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INTRODUCTION GENERALE

Les polymeres ont longtemps été utils@mme matériaux, cet usage étant justifié par
leurs propriétés attrayantes en tant que telsadditté de leur mise en forme ainsi que leur
disponibilité et leur faible cout comparé a celei ldurs analogues métalliques. C’est avec
'avenement des avancées dans les domaines derieecju’on a pu ajouter une autre valeur
importante aux polymeres qui est la fonctionnalbi&tfe valeur a permis d’étendre leur usage
et de les sortir du cadre limité de matériaux ggereén étant fonctionnel, un polymere a la
possibilité d’interagir avec des entités présedtes son milieux environnant selon le type de
fonctions dont il dispose ; il peut s’agir de sitésctifs lui permettant d’établir différents
types de liaisons avec d’autres molécules ou atpd®s groupements chimiques ayant un
impact sur des systemes biologiques (tels que det®iies) qui rentrent en contact avec le
polymere, des fonctions lui permettant le transmbidns ou d’électrons, ou encore des
structures ayant des affinités sélectives permeltaséparation ou I'extraction de composés

chimiques, de nombreuses autres fonctionnalitésterxi

Par leur réactivité chimique, les polyagfonctionnels permettent également d’obtenir
des structures macromoléculaires, dont le desigrtadrdle, en assemblant de différentes
maniéres des chaines polyméres de base pouvarigégentre elles grace a la présence de
fonctions chimiques réactives, ce concept a commugrand succes et constitue toute une
discipline appelée ingénierie macromoléculaire. doenaine d’étude permet d’obtenir des
structures polyméres dont l'architecture macromdbice est controlée et adaptée a des
besoins précis, puisqu’en agissant sur cette derilieest possible de moduler les masses
molaires des polyméres obtenus, la compacité duérimat et surtout ses propriétés
rhéologiques, mécaniques et thermiques. Le contddiedesign macromoléculaire des
polymeéres permet également de contrdler la fonoabté du produit final, puisqu’on part de
chaines polymeres linéaires, possédant une fonpdorbout de chaine par exemple, pour
finir avec une structure dans laquelle plusieuraimds sont assemblées en une seule

molécule, offrant ainsi plusieurs bouts de chajresst le cas des polyméres branchés.

Quel que soient son usage et ses prépriéin polymére doit répondre, le mieux
possible, aux contraintes environnementales imposg&gourd’hui qui constituent une
problématique de grande ampleur, qui concernentlésnproducteurs a grande échelle que

lindividu dans sa vie quotidienne. Pour y remédikr défi majeur de la science des
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polymeéres est de substituer la plus grande pasdilpesdes polymeres utilisés actuellement
par des analogues biodégradables, ou au mieuxédpiadiables et biosourcés. Ce challenge
ambitieux souffre de quelques handicapes, notamnientoncurrence des polyméres

synthétiques et d’origine fossile par leurs execaée propriétés et leur faible codt, mais grace
aux efforts produits sur ce sujet, de plus en gupolymeres respectueux de I'environnement

sont utilisés et leur avenir est prometteur.

Le but de cette thése est de réunireaudun méme polymére, le contréle du design
des structures macromoléculaire, la fonctionnalitiénique permettant des post-modifications
pour arriver au final a une fonctionnalité biolaggg ainsi que l'aspect respectueux de
'environnement et la possibilité de mise en cepaeun procédé en phase fondue. Pour se
faire, des chaines polyméres biodégradables eitmmolrcées de PLA, PCL et PHB sont
assemblées dans des architectures macromolécutaingdlées, et fonctionnalisées avec des
groupes thiols réactifs permettant d’apporter wieviéé biologique via la réaction thiol-ene a
partir de monomeres acrylates portant un groupmmi@nium quaternaire censés apporter
l'activité biologique. Le matériau polymere finabitl pouvoir étre mis en ceuvre en phase

fondue par extrusion sans perdre son activité giqlce.

Le premier chapitre de ce manuscrit est éude bibliographique qui définit la notion
de biodégradabilité et de polyméres biodégradabéts décrit les architectures
macromoléculaires rencontrées dans le domaineagseres, I'incorporation de la fonction
thiol et son intérét dans les structures des palgsjda réaction thiol-ene telle quelle et en
tant que méthode de post-modification des polymeélkes polymeéres dotés d’activités
biologiques et le groupement ammonium quaternairiecgnstitue un agent antibactérien
efficace et dont la propriété peut étre transféufredes polymeres par I'incorporation de ce

dernier dans leur structure.

Le second chapitre décrit la synthesepdlymeres branchés a partir de chaines
téléchéliques de PLA, PCL ou PHB, leur design é&antrblé. Les structures obtenues ont pu
étre fonctionnalisées en vy introduisant des growmesthiol, pour donner finalement des
polyméres multi-thiolés. Ces derniers ont fait jaitde caractérisations par RMN, SEC, DSC

dosage chimique, les réactions de synthese osugties par IR.

Dans le troisieme chapitre, la réactividés polyméres multi-thiolés, obtenus
précédemment, a été exploitée pour greffer des culgl® portant des groupements

ammoniums, via la réaction thiol-ene, pour donnes d&tructures polyméres porteuses

10



d’ammoniums quaternaires. Les produits obtenugainfobjet de caractérisations chimiques

et physicochimiques, les cinétiques de greffageétinétudiées.

Le quatrieme chapitre est consacré a laenmen ceuvre des polyméres dotés
groupements ammoniums quaternaires, obtenus précéelt, en phase fondue, par un
procédé d’extrusion, ainsi que la préparation ddange de ces derniers avec d’autres
matrices. Les mélanges obtenus ont été caractgrasddSC, ATG et MEB, leurs propriétés
de surface, leur biodégradabilité ainsi que leunportement rhéologique sont également
étudiés.

L'utilisation des polyméres synthétisémsa que de leurs mélanges pour des
applications biologiques est décrite dans le chapitqui traite de I'activité antibactérienne
des polymeres dotés de groupements ammoniums qaiaésr et de leurs mélanges avec des
matrices de PLA et de PCL vis-a-vis Egherichia colj Salmonella et Listeria

monocytogenes.

Enfin, le chapitre VI décrit une étude abmportement rhéologique particulier de ces
polymeres en prenant comme exemple une structamechée en étoile a trois branches de

PLA et portant des ammoniums quaternaires.

Les chapitres Il & VI sont rédigés erglamanglaise puisqu’ils correspondent chacun a

une publication scientifique parue ou soumise dkassrevues internationales.
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CHAPITRE |

ETUDE BIBLIOGRAPHIQUE

[.1. Introduction

Dans un cadre de développement durable, les trasauxes polymeres biodégradables et
biosourcés se sont intensifiés, et leurs proprigeégoient de plus en plus intéressantes, grace
a des modifications de ces matériaux tant a I'éemsbléculaire que macromoléculaire. Leurs
structures chimiques sont souvent ajustées damgt lde faire face a la concurrence de leurs

analogues synthétiques et/ou non biodégradables.

Le contréle du design macromoléculaire de ces degrg’est avéré étre un moyen efficace
pour ajuster leurs propriétés en tant que matéribux fonctionnalisation permet d'élargir

leurs champs d’applications.

Ce chapitre décrit un état d’'art sur les polymdreslégradables puis sur les structures
branchées, hyperbranchées et dendrimeres renconinés le domaine des polymeres et leur
préparation. Les méthodes d’incorporation de tection thiol dans des structures polyméres,
son intérét et les polymeres multi-thiolés sonu@egrésentées ainsi qu’'une description de la
chimie “click” de fagcon générale et de la réactithiol-ene en particulier. La derniere partie

de ce chapitre est relative a l'activité antibaetdre des polymeres. Les propriétés
biologiques du groupement ammonium quaternaire,irsrporation dans des polyméres et

le transfert de I'activité antibactérienne sur demiers sont plus particulierement traitées.

12



|. ETUDE BIBLIOGRAPHIQUE
I.2. Les polymeres biodégradables
1.2.1. Généralités

La durabilité des propriétés d’'un polymere est eechée, mais conduit en contrepartie a des
problemes de gestion de déchets car la plupapagmeéeres actuels résistent a la dégradation
par les microorganismes présents dans I'environnemegurel ; ils sont non biodégradables.
L'impact environnemental de ces matériaux persistast de plus en plus inquiétant,
lincinération de ces derniers peut générer dekipahs de I'air, les sites d’enfouissements
sont limités et les méthodes de recyclage sonbjsanbn rentables car tres énergivores. Pour
toutes ces raisons, les polymeéres biodégradabtesotiicité un intérét particulier et croissant
auprés de la communauté scientifique dont le defiae substituer, dans tous les domaines,
les polymeres non biodégradables par leurs anaddgodéegradables tout en conservant leurs
propriétés, ou bien de les modifier pour amélideer biodégradabilité. La Figure 1 illustre
I'évolution du nombre de publications, par annégésentant des travaux sur des polyméres
biodégradables au cours des 38 derniéres annéegalkurs indiquées ont été recueillies a
partir de quatre bases de données différentes@€pendant, la part des polyméres
biodégradables dans la production mondiale resfeucs faible, elle était a 0.026% en 2007
[2] puis a 0.135% en 2009 [3]. Sa croissance dBhés a 10-20% par année [4]. Leur champ
d’application reste limité par rapport a leurs agakes non biodégradables qui sont jusqu’a
présent plus compétitif en termes de propriétésfaddité de mise en ceuvre dans des

procédeés de transformation ainsi que pour desmaiéoconomiques, dans certains cas.

Selon leur origine, les polymeres biodégradables/gat étre classés en deux catégories : la
premiere regroupe les polymeres biodégradablesolniogs qui sont issus de ressources
naturelles renouvelables tels que le polyacidadaet (PLA) ou les polyhydroxybutyrates
(PHBs) qui font parties des polyhydroxyalcanoaf@idAs), la deuxiéeme catégorie regroupe
les polymeres biodégradables d’origine fossile tgls le polycaprolactone (PCL). D’autres
classifications sont rencontrées dans la littéeattglles que la classification selon le procéde
de production du polymére biodégradable : (i) pays issus de la biomasse (e.g., amidon,
cellulose), (i) polyméres produits par des micgaorismes vivants (e.g., les
polyhydroxyalcanoates), (iii) polymeres synthétisdsmiquement a partir de monomeres

issus de la biomasse (e.g., PLA) et (iv) polymeigenus a partir de ressources fossiles (e.qg.,

13



PCL), les trois premiéres catégories (i-iii) sordsdpolymeres biosourcés, tandis que la

guatrieme (iv) correspond aux polyméres non biasEi(pétrosourcés).

300

250 1

m SCOPUS m PASCAL
200 1

m Web of Science m ScienceDirect
150 -

100 A

Nombre de publications
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0 P | 1 I L I |I al |I ||l | |
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Figure 1. Nombre de publications, parues par anrsée,les polymeres biodégradables dans
4 bases de données de 1977 a 2015. Ces résultatsroent les publications comportant le
mot « biodegrad» dans le titre et dont le nom durpal en question comporte le mot

« polymer».

1.2.2. Définition de la biodégradabilité d’'un polynere

Plusieurs définitions de la biodégradabilité d’wotymeéere peuvent étre rencontrées et varient
en fonction des auteurs, des méthodes utiliséeslpsuests de biodégradabilité, ou encore
selon le milieu dans lequel la biodégradation a (le sol, le milieu aquatique, le milieu de

compostage, la décharge...). Cependant ces défimitgan rejoignent lorsqu’il s’agit de

limpact du matériau polymere sur I'environnementde facon générale, un polymeére
biodégradable peut étre défini comme étant un pétgntapable d’étre dégradé par des
microorganismes tels que des bactéries, des alguakes moisissures produisant ainsi du

CO, et/ou du CH, de I'eau, une biomasse et un résidu (sels, mixéera.
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La biodégradation d’'un polymére se fait par ruptlediaisons se trouvant dans les chaines de
ce dernier, cette rupture peut avoir lieu soit gardrolyse ou sous l'action de
microorganismes présents dans la nature tels qpibatgéries, des moisissures ou des algues.
La biodégradation est considérée comme étant ke iplfportant mécanisme de dégradation
des polymeres rejetés dans I'environnement [5¢ s#l fait en deux principales étapes ; la
premiére consiste a détériorer (ou désintégrennétériau polymére grace a des agents
extérieurs tels que le broyage, lirradiation U¥s lvers de terre, les insectes, les racines, les
rongeurs... cette premiere étape est importantelleapermet le morcellement du matériau, le
rendant ainsi facile d’accés pour les micro-orgaes (augmentation de la surface de
contact). La deuxiéme étape correspond a I'attalyumatériau par les microorganismes qui
vont le transformer en métabolites et I'assimilangl leurs cellules, les produits issus de ce
mécanisme different selon le type de biodégradai@mobie ou anaérobie) [6] comme le

montrent les équations (1) et (2).

Biodégradation aérobie (en présence d’oxygene)

Polymere+@ — »  CO+ H,O + biomasse + résidu (2)
Biodégradation anaérobie (en I'absence d’oxygéene)

Polymere——»  G@ CH,; + H,O + biomasse + résidu (2)

La structure chimique du polymére est le factew@dpminant sur sa biodégradabilité, la
présence de fonctions chimiques sur les chaingsngoes peut avoir un effet sur I'activité
des microorganismes qui les dégradent, sur I'hyusbité et le mouillage du matériau et
sur sa réactivité avec le milieu environnant. Desitfacteurs peuvent aussi influencer la
biodégradabilité d'un polymeére, tels que ses péips physiques et mécaniques (le poids
moléculaire, I'élasticité, la cristallinité...) et sldacteurs externes tels que la température,

’humidité et I'exposition au rayonnement [4,5].

Plusieurs normes ont été établies concernant @égradabilité des matériaux polymeres [3],
notamment la norme D6400 déiherican Society for Testing and MaterigdSTM) relative

aux plastiques biodégradables sous des conditierhpostage, la norme européenne EN
13432 sur les emballages valorisables par compostaggiodégradation, au Royaume Uni la

norme BS EN 13432 définit les exigences sur lestiglaes composables et biodégradables,
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toutes ces normes sont en concordance et rejditggemormes établies dans d’autres pays
tels que le Japon, la Chine, la Taiwan et la CokéBéchelle internationale, I'Organisation
Internationale de la Normalisation (ISO pdaoternational Standards Organisatipa établi

la norme ISO 17088 concernant les spécifications pes plastiques compostables, cette

norme étant en harmonie avec les précédentes.

1.2.3. Intérét de la biodégradabilité d’un polymereet compostage

Les avantages mis en évidence dans nos sociétédlestconcernant les polymeres (ou les
matériaux) biodégradables consistent en la dinonute la pollution de I'environnement
lorsque des objets constitués de ces polyméeresabantdonnés dans la nature, leur impact sur
la faune et la flore, particulierement sous-maivgsi que I'effet visuel désagréable qu’ils
engendrent, leurs biodégradabilité permet dondatiaer considérablement ces conséquences
mais le matériau, méme en étant biodégradables peésent dans I'environnement pour une
certaine durée qui dépend de la vitesse de sadiégna, de plus, au cours du processus de sa
dégradation, le polymere libére des gaz a effesatee dont le dioxyde de carbone et le
meéthane, cependant il existe un moyen de tirerntpdefla biodégradabilité des polymeres :
c'est le compostage, ce dernier présente un gramdréi tant économique que
environnemental et permet une meilleure gestionédassions de gaz durant le processus de
biodégradation notamment lorsqu’il est réalisé paéaobie, il peut étre conduit a I'échelle
industrielle comme a I'échelle du foyer (compostadgns un jardin), il s’agit d’'une
valorisation biologique de ces polymeres qui prodaila fin du processus, une substance
organique appelé « compost » qui est riche enmatris et qui constitue un fertilisant naturel
gue I'on peut utiliser directement pour fertilides sols en remplagant les engrais chimiques
et qui est de meilleure qualité. Selon la désigmab 6400-04 de 'ASTM [7], un plastique
compostable est un plastique pouvant subir uneadégon selon un processus biologique
durant son compostage et produisant du dioxyde atbone, de I'eau, des composés
inorganiques et de la biomasse, sans produire aeetivisibles, identifiables ou toxiques, la
vitesse de ce processus devant étre comparablmaigiaux compostables de référence.
existe une norme spécifique aux plastigues complesta c’est la norme ISO 17088
(spécifications pour les plastigues compostablés).label «OK-Compost garantit la
compostabilité d’'un emballage conformément a lameoeuropéenne EN 13432 relative aux
emballages compostables [8].
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1.2.4. Mesure de la biodégradabilité d’'un polymére

Il existe plusieurs méthodes pour I'évaluation a@dibdégradabilité d’un polymére, certaines
sont qualitatives et d’autres quantitatives, genmient compte de la durée du processus de
biodégradation et de la nature du milieu (ou cood climatiques). Parmi les méthodes
gualitatives, la méthode dite « méthode des zoiaises » consiste a déposer un petit
échantillon sous forme de film sur de la geéloseliémifavorisant la prolifération de
microorganismes) ou a mélanger le polymére avegoladre de gélose, ce qui rend cette
derniere opaque, puis a inoculer le systeme avedone active ou une souche bactérienne
spécifique, la croissance des bactéries qui serigsent du polymere va provoquer
'apparition de zones claires [9], les méthodesntjtatives quant a elles sont basées sur les
mesures de croissance bactérienne, de la perteadsentu polymére en question ou les
mesures des quantités d’'oxygéne consommeées o8 delldioxyde de carbone produites par
les microorganismes responsables de la dégraddtianatériaux polymére. A I'échelle du
laboratoire, deux tests in-vitro sont trés connogrg’évaluation de la biodégradabilité d’'un
polymere conformément a la normalisation ISO :dléation de la biodégradabilité aérobie
ultime et de la désintégration des matériaux mlass dans des conditions contrélées de
compostage — méthode par analyse du dioxyde dercaittbéré ISO 14855 et I'évaluation de
la biodégradabilité aérobie ultime des matériawasfjues en milieux aqueux — méthode par

détermination de la demande en oxygéne dans umoesire fermeé [10].

|.3. Les structures polymeres branchées
1.3.1. Généralités

L’architecture macromoléculaire des polymeres anoonn important développement grace
aux nouvelles méthodologies de synthéses et a eilleane connaissance des relations entre
la structure macromoléculaire d’'un polymere et pespriétés. La forme et la taille des
structures branchées des polyméres sont davantagedlées [11], la maitrise de ces
architectures permet de moduler plusieurs proidéetles que la densité, les comportements
rhéologique, mécanique et thermique, la fonctiatdal Les polyméres branchés possedent
une plus grande compacité et une plus forte dedsigegments par rapport a leurs analogues
linéaires de méme poids moléculaire [12-15].

17



Le branchement des chaines polymeéres peut étésildtat d'une réaction de polymérisation
ou d’'une post-modification en reliant les chainefymeéres déja synthétisées. Un polymere
est considéré branché des l'apparition d’'une raaibn dans sa structure moléculaire, et ce
via le remplacement d’'un substituant au sein destsacture (un atome d’hydrogéne par
exemple) par une chaine d’'une quelconque longukuce méme polymere ou d’un autre. La
Figure 2 représente la différence de structureeamirpolymere linéaire, un polymeére branche

et un réseau polymeére.

Point de branchement
(nceud) s

Linéaire Branché Réseau

Figure 2. Représentation schématique des strucfumggneres linéaire, branchée et réticulée
(réseau)

1.3.2. Les polymeres branchés, hyperbranchés et ldendrimeres

Un polymere est considéré branché si sa structomaporte au moins un point de
branchement (ou noeudl) dont la fonctionnalitd est supérieure ou égale a 3, le nombre de

bouts de chaind3 doit étre supérieur ou égal a 3 (Figure 3) [16].

Selon le nombre, la fonctionnalité et la positioesdpoints de branchement, plusieurs
architectures branchées peuvent étre distingudes :polymeres en étoile, en peigne,

polyméres hyperbranchés et dendriméres (Figure 4).

Un polymére en étoile (Figure 4.a) est un polyn@enché dans lequel toutes les branches,
qui sont des chaines linéaires, sont reliées auergoint de branchement appelé noyau ou
coeur [17,18], il s'agit de la forme la plus simgks polymeéres branchés, le premier polymere
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en étoile a été synthétisé dans les années quit&tet a attiré I'attention des chercheurs de

par ses propriétés avantageuses ( ou dire lesguekenparées a celles de ses analogues

linéaires.
Structures linéaires Structures branchées
o pOIYM)\/.
Bout de chaine

N=0, =0, B=2

N=1, f=3, B=3

Groupement fonctionnel

Figure 3. Exemples de structures polyméres lingagtedoranchées en fonction des parametres
N, f et B.

Les branches en question peuvent étre de mémeer{atéme unité répétitive) donnant ainsi
un polymére en étoile régulier ou de nature diffegepour donner un polymére en étoile
panaché, il est aussi dit homogéne si les branabmtsde tailles comparables ou hétérogéne,
si la longueur des branches differe. Deux prineipahéthodes sont utilisées pour la synthése

de ces structures :

La méthode convergente, en anglais « arm-firses ranches en premier), consiste a faire
réagir des chaines linéaires (branches) fonctidemelsur un agent de couplage
multifonctionnel qui constituera le coeur de I'é&ojR0-22], les fonctions ou sites actifs des
branches utilisées doivent se positionner sur lbords de chaines et doivent présenter une
bonne réactivité vis-a-vis des fonctions de l'agdmtcouplage. Les mécanismes réactionnels

mis en jeu dans cette méthode peuvent étre ionmueadicalaires.
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La méthode divergente, en anglais « core-firsee»cfleur en premier), part d’'un amorceur
multifonctionnel (qui représentera le coeur de ll€)osur lequel les monoméres vont venir

réagir I'un apres l'autre, ainsi la croissance dlymere qui en résulte se fait du coeur vers la
périphérie [23-25], le nombre de branches étaralémdent égal au nombre de sites actifs sur
'amorceur. L'inconvénient de cette méthode c’ast jamorcage des sites actifs de I'agent
de couplage peut ne pas se faire au méme momesdnstcertains cas ils ne sont pas tous
amorceés, ce qui a conduit a des travaux pour leldgpement d’amorceurs multifonctionnels

spécialement dédiés a cette synthese.

Une autre architecture macromoléculaire branchégéamise en évidence et largement
étudiées, c’est la structure polymeére en peigreifib-like polymers” en anglais), telle que
illustrée sur la Figure 4.b, un polymére en peigsteconstitué d’une chaine linéaire principale
(appelée colonne vertébrale) sur laquelle viene&aicrocher des chaines périphériques [26],
ces dernieres peuvent étre de méme nature queiilaecprincipale ou de nature différente,
elles peuvent étre identiques ou différentes ealies. Selon la distribution des chaines
périphériques le long de la chaine principale, istirdjue des structures en peigne réguliéres
[27], aléatoires [28] et des structures en gradi2zit

Les deux architectures précédentes (étoile et pgignt un point commun : les chaines
périphériques partent d'un seul centre qui est woihceud (cas des étoiles) ou une chaine
principale (peigne) et dans les deux cas il n'y Wuige seule génération de chaines
périphériques qui émergent du centre, si d’authegnes (de deuxieme génération) viennent
s’attacher sur les chaines périphériques, on seurat dans ce cas avec des architectures
hyperbranchées.

Un polymere hyperbranché (Figure 4.c) est un potgnteautement ramifié (ou hautement

branché) et tridimensionnel offrant ainsi un tréang nombre de groupement terminaux
[30,31], c’est une classe relativement nouvellgpolymeres dentritiques qui a recu un grand
intérét tant sur le plan académique que sur le ipldstriel depuis que Flory [32] a publié un

rapport en 1952 décrivant la possibilité de syrghds structures polyméres hautement
branchées tout en évitant la gélification de cesidees. Depuis, des études ont montré que
ces structures présentent des propriétés partiesli@t intéressantes, telles que leur
comportement visqueux tres différent de celui dedeanalogues linéaires [33,34], ils se
distinguent également par leur conformation quapdes des analyses aux rayons X et de
diffusion de neutrons, se présente sous forme dstecture globulaire [35], ils sont
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€galement compatibles en mélange avec une largengastautres polymeres de structures
différentes [36] et disposent de bonnes proprigtécaniques modulables permettant
d’améliorer le comportement mécanique des polymaves lesquels ils sont mélangés [37].

Une autre classe de polyméres dentritiques exids: dendrimeres, ces derniers se
distinguent par rapport aux polymeres dendritiqugserbranchés par leur architecture qui est
théoriquement parfaitement réguliére, homogéneaetaaisperse (Figure 4.d) , ce sont donc
des polymeéres hyperbranchés avec une architecluseppécisément contrdlée et ordonnée
basée sur des unités de branchement symétriguegrautune molécule (noyau) ou d’une

chaine polymere principale [38], un dendrimere dsgpd’'un grand nombre de groupements
terminaux sur la périphérie de la molécule ce quing la possibilité de les fonctionnaliser et
de modifier ainsi les propriétés chimigues et/aldgiques de la macromolécule [39,40]. Ces
polymeres ont gagné un large champ d’applicatimtamment en chimie supramoléculaire,

et offrent 'avantage d’avoir un trés grand nombee groupements fonctionnels dans une

structure moléculaire compacte [41].

'y
Worle %
e

Figure 4. Exemples d’architectures polymeéres braesh a: structure en étoile, b: en

peigne, ¢ : polymere hyperbranché et d : dendrimigr2)
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1.3.3. Grandeurs structurales caractéristiques depolymeres branchés

Le paramétre le plus utilisé pour caractériser t@sologies des structures polymeres
branchées (incluant les structures hyperbranchéeerarimeres aussi) est le “degré de
branchement’'DB, ce parameétre a été mis en évidence par Hawlar [@3] et est donné par
I'équation (3) :

D+T

DB(%) = D+T+L

X 100 3)

ou D est le nombre d'unités dentritiqueBk,le nombre d’unités terminales ktle nombre

d’unités linéaires (Figure 5).

Cette définition compare la somme des unités dantas et terminales a la somme de toutes
les unités présentes dans la structure, une deaxifinition a été établie par Hotler et al.

[44] et ne tient compte que des unités dendriticeielnéaires tel que le montre I'équation
(4):

2D
2D+L

DB'(%) = —— x 100 (4)

Cette seconde définition est souvent plus fiable tpupremiére dans le cas des masses

molaires faibles [44].

La valeur deDB varie de 0, pour un polymere linéaire, jusqu’'a Har un dendrimere

(considéré parfaitement branché).
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(b)

Figure 5. Exemples de structures montrant les sriitéD, et T dans (a) un dendrimere et (b)
un polymeére hyperbranché. Il n'y a pas d'unité Lnslde dendrimere puisque celui-ci est
parfaitement branché. G1, G2, et G3 correspondespectivement aux générations 1, 2 et 3
d’unités dendritiques. [42]

Une autre grandeur est utilisée pour décrire leactires polyméres branchées, c'est
“I'indice de Wiener” ou “indice topologique de Wener” [45] noté W est défini par

I'équation (5)
1
W= 527:1 Yic1dij 5)

n étant le nombre de sites dans la moléaljle@st la distance, exprimée en nombre de liaisons
carbone-carbone, qui sépare chaque couple dedsitessla molécule (Figure 6). L'indice de
Wiener correspond donc a la moitié de la somme odee$ ces distances. Ainsi, cette
définition nous renseigne sur la compacité de |#&oube et non sur sa taille [46], pour des
polyméres branchés de méme masse molaire, plusribre W est petit, plus la molécule est
compacte, et inversement, plus W est grand, plusolabre de liaisons carbone-carbone
séparant les sites est grand, ce qui se traduituparmolécule moins compacte et plus

« ouverte ».
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N

Un site

Figure 6. Exemple de structure hyperbranchée maontla détermination des valeurs de la

variable iy dans la formule permettant le calcul de I'indice\Wiener (équation 5).

I.4. Les polymeres multi-thiolés
[.4.1. Généralités

Divers groupements fonctionnels peuvent étre ig®gians les structures des polymeéres pour
des fins d’applications directes ou post-modificas, I'incorporation de ces groupements
peut étre contrdlée en termes de nombre de forscianmolécule de polymére, mais aussi de
localisation sur les chaines polymeres. Parmi cespgments on peut rencontrer la fonction
hydroxyle [47], amine [48], furane [49], chloromglin [50], vinyle [51] et bien d’autres. Le
groupement thiol (-SH, appelé également mercamaaltiré beaucoup d’attention pour sa
grande réactivité et sa versatilité [52], permettpar exemple la création de réseaux
polyméres grace a la formation de ponts disulfitgse polymeres portant des fonctions thiol
[53], ou d’autres réactions pour des post-modificet telles que la réaction thiol-ene ou la
réaction thiol-Michael [54,55], la présence d’urendtion thiol pendante sur une chaine
polymere permet I'adhésion de cette derniere augipae certaines cellules vivantes [56],
étant hautement nucléophile et montrant des intierecspécifiques avec des métaux tels que
I'or, I'argent et le cadmium, la présence de ceugeonent sur un polymere lui apporte une

grande valeur ajoutée du point de vue chimiqueatbdique [57].

Le contréle de la taille des chaines polymeéres d@s synthéses par voie radicalaire a un

grand intérét et définit souvent les propriétésmtesluits obtenus. Pour y parvenir, le concept
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de “I'agent de transfert” (en anglais chain treersagent, ou CTA) a pris place et I'utilisation
de ce dernier a permis le contréle des tailles ifi@sses molaires) des polyméres synthétisés
[58,59]. Parmi ces agents, les réactifs thiolsrmonhtré une trés grande efficacité grace leur

constante de transfert élevée.

Plusieurs petites molécules portant le groupemant bnt été utilisées comme agents de
transfert [60,61] dans le but d’obtenir des polyesede faibles masses molaires, dans la
plupart des cas. Des polyméres porteurs de grouperti@ols ont aussi été utilisés comme
agent de transfert, il s’agit d’'un “macro agenttdensfert” (en anglais macro-chain-transfer
agent) [62], rendant possible d'autres réactionspdiymérisation ou de greffage sur le
polymeére en question [63,64]. Il existe des polyseavec des structures comportant un seul
groupement thiol qui est généralement localiséan e chaine [65-67], on trouve aussi des
polyméres avec plusieurs de ces groupements sumotézule [68,69]. La figure 7 illustre
guelques exemples de structures de petites mogairisi de que de polymeéres portant des

groupements thiols.
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Figure 7. Structures chimiques d’une molécule avegroupement thiol (a), une molécule
avec plusieurs groupements thiols (b), un polynti@gaire avec un groupement thiol (c), un
polymere linéaire avec plusieurs groupements th{dlset un dendrimére avec plusieurs

groupements thiols (e) [69].



1.4.2. Synthése et fonctionnalisation des polymerdiiolés

Les groupements thiols peuvent étre incorporés tEnstructures des chaines polymeres
suivant différentes manieres, il existe essentiadet trois techniques qui sont largement

utilisées d’apres la littérature.

La premiére consiste a polymériser des monomergs die groupements thiols (monomeres
thiolés), ce qui permet de transférer ces group&srem le polymére obtenu. Les monomeres
en question doivent d’'une part porter un groupentigot et d’'une autre part disposer d’'un
site réactif leur permettant de subir une polynadias, tel que la double liaison carbone-
carbone pour une polymérisation radicalaire, pamgle. Cette méthode permet d’obtenir
des polyméres multi-thiolés avec des structuresréss et des teneurs controlées en
groupements thiols (en contrélant le degré de pétigsation des monomeres thiolés) mais
elle présente l'inconvénient relatif a la réacéviélevée des groupements thiols présents sur
les monomeres qui sont instables sous certainaditimoms et qui peuvent interférer avec la
réaction de polymérisation. Pour remédier a cettstrainte, on utilise la technique de
protection-déprotection, qui consiste a protégergteupement thiol se trouvant sur le
monomere par un autre groupement chimique, ce gumgt sa polymérisation sans risque
d’interférence du groupement thiol, puis une fakspolymeére obtenu, on procede a la
déprotection des groupements thiol en retirantréeigement protecteur. Liras et al. [70] ont
réalisé la synthése d’'un monomeére méthacryliqueiéhdans lequel le groupement thiol est
protégé par un groupement acétyle (le 2-acétyltioyle méthacrylate, ACSEMA), ils ont
par la suite réalisé la copolymérisation radicalale ce dernier avec un autre monomere
méthacrylique (le 2-(2-méthoxyéthoxy)éthyle métgkde, MEQMA) pour obtenir un
copolymére avec des groupements thiols protégés?(MEO,MA-co-ACSEMA, ils ont
ensuite procédé a la déprotection de ces groupsni@ots par hydrolyse des groupements
acétyles pour obtenir un copolymere multi-thiolér{pnt des groupements thiols pendants)
qui est le P(ME@MA-co-SEMA), le schéma réactionnel est illustré suidare 8.a.

La deuxieme méthode consiste a modifier des sitastionnels disponibles sur des chaines
polymeéres pour donner des groupements thiols, tettenique offre I'avantage de pouvoir

générer des groupements thiols dont la localisaiories chaines du polymeére est controlée,
sans modifier la structure macromoléculaire de emidr ni sa taille, elle est cependant
limitée par la réactivité des sites que I'on sotéhanodifier et par des éventuelles génes
stériques autours de ces derniers. Du Prez efHl.ont suivi cette méthode pour synthétiser
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un polystyrene multi-thiolé : dans un premier temissont synthétisé un polystyrene portant
des fonctions thiolactones suite a la copolyméadsatiu styrene avec le styrene-thiolactone,
ils ont ensuite procédés a I'aminolyse des fonstithiolactones sur le polymere obtenu pour
générer des groupements thiols pendants sur laelp@lymere (figure 8.b). Dans ce méme
contexte, Paris et al. [72] ont réalisé la coneergile groupements terminaux bromeés du
poly(méthyle méthacrylate) en groupements thidiseeix en deux étapes, la premiére étant
le remplacement de I'atome du brome par du thierekt seconde consistait a hydrolyser les

fonctions ester pour obtenir des groupements tpietglants.

Une autre stratégie est souvent utilisée, il s'agitla rupture des ponts disulfides qui se
trouvent dans la structure du polymere et qui peu@ae intra ou intermoléculaires, chaque
pont rompu génére deux groupements thiols, la aomié subie lors de la réalisation de cette
stratégie est I'accés aux ponts disulfides qui pénat difficile particulierement lorsqu’il s’agit
de ponts intermoléculaires. Thimistou et al. [78] synthétisé des chaines de copolymeres a
blocs, a base de divers monomeres acryliques,diidéaet d’'un bloc ester aliphatique, qui
sont branchées entre elles par des ponts disufficiesmoléculaires) et comportant des ponts
disulfides intramoléculaires dans leurs structutastupture de ces ponts, en utilisant du
tributyle phosphine a permis I'obtention de chaile&aires portant des groupements thiols
(figure 8.c). Emrick et al. [74] quant a eux onalrigeé la polymérisation d’'un monomere
portant des ponts disulfides dans sa structuren@thacrylate d’acide lipoique), ils ont donc
obtenu un polymere dont chaque unité répétitivéepan pont disulfide, ces ponts ont été par
la suite rompus, donnant naissance a un polymette-tmolé (deux groupements thiols par

unité repétitive).

Il existe une autre méthode qui est rarement diédes la littérature et dont trés peu de travaux
ont vu le jour malgré les avantages qu’elle présesite consiste a fixer des molécules portant
le groupement thiol sur des chaines polymeres miortees sites réactifs permettant

I'établissement de ces liaisons, la réaction doifaére entre le site réactif du polymére et un
autre site réactif de la molécule en question & lpagroupement thiol lui-méme que I'on

souhaite garder libre dans le produit final, d'ainécessité d’'une réaction sélective qui ne fait
pas intervenir le groupement thiol. Cette méthoelengt de localiser les groupements thiols
sur les chaines polyméres ciblées, elle offre @gaié la possibilité de travailler sur différents

polymeéres fonctionnels, de différentes tailles mthéectures macromoléculaire. Dans la
littérature, au meilleur de notre connaissanceseui composé thiolé a été utilisé a cette fin

par Bernkop-Schnirch et al. [80,81], c'est la dystg cette molécule dispose d'un
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groupement thiol, mais également d’'un groupemenhamui a permis de la fixer, via une
liaison covalente, sur les polyméres en questiansd’'un de leurs travaux [75], les auteurs
ont pu fixer la cystéine sur du polycarbophile at du carboxymethylcellulose par des
liaisons covalentes établies entre 'amine de Eé@ge avec un carbone oxygéné se trouvant
dans le polymere, et ce, en utlisant un intermésdiaréactionnel 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAPC) (figured® dans un autre article [76], ils ont
pu la fixer sur du polycarbophile via des liaisomsides covalentes établies entre les
groupements amines primaires de la cystéine egilespements acides carboxyliques se
trouvant sur le polymere. Dans les deux cas ils atenu des polymeres avec des

groupements thiols pendants.
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1.4.3. Applications des polymeres multi-thiolés

Le groupement thiol se distingue parmi les divemigements fonctionnels qui existent dans
la nature, et ce, par propriétés tres particuliéedies que sa capacité a former de fagon
réversible des ponts disulfides, soika typique, son caractere nucléophile et sa tendance
former des liaisons de différents types avec i€ autres groupements et atomes [64]. Ceci
a engendré un élargissement des champs d’appiisatites polyméres portant des
groupements thiol, allant de la chimie, la biolodéemédecine, les matériaux et revétements,
jusqu’aux instruments de détection et d’analyse.

Dans leur étude sur des copolyméres thiolés a Haspoly(éthyléne glycol) et d'acide
polylactique, Lieb et al. [77] ont montré une nedtaeélioration des interactions et une plus
forte adhésion aux cellules ostéoblastes humases$rguvant autour et a I'intérieur des 0s)
de ces matériaux apres avoir incorporé des forgtinnl par des liaisons covalentes avec des
molécules thiolées, ce qui fait de ces polymeéresatebons candidats pour le revétement des
prothéses osseuses.

Dans le domaine des biocapteurs, une étude Jolatsain [78] ont montré l'efficacité des
polymeéres thiolés pour I'immobilisation de molésuBADN, avec un taux d’immobilisation
d’environ 13> brins d’ADN par centimétre carré, avec formatiétme monocouche réguliére
et stable méme a des températures avoisinant (8C,0ce qui est une grande avancée dans
le domaine des diagnostiques.

La mucoadhésion peut étre définie comme étantdaci® de certaines molécules a adhérer a
des tissus muqueux, tels que la muqueuse intestiDains le cas des systemes a libération
contr6lée de principes actifs dans les intestias;Hallenge est de concevoir des systemes
avec la plus longue durée d’adhésion possible @anmtestins pour assurer une plus longue
durée de diffusion de principe actif, ceci a érdrepossible grace a I'utilisation du chitosan
thiolé au lieu de son analogue non thiolé, il addéontré [79] que lorsque des fonctions
thiol sont intégrées dans la structure du chitqéangement utilisé dans ce domaine) via la
creéation de liaisons covalentes avec des moléduletées, ce dernier voit ses propriétés
d’adhésion nettement améliorées telles que la diieghésion a été multipliée par un facteur
de 10.3 par rapport au chitosan non thiolé, etvee aeulement 38.23 umol de groupements

thiols par gramme de polymeére.
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A T'échelle du nano, Aryal et al. [80] ont réussistabiliser des nanoparticules d’or en y
greffant des molécules polyméres dotées de groumtsntieiols. Dans un premier temps, du
polycaprolactone thiolé a été synthétisé avec syqoeis ce dernier a été greffé sur des
nanoparticules d’or suivant deux processus diftSretians les deux cas, les nanoparticules
obtenues étaient de tailles et de formes plus hemexy que celles obtenues de maniere
classique. Ces derniéres ont pu étre par la soitapsulées dans des nano-transporteurs a
base de polycaprolactone par un simple procéd@ue-précipitation.

Les nano-tiges d’or sont tres utilisées pour liexdg intracellulaire et dans les thérapies
photo-thermiques contre les cellules cancéreuse838 mais I'application de ces nano-tiges
souffre d’un défaut qui est la présence d’'un corémysotoxique, le cetyltrimethylammonium
bromide, en forme de couche qui les entoure eteguiissu de leur procédé de fabrication,
Sanda et al. [83] ont montré que cette couche @eatéliminée en utilisant du poly(éthyléne
glycol) portant des groupements thiols qui, gracta présence de ces derniers dans sa
structure, permet de détoxifier les nano-tigesforection thiol permet de lier le poly(éthylene

glycol) & la nano-tige et du fait, remplacer le pmse cytotoxique.

Du coté des techniques de laboratoire, la chromapige de covalence est une technique
utilisée pour la purification des protéines et @etains autres composés grace a des résines
dotées de fonctions thiols [84], comme des réspugacrylamide multi-thiolées [85]. Ces
résines ont également un intérét dans le domaingoanemental, elles ont montré une
grande efficacité pour I'extraction du mercure '‘@au [86]. Des résines de polystyrene thiolé
sont également utilisées pour I'extraction de défés métaux [87] le développement de
colonnes capillaires sélectives [88] et I'élabamatides biocapteurs [89], et ce, grace a la

présence de groupements thiols dans ces strugtolgaeres.

|.5. La réaction thiol-ene
[.5.1. Généralités

Les réactions d'addition a des liaisons carbonbarad multiples (doubles et triples),
particulierement celles impliquant le groupemeriblttoccupent une grande partie de la
“chimie click” [90-94], les réactions thiol-iso@nate [95] et thiol-halogéne [96] en font
partie également. La réaction d'un groupement tinvac une double liaison carbone-carbone

est une réaction “thiol-ene” et celle avec uriple liaison est une réaction “thiol-yne”.
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Récemment, la réaction thiol-ene a suscité un éntgarticulier aupres de la communauté
scientifique, notamment dans le domaine des polgmeéka figure 9 montre le nombre
d’'ouvrages relatifs a cette réaction qui sont gslichaque année durant les 20 derniéres

années.
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Figure 9. Nombre d'ouvrages dont le titre compolgeterme “thiol-ene” parus chaque
année entre 1995 et 2015, d’aprés la base de agnm@aneSciences. Les doublons ont été

supprimés de la recherche.

La réaction thiol-ene correspond a I'hydrothiolatide la double liaison carbone-carbone et

conduit & la formation d’un alkyle sulfide (figui®).
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Figure 10. Schéma général de la réaction thiol-éne
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Deux types de mécanismes réactionnels sont adpptésdécrire la réaction thiol-ene : le
meécanisme radicalaire (I'addition radicalaire tkeok) et le mécanisme ionique (I'addition
thiol-ene de Michael [97]).

I.5.2. Le mécanisme radicalaire de 'addition thiolene

La réaction d’addition radicalaire thiol-ene pétite amorcée thermiquement en présence
d’'un amorceur tel que P'AIBN [98-100], elle peut adgment se faire par amorcage
photochimique (en général sous la lumiere UV) [102]. Dans ces deux conditions, le
mécanisme réactionnel implique une premiere étapaaicage qui permet la formation d’'un
radical thiyl suite au transfert au thiol durant deuxieme étape, qui est I'étape de
propagation, le radical thiyl formé s’additionnelaadouble liaison carbone-carbone pour
former une liaison entre I'atome du soufre et us deux atomes de carbone de la double
liaison (C-S), ce qui donne un radical interméeéiajui va transferer & un autre groupement
thiol pour donner I'alkyle sulfide (produit finalgt générer par la méme occasion un nouveau
radical thiyl, et le cycle se répete jusqu’a ladim la réaction [104-106], la figure 11 montre

ce mécanisme, il s'agit d’'un mécanisme régiosélaati-Markovnikov.

Figure 11. Schéma général du mécanisme réactiodaeeladdition radicalaire thiol-ene.

L’amorceur (I) peut étre thermique ou photochimiqu&/).
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[.5.3. Addition thiol-ene de Michael

Appelée également I'addition ionique thiol-enegethpligue un mécanisme ionique qui peut
étre catalysé par une base ou initié par un composéophile (figure 12) avec une
régiosélectivité de type anti-Markovnikov [107,108}ans le cas d'un catalyseur basique
(figure 12.a), ce dernier va capter le proton daugement thiol pour générer un anion
thiolate (R—S), ce dernier s’additionne sur la double liaisorboae-carbone du réactif en
question pour donner in intermédiaire anioniquetdancharge négative est portée par un
carbone central. Cet intermédiaire anionique valigmsransferer a un autre groupement thiol
pour donner I'alkyl sulfide comme produit finalgg&nérer en parallele un autre anion thiolate
qui va reproduire le cycle jusqu’a la fin de lagt@n qui sera marquée par la neutralisation
de lintermédiaire anionique par le cation issu ahtalyseur basique (H*B Grace a la
réactivité élevée du groupement thiol, différentsatyseurs basiques peuvent étre utilisés,
particulierement les amines tertiaires telles gueiéthylamine ou le 1,8-diazobicycloundec-
7-éne [92].

Dans le cas du mécanisme amorcé par un composéophde (Nu), tel que illustré sur la
figure 12.b, ce dernier réagit directement aveddable liaison carbone-carbone du réactif
utilisé pour former un intermédiaire zwitterioniqgai va a son tour arracher le proton du
groupement thiol pour donner I'anion thiolate—{fS$), ce dernier va s’additionner sur la
double liaison carbone-carbone d’'une autre moléduleéactif pour former l'intermédiaire
anionique avec une charge négative sur un carben&rat, ce dernier va a son tour
s’accaparer le proton d'un autre groupement throdpisant ainsi I'alkyle sulfide (produit
final) et un nouvel anion thiolate qui va reproéuie cycle. Plusieurs composés nucléophiles
ont montré leur efficacité pour initier ce mécanésmotamment les phosphines [109,110] et
limidazole [111].
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a) Mecanisme catalyse par une base
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b) Mécanisme initié par un nucléophile

Figure 12. Schéma général du mécanisme d’additiool-€ne de Michael, B : base, Nu:
nucléophile. [112] (modifi€).

La cinétique et l'efficacité des réactions thiokédépendent du mécanisme mis en ceuvre,
dans les deux cas (addition radicalaire et addilenMichael), 'un des critéres les plus
déterminants est la fragilité de la liaison S-H egsii influencée par les effets électroniques des
liaisons voisines, la structure de la molécule atrte groupement thiol a donc un effet tres

important sur la cinétique de la réaction [90].

D’aprés la littérature, le mécanisme le plus aélopt le plus largement utilisé est le
mécanisme radicalaire de l'addition thiol-ene [11Bfe nombreux travaux relatifs a la
synthese de monomeres, la modification des bouthdimes et des groupements terminaux
des polymeéres, la préparation de composites orgesitprganique, [|'élaboration de
macromolécules a structures branchées, la modificdies nanoparticules et des surfaces des
matériaux polymeres ont été publiés. L’additionicalkhire thiol-ene possede en particulier un
tres haut rendement avoisinant les 100% dans phssias [114]. C’est une réaction de de

grand intérét dans la chimie des polymeres, puiigupermet de réaliser des télomérisations
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en additionnant plus d’'un monomere sur le groupéitiéol, aussi aisément que des réactions

de polymeérisation radicalaire produisant de longiresnes polymeres.

[.5.4. La télomérisation et la polymérisation radi@laire de type thiol-éne

La télomérisation selon IUPAGest une réaction d’oligomérisation en chaine dueauelle
I'étape de transfert de chaine détermine la longdeu’oligomere obtenu. Cette oligomeére,
appelée «télomere », est une substance de madaeematermediaire constituée de la
répétition d’'un petit nombre d’'unités dérivées deldnules de faible masse molaire [115].
Dans la littérature relative au domaine des polgsela télomérisation est définie comme
étant une réaction entre une molécule YZ, appélégéne, et une ou plusieurs molécules M
polymérisables, appelées taxogenes, sous des iomsdde polymeérisation. Le produit est
appelé télomere et est de formule Y{KI) (équation 6) dans laquelle n est le nombre de

taxogenes qui est en général inférieur a 100 [118-1

YZ +nM —2E My, — 7 (6)
La télomérisation est une approche trés pratique pontréler la taille de macromolécules
obtenues, en particulier lorsque le degré de paiwaiion OP) est faible. Dans le cas de la
télomérisation radicalaire, le télogéne utilisé wstagent de transfert qui, en fonction de son
efficacité, permet de minimiser les réactions denieaison. Parmi les agents de transfert
utilisés, le groupement thiol a montré une grarftieaeité dans la conduite des réactions de
télomérisation radicalaire, en particulier avec aesnomeres dotés de doubles liaisons
carbone-carbone : il s’agit de la télomérisatiodigalaire thiol-ene (figure 13) dont le

mécanisme sera détaillé dans la partie suivante.

R—SH + n N\ " Initiateur R_Sm
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R

Figure 13. Schéma général de la télomérisationd@ta polymérisation) radicalaire thiol-

Y

ene.
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L'utilisation du groupement thiol en tant qu’ageiet transfert a montré une grande efficacité
pour les réactions de télomérisation de monoméngtiques (thiol-éne). Parmi les molécules
thiolées utilisées, on trouve I'acide thioglycokg[l19], le 2-mercaptoethylamine et I'acide
3-mercaptopropionique [120], le 2-mercaptoethanb2l], les n-alcanethiols [122], le
thiophenol [123] et bien d’autres [124].

La télomérisation radicalaire thiol-ene est effeaen solution mais également a [|'état
condensé, Taha et al. [125] ont réalisé la télasaéan du butyl méthacrylate en utilisant le
octadecane-1-thiol comme agent de transfert vigonatédé d’extrusion réactive, offrant
'avantage de ne pas avoir recours a des solvamfassurer une production continue. lls ont
obtenu des télomeres de tailles contrélées, leuvaldedDP moyens comprises entre 3.8 et

32.3 en fonction de la température d’extrusion.

Comme indiqué dans la partie 1.3., les polymeredapbd des groupements thiols peuvent
également jouer le réle d’agent de transfert egiréaur des monomeres portant une double
liaison carbon-carbone. Schlaad et al. [126] oaligé |la télomérisation radicalaire thiol-éne

du styréne sur du polyorganosiloxane portant desggments thiols suivant un mécanisme
radicalaire initié par de la lumiere UV qui a pesrdie générer des radicaux thiyls localisés a
la surface du polymere. lls ont obtenu des chaiélesnéres de 43 monomeéres en moyenne
(DP=43).

L’efficacité du groupement thiol en tant qu'agemt tlansfert dans les réactions d’addition
radicalaires ne se limite pas aux réactions dan@isation et a la production de petites
chaines, mais elle s’étend aux réactions de polgatén et la production de chaines
polymeéres de grande taille, il s’agit de la polyisation radicalaire thiol-ene. Comme pour la
réaction thiol-ene entre une double liaison carbmarbone et une molécule thiolée, la
polymérisation thiol-ene est aussi considérée corfaisant partie du concept de la chimie
click car elle répond a des critéres tels que ksiiité de sa réalisation sous des conditions
modeérées, son trés haut rendement et les quamiit@sales de sous-produits qu’elle généere
[127]. La polymérisation radicalaire thiol-éne est plein essor ces dernieres années, divers
matériaux polymeéres sont issus de cette réactiosdilicite autant d’intérét notamment dans
la préparation de structures polymeres branchékes eéseaux de polymeres, elle représente
un outil pratique pour controler les propriétés amgues de ces matériaux, respectueuse de

'environnement dans la plupart des cas, régiotieiecelle permet des économies de temps
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de par sa vitesse et conduit souvent a des matdriadégradables [128-129]. Les polymeres
issus de cette réaction trouvent généralement leyglications dans les domaines
biomédicaux tels que la préparation de nanopaeticat des hydrogels pour les systéemes de
libération de médicaments, les hydrogels biominuétig les résines dentaires et les hydrogels

pour la régénération des tissus [130-135].

La réaction de polymérisation radicalaire thiol-gret étre initiée par voie photochimique
(UV) ou via un amorceur thermique tel que I'AIBN rpaxemple [114], l'efficacité de

'amorceur choisi dépend de la nature de l'agenttrdesfert utilisé (I'entité portant le

groupement thiol) et du monomere insaturé que Souohaite polymériser. Le mécanisme
réactionnel mis en jeux s’apparente a celui d’umdyrpérisation radicalaire classique
impliquant les trois étapes d’amorcage, propagagbnterminaison, mais I'étape de la
propagation est accompagnée, de maniére séquentdline autre réaction, qui est
déterminante du point de vue cinétique et qui a grande influence sur la taille et les
propriétés chimiques du polymeéere obtenu, c’estdaction de transfert de chaine. Le

mécanisme, ainsi que la cinétique de polymérisaiont détaillés dans la partie suivante.

1.5.5. La cinétique de la polymérisation radicalaie thiol-ene et la constante de transfert

Le mécanisme général de la réaction de la polyatésis radicalaire thiol-ene est représenté
sur la figure 14, les difféerentes étapes sont Hiétsi dans la figure 15. La premiere étape
('amorcage) consiste a générer des radicaux thistais I'action de I'amorceur
(photochimique ou thermique) qui permet de soustnan atome d’hydrogene du groupement
thiol. Durant I'étape de la propagation, le raditayl généeré précédemment va attaquer la
double liaison carbone-carbone du monomere poumdprun alkyle sulfide intermédiaire
portant un site radicalaire central, ce dernieemauite soit réagir avec un autre monomere
pour faire croitre la chaine polymeére, ou transfésen site radicalaire sur un autre
groupement thiol (réaction de transfert) pour pmedun nouveau radical thiyl qui reprendra
le cycle et donner par la méme occasion un télorsataré capable d’étre ré-initié de
nouveau, ainsi la polymérisation radicalaire tiénk s’effectue a travers une alternance de
séquences de propagations de radicaux thiyls edaddions transfert de chaine. L'étape de la
terminaison a moins d’'importance dans les étudesdtigues de ces réactions du fait de la
prédominance de I'étape de propagation et de [@iodade transfert. La terminaison se fait

soit par combinaison ou par dismutation des espgemeant des sites radicalaires [105].
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Il a été démontré dans la littérature [136,137] lguetaction de transfert de chaine est I'étape
limitante de la cinétiqgue de polymérisation rachga& thiol-ene dans la plupart des cas et que
la cinétique de ces réactions est d’'ordre 1 pgradmux groupements thiols et d’ordre 0 par
rapport aux monomeres portant la double liaisobara-carbone pendante (énes) comme le

montre I'équation 7.
v~[SH]*[c=C]° (7)

ou v est la vitesse de réactior§H] est la concentration en groupements thiolsCet(] la
concentration en monomeres portant la double liaiswbone-carbone (énes).

Un model cinétique a été développé par Bowman ef{186] pour la polymérisation
radicalaire thiol-ene. Il tient compte des concatidns en thiols$H et en enes@=C], mais
également des concentrations en radicaux th§]sef en carbones intermédiaireS’][ Les

éguations 8-11 décrivent selon ce modele un méaoaniéactionnel étape par étape.

d[SH]

at —k¢r[SH][C"] (8)

U = iy [C=C][S"] o
% = v; — 1:(S*) + ke [SH][C®] — kp, [C=C][S"] (10)
% =V - vt(C.) - ktr [SH] [C.] + kp [C=C] [So] (11)

L’équation 8 évalue la consommation du groupemieiol due a I'arrachement d’'un atome
d’hydrogéne de ce dernier par un carboradical. wadign 9 représente la consommation des
doubles liaisons carbone-carbone pendantes pgrs#des monomeres suite a la réaction de
propagation du radical thiyl. Les équations 10 dt décrivent respectivement les
concentrations des radicaux thiyl et des carboaatien tenant compte des contributions des
réactions d’amorcage;(: vitesse de la réaction d’amorgage), de termimafga vitesse de la
réaction de terminaison) ainsi que de la produabwde la consommation de ses radicaux par

les réactions de propagation et de transfert dénehaotons que les équations 8 et 9
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supposent que la consommation des groupements ttioles doubles liaisons durant I'étape

d’amorcage est négligeable par rapport a I'étaperdeagation.

L’'aspect cycligue des séquences de propagatioraesfert de chaine fait que si I'une des
deux réactions est considérablement plus lentel’gutre, elle devient I'étape limitante de
tout le mécanisme réactionnel. C’est ainsi quetaportement cinétique global de la réaction
de polymérisation radicalaire thiol-ene peut éppraché a partir des valeurs des constantes
cinétiques de transferk,() et de propagatiork{) tel qu'indiqué a partir des équations 12-14
qui distinguent trois cas possibles relatifs aypoapentre les valeurs des deux constantes.

kg =k,
[S*1/[C*] = 1 et v~[SH]Y?[c=C]"/? (12)
- ky < ky
[S*]/[C*] < 1 et v~[SH]' (13)
 ky > ky
[S°1/[C*] > 1 et  v~[C=C]! (14)

Dans le premier cas, les deux constantes cinétispigsapproximativement égales, les deux
réactions ont la méme contribution dans le compuoetd cinétique global (équation 12), dans
le deuxieme cas, la constante cinétique de trans$eiinférieure a celle de la propagation ce
qui explique la gouvernance de la réaction de teshdans le comportement global (équation
13), pour le troisieme cas, c’est la réaction deppagation qui définit la cinétique globale de
la polymérisation car la constante de propagatisnirgérieure a celle de la réaction de

transfert (équation 14).

La constante de transfert de chafde(en anglais “chain transfer constant”) est difin
comme étant le rapport de la constante de vites$e itaction de transferg kur la constante

de vitesse de la réaction de propagatip(éfuation 15).

(15)

Ce parametredr) est un outil trés pratique dans I'étude des wnés de polymérisation

radicalaire thiol-éne (et radicalaires de faconégéle). Plusieurs auteurs [137-139] ont étudié
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son influence sur la masse molaire moyenne desmawbs obtenus ou leur degré de

polymérisation moyen(B,). L'équation 16 permet de quantifier cette infloef140].

LI _ [SH]
o, Crr ,avecr = o] (16)

(DR,); étant le degré de polymérisation moyen instan{@néinstantj), r le rapport, a
linstant j, de la concentration en groupements thiols sucolacentration en monomeres
portant la double liaison carbone-carbone. L’équmafi6 peut étre écrite autrement pour tenir
compte du taux de conversion en monomeye{ éviter les difficultés liées a la variationrde

au cours du temps, I'équation 25 a été obtenug [141

=5 _ Q- T _ [SH]o
(DB = I , avecry = fo=Cl.

17)

Avec rp le rapport de la concentration des groupementdstisur celle des monomeres

portant les doubles liaisons a l'instant initianps=0).

L’équation 17 donne I'expression du degré de pohgaéon moyen instantané alors que

I'équation 18 donne I'expression du degré de polyga§on moyen cumulé (ou réel) [142].

a

(PB)eum = 7= (18)

(DP,) cum €tant le degré de polymérisation moyen cumulédet).

A partir de cette donnée, il est possible d’obteme relation linéaire en y introduisant un
logarithme népérien, on obtient I'équation (19).

In (1 - L) = C;ln(1 — @) (19)

70(DPn)cum

Permettant ainsi I'acces a la valeur @g qui n’est autre que la pente correspondant a la

variation du terme a gauche de I'équation en fonctie la valeur de(1-a).

Selon plusieurs auteurs [143,144], la valeur “ild8ade la constante de transfert lors de la
polymérisation radicalaire thiol-ene est de 1, uateaduisant des vitesses de consommations
équivalentes entre le monomere et I'agent de teanst conduisant & des chaines polymeres
de faible polydispersité. Le tableau 1 regroupevi@eurs deCr pour différents composeés
thiolés utilisés comme agents de transfert avei@rdiits monomeres portant des doubles

liaisons carbone-carbone.
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Tableau 1. Constantes de transfert lors de la paligattion radicalaire thiol-éne de quelques

monomeres portant une double liaison carbone-carborutilisant des agents de transfert

thiolés.

Agent de transfert thiolé Monomere Cr  Température (°C) Réf.
Pénicillamine Acrylamide 0.22 25 [145]
Pénicillamine 1-Vinyl-2-pyrrolidone  2.34 25 [145]

4-Acetylbenzenthiol Méthyl méthacrylate 2.6 45 [L46
4-Methylbenzenthiol Méthyl méthacrylate 7.4 45 [L46

2-Methyl-2-propanethiol Styrene 4.0 50 [147]

2-Methyl-2-propanethiol Styrene 3.1 60 [148]

2-Methyl-2-propanethiol Styrene 1.8 100 [148]

D’aprés la littérature et comme le montre le tabléala valeur de la constante de transfert

lors de la polymérisation radicalaire thiol-ene efégh de la nature du monomere utilisé, de la

nature de I'agent de transfert thiolé, mais égafdrde la température de réaction, telle que la

valeur deCt diminue avec l'augmentation de la température, weeqt évident car il s'agit

d’un rapport de deux constantes cinétiques dépé¢esiaie I'inverse de la température suivant

une lois d’Arrhenius, le résultat est donc une deam qui suit la méme tendance (équations

20-22).
CEa)tr
ki = Aire BT

(“Ea)p
ky, = Ape T

Ker A —-(Ea)tr—(Ea)p)

CT:—:—re RT
kp  Ap

—Ea

= Ae RrT

(20

(21)

(22)

Ay, A, et A sont respectivement les facteurs pré-exponentiets constantes de I'étape de

transfert, de propagation et de I'’équation de @onstde transfert de chaine résultante du

rapport des deux précédentes constantes.
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(Eq)er €1 (Ey)p sont respectivement les énergies d’activatiorssalapes de transfert et de

propagationE, est la résultante des deux.

R etT sont respectivement la constante des gaz pagtdaéstempérature.

|.6. Les polymeéres antibactériens
l. 6. 1. Généralités et définitions

Les infections par différents microorganismes aamtréel probléeme pour la santé de I'étre
humain dans la société moderne, elles touchenérdiifs secteurs, tels que le matériel
meédical et les équipements chirurgicaux, les sadaxposées au contact humain dans les
hopitaux, les produits hygiéniques, les systemespuadefication des eaux, les textiles,
'emballage et le stockage des produits alimerdagt plein d’autres domaines allant de
I'échelle de la société (lieux publiques) jusqu@chelle domestique et individuelle. Les
germes ‘“responsables” de ces infections peuventi&velopper n'importe ou, dans le sol,
dans l'air et dans I'eau, et l'infection peut sedasuite a un contact (toucher) avec le milieu
contaminé, elle peut se faire aussi par inhalatlengaz (air) contaminé, en buvant des
liquides ou en ingérant des aliments contaminéapi@s 'OMS, dans un rapport publié en
2014 et regroupant les statistiques enregistrées 2000 et 2012 dans le monde, les maladies
infectieuses sont responsables de 29.7% des d&uersoriés durant cette période, ce qui fait
gue les infections occupent la premiére place desicauses de mortalité dans le monde
[149]. Ces préoccupations ont sollicité I'attentiba la communauté scientifique dans divers
domaines tels que la biologie, la médecine, l'itdespharmaceutique et la chimie pour
développer des produits capables d’éliminer cesraniganismes ou d’empécher leur
développement, ces produits peuvent étre de petidécules, mais ils peuvent également
étre sous forme de matériaux composés de longaseshpolyméres. Plusieurs appellations
et notions sont apparues dans ce domaine, il cohdienlever la confusion entre quelques

termes souvent employés dans le domaine des pagndestinés a ces applications:

Antimicrobien : désigne toute substance pouvart @titisée pour lutter contre les microbes,

et ce, en les éliminant ou en ralentissant leussamce, un microbe étant un microorganisme

2 Organisation Mondiale de la Santé
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vivant de taille microscopique, il peut étre unetbBee, un champignon, un virus, une algue,

une levure ...

Antibactérien : désigne toute substance pouvaatudiiisée pour lutter contre les bactéries en
les éliminant ou en ralentissant leur croissanne,hactérie étant un étre vivant ne possédant

gu’une seule cellule.

Antifongique : désigne toute substance pouvant &ttdisée pour lutter contre les

champignons (moisissures), soit en les éliminargrotalentissant leur croissance.
Biocide : substance capable d’éliminer (tuer) ugaaisme vivant.

Bactéricide : substance capable d’éliminer (tues llactéries.

Bactériostatique : Substance capable d’inhiberdassance bactérienne.
Fongicide : substance capable d’éliminer (tuer)ahesnpignons.

Tous les termes définis précédemment peuvent éfyeoupés sous le nom de “activité

biologique™.

En science des polyméres, on a pu concevoir deériaaat disposant d’'une seule activité
biologique ou de différentes activités simultanétmés peuvent étre destinés a lutter contre
une multitude de microorganismes différents ou reonon seul microorganisme (une seule

souche de bactérie par exemple).

Un polymére est dit antibactérien, s’il est capabdxercer une action qui vise a éliminer ou a
ralentir la croissance d'un ou plusieurs types @etdries. Contrairement aux petites
molécules connues et utilisées pour leur activitidactérienne, les polyméres antibactériens
permettent d’allier, dans le méme produit, I'uéilén tant que matériau et I'action qu’il exhibe
contre les microorganismes, ils permettent égalémemépondre aux problématiques liées a
la toxicité résiduelle qui résulte de I'usage détes molécules [150,151], ils disposent aussi
d'une meilleure efficacité que leurs analogues @¢ite taille, mais surtout une durée
d’activité antibactérienne beaucoup plus longue[153], et actuellement on a pu développer
des polymeéres antibactériens dont I'activité estrédée, c’est-a-dire une libération contrélée
du principe actif a partir du polymére [154], oagalement réussi a concevoir des polymeres
antibactériens “intelligents” qui répondent a stimuli d0 a la présence de bactéries dans le

milieu en question et dont l'activité n'a lieu qo’eprésence de bactéries. Il s’agit de
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polymeéres antibactériens a activité stimulable [16értains de ces derniers sont capables de
rejeter les bactéries apres les avoir tuées de emamapide et répétitive ce qui permet
d’assurer la disponibilité de leur surface en cuntt le renouvélement du contact avec les
bactéries en question [156]. Ces qualités foncBtes et ces avancées ont fait que les
polyméres antibactériens sont d’excellents cansligadur diverses applications tant a
'échelle industrielle que dans la vie courantelete que le traitement des eaux, les
revétements des matériels médicaux et chirurgicdes, emballages alimentaires, les

éguipements sanitaires et autres applicationsvetad I'hygiene de vie [157-163].

1.6.2. Incorporation d’une activité antibactériennedans un polymére

Quelgues rares polyméres sont naturellement amdibbans, c'est-a-dire que I'activité
antibactérienne leur est une propriété intrinseguueésulte de leur structure chimique [164].
C’est le cas par exemple du chitosane qui est lgnmae le plus étudié dans les domaines
biomédicaux. Le chitosane est un copolymére lieépiolycationique, (figure 16.a), son
action antibactérienne est due a la présence dep@mrents amines dans sa structure et
couvre une large gamme de bactéries [165,166]sranisme d’action dépend de I'acidité
du milieu : en milieu acide il y a protonation defbnction amine du chitosane, ce dernier
devient positivement chargé et son action se faitipteractions électrostatiques avec les
membranes des bactéries, en milieu basique, lesamé agit suite a des interactions

hydrophobes avec les cellules bactériennes [164].

Le polye-lysine est également un polymére naturellemeribactérien, c’est un polyamide
cationique (figure 16. b), son action antibactérense fait suite a une adsorption
électrostatique sur la surface de la membrane rextede la cellule bactérienne, ce qui

provoque des déséquilibres physiologiques dans dethiere [167].
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Figure 16. Structures chimiques de polymeres nd&ment antibactériens.

Néanmoins, la majorité des polymeres ne sont pdsratl@ment dotés d'une activité
antibactérienne alors pour obtenir cette propridifiérentes techniques d’incorporation de
I'activité antibactérienne dans des polymeéres iquant des méthodes chimiques ou des

procédeés physiques et/ou physicochimiques somdgads (figure 17).

L'une de ces techniques consiste a modifier degpgnments chimiques disponibles dans la
structure du polymere : c’est une activation deugements chimiques. Par exemple la
guaternisation d’une amine primaire (passive) mwnmer un ammonium quaternaire (actif),

la structure macromoléculaire et la taille du padyenne sont pas modifiées (figure 17.a).
Kenawy et al [153] ont pu obtenir des polyméresbactériens en apportant une modification

chimique sur le poly(glycidyle méthacrylate), ilstsynthétisé ce polymere dans un premier
lieu, qui dispose de groupements chloroacétylage(awne chloroacétylation du polymere de
base), les groupements chloroacétyles ont permigéi&rer des sites quaternaires de

phosphonium en les faisant réagir avec du tribbtygphine ou du tryphenylphosphine.

La deuxieme technique consiste a polymériser desomeéres qui possedent une activité
antibactérienne, pour obtenir des chaines de miaecactives (figure 17.b). Différents

monomeres sont utilisés a cette fin, ces derniergedt a la fois posséder un groupement
chimique leur permettant de subir une réaction diynpérisation, tels que des liaisons
insaturées, et disposer d'un site actif dans leéwctwire. Plusieurs molécules a activité

antibactérienne sont polymérisables, telles que2,#e4’-trichloro-2’-acryloyloxydiphenyl

48



éther qui a été synthétisé, polymérisé et co-pofig@éépar voie radicalaire avec d’autres
monomeres dont le styréne, sa polymérisation aagsible grace a la présence d’'une double
liaison carbone-carbone pendante dans sa strudireéque, son activité antibactérienne est
due au cycle benzylique chloré dont il dispose [16&r une technique identique, le p-
vinylbenzyl tetramethylenesulfonium tetrafluorobtera été synthétisé par Endo et al. [169],
par voie radicalaire en présence d’AIBN comme amwrcle polymére obtenu a montré une

action antibactérienne envers plusieurs bactérfsehtes grace au cation sulfonium.

Le greffage de molécules dotées d’une activitébantérienne sur des chaines polyméres est
la technique chimique la plus souvent utiliséeetbr offre de nombreux avantages. En effet,
elle est modulable et diverses molécules activese# étre greffées sur un polymere donné
(figure 17.c). De plus, cette technique permet unamobilisation de molécules
antibactériennes sur des chaines polymeéres, notamimsque les molécules en question
sont liées au polymeére via des liaisons covaleete®s sont pas susceptibles d’étre libérées.
Alamri et al. [170] ont pu greffer le benzaldehydmsi que deux de ses dérivés (le 4-
hydroxybenzaldehyde et le 2,4-dihydroxybenzaldehydsur du polyacrylonitrile
préalablement fonctionnalisé avec des groupemenitses, le polymére obtenu a montré une

activité microbienne liée au degré de greffage.

Parmi les techniques faisant appel a des procédésqoies, la plus simple est de disperser les
molécules actives (ou agents actifs) dans une cegiolymere (figure 17.d), ce procédé peut
se faire en solution ou en phase fondue, c’estitepar exemple lors de la dispersion de
métaux tels que l'argent, le cuivre, I'or ou le cadm (qui sont antibactériens) dans des
matrices de polyuréthane ou de polysiloxane, leslyts finaux ont prouvé leur efficacité
envers une large gamme de bactéries [171]. L'agetibactérien dispersé peut étre une
molécule, un atome, un autre polymere qui soitbactérien ou des nanoparticules actives
[172].

Plus récemment, les procédé d’encapsulation d’agaetifs dans les matrices polymeéres se
sont développés (figure 17.e). La technique comsistlaborer des membranes sphériques (de
polymeére ou autre matériau) de tailles microscogsgen général autour d’agent antibactérien
par un procédé en émulsion. Les capsules jouaidldede réservoirs de principe actif [173],
ces capsules peuvent par la suite étre dispers@ssdgs matrices polymeres. Cette technique
est généralement utilisée dans le but de conti®léération du principe actif antibactérien a
partir du matériau ou de rallonger la durée detibacantibactérienne. Par exemple, lors de
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I'encapsulation du carvacrol et du thymol dans dites de polypropylene pour des
applications dans I'emballage alimentaire, les dilnabtenus ont montré une action
antibactérienne prolongée contre la bacté&wbherchia Coli[174] qui est souvent présente

dans les aliments.

a) Activation
IR xR ¥ v 1 )
Site§p/a'ssi& Sites actifs (antibactériens)
b
) 1 Polymérisation
Monomere antibactérien Polymere antibactérien

<)

e v § s TR

Polymere fonctionnel it Polymére antibactérien
d)
%o Mélange/Dispersion -
¢+ >
Agents Matéri Tyms
tibactérie Matrice polyms feriau pofymere
antibac ns e polymere antibactérien
€)
Encapsulation dans un . ion d
s polymere ou autre @ DBP:;”“ I e (02
° g matrice po re
0: ° materiau S @ ry= > ®
rgn D B
tibactéri
AIREENRE T Capsules Matériau polymeére
antibactérien

Figure 17. Différentes techniques d’incorporatioe tlactivité antibactérienne dans des
polymeres, impliguant des méthodes chimiques (atc)des procédés physiques et/ou

physicochimiques (d, e).
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[.6.3. L'action antibactérienne des polyméres

Pour comprendre I'activité antibactérienne de fag@mérale et celle des polymeres en
particulier, ainsi que les différents mécanismegligqués lors de I'action antibactérienne d’'un
agent quelconque, il est important de rappeletrlacire cellulaire d’'une bactérie ainsi que

les différents types qui existent.

Une bactérie et un étre vivant monocellulaire dléetenicroscopique (0.2 & 2m en général),
elle est constituée d’'une membrane cellulaire @ufarme le cytoplasme ainsi que les
composants nécessaires a ses fonctions et sa gfiguee 18). Il existe des bactéries
pathogenes et des non-pathogénes. Selon les sémata leurs membranes cellulaires, les
bactéries sont répertoriées en deux types: leetestdites de Gram positif (Gram+) et les
bactéries de Gram négatif (Gram-), la différendeecies deux est que les bactéries de Gram+
possedent une membrane cellulaire constituée dgephs couches de peptidoglycane, tandis
que celles de Gram- ont une membrane constituée daule couche de peptidoglycane (ou
deux au maximum), ce qui confere une membranelaeuplus épaisse pour les bactéries de
Gram+ que pour leurs homologues de Gram- [175]i f0ee un rdle sur la robustesse de la
membrane cellulaire, mais également sur ses ptéprighysicochimiques, les bactéries de
Gram- sont connues pour étre plus hydrophiles glle de Gram+. Ces particularités sont
déterminantes lors de I'élaboration d’agents awotdréens car I'activité d’'un groupement
chimique de I'agent antibactérien dépend des phénemélectrostatiques qui interviennent
et de la polarité de la membrane cellulaire etifgture de la membrane bactérienne peut étre
plus ou moins facilitée. De ce fait, les agentsibactériens ont souvent une efficacité

antibactérienne relative au type de bactéries.

Cytoplasme

Membrane de
peptidoglycane

Figure 18. Représentation schématique de la straatallulaire d’une bactérie.
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Selon la structure, la mobilité, la morphologidectype de groupements chimiques actifs dans
les polyméres antibactériens mis en jeu, il exisifférents mécanismes d’action

antibactérienne des polymeres (figure 19).

En solution, lorsque les chaines polymeéres sorgdile mouvement, le mécanisme d’action
pour un polymére amphiphile, constitué de chairdrdgarbonée et de téte polaire qui est en
général le groupement chimique antibactérien (esspblymeres cationiques par exemple),
I'action antibactérienne se fait selon un mécanisihéee “rupture de membrane cellulaire”
(figure 19.a) qui commence lorsque des interactiéfectrostatiques ont lieu entre le
groupement polaire du polymere et la paroi extelméa membrane cellulaire de la bactérie,
ce qui provoque une adsorption électrostatique alyngere sur la surface externe de la
bactérie, de sorte que le groupement polaire msteiveau de la membrane pendant que la
chaine polymére pénetre a travers la membrane’aisgytoplasme, ceci provoque a la fois
une rupture de la membrane par pénétration de &nehpolymeére, un déséquilibre
physiologique au niveau de la membrane et un dédd#quau niveau du cytoplasme da a la
présence de la chaine polymere, ce qui conduitradid de la bactérie. L'efficacité de ce
mécanisme dépend de la polarité du groupement gharantibactérien mis en jeu, de la taille
et de l'architecture macromoléculaire du polymenetant le groupement antibactérien, mais

également du type de bactérie [176-179].

Lorsque le polymere antibactérien constitue unes@lsalide ou que I'agent antibactérien est
immobilisé dans une matrice polymeére, le meécanishaetion est dit “mécanisme par
contact” (figure 19.b), c'est-a-dire qu'il n'y aap diffusion de chaine polymére ou de
molécule active a travers la membrane de la bactérais un contact a lieu entre la bactérie
et le polymere : dans un premier lieu, la bactésgeattirée vers la surface du polymére doté
de groupements actifs via des interactions éleettigsies, une fois le contact établi, il y a un
échange d’ions entre la membrane cellulaire deatdéie et le groupement antibactérien se
trouvant dans le polymére, cet échange consistanendiffusion de cations divalents de
calcium C&" et de magnésium Mg (dont le role est d'assurer la stabilité de I'digué
électronique de la membrane) depuis la membrarelgegroupement actif du polymere, la
perte de ces cations provoque un déséquilibre réfeque et physiologique dans la
membrane causant sa rupture est par conséquentriade la bactérie. Les parametres
régissant l'efficacité de ce mécanisme sont les @séque pour le mécanisme en solution
auxquels s’ajoutent l'influence de la surface detact entre le polymere et les bactéries (plus

la surface est grande, plus le polymére est efficda densité superficielle des groupements
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actifs dans la surface du polymere, la mouillabitie ce dernier lorsque I'action s’effectue en
milieu liquide, sa porosité ainsi que I'adhérenas dactéries mortes sur la surface du
polymére (formation éventuelle d’'un biofilm qui paliminuer la surface de contact) [180-
187].

Un autre mécanisme est décrit quand I'agent astieacapsulé dans une membrane ou une
matrice de polymere. Il s’agit du “mécanisme p&etation d’agent actif” (figure 19.c), il
consiste a libérer un agent actif préalablemergé@u encapsulé dans une matrice polymere,
soit de fagcon spontanée qui peut étre control®ér@diion contrélée) ou suite a un stimulus
externe, tel que le changement pgd du ou l'augmentation du taux d’humidité, qui est
justement provoqué par la présence des bactéries ldamilieu (activité stimulable). Ce
mode d’action offre I'avantage de prolonger la @udé I'activité du matériau et d’économiser
des quantités d’agent actif [154,188-190].

Ces 3 mécanismes sont les plus rencontrés dan®nmine des matériaux polymeéres

antibactériens.
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a). Mécanisme par rupture de membrane (pénétration du polymeére dans la cellule bactérienne)

Groupeme% © tere @ - =
actif “ ’ .w o~
Chaine ____ 3 . '
polymere ’\9-

Interactions Pénétration de la chaine

Cellul rt
polymére dans la cellule ellule morte

b). Mécanisme d’action par contact (agent actif immobilisé dans le polymeére)

Matrice polymere

o o [

Diffusion d’ions divalents vers Cellule morte
I’extérieur de la membrane

Interactions
¢). Mécanisme d’action par libération d’agent actif (exemple d’activité stimulable, agent encapsulé)

fo lv:":

Action de I’agent
libéré surla bactérie
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)

Stimulation par la bactérie Libération de I’agent actif

Figure 19. Les différents mécanismes d’action da®naux polymere antibactériens.
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1.6.4. Le groupement ammonium quaternaire dans lepolymeéres antibactériens

Il existe différents groupements chimiques connusr peur activité antibactérienne, tels que
les fonctions hydroxyle, carboxyle, amine, sulfordenet bien d’autres [191-193], mais le
plus utilisé dans la synthése et I'élaboration degériaux polyméres antibactériens est le
groupement ammonium quaternaire (AQ) [195], c’estation polyatomique dont la charge
positive est portée par I'azote (figure 20) de fapermanente et indépendammentpétudu
milieu contrairement aux ions ammoniuMH; ) et aux ammoniums secondaires et tertiaire.
Depuis la découverte de l'activité antibactérierthe groupement AQ en 1935 [196], le
nombre de travaux et de recherches effectués swlenger ne cesse d’augmenter et la
consommation mondiale des composés contenant ecgarent a atteint 0.5 millions de
tonnes en 2004 [197] et occupe 57.8% des formulsitie désinfectants [198].

Des polymeres dotés de groupements AQ peuventpédarés selon les techniques vues
précédemment ce qui donne lieu a des matériauxmaoBs antibactériens dont I'efficacité

couvre une large gamme de bactéries [199-201].

Selon la position des groupements AQ dans lestates des polymeéres, on distingue deux
groupes : les polyméres avec des AQs pendants pblgmeéres avec des AQs dans la chaine

principale.

Pour les polyméres avec des groupements AQ pendéngxiste essentiellement trois
meéthodes de synthese, la premiére consiste a sigeth@u préalable des monoméres dotées de
groupements AQ et qui sont polymérisables, puisrémiser la polymérisation ou la
copolymérisation de ces derniers [203]. Une autkthode consiste a polymériser des
monomeres dotés de groupements amines ou ammontéutiagres, puis de les quaterniser
dans la structure polymére obtenue [20]. La troieiéméthode consiste a greffer des
molécules incluant des groupements AQ dans leuctsire sur des polyméres fonctionnels
[205]. L'efficacité de la premiere méthode dépepdalstabilité des monomeéres utilisés, celle
de la deuxieme méthode dépend de la géne stérigusupissent les groupements que I'on
souhaite quaterniser dans le polymere, la troisidépend de la réactivité des fonctions sur
lesquelles on désire greffer les molécules en gpreatnsi que des éventuelles génes stériques

dans les chaine polymeres.
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Figure 20. Structure chimique du groupement amnmomwaternaire (AQ). R, R et R
peuvent étre identiques ou différents, ce sontdames alkyles ou polymeres.

Concernant les polyméres dont le groupement AQoseé dans la chaine principale, ils sont
généralement synthétisés soit par une réaction algmprisation par étapes ou par

fonctionnalisation cationique d’un polymere préeuns[206,207].

En fonction de la nature du monomere utilisé etcede du polymere précurseur, on peut
obtenir des polyméres dotés de groupements AQ omnts hydrosolubles, tels que le
polynorbornene portant des groupements ammoniux$auts des chaines que Eren et al.
[208] ont pu synthétiser par polymérisation du mmaoe pyridinium préalablement
quaternisé et par la quaternisation du polynorbmngortant des alkyles pyridiniums aux
bouts des chaines. Lenoir et al. [209] ont égalérsgnthétisé un polymere hydrosoluble
dotés de groupements AQ par la quaternisation eggments amines du poly(éthyléerte-
butylene)b-poly[2-(dimethylamino)éthyl-méthacrylate]. Ces ymkres peuvent étre
eégalement non-hydrosolubles, tels que du polycaptahe actif obtenu par cycloaddition de
molécules portant des amines tertiaires sur ducpplplactone suivie par la quaternisation de

ces derniers [210].

Les polymeres dotés de groupements AQ ne se litnpas a des structures linéaires, les
structures branchées ont attiré une grande atterpiour I'élaboration de polymeres
antibactériens portant des AQ grace a la compatité fonctionnalité élevée qu’offrent les
architectures branchées, ce qui a conduit a ddabéses de ces derniers avec des structures

branchées, hyperbranchées et dendritiques [192PA]1,

L’existence du groupement AQ dans la structure @olymére nécessite la présence d’un
contre-ion chargé négativement et assurant I'daeilélectronique du groupement, plusieurs
contre-ions sont impliqués dans ces polyméres, gets les ions halogenes (chlorure, Cl
bromure Br, iodure 1, fluorure F), I'ion hydroxyde OH, le bisulfide SH le nitrate N@, le

perchlorate CI@, le trifluoroacétate GJEOO et bien d’autres. Etant donné que les différents
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mécanismes d’action antibactérienne des polymemsars les AQs impliquent des
interactions électrostatiques et des échangesuesigntre les groupements AQ du polymere
et la membrane de la bactérie, le type du contrteagsocié au cation ammonium peut avoir
une influence considérable sur Il'activité antibaettne de I'AQ et par conséquent du
polymeére. Des études comparatives qui consistaiestianger les contre-ions associés aux

AQ dans des polymeéres différents ont mis en évieeers effets [196, 213-215].

La balance hydrophile/hydrophobe est également aranpétre déterminant dans l'activité

antibactérienne des polyméres dotés de grouperméhtse caractere hydrophile est apporté
au polymere par la présence des AQ dans sa steytaundis que le caractére hydrophobe lui
est conféré par les chaines polymeres, ce qui ddesestructures amphiphiles. La partie
hydrophile (AQ) favorise les interactions avec mesmbranes cellulaires des bactéries ainsi
gue les échanges ionigues alors que la partie plidi® (ou moins hydrophile) favorise la

pénétration du polymere au travers de la membraria bactérie dans le cas d’'un mécanisme

ou les chaines polymeéres portant les AQ sont lifa&6-218].

Le tableau 2 regroupe quelques exemples de polgndwees de groupements AQ, leurs
structures, les conditions opératoires de leur oilon ainsi que les bactéries envers

lesquelles ils ont montré leur efficacité.
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Tableau 2. Exemples de polyméres portant des AQgetde bactéries envers lesquelles ils

ont montré leur efficacité.

Structure

Conditions opératoire d’élaboration Réf

Greffage du N,N-dimethylprop-2-yne-1§{210]
amine sur le polycaprolactone, a 35°C dans
le THF avec agitation pendant 2 heures.
Efficace contree. coli (Gram-).

©/\o/;:: / N’ N’ leu
o 2 D

34\ 07N mdz Bulmdz

\

)=

/
s N\

Quaternisation de polycarbonates par ded9]
cycles contenant |'azote, dans le
dichlorométhane a température ambiante
avec agitation pendant 2 heures. Efficaces
contreE. coli (Gram-).

Quaternisation des groupements pyridif220]
dans le Poly(vinylpyridine-co-
hydroxyméthacrylate) dans un mélange de
chloroforme et de méthanol a 70°C sous
reflux pendant 48 heures. Efficace contre
E.coli (Gram-).

Polymérisation d’acrylamides contenant d§&21]
AQs a 50°C dans de I'eau pendant 30 heures.
Efficaces contre E. coli (Gram-) et

Staphylococcus alby&ram+).

O
Osi
substrat o NB
depPsouPE||-0 /cr
Osi-
-0 v R
NQ
/ CI’

Greffage de molécules portant des AQs daR2]
du polyéthyléne et du polystyréne dans un
mélange meéthanol/eau a 50°C pendant 24

heures. Efficaces cont&almonellaGram-).
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Réaction polyvinylalcol chloroacétylé, avef223]

O2=o le triethylammonium dans du benzene a 80°C
NELCI pendant 4 jours. Efficace contr&.coli
(Gram-),Bacillus subtilis(Gram-+).
oA, Immobilisation de molécules contenant d¢$53]
m . .
- AQs sur le poly(glycidyl methacrylate) a
80°C dans du benzene sous reflux pendant 2
H2—CH —CH,
+? jours.  Efficaces contre Pseudomonas
C=0 C=0
j“z Hy aeruginosa (Gram-) et Bacillus cereus
N BNE
(Gram+)
s Réseau polymere contenant des unif@24]
@Sw“w"fo A e . L, .
) N & d’'imidazolium par réaction de
M, s~ Mo,
QAms,@ photopolymérisation thiokne sous UV
A V% . .
% ol Efficace contre E. coli (Gram-) et
HS@SWA é e Staphylococcus aurel&ram-+).
Copolymérisation du diméthyl diallyl[225]

o~ ) |
CH, O—o- $—0—0

ammonium chloride avec [lallyl glycidyl
éther dans I'eau (dispersion) a 80°C pendant
4 heures. Efficace contre E. Coli (Gram-) et

Staphylococcus aurel&ram-+).

guaternaires

1.6.5. Mise en ceuvre en phase fondue des polymédkstés de groupements ammoniums

L'un des grands avantages des polymeéres portarsgsA@s c’est gu'ils conservent leur
activité antibactérienne lorsqu’ils sont mis en ceypour réaliser des mélanges tant par voie
solvant qu'en phase fondue, méme a des températli@as jusqu’a 180°C [226], en
particuliers lorsque les groupements AQ sont liés ehaines polyméres par des liaisons
covalentes ou font partie des structures des chaibeur mélangeage en solution est
beaucoup étudié jusqu’a présent [227] mais leuremsis ceuvre en phase fondue, qui est
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possible par différents procédés et qui peut ptésates avantages tant pour le polymere
antibactérien que pour la matrice avec laquellestl mélangé, est trés peu traitée dans la

littérature.

Par exemple, dans le domaine de I'emballage, anapporter deux grandes améliorations au
polyéthyléene basse densité (PEBD) on le mélangeanphase fondue, avec du polyionéne
portant des groupements AQ dans une structure mnefa’étoile ou linéaire [226]: la
premiére étant I'incorporation d’une activité aatitérienne dans le PEBD, et la seconde
consiste a éliminer les effets électrostatiquessutface du PEBD (grace aux AQSs), ce qui est
une problématique dans le domaine des emballagespdlyionene actif a quant a lui
bénéficié du support mécanique de qualité qu'ddr@EBD et d’'une plus grande dispersion

dans le matériau obtenu.

Les solutions qui consistent a intégrer directentks molécules antibactériennes dans des
matrices polyméres souffrent d'une courte duréetiViéé, et ce, suite a la libération de ces
molécules qui peuvent diffuser a travers la matpiclymeére les contenant et présenter aussi
un risque de pollution toxique, en revanche, lotsgyolymere actif portant des AQs est
meélangé a des matrices polymeéres par voie fonduypreduits obtenus garantissent une plus
longue durée d’activité antibactérienne et lesténtactives restent dans les matrices qui les
contiennent [226,228].
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|. 7. Conclusion

Les structures polymeres branchées et le contrédeadchitectures macromoléculaires sont
d'un réel intérét dans la science des polymeérdes alffrent la possibilité d’obtenir des
produits ayant différents designs a I'’échelle maigculaire, ce qui se traduit par des
matériaux montrant différentes caractéristiqueprepriétés, notamment les propriétés en
phase fondue qui permettent une facilité de miseeemre et de transformation. Une valeur
peut-étre ajoutée a ces structures: la fonctigénalon y incorporant des groupements
réactifs, ces derniéres peuvent offrir un largenghale possibilités de modifications. Parmi
les groupements fonctionnels susceptibles d’offeir avantage, le groupement thiol présente
une grande réactivité et peut se lier avec diversgécules d’intérét chimique ou biologique,
il est également considéré comme un agent de adrefficace pour des réactions d’addition
radicalaire de type thiol-éne, ce qui peut perradatie greffer des monomeéres possédant des
doubles liaisons sur les structures polymeéres portze groupement. De nombreux
monomeres peuvent étre utilisés a cette fin, péaguels ceux portant un groupement actif
connu pour ses propriétés antibactériennes, donaargsi naissance a des polymeres

antibactériens.

Le travail présenté ici consiste a allier ces péips dans un méme matériau polymere :
structures branchées, fonctionnalité et post-meatibn pour des applications

antibactériennes, ainsi que la possibilité de neiseceuvre, tout en restant dans un cadre
respectueux de I'environnement, et ce, en utilisheg chaines polymeres biodégradables

et/ou biosourcées pour I'élaboration de ces strastu
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CHAPITRE Il
SYNTHESE DE POLYMERES BRANCHES MULTI-THIOLES

Ce chapitre traite de la synthese et de la fonatbsation de structures macromoléculaires
branchées a base de segments de chaines d’acidacpol (PLA), de polycaprolactone
(PCL) et de polyhydroxybutyrate (PHB), différentaschitectures macromoléculaires et
fonctionnalités ont été obtenues de facon contrdl&s segments de chaines polymeéres
utilisés sont biodégradables (et biosourcés dansde du PLA et PHB).

Dans un premiers temps, des oligoméres linairegdditxytéléchéliques ont été préparés par
polymérisation par ouverture de cycle du lactidedpisant du PLA-diol (HO-PLA-OH) et
par transestérification du PHB produisant du PH&-dHO-PHB-OH), I'oligomeéere du
polycaprolactone (HO-PCL-OH) a été fourni sous @ané téléchelique. La présence des

groupements OH aux extrémités de ces oligomereseaksur réactivité pour I'étape suivante.

Les segments obtenus ont pu étre assemblés danstrdewires branchées en utilisant le
glycérol comme nceud et un diisocyanate comme datre les groupements OH du nceud et
ceux des segments. A l'issu de cette étape, diffésearchitectures ont été obtenues avec des
groupements isocyanates pendants, c'est justeraedisponibilité de ces derniers qui va

permettre la fonctionnalisation des macromolécaldgsnues.

La derniére étape était la fonctionnalisation descnomolécules on y introduisant des
groupements thiols, a cette fin, le 2-aminothioghenété utilisé, ce dernier portant deux sites
réactifs: I'amine et le thiol. Il a été démontréeqians les conditions opératoires suivies c’est
'amine qui est prioritaire pour réagir avec lesgwements isocyanates des macromolécules
branchées, ce qui permet de fixer le 2-aminothinphsur la fonction isocyanate et de garder
le groupement thiol pendant. La fin de cette ét@s¢ marquée par I'obtention de
macromolécules branchées portant des groupemenmtts tavec des architectures et

fonctionnalités controlées.

Les produits obtenus durant les différentes étamats fait I'objet de caractérisations
physicochimiques (RMN, SEC, DSC, dosage chimigtégsréactions ont été suivies par IR.
La présence des groupements thiols sur les polgralveenus permettra leur modification

dans les chapitres suivants.
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HIGHLIGHTS

- Multi-thiol functionalized polyesters were synthesil.
- The products are mainly made of biodegradable setgme
- The molecular design and the thiol functionalityreveontrollable.

- High thiol content was obtained: 1.2-3fol SH/g of product.
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II.L1.INTRODUCTION

To address environmental concern, the issue ohisadtility and ever-limited petroleum
resources, biodegradable polyesters such as Piudylacid (PLA), Polyhydroxybutyrate
(PHB) and Polycaprolactone (PCL) have received idensble interests in polymer
science.[1,2] In addition to their commercial aahility, they do not accumulate plastic
wastes after use [3,4] and facilitate local rubbiggmagement.[5] PLA is a bio-based polymer
that can be synthesized by ring-opening polymeaaoradf lactide or by polycondensation of
lactic acid;[6,7] it can be processed by extrug®B] injection molding,[10,11]
casting,[12,13] thermoforming,[14] foaming[15-17hda fiber spinning.[18] Thanks to its
remarkable properties, this polymer has variousliegmns: its uses include medical
implants, [19-21] packaging,[22,23] textile[24] andnoparticulate formulation.[25] PHB is
also a biodegradable and bio-based polymer [26,&%]ch can be produced by more than
300 species of bacteria;[28] it has applicationagriculture, food packaging and storage,[29]
can be used as surgical sutures and is studieda#felds in textile engineering.[30] PCL is
biodegradable [31](by hydrolysis of its ester ligka in physiological conditions such as the
human body) and bioabsorbable. This polyester viaflyf synthesized by ring opening
polymerization of caprolactone in the 1930s.[32)ds several applications in the biomedical
field such as drug delivery[33] or sutures[34] areh be processed by extrusion[35] or
foaming.[36]

The properties of these biodegradable polymersbeamodified for special applications and
they can be functionalized by introducing reactiveups allowing further modifications. For
example, thiol functionalization [37,38] is an ir@sting approach to reach this purpose: by
bearing thiol groups, polymers offer reactive cesiten polymer chains and therefore acquire
high reactivity.[39,40] Numerous reactions can laeried out on thiol groups, the most
frequently encountered being thiol-ene and thia-yelick reactions [41,42] which are
efficient alternatives to surface modification, fyreg and further functionalization of these

materials.

The thiol functionalization of PLA is described many publications. For example, thiol
functions were introduced in PLA nanoparticle scefg a rate of 8,5xT0mol of thiol
functions per mol of PLA was obtained.[43] Thesaoyarticles were intended to be used as
carrier systems for anti-infectious agents, anseardrugs and other compounds. Another
paper[44] describes the synthesis of PLA chaing wite thiol function at the end that were

used to prepare functional fluorescent labels. Hanethiol functionalization of PCL is still
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little described. In a previous study,[45] thiolnfiionalized polyethylene glycol (PEG)-b-
polyesters block polymers, which are PEG-b-PLA Bf&G-b-PCL, were synthesized; these
biodegradable polymers were thiol end-functionaibg breaking a disulfide bond lying in
the block copolymer thus giving a thiol-terminatsapbolymer. However, no publication can

be found concerning the thiol functionalizationRHB.

The aim of this study is to prepare PLA, PHB and_RGlyesters with designed structures
bearing controlled and variable amounts of thiobups at the chain ends and different
numbers of polyester segment using simple reagiionedures. These polymers can be used

as chain transfer agents or clicked with differaeinomers.

In this work, molar mass controlled PLA and PHBIslwere firstly prepared, while PCL diol
was commercially available. These prepolymers wsed for synthesizing polyesters with
isocyanate end-groups. By reacting 2-Aminothiophana isocyanate terminated polyesters,
multi-thiol functionalized polyesters were obtaineth a high thiol function content. This

facile method can easily be scaled-up.

[1.2. EXPERIMENTAL
Materials

Dihydroxyl-terminated polycaprolactone oligomers X2 2100A, 2200A and 2402 were
purchased from Solvay (molar masses indicated bystipplier and confirmed BYANMR
were 1000, 2000 and 4000 g.Motespectively). Polyhydroxybutyrate PHIOH2 was
purchased from NaturePLAST (molecular weight H)}XMR = 4730 g.mof) . 3,6-Dimethyl-
1,4-dioxane-2,5-diond_{Lactide, GHgO3, 98+%), 4,4’-Methylenebis(cyclohexyl isocyanate)
(H12MDI, C15H2oN20,, 90%), Phenylisocyanate {dsNCO, 98+%), Glycerol (€HgOs, 99%,
dehydrated by 3 A rod-shaped molecular sieves, ibdl§ Fluka, for 1 week before use), 1,4-
Butanediol (GH1002, 99%), 2-Aminothiophenol /NS, 99%), p-Toluenesulfonic acid
monohydrate (@HgOsS-HO, 98+%), 2-Propanol O, 99.5%), Hydrochloric acid
aqueous solution (HCI, 0.1molY), Dibutyltin dilaurate (GHesOsSn, 95%), Tin(ll) bis (2-
ethylhexanoate) (fgH3004Sn, 95%), 5,5Dithiobis(2-nitrobenzoic acid) (DTNB or Ellman's
reagent, GHgN2OsS;, 99%) and Ethylenediaminetetraacetic acid (EDTAHGN2Og,
99+%) were purchased from SIGMA-ALDRICH (France). nt&drous N,N-

79



Dimethylformamide (DMF, H;NO, 99.8%), Tetrahydrofuran (THF,4850, 99.9%) and
Diethyl ether (GH100, 99+%) are Carlo Erba Reagéfits

Synthesis of Dihydroxyl Telechelic Oligomers

PLA and PHB dihydroxyl telechelic oligomers withntmlled molar masses were

synthesized.

PLA dihydroxyl telechelic oligomers (with molar ns&s 530, 870 and 1680 g.nphere
prepared by ring opening polymerizationlot actide using 1,4-Butanediol as initiator and

Tin(ll) bis (2-ethylhexanoate) as catalyst.

A typical procedure is given to illustrate the Pd#kydroxyl telechelic oligomer synthesis,
for example the 1680 g.mbbne: A 100 mL round-bottom three-necked dry flagkipped
with a nitrogen purge and magnetic stirring waséaat 110°C by an oil bath. Ther_actid
(28.83 g or 0.2 mol) and 1,4-Butanediol (1.65 D@18 mol) were placed in the flask and
mixed until homogenization. Finally, the catalygt3 g or 7.035x16 mol) was injected using

a syringe. The mixture was kept under magnetiarsgjifor 6 hours.

PHB dihydroxyl telechelic oligomers (with molar nsas 980 and 1470 g.r)l were

prepared by-Toluenesulfonic acid catalyzed transesterificabb®PHB with 1,4-Butanediol.

A typical procedure is given to illustrate the PldBiydroxyl telechelic oligomer synthesis,
for example the sample with the molecular weigh®8® g.mof: A 500 mL round-bottom
three-necked dry flask equipped with a reflux corsge and magnetic stirring was immersed
in an oil bath at 80°C. PHB (20 g or 4.23%1@o0l), 1,4-Butanediol (40 g or 4.39x1@nol)
and Chloroform (200 mL) were placed in the flaskl atirred. Once the mixture became
homogeneous, the oil bath temperature was lowexr&&tC ando-Toluenesulfonic acid (9.6
g or 4.94x1F mol) was added as catalyst. The reactive mixtwure stirred for 26 hours.

Amino/lsocyanate Model Reactions

The reaction of 2-Aminothiophenol with Phenylisoegite and kbMDI were respectively
performed with mole ratios nZ—Aminothiophenol/nPhenylisocyanate = 1/1 and
Na— aminothiophenot/ Muy,mpr = 2/1. DMF was used as the solvent. ACO(ice-water bath),

the DMF-diluted 2-Aminothiophenol solution was dwage added into the Phenylisocyanate-
DMF and H,MDI-DMF solutions. After adding all the 2-Aminottpbenol solution, the

mixture was kept reacting for 30 minutes. Tabledudes the amounts of used reagents.
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TABLE 1 Model reaction reagents amounts

2-Aminothiophenol Phenylisocyanate 1oMIDI DMF (mL)
Model 1 25.04 g or 0.2 mol 23.82 g or 0.2 mol / 50
Model 2 25.04 g or 0.2 mol / 26.24 g or 0.1 mol 60

After carrying out the model reactions, the obtdipeoducts were solubilized in THF then
precipitated in ethyl ether three tim&8dNMR analysis and chemical titration were performed

to verify which of the two groups (amino or thibldd reacted with the isocyanate.
Synthesis of Isocyanate and Thiol-Functionalized Pygesters

A two-step procedure was adopted to prepare théi-thidl functionalized polyesters. The
first step (leading to isocyanate terminated pdbm$ consisted in the reaction between the
dihydroxyl telechelic polyester oligomers, glyceerld H,MDI. At the end of this step, we
obtained isocyanate-terminated polyesters withedgffit numbers and natures of arms (PLA,
PCL or PHB) and different isocyanate functionaditién the second step (leading to multi-
thiol functionalized polyesters) 2-Aminothiophenesas added to the obtained products by
reacting it with the polyester’s isocyanate endugs) thus giving polyesters with thiol groups

at the chain ends.

For more details on the protocol, the synthesithefsample based on PCL (1000 g.hol
segments with a structure comprising 7 PCL arms&atidol functions (Entry N° 2 in Table
2) is given as example: glycerol (0.42 g or 4.5T%hfol), PCL diol (10.69 g or 1.07xF0
mol) and anhydrous DMF (40 mL) were placed in a 200round-bottom three-necked dry
flask equipped with a nitrogen purge, a 50 mL dmgdunnel and magnetic stirring. The
mixture was magnetically stirred at room tempematuntil homogenization. The flask was
then immersed in an oil bath and heated at 80°CGceChe temperature was stabilized,
H1,MDI (7.73 g or 2.65x18 mol) were added to the mixture and dibutyltin ditste (0.01 g
or 1.58x1C mol) was injected as catalyst. The reaction wasitoeed by FTIR and stopped
after 55 min. The oil bath was then replaced byi@Mwater bath. When the temperature
decreased to 0°C, a solution of 2-Aminothiophef®§ g or 7.83x18& mol) in DMF (5 ml),

was dropwise added from the dropping funnel andmheure was kept reacting for 1 hour.
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Then the products were precipitated in Diethyl etlaad solubilized/precipitated in
THF/Diethyl ether three times before being driedlemvacuum at room temperature until
constant weight.

The stoeichiometries of the reactants in the swahavere fixed in order to obtain tailored
structures (different numbers of biodegradable ssgsnand different thiol functionalities)
and to avoid cross-linking. The polyester segmesed were of different molar masses in

order to obtain final products with different gldsansition temperatures.

The gel conversion of the reactive system must beerthan 1. In this study, this was verified

using Macosko Miller equations [46]

P2, = -
9l ™ r(fou—1(fnco— 1)

(1)

Where:f,, andfyqo are respectively the average alcohol and isocganattionalities.

_ Iniff
fon xnifi
2)
fuco = nnco*fivco _
NCO ™ nnco*fwco
3

n; and f; are the molar quantity and the functionality ofcdlol reactantnyco and fyco are the

number of isocyanate moles and isocyanate furaditgn
r is the molar ratio between alcohol and isocyahatetions, determined as followed:

_ NMwco*fnco
X(mi*fi)on

(4)

Synthesis characteristics are given in Table 2 wklwows, for each synthesized sample, the
mole ratio of the reagents and the molar mass ebtbdegradable polyester segment used.

The expected number of segments and thiol funditesof the products are also specified.

TABLE 2 Synthesis characteristics of multi-thiol functitred polyesters based on PCL, PLA and PHB

segments.
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Entry Expected Degradable segment Mole ratios of the reagents

thiol number in the
N° H1,MDI/glyceroldegradable segmeataminothiophenol

functionality  expected structure

PCL systems (based on 1000 g.frheégments)

1 3 3 6.61/3/3
2 5 7 17.83/7/5
3 7 11 28.1/1117

PCL system based on 2000 g.theegment

4 3 3 6.6/1/3/3

PLA systems (based on 870 g.fheegments)

5 3 3 6.61/3/3
6 5 7 17.63/7/5
7 7 11 28.15/117

PHB systems (based on 980 g.theégments)

8 3 3 6.61/3/3
9 5 7 17.63/7/5
10 7 11 28.76/1117

In Table 2, the entries are numbered so that duhSH functionality and the number of
segments are increasing with the entry number,xXoe entry number 4 which is taken into
account in order to bring out the effect of chagdine segment’s length (segment molecular

weight) when the other feed parameters remainagheesOther entries with different segment

molecular weights are available in Table 8 (Suppgrinformation).
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Titration of Amino Groups

Titration of the model product’s amino groups wamnitored by pH-metry. The model
product (1.255 g) was dissolved in 2-Propanol/watetture (80/20 vol.%) and neutralized
by HCl aqueous  solution (Omol.L™).

Titration of Thiol Groups
Ellman's method [47] was adapted to the organicianaad used as follows:

A buffer solution (pH=8, 0.02 mol:LKOH, 0.01mol.I* EDTA) was prepared by mixing
KOH aqueous solution (0.1 molL, 40 mL) with THF (160 mL) and adding EDTA (0.59 g
Ellman’s reagent solution (0.02 mof:IDTNB) was prepared by dissolving DTNB (0.25 g or
6x10*mol) in the buffer solution (30 ml).

Each sample (0.02-0.05 g) was dissolved in theebwdblution (5 ml) and Ellman’s reagent
solution (1 mL) was added. In these conditions,RA&B is introduced in excess compared
to the concentration of thiol groups in the sampldse reaction between DTNB and thiol
groups gives a colored compound 2-Nitro-5-thiobeteo(TNB?) which absorbs UV
irradiation dma=449 nm) in the used buffer. A calibration curvengs2-Aminothiophenol
was made in the considered concentration ranggiof groups (0.08 to 30.6xT0mol.L™)

with a good correlation coefficient {R0.9995). Absorbance measurements were done after

15 minutes of reaction between DTNB and thiol gsoup

Instrumentation
FTIR Spectroscopy

FT-IR was used to monitor the consumption of isoeya groups during both the model
reactions and the polymers syntheses. The absorppectra were recorded on a Nicolet
Nexus spectrometer (700-3500 ¢€nB2 scans, resolution of 4 &nusing attenuated total

reflectance (ATR) technique.
Nuclear Magnetic Resonance (*HNMR)

'HNMR analyses were performed with a BRUKER Advaticgpectrometer (250MHz, 300
K). The analyses were made with 5 mm diameter tabetaining the product (mas25 mg)
in deuterated solvent (0.5 mL). Tetramethylsilames used as internal reference.

84



'H NMR Spectra Simulation

The ACD/HNMR Predictor v.8.09 software, edited b Labs, was used to simulate
'HNMR spectra of the reagents and the synthesizedemproducts from their detailed

chemical structure.
Differential scanning calorimetry

Differential scanning calorimetry (DSC) measuremsemtere carried out with a Q10
calorimeter from TA Instruments. Samples were putieto hermetic pans, sealed and
analyzed with a cooling/heating ramp of 10°C/mil€LPsystems underwent heating from
ambient temperature to 210°C followed by cooling86°C than heating a second time to
210°C. PLA and PHB systems were firstly heated @6°2 secondly cooled to -50°C and
finally heated to 200°. The glass transition terapges were collected from the second ramp

during heating by identifying the inflection points
Size Exclusion Chromatography

For the analyses of multi-thiol functionalized PCGlred PLAS, size exclusion chromatography
(SEC) was conducted using a system equipped witthctere index (Waters 2414) detectors.
Two columns HR1 and HR3 from Waters were used. dlaent was THF (flow rate of 1
mL-min?, 35°C). The polymer molecular weights were determinsitigia calibration curve
established on a set of polystyrene standards.

For the analyses of multi-thiol functionalized PH&gmented polyester, size exclusion
chromatography (SEC) was conducted using a systgnpged with UV detector (Waters
486, wavelength = 280 nm), Light Scattering Dete¢Wyatt TREOS) and RI refractometer
detector (Schimadzu RID10A). Two columns PLgel 5 WHXED-C and PLgel 20 mm
Guard from Organic GPC were used. The eluent whwafbrm (flow rate of 1 mL-mi,

elution temperature of 22).

UV-Vis Spectroscopy

A UV-Vis spectrometer was used to measure the Basoe of TNE (Ama=449 nm) which
is the product of the reaction between DTNB andhi@ groups. The thiol groups
concentration was determined referring to the catibn curve. The measurements were
conducted using a Cary 100 UV-Vis Spectrophotomateabsorbance mode (200 to 800

nm).
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[1.3. RESULTS AND DISCUSSION

The thiol functionalization of the isocyanate-tematied oligomers using 2-Aminothiophenol
is based on the much higher reactivity of amines tthiol functions with isocyanate. This
point was first verified by performing model reacts. Then, equivalent reactions were
carried out between 2-Aminothiophenol and isocyedt@tminated polyesters to obtain multi-

thiol functionalized polymers.
Model Reactions of H,MDI and Phenyl isocyanate with 2-Aminothiophenol

The two model reactions are illustrated on Schem&@/fien the products of the reactions,
shown in Schemes la or 1b, were dissolved in theesbmixture of Propan-2-ol/water,

PH=8.6, the pH decreased to 6.43 and 8.36 for ctisply 1a and 1b. The addition of one
drop of HCI (0.1 mol.[*) decreased the pH to 4 and 5 for respectivelynthld confirming

the absence of amine groups.

(a)
SH

N*C NH, & /@
O 8 ¢ — NN
SH

Model 1
0°C

in DMF

(b)

SH
CeN NcC H H H H
SH SH

Model 2

SCHEME 1 Model reactions of 2-Aminothiophenol with (a) Riksocyanate giving model 1 and (b),MIDI

giving model 2

To confirm this simple observation, Ellman's metlab used to titrate the thiol groups in the
obtained model products; the results are reportebable 3. The titration of each model was

repeated at least three times and the mean valsiealeulated.
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TABLE 3 Ellman’s method titration results of model molexsul

Thiol contentx16 (mol SH/g product)

Expected value Determined by Ellman’s method
Model 3.88 3.88+0.077
1
Model 3.90 3.51+0.313
2

Comparing the SH concentration expected from reast{a) and (b) (Scheme 2) with the SH
concentrations obtained by titration using Ellmameethod (Table 3), the results are
consistent, confirming the reaction of amines visihcyanate and that the expected products
were obtained. Products from reactions (a) andv@re also analyzed by NMR. All the

proton peaks were identified (Figure 1).

Model 1

Wb

B T T R R T T T T
76 74 72 70 68 66 6.4 [ppm)

Model 2
I

i n ) n i
Qe g
" "
k N-CN7 SN N n-CN K .
H H n m H H DMSO
SH

SH
i :
k jl
m I P

Nulw JJ ﬂ\, Ju /l\ b i ,fﬁ/\’mﬂ\\/ﬂ“«/{

e B e A s e o e e e S R S s —
7 6 5 4 3 2 1 [ppm]

FIGURE 1 'H NMR spectra of the molecules obtained from madattions. Model 1
from 6.3 to 7.8 ppm and Model 2 from 0.5 to 7.5 pppMSO, 400MHz, 300K).
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The'H NMR spectra of Model 1 and Model 2 products aragreement with those obtained
from simulation. The amino group adjacent protoakpwas shifted from 6.44 ppm in 2-
Aminothiophenol to 7.45 ppm (peak “a”) in Model dada7.18 ppm (peak “h”) in Model 2,
the shift of these peaks are in the order of 1d @74 ppm respectively, unlike the thiol
group’s adjacent proton peak for which no shift veaserved in the case of Model 1 (peak
“d” at7.09 ppm) and a small shift was observedhim tase of Model 2 from 7.09 ppm in 2-
Aminothiophenol to 7.11 in Model 2 (peak “k”). Thisin concordance with the fact that the
isocyanate group will react with the amino ratheart thiol group. Concerning the isocyanate
adjacent protons, for Model 1 only the proton “e’aswshifted from 7.45 ppm in
phenylisocyanate to 7.53 in Model 1; in the cas®lodlel 2, the “I” proton peak which was at
3.89 ppm in HMDI was shifted to 3.74 ppm in Model 2. A shiftasso noted for the “m”
protons peak which was at 1.72 ppm ipMDI and was found at 1.56 ppm in Model 2.

The model reactions were also monitored by FTIRshemwvn in Figure 2. Three spectra were
collected for each model reaction: before addingné@nothiophenol and after adding 50%
and 100% of the stoichiometric amount of 2-Aminogiienol.

—N=C=0
Model 1 Model 2

—N=C=0

o N

(a) [TN

F T

© ©

3850 3350 2850 2350 1850 1350 850 350 3850 3350 2850 2350 1850 1350 850 350

Wave number (cm™) Wave number (cm™)
FIGURE 2 FTIR spectra of 2-Aminothiophenol/Phenylisocyan@itodel 1) and 2-AminothiophenoliMDI
(Model 2) reactive mixture when 0% (a), 50% (b) a@D% (c) of the stoichiometric 2-Aminothiophenol

amount was added in.

Figure 2 shows the decrease of the isocyanate grealp at 2260 cthaccording to the added
amount of 2-Aminothiophenol until disappearance nitee stoichiometric value is reached.
In parallel, the peak of urea group at 2800-3400 @mreases indicating the formation of this

group according to model reactions. Therefore, sit concluded that the reaction of
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2-Aminothiophenol with the isocyanate proceedsuglothe amine reaction with isocyanate,

leading to compounds with pendant thiol groups.
Synthesis of Multi-Thiol Functionalized Polyesters

After having confirmed the proceeding of the amBw®yanate reaction via the models, it was
carried out on the isocyanate-terminated polyesters

Multi-thiol functionalized polyesters were prepargdtwo steps (Scheme 2): a hydroxyl-
terminated polyester oligomer (PLA, PHB or PCL)atea with diisocyanate (#VIDI) and
gave isocyanate-terminated polyesters; then thelgmgnisocyanate reacted with the amine
group of 2-Aminothiophenol.

HO
(a) HO-MWW-0H + OCN—R'—NCO + }OH
HMDI HO Glycerol

polyester diol

MF

. - D
Dibutyltin dllauratel 80°C, 55min

H

o) 0 0 0 0 o)
R )LH HL R )'H‘FO_MM H/“\ R Jﬂ\o .
’MJ\H/ N o) 0 NN -0 NN %
N H H H H
OYO OYO

R' /NH R' /NH
| \
OYNH OYNH
séTD O
0] 0
H O
HN\R/NCO OCN\R'/NYO
(o]
DMF
b 2-Aminothiophenol | ice-wat :r bath
( ) 0°C, 30nin

O O o] e} (o] O
Rk M A oty A :
,lJJ\H/ N O/\(\O NN MM NN O/\‘/\O’%
N H H H H H
O. O e} O

AN - T R from HMDI
0 I\‘JH 0 r~||H
Y Y o o
o /PLN,R'\NJH\ HMDI segment
‘l;éj H H
0 0
Y H H SH Ou,, to—of Glycerol segment
HN. N N he o o o
e H
o HNTN\R./NH “fo-Rpol  degradable diol segment

SCHEME 2 Syntheses of (a) isocyanate-terminated and (b)pl-thinctionalized

biodegradable polyesters.
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Design of the Synthesized Systems

In order to obtain polyesters with different prdpes, different structures were designed with

different functionalities and segment numbers. &ameple is shown in Figure 3.

2-Aminothiophenol

L <«—— Glycerol

Dihydroxyl
telechelic oligomer ——— .

FIGURE 3 Expected structure of the designed polyester fuitlstionality =5 (Entry N°2),
the linkage among glycerol, oligomer and 2-Aminoftienol were performed by
diisocyanate kbMDI.

The design of these polyesters was mainly focusetheir number of degradable segments
and their average functionalities. Via the formligéed in Table 2, branched polyesters with
different properties can be obtained, characteriegdluated for their structures and will be

used for further post-modifications.
FTIR Monitoring

FTIR were used to monitor reactions during the tateps synthesis of multi-thiol
functionalized polyesters; Figure 4 shows the FimBnitoring of a PCL based multi-thiol

functionalized polyester with 7 thiol functions abhtl PCL segments (Entry N°3).

The first step of polyester synthesis ended wherstrength of the absorption peak at around

2260 cn* (assigned to isocyanate group) stopped decredsitigating the total consumption
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of the hydroxyl groups typically after 60 minutelsreaction. Then, the 2-Aminothiophenol
was added to react with the polymer isocyanate g@ngroups. The disappearance of
N=C=0 absorption indicates the end of the secosjpl §quivalent evolutions were observed

for all the other entries.

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

FIGURE 4 IR spectra of a 2-step PCL segmented multi-thiatfionalized polyester
synthesis (Entrie N°3): (A) reagent mixture atialitime, (B) PCL based polyester after the
first step, (C) multi-thiol functionalized PCL bakpolyester after the second step.

'H NMR Characterization of Multi-Thiol Functionalize d Polyesters

'HNMR spectra of the multi-thiol functionalized pebters are presented in Figure 5. The
mole ratio of thiol functions to polyester segmesyeat unit was evaluated by calculation
which is an effective way to verify the structuodghe synthesized products. Comparing

integrations of PCL methylene protons “0”, PLA mathproton “r’ or PHB proton “v” to the

aromatic ring proton “a” at 7.4 ppm that is adjadenthe urea linkage, the mole ratio of thiol
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groups to degradable segment repeat unit can Iheaded and compared to expected values.
As seen in Table 4, correct concordances werergataionfirming the supposed structures of
the polyesters. Thiol titration results using Ellfsamethod are also shown in this table,

expressed as moles of thiol functions versus ptdyesass (mol SH/g polyester).
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FIGURE 5 The 'HNMR spectra of thiol-functionalized segmented PCIPLA / PHB
polyesters (A: Entry N°2, B: Entry N°5 and C: EnN§10 respectively) in CDGlat 300K.
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TABLE 4 Thiol content in the multi-thiol functionalized R®LA/PHB polyesters.

[SH]/[oligomer repeat unit] SH contentx1d(mol / g of product)
(mol/mol)
Entry N° Expected Calculated by Expected Determined by Ellman’s
HNMR method (+0.043)
PCL systems
1 1/7.8 1/7.6 0.59 0.52
2 1/10.9 1/9.0 0.39 0.37
3 1/12.3 1/12.6 0.35 0.35
4 1/16.6 1/16.2 0.36 0.35
PLA systems
5 1/10.6 1/9.9 0.62 0.68
6 1/14.8 1/13.8 0.42 0.39
7 1/16.7 1/16.3 0.38 -
PHB systems
8 1/10.4 1/11.2 0.58 0.53
9 1/16.3 1/14.8 0.40 0.47
10 1/17.9 1/16.2 0.35 0.41

2Entry N°4 is different from the other PCL systemghie molecular weight of the segments.

The [SH]/[oligomer repeat unit] ratio (reportedTiable 4) depends on the SH functionality and
the number of segments, but it also depends ositieeof the segments: the longer the segment
is (meaning the higher its molecular weight is) treater the number of repeated unit it
comprises is and therefore [SH]/[oligomer repeat] ras a lower value. This is the case when
comparing entries N°1 and N°4 where the SH funelities are identical and equal to 3; the
numbers of segments are also the same and egBdbtaboth entries, but it was observed that
the corresponding [SH]/[oligomer repeat unit] ratisere different. This is due to the difference
in the length of the segments used for each enhig (ength is revealed by the segments’
molecular weights: 1000 g.mbland 2000 g.mdl for entries N°1 and N°4 respectively). In

conclusion, the same mole ratio of reagents irfekd can give different [SH]/[oligomer repeat
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unit] ratios in the product when the segments ateohthe same size: the longest segments give

the lowest [SH]/[oligomer repeat unit] ratio ande/iversa.

SH functionality and number of segments are twouallyt dependent parameters in this kind of
structures and cannot be investigated separaBylycomparing different entries in the same
polyester segments’ nature (PCL, PLA or PHB), isMieund that the simultaneous increase of
SH functionality and number of segments leadsdeaease of the [SH]/[oligomer repeat unit]
ratio because the increase of the number of segmexst accompanied by a more important
increase of oligomer repeated unit number (one saegimvolves about 8, 12 and 11 repeated
units for PCL, PLA and PHB respectively).

Concerning the SH content in the final productpregsed in mol of SH functions per gram of
product in Table 4, it was found that this paramdeereases when increasing SH functionality
and number of segments meaning that the SH moldecbby mass of product is inversely
proportional to the obtained product’s moleculaesiEntry N°4 shows the effect of the
segment’s molecular weight on the SH content; bymaring it to Entry N°1 it can be seen that
for the same molar ratio of reagents in the feed @nsequently the same SH functionality and
number of segments) different SH contents wereitddia This is due to the difference in
segment’s molecular weights giving two productsihgthe same functionality and the same
number of segments but not the same weight. Resutiserning other entries with different

structures are available in Table 9 (Supportingrimiation).
SEC and DSC Analyses

SEC analysis of the multi-thiol functionalized pedyers gave their number average molecular
weight. For PCL and PLA systems the number averagkecular weights were determined
using a polystyrene standard calibration curvelevior PHB systems a universal calibration
was used. The expected values based on the sesafimulti-thiol functionalized polyesters
were also calculated. The average thiol functidieslisy were determined based on the values of
SH content (from Table 4) and the SEC provided remaverage molecular weiglM,,
according to Equation 5; results are reported ibld& with the corresponding [OH]/[NCO]

ratio for each sample.

fsu= (SH content) M,, )
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TABLE 5 Expected and SEC obtained number average molesalghts of multi-thiol

functionalized polyesters and their average fumetities with [OH]/[NCQO] molar ratio.

Entry [OH)/[NCO] Mn (g.mol™) Average functionality
(mol/mol) Expected Obtained from (mol SH/mol product)
SEC
PCL systems
1 1/1.47 5042 10560 55
2 1/1.53 11574 13100 4.8
3 1/1.55 18107 17610 6.2
PLA systems
5 1/1.47 4651 12500 8.5
6 1/1.53 10664 12780 5.0
7 1/1.55 16492 19295 -

PHB systems

8 1/1.47 4981 5674 3.0
9 1/1.53 11434 13470 5.0
10 1/1.55 17887 16291 5.4

Entry N°4 is different from the other PCL systemghe segments molecular weight; its related

values are available in Table 10 (Supporting Infation) as well as other entries.
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Table 5 shows that both the expected average nateagight and that obtained by SEC
increase when the [OH]/[NCO] molar ratio decreadasthe structure of the synthesized
multi-thiol functionalized polyesters, NCO grougaypthe role of a linkage between the OH
functions of glycerol and those of polyester segmirey also ensure the linkage between the
OH functions of the polyester segment and the, jkbup of 2-Aminothiophenol. In each
case, two NCO functions (of;pMDI) are involved to make a linkage. So in all thieen
structures, the number of NCO groups is higher thabh of OH ones and an increase in the
molecular weight of a product requires an increaaseumber of NCO groups that is more
important than the corresponding increase in nurnb&®H groups; consequently the molar
ratio [OH]/[NCO] decreases. The differences betwt#enexpected molecular weight values
and those determined are more important in the @asmall molecules (entries N°1 and N°5)
due to the used refractive index detector whiclbaster suited to molecules with higher
molecular weight. This effect was not observedha tase of molecules based on PHB
segments because the used detector in this cassoiviee same (UV detector). Consequently
the values of the average SH functionality are nuivergent relatively to those expected in
the case of entries N°1 and N°5, while a good spwadence was observed for the other

entries.

The degree of branchingB in the synthesized structures was calculated douprto the

relation proposed by Howker et al [48] as showeHdunation (6)

__ (number of dendritic units)+(number of terminal units)

DB

(6)

total number of units

The total number of units is the summation of themher of dendritic units, of terminal units
and of linear units. Results are shown in Tabldlte values of the bifunctional segment

(polyester-diol) to glycerol (triol) molar ratio@also shown.

As illustrated in Table 6, the degree of branchagffected by the molar ratio of bifunctional
segment to glycerol, so that the degree of bragctiecreases with the decrease of the cited
ratio. The decrease of the degree of branchingreashen the synthesized molecules grow
and their size increases, knowing that the growtthese structures is accompanied by an
increase of glycerol molar content which is relelyv more marked than the increase of
segment molar content. Then, rising the size of Whenched multi-thiol functionalized

polyesters must be accompanied by a decrease [Habpment]/[glycerol] molar ratio and
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Table 6 The degree of branching according to [segmentj¢fgiol] molar ratio.

Entry [segment]/[glycerol]  Degree of branching

(mol/mol)

PCL systems

1 3/1 1.00

2 2.3/1 0.67

3 2.2/1 0.40
PLA systems

5 3/1 1.00

6 2.3/1 0.67

7 2.2/1 0.40

PHB systems

8 3/1 1.00
9 2.3/1 0.67
10 2.211 0.40

leads to a lowering of the degree of branchincha dbtained structures. Results concerning
other entries are available in Table 11 (Supportirigrmation).

Glass transition temperatures of the synthesizeti-thiol functionalized polyesters were
determined by DSC analysis; the results are regantdable 7.

The degradable segment content in wt.% (calcultittad the formulation of the reactional
mixture giving each product) is also shown in Tahl¢he values concerning other entries are

reported in Table 11 (Supporting Information).

Glass transition behaviors of these polymers dext@d by their structure. For the 3 systems
(PCL, PLA and PHB), the Tg is shifted comparingde constitutive segments Tg which was
-59°C for PCL, 40°C for PLA and 0°C for PHB segngert can be supposed that when a
polyester content increases in a structure, theofTthe last tends to reach the Tg of the
polyester, this was not the case and the effectimassed for PCL and PLA systems as
shown in Table 7. This opposite phenomenon is duthé existence of another parameter
which plays an important role in the modificatiointiee Tg; Xiang Luo and co-workers [49]

studied the relationship between the degree ofdbiag and glass transition temperature of
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branched polyethylene and it was found that Tdgsicantly affected by th®B, so for the
synthesized branched multi-thiol functionalized yestkers, the Tg is subjected to two

simultaneous effects: the polyester segment coatahthe degree of branching.

Table 7 Biodegradable segment content and glass transémperatures of multi-thiol functionalized

polyesters
Entry degradable segment Tg of the obtained
content (wt%)f polyesters (°C)

PCL systems

1 58.06 -26.9

2 56.28 -49.2

3 55.80 -56.1
PLA systems

5 54.17 17.3

6 52.35 23.9

7 51.81 34.5
PHB systems

8 57.11 3

9 55.32 0.8

10 54.83 1.8

The synthesized multi-thiol functionalized polyestevere composed predominantly of
biodegradable segments. As shown in this partemdifft structures were designed and used
for the syntheses of multi-thiol functionalized yedters. By adapting these different
formulas, we obtained materials based on biodegtadpolymers with different thiol
functionalities (F=3-7), different molecular weightrom 5000 to 18000 g/mol for PCL, 4600
to 16500 g.mot for PLA and 4900 to 17900 g.nmibfor PHB) and different glass transition

temperatures.

These functional polymers can be used in severlicapions, among which grafting of
polyadducts by chain transfer reactions to thiaugs during radical polymerization. This

aspect will be developed in the following part loé tvork.
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II.4. CONCLUSION

Biodegradable based polyesters bearing reactivéi thidl groups were synthesized. These
degradable polyester-segmented polymers were staacby molecular design and verified
by *HNMR, SEC, DSC and chemical titration. Model reas were carried out and resulted
to the confirmation of the priority of amino grouge react with isocyanate. The
characterizations indicate that these polymers mmlass, glass transition temperature and
average thiol functionality can be altered by atipgs the biodegradable segment’s

compositions and [NCO] / [OH] mole ratios.
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[1.6. SUPPORTING INFORMATION

TABLE 8 Synthesis characteristics of multi-thiol functibraed polyesters based on PCL,
PLA andPHBsegments.

Entry  Expected Degradable segment Segment Mole ratios of the reagents

thiol number in the molecular

N° H;,MDI/glyceroldegradable segméataminothiophenol
functionality ~ expected structure weight (g.mot") 2 gy d J I P

PCL systems

11 3 1 1000 44113
12 3 2 1000 58/2/3
13 3 3 4000 6/8/3/3
PLA systems
14 3 1 870 44713
15 3 2 870 5.8/2/3
16 3 3 530 6.8/3/3
17 3 3 1680 6.6/1/3/3

PHB systems

18 3 1 980 4A/13
19 3 2 980 5.8/2/3
20 3 3 1510 6.4/3/3
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TABLE 9 Thiol content in the multi-thiol functionalized RB®LA/PHB polyesters.

[SH]/[oligomer repeat unit] SH contentx19(mol / g of product)
(mol/mol)
Entry N° Expected Calculated by Expected Determined by Ellman’s
HNMR method (+0.043)
PCL systems
11 1/2.6 1/2.6 1.19 1.21
12 1/5.2 1/5.9 0.79 0.61
13 1/34.1 1/34.5 0.21 0.26
PLA systems
14 1/3.5 1/3.6 1.2 0.99
15 1/7.1 1/7.8 0.81 0.72
16 1/6.2 1/6.1 0.78 0.53
17 1/22.1 1/19.1 0.41 0.68
PHB systems
18 1/3.5 1/3.1 1.15 1.16
19 1/6.9 1/7.8 0.77 0.74
20 1/16.1 1/16.0 0.45 -
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TABLE 10 Expected and SEC obtained molecular weight of ifttulbl functionalized

polyesters and their average functionalities widiH]/[NCO] molar ratio.

Entry [OH]J/[NCO] Mn (g.mol*) Average functionality
(mol/mol) Expected Obtained from (mol SH/mol product)
SEC
PCL systems
4 1/1.47 8042 17400 6.1
11 1/1.76 2516 9200 111
12 1/1.57 3780 9740 5.9
13 1/1.47 14042 33800 8.8
PLA systems
14 1/1.76 2387 6450 6.4
15 1/1.22 3519 10310 7.4
16 1/1.47 3632 11079 5.9
17 1/1.47 7082 18930 12.9
PHB systems
18 1/1.76 2497 5141 6.0
19 1/1.22 3739 5300 3.9
20 1/1.47 6572 6291 -
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Tablell Glass transition temperatures of the multi-thiohdtionalized polyesters, their

degree of branching, degradable segment conter{sagchent]/[glycerol] molar ratio.

Entry [segment]/[glycerol] Degree of branching Degradable segment Tg of the obtained

content (wt.%) polyester (°C)
(mol/mol)
PCL systems
4 3/1 1 73.13 -30.2
11 1/1 1 40.48 -24.9
12 2/1 1 53.71 -27.4
13 3/1 1 84.48 -31.6
PLA systems
14 1/1 1 34.78 14.0
15 2/1 1 47.50 17.6
16 3/1 1 42.22 9.5
17 3/1 1 69.62 35.9
PHB systems
18 1/1 1 37.59 8.3
19 2/1 1 50.55 6.0
120 3/1 1 66.61 14
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I1.7. ABSTRACT

Biodegradable-based multi-thiol functionalized polyesters were synthesized using PLA, PHB
and PCL hydroxyl telechelic segments. The structures of these polyesters were designed to
endow oligomers with different segment compositions and thiol functionalities. Thiol
functionalities between 3 and 7 corresponding to 0.25-1.2 x 10 mol SH per gram of product
were obtained. Model reactions were carried out before the synthesis of the functionalized
polymers. Multi-isocyanate functionalized polymers were first prepared. Then, by reaction
with 2-Aminothiophenol, multi-thiol functionalized polymers were selectively prepared. The
products were characterized by spectroscopy and titrated to confirm the expected structures.
The effects in the different reactions of stoichiometric parameters on the structure, molar

mass, thiol functionality and glass transition temperature of these polymers were evaluated.

KEYWORDS: functionalization of polymers, biodegradable, polyesters, synthesis, designed

polymers, thiol functionalization.

GRAPHICAL ABSTRACT
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Chapitre 11l

GREFFAGE DE MONOMERES (METH)ACRYLIQUES SUR LES
POLYMERES BRANCHES MULTI-THIOLES

Les structures macromoléculaires obtenues danbkdpitce précédent offrent la possibilité
pour un large choix de modifications grace a las@née des fonctions thiols pendantes dans
leurs structures, cette grande réactivité serao@gpl dans ce chapitre pour greffer des
monomeres acryliques et méthacryliques sur lesnpaigs multi-thiolés via la réaction thiol-

ene radicalaire.

Les monomeéres utilisés sont dotés de groupementsoaiams quaternaires, ces derniers
sont connus pour leurs propriétés biologiquesuteultime est donc d’obtenir des polyméres
portant des groupements ammoniums quaternairesiades structures multithiolées.

Le greffage a été réalisé par voie radicalaire,rdastions modeles ont été d’abord conduites
avec les differents monomeres en utilisant le théowl comme composé thiolé modéle
portant un seul groupement thiol, montrant queditoin des monomeres en question sur la
fonction thiol peut se faire avec différentes vadede DPn, ce dernier étant contrélable par le
rapport stcechiométrique thiol/éne. Ces mémes odmctont été ensuite réalisées sur les

polyméres multi-thiolés branchés avec difféerentews de DPn.

Les produits obtenus suite aux réactions modeles gu’au greffage sur les polyméres ont
éte caractérisés par RMN, SEC, DSC et ATG. Lestigmés des réactions thiol-ene ont été

suivies par RMN et leurs constantes de transfdarétndéterminées.

Les travaux décrits dans cette partie ont permobtdhir des polymeres a base de segments
de PLA, PCL et PHB, dont les structures sont bréesh et portant des groupements
ammoniums quaternaires pendants, la teneur enecagers est ajustable en agissant sur le
rapport staechiométrique thiol/ene durant 'additranlicalaire. Les polymeéres portant des
groupements ammoniums sont potentiellement utiksatlans des applications biologiques,

cet aspect sera traité dans les chapitres suivants.
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[1l.1. Introduction

The reaction between thiol and carbon-carbon doodels, or “enes”, and its high efficiency
were mentioned for the first time in 1905 [1]. @dll‘thiol-ene” reactions, they have gained a
great interest in various fields. By carrying numes characteristics of “click” reactions
defined by Sharpless and co-workers [2,3] such aslutarity, quantitative yields, no
requirement of high concentration of catalyst, befmst either in bulk or in solution and not
considerably sensitive to oxygen inhibition, thesactions were considered as belonging to
the “click chemistry” [4,5] and represent an eféici tool for polymer functionalization [6],
end group modification [7], controlled network fanmg [8,9], dendrimer synthesis [10],
crosslinking [11jand polymer surface modification [12]. Thiol-ene&klreactions were much
used in the synthesis of telomers with controllenlymerization degrees [13,14]. The
monomers having pendant carbon-carbon double bendh,as acrylic and methacrylic ones,
can be added to the thiol group either by (i) baseucleophile catalyzed Thiol-Michael ionic
addition mechanism [15,1@)r by (ii) anti-Markovnikov free radical additiori7,18]. The
thiol-ene radical addition can be photoinitiate8-1]or carried out in the presence of a free
radical initiator such as 2Z;Azobisisobutyrronitrile (AIBN) [22-24]. Thiol-eneradical
polyaddition generally leds to telomers with instheg characteristics and favorable material
properties [25]. Among acrylic and methacrylic moress likely to be thiol-ene added, those
including a quaternary ammonium group in their cuite are taking a great interest in
polymer synthesis due to numerous biological andntgbal properties which they may

possess or which can be acquired through theimparization. The presence of a quaternary
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ammonium group in the structure of these monomemssghem efficient antibacterial [26-
29], antimicrobial [30,31hnd fungicide [32,33&ctivities; they are also used as surfactants
[34,35] and known as phase transfer catalysts 736,8h a previous study [38],
polyurethaneimide block copolymers containing queey ammonium groups were
synthesized with easily controlled polymer struetuand their functional group contents, the
resulted materials showed a good film-forming cbi@ma In a more recent study [39], a
poly(arylene ether sulfone) ionomer was synthesizbts material was endowed with
controlled amount and location on the polymer chainpendant quaternary ammonium
groups, which is potentially useful for elaboratioh fuel cell membranes. Water soluble
polymers based on quaternary ammonium monomers syetbesized and patented; a patent
[40] was published describing the invention of &ng@olymers with high molecular weight
having a linear chain of repeating rings with quaéey ammonium groups.

RAFT polymerization is widely used as a method yotisesize polyquaterniums based on
monomers having pendant enes. This method wasinsedecent work [41] to synthesize a
poly(styrene)-b-poly(methacryloxyethyltrimethyl ammum iodide) diblock polymer.

In this study PLA, PCL and PHB multi-thiol functialized polymers were prepared similarly
to our previous work [42] using a facile and orairmethod and giving potentially
biodegradable materials with controlled design high thiol functionality. These polymers
should be active in thiol-ene radical addition e¥eral double-bond bearing monomers. It is
well known that these reactions are efficient aodtiollable in the case of small thiol
functionalized molecules, giving telomers, but haoabout the case of multi-thiol
functionalized polymers? This work describes the &spects.

Thiol-ene radical addition reactions were firstreat out using small thiol compound, then
reactions of thiol functions of PLA, PCL and PHB Iiithiol functionalized polymers were
performed. The used monomers were bearing eithaequary ammonium groups, for their
biological activities, or methyl methacrylate (MMAQ improve the processability [43] or
hydroxyethyl methacrylate (HEMA) to control hydroltihydrophobic balance [44]. The
obtained products were characterizediyNMR, SEC, DSC and TGA analyses.

l1l.2. Experimental

2.1. Materials

[2-(Acryloyloxy)ethyl]trimethylammonium chloride @CI) and [2-
(methacryloyloxy)ethyl]trimethylammonium chloride MADCI) were the quaternary
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ammonium active monomers. They were purchased w=oag solution of 80 wt.%, checked
by thermogravimetric analysis and their structurese confirmed byH-NMR. Two other
monomers were used: methyl methacrylate (MMA) antly@oxyethyl methacrylate
(HEMA). These four monomers, thiophenol, 2,2-azgbimethyl-propionitril) (AIBN),
tetrahydrofuran (THF) and ethanol were purchasewh f6igma Aldrich.

Deuterated dimethylsulfoxide (DMSO-d or (§E50), purchased from Euriso-top, and water
(D,0), purchased from Aldrich, were used as solvemt¥-NMR analysis.

Multi-thiol ~ functionalized polylactic acid (PLA), gycaprolactone (PCL) and
polyhydroxybutyrate (PHB) having different designedructures and different thiol
functionalities were synthesized according to thethod described in our previous wtk
Scheme 1 (Supporting Information) shows, as an pl@nwo structures with three or seven

biodegradable polymer arms and respectively thréeethiol functions.

2.2. Nomenclature

SH: refers to thiol function.

A: number of arms in the branched structure.

F: the thiol functionality (number of thiol groupsthe mutli-thiol functionalized polymer)
g: refers to “grafted”.

Examples

PLA-SH A3 F3 = multi-thiol functionalized PLA witB arms and 3 thiol functions.
PLAQAD = PLA grafted with ADCI, having 3 arms arfdré¢e thiol functions.
PCL-SH Al F3 = multi-thiol functionalized PCL hagri arm and 3 thiol functions.
PCLgMAD A1 F3 = PCL grafted with MADCI, having 1rarand 3 thiol functions.
PHB-SH A7 F5 = multi-thiol functionalized PHB, hag 7 arms and 5 functions.
PHBgAD A7 F5 = PHB grafted with ADCI, having 7 armsd 5 functions.

2.3. Instrumentation

'H-NMR analyses

'H-NMR analyses were performed with a BRUKER Advankespectrometer, 250 MHz
frequency. 30 mg of each product were dissolvefl mm diameter tubes using the suitable
solvent ((CR),SO or BO). Tetramethylsilane was used as internal referestcO ppm.

Analysis temperature was 300 K with 128 scans.
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Thermal gravimetric analyses (TGA)

For TGA, METTLER TOLEDO TGA/DSC 1 STARSystem was used, it was provided with
a micro-balance. Each sample (8-15 mg) was intredluic a 100 pL aluminum crucible and
underwent a temperature sweep from 25 to 600°C avhikating rate of 10°C nitnSamples

were dried under vacuum at 40°C during 48 hourereef GA analysis.
Differential scanning calorimetry (DSC)

DSC analyses of the materials before and aftetiggafvere achieved with a Q10 calorimeter
from TA Instruments. Samples, with weight rangingni 2 to 3 mg were put into hermetic
aluminum pans and underwent two series of heatidgcaoling between -80 and 200°C. The
rate of cooling/heating was 10°C/min. Glass tramsitemperature was collected from the

second heating ramp by identifying the inflectiainp.
Size exclusion chromatography (SEC)

SEC analyses were carried out using a Malvern WescblT GPC 350 system equipped with
Refractive Index (RI) and Viscometer detectors. F8\M columns with a range of 100 to
1000000 g/mol were used and the products werecehtddMSO at 80°C. Molecular weights
were calculated referring to a universal calibmatibased on polymethyl methacrylate
(PMMA) standards.

2.4. Model thiol-ene reactions

Model thiol-ene additions of acrylic (ADCI) and rhatrylic (MADCI, MMA ,HEMA)

monomers were conducted with

[SH]o

Ro = 1c=cs

=1and 0.2 (1)

[SH]o is the concentration of thiol functions and [Cz@)e monomer concentration at the
initial time.

The reaction between thiophenol and ADCI wih= 1 is given as an example to detail the
procedure: 1.3912 g of thiophenol (0.013 mol) wadissolved in 7.5 mL ethanol and 3.0261 g
ADCI 80 wt.% (0.013 mol) were dissolved in the saameount of ethanol. A 25 ml Schlenk
tube with a magnetic stirring was used. The twatsmhs were introduced in the tube and
mixed until homogenization. Then 0.011 g of AIBNAIBN]/[monomer]=5.10°) were
added. The reactor was purged by a nitrogen flosvianmersed in an oil bath at 70°C for 8
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hours. The solution was then dried using a rotargperator, the remaining solvent was
removed under vacuum in an oven{¥mHg, 40°C) until constant weight.

All the model reactions conditions are reportedatle 1.

Table 1 Model reaction conditions

Thiophenol Monomer AIBN
Monomer Ro Solvent
(¢)) (¢)) @)
MMA 1 1.391 1.264
0.2 0.348 1.264 THF
HEMA 1 1.391 1.677 10 ml
0.2 0.348 1.677
0.011
ADC 1 1.391 2.420*
0.2 0.348 2420+ FEthanol
1 1.391 2.596*
MADCI 15 ml
0.2 0.348 2.596*

*Masse corresponding to the pure product, it coist@0 wt% water.

2.5. Thiol-ene reactions using multi-thiol functadized PLA, PCL and PHB

For the thiol-ene addition of the monomers on mhiiol functionalized PLA, PCL and PHB,
two values of R (equation 1) were chosen for each monomer. An pi@moncerning the
addition of MADCI on the three-thiol functionaliz€tL A including three biodegradable arms
with Ry=0.25 is given: in a 25 mL Schlenk tube equippeth\wi nitrogen flow, 0.2 g of the
PLA ( 8.268 x10 mol of thiol groups) were dissolved in 15 mL 06@/50 vol. mixture of
THF/ethanol, then 0.086 g of MADCI (80 wt.% in widtevere added. The reaction mixture
was stirred until homogenization, then 5¥1§ of AIBN were added. The system was
immersed in an oil bath at 70°C with magnetic stgrfor 12 hours. After reaction, the
solution was dried using a rotary evaporator. Témaining solvent was removed under
vacuum in an oven (10mmHg, 40°C) until constant weight. The product wen analyzed

via 'H-NMR. Reaction conditions for equivalent reactiams listed in Table 2.
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2.6. Reactions’ kinetics monitoring and determioatof transfer constants

The conversions of both thiol functions and mon@weere monitored during the thiol-ene
addition in the case of a model reaction and tie-#ne addition of the cited monomers on a

multi-thiol functionalized PLA.

As model reaction, thiol-ene addition of ADCI onajphenol is given as example: 8.473 g of
ADCI (0.035 mol) and 0.779 g of thiophenol (0.00@ljnwere dissolved in a 50 mL round-
bottom two-necked flask by means of 25 mL of DMS@sdsolvent; AIBN (0.03 g) was used
as initiator. In these proportions, the initialalne ratio wasr, = 0.2. The flask was first
purged using a nitrogen flow pipe and the reactias carried out at 70°C using an oil bath
with magnetic stirring. 5 mm diameter H-NMR tubesr& previously prepared and contained
0.65 mL of DMSO-d6. Along the reaction, sample®af5 uL were taken from the reaction
mixture at different times and introduced in thepared H-NMR tubes that were quickly
shacked and immersed in an ice/water bath at O°@etxe the reaction. The DMSO-d
volume in the H-NMR tubes and the sample one wetdosobtain a concentration of about
30 mg.mL* in the H-NMR tubes (recommended value for the yses). After that, the
collected samples were analyzed to determine tioé dihd monomer conversions enabling

the calculation of the transfer constant.
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Table 2 Conditions of thiol-ene addition on multi-mercajioctionalized polymers

Structure (number of Segment R Monomer (g)
arms and functionality) Nature ° ADCI MADCI MMA HEMA
1 0.047 0.050 - -
PLA
0.25 0.186 0.200 0.097 0.129
Al F3 PCL 0.25 - - 0.097 0.128
1 0.034 0.036 - -
PHB
0.25 0.134 0.144 - -
1 0.016 0.017 - -
A3 F3 PLA
0.25 0.064 0.069 - -
1 0.038 0.041 - -
PCL
A7 F5 0.25 0.153 0.164 - -
PUB 1 0.023 0.025 - -
0.25 0.094 0.100 0.033 0.043

ADCI and MADCI additions were done in a 50/50 voixture of THF/Ethanol, while THF was used as sotve
in the case of MMA and HEMA.

Concerning thiol-ene addition on the multi-thiohtionalized PLA, the four monomers were
investigated. The latter was constituted of fivmsof 1100 g.mé! and endowed four thiol
functions. The multi-thiol functionalized PLA (3.5uocluding 1.6x1G mol of thiol functions)
was dissolved in a 50 mL round-bottom two-neckesklusing 25 mL of DMSO-d, then
8x10° mol of the monomer were added (ADCI: 1.550g, MADCI662g, MMA: 0.801g,
HEMA: 1.041g). In these proportions, the initialiallene mol ratio wask, = 0.2. The
initiator was AIBN (7x1('g). The reaction was carried out under nitrogenoaphere at
70°C in an oil bath. Samples of Ju5were taken from the reaction mixture at differentes

of reaction and directly introduced in previoushgpared H-NMR tubes (containing 0.65 mL
of DMSO-d) before being quickly shacked and immergean ice/water bath to freeze the
reaction. ThertH-NMR spectra of the samples were collected andctiverersions of both
thiol functions and monomers were calculated. Tbioed values were used to determine

the transfer constant of each monomer on the rthitil-functionalized PLA.
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[11.3. Results and discussion

3.1. Thiol-ene model reactions: thiophenol addition
3.1.1. Synthesis and structure analyses
Thiophenol was chosen for additions on ADCIl, MAD®IMA and HEMA (supplementary

information S-2)

The products were analyzed after removing solveansl the conversions and the
polymerization degrees (RPwere determined byH-NMR. The oligomers of ADCI and
MADCI were analyzed in BD; those of MMA and HEMA in DMSO-d. Spectra of the
obtained oligomers as well as the peaks attribatiare shown in Figure 1 for ADCI and
MADCI and supplementary information S-6 and S-7H&MA and MMA respectively. The
peaks of protons located on ortho “0”, meta “m” grata “p” positions in thiophenol were

used to titrate it and observe its related shifts.
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Figure 1 'H-NMR spectra of model reactions obtained oligométy SH-ADCI(R=1), (2)
SH-ADCI(R0=0.2), (3) SH-MADCI(B=1), (4) SH-MADCI(R=0.2). In DO, 400MHz,
300K.
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Thiophenol conversionCpnv gy) was calculated by integrating unreacted proton pesaid
comparing them to the reacted ones; for examplar&ig@ shows this calculation in the case
of SH-HEMA oligomer withR, = 1. We can see the remaining ortho located protofis “o
peak at 7.50-7.55 ppm (unreacted thiophenol) ameéva peak appeared at 7.15-7.25 ppm
corresponding to the reacted thiophenol para ldcateton “g’. Denoted by A and Ay, the
peaks areas of “0” and "pprotons respectively, thiophenol conversion canelpressed by
equation (2)

Z'Ap[
2:Apr+4,

(2)

Convgy =

!

(a) i

i

i

i

[

P

i

i
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i
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Figure 2 *H-NMR spectra of (a) thiophenol and (b) SH-HEMR (= 1) model reaction
product. From 7.1 to 7.6 ppm. 300k. 400 MHz. Sh@ahmophenol conversion calculation.

For monomer conversiorCénv .—.), the remaining amount was reflected by doubledbon
proton peaks: these two protons show two sepanage#ts; MADCI: 6.15 and 5.76 ppm,
ADCI: 6.44 and 6.05 ppm (each one is split into paots), another peak is exploitable for
ADCI, it appears at 6.23 ppm and corresponds tddtteary carbon proton; MMA: 6.02 and
5.67 ppm; HEMA: 6.06 and 5.67 ppm. As it can bensee Figure 1 (1) and (2), there is no
trace of unreacted double bond protons. This maawns$al consumption of ADCI. However,
these peaks appear in SH-MAD® ( = 1) spectra (Figure 1, spectra (3) and (4)) but with

very small amplitude, so there is a very high comstion of MADCI (conversion values are
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in Table 3). Concerning MMA and HEMA (Figure 6, $upting Information), double bond
proton peaks are more marked in the model prodspectra especially in the case of HEMA
(“g”). This reveals a lower monomer conversion cangol to ADCI and MADCI. These
unreacted monomer peaks were compared, where ateoo peaks of reacted monomer
protons, except for SH-ADCI oligomers (total congdion). For SH-MADCI oligomers “fi
and “” peaks which also contain “h” and “i” peaks of aacted monomers were chosen. For
SH-MMA oligomers, the “rfi peak was used (it includes unreacted “m” proteak). For
SH-HEMA oligomers, the “s” (unreacted) and”“&reacted) methylene protons peaks were
exploited.

Once the conversions of thiophenol and monomere wealculated, a first approximation of
the DR, of the model products could be given accordingdgoation (3)

DPn _ [c=c]o*Conv ¢c=¢ (3)

[SH]pConv sy

Where [C=C} and [SH} are the mole concentration of respectively the onwer and
thiophenol in the reaction mixture at the initiahé.

This preliminary evaluation was confirmed by stindy the structure of the obtained
oligomers by*H-NMR as follows:

For the SH-ADCI oligomer witl® , = 1 (Figure 1, spectrum (1)), the calculation was doye
comparing the peak denoted "“pcorresponding to the para-located proton in re@ct
thiophenol (at 7.3 ppm) with the methylene protpesak “¢’ of reacted ADCI at 4.44 ppm.
The same result was obtained when the fitethylene protons peak was exploited instead of
“c™. In the case of the SH-ADCI oligomer with, = 0.2 (Figure 1, spectrum (2)), theP,,
was calculated by dividing the "cpeak area at 4.40-4.64 ppm (corresponding to the
methylene reacted protons of ADCI) by theé"“peak area at 7.3 ppm corresponding to the
reacted thiophenol para-located proton. For SH-MA®R@h R, =1 (Figure 1, spectrum
(3)), all the peaks were exploitable and gave coyerg values, the ratio between théeé”“p
proton peak area at 7.3 ppm and th& tme at 4.35 ppm (corresponding to the methylene
protons peak) was calculated. An equivalent calmrgrocedure was used for SH-MADCI
with R, = 0.2 to work out theDP,, (Figure 1, spectrum (4)) in which the™mroton peak
was compared to the "tone at 4.27-4.65 ppm.

Thiophenol and monomer conversions with the deteethDP,, values are summarized in
Table 3.
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Table 3 Model reaction results concerning the conversminthiol functions and monomers
when those react with thiophenol, conversion-ba®dt}, evaluation and its'H-NMR

confirmed values according to the product structure

DP,, preliminary DP,, confirmed

Expected evaluation byH-NMR by *H-NMR
Monomer R Convgy Conv._
DP,* determined analyzing
conversions. structure.
ADCI 1 1 0.99 1 1.0 11
0.2 5 1 1 5.0 5.4
MADCI 1 1 1 1 1.0 1.0
0.2 5 0.98 0.99 5.1 4.5
MMA 1 1 0.87 0.97 11 11
0.2 5 0.88 0.95 5.4 4.8
HEMA 1 1 0.96 0.93 1.0 1.1
0.2 5 0.98 0.92 4.7 5.2

*This value of DR is expected fo€onvsy = Conve-c = 1.

From Table 3, high monomer conversion rates wetaiodd, especially in the case of
guaternary ammonium monomers (ADCI and MADCI) thiasent a higher conversion than
MMA and HEMA. The transfer agent (thiophenol) corsien rate is also higher in the case
of quaternary ammonium monomers.

When the expectedP, values were compared to those calculated from'Hhé&IMR
evaluation of monomers and thiophenol conversiangpod agreement was found. This was
also the case when the expecis), values were compared to those determinetHb)MR
analysis of the model molecules’ structures. Thisans firstly that theDP, values
determined experimentally are in accordance witd theoretically expected ones and

secondly that the two methods are consistent arelegjuivalent results.

3.1.2. Chain transfer constant determination

Chain transfer constant. was determined using the equation (4) [20]

a

log (1 - DPnRO) =Crlog(1—a) 4)

Where« is the monomer conversion.
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Thus, by plottindog(1 — ﬁ) versuslog(1 — a), Cr can be calculated as shown in Figure
nto
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Figure 3 C; determination during thiol-ene reaction of ADClhRvthiophenol (70°C).

Cr of thiophenol to ADCI at 70°C was 1.44; the trend line shows dydinearity with a
correlation coefficient of 0.985. This value ©f is coherent with those cited in literature for

reactions of thiols and acrylate functions.

3.2. Thiol-ene grafting reactions on multi-thiohfttionalized polymers:

3.2.1. Synthesis and structure analyses

Thiol-ene radical additions of ADCI, MADCI, MMA andHEMA on multi-thiol
functionalized PLA, PCL and PHB were carried ou¢aBtion conditions were specified in
Table 2. An example with a three-thiol functiona¢olymer is illustrated in Supplementary
Information S-4.

The products were analyzed Hy-NMR. The monomer and thiol groups conversionsewer
calculated, thus giving the evaluation®, according to equation (3). Examples of thiol and

monomer conversion determination #+NMR are given in the following paragraphs.

3.2.1.1. SH conversion
For thiol conversion, the aromatic ortho protont@yard the SH at 6.53 ppm is deshielded
when thiol-ene reaction occurs givind)(geak (Figure 4.1). The SH conversion becomes

Convgy = Zi;, (5)
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(a)

3.2.1.2. Monomers conversion

As example, Figure 4.2 shows ADCI con

version determination by comparing the “b” residgabton peak at 6.23 ppm to total
corresponding —O-CH protons peak (“c’+“€) at 4.29-4.74 ppm. Equation 6 was used to

this calculation

c+c'-2b

Conv =
'ADCl ctor

, 0
[ c ‘[/ @2) ~ (oA SH “.1)

a b a ﬂ\/\v/\/ o g P ‘ / NH[{,}\Z
1 T A

WL !
o N’%L

65 60 55 50 45 [ppm]

Figure 4 'H-NMR spectra in DMSO at 300k, 400 MHz, @f.1) the PLA-based polymer
(three arms, three thiol functions) from 6.4 to @in, (a) before thiol-ene addition, (b) after
addition of ADCI, showing the calculation of thigtoup conversion an@.2) (a) ADCI , (b)
PHB-based polymer (seven arms, five thiol functjobefore adding ADCI and (c) after

addition, from 4.1 to 6.7 ppm.

The determination of conversions of the other moaxesnMADCI, MMA and HEMA) is
described in Supporting Information (S-5, S-6 and) &s well as the spectra of the other
products (S-8).

Both monomers and SH conversions values are repiorf€able 4.
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Table 4 Results of monomers thiol-ene addition on muliditfunctionalized polymers.

Segment Determined Expected
Structure Ry Monomer Conw-c Conwky
nature DP, DP,
ADCI 0.89 0.64 1.4 1
MADCI 0.85 0.84 1.0 1
ADCI 0.97 0.63 6.2 4
PLA
MADCI 0.84 0.97 35 4
0.25
MMA 0.91 70.1 5.1 4
HEMA 0.69 0.77 3.5 4
Al F3
MMA 0.98 0.77 51 4
PCL 0.25
HEMA 0.78 0.83 3.7 4
1 ADCI 0.86 0.68 1.3 1
MADCI 0.76 0.78 1.0 1
PHB
ADCI 0.96 0.73 53 4
0.25
MADCI 0.77 0.83 3.7 4
1 ADCI 0.97 0.92 1.1 1
MADCI 0.90 0.96 1.0 1
A3 F3 PLA
ADCI 0.95 0.76 5.0 4
0.25
MADCI 0.93 0.83 45 4
L ADCI 1.00 0.82 1.2 1
MADCI 0.82 0.90 53 1
PCL
ADCI 0.96 0.78 49 4
0.25
MADCI 0.77 0.93 3.3 4
ADCI 1.00 0.80 1.3 1
A7 F5 1
MADCI 0.72 0.89 1.0 1
ADCI 0.89 0.72 49 4
PHB
MADCI 0.70 0.90 3.1 4
0.25
MMA 1.00 0.81 4.9 4
HEMA 0.85 0.90 3.8 4
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As shown in Table 4, the maximum conversions of namoers are variable, (from 0.70 to
1.00). This is probably due to Dead-End Polymeiozraf45,46](Equation 10) .

In(1 — Conv_¢) = —2k, (li[l_id) (10)
The dead end conversion depends not only on thiatoris initial concentratiori/], but also
on other parameters that change with the used mentm andk,) and the initiatorK;) as
well as the initiator’s efficiency.

All these parameters and constants change withgee reaction composition and conditions;
the dead end reaction occurs at different convessitis is what was actually obtained in the
experiments reported above.

The used multi-thiol functionalized polymers wefcgent in thiol-ene radical addition of the
monomers. The structures of the obtained produstfoomed to the expected ones.

Is it possible to conduct thiol-ene reactions ugingse multi-thiol functionalized polymers

with acrylate monomers and to obtain either monexidor longer chains with controlled
DP..

3.2.2. Chain transfer constants to multi-thiol ftionalized polymers

Chain transfer constants of the four monomers (ADAADCI, MMA and HEMA) were also
determined. Figure 5 shows the plots correspondmghe thiol-ene addition of these
monomers on the multi-thiol functionalized PLA.

As shown on Figure 5, good correlations were oletdithe calculated values 6f and the
linear correlation coefficienR?of each plot are noted on Figure 5. The kinetic iaoimg
allowed the chain transfer constants determinafitye. reactions of multi-thiol functionalized

polymers were kinetically controlled just as whemadl thiols were used.
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Figure 5 Chain transfer constant determination for the meozation of ADCI, MADCI,
MMA and HEMA by using the multi-thiol functionalizePLA at 70°C.

3.2.3. Thermal properties

Glass transition temperaturesgfTof the products before and after thiol-ene gnaftivere

determined by DSC, the thermal degradation tempexafly) was determined by TGA.

Figure 6 shows some examples of the obtained sgsnilher values are in Supplementary

Information S-9

(A) ——PLA-SHA3F3  --- PCL-SH A3 F3 (B)
— PLAgAD A3F3  --- PCLgAD A3 F3 PLA-SH A3 F3
PLAgMAD A3 F3 ---PCLgMAD A3 F3 1189 ———— PLAZADA3F3
————— PLAgMADA3F3
“““ —173 1186 PHB-SH A7 F5
T e — —_— PHBgAD A7 F5
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Figure 6 (A): Examples of DSC curves showing tevalues before and after grafting, (B)
examples of TGA curves showing the Variations due to grafting monomers on the multi-

thiol functionalized polymers.
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As shown on figure 6 (A), the glass transition temapure of the materials increases due to
grafting the monomers, many studies [47-49] ingatéd the effect of crosslinking density on
the Ty of the polymer and concluded that the Tg incredsesncreasing the crosslinking
density. In our case, by grafting monomers on tiet @ains of the branched structures, the
crosslinking density increases according to thectiire of the polymer, so it is obvious that
the Ty of these materials increases after grafting monsn@n another side, thg fiepends
on the nature of the pendent groups in the brandtecture [49], so due to grafting
monomers with quaternary ammonium sites, the pendesups, that were thiol groups,
change the chemical and physical properties, hémee€ly is affected. Concerning thermal
degradation, as we can see on figure 6 (B), th@eeature of thermal degradation decreases
after grafting monomers. The values qf dre still acceptable for eventual applications in

molten phase.

3.2.4. SEC results

The reaction is kinetically controlled since thansfer constant was calculated for small
model reactants and also multi-functional polymegsjuivalent transfer constants were
obtained. This shows that the molar mass has mztefin the kinetic and that reactions are
not diffusion controlled but kinetically controlledhe products seemed only soluble in
DMSO. The SEC analysis in DMSO at 80°C requires, dactical reasons, a complete

solubility of the products for at least 3 to 4 hmuEven if the majority of the products were

soluble at the beginning, a partial precipitatioaswobserved for some products at longer
time. This is due to inter molecular physical link&éore detailed analysis of these interactions
was made using rheological study and their resultfe soon published. For this reason we
consider that the SEC results are not reliabley #re given in supplementary information

S10 as indicative values. ActuallyH-NMR is the more reliable technique for the

characterization of the products obtained in thislg
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[11.4. Conclusion

Active monomers having pendant double bonds weaftegt on multi-thiol functionalized
polyesters. These polymers were based on bioddgedagments of PLA, PCL or PHB with
different thiol functionalities and segment numb&wsnple model thiol-ene addition reactions
were first conducted using thiophenol as a trarsf@ent bearing thiol function and permitted,
by 'H-NMR analysis, to confirm the addition of the usembnomers with different
polymerization degree@,,) that can be controlled by thiol/ene proportionghe reaction
mixture. The conversion rate values of monomers taanisfer agent were relatively high
(total conversion in some cases) and the experatigndeterminedDP,, values were in
accordance with the expected ones. In a secondthasge reactions were conducted to add
the monomers on thiol groups of multi-thiol functédized polyesters with differedP,,
values. The efficiency of this method was notechidot model reactions and for grafting on
multi-thiol functionalized polymers. The determiat of chain transfer constants showed
values comparable between different systems arse ¢tothe value obtained with the model
reactionsH-NMR results confirmed the ability to control thparameter and make polymers
bearing desired amounts of active principles. Tlacharacterizations showed an increase of
the glass transition temperature and a decreadeedhermal degradation temperature of the
materials after grafting the active monomers. Iditah to the fact that they are based on
biodegradable segments, these materials can hageeat interest in smart polymer
elaboration, their biodegradability and biologigabperties (antibacterial, antimicrobial and

fungicidal activities) are under study.
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[11.6. SUPPLEMENTARY INFORMATION

@
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*Linkages obtained using a diisocyanate compounti:Methylenebis(cyclohexyl isocyanate), commonly dote
H.,MDI.
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S-1. Examples of structures of multi-thiol function&d materials. (a): Schematic

representation of multi-thiol functionalized poly@sstructures with 3 arms 3 functions (left)

R
_ABN / /\
S——cH,——-H
70 C,N, >:“
0
\
Rl

. H for acrylic or CH; for methacrylic monomers.

R': -CH; in MMA.
-CHQ-CHQ-OH in HEMA.,
-CH,-CH,-N(CH3);",CI" in ADCI and MADCI

and 7 arms 5 functions (right). (b): Detailed stowe of the one with 3 arms 3 functions

S-2.Thiol-ene model reactions.
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S-3. 'H-NMR spectra of model reactions obtained oligomels) SH:MMA=1:1, (2)
SH:MMA=1:5, (3) SH:HEMA=1:1, (4) SH:HEMA=1:5. In DBO, 400MHz, 300K.
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DP, determination

In the case of SH-MMA witlR , = 1 (S-3. Spectrum (1)), the "ppeak corresponding to the
para-located proton of reacted thiophenol is afl p@m. It was compared to the reacted
MMA methylene protons peak (adjacent to the sulairB.13 ppm denoted "k The “p”
proton peak was compared to the methyl protons péagacted MMA in the case of MMA
with R, =2 (S-3. spectrum (2)) which is located at 3.38-3pf#n. For HEMA (S-3
spectrum (3) and (4)), the "pproton peak was compared to the methylerdédee at 3.91
and 4.01 ppm (respectively wh&np=1 and 0.2).

Conversions calculation (S-3):

For SH-MMA oligomers, the “fh peak was used (it includes unreacted “m” proteak).
For SH-HEMA oligomers, the “s” (unreacted) and’“geacted) methylene protons peaks

were exploited.
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active quaternary ammonium group in the case of A&d@d MADCI.
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Monomers conversion during grafting reactions on mtii-thiol functionalized polymer

MADCI conversion

For MADCI conversion calculation (Figure 6), theutdte bond protons peaks “f” represent
unreacted monomers. The one located at 6.10 ppnusexs because the other (5.76 ppm) is
often altered by other peaks. This residual peak esampared to the one corresponding to
total -O-CH- group of the monomer (reacted™and unreacted “h”) in the range of 4.25-4.7

ppm. The calculation was done according to theWalg equation

h+h'-2f

Conv =
MADCI Py

65.2881

! L,

T T T |
65 5.0 55 5.0 45 40 [ppm]

S-5.’H-NMR spectra of (a) the monomer MADCI, (b) the PH&sed polymer (seven arms,
five functions) before thiol-ene addition and (&eathe addition of MADCI. From 3.8 to 6.8
ppm. In DMSO. 300K, 400MHz. Showing MADCI convernsioalculation.
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HEMA conversion

HEMA conversion (Figure 8) was determined by inédmg the residual double bond protons
peaks “g” situated at 6.07 and 5.67 ppm and comg@ahem to the total HEMA methylene
protons peaks “s” and s (reacted and unreacted) at 4.11 and 3.90 pppeotively. The

following equation shows the calculation

q (1\Hj\ /’Q\/ou
(1) ‘\ l

M

A
¥ MO%H@ MJ

T T T T T T T T T T T T T T T T T T T T T T T
6.0 55 50 45 40 35 [ppm]

s+s'—2q

Conv =
HEMA Tt

S-6.'H-NMR spectrum of (1) HEMA, (2) PLA-based polymené arm, three thiol
functions) before thiol-ene addition and (3) aftex addition of HEMA. From 3.8 to 6.6 ppm.
In DMSO. 300K. 400 MHz. Showing HEMA conversion eighinations.
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MMA conversion

For MMA conversion determination, the residual deubond protons peaks “k” located at
6.02 and 5.67 ppm were compared to the tota @dtons peaks (unreacted “m” and reacted
“m™) situated between 3.4 and 3.7 ppm (equation 9. hows an example of this

determination.

Conv __ m+mi-2k
HEMA — = v
o m
69) I m
l l;_ C:I/
\ A

o H
o)?N@
@

H L
O H S 4 mtm
0 i

60 65 5.0 45 40 35 [opm]
S-7.'H-NMR spectra of (1) MMA, (2) PLA-based polymer éarm, three thiol functions)
before thiol-ene addition and (3) after the additid MMA. From 3,0 to 6,2 ppm. In DMSO.
300 K. 400 MHz. Showing MMA conversion determinaso

In the two cases of HEMA and MMA conversion deteration, the residual double bond
proton located at 5.67 ppm is distorted by peakpabfmer chain protons, so the other one

(6.07 ppm for HEMA and 6.02 ppm for MMA) was usedietermine the conversions.
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Thermal properties

Structure Product Glass transition temperature Thermal degradation
T4 (°C) temperature J(°C)

PLA-SH 14.0 201

PLAgAD 72.2 197

PLAgMAD 59.7 188

PCL-SH -24.9 215

Al F3 PCLgAD 56.3 190
PCLgMAD 58.2 185

PHB-SH 8.3 198

PHBgAD 96.6 196

PHBgMAD 96.3 189

PLA-SH 17.3 189

A3 F3 PLAgAD 49.5 186
PLAgMAD 53.3 183

PCL-SH -53.0 199

PCLgAD -49.2 197

A7 ES PCLgMAD -24.6 191
PHB-SH 0.8 225

PHBgGAD 82.1 195

PHBgMAD 52.7 189

S-9. Glass transition and thermal degradation temperataf the products before and after

grafting active monomers.
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SEC results

Expected number average SEC obtained number average

Samples molecular weight (g.md) molecular weight (g.md)
PLAgAD A1 F3 4840 9000
PLAgMAD Al F3 5000 12200
PLAgAD A3 F3 7355 10200
PLAgMAD A3 F3 7529 11300
PCLgAD A3 F3 10369 12000
PCLgMAD A3 F3 10489 12400
PHBgAD Al F3 4800 14700
PHBgMAD Al F3 4920 14000
PHBgAD A3 F3 7235 89000

S-10. Expected and SEC obtained values of the averagecuial weight of the grafted
polymers.

Synthesis of the multi-thiol functionalized polymes

Branched mutli-thiol functionalized polymers, witbifferent numbers of arms and
functionalities, were synthesized. The protocolh&f synthesis consists of two steps: the first
one is the synthesis of isocyanate terminated pedgrwith different branched structures; the
second one is the thiol functionalization of thiégdla The following figure shows the reaction

mechanism.
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In the first step (a), the telechelic polyestel @RiLA, PCL or PHB), the glycerol and the
diisocyanate (4,4Methylenebis(cyclohexyl isocyanate) of,MDI) were dissolved in
dimethylformamide (DMF) into a round flask untilinogenization at 80°C under nitrogen
atmosphere, then the catalyst (dibutyltin dilayratas added. The mixture was kept reacting
during 55 minutes. At the end of this step, a viscmixture was obtained, it contains
branched structures with isocyanate pendent graupsnumber of arms and isocyanate
functions in these structures was controlled byréties between different reactants; these

values are specified in the following table.

In the second step (b), the obtained mixture froenfirst step is diluted by adding DMF and
the flask was putted in ice/water bath at 0°C, theminothiophenol was added and the
mixture was magnetically stirred during 30 minuteg, polymer was precipitated in large
amount of diethyl ether at least three times belf@iag dried under vacuum. At the end of
this step, multi-thiol functionalized polymers weretained with different numbers of arms

and functionalities.
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S-11.The two steps of the synthesis of the multi-tifimictionalized polymers. (a): synthesis
of the isocyanate terminated structures. (b): tHwmhctionalization of the isocyanate
terminated polymers [42].
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S-12. Synthesis characteristics of multi-thiol functiamatl polyesters based on PCL, PLA

and PHB arms. [42]

Entry Expected Degradable arms Mole ratios of the reagents

thiol number in the
N° H1,MDI/glyceroldegradable arni@-aminothiophenol

functionality ~ expected structure

PCL systems (based on 1000 g.fheégments)

1 3 3 6.61/3/3
2 5 7 17.63/7/5
3 7 11 28.15/117

PCL system based on 2000 g.theegment

4 3 3 6.6/1/3/3

PLA systems (based on 870 g.fheegments)

5 3 3 6.61/3/3
6 5 7 17.83/7/5
7 7 11 28.1/1117

PHB systems (based on 980 g.theégments)

8 3 3 6.61/3/3
9 5 7 17.63/7/5
10 7 11 28.76/1117
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.7. ABSTRACT

Thiol-ene additions of different monomers from mthiol functionalized biodegradable
polymers are analyzed. These monomers include mpasjeammonium groups, known for
their biological activities; methyl methacrylate M) and hydroxyethyl methacrylate
(HEMA) to control the hydrophilic-hydrophobic batanin the issued copolymers. Monomer
conversion and the resulting polymer structurescardirmed principally byH-NMR. Model
reactions are first conducted with thiophenol, thehA, PCL and PHB multi-thiol
functionalized polymers are successfully used. 3$tnectures of the obtained products are
analyzed byH-NMR: all the reactions are kinetically controlladd monomers additions are
controllable. Chain transfer constants of the usetiomers to the multi-thiol functionalized
PLA are between 1.4 and 1.9. The obtained produete also characterized by SEC, DSC

and TGA analyses.

>, S
' Biodegradable

polymer chain - s

w

Glycerol ?
> S

Active site

Keywords

Thiol-ene reactions, active monomers, functionalympers, acrylate and methacrylate

addition, chain transfer constant.
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Chapitre IV

ELABORATION ET CARACTERISATION DE MELANGES DE
POLYMERES DOTES DE GROUPEMENTS AMMONIUMS
QUATERNAIRES AVEC DES MATRICES BIODEGRADABLES EN
PHASE FONDUE

Avant de tester I'efficacité des polymeres obtedass les précédents chapitres vis-a-vis des
applications biologiques, il convient d’étudier lemise en ceuvre en phase fondue et la

possibilité de leur mélange avec d’autres matériaux

Dans ce chapitre, les polyméres a base de seguieREA et de PCL, dans des structures
branchées en étoile avec trois branches, dotésralgpgments ammoniums quaternaires
(Quaternary ammonium functionalized polymers QAFBs} été mélangés par un procédé
d’extrusion avec des matrices de polyméeres comanexale PLA et de PCL.

Différentes formulations ont été préparées a 16@QdeC10 a 60 % en masse de QAFP), ces
meélanges ont fait I'objet de caractérisations p&CDATG et MEB qui ont montré qu’il
s’agit de mélanges biphasiques avec des morphslogpe « gouttelettes dans une matrice »,
les tailles des gouttelettes ainsi que leur distiiim dépendent de la nature des QAFPs et de
celle des matrices, mais aussi du pourcentage quesdu QAFP dans le mélange.

Les propriétés rhéologiques des mélanges obtemss @ile de leurs composants ont été
étudiées, il a été démontré que le comportememiobEue des meélanges est gouverné par
des interactions interfaciales entre les deux Ehgseles constitent et pas par la résultante

des propriétés de ces derniéres.

La biodégradabilité des QAFPs ainsi que de leurmgés a été étudiée en milieu aérobie
selon la norme ISO 14851 qui a montré que lincaapon des groupements ammoniums
guaternaires dans les polyméres ralentit leur icjnétde biodégradation, mais ces derniers

restent toujours biodégradables.

Les mélanges obtenus ont été mis en forme de fiessmesures d’angle de contact avec
'eau de ces derniers a montré que l'incorporaties groupements ammoniums quaternaires

dans les QAFPs leur confere un caractére hydrophidgie plus la teneur en QAFPs dans les
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mélanges est éleveée, plus le caractére hydropsdtilaceentué, ce qui est un avantage pour les

potentielles applications en microbiologie qui farbobjet du chapitre suivant.

Ce chapitre est présenté sous forme d’article sfigere soumi danslournal of Applied
Polymer Science
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IV. Quaternary Ammonium-Functionalized Polymers in Biodegradable Matrices:

Physico-Chemical Properties, Morphology and Biodegdability

Kedafi Belkhir, Corinne Jegat, Frédéric Prochaikahamed Taha

Université de Lyon, F-42023 Saint Etienne, France

CNRS, UMR5223, Ingénierie des Matériaux PolyméFe42023 Saint-Etienne, France.
Université Jean Monnet de Saint Etienne, F-42023t-&dienne, France.

*Correspondance to: M. Taha. E-mail :Mohamed.taha@univ-st-etienne.fr,
Tel :+33(0)477481557.

Abstract

Quaternary ammonium-functionalized polymers (QAFPBa¥ed on branched structures of
PLA and PCL were blended with neat matrices of PaAd PCL to improve their
processability in the melt phase at 160°C. Differemmulations were prepared by varying
the proportions of the components of the blendsl(),20, 50 and 60wt.% of QAFP). The
rheological behavior of each component and thandé was studied at 160°C and dynamic
mechanical analyses were carried out. The thermapepties of the matrices were also
investigated by thermogravimetric analyses ancedbfitial scanning calorimetry; they were
found to be affected by the presence of QAFPs withem. All the studied blends had a
dispersed morphology, highlighted by scanning ebecimicroscopy. The water contact angle
of the blends was studied and showed that the pwdraty of the surfaces of the blends
increased by increasing their QAFP content. Thddmoadability of both the components and
the blends was investigated: a decrease of theegradation kinetics was observed due to the

presence of the quaternary ammonium groups, buh#terials remain biodegradable.

Keywords: Antibacterial quaternary ammonium polymers, Polyrlends, Polylactic acid,

Polycaprolactone, Melt phase.
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INTRODUCTION

In addition to performing passive functions as @aikg or mechanical support, polymers

ensure an active function which can be protectivehsas an antibacterial action; thereby
many methods have been developed to incorporaseirtheresting property within these

materials to make them more useful and to coveadwofields of applications, such as active
packaging in which there is no need to add ant#edtagents into the product since the
packaging itself is antibacterial [1-5]. Among tiied methods, those which are carried out in
the melt phase have attracted more interest dtleetadvantages of the melt processing such

as the ease to upscale it to an industrial useelisaw/its general safety [6-8].

Nowadays, the most used technique consists inigpeidion of antibacterial agents within
the polymer matrix by melt blending; these ageriis be metals, such as silver of copper,
metal salts or small organic molecules [9-13]. Timsthod offers some advantages but it
several downsides such as the low viscosity ofubed agents and their low rheological
properties which makes them difficult to processl anay degrade the properties of the
matrices in which they are introduced. They cam de subjected to thermal degradation
during the processing at high temperatures or Makat Furthermore, these small molecules
are susceptible to bacterial resistance and aeetaldiffuse through the polymer matrix to be
released to the surrounding medium causing an @mwiental contamination [14-16].

Another technique consists in the chemical modifica(or functionalization) of polymeric

matrices in the melt phase. This method allowsctoewve simultaneously the processing and
the functionalization of the polymer but it sufférem disadvantages such as the difficulty to
carry out and to control chemical reactions in twoaditions of the melt process (time,
temperature, pressure, viscosity, efficiency of ingx by-products generation and side
reaction, etc.). This method can also dramaticalkler the properties of the modified

polymeric matrix [17-20].

For all these reasons, an ideal solution to ina@afgoantibacterial activity into a polymeric
matrix is to blend it with another polymer whichastibacterial. This solution presents the
advantages of the melt blending of two polymerglthriscosities and good final properties)
with neither the drawbacks that were seen in tlses®f dispersion of small molecules nor
those of chemical modifications: the chemical migdiions to make antibacterial polymers

can be done separately from the process.
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In this work, quaternary ammonium-functionalizedlypeers (QAFPs) with branched
macromolecular structures and a well-defined dedigaring quaternary ammonium end
groups were used. These polymers were based onaPdAPCL biodegradable chains and
were intended to be antibacterial. Despite theigum structural properties, these polymers
were found to be of low processing properties wtinay were used individually in the melt
phase and to give weak materials. This is due pyasoolecular interactions between the
guaternary ammonium groups [21]. It is why in twerk the QAFPs were blended with neat
matrices of PLA and PCL that are known for theiod@rocessing properties as well as for
being biodegradable materials [22-25]. The goalsrukthis are also to obtain a material with
antibacterial reservoirs while taking advantagethed immiscible polymer-polymer blends
method. An enhancement of the wettability of thedusiatrices was also suitable in order to
promote their interactions with bacteria [26] andirmprove their biodegradability which is

investigated in environmental conditions.

2. EXPERIMENTAL
2.1. Materials

Polylactic acid PLA 2002D (PLA) from NatureWofkd LC USA and Polycaprolactone
CAPA™ 6800 (PCL) from Perstorp Sweden were usadatsices after drying under vacuum
at 40°C during 12 hours.

Quaternary ammonium-functionalized polymers (QAF#s)based on branched structures of
PLA or PCL segments on which [2-(Acryloyloxy)ethyiinethylammonium chloride (AD)
was grafted. They are respectively noted PLAgGAD &G@LgAD. The protocol of the
synthesis of these products as well as their ctextaation are detailed in previous works
[27-29].

2.2. Instruments

Thermal Analyses

Thermal gravimetric analyses were carried out usin§GA/DSC 1 STAR System from
Mettler-Toledo USA at a heating rate of 10°C thfrom 25 to 600°C . All the samples were
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previously dried at 40°C under vacuum during 24rbedhen 10-20 mg were introduced in a

100 pL aluminum crucible to undergo the temperasweep.

TA-Q10 calorimeter from TA Instruments-Waters L.L.OSA was used to perform
differential scanning calorimetric (DSC) analys@s0 heating-cooling cycles were carried
out at heating/cooling rates of 10°C/min under tRogen atmosphere, with a platinum pan
filled with about 30 mg of sample. All samples wereviously dried at 40°C under vacuum
during 24 hours before DSC analyses.

Table 2 lists, for each material, the values of thermal degradation temperature
corresponding to the loss of 5wt.% of the prodiigtis¢y), the glass transition temperaturg)(T
and the melting temperature (T The Tg and Tm values of QAFPs are relativelyilginto
matricial polymers but their thermal stability igrsificantly lower. The blending temperature
was 160°C, higher than the melting temperatureallothe components and far from their

degradation temperatures.

Table 2. Thermal properties of QAFPs and of the plymer matrices.

Products T (°C) Tn (°C) Ta,50%(°C)
PLA 56.2 153.3 326.2
PCL -63.5 55.9 379.2
PLAgQAD 49.5 154.9 217.7
PCLgAD -53.0 46.3 257.8

Micro-compounder

A micro-compounder HAAKE" MiniLab Il from Thermo SCIENTIFIC France, equipped
with two conical screws (5/14 mm diameter), a pnaticrbypass and a recirculation channel,
was used in co-rotating mode and operated at 50 mponitored by MiniLab software. 7g of
QAFPs and PLA or PCL were first cryo-ground andnxed then introduced in the micro-
compounder at 160°C.The composition of all blersdisted in Table 2. Torque and heating

energy were monitored during the extrusion pro¢8sgporting Information S1). After about
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10 min the torque became stable; the blends wértbteabout 5 minutes then extruded in the
shape of a flat rod of about 1.5 mm thick and 5 migle and cooled at room temperature.
Figure 1 shows the appearance of the QAFPs befarafter processing.

Table 2. Compositions of the (QAFPs/PLA or PCL)gared blends

Composition (wt.%)

Run n° Matrix polymer QAFPs
PLA PCL PLAgAD PCLgAD
1 100 0 0 0
2 90 0 10 0
3 80 0 20 0
4 50 0 50 0
5 40 0 60 0
6 90 0 0 10
7 80 0 0 20
8 50 0 0 50
9 40 0 0 60
10 0 100 0 0
11 0 90 10 0
12 0 80 20 0
13 0 50 50 0
14 0 40 60 0
15 0 90 0 10
16 0 80 0 20
17 0 50 0 50
18 0 40 0 60
19 0 100 0
20 0 0 100
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Dynamic mechanical analyses

The dynamic mechanical analyses (DMA) were cargat using a Q800 DMA apparatus
from TA Instruments USA. The samples were in thenf@f rectangular rods of 17 mm in
length, 5 mm in width and about 1.5 mm in thickneBee samples were fixed in the
apparatus in single cantilever mode. Temperatusepw/were achieved ranging from -100 to

100°C. Strain tests were done before to ensurbnbar viscoelastic conditions.

Molten-state rheology

A Rheometric Scientific ARES £Fheometer from TA Instruments USA was used toquarf
rheological measurements. Plane-plane geometry aghgeved by means of two parallel
round stainless steel plates (25 mm diameter). gdpewas fixed near to 0.6 mm. For each
sample, a strain sweep test was first performezhsure that measurements were carried out

within the linear viscoelastic conditions.
Scanning Electron Microscopy

A HIROX SH 4000 M scanning electron microscope weed to observe the surface
morphology of the materials. The samples were diract in liquid nitrogen and the surfaces
were covered by a gold layer, before analysesgusiDESK V metallizer from DENTON
VACUUM LLC, USA. The obtained pictures were theaated using the ImageJ software to
determine the size and the distribution of the elised phase.

Contact angle measurements

Water contact angle measurements were carriedrofitnos of QAFPs/PLA or PCL blends
with a T100 Theta Lite Optical Tensiometer from Byhesting UK. Static measurements on
a water droplet of about 18L dispensed by a micro-syringe were carried outcaim

temperature. The films were dried at 40°C durindn@drs before measurements.

Aerobic biodegradability

The ultimate aerobic biodegradability of the grdfpmlymers, the PCL and PLA matrices and

the prepared blends was measured according toSBelh851 standard and following the
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procedure from the literature [30,31] under aeratmaditions in closed reactors equipped
with pressure sensors from Oxitop® Control WTW Gn¥eilheim, Germany). 10 mg of
each sample were introduced in the reactor comignian agqueous media prepared according
to the ISO 14851 standard method and inoculateld avitactive sludge which was recovered
from the output of a municipal wastewater treatnsation (Monistrol, France). The samples
were magnetically stirred at 23°C during 28 day$l@nk test containing the sludge without
polymer sample was also prepared in the same comslit During the biodegradation
process, the Dis consumed by microorganisms; the produced &Qtrapped by NaOH
pellets placed in the top of the bottles causirdperease of the pressure. The estimation of
this decrease leads to determine the Biologicalg@myDemand (BOD) expressed in mig.L
The percentage of biodegradation (%Biodeg) of #mees was then calculated according to

Equation 1.

BODs—BODpjank

%Biodeg = — 705
S

Equation 1

Where BONR is the BOD of the polymer sample, B is the BOD of the blank test, C
(g.L™) is the concentration of the polymer in the aqsemedium and DthQ(mg.g?) is the
theoretical BOD of the polymer determined fromcitemical formula.

156



RESULTS AND DISCUSSION

Four categories of blends were prepared by mettusixin: PLA+PLAgAD, PLA+PCLgAD,
PCL+PLAgAD and PCL+PCLgAD, with QAFP content: 20, 50 and 60 wt.%.

Blends were prepared and examples of extrudateg\ar in Figure 1.

Figure 1. (A):PLAgAD before processing and (B): Ewdes of extrudates with 20 wt.% of
QAFPs (1): PLA+PLAgAD, (2): PLA+PCLgAD, (3): PCL+PAgAD and (4):
PCL+PCLgAD.

One goal of this study being achieved by obtaingsgily processable materials, these

materials were characterized. First interactiorte/ben the mixed phases were analyzed

Thermal analyses

Thermal properties were investigated on the fourieseof blends; PLA+PLAgAD
(Figure2.A), PLA+PCLgAD (Figure 2.B), PCL+PLAgAD igure 2.C) and PCL+PCLgAD
(Figure 2.D). In each series, the QAFP amounts \eqreal to 10, 20, 50 and 60wt.%. The
effects of QAFPs (nature and proportion) on theafid T, of the polymer matrix were
studied. From Figures 1.A and 1.B, it can be séan the addition of both PLAgGAD and
PCLQAD in the PLA matrix tends to decrease itsa§ well as its . This effect is more
pronounced in the case of an addition of PLAgAD rehhe T, and the T, decreased by 6
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and 10°C respectively at the higher content (60ywt.Faurthermore, Figure 1.A shows a
crystallization peak at about 100°C. In the caséhefblends with the PCL matrix (Figures
1.C and 2.D), the addition of PLAQAD or PCLgAD daoest cause great changes in theoll
the T, of the matrix; only slight shifts were observedks@ than 3°C). The peaks
corresponding to PLAgGAD and PCLgAD do not appeaadly on the DSC curves and this
result was expected from the values of Table 2 wklwows that Tg and Tm of PLAgAD are
close to those of the PLA matrix. Simultaneoudipse of PCLgAD are close to those of PCL
matrix. If we add to this the fact that the Tm &LRJAD is close to the Tg of PLA, then only
the blend of PCLgAD with PLA matrix (Figure 2.B)eerly shows two values of they T
corresponding to the two components and leadirspppose that the blends are made of two
immiscible phases but with some interactions betweach other since some shifts were

observed. This will be discussed in the followiegtsons.
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Figure 2. DSC curves of the four series of bleid¥, PLA+PLAgAD, (B): PLA+PCLgAD,
(C): PCL+PLAgAD and (D): PCL+PCLgAD with QAFPs cent of 0, 10, 20, 50, 60 and

100%, collected from the second heating ramp @it0°C.mif- heating rate. (*): the peak

was not clearly identifiable from the second hegatiamp but it was clear from the first one.
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Dynamic mechanical analyses

Results of the dynamic mechanical analyses showFigure 3 highlights the tahtransitions

of the blends with PLA matrix (A) and two blendstlwthe PCL one (B). Figure 3.A shows
that the addition of PLAgAD to the matrix of PLAuses a small shifting in its tanpeak to
low temperatures (from 61.5 to 58.2 °C). The cudems not exhibit two distinguishable
peaks because PLAgAD and the PLA matrix have thleoharacteristics that are close to
each other. The same figure shows that in the aebgee addition of PCLgAD, two peaks of
tan 6 were observed. The first one is of great amplitade appears at about 61°C : it
corresponds to the PLA matrix. The second one igeoy small amplitude and appears at
about -50°C corresponding to the PCLgAD. On thieeohand, Figure 3.B shows that the
addition of PLAgAD or PCLgAD causes a slight si{gbout 5°C) in the tad of the PCL
matrix toward the high temperatures, and that ahé blend of PLAGAD with this matrix
shows two separate peaks, because the propertle€lajAD are close to those of the PCL
matrix. This result is in accordance with the tharmnalyses and confirms the presence of

two separate phases within the blends with speaifesactions between them.

3 0.2
— PLA —— PCL
— —— PLA+10%PLAgAD — = PCL+20%PLAgAD
,,,,,, PLA+10%PCLgAD . vevee. PCL+50%PCLEAD
% = PLA+50%PCLgAD
s 0.1
=
8
~ 0 . . :
0 -100 -50 0 50 100
TCC) T(°C)

Figure 3. Tard as function of temperature. (A) for the blendsw®LA matrix and (B) those
of PCL matrix, with 10, 20 and 50wt.% QAFPs content

160



Rheology

To further discuss the previous conclusion, rhecklgbehavior in the molten state was
studied. Figures 4 shows the complex viscositya,b) and the storage modulus G (c,d)
measurements according to frequency. Two examglédeads are presented in this figure
(PLA+PCLgAD and PCL+PLAgAD); the results correspmudto the other blends are in
Supporting Information S2 and S3.

In contrast to the viscosities of the PLA and PChatmees which behave like quasi-
Newtonian liquids, the viscosities of the two QFARSrease with frequency; from®10 1¢
Pas.s for PLAGAD and more strongly, from*1® 10 Pa.s, for PCLgAD which has a
rheofluidifying character. In the used mixing cdmwhs, a rotation speed of 50 rpm
corresponds to a shear rate of Z5ascording to the relation between shear rate angmi
rotor speed [32]. Under this shear rate, the visessof QAFPs are in all cases inferior to
those of PLA and PCL matrices. As the quantity 6ARs increases, the viscosity of the
mixtures decreases and tends towards that of tree @QAFPs, this is a result of a classical

law of composition.

The storage moduli of the QAFPs increase wellfleas those of PLA and PCL matrices with
increasing the frequency, the storage modulus ofg”AD is although almost constant

(Figures 4.(c) and Supporting Information S2). Hualition of QAFPs lowers the storage
moduli of the matrices without significant changetleir elastic behavior under increasing
shear, except for the PCL+PLAgAD blend with 60% RIfAgAD. Most of these results

follow a classical law of mixing except at loweseduencies where a further relaxation
characteristic of the polymer-polymer emulsionsetaklace [33]. When the storage modulus
values of the blend are lower than those of itsmmments, this is explained in literature that
in a polymer blend with separated phases, the gedoraodulus is also governed by the
interfacial effects between the two phases, thadittal behavior of the blend can be mainly
the result of the interfacial effects and not asrsult of the contribution of each component

[34]. This result is widely discussed in literatimeluding some theoretical studies [35-37].
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Figure 4. (a,b): The complex viscosity*) and (c,d):The storage modulus (G’) ™=  neat
matrix, —— neat QAFPs and the different blends comg—*—10%, —8— 20%,—*—

50% and 60% grafted polymer. At 160°C, the strampl#ude was 2% and the gap
between the two parallel plates was about 0.6 nim.flequency sweep was performed from

10° to 10" rad.s".
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The blends seemed to be of two separate phasegheitpresence of interactions between
them. To confirm this result and to know the moilphg of the blends SEM analyses were
carried out and the result are in the followingtiesec

Morphology of the blends

The morphology of the four series of blends, adgared in a mini-extruder at 160°C, was
investigated by SEM. Figure 5 shows the picturasesponding to different blends with 60
wt.% content of QAFPs; the blends with the othentents (10, 20, and 50wt.%) are in

Supporting Information S5.

SEM micrographs show a dispersed morphology fothallblends and all the concentrations
of QAFPs between 10 and 60%, regardless of therenattiQAFPs. The QAFP phase is
dispersed in the matrix polymer in the form of rodmoplets even when it becomes the major
phase (60wt.%), so PLA and PCL are still consideéhedmatrices even when they were not
the major phases. The size distribution and thebaurof the droplets per unit of area, were
studied as a function of QAFP proportion in the nwatthe results are presented in

Supporting Information S6.

This average size of droplets ranges within 0.5¥lip diameter for PLAgGAD and 0.4-1.6 um
for PCLgAD in the matrix of PLA, 0.3-6.7 um for PGAD and 0.5-2.8 um for PCLgAD in
the matrix of PCL. It was found that the size & throplets increases by increasing the QAFP
content in all the cases. The size distributionnmegted from the standard deviation of the
average values of the diameter increases consigievllen increasing the QAFP content. The
evolution of the number of droplets per 100 quas a function of the QAFP content
(Supporting InformationS7) showed that the numbkedmplets tends to decrease when
increasing the QAFPs content. These results proaethere is a coalescence between the
droplets when the QAFP content increases, leadin@ reduction of their number and

increasing their size.

SEM observations showed the presence of two sepphaises even when the components of
the blends were based on the same polymer spdeigs+tPLAgAD and PCL+PCLgAD).
This is probably due to the presence of the quatgrammonium groups at the chain ends of

the grafted polymers. These groups being polarégidy hydrophilic, they make the QAFPs
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immiscible with the matrices. A droplet-in-matnorphology was found even at 60wt.%
QAFP content and despite the close values of theosities of the component, this can be
explained by a weak spreading coefficient of QABB][ This was attributed to the presence

of the quaternary ammonium groups in the QAFP<#iras.

20pm (x2000)

Figure 5. SEM micrographs of blends containing G®wof QAFPs, (A): PLA+PLAgAD,
(B): PLA+PCLgAD, (C): PCL+PLAgAD and (D): PCL+PCLdA
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The two separate phase morphology of the blendsgyhminfirmed, it was important to know
the effect of the presence of QAFPs, (which repreg®lar entities within the polymer

matrices, which are relatively more hydrophobic)tio& wettability of the blends. This aspect
were studied by measuring the water contact anfgileeofour series of the blends according

to the QAFP content. The results are presenteueifallowing section.

Water contact angle

The evolution of the surface water contact ang)eof the films prepared from PLAgAD and
the PLA matrix according to the PLAgAD content @4}.is represented in Figure 6. The
results of the other blends are in Supporting imfmtron S8. The films made of neat matrices
of PLA and PCL have water contact angles of 78xf #4+2° respectively, these values are
in concordance with those found in the literatu38-f1]. For PLAGAD and PCLgAD the
water contact angles are lower than those of thieicea: their values are respectively 34+4°
and 55£3°. These results mean that the QAFPs ar®d=yably more hydrophilic than their
corresponding matrices of PLA and PCL. For alllilends, the water contact angle decreases
by increasing the QAFPs content. The enhanced pidio character of PLA and PCL-based
blends was attributed to the presence of the quatgrammonium pendent groups in the
QFAPs known to be hydrophilic [42,43]. To confirmg interpretation, a measurement of the
water contact angle of the grafted polymers jusbieethe grafting reaction (without pendent
guaternary ammonium groups) was carried out: theegaof 76+3° and 72+2° were found
respectively for the non-grafted PLA and PCL. Theatues are close to PLA and PCL
matrices, clearly higher than those of PLAgAD ai@l BAD, so it can be concluded that the
decrease of the water contact angle is effectivdilg to the presence of quaternary
ammonium pendent groups in the grafted polymerstthasfer this property to the blends.
The increase in the hydrophilicity of these polysm@nd their blends represents a very
important advantage in many applications: the nrastesting one in view of this work is the
use of these products as antibacterial materiagsmyMvorks [44-46] have shown that surface
hydrophilicity is a very important parameter to @msthe contact between the antibacterial
material and the bacterial cells, because the npgdrof the bacteria are hydrophilic under
physiological conditions; therefore, the antibaeleefficiency of a material is strongly

related to the hydrophilicity of its surface.
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Figure 6. Water contact angle as a function of &P content of films prepared from the
blends of PLA+PLAQAD.
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Aerobic biodegradability

The kinetics of the aerobic biodegradation for a8sdaccording to the ISO 14851 standard of
the pure components and of some blends (PCL+PLAgA®DPCL+PCLgAD ) are shown in
Figure 7; a comparison between the biodegradatolityhe PLA or PCL and that of the
PLAgAD and PCLgQAD respectively is emphasized inufgs 7.A and 7.B. These results
show that the QFAPs are less biodegradable thamateces. This decrease in the percentage
of biodegradation is due to the presence of quatgrammonium pendent groups in the
structure of the QFAPs. Indeed, in our previousdgt[29], the quaternary ammonium
groups were found to provide a high antibacteraivay to PLA and PCL matrices. This
antibacterial activity occurs against the microoigms present in the biodegradation test
media and are responsible for the biodegradatiokilliyg a part of them. The measurements
concerning the blends of PLA+PLAgAD and PCL+PCLgAE2 respectively in Figures 7.C
and 7.D. These curves show that the biodegrad&timetics decreases when increasing the
grafted polymer content, but the materials remainiégradable. The difference between the
curves of the neat matrices from (A) and (B) to @@ (D) is due to the fact that two
different active sludges were used and the kineti¢the biodegradation depends on the

microorganisms present in the media and their ra8pn activity [47].

The biodegradation curves of both the matrices,QA&Ps and the blends present a period
during which the biodegradation rate does not chaimis phase appears at the beginning of
the biodegradation process and is called the lag®l48] which corresponds to the time
needed by the microorganisms to become acclimat@zedesence of the polymer and to start
degrading it [49]. QAFPs exhibit a longer lag ph#san their equivalent neat matrices. For
the blends, the lag phase duration increases wigequaternary ammonium polymer content
in the blend increases. This is obvious since théteg polymers are antibacterial [29] so the

acclimatization of the microorganisms is more diift in the presence of these materials.

This result is interesting in the case of applmadi that require a long-time stability in

environmental conditions while maintaining the egcadability of the used materials.
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Figure 7. Evaluation of the ultimate aerobic biadegbility of (A): blends of

PLA+PLAgAD, (B): blends PCL+PCLgAD, (C): blends BECL+PLAgAD and (D): blends of

PCL+PCLgAD. The blends contairH): 0%, (—): 10%, {): 20%, ): 50% and{): 60%
of grafted polymers. According to ISO 14851 usingiT@p® Control measuring system

(closed respirometers).
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CONCLUSION

PLA and PCL matrices were endowed with quaternamynanium-functionalized polymers
by melt process in order to make antibacterial pegc materials. The blends were
successfully achieved with different QAFP conteiiitse morphology of the obtained blends,
their thermal, viscoelastic, surface and biodegradgroperties were studied. All the blends
were of two separate phases with some specificactiens between them. The addition of
the grafted polymers tended to decrease fhaf The PLA matrix and increase that of the PCL
matrix. It decreased their viscosity and their at@ modulus in the molten state and increased
their film surface hydrophilicity. The biodegradati kinetics was found to be slowed down
by adding the grafted polymers due to their antdy@a activity. This result is an advantage
for potential applications needing functional antdivee polymers for a long time while

keeping their biodegradable aspect at the endedf tise.
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IV.6. SUPORTING INFORMATION
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strain amplitude was 2% and the gap between theptwallel plates was about 0.6 mm. The

frequency sweep was performed fronf 110" rad.s".
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S5.SEM pictures of the different blends, with theresponding weight content, in percent, of the QAFPs
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IV.7. Abstract

Quaternary ammonium-functionalized polymers (QAFPBa¥ed on branched structures of
PLA and PCL were blended with neat matrices of PAAd PCL to improve their
processability in the melt phase at 160°C. Differemmulations were prepared by varying
the proportions of the components of the blendsl(),20, 50 and 60wt.% of QAFP). The
rheological behavior of each component and thandé was studied at 160°C and dynamic
mechanical analyses were carried out. The therm@bepties of the matrices were also
investigated by thermogravimetric analyses ancedbfitial scanning calorimetry; they were
found to be affected by the presence of QAFPs withem. All the studied blends had a
dispersed morphology, highlighted by scanning ebecimicroscopy. The water contact angle
of the blends was studied and showed that the bydraty of the surfaces of the blends
increased by increasing their QAFP content. Thddmoadability of both the components and
the blends was investigated: a decrease of theebradation kinetics was observed due to the

presence of the quaternary ammonium groups, buh#terials remain biodegradable.

Keywords: Antibacterial quaternary ammonium polymers, Polyikends, Polylactic acid,

Polycaprolactone, Melt phase.
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CHAPITRE V

APPLICATION DES POLYMERES PORTANT DES GROUPEMENTS
AMMONIUMS QUATERNAIRES COMME MATERIAUX
ANTIBACTERIENS

Les polymeéres portant des groupements ammoniumgergages (QAFPs) qui ont été
synthétisés, caractérisés et mis en ceuvre en [fitradge dans les chapitres précédents sont
utilisés dans le présent chapitre pour des tesiidité antibactérienne vis-a-vis de bactéries
de Gram négatiff. colietSalmonelld et de Gram positifListeria monocytogengs

Dans un premier temps, les monomeres acryliqueségtacryliques portant le groupement
ammonium ont été testés séparément en solutiors, éemcentrations minimale inhibitrice et

maximale tolérée ont été déterminées.

Des films de QAFPs et de leurs mélanges avec déscerade PLA et PCL ont fait I'objet
d’'une évaluation de leur pouvoir inhibiteur de ssaince bactérienne et ont montré leur

efficacité.

L’activité bactéricide des QAFPs et de leurs métang été également démontrée contre les
bactéries citées, des réductions de 5.6, 4.4 etloy2UFC.mL* ont pu étre observées
respectivement enveis. coli, Salmonellaet Listeria monocytogeneaprés seulement une
heure de contact avec les films, certains échanslont montré une élimination totale de la

population bactérienne.

Pour s’assurer que le type de mécanisme d’actidibaamtérienne mis en jeu est bien un
mécanisme par contact et qu’il n’y a pas de libénat’'entités actives dans le milieu, des
tests de diffusion sur gélose ont été réalisés rmontes zones d’inhibition nulles, ce qui
prouve qu’il n'y a pas de diffusion d’agents actdepuis les films et que leur activité
antibactérienne a lieu par contact avec les basttudiées, ce qui est un point fort pour des
applications dans les domaines des emballagesret/@ements dans lesquels la libération de

molécules actives n’est pas souhaitée.

Ce chapitre est présenté sous forme d’article sodamsle journgrood Packaging and Shelf
Life.
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V. Antibacterial Activity of Branched Quaternary Am monium Grafted Biodegradable

Polymers

Kedafi Belkhir?® Monique Lacroi%’, Majid Jamshidiah Stéphane SalmiériCorinne
Jegat?®® , Mohamed Tah&?

Université de Lyon, F-42023 Saint Etienne, France
’CNRS, UMR5223, Ingénierie des Matériaux PolyméFe42023 Saint-Etienne, France.
3Université Jean Monnet de Saint Etienne, F-42023-%4ienne, France.

*Research Laboratories in Sciences Applied to F@ahadian Irradiation Center (CIC),
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Quebec H7V 1B7, Canada.

*Corresponding author: M. Lacroix. Tel: (+1) 4507/68010. E-mail address:
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Highlights
-New quaternary ammonium (QA) functionalized polysn@QAFPSs) are highly antibacterial.

-The antibacterial activity of the QA (meth)acryliconomers is preserved when they are

grafted on polymers.

-The inhibition of the bacterial growth, as wellthe bactericidal activity, depend on the QA

content in the film.
-The action of the films bearing QA groups occusaading to a contact-killing mechanism.

-Both Gram-positive and Gram-negative bacteriasatgects of the antibacterial activity of
the QAFPs.
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V.1. Introduction

Antimicrobial polymers attract a growing interespecially in food industry; many works
have been carried out on these materials and dpglication as food packaging or active
coatings in various fields. Their concept was réagtan 1965 (Cornell & Donaruma, 1965)
and since they have been developed and adjustede&d the requirements of different
applications and cover a broader range of micraosgas. An antimicrobial polymer is a
polymer that can kill microorganisms in contact twihem or inhibit their growth. The
antibacterial property may be an intrinsic chanastie of the polymer (naturally antibacterial
polymers such as chitosan or polycations for exajnii may be also incorporated into the
polymer by different ways, the best known beingdispersion of antimicrobial agents in the
polymeric matrix as additives (Benavides et al.120Colak et al., 2015; Severino et al.,
2015; Stroescu et al., 2013); antimicrobial polysnesin also be obtained by polymerization
of active monomers (Colonna et al., 2012; Coneskile 2014; Ganewatta & Tang, 2015;
Zho et al., 2014), modification and functionalipatiof polymers (Criado et al. 2014) or by
grafting monomers including active groups in tretucture onto polymer chains (Cerkez et
al.,, 2013; Riva et al., 2008). The antimicrobiallypeeric materials act in different ways
according to both their structure and the kind mifraicrobial active groups: some materials
work by releasing antimicrobial agents in a contaateéd medium (Buonocore et al., 2004;
Imran et al., 2012; Raval et al., 2014; Muriel-Gaeal., 2015) while others act by contact
with the targeted microorganisms (Abreu et al., 20Eknoian et al., 1999). Different
antibacterial active chemical groups are involvedhie elaboration of antibacterial polymers
(Jain et al., 2014), such as hydroxyl groups (Ratrkal., 2001) or phosphonium groups
(Nonaka et al., 2003) as well as metal atoms sadileer (de Moura et al., 2012) or copper
(Paillot et al., 2016; Zhang et al., 2006). Anothetive group is widely used in the field of
antibacterial polymers: the quaternary ammoniumugyrowhere the nitrogen atom is
positively charged, with a high antibacterial a#fitcy against both Gram-negative and Gram-
positive bacteria (Lee et al., 2016; Majumdar et 2016). It also offers the advantage of
being commercially available in different forms aocompounds with large possibilities of
chemical modifications. Many works were carried oubrder to explain the mechanism of
antibacterial action of quaternary ammonium growpsl different mechanisms were
hypothesized, the most common one being the disumtf the cell membrane of bacteria
(Forch et al., 2014; Gilbert & Moore, 2005; TezelR&avlostathis, 2015; Wessels & Ingmer,
2013). This phenomenon starts when interactionsirosetween the quaternary ammonium
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group and the cell membrane of the bacteria; thercdmpound penetrates the membrane and
permeates it so that the quaternary ammonium gemains in the membrane while the alkyl
or the polymer chain bearing this group will bedtsxl in the cytoplasm. In addition to the
physical and biochemical damages caused when kigeclain permeates the membrane, the
presence of the charged quaternary ammonium groupeasurface disrupts the charge
distribution there. As a result, the cell membrameompletely disrupted: Fig. 1 shows a
simplified representation of the mechanism of gisinn of the cell membrane of bacteria.
The proposed mechanism concerns the free molebel@sng these active groups, but the
high efficiency of the quaternary ammonium compaund preserved when they are
immobilized in a material such as polymeric filnBe(ndt et al., 2010; Gottenbos et al., 2002;
Mohamed Abo El Ola et al., 2004).

PLA and PHB are biosourced polymers, biodegradablé low cost raw materials, they

present many advantages such as being easily pattesinteresting mechanical and thermal
properties, actually they are widely used in foagkaging and cosmetic industry and many
works are in progress to enlarge their applicafiefds. PCL presents the property to be
highly biodegradable and abundant, it is also ay vatracting material for numerous

processing methods because of its excellent cleistats even in the melt or the solid state
and its high thermal stability. So it could be netging to add an important property, which is

the antibacterial activity, to these attractiveypoérs.

The aim of this study was to determine the antdyaait activity of films made of polymers
including PLA, PCL, and PHB segments in branchedctiires having pendant quaternary
ammonium groups, that were synthesized in previwsasks (Belkhir et al., 2015, 2016),
against Gram-negative bacteria. (coli and SalmonellaTyphimurium) as well as a Gram-
positive bacterium L(steria monocytogengs to our knowledge it is the first study
investigating the antibacterial activity of thisnli of polymeric structures with quaternary
ammoniums as functional groups. The protocol f@& $iynthesis of the polymers used is

described in the Supplementary Information.
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Fig. 1. Simplified representation of the mechanisfmaction of quaternary ammonium
compounds on bacteria by cell membrane disrupt@n.interaction between the compound
bearing the quaternary ammonium group and the malmbrane of the bacteria; (b)
permeation of the cell membrane by the alkyl oypwr chain and increasing the membrane

permeability; (c) disruption of the cell membragd); the cell is completely damaged.
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V.2. Experimental section
2.1. Materials

Three quaternary ammonium functionalized polym&#&KPs) were used as antibacterial
products. The structure of these polymers was hiethand based on biodegradable polyester
chains of PLA, PCL or PHB. Fig. 2 shows a represtgon of these polymers highlighting the
branched structure with three arms and the aciies $ormula on the chain ends. Their
synthesis and physicochemical characterizationse vagscribed in previous publications
(Belkhir et al., 2015, 2016) and mentioned in Suppg Information. Two polymeric
matrices were used: PLA 2002 D, purchased from fg8ltiorks® (USA.) and PCL CAPA™
6800, from Perstorp (Sweden). [2-(Acryloyloxy)efyyinethylammonium chloride (ADCI)
and [2-(Methacryloyloxy)ethyl]trimethylammonium chide (MADCI) were purchased from

Sigma Aldrich (France) as 80 wt.% aqueous solutions

Three bacteria were usedfischerichiacoli O157:H7 EDL933 E. coli) was obtained from the
laboratory of Pr. Charles Dozois (IRS-Institut AmdaFrappier, Laval, QC, Canada),
Salmonella Typhimurium SL1344 %. Typhimurium) and Listeria monocytogenegL.
monocytogenes) HPB 2812 were isolated by the Héaltiducts and Foods Branch of Health

Canada (Ottawa, Ontario, Canada)

Tryptic soy broth (TSB) and Multi Peptone were ased from Alpha Biosciences and
Muller-Hinton broth (MHB) was purchased from BeciDitkinson Difco™Detroit, USA.

MacConkey-Sorbitol Agar, Deoxycholate Citrate LaetoSucrose Agar (DCLS) and
PALCAM Listeria Selective Agar were purchased from Sigma-Aldricanada.
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Fig. 2. Schematic representation of the branchedtsire of the QAFPs.
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2.2. Instrumentation

A micro-extruder HAAKEM MiniLab Il from Thermo SCIENTIFIC France, equippedth
two conical co-rotating screws, a pneumatic by-pasdge and a recirculation channel, was
used as compounder. The device was managed byibaddisoftware allowing the control of
the process parameters. The materials were fiygstground and premixed in powder form

and then 7 g of each sample were introduced imtloeo-extruder.

The films were prepared by press molding in a PINETEMIDECAU 12T TFE press

(France) at 160°C with one millimeter thick.

96-well and 6-well transparent polystyrene plagmsichased from Sarstedt, Canada, were
used for optical density (OD) measurements. Thdsiveblumes were respectively 385 pL
and 4 mL with a flat base.

The OD of microplate’s wells was measured at 595 bynan ELx800TM Absorbance

Microplate Reader from BioTek® Instruments, Canada

2.3. Preparation of the films

Quaternary ammonium grafted polymers were blend#ddtive commercial polymer matrices
in the micro-extruder at 160 °C and 50 rpm for lidutes before extrusion in the form of
rods. The obtained samples were then cut into spietles and put between two sheets of
Teflon in the press at 160 °C. Metallic ridges hgvii mm thick were placed between the
sheets to control the thickness of the films. Thesgure was progressively increased to reach
200 bar and was then kept constant for 10 mindies.film was finally taken out of the press
to cool down at room temperature before removirggTibflon sheets. Films of pure QAFPs,
of pure commercial polymer matrices and of blendth wlifferent proportions (QAFP in

matrix) were prepared: 10, 20, 50 and 60 wt.%. gifoelucts are named as follows:
PLAQAD: PLA based QAFP grafted by ADCI.

PLAgMAD: PLA based QAFP grafted by MADCI.

PCLgAD: PCL based QAFP grafted by ADCI.

PCLgMAD: PCL based QAFP grafted by MADCI.
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PHBgAD: PHB based QAFP grafted by ADCI.
PHBgMAD: PHB based QAFP grafted by MADCI.
PLA: commercial polymer matrix of PLA.

PCL: commercial polymer matrix of PCL.

2.4. Preparation of bacterial cultures

Stock cultures okE. coli, S. Typhimurium andL. monocytogenewere stored at -80 °C in
TSB/glycerol 50/50 vol.%. Before the experimentsck cultures were grown through two
consecutive 24-hours growth cycles in TSB medium 3@t °C. Then the bacterial
concentration of each culture was adjusted to aBdag CFU.mL' by performing dilutions
in peptone water (Khan et al., 2016; Takala e2811,3; Wang et al., 2015).

2.5. Preparation of culture media

The microbial level ofE. coli, S. Typhimurium andL. monocytogenesvere respectively
evaluated using MacConkey-Sorbitol Agar, DCLS Agad PALCAM Agar media. The
bacterial count was done after incubation at 3734 hours. All bacterial media cultures
were prepared as illustrated by their manufactuMesConkey-Sorbitol Agar and PALCAM

Agar were autoclaved at 121°C for 15 min, DCLS Agas not autoclaved.

2.6. Determination of the minimal inhibitory concerration (MIC) and the maximal

tolerated concentration (MTC) of the active monomes

Two solutions with 2.800 and 9.385 wt.% of respai ADCIl and MADCI were prepared in
the MHB medium and several dilutions were obtaimkxvn to 0.097 and 0.185 wt.%
respectively. From each dilution, a quantity of 200 was introduced in a well of the
microplate, followed by the injection of 15 pL opmoximately 6 log CFU.mt of the
concerned bacterium in peptone water. The micrephats then incubated at 37 °C for 24 h
and the OD was measured at 595 nm to identify th& &%hd MTC of ADCI and MADCI.

The lowest concentration of the used monomer reduio completely inhibit the growth of

189



the tested bacterium was considered as the valtled¥IC (related to the absorbance which
reaches the minimal value i.e. the value of thalblaithout bacteria). The value of MTC was
defined as the highest concentration of the monpwigich did not affect the bacterial growth
(corresponding the highest value of the absorbarteh was equal to that of the inoculated

medium without antibacterial agent) (Oussalah .eR8l07; Turgis et al., 2012).

2.7. Inhibition tests

In order to study the ability of the used produotshibit the bacterial growth, inhibition tests
were carried out in 96-well microplates. First,teegular samples of 0.02 g of the films (5x8
mnt) were prepared and decontaminated by UV irradiatioder laminary hood for 2 hours
before the experiment. The samples were placedhenwells and 200 uL of MHB were
introduced, followed by the injection of 15 pL gimoximately 6 log CFU.mt of bacteria

in peptone water. The microplate was then incub&ae@4 hours at 37 °C and the OD was
measured after removing the film samples from tlelsivFor the pure QAFPs samples, 100
pnL of the medium was piped and several dilutionseweade. For each dilution, a quantity of
100 pL was spread on the appropriate agar in gisties and incubated during 24 hours at 37

°C before performing the colony counting.

2.8. Bactericidal activity

Bactericidal activity tests were done with the amhevaluation of the ability to kill the
bacteria that are present in agueous medium antedtie bacterial concentration, they were
carried out by using 6-well plates. For each b&tsolution, a dilution was prepared in
peptone water with a concentration of approximagelpg CFU.mL*. From this solution, a
guantity of 4 mL was introduced in each well befpaymeric film sample was added. The
mass of the film to use was determined so as taimlsin amount of quaternary ammonium
groups, in the well, equivalent to the value of MEC. The masses of the different samples
are shown in Table 1. The films that were testedthose made of pure QAFP and those of
60 wt.% QAFP in conventional matrix of PLA or PQOb the case of ADCI grafted QAFP,
and pure QAFP in the case of MADCI grafted ones plate was then placed at 4 °C, this
temperature allows the storage of the bacteriakaegs the bacterial concentration constant

during a sufficiently long time to do the tests @@aachaikunsopon & Phumkhachorn, 2008;
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Garriga et al., 2002), so the diminution in thisueawill be attributed to the presence of the
films, a control sample was used for each testotafien the conservation of the bacterial
concentration during the test period. Samples & [Q of this solution were collected at

different times: 0, 1, 2, 3, 5 and 24 hours. Sdwditations were made from this volume and
100 pL of each dilution was spread on the apprtgrégar in petri dishes. Those were
incubated at 37 °C for 24 hours before colony cmgniSince the number of colonies counted
allows to track back the bacterial concentratiorhi& well, a monitoring of the evolution of

bacterial concentration was done.

Table 1. Masses of the film samples used for baadat activity evaluation.

Bacteria E. coli S. Typhimurium L. monocytogenes

QAFP wt.% in the film 100 60 100 60 100 60

Mass (g) in case of ADCI grafted QAFP  0.253.423 0.279 0.466 0.318 0.529

Mass (g) in case of MADCI grafted1

042 / 1.042 1.042 |
QAFP

2.9. Bacterial growth kinetic

Inspired from literature (Bahabadi et al., 2016;Hdmed et al., 2014; Othman et al., 2011,
Santiago et al., 2015), film samples (1.116 g eaahe put in a sterilized tube and 11.16 mL
of MHB was added. Afterwards, 0.838 mL of differéaicteria . coli, S.Typhimurium orL.
monocytogengspreviously prepared in peptone water (approxiigaéelog CFU.mLY) was
added to each tube. The tubes were then incub&tdd &C and samples of 215 puL were
regularly collected from each tube during 22 hodilsese volumes were introduced in the
wells of a 96-well microplate to perform OD measneats. Both pure QAFP films and

different formulations were tested.

A simplified scheme summarizing the different expents steps is in Supporting
Information S4.
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2.10. Release assay

In order to investigate an eventual release ofqii@ernary ammonium moieties from the
films to the media, agar diffusion tests were insgifrom literature and carried out according
to the method attended by three different authAssi(et al., 2014; Burujeny et al., 2015;
Villanueva et al., 2015) and allowing to know ifetljuaternary ammonium moieties were
effectively immobilized in the polymers and to cluue if the antibacterial action of the films
occurs by contact with bacteria or by the releds#ctive moieties, this tests were performed
for all the used films with the three bacteria fre&. coli S Typhimurium andL.
monocytogengsin the appropriate agar medium (resp. MacConkesbi®l Agar, DCLS
Agar and PALCAM Agar) : 100 uL of an aqueous saint{in peptone water) of about 6 log
CFU.mL* of bacteria was spread on the agar in petri dish & circular sample of each film
with 1 cm diameter was placed on, the petri disk #Wen incubated at 37 °C for 24 hours
before analyzing the eventual inhibition zone acbtire circular film.

2.11. Statistical analysis

The experiments were done in triplicates and tBalte are presented as average values with
standard deviations calculated from replicate mmgsents using student’s t-test method

(Microsoft Excel, Microsoft France Corporation, ica)

V.3. Results and discussion

3.1. Minimal inhibitory concentration (MIC) and maximal tolerated concentration
(MTC) of ADCI and MADCI

After measurements in the inoculated media contgidifferent concentrations of the acrylic
(ADCI) or the methacrylic (MADCI) monomers, the éwiion of the OD as a function of the

concentration of the monomer was represented agsuwvith their standard deviations (Fig.
3). The values of the standard deviations wereoredde comparing to the represented
average values of the OD. For both the monomersaaiidall three bacteria, OD decreases

when the concentration of the monomer increaser®eéaching a plateau. This means that
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the more concentrated the medium is with the mompthe more inhibited bacterial growth
is. On the curve of OD as a function of the monoowrcentration, the point corresponding
to the beginning of the decrease in OD corresptmtise value of the MTC and the first point
of the plateau at the lower values of OD correspottdthe MIC value; these results are
reported in Table 2, as average values, which waleulated from the triplicates, with the
corresponding standard deviations. No great diffeze were observed between the values of
the triplicates.

In literature, there is no evaluation of MIC or MTQ@f these monomers against the
investigated bacteria in this work, the MIC of MAD®as evaluated only against a fungi
(Candida spp (Stopiglia et al., 2012), thirty-orf@andidastrains were used in the cited study
and the MIC of MADCI was found to be between 2.8 40 wt.% depending on the strains,
this range comprises the value of 8.6 wt.% whicls ficaund in this work (Table 2). The
European Chemical Agency (ECHA) published a stuelyort (ECHA, 1999) about the
antibacterial effect of ADCI againsPseudomonas putidavhich is a Gram-negative
bacterium, the MIC of ADCI was found around 0.3%ut.

In Table 2, the values for both MIC and MTC arehaigfor MADCI than for ADCI. This
means that the acrylic monomer (ADCI) is more éfit than its methacrylic counterpart
(MADCI) in inhibition of all three bacteria. Thisifterence can be related to the chemical
structures of the monomers, the only differencevbet the two structures of the monomers
is in the tail end group: acrylate group for ADGldamethacrylate group for MADCI, it is
well known that the acrylic group is more hydropghthan the methacrylic one because of the
presence of an additional methyl in the structdrthe last one, and as a result, for the same
structure, acrylic monomers are more hydrophil@ntimethacrylic ones (Baute et al., 1998;
Warson & Finch, 2001; Wong et al., 2016), in thieeothand the first step of the mechanism
of the antibacterial action of the quaternary amimonmonomers, which is the attraction
between the bacterium and the monomer, is highpexéent on the electrostatic interactions
between the two parts, the bacterial cell membrareshydrophilic under physiological
conditions in the most cases and show higher ictieraand better contact with hydrophilic
compounds than hydrophobic ones (Bruinsma et BD12Chung et al., 2004; Pavithra &
Doble, 2008), this is probably the reason why AD@anks to its higher hydrophilicity, is

more efficient as bacterial growth inhibitor tha\BICI.
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Each monomer has approximatively the same valudsl@fand MTC againsk. coli andS.
Typhimurium, which are Gram-negative bacteria, ligher values were observed against
monocytogenesvhich is Gram-positive bacteria. This can be ex@diby the fact that Gram-
negative bacteria are more hydrophilic than Grasitp@ ones (Ohta et al., 2008) so
guaternary ammonium monomers, which are hydrophdie more attracted by Gram-
negative than by Gram-positive bacteria. The fact also be attributed to the differences in
the cell membranes between Gram-positive and Gregative bacteria. The Gram-positive
ones have a multilayered membrane of peptidoglyehite the cell membrane of Gram-
negative bacteria is a single thin membrane ofigeglycan (Sun et al., 2006) and thus the
cell membranes oE. coli and S. Typhimurium are easier to disrupt than that Lof

monocytogenes

Table 2. MIC and MTC values of ADCI and MADCI agsitiife. coli, S.Typhimurium and..

monocytogeneexpressed in wt. % of the inoculated solution.

ADCI MADCI

MIC WL%)  MTC Wt%)  MIC (Wt.%)  MTC (Wt.%)

E. coli 2.0+0.006 0.1+0.016 8.6+0.049 0.6+0.023
S.Typhimurium 2.2+0.045 0.1+0.008 8.6+0.091 0.6+0.012
L. monocytogenes 2.5+0.033 0.3+0.031 8.6+0.701 1.4+0.021
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3.2. Inhibition tests

OD values after 24-hour incubation with pure filofSQAFPSs, thiol functionalized polymers
and commercial polymer matrices are presentedgn4iThe colony counts on agar dishes
were also carried out in the case of QAFPs (Fig.The films made of formulations of
QAFPs in commercial polymer matrices were also stigated and their related OD results
are presented in Fig. 6. All these results areenmtesl with their corresponding standard
deviations that were determined from the triplisatdlo great variations were observed
between the values of the triplicates.

As shown on Fig. 4, for each bacterial strain twsd, controls were used: one containing only
MHB (Ctr.MHB) and the other containing the MHB itwdated with bacteria
(Ctr.MHB+E.coli, Ctr. MHB+STyphimurium, and Ctrl. MHBt.monocytogengs These
controls show that an effective bacterial growthurced and increased the OD of the medium
from about 0.05 to 1. This figure also shows tln&tre is no significant bacterial inhibition
effect for the conventional neat polymers (PaAd PCL)against the three bacteria: the OD
values corresponding to these samples are apprelimaqual to the control ones.
Concerning the multi-thiol functionalized polymekd,A-SH, PCL-SH and PHB-SH samples,
a small decrease in OD was observed compared tedh&ol; this demonstrates a weak
bacterial inhibition activity of these polymers whiis due to the presence of thiol functions
in there structures. These functions are knownratee lantimicrobial activity and many works
were carried out on this subject (Dominico et H97; Wiradharma et al., 2011; Yomogida et
al., 1995). However QAFPs films show an importaaetréase in OD demonstrating a high
bacterial inhibition against both.coli, S. Typhimurium as well afor L. monocytogenedhis
confirms that QAFPs films are antibacterial andt ttieeir antibacterial activity is due to
grafting quaternary ammonium monomers on theirl4ioctionalized end chains. Colony
count on agar dishes allowed the determinationaaftdrial concentrations in the different
media containing QAFPs film samples and the resugresented in Fig. 5, expressed in log
CFU of bacteria/mL of the inoculated medium. Thetoa sample confirms that bacterial
growth occurred and bacterial concentration in@eéasy 2.4, 4.2 and 5.3 log CFU.rhifor
respectivelyE.coli, S. Typhimurium and.. monocytogeneafter one day. On the other hand,
in the presence of QAFPs the bacterial concentratexreased after one day relatively to the
control at time=0, so it can be concluded thatghsrnot only a bacterial growth inhibition
when QAFPs films are introduced in the solution blso a bactericidal activity. The OD

measurements (Fig. 4) showed a more important dserén the cases of ADCI grafted
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QAFPs (PLAgAD, PCLgAD and PHBgAD) compared to theADCI| grafted ones
(PLAgMAD, PCLgMAD and PHBgMAD). This observationdds to conclude that the ADCI
grafted QAFPs are more efficient inhibitors tharittMADCI grafted counterparts. This is
confirmed by the colony count on agar (Fig. 5) &irthe samples except for PLA based
QAFPs againskE.coli. For instance, PLAgGMAD decreased the bacteriakcentration more
efficiently than its PLAgGAD counterpart and it cée explained by the fact that an OD
measurement takes all the objects in the investigatedium into account, including dead
bacteria while a colony count on agar gives theceantration of only living bacteria. Fig. 6
shows a decrease in the OD of the media contaiiling in the cases of all the formulations
and againsgk.coli, S. Typhimurium andL. monocytogenesThis decrease starts to appear
when 10 wt.% of QAFPs are added into the film anldecomes more and more important
with the increase of the wt.% QAFPs content inftms. Films containing 0 wt.% QAFPs
(PLA and PCL) did not show a decrease in OD aftema day incubation, so it can be
concluded that the antibacterial effect was obthioyeincorporating QAFPs into the films for
which the inhibition efficiency depends on the QAR®Nntent. Many studies were carried out
about the effect of the quaternary ammonium grawgugent in materials on enhancing their
antibacterial activity (Cavallaro et al., 2016; dfér et al., 2005; Li et al., 2014) and the
authors introduced a variable to better descrilaeimterstand this relationship, the variable is
the “charge density” expressed in surface chargespdace unit (surface charge.cm-1 or
N*.cm™®) and gives the number of the quaternary ammonitonps per surface unit of the
material, this way of studying the effect of theatgrnary ammonium content on the
antibacterial efficiency is consistent and intareggsince the mechanism of the antibacterial
action of this kind of materials (explained in tf@lowing sections) occurs by contact
between the surface of the film and the bacterddll allowing the quaternary ammonium
groups to Kill the bacteria without requiring thengetration of the polymer in the bacterial
cell. Murta et al. (2007) immobilized quternary aomum bruches, obtained by
polymerization of MADCI, on the surfaces of glaskdes and silicone waffers and
demostrated that the antibacterial activity of titained materials againgt coli increases
by increasing the surface charge density i.e. lmyemsing the nuber of the quaternary
ammonium groups. Huang et al. (2008) observed dmeesresut after grafting MADCI on
glass slides and obtained a linear correlation éetwhe number of killed bacterig. (coli)
and the number of the quaternary ammonium groupgb@surface of the tested material, the

author explained this result by the fact that therease in the number of quaternary
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ammonium groups intensifies the exchanges betwkesetgroups and the bacterial cells

during the antibacterial mechanism.
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monocytogeneare control samples without films and inoculatathwespectivelyE.coli, S.

Typhimurium and.. monocytogenes.
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3.3. Bactericidal activity

The bactericidal activity of flms made of pure QAd-and those containing 60 wt.% QAFP
was investigated; the results are illustrated retspedly on Fig. 7 and Fig. 8 as bacterial
concentrations with their corresponding standandadi®ens. No great values of the standard

deviations were observed comparing to the averalyees of the bacterial concentrations.

The control sample (Ctrl.) showed that the badte@acentration was kept almost constant
when there was no film in the inoculated mediumsli§ght decrease was still observed and
probably due to the natural death of a small nundidvacteria caused by the absence of
nutrient in the medium which is peptone water 4C4 Both pure QAFPs and their 60 wt.%
formulations showed an important decrease of tlogebal concentration for the three tested
strains after only one hour of contact betweenfithes and the bacteria containing solution.
Some film samples were able to kill all the baetgresent in the medium and decrease the
bacterial concentration to 0 CFU.flafter 2 hours of contact (Fig. 7.b: PCLgAD against
STyphimurium and Fig. 7.c: PHBgAD and PCLgMAD agaihs monocytogengsAfter 24
hours of contact, a total elimination of the baetevas observed with most samples. The
films containing 60 wt. % QAFPs showed nearly tams bactericidal efficiency as the pure
QAFPs ones and in some cases a greater efficiascghown in Fig. 7.a and Fig. 8.a. This is
probably due to the difference in monomers distrdruon the surfaces of the films. The size
of the films were determined so as to obtain aemuary ammonium group concentration
eqgual to the MIC of the corresponding monomer, &rger surface of the film containing 60
wt.% QAFP was needed to reach this value comparéuketpure QAFP one. Finally the same
amount of quaternary ammonium groups was in thearaat this amount was spread over a
larger surface in the case of the film containifigwd.% QAFP compared to the pure QAFP
one, and the probability of contact between theeynary ammonium groups of the film and
bacteria was enhanced by increasing the film’saserf Thus, in potential applications for
these films, if the film’s surface is the limitingstriction, the QAFP wt.% content can be
modulated to meet this need; if the QAFP wt.% conie the constraint, it can be overcome
by acting on the film’s surface, while maintainitige same antibacterial efficiency in both

situations.

Questions may arise about an eventual release tofeamoieties from the films to the
bacterial medium to know if the antibacterial astmccurs by contact between the films and
the bacteria or by diffusion of the quaternary ammm functionalized moieties from the
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films to meet bacteria, the release tests that lh&en carried out in this work with all the
films against the three bacteria showed that inttedl cases there was no inhibition zone
surrounding the film sample in the inoculated agaedium (Fig. S6 in Supporting
Information) this result confirms that there wasretease of active moieties from the films
and that the antibacterial action occurs by contemitact-kiling mechanism, explained in
the following section) and not by diffusion of drdcterial species (Asri et al., 2014; Burujeny
et al., 2015; Villanueva et al., 2015). Many otkardies were achieved and attest that since
the quaternary ammonium compound is covalentlychéd to the polymer (as in this work) it
becomes immobilized in the material and not sudokepto release or leaching (Bakhshi et
al., 2013; Jampala et al., 2008; Xue et al., 20liba recent work, Burujeny et al. (2015)
prepared dental materials in which quaternary anumomethacrylate compounds (MADCI
was among them) were immobilized by the mean ofsdrae reaction as in this work: thiol-
ene reaction between thiol functions and methamygmoups of the monomers bearing the
guaternary ammonium groups and found that the fuate ammonium moieties were
immobilized in the materials by doing the same ajfiusion tests. The immobilization of
ADCI were also achieved successfully by Lee et(2012) first by adding it to chitosan
according to a nucleophilic Michael addition theme tresulted quaternary ammonium
functionalized chitosan was grafted to silicon aoef and still immobilized thanks to covalent
bounds.
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3.4. Bacterial growth kinetics

Figures 9, 10 and 11 show the bacterial growth todng of respectivelyE. coli, S.
Typhimurium andL. monocytogened)y measuring the OD of the inoculated media in the
presence of the films made of different QAFPs fdatians in the commercial polymer
matrices, the maximum values of the standard vealeviations are indicated in the figure
captions. These figures show that the evolutiothefOD is affected by introducing the films
in the inoculated media meaning that the bactgralth is slowed down and this slowdown
is proportional to the QAFP content in the film. Nacterial growth was observed in the case
of 100 wt. % QAFP films; this was due to the fdehttthe quaternary ammonium group
content in these films allowed for a higher concatidn than the MIC value in the media, as
known, the antibacterial activity of quaternary aomum groups was preserved when these
were dispersed in a solution or immobilized in aemal such as a film (Berndt et al., 2010;
Gottenbos et al., 2002; Mohamed Abo El Ola et 2004); the same phenomenon was
observed for the 60 wt.% (except for PCLgAD in Pagainste. coli, Fig. 9). The efficiency

of the contact-killing mechanism depends on the'él surface and the antibacterial group
content and their dispersion in the films, but whiea value of antibacterial group content
becomes sufficient (60 wt.% in most cases) thee@se in this value does not change the

result (100 wt.%) and no bacterial growth was obesgin either case.

The mechanism of the antibacterial action of thatgunary ammonium groups when they are
immobilized in a polymer (as in this work) attrati great interest since there is no diffusion
or release of the antibacterial moieties to the iomadvhich contains bacteria, therefor it is
evidently not the same mechanism as in the caseefquaternary ammonium monomers
which will disrupt the cell membrane of the badeaifter penetrating it (Fig. 1), from the
mechanistic point of view it is difficult to imagena mechanism similar to the last one when
the quaternary ammonium groups are linked and inilimet) into a material. A new contact-
killing mechanism of the antibacterial action oflygoers endowing immobilized quaternary
ammonium groups was proposed and approved by nratgpéndent studies (Asri et al.,
2014; Bieser & Tiller, 2011; Chen & Cooper, 2002jstharu et al., 2011; Li et al., 2011;
Siedenbiedel & Tiller, 2012; Villanueva et al., Z)1the cell membranes of the bacteria
contains negatively charged phospholipids whichcaamstantly in interaction with divalent
cations such as calcium (€pand magnesium (Mg ensuring the electronic equilibrium and
acting as stabilizers or playing an important ialsome vital functions of the bacteria, when

the cell membrane is in contact with a quaternanynanium group, electrostatic interactions
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occurs between the negatively charged phospholgdisthe positively charged ammonium
which is better able to make ionic bounding witle fthospholipids than the other divalent
cations in the membrane are, as a consequencevilend cations (no longer bounded to the
phospholipids) are pulled out of the membrane causie loss of the membrane integrity and
its death, in other words the indispensable divatations are relieved of their function in

charge neutralization of the negatively chargedspholipids in the membrane and are then
free to be released out of the cell. The negativaigrged phospholipids may also be
withdrawn from the cell membrane due to the eletatic interactions with the quaternary
ammonium groups. So the higher the number of go@atgrammonium groups in the surface
of the film is, the more the ion exchange betwédwnfilm and the bacterial cell membranes is
intensified (Huang et al., 2008), thus the antibaat efficiency of the flms depends on their

QAFP content. A simplified schematic representatidrnthis mechanism is in supporting

information.
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Fig. 9.E. coli growth curves in MHB with the presence of diffarearmulations of QAFPs in
conventional matrices, showing the effect of theFRA content on the bacterial growth, at
37°C. Ctrl: control without film. The maximum staard relative deviations were (*) : 3.3,
(**): 16.0, (1): 5.6 and (}): 4.3 % of the averagdues.
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Fig. 10.S. Typhimurium growth curves in MHB with the preserafedifferent formulations
of QAFPs in conventional matrices, showing the aftd the QAFPs content on the bacterial
growth, at 37 °C. Ctrl: control without film. Theaximum standard relative deviations were
(*) 2.1, (**):17.8, (1): 1.1 and (}): 2.0 % die average values.
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Fig. 11.L. monocytogenegrowth curves in MHB with the presence of diffaréarmulations
of QAFPs in conventional matrices, showing the aftd the QAFPs content on the bacterial
growth, at 37°C. Ctrl: control without film. The xienum standard relative deviations were
(*) : 1.3, (*): 10.3, (1): 8.2 and (¥): 1.5 % die¢ average values.
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V.4. Conclusion

Films of quaternary ammonium grafted polymers (Q&FPased on branched structures of
PLA, PCL and PHB biodegradable chains were assesseathtimicrobial polymers against
Gram-negativeKE. coliandS. Typhimurium) and Gram-positivé_( monocytogengsacteria.
Formulations containing 10, 20, 50 and 60 wt.% oAFRs in commercial polymer
biodegradable matrices of PLA and PCL were alsestigated and a high antibacterial
activity was noted for these materials. The valoésMIC and MTC of the quaternary
ammonium active monomers grafted on the polymenre wletermined and revealed that the
acrylic monomer (ADCI) was more efficient than timethacrylic one (MADCI) against the
three tested bacteria, they also showed thamonocytogenegGram-positive) is more
resistant than the two other bacteria (Gram-negpatiVhe inhibition tests showed that the
antibacterial activity of the QAFPs is due to grajtquaternary ammonium monomers on
their end chains, and the activity of the formwas is due to the introduction of QAFPs in
the neat matrices. Bacterial colony count reveadednajor decrease in the bacterial
concentration thanks to the presence of the filmhe media; for example: 6.3 log reduction
for PLAgAD againstE. coli 6.7 log reduction in the case of PCLgAD agaisst
Typhimurium and 6.4 log reduction in the case olL&D againstL. monocytogenesAs
expected, the formulations of QAFPs in matriceswatb that the inhibition efficiency
depended on the QAFPs content. The bactericidé$ t&sowed, for most films, a total
elimination of the bacteria by introducing the fdrmm the media containing initially 6.7, 5.2
and 4.9 log CFU.mt of respectivel\E. coli, S. Typhimurium and.. monocytogenesfter 24
hours of contact between the film and the inocdlateedia. Some samples revealed a total
elimination of the bacteria after only 2 to 3 hourke retarding effect on bacterial growth of
both pure QAFPs films and their formulations in tbenventional matrices has been
demonstrated. This retarding effect was emphadigeiticreasing the QAFPs content in the
matrices. The agar diffusion tests showed thatetliemo release of quaternary ammonium
moieties from the QAFP films and their containignfiulations, the combination of all these
results leads to assume that the antibacteriabraci these materials occurred according to
the contact-killing mechanism which is approvedifarature. In addition to being highly
antibacterial, these materials are constituted iotldgradable polymer chains (and bio
sourced in the cases of PLA and PHB) which are @oinin nature. The quaternary
ammonium active monomers used are economicallyiadlaiand the obtained products are

shapeable in the melt phase. The antibacterialigctf the compounds used was preserved
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even after chemical grafting and in-melt processsagfinally these materials offer numerous

advantages for antimicrobial applications.
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V.6. Supporting Information
Synthesis of the quaternary ammonium functionalizegolymers (QAFPS)
Materials

Dihydroxy telechelic polylactic acid (PLA-diol) (8D g.mol') was synthesized by ring
opening polymerization of lactide in presence oftabediol, dihydroxy telechelic
polyhydroxybutyrate (PHB-diol) (~1000 g.mdl was synthesized by transesterification of
conventional polyhydroxybutyrate PHIO®? from NaturePLAST (PHB) in the presence of
butanediol. Dihydroxyl-terminated polycaprolacto@CL-diol) (1000 g.mol) CAPA®
2100A was purchased from Solvay. 4,4-Methylendaysiohexyl isocyanate) 90%
(H12MDI), Glycerol 99% (dehydrated by 3 A rod-shapedienalar sieves, 1/16 inch, Fluka,
for 1 week before use), 2-Aminothiophenol 99%, dbdbutyltin dilaurate 95% were
purchased from SIGMA-ALDRICH (France). Anhydrod§N-Dimethylformamide 99.9%
(DMF), Tetrahydrofuran 99.9% (THF) and Diethyl atl89+% are Carlo Erba Reagefits
[2-(Acryloyloxy)ethyl]trimethylammonium chloride @C), [2-
(methacryloyloxy)ethyl]trimethylammonium chlorideMADCI) (purchased as aqueous
solutions of 80 wt.%) and 2,2’-azobis(2-methyl-gamptril) (AIBN) were purchased from
Sigma Aldrich.

The QAFPs synthesis were carried out in three steps

Step 1. Synthesis of branched polymers with isocyate functions at the chain ends
(Scheme S1)

50 g (0.05 mol) of the dihydroxy telechelic polyntBLA-diol, PCL-diol or PHB-diol), 1.535
g (0.017 mol) of glycerol and 200 ml DMF were mixieda 500 mL three-necked flask at
room temperature until homogenization, then plaicedn oil bath at 80°C. The flask was
purged by nitrogen pipe and 30.608 g (0.105 molHgMDI were introduced in, 0.05 g
(7.9x10° mol) of dibutyltin dilaurate were added as catal§e mixture was stirred during

55 minutes before putting the flask in an ice/watah to start the second step.
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Step 2. Thiol functionalization (Scheme S2)

This step consists in adding 2-Aminothiophenol ihick the amine group reacts with the
isocyanate pendant groups of the structure obtaafted the step 1, thus giving a multi-thiol
functionalized polymer; PLA-SH, PCL-SH and PHB-SHe arespectively multi-thiol
functionalized PLA, PCL and PHB.

A solution of 6.333 g (0.05 mol) of 2-Aminothiopl@nn 30 mL of DMF was dropwise

added to the Step 1 obtained mixture and the fleesk kept in the ice/water bath for 1 hour
with magnetic stirring. The mixture was then préeigd in diethyl ether, the obtained
polymer was solubilized in THF and precipitateddiethyl ether 3 times before drying it

under vacuum at room temperature until constanghtei

The stoichiometric amounts of reactant was adjustedrder to obtain a three branched
structure with three thiol functions (on functiom @ach branch end) while avoiding

gelification (during Step 1).

Step 3. Grafting of quaternary ammonium monomers orthe thiol functions (Scheme
S3)

30 g ~0.006 mol) the muti-thiol functionalized polymerL®SH, PCL-SH or PHB-SH)

were dissolved in 300 mL of a 50/50 vol.% mixtufélelF/ethanol in a 500 mL three-necked
flask, the mixture was putted at 70 °C and nitrogémosphere with magnetic stirring until
homogenization followed by the introduction of 1849y of ADCI (0.072 mol) or 14.954 g of

MADCI (0.072 mol), then 0.75 g of AIBN was added @aalyst. The mixture was kept
reacting for 12 hours before precipitating the lfimeduct in diethyl ether and drying it under
vacuum at 40°C until constant weight, at the endhtegrnary ammonium polymers were
obtained and characterized (Belkhir et al., 2018,62. The amounts of ADCI and MADCI

were adjusted in order to obtain a ratio SH/AD@H/MADCI = 1/4.
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Scheme S1. Synthesis of the branched structurbsseityanate terminated branches.
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Scheme S3. ADCI and MADCI grafting on the multiethfunctionalized polymers. R refers
to hydrogen atom in the case of ADCI and methylugrm the case of MADCI.
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Scheme S5. Schematic representation of the cokithiocty mechanism of the bacteria by a
polymer containing quaternary ammonium groups. (Ag bacterial cell is attracted by the
surface of the polymeric material, (B): the negalyvcharged phospholipids interact with the
quaternary ammonium groups and ionic bounds aresrbativeen them pulling the divalent
cations out of the membrane, (C): the cell membrategrity is lost and the envelope is
disrupted causing the death of the bacterium.
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Fig. S6 Example of the results of the diffusiontgdeagainstE. coli , (A): non-inoculated
MacConkey Sorbitol Agar without film, (B): inocutt Agar without film. The film samples
are (C): PLAgAD in PLA, (D): PCLgAD in PLA, (E): FAgAD in PCL, (F): PCLgAD in
PCL, (G): PLAgAD, (H): PCLgAD and (l): PHBgAD. THermulations (A-F) are made of 60
wt.% of QAFP, the other samples (G-I) are made08f wt.% of QAFP.
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V.7. Abstract

This study describes the antibacterial activityleaton of film-shaped polymers based on
biodegradable chains of polylactic acid (PLA), pmagrolactone (PCL) and
polyhydroxybutyrate (PHB) in branched structureghwguaternary ammonium pendant
groups. The materials were tested against both @egative Escherichia coli and
SalmonellaTyphimurium) and Gram-positiveListeria monocytogengshacteria. Minimal
inhibitory and maximal tolerated concentrationshef quaternary ammonium monomers were
first determined. Films of pure quaternary ammoniumctionalized polymers (QAFPs) and
of blends of QAFPs with commercial matrices wenedigtd to determine their inhibition
effects and their bactericidal activity. A high i@aicterial activity was found, up to 5.6 log,
4.4 log, and 4.2 log CFU.mL-1 reduction for respety Escherichia coli (Salmonella
Typhimurium andListeria monocytogeneafter only one hour of bactericidal tests, 6.7, log
5.2 log and 4.9 log CFU.mtreduction was observed for the respectively ditacteria after

24 hours, making these materials potentially applie in many fields.
Keywords

Antibacterial polymers; quaternary ammonium polysnewctive films; PLA; PCL; PHB.
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Chapitre VI

ETUDE DU COMPORTEMENT RHEOLOGIQUE DU POLYMERE BRANC HE EN
ETOILE, A BASE DE SEGMENTS DE PLA, PORTANT DES GROUPEMENTS
AMMONIUMS QUATERNAIRES

Ce chapitre est consacré a I'étude du comporterhéntogigue du polymére en étoile, a trois
branches de PLA, et portant des groupements ammeniaux extrémités (PLA-Q),
synthétisé et caractérisé dans les chapitres mBtda masse molaire étant d’environ 6900

g.mol™.

Dans un premier temps, le PLA-Q a été comparé sonmanalogue de méme structure mais
ne portant pas de groupements ammoniums (PLA)}Cles mesures de viscosité de ces
derniers a montré l'effet de la présence des gmepés ammoniums quaternaires sur la
viscosité du polymére : I'écoulement du PLA-Q fondst fortement ralenti par des

interactions ioniques entre ces groupements. Lesg@s d’activation de cet écoulement ont
été déterminées, leurs valeurs correspondent a pdesessus physiques (interactions

ioniques).

La superposition temps-température des courbesaddsiles de conservation, de perte ainsi
gue du facteur de pertan o a été faite a des temps constants puis a des tetopEs

constantes. En concordance avec les travaux tralargsla littérature, ces résultats montrent
gu’il y a formation de zones discretes (clustersaguégats), au sein du PLA-Q, suite aux

interactions ioniques, et que ces derniers chargammportement rhéologique du matériau.

Ce chapitre est sous forme d’article scientifiqoersis dans le journ&olymer
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VI.1. INTRODUCTION

lon-containing polymers have attracted a greatréstein the field of polymer science and
have imposed themselves in various applicationg. gutcess of these materials within the
community of polymer scientists is justified by tfaet that the incorporation of ions in the
structure of a polymer changes dramatically itolbgical and mechanical properties due to
the establishment of intermolecular physical int&@oes [1]. The idea of incorporating ions in
a polymer structure has been applied for diffengoliymers such as polyisobutylene [2],
polystyrenes [3] or polyethylenes [4] and a largeiety of ions was investigated such as
sodium cations [5], quaternary ammoniums [6], phosjums [7] and others. However, by
bearing these ions in their structures, ion-coimmaginpolymers exhibit other advantages
besides the changes in their rheological and mécdlgoroperties: they are good conductors,
selective carriers, antistatic and antimicrobialtenials [8-11]. There are different ways to
prepare ion-containing polymers, among which thdymerization of ion-containing

monomers is widely used [12-15] as well as thetogrgfof ionic moieties on the polymer

chains [16]. They can also be prepared by ionimatibsome reactive chemical groups that

are located within the polymeric structure [17].

In the melt phase, unusual properties were obsefwedhe ion-containing polymers and
many pieces of work were carried out to attemptetglain their rheological single
characteristics; the studies converged to conclind¢ the flow characteristics of these

polymers are governed by physical bonds that tdkeepbetween the concerned ions and
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cause the formation of packs of polymeric molecutea form of discrete regions within the
polymer. These ensembles are called aggregatesterduor multiplets according to their
shape and size [18-24This behavior has been demonstrated by using metiyigques such
as scanning electron microscopy [25], magnetizatmeasurements and electron spin
resonance [25,26], dielectric loss measurements2827Raman spectroscopy [29], small
angle X-ray and neutron scattering [30-31], dynamechanical analyses and stress
relaxation studies [34-36], but the most relevarg seems to be the rheological study.

The formation of ion-containing polymer aggregatethe material leads to increase its melt
viscosity and changes completely its flow behay®#,38]. The magnitude of this change
depends on the nature of the polymer chains bed#nmgons, the ions content (functionality)
and their location in the polymer chain backbohe,kind of ions and the counter ions [39]. It
also depends on the macromolecular design of thgmgo, such as the branched ion-
containing polymers are more able to initiate tbieenomenon than the linear ones. The
formation of these clusters as well as their digdmn are dynamic reversible processes
covered by the rheological parameters to whichidhecontaining polymer is subjected. This
aspect is widely studied in the literature usingagety of ion-containing polymers, but to our
knowledge no work was achieved about ion-contaipiokylactic acid which is a bio-sourced
and biodegradable polymer largely used in manyvagie applications and known for its
interesting properties ; besides, among the vaoétthe investigated ions, no studies were

conducted about quaternary ammoniums.

In this work, the rheological behavior of branchgdaternary ammonium-containing
polylactic acid was investigated in order to verifie occurrence of ionic interactions, the

formation of aggregates and to determine their gy size.

VI.2. EXPERIMENTAL
Materials

Three-branched star-shaped polylactic acid beagumternary ammonium pendant groups
(PLA-Q) was studied; its chemical structure is shaw Scheme 1. The synthesis of this
polymer and its characterizations were detailecprievious works [40-43]. PLA-Q mean
molecular weight was 6900g.mblEach branch was made of a linear chain of PLAbgfut

1000g.mof". The three branches were linked to a glycerol nmdenake the star-shaped
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design. A quaternary ammonium compound with cheoad counter ion was grafted on chain
ends of the star shaped PLA with a ratio of 4 mdks per branch to make quaternary
ammonium end-functionalized structures with glasmdition and melt temperatures of
respectively 49.5 and 154.9°C.

Another three-branched star-shaped PLA was usdl,the same macromolecular structure
but containing alkyl side groups rather than queter ammonium ones (PLA-GHScheme
1), in order to show the effect of the presenc®n$ by comparison between PLA-Q and its

analog.
Dynamic rheology

The rheological behavior of PLA-Q was investigatesthg an ARES G2 rheometer from TA
Instruments. Samples were analyzed in multi-wavdemaf shearing, in which the sample is
exposed simultaneously to oscillations at varioagudencies, using parallel plate geometry of
25mm diameter. All experiments were carried outemperatures ranging from 130°C to
160°C in the frequency range 0.@ixad.s")<100. All experiments were performed in the

domain of linear viscoelasticity (strain < 2%).
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Scheme 1. The chemical structures of PLA-Q and EIA-

VI.3. RESULTS AND DISCUSSION

The presence of quaternary ammonium groups on dahadls of the branched PLA-Q was
suspected to cause dramatic changes in the rhealdmghavior of this material. To bring out
this effect, the study started by dynamic rheolalgiceasurement comparing the viscosities of

PLA-Q and its analogue PLA-GHivhich does not contain ammonium groups.
Dynamic rheological measurements

Figure 1 shows the measurements of dynamic visc@sij of PLA-Q (A) and PLA-CH (B)
as a function of frequencyw), obtained in multi-wave sweeping mode. The cumnwese
acquired at different temperatures and after differshearing times. The emanating point
from the comparison of the two graphs is the lalifference in the viscosity values: for each
temperature and for a given shear time, PLA-Q slklowscosity values that are over 100
times higher than those of its analog PLA-CHhe viscosity of the two polymers decreases

when the temperature increases. The effect of lilearsng time is less pronounced at low

234



temperatures and becomes considerable at higher Boe PLA-Q, a Newtonian behavior
was observed at low temperatures (130 and 140°@) avilinear viscoelastic plateau that
appears at low frequencies. This behavior dissgpateen the temperature increases and the
shape of the curves changes. On the other siden-&awtonian behavior was observed for
PLA-CHz; which shows a continuous decrease of viscositynwvthe frequency increases for

all the investigated temperatures.

The dramatically increased viscosity of PLA-Q congokto the PLA-CH one is attributed to
the presence of the quaternary ammonium groupherchain ends of PLA-Q. The same
result is commonly found in the literature [44] axplained by the fact that ionic interactions
occur between the pendant ions of the polymer. Thesnelt viscosity of PLA-Q, even with
a small mean molecular weight, is in the same oamfemagnitude as the one of high
molecular weight polyesters without ions in theirustures. For example, at 150°C the
viscosity of PLA-Q (average molecular weight of619°g.mol?) is about 18Pa.s; this value
corresponds approximately to that of linear PLAhwdn average molecular weight of
1.3x1Gg.mol* at the same temperature and within the same freyumnge [40]. At 140°C,
PLA-Q shows a viscosity which varies between 34d 7.16Pa.s; these values are higher
than those of a linear polycaprolactone (anothéygster) with an average molecular weight

of 1.28x10g.mol* in the same conditions [45].

Bagrodia et al. [44] demonstrated that the effectmmlecular weight of ion-containing
polymers on their melt viscosity does not follove ttame law as their homologs among non-
ion-containing polymers, and that the viscosityla# molecular weight polymers is more
strongly influenced by the presence of ions that tf higher molecular weight polymers.
The authors also showed that these ionic intemnagtizvhich are of coulombic nature, still
persist even at high temperatures up to 180°C.gheesment with these works, the high
viscosities of PLA-Q observed can be attributedatgreat effect of the ionic interactions
between the PLA-Q molecules. The association oPib&-Q molecules can be assimilated to
the formation of physical associations of molecufethe form of small networks within the
material. Many studies have proved that the bracstar-shaped structure of the ion-
containing polymers is a factor that promotes threngaition of these associations. Note that
for linear structures, no significant effect on thecosity was observed by introducing ionic
moieties in their chain ends since the ionic intBoms may cause a simple chain extension

with no network character [2,47].
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sweep with 2% deformation and 0.5 mm gap.

The association/dissociation of the ion-contairpagymer molecules has been found to be a
rheologically complex process which depends on teatpre as well as on shearing time
[1,2,21,37,38]. In the next parts, the shape amzé sif the aggregates (clusters and/or
multiplets) formed by the physical bonds of thesigmesent in the polymers were determined
by rheological studies.Therefore the current disiuswill be divided into two parts: the first

one will address an isothermal study while varytimg shearing time and the second one will
be an iso-time study while varying temperature. Tiwe parts will be followed by a

combination of the two effects in a same discussion

| sothermal study

In this part, the results corresponding to difféershearing times are expressed for a given
temperature. For each temperature (130, 140, 16A&d°C), the three curves corresponding

to 1, 10 and 20 minutes shearing time were supetptusgive a master curve of G™ as well as
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G (Figures 2 A and B). To make the isothermalterasurves, horizontal shifting of G™ and
G curves was done by means of a time shift fa@pdefined as:

_ l'l(t,To)

=Ty Equation (1)

¢

wheren(t, To) is the viscosity at the shearing time t ad, To) is the viscosity at the reference
time  which was 20 minutes in this study, i the temperature at which the viscosity was
estimated.

The superposition was easily realizable in all sagxcept for the one at 130°C in which
some offsets were encountered when making the mastee. The offsets and the inability of
the 130°C curve to be superposed could be explaimethe one hand by the fact that the
polymers with branched structures bearing ionshim ¢hain ends are thermorheologically
complex materials with both time and temperatuneedéent structures [1,2] but moreover,
on the other hand, the temperature of 130°C igcseffitly low below the melting temperature
Tm of the PLA-Q (154.9°C) to promote crystallizatiof the PLA polymer chains. The

addition of the two contributions is likely to bausing this difference for that particular

temperature.

For all the temperatures, relaxation moduli shofthnigh frequencies when the temperature
increases, thus showing the effect of temperatarthe size of the ionic associations formed
within the material. It appears that temperaturenpotes breakup of the ionic association.

This finding is extensively supported in the litera [48-50].

The dependence of the time shift factor on tempesgawas then investigated. The variation of
In(a) as a function of time (t) was plotted for diffeteemperatures (Figure 3. A). It is shown

that In(g) decreases linearly with shearing time and thatdabrresponding slopes increase
with temperature. The time shift factar decreases exponentially with time, meaning that
dissociation of the ionic aggregates is a time-ddpat process. So, from this result, the

expression of the time shift factaraan be cast under the following form (Equation 2):
a () =e k(%) Equation (2)

wherek is a kinetic constant corresponding to the reiargprocess (dissociation of the ionic

aggregates) and, the reference time. Figure 3.B: the values-bf(k) were plotted as
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function of% . It clearly demonstrates that the dissociatiamekc constant k increases with

temperature and obeys Arrhenius’s law expresséukifollowing equation:

K(T) = koel®) Equation (3)

whereU, andR are respectively the activation energy of theatigdion process and the ideal

gas constant, ang ks a pre-exponential factor.

From Equation (3), it can be seen that the kineticstant increases with temperature. This
result firstly states that the relaxation mechansuhependent on temperature and its progress
is favored by the increase of temperature. Secorntdiwes the answer about the origin of the
energy causing the aggregates’ dissociation: wherteamperature of the material increases,
its viscosity decreases, so the effect of the machh energy that is provided by the
apparatus should be attenuated. Thus the dissotiafithe aggregates will be disfavored.
Yet, the opposite phenomenon was observed hered{$seciation is favored), so it can be
concluded that the dissociation of the ionic aggteg is not a consequence of the mechanical
constraint imposed by the apparatus, but resutts fa thermodynamic mechanism which

occurs within the material and depends on tempexatsi well as on time.

This finding is in agreement with the literaturencerning other ion-containing polymers.
Tobolsky et al. [51] stipulated that the formatiminionic aggregates within the polymer and
their sustenance are due to thermodynamic staé¢sath highly unfavorable to dissolve the
ionic moieties in the hydrocarbon polymeric mediufo relieve this energetically
unfavorable situation, the ions will aggregate #sato the coulombic interactions between
one another. From the results presented in FigletBe activation energy of the dissociation
process has been found to be 86.6kJ'nasid in good agreement with the value generally
found in the literature [52] for such ionic intetians.
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(B): Kinetic constantk versus the inverse of the temperature. For PLA-Q.
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| so-time measurements

In this part, the results corresponding to differeemperatures are expressed for a given
shearing time. For each time (1, 10 and 20 minutes)requency sweeps are given for four
different temperatures: 130, 140, 150 and 160°C.

Horizontal shifting was done by the mean of the gerature shift factor fawhich was
determined according to Equation (4) [53].

_ Q(T,to)

= Tote) Equation (4)

ar

wheren(T) and n(To) are the viscosities at respectively temperaturand the reference
temperature Jwhich was 140°C in this study i the shearing time at which the viscosity

was estimated.

Figure 4 shows the master curves of the storagan@the loss G~ modulus obtained. As
shown in Figure 4, for each shearing time, the esiref both G* and G for different

temperatures were superposed to give a master aari@nd in the previous section. For the
same reasons as discussed in the isothermal ghalynaster curve at 130°C could not be

superposed.

The thermal shift factor depends on the temperatacerding to Arrhenius’s law as shown in
Equation (5) [54].

El(l_i)
ar =eR\TTo Equation (5)

where Eis an activation energy, which can be associatatdaylobal decrease of viscosity,

and R the ideal gas constant.

On Figure 5.A, the plotting of Infpas a function o% shows that the process is in accordance

with Arrhenius’s law over the range of studied temgpures. The activation energy was
inferred from the slope of the corresponding linearves for each shearing time and the
values of k as a function of shearing time are gathered omrEi.B. It shows a clear
increase of the activation energy with time. Owutts give values of fequal to 282.5, 297.5
and 325.4kJ.mdi for shearing times of 1, 10 and 20 minutes respelgt These values of the
flow activation energy are in concordance with thpe of interactions suggested (ionic
process) between the PLA-Q molecules, and are efsdme order as those found in the
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literature concerning other branched ion-containiodymers; Bagrodia et al. [2] analyzed
five different branched star-shaped polymers whitiee¢ branches bearing different ions at the
chain ends, based on polyisobutylene, with averagkecular weights between 8x1and
3x10fg.mol+. They found values of Ecomprised between 104.6 and 138.1kJmol
depending on the molecular weight and type of #edpnt ions. Broze et al. [55] determined
the activation energy of a telechelic ion-contagnbutadiene (Average molecular weight of
4.6x10g.mol*) bearing different ions in its chain ends and fbwalues ranging from 62 to
126 kJ.mof" (function of type of the ion); they confirmed thilie process occurring with

these values of energy is indeed an ionic process.

However, the activation energy Ehay be interpreted as the sum of two contribution® is

the classical free volume activation energy andatier corresponds to the energy involved
in the ionic associations between the moleculeth@fpolymer. The shearing time favors the
breakup of the associations, so the longer timéhes,more important the energy needed to
make associations is. Thus the increase,otith time (Figure 5.B) can be explained by the

increase of energy needed to make associations.
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Generalized behavior and global master curve

By combining simultaneously the temperaturg @nd time (g shift factors, it was possible
to achieve a master curve of master curves that wietained in the last sections; this unique
master curve was then plotted using a global hdfior (g.a). As shown on Figure 6.A, the
unique master curve exhibits two different relaxatprocesses that are distinguishable and
well separated in the frequency scale, leadingotwciude on the presence of two different

aggregate types with very different relaxation sme

Zeng et al. [56] stipulated that this behavior d¢snexplained by the model proposed by
Eisenberg [57]: according to Eisenberg, the iomjgragates subsists within the polymer in
two different forms which are clusters and multipjehe clusters are of large size (sometimes
inducing microphase separation) and can be digeacia give multiplets (association of a

small number of ion-containing macromolecules).

On Figure 6 (A) the first part of the G curve (fuencies <100 rad'} is attributed to the

relaxation of the clusters and the second parth@ridrequencies) to the relaxation of the
multiplets. So besides the presence of these twoiep of aggregates, equilibrium can be
estimated to occur between them so that the higbguencies favors the dissociation of the
clusters to form multiplets, and inversely the lbrequencies favors the association of these

multiplets to form clusters.

Contrarily to some works found in the literature8 ] in which the time-temperature
superposition of the master curves shows irregidarand imperfections in the case of ion
containing polymers, the unique master curve obthin this current study is almost perfect
and the superposition was obtained without offsetsaning that the temperature and the
shearing time affect only the relaxation time oé thggregates and do not change the
architecture of the aggregates, and that both tetype and shearing time have the same
effect on the formation/dissociation processe$efaggregates.

By analyzing more carefully the unique master cuond=igure 6.A, the shape of the complex

shear modulus of the system of aggregates seefobo Rouse dynamics. In order to check

more quantitatively this observation, these redudige been compared to the prediction of the
model proposed by Majesté et al. [60] which preditte viscoelastic behavior of Rouse

chains taking into account the distribution of noollar weight W(M).
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For polydispersed Rouse chains, the complex shemtulus can be deduced from the
behavior of narrow samples by way of a linear lavaafunction of the molecular weight
distribution W(M) and expressed as follows:

G*(w) = [T W(M)G*(w,M)dIn M Equation 6

The complex shear modulus(@,M) of a narrow fraction of the distribution is gives:

pRT ]whp (M)

G* (o0, M) = ZP 114 jwp (M)

Equation 7

Wherep is the specific mass of the sample, N is the lgn@tit number in the Rouse chain

AoM?
(namely the DR) andA(M) =

pZ

stands for the Rouse relaxation time of a simtiain

scaling as the square of its molecular weightAylis an elementary relaxation time which
only depends on the temperature and the lengtheokinetic unitAq is supposed to be non-
dependent on the aggregates’ architecture.

Equation 6 was used to describe experimental congtlear modulus by adjusting molecular
weight distribution W(M) only. For practical uségetcontinuous expression of equation 6 was

discretized as follows:
G*((L)) = Zi WIG:((L)) Equation 8

Where W and G are the volume fraction of chain (i) and its coexplshear modulus

respectively. Wis expressed in Equation 9.

M;+dM
Wisz+

W(M;)dM’ Equation 9
A Levenberg-Marquardt minimization algorithm waenhused to obtain each elemekt (
W) of the molecular weight distribution.

As shown on Figure 6 (A), a very good agreemenivbéeh Rouse model and experimental
data was obtained. It confirms that aggregatesi@is and multiplets) are not entangled with
each other and follow Rouse dynamics. From the tmaylethe distribution of clusters and
the multiplets’ sizes were determined and represeas the volume fraction (YWersus the
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number of the PLA-Q molecules constituting the aggte ((DPn)). Results gathered on
Figure 6.B show two peaks (almost Gaussian) anchnieat there are two distinguishable
populations of aggregates according to their sitesfirst one (on the left) represents about
98.4 % of the aggregates, with (DRR).0.48 and a polydispersity index of 1.1; the secon
one (on the right) corresponds to a population Wihepresents 1.6 % of the aggregates, with
(DPn)=3300 and a polydispersity index roughly equal @ Therefore, the first one can be
attributed to the multiplets and the second ortbécclusters. In the two cases, the sizes of the
aggregates are almost monodisperse. Thus, it camed&sonably hypothesized that the
configuration of these aggregates is such thaetiern small number of large-size clusters

that are spread amid a large number of non-entdrsghall-size multiplets.
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Figure 6. For PLA-Q, (A):o and o correspond respectively to G' and G" master aurve
obtained by using simultaneously the temperatur@ &md time 4. shift factors. The
reference temperature was 160 °C and the referénuw was 20 minutes. Solid lines

correspond to modeling by Rouse model (Equation 6).
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VI.4. CONCLUSION

The rheological behavior of a quaternary ammoniumctionalized star-shaped polylactic
acid (PLA-Q) was studied for the first time. Th@nicontaining polymer with an average
molecular weight lower than 10000g.mand with chloride as counter ion, exhibited simila
rheological properties to most of the brancheddontaining polymers encountered in the

literature.

Viscosity measurements showed that the presenctheofquaternary ammonium groups
increased dramatically the viscosity of the polymiee to coulombic interactions that occured
between the ionic moieties to form physically lidkeggregates within the material, with low

activation energy.

The iso-time and isothermal studies, with the tiem®perature superposition of the storage
and loss modulus and in agreement with the liteeated to conclude about the formation of
ionic aggregates within the polymer and that tf@imation, as well as their dissociation, was

a thermodynamic process depending both on timedeangderature.

By combining the time and the thermal shift fact@sinique master curve was obtained for
the G’ and G” master curves. The results leachinkt that there are different types of ionic
aggregates within PLA-Q: the multiplets and thestdus. This curve exhibits Rouse dynamics
with a good correspondence to this model. The @lizke clusters was found to be about 300

times larger than that of the multiplets which preponderant.
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VI.6. ABSTRACT

The particular rheological behavior of ion-contamipolymers has long been studied; these
materials show a dramatic change in their propenten ions are incorporated in their
structures. This change is due to ionic interastitimat occur between the ion-containing
polymer molecules and lead to the formation ofdaassociations between them in the form
of clusters. In this study, quaternary ammoniumtaming star-shaped polylactic acid (PLA-
Q) was analyzed in melt rheology and found to fwlthe same clustering behavior. First, the
viscosity of this low molecular weight polymer watudied and compared to its analog
without quaternary ammoniums: great differences tduthe presence of ions appeared and it
also showed that the ion-containing polymer exhibiscosity values comparable to higher
molecular weight polymers. The activation energytled flow process of the PLA-Q was
found to be in the range of an ionic process, comnfig the formation of ionic associations.
The storage and loss modulus of this polymer wevestigated and their curves were time-
temperature superposed, first at constant temperahen at constant shearing time to obtain
master curves that were themselves superposed ke amanique master curve. The results
confirmed on the one hand the formation of the daassociations (aggregates) within the
polymer and on the other hand that these discretenebles hinder the motion of the chains
of the polymer. The dynamics of these aggregatbewidhe Rouse model and two species
(clusters and multiplets) were found to coexistudtameously within the material in different

proportions.

KEYWORDS

lon-containing polymer, quaternary ammonium, braachpolymer, time-temperature

superposition, PLA.
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CONCLUSION GENERALE

L'objectif des travaux menés au coursce#te these était d’'allier dans un méme
polymere : un design macromoléculaire contrélé, degactionnalités contrblées et
susceptibles de post-modifications ainsi que |aipidgé de mise en ceuvre par un procédé en

fondu tout en conservant I'aspect respectueuxeatwifonnement.

La synthése de structures macromolé@addiranchées a partir de chaines polymeéres
biodégradables et/ou biosourcées, de PLA, PCL &, RHeté réalisée, le nombre de branches
constituant ces macromolécules est contrélablen&me que le nombre de fonctions, ce qui a
permis d’obtenir différentes architectures et famtalités. L'avancement des réactions
durant les différentes étapes de cette synthésé sudi et confirmé par IR et les structures
chimiques ont été analysées par RMN. Pour la fonoalisation, des réactions modéles ont
permis de comprendre le mécanisme réactionnel @mifethiophenol avec les groupements
diisocyanate et de confirmer que c’est la fonctioiol qui reste pendante dans les produits
obtenus. La teneur en groupements fonctionnels,sqot des thiols pendants, a pu étre
évaluée par une méthode de titrage chimique. masses molaires des polyméres obtenues
ont été déterminées par chromatographie d’exclusigmique. Il a été constaté que la
température de transition vitreuse dépend de litacture des polymeres en question. La
présence de groupements thiols, qui sont trésifi®astir ces polymeres a été un atout pour

des post-modifications.

Des monomeres acryliques et méthacryigpertant des groupements ammoniums
guaternaires connus pour leur activité biologicqud, pu étre greffés sur les fonctions thiols
pendantes des polymeres multi-thiolés préparéségedcment, et ce, via un mécanisme
d’addition radicalaire de type thiol-eéne. L'objdécte cette étape était de transférer les
groupements ammoniums des monoméres utilisés susttactures des polyméres pour
obtenir des polyméres dotés d'une activité biologigLe degré de polymérisation (ou
d’addition thiol-ene) s’est avéré étre dépendantagyort stoechiométrique thiol/éne dans le
mélange réactionnel. Les réactions modeles ontm@tenfaisabilité de cette addition avant de
la réaliser sur les polymeres multi-thiolés. Lasctde conversion observés dans les deux cas
sont trés élevés, une conversion totale a pu &sereee dans certains cas. Les cinétiques
d’addition radicalaire thiol-ene ont été suivies BMN et les constantes de transfert de

chaines ont été déterminées, les valeurs de ce ey étant proches de l'unité, valeur
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considérée idéale pour ce type d’addition. Les pitecbbtenus ont été caractérisés par RMN
et DSC.

On a pu confirmer la possibilité de mee ceuvre en phase fondue des polymeéres
branchés et porteurs de groupes ammoniums quatsrer utilisant comme exemples deux
structures branchées en forme d’étoile, 'une ébmsees sur des chaines de PLA et l'autre
sur des chaines de PCL. Des mélanges de ces pelyragec des matrices de PLA et PCL
conventionnelles ont été réalisés avec différemtsrgentages de polymeéres porteurs de
groupes ammoniums quaternaires (10, 20, 50 et 6880y un procédé d’extrusion a 160°C,
et mis sous forme de films en utilisant une preisda méme température. Les meélanges
obtenus ont fait I'objet d’étude de morphologie pHEB, confirmant la présence de deux
phases séparées, avec des structures de typelgftedtalans une matrice, la taille et la
distribution des gouttelettes se sont avéréesdépendantes de la nature des composants des
meélanges ainsi que de leur pourcentage. L'étudelabiue des polymeéres porteurs de
groupes ammoniums quaternaires, dont les massesiresovoisinent les 8000g.riola
montré des comportements similaires a ceux desaobs de grandes masses molaires, et les
propriétés rhéologiques des mélanges obtenus sonvemées par des interactions
interfaciales entre les composants des mélangétude de la mouillabilité des films obtenus
a partir de ces mélanges a montré que l'introdnaties polymeres portant des ammoniums
guaternaires dans les films conduit a une augmentdu caractére hydrophile du matériau
en question, ce qui présente un avantage consldgrabr des applications antibactériennes.
La présence des groupements ammoniums quaternd@mes les polymeres synthétisés
provogue un ralentissement de leur cinétique dédgiadation, mais ces derniers restent tout
de méme biodégradables, cette caractéristiqgue po@iee exploitée pour des applications
gui exigent une longue durée de vie du polyméredalgardant son aspect biodégradable a la
fin de son usage.

Les tests d'activité antibactériengai ont été réalisés sur les polyméres dotés de
groupements ammoniums quaternaires ainsi que sus lmélanges avec des matrices
conventionnelles, ont montré une tres grande eiffiéafaisant de ces matériaux de bons
candidats pour des applications a caractere biplegills ont été testés contre trois bactéries,
dont deux de Gram négatiE( coli et Salmonelld et une de Gram positifListeria
monocytogenes). Dans un premier temps, ils ont r@amte grande capacité d’inhibition de la
croissance bactérienne des trois souches utilipaesleur activité bactéricide a été confirmée

avec succes. La cinétique de la croissance deérlesctitilisées a été également étudiée, cette
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derniere est ralentie par la présence des filmgnpgres préparés dans les milieux de culture.
Pour s’assurer qu'il n’y a pas de libération deypwres actifs ou de molécules portant des
ammoniums guaternaires dans les milieux de testgucpeut représenter une pollution dans
d’éventuelles applications, des tests de diffusiongélose ont été réalisés et ont confirme
gu’il N’y a pas de libération d’entités actives deples films, et que le mécanisme d’action de

ces dernier est bel et bien un mécanisme par daée les bactéries et les films.

Le comportement rhéologique si partiqulies polyméres portant des ammoniums
guaternaires a été étudié, en prenant comme exemelstructure de PLA en étoile avec trois
branches, et en réalisant des mesures a températuagemps constants, les résultats obtenus
sont en adéquation avec le littérature qui supposelors de la sollicitation de ces matériaux
en phase fondue, il y a formation de zones dissm@#®s le matériau en question, et que cette
derniere résulte des interactions physigues eesrahs (ammoniums quaternaires) portés par

les molécules du polymeres.

Les perspectives qui se dégagent de asaitrsont nombreuses, I'une d’elles étant
I'utilisation des polyméres multi-thiolés, obterdens le deuxieme chapitre, Il serait possible
de fixer d’autres entités sur ces matériaux, tels des métaux, présentant ainsi diverses
applications potentielles, ou de créer des porsslfiies ou d’autres types de liaisons avec
d’autres polymeéres fonctionnels, permettant aiest@hjuguer différentes propriétés.

Il serait également intéressant de veinthniere détaillée I'effet des branchements sur
les propriétés rhéologiques et mécaniques des gogsrsynthétisés et les comparer a leurs
analogues linéaires, de nombreux travaux ont éafisés dans ce sens, montrant un
changement radical de la compacité des polymeitsaleur branchement, se traduisant par
un changement des propriétés rhéologiques et npes)i le contrble des architectures
macromoléculaires synthétisées pourrait donc &trenayen pour améliorer ou contrdler les

propriétés du matériau.

La possibilité d’obtenir d’autres morpbgies lors du mélange des polymeéres portant
des ammoniums quaternaires avec des matrices domveglles peut étre étudiée, des
morphologies co-continues peuvent éventuellemest @eparées, ou encore des mélanges
monophasiques et homogéenes en y introduisant deptabilisants entre les deux phases, ou

simplement en choisissant des matrices qui pewdtemimiscibles avec ces polymeres.
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Finalement, aprés avoir confirmé leurceffité en tant que matériaux antibactériens, il
serait important d’étudier la cytotoxicité des poBres obtenus, et ce, pour des éventuelles

applications touchant aux domaines alimentaireslatsanté.
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Elaboration en phase fondue de matériaux polyméres activité biologique

Résumé : L'objectif de cette these était d’allier, dans u@me polymere, le contréle de
I'architecture macromoléculaire, la fonctionnaléé la possibilité de sa mise en ceuvre en
phase fondue, tout en préservant I'aspect envimenel. Les structures polymeres
synthétisées sont basées sur des chaines biodéigsaddou biosourcées d’acide polylactic
(PLA), de polyhydroxybutyrate (PHB) et de polycdpotone (PCL). Ces derniéres ont été
assemblées dans des structures macromoléculageshiées a design contrdlé et portant des
fonctions thiols, ces fonctions ont permis le gaggéf de monomeres dotés de groupements
ammoniums quaternaires, sur les structures obtewigesine addition radicalaire thiol-ene.
Les produits obtenus ont été mélangés en phasedopadr extrusion, avec des matrices de
PLA et de PCL, pour préparer des films. Ces desniet fait I'objet d'une étude d’activité

antibactérienne qui a montré une grande efficaritéers différents types de bactéries.

Mots clés : PLA — PCL — PHB — Architecture macromoléculaire kidl-ene — Polyméres

fonctionnels — Polymeres antibactériens.

In melt preparation of biologically active polymeric materials

Abstract: The aim of this work was to develop polymers thambine controlled
macromolecular architectures, functionality, metigessing and an environmentally friendly
aspect. The obtained polymeric structures were cbasebiodegradable and/or biosourced
chains of polylactic acid (PLA), polycaprolactoneCL) and polyhydroxybutyrate (PHB).
The lasts were assembled in branched macromolestutantures with controlled design and
bearing thiol functions, these functions alloweck thrafting of quaternary ammonium-
containing monomers on the branched structuresrdiogpto a thiol-ene radical addition
mechanism. The final products were blended with negrices of PLA and PCL in the melt
state, by extrusion process, to make polymericdilithe obtained film-shaped blends were
subjected to antibacterial activity study showihgre high efficiency against different types

of bacteria.

Keywords: PLA — PCL — PHB — Macromolecular design — Thiol-enBunctional polymers

— Antibacterial polymers
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