51,52]. Cependant, la faible disponibilité en photoamorceurs visible exige la recherche et la
synthése de nouvelles molécules (colorants) ayant leurs spectres d’absorption plus décalés
dans le visible pour 1’élaboration de matériaux polymeres en utilisant des dispositifs
d’irradiation douce. Les dérivés de I’anthracéne [53], de pyréne [54] et beaucoup d’autres
composés représentent des exemples de colorants développés dans notre laboratoire
(Chalcone [55], phénothiazine [56], coumarine [57], naphthalimide [58]) (Schéma 12).
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Schéma 12. Quelques exemples de colorants organiques utilisés comme PA.

De ce fait, le développement de nouveaux systémes PA capable d’amorcer la
polymérisation radicalaire sous irradiation visible reste toujours un défi majeur pour la
synthese des matériaux polymeres moins énergivores. Pour cela, de nombreuses familles de
colorants organiques a base de phénothiazine, de coumarine, de naphthalimide... ont été
synthétisés et développés dans ce travail de thése. Ces composés ont montré d’excellentes
propriétés d’absorption dans le visible ainsi que de trés bons profils de photopolymérisation

des acrylates.
6.3. Amorceurs photoredox

Certains photoamorceurs développés durant ces trois années de thése ont été évalués
comme PA photoredox capable de produire des especes réactives suivant un cycle catalytique
de photo-oxydation ou photo-réduction. Ces composes sont tres efficaces dans les réactions de
polymérisations [59-61] et capables en faible quantité d’amorcer le processus de

photopolymérisation.
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Chapitre II : Photopolymerisation Cationique (CP)

1. Introduction

Bien que la littérature fait état d’un trés grand nombre d’études sur les résines
(méth)acrylates photopolymérisées par voie radicalaire, la photopolymérisation cationique
(CP) est etudiee depuis plus de 40 ans et est aussi largement utilisée dans les domaines des
revétements, des encres, des adheésifs et des composites. La CP suit le méme principe qu’une
polymérisation radicalaire mais la différence réside par le choix du monomeére et ainsi le
choix du systeme PA. Ce procédé a connu de tres grands développements ces derniéres
années [1-4].

Par ailleurs, ce processus se caractérise par I'insensibilité au dioxygene de I’air ce qui
présente un avantage majeur (bonne polymérisation sous air) par rapport a la
photopolymérisation radicalaire, puisque les especes réactives mises en jeu lors de I’amorgage
photochimique sont des cations, cations radicals ou de I’acide La résistance chimique et
mécanique, 1’adhésion, la stabilité aux UV et aux intempéries ainsi que le faible retrait [5,6]
constituent des propriétés attrayantes des polymeres générés par voie cationique. La réactivité
du systeme cationique utilisé et les propriétés finales des polymeres obtenus dépendent
fortement de la structure du monomeére choisi, ainsi que la nature du photoamorceur incorporé

dans la formulation photosensible.

Contrairement aux processus radicalaires ou les especes réactives peuvent se recombiner
au cours de la reéaction, les centres actifs cationiques sont incapables de réagir entre eux et
posseédent donc un caractere vivant, cette caractéristique permet la poursuite de la
polymérisation cationique méme apres arrét de I’irradiation en raison de la longue durée de
vie des especes réactives générées: ce phénomene est connu sous le nom ‘Post-
polymérisation ou Dark polymerization’. De plus, des épaisseurs plus importantes peuvent
étre polymérisées grace a la mobilité des espéces cationiques qui permet d’atteindre des zones
inatteignables par le rayonnement incident [7-10]. En effet, Ficek et al [11] ont montré que
grace a la post-polymérisation, il est possible de multiplier par un facteur 10 1’épaisseur
polymérisée. Bien que ce soit un avantage majeur surtout dans le domaine de
photocomposites, la post-polymérisation a un grand inconvénient parce qu’elle peut affecter

la résolution spatiale dans les applications d’impression 3D.
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Cependant, le processus de photopolymérisation cationique est fortement sensible a la
présence d’impuretés, des especes nucléophiles ou de I’cau [12,13] dans la résine
photopolymérisable.

2. les résines photopolymerisables

Généralement, il existe deux grandes familles de résines époxydes :
2.1. Les résines époxydes glycidyléther

Parmi ces résines, le diglycidyl éther de bisphénol A (DGEBA) est le plus utilisé
(Schéma 1). En fait, les propriétés finales des polymeéres issus de ce produit dépendent
fortement de la valeur de n (nombre d’unités répétitives dans DGEBA). Les groupes
aromatiques et hydroxyles du squelette ameliorent la résistance thermique et offrent une

bonne adhérence au polymere époxy.

- OO M OOy

Schema 1. Structure du DGEBA

Il existe également des résines époxydes tétrafonctionnels tel que : le 4,4-tétradiglycidyl
diaminophényle (TGDP) et le 4,4-tétradiglycidyl diaminodiphényl méthane (TGDDM)
(Schéma 2). Ces composés conduisent a des matériaux aux proprietés meécaniques,
thermiques et résistance chimique tres intéressantes. Ils sont particuliérement utilisés pour des
applications de haute performance [14,15].

N j :
%OVA Mf ST %Ld

TGDP TGDDM

Schéma 2. Structures chimiques de résines époxydes glycidyl éther tétrafonctionnelles.
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2.2. Les résines époxydes cycloaliphatiques

L’UVACURE 1500 ou EPOX (Schéma 3) est un monomere cationique cycloaliphatique
dont le polymére issu de la réaction de durcissement présente une grande stabilité aux UV et
une grande résistance thermique. Par ailleurs, ’augmentation de la longueur de la chaine

apporte plus de flexibilité, ce qui augmente la réactivité du systeme (Schéma 3) [16].

) @AOJLC\/FO ) @AOMOQ ’

UVACURE 1500 UVR6110
EPOX

Schéma 3. Structures chimiques de deux résines époxydes cycloaliphatiques

Comme déja evoque, la polymérisation des monomeres époxydes génere moins de retrait
que la polymérisation des résines (méth)acrylates. Concernant les résines époxydes, les
monomeres cycloaliphatiques présentent un retrait plus faible que leurs homologues glycidyl

éther.
3. Photoamorceurs cationiques UV

La photopolymérisation cationique par ouverture de cycle est une réaction en chaine qui
nécessite 1’utilisation de photogénérateurs d’acides (PGA) qui ne sont activés que par
utilisation des rayonnements UV-C (les plus dangereuses) [17]. Dans les années 70, la
capacit¢ des sels d’onium a générer des acides en solution et par suite amorcer la
polymérisation cationique a été mise en évidence par Crivello [18]. Parmi eux, les sels
d’iodonium [19] et les sels de sulfonium [20-22] avaient la capacité, aprés absorption d’une
énergie lumineuse, de produire des acides de Bronsted responsables de ’amorgage de la CP.
Généralement, les sels d’oniums sont constitués d’une partie cationique portée par un atome
central chargé positivement, et d’une partie anionique qui constitue le contre-ion (Schéma 4).
La partie cationique est responsable de I’absorption lumineuse, alors que le fragment
anionique contrdle la force des espeéces cationiques générées. D’autre part, la nucléophilie de
I’anion associ¢ & la partie cationique controle D’efficacité d’amorgage et de propagation
(addition du monomeére sur le centre réactif) de sorte qu’une conversion finale élevée sera

obtenue avec des anions moins nucléophiles [23,24].
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PF,~
N PF
I
SA’ S
o0
Hexafluorophosphate de Hexafluorophosphate de
Diaryliodonium Triarylsulfonium

Schéma 4. Structures des sels d’oniums

Cependant, les sels de diaryliodonium possédent un spectre d’absorption limité a la zone
UV (<320 nm), c’est pour cela que I’intérét des chercheurs s’est orienté vers le
développement de nouvelles stratégies pouvant décaler le spectre d’absorption de ces PA vers
le proche-UV ou le visible, en introduisant des groupements chromophore a la structure du sel
d’onium [24-29]. D’autres stratégies ont été aussi utilisées avec 1’incorporation dans la résine
photosensible d’un photosensibilisateur (PS) capable d’absorber dans des domaines plus
décalés (visible par exemple). Ce PS provoque la décomposition du sel d’onium soit par

transfert d’énergie [30] soit par transfert d’électron [31-35].

Une autre stratégie prometteuse a été suivie pour surmonter la sensibilité spectrale des PA
cationique, elle implique I’utilisation des PA radicalaires classiques qui produisent des
radicaux suite a une absorption lumineuse. Les radicaux générés seront oxydés par le sel
d’onium et donnent naissance a des espéces cationiques (R*) capables d’amorcer la CP. Ce
mode de polymérisation est connu par le nom ‘Photopolymérisation cationique sensibilisés
par les radicaux’ (FRPCP). Ainsi, le choix du systéme PA contrdle les propriétés d’absorption
ainsi que D’efficacité du processus de photopolymérisation cationique. Les oxydes de
phosphine et les éthers de benzoine sont des PA qui peuvent étre utilisés dans ce mode de
polymérisation. La recherche de nouveaux systemes PA cationique hautement efficace

représente actuellement un grand défi dans le domaine de la photopolymérisation.

Cependant, la FRPCP est fortement inhibée par 1’oxygéne de I’air [36-38] puisque les
radicaux formés constituent un intermédiaire principal dans le mécanisme réactionnel de la
production des cations. Les stratégies déja citées auparavant qui visent a diminuer 1’inhibition
par I’oxygeéne peuvent egalement étre utilisées afin d’augmenter ’efficacité des Systemes en

Photopolymeérisation cationique sensibilisée par les radicaux.
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4. Mécanismes Réactionnels

4.1. Amorcgage

La création des états excités par absorption d’un rayonnement UV ou visible permet la
génération des especes cationiques ou acides par coupure homolytique ou hétérolytique. Ces
espéces sont capables d’amorcer la polymérisation cationique des monomeres époxydes par
activation électrophile du premier motif époxyde. Dans les sels d’iodonium, les acides de
Bronsted sont produits par coupure hétérolytique alors que leurs homologues sont produits par
une coupure homolytique (Schéma 5).

PF,

+o
Cleavage I .

_ — homolytique +
PF¢™
I I

—- 1 + -
+
Cleavage

hétérolytique

+ -
H PFq
Acide fort généré

Schéma 5. Formation des espéces cationiques par photolyse du sel d’iodonium.

4.2 Propagation et Terminaison

L’ouverture du cycle époxyde et par suite la propagation de la photopolymérisation
cationique se fait par addition successive du monomere cationique. Cette addition suit un
mécanisme d’attaque nucléophile (doublet non liant porté par I’atome d’Oxygeéne du
monomere) sur le site électrophile activé par ’acide de Bronsted ou de Lewis. Le caractere
vivant de la CP permet d’atteindre de taux de conversion élevés en fonction époxydes et des

épaisseurs plus profondes.
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Cependant, la présence des impuretés nucléophiles (I’cau) peut fortement désactiver les
cations primaires générés ainsi qu’inhiber I’addition de monoméres sur le centre actif ce qui
limite la polymérisation cationique. Par ailleurs, la formation des cations stables ou des
cations fortement encombrés par transfert de chaine peuvent entrainer également 1’arrét de la

croissance des chaines.
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Chapitre III : les systémes hybrides; Reéseaux
Interpénétrés de polymeres (RIP ou IPN)

1. Introduction

La polymérisation des systémes hybrides est définie comme étant une combinaison de
deux ou plusieurs réseaux de polyméres dont au moins 1’un des polyméres est réticulé en
juxtaposition de 1’autre [1]. Le but de ce mode de polymérisation est de combiner les
propriétés chimiques, mécaniques et physiques des deux polymeres au sein d’un méme
matériau et pallier certains inconvénients et limitations présentes pour les composants pris
séparément. Ainsi, les propriétés finales d’un matériau obtenu par polymérisation d’un

systéme hybride dépendent fortement des propriétés des polymeres constituant ce melange.

Thermodynamiquement, les polymeéres sont non miscibles et sont sujets de la separation de
phases, cependant la présence d’enchevétrements entre les réseaux force la miscibilité des

polymeres ce qui améliorera efficacement le processus de polymérisation hybride.

En effet, les réseaux interpénétrés de polymeéres (RIP ou IPN) ont été élaborés, comme
c’est souvent le cas en chimie macromoléculaire, avant la compréhension détaillée de leur
morphologie. Le melange du caoutchouc naturel avec du soufre dans un melange de phénol et
formaldéhyde a produit le premier RIP synthétisé et cela a eu lieu au début du XX siécle
[2]. En 2007, Crivello a rapporté la photopolymérisation hybride dun mélange
radicalaire/cationique qui a montré une grande efficacité car la chaleur libérée lors du
processus radicalaire a permis une réaction cationique plus efficace [3]. D’autre part, des
revétements a base de RIP ayant un faible retrait et une meilleure adhésion par rapport aux
polymeres individuels, ont été synthétisés par Sangermano suivant le méme procédé [4]. La
synergie radicalaire/cationique dans les systémes hybrides a fait 1’objet de nombreuses
applications dans différents domaines : (1) les adhésifs, (2) les résines dentaires [5], (3) les
encres photopolymérisables [6,7], (4) la stéréolithographie [8]. Cette technique a été utilisée
ces dernicres années dans le but d’améliorer la résistance aux chocs, la flexibilité, la stabilité

mécanique et thermique...

La polymérisation photoinduite constitue une méthode trés utile pour la formation des
réseaux interpénétrés de polymeéres. Le nouveau matériau est synthétisé rapidement par

irradiation d’un mélange de deux monomeéres multifonctionnels qui entraine la formation de
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réseaux réticulés ayant des propriétés spécifiques. L’association d’'un monomere acrylique et
un monomere époxyde conduit & un matériau combinant la flexibilité du réseau polyéther et la
rigidit¢é du polyacrylate. D’autre part, la forte sensibilité de la polymérisation radicalaire
envers ’oxygéne de ’air est compensée par 1’insensibilité de la voie cationique a I’O2, ainsi
que la sensibilité des espéces cationiques a la présence des especes nucléophiles est
compensée par I’insensibilité des espeéces radicalaires envers les nucléophiles. Cette
caracteristique fournit souvent des formulations photosensibles qui peuvent durcir dans des

conditions douces (sous air...).

2. Méthodes de synthese des RIP

Il existe deux méthodes principales décrites dans la littérature pour la synthese de réseaux
interpénétrés de polymeres [9,10]. Lors d’une synthese séquentielle (Schéma 1), le premier
réseau formé par une simple polymérisation est gonflé par I’amorceur (ou le réticulant) du
second monomere non encore polymérisé. Une fois I’agent de gonflement (amorceur et
réticulant) activé, la seconde polymérisation aura lieu et le second réseau est ainsi formé.
Cette voie de synthése conduit a des RIP contenant deux réseaux de polymeres enchevétres
dont les propriétés sont différentes de celles du réseau simple. En effet, I’étape de gonflement

est limitée par la solubilité du second monomeére dans le premier réseau.
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Monomeére 1 Amorceur 1 Reseau 1

AAAAAAAA | 0000 — >

HMENEMMME Monomeére?2

"Y' X X ] Amorceur 2
RIP

Gonflement
parle
réticulant

Schéma 1: Synthese séquentielle de RIP

Lors d’une synthése in situ, tous les composants (Monomeére 1 et 2, amorceur 1 et 2) sont
initialement mélangés, et les réactions de réticulation conduisant a la formation de RIP sont
déclenchés simultanément (Schéma 2). La formation d’un copolymére ou d’un co-réseau est
un inconvénient majeur de ce mode de synthese, de ce fait il est primordial que les
mécanismes de formation des deux réseaux soient différents. Ainsi, la synthése in situ et

simultanée de RIP sera au coeur de notre travail de thése.
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Matrice organique

Monomere1let?2

amorceurlet 2 _..._.
0000
RIP

Schéma 2 : Synthese in situ de RIP

3. Etat de art sur les réseaux interpénétrés

D’une manicre intéressante de nombreuses combinaisons de résines photopolymérisables
pour la synthese des RIP ont été rapportées dans la littérature. Le tableau ci-dessous récapitule
quelques combinaisons effectuées dans le but d’obtenir des réseaux interpénétrés de
polymeres. La nature ainsi que les propriétés finales des matériaux obtenus dépendent
fortement du couple de monoméres impliques dans la synthese de RIP [11-13]. Les
combinaisons époxydes/acrylates [14], vinyl éther/méthacrylate [15], thiol-éne/isocyanate

[16-18] ont été largement utilisées pour la synthese des matériaux par polymérisation hybride.

Tableau 1 : Exemples de RIP déja synthétiseés.

Polymere 1 Polymere 2
Phénol-formaldéhyde Caoutchouc naturel
Caoutchouc naturel PVC
Acrylique Polyéther
Réseaux chargés positivement Réseaux chargés negativement
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Chapitre I: Colorants organiques a base de dérivés de

coumarines comme photoamorceurs

Section I: Dérives de coumarine en tant que
photoamorceurs/photosensibilisateurs pour Pimpression 3D et

synthese de photocomposites.

Dans ce premier chapitre de la partie II, des colorants organiques a base de dérivés de
coumarines ont été utilisés comme photomaorceurs pour la polymérisation radicalaire sous
lumiere visible en utilisant des sources d’irradiation sires tels que les Diodes
Electroluminescentes. Deux familles de dérivés de coumarines seront présentées dans ce
manuscrit. Ces composes agissent comme des photoamorceurs Type 11 en les combinant avec

des additifs ou des co-amorceurs pour des reactions de polymérisation des acrylates.

Comme caractéristiques, les coumarines sont des composés naturels derivant de la benzo-
a-pyrone ; elles résultent de la lactonisation de I’acide ortho-hydroxycinnamique et elles sont
largement distribuées dans le régne végétal (Rutacées, feve Tonka...). L’TUPAC considere la
coumarine comme, étant, un derivé de 2H-chromene (ou chrom-3-éne), un des deux isomeres
structuraux du produit d’insaturation de la chromane. Ces composés peuvent également étre
obtenus par différentes voies synthétiques (réaction de Pechmann, réaction de Wittig, réaction
de Perkin...).

Les coumarines constituent une grande classe d’hétérocycles organiques. La plupart
d’entre elles, sont douées d’activités biologiques variées. Parmi elles, on peut citer, ’activité
antibiotique [1], P’activité anticancéreuse [2], 'activité anti-inflammatoire [3]. Par ailleurs,
ces composes sont utilisés comme sondes fluorescentes [4], émetteurs pour les dispositifs

électroluminescents [5], aussi elles entrent dans la fabrication de parfums [6-8].

Chimiquement parlant, ces composés dérivés de 2H-chromene se caractérisent par des
rendements quantiques de transfert d’électron élevés [9], de bonnes solubilités [10] dans les
solvants et les résines organiques, de grande capacité de réagir comme des donneurs et
accepteurs d’électron [11], de bonnes propriétés d’absorption dans la zone UV-visible vue la
facilité d’incorporer des groupements chromophores dans la fonction coumarine. En raison de

ces propriétés photochimiques et redox intéressantes, deux familles de dérivés de coumarines
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ont été synthetisées dans le but d’amorcer les réactions de photopolymérisation radicalaire

sous lumiere visible.

Dans ce chapitre, une série de trois composés de coumarines (Couml, Coum2 et Coum3) a

été développée pour la synthése des polymeéres acryliques.

B ’
/\N 0 0 /\N O 0 Yo
J J

Couml Coum2 /’N> Coum3 QN‘\

Schéma 1. Coumarines synthétisées en tant que photoamorceurs

Le but de cette étude est de comparer la capacit¢ d’amorgage d’une coumarine
monofonctionnel (Couml et Coum2) a une coumarine bifonctionnel (Coum3) resultant de la
combinaison de Couml et Coum2 et ayant un poids moléculaire élevé. Comme prévu, cette
molécule présente des capacités d’absorption supérieures a celles observées dans le cas des
coumarines monofonctionnels. Cependant, la capacité de polymérisation des acrylates en
utilisant Couml et 2 est plus importante que celle obtenue en utilisant la coumarine 3. Le
pouvoir de photoamorcage des systemes photoamorceurs utilisés (Coum/lod ou
Coum/lod/amine) a été étudié en utilisant la spectroscopie infrarouge a transformée de Fourier
en temps réel RT-FTIR. En fait, de faibles quantités de coumarine (0.05% et 0.1%) sont
suffisantes pour amorcer efficacement la réaction de polymérisation des monomeres
acryliques. Ces résultats ont été expliqués par des expériences de spectroscopie UV-visible ou
la photolyse de la coumarine en présence d’additifs a été suivie en suivant la variation de
I’intensité de la bande d’absorption du colorant. Des potentiels d’oxydation appropriés a 1’état
excité sont obtenus et des variations d’énergie libre favorable pour déclencher une
polymérisation sont calculées en utilisant la voltammétrie cyclique. La synthese des
composites sous irradiation a 395 nm ainsi que la production de motifs polymeres en 3D (sous
diode laser a 405nm) et ayant une résolution spatial élevée ont également montrés la haute
performance des dérivés de coumarine dans les processus de polymérisation. Ce travail a fait

I’objet d’une publication dans ‘Catalyst’ sous la citation suivante : Rahal, M.; Mokbel, H.;
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Mono vs. Difunctional Coumarin as Photoinitiators in

Photocomposite Synthesis and 3D Printing

Abstract:

This work is devoted to investigate three coumarin derivatives (Couml, Coum2, and
Coum3), proposed as new photoinitiators of polymerization when combined with an additive,
i.e.,, an iodonium salt, and used for the free radical polymerization (FRP) of acrylate
monomers under mild irradiation conditions. The different coumarin derivatives can also be
employed in three component photoinitiating systems with a lod/amine (ethyl 4-
dimethylaminobenzoate (EDB) or N-phenylglycine (NPG)) couple for FRP upon irradiation
with an LED @ 405 nm. These compounds showed excellent photoinitiating abilities, and
high polymerization rates and final conversions (FC) were obtained. The originality of this
work relies on the comparison of the photoinitiating abilities of monofunctional (Couml and
Coum2) vs. difunctional (Coum3) compounds. Coum3 is a combined structure of Coum1 and
Coum2, leading to a sterically hindered chemical structure with a relatively high molecular
weight. As a general rule, a high molecular weight should reduce the migration of initiating
molecules and favor photochemical properties such as photobleaching of the final polymer.
As attempted, from the efficiency point of view, Coum3 can initiate the FRP, but a low
reactivity was observed compared to the monofunctional compound (Couml and Coum?2).
Indeed, to study the photochemical and photophysical properties of these compounds,
different parameters were taken into account, e.g., the light absorption and emission
properties, steady state photolysis, and fluorescence quenching. To examine these different
points, several techniques were used including UV-visible spectroscopy, real-time Fourier
Transform Infrared Spectroscopy (RT-FTIR), fluorescence spectroscopy, and cyclic
voltammetry. The photochemical mechanism involved in the polymerization process is also
detailed. The best coumarins investigated in this work were used for laser writing (3D

printing) experiments and also for photocomposite synthesis containing glass fibers.

Keywords: free radical polymerization; mild irradiation conditions; coumarins; composite

materials; LED; 3D printing
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1. Introduction

During the last decade, photochemical reactions showed a huge number of industrial and
academic applications such as UV-curing, solar cells, and photopolymerization [1,2]. These
reactions can advantageously replace thermally-based chemical processes due to their many
advantages [3,4] such as low-cost reactions, low energy consumption, and very fast reaction
(a few seconds) processes while exhibiting an eco-friendly character [5]. Therefore, the
development of photosensitive systems with low toxicity will be preferably retained for the
design of new initiating systems under mild irradiation conditions. Coumarin and its
derivatives form a class of natural compounds that exhibit biological activity, e.g., cytotoxic
activity against several human tumor cell lines [6,7], as well as spasmolytic, antiarrhythmic
[8], and antioxidant [9] activities. Coumarins are also used in flavoring food and in cosmetic
products such as fragrances [10,11]. These compounds are also characterized by high
photoluminescence quantum yields and can therefore be used as fluorescent chromophores for
various applications [12]. Recently, heterocyclic fluorescent compounds have been used in
several research fields such as molecular probes for biochemical research [13], emitters for
electroluminescent devices [14], fluorescent probes for heavy metal sensing [15], molecules

exhibiting biological activities [16] or active layers for photovoltaic applications [17].

In fact, recent research devoted to photopolymerization aims at developing chromophores
capable of strong absorption in the visible range [18-22]. For more safety and less
harmfulness while reducing the energy consumption, light-emitting diodes (LEDs) [23] are
now classically used in photopolymerization, enabling a good overlap between the emission

of the LEDs and the absorption spectra of the photoinitiators (PIs).

In this work, three coumarins (Couml, Coum2, and Coum3) bearing different substituents
were synthesized and characterized (See Scheme 1). These coumarins were notably used in
two (Coum/lod (0.1%/1% w/w)) and three (Coum/lod/amine (0.1%/1%/1% w/w/w)-
component photoinitiating systems (PIS) to generate reactive species with the different
additives presented in Scheme 2. Excellent polymerization initiating abilities were found at
405 nm during the free radical polymerization (FRP) of acrylates. In fact, the different
substituents of coumarins could drastically affect the photochemical and/or electrochemical
properties and absorption properties and thus their abilities to initiate the photopolymerization
process. These coumarins were used in 3D printing application upon irradiation at 405 nm.
The formation of composite materials using glass fibers was also provided. These different

80



Partie II : Colorants organiques comme photoamorceurs

applications clearly highlight the remarkable performances of the different coumarins
reported in this work as photoinitiators.

Indeed, the reaction mechanisms can be explained using several techniques such as cyclic
voltammetry, absorption, and photoluminescence techniques, or real-time Fourier transform
infrared spectroscopy (RT-FTIR).

CHO [\ NBS,THF,rt. [\
Ac,0, Et;N B
0, Ety NS 74% yield ~ g
R C e T
N oH
) s 85% yield N 0 o N 0 o
1 2 J 3 ) 4
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Scheme 1. The different coumarins (Couml, Coum2, and Coum3) investigated in this study.
2. Experimental Part
2.1. Synthesis of Coumarins

Details concerning analyses of the different compounds (NMR machines, mass

spectroscopy, etc...) described below have been reported in previous work [26].

2.1.1. Synthesis of 7-(Diethylamino)-3-(thiophen-2-yl)-2H-chromen-2-one 3
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Thiopheneacetic acid 2. (780 g, 55 mmol, M = 14217 g/mol), 4-
(diethylamino)salicylaldehyde 1 (16.4 g, 85 mmol, M = 193.24 g/mol) were dissolved in
acetic anhydride (200 mL). Triethylamine (14.6 mL, 105 mmol) was added, and the solution
was refluxed for three hours. After cooling, water was added. The aqueous phase was
extracted several times with AcOEt. The organic layers were combined, dried over
magnesium sulfate, and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (SiO., DCM: pentane 1:1) to yield coumarin 3 as a
yellow solid (14.0 g, 85% vield). 'H NMR (CDCls) &: 1.18 (t, 6H, J = 7.1 Hz), 3.39 (q, 4H, J
= 7.1 Hz), 6.50 (d, 1H, J = 2.4 Hz), 6.57 (dd, 1H, J = 8.8 Hz, J = 2.4 Hz), 7.04 (t, 1H, J = 3.8
Hz), 7.26-7.29 (m, 2H), 7.62 (d, 1H, J = 3.7 Hz), 7.83 (s, 1H); 3C NMR (CDCls) &: 12.5,
449, 97.2, 108.8, 109.3, 114.9, 124.9, 125.5, 127.2, 128.8, 136.8, 137.5, 150.5, 155.6, 160.5;
HRMS (ESI MS) m/z: theor: 299.0980 found: 299.0982 (M*. detected). Analyses were

consistent with those reported in the literature [27-29].

2.1.2. Synthesis of 3-(5-Bromothiophen-2-yl)-7-(Diethylamino)-2H-chromen-2-one 4

/\N

N-bromosuccinimide (NBS) (2.6 g, 14.69 mmol, M = 177.98 g/mol) was added to a
solution of 7-(diethylamino)-3-(thiophen-2-yl)-2H-chromen-2-one 3 (4.0 g, 13.36 mmol, M =
299.39 g/mol) in THF (120 mL). The mixture was stirred at room temperature for 4 h, and
water (20 mL) was added. The mixture was extracted with CH2Cl, several times. The
combined organic phases were combined, dried over magnesium sulfate, and the solvent
removed under reduced pressure. The residue was purified by precipitation in a mixture
diethyl ether/pentane. It was isolated as a yellow solid (3.74 g, 74% yield). *H NMR (CDCls)
8:1.21 (t, 6H, J = 7.1 Hz), 3.43 (q, 4H, ] = 7.1 Hz), 6.52 (d, 1H, J = 1.9 Hz), 6.62 (dd, 1H, J =
8.8 Hz, J = 1.9 Hz), 7.03 (d, 1H, J = 4.0 Hz), 7.30-7.33 (m, 2H), 7.82 (s, 1H); *C NMR
(CDCl3) 6: 12.5, 44.9, 97.2, 108.6, 109.5, 113.2, 114.1, 124.0, 129.7, 136.1, 138.7, 150.7,
155.5, 160.5; HRMS (ESI MS) m/z: theor: 377.0085 found: 377.0088 (M®. detected).

Analyses were consistent with those reported in the literature [30,31].

2.1.3. Synthesis of 4-(5-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl) thiophen-2-yl)
benzaldehyde 5
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Tetrakis(triphenylphosphine)palladium (0) (0.46 g, 0.744 mmol, M = 1155.56 g.mol™) was
added to a mixture of 3-(5-bromothiophen-2-yl)-7-(diethylamino)-2H-chromen-2-one 4 (2.31
g, 6.11 mmol, M = 378.28 g mol™), (4-formylphenyl)boronic acid (1.37 g, 9.16 mmol, M =
149.94 g mol?), toluene (54 mL), ethanol (26 mL), and an aqueous K>COs solution (2 M,
6.91 g in 25 mL water, 26 mL) under vigorous stirring. The mixture was stirred at 80 °C for
48 h under a nitrogen atmosphere. After cooling to room temperature, the reaction mixture
was poured into water and extracted with ethyl acetate. The organic layer was washed with
brine several times, and the solvent removed under reduced pressure. The residue was purified
by filtration on a plug of silica gel using a mixture of DCM/ethanol as the eluent. The product
was isolated with 88% yield (1.23 g). *H NMR (CDCls) &: 1.24 (t, 6H, J = Hz), 3.44 (q, 4H, J
= Hz), 6.54 (d, 1H, J = 2.2 Hz), 6.63 (dd, 1H, J = 8.8 Hz, J = 2.4 Hz), 7.34 (d, 1H, J = 8.8 Hz),
7.45 (d, 1H, J=4.0 Hz), 7.65 (d, 1H, J = 4.0 Hz), 7.80 (d, 1H, J = 8.3 Hz), 7.88 (d, 1H, J = 8.3
Hz), 7.94 (s, 1H), 9.99 (s, 1H, CHO); *C NMR (CDCls) &: 12.5, 44.9, 97.2, 108.7, 109.5,
114.1, 125.3, 125.7, 129.1, 130.4, 134.9, 136.8, 139.2, 140.2, 142.2, 150.8, 155.7, 160.4,
191.4; HRMS (ESI MS) m/z: theor: 403.1242 found: 403.1245 (M"*. detected).

2.1.4. Synthesis of 7-(Diethylamino)-3-(5-(4-(hydroxymethyl) phenyl) thiophen-2-yl)-2H-

chromen-2-one Couml

4-(5-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl)thiophen-2-yl)benzaldehyde 5 (0.5 g, 1.24
mmol, 403.49 g/mol) was suspended in a mixture of ethanol/THF (100/200 mL), and sodium
borohydride (100 mg) was added. The solution was stirred at room temperature for 1h30
(TLC control). The solution was quenched with HCI (1 mL, 1M), and the solvent was
removed under reduced pressure. The residue was filtered on a plug of silica gel using THF as
the eluent. The product (Coum1) was isolated in quantitative yield. *tH NMR (CDCls) &: 1.22
(t, 6H, J =7.1 Hz), 3.44 (q, 4H, J = 7.1 Hz), 4.72 (d, 2H, J = 3.7 Hz), 5.00 (s, 1H), 6.54 (d,
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1H, J = 2.4 Hz), 6.62 (dd, 1H, J = 8.8 Hz, J = 2.4 Hz), 7.30-7.40 (m, 4H), 7.63-7.67 (m, 3H),
7.90 (s, 1H); 3C NMR (CDCls) &: 12.5,21.2, 30.3, 34.2, 44.9, 65.1, 97.2, 108.8, 109.3, 114.7,
123.4, 125.5, 125.81, 125.83, 127.5, 128.3, 128.8, 132.6, 133.9, 135.8, 136.3, 136.9, 140.1,
143.7, 150.5, 151.5, 155.6, 160.5; HRMS (ESI MS) m/z: theor: 405.1399 found: 405.1396
(M*. detected).

2.1.5. Synthesis of 4-(5-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl) thiophen-2-yl) benzyl

ethyl carbonate Coum?2

To a solution of 7-(diethylamino)-3-(5-(4-(hydroxymethyl) phenyl) thiophen-2-yl)-2H-
chromen-2-one Couml (405 mg, 10 mmol, M = 405.51 g/mol) and pyridine (0.87 g, 0.89 mL,
11 mmol, M = 79.10 g/mol, d = 0.978) in dichloromethane (DCM) (60 mL), 0°C ethyl
chloroformate (1.95 g, 1.72 mL, 18 mmol, M = 108.52 g/mol, d = 1.135)was added dropwise.
The solution was stirred at room temperature for two hours. 1 M HCI (30 mL) was added to
the solution, and the aqueous phase was extracted several times with dichloromethane. The
organic phases were combined, dried over magnesium sulfate, and the solvent removed under
reduced pressure. The residue was purified by column chromatography (SiO2) using a
gradient of eluent from pentane to DCM (415 mg, 87% yield). *H NMR (CDCls) § : 1.22 (t,
6H, J = 7.1 Hz), 1.32 (t, 3H, J = 7.1 Hz), 3.42 (q, 4H, J = 7.1 HZz), 4.22 (q, 2H, J = 7.1 H2),
6.52 (d, 1H, J = 2.4 Hz), 6.60 (dd, 1H, J = 8.8 Hz, J = 2.4 Hz), 7.27-7.30 (m, 2H), 7.39 (d,
2H, J = 8.2 Hz), 7.61-7.66 (m, 3H), 7.88 (s, 1H); 1*C NMR (CDCl) &: 12.5, 14.3, 44.9, 64.2,
69.1, 97.1, 108.8, 109.3, 114.5, 123.7, 125.70, 125.72, 128.91, 128.93, 134.4, 134.6, 136.4,
137.2, 143.4, 150.6, 155.1, 155.5, 160.4; HRMS (ESI MS) m/z: theor: 477.1610 found:
477.1613 (M. detected)

2.1.6. Synthesis of bis (4-(5-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl) thiophen-2-
yl)benzyl) carbonate Coum3
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To a solution of 7-(Diethylamino)-3-(5-(4-(hydroxymethyl) phenyl)-thiophen-2-yl)-2H-
chromen-2-one Coum2 (5.25 g, 12.95 mmol, 2.1 eq., M = 405.51 g/mol) in dry THF (50 mL)
was added in small portions at 0°C sodium hydride 95% (0.32 g, 12.64 mmol, 2.05 eq., M =
24 g/mol). The solution was allowed to warm to room temperature and stirring was
maintained for 2 h. Then, 1,1’-carbonyldiimidazole (CDI) (1 g, 6.17 mmol, 1 eq., M = 162.15
g/mol) was slowly added at 0°C, and the reaction was refluxed overnight. After cooling, the
reaction was quenched by the addition of water, and THF was removed under reduced
pressure. The agueous phase was extracted with DCM several times. The organic phases were
combined, dried over magnesium sulfate, and the solvent removed under reduced pressure.
The residue was purified by column chromatography (SiO) using a gradient of eluent from
pentane to DCM (4.03 g, 78% yield). *H NMR (CDCls) &: 1.21 (t, 12H, ] = 7.1 Hz), 3.43 (q,
8H, J = 7.1 Hz), 5.19 (s, 4H), 6.53 (d, 2H, J = 2.4 Hz), 6.62 (dd, 2H, J = 8.8 Hz, J = 2.4 Hz),
7.30-7.34 (m, 4H), 7.39 (d, 4H, J = 8.4 Hz), 7.63-7.67 (m, 6H), 7.89 (s, 2H); *C NMR
(CDCl3) &: 12.5, 44.9, 69.5, 97.2, 108.8, 109.3, 114.6, 123.7, 125.7, 125.8, 128.9, 129.0,
134.2, 134.7, 136.4, 137.2, 143.4, 150.6, 155.1, 155.6, 160.4; HRMS (ESI MS) m/z: theor:
836.2590 found: 836.2595 (M". detected)

2.2. Other Chemicals

The different additives used in this work were purchased from Lambson Ltd
(Wetherby, UK), country), Sigma Aldrich (St. Quentin Fallavier, France)or TCI Europe
(Paris, France). The two monomers were obtained from Allnex. Chemical structures of

monomers and additives are shown in Scheme 2.
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Scheme 2. Other chemical compounds used in this work
2.3. Light Sources

The following light sources were used in this work: (1) LED @ 375 nm (I = 40 mW.cm™)
(2) LED @ 405 nm (I = 110 mW.cm?).

2.4. Free Radical Photopolymerization (FRP)

Coumarin/lod (0.05-0.1%/1% wi/w) or coumarin/lod/additive (0.05-0.1%/1%/1 wi/wi/w)
combinations were used as photoinitiating systems for the FRP of acrylates. Percentages
mentioned for the different chemical compounds and used in the photoinitiating systems are

related to the monomer weight.

FRP of TMPTA and TA was performed under laminated conditions (~25 pum thickness) to
reduce Oy inhibition. For thick samples (1.4 mm of thickness), the formulations were
polymerized in a plastic mold ~ 1 cm in diameter. Monomer conversions (TMPTA or TA)
were continuously followed by real-time FTIR spectroscopy. More details about

photopolymerization monitoring are provided in [32,33].
2.5. Redox Potentials

Experimental conditions and equipment were previously detailed in Reference [34].
2.6. Fluorescence Experiments

Experimental conditions and equipment were previously detailed in Reference [34].
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2.7. UV-Visible Absorption and Photolysis Experiments

Experimental conditions and equipment were previously detailed in Reference [34].
2.8. Computational Procedure

Theoretical calculations were carried out under the conditions previously detailed [35,36].
2.9. 3D printing Experiments

A diode laser (city, State Abbr. (if has), country) at 405 nm was used for 3D printing
experiments, with light intensity similar to that used in the IR experiments. Polymerization
was carried out under air. Analyses were performed with a numerical optical microscope
(Shinjuku, Japan) (DSX-HRSU from OLYMPUS Corporation) [37].

2.10. Near-UV Conveyor

Photocomposite synthesis was carried out by impregnating the TMPTA or the TA-based
resin with glass fibers (resin/fibers : 50%/50% wi/w). Then, the glass fiber/resin system was
irradiated using a dymax-LED conveyor. Other experimental conditions (belt speed, distance

between the light source and the sample) were previously detailed in reference [34].

3. Results

3.1. Free Radical Photopolymerization (FRP) of Acrylate Monomers (TMPTA or
Di(trimethylolpropane) Tetraacrylate (TA))

Thanks to their excellent absorption properties, these coumarins showed a very high
performance (Figure 1, Table 1) in terms of final conversions and rates of polymerization
upon exposure to the LED @ 405 nm. In fact, lod alone, NPG alone, or Coum alone did not
work. Conversely, two- or three-component systems such as Coum/lod (0.1%/1% w/w) or
Coum/lod/amine (0.1%/1%/1% w/w/w) were quite efficient and could efficiently initiate the
polymerization process. Obviously, this is related to the photooxidation process between lod
and coumarin (electron transfer from Coum” to lod) and to the formation of a charge transfer
complex (CTC) between lod and NPG [lod-NPG] crc.

For the photopolymerization of di(trimethylolpropane) tetraacrylate (TA) in thick samples
in laminate (1.4 mm thickness), an excellent polymerization efficiency was found using
Coum/lod or Coum/lod/NPG when irradiated with an LED @ 405 nm (See Figure 1A). High

final conversions were obtained: the FC could increase up to 90 % for coum2/1od/NPG

87



Partie II : Colorants organiques comme photoamorceurs

(0.1%/1%/1% wiw/w) compared to 83% using coum2/lod (0.1%/1% wi/w). These results
show the superiority of the three-component systems over their two-component PIS analogues
(See Figure 1C). Indeed, in the case of the three-component systems, the additional amines
(NPG, EDB) are introduced in order to regenerate the photosensitizer, enabling a
photocatalytic system. For the two-component systems, the photosensitizer is irreversibly
oxidized upon photoexcitation, resulting from an electron transfer in the excited state from the
photosensitizer to the photoinitiator (lod) so that an irreversible consumption of the
photosensitizer is observed [24,25]. This issue is addressed by the introduction of a sacrificial
amine in the three-component systems. The same behavior is also observed with couml
(Figure 1, curve 1 for the two-component PIS couml/lod (0.05%/1% wi/w) and curve 10 for
the three-component PIS couml/lod/NPG (0.05%1%/1% w/w/w)). Besides, it has to be
noticed that a smaller enhancement of the final monomer conversion is observed with this
second coumarin. Thus, if a monomer conversion of 84% is observed for the three-component
system couml/lod/NPG (0.05%1%/1% wi/w/w), the monomer conversion is in turn
comparable to that obtained with the two-component system (83% monomer conversion (See
Table 1). The crucial role of coumarins in the final monomer conversions is clearly evidenced

through the different photopolymerization experiments.

In fact, in the case of Coum2 and 3, the increase in the concentration induces an increase in
the final conversion rate (Figure 1A. Curve 3 and 4 for Coum2, and Curve 5 and 6 for
Coum3); this can be explained by a greater generation of radicals. Conversely, a lower
conversion rate is observed by increasing the concentration in the case of Couml (See Figure
1A Curve 1 and 2); this is due to an inner filter effect which prevents the penetration of light
to the depth.

The performance of the different photoinitiating systems for the FRP of acrylates in thin
films and under laminated conditions was also relatively good (See Figure 1B). In this case,
the addition of NPG clearly showed an influence on the polymerization profile: the FC could
increase up to 69.4% for Coum2/lod/NPG compared to 53.4% with the two-component
Coum2/lod (0.1%/1% wi/w) system. Similarly, the FC increased up to 63% with the three-
component coum1/lod/NPG (0.05%/1%/1% w/w/w) system, far from the result obtained with
the two-component couml/lod (0.05%/1% w/w) system (41.3%).

The trend detected for the FRP of the acrylic monomers (TMPTA and TA) for thick

samples and under laminated conditions followed relatively the same order: Couml and
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Coum 2 are the best candidates for the FRP in three-component PIS; Coum/lod/NPG.
Interestingly, the reactivity of PIS comprising NPG as the amine was higher than that
comprising EDB (e.g., Figure 1A. Curve 10 vs. Curve 7). Besides, the polymerization was
still possible with this second amine. The difference in reactivity between NPG and EDB can
be attributed to the fast decarboxylation of NPG when used as the sacrificial amine. This
decreases the possibility of back electron transfer while jointly increasing the reactivity. Tack-
free coatings were obtained in most of the cases, in full agreement with the increase in the

characteristic acrylate peak at 1630 cm™ for thin samples recorded before and after irradiation
(See Figure 1D).
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Figure 1. Polymerization profiles (acrylate function conversion vs. irradiation time) for TA (A) and
TMPTA (B) (thickness = 1.4 mm in laminate) upon exposure to the LED @ 405 nm in the presence of
the two- and three-component photoinitiating systems: (1) Coum 1/lod (0.05%/1% wi/w), (2) Coum
1/lod (0.1%/1% wiw), (3) Coum 2/lod (0.05%/1% wi/w), (4) Coum 2/lod (0.1%/1% wiw), (5) Coum
3/10d(0.05%/1% wi/w), (6) Coum 3/lod (0.1%/1% wiw), (7) Coum 1/lod/EDB (0.05%/1%/1% w/w/w),
(8) Coum 2/lod/EDB (0.05%/1%/1% w/w/w), (9) Coum 3/lod/EDB (0.05%/1%/1% w/w/w), (10)
Coum 1/1od/NPG (0.05%/1%/1% wi/w/w), (11) Coum2/lod/NPG (0.05%/1%/1% w/w/w), (12)
Coum3/l1od/NPG (0.05%/1%/1% wiw/w), (13) lod/EDB (1%/1% w/w), (14) 1od/NPG (1%/1% wiw)
and (15) Coum3/lod (0.05%/1% wi/w) with 5 drops of chloroform. (C) Polymerization profiles
(acrylate function conversion vs. irradiation time) for TMPTA (thickness = 25 um in laminate) upon
exposure to the LED @ 405 nm in the presence of two- and three-component photoinitiating systems:
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(1) Coum 1/lod (0.05%/1% wiw), (2) Coum 1/lod (0.1%/1% wiw), (3) Coum 2/lod (0.05%/1% wiw),
(4) Coum 2/1od (0.1%/1% wi/w), (5) Coum 3/lod (0.1%/1% w/w), (6) Coum 1/lod/NPG (0.1%/1%/1%
wiw/w), (7) Coum 2/10d/NPG (0.1%/1%/1% wiw/w), (8) Coum 3/10d/NPG (0.1%/1%/1% w/w/w) and
(9) 10d/NPG (1%/1% wiw). (D): IR spectra obtained before and after polymerization for Coum
1/10d/NPG (0.05%/1%/1% w/w/w) in TMPTA (thickness = 25 um).

Table 1. Final conversions of the acrylate function for TA using different PIS (400 s of
irradiation, LED @ 405 nm, sample thickness = 1.4 mm).

Two-ComponentPhotoinitiating System Three-Component Photoinitiating System
Coum/lod (0.05%/1% w/w) Coum/lod/EDB
and Coum/lod (0.1%/1% wi/w) and Coum/lod/NPG (0.1%/1%/1% wiw/w)
Coum1/lod Coum?2/lod Coum3/lod Coum1/lod/amine Coum2/lod/amine | Coum3/lod/amine
83% * 71%* np! 84% 3 83% ° 59% *
73% 2 83% * 32% 2 90% * 89% * 78% *

1 Coum/lod (0.05%/1% w/w); 2 Coum/lod (0.1%/1% wi/w); 3 Coum/lod/EDB (0.1%/1%/1% wiw/w); *
Coum/lod/NPG (0.1%/1%/1% w/w/w); n.p.: no polymerization.

3.2. 3D-Printing Experiments Using Coum/lod or Coum/lod/4-N,N, TMA Systems

Some examples of 3D patterns obtained by irradiation with a laser diode emitting at 405
nm (spot size: 50 um) are presented in Figure 2. The three-component photoinitiating systems
based on Couml and Coum2 (Couml-2/lod or couml-2/lod/amine) were very reactive to
initiate the FRP of TMPTA and TA under air conditions. Remarkably, the high reactivity of
the different resins allowed efficient polymerization in the irradiated zones; 3D patterns
elaborated with remarkable precision were obtained using laser writing. In particular, these
patterns were prepared in a relatively short space of time (~2 min) while enabling a high
spatial resolution. 3D polymer patterns were characterized using a numerical optical

microscope, as shown in Figure 2.
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Figure 2. Characterization of the 3D patterns by numerical optical microscopy; (A) Coum2/lod/4-N,N
TMA (0.024%/0.4%/0.16% w/w/w) in TA; (B) Coum1/lod/4-N,N TMA (0.02%/0.4%/0.16% w/w/w)
in TA; (C) Coum2/lod (0.02%/0.4% wiw) in TMPTA, (D) Coum1/lod (0.02%/0.4% w/w) in TMPTA.

3.3. LED Conveyor Experiments for Composite Preparation

Photocomposite materials were produced by irradiation using an LED @ 385 nm (0.7
Wi/cm?) using three-component PIS based on Coum2/Iod/NPG (0.1%/1%/1% wi/w/w) or
Coum1/1od/NPG (0.1%/1%/1% wiw/w). Composite materials were prepared by impregnation
of glass fibers (one layer, thickness = 2 mm) with an acrylic organic resin (50% organic resin/
50% glass fibers). Interestingly, fast polymerization was observed using different PIS, where
the surface and also the bottom became tack-free after only one pass using one layer of glass
fibers. The results reported in Figure 3 show that coumarin derivatives have a high reactivity
to produce photocomposite materials at 385 nm. In particular, an excellent depth of cure could

be determined for all samples.
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Figure 3. Photocomposite synthesis, Belt Speed = 2 m/min, using LED @ 385 nm: (A)
Coum1/10d/NPG (0.1%/1%/1% w/w/w) in TA, (B) Coum2/1od/NPG (0.1%/1%/1% wiw/w) in TMPTA
and (C) Coum1/1od/NPG (0.1%/1%/1% w/w/w) in TMPTA.

4. Discussion

Based on the photochemical reactivity as well as the practical efficiency of the investigated
coumarins that was clearly demonstrated, their associated chemical mechanisms have been

investigated in detail.
4.1. Light Absorption Properties of the Different Dyes

Absorption spectra of coumarin derivatives investigated in this work are shown in Figure 4
(See Table 2). The different absorption spectra are characterized by two main absorption
bands, one located in the near-UV range (<350 nm) and a second one with the highest molar
extinction coefficient detected in the 350-550 nm range (e.g., Couml ~23,000 M* cm™® @
405 nm and ~43 560 M cm? @ Amax i.e., (444 nm)). Molar extinction coefficients of
coumarins followed this order at the absorption maxima: € coum3 > € coum2 > € coumt. The
difference between the extinction coefficients of these compounds is related to the
substitution of the coumarin scaffold. Remarkably, their absorption range extends between

350 and 520 nm. Therefore, a good overlap of their absorption spectra with the emission
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spectrum of the LED @ 405 nm used in this work could be achieved. Optimized geometries
as well as the contour plots of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are presented in Figure 5. As shown in Figure 5,
HOMO and LUMO energy levels extend over the entire n-conjugated system. More precisely,

the HOMO energy level comprises the coumarin moiety as well as the electron-rich

thiophene.
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Figure 4 : UV-visible absorption spectra in chloroform: (1) Couml, (2) Coum2 and (3) Coum3.

Table 2. Light absorption properties of coumarin compounds at 405 nm and Amax.

hmax (NM) emax (Mt cm™) €@ 405 nm (M1 cm™)
Couml 444 43 500 23 000
Coum2 444 56 400 28 900
Coum3 445 69 900 35900
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Figure 5. HOMO and LUMO energy levels of Coum1-Coum3 at the UB3 LYP/6-31G™* level.

4.2. (Photo)Chemical Mechanisms

The chemical mechanisms were investigated more in detail for Coum3 used as a reference

structure and compared to those of Coum1 and Coum2.
4.2.1. Photophysical and photochemical properties of Coum3

Steady-state photolysis experiments of Coum3 were carried out using UV-visible
spectroscopy. The steady state photolysis of Coum3/lod (10 M) in chloroform was very fast
compared to the high photostability of Coum3 alone (e.g., Coum3/lod in Figure. 6D.2 vs.
Coum3 alone in Figure 6D.1) upon irradiation with the LED @ 375 nm. Indeed, the
consumption of Coum3 with lod (10 M) (Figure 6D.3 Consumption = 91%) was greater than
that of Coum3/lod/EDB (86%); these results are explained by a weaker regeneration of
coum3 in the presence of the three-component PI. Fluorescence experiments of Coum3 in
chloroform are shown in Figure 6A. The crossing point of the absorption and fluorescence
spectra enables us to determine the first singlet excited state energies (Esi) (e.g., estimation of
Es: for Coum3: 2.53 eV; Table 3, Figure 6C). As an indicator of interaction occurrence, fast
fluorescence quenching processes of Coum3 by lod were also detected (See Figure 6A and

Table 3); this clearly shows a very important interaction of Coum3 (and even for Coum1 and
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2) with lod. These results show a very high quantum yield (for example, ¢ = 0.76 for Coum3,
Table 3).
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Figure 6. (A) Quenching of Coum3 by lod, (B) Determination of the Stern—\Volmer coefficient, (C)
Determination of ES1, (D) Consumption of Coum3: (1) Without lod, (2) With lod (10 M), and (3)
With lod/EDB vs. irradiation time upon exposure to the LED @ 375 nm in chloroform.

4.2.2. Photophysical Properties of Coumarins Couml and Coum?2

Steady-state photolysis experiments of coumarin derivatives (e.g., Coum2) alone, with lod
or lod/EDB are reported in Figure 7. Interestingly, photolysis of the Coum2/lod (See Figure
7B) system was faster than that determined for Coum2 alone (See Figure 7A), which proved
to be highly photostable. The coum2/lod interaction showed a photo-oxidation process
(electron transfer from coum2 to lod). In particular, the formation of a photoproduct
exhibiting an absorption in the 500-650 nm range could be formed by the interaction of
Coum2 with lod (See Figure 7B). These results clearly show the effect of iodonium on the
photolysis of coum2 and therefore on the generation of radicals, because once the Coum2 is
irradiated, it reaches an excited state, where an electron transfer from Coum?2 to iodonium salt

can occur.
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On the other hand, photolysis of Coum2 with lod/EDB (See Figure 7C) was also very fast,
but the percentage of consumption (vs. time of irradiation) was lower than that of Coum2/lod;
this result can be attributed to the regeneration of PI in the presence of the three-component
PIS (See Figure 7D).
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Figure 7. Photolysis of Coum2 in acetonitrile upon exposure to the LED @ 405 nm: (A) Coum2 alone
(B): With lod (10 M); and (C) With lod/EDB (102 M). (D) Consumption of Coum2: (1) With lod,
(2) With lod/EDB, and (3) Without lod vs. irradiation time upon exposure to the LED @ 375 nm in
chloroform.

The percentage of consumption was very high for the different coumarins in the presence
of lod (85% for Couml, 91% for Coum2, and 93% for Coum3), but this percentage decreased
remarkably in the presence of lod/EDB (70% for Couml, 72% for Coum2, and 83% for

Coum3); this decrease was due to the partial regeneration of these coumarins in the three-

component systems.
4.2.3. Fluorescence Quenching Experiments and Cyclic Voltammetry Measurements

Emission and fluorescence quenching spectra of coumarins in chloroform (e.g., Coum2)

are presented in Figure 8. The crossing point of the emission and absorption spectra allows
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the determination of Esi (singlet excited state energy), e.g., Es1 = 2.54 eV for Couml, and
2.56 eV for Coum2. In fact, the fluorescence quenching of Coum2/lod was very fast and was
characterized by high Stern-Volmer coefficients. Thus, very high electron transfer quantum
yields (¢e= 0.37 for Couml and 0.87 for Coum2) were determined. While no quenching was
observed in the presence of EDB, there was an increase of the emission intensity that can be
ascribed to the formation of a complex between Coum and EDB. This result is totally in
agreement with that of the photopolymerization process of Coum/EDB (or NPG). The

electron transfer quantum yields (der) Were determined according to the following equation:
¢ s1= Ksv[lod]/(1 + Ksv[lod]) 1)

This term characterizes the formation of reactive species (Ar® and PI*") capable of
initiating the FRP process. Electrochemical properties of the different coumarins were also
examined by cyclic voltammetry (Figure 8D), and highly favorable free energy changes AGet
(which were calculated from Rhem—Weller equation using the oxidation potential between
coumarin and lod, and Es1) could be determined, e.g., AGet= —1.46 eV for Couml and —1.5
eV for Coum2.
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Figure 8. (A) Fluorescence quenching of Coum2 by lod, (B) Determination of the Stern—\Volmer
coefficient, (C) ES1 determination, and (D) Cyclic voltammetry of Coum2 in acetonitrile.

Table 3. Parameters characterizing the chemical mechanisms associated with the *Coum/lod
interaction in acetonitrile.

E E AG K [0}
0X S1 S1 SV et
(eV) (eV) (eV) (Coum/lod) (Coum/lod)
Couml 0.87 2.54 —1.46 20 0.37
Coum2 0.86 2.56 —1.49 93 0.87
Coum3 n.o 2.53 - 121 0.76

E AGg - Free energy change of the singlet state

electron transfer quantum yields

s1: singlet excited state energy,

¢et(Coum/I0d):

Photopolymerization results can be explained by a global chemical mechanism, based on

the results obtained through the different experiments above including fluorescence
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quenching, electrochemical, and photolysis experiments. Firstly, once the coumarins absorb
the incident light, coumarins are promoted in an excited state PI*, and reactive species (Ar®
and Coum™) are generated by the interaction between Coum* and lod salt (r2). A charge
transfer complex (CTC) can also be obtained due to the 10d/NPG interaction, so that Ar® are
formed (r3-r4). In addition, a hydrogen atom transfer from NPG to PI can also occur so that
two different types of radicals can be generated (Coum-H" and NPG()*). NPG(H,-co2)® is
produced by decarboxylation of NPG.)®; this decarboxylated compound can lead to the
generation of reactive species (Ar® and NPG (, coz) *) by interaction with lod salt (r6-r7).
Therefore, the reactions r1-r7 are proposed for the three-component systems, and Ar® and
NPG (H, -co2)® are the main species responsible for FRP.

Coumarin (ho) — **Coumarin” (2)
13 Coumarin + Arl* — Ar® + Arl + Coumarin ** (3)
NPG +lod — [NPG-lod]crc (4)
[NPG-lod]crc — Ar® )
13 Coumarin + NPG — Coumarin—H?® + NPG.1)* (6)
NPGH)* — NPG(H;-coz)® + CO2 (7)
NPGt.co2) *+ Aral*— NPGricon)” + Ar® + Arl (8)

4.2.4. Structure/Reactivity/Efficiency Relationship

During the FRP process, Couml and Coum2 proved to be efficient photoinitiators, as
demonstrated by the remarkable polymerization profiles evidencing the high rates of reaction
and the high final conversions of the acrylate functions. However, this was not the case for
Coum3, which showed a lower efficiency during the FRP experiments despite the high molar
extinction coefficient and the high electron transfer quantum yields of this coumarin. These
counter-intuitive results can be related to the poor solubility of Coum3 in the monomers, as
the addition a few drops of chloroform was required to increase the final conversion rate and
the polymerization rate, resulting from the higher solubility of Coum3. Therefore, in light of

the polymerization efficiency, Coum3 seems to have a low reactivity compared to Couml and
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Coum2. From the chemical structure point of view, Coum3 is a combination of Couml and
Coumz2, and the steric hindrance in Coum3 can clearly explain the poor reactivity of coum3.
Thus, when using Coum3 in bulk, the diffusion is less favorable for all reactions in the

multicomponent systems.

The better reactivity of Coum2 compared to Couml using two- or three-component
photoinitiating systems for the photopolymerization of acrylate functions in thin samples can
be explained by their differences in absorption properties. In fact, Coum2 exhibited a higher
molar extinction coefficient at 405 nm compared with Coum1 (M* cm™ vs. 23000 M* cm™).

5. Conclusions

In this paper, a series of coumarins have been proposed as efficient photoinitiators for the
free radical polymerization of acrylates at 405 nm. Interestingly, the third coumarin (Coum3)
examined as a photoinitiator proved to be a poor candidate, mainly attributable to its lack of
solubility in the photocurable resins and its bulky character. Here again, the crucial role of
molecular engineering for the design of highly efficient photoinitiators has been clearly
evidenced. The best coumarins were tested for 3D printing experiments at 405 nm and for the
synthesis of photocomposites with significant hardening of the surface and on the bottom
using an LED @ 385 nm. In light of the high efficiency of coumarins, future development
will consist of designing coumarins absorbing in the near infrared range, where light

penetration is more important than that in the near UV/visible range.
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Chapitre I: Colorants organiques a base de dérivés de

coumarines comme photoamorceu I'S

Section II : Recherche autour de la coumarine : colorants pour la

polymérisation des acryliques

La photopolymérisation radicalaire (FRP) des monomeres acryliques est largement
rencontrée dans le domaine du séchage UV [1]. De nombreux systemes mono et méme
multicomposants ont déja été reportés dans la littérature [2-6]. Ces systémes sont
principalement basés sur des photoamorceurs sensibles au rayonnement électromagnétique
uVv.

Dans le cadre d’une recherche continue de nouveaux systémes photoamorceurs hautement
réactifs et efficaces, de nouveaux colorants organiques basés sur des dérivés de coumarines
pour la polymérisation des résines acryliques et méthacryliques sont présentés dans cette
section. Ces systéemes sont la suite des systemes a base de coumarine déja présentés dans la
section précédente. En raison de leurs proprietés électrochimiques et photochimiques ces
composés ont regu beaucoup d’attention. Pour cela, neuf dérivés de coumarine ont éteé
synthétisés par nos collaborateurs de 1'université d’Aix-Marseille dans le but d’étudier leur
capacitée de photoamorcage des acrylates sous lumiére visible. En effet, ces colorants
posseédent d’excellentes propriétés d’absorption dans le proche UV et le visible (300-525 nm),
des bonnes propri¢tés d’émission par fluorescence mais également des énergies des états

excités élevées ce qui méne a des réactivités photochimiques élevées.

Comme la plupart des composés etudiés dans cette these, ces nouvelles coumarines
développées ont été évaluées comme photoamorceurs Type II nécessitant 1’utilisation d’un
additif (sel d’iodonium) ou un co-amorceur (amine) afin d’amorcer efficacement le processus
de polymérisation radicalaire. En raison de leurs propriétés d’absorption, ces colorants
permettent un recouvrement favorable avec le spectre d’émission de la LED a 405nm utilisée,
et sont ainsi tres efficaces dans les réactions de polymérisation des acrylates une fois associés
a un additif (ou un co-amorceur). De ce fait, des conversions finales élevées et des vitesses de
polymérisation intéressantes ont été observéees suite a une interaction oxydative ou réductive
en présence du sel d’iodonium ou une amine (NPG) (systémes bicomposants Coum/lod ou

Coum/NPG). Des systémes a trois composants ont également été évalués, de sorte qu’une
105



Partie II : Colorants organiques comme photoamorceurs

forte amélioration du profil de polymérisation a été constatée une fois que le 3°™ composant
est ajouté a la formulation photosensible. Ce comportement a été expliqué par I’étude des
proprietés électrochimiques, photochimiques et photophysiques des colorants utilisés
(Quenching par Iod et NPG, photolyse en présence d’lod et lod/NPG, calcul des potentiels

redox...).

Par ailleurs, ces dérivés sont utilisés dans des formulations photodurcissables pour la
génération de motifs polyméres en 3D épais par impression 3D sous une diode laser a 405nm.
Les polyméres obtenus présentent une bonne résolution spatiale reflétant la forte réactivité des
systemes étudiés. La synthése de photocomposite a €été accomplie avec succes par
imprégnation de plusieurs couches de fibre de verre en se basant sur les systemes derivés de

coumarine.

Les différentes applications ainsi que la capacité de photoamorcage des coumarines ont
permis la proposition d’un schéma générique sur cette famille. Ce travail présenté dans cette
section a été publié dans ‘molecules’ sous la citation suivante : Rahal, M.; Graff, B.; Toufaily,
J.; Hamieh, T.; Noirbent, G.; Gigmes, D.; Dumur, F.; Lalevee, J. Molecules 3-Carboxylic
Acid and Formyl-Derived Coumarins as Photoinitiators in Photo-oxidaton or Photo-reduction
Processes for Photopolymerization upon Visible Light : Photocomposite Synthesis and 3D
printing Applications. Molecules, 2021, 26, 1753.
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Schéma 1. Les coumarines, leurs applications et leurs caractéristiques
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3-Carboxylic Acid and Formyl-Derived Coumarins as
Photoinitiators in Photo-Oxidation or Photo-Reduction
Processes for Photopolymerization upon Visible Light:

Photocomposite Synthesis and 3D Printing Applications

Abstract:

In this paper, nine organic compounds based on the coumarin scaffold and different
substituents were synthesized and used as high-performance photoinitiators for free radical
photopolymerization (FRP) of meth(acrylate) functions under visible light irradiation using
LED at 405 nm. In fact, these compounds showed a very high initiation capacity and very
good polymerization profiles (both high rate of polymerization (Rp) and final conversion
(FC)) using two and three-component photoinitiating systems based on coum/iodonium salt
(0.1%/1% wi/w) and coum/iodonium salt/amine (0.1%/1%/1% w/w/w), respectively. To
demonstrate the efficiency of the initiation of photopolymerization, several techniques were
used to study the photophysical and photochemical properties of coumarins, such as: UV-
visible absorption spectroscopy, steady-state photolysis, real-time FTIR, and cyclic
voltammetry. On the other hand, these compounds were also tested in direct laser write
experiments (3D printing). The synthesis of photocomposites based on glass fiber or carbon

fiber using an LED conveyor at 385 nm (0.7 W/cm?) was also examined.

Keywords : coumarin; free radical polymerization; LED; photocomposites; direct laser write.

1. Introduction

The development of new low-cost, environmentally friendly, and energy-efficient polymer
synthesis remains more than ever at the heart of academic and industrial concerns and the
subject of many new research strategies. In fact, thanks to technological development, light
sources which are at the same time inexpensive, efficient, and with low energy consumption
have been developed recently to induce photopolymerization reactions [1-4]. Nowadays,
photopolymers are present in several fields such as coatings [5], dentistry [6], automotive [7],
cosmetics [8], 3D printing, and holography [9], etc. For most of these industrial fields,
photochemical polymerization uses ultraviolet radiation, a technique widely known as UV

curing. However, this pathway based on UV lamps (Hg lamps) remains energy-consuming.
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Moreover, the ultraviolet light is harmful to human health (carcinogenic) and characterized by
particularly low light penetration, which is a challenge for the photopolymerization of thick
and filled samples [10]. Therefore, alternatives to UV lamps and the use of longer
wavelengths (near UV or visible) can be advantageous. The use of light-emitting diodes
(LEDs) perfectly fit this requirement for safer/cheaper, and more efficient irradiation devices
than UV lamps or UV lasers [11-14]. In parallel, it is important to develop new
photoinitiating systems able to absorb in the near UV or the visible range where their
absorption spectrum overlaps that of the LED emission. To obtain this type of system, it is
necessary to develop new organic molecules carrying chromophore groups capable of shifting
their absorption spectrum towards the near-UV-visible range. These molecules will be called
photoinitiator (PI), which can absorb the light and generate reactive species (in combination

with additives) able to initiate the photopolymerization process.

In this paper, nine coumarin derivatives (noted Coum in Scheme 1) varying by the
substitution pattern at the 3- and 7-positions of the coumarin core were synthesized and
evaluated as photoinitiators for the FRP of acrylate and methacrylate monomers. In fact,
coumarin derivatives have already been tested as photoinitiators of FRP and they have shown
good polymerization profile (Rp and FC) as well as good photochemical and photophysical

properties [15-19].

However, in the present work, coumarin-3-carboxylic acids, coumarin-3-aldehydes varying
by the substitution pattern of the coumarin core and a coumarin of extended aromaticity have
been studied as photoinitiators. Comparisons of the three families of coumarins have revealed
that the substitution of the 3-position by electron-withdrawing groups such as a formyl group
could improve the reactivity. The presence of a strong electron-donating group at the 7-
position, such as diethylamine or a naphthalene group, could reinforce the electronic
delocalization and the photoinitiating ability of the different systems. An optimum situation
was found when electron-donating and electron-accepting groups were attached at both
extremities of the coumarin core. Considering that the nitro group is among the most electron-
withdrawing group, a coumarin bearing this electron acceptor was also designed and

synthesized.

In fact, coumarin derivatives are usually characterized by very high fluorescence emission
and can be used as fluorescent chromophores for several applications [20]. They are also

characterized by high molar extinction coefficients in the near-UV and the visible range [19].
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These novel coumarin-based photoinitiators were tested in photopolymerization of acrylate
functions (TMPTA or TA) in both Thick (1.4 mm) and Thin sample (25 um) using two and
three-component photoinitiating systems PISs based on Coum/lodonium salt (0.1%/1% wi/w)
and Coum/lodonium salt/amine (NPG) (0.1%/1%/1% w/w/w). These systems were also used
in 3D printing and photocomposite synthesis. These dyes are characterized by very high
extinction coefficients with a broad absorption extending over the near UV/visible and high
quantum yields were determined by fluorescence quenching. It is important to note that
coumarin shows a dual photo-oxidation and photo-reduction character.

I I OB
X OH
0o~ o
0~ o HO 0~ o )

CoumA CoumB CoumC CoumD
I PP oo
O,N
o "o 0~ o )
CoumE CoumF CoumG
NO,
[ CHO R
N s AN s
/}\J o0 Yo P O 0 No
CoumH Couml

Scheme 1. The new series of Coumarins (CoumA - Couml) examined as photoinitiators of
polymerization.

2. Experimental part

2.1. Synthesis of the Different Dyes

As mentioned in the introduction section, three families of coumarins have been examined
as photoinitiators of polymerization. The first family concerned coumarin-3-carboxylic acids.
The five dyes were prepared in solution by condensation of diethyl malonate with ortho-
hydroxyarylaldehydes [21]. After hydrolysis of esters in acidic conditions (a mixture of
hydrochloric acid and acetic acid), the solution was neutralized to provide the different dyes

with reaction yields ranging from 75% for CoumA to 86% vyield for CoumE. A similar
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procedure was used for CoumC except that the hydrolysis of the intermediate ester coumarin
resulted in a decarboxylation reaction, providing CoumC in 72% yield. The presence of the
dimethylamino group in CoumcC is essential to activate the decarboxylation reaction since this
reaction was not observed for the other coumarins, maintaining the acidic function on the
coumarins (See Scheme 2) [22]. Using the Vilsmeier Haack reaction, CoumC could be
converted as CoumG ina 77% yield.

o
"o piperidine Nr X oM l) HCI, AcOH
F OH MeO Me EtOH, reflux Z O 0 2) NaOH

CoumaA : R =H, 75% yield
CoumB : R = 7-OH, 78% yield
CoumbD : R = 8-OMe, 82% yield
CoumE : R = 6-NO,, 86% yield

(o]
‘O SNo o o piperidine ‘O BN OMe l)HCl AcOH ‘fﬁ‘\
o
OH MeO OMe EtOH, reflux o) 0 2) NaOH

CoumF : 76% yield

(o]

o piperidine BN OMe 1) HC1, AcOH m
—_ —_—
Me;N M Me  EtOH, reflux pie,N 0 o 2) NaOH Me;N 0 No

CoumC : =H, 72% yield

POCIl;, DMF
77% yield

Me,N 0~ o

CoumG

Scheme 2. Synthetic routes to CoumA-CoumG.

Finally, CoumH and Couml could be prepared starting from 2-thiopheneacetic acid and 4-
diethylamino-2-hydroxybenzaldehyde. By Knoevenagel reaction, 7-(diethylamino)-3
(thiophen-2-yl)-2H-chromen-2-one could be obtained in 58% vyield and by means of a
Vilsmeier Haack reaction, CoumH was isolated in pure form in 88% yield. Conversely,
Couml was prepared in two steps, first by bromination of 7-(diethylamino)-3-(thiophen-2-yl)
2H-chromen-2-one in 86% vyield, followed by a Suzuki cross-coupling reaction with 3
nitrophenylboronic acid. Using this procedure, Couml was obtained in 67% vyield (See
Scheme 3).

112



Partie II : Colorants organiques comme photoamorceurs

R

/@\/\ w AcZO Et;N X S
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ey
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Scheme 3. Synthetic routes to CoumH and Couml.

Synthesis of the Coumarins

All reagents and solvents were purchased from Aldrich, Alfa Aesar, or TCI Europe and
used as received without further purification. Mass spectroscopy was performed by the
Spectropole of Aix-Marseille University. ESI mass spectral analyses were recorded with a
3200 QTRAP (Applied Biosystems SCIEX) mass spectrometer. The HRMS mass spectral
analysis was performed with a QStar Elite (Applied Biosystems SCIEX) mass spectrometer.
Elemental analyses were recorded with a Thermo Finnigan EA 1112 elemental analysis
apparatus driven by the Eager 300 software. *H and 3C NMR spectra were determined at
room temperature in 5 mm o.d. tubes on a Bruker Avance 400 spectrometer and on a Bruker
Avance 300 spectrometer of the Spectropole: The *H chemical shifts were referenced to the
solvent peak CDCl; (7.26 ppm), and the *C chemical shifts were referenced to the solvent
peak CDCls (77 ppm). 7-(Diethylamino)-3-(thiophen-2-yl)-2H-chromen-2-one and 3-(5-
bromothiophen-2-yl)-7-(diethylamino)-2H-chromen-2-one used as intermediates of reaction
have been synthesized according to procedures previously reported in the literature, without

modifications and in similar yields [18]
Synthesis of 2-oxo-2H-chromene-3-carboxylic acid (CoumA)

Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to a solution of salicylaldehyde (1.22 g, 10 mmol, M = 122.12 g/mol)

dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for 6 hours, the
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solvent was removed under reduced pressure. Then, concentrated HCI (20 mL) and acetic acid
(20 mL) were added for hydrolysis and the solution was refluxed overnight. After cooling, the
solution was poured onto ice and ag. 40% NaOH was added until pH = 5. A pale precipitate
formed. After stirring for another 30 min, the mixture was filtered, washed with water,
pentane, and dried under vacuum (1.43 g, 75% yield). *H NMR (400 MHz, DMSO-ds) & 8.75
(s, 1H), 7.91 (dd, J = 7.7, 1.2 Hz, 1H), 7.80-7.68 (m, 1H), 7.42 (dd, J = 15.4, 7.9 Hz, 2H).

Analyses were consistent with those previously reported in the literature [23]
Synthesis of 7-hydroxy-2-oxo-2H-chromene-3-carboxylic acid (CoumB)

Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to the solution of 2,4-dihydroxybenzaldehyde (1.38 g, 10 mmol, M =
138.12 g/mol) dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for 6
hours, the solvent was removed under reduced pressure. Then, concentrated HCI (20 mL) and
acetic acid (20 mL) were added for hydrolysis, and the solution was refluxed overnight. After
cooling, the solution was poured onto ice and ag. 40% NaOH was added until pH = 5. A pale
precipitate formed. After stirring for another 30 min, the mixture was filtered, washed with
water, pentane, and dried under vacuum (1.61 g, 78% yield). *H NMR (400 MHz, DMSO-ds)
d 8.68 (s, 1H), 7.75 (d, J = 8.6 Hz, 1H), 6.85 (dd, J = 8.6, 2.3 Hz, 1H), 6.74 (d, J = 2.1 Hz,

1H). Analyses were consistent with those previously reported in the literature [23].
Synthesis of 7-(diethylamino)-2H-chromen-2-one (CoumC)

Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to the solution of 4-(Diethylamino)-salicylaldehyde (1.93 g, 10 mmol)
dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for 6 hours, the
solvent was removed under reduced pressure. Then, concentrated HCI (20 mL) and acetic acid
(20 mL) were added for hydrolysis and the solution was refluxed overnight. After cooling, the
solution was poured onto ice and ag. 40% NaOH was added until pH = 5. A pale precipitate
formed. After stirring for another 30 min, the mixture was filtered, washed with water,
pentane, and dried under vacuum (1.56 g, 72% yield). *H NMR (400 MHz, CDCls) § 7.53 (d,
J=9.3 Hz, 1H), 7.24 (d, J = 8.8 Hz, 1H), 6.60-6.44 (m, 2H), 6.03 (d, J = 9.3 Hz, 1H), 3.41 (q,
J=7.1Hz 4H), 1.21 (t, J = 7.1 Hz, 6H). Analyses were consistent with those previously
reported in the literature [24].

Synthesis of 8-methoxy-2-0xo0-2H-chromene-3-carboxylic acid (CoumD)
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Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to the solution of 3-methoxysalicylaldehyde (1.52 g, 10 mmol, M =
152.15 g/mol) dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for 6
hours, the solvent was removed under reduced pressure. Then, concentrated HCI (20 mL) and
acetic acid (20 mL) were added for hydrolysis and the solution was refluxed overnight. After
cooling, the solution was poured onto ice and ag. 40% NaOH was added until pH = 5. A pale
precipitate formed. After stirring for another 30 min, the mixture was filtered, washed with
water, pentane, and dried under vacuum (1.80 g, 82% yield). *H NMR (400 MHz, DMSO-ds)
6 850 (s, 1H), 7.42-7.26 (m, 3H), 3.91 (s, 3H). Analyses were consistent with those
previously reported in the literature [25].

Synthesis of 6-nitro-2-oxo-2H-chromene-3-carboxylic acid (CoumE)

(0]
O,N
0] 0]

Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to the solution of 2-hydroxy-5-nitrobenzaldehyde (1.67 g, 10 mmol, M
= 167.12 g/mol) dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for
6 hours, the solvent was removed under reduced pressure. Then, concentrated HCI (20 mL)
and acetic acid (20 mL) were added for hydrolysis and the solution was refluxed overnight.
After cooling, the solution was poured onto ice and ag. 40% NaOH was added until pH =5. A
pale precipitate formed. After stirring for another 30 min, the mixture was filtered, washed
with water, pentane, and dried under vacuum (2.02 g, 86% vyield). *H NMR (400 MHz,
DMSO-de) 6 8.81 (d, J = 2.8 Hz, 1H), 8.51-8.33 (m, 2H), 7.59 (d, J = 9.1 Hz, 1H) Analyses

were consistent with those previously reported in the literature [26].

Synthesis of 3-oxo-3H-benzo[f]Jchromene-2-carboxylic acid (CoumF)
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Dimethyl malonate (2.64 g, 20 mmol, M = 132.11 g/mol) and piperidine (1 mL, 10 mmol)
were mixed and added to the solution of 2-hydroxy-1-naphthaldehyde (1.72 g, 10 mmol, M =
172.18 g/mol) dissolved in absolute ethanol (30 mL). After stirring and heating to reflux for 6
hours, the solvent was removed under reduced pressure. Then, concentrated HCI (20 mL) and
acetic acid (20 mL) were added for hydrolysis and the solution was refluxed overnight. After
cooling, the solution was poured onto ice and ag. 40% NaOH was added until pH = 5. A pale
precipitate formed. After stirring for another 30 min, the mixture was filtered, washed with
water, pentane, and dried under vacuum (1.82 g, 76% yield). *H NMR (400 MHz, DMSO-ds)
§9.37 (s, 1H), 8.60 (d, J = 8.3 Hz, 1H), 8.31 (d, J = 9.0 Hz, 1H), 8.09 (d, J = 7.8 Hz, 1H), 7.77
(ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 7.65 (dt, J = 12.9, 2.9 Hz, 1H), 7.60 (d, J = 9.1 Hz, 1H).
Analyses were consistent with those previously reported in the literature [27].

Synthesis of 7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde (CoumG)

N 0" Yo
P

20 mL of POCIz was added dropwise to 20mL of dry DMF at 0 °C under Argon and stirred
during 30 minutes at 50 °C. Then 7-(diethylamino)-2H-chromen-2-one (15,0 g, 69.1 mmol, M
= 217.27g/mol) in 100 mL of DMF was added to the mixture and the mixture was heated to
60 °C overnight. Afterward, the mixture was poured into 500 mL of ice water and a solution
of NaOH 20% was added. The precipitate was filtered and washed with water. (13.12 g, 77%
yield). *H NMR (300 MHz, CDCls) § 10.08 (s, 1H), 8.21 (s, 1H), 7.46-7.32 (m, 1H), 6.61
(dd, J=9.0, 2.5 Hz, 1H), 6.45 (d, J = 2.3 Hz, 1H), 3.46 (q, J = 7.1 Hz, 4H), 1.23 (t, J = 7.1 Hz,

6H). Analyses were consistent with those previously reported in the literature [24].

Synthesis of 5-(7-(diethylamino)-2-oxo-2H-chromen-3-yl) thiophene-2-carbaldehyde
(CoumH)
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N

7-(Diethylamino)-3-(thiophen-2-yl)-2H-chromen-2-one (3.00 g, 10 mmol, M = 299.39
g/mol) was dissolved in DMF (7 mL) and POCIs (1.8 mL, 20 mmol) was slowly added at 0
°C. The mixture was heated up to 80 °C overnight. After cooling, the solution was quenched
with water. The mixture was extracted with DCM several times. The organic phases were
combined, dried over magnesium sulfate and the solvent removed under reduced pressure. It
was used without any further purification (2.88 g, 88% yield). *H NMR (400 MHz, CDCls) §
9.90 (s, 1H), 8.02 (s, 1H), 7.77 (d, J = 4.1 Hz, 1H), 7.73 (d, J = 4.1 Hz, 1H), 7.38 (d, J = 8.9
Hz, 1H), 6.69 (dd, J = 8.9, 2.5 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H), 3.46 (q, J = 7.1 Hz, 4H), 1.25
(t, J = 7.1 Hz, 6H). Analyses were consistent with those previously reported in the literature
[28].

Synthesis of  7-(diethylamino)-3-(5-(3-nitrophenyl)thiophen-2-yl)-2H-chromen-2-one
(Couml)

Tetrakis(triphenylphosphine)palladium (0) (0.46 g, 0.744 mmol, M = 1155.56 g.mol?) was
added to a mixture of 3-(5-bromothiophen-2-yl)-7-(diethylamino)-2H-chromen-2-one (2.31 g,
6.11 mmol, M = 378.28 g.mol™), 3-nitrophenylboronic acid (1.53 g, 9.16 mmol, M = 166.93
g.mol?), toluene (54 mL), ethanol (26 mL) and an aqueous potassium carbonate solution (2
M, 6.91 g in 25 mL water, 26 mL) under vigorous stirring. The mixture was stirred at 80 °C
for 48 h under a nitrogen atmosphere. After cooling to room temperature, the reaction mixture
was poured into water and extracted with ethyl acetate. The organic layer was washed with
brine several times, and the solvent was then evaporated. The residue was purified by
filtration on a plug of silicagel using a mixture of DCM/ethanol as the eluent (67% vyield, 1.72
). 'H NMR (400 MHz, CDCls) & 8.49 (t, J = 1.9 Hz, 1H), 8.10 (ddd, J = 8.2, 2.2, 1.0 Hz,
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1H), 7.98-7.92 (m, 2H), 7.64 (d, J = 4.0 Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 4.0 Hz,
1H), 7.35 (d, J = 8.9 Hz, 1H), 6.64 (dd, J = 8.8, 2.5 Hz, 1H), 6.55 (d, J = 2.4 Hz, 1H), 3.45 (q,
J = 7.1 Hz, 4H), 1.24 (t, J = 7.1 Hz, 6H); HRMS (ESI MS) m/z: theor: 420.1144 found:
420.1147 (M™ detected); Anal. calc. for C23H20N204S: C, 65.7, H, 4.8, O, 15.2; found: C 65.5,
H4.7,0154

2.2. Others chemical compounds

All the other chemicals (Figure 9) were selected with the highest purity available and used
as received. Di-tert-butyl-diphenyliodonium hexafluorophosphate (lod) and TMA (4,N,N-
Trimethylaniline) were obtained from Lambson Ltd. (UK). Trimethylolpropane triacrylate
(TMPTA), di(trimethylolpropane) tetraacrylate (TA), Mix-MA, N-Phenylglycine (NPG) were
obtained from Allnex or Sigma Aldrich. TMPTA, TA, and Mix-MA were selected as

benchmark monomers for the radical polymerizations.
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Figure 1. Other chemical compounds used in this paper.

2.3. Irradiation Light sources

We used different light-emitting diodes (LEDs) as light sources: (1) at 405 nm (I = 110

mW/cm?) for the photopolymerization experiments, (2) at 375 nm (I = 40 mW/cm?) for the
photolysis of Coumarins and (3) at 385 nm (I = 0.7 W/cm?) for the photocomposite synthesis.

2.4. Real-Time Fourrier Transform Infrared spectroscopy (RT-FTIR): Kinetic Followed

and Final conversion (FC) determination for the Photopolymerisation

In this research, the ability of coumarins to initiate the photopolymerization of

(meth)acrylate functions (FRP) was studied using two and three-component photoinitiating
systems based on Coum/lod salt (or NPG) (0.1%/1% w/w) and Coum/lod/NPG (0.1%/1%/1%
w/w/w). The percentage of the different chemical compounds is calculated according to the

monomer weight. Kinetic study, as well as the reactive function conversion, were monitored
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by the evolution of the double bond vs. time. In fact, the polymerization experiments were
performed in both thick (1.4 mm) and thin (25 pm) samples, they were obtained by deposition
of the formulation into the mold (1.4 mm) or between two propylene films in order to reduce
02 inhibition, respectively. In addition, excellent solubility of all coumarin derivatives
(excluding the CoumE) were observed. For the thick and thin samples, the evolution of the
(meth)acrylate functions for TMPTA or Mix-MA were followed by RT-FTIR spectroscopy
(JASCO FTIR 6600) at about 6150 cm™ and 1630 cm™, respectively. The procedure used to
monitor the photopolymerization profile was described in detail in [29,30].

2.5 Redox potentials

The reduction (Ered) or oxidation (Eox) potentials for the different coumarin derivatives
were determined by cyclic voltammetry in ACN using tetrabutylammonium
hexafluorophosphate as the supporting electrolyte (potential vs. saturated calomel electrode—
SCE). The free energy change (AGet) for an electron transfer reaction was calculated using
equation (2) [25], where Eox, Ered, E*, and C represent the oxidation potential of the electron
donor, the reduction potential of the electron acceptor, the excited state energy level
(determined from luminescence experiments) and the coulombic term for the initially formed

ion pair, respectively. Here, C was neglectedm as usually done for polar solvents.
AGet = Eox- Erea - E* + C €q.2

2.6. UV-vis Absorption and photolysis experiments

The absorption properties (UV-visible absorption spectrum and molar extinction
coefficient) as well as the steady state photolysis of the investigated Coumarin derivatives

(CoumA - Couml) in acetonitrile have been investigated using a JASCO V730 spectrometer.
2.7. Fluorescence experiments

The fluorescence properties of these organic compounds in ACN were studied using a
JASCO FP-6200 spectrofluorimeter. The fluorescence quenching of *Coumarin by lod or
NPG were examinated from the classical Stern-Volmer treatment [31] (lo/T = 1 + kq 1[Q],
where lo and | stand for the fluorescent intensity of Coumarin in the absence and the presence
of Tod or NPG, respectively; 1o stands for the lifetime of Coumarin in the absence of lod and

[Q] stand for the concentration of quencher, in our study lod or NPG).

2.8. Computational Procedure
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Molecular orbital calculations were carried out with the Gaussian 03 suite of programs
[32,33]. Electronic absorption spectra for the different compounds were calculated with the
time-dependent density functional theory at the MPW1PW91-FC/6-31G* level of theory on
the relaxed geometries calculated at the UB3LYP/6-31G* level of theory.

2.9. Near-UV conveyor for photocomposite synthesis

Photocomposites have been achieved using glass fibers for the reinforcement and an
organic resin based on acrylates (50%/50% w/w). The photosensitive resin has been deposited
on glass fibers, then the mixture was irradiated using a LED conveyor at 385 nm(0.7 W.cm™).
A Dymax-UV conveyor was used, the distance between the belt and the LED was fixed to 15

mm, and the belt speed was fixed to 2 m.min™.
2.10. Laser writing and 3D patterns characterization

For the direct laser write experiments, a computer-controlled the laser diode at 405 nm
(spot size = 50 um) was used, and the 3D patterns obtained were characterized by a numerical
optical microscope (DSX-HRSU from OLYMPUS Corporation) [34].

3. Results

Photoinitiation ability, the performance of photopolymerization, photophysical and
photochemical properties as well as chemical mechanisms associated with the

photopolymerization processes will be discussed in detail.
3.1. Light Absorption Properties

UV-visible absorption spectra of the different coumarins in acetonitrile are depicted in
Figure 1 (See also Table 1). These organic compounds are characterized by a high molar
extinction coefficient in both near-UV and visible range (e.g., CoumC & ~ 18000 M*cm™ at
374 nm and 3500 M*cm™? at 405 nm, and CoumF & ~ 10200 M™cm™ at 376 nm and 4800 M-
em? at 405 nm). So, these absorption properties afford a good overlap with the emission
spectrum of the LEDs used in this work (LED at 405 nm for FRP, LED at 375 nm for the

photolysis experiments and LED at 385 nm for the photocomposites synthesis).

In fact, the presence of different substituents on the coumarin scaffold can affect the
absorption properties (Figure 2) of these compounds and their molar extinction coefficients
can be affected. For example, taking CoumA as a standard structure among these 10

compounds, we observed a shift towards higher absorption range (e.g., CoumB, CoumD, and
121



Partie II : Colorants organiques comme photoamorceurs

CoumF are strongly shifted), and towards lower absorption range (e.g., CoumE), so a
bathochromic effect is observed by introduction of electron donor group (such as OH, OMe,
and NR2) and a hypsochromic effect is observed by introduction of electron acceptor group
(e.g., NO2 in case of CoumE).

The electron-donating effect of these substituents is presented by ascending order: CoumH
> Couml > CoumG > CoumF > CoumC > CoumD > CoumB.

50000 =

40000

10000

250 300 350 400 450 500 550 600
A (nm)
Figure 2. UV-visible absorption spectra of the investigated compounds based on Coumarin

derivatives in ACN: (1) CoumA, (2) CoumB, (3) CoumC, (4) CoumD, (5) CoumE, (6) CoumF,
(7) CoumG, (8) CoumH and (9) Couml.

Table 1. Light absorption properties of coumarins at 405 nm and at Ama; Singlet state energy (Esi)
determined from the crossing point of absorption and fluorescence spectra.

Amax Emax €405nm Es:

(nm) (Mtcm?) (M?1cm?) (eV)
CoumA 302 11,000 40 3.35
CoumB 351 13,000 80 3.24
CoumC 374 18,000 3500 3.01
CoumD 322 14,000 100 3.12
CoumE 275 18,000 60 3.91
CoumF 376 10,000 4800 2.98
CoumG 442 48,000 19,000 2.62
CoumH 458 21,000 6500 2.48
Couml 445 27,000 14000 2.55
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Figure 3. HOMO and LUMO frontier orbitals and their respective calculated UV-Visible
absorption spectra for the different investigated compounds at the UB3LYP/6- 31G* level.

3.2. Free Radical Photopolymerization
3.2.1. Photopolymerization of Methacrylate Function of Mix-MA

The FRP profiles of methacrylate functions using Mix-MA as the benchmark monomer

was performed in thick sample and in the presence of two or three-component PISs based on

123



Partie II : Colorants organiques comme photoamorceurs

Coum/lod (or NPG) (0.1%/1% wi/w) or Coum/lod/NPG (0.1%/1%/1% wi/w/w) respectively,
upon visible light irradiation with a LED at 405nm are given in Figure 4 (See also Table 2).

The obtained results show that Coum/lod (or NPG) is less reactive than three-component
PISs (Coum/lod/NPG), this result can be explained by a higher yield of reactive species
(radicals) in the presence of 10d/NPG which is not able, alone, to initiate the FRP (e.g., FC =
24% for Couml/lod vs. 76% for Couml/lod/NPG, and FC = 0% for CoumA/lod vs. 76% for
CoumA/Iod/NPG; show Figure 4A and C curve 1). In fact, CoumB, CoumD, CoumF and
CoumG showed a photoreduction process rather than a photo-oxidation process (e.g., FC =
0% for CoumB/lod vs. 67% for CoumB/NPG, and FC = 0% for CoumD/lod vs. 75% for
CoumD/NPG), but CoumC and Coum8 show an opposite behavior with a photo-oxidation
process probably more favorable than the photoreduction (FC = 70% for CoumC/lod vs. 28%
for CoumC/NPG; Figure 4A and B curve 3). The FRP profiles also show a low rate of
polymerization, this can be due to the high oxygen inhibition effect.
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Figure 4. Photopolymerization profiles of methacrylate functions (conversion vs. irradiation
time) using MIX-MA in thick sample (1.4 mm) under visible light irradiation using a LED at
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405nm: (A) Coum/lod (0.1%/1% w/w), (B) Coum/NPG (0.1%/1% w/w) and (C) Coum/lod/NPG
(0.1%/1%/1% wiwiw) : (1) CoumA, (2) CoumB, (3) CoumC, (4) CoumD, (5) CoumE, (6)
CoumF, (7) CoumG, (8) CoumH, (9) Couml and (10) 1od/NPG (1%/1% wi/w). Irradiation starts at
t=10s.

3.2.2. Photopolymerization of Acrylates (TMPTA or TA)

In fact, iodonium salt or NPG alone cannot initiate the FRP of acrylate at 405 nm due to
their absorption in the UV range [17,23]. Therefore, the coumarins derivatives are introduced
in order to improve the absorption properties of photosensitive formulations.

Firstly, the most of Coumarin derivatives show high extinction coefficients at 405 nm. The
photopolymerization profiles of acrylate functions in thick (1.4 mm) or thin (25 um) samples
(conversion vs. irradiation time) using TMPTA (or TA) as benchmark monomers are depicted
in Figure 5 (see also Table 2 and Table 3). The obtained results show that the two-component
PISs based on Coum/lod (0.1%/1% wi/w) (or Coum/NPG) are able to strongly initiate the
FRP, but a very higher performance [Final conversion (FC) and polymerization rate (Rp)] was
acquired using the three-component PISs based on Coum/lod/NPG which is quite efficient in
the FRP of acrylate functions upon LED at 405 nm (e.g., FC = 60% for CoumC/lod (0.1%/1%
wi/w) vs. 80% for CoumC/10d/NPG (0.1%/1%/1% wi/w/w), Figure 5A and B curve 3).

Moreover, the 10d/NPG (1%/1% w/w) couple weakly initiates the FRP (FC = 47%). This is
ascribed to the formation of a charge transfer complex (CTC) between lod and NPG [27]
which is able to generate reactive species when it absorbs light. Clearly, the presence of
Coumarin as photoinitiator is improving the performance of the photopolymerization

processes.

Some of the coumarins can show both photoreduction (electron transfer from NPG to
Coumarin) and photoxidation (electron transfer from Coumarin to lod) processes, while other
derivatives show only photoreduction process, such as CoumA, CoumB and Coumk (e.g., FC
= 0% for CoumB/lod (0.1%/1% w/w) vs. FC = 78% for CoumB/NPG (0.1%/1% wi/w)).
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Figure 5. Photopolymerization profiles of acrylate functions (conversion vs irradiation time)
using TMPTA in thick sample (1.4 mm) under visible light irradiation using a LED at 405 nm:
(A) Coum/lod (0.1%/1% w/w), (B) Coum/NPG (0.1%/1% wi/w) and (C) Coum/lod/NPG
(0.1%/1%/1% wiw/w) : (1) CoumA, (2) CoumB, (3) CoumC, (4) CoumD, (5) CoumE, (6)
CoumF, (7) CoumG, (8) CoumH, (9) Couml and (10) lod/NPG (1%/1% wi/w). The molar
concentrations for 0.1 % w/w are 0.0055, 0.0051, 0.0049, 0.0048, 0.0045, 0.0044, 0.0043, 0.0032,
and 0.0025M for CoumA, CoumB, CoumC, CoumD, CoumE, CoumF, CoumG, CoumH, Couml,
respectelievly. The irradiation starts att = 10 s.

Table 2. Final reactive functions conversion (FC%) for different monomers and different PISs upon
visible light irradiation using a LED at 405 nm (400 s of irradiation and thickness = 1.4 mm).

Two-Component PISs

Coum/Additives (0.1%/1% w/w)

Three-Component PISs
Coum/l1od/NPG (0.1%/1%/1% wiw/w)

TMPTA TA Mix-MA TMPTA TA Mix-MA

CoumA n.p? n.p? n.p? 80% 85% 76%
61%° 30% ° n.p®

CoumB n.p? n.p? n.p? 78% 88% 76%
78%° 81%"° 67%"°

CoumC 60% ° 80% ° 70% *® 80% 88% 80%
42% ° 56% ° 28%°

CoumD 33% ® 74% @ n.p? 86% 92% 79%
83%"° 90% ° 75% °
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CoumE n.p? n.p? n.p? 73% 75% 64%
36% ° 25% ° 30%°

CoumF 60% ? 86% * 13% ® 80% 88% 64%
81% " 88% " 63% "

CoumG 70% ® 80% *® 35% ? 50% 40% 46%
75% ° 82% " 55% "

CoumH 65% ° 84%? 62% ? 81% 87% 75%
53% " 59% " 29% "

Couml 58% 78%? 24% ? 70% 75% 76%
60% " 31%° 18% °

2 Coum/lod (0.1%/1% wi/w); ® Coum/NPG (0.1%/1% wiw).

Table 3. Final reactive functions conversion (FC%) for different monomers and different PISs upon
visible light irradiation using a LED at 405 nm (150 s of irradiation and thickness = 25 pm).

Two-Component PISs Three-Component PISs
Coum/Additives (0.1%/1% wi/w) Coum/lod/NPG (0.1%/1%/1% w/w/w)
TMPTA TA Mix-MA TMPTA TA Mix-MA
CoumA np? np? np? 25% 38% 36%
32%° np® 22%°
CoumB 49% ° 32%° 14% @ 28% 44% 52%
13%° 24% " 15% "
CoumC 25%° 53% ? n.p? 50% 75% 72%
25% " 15%" 17%"°
CoumD 42% *° 42%*° 17% @ 42% 70% 57%
34%° 45%° 2206
CoumE n.p? n.p? n.p? 30% 40% n.p
np°® np°® np°®
CoumF 11%° 42%*° 18% @ 51% 73% 79%
47%"° 65% ° 70% °
CoumG 38%° 68% *° 43%*® 55% 81% 74%
48%"° 67%° 64% °
CoumH 19% @ 43%*° 36% ° 46% 68% 74%
14% ° 45%° 48%"°
Couml 15% @ 37%°? 12% @ 42% 58% 66%
25% ° 45%° 29% °

@ Coum/lod (0.1%/1% w/w); ® Coum/NPG (0.1%/1% w/w).

3.3. 3D Printing Experiments Using Coum/lod/amine PISs and Optical Microscopy

Characterization

New 3D patterns were obtained by direct laser write experiments of Coum/lod/amine PISs

using a laser diode at 405 nm and characterized by optical microscopy. These 3D patterns
were obtained under air using different PISs based on Coum/lod/TMA (0.05%/0.5%/0.235%
w/w/w) in TA or TMPTA (See Figure 6). In fact, the high photosensitivity of this resin
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allowed an efficient polymerization process in the irradiated area so a high spatial resolution
is observed. Markedly, a great thickness is obtained (~2090 pum) and these patterns were
carried out in a very short irradiation time (~ 2-3 minutes). Using a well-established Type |
photoinitiator (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide-TPO) in similar direct laser
write conditions; similar performances can be reached but requiring a higher content (0.5%
w/w). This latter result demonstrates the interest in using Coum derivatives. It is important to
note that the 3D patterns based on CoumC exhibit a blue fluorescence when these structures
are characterized by the light of the microscope.

Figure 6. Characterization of 3D patterns by numerical optical microscopy obtained by Free
Radical photopolymerization experiment (using TA or TMPTA as benchmark monomer) using a
diode laser at 405nm: (A) CoumC/lod/4,N-N-TMA (0.05%/0.5%/0.235% w/w/w) in TA, (B)
CoumH/lod/TMA (0.05%/0.5%/0.19% wi/w/w) in TMPTA and (C) CoumD/lod/4,N-N-TMA
(0.05%/0.5%/0.275% w/w/w) in TMPTA.

3.4. Near-UV Conveyor Experiments for the Synthesis of Photocomposites Using
Coum/lod/NPG (0.1%/1%/1% wiw/w)

Generally, photocomposites are materials composed of at least two components: matrix
and reinforcement. The mixture of these two components leads to new interesting properties
that the two components separately do not have. The production of composites in the last
decades and until today represents a very dynamic market in different fields such as
aeronautics, automotive, wind power, and buildings. So, due to their very high mechanical
resistance and chemical resistance, the glass fibers are used in this work as a matrix for the

photocomposite synthesis.

In this work, the proposed coumarin derivatives were tested for access to photocomposites
upon near-UV light using a LED conveyor at 385 nm (0.7 W/cm?). The curing results

obtained are summarized in Figure 7. Firstly, photocomposites were prepared by

128



Partie II : Colorants organiques comme photoamorceurs

impregnation of glass fibers with an acrylic resin (TMPTA) (50% glass fibers/50% acrylic
resin) and irradiated upon a LED at 385 nm. Remarkably, a very fast polymerization was
observed using Coum/lod/NPG (0.1%/1%/1% w/w/w), where both the surface and the bottom

are tack-free after some passes.

Number of passes to reach
tack-free surfaces (Surface
and bottom):

Before After
Thickness Surface Bottom

Irradiation Irradiation
diat

(1) 2.8 mm 1 6
4.1 mm 1 1
3.2mm 1 14
3mm 1 3
3.37 mm 1 4

Figure 7. Photocomposites manufactured upon near-UV irradiation at 385 nm (0.7 W/cm?) using
glass fiber/resin (50%/50% wi/w) in the presence of three-component PISs based on
Coum/lod/NPG (0.1%/1%/1% wiw/w): (1) CoumC, (2) CoumD, (3) CoumF, (4) CoumG, and (5)
CoumH.

4. Discussion

For a better understanding of the photoinitiation ability, the photochemical properties of
the studied coumarins were investigated. More particularly, their photolysis behaviors,
fluorescence quenchings, and redox properties were investigated in the presence of additives
(amine/iodonium salt), allowing to establish the photochemical mechanisms (see Scheme 4

below).
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Coumarin (hv) — * Coumarin

L3 Coumarin + Arl* — Ar* + Arl + Coumarin **
NPG +lod — [NPG-lod]ecre

[NPG-Iod]cre (hv) — Are®

L3 Coumarin + NPG — Coumarin-H*+ NPGun®
NPGan* — NPGat-con® + CO2

NPGaicoz* + Ar2l*— NPGuicoyt+ Are+ Arl
Coumarin** + NPG — Coumarin+ NPG**
Coumarin-H*+ Ar:l* — Coumarin + Ar*+ Arl + H*

Scheme 4. Proposed chemical mechanisms.

4.1. Steady-State Photolysis of Coumarins

Steady-state photolysis of coumarins derivatives in ACN and under irradiation light using a
LED at 375 nm have been performed to explain the obtained results in FRP. So, the
photolysis of one of these compounds (CoumC) is presented in Figure 8. First of all, the
photolysis of CoumC alone upon irradiation at 375 nm is very slow compared to that obtained
with lod, which is very fast. In fact, the appearance of a weak peak between 425 and 500 nm
and the evolution of the absorption peak of CoumC shows that a high interaction between
CoumC and lod took place by an electron transfer process, this process induced, during the
irradiation, a photolysis of the CoumC and generation of new photoproducts. On the other
hand, the photolysis of CoumC with 10d/NPG couple was very slow (Figure 8D curve 3) and
poor consumption was obtained; these results can be explained by a high regeneration of

CoumC in three-component PISs.
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Figure 8. (A) Photolysis of CoumC alone in ACN, (B) photolysis of CoumC with lod (10-2 M)
in ACN, (C) photolysis of CoumC with lod/NPG (10-2M) couple, (D) percentage of consumption
of CoumC (1) without lod, and with (2) with lod (10-2 M), and (3) with 1od/NPG vs. irradiation
time — upon exposure to the LED@375 nm in ACN.

4.2. Fluorescence Quenching and Cyclic Voltammetry Experiments for the Coumarins

Fluorescence quenching and emission spectra of the different coumarins (e.g CoumC) have
been carried out in ACN and reported in Figure 9. Firstly, where the emission intensity of
CoumC decreases when we added lod or NPG, so an interaction between 'Coum-C and lod
(or NPG) occurs, this result is in full agreement with FRP and photolysis experiments shown
above. To compare the reactivity of different coumarin with lod or NPG, the Stern-Volmer
coefficient (Ksv) have been calculated according to Equation (1). For example, a very high
quenching of CoumF with NPG and poor quenching of CoumC with NPG were observed, so
Ksv for CoumF is higher than that of CoumC (Ksv = 44 M for CoumC and 400 M for
CoumF), therefore a high electron transfer quantum yield is obtained for CoumF ¢ =0.9)
compared to that obtained for CoumC (¢ = 0.6) (Table 4).

(I) s1= st[lOd]/(l + st[|0d]) (1)
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The free energy change (AG) for the electron transfer between coumarins and lod or NPG
IS an important parameter to evaluate the feasibility of this process. AG can be extracted from
the Es; and the electrochemical properties (Eox and Ered) (using Equation (1)) e.g., AG = —2.39
eV for CoumF/lod which is more reactive in FRP of acrylate functions (TA monomer) (FC =
86%). All these data are gathered in Table 4

. Finally, the FRP results of acrylate functions can be explained by a global mechanism
based on the different results obtained by the characterization techniques (steady-state
photolysis, Fluorescence quenching and cyclic voltammetry). First of all, the photoinitiator
(Coumarin) goes to its excited state once it absorbs suitable light energy, and as it is notable
to give reactive species alone, the lod salt (or NPG), therefore, interacts with its excited state
and will be able to dissociate and give reactive species responsible to initiate the FRP (r1-r2).
The addition of NPG to the photosensitive formulation is very important because of the
formation of a charge-transfer complex between lod salt and NPG [lod-NPG]crc able to
generate reactive species (r3-r4). Moreover, a hydrogen transfer process from NPG to
Coumarins can occur which generates two types of radicals (Coum-H®,NPG(-H)®) (r5). In
fact, a decarboxylation of NPG.1)® can take place and leads to the radical formation (NPG (4,
-c02)®), which react with lod salt to produce reactive species (Ar® and NPGn, co2)®) (r6-r7).
Ar® and NPG.H,-co2)®) (rl1-r9) radicals are assumed as the reactive species responsible to the
FRP of the (meth)acrylate functions. The coumarins consumption is reduced in three-
component PIS (Figure 8); this can be explained by a regeneration of the photoinitiator, which

is in agreement on r8-r9 (See Scheme 4).
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Figure 9. (1) Fluorescence quenching of CoumC by lod, (2) Es: determination, (3) Determination
of Ksv (Stern-Volmer coefficient), and (4) Oxidation potential (Eox) determination of CoumC.

Table 4. Parameters characterizing the chemical mechanisms associated with *Coum/lod or
'Coum/NPG interaction in acetonitrile. For lod and NPG, a reduction and oxidation potential of -0.2
and 1.03 eV were used respectively for the AGet calculation.

E\;x E\r;d A\(/} A\(/} l"\</|8\{ ||\</|S\1/ o o
e e

M) (Cogm/)lod) (Cou(mllzlPG) (Co(umll)od) (COlEm/I\}PG) (Coum/lod) | (Coum/NPG)
CoumA | - | —061 5 171 7.25 104 0.35 0.78
CoumB | - - : - 21 174 0.39 0.82
CoumC | 1 5 ~181 5 44 44 05 0.6
CoumD | 0.6 | —098 | —2.32 111 14 46.5 0.3 05
CoumE | - - - - 52907 773 0.972 0.9
CoumF | 039 | —1.01 | 239 ~0.94 9 400 0.3 0.9
CoumG | 046 | 135 | —1.96 ~0.24 6 16 0.2 05
CoumH | 0.96 | 140 | —1.32 ~0.05 48 22 0.6 0.6
Couml - —1.06 - —0.460 4 - 0.25 -

Finally, the FRP results of acrylate functions can be explained by a global mechanism

based on the different results obtained by the characterization techniques (steady-state

photolysis, Fluorescence quenching and cyclic voltammetry). First of all, the photoinitiator
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(Coumarin) goes to its excited state once it absorbs suitable light energy, and as it is not able
to give reactive species alone, the lod salt (or NPG), therefore, interacts with its excited state
and will be able to dissociate and give reactive species responsible to initiate the FRP (r1-r2).
The addition of NPG to the photosensitive formulation is very important because of the
formation of a charge-transfer complex between lod salt and NPG [lod-NPG]ctc able to
generate reactive species (r3-r4). Moreover, a hydrogen transfer process from NPG to
Coumarins can occur which generates two types of radicals (Coum-H®, NPG)®) (r5). In fact,
a decarboxylation of NPG()® can take place and leads to the radical formation (NPGH, -
co2)®), which react with lod salt to produce reactive species (Ar® and NPG(+, coz)™) (r6-r7).
Ar® and NPGn,-co2® (r1-r9) radicals are assumed as the reactive species responsible to the
FRP of the (meth)acrylate functions. The coumarins consumption is reduced in three-
component PIS (Figure 6C); this can be explained by a regeneration of the photoinitiator,
which is in agreement on r8-r9 (See Scheme 4).

The photoinitiation ability is a strong interplay between these different reactions (r1-r9),
but their light absorption properties and intersystem crossing behavior (singlet vs. triplet state
pathways, lifetimes) must also be taken into account. Therefore, a deeper characterization of

their structure/reactivity/efficiency relationship is beyond the scope of the present work.

5. Conclusions

Nine coumarins varying by the substitution pattern at the 3- and 7-positions of the
coumarin core have been tested and proposed as highly efficient photoinitiators for the FRP of
meth(acrylates) functions under visible light irradiation using a LED at 405 nm. Remarkably,
these photoinitiators can be used in 3D printing experiments and these dyes showed a very
high efficiency in the photocomposite synthesis (significant curing of the surface and the
bottom) using a LED conveyor at 385 nm. The challenge remains, therefore, to develop new
coumarins absorbing at longer wavelengths e.g., in the near-infrared rangefor a better

penetration of light into thick/filled samples.
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Chapitre II : De nouveaux composés organiques a base de
ceto-coumarine pour ’impression 3D, I’écriture laser et la

synthese des photocomposites.

Les procédés de photopolymérisation connaissent actuellement un développement
important avec des applications considérables au niveau industriel (croissance de 1’ordre 10%
par an). Ce processus photochimique, comparé aux procédés thermiques traditionnels, permet
de réaliser une réaction de durcissement potentiellement rapide, avec une faible
consommation d’énergie et une résolution spatiale élevée. Cependant, ce procédé de synthese
exige la recherche de molécules photosensibles a la lumiere visible émise par les diodes

électroluminescentes (LED) pour pouvoir déclencher le processus de photopolymeérisation.

Les 3-cétocoumarines représentent une famille de coumarines, dont un groupement
carbonyle est directement lié a la position 3 du noyau coumarine. Elles ont été reportées pour
la premiere fois dans les années 80 dans les processus de photopolymérisation [1].
Photochimiquement parlant, ces composés posseédent des spectres d’absorption localisés dans
la zone comprise entre 330 et 450 nm [2], ils sont caractérisés par un rendement quantique de
croisement intersystéme (ICS) trés €levé [3,4] ainsi qu’une longue duré de vie de leur état
excité triplet assurant des processus de désactivation efficaces. Toutes ces caractéristiques
font des cetocoumarines un photoamorceur potentiellement efficace pour les processus de
polymérisation. Cependant, ces composés souffrent d’une mauvaise solubilit¢ dans les

monomeres acryliques.

Dans ce chapitre, dix nouveaux dérives de la cétocoumarine (MeO-Couml — MeO-
Coum10) ont été synthétisés afin de remedier aux problémes de solubilité. Remarquablement,
ces composes absorbent fortement dans la zone UV-visible, de ce fait, ’effet des différents

substituants a été discuté en se basant sur des calculs de modélisation moléculaire.

La capacité d’amorcage de ces dérivés a été suivie en utilisant la RT-FTIR et en les
combinant soit avec des additifs (sel d’iodonium) soit avec un co-amorceur (EDB, NPG). De
méme, des systemes a trois composants ont également été étudiés (MeO-Coum/lod/amine).
Des profils de polymérisation performants ont été observés avec la combinaison MeO-
Coum/lod et MeO-Coum/amine, ce qui reflete une interaction efficace par photo-oxydation et

photo-réduction, respectivement. Ces interactions sont mises en évidence par des expériences
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de désactivation de fluorescence ou des constantes de Stern-Volmer trés élevées sont
obtenues, ainsi que des potentiels d’oxydation et de réduction favorables observés par
voltampérométrie cyclique. La forte réactivité des systémes dérivés des cétocoumarines est
fortement démontrée par la synthése des photocomposites épais (3mm), I’écriture laser, ainsi

que I'impression 3D sous irradiation visible a 405nm et a faible intensité.

Ce travail a fait 1’objet d’une publication dans ‘European Polymer Journal’ sous la
citation suivante : Rahal, M.; Graff, B.; Toufaily, J.; Hamieh, T.; Dumur, F.; Lalevee, J.
Design of keto-coumarin based photoinitiator for Free Radical Photopolymerization: Towards
3D printing and photocomposites applications. Eur. Polym. J., 2021, 154, 110559.

Ecriture Laser Photocomposite

o

Impression 3D
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Design of keto-coumarin based photoinitiator for Free
Radical Photopolymerization: Towards 3D printing and

photocomposites applications

Abstract

In this article, ten organic dyes based on keto-coumarin (KC) derivatives (MeO-Couml,
MeO-Coum10) have been synthesized and characterized as high performance photoinitiators
for the Free Radical Photopolymerization (FRP) of acrylates upon visible light exposure using
a Light emitting diode (LED) @405nm. The addition of lodonium salt (lod), amine [ethyl
dimethylaminobenzoate (EDB) or N-phenylglycine (NPG)] and lod/NPG couple in the
photocurable resins have been carried out in order to prove their influences on the
improvement on the photoinitiating abilities of keto-coumarins. The different dyes showed a
very high ability to initiate the Free Radical Photopolymerization by introduction of these
additives, using Two or Three-component photoinitiating systems based on MeO-Coum/lod
or amine (0.1% or 0.4%/1% w/w) or MeO-Coum/lod/NPG (0.1% or 0.4%/1%/1% wi/w/w)
respectively. In fact, these photoinitiators have been tested in different applications. For
example: in direct laser write to generate 3D patterns using a laser diode @405nm, or for the
photocomposite synthesis based on glass fibers. To characterize the initiation ability and to
explain the reaction mechanisms in the photoinitiation step, several techniques have been
used, such as UV-visible spectroscopy and steady state photolysis, fluorescence emission,

RT-FTIR and cyclic voltammetry experiments.

1. Introduction

The search for new synthetic strategies that can give access to polymer materials while
consuming less energy, less costly, with a fast monomer conversion and with a lower
environmental impact, is one of the most worrying challenges today. For this, the production
of polymers by photochemical means is more and more used at the academic and industrial
levels given their advantages compared to the thermal processes [1-5]. One of these chemical
processes used is the Free Radical photopolymerization (FRP) or the Cationic
photopolymerization (CP), which consists in the transformation of a liquid resin to a solid

material in the presence of a photoinitiating system. Depending on the morphology, the nature
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as well as their mechanical, chemical and physical properties, these polymers will be used in
different sectors of our daily life [6-11]. Thus, the most important step in this process is the
initiation, where a photosensitive molecule absorbs light and will thus be able to generate
reactive species (radicals or cations) able to produce photopolymerization process.
Considering their harmfulness, their high energy consumption as well as the danger for the
operator, the use of a UV irradiation source can be limited and thus replaced by the visible
source using light-emitting diodes (LED) which are safer, compact, lightweight and with a
long lifetime. These equipments give also a greater light penetration in thick samples (for
longer wavelengths) and these light sources are usually associated with better monochromatic
behavior (bandwidth of ~ 20 nm centered on the maximal emission wavelength) [12-17]. So,
the challenge remains to develop new molecules photosensitive to visible light. In fact, a
rather limited number of organic molecules are capable to absorb in the visible region. Hence,
the use of Keto-coumarins (KCs) as photoinitiators of photopolymerization is justified by the
fact that these compounds are characterized by a very high visible light absorption ability
(very high molar extinction coefficient), high triplet state lifetime, a rather low singlet-triplet
energy gap. This family of dyes has already been largely tested as photoinitiating systems for
Free Radical Photopolymerization and Cationic Photopolymerization; see examples in ref
[18-21]. However, previous works were mostly devoted to 3-phenyl-2H-chromen-2-ones and
3-benzoyl-2H-chromen-2-ones that are highly polyaromatic structures. Conversely, reduction
of the aromaticity on methyl 2-oxo-2H-chromene-3-carboxylate derivatives can be greatly
beneficial for the solubility of the photosensitizers in resins, especially in acrylic resins [22].
Indeed, hydrogen bonds can form between the monomer and the carbonyl and carboxyl
groups of methyl 2-oxo-2H-chromene-3-carboxylate derivatives, improving its solubility.

These products are also good fluorophores.

In our work, keto-coumarin derivatives (Ester functions bonded at the 3-position of the
coumarin scaffold — noted MeO-Coum in Scheme 1) characterized by a strong visible (and
near UV) light-absorbing ability with the molar extinction coefficient of ~16000 M cm™ for
MeO-Coum9 for example, have been tested in two and three-component photoinitiating
systems based on MeO-Coum/lod or amine (EDB or NPG) (0.1%/1% w/w) and MeO-
Coum/lod/NPG (0.1%/1%/1% wi/w/w) for the FRP of acrylates in thick and thin samples
under visible irradiation using a LED @ 405nm. These organic compounds showed a very
high initiation ability so that high performances (final conversions and polymerization rates)

could be obtained. As a result of this, the dyes have been tested in laser write experiments as
143


https://www.sciencedirect.com/topics/engineering/extinction-coefficient

Partie II : Colorants organiques comme photoamorceurs

well as in the synthesis of photocomposites using glass fibers for reinforcement purposes.
Finally, absorption and emission properties, photochemical properties as well as the redox
properties, ability of MeO-Coum to initiate the FRP are directly affected by the impact of
these different substituents on the KC scaffold.
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Scheme 1: Chemical structures of the KCs used in this work.

2. Experimental part

2.1 Chemical compounds used in this work

The synthesis of the ketocoumarins is described in detail in supporting information. All
reagents and solvents used were purchased from Aldrich or Alfa Aesar and used as received
without further purification. The purification procedures were similar to those presented in
[18].

All the other chemicals (See Scheme 2) were selected with the highest purity available and
used as received. The storage inhibitors of the monomers were not removed prior to the
experiments. Di-tert-butyl-diphenyl iodonium hexafluorophosphate (lod) and ethyl 4-
(dimethylamino)benzoate (EDB) were obtained from Lambson Ltd (UK). Trimethylolpropane
triacrylate (TMPTA), di(trimethylolpropane) tetraacrylate (TA), N-phenylglycine (NPG) were
obtained from Allnex or Sigma Aldrich. TMPTA and TA were selected as benchmark
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monomers for the radical polymerizations (these monomers were used without inhibitor

removal).
Additives
0 0
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Scheme 2: Other chemical compounds used in this work

2.2 Irradiation sources

Light Emitting Diodes (LEDs) were used in this work as safe irradiation sources for
different experiments: (1) Steady state photolysis for the different KCs have been carried out
using a LED @375nm with an incident light intensity at the sample surface lo = 40 mW/cm?,
(2) Photopolymerization experiments have been performed using a LED@ 405nm with 1o =
110 mW/cm?, (3) Photocomposites were obtained using a LED conveyor @395nm with lo= 4
W/cm?.

2.3 Free Radical Photopolymerization (FRP) of acrylate functions: Kinetic followed and

final conversion (FC) determination by RT-FTIR

The FRP experiments of acrylate functions for the different Keto-Coumarins have been
achieved using two or three-component photoinitiating systems based on MeO-Coum/lod salt
or amine (EDB or NPG) (0.1% or 0.4%/1% w/w) or MeO-Coum/lod/NPG (or EDB) (0.1% or
0.4%/1%/1% w/w/w) upon visible light irradiation using a LED @405nm. The weight percent
of the different compounds (Photoinitiators and additives) is calculated from the monomer

content.
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The photopolymers are obtained by two different treatments: (1) in thick sample
(Thickness = 1.4 mm) using a circular mold (1.4 mm), where the photosensitive resin
(Acrylate and EPOX) is deposited, and (2) in thin sample (Thickness = 25 um), where the
photopolymerizable resin is deposited in sandwich between two polypropylene films (to
reduce oxygen inhibition). In fact, the kinetics tracking as well as the final reactive function
conversions (FC) of different photoinitiating systems are obtained using a JASCO 6600 FTIR
spectrometer. The monomer conversions were determined by following the evolution of the
C=C peak located at 6160 cm™ and 1630 cm™ for the Thick and Thin samples respectively
[23].

2.4. Redox potentials: Free energy change determination

Oxidation potential and reduction potential for KCs (Eox and Ereq) Were determined by
cyclic voltammetry experiments using tetrabutylammonium hexafluorophosphate as the
supporting electrolyte (potentials vs. Saturated Calomel Electrode — SCE) in acetonitrile
(ACN). The free energy change (AGet) for an electron transfer reaction was calculated from
eq.1 [24], where Eox, Ered, E*, and C represent the oxidation potential of the electron donor,
the reduction potential of the electron acceptor, the excited state energy level (obtained from
the crossing point of the UV-visible and fluorescence spectra) and the coulombic term for the

initially formed ion pair, respectively. Here, C is neglected as usually done for polar solvents.
AGet = Eox— Erea —E*+ C eq.1

2.5. UV-Visible absorption, photolysis experiments and fluorescence spectroscopy to

suggest the chemical mechanism

A JASCO V730 UV-visible spectrometer was used to study the UV-visible absorption, the
molar extinction coefficients and the steady state photolysis experiments of the different
Keto-coumarins compounds in acetonitrile (ACN). In the other hand, luminescence properties
as well as the fluorescence quenching experiments of the different KCs were investigated
using a JASCO FP-6200 spectrofluorimeter. According to the classical Stern—\Volmer
treatment [25] (lo/I = 1 + kq to[lod], where o and I stand for the fluorescent intensity of keto-
coumarins in the absence and the presence of lod, respectively; 1o stands for the lifetime of
keto-coumarins in the absence of lod), the quantum yields of the Pl quenched by lod in ACN

could be determined.

2.6. Computational Procedure
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Molecular orbital calculations were carried out with the Gaussian 03 suite of programs
[26,27]. Electronic absorption spectra for the different compounds were calculated with the
time-dependent density functional theory at the MPW1PW91-FC/6-31G* level of theory on
the relaxed geometries calculated at the B3LYP/6-31G* level of theory.

2.7. Photocomposites synthesis using a LED Near-UV conveyor

A Dymax-UV conveyor was used to synthesize photocomposites. First of all, the
photosensitive resin was deposited on the glass fibers (50%/50% w/w), then the
photocomposites were obtained by irradiation of the sample using a LED conveyor @395 nm
(4 W/cm?). The distance between the belt and the LED was fixed at 15 mm, and the belt speed

was fixed at 2 m/min (3s of irradiation per pass).
2.8. Direct laser write and 3D printing experiments

3D patterns were obtained using a computer-controlled diode laser at 405 nm (spot size =
50 um), which were performed under air and analysed by a numerical optical microscope
(DSX-HRSU from OLYMPUS Corporation) [28].

3. Result and discussion

In this part, we discuss the impact of different substituents, linked to the Keto-Coumarins
core, on the absorption properties, photochemical and photophysical properties as well as the
FRP efficiency.

3.1 Investigation of UV-Visible spectra of Keto-Coumarins derivatives

The UV-visible spectra of the new investigated Keto-Coumarins in acetonitrile (ACN) are
presented in Figure 1 (See also Table 1). These compounds are characterized by a very high
molar extinction coefficient in both, near-UV and visible range (e.g. MeO-Coum8 41000 M~
Lem? @344 nmand 3100 Mt.cm™ @405nm, and MeO-Coum9 17500 M™t.cm™ @416nm and
15900 M*.cm™* @405nm). More specifically, their absorptions are very interesting in the 300-
480 nm spectral range, so a good overlap is ensured with the emission spectra of the LEDs
used in this work (LED@ 405 nm for the photopolymerization experiments, 375 nm for the

steady state photolysis experiments and 395 nm for the photocomposites synthesis).

The absorption properties of the keto-coumarins are directly related to the presence of a
donor or acceptor groups linked to the KC scaffold (see in Figure 2 for the frontier orbitals of

the KCs). Remarkably, a bathochromic effect is observed due to the presence of the donor
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groups on the Keto-Coumarin core which destabilizes the m-n* transition, while a
hypsochromic effect is observed upon introduction of an accepting group which stabilizes the
n-t* transition (in the case of MeO-Coum?7 which shows a blue-shifted absorption due to the
presence of an electron accepting group NO2). Therefore, MeO-Coum8, MeO-Coum9 and
MeO-Com10 have the most red-shifted absorption spectra due to the presence of the donating
groups (Ar, N(CH.CHzs). and Naphthalimide group respectively). Taking MeO-Coml as the
original structure, the UV-visible spectra of MeO-Coum2, 3 and 4 are slightly red shifted due
to the presence of a weak donor group (CH3, OH and OCHs respectively), MeO-Coum3 and 4
have high extinction coefficients due to the presence of auxochrome group which is not
present in MeO-Coum?2 (absence of a heteroatom). On the other hand, the UV-visible spectra
of MeO-Coum5 and 6 show a hypsochromic effect despite the presence of the donor group
(OH and OCHs). This result can be explained by the (OH and OMe) group in position 7 that
induce a delocalization of electrons over the totality of the Keto-Coumarins scaffold in the
case of MeO-Coum3 and 4, but OMe and OEt groups in position 8 induce a delocalization
just in the aromatic part (phenyl) in the case of MeO-Coum5 and 6 (MeO in position 8), so
more the delocalization is elongated, more the absorption is shifted towards red range,
therefore MeO-Coum3,4 are more shifted to the red range then MeO-Coum5 and 6. This
behavior is well observed by the computational results on HOMO and LUMO frontier orbitals
(Figure 2).

e(M*cm™) x 10°

300 350 400 450 500
A (nm)

Figure 1: UV-visible spectra of the KCs in ACN: (1) MeO-Couml, (2) MeO-Coum2, (3) MeO-
Coum3, (4) MeO-Coumd4, (5) MeO-Coumb, (6) MeO-Coums, (7) MeO-Coum?, (8) MeO-Coum8 and
(9) MeO-Coum9 and (10) MeO-Coum10.
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Table 1: Light absorption properties of Keto-Coumarins at 405 nm and at Amax

Amax (nm) Emax (M*cm™?) €405nm (Mtcecm?) | €375nm (M*cecm?)
MeO-Couml 330 15900 480 700
MeO-Coum? 343 10000 190 1700
MeO-Coum3 345 28200 4440 9600
MeO-Coum4 344 40900 3060 11600
MeO-Coumb5 304 10900 300 880
MeO-Coum6 305 13000 440 1150
MeO-Coum7 328 3700 350 430
MeO-Coum8 372 11900 3000 11700
MeO-Coum9 416 17500 15800 600
MeO-Coum10 316 22400 3600 5900
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Figure 2: HOMO and LUMO frontier orbitals for the different investigated compounds at the
UB3LYP/6- 31G* level.

3.2 Free Radical Photopolymerization (FRP) of acrylate functions of TMPTA and TA

The FRP using TMPTA or TA as benchmark acrylate monomers have been performed for
both thick (1.4 mm) or thin (25 um) samples using two or three-component photoinitiating
systems upon visible light irradiation with a LED @405nm (I = 110 mW/cm?). The
polymerization profiles are depicted in Figure 3 (See also Table 2). First of all, Keto-
Coumarins alone or additives alone (e.g. lod, EDB and NPG) cannot initiate the FRP. These
results clearly shows the importance of introducing a PI able to absorb a near-UV or visible
light, since the additives are not able to absorb near UV or visible light. In fact, MeO-Coums,
9 and 10 are very effective where they coupled with lod or NPG (0.1%/1% w/w) using TA
(final acrylate function conversion (FC) = 81%, 70% and 61% respectively with lod and 86%,
83% and 87% respectively with NPG), but all other compounds (except MeO-Coum2 and 7)
initiates effectively the FRP of acrylate functions in the presence of NPG (0.4%/1% wi/w)
(e.g. FC= 71%, 70%, 75% and 74% for MeO-Coum3,4,5,6). These results clearly show that
MeO-Coum8,9 and 10 presents a photo-oxidation and photo-reduction process, and that MeO-
Coum3,4,5,6 show mainly a photo-reduction process. In order to improve the performance of
FRP, a three-component photoinitiating system PIS was prepared by introduction of NPG into
the photosensitive formulation. In fact, a charge transfer complex (CTC) could be obtained by
interaction between lod and NPG. This CTC could weakly initiate the FRP of acrylates (FC =
47% in TMPTA and 77% in TA). The performance (final reactive function conversion and
rate of polymerization) was improved by addition of Keto-Coumarin into the photocurable

resin.

Remarkably, MeO-Coum/lod/NPG (0.1% or 0.4%/1%/1% w/w/w) was more efficiency
compared to MeO-Coum/lod or NPG (0.1% or 0.4%/1% wi/w) (e.g. FC = 86% for MeO-
Coum8/NPG vs. 91% for MeO-Coum8/lod/NPG Figure 3B vs. 3C curve 8, 74% for MeO-
Coum6/NPG vs. 87% for MeO-Coum6/lod/NPG Figure 3B vs. 3C curve 6).
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Figure 3: Free Radical photopolymerization profiles of acrylate functions (conversion vs irradiation
time) in thick (A,B and C) and thin sample (D) upon visible light irradiation using a LED@405nm:
(A,B) using two-component PIS based on MeO-Coum/NPG, (C,D) using three-component PIS based
on MeO-Coum/lod/NPG (0.1% or 0.4%/1% wiw): (1) MeO-Couml (0.4%), (2) MeO-Coum2
(0.4%), (3) MeO-Coum3 (0.4%), (4) MeO-Coum4 (0.4%), (5) MeO-Coum5 (0.4%), (6) MeO-
Coumé6 (0.4%), (7) MeO-Coum 7 (0.4%), (8) MeO-Coum8 (0.1%), (9) MeO-Coum9 (0.1%), (10)
MeO-Couml10 (0.1%) and (11) lod/NPG (1%/1% wiw). (A,D) in TMPTA and (B,C) in TA.
Irradiation starts at t = 10s.
Table 2: Final reactive function conversions (FC%) for different monomers and different PISs upon
visible light irradiation using a LED @405nm (400 s of irradiation and thickness = 1.4 mm).
Two-component photoinitiating systems Three-component
photoinitiating systems
TMPTA TA TMPTA TA
10d/NPG 10d/NPG
0, 0, (0] [0) [0)
1% lod | +1%EDB | 1%NPG | 1%lod | 1%NPG (196/1% wiw) (196/1% wiw)
MeO Couml n.pt n.p 36% n.p 52% 73% 81%
MeO Coum?2 n.p 48% 39% n.p 34% 83% 76%
MeO Coum3 n.p n.p 41% n.p 71% 70% 83%
MeO Coum4 n.p n.p 18% n.p 70% 71% 87%
MeO Coum5 23% 57% 52% 12% 75% 84% 87%
MeO Coum6 18% 61% 50% 13% 74% 86% 87%
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MeO Coum? 32% 41% 38% 10% 19% 70% 52%
MeO Coums 18% 60% 51% 81% 86% 86% 91%
MeO Coum9 34% n.p 45% 70% 83% 74% 84%
MeO Coum10 | 38% 49% 32% 65% 87% 78% 89%

L' n.p : no polymerization

3.3 Direct laser write and 3D printing using MeO-Coum/lod/amine system

A diode laser @405nm was used for the generation of 3D polymers patterns which were
characterized by optical microscopy. This experiment was carried out under air and using
different PISs based on MeO-Coum/lod/TMA in TMPTA or TA (See Figure 4). Remarkably,
a great thickness could be obtained (~1900 um), with a high spatial resolution
(polymerization process is produced in the irradiated area) and very short irradiation times
were necessary to generate the 3D patterns. Some 3D printing experiments were also carried
out using a low light intensity 3D printer (LCD-based 405 nm 3D Printer Anycubic Photon S)
(Figure 4E) showing the high photosensitivity of the proposed systems.

A _‘ S ®

(E)

3D printing

—

Figure 4: Free Radical Photopolymerization experiments using a laser diode @405nm for the
generation of 3D patterns characterized by numerical optical microscopy: (A) MeO-Coum2/lod/TMA
(0.15%/0.5%/0.175% w/w/w) in TA, (B) MeO-Coum5/lod/TMA (0.15%/0.5%/0.23% w/w/w) in
TMPTA, (C) MeO-Coum6/lod/NPG (0.266%/0.667%/0.667 w/w/w) in TMPTA, (D) MeO-
Coum8/lod/TMA (0.05%/0.5%/0.18% wi/w/w) in TMPTA and (E) 3D printing experiments using
MeO-Coum8/10d/NPG (0.1%/1%/1% w/w/w) in TMPTA.

3.4 Photopolymerization of acrylate monomer for the access to photocomposite
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In view of their costs/performance ratios, glass fibres are widely used in reinforcement
applications in composite preparation. Due to their ability to initiate Free Radical
Photopolymerization, some KCs were selected for the synthesis of photocomposites using
TMPTA as the organic matrix and glass fibres as reinforcement (50%/50% w/w) upon near-
UV light using a LED conveyor @ 395 nm (4 W/cm?). The obtained results are depicted in
the Figure 5. Firstly, the glass fibres were impregnated by the photosensitive resin, then this
sample was irradiated, and a very fast curing was obtained using MeO-Coum/lod/NPG (0.1%
or 0.4%/1%/1% w/wi/w). It is important to note that both the surface and the bottom are tack-
free after 1 pass only (for MeO-Coum 2,5,6) and 1 pass only at their surfaces and 2 passes on
the bottom for MeO-Coum 8,9,10. A tack-free character is observed by touching the two
polymerized surfaces, once the two surfaces are smooth and non-sticky, we speak of a tack-
free character.

Before irradiation Afterirradiation Thickness Surface Bottom

o]

3.2mm 1 1
(2) 2.9mm 1 1
(3) 2.9mm 1 1
Number of passes to reach
Tack-Free character at the
surface and on the bottom
(4) 3mm 1 2
(5) 3mm 1 2
(6) 2.8mm 1 2

Figure 5: FRP experiments of acrylates (TMPTA) for photocomposites curing using a LED conveyor
@395nm: (1) MeO-Coum2 /lod /NPG (0.4%/1%/1% wiw/w) , (2) MeO-Coum5/lod/NPG
(0.4%/1%/1% wiwiw), (3) MeO-Coum6/10d/NPG (0.4%/1%/1% wiw/w), (4) MeO-Coum8/lod/NPG
(0.1%/1%/1% wiwiw), (5) MeO-Coum9/lod/NPG (0.1%/1%/1% w/w/w) and (6) MeO-
Coum10/10d/NPG (0.1%/1%/1% wiw/w).
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4. Discussion: Photochemical mechanisms

The photochemical and photophysical properties of Keto-Coumarins in solution will be
discussed in this part.

4.1 Steady state photolysis of Keto-Coumarin derivatives

Photolysis experiments of the different KCs in ACN have been carried out using a LED
@375nm. One of these compounds (MeO-Coum8) was chosen and presented in Figure 6 to
explain the results obtained by FRP. First of all, no photolysis occurs for MeO-Coum8 alone
(Figure 6A), but a very fast photolysis of this compound is observed in the presence of lod
(102 M). These results clearly show that MeO-Coum8 is photostable. Decrease of the
absorption peak of MeO-Coum8 and the increase in the optical density between 420 nm and
500 nm show that an interaction between the KC and lod occurs. This interaction can be
explained by an electron transfer process which generates a radical and a photoproduct when
they are irradiated. The consumption percentage obtained by KC/lod photolysis (56%) is very
high compared to that in the presence of KC alone (no consumption occurs) (Figure 6C curve
1vs. 2).

(A) (B)
0,8 m
—os
064 \ 30s
\ 60's
\ —120s
\ 240's
0,44 W/ \ ——480's
o (V4 \ 900
O
024 \
\
00 T T T T ]
250 300 350 400 450
A (nm)
©) &
' 504
o
E 10
o
Q
0o 30
o
=
G 204 .
c
g /./
Q. L
g 10 ./.
I e
8

0 200 400 600 800 1000 1200 1400

Time (s)

Figure 6: Steady state photolysis experiments of MeO-Coum8 in ACN: (A) alone, (B) with lod (107
M). (C) Consumption (%) of MeO-Coum8 vs. Irradiation time (s) : (1) alone, and (2) with lod.
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4.2 Excited state reactivity and redox behaviour

Emission spectra and fluorescence quenching experiments in ACN for one of the KCs
(MeO-Coum8) are reported in Figure 7. First of all, singlet excited state energy (Es1) could be
calculated from the crossing point of the absorption and emission spectra (See Figure 7A)
(Esz = 3.05 eV). A decrease of the emission intensity for MeO-Coum8 was observed by
addition of lod, EDB and NPG clearly showing an interaction between *MeO-Coum8 and lod
(EDB or NPG). The decrease in intensity in the presence of NPG is fast compared to that
obtained in the presence of lod or EDB. This result is in agreement with the FRP results
which show a high reactivity of MeO-Coum8 with NPG (FC = 83%) compared to that
obtained with EDB (FC = 60%) and lod (FC = 60%). The Stern-VVolmer coefficient (Ksv) was
determined in the aim to compare the KCs reactivity with different additives (lod, EDB and
NPG). Thus, if Ksv is higher, the interaction between KC and the additives is higher, then the
electron transfer quantum vyields (¢) (calculated from the eq.2) will be higher, for example
MeO-Coum8 is more quenched with NPG compared to MeO-Coum9, so Ksv of MeO-Coum8
are higher compared to MeO-Coum9 (Ksv = 217 for MeO-Coum8 vs. 10 for MeO-Coum9)
(See Table 3)

ds1= Ksv[lod] / (1+Ksv[lod])  eq. 2
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Figure 7 : (A) Es: determination of MeO-Coum8 in ACN, (B) Fluorescence quenching of MeO-
Coum8 by NPG in ACN, (C) Stern-Volmer coefficient determination of MeO-Coums.

Cyclic voltammetry experiments were carried out in ACN to calculate the free energy
change (AG) for the electron transfer between Keto-Coumarins and lod or NPG, which is a
very important parameter to evaluate the reaction spontaneity of FRP. AG is calculated from
Es: and the electrochemical properties (Eox and Ered) (using eq. 1), for example AGs: punpe) =
-0.19 eV for MeO-Couml vs. -0.53 eV for MeO-Coum8 which is more reactive in the FRP
process (FC = 43% vs. 83% for MeO-Couml and 8 respectively). All these data are

summarized in Table 3.
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Table 3: Parameters characterizing the chemical mechanisms associated with *Keto-Coum/lod
(EDB or NPG) interaction in acetonitrile. For lod and NPG, a reduction and oxidation potential of
-0.7 and 1.03 eV were used respectively for the AGet calculation.

0ox red ESl AG51 AG51 KS\l/ KS\l/ KS\ll (Det et et
V) | V) | (&V) | eimee) | @uiogy | (M7) (M™) (M™) (MeO- (MeO- (MeO-
V) | (eV) (MeO- (MeO- (MeO- Coum/lod) | Coum/EDB) | Coum/NPG)
Coum/lod) Coum/EDB) Coum/NPG)

MeO-Couml -2.1 | 3.32 | -0.19 8.83 5 51 0.13 0.38 0.65
MeO-Coum2 -1.38 | 3.20 | -0.79 6.5 9.5 51 0.12 0.3 0.68
MeO-Coum3 -1.77 | 3.24 | -0.44 23 55 0.47 0.6
MeO-Coum4 -1.82 | 3.23 | -0.38 15 45 102 0.34 0.6 0.75
MeO-Coumb -1.37
MeO-Coum6 -1.38 | 3.08 | -0.67 14 22 0.39 0.64
MeO-Coum?7 -1.22
MeO-Coum8 | 0.41 | -1.52 | 3.05 -05 |-1.94 18 116 180 0.33 0.76 0.76
MeO-Coum9 | 1.11 | -1.62 | 2.72 | -0.07 | -0.91 10 8 9 0.18 0.15 0.24
MeO-Coum10 | 0.72 | -0.7 | 2.61 | -0.88 | -1.19 497 735 0.68 0.9

KC (hv) — 13KC rl

13 KC + Aral* — Ar® + Arl + KC** r2

NPG +lod — [NPG-lod]cTc r3

[NPG-lod]ctc — Ar® r4

13KC + NPG — KC-H* + NPG(.1y)° r5

NPGH)* — NPG(H:-co2)® + CO2 ré

NPG(H;-co2) *+ Aral*— NPG(h;-coz)™ + Ar® + Arl r7

Scheme 3. Proposed chemical mechanisms

A global mechanism can be proposed to explain the FRP results based on the different

characterization techniques (Steady state photolysis, fluorescence quenching, cyclic
voltammetry experiments). Firstly, the KC is promoted in its excited state when the dye
absorbs a suitable light energy. Since KC is mainly a Type II PI, KC cannot give reactive
species alone, but reacts with other additives (lod, EDB or NPG). The photoinitiating systems
will be able to generate initiating radicals able to initiate the FRP (r1-r2). Addition of a third
additive (e.g. NPG) in the photosensitive formulation resulted in a very high performance of
FRP profile. This can be explained by the more efficient generation of radicals due to the
formation of a charge transfer complex between lod salt and NPG [lod-NPG]crc which
generates reactive species (r3-r4). NPG can also react with the excited state of KC by a

hydrogen transfer process from amine to KC (r4-r5) which generates two new type of radicals

158




Partie II : Colorants organiques comme photoamorceurs

(KC-H®, NPG(#)®). This reaction explains the high performance of the FRP of acrylate
functions using Keto-Coum/NPG as PISs. By decarboxylation of NPG+)®, a new radical
(NPG(H:-co2)®) is generated which can react with lod to generate also aryl radical (Ar®) (r6-
r7).

5. Conclusion

In this research, ten organic compounds based on Keto-Coumarin derivatives have been
synthesized and proposed as new photoinitiating systems (PISs) able to initiate the FRP of
acrylate functions using TMPTA or TA as benchmark acrylic resins under mild irradiation
conditions. The FRP results were discussed and explained by a proposed global mechanism
using different characterization techniques such as: steady state photolysis, fluorescence
quenching, and cyclic voltammetry experiments. These KCs have been tested in direct laser
write and 3D printing as well as in the synthesis of thick glass fiber photocomposites. The
different photoinitiating systems showed a very high efficiency. Development of new high-
performance PISs capable to be activated at longer wavelengths (e.g. Near-Infrared) for a
better light penetration into thick samples remains a great challenge and it deserves to be

investigated in the future with (keto)coumarins, after modification by chemical engineering.
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Partie I1I : Nouveaux photoamorceurs a base de colorants pour la
polymérisation radicalaire (FRP) et Cationique (CP)

Chapitre 1: Des deérivées de phénothiazine comme
photoamorceurs Type II pour la polymérisation radicalaire

et cationique

De nos jours les colorants organiques sont de plus en plus utilisés dans I’industrie des
cosmétiques, aliments, peintures, en biologie, et certains d’entre eux ont été utilisés comme
agents pharmaceutiques et photosensibilisateur/photoamorceur pour la synthese des
polymeéres réticulés par photopolymérisation radicalaire ou cationique [1-5]. Cependant, la
recherche de nouveaux photoamorceurs plus sensibles a la lumiére visible, et capables
d’induire le processus de polymérisation radicalaire et ou/cationique avec une faible
consommation d’énergie et un colt relativement faible, représente un défi majeur dans les

recherches actuelles.

De ce fait, quatre nouveaux dérivés de phénothiazine ont été synthétisés et proposés
comme photoamorceurs pour I’¢laboration des photopolymeéres réticulés. Ces composés se
caractérisent par un noyau tricyclique : deux cyclique benzéniques couplés par des atomes de
soufre et d’azote, ils sont facilement oxydables, avec une décomposition rapide en solution.
Ils sont aussi faiblement solubles dans 1’eau. La plupart des études menées sur les
phénothiazines portent sur [I’utilisation de ces composés pour [’amorcage de la
photopolymérisation cationique avec une capacité d’absorption limitée a la zone UV [6].
Ainsi, la recherche de nouveaux dérives de phénothiazine capables sous irradiation visible de
générer des especes actives pour I’amorcage des processus de polymérisation est au cceur de

ce travail.

Dans ce contexte, la synthése de ces dérivés a été réalisée suivant la réaction d’acylation
Friedel-Crafts catalysée une fois par I’acide de Lewis (AICI3) pour la synthése de PT3 et PT4,
et autre fois par le réactif de Vilsmeier pour la synthese de PT1 et PT2. En fait, PT3 et PT4
n’ont jamais été synthétisés avant, et ont de bonnes propriétés d’absorption dans le visible.
Ces quatre colorants different par la nature du substituant lié¢ au le noyau phénothiazine
affectant ainsi leur capacité d’absorption et d’amorgage ainsi que leur propriétés
photophysique/photochimique. L’amorcage du processus de photopolymérisation porte sur la

combinaison de ces nouveaux dérivés avec le sel d’iodonium. Le potentiel d’oxydation
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approprié de ces colorants conduit a des valeurs trés favorables en énergie libre (AG) pour les
réactions de transfert d’électron PT/Iod. Ce transfert d’électron est bien observé sous
photolyse (sous irradiation avec une LED & 375 nm) avec une réaction trés rapide des dérives
de phénothiazine en solution. Les constantes de vitesse de désactivation de leur fluorescence

par leur le sel d’iodonium sont aussi tres élevées.

De ce fait, les photopolymerisations radicalaire et cationique ont été réalisées dans des
conditions d’irradiation douce en utilisant la LED a 405nm pour le systeme PT/lod.
Effectivement, des bons profils de polymérisation en échantillons épais ou minces ont été
observés dans chaque type de polymérisation. La FRP des acrylates en utilisant un systeme a
trois composants par I’introduction d’une amine dans la résine photosensible a été également
testée. La vitesse de réaction ainsi que le taux de conversion final sont alors fortement
augmentés par ajout de I’amine. Cela a pu démontrer que la PT a été régénérée suivant un
cycle catalytique. Les photoamorceurs ainsi développés sont caractérises comme des

catalyseurs photoredox.

Pour finir, des motifs polymeéres en 3D ont été obtenus par impression 3D d’acrylates en
utilisant une diode laser a 405nm. La synthése des photocomposites représente aussi une des
applications les plus intéressantes dans le domaine de photopolymérisation qui a été
accomplie avec succés dans ce travail qui a fait I’objet d’une publication dans ‘Polymer
Chemistry’ sous la citation suivante : Rahal, M.; Abdallah, M.; Bui, TT.; Goubard, F.; Graff,
B.; Dumur, F.; Toufaily, J.; Hamieh, T.; Lalevee, J. Design of new phenothiazine derivatives
as visible light photoinitiators Polym.Chem., 2020, 11, 3349.
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Design of New Phenothiazine Derivatives as Visible Light

Photoinitiators

Abstract

In this article, four new phenothiazine derivatives (noted PT1, PT2, PT3 and PT4) are
specifically in-silico designed by molecular modelling for good light absorption properties
@405nm. The most interesting structures showing both intense violet/blue light absorption
and high potential photochemical reactivity were synthesized for detailed investigations as
photoinitiators/photosensitizers in the presence of an iodonium salt for the free radical
photopolymerization of (meth)acrylates and the cationic polymerization of epoxides upon
near-UV or visible light irradiation. Remarkably, two of the proposed structures (PT3 and
PT4) from this in-silico design were never synthesized prior to this work and were thus
specifically designed for this work. Three-component photoinitiating systems based on
PT/lodonium/Amine (N-phenylglycine or Ethyl 4-dimethylaminobenzoate) are also developed
for the free radical polymerization of acrylates. Both excellent polymerization rates and high
final reactive function conversions were obtained. A full picture of the photochemical
mechanisms is provided using different techniques: Real-Time Fourier Transform InfraRed
Spectroscopy, UV-visible spectroscopy, fluorescence spectroscopy, and cyclic voltammetry.
Finally, the high performance of the phenothiazine derivatives is also shown in 3D printing
experiments as well as in photocomposite synthesis using glass fibres (thick sample; using a
LED@395nm conveyor).

1. Introduction

Cationic (CP) and Free Radical (FRP) polymerization reactions induced by UV light have
been widely encountered since decades in the field of irradiation hardening and it constitutes a
powerful tool for the preparation of functional coatings [1]. Nowadays, light emitting diodes
(LEDs) are classically used as irradiation sources, because of their numerous advantages
compared to the traditional UV mercury lamps or lasers (low heat generation, low energy
consumption, low operating costs, long lifetime, portability, simple and safe handling,
possible integration in compact 3D printers, etc.) [2-4]. A photoinitiator (PI) is required to

convert light to initiating species. Therefore, one of the most important purposes is the good
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matching between the emission spectrum of the LED with the absorption of the PI [5-6]. For
that reason, it is important to develop new photoinitiating systems (PISs) for both types
(radical and cationic) of polymerization under mild near-UV or visible light irradiation
sources. In this context, many works were focused on the development of new Pls or PISs see
ine.g. [7-12].

Phenothiazine and their derivatives are nitrogen and sulfur-containing heterocycles which
are used in a wide range of applications, going from pharmacological to biological
applications [13-14]. But their range of applicability is not only limited to pharmacology and
these structures have also been examined in various fields such as energy conversion [15], for
their intense photoluminescence or their electrochemical properties [16-17]. Some
phenothiazine derivatives have also shown a good ability to initiate the cationic
photopolymerization and even the copolymerization of different monomers [18]. However,
due to their low absorption in the visible range, these compounds are only able to initiate
polymerization processes upon excitation with a UV light [19]. More recently, a new series of
phenothiazine has been synthesized and studied as high performance photoinitiators to initiate
both the FRP and CP under visible irradiation [20]; these compounds were also examined for
3D printing applications. Phenothiazine derivatives were also elegantly developed as

photoredox catalysts for controlled polymerization processes [21].

In this new work, four phenothiazine derivatives (PT: PT1, PT2, PT3 and PT4 in Scheme
1) were specifically in-silico designed by molecular modelling and used as
photoinitiators/photosensitizers of polymerization due to their excellent light absorption
properties. As examples, completely new structures (e.g. PT3 and PT4) with excellent
predicted light absorption properties @405 nm were selected for synthesis and more detailed
photochemical investigations; this is a completely different strategy than a classical “trial-
error” approach. The different phenothiazine derivatives were incorporated into two and
three-component (Pl/lodonium (lod) and Pl/lod/amine) photoinitiating systems PISs in order
to induce the formation of reactive species (radicals, radical cations or acids) for both free
radical (FRP) and cationic (CP) polymerizations upon visible light while using a
LED@405nm. The different substituents specifically introduced on the phenothiazine core
can affect the absorption properties as well as the photochemical/electrochemical properties of
the targeted molecules. The photochemical properties are studied by using different methods

such as: photolysis, UV-Visible absorption, fluorimetry and cyclic voltammetry. The new
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PISs will be compared to benchmark initiating systems. To finish, remarkable performances
of these derivatives are especially shown during 3D printing experiments carried out with the
(PT/lod/NPG) systems as well as during the preparation of photocomposites using glass

fibers.
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Scheme 1. The different phenothiazine derivatives investigated in this work.

2. Experimental part

2.1. Synthesis of phenothiazine derivatives:

N-Octyl phenothiazine (1a) [21], N-Phenyl phenothiazine (1b)[21], 10-methyl-10H-
phenothiazine-3,7-dicarbaldehyde  (PT1)[22] and 10-octyl-10H-phenothiazine-3,7-
dicarbaldehyde (PT2) [21] are known compounds and were prepared according to procedures

previously reported in the literature. PT3 and PT4 were prepared as described below.

Synthesis of PT3: In a dry round-bottom flask, N-octyl phenothiazine (1a) (8.9 g, 28.57
mmol), 1,3,5-benzenetricarbonyl trichloride (1.265 g, 4.76 mmol) and dry CH2Cl, (40 mL)
were charged yielding yellow solution. AICIls (3.8 g, 28.52 mmol) was then added in one
portion leading to violet/purple solution. The reaction mixture was stirred overnight. Water
was added slowly and then the mixture was extracted by dichloromethane (3x75 mL). The
organic layers were combined, washed with water, dried over anhydrous MgSOy, filtered, and
concentrated under reduced pressure. The crude product was purified by column
chromatography eluting with pure dichloromethane then dichloromethane/ethyl acetate (95/5
to 90/10 v/v). The desired fractions were then collected and evaporated under reduced

pressure to yield the title compound as a reddish powder (1.71 g, 33 % yield). *H NMR (400
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MHz, CDCls, 8ppm): 8.15 (s, 3H), 7.55 (m, 6H), 7.07 (m, 3H), 7.01 (m, 3H), 6.87 (m, 3H),
6.78 (dd, J = 4.0-9.0 Hz, 6H), 3.79 (t, J = 7.0 Hz, 6H), 1.71 (m, 6H), 1.37 (m, 6H), 1.16 (m,
24 H), 0.78 (t, J = 7.0 Hz, 9H). 3C NMR (75 MHz, CDCls, 8ppm): 192.9, 149.9, 143.5, 138.7,
133.0, 130.7, 130.3, 129.2, 127.5, 124.6, 123.7, 123.4, 115.8, 114.3, 48.0, 31.8, 29.2, 26.9,
26.7, 22.6, 14.1. HRMS (ESI+): Calculated for CeoH7sN303S3™ ([M]™): 1089.4965/found:
1089.4954

Synthesis of PT4: In a dry round-bottom flask, N-Phenyl phenothiazine (1b) (1.403 g, 5.1
mmol), benzoyl chloride (3.6 g, 25.5 mmol) and dry CH>Cl> (40 mL) were charged yielding
yellow solution. AICI; (3.4 g, 25.5 mmol) was then added in one portion leading to
violet/purple solution. The reaction mixture was stirred overnight. Water was added slowly
and then the mixture was extracted by dichloromethane (3x75 mL). The organic layers were
combined, washed with water, dried over anhydrous MgSOe., filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography eluting with
dichloromethane. The desired fractions were then collected, evaporated under reduced
pressure and precipitated into petroleum ether to yield the title compound as a bright yellow
powder (1.4 g, 57% yield). *H NMR (400 MHz, CDCls, 8ppm): 7.74 (m, 5H), 7.60 (m, 5H),
7.50 (m, 4H), 7.47 (s, 2H), 7.45 (s, 1H), 7.41 (d, J = 7.6 Hz, 2H), 6.15 (d, J = 8.0 Hz, 2H). *C
NMR (75 MHz, CDCls, dppm): 194.3, 137.7, 133.0, 132.1, 131.4, 130.2, 130.1, 129.6, 128.3,
115.2. HRMS (ESI+): Calculated for C32H22NO.S™ ([M+H]™): 484.1366/found: 484.1368.

2.2. Other chemical compounds

All the other chemicals (Scheme 2) were selected with the highest purity available and
used as received. Di-tert-butyl-diphenyl iodonium hexafluorophosphate hexafluorophosphate
(lod or SpeedCure 938) and ethyl-4-(dimethylamino) benzoate (EDB) were obtained from
Lambson Ltd (UK). (3,4 Epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX;
Uvacure 1500), trimethylolpropane triacrylate (TMPTA), Ebecryl 40 were obtained from
Allnex. N-Phenylglycine (NPG) was obtained from Sigma Aldrich. TMPTA (or Ebecryl 40)
and EPOX were selected as benchmark monomers for radical and cationic polymerization,

respectively.
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Scheme 2. Other used chemical compounds (initiators: lod, Benzophenone; amine co-initiators:
EDB, NPG, 4ANNTMA; monomers: EPOX, TMPTA, Ebecryl40).

2.3. Irradiation sources

Different irradiation sources were used for the polymerization of the photocurable samples
and for the photolysis experiment: (1) LED@ 375nm with an incident light intensity at the
sample surface 1o=40 mW.cm?; (2) LED@ 405nm with 1o=110 mW.cm?,

2.4. Free radical photopolymerization (FRP) and cationic photopolymerization (CP)

In this work, phenothiazine/lod salt couples (0.1%/1% w/w) have been used as two-
component photoinitiating systems PIS to initiate FRP or CP processes. The percentages for
the different chemicals are related to the monomer weight. Then, these phenothiazine
derivatives have been used in three-component photoinitiating systems (PT/lod/amine (EDB
or NPG)) (0.1%/1%/1% w/w/w) for the FRP.

The FRP of 1.4 mm thick samples of TMPTA or Ebecryl 40 was carried out under air into
a rounded plastic mold ~ 1 cm in diameter and 1.4 mm thickness, and the FRP of 25 um thin
formulation was performed in laminate conditions (between two propylene film to reduce O>
inhibition). For CP processes, the photosensitive resin was spread on a BaF2 pellet (thickness

= 25 um) and the photopolymerization carried out under air.

The evolution of acrylate functions in TMPTA (or Ebecryl 40) and epoxy groups in EPOX
were continuously followed by real time FTIR spectroscopy (JASCO FTIR 6100) at about
1630 and 790 cm* for thin samples and 6160 and 3600 cm™ for thick samples. The procedure

used to monitor the photopolymerization profiles has been already described in detail [23-24].

2.5. Redox potentials
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The redox potentials for PT compounds (Eox and Ered) Were measured in acetonitrile by
cyclic voltammetry with tetrabutylammonium hexafluorophosphate as the supporting
electrolyte (potentials vs. Saturated Calomel Electrode — SCE). The free energy change
(AGet) for an electron transfer reaction was calculated from eq. 1 [25], where Eox, Ered, E*,
and C represent the oxidation potential of the electron donor, the reduction potential of the
electron acceptor, the excited state energy level (determined from luminescence experiments)
and the coulombic term for the initially formed ion pair, respectively. Here, C is neglected as

usually done for polar solvents.
AGet= Eox — Ered — E"+C eq.l
2.6. UV-Visible absorption and photolysis experiments

Both the UV-Visible absorption properties and the steady state photolysis of these
compounds were studied using JASCO V730 UV-visible spectrometer.

2.7. Fluorescence experiments

The fluorescence properties of the different compounds in chloroform were investigated
using a JASCO FP-6200 spectrofluorimeter. The fluorescence quenching experiments of PT
by lod were investigated from the classical Stern—\Volmer treatment [26] (lo/l = 1 + kq
to[lod], where lo and | stand for the fluorescent intensity of PT in the absence and the

presence of lod, respectively; 1o Stands for the lifetime of PT in the absence of lod).
2.8. Computational Procedure

Molecular orbital calculations were carried out with the Gaussian 03 suite of programs [27-
28]. The electronic absorption spectra for the different compounds were calculated with the
time-dependent density functional theory at the MPW1PW91-FC/6-31G* level of theory on
the relaxed geometries calculated at the UB3LYP/6-31G* level of theory. The triplet state

energy levels were calculated at this latter level of theory.
2.9. Near-UV conveyor

A Dymax-LED conveyor was used to cure the composites. The glass fibers were
impregnated with an organic resin (50%/50% w/w) and then irradiated. The LED conveyor is
equipped with a 120 mm wide Teflon coated belt and one LED lamp (@395nm; 4 W.cm™).

The belt speed was fixed at 2 m.min.
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2.10. 3D printing experiments

For 3D printing experiments, a laser diode @405 nm (spot size around 50 um) was used
for the spatially controlled irradiation. The photosensitive resin was polymerized under air
and the generated 3D patterns were analysed using a numerical optical microscope (DSX-
HRSU from OLYMPUS Corporation) as presented in [29-30].

3. Results
3.1. Light harvesting dyes synthesis

10-methyl-10H-phenothiazine-3,7-dicarbaldehyde  (PT1) [23] and 10-octyl-10H
phenothiazine-3,7-dicarbaldehyde (PT2) [21] have been reported by us and others. Two other
novel compounds (PT3 and PT4) have been readily synthetized from the corresponding N-
substituted phenothiazine and the acyl chloride under classical Friedel Crafts acylation
conditions (Scheme 3). N-octyl phenothiazine (1a) [21] reacted with 1,3,5-benzenetricarbonyl
trichloride giving PT3 in 33% vyield. In this reaction, 1a has been used in large excess (6.2
molar equivalence in respect of 1,3,5-benzenetricarbonyl trichloride) in order to favorite the
threefold benzoylation of the 1,3,5-benzenetricarbonyl central core. The excess of 1a has been
easily recovered during the chromatography purification of the targeted compound (PT3). On
the other hand, the treatment of N-phenyl phenothiazine (1b) [22] with of benzoyl chloride led
to PT4 in suitable yield (57%). In contrast to PT3, herein benzoyl chroride has been used in
large excess (5.0 molecular equivalence with respect to 1b) to force the twofold acylation on
the two active sides of 1b. Both compounds have a good solubility in common organic
solvents, facilitating their purifications by column chromatography. Both final compounds

have been characterized by NMR and HRMS analysis.

R /P
i | ) {
N = \ol/q PT3 (from 1a and n = 3)
[ I s I j AICl3;, CH,Cl, PT4 (from 1b and n = 1)
1aR= -C8H17
1b R=-CgHs

Scheme 3. Synthesis of PT3 and PT4.

3.2. Light absorption properties of the investigated compounds
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The UV-Visible absorption spectra of the proposed PTs in chloroform are gathered in
Figure 1 and in Table 1. These compounds are characterized by high extinction coefficients
(g) in the near UV and visible range (e.g. ¢(PT2) = 8290 Mt.cm® @405nm and 9570 M*.cm™
@ Amax). Their good absorption properties ensure a good matching with the emission
spectrum of the near UV or visible LEDs. Interestingly, the new synthesized compounds (PT3
and PT4) exhibit a better absorption than PT1 and PT2 (Figure 1).

From molecular modelling data, the frontier orbitals (Highest Occupied Molecular Orbital -
HOMO and Lowest Unoccupied Molecular Orbital - LUMO) involved in the lowest energy
transition are depicted in Figure 2. It can be noted that both the HOMO and LUMO are
delocalized all over the n-system clearly showing a 1 — ©* lowest energy transition. For PT3
and PT4, a charge transfer transition is also observed i.e. HOMO and LUMO located at

different places of the molecular structure.
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Figure 1. Absorption spectra of the investigated compounds in chloroform: (a) PT2, (b) PT4, (c) PT3
and (d) PT1.

Table 1. Light absorption properties of PT compounds at 405 nm and Amax.

A € €
max max @405nm
(nm) (Mtcm?) (M1cm?)
PT1 400 5910 5850
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Figure 2. Contour plots of the frontier orbitals (HOMO/LUMO) for PTs; structures optimized at the
B3LYP/6-31G* level of theory.

3.3. Free radical photopolymerization (FRP) of acrylates (TMPTA or Ebecryl 40):

The photopolymerization profiles of the acrylate functions are reported in Figure 3 for the
benchmark monomers and the final reactive function conversions (FC) are gathered in the
Table 2. Different systems including PT/lod/NPG or PT/lod/EDB were studied. No
polymerization occurs using PT alone. The different additives alone were tested before
studying the effect of phenothiazine. In fact, the lod/EDB system cannot initiate the FRP of
acrylates upon exposure to LED at 405 nm (Figures 3A,3B and 3C). However, the 10d/NPG
(1%/1% wi/w) couples shows a rather good efficiency for the FRP of Ebecryl 40 in thin and

175



Partie I1I : Nouveaux photoamorceurs a base de colorants pour la
polymérisation radicalaire (FRP) et Cationique (CP)

thick samples upon exposure to LED at 405 nm (FC= 81% curve 14 in Figure 3B for the thick
samples, and FC= 32% curve 14 in Figure 3C for the thin samples) but also for the FRP of
TMPTA (FC= 48% curve 14 in Figure 3A). This result is probably due to a charge transfer
complex formation CTC between lod and NPG [31], and will be discussed in the chemical
mechanism part. However, in all cases, much better polymerization rates are obtained in the
presence of PT derivatives than without (curves 5-8 vs. curve 13 (lod/EDB) and curve 14
(lod/NPG) in Figure 3A, B and C). This clearly shows the crucial role of phenothiazine
derivative to improve the polymerization initiating ability.

For the two-component systems, PT1/lod (0.1%/1% w/w) system is the most efficient one
for the FRP of Ebecryl 40 or TMPTA (thickness= 1.4 mm, curve 4 in Figure 3B and 3A,
respectively). While, PT2/lod is the most efficient one for the FRP of Ebecryl 40 in thin
samples (curve 1 in Figure 3C). This is in agreement with the very fast photolysis of these
derivatives in the presence of lod. The structure/ reactivity /efficiency relationships will be

discussed in the chemical mechanism part.

On the other hand, the PT/EDB (0.1%/1% w/w) system shows an absence of
polymerization except for PT1 which has a poor performance in terms of polymerization rate.

These results can be ascribed to the weak interaction between PT and EDB.

Remarkably, very high performances were obtained with the introduction of the iodonium
salt into the PT/EDB system which shows the huge role of the three-component systems
(PT/amine/lod) to reach good polymerization efficiencies e.g. FC = 62% for the PT1/EDB
(0.1%/1% w/w) system after 400s of irradiation and 72% for the PT1/lod/EDB (0.1%/1%/1%

w/w/w) system after 150s of irradiation.

Compared to the well-established benzophenone/EDB system (Figure 3D), both the PT/lod
and PT/lod/amine systems exhibit much higher polymerization rates and final conversions
(Figure 3). For the benchmark 2-isopropylthioxanthone/lod initiating system (0.1/1% wt), a
final acrylate conversion of 55% is obtained vs. 62-71% for PT/lod (Table 2) showing again

the interest of the proposed PT/lod initiating systems.

The ability of the different PT/lod systems to initiate the FRP in laminate (thickness=25
pm) under exposure to LED at 405nm, follows the order: PT1 > PT2 > PT4 > PT3. These

initiating abilities can be governed by different parameters such as their absorption properties,
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the photolysis behavior, free-energy change for the electron transfer reaction (AGet) and the
electron transfer quantum yields. This point will be discussed below.
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Figure 3. Polymerization profiles (Acrylate function conversion vs. irradiation time) for (A) TMPTA
(thickness = 1.4 mm), (B) Ebecryl 40 (thickness = 1.4 mm), (C) Ebecryl 40 (thickness = 25um) upon
exposure to the LED @405 nm in the presence of the two or three photoinitiating systems: (1) PT2/lod
(0.1%/1% wiw), (2) PT4/lod (0.1%/1% wiw), (3) PT3/lod (0.1%/1% wiw), (4) PT1/lod (0.1%/1%
w/w), (5) PT2/lod/EDB (0.1%/1%/1% wi/w/w), (6) PT4/lod/EDB (0.1%/1%/1% wiwiw),(7)
PT3/lod/EDB (0.1%/1%/1% w/w/w), (8) PT1/lod/EDB (0.1%/1%/1% wi/w/w), (9) PT2/1od/NPG
(0.1%/1%/1% wiwlw), (10) PT4/10d/NPG(0.1%/1%/1% wiw/w), (11) PT3/lod/NPG (0.1%/1%/1%
w/w/w), (12) PT1/1od/NPG (0.1%/1% /1% wiwi/w), (13) lod/EDB (1%/1% wi/w), (14) lod/NPG
(1%/1% wiw). Irradiation starts at t=10s. (D) Polymerization profiles (Acrylate function conversion
vs. irradiation time) for a Ebecryl 40 resin (thickness =1.4 mm) upon exposure to the LED @405nm in
the presence of the two-photoinitiating systems: (1) PT2/EDB (0.1%/1% w/w), (2) PT4/EDB
(0.1%/1% wiw), (3) PT3/EDB (0.1%/1% wi/w), (4) PT1/EDB (0.1%/1% wi/w), (5)
Benzophenone/EDB (0.1%/1% w/w).
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Table 2. Final Acrylate function conversion (FC) for TMPTA and Ebecryl 40 using different
photoinitiating systems after 400 s of irradiation with the LED @405 nm (Thickness= 1.4mm).

TMPTA
Two-component photoinitiating system Three-component photoinitiating system
PT/lod (0.1%/1% w/w) and PT/lod PT/lod/EDB and PT/1od/NPG (0.1%/1%/1% wi/w/w)
(0.2%/1% wiw)

PT1/lod | PT2/lod | PT3/lod PT4/lod PT1/lod/amine | PT2/lod/amine | PT3/lod/amine | PT4/lod/amine
1% | 64% | 62% 67 % 74 % 7% 2% 78 %
54% | 68% | 32% 67% 65 % 75 %' 61 % 76 %'

Ebecryl 40

PT1/lod | PT2/lod | PT3/lod PT4/lod PT1/lod/amine | PT2/lod/amine | PT3/lod/amine | PT4/lod/amine
87 %° 85%? 63 %? 81 %? 81%° 90 %° 88 %° 90 %°
63 %° 68 %° 48 %° 72 %° 73 % 87 % 71 % 81 %

a: PT/lod (0.1%/ 1% w/w)
b: PT/lod (0.2%/1% w/w)

c: PT/1od/NPG (0.1%/1%/1% wiw/w)
d: PT/1od/EDB (0.1%/1%/1% w/w/w)

3.4. Cationic photopolymerisation (CP) of epoxides

The CP of epoxides (EPOX) was studied in thick (under air, thickness = 1.4 mm) and thin
(under air, 25 um) samples using the different PTs in the presence of iodonium salt (PT/lod
system) upon irradiation with LED at 405 nm. Interestingly, these systems (0.15%/2% wi/w)
lead to good polymerization efficiency i.e. both high final conversions and also good
polymerization rates were obtained in thick samples (FC = 42%; 40% and 39% for PT2, PT4
and PT1, respectively), and in thin samples (FC = 50%; 47% for PT2 and PT3, respectively)
(Figure 4).

For these irradiation conditions, when using lod or PT alone, no polymerization occurs,
showing the key role of the PT/lod systems when using LED@405 nm. A new peak ascribed
to the polyether network can be easily observed at ~1080 cm™ (Figure 4C). The efficiency for
CP (i.e. for Rp) clearly follows the trend PT2> PT3> PT1> PT4. This behavior is not directly
related to their respective light absorption properties because PT3 is less effective compared
to PT2 but it has the highest extinction coefficient among the different PT. This may be due to
their photochemical reactivity which also plays a very important role (see below in the

chemical mechanisms part).

178




Partie I1I : Nouveaux photoamorceurs a base de colorants pour la
polymérisation radicalaire (FRP) et Cationique (CP)

50 = 50

(A) ] )

Conversion %
Conversion %

T T T ]
0 200 400 600 800

Time (s)
2,0 = 1 (C) 1,0
' 1082 cm
—— (1)Before polymerization
— (2)After polymerization 0,84 (2) —— (1) Before polymerization
1,54 —— (2) After polymerization

0,6 4
1,0 4

o.D
o.D

0,4 4

0,5+

()

0,2

0,0 T T T T T T 1 0,0 T T T T 1
500 600 700 80 900 1000 1100 1200 3000 3200 3400 3600 3800 4000
wavenumber (cm™)

Wavenumber (cm™)

Figure 4. Polymerization profiles (Epoxy function conversion vs. irradiation time) for EPOX: (A) in
thick sample (1.4 mm) and (B) thin sample upon exposure to the LED@405 nm in the presence of the
two photoinitiating systems: (1) PT2/lod (0.1%/1% w/w), (2) PT4/lod (0.1%/1% w/w), (3) PT3/lod
(0.1%/1% wiw), (4) PT1/lod (0.1%/1% wiw), (5) PT2/lod (0.15%/2% w/w), (6) PT4/lod (0.15%/2%
wiw), (7) PT3/lod (0.15%/2% wiw), (8) PT1/lod (0.15%/2% wi/w). Irradiation starts at t=10s. (C) IR
spectra recorded before and after polymerization for PT2/lod (0.15%/2% w/w) in EPOX

3.5. 3D printing experiments using PT/lod or PT/lod/amine systems

3D printing experiments were done in the presence of the PT/lod/amine systems in Ebecryl
40 (Figure 5). Indeed, the high photosensitivity of these resins (see above) allows an efficient
polymerization process in the irradiated area. Thick polymer samples were obtained in a short
writing time (~2 min). Representative 3D patterns have been characterized by numerical
optical microscopy (Figure 5). The spatial resolution is excellent (only limited by the size of
the laser diode beam: spot of 50 um). The thickness for one printed layer (900 um in Figure
5A to 1.2mm in Figure 5C) is very high for 3D printing with this high spatial resolution.
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(A)

Figure 5. Characterization of the 3D patterns by numerical optical microscopy; (A) PT4/lod
(0.04%/0.4% wi/w) in Ebecryl40; (B) PT21/lod/amine (4-N,N-trimethylaniline) (0.04%/0.4%/0.11%
w/w) in Ebecryl 40 and (C) PT2/lod (0.04%/0.4% w/w) in Ebecryl 40.

3.6. Photocomposites preparation using the LED conveyor

Nowadays, photopolymerization of composites is used for different applications such as
the curing of dental cements [32-33] or others [34-35]. The principal shortcoming of the
photopolymerization process applied to composite formulations is the limited light
penetration strongly reducing the potential depth of cure. However, the main advantages of
composites are their high strength and relatively low weight. Therefore, efficient accesses to

curing in depth are highly desired and new PISs are urgently required for such an application.

In this work, the glass fibers were impregnated with an organic resin in the presence of PIS
(Ebecryl 40 or TMPTA) (50% glass fibers/50% resin; thickness of the composite = 2 mm)
and were irradiated with a LED conveyor. Remarkably, only one pass need to be used to
completely cure the composite in the presence of the PT/lod/amine (amine=NPG)
(0.1%/1%/1% wiw/w) systems (both the surface and the bottom are tack-free). The results are
summarized in the Figure 6. This shows that the PT/lod/amine (0.1%/1%/1% w/w/w) three-

component systems can be used for curing composites upon near-UV light.
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Beforeirradiation Afterirradiation

One pass only.

(2)

Tack - free at the surface
and on the bottom.

Figure 6. Photocomposites produced upon exposure to near-UV light (LED@395 nm), belt speed = 2
m/min, using free radical polymerization (FRP) in the presence of glass fibers/acrylate resin for
different systems: (1) PT2/10d/NPG (0.1%/1%/1% wiw/w); (2) PT4/lod/NPG (0.1%/1%/1% w/w/w);
and (3) PT2/1od/NPG (0.1%/1%/1%) in TMPTA.

4. Discussion

To discuss the polymerization results obtained above, the chemical mechanisms must be

established for a better understanding of the PT structure/reactivity/efficiency relationship.
4.1. Steady state photolysis

Different steady state photolysis experiments for the investigated PTs are shown in the
Figure 7. Photolysis of the PT1/lod system in chloroform upon irradiation with a LED
@375nm is faster than for PT1 alone which is very photostable (Figure 7B vs. 7A,
respectively) i.e. a strong interaction between PT1 and lod clearly occurs. The same
behaviour is observed with the other PTs. A new photoproduct (characterized by a significant
new absorption between 300 and 390nm) is formed due to this PT1/lod interaction. In the
presence of both EDB and lod, the photolysis of PT is slower than with lod. Indeed, the
percentage of consumption of the PT is depicted in Figure 7D where this percentage is
measured as a function of the irradiation time in the presence of lod, lod/EDB or even for PT

alone.
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Figure 7. (A): Photolysis of PT1 in the absence of lod; (B): PT1/lod photolysis; and (C):
PT1/lod/EDB photolysis. (D) Consumption of PT1: (1) without lod, (2) with lod (10% M) and (3) with
lod and EDB (102 M) vs. irradiation time — upon exposure to the LED @375 nm in Chloroform.

4.2. Fluorescence quenching and Cyclic Voltammetry

Fluorescence and fluorescence quenching experiments were carried out for the different
PTs in chloroform (See Figure 8A). The crossing point of the absorption and fluorescence
spectra allows the evaluation of the first singlet excited state energy levels (Esi) (e.g. for PT1:
~2.61 eV, Table 3, Figure 8B). In addition, an efficient fluorescence quenching of PT1 by lod
was observed with high value of the Stern-Volmer coefficient (Ksv) (for PT1/lod interaction

Ksv = 111.8 M, Figure 8C). Therefore, very high electron transfer quantum yields from the

excited singlet state ¢s1 (e.9. Pes1 = 0.70 for PT1/Iod) were calculated from the equation (eq.
2) (Table 3):

det s1= Ksy[lod] / (1+Ksv[lod]) eqg. 2

The free energy changes (AGet) for the electron transfer reaction between PTs (as electron
donors) and lod (an electron acceptor) were calculated from eq.l using the oxidation

potentials Eox (Figure 8D, Table 3) and the excited state energies (Esi) of PTs. In full
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agreement with the high Ksv determined above, these processes from S are found favorable
(AGet <0) e.g. PT1 with Iod AGets1 = - 1.58 eV and PT4 with lod AGets1= -1.57 eV (Table 3).

In contrast, no quenching was observed for PT/EDB interaction. These results are in full
agreement with the photopolymerization results which show a much better initiating
performance for the PT/lod vs. the PT/EDB initiating systems. It should be noted that the

PT/lod interaction corresponds to a photo-oxidation process for the phenothiazine derivatives.
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Figure 8. (A) Fluorescence quenching of PT1 by lod, (B) singlet state determination in chloroform for
PT1, (C) Stern-Volmer treatment for the PT1/lod fluorescence quenching, (D) cyclic voltammetry for
PT1 oxidation.

Table 3. Parameters characterizing the photochemical mechanisms associated with ‘Phenothiazine/lod
in chloroform.

Eox Es1 AGgs: Ksv Dt
(VISCE) (eV) (eV) (PT/lod) (PT/lod)
PT1 0.78 2.58 -1.6 250 0.8
PT2 0.75 2.52 -1.57 114 0.7
PT3 0.77 2.45 -1.48 5.7 0.25
PT4 0.83 2.61 -1.58 112 0.7
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Based on these results, a global mechanism is proposed (r1-r8) (according to other dyes in
dye/lod/amine systems [6]) showing the formation of the reactive species for CP and FRP
(**PT stands for the singlet and triplet excited states of PT). A charge transfer complex CTC
can be formed between the amine (electron donor) and lod (electron acceptor), this complex
leads to the formation of Ar® (r3 and r4). r7 and r8 are proposed for the three-component
systems regenerating the PT in agreement with a lower consumption of the PT for these three-
component systems. This regeneration of PT suggests a partial photoredox -catalysts
behaviour. Overall, NPG(.1,-co2)’, Ar' and NPG(+, -coz)®, PT™" are the responsible species for
FRP and CP, respectively.

PT - 13PT"  (hv) r1
L3pT™ + Arl* — Ar® + Arl + PT** r2
NPG +lod — [NPG-lod]cte r3
[NPG-lod]ctc — Ar® r4
13PT + NPG — PT-H® + NPG()° r5
NPGH)* — NPG(H:-co2)® + CO2 ré
NPG(H;-co2) *+ Aral*— NPG(H;-coz)™ + Ar® + Arl r7
PT-H*® + Ar2l* — Phenothiazine + H* + Arl + Ar® r8

4.3. Phenothiazine derivatives as photoredox catalysts in three-component systems

Interestingly, a photoredox catalyst behavior was observed, where a high performance of
the FRP of TMPTA in thick or thin sample is shown, when an amine was introduced in the
formulation in order to regenerate the phenothiazine derivative (r5, r8). The effect of EDB is
clearly manifested by an increase of the final conversion for all phenothiazine-based systems.
(75% for PT2/lod/EDB (0.1%/1%/1% w/w/w) compared to 64.5% for PT2/lod (0.1%/1%
w/w), and 76% for PT4/lod/EDB (0.1%/1%/1% wi/w/w) compared to 67% PT4/lod (0.1%/1%
w/w). This photoredox catalyst behaviour for PT derivatives is also in agreement with a lower
consumption of PT in the three-component system vs. the two-component ones (Figure 7D,

curve 3 vs. curve 2) showing a regeneration through r8.
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5. Conclusion:

In this article, four in-silico developed phenothiazine derivatives showed very high
performance in FRP and CP upon irradiation with LED at 405 nm. Indeed, three of these
phenothiazines have been classified as photoredox catalysts (they can be — at least — partly
regenerated in three-component systems). These derivatives are very powerful for 3D printing
as well as for the synthesis of photocomposites. In the future, it is important to develop new
phenothiazine derivatives by shifting their absorption spectra towards the NIR region for a

greater absorption for thick samples and consequently higher conversion rates.
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Chapitre II : Dérivés de Naphthalimide en tant que PA
sous lumiere visible pour la polymérisation radicalaire, la
synthese des Réseaux Polymeres Interpénétrés (IPN) et la

preparation des hydrogels.

L’application actuelle de la polymérisation amorcée par voie photochimique dans les
domaines classiques tels que les adhésifs, les peintures pigmentées, ’impression 3D, la
synthése des photocomposites et bien d’autres domaines exige le développement de nouveaux
systéemes photoamorceurs sensibles a la lumiere visible. Cette technologie de radiations
fournit plusieurs avantages a savoir la rapidité, I’exigence de basse ¢énergie, 1’absence de
solvant. En fait, les composes hétérocycliques fluorescents ont trouvé leur intérét dans des
applications intéressantes tels que : les dispositifs électroluminescents [1], les matériaux
conducteurs [2], et dans le domaine de photopolymérisation car ils offrent des rendements
quantiques elevés et servent comme photoamorceurs dans le domaine du séchage des

acrylates.

Dans ce contexte, notre recherche s’est orientée vers les dérivés de Naphthalimide :
composes hétérocycliques organiques portant une fonction phthalimide liée a un groupement
aromatique. Cette conformation implique un transfert de charge intramoléculaire aboutissant
ainsi a des propriétés d’absorptions ¢élevées dans le proche UV et visible. Ces colorants sont
également caractérisés par des longues durées de vie de leur état excité singulet assurant des
processus de désactivation trés efficaces. Dans ce travail, six colorants a base de dérivés de
Naphthalimide ayant de bonnes capacités d’absorption dans le visible ont été évalués comme
photoamorceurs de la polymérisation radicalaire et la polymérisation hybride sous irradiation
visible. Ces molécules difféerent par la nature de substituant apporté au noyau naphthalimide,
qui entraine une forte modification des propriétés photophysique/photochimique et
électrochimique. Les colorants examinés ont montré des potentiels d’oxydation favorisant les
réactions de transfert d’électron, d’ou une forte interaction avec I’additif (Iod). Cette

interaction par photo-oxydation assure un photoblanchiment lors de la photolyse de la
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solution contenant le systéme Napht/lod, et une accélération du déclin de fluorescence
(Quenching) favorisant ainsi la formation des especes réactives responsable du processus de
polymérisation.

Il est a souligner qu’une bonne capacité de photoamorcage exige une synergie
bicomposante ou tricomposante de ces colorants avec un additif (lod) ou un co-amorceur. De
ce fait, différentes combinaisons peuvent étre a la base des systémes photoamorceurs
efficaces : Napht/lod, Napht/lod/amine (NPG, TMA...). En effet, de trés hautes conversions
finales en fonctions réactives (acrylate et méthacrylate) et des vitesses de polymérisation
rapides ont été obtenues pour les différentes combinaisons utilisées. La polymérisation
hybride (acrylate/époxyde) a pu aussi étre examinée, par conséquent, des profils de
polymérisation plus performantes ont été atteints. Ce pouvoir de polymérisation a ouvert la
voie a l'utilisation de ces dérivés dans des expériences d’écriture laser ou des résolutions
spatiales élevées et de grandes épaisseurs ont été obtenues, ces caractéristiques sont
améliorées dans un systéme hybride. La synthese des photocomposites par imprégnations des
fibres de verre représente aussi une application intéressante de ce travail. Un de ces
photoamorceurs avait la capacité de former des hydrogels par polymérisation dans I’eau. Ce
travail a été publi¢ dans ‘ChemphotoChem’ sous la citation suivante : Rahal, M.; Mokbel, H.;
Graff, B.; Pertici, V.; Gigmes D.; Toufaily, J.; Hamieh, T.; Dumur, F.; Lalevee, J.
Naphthalimide-Baed Dyes as Photoinitiators under Visible Light Irradiation and their
applications: Photocomposites synthesis, 3D printing and polymerization in Water.
ChemPhotoChem, 2021, 5, 1.
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New Naphthalimides as Photoinitiators under Visible
Light Irradiation and their Application: Photocomposite

Synthesis, 3D printing and Polymerization in Water.

Abstract

In this work, six new fluorescent dyes derived from the Naphthalimide scaffold (Naphtl -
Napht6) were synthesized and used as high-performance photoinitiating systems (PISs) in two
and three-component systems (combined with iodonium salt (lod) and / or an electron donor
amine (such as N-phenylglycine - NPG) for the radical photopolymerization of the acrylate
and methacrylate monomers under visible light using a light-emitting diode at 405 nm.
Markedly, these dyes were never synthesized before. In fact, these PISs showed high
initiation efficiency with both a high final reactive function conversions and high
polymerization rates. Interest of our study is to determine the effect of the different
substituents (chromophoric group) on the naphthalimide function, concerning the efficiency
of initiation of the free radical polymerization. In order to improve the mechanical properties
of the obtained polymers, these derivatives were also tested for the photopolymerization of a
blend of acrylate / epoxy monomers (TA/EPOX); these latter properties were characterized by
traction tests. To demonstrate the initiation efficiency of these dyes, several methods and
characterization techniques were used, including steady state photolysis, real-time Fourier
transform infrared spectroscopy, emission spectroscopy as well as cyclic voltammetry. In our
study, these naphthalimides were used for the synthesis of photocomposites (one and multiple
layers of glass fibres) using a UV@395 nm (4W/cm?) conveyor, as well as in the preparation
of 3D printed polymers. Markedly, one of the naphthalimide (Napht-4) can be used as a new
high-performance water soluble photoinitiator for photopolymerization in water and hydrogel

synthesis.

Keywords: Naphthalimide, LED, 3D printing, Photocomposite, IPN, water soluble

photoinitiator.
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1. Introduction

Industrial technological developments during the last decades have been largely influenced
by the ability to synthesize high performance materials that are essential for our daily life but
also with the aim at developing environmentally friendly materials. Therefore, it was
necessary to introduce light into the creation of these polymer-based materials in order to
reduce the harmful effects of the other industrial synthesis processes. The term
photopolymerization therefore designates the transformation of a liquid formulation into a
solid material under irradiation [1,2], it is, therefore, a green technology since the reaction
takes place at room temperature [3-8]. Photopolymers thus obtained are used in different
fields such as coatings, dentistry, automotive, cosmetics, composites as well as 3D printing.
Considering the harmfulness, the high energy consumption as well as the danger for the
operator related to the use of UV lamps (e.g. Hg based), these irradiation setups are now more
and more widely discarded in favor of light-emitting diodes (LEDs) [8-11], which can be
inexpensive, durable, ecological, exhibit a low energy consumption and be safe for the

operator.

The challenge is, therefore, to develop new molecules, whose absorption zones match the
emission spectrum of visible LEDs (for example 405 nm LEDs) as well as to improve their
photophysical and photochemical properties to act as high-performance photoinitiators (PI)
for the FRP. Hence, the use of dyes based on Naphthalimide is investigated in this study.
Indeed, these compounds are composed of an aromatic ring group connected to a phthalimide
group and the electron delocalization resulting from the presence of the electron-withdrawing
phthalimide group can give rise to an intramolecular charge transfer whose absorption band is
located in the near UV or visible range (350-500 nm). These compounds are also
characterized by high photoluminescence quantum yields so that these fluorescent organic
compounds [12,13] were ideal candidates for bioimaging [14] or the development of tumor-
targeting drug-delivery systems (as DNA targeting, as cytotoxic agents, anticancer agent and
as potential markers for cancers) [15]. Different naphthalimide derivatives have also been
reported in the literature as high-performance PI for FRP and cationic polymerization (CP) of
acrylate and epoxy functions, respectively [16 -17]. Importance of using this type of molecule
as Pl is that they are easily modifiable by introducing chromophore groups onto the
naphthalimide part [see ref.17]. As a result of this, absorption properties of these dyes can be

easily modified as well as their photochemical and physical properties. This structural change
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can drastically affect the photoinitiation ability of the FRP reaction and therefore the final

monomer conversions as well as the shape of the photopolymerization profiles.[18-26]

In this paper, six naphthalimides (Napht; Scheme 1) never reported in the literature were
tested as photoinitiators for the photopolymerization of acrylates. These dyes showed good
polymerization profiles when used in two and three-component photoinitiating systems
(Napht/lod or Napht/lod/NPG). To provide a clear mechanistic picture, different
characterization techniques were used in this work: UV-visible absorption spectroscopy and
photolysis, emission spectroscopy, Fourier transform Infrared spectroscopy and cyclic
voltammetry. Some applications in composites synthesis as well as in 3D printing are
provided to highlight their high performances. Markedly, Napht-4 was also water-soluble and
this compound could also be used for photopolymerization in water and for hydrogel

synthesis.

COOH COOH COOH
/N 0 o 4\—\ﬂ 0
W O ()

e W O
O o o

Napht-1 Napht-2 Napht-3

OEt
o (e} —
COO o COOH
®
o Na o) (0]
= ) (O o )
(< (< (<
o e} e}
Napht-4 Napht-5 Napht-6

Scheme 1. New proposed Naphthalimides.

2. Experimental part

2.1. Synthesis of the Naphthalimides

All reagents and solvents were purchased from Aldrich or Alfa Aesar and used as received
without further purification. Mass spectroscopy was performed by the Spectropole of Aix-
Marseille University. ESI mass spectral analyses were recorded with a 3200 QTRAP (Applied
Biosystems SCIEX) mass spectrometer. The HRMS mass spectral analysis was performed

with a QStar Elite (Applied Biosystems SCIEX) mass spectrometer. Elemental analyses were
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recorded with a Thermo Finnigan EA 1112 elemental analysis apparatus driven by the Eager
300 software. 'H and 3C NMR spectra were determined at room temperature in 5 mm o.d.
tubes on a Bruker Avance 400 spectrometer of the Spectropole: *H (400 MHz) and **C (100
MHz). The *H chemical shifts were referenced to the solvent peaks DMSO (2.49 ppm),
CDCl; (7.26 ppm) and the *C chemical shifts were referenced to the solvent peak DMSO
(49.5 ppm), CDCls (77.0 ppm). All photoinitiators were prepared with analytical purity up to
accepted standards for new organic compounds (>98%) which was checked by high field
NMR analysis.

Synthesis of 4-((6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)cyclo-
hexane-1-carboxylic acid (Napht-1)

COOH
O
05
(<
o)
A mixture of 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)methyl)cyclohexane-1-carboxylic acid (1.02 g, 2.45 mmol, M = 416.27 g.mol?) and
morpholine (0.64 g, 0.64 mL, 7.34 mmol, 3 eq., M =87.12 g.mol?, d = 1.007) in DMF
(10 mL) was stirred at reflux for 16 h. After cooling to room temperature, the solvent was
removed under reduced pressure using a rotary evaporator. The crude product was purified by
column chromatography on silica gel (CH2Cl,/MeOH: 9/1) to provide an orange solid as the
pure product (900 mg, 87 % yield). *H NMR (CDCls) & : 8.55 (d, J = 7.1 Hz, 1H), 8.50 (d, J =
8.0 Hz, 1H), 8.40 (d, J = 8.4 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 4.10-
3.95 (m, 6H), 3.25-3.25 (m, 4H), 2.35 - 2.20 (m, 1H), 2.07 — 1.75 (m, 5H), 1.45-1.25 (m, 2H),
1.23-1.05 (m, 2H), COOH not detected; *C NMR (CDCls) & : 163.69, 163.24, 154.61,
131.64, 130.29, 129.03, 128.89, 125.12, 124.84, 122.22, 116.06, 113.98, 65.94, 52.42, 44.55,
41.93, 35.10, 28.90, 27.29; HRMS (ESI MS) m/z: theor: 423.1914 found: 423.1918 ([M+H]"*
detected).

Synthesis of 4-((1,3-dioxo-6-(piperidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)
cyclohexane-1-carboxylic acid (Napht-2)
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COOH
0
N
SEUad
o}
A mixture of 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)methyl)cyclohexane-1-carboxylic acid (1.14 g, 2.74 mmol, M = 416.27 g.mol?) and
piperidine (0.70 g, 0.81 mL, 8.21 mmol, 3 eq., M = 85.15 g.mol?, d=0.861) in 2-
ethoxyethanol (10 mL) was stirred at reflux for 16 h. After cooling to room temperature, the
solvent was removed under reduced pressure. The crude product was purified by column
chromatography on silica gel (CH2Clo/MeOH: 9/1) to provide an orange solid as the pure
product (1.66 g, 82 % yield). *H NMR (CDCls) & : 8.55 (d, J = 5.8 Hz, 1H), 8.48 (d, J = 7.1
Hz, 1H), 8.38 (d, J = 7.1 Hz, 1H), 7.66 (s, 1H), 7.17 (d, J = 7.3 Hz, 1H), 4.05 (d, J = 4.2 Hz,
2H), 3.32-3.25 (m, 4H), 3.05-3.00 (m, 1H), 2.32-2.15 (m, 1H), 2.11 — 1.49 (m, 11H), 1.45-
1.12 (m, 3H), COOH not detected; Anal. Calc. for C2sH2sN204 : C, 71.4; H, 6.7; O, 15.2;
Found: C, 71.0; H, 6.2; O, 15.5 %; HRMS (ESI MS) m/z: theor: 421.2122 found: 421.2124
([M+H]" detected)

Synthesis of  4-((6-(hexylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)
cyclohexane-1-carboxylic acid (Napht-3)

COOH
e (0
HN
(<
0
A mixture of 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)methyl)cyclohexane-1-carboxylic acid (0.60 g, 1.44 mmol, M = 416.27 g.mol?) and
hexylamine (0.44 g, 0.57 mL, 4.32mmol, 3 eq., M = 101.19 g.mol?, d = 0.773) in 2-
ethoxyethanol (5 mL) was stirred at reflux temperature for 16 h. After cooling to room
temperature, the solution was concentrated under reduced pressure until most of the solvent
was removed. The residue was poured into the water (30 mL) and extracted with CHCI3
(3x50 mL). The combined organic layers were dried over MgSQO4 and concentrated. The
crude product was purified by column chromatography on silica gel (CH2Cl./MeOH: 25/1 to
10/1) to provide a yellow solid (478 mg, 76 % yield). *H NMR (CDCls) § : 8.58 (dd, J = 7.3,
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1.1 Hz, 1H), 8.54 — 8.47 (m, 2H), 7.67 (dt, J = 11.3, 5.6 Hz, 1H), 7.17 (d, J = 8.2 Hz, 1H),
4.20 — 4.11 (m, 2H), 1.79 — 1.65 (m, 6H), 1.47 — 1.23 (m, 14H), 0.91 (t, 8.6 Hz, 3H), COOH
and NH not detected; Anal. Calc. for CosH32N2O4: C, 71.5; H, 7.4; O, 14.7; Found: C, 71.2;
H, 7.2; O, 14.5 %; HRMS (ESI MS) m/z: theor: 437.2435 found: 437.2432 ([M+H]" detected)

Synthesis of 4-((6-(octylthio)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)cyclo-
hexane-1-carboxylic acid (Napht-4-H)

COOH
()<
)

A mixture of 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)methyl)cyclohexane-1-carboxylic acid (0.60g, 1.44 mmol, M =416.27 g.mol?),
octanethiol (0.22 g, 0.26 mL, 1.51 mmol, 1.05 eq., M = 146.29 g.mol?, d = 0.843) and K2COs
(0.13 g, 0.94 mmol, M = 138.2 g.mol?) in 2-ethoxyethanol (5 mL) was stirred at 50 °C for 16
h. After cooling to room temperature, the solution was poured into water (30 mL) and
extracted with CHCls (3x50 mL). The combined organic layers were dried over MgSO4 and
concentrated. The crude product was purified on silica thin layer with CH2Cl, and collected
with ethanol. After evaporation of the solvent, the pure product was obtained as yellow solid
(391 mg, 0.95 mmol, 66 % yield). '"H NMR (CDCls) & : 8.60 (dd, J = 13.3, 7.8 Hz, 2H), 8.47
(d, J=7.9Hz, 1H), 7.75 (t, I = 7.9 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H), 4.07 (d, J = 7.0 Hz, 2H),
3.16 (s, 2H), 2.30 (t, J = 12.0 Hz, 1H), 2.02 (d, J = 11.5 Hz, 2H), 1.97 — 1.75 (m, 4H), 1.51
(dd, J = 14.5, 7.4 Hz, 2H), 1.46 — 1.11 (m, 13H), 0.88 (t, 8.6 Hz, 3H), COOH not detected,;
Anal. Calc. for CxgH3ssNO4S @ C, 69.8; H, 7.3; O, 13.3; Found: C, 70.0; H, 7.2; O, 13.5 %;
HRMS (ESI MS) m/z: theor: 482.2360 found: 482.2365 ([M+H]" detected)

Synthesis  of  sodium  4-((6-(octylthio)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)methyl)cyclohexane-1-carboxylate (Napht-4)
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4-((6-(Octylthio)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)cyclohexane-1-

carbo-xylic acid (1 g, 2.08 mmol, M = 481.65 g/mol) was solubilized in THF (50 mL) and ag.
NaOH solution (30 %, 2 mL) was added to the mixture. The solution was stirred under reflux
for 3 h. After cooling, THF and part of water were removed under reduced pressure. A
precipitate formed. It was filtered off, washed several times with pentane and dried under
vacuum (963 mg, 92% yield). *H NMR (D20) & : 7.95-7.89 (brs, 1H), 7.70-7.62 (brs, 1H),
7.58-7.50 (brs, 1H), 7.23-7.15 (brs, 1H), 6.85-6.77 (brs, 1H), 3.65-3.50 (brs, 2H), 2.85-2.65
(brs, 2H), 2.15-2.03 (brs, 1H), 1.95-1.80 (m, 2H), 1.75-1.50 (m, 4H), 1.48-1.11 (m, 15H),
0.92 (t, 8.6 Hz, 3H); Anal. Calc. for C2sH3sNNaO4S : C, 66.8; H, 6.8; O, 12.7; Found: C, 66.2;
H, 6.4; O, 12.8 %; HRMS (ESI MS) m/z: theor: 482.2360 found: 482.2358 ([M+H]" detected)

Synthesis of 2-ethoxyethyl 4-((1,3-dioxo-6-(piperidin-1-yl)-1H-benzo[de]isoquinolin-
2(3H)-yl)methyl)cyclohexane-1-carboxylate (Napht-5)

o o/_/OEt
Saiets
98

This compound was identified as a side-product formed during the synthesis of Napht-2.
'H NMR (CDCl) & : 8.57 (dd, J = 7.3, 1.0 Hz, 1H), 8.49 (d, J = 8.1 Hz, 1H), 8.41 (dd, J =
8.4, 1.0 Hz, 1H), 7.72 — 7.64 (m, 1H), 7.19 (d, J = 8.1 Hz, 1H), 4.07 (d, J = 6.9 Hz, 2H), 3.77
—3.67 (m, 4H), 3.59 — 3.48 (m, 6H), 3.28 — 3.20 (m, 2H), 2.35 — 1.69 (m, 12H), 1.40 (ddd, J =
26.0, 13.1, 2.6 Hz, 2H), 1.23 (dd, J = 13.2, 6.3 Hz, 3H); Anal. Calc. for C29H3sN20s : C, 70.7;
H, 7.4; O, 16.2; Found: C, 70.5; H, 7.4; O, 16.5 %; HRMS (ESI MS) m/z: theor: 493.2697
found: 493.2695 ([M+H]" detected)

Synthesis of 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)methyl)cyclohexane-1-carboxylic acid (Napht-6)
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A mixture of 4-bromo-1,8-naphthalic anhydride (6.0 g, 21.65 mmol) and trans-4-
(aminomethyl)cyclohexanecarboxylic acid (3.74 g, 23.82 mmol, 1.1 eq.) in DMF (70 mL)
was stirred at reflux temperature for 4h. The reaction mixture was cooled to room
temperature. The solvent was removed under reduced pressure. The residue was poured into
ice cooled water and stirred for 15 min. An orange precipitate formed. It was filtered off,
rinsed several times with cold water and dried under vacuum (7.93 g, 88 % yield). *H NMR
(CDCl) & : 8.66 (dd, J = 7.3, 1.1 Hz, 1H), 8.58 (dd, J = 8.5, 1.1 Hz, 1H), 8.41 (d, J = 7.9 Hz,
1H), 8.05 (d, J = 7.9 Hz, 1H), 7.85 (dd, J = 8.5, 7.3 Hz, 1H), 4.07 (d, J = 7.1 Hz, 2H), 2.29 (tt,
J=12.1, 3.5 Hz, 1H), 2.09 — 1.77 (m, 5H), 1.40 (ddd, J = 25.3, 13.1, 2.9 Hz, 2H), 1.28 - 1.11
(m, 2H), COOH not detected; Anal. Calc. for C2H1sBrNO4 : C, 57.7; H, 4.4; O, 15.4; Found:
C, 57.2; H, 4.2; O, 15.8 %; HRMS (ESI MS) m/z: theor: 416.0492 found: 416.0496 ([M+H]*
detected)

2.2. Other chemical compounds

All the other chemicals (Scheme 2) were selected with the highest purity available and
used as received without removing the storage inhibitors. Di-tert-butyl-diphenyl iodonium
hexafluorophosphate (lod) and ethyl 4-(dimethylamino)benzoate (EDB) were obtained from
Lambson Ltd (UK). (3,4 Epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX;
Uvacure 1500), trimethylolpropane triacrylate (TMPTA), di(trimethylolpropane) tetraacrylate
(TA), Mix-MA, N-Phenylglycine (NPG) were obtained from Allnex or Sigma Aldrich.
TMPTA, TA, Mix-MA and EPOX were selected as benchmark monomers for the radical and

cationic polymerizations, respectively.
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Scheme 2. Other used chemical compounds used in this work.

2.3. Irradiation sources

The different sources of irradiation used in this work (polymerization of the photocurable

samples, photolysis experiments and photocomposites synthesis) were the following: (1)

LED@ 375nm with an incident light intensity at the sample surface lo = 40 mW.cm?; (2)

LED@ 405nm with lo= 110 mW.cm?, (3) LED conveyor @395nm with lo= 4 W/cm?,

2.4. Free radical photopolymerization (FRP) and Interpenetrating polymer network

(IPN) synthesis

FRP experiments were carried out using two and three-component photoinitiating systems

based on: Napht/lod (0.1%/1% w/w) and Napht/lod/NPG (0.1%/1%/1% w/w/w). Conversely,

200



Partie I1I : Nouveaux photoamorceurs a base de colorants pour la
polymérisation radicalaire (FRP) et Cationique (CP)

IPNs were only prepared using two-components PISs: Napht/lod (0.1%/1% w/w). Higher
percentages in Pl were also studied (0.2% in Napht) in this last case. The percentages of the
components in the photoinitiation system were calculated from the global monomer content.

Two types of samples were studied: i) thick samples: where the resin containing the
reactive system was deposited in a circular mold (thickness = 1.4mm) in which the
polymerization of the acrylate or epoxy functions could take place or ii) thin samples: where
the photopolymerizable resin is sandwiched between 2 polypropylene films (thickness =
25um) for the FRP and the IPN synthesis. In fact, the polymerization rate (Rp) as well as the
final reactive functions conversion (FC) of FRP (TA and TMPTA) were monitored by
following by evolution of the C=C peak located at 6160 cm™ and 1630 cm™ for the thick and
thin samples respectively. For the epoxy functions, peaks at 3744 cm™ and 790 cm™ were
selected for the thick and thin samples respectively. RT-FTIR experiments were carried out
using a JASCO 6600 FTIR spectrometer.

2.5. Redox potentials

Redox potentials for Naphthalimide derivatives (Eox and Ereq) were determined by cyclic
voltammetry using tetrabutylammonium hexafluorophosphate as the supporting electrolyte
(potentials vs. Saturated Calomel Electrode — SCE) in acetonitrile. The free energy change
(AGe) for an electron transfer reaction was calculated from eq.1 [27], where Eox, Ered, E*, and
C represent the oxidation potential of the electron donor, the reduction potential of the
electron acceptor, the excited state energy level (determined from luminescence experiments)
and the coulombic term for the initially formed ion pair, respectively. Here, C is neglected as

usually done for polar solvents.
AGet = on— Ered —-E*+C eql
2.6. UV-Visible absorption and photolysis experiments

The UV-visible absorption spectra, the molar extinction coefficients and the steady state
photolysis experiments of Naphthalimide derivatives (in acetonitrile) have been studied using
a JASCO V730 UV-visible spectrometer.

2.7. Fluorescence experiments

Fluorescence properties of the different compounds in chloroform were investigated using

a JASCO FP-6200 spectrofluorimeter. The fluorescence quenching of *Napht by lod were
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investigated from the classical Stern—Volmer treatment [1] (lo/I = 1 + kq Tto[l0od], where Io and
| stand for the fluorescent intensity of Naphthalimide in the absence and the presence of lod,

respectively; to stands for the lifetime of Naphthalimide in the absence of lod).
2.8. Computational Procedure

Molecular orbital calculations were carried out with the Gaussian 03 suite of programs
[28,29]. Electronic absorption spectra for the different compounds were calculated with the
time-dependent density functional theory at the MPW1PW91-FC/6-31G* level of theory on
the relaxed geometries calculated at the UB3LYP/6-31G* level of theory. The triplet state

energy levels were calculated at this level of theory.
2.9. Near-UV conveyor for photocomposite synthesis

For the synthesis of photocomposites, a Dymax-UV conveyor is used. Firstly, the
photopolymerizable resin has been deposited on the glass fibres (50%/50% w/w) and then the
samples were irradiated using a LED conveyor at 395 nm (4 W/cm?). The distance between

the belt and the LED was fixed at 15 mm, and the belt speed was fixed at 2 m/min.
2.10. 3D printing experiments

3D printing experiments were carried out using a computer-controlled diode laser at 405
nm (spot size = 50 um), these experiments were performed under air. 3D patterns were
analyzed using a numerical optical microscope (DSX-HRSU from OLYMPUS Corporation)
[22].

2.11. Dynanometer experiments

A Dynamometer INSTRON 4505 modernized Zwick (speed = 10 mm/min) has been used

to measure the shear stress (MPa) of material as a function of the elongation (mm). The

materials were prepared in a silicone mold where the formulation was deposited and irradiated
using an LED projector @395nm (0.3W/cm?).

3. Results and discussion

Influence of the different groups attached to the Naphthalimide core on the photochemical
and photophysical properties as well as the chemical mechanisms have been investigated in
details.

3.1. Light absorption properties
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Absorption spectra as well as the molar extinction coefficients of the naphthalimide
derivatives in acetonitrile are depicted in Figure 1 (See also Table 1). In fact, these
compounds are characterized by a main band and a high absorption capacity (e.g.: Napht-2:

€ = 11300 M cm™ at 405 nm; Napht-3: € = 10860 M*cm at 405 nm) in the near UV as well

as in the visible range (350-500 nm). These absorption properties provide an excellent overlap
with the emission spectra of the near UV or visible LEDs used in this work (LED @ 375nm,
395nm and 405nm). UV-visible absorption spectra as well as the molar extinction coefficients
are drastically impacted by the substituent linked to the naphthalimide scaffold. Notably,
introduction of an electron donating group resulting in a bathochromic shift of the absorption
spectra whereas introduction of an electron withdrawing group produced an hypsochromic
shift of the intramolecular charge transfer band. The electron-donating effect of these
substituents is presented as follows by ascending order: Napht-3 > Napht-2 and 5 > Napht-6 >
Napht-1 > Napht-4. Optimized geometries as well as the frontier orbitals (Highest Occupied
Molecular Orbital - HOMO - and Lowest Unoccupied Molecular Orbital - LUMO) are shown
in Figure 2. The electron donating group strongly participates to the HOMO orbital (except
Napht-4), while the LUMO one is localized onto the naphthalimide core, thus ensuring a
partial charge character for this ©-n* transition. In fact, the alkyl group present in Napht-3 and
Napht-4 also gives a fast solubility of these molecules in the photopolymerizable resin (see

below).
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Figure 3. UV-visible absorption spectra of the investigated compounds in ACN: (1) Napht-1, (2)
Napht-2, (3) Napht-3, (4) Napht-4, (5) Napht-5 and (6) Napht-6.

Table 1. Light absorption properties of Naphthalimide compounds at 405 nm and at Amax.

}“max (nm) max (M cm) 8@405nm (M cm)
Napht-1 392 9810 8960
Napht-2 406 11320 11300
Napht-3 432 15640 10860
Napht-4 389 3140 2570
Napht-5 408 10590 10510
Napht-6 423 2420 2180
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HOMO LUMO

Figure 2. HOMO and LUMO frontier orbitals for the different investigated compounds at the
UB3LYP/6- 31G* level.
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3.2. Free Radical Photopolymerization (FRP)
3.2.1. Photopolymerization of methacrylate monomers (Mix-MA)

Since the different compounds showed a significant absorption in the near UV as well as in
the visible range, the dyes were tested as photoinitiators for the FRP of methacrylate-based
monomers.

In fact, these compounds showed very good photopolymerization profiles in thick samples
and the results are depicted in Figure 3 (and see also Table 2). The use of a two-component
PIS (Napht/lod) enabled to get interesting photopolymerization profiles in terms of
polymerization rates but the three-component PISs obtained by the introduction of an amine
into the photosensitive resin showed a greater efficiency i.e. a better final methacrylate
function conversion (FC) and a higher polymerization rate (e.g. FC= 68% for Napht-6/lod
(0.2%/1% wi/w) vs. 86% for Napht-6/lod/NPG (0.2%/1%/1% w/w/w)). Presence of the
Naphthalimide-based photosensitizer is crucial for the global performance i.e. Napht/lod/NPG
being better PIS than 10d/NPG e.g. Figure 3, curve 12 vs. curve 13.

It is important to note that the polymerization profiles for Mix-MA were lower than those
obtained with TMPTA or TA (see below). This may be due to the low viscosity of Mix-MA

which causes a higher oxygen inhibition.
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Figure 3. Photopolymerization profiles (methacrylate function conversion vs. irradiation time) for
Mix-MA (thickness =1.4 mm) upon exposure to the LED @405 nm in the presence of the two-
component photoinitiating systems: Napht/lod (0.1% / 1% w/w) : (1) Napht-1, (2) Napht-2, (3)
Napht-3, (4) Napht-4, (5) Napht-5, (6) Napht-6 (0.2%/1% w/w); and three-component PIS
Napht/lod/NPG (0.1%/1%/1% wiw/w) :(7) Napht-1, (8) Napht-2, (9) Napht-3, (10) Napht-4, (11)
Napht-5, (12) Napht-6 (0.2%/1%/1% w/w/w) and (13) lod/NPG (1%/1% wi/w). Irradiation starts at
t=10s.
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3.2.2. Photopolymerization of acrylate monomers (TA and TMPTA)

Typical acrylate function conversion—-time profiles are given in Figure 4, and the final
acrylate function conversions (FC) are gathered in Table 2. The FRP of TMPTA and TA was
investigated in both thick (1.4 mm) and thin (25 um) samples using two and three component
PISs. The FRP of acrylates in the presence of the two-component Napht/lod (0.1%/1% w/w)
and the three-component Napht/lod/NPG (0.1%/1%/1% wi/w/w) photoinitiating systems is
very efficient compared to Napht, lod or NPG considered alone which shows no
polymerization of the acrylate functions. This latter result unambiguously confirms the role of
the naphthalimide dyes as photoinitiators.

The obtained results clearly show that Napht-2 leads to a very efficient polymerization,
compared to the other structures, in terms of FC and Rp for the FRP of TA, e.g. FC = 85% for
Napht-2 vs 68%, 62%, 65%, 81% and 64% for Napht-1,3,4,5 and Napht-6 (Figure 4C curves
1-6). These results can be explained by a more efficient photo-oxidation interaction between
Napht-2 and lod. The efficiency of the FRP (i.e. for the FC) using a LED@405 nm clearly
follows the trend Napht-2 > Napht-5 > Napht-1 > Napht-4 > Napht-6 > Napht-3. In fact, an
increase of the PI concentration induced a decrease in the final conversion of the acrylate
functions, this may be due to an inner filter effect which prevents the penetration of the

incident light into the photosensitive resin (see Table 2).

On the other hand, an improvement in the performance of FRP was observed using NPG as
a third component in the photosensitizable resin (Napht/lod/NPG (0.1%/1%/1% w/w/w). In
fact, the 10d/NPG (1%/1% wi/w) couple showed a quite efficient polymerization in the FRP of
the acrylate functions (FC = 79%; Figure 4D curve 7). It has to be noticed that lod alone or
NPG alone cannot induce a polymerization, this may be due to the formation of a charge
transfer complex [lod-NPG]crc that can be activated under visible light irradiation. The
addition of PI to the 1od/NPG couple effectively improved the polymerization profile, e.g. FC
= 90% for Napht-1/10d/NPG (0.1%/1%/1% w/w/w vs. 68% for Napht-1/lod (0.1%/1% wi/w)
(Figure 4D curve 1 vs 4C curve 1).

207



Partie I1I : Nouveaux photoamorceurs a base de colorants pour la
polymérisation radicalaire (FRP) et Cationique (CP)

80 =

80 o

100 =
(A) oot sobascgridn () (B)
60 o
@
- (1) -
S (6) S
c c
9O 40 2
o o
g g 404
s s
8 8
20 o
20
r
0+ T T T Y
0 100 200 300 400
90 - Time (s) .
(® o (D)
75
(1)
(4)(6)
60 <
c c
O 454 o
a 4
g 2
S 304 s
o o
15
O ) -
0 100 200 300 400
Time (s)

T
50

T T
100 150
Time (s)

T
100

T
200
Time (s)

T 1
300 400

Figure 4. Polymerization profiles (acrylate function conversion vs. irradiation time): (A) and (C) for
TMPTA and TA respectively (thick samples (1.4 mm)) in the presence of the two-component
photoinitiating systems Napht/lod (0.1%/1% w/w): (1) Napht-1, (2) Napht-2, (3) Napht-3, (4) Napht-
4, (5) Napht-5, (6) Napht-6, (B) and (D) for TMPTA and TA respectively (thick samples (1.4 mm)) in
the presence of the three-component photoinitiating systems Napht/lod/NPG (0.1%/1%/1% w/wi/w):
(1) Napht-1, (2) Napht-2, (3) Napht-3, (4) Napht-4, (5) Napht-5, (6) Napht-6 and (7) 1od/NPG (1%/1%

w/w) upon exposure to the LED @405 nm Irradiation starts at t = 10 s.

Table 2. Final reactive functions conversion (FC%) for different monomers and different PISs upon
visible light irradiation using a LED @405nm (400 s of irradiation and thickness= 1.4 mm).

Thick samples

Two component PISs Three component PISs
Napht/lod (0.19%6-0.2%/1% wiw) Napht/lod/NPG (0.1%/1%/1% wiw/w)
TA TMPTA Mix-MA TA TMPTA Mix-MA
68% 53%' .
Napht-1 £00%° 610%° 66% 90% 81% 78%
85%" 70%" . . . .
Napht-2 679%" 580%" 82% 89% 79% 83%
62%’ 43%" .
Napht-3 E50s” 24" 73% 88% 81% 71%
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65% 56% .

Napht-4 74%b 51%b 82% 94% 84% 85%
81%" 70%" .

Napht-5 500" 609" 79% 87% 82% 85%
64%" 41%° .

Napht-6 74(%)b 54%b 69% 90% 83% 86%

a: Napht/lod (0.1%/ 1% w/w)
b: Napht/lod (0.2% /1% w/w)

Table 3. Final reactive functions conversion (FC%) for different monomers and different PISs upon
visible light irradiation using a LED @405nm (400 s of irradiation; and thickness= 25 um in

laminate).
Thin samples
Two component PISs Three component PISs
Napht/lod (0.1%6-0.2%/1% wiw) Napht/lod/NPG (0.1%/1%/1% wiw/w)
TA TMPTA TA TMPTA
a a
Napht-1 o1%, 3%, 75% 54%
71% 48%
a a
Napht-2 20% 2% 68% 520
61% 37%
a a
Napht-3 8% 2% 75% 53
63% 39%
a a
Napht-4 % npY 77% 49%
52% 40%
a a
Napht-5 o1 2% 76% 53%
59% 49%
a a
Napht-6 2% 0% 72% 39%
51% n.p%o

a: Napht/lod (0.1%/ 1% w/w)
b: Napht/lod (0.2% /1% wiw)

3.2.3. IPN synthesis

An interpenetrating polymer network (IPN) is a polymer based on two different monomers

(more precisely, in our work, TA and EPOX) polymerizing in different conditions. Thus, two

polymer networks are simultaneously formed, but they are not linked together (just tangled).

The aim of such type of process is to improve the mechanical properties by widening the glass
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transition regions of IPN materials relative to their components. The results obtained with
different percentage of monomers are summarized in Table 4. The experiments showed that
the 70% / 30% ratio in TA / EPOX monomers was the best composition in terms of the
conversion rates of both functionalities (acrylates and epoxides). In fact, the cationic

polymerization is not inhibited by O improving the radical polymerization under air.

Table 4. Final monomer conversions (FC%) of acrylate and epoxide functions using the PISs based on
Napht/lod/NPG (0.1%/1%/1% w/w/w) upon visible light irradiation using a LED @405nm (1000 s of
irradiation; thickness= 1.4 mm).

TA/ EPOX (w/w)
50%/50% 70%/30% 100%/0%
Napht-1 93% / 29% 91% / 43% 68%
Napht-2 95% / 0% 80% / 15% 85%
Napht-3 93% / 40% 81% / 32% 62%
Napht-4 78% 1 0% 87% / 0% 65%
Napht-5 94% | 37% 93% / 45% 80%
Napht-6 87% 1 29% 87% 1 21% 64%

3.3. 3D-printing experiments using Napht/lod/Amine systems

The new Naphthalimide derivatives have been tested in direct laser write experiments,
using a laser diode at 405 nm. Some examples of the polymers obtained under air using
different PISs such as Napht/lod/NPG (0.04%/0.4%/0.4% w/w/w) or Napht/lod/NPG
(0.04%/0.4%/0.4% wi/w/w) in TA are presented in the Figure 5. Some of them have been
obtained with a great thickness (going up to 1900 um), a great spatial resolution (50 um) and
in a very short irradiation time (~2 minutes). Interestingly, these colored 3D patterns showed
a very strong green fluorescence when characterized by digital light microscopy. An example

of IPN 3D printed pattern is also given in Figure 5E.
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Figure 5. Free Radical photopolymerization (FRP) (using TA as benchmark monomer) for direct laser
write experiments @405nm: Characterization of 3D patterns by numerical optical microscopy: (A)
Napht-1/1od/4ANNTMA (0.04%/0.4%/0.042%) in TA, (B) Napht-2/1od/NPG (0.04%/0.4%/0.4%
wiw/w) in TA, (C) Napht-6/1od/NPG (0.08%/0.4%/0.4% wiw/w) in TA, (D) Napht-3/lod/NPG
(0.05%/0.5%/0.5% w/w/w) in TA and (E) Napht-3/1od/NPG (0.05%/ 0.5%/0.5% w/w/w) in TA/JEPOX
(50% / 50%)

3.4. Photocomposites synthesis using a LED conveyor

During the last decades and until today, the production of composites materials represents
a very dynamic market, since it is estimated at 90.6 billion dollars in 2019, the world market
should reach more than 131.6 billion in 2024 (with an average annual growth rate of 7.7%)
[30]. This very important production is based on the very interesting mechanical properties of
these new materials (lighter, chemically inert, with improved thermal and mechanical

resistance ...).

In this work, naphthalimide-based photoinitiators have shown high efficiency in FRP using
the three-component PISs. Therefore, these PISs were used for the manufacture of
photocomposites based on glass fibres. The interest of using these materials as a matrix is that
they have very important properties (e.g. impact resistance ...) as well as they are widely used
in different fields, such as transport, buildings, infrastructure and industrial equipment. First
of all, the photocomposites materials were prepared by impregnation of glass fibres (in 1 or 3

layers) with an acrylic resin (50% glass fibres / 50% acrylic resin) and irradiated upon a
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LED@395nm. Remarkably, a very fast curing was observed where the surface and the bottom
are tack-free (thickness =2mm) after one pass only using different PISs in TA, but this is not
the case for a greater thickness (three layers of glass fibres ~ 6 mm) where the bottom was
tack-free after 13 passes using Napht-3/1od/NPG (0.1%/1%/1% w/w/w), and it’s not the case
for a blend of monomers (TA and EPOX) where the surface and the bottom are tack-free after

one and 40 passes, respectively. The curing results obtained are gathered in Figure 6.
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Figure 6. Photocomposites synthesis using FRP in the presence of glass fibres/ resin 50%/50% w/w
(Thickness = 2 mm for one layer), using LED@395 nm and the Belt Speed was fixed at 2m/min: (1)
Napht-1/10d/NPG (0.1%/1%/1% w/w/w), (2) Napht-2/lod/NPG (0.1%/1%/1% wi/w/w), (3)Napht-
3/10d/NPG (0.1%/1%/1% wiw/w) , (4) Napht-4/1od/NPG (0.1%/1%/1% w/w/w) and (5) Napht-
5/10d/NPG (0.1%/1%/1% w/wi/w) in TA. (A) and (B) are photocomposites produced upon the near-
UV irradiation @395nm in the presence of glass fibres/resin 50%/50% w/w (thickness ~ 6mm for 3
layers) for Napht-3/10d/NPG (0.1%/1%1% w/w/w) in TA and Napht3/lod/NPG (0.1%/1%/1% w/w/w)
in Ebec40/EPOX (50%/50%).

3.5. Traction results

The traction results of the materials obtained are shown in the Figure 7. In fact, these data

confirmed the advantage of developing IPN materials in order to improve of the mechanical
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properties of the materials compared to those determined for polymers composed of only one
type of monomer.

Napht-2/10d/NPG (0.05%/1%/1% w/w/w)
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Figure 7. Traction results with the initiating system Napht-2/1od/NPG (0.05%/1%/1% w/w/w) for
polymerized TA vs. TA/EPOX (50%/50%).

3.6. Hydrogel synthesis wusing Napht-4/ Triethanolamine (0.1%/1% w/w),

Photopolymerization in water.

Interestingly, Napht-4 was also water soluble and this compound could be advantageously
used for photopolymerization in water and the preparation of hydrogels. Markedly, using the
Napht-4/Triethanolamine system (0.1%/1% w/w) in polyethylene glycol diacrylate/water
blend (SR610 from Sartomer Europe), hydrogels could be easily obtained by irradiation of the
formulation using a LED @405nm (Figure 8).

It is important to note that the UV-visible spectrum of Napht-4 in water showed a
hyperchromic effect (e~7000 M~'cm™ in water vs. 2570 M~'cm™ in ACN) compared to that
obtained in ACN (Figure 9), and Napht-4 is well soluble in ACN but the best solvent to

solubilize Napht-4 is water for which this Pl was chosen for hydrogel formation experiments.
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Figure 8. Hydrogels obtained before and after irradiation @ 405nm using Napht-4/Triethanolamine
system (0.1%/1% w/w) in polyethylene glycol diacrylate/water blend.
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Figure 9. Absorption spectra of Napht-4 in: (1) ACN and (2) water.

4. Discussion

Photochemical and photophysical properties of the investigated Naphthalimides are now

discussed in this part.
4.1. steady state photolysis

Steady state photolysis of the different Naphthalimides in acetonitrile and upon irradiation
with LED@375nm have been carried out. Photolyses of Napht-2 alone, Napht-2/lod and
Napht-2/NPG are reported in Figure 10. Firstly, photolysis of the Napht-2/lod couple is faster
than that of Napth-2 alone which does not show any obvious photolysis upon irradiation
@375nm. Therefore, Napht-2 alone is photostable (Figure 10A). The appearance of a new
peak during the irradiation of the Napht-2/lod couple, as well as the decrease of the Napht-2

absorption evidences a strong interaction between the Pl and lod by an electron transfer
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process which results in the photolysis of the Pl and the generation of a photoproduct
observed between 475-550 nm. Actually, the photolysis of Napht-2 in the presence of the
lod/NPG couple (102 M) is very slow (Figure 10C) i.e. much less important than that
observed with lod alone (Figure 10D curve 2 and 3), clearly showing that Napht-2 is
regenerated in the three-component system.
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Figure 10. (A) Photolysis of Napht-2 alone in ACN, (B) Photolysis of Napht-2 with lod (102 M) in
ACN, (C) Photolysis of Napht-2 with 1od/NPG (102M) couple (D) Percentage of consumption of

Napht-2 (1) without and with (2) With lod and (3) With 1od/NPG vs. irradiation time — upon exposure
to the LED@375 nm in ACN.

4.2. Fluorescence quenching and cyclic voltammetry experiments

Emission and fluorescence quenching spectra of Naphthalimides have been obtained in
ACN (e.g Napht-2) and the different curves are reported in Figure 11. First of all, the addition
of lod clearly showed a decrease in the emission intensity of Napht-2. This result confirms
those obtained during the photolysis experiments and during the free radical polymerization,
suggesting a strong interaction between the excited state of the Pl and lod. From these
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fluorescence quenching data, Stern-Volmer coefficients could be extracted (e.g. Ksv= 43 M
for Napht-2 and 119 M for Napht-3) and rather high electron transfer quantum yields were
obtained (Table 5)) according to the equation 2:

d s1= Ksv[lod] / (1+Ksv[lod]) eg. 2

The excited state energy (Esi) of the Naphthalimide derivatives (determined by the
crossing point of the emission and absorption spectra Figure 11D) and the electrochemical
properties (oxidation potential) calculated by cyclic voltammetry allowed to determine the
free energy change AG (using eq.1) e.g. AG = -1.48 eV for Napht-2 and -1.44 eV for Napht-3
(Table 5).
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Figure 11. (A) Fluorescence quenching of Napht-2 by lod, (B) Determiantion of Ksy (Stern-Volmer
coefficient), (C) Oxidation potential (Eox) determination of Napht-2 and (D) Es: determination.
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Table 5. Parameters characterizing the chemical mechanisms associated with *Napht/lod interaction in
acetonitrile. For lod, a reduction potential of -0.2 eV was used for the AGet calculations.

(04 ESl AG31 KSV (Det
(v) (eV) (eV) (M%) (Naphtaimide/lod)

Napht-1 1.02 2.63 -1.41 59.9 0.54
Napht-2 0.92 2.61 -1.48 42.8 0.46
Napht-3 0.95 2.59 -1.44 119.3 0.70
Napht-4 0.72 2.91 -1.99 3.25 0.06
Napht-5 0.97 2.57 -1.4 24.8 0.33
Napht-6 1.00 2.57 -1.37 934 0.65

Based on the different characterization techniques (Photolysis, fluorescence gquenching,
cyclic voltammetry), the free radical polymerization (FRP) results can be explained by a
global chemical mechanism (See Scheme 3). Firstly, the photoinitiator goes to its excited state
once it is irradiated by the LED@405nm, so that radicals (Ar® and Napht*®) are generated by
the interaction between PI and lod (r2). Interaction between the lod salt and the amine (NPG)
lead to the formation of a Charge transfer complex (CTC), which is very sensitive to light,
this complex will be, therefore, the source of the formation of radicals (Ar®) (r3-r4). In
addition, a hydrogen transfer process from the amine to Pl can occur which generates two
types of radicals (Napht-H® and NPG()°®) (r5). Then, a decarboxylation of NPG)® [31]
leads to the formation of an intermediate radical (NPG(H, -coz®) which is capable of
producing reactive species (Ar® and NPG+, coz) *) by interaction with lod (r6-r7). Therefore,
Ar® and NPG (H, -co2)®) (r1-r9) radicals can be considered to be the reactive species in charge
of the FRP of the acrylate and methacrylate functions of TMPTA, TA and Mix-MA in two or
three-component PISs. For the three-component system, the naphthalimide consumption is
reduced (Figure 10C) in agreement with its regeneration in r8-r9 and a partial photoredox

catalyst behavior.

Naphthalimide (hv) — !® Naphthalimide rl
13 Naphthalimide + Arl* — Naphthalimide ** + Arzl® —— Ar® + Arl r2
NPG +lod — [NPG-lod]ctc r3
[NPG-lod]ctc — Ar® r4
13 Naphthalimide + NPG — Naphthalimide-H® + NPG(+)* r5
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NPG(H)®* — NPG(H:-coz)® + CO2 ré
NPG(H;-coz) *+ Aral*— NPGH;-coz)" + Ar® + Arl r7
Naphthalimide®** + NPG — Naphthalimide + NPG** r8
Naphthalimide-H® + Ar2l" — Naphthalimide + Ar® + Arl + H* r9

Scheme 3. Expected chemical mechanisms

5. Conclusion

In this work, a series of six compounds based on Naphthalimide derivatives have been
proposed for the first time as efficient photoinitiators for the free radical polymerization
(FRP) of (meth)acrylates functions upon visible light irradiation using LED@405 nm.
Interestingly, these naphthalimides have been tested for 3D printing experiments and for the
synthesis of photocomposites with significant curing of the surface and the bottom using a
LED conveyor @395 nm. A new water soluble photoinitiator (Napht-4) has also been
proposed in this work. In light of the high efficiency of naphtalimides in FRP under visible
light irradiation, future developments will consist in designing Naphthalimides absorbing in
the near infrared range, where the light penetration is more important than in the near

UV/visible range.
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de complexes de cuivre.

Les photoamorceurs a base de metaux sont connus depuis longtemps pour leurs
applications, et certains d'entre eux ont été largement étudiés comme les sels
organométalliques de ferrocénium. De nombreuses structures organométalliques, telles que
les complexes de ruthénium et d'iridium [1-4], ont été largement et avec succes utilisées
comme photoamorceurs pour la synthése de polymeéres au niveau académique. Ces complexes
métalliques possédent d'excellentes propriétés photochimiques : une forte absorption de la
lumiere visible, des états excites de durée de vie relativement longue et des potentiels redox
appropriés. lls peuvent aussi réeagir comme catalyseurs photoredox par oxydation ou réduction
pour produire des espéces réactives (radicaux ou cations). Cependant, ce sont souvent des
métaux de transition (Ru, Ir) rares, il est donc tres intéressant de développer des composes
sans metal (parties précédentes) ou des complexes a base de meétaux a faible colt (par
exemple, Cu ou Fe). Dans ce contexte, cette partie du manuscrit proposera des

photoamorceurs a base de complexes de cuivre.

Dans cette partie, deux nouveaux dérives de complexes de cuivre ont été synthétisés et
testés comme photoamorceurs de polymérisation radicalaire et cationique ainsi que la
synthese de réseaux polymeres interpenétrées (IPN) (par polymérisation d’un mélange
acrylate/époxyde). Ces composés ont montré une forte capacité d’amorgage des fonctions
acrylates dans des systemes a deux et trois composants en utilisant le TA comme monomere
acrylique de référence. La formation de réseaux polyéthers par polymérisation des époxydes a
été aussi montrée dans ce travail en combinant le colorant organométalliqgue avec lod ou
lod/NVK.

Afin d’expliquer la capacité d’amorcage de ces composés, des expériences de photolyse
ont été reéalisées dans I’ACN en présence d’lod ou Iod/NPG. En fait, une forte diminution de
I’absorbance a été observée sous irradiation en utilisant la LED a 405nm (ou 375nm) pour la
combinaison Cu/lod, ce comportement montre bien une interaction par photo-oxydation entre
le PA et le sel d’iodonium confirmée aussi par le calcul de la variation d’enthalpie libre AG
ou une valeur négative a été obtenue montrant I’efficacité de la réaction Cu-Iod. D’autre part,
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un caractére photoredox a pu aussi étre détecté dans ce travail, ou le PA a été régénéré a la fin
de la polymérisation suivant un cycle photocatalytique.

La grande photoréactivité de ces complexes de cuivre a été montrée par des expériences
d’écriture laser ainsi que la synthése des photocomposites épais. Les résultats obtenus ont
montré qu’avec I’augmentation de I’épaisseur du renfort la polymérisation en profondeur est
de plus en plus difficile a cause de la diffusion de la lumiére incidente par les fibres de verre.
Les capacités d’amor¢age des complexes de cuivre et leurs applications sont présentées dans
le Schéma 1. La synthése de ce couple de complexes de cuivre a été réalisé par nos

collaborateurs de 1'université d’Aix Marseille (Dr. Frédéric Dumur). Ce travail fait ’objet
d’un article en cours de préparation.
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Schéma 1. Capacité de photoamorgage et applications des complexes de cuivre.
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Novel Copper complexes as visible light photoinitiators for

the synthesis of interpenetrating polymer networks (IPNSs).

Abstract

This work is devoted to the study of two copper complexes (Cu) bearing pyridine ligands
which are synthesized, evaluated and tested as a new high performance visible light
photoinitators for the Free Radical photopolymerization (FRP) of acrylates functions in thick
and thin sample upon Light Emitting Diode (LED) at 405 and 455nm irradiation. These latter
wavelengths are considered to be safe to produce polymer materials. The photoinitiation
abilities of these organometallic compounds have been evaluated in combination with lod salt
and/or amine (ex. N-phenylglycine — NPG). Interestingly, high final conversions and high
polymerization rates were obtained for both compounds using two and three-component
photoinitiating systems [Cul (or Cu2)/lodonium salt lod (0.1%/1% w/w) and Cul (or
Cu2)/1od/Amine(0.1%/1%/1% w/w/w)]. The new proposed copper complexes were also used
for direct laser write experiments involving a laser diode at 405nm, and for the
photocomposite synthesis with glass fibers using a UV-conveyor at 395nm. To explain the
obtained poymerization results, different methods and characterization techniques were used :
steady state photolysis, real-time Fourier transform infrared spectroscopy (RT-FTIR),

emission spectroscopy and cyclic voltammetry.

Keywords : Copper complexe, Photocomposite, LED, Laser Write, Free Radical

Photopolymerization.

1. Introduction

The elaboration of polymers by photochemical means such as Free Radical
Photopolymerization (FRP) and Cationic Photopolymerization (CP) have been based mainly
on the use of metal-free organic dyes and photoinitiators at the industrial and academic level
[1-6], these synthetic processes (FRP and CP) are widely used in different fields, e.g, dentistry
[7], adhesives [8], coatings [9], composites [10], medicine [11], direct laser write, 3D printing

[12] etc. On the other hand, organometallic compounds are not really used in industry, in

227



Partie IV : Photoamorceur (PA) organométallique a base de

complexes de cuivre.

other words, manufacturers avoid incorporating metallic compounds in their synthetic
formulations due to their potential toxicity and price. With their photochemical properties,
like high absorption properties in the near-UV and visible range, long-lived excited states,
suitable redox potentials [13-14], copper complexes can be used as photoinitiators
(P1s)/photoredox catalysts able to produce active species according to a catalytic cycle.
Therefore, it is very important to develop new metal-free photoinitiators or low-cost

organometallic based complexes [15,16].

In fact, copper complexes have attracted much attention and intense efforts have been
devoted in recent years to the development of new efficient copper complexes photosensitive
due to their comparative cost advantage. Copper complexes bearing a pyridine-based chelate
ligand showed excellent photochemical properties for photocatalysis process, such as high
oxidation potential in the excited state [17-20], long excited-state lifetime, high emission
quantum yields and high absorption properties in the UV-visible region. Furthermore, copper
complexes derivatives have already been tested as Pl for the FRP, CP as well as the IPN
synthesis [21-25].

In this paper, two new copper complexes (Cul — Cu2) (Sheme 1) were synthesized and
investigated as visible light photoinitiators upon exposure to LEDs at 405 and 455nm for the
FRP, CP and the synthesis of interpenetrating polymer networks (IPNs) of acrylate/epoxy
monomer blends. These compounds will be incorporated in two [Cul (or Cu2)/lod (0.1%/1%
w/w)] and three-component [Cul (or Cu2)/lod/NPG (0.1%/1%/1% wi/w/w)] photoinitiating
systems (PISs) to produce polymer materials by Free Radical Photopolymerization and the
polymerization of acrylate/epoxy blend (IPNs). The photoinitiation ability of copper
complexes will also be explained based on the interaction Cul (or Cu2)/lod and Cul (or
Cu2)/1od/NPG  which can be studied using different techniques and characterization
processes e.g., steady state photolysis, cyclic voltammetry, fluorescence quenching and
electron spin resonance spin trapping. Finally, to demonstrate the effectiveness of these new
copper complexes-based photoinitiators, experiments by direct laser writing (DLW), 3D
printing and photocomposites synthesis were carried out in this work using different

irradiation source.
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Scheme 1. Copper complexes structure used in this work as PI.

2. Experimental part

2.1. Synthesis of copper complexes

La synthése de ce couple de complexes de cuivre a été réalisée par nos collaborateurs de

I’université d’Aix Marseille (Dr. Frédéric Dumur).
2.2. Other chemicals

All other chemicals used in this work (Scheme 2) were selected with the highest purity
available and the storage inhibitors of the monomers were not removed before
experimentation. Di-tert-butyl-diphenyl iodonium hexafluorophosphate (lod) and ethyl-4-
(dimethylamino) benzoate (EDB) were obtained from Lambson Ltd (UK) and used as co-
initiator and electron donor, respectively. Di(trimethylolpropane) tetraacrylate (TA),
Trimethylolpropane  triacrylate (TMPTA), (3,4 Epoxycyclohexane)methyl  3,4-
epoxycyclohexylcarboxylate (EPOX; Uvacure 1500), N-phenylglycine (NPG) (used as
electron donor), N-Vinylcarbazole (NVK) and N,N-dimethyl-p-toluidine (TMA) were
obtained from Allnex or Sigma Aldrich. TA, TMPTA, and EPOX were selected as

benchmark acrylic and cationic monomers for the radical and cationic polymerizations.
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Scheme 2. Other organic compounds used.

2.3. Irradiation sources : Light Emitting Diodes

All the irradiation sources used in these experiments are based on Light Emitting Diodes
(LEDs) as safe sources: (1) LED at 375 nm (Io = 75 mW.cm) for the photolysis experiments,
(2) LED at 405 nm (lo = 110 mW.cm?) and 455 nm (lo = 75 mwW.cm?) for the
photopolymerization experiments, (3) LED conveyor at 395 nm (lo = 4 W.cm?) for the

photocomposite synthesis.

2.4. Photopolymerization kinetics determination by Real-Time Fourier Transform
Infrared Spectroscopy (RT-FTIR)

In the present work, copper derivatives are used in two and three-component PISs for both
FRP and CP under irradiation with LEDs at 405 and 455 nm. The PISs are mainly based on
Cul (or Cu2)/lod (0.1% - 0.2% - 0.5%/1% w/w) and Cul (or Cu2)/lod/amine (NPG, NVK)
(0.1%/1%/1% wiw/w). The weight percent of the photoinitiating (PI, co-initiator and amine)
system is calculated from the global monomer content. Firstly, two different samples will be
studied for each photosensitive formulation in i) thick (thickness = 1.4 mm) and ii) thin
sample (thickness = 25 um). The epoxy and acrylate conversions will be continuously
followed by RT-FTIR using a JASCO FTIR 6600, so it will be possible to determine the

final conversion of reactive functions and to calculate the polymerization rate of each kinetic.
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The acrylate functions in thick and thin samples show peaks towards 6160 cm™ and 1630 cm'*
respectively and the epoxide functions show peaks around 3600 cm™ and 790 cm? for the

thick and thin samples respectively.
2.5. Redox Potentials : Electrochemical properties

Redox potentials of copper derivatives were measured in acetonitrile (ACN) by cyclic
voltammetry using tetrabutylammonium hexafluorophosphate as supporting electrolyte
(potentials vs. Saturated Calomel Electrode-SCE). The free energy change (AGet) for an
electron transfer reaction was calculated from Equation (1) [26], where Eox, Ered, E*, and C
represent the oxidation potential of the electron donor, the reduction potential of the electron
acceptor, the excited state energy level (determined from fluorescence experiments) and the
coulombic term for the initially formed ion pair, respectively. Here, C is neglected asusually

done for polar solvents.
AGet = on— Ered— E*+C (1)
2.6. UV- visible absorption, steady state photolysis and luminescence experiments

UV-visible absorption spectra, molar extinction coefficients and steady state photolysis
(irradiation by LED at 375nm or 405nm) of the investigated copper complexes were studied
by UV-vis spectroscopy using a JASCO V730 spectrometer. The luminescence properties
(fluorescence properties) were studied using a JASCO FP-6200 spectrofluorimeter. These

studies were performed in ACN at room temperature using a quartz cell.
2.7. Computational Procedure

Molecular orbital calculations were achieved with the Gaussian 09 suite of programs
[27,28]. The electronic absorption spectra of copper compounds were calculated with the
time-dependent density functional theory at the MPW1PW91/6-31G* level of theory on the
relaxed geometries calculated at the UB3LYP/6-31G™* level of theory.

2.8. Photocomposite access using a Near-UV conveyor

Photocomposite materials were obtained using a Dymax-UV conveyor at 395nm. Firstly,

the photosensitive resins were deposited on the glass fibers (reinforcement), then, this mixture
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is cured using an LED conveyor @395nm (1 = 4 W.cm). Distance between the belt and the
LED was fixed to 15 mm, and the belt speed was fixed at 2 m/min.

2.9. Direct Laser Write (DLW) experiment

The photosensitive formulation is deposited on glass slide and 3D patterns were obtained
using a computer-controlled diode laser at 405 nm (spot size = 50um) which were achieved
under air and analyzed by a numerical optical microscope (DSX-HRSU from OLYMPUS
Corporation) [29].

3. Results

Light absorption properties, initiation ability and applications (Photocomposite synthesis
and direct laser write) of the investigated copper complexes will be studied in this part of the
chapter.

3.1. UV-visible absorption spectra of Cul and Cu2

The ground state absorption spectra of the new studied copper derivatives have been
determined in ACN and the results are presented in Figure 1. Extinction coefficients at
different emission wavelengths used in photopolymerization experiments are reported in
Table 1. These new complexes are characterized by a broad absorption band which extends
between 380 nm and 550 nm, and high extinction coefficients in the blue region e.g.,
g = 10700 Mcm?, 6400 Micm?® @400 nm for Cul and Cu2 respectively. These compounds
have also high extinction coefficients at the emission wavelengths of LEDs (at 405nm and
455 nm) wused in different experiments achieved in this work, for example
g@aosnm = 10400 and 6800 Micm? for Cul and Cu2, respectively. Remarkably, a
bathochromic shift in the absorption spectra of Cu2 is observed compared to Cul. This effect
can be related to the presence of a methyl group, which is considered an electron donating
group (inductive effect), on the pyridine ligands of Cu2 (Amax = 388 nm for Cul and 422 nm
for Cu2). This difference could also be explained by the optimized geometries as well as the
frontier orbitals (Highest Occupied Molecular Orbital - HOMO - and Lowest Unoccupied
Molecular Orbital - LUMO) which are shown in Figure 2.
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Figure 1. UV-visible absorption spectra of (1) Cul and (2) Cu2 in ACN.

600

Table 1. Maximum absorption wavelengths (Amax), extinction coefficients at Ama, and molar
extinction coefficients for the investigated copper complexes at different emission wavelengths for

different LEDs used.

Amax €max € 375nm € 405nm €455nm
(nm) (Micm?) (Micm?) | (Milcm?) (Mcm™)
Cul 388 11000 10700 10400 5200
Cu2 422 7450 4600 6800 5000

233




Partie IV : Photoamorceur (PA) organométallique a base de

complexes de cuivre.

HOMO LUMO

Figure 2. HOMO and LUMO for Cul and Cu2 at the UB3LYP/6-31G™* level

3.2. Photopolymerization experiments
3.2.1. Free Radical Photopolymerization using TA as benchmarck monomer

Due to their good light absorption properties in the visible range, copper complexes were
tested as photoinitiators for the FRP of acrylate-based monomer upon exposure to LEDs at
405nm (1 = 110 mW.cm?) and 455nm (I = 75 mW.cm™).

In fact, photoinitiators (0.1% or 0.2%) were dissolved and mixed into the TA acrylate
monomer in combination with lod salt (1%) to make a two-component photoinitiating system
on the one hand, and in combination with lod/amine (1%/1% w/w) to form a three-component
photoinitiating system on the other hand. Interestingly, these dyes exhibit excellent free
radical photopolymerization performance in thick and thin samples. The related results are
gathered in Figure 3 and the data are summarized in the Table 2. Remarkably, copper
complexe alone, lod and amine alone cannot polymerize the sample. lod salt and amine are
used as co-initiators in this work because they do not absorb visible light. It is important to
introduce the dyes (copper complexes) into the photosensitive formulation to obtain a good
light absorption at 405nm and 455nm. The obtained results using copper derivatives in two-
component PISs show that Cu2 is more efficient than Cul for the FRP of TA using different
Pl percentage e.g., FC ~ 64% for Cul/lod (0.1%/1% w/w) vs. 70% for Cu2/lod (0.1%/1%
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w/w) (Figure 3A curve 1 vs.2), and FC ~ 62% for Cul/lod (0.2%/1% w/w) vs. 85% for
Cu2/lod (0.2%/1% wiw) (Figure 3A curve 3 vs. 4).

Furthermore, lod/NPG couple shows a weak polymerization initiation ability upon
exposure to LEDs at 405nm and 455 nm after 60 s (e,g., FC ~ 10% @405nm). Whereas, a
greater efficienct was observed when NPG is incorporated into the formulation, the obtained
three-component PISs show a better final conversion of reactive functions and a higher
polymerization rate upon irradiation with LEDs at 405nm or 455nm (for example a FC up to
86% is obtained with Cul/lod/NPG (0.1%/1%/1% wi/w/w), and 88% using Cu2/lod/NPG
(0.1%/1%/1% w/wi/w) with a LED @455nm).
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Figure 3. Free Radical Photopolymerization profiles of acrylate functions vs. irradiation time in : (A)
Thick samples @455nm, (B) Thin sample @455nm, (C) Thick sample @405nm and (D) Thin sample
@405nm : (1) Cul/lod (0.1%/1% wiw), (2) Cu2/lod (0.1%/1% wiw), (3) Cul/lod (0.2%/1% wiw), (4)
Cu2/lod (0.2%/1% wiw), (5) Cul/lod/EDB (0.1%/1%/1% wiw/w), (6) Cu2/lod/EDB (0.1%/1%/1%
wiw/w), (7) Cul/lod/NPG (0.1%/1%/1% wiw/w), (8) Cu2/lod/NPG (0.1%/1%/1% wi/w/w), (9)
lod/EDB (1%/1% w/w) and (10) 1od/NPG (1%/1% wi/w). Irradiation starts at t = 10s.
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Table 2. Final reactive functions conversion (FC) for TA monomer using two or three-component
PISs upon exposure at different wavelengths (LED at 405 and 455nm).

At 405nm At 455 nm
Thick sample Thin sample Thick sample Thin sample
Cul/lod 56%° | 62%° | 36%° | 28%" | 64%° | 64%° | 26%° | 26%"
/Cu2/1od 64%° | 67%" | 45%° | 33%° | 70%* | 87%" | 48%°* | 46%"
Cul/lod/amine 57% ° 80%" 58%° 65%¢ 69%° 85%° 59%° 65% ¢
Cu2/lod/amine 82%° | 83%" | 65%° | 74%° | 71%° | 87%° | 64%° | 65%°

: Cu/lod (0.1%/1% w/w)
: Cu/lod (0.2%/1% wiw)
: Cu/lod/EDB (0.1%/1%/1% wiwi/w)
d : Cu/lod/NPG (0.1%/1%/1% wiw/w)

oo T o

3.2.2 Cationic polymerization and IPN synthesis

Typical epoxides function conversion-time profiles for Cul and Cu2 based photoinitiating
systems are given in Figure 4 and the data are gathered in Table 3. In fact, the cationic
polymerization of the epoxide functions was carried out under air and upon irradiation at 405
nm. As expected, copper complexes alone and the additives alone are not able to initiate the
CP in these irradiation conditions. The addition of lod salt or l1od/NVK into the formulation
containing the Pl induces good photopolymerization profiles i.e. the combination
Cu/lod/NVK (0.1%/2%/3% wiw/w) is very efficient to produce a polymer materials in terms
of Rp and final epoxy function conversion compared to Cu/lod (0.1%/1% w/w), e.g., [FC ~
50% for Cul/lod/NVK (0.1%/2%/3% wiw/w) vs. 27% for Cul/lod (0.1%/1% w/w)]. The
consumption of epoxide functions is accompanied by the formation of a polyether network

(appearence of peak at ~1080 cm™) characterizing the obtained polymer.
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Figure 4. (A) Cationic polymerization (CP) profiles of epoxy functions (Thin sample) vs. irradiation
time upon exposure to LED at 405nm : (1) Cul/lod (0.1%/1% wiw), (2) Cu2/lod (0.1%/1% wiw), (3)
Cul/lod/NVK (0.1%/2%/3% wiw/w) and (4) Cu2/lod/NVK (0.1%/2%/3% wiw/w). (B): IR spectra
recorded before and after polymerization. Irradiation starts att =10 s.

Table 3. Final reactive function conversions for EPOX monomer using two and three-component PISs
upon irradiation at 405nm

Thin sample using a LED at 405nm

Cu/lod Cu/lod/NVK
(0.1%/1% w/w) (0.1%/2%/3% wiw/w)
Cul 27% 49%
Cu2 16% 45%

On the other hand, the IPNs synthesis was also carried out in this work and the
polymerization was performed in thick and thin samples using LED emitting diodes at 405nm
and 455nm. The photopolymerization profiles for the IPN formation are presented in Figure
5. For example, the acrylic network formation is very fast with a high final conversion (98%)
for Cu2/10d/NPG (0.1%/1%/1% wi/w/w) in TA/EPOX (50%/50%) upon irradiation at 455nm,

and the formation of epoxy network is also efficient (high final conversion and Rp) using this
system (FC ~ 55%).
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Figure 5. Photopolymerization profiles of acrylate functions [A (Thick sample), B (Thin sample)]
upon irradiation @455nm, and epoxide function [C (Thick sample), D (Thin sample)] upon exposure
to LED at 405nm of TA/EPOX using Cul/lod/NPG (0.1%/1%/1% wiw/w) : (1) 30%/70%, (2)

50%/50%, (3) 70%/30%, and Cu2/lod/NPG (0.1%/1%/1% w/w/w) : (4) 30%/70%, (5) 50%/50%, (6)
70%/30%. The irradiation starts at t = 10s.

Table 4. Final conversions of acrylate and epoxides functions for the IPN synthesis of TA/EPOX

blend using Cul (or Cu2)/lod/NPG (0.1%/1%/1%/ wiw/w) as PIS upon exposure to visible light at 405
nm.

IPN synthesis of TA/EPOX blend
performed in Thick sample @405nm

IPN synthesis of TA/EPOX blend
performed in Thin sample @405nm

30%/70% | 50%/50% | 70%/30% | 30%/70% | 50%/50% | 70%/30%
Cul 90%/25% 90%/15% 93%/27% 88%/25% 87%/31% 84%/47%
Cu2 99%/30% 98%/20% 96%/38% 92%/22% 90%/35% 80%/32%
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Table 5. Final conversions of acrylate and epoxides functions for the IPN synthesis of TA/EPOX
blend using Cul (or Cu2)/lod/NPG (0.1%/1%/1%/ wiw/w) as PIS upon exposure to visible light at 455

nm.
IPN synthesis of TA/EPOX blend IPN synthesis of TA/EPOX blend

performed in Thick sample @455nm | performed in Thin sample @455nm

30%I/70% | 50%/50% | 30%/70% | 30%/70% | 50%/50% | 70%/30%

Cul 90%/30% 90%/23% 90%/41% 90%/15% 90%/25% 90%/15%
Cu2 100%/38% 98%/55% 99%/51% 98%/22% 99%/30% 98%/22%

3.3. Photocomposites synthesis

Nowadays, many of our modern technologies require materials with enhanced properties.
This is particularly true for materials used in aerospace, underwater and transportation
applications. For example, for aeronautical applications engineers research materials with low
density, rigid, solid, impact resistant, temperature and pressure resistant and obviously
materials that does not easily corroded. For this purpose, composite materials have been used
for high performance applications. As definition, a composite material is composed of a least
two components that results in better properties than those of the individual components used
alone: matrix (monomer blends) and reinforcement. The main advantages of composite
materials are their high stiffness, strength and low density. The introduction of light for the

synthesis of photocomposites will make the manufacture of these materials more ecological.

In this study, the matrix is based on acrylic monomers such as TMPTA or TA, and the
second component (reinforcement) is based on glass fibers. Firstly, the acrylic resins were
deposed on the reinforcement (50%/50% w/w) and the mixture were irradiated using a LED
conveyor at 395nm. Interstingly, a very fast polymerisation on the surface and the bottom was
observed with tack-free surfaces after one pass only using one layer of glass fibers (1 mm).
Increasing the reinforcement thickness by adding several layers, the polymerization on the

surface is always fast and take place after one pass, but the curing on the bottom is more
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complicated and will be done after several passes using Cul or Cu2/lod/NPG (0.1%/1%/1%
w/wi/w) as PISs. The curing photocomposites results are depicted in Figure 6 and Table 6.
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Figure 6. Free Radical photopolymerization for the photocomposites synthesis upon near-UV
irradiation at 395nm (4 W.cm™) using Cu2/Iod/NPG (0.1%/1%/1% w/w/w) in TA [(1) — (4)], (5))
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Cu2/10d/NPG (0.1%/1%/1% wiw/w) in TMPTA, (6) Cul/lod/NPG (0.1%/1%/1% wiw/w) in TMPTA
and (7) Cul/lod/NPG (0.1%/1%/1% wiwiw) in TA.

Table 6. Photocomposites synthesis results using TA as acrylic monomer (or TMPTA) and number of
passes to reach the Tack-Free character on the surfaces.

Number of passes to reach

Number of passes to reach

Thickness Tack-free Character on the | Tack-free Character on the
Surface Bottom
Cu2/10d/NPG 1.6 mm 1 1
Cu2/10d/NPG 2.9 mm 1 2
Cu2/10d/NPG 4.2 mm 1 6
Cu2/10d/NPG 7.1 mm 1 25
Cu2/10d/NPG 6.5 mm 1 30
(TMPTA)
Cul/lod/NPG 5.25 mm 1 40
Cul/lod/NPG 5.1 mm 1 45

(TMPTA)

3.4 Direct Laser Write (DLW)

The new copper complexes were tested in some direct laser write experiments by FRP of
TMPTA or TA using a laser diode at 405nm (spot size: 50 um). The obtained 3D patterns
were carried out under air and using different PISs based on Cul/lod/TMA, Cu2/lod/TMA in
TA or TMPTA (Figure 7). Due to thier high ability to initiate the FRP of acrylates, these

systems were able to generate high spatial resolution 3D patterns with a great thickness of

curing (~ 2500um) in the irradiated area. 3D patterns have been generated with a very short

irradiation times (2-3 minutes) and they are characterized by numerical microscopy.

242




Partie IV : Photoamorceur (PA) organométallique a base de

complexes de cuivre.

(B)

3003.854

1501.927 2675.976

1337.988
10709

f 6032

5364
{2677

12000 ¥

- (D)

1394.005

12445
2465 767
197
9334 148108
986

2486.767

493
6223 0

1233.384

10683
31 8012
5341

2671

13281

17708

“a
MR ¥

Figure 7 : 3D patterns produced by Free Radical photopolymerization of acrylate functions (TA or
TMPTA) using a laser diode at 405nm and their characterization by numerical optical microscopy :
(A) Cu2/lod/TMA (0.057%/1%/0.46% w/w/w) in TA, (B) Cul/lod/TMA (0.058%/0.506%/0.44%
wiw/w) in TMPTA; (C) Cu2/lod/TMA (0.048%/0.65%/0.259% w/w/w) in TA and (D) Cul/lod/TMA
(0.05%/0.59%/0.305% w/wi/w).

4. Discussion

In order to explain the initiating ability of the organometallic complexes, their
photochemical and photophysical properties have been studied wusing different

characterization techniques allowing the characterization of the associated chemical

mechanisms.

4.1. Steady state photolysis of the investigated compounds

The photolysis of Cul and Cu2 dyes in ACN were investigated upon irradiation at 375nm

and 405nm, and the related results are shown in the Figure 8. First of all, no photolysis occurs

for Cul and Cu2 alone (0% consumption) under irradiation at 375 nm and 405nm, but the

incorporation of the iodonium salt into the photosensitive solution promotes the degradation
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of the dyes, so a strong decrease of the absorbance band intensity was observed by increasing
the irradiation time, e.g., consumption ~ 73% @375nm and 80% for Cu2/lod at 375 nm and
405nm respectively (Figure 9B). It is important to note that the photolysis of Cul in the
presence of lod salt involves the formation of a photoproduct after 60 s of irradiation of the
solution, which has an absorption band more shifted in the visible (bathochromic effect), then
this photoproduct degrades under the effect of the irradiation (Figure 8A).

This difference between these two consumption percentages may be due to the high light
absorption ability of Cu2 at 405nm as well as the highest intensity of the LED at 405nm (110
mW/cm?) compared to that @375nm (75 mW.cm?). Furthermore, in case of three-
components PISs, the consumption of Cu2 is lower compared to Cu2/lod, this may be due to

the regeneration of Cu2 or the formation of new photoproduct (%consumption ~ 12%).
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Figure 8. Photolysis experiments of (A) Cul with lod salt (10 M), (B) Cu2 with lod salt (10 M) and
(C) Cu2/10d/NPG (102 M) upon exposure to LED at 405nm. (D) Consumption percentage of Cu2 : (1)
alone, (2) with lod, (3) with l1od/NPG.
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Figure 9. (A) Photolysis of Cu2 With lod (10% M) upon irradiation @375nm. (B) Consumption of
Cu?2 with irradiation @375nm and 405nm.

4.2 Photoluminescence and electrochemical properties

Fluorescence emission spectra (measured using a JASCO FP-6200 spectrofluorimeter) and
the oxidation potential (measured in ACN by cyclic voltammetry) results of the Cu
derivatives are gathered in Figuer 10 and Table 7. The excited state energy was calculated
from the crossing point of the emission and absorption spectra. So, the free energy change
(AG) was calculated, this parameter reflects the reactivity between Cu and lod. In fact, the AG
value is negative for both complexes, so the photo-oxidation interaction Cul (or Cu2)/lod is
favorable in both cases, with a superiority observed for Cu2 (AG =-0.74 and 0.62 eV for Cu2
and Cul respectively), this explains the high photoinitiation ability of Cu2 compared to Cul
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Figure 10. Oxidation potential determination of Cu2.

Table 7. Parameters characterizing the chemical mechanisms between Cul (or Cu2) and lod. For lod,
a reduction potential of -0.7 eV was used for the AGet calculations.

Eox Es1 AGcuiiod)

V) (eV) (eV)
Cul 1.07 2.39 -0.62
Cu2 0.97 2.41 -0.74

Finally, the initiation ability of the new copper complexes has been explained by different
characterization techniques which allows us to propose a chemical photoinitiation mechanism.
Firstly, Cu are excited upon irradiation at 405 or 455nm and interact with lod to generate aryl
radical (Ar®) and radical Cu®* [r1-r2]. A charge transfer complexe CTC is formed after
adding the NPG into the photosensitive formulation, this complex is able to produce aryl
radical as active species for the radical photpolymerization [r3-r4]. Then, Cu could react
with NPG and generate two radicals (NPG+°®, Cu-H®) [r5], the first radical undergoes a
decarboxylation and produce active radical (NPG(H,-co2®) [r6], this radical leads to the
formation of two active species after interaction with lod salt (NPG(+,-co2)®, Ar®) [r7]. Lastly,

copper complexes derivatives are regenerated [r8-r9].
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Cu (hv) — 13Cu rl
13Cu+ Aral* — Ar® + Arl + Cu®** r2
NPG + Iod — [NPG-lod]ctc r3
[NPG-lod]ctc — Ar® r4
13Cu + NPG — Cu-H* + NPG)* r5
NPG(H)®* — NPG(H:-coz)® + CO2 ré
NPG(H;-co2) ® + Aral™ — NPGH;-coz)” + Ar® + Arl r7
Cu*" + NPG — Cu + NPG" r8
Cu-H*® + Aral™ — Ar® + Arl + Cu + H* r9

Scheme 3. Proposed chemical mechanisms

5. Conclusion

In the present paper, new copper complexes have been synthesized and tested as
photoinitiators. These compounds have strong visible light absorption and are able to initiate
both the free radical photopolymerization and cationic polymerization. The IPN synthesis by
simultaneous polymerization of acrylate/epoxy monomer blends was performed under air
upon irradiation at 405nm and 455nm using a very low quantity of copper complex in two or
three component PIS. Cu2 showed a very interesting photoinitiation capacity compared to
Cul in terms of final conversion of reactive functions and polymerization rates. The high
reactivity of these compounds have been demonstrated by some direct laser write experiments
where high spatial resolution 3D patterns are obtained. In addition, the synthesis of thick glass
fiber photocomposites was possible. This work paves the way for the development of new

organometallic photoinitiators.
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Partie Expérimentale
1. Spectroscopie infrarouge a transformée de Fourier

1.1. Généralités

La Spectroscopie Infrarouge a Transformée de Fourier est une technique spectroscopique
qui permet de caractériser les groupements fonctionnels présents dans les molécules
organiques (OH, NHy, acrylate...), elle sert donc pour I’identification d’un composé ou méme
déterminer la composition d’un échantillon. Elle traite la région Infrarouge du spectre
électromagnétique qui correspond a la différence d’énergie entre deux états vibrationnels.
Dans notre travail, cette technique est adaptée a 1’étude des réactions de photopolymérisation
par un suivi cinétique du processus de polymérisation en suivant la variation de I’intensité de
la bande caractérisant les doubles liaisons des (méth)acrylates, les fonctions époxydes
des monomeéres cationiques... le spectre de vibration de la formulation photosensible se voit

donc modifié avec le temps d’irradiation (Figure 1).

Absorbance
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1700
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Figure 1 : Suivi de la disparition de la bande 1650-1700 cm™ par spectroscopie infrarouge en temps
réel (notée Real-Time FTIR (RT-FTIR) en anglais)
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La Spectroscopie a Transformée de Fourier (FTIR) repose sur I’utilisation d’un
interférométre de Michelson qui module le rayonnement IR d’analyse. Par démodulation du
signal recu, un spectre IR de 1’échantillon en un temps trés court est obtenu. Elle permet de
suivre une reaction avec une bonne résolution temporelle (< sec) particulierement bien

adaptée a la réaction de photopolymeérisation.
1.2. Principe

Le principe de la FTIR en temps réel consiste a irradier la formulation photosensible par
un rayonnement UV-visible capable d’induire le processus de polymérisation et I’exposer
simultanément a un faisceau d’analyse IR (Figure 2). L’avancement de la polymérisation
relative a la décroissance de I’intensité¢ des bandes caractéristiques des fonctions acrylates ou
époxydes peut ainsi étre suivie en continu. La vitesse a laquelle les bandes disparaissent ou

diminuent est lié a la capacité d’amorgage du photoamorceur mis en jeu.

Lampe UV _
Guide d’onde T
Falscegu UV Ecpantlllon o
C~C

—
ALLAALALLLARAL
[mrssnnnnnsnnny
(M= sanvsnnnnunn
-

Traitement das
Détecteur Miroirs Faisceau IR données

Figure 2 : Montage expérimental.

L’analyse quantitative par spectroscopie IR est basée sur la loi de Beer-Lambert relative a
I’absorption lumineuse. Le dispositif expérimental utilisé est un spectrometre JASCO FTIR
6600 couplé avec des sources énergétiques telles que des diodes électroluminescentes (LEDS)
en utilisant une fibre optique assurant le trajet de la lumiere d’irradiation. Les spectres

d’émission des LED sont présentés dans la Figure 3.
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Figure 3 : Spectres d’emission des diodes electroluminescentes
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1.3. Préparation de formulation

1.3.1. Polymérisation en laminé

Ce type de mise en ceuvre est utilisé pour réduire I’effet de 1’inhibition par I’oxygéne et par
la suite comparer I’effet de 1’O2 sur le processus de polymérisation. En effet, la résine est
appliquée entre deux films de polypropyléne (Figure 4), le contr6le de 1’épaisseur dépend de
la viscosité de la résine choisie et est réalisé soit par la mesure de 1’absorbance de la bande IR
étudiée (pour les résines relativement ou peu visqueuses comme le TMPTA, TA Ebecryl
605...), soit par I'utilisation d’un anneau de téflon de 25 um d’épaisseur (cas de monomeres

fluides tels que HDDA, MMA..)).

Figure 4 : Mise en ceuvre de la polymérisation en laminé
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Le dioxygéne initialement présent sera rapidement consommé par le systeme
photoamorceur en donnant une petite période d’inhibition et n'entrera plus en compte par la

suite lors de la cinétique de polymérisation.
1.3.2. Polymérisation sous air

Ce montage permet d’étudier ’effet de 1’02 sur le mécanisme réactionnel lors de la
photopolymérisation. En effet, la résine photosensible est appliquée dans une moule de 1.4
mm d’épaisseur (Figure 5) et les résultats obtenus seront comparés avec ceux obtenus en

laminé ce qui permet de voir si on a un effet significatif de I’oxygéne.

Figure 5 : Mise en ceuvre Sous air.

1.3.3. Grandeurs caracteristiques

Les résultats de photopolymérisations obtenus par RT-FTIR sont des surfaces 3D (Figure
1) représentant ’absorbance en fonction de deux paramétres : le nombre d’ondes et le temps.
On peut donc extraire, soit un spectre a un temps donné, soit I’évolution temporelle de

’absorbance pour un nombre d’onde donne.

Le nombre d’onde observé varie en fonction des monomeres choisis ainsi du procédé de
polymérisation (en laminé ou sous air). Par exemple, les systemes a base de monoméres
acryliques tels que IP’Ebecryl 605 ou le TA présentent des bandes d’absorption
caractéristiques dans I'IR vers 1635 cm™ pour une polymérisation en laminé, d’autre

monoméres tel que le TMPTA et PEPT présentent des pics plutot vers 1650 cm™.

Il est donc possible d’obtenir un profil de polymérisation de monomeres acryliques en
suivant I’évolution du taux de conversion au cours du temps (Figure 6). En effet, le taux de
conversion est li¢ directement a I’évolution des pics caractéristiques des monomeres étudiés

apres avoir lancé I’irradiation :
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AEI}GB 5 AE&B 5
p(t) =

0
A1635

AP et Al représentent respectivement I'aire de la bande d’absorption IR a 1635 cm™ avant et
apreés irradiation au temps (t).

A partir de cette courbe de conversion, il est possible de déterminer les paramétres
suivants :

» La période d’induction de la polymérisation due a la présence d’inhibiteurs (oxygene,
stabilisants...).

> La vitesse de polymérisation maximale (Rp) que I'on égale a la tangente a la courbe
donnant le taux de conversion en fonction du temps dans les premiers instants de la
réaction (Figure 6).

» La conversion finale (FC).

100,

tga = (Rp/[M],) * 100

Conversion (%)
SN
o

0 50 100 150 200 250 300
Time (s)

Figure 6 : Méthode de détermination de la vitesse de polymérisation.

2. Spectroscopie d’absorption UV-visible

Cette technique spectroscopique de caractérisation porte sur 1’absorption de la lumieére UV
et/ou visible (200-800 nm) par une solution connue (e.g. colorants organiques...). En effet, le
principe consiste a provoquer la transition d’électrons entre différentes orbitales moléculaires

(niveaux énergétiques) de la molécule.
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Cette méthode suit la loi de Beer-Lambert : soit une lumiére monochromatique traversant
une solution absorbante de concentration C contenue dans une cuve d’épaisseur |. Une partie
de ce rayonnement sera absorbée par 1’échantillon et une autre partie sera transmise. De ce
fait, Dl’intensit¢é de la lumiére traversant le milieu ou elle est absorbée décroit

exponentiellement :
=1, x e k¢

Avec :

> | : L’intensité aprés passage a travers la cuve contenant la solution / ou intensité
transmise.

> lo : L'intensité de la lumiere incidente.

> | : trajet optique (distance traversée par la lumiére) (en cm).

» C: Laconcentration des especes absorbantes.

» k: Constante caractéristique de 1’échantillon.

Cette relation peut s’écrire aussi :
Iy
log T)= elc

> log (lo/1) représente 1’absorbance de la solution.

» 1/l correspond au rapport de I’intensité transmise a celle incidente ou appelé aussi
Transmittance (T).

> gest le coefficient d’extinction molaire qui représente la capacité de la molécule a

absorbé la lumiere incidente.

La détermination du coefficient d’extinction ou la concentration molaire des especes
présentes demeurent possible en utilisant cette méthode. Les interactions intermoléculaires
additif/colorant peuvent également étre étudiées par la spectroscopie UV-visible en suivant
I’évolution de la bande d’absorption caractéristique du photoamorceur (PA) étudié par
photolyse (Figure 7), ainsi nous sommes capables de calculer le pourcentage de

consommation en PA :
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Figure 7 : Photolyse suivie par spectroscopie UV-visible.

3. Résonance paramagnétique électronique (RPE)

3.1. Principe

Le principe de la RPE est analogue a celui de la résonance magnétique nucléaire (RMN), a
la différence preés qu’en RPE, ce sont les spins des électrons qui sont excités plutdt que les
spins des noyaux atomiques. La résonance de spin électronique (RSE) est une méthode de
spectroscopie sous champ magnétique. Grace a sa spécificité et sa grande sensibilité, elle
permet une détection directe des especes magnétiques (radicaux, éléments de transition,
défauts de structure...) caractérisées par la présence d'un électron non apparié (appelé aussi
électron célibataire) sur la couche de valence. Son principe repose sur I’effet Zeeman : soumis
a ’action d’un champ magnétique extérieur intense H, les niveaux d'énergie d'un spin S se
séparent en (2S + 1) états, chacun affecté d’un nombre quantique ms (ms = -S, -S+1, -S+2, ...,
S). Ainsi, pour le cas d'un composé magnétique ne présentant qu'un seul électron célibataire
(donc pour lequel S = 1/2), la présence du champ magnétique extérieur donne lieu a (2S + 1)
= 2 etats, correspondant a ms = -1/2 et ms = +1/2. L'énergie magnétique associée a chacun de
ces états est donnée par msguBH, ou g est le facteur de Landé lorsqu'il s'agit d'un électron
libre mais qui est désigné, dans le cas général, par le facteur g, et uB (qui est parfois note B)
est le magnéton de Bohr. Puis, sous I’action d'un rayonnement micro-onde perpendiculaire au
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premier et d’amplitude beaucoup plus faible, ayant une fréquence v, un photon d'énergie hv
peut étre absorbé (ou émis) si la séparation énergétique entre les 2 niveaux concernés, c'est-a-
dire guBH, se trouve égale a hv. C'est a cette valeur particuliere de H que le phénoméne de

résonance se produit. Ainsi, la condition de résonance se résume par :

hv =E; —E; = gugH

Avec :

Ef = Energie de I'état final.

Ei = Energie de I'état initial.

g = Facteur de Landé (dans le cas d'un électron libre) ou facteur g en général.
us (ou B) = Magnéton de Bohr (pg= 9,2741 x 1024 J.TY).

H = Valeur du champ magnétique a la condition de résonance.

h = Constante de Planck (h = 6.6261 x 1034J.s).

YV V.V V V V V

v = Fréquence du champ micro-onde.

3.2. Méthode de détection des radicaux : Spin-traps

Cette technique est basée sur ’obtention d’un adduit radicalaire dont la durée de vie était
bien plus importante que le radical d’origine. Le principe réside dans la réaction entre le
radical étudié et une nitrone (ou un nitrosoalcane) formant un adduit paramagnetique pouvant

étre caractérisé par RPE stationnaire (Figure 8).

R,—
N 4 m
S/

1

Figure 8 : Addition d’un radical sur une nitrone et représentation des couplages hyperfins sur 1’adduit
(aN en bleu et aH enrouge), R* est en général un radical centré sur un atome de C, N ou O.

Ces adduits (nitroxydes) sont particulierement stables grace a la délocalisation de

I’électron célibataire sur ’atome d’azote et d’oxygene de la fonction nitroxyde (Figure 9).
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A

R

Figure 9 : Résonance de I’adduit nitroxyde.

Le spectre RPE de I’adduit permet de déterminer la nature du radical additionné en
mesurant les couplages hyperfins de 1’électron célibataire avec 1’azote et ’hydrogéne en a de
la fonction nitroxyde (voir ci-dessus). Les nitrones sont les « Spin-Traps » (ST) les plus
utilisés de par leur capacité a réagir avec des radicaux d’intérét biologiques (02°, HO®...) et
d’étre solubles dans des milieux aqueux. Deux nitrones sont particulierement efficaces, fiables

et ont été largement utilisés en spin-trapping (PBN, DMPO ; Figure 10) :

H HaC
S Sy
N

HaC
HaC CH, ’

CH, o

a-phényl-N-tert-butylnitrone (PBN) 5,5’-diméthyl-1-pyrroline-N-oxide (DMPO)

Figure 10 : Structures chimigues de PBN et DMPO

Ces deux molécules présentent ’avantage d’étre peu sensibles a la lumiére et permettent la
capture des radicaux issus de photolyse. Les adduits avec PBN [2] ont été les plus étudiés ;
par conséquent, la base de données des couplages hyperfins de radicaux captés est plus
importante. La DMPO [3] présente I’avantage d’avoir un couplage hyperfin avec I’hydrogéne
en o exalté, di a la contrainte du cycle, et permet de déterminer avec plus de précision la

nature du radical capté.
4. Spectroscopie de Fluorescence

Les spectres de fluorescence stationnaire ont été réalisés grace a un spectrofluorimetre

Fluoro max-2 de Jobin-Yvon équipé d’un photomultiplicateur. En général, la solution étudiée
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est placée dans une cuve de quartz. Toutes les expériences ont été menées a la température de

la salle 22°C (+3). Les résultats sont aussi obtenus avec un fluorimetre JASCO FP-750.
5. Fluorescence Résolue en Temps

Cette technique hautement sensible permet de détermine la durée de vie de fluorescence,
autrement dit, elle permet de déterminer la durée de vie de I’état excité de la molécule étudiée
grace a un systeme de comptage de photons uniques corrélé dans le temps (HORIBA®Delta
Flex avec un HORIBA®PPD-850 comme détecteur ; la source d'excitation est un HORIBA®
nano LED - 370 avec une longueur d'onde d'excitation de 367 nm et une durée d’impulsion
inférieure & 1,4 ns). La décroissance de I’intensité de fluorescence a été mesurée dans une
cellule de quartz en utilisant le solvant convenable. Une solution de silice colloidale
LUDOX® a été utilisée pour évaluer la fonction de réponse impulsionnelle (IRF) de I'appareil

6. Mesure des potentiels Redox

Un montage classique a trois électrodes a eté utilisé pour mesurer les potentiels
d’oxydoréduction (¢électrode auxiliaire en platine et électrode au calomel saturé (ECS) comme
référence). Les produits sont dissous dans une solution d’acétonitrile saturée en azote et
contenant 0,1 M de hexafluorophosphate de tétra-butylammonium comme sel de fond. Les
potentiels redox donnés sont les potentiels de demi-vague. Les données ont €té obtenues avec

le montage Voltalab 6 Radiometer.
7. Modélisation Moléculaire (Gaussian G03)

La modélisation moléculaire permet dans le cadre de notre étude :

» De donner des informations et des pistes de réflexion sur les propriétés des molécules.
» D’anticiper les caractéristiques recherchées pour une molécule (absorption lumineuse,

donneur d’hydrogene...).
Les logiciels utilisés sont les suivants :

» Hyperchem pour la conception et les premiéres optimisations des molécules ;
modélisation en dynamique moléculaire puis en PM3.
» Gaussian 03 pour la modélisation finale.

> Interface graphique pour visualiser les molécules sur GaussView
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8. Ecriture Laser et impression 3D

L’imprimante laser utilise une diode laser a 405 nm dont la taille d’un point est de 50 um.
L’avantage de cette technique est la capacité de pouvoir dessiner la forme de I’objet voulu sur
la surface du support contenant le mélange réactionnel. Suite a I’exposition a la diode laser,
uniquement les parties irradiées polymeérisent. Les zones liquides, non irradiées, sont

nettoyées avec un solvant compatible avec le polymére formé.

Des motifs polyméres en 3D ont été obtenus par stéréolithographie en utilisant une
imprimante 3D du type Anycubic Photon S. La résine photosensible est placée dans un bac
situé en dessous de la plateforme de construction. Une lumiére visible vers 405nm est fournie

en utilisant un écran LCD pour la génération du matériau polymére 3D.
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Conclusion génerale et perspectives

Le travail mené au cours de cette these a été principalement axé sur la recherche de
nouveaux systemes photoamorceurs pour une déclinaison dans les deux grands modes de
photopolymérisation (radicalaire et cationique) ainsi que la polymérisation de systémes
hybrides qui combinent les propriétés des deux polymeres en un seul matériau. Les résultats
obtenus durant ces trois années de doctorat ont répondu avec succés aux objectifs visés au
début de la these et ont mené finalement a des progrés scientifiques importants.
Particulierement, nous nous sommes intéressés au développement de systéemes absorbant
fortement dans le proche-UV et le visible permettant 1’utilisation de dispositifs d’irradiation
douce comme les diodes électroluminescentes (LED). Des systéemes a deux et/ou trois
composants sensibles a la lumiere bleue ont pu étre développés et ont été testés pour
I’amorcage des processus de polymérisation radicalaire et cationique sous de faibles intensités
lumineuses. La réactivité de ces nouveaux composés nous a poussé vers I’étude de la relation
entre la structure, les propriétés photochimiques/photophysiques et la capacité d’amorgage de

ces colorants examinés.

Dans la premiere partie de ce manuscrit, une introduction génerale a été reportée suivie
d’une partie bibliographique traitant des différents modes de polymérisation (radicalaire,
cationique et polymérisation hybride), la problématique, les défis et finalement 1’originalité et

le but de notre travail. Chaque mode de polymérisation est détaillé et décrit dans un chapitre.

En fait, le choix de ces molécules n’était pas fortuit, mais il se basait sur les propriétées
d’absorption de ces molécules issues de calculs de modélisation moléculaire. Dans la
deuxiéme partie de la these, une étude approfondie sur le développement de nouveaux
photoamorceurs non métalliques a base de colorants organiques basés sur des structures
coumarines et céto-coumarines pour la polymérisation de monomeres acryliques a fait 1’objet
d’une étude spécifique. Cette partie est divisée principalement en deux chapitres. Dans le
premier chapitre, deux nouvelles familles de coumarines ont été synthétisées et développées
en tant que photoamorceurs capables d’amorcer les processus de polymérisation radicalaire
sous irradiation bleue (LED a 405nm) soit par un processus de photo-oxydation soit par un
processus de photo-réduction. Dans tous les cas, d’excellentes performances ont été obtenues

en accord avec leurs bonnes propriétés d’absorption dans la zone proche-UV et visible, la

266



Conclusion générale et perspectives

réactivit¢ de leurs états excités et finalement les variations d’énergie libre de transfert
d’¢lectron trés favorables. D’autre part, 9 composés dérivés de céto-coumarines ayant leur
spectre d’absorption localisé dans la région proche-UV et visible ont pu étre examinées dans
le chapitre II. Ces derniers ont la particularité d’étre trés réactifs une fois combinés avec un
additif et/ou un co-amorceur menant a des systemes bi et tricomposants tres efficaces vis-a-vis
des acrylates. La forte réactivité de ces systéemes permet leurs utilisations dans des
applications spécifiques telles que : I’écriture laser, la préparation des photocomposites et
I’impression 3D avec de faibles intensités d’irradiation pour préparer des motifs polymeres en

3D (cube) avec une bonne résolution spatiale.

Dans la troisieme partie de la these, la recherche de nouveaux colorants organiques en
tant que photoamorceurs de processus de polymérisation est toujours au cceur de notre travail.
De nouveaux chromophores organiques fluorescents ayant une grande capacité a absorber
dans le visible ont alors été développes. Précisément, deux nouvelles familles de colorants ont
pu étre synthetisees, étudiées et caractérisees comme amorceurs photoredox sensibles a la
lumiere bleue. En fait, cette partie est divisée en deux chapitres, et chacun d’eux traite une
série des composés : le chapitre I étudie un ensemble de quatre dérivés de phénothiazine
(deux d’entre eux n’ayant jamais ¢été synthétisés avant) avec leur spectre d’absorption
fortement centré dans le visible assurant un bon chevauchement avec la LED d’émission. Ces
colorants avaient la capacit¢é d’amorcer efficacement les processus de polymérisation
radicalaire et cationique lorsqu’ils sont combinés au sel d’iodonium. Les systémes a trois
composants ont aussi ¢té étudi€s, 1’incorporation d’une amine (NPG) dans la formulation
photosensible favorise la formation d’un CTC ainsi que la régénération du photoamorceur
suivant un cycle catalytique ; ce comportement aboutit finalement a des excellents profils de
polymérisation radicalaire. La synthese de photocomposites par imprégnation des fibres de
verre par une résine acrylique et la génération des motifs polymeres en 3D par écriture laser
reflétent ’efficacité et 1D'intérét d’utiliser ces chromophores dans le domaine de
photopolymérisation. Dans le deuxieme chapitre de cette partie, des composés dérivés de
Naphthalimide ont été synthétisés dans le but d’amorcer les processus de polymérisation
radicalaire et la polymérisation hybride (acrylate/époxyde). Ces composés hétérocycliques
absorbent fortement a 405nm et possedent un caractere fluorescent dans le visible. Cet aspect
de fluorescence est fortement inhibé par I’ajout d’un additif (sel d’iodonium), expliquant ainsi
la forte réactivité de ces dérivés vis-a-vis des monomeres (méth)acryliques. Les systémes a

trois composants (Napht/lod/amine) ont également été étudiés, et montrent bien une
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performance supérieure a celle observée dans les systemes a deux composants Napht/lod. Un
de ces colorants porte une fonction carboxylate qui lui assure une bonne solubilité¢ dans I’eau,
ainsi il avait la capacité de former des hydrogels une fois irradié avec une LED a 405 nm. Des
composites épais par polymérisation radicalaire et hybride, et des polymeéres en 3D par
écriture laser des formulations acryliques et hybrides ayant une grande résolution spatiale ont
été obtenus. Remarquablement, un faible retrait, une épaisseur et résolution plus importante

sont observés pour un systeme acrylate/époxyde.

La troisiéme partie a été dévolue a I’étude d’un ensemble de deux dérivés de complexe de
cuivre. En effet, des complexes organométalliques a base de cuivre ont été proposés comme
photoamorceurs en les combinant avec le sel d’iodonium (Iod) dans des systeémes a deux
composants. De trés bonnes performances ont été observées pour les systemes GN/lod. De
plus, le caractére ‘catalyseur photoredox’ de ces composés a été mis en évidence par I’ajout
d’un troisiéme composant (amine) a la formulation photosensible, ce comportement a pour
effet d’augmenter le taux de conversion finale et la vitesse de polymérisation. Grace a leurs
propriétés d’absorption dans le visible, les complexes de cuivre ont montré une grande
capacité a amorcer des réactions de polymerisation radicalaire (FRP) et cationique (CP) lors
d’une irradiation avec une LED a 405 nm. Des bons profils de polymérisation ont été
également observés pour la polymerisation des systemes hybrides pour la synthése des
Réseaux Polymeres Interpénétrés (IPN). Finalement, des échantillons de polymere en 3D
ont été préparés par impression 3D a faible intensité d’irradiation, la synthése de
photocomposites épais montre bien I’efficacité de ces systémes dans les applications a haute

valeur ajoutée.

Un travail en perspective pourrait consister a développer de nouveaux systémes
photoamorceurs cationiques capables d’initier efficacement la CP d’époxy pour générer des
motifs polymeres en 3D. Obtenir des polymeéres épais par voie photochimique reste toujours
un defi, pour cela, il pourrait étre avantageux de développer de nouveaux amorceurs dont le
spectre d’absorption serait décalé vers le proche IR ou une meilleure pénétration de la lumiére
est généralement observée. Il est également important que les propriétés mécaniques des
polymeres obtenues soient évaluées par différentes techniques de caractérisation telle que
(DSC, DMA, ATG ...). Ces techniques peuvent nous servir a évaluer la rigidité, la souplesse,
la dureté ainsi que la viscoélasticité (Tg...) des polymeres produits. Il est aussi intéressant de

développer d’autres systémes amorceurs hydrosolubles capables d’initier efficacement la
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polymérisation dans 1’eau et d’aboutir donc a la formation d’hydrogels utilisés, par exemple,
dans des applications biomédicales. Dans le but de limiter la toxicité provenant des composés
organiques utilisés en tant que photoamorceurs, il est nécessaire de développer des composés

naturels a haute performance.
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