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L EXIQUE DES ABREVIATIONS UTILISEES

9-BBN : 9-borabicyclo[3.3.1]nonane

AT-EPB: Polybutadiéne époxyadédhéyde téléchélique
AT-PB: Polybutadiene aldhéyde téléchélique
AT-PI: Polyisopréne aldhéyde téléchélique
AT-EPI: Polyisoprene&poxydée aldhéyde téléchélique
CT-PB : Polybutadiene carbonyle téléchélique
CT-PI : Polyisoprene carbonyle téléchélique
b : Dispersité

DA : réaction de Diel\Ilder

DBTDL : Dilaurate de thutylétain

DBTL : Dilaurate de dibutyle étain

DCM : Dichlorométhane

DEA : DiEthanol Amine

DMA : Analyse Mecanique Dynamique

DP : Degreé de polymérisation

DSC : Analyse enthalpique différentielle

EPB: Polybutadiene époxydé

EPB: Polybutdiene époxydé

EPI: Polyisopréne époxyde

EPI: Polyisopréne époxydé

HT-PB : Polybutadiene hydroxyle téléchélique
HT-PI : Polyisoprene hydroxyle téléchélique
IR : Spectroscopie infrarouge

Min : Minute(s)

Mn: Masse molaire moyenne en nombre

Mw: Masse molaire moyenne en poids

NaBH4 : Tétrahydruroborate de sodium

NaBH(OAc) : Sodium triacetoxyborohydride
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NR : Caoutchouc naturel

PB: Polybutadiene

PCL: Polycaprolactone

Pl : Polyisoprene

PS: Polystyrene

PU : Polyuréthane

rDA : réaction deetroDiels-Alder

RMN : Résonance Magnétigivucléaire
6(& &KURPDWRJUDSKLH GY([FOXVLRQ 6WpULTXH
Tg : Température de transition vitreuse
TGA : Analyse ThermoGravimétrique

UPy: Uréidopyrimidinone
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Issu GH GLIIpUHQWHYV S&d&xQIgvddautchdu® RatureD NR) est utilisé par les
KDELWDQWYV GT1$PpULTXH FHQWUDOH HW GX VXG GHSXLV SO
fois déshydraté était alomsoulé pour former des balles, bottes, torches ou encore toile enduites.

& 1 Ha\pavtir de la fin du 18*°siecle que des chercheurs européens décrivent cette matiere et
LQYHQWHQW OD JRPPH j HIIDFHU HWeéohtlerSdtdctédp DnEgta®d. V D W L |
nombre de découvertes au fil des années concernant le caoutchoue t mastication par

Thomas Hancok en 1819, le procédé de dissoluBdR XU OfLPSHUPpDELOLVDWLR
Charles Mackintosh ou encore la vulcanisation au soufre en 1839 par Charles Goaelyear. L
réseau tridimensionnel obtenu apres cette réactio@teilationestcapable de retrouver sa

IRUPH LQLWLDOH DSUqV GpIRUPDWLRQ j EDVVH FRPPH |
caoutchoucs réticulés sont largement utilisés dans la vie de tous les jours, on les retrouve dans
les pneumatiques, les systtmedHHd MRLQWYVY GIpWDQFKpLWpV OHV FR
DQWLYLEUDWRLUHY RX HQFRUH GDQV GHV SLqFHV GIDpURQ

De maniére plus précise téticulation depolymeres consiste a lier de maniehémique ou

physique des chaines de polyméres linéaires ou tapf HQWUH HOOHV GDQV OH E
propriétés du polymére. Sous terme <propriétés» cité précédemment, on sous entend
généralement pour les matériaux élastoméres la résistance aux gaz, aux solvants, a la
WHPSpUDWXUH | Odoouemém,abdanigue @ 1D @ & EX effRiQsans cette
réticulation, les chaines de polymeéres vont inévitablement glisser les unes paraaxpaoirtes

lors de sollicitations dynamiqued W OH PDWpPULHO YD rWUH GpIRUPp GH P
ce TXH O 9 R&e@urde.

Malgrétous @®s avantages, les systermmasutchoutiqueggticulés ont uinconvénientmajeur:
OfLUUpYHUVLELOLWpP GH @JechlysRmmwibis Qe Brihe¥ de@doMhandd W L R G
consommeées dans le monde en 2016 d6At000tonnes en Franc@neénorme quantité de

déchets & alors produite chaquannée.En France, la majeure partie des ces déchets
caoutchoutiques sont issus des pneumatiques usdy®s. (Unedirective européenne en 2003

ainterdit la mise en déchge de ces pneumatiques afin de favoriser leur valorisation et leur
recyclage VRXV IRUPH GYpQHUJLH WKHUPLTXH SDU FRPEXVWLR
granulatsutilisablesen aciériepour la IDEULFDWLRQ GH UHYrWwHBE@EWY GTD

ferroviaires ou encore pour le rechapage de pneus.

Dans cette optiquae recyclage efficace des caoutchouc6§fpFRQRPLH GHV BDWLqUH)
| 1 R E Mdémévdldd la thése est de synthétisgescaoutchous réticulés réversiblementpar
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des voiesfacilement accessibles et de mani@entréléee, avec de bonnes propriétés de
recyclageAinsi danscemanuscrit QRXV QRXV VRPPHV FRQFHQWUpV VXU
avec une microstructure majoritaire .tid TXL HVW FHOOH GX 1DBbahsvcéXV GH (
conditions, nous nous rapprochons le plus possible de la microstructcaewtehouc naturel

qui offre actuellement les meilleures propriétés mécaniques. Cependastyoulions éviter

SDU VRXFL GH SUDWLFLWp GTXWLO LtxaiaiNer R/@c twlorgDés D FW p U
chaines de polyméres comme le NR qui peuvent dépasser 1€9®@@0mot. Pour céa, la

stratégie de synthese mise en ple@esiste a dégrader de fagaontréléedes longues chaines
depolybutadieneB) et polyisopreneRl) 1,4-cis en chaines plus courtes afin de faciliter leur
utilisation et caractérisationCes dernieresseront ensuite modifiéepour greffer des
groupements capaldeG fLQWHUDJLU HQWUH HX[ GH PDQLqUH UpYHUYV

réticulé réversiblemén

Le premier chapitre de ce manuscrit est consacré a une étude bibliographique. La premiere
partie décrirales différentes méthodes permettant de contrdler la dégradation des longues
chaines de Pl et PB. La seconde partie de ce chapitre présenterdélemtdd méthodes
permettant de modifier chimiqguement et de maniére contrdlée les chaines de polydienes. Nous
distinguerons les modifications effectuées le long de la chaine et endsoahaine Enfin,

seront présentés Iggincipauxgroupements capallleG fLQWHUDJLU HQMWwhuad HX[ Up

des applications de réseaux réversibles a baB8ari Pl

Le second chapitre de la thése traitde la dégradation contrdlée du -tjd Pl et 1,4cis PB.
Deux méthodeseront comparées afin de savoir laquelle @apg le meilleur contréle sur la
WDLOOH ILQDOH HW VXU OHV H[WUpPLWpPpV GH derdussQHY /L

discutée.

Le troisieme chapitre de cette thése concarn® fpODERUDWLRQ GH FDRXWF
réversiblementia desmodifications le long de la chaine. La premiéere paii§ LQW @auxHVV HUD
HVVDLY GH PRGLILFDWLRQV UpDOLVpY OH ORQJ GK OD FKD
LD UpDFWLRQ GYK\GURdem paRidtvilerRr@enD AAdc@DL Is&qhde partie
présenteraine étude comparative de Pl et PB réticulés le long de la chaine par réaction-de Diels
$OGHU '$ /H FRQWU{OH GH OD V\QW K dacHpachdiesIrEsBaAuUxG X W D X
a étre recycléserontdiscutés.

Le quatrieme chapitre est glibisé en trois parties. La premigrartiedécrra OYfpODERUDWLRC
SUpFXUVHXUV 3, HW 3% FDSDEOHV GYrWUH UpWLFXOpV Urg

4
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présenteraine étudalétaillee G XQ UpVHDX GH 3% U pwéles ¥x@rémitép dfeH UV LE C
chanesparréaction de'$ /fHIIHW GH OD ORQJXHXU GHV FKRLQHV G
recyclabilité du matériau seronprésentésLa derniére partie de ce chapitre concexne

OYpODERUDWLRQ GH 3% UpWLFXOp HQ ER Xpérticuiererkedt. QH S D

grace au groupemeunteidopyrimidinongUPYy).

Pour finir, tne conclusion généraj@mrtant sur les différentes études réalisées pendard ces
années de thésesra réalisée en fin de manusdriés principauxésultatsserontnotamment
confrontés afin de pouvoir tirer des tendances plus générales sur les différents élastomeéres

obtenus.
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[. Introduction

Le polyisoprene de polybutadiénesont deux polymeres largement utilisés dans les objets de

la vie courante. On peut ainsi les retrouver dans les pneumatigne) HVY MRLQWY GfpWD
ou encore dans les systémes antivibratoires pour les trar$bGes.caoutchougseuvent étre

G 1 R U hareeH{pour le polyisopréneNR) ou synthétique. En effet, la polymérisation de
OfLVRSUqQH HW GX EXW D G Lau@dlyisaiRépe(RINed folbutaditRaV LY HP H
(PB) synthétique

Contrairement au NRLVV XV G HquD §st povigtiidiénajoritarement G § X Q L Wip s
caoutchoucsynthétiguesuivant le type de polymérisatiemployé (radicalairesoordination
organomeétalliqueuencordonique)peuvent présentelifférentes microstructuresinsi, il est
SRVVLEOH GYREWH @ddesnddrbstriERres vagabldsvemnités 1,4cis, 1,4trans
etvinyles(Figure 1). En fonction des fractions respectives des différentes urépropriétés

thermiques et mécaniques comme la l[Bgiésistance a la température et aux sollicitations

mécaniques en seront alors largement affectées.

Figure 1 : Microstructures possibles des uités isopréne et btadiéne obtenues apréspolymérisation

En plus de la microstructurks longueur des chaingsue un réle majeur dans les propriétés
rhéologiques des polyméeresnotammensurleur viscosité.La notion Gefichevétremerdes
chainesest dors un parametre important a prendre en compte. Quand les masses molaires des

chaines de polymeres sont faibles, elles peuvent se mouvoir indépendadesnaemésdes

9
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autres, mais lorsque les chaines sont de masses suffisammeed plawéque leurs moliiés

impliquent celle des chaines voisines, les chaines sbiD O L | enxheVétrée§. Les
contraintes résultantes modifient les propriétés du polymeére et ce dernier tend a se rapprocher
GX FRPSRUWHPHQW GYfpODVWRPqQUHYV OLQpDLUHV UpWLFXC
GIHQFKHYr'WUHPHQW SDU O DMequwpresknie\d bistatQentiettivaqueU H P H
Q ° X masse entre enchevétrement est reliée a la masse ditiquar la relationMc

2.Me Au-dela de cette valeur, la viscosité du polymere varie avec la masse molaire en suivant

une loi & la puissance 3%.Ce qui signifie que la viscosité du produit augmente avec la

longueur des chaines a padu moment ou M> Mc.

'DQV FHWWH RSWLTXH OD SUHPLqUH SDUWLH GH FHWWH
GLIIpUHQWHY PpWKRGHYVY SHUPHWWDQW GYREWHQLU GHV SR
dégradation controléde longues chaines de poigres. En effetPrPH VL OYREMHFWLI
travailler avec des massesolaires inférieuresa 50000 g.mof', nous voulions pouvoir

contrbler précisémené longueur des chaines du polymé@ns une gamme@0 +50000

g.mof! afin de pouvoirobserver @ffet de la masse molairsur lespropriétés deduturs

matériaux synthétisékln autre avantageaela dégradation contrélée des chaipas rapport a

la synthésepar polymérisationHVW TXJfHOOH GRQQH GLUHFWHPHQW I
fonctionnalisés eouts de chaine, qui pourrogmisuite étre modifg

Dansla seconde partige cette étudbibliographique nous nous intéresseroagx différentes
modifications chimiques pouvant étre effeeéur les polydieneD ILQ GTREWHQLU GHV |
réactives thdes que desfonctions aming alcool, acide carboxylique... Ces fonctions
permettronipar la suite de greffer de maniére cont6@ HV JURXSHPHQWY FDSDEOF
entreeux GH PDQLqUH UpYHUVLEOH DILQ GYREWHQLU XQH UpWL

Finalement, la troisieme partie de cette bibliographie se@ description de différents
JURXSHPHQWY FDSDEOH GILQWHUDJDUQWQ WX XHQH{ G HVAFQ

différents polydienes réticulés réversiblement ayantiétéitsdans lditt érature.
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[I. Dégradation contrdlée des polydiénes

La dégradation contrélée de longues chaines de Pl ou PB est un domarargement été

étudié ces dernieres années. En gHatparallele de la synthese de polydiénes téléchélique

on trouve danda littérature de nombreuses méthodes traitant du clivage des chaines de
polydiénes. On peut notamment citer la dégradationgiarphotochimiqugepar ultrasos, par

ozonolyse, par biodégradatiopar métathese ou encore parie chimiqueen condition

oxydante. Danst@®ilOHV FDV OfREMHFWLI SULQFLSDOcdatblddel vV Pp WK

la dégradatiorsurla masse molaire obtegua dispersitéet les bouts de chaines

[I.1. Dégradationpar des systemes oxydareducteur

Décrite déd4976par des sientifiques francais, la dégradatides caoutchougsr des systemes

UHGR[ QpFHVVLWH XQ PpODQJH DS SUR Safih de goiwo[ncBverQW HW
les chainesCetteréaction peut étre réalisée en solution ou en phasd¥aBaxpeutnotamment

citer lespeR[\GHV RUJDQLTXHV OH SHUR[\GH GY{K\GURJgQH HW
DIJHQW R[\GDQW FRXSOp j OD SKpQ\OK\GU bgenfddluiexirj OTDFL
Suivant le couple redox utiliséeD FRXSXUH GHV FKDLQHYVY GH SROAGLgQHV
des faibles massesolaires, GfLQWURGXLUH GHV IRQFWLRQVWsdueDFWLYH

des phénylhydrazosedesgroupementsarbonyle ou hydroxyle.

Par exemple, leouple redoxoxygéne atmosphérigimhénylhydrazina étédéveloppé au stade

pilote pour la dégradation du NR en phase latexmécanisme de la réaction est donndesur

Schémall*% Cete méhode permet, en plus de garder la structure igitial cis-1,4 Pl

G 1R E W Hmadses Gothvasomprises entre G00 et 20000 g.mott.

11
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Schémal : Mécanisme réactionnel de la rupture oxydante du NR par le couple redox phénylhydrazine/oxygene.

De nombreuses méthodes ont par la suite été dévelopggd IDLVDQW LQWHUYHQ
systémes redox @,/NaClQ,, H,0-/NaNQ,) en phase latel!

De maniére généraldes dégradationspar les systemes redgxermetent GTREWdd Q L U
polyisoprénesivec une massaolairecomprise entre 800 et50 000 g.mot* etdes dispersis
compriesentre 1 et 5Cependantpn peut observedes réactiors secondairelc fR[\GDWLRQ
sans rupture de la chainegec RUPDW LR Q G @epfénRtjdn&SHydroxylel’ ©!

[I.2. Dégradation par voie photochimique

En 1974, Cunneen décrit pour la premiére fois la dégradation photqakirdes doubles

liaisons du NR en présence ddrobenzengSchéma?2). Des polymeresavec une masse

molaire de 3000 g.mdlet des terminaisons carbde sont obtenus. Cependatd structure
chimiquedes extrémités de chaine esal défineHW QH SHUPHW SDV GYREWHQL

téléchéliques aveaniquementles fonctions carbonylé”!

12
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Schéma2 5pDFWLRQ GH GpJUDGDWLRQ GX 15 SDU OfDFWLRQ GX QLWURE!

"IDXWUHV SURFp G ptévaldpmwsatihQGa/IMOR\peLpBittibiddecette voie de
dégraddon. Par exempleO T H I | H WmigrEsolairesur des feuilles de NR préalablement
mélangé a un photeensibilisateufnitrobenzéne, acétylacétonate deaibbu de ferpermet
G 1 R E W BIRibésay@m ¥he masse molaire comprise ep@@0et8000 g.mof. Cependant,

la structure chimiquées extrémités de chaings polymeéraestemal défingl!

La dépolymérisation sougadiationUV du NR en solution dans le toluéagar la suite été
pPWXGLpH /D SUpVHQFH G Ht&imétRahoGad éG KA GethiRsI3ITREWHQL U
apres irradiation des chainees polymerediquidesavec des fonctions alcools aux extrémités

et une fonctionnalit@roche de 4Schéma3). 1?3 Les radicaux HOobtens aprés rupture
homolytiquH G X SHUR/[\GH parfriyoGridimeHt\Quant oxyder la chaine ende la
double liaison provoquant OD UXSWXUH GH OD FKDLQH DVVRFLp j C
hydroxyle.CetteméthodeSUpVHQWH O DY OabWw Eoditdt @b eifedteXaQ

stéréochimie dyolymére Cependantune faible fraction de polymeréticuléest forméeau

cours de la réaction

Schéma3 OpFDQLVPH UpDFWLRQQHO GH GpJUBSG DI\WLRWDp GHQABHSGH DHFWHIRGQHGE TR NG

La benzophénonaaussiété XWLOLVpH HQ WD Q WilisatedrD é Eb@tiMe &R W RV HQ
rupture des chainasstalorsmoins bonja formationde groupementsétoneet alceneen bout
de chainesinsi queO 1D S S D U L W L fgdr&ide |eR@§ ¥ laRIQuvmntobservé. 14

13
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[1.3. Dégradation parlesultrasons

Le mécanisme de dégradation des polymeresegaitrasors a été peu étudié serait lié au
phénoméne deavitation®™ 8QH pPpEXOOLWLRQ ORFDOH GX VROYDQW YI
EDLVVH GH SUHVVLRQ LQIpULHXUH j OD SUHVVLRQ GH YD.
/ Ymplosion de ces bulles engendrera de tres fortes prestomseratures locales ainsi que

deschocsentre lesnolécules.

Magalhdest al.ont observé une diminution de la masse molaire du NR apres irradiation aux
ultrasons dans le tolugH€. '"HY PDVVHV PRODLUHYV |DIOHMEM\pe@ENO TR UG U
ainsiétre atteintedl aété mis en évidence que lateératureHW OH WHPSV G&§tLUUDGLD
un role important sur le procédé de dégradafRar.exempleyne diminution de la vitesse de
dégradatiorest observéavec le tempd {DXJPHQWDWLR Q Gubi ®dlewdaydirS p U D W X
pour effet dadiminuerla scission des chaines. Ainls produits obtenus au bout de 120 min
GTLUUDG LD WerdritQlejplus faikeemassesnolairesque lesproduits de dégradation
obtenua 55 °C (140vs 280 kg.motY). &§HSHQGDQW FHWWH PpWKRGH QH S

contréle fin sur la longueur finale des chain@ssur les bouts de chaines.

I1.4. Dégradation par métathése

La dégradation du Pl 1-¢is peu étre réalisée par métathése en utilisant des catalyseurs de
Grubbs de seconde génération en solvant organigde. efiet, Les premiers essais de
dégradation par métathése ont été réalisés avec les catalyseurs de premiére génération ou en
SKDVH ODWH[ 'DQV FHV FRQGLWLRQV OHVsdvan vémrhed QW SH
OTDFpPpWRQLWULOH D SHlherdd BRR-vecud daialyde s del QruShsibsy

LO HVW SRVVLEOH G 1R E poteQrs teliGeksyro8pemepte/pHKYDOQLW XHMD J H Q
transfert utilisé acétatepinéneou hydroxylel!”*¥ Des chaines dmasses molaires controlées

comprises entré0000 et30000 g.moft peuvent alors étre obtees) lesdispersitésjuanta

elles sontomprises entre 1,5 et A5chémad).l*"19.20)
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Schémad : Dégradation par métathése du Pen présence d catalyseur de Grubbs Il et decis-but-2-ene1,4-diacé&ate
comme agent de transferf!”)

Plus récemment, Sadald al. ont montré que cette méthode de dégradatiqrouvait étre

appliqué auNR, a du caoutcbuc styrenebutadiene $BR) mais aussa des granulés de pneu

usagésen solution dans le toluéfé' Le SBR initial de 200000 g.mof peut étre
SURJUHVVLYHPHQ Wob@pid 4ed Ghainds X5 D00 g.mott en augmentant la

guantité de catalyseur de Grubbs II. Les dispersités obtenus sont aux alentourDde2&.

cas s particules de pnela dégradatiorpar métatheseQ fHVW FH S ebQ@eie@wW SDV
mélangede polymérdiquide visqueux ainsi queEGHV SDUWLFXOHV H@F&UH |j O
obtenws. L 1 D Q D O\ \VAH a5déié la présence de pics caractéristiquesiads isopréne

et butadienecomposant essentiel des pnaimsique la présence de groupensatétate aux

extrémités de chaines.

Dernierementjl a étémontré que la dégradation par métathése du NR en solildius un
liquide ionique étaiégalemenpossible DesPI téléchéliqusde 45000 +62 000 g.mof* avec

des fonctions acétatat ainsiétéobtenud??

La dépolymérisatiopar métathésdu PBa étédécrie par Wageneret son équip&3! A partir

G 1 X Qde3PA0000 g.mof contenant G 1 X Q)4vispdes oligomeres finviron 1600
g.moftont pu étre obtemiHQ SUpVHQFH GT1XQ FDWDO\WHXU GH *UXEEV
Pana UpFHPPHQW PRQWUp TXTL O rgpMebhentydediyuriverds @éed P& {REWH
téléchéliques par métathese avec des oléfibes. massesolairescomprises entre 250 et

10000 g.mot peuvent étre obtees HQ IRQFWLRQ GH [Schi&d@3).lLQH XWLOLVpH
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Schéma5 'pJUDGDWLRQ GX 3% SDU PpWDWKgVH VRXV DFWLRQ GIX®&® FDWDO\VHXI

Cependant méme si la métathese parait attrayante du point de vue des elffarasses
PRODLUHY REWHQXHV H O GéhtiQléabSdtuld&sHdutsIIB shaBdsD Y RLU X Q

[I.5. Dégradation par voie biologique

La majorité des études qui rapportent la dégradation des caoutchoucs par des microorganismes
VIDFFRUGHQW j GLUH TXH OD SUHPLQUH gs\WedDBelétapX FOLYD
G TR [\G B IUR @écanisme complexe de biodégradation, utilisantdaydation pour

dépolymériser les chainesété proposé par Bode en 20{8chémas).?”] Des caoutchoucs

naturels, synthétiques moéme des NR réticulés peuvent étre dé¢s aeccette méthode, des
masses molairegntre 1000- 10000 g.mof avec des fonctions aldéhydes et/ou des
groupements carbonyles aux extrémités de cha@ieegent alors étre obtenusn parallele de

cette dégraation, des oligomeéres peuvent aussi étre obtenus avec des fonctions carbonyle aux

extrémités de chairlé28.29
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Schémab : Mécanisme de dégradation du NR par voie biologique selon Bo&é!

[1.6. Dégradation par ozonolyse

Découverteen 1840 pa6chénbeif RUV GTH[SpULHQ FEN G¥IHDMA @R O\V H
GIDERUG ¢ powr IX détefnindtprstructuralede molécules organiqueka coupure

oxydanteau niveau deslcénesde grosses moléculemn peties moléculespermettait une
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identification plus facile & fHVW j SDUWLU GH HW JUKFH DX[ pWXGH)\
est devenu un outil chimique important, notamment pour la détermination de la structure des

caoutchouc8&l

$XMRXUGITKXL GH QBriak s oufidlysaied/ ca@uithouamt étérapportés.

Elle peut notamment étre utilispeur la préparation de caoutchoucs de faibles masseseasolair

avec des fonctions carbonyé®m bout de chainé®?£71 Cetteméthodea par exemplgermis

CGoftenir, a partir de 1;dis polybutadiénales PB hydroxyles téléchéliques (#B) de faibles
massesnolaires®3* /H PpFDQLVPH FRPSOH[MRGRIQ® T WW DDXE RXKH G
carbonecarbone des polydiénedargement étéécritpar CriegedSchéma7).’y /TR]JRQH YD

dans un premier temps former un premier intermedmolozonide instable, qui va rapidement

se décomposelen un composé carbomylstable gldéhydeou cétone)et en un oxyde de
carbonyleinstable (zwitterion) /fR[\GH GH FDUERQ\OH YD DORWV SRXY
composé stables conduisant ane diminuton de la masse molaire du polymé&ecompagne

GTXQH DXJRu qoviiiade. grdppements fonctimels oxygénés de type aldéhyde,

cétone, acide carboxyliquei encoralesperoxyde

Schéma7:MéFDQLVPH GTR]JRQRO\WH GHV FDRXW¥FKRXFV SURSRVp SDU &
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1.7. 'pJUDGDWLRQ eiodiq@ef{DFLGH

La dégradation des polydienes par voie oxydasdas action deO | D periddique est
DFWXHOOHPHQW OD PpWKRGH TXL Sdanirélete/lajloogDeurRiesv G DY
chaines finales et le meilleaontrdlede la fonctionnalisatiodes extrémités de chaines. Edle

été décrite pour la premiére fois en 1977 par Re#yRampistrompour la dégradation du NR et

P14 Cette méthode fait notaMHQW LQWHUYHQLU OYDFLGH SpULRGLTX
OLDLVRQV GHV SRO\GLgQHV DILQ GTREWH QoW leGFHi ¢t H[WUDpl

aldhéydes pour le PEOn peut cependant distinguer deux variations de cette méthode suivant

que le polymérait été préalablement époxydé ou 8ahémas).*?

Schéma8 OpWKRGHV GIfREWHQWLRQ GX 3, FDUERGIEEI WpOpFKpOLTXH SDL

/ID GpJUDGDWLRQ @efio8iqué&bt Un PriidedeLed Heux étafaisantintervenir

deux moléecX O HV @ldeub HaisonUne premierepWDSH OHQWH FRQVLVWH
Qufie double liaisorde la chaine de polymémar HlOs. Des unités époxydet des diols
vicinauxseront obtenu@a). La seconde étape plus rapide fait intervenir une seconde

P R O p F X O hpefdofliguetoGrtdliver les unitéprécédemmenP RGLILpHY DILQ GTREW
Pl fonctionnalisés avegn aldéhydest une cétone aux extrégstde chaine.

Phinyocheeg proposé plus récemment §a plus des unités époxydesdesdiols vicinaux,

des unités.-hydroxylecétone pouvaient étre formég&chémadpb). Ces dernieres ne seraient
pas réactives via- YLV G4 PR W/iHKX O HpericdigDeEtLs€rddent donc présentedderg

de la chaine dans f&oduit final obteni!
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Schéma9:a) 'pJUDGDWLRQ GX 3, pefedgiRdeud§) DRt G-hydroxyle-cétonel*3!

Ainsi, LO HVW SRVVLEOH GYREWHQLU G K00 D n&e@mHaugPéntaMHV PRC
SURJUHVVLYHPHQW @bodigXeboamiid o ped felvéilart@igure 2| Les

polymeéres obtenus ont des dispersités comprises entre 1,6 et 2,2 avec une fonétamRalit

en groupements carbonylax extrémités dehained?:#>#3ICette méthodaensuite été utilisée

sur des granulés de pneu usagés| H IGHHWO D T X D Q péliodique@y rmps@te la
tempérairea QRWDPPHQW pWp GpPRQWUp VXU pauf bbtehiFdesLWp Gl
chaines de plus en plus courtea présence de signaux caractéristiques da &8 observe

par RMN proton confirmanaussiOfHIILFDFLWp GH FHWWH PpWKcRGH VX
synthétique!?!

Figure2: EvoluioQ GH OD PDVVH PRODLUH 0Q QX¥ridljguzed drizt@p d6 R&tid mofabe~ =G H
[acide périodique]/[unités PI] & [PI1] = 0,038 mol.L*, T° =30 °C[?!

" DXWUH asdieunentrd. Que la vitesse de dégradat®m U O pHé&ibdiqadtiu Pl
préalablement époxyd@Pl) était plus rapide que celle du Pl non époxydé. En,efifie¢
P R O p F X O HeGofiiQueestddffisante pour ouvrir directement les unités époxyde. De ce
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fait, seulement 2 heuresiffisentpour observer une ouverture de tous les époxgddd alors
que 6heures sont nécessarE RXU GpJUDGHU OH 3, QR@riodiglR[¥Gp SDU
/DX JPHQ Wam\GE REI&iPhpermet GRQF GIDXJPHQWHU OéllogRPEUH C

de lachaine de polymére gtofptenir des faibles masse®laires(SchémalQ). Desdispersités

comprises entre 1,4 et 2 avec une fonctionnalité en cétafedtydgroche de 2ontobtenus
lorsdeOD GpJUDGDWLRQ G@dfio@due3, SDU OfYDFLGH

Schémal0: Dégradation du PI/PB époxydé parOYDFLGH SpULRGLTXH

Récemment, Jie et son équipe ont montré que la dégradation dré&Bblement époxydé

(EPB) SDU O fiiédigGetp WDLW GpSHQGDQWH @&XalWdotfaiGsfjpuSR[\GD W
obtenir des PB aldéhyde téléchélique {RB) de massmolaire comprise entre 1 400 et3@0

gmol! SRXU GHV WDX|[r&fieeERie\ ®BowtI0R @%. La disperd#é chaineguant

a elles augmenteprogressivement de 1,5 a 2 al@massenolairedes chaines obtegsi*44°!

/ID GpJUDGDWLRQ GHV %S&iodiduépaittenSuddexodiénteln@tHode pour

obtenir des chaines courtes de longueur définie avec une faible dispersité. Froeffetlvons

YX TXYLO pWDLW &Ra\ovigued fiha@ idesPdRaBied en modulant soit la quantité
GIYDFLGH SPMRULRVGIOTHXM/ DX[ GIpSR[\GDWLRQ edl®Qdsttib® GX SR
PHWWUH HQ °XxW¥dd Et dahhkXacEaR € des polymeres carbonyle téléchélique dont la
fonctionnalité &t proche de 2.

Cependanta notre connaissancaycune etudae mentionneOD GpJUDGDWLRQ GX 3% !
périodique seul. De plyméme g aété montréT XOQIXJPHQWHU OH WDX[ LQLWLDO
le PI diminuait la longueur des chainastenwes, aucune relation directe entre le taux initial
GIpSR[\GDWLRQ HW OD PD&@QRBa&EADLUH ILQDOH REWHQX

Ces points feronionc O T R EMKr&Mfde@étailléesurla dégradation des polydienes dans le

Chapitre 2 de ce manuscrit.
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I1. Modification chimique des polydiénes

Dans le butde pouvoir greffersur les chaines de polydiendss groupements capables

G 1L QW H U D Jddeimah@ne/ id\rersithapus allons voir dans les prochains paragraphes
différentes méthodes permettant de modifesr chainesdes polydienesDILQ GTREWHQLU
fonctions réactives tekgue degonctions amine, alcool, acide carboxylique, carborykRour

ce faire, nous discuterons dans un premier temps des modificaion&ues pouvant étre
effectuéede longdes chaies (chimie des doubles liaisons) puis dans un second temps de la

chimie pouvant étre effectués en extrémité de chaines (chimferd#®nscarbonyles).

[11.1. Modifications le long de la chaine

La littérature fait état de nombreuses modification chimiquertede la chaine des polydienes
WHOOH TXH OTK\GURERUDWLRQ O pé&RklGihvéphargatio®, D PDO |
(4&logénationla silylation, la métallatio@ « 1881 Cependannous avons fait le

chois de décrire seulement trois méthogléisdonnent potentiellement acces a des polydienes
modifiés avec des fonctions trés réactives le long de lach@m D OpLVDWLRQ OfpSR[\(

la réaction de thieéne(encadrés$Schémall).
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Schémall: Exemples de nodifications possibles des doubles liaisons delsaines de Pet PB. [4651]

[11.1.1. Modification par maléisation

Les premieres études dueffage de groupemeanhydride succiniqupar voie radicalairée

long du squelette carbondi dPl remontat aux années 1938 avec les travaux de Bacon et

Farmer®? Deux structures probables des produits obtenus ont été proplostiésHigure 3

Figure 3 : Produit supposés obtenus par réaction de couplage du Pl avec un maléimide par voie radicalal?dg.
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,O VIDJLUDLW GTXQH UpDFWLRQ DYHF XQelpabeuiVPH GH
commencerait U ODUUD F Kl H® M/ daalflX kisenG T XQH XQLWesLVRSUQ(q
radicaux libres pourraient ensut¢f{DGGLWLRQQHU DYHO IO IGBXEGH © DL
pour former un radicalu typealkylhydrosuccinique. Ce dernieonduirait a la prpagatiorpar
WUDQVIHUW GT1XQ K\IbQ RBIgRYH D@ IE KD® Pdpkéigour former la

structure | de la|Figure 3| Une réaction de terminaison par couplagedu radical

alkylhydrosucciniqueavec unautremacroradicakonduirait a la structurd de lgFigure 3

produisant deséactions deouplage, voire de réticulation

En 1990,Brossea PRQWUp TXTLO pWDLW SRVVLEOH GHpaudlIHU FH
processus thermique de type réactgmefplus sélectifsans couplage de chaid&$lls ont pu

ainsi obtenir des Pl modifiéshauteurde 15 % par des forimnsanhydride succinique.

Schémal2: Couplage dumaléimide sur le PI par voie thermique!®3

Par la suite, ils ont montré que ces fonctions pouvaient étre sélestivenvertes avec des

alcools Ainsi, desgroupements photosensiblge type cinnamate ou des structures acryliques

ont pu étre greffés le long de la chaine sans observer la formation de fraction insoluble.
Cependantsuivant le groupement greffé, le rendem@&fRXYHUWXUH YU LH GH ]

Figure4 2XYHUWXUH G D QK\G UdeSgrbupexiems Idraxyles & MDobg de la chaine de P
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Des études similaires sur le Rt révélé que comme pour le PI, la maléisation par voie
radicalaire conduisait a degactionsde réticulation®®! Cependant ce probléme est évité

lorsque le polymére initial esnlPB DYHF XQH P DM R UieWip aGafieh@érsitpe/

élevee f& QpFHVVDLUH j O1D FMWL¥HI\d FBCet @ rhaldibide, wBsF W L R Q
réactions seandaires de couplaget été obsengs PrPH VDQV O T Xauitadt>*Y DWLRQ G

[11.1.2. Modification par époxydation

IfpSR[\GDWLRQ GHV SRO\GLqQHV SDUi &aigemsnitebtedigss HV HV W
durant ces derniéres anndésa été montré queD R E WE TRXVQLLRD ¥ IdR§ d&JIddDaihe

se faitde maniere précise et contrgléans réaction secondaife plus, une sélectivité est

méme observeéeles unités 1,4ontplus réactives que les unités 1,2 vis a vis des peragides

vont étre époxydesen premierlors que ces dernieres sont moins encombréep SR[\GDWLRQ
va aussi avoir pour effet de modifier les propriétés du polymére, on observera une diminution

de k viscosité etine augmention d©®D 7J DYHF OT@WBNR BTV ERE DWLRQ

Une autre propriété intéressante éjasxydesest leur réactivité envers de nombreuses fonctions
chimiques. Il est connu que les usitixiranes le long de la chaides polydiénesontréactives
j OfpJé&saBoos, amines, acides carboxylgudi(alkyl ou aryl) phosphatesacides,

réducteudJ VAinsi, ces unités époxydeguvent étre utilisspour unemodificationsecondaire

et greffer ainsdifférents groupementFigure 5).[46:62561
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Figure 5: Réactionrs SRVVLEOHYVY GI{RXYHUWXUH GTpSR[\GHVY OH ORQJ GHV S}k

OXYHUW XU Hs @ Yon& &[ eCchainde polydienes pales amines Tres SHX GIpWXGHYV
décriventcette réactiorDes conditions opératoirassez séverssnt nécessaires pour parvenir

j XQ UHQGHPHQW FRUUHFW G Y RXr¥ tthitsita¥/edrue lerge ekdedH (Q H
G 1 D Pestnétessa. De plusjl faut chauffer a des températures trés hafgeslela de 160

°C) pendant des temps supérgar30 heures pour avoir un taux de conversion proche de 50

% .66 %8l Des réactions secondaires de cyclisations égatemenbbservées, ce qui rend les

fortes conversions difficiles a atteindre. De plus, une partie insoluble lié a la réticulation des

chaines petétre observéau cous de la réactioff!

OXYHUW XU Hs 8 fop& dRe[laGlvhine de polydienes pesgalcools /TR XY Hde WiX U H
généralement en condition acidet conduit a des réactions secondaires comme la
SRO\PpULVDW LsReQd KM pBRIUBHD QIJHPHQ W Vo8  F QWW VV PIR[R®Y
nitrate de cérium et d'ammonium (CAN) permetpaitier ce problémé?*! Ainsi, les unités
époxydessont ouvertedD YHF XQ UHQGHPHQW FRPSULV HQWUH HW
Méme si aucun couplag® ef# observé, une grande variétfritéspeut étreobtenwe ce qui

réduitle taux de fonctionnalisation de groupement R a 50 % au maxi@ .
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Figure 6: Ouverture GIpSR[\GH OH ORQJ GXcatah\B®parRICXNBEOFR R O

OXYHUW XU Hs I Bhpdgsdr [a Ghkine de polydiénes par le-Red rés Ecemment, Zhou
aPRQWUp TXTLO pWDLW SRVVLEOH GH UpGXLUH OHV XQLWj
DOFRRO JUKF H bijs(nféthBxyethex®)al@miinohydrure de sodium (R En

optimisant les conditiond,est possibleGofhtenir une ouverture deycles époxydes proche de

100 %. Ainsj des PB de faibles masses molaires avec des unités laltmay de la chainent

pu étre obtenus /H WD X[ @ fddgdeReRdbain@eut étre contrblé par le taux initial
GYpSR[\GH

OXYHUWXUHs @Tlpng RI¢\l@ idhaine de polydienes p@JIFLGH WULIOLTXH HW
chlorhydique /TRXYHUWXUH GIXQLWpV pSHBdidué¢ian ssibtion GaAs @ IDFL G|
THF a étédécritpar Abetz et Lud?>"?"3ICette réaction simpleuvreles unités époxydes sans

réaction secondaire avec un rendement proche de 100% pour donner des unitédocidbro

vicinaux. /' {DFLGH WDXVYVLTEXWp XWLOLVp SRXU RXYULU OHV XQL
GLROV YLFLQDX[ 8Q WDX[ GIRXYHUWXUH SURFXKék¥ GH

décritel” 70!

[11.1.3. Modification par thiol -ene

La réaction de thieéne alargement été décritdans la littératurepour le greffagede
groupements fonctionnels sur des insaturations. En e#f#e derniére est connue pour étre
efficace, rapide et avoir deons rendement®’? 2Q SRXUUDLW GRQF V{DWWH«

modifier le Pl et le PB facilement comme présenté sjlitigare 7|et obtenirainsi soit des

fonctions réactives le long de la chaine, soit pouvoir directement greffer des groupements
FDSDEOHV GfLQWHUDJLU HQWUH HX[ GH PDQLgUH UpYHUVLI
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Figure 7 : Réactions de thioténe sur le Pl et PB en fonction de la microstructure.

Cependant, la réaction de thimhe posseéde plusieurs limitations. Premiérement, la réactivité
des différentes microstructures congnt le Pl et le PB vig-vis des thiols est différente. En
effet, les unités vinyles pendantes (unités 1,2) sont beaytosi@actives que les unités 1,4
cis, et ce pour le Pl et le FEB®Y De plus, des réactions de cyclisation intramolécigaire

peuvent également se produire entre deux unités vinyles consécutives comme le montre la

Figure 8| modifiant ainsi les propriétés du polym&&! Enfin, il a été montré que des

réactions de couplagentre chaines pouvaient avoir lieu et que ce phénoméne était exacerbé
DYHF OfDXJPHQWDWLRQ GHisPFPFISURSRUWLRQ GIXQLWpV

Figure 8 : réaction de cyclisation intervenant lors de la réaction de thieéne des polydiénes.
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I11.2. Modifications aux extrémités des chaines

Dans la littératureles polydiénes téléchéliques obtemas synthese ou par dégradatsmmt
majoritairementXWLOLVpV SRXU UpDOLVHU GHV , dgnb reslideRdes/ G THJ\
modifications supplémentaires aux extrémitBes polyuréthanes (PWnt donc pu étre

facilement obtenus en faisant réadg@s PB ou Pl hydroxyle téléchéliques @AB et HTFPI)

avec des isocyanatelses propriétés de ces PU a base de PB ou Pl comme la souplesse,
OfpODVWLFLWp OD WUDQVSDUHQFH OD VWDELOLWpP WKHU
permettent de lagtiliser dans de nombreuses applicatiopgpergols, pneumatiques, adhésifs,

enduits étanches, antibration, isolants, revétements élastiquéé:’>88% Des polyamides et

polyesters peuvenégalementétre synthétisés en faisant réagir des polydiénes carboxyle

téléchéliquesespectivemerdvec des diamines ou des diols.

&ITHVW j SDUWLU GX GpHEXW GHYE ECERpdBY/Y Hrittvéssé a la
modification sélective des bouts de chaines detRlus précisément a la modiftion des
extrémités aldéhyde et cétone obtenapes dégradation du polyisopréne époxydé de forte

massemolaire S D U O fiddiddigGet)ne bibliotheque de polyisopremavec des extrémités

variées en bout de chainesinsi été développ¢gigure 9).°¢ 2%l par simplification de lecture,

les différentes voies empruntées seront décrites séparément en fonction de la chimie employée.
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Figure 9 : Sélection de Pl modifiés awextrémités de chaines a partir du cTp197401]

Route 1: /D URXWH P R QW U H GI'XRIE\® iHa)AsprEriR Viydiomé&dddhelique

(HTPI) par une simple réduction és fonctions carbonyl@ar e borolydrure de sodium

(NaBH4). La réduction efficace des fonctions carbonyle donne alors acdes PI dont la
fonctionnalité en hydroxyle est égale aRpartirdu +73, LO HVW SRVVLEOH GIYR
amino téléchélique. kk succession de trois étagappémentairegst alors nécessai@

. Pour ce faire une premiére étapentiesylationdesgroupeshydroxyle est réaliséesuivie
QAH pWDSH GH VXEVWLWXWLR Q@ @D condyjirg]l&fdrAdtldh dda Al VR G L X

azidotéléchélique Enfin, une réduction par hydrolyse des fonctions azide est réalisée par la

triphénylphosphindréaction de Staudingeppur donner acces au Pl ambéléchéliqueavec

un rendement final de 36.%
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Figure 10: Chemin utilisé pour obtenir le Pl amino téléchélique?®®!

Route22LD UpDFWLRQ G1DPLQ Diggann@s etesfonEtidngarbadylegigiy U H
pJDOHPHQW rWUH GTXQ JUDQG LQWpUrwW SRXbeffeRIQGXLUH
condensation entngne amineet les fonctions cétones et aldéhydasconduire a la formation
GITLPLQH T Xétre SredMiteé Udd amine par lgiacétoxyborohydure de sodium
(NaBH(OAck). ,0 HVW | QRWHU TXH OTXWLOLVDWLRADcUBNXQH DI
sélectivitépuisque autanO D O Gpdta\cetinera pouvoir réagialors quecertainesamines

secondaires encombréss seront pas réactives \dsvis des cétones{ : route 3). [102.103]

Cette réaction a réecemment été utilisée dand ODER UD W R L U HodBrisy@HepsEXX LS H 3L
un Pl amino téléchéliguen une seule &e a partir du CTRE® Un large excéq15
équivalents) G 1 X Q H G étihyPriafpahhing est utilisé pourUp DOLVHU OD UpDFWLRQ
réductrice. Dans ces conditions, ils évitent que deux molécules de CTPI se condente

méme diamine et obtiennempres réduction un Pl amino téléchélique.

Route 3: /D URXWH PHW HQ pYLGHQFH OD VpOH mPWoid Wp GH
aldéhyde et cétoneis-avis des amines secondaireacombrés. Ainsi, seule la fonction

aldéhyde vatre réduiteSR XU | R U P ldsreSphhdant®add exempleen utilisant comme

amine secondaire la diéthanolamine (DEA), un Pl avec deux fonctions hydroxyle du méme coété
pourra étre obtenwavec une fonction cétone intagteO 1 D X W U H CEt{e/d & éPghoiit a

par la suite étre réduite graceMaBH; pour obtair un P1 qui posséde une fonctionnalité de 3

engroupementsiydroxyleterminaux

Route4 ,FL OD V\QW K gqw¢ifoGefiohqalige, erotupeents hydroxylerminaux
egal a 4, soit 2 fonctiorgar extrémités été realiségigure 11). La synthese commence par
une amination réductrice sélective des aldéhydes ®WcLPLQRGLDFpWDWH GH G
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réaction de coupge entreles fonctions cétonga ensuite étre réalisée grace@fination
UpGXFWULFH GX SURé&hyenddigring FhIGH Q@Y VXDQOAL W pav W°FKLFR
rapport aux fonctions cétorléres. Finalement, les fonctions ester vont étre réduites en
fonctions alcool grave @lfiminohydrure de lithiunfLiAlH 4) afin de donner le produit désiré

avec urrendement globale 32 %. Cependant, U D Q G Q R P E &ti¢ falfeordanhBetbny

limte OYXWLOLVDWLRQ GH FH SURGXLW SRXU QRWUH pWXGH

Figure 11: Chemin utilisé pour obtenir le PI fonctionnalisé par deux hydroxyles a chaque extrémité’!

Route 5: La derniére routelécritie FRQGXLW |j OD |IRUP DWAbBYle Gdiéé@®) 3, DP L
télechéligue REWHQX JUKFH j] OYDPLQDWLRQ UpGXFWULFH VpC
(NH4OACc) avec letriacétoxyborohydrure de sodium. Malheureusemédtf LQVWDRZELOLWDp
FRPSRVp FRQGXLW VRXV O YH l-pdiyshécshtiod Dmitant BdD dtkidatign VR Q D
SRXU UpDOLVHU GYDXWUHV PRGLYEFDWLRQV FKLPLTXH VXU

Comme nous avons pu le voia modificationde Pltéléchéliquesa largement été étudiée,
principalement pour la synthése gegcurseurs pour synthétiser des PldsPI servant de

fragment soupleCette chimieseramis en oeuvredans le Chapitre $our synthétiser nos
précurseurs permettant la réticulation réversible duHAlW QR XV PRQWUKI®RQV TX

efficacement transféedsur le PB.
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IV. Réticulation réversible despolydienes

Nous allons dangette derniére partie d®© TpW XGH E L EdstuRed dés SAdféreéntsH
groupementgermettantla réticulation réversible des chaines de polymeDesux grands
groupes peuvent étre distinguédes liaisonsréversibles covalentes ks interactionsion
covalentesLes exemplesde la littératuredéjaappliqués au Pl et PB seront doni@ss ce

souschapitre

IV.1. Réticulation réversibles des polymeres via des liaisons covalentes

réversibles

Un grand nombre deéens covalensréversiblsontéte GpYHORSSpV DI LntatéiguR EWH Q L
SRXUYX GH S U Rr&§idratmpWwypduafit@tke\e&/cle®npeutnotammentiter parmi

eux G 1D G G X L VAldertentrie HriOfwanet un maléimideles dithiols réversiblesesurées

encombrés les oximeauréthanedesfonctions estedynamiqueslesalcaxyamines, les ester
ERURQLTXHYV OHV L PUN® Hustr&idbQ dxesli€ns estteprésentésur|Figure

[1°5ﬂ25] Cependantous discuterons dans les prochains paragraphes uniquemiaisdas

covalentegjui ont été adapts aux élastomeéres qtlus particulierement aBB et/ouauPlI.
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Figure 12: Exemples deréactionscovalentes réversibles développgs pour obtenir des matériaux recyclables ou auto
réparants.

IV.1.1. Diels-Alder

Découverte en 1928 p@itto Diels et son étudiant Kurt AldEf127lja réaction de DielsAlder

est une cycloaddition de type [4+2] impliquant un diécke en électroret undienophile

pauvre en électroha réaction conduit a la formatioB 1 XQ F\FORKH[gQHatduli OTRQ C
de DielsAlder*?®l Unedes réactions les plusilisées dans le cas des couplages de polyméres

est la réactiorde DielsAlder ertre un furane et un maléimidea caactéristique principale de

cetadduit est son caractetieermoréversible : a haute températ(eptre 100 et 150C), la

réaction deétroDiels-Alder rDA) VH SURGXLW HW XQH GLVVRFLDWLRQ G&h
UHIRUPHU OH GLgQH HW OH GLgJQRSKLOH $ EDVVH WHPSpUD
GH O T FrgueexXljw
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Figure 13: Réaction de DielsAlder (DA) et rétroDA (rDa) entre un furane et un maléimide.

Cette réaction de DA largement été utiise DILQ GTREWHQLU Grépdra®DWpULD?
thermoclivables ou encore recyclablessur de nombreux polymérestels que les
poly(caprolactonesRUs, polyoxyde depropyléne)ou polybutadiénel1294331

Une seconde caractéristique de ce#i@ctionest son caractére stéréochimigéa effet,un

mélange d deux diastéréoisomerestobtenuapresréactionde DA: | D G @nda(gvoduit

cinétique) HW O feRd3 o itvihermodynamiquegont forméqFigure 14a). Il en résulte

que larDA du produitendq moins stable thermiquement surviénplusbasse température
température que la fornexa Ce phénomene pe@ RWDPPHQW rWUH RENSCUYp ORU
G H O 1D G G:XlewvsiGndux #ndothermiquesleux températures difféerenteés aux deux

adduits sont observTEigure 14p). [129.134436]

Figure 14: a) Adduits endoet exoformés apres réactions de DA entre un furane et un maléimid®) Mise en évidence
par analyse DSC de la rDAdesdeux adduits avecdeux signaux endothermiques correspondant aux formesndo et
eXO[lSS]

Du polybutadiéne ainsi étééticulé réversiblement par réaction de B#l Pour cela, n PB

de fortemasse molaire (M= 135 kg.mot, My = 460 kg.mot DY HF GIXQLWpV SHC
1,2 a été modifié paréaction dehiol-éneafin de greffer des groupements furane le long de la
chainea hauteur de 4 % des unités tasale PB./ D M R X \Walgirhide(BM) a alors conduit

j OD IRUPDWLRQ GT1XQ UpVY® DX pWwkH B R R GipdipseDRMBBABES H O
élastomeéregFigure 15) une augmentationudplateau caoutchoutique lié a la réticulation des
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chaineslnitialemental MPa a25 °C le moduleD X J P H Q W HONIRaAr&sr¢ticulation
2Q UHPDUTXH TXH OD WHPSpUDWXUH GYpFRXOHPHQW GX
réticulation (120 °C). Cependtune EDLVVH G X &3RoBEad p@fitir de 80°C pour

les réseauxen lien aveda réaction de rDAKigure 15b). La réaction de dééticulaton a été

mise en évidence par solubilisation du polymeére dans un solvant a haute température. Toutefois,
DXFXQH DQDO\VH 6(& QYD\DQW pWp GRQQpH LO HVW GLIILF
inter-chaines ont eu lieu durant la modification chioggce qui pourrait aussi augmenter la
YDOHXU GH (f HQ SOXV GHV UpWLFXODWLRQV OLpHV j OD Uj

Figure 15: Analyse DMA du PB initial (A) et réticulé par DA le long des chaines (B).

/IRUV GTXQH DXWU Iforte Wiaé&: Hholair® a fdodEdHa différent taux (entre 10

% et 30 % par réaction de thioléne avec le furfuryl mercaptéh /RUV GH OJDM&RXW GH
étémontré une augmentation du mdd H p O D ¥watleTauiddérfiodification et donc de
réticulation: de 21 MPa pour 10 % de madition il augmentea 32 MPa pour @ % de

modificationa 30 °C|Figure 16q). Destests de tractions ont révéée quelque soit le taux
GH UpWLFXODWLRQ OD FRQWUDLQWH j OD UXSWXUH pWDLMW

rupture diminuait aveane modification croissante ] G 1 p @RERUrRW6 et 30

% de modification respectivemenbes essais de recyclabilité du matériel ont montré que les

propriétés étaient peu affectées par les cycles de remises erFagare (L6p).
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Figurel6 D (IIHW GX WDX[ GH UpWLFXODWLRQ j GH PRGLILFDWLRQV VXU ¢
recyclage du PB réticulé par DA

IV.1.2. Alcoxyamines

Initialement utilis@€s pour la polymérisatiomadicalares contrélédes aloxyaminesgracea

leur caractére thermoréversible ont été utis@vec succes comme agent de réticulation
réversiblel*3"1381En effet, la fonctionC-ON- est capable deedissocier pour donnée radical

sur le carbonet un radicahitroxyle persistant. € nitroxyGH HVW G{DXWDQW SOXV V

des groupements volumineux afin de le stabiffS&rOn peut prendre poexemplde 2,2,6,6

tetranethylpyridinel-oxy (TEMPO)|Figure 17).

Figure 17 5pDFWLRQ GYpFKD Qltékyt@LFDODLUH G

<XDQ D DLQVL PRQWUp TXILO pWDLW SRVVLEOH GIREWHQLU

réticulés réversiblement avec une certaine aptitude a la recycl@' jtre 18h).[140141p|ys

récemmentle groupe de Torkelsanrapporté unenéthodologigpermettant la synthese en une
PWDSH GIXQ UpVHDX UpWLFXOp UpYHUY¥b&E©dé PBIQHWSISDU GHV

Une copolymérisation dméthacrylate dGEMPO a été réalisé en présence de styrene, de
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polybutadiéne de faible masse molaire0(® g.mof HW GJIXQ DPRUFHXU UDGI
fonctionnel{Figure 18p). Le matériel obtenu peut étre remis en forme au moins 3 fois sans

observede perte des propriétés mécaniq|léguyre 18f). Bienque treés intéressant du point de

vue de la facilité de synthese et sa recyclabilité, les polyméres corsstitutéseau possedent

uneTg élevee aux alentowsde 30 °C{Figure 18¢).

Figure18: D 6\QWKqgqVH G{XQ UpVHDX GH 36 UpWLFXOp UpYHUYHEI) ByRtHGN SDU GHV
du réseau de PB/PS réticulé réversiblement patesfonctions alcoxyamines. Superposition DMA des élastomeres
recyclés 3 foid!1dl

IV.1.3. Transestérification

En 2011, Leibler et Tournilhamnt introduit le concept de vitrimere, matériel qui se situe entre

un thermoplastique et un thermodurcissable. En effet, un vitrimere est un matériel réticulé
réversiblement, recyclable et insoluble danssles solvantsméme & haute températiiz:24%

Initialement, ce matéried été obtenu en mélangeantbisphénolA diglycidyl étheravec un
mélangeGH GpULYpV GI&FLGHLIBMHDVDOBLER[\OLTXHYV DILQ GTREWV
poly( -K\GUR[\OH HVWHU /YDMRXWé G %XDE p WHDDNH SGIH) - @ FGE DK
réactions de transestérificati. Il aété montré que ce réseau peut facilement étre

recyclé sous pression a chaud et que les propriétés du nouveau réseau sont similaires a celle de

la premiére mise en forme.
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/IHLEOHU D UpFHPPHQW UDSSRUWpPp OfYXWLOLVDWLRQ GH
G\QDPLTXH GYXQ 3% pSR[\Gp SDU¥S HV @HALFHMW G WHD GER][LQE T
D DXVVL pWp DMRXWp DX UpVHDX GDQV OH EXW GH IDYRUL
nombre limité de fonction hydroxyles ainsi que leur encombremeelting de la chaine de

polymeére limite la dynamique de transestérification.

Figure 19: Réactions de transestéritation observés dans le réseale -hydroxyle ester(14?

&H FRQFHSW D HQVXLWH pWp ODUJHPHQW PpWHQGX | G
WUDQVHVWPpPULILFDWLRQ FRPPH O DammatiohDuwidylogieH 1aG 1D OF q
transcarbamoylation ou la trsalkylation113121.128.145]| 3 ginsj &6éUDSSRUWpP O¥aXWLOL VI
métathes des alcénes (catalyseur Grubbs Il) pour obtenir un réseau de PB avec des échanges
de liaisons carborearbone. Le matériel obtenu, insoluble dans les solvants est capable de

V 1 DpépsErBr en masse grace a une trés faible quantité de cat&fsédr.

IV.1.4. Autres systemes covalents dynamiques

ITpTXLSH G ldréécéengient ntvduitunechimie click utilisant la triazolinedione (TAD)

etun composé indolé*®! Un des avantagale ce systtmest OfH[WUrPH UDSLGLWp GX
température ambiant® VVRFLp | XQH UpYHUVLELOLWpPp GH OTBGGXLW
150 °C).*9|Is ont ansi pu obtenir des réseaux réticulés réversiblement de poly(caprolactone)

ou PUmontrantG fH[FH O O H Q WWid Wlu &tyBle&yelLpWp V
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Figure 20: a) Réticulation réversible de PCL par réaction indoleTAD thermoréversible.[*48] b) Illustration de la remise
en forme de PU réticulé par decouple indole TAD. 149

Unréseau de PB réversibleécemment été développg se basant sur des fonctions it

Un PB G 1 X Q b Insiété modifié par thickne avedela cystéamine a hauteur

GH /DM RiI>MENGIEXFR QG XLW j OD IRUPDWLRQ GTXaQ UpVHD
été montré que la remise en forme de ce caoutchouc apres 4 QygIBs | ds\ePpraprietés

du matéiel. Cependant, ce résearésentaine Ty élevée aux alentours @ °C

La chimie des disulfusea aussiétéutilisée GDQV OH EXW GYREWIHqLlts GHV FLC
réversiblement. Du NR époxydepar exemple été réticulé avec unadide contenant un

disulfure entre les deuxonctions acide carboxyliqué®!! Un réseauavec des propriétés

G 1 D G Keab Hel.rén@delagepu étre obten@ . Eneffet, le réseau chauffé a 150 °C

permet un réarrangement des ponts disulfures et donc le remodelage du matériel.
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Figure 21: a) Représentation schématique de la formation du réseau réticulé réversible par des ponts disulfures. b)

Remodelagedu polymere par compression. c) Test de traction du polymeére original (trais pleins) et recyclés (pointillés).
[151]

IV.2. Réticulation réversiblesdes polyméregar interactions non-covalentes

Typiquement, on peut classer sous le terme interactiorconaiente lesnteractions du type

hydrogene @Stacking, coordination des métaulxdteinvité et interactions ioniques. Ces
interactions réversibles peuvent facilement étre perturbées par des stimulations externes comme

la température, le pH ou des contraintes mécaniquesavantage des interactions non
FRYDOHQWHYV HQ SOXV G Y radhscdvdedtbestHla pRPI&iMdIgnemix [ OL
QpFHVVDLUH SRXU OHV GL \\Wfmtidhdr éxemp&WDQW DLQVL OfC

IV.2.1. Interactions par liaisons hydrogene

Le groupe de Meijealargement travaillev XU OfDVVHPEODJH VXSUDFRROpPFXOL
desliaisons hydrogéndls ont notamment développé un groupement capable de se dimériser:
OfXUHLGRS\ULP L.[153]8Gé dimére directionnel est formé par
ODVVRFLDWLRQ GH etpodstdeVife@&s ¢fariale) Rabip@ekl uneconstante

G 1 DV V RiupebiaMelaROOM * dans le chlorofone Des élastoméres supramoléculaioes

ainsi pu étre obtersen greffant en bout de chaines des UP\5"l Folmer a par exemple
GpFULW OD IRUPDWLRQ GTXQ pODVWRMEthyereQutyleie) d® QW D X
faible masse molaire (300 g.mof') des groupements UPy. Le polymére visqueux avant
réaction est devenu unatériausolide avec des propriétéfastongres I@J et c).[15!
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%REDGH D SRXU VD SDUW GUyHyudéshelyie de\failekngpgde nidfhikeQ 3 %
(3000 g.mot").*% Le polymére liquide est devenu un élastomére aprés modification, un
plateau caoutchoutique stable entre d&fT60 °C de 31 MPa est observé. La chute du module

au dela de 60°est associée a la dissociation des groupements UPy.

Figure 22 : a) Dimérisation du groupement Upy, 4 liaisons hydrogéne par dimeres. b et c) Elastomére supramoléculaire
obtenu en greffant en bout de chaine de différents polymeéres des groupements UBguche: avant greffage, drote :
aprés greffagell%8l

Une autre caractéristique importante déseresG 8@t OHXU DSWLWXGH j VIHP!

former des nanofibredRigure 23h).[160161 Ces nanofibres, comparablaux fragments dsr

des polymeéres thermoplastiques (TPE) coniéries propriétésélastomeresau polymere

fonctionnalisé par des URFigure 23p).[*62 || aété montré que suivanthature de ldonction
liant OH JURXSHPHQW 83\ j OTH[WU pP L 8hpmierlib@poover §tttH O DV

affectée. Ainsi les groupements urées comparés aux groupements uréthanesfaabtese

organisaibn (Figure 23k, urée modélisée en royde’ 162
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Figure23:a) )JRUPDWLRQ GH QDQRILEUHV L Qdinéteddel USYH! bpElas@iBarethe R astiqGeH
(TPE IRUPp SDU OYDVVRFLDWLRQ GHV GLPGpiyMe@#HB3\ HQ ERXW GH FKDLQHV GH

,O D pJDOHPHQW pWp PRQWUp TXH FH W\SH GYDVVHPEODJH
de type bisuréeséparés par un espaceuigide (Figure 24h).[163%65% Syjvant la polarité du
VROYDQW RX OH WY\ DH VRALDSHDEesIQt phcO I DVVHPEODJH ILQD
fortement affecté obtertion de tubes, filaments ou encor&idlices{Figure 24p).[154286] Ainsi,

j SDUWLU devekydsiléxar® visqueux, un élastomere stabledempératuree 120 °C

aétéobtenu en greffant degoupes bigiréele long de la chaine du polymété’]

Figure 24 : a) exemplesde molécules bis uréé&8® b) assemblage supnamoléculaire de polymérs fonctionnalisés par des
bis-urées!18l
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Stadlera greffé des groupementsirazolessur deschaines de polybutadiénFigure 25p).[168*

1701 a montré queOHV Q°XGV GH UpWLFXODWLRGEsgRUpEpMtsSDU DV
renforcent les propriétés élastiquesrdatériel. Le plateau caoutchoutique a 10 % de greffage

est élevé d8 décadepar rapport &elui modifié & 0,250/@3). Quel que soit letaux

de modification une chute du module est observéex alentous de 110 °C associé a
OYDSSDULWLRQ G 1 XQelvrHds RupeGrs 3 Orie étididaXion @dnpéversible induite

par la températur®e plus, pour les plus faibles taux de modifima (0,25 a 1 %), un plateau

« caoutchoutiqueristallin» est observé de lagh -30 °C a cause de la cristallisation des
chaines de PB. La valeur du module de ce plateau ne varie pas avec le taux de modification
Au-dela GIXQ FHUWDLQ G Hdndépa éhdin® du@B,| te~demidr perd sa capacité a

cristalliser.

Figure 25: a) Assemblage supramoléculaire par des dérivés urazolggeffés sur le PB. b) Influence du taux de
modification sur les propriétés thermomécaniques a PB 18]

IV.2.2. Autres interactions

Récemment, Wang a rapportées PB réticulés réversiblement par interactions
hydrogénéoniques!’*1" Pour cela, des fonctions acides carboxyliques ongééespar
thiol-enesur leschaines de PEDes caoutchoucs thermoréversibles ont pu étre obtgaoea
OTDMRX Wi-a@im@(@a). Cependant, le plateau caoutchoutiqdieninue
progressivement ageO 1D XJPH QW D W L R Q L@ idcyolabilitédépestpdide Waxude
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remise en forme sous pression a chaude pertenotabledes propriétéa été observédes la
premiére remise en formd&(K XWH GH O fpORQ|FiDWeReY j OD UXSWXUH

Figure 26: a) Réticulation de PB par interactions hydrogéngéoniques. b)Test de tractionpour le produit initial et le
produit recyclé. (171

Colquhoun et Hayes ont décrit la préparation de rés@alyméresnon-covalentsauto
réparantdasés sudesinteractionsD U R P D W L T X Fstacking "W Des @lydiimide)
de faible masse molaire contenant des sites déficients en élemx bleu)ont été
mélangés avec des poly(siloxanegyénestéléchéliqes riches en électron@Figure 27g,
rouge) /THPSLOHPHQW FRPBOPAHOMWLGH GRUPHtbva¥@ UpVHD
thermoréversible. Les auteurs o0BtURSRVp TXH O D -refdar@tioir deAtp pGiyhizde W R
VXSUDPROpFXODLUH pWDLW EDVpH VXU ODEGLUMVIRKIDDW LR Q'
polymeéres associé au refroidissement du mélange permet la reformation progressive des
HPSLOHPHRWa2dD.'™ "I{DXWUHV pWXGHV RQW PRQWUp TXTLO

cette technologie pour obtenir des élastoméres thermorévefsiblé® Ainsi, des

polyuréthanes a base de PB contenant des fonctions pyréne aux extrémités ont été mélangés a
des poly(imide3.*7% /§ p O D V W R P q PrésedtpiexébmgaiqnVih rupture de 170 % et

un module de¥oung de0,3 MPa. Le polymeére réparé aprés rupfumesentades propriétées
similairesau réseainitial GX PRGXOH GH <RXQJ HW HW GH Ofr¢

sort récupérgapres recuit a 100 °C pendant 2 heures.

45



Chapitre I. Bibliographie

Figure 27: a) Poly(diimide) déficient en électrons@® E @tHp#ly(siloxane) pyrene téléchélique riche en électrone
(rouge). ) SHSUpVHQWDWLRQ VFKpP D ®itoh3semi@agehipeH® @l (diifide)cey le siloxane pyréne
téléchéliquel*’

V. Conclusion

Nous venons dprésentede nombreuses méthodds dégradation des polydienssrmettant
GIREWHQLU GHYV shikabsk @dladfes@ partiDdeHaglechaines. Cependantla
GpJUDGDWLRQ GX 3, HW 3% SUpDODEOHPHQW pSR[\Gp RX Q
méthode la pKV DGDSWpH (Q HIIHW HQ SOXV GYDYfRdddexQ ERQ |
chaines elledonne accés a des polydiénes carbonyles téléchéliques dont la fonctionnalité est
proche de 2.Pour ces raisonscette mpWKRGH [IDLVD GiMe LpEridtiqueYsdr@ LU O
approfondiedans le Chapitre @e ce manuscrit.

De nombreux typegle réactions réversiblesoit avecdes liaisons covalentesoit non
covalentesont été décrites dans la littératuependant QR XV DYRQV IDLW OH FKRI
comne agents de rétication réversibleO D G G X L\Wd& Entré Iid fDrdne et le maléimide

ainsi que les groupements Ulteragissant par liaisons hydrogen&n effef ces liens
reversSEOHYV VRQW IDFL Giththe&) & Febroetfica&itd HdYAHHUVLELOLWp QYH V)

démonter.

Afin de pouvoirgreffer @s composeés le long delaines de polymeres,était nécessaire de

les modifier pourvoir des fonctions réactives telles que fdextions amineu hydroxylele

ORQJ GH OD FKDLQH &THVW SRXUTXRL OD SUHPLqUH SDUWI
WUDYDX[ GpPEXWpV DX ODERUDWRLUH HQ SDUG"PEADUGDUG
effet, cette méthode devrait donner acces a des FB ebRtenant des fonctions amiledong

de la chaine sans réaction secondaim@me le couplage des chainea.deconde partie de ce
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troisieme chapitrequanta elle VD 8 SuKine PpWKRGH GYRXYHUWXaedH GHYV
récemment développés par Zhou, elle donne accés a des PB fonctismaalidésonctions
hydroxylesle long dela chaine, et ce sans réaction second&ir€es fonctions pergttrontde

JUHIIHU GHV IXUDQHV OH ORQJ GH OD FKD-té@ersibzipa® GIRE\

addition de bigmaléimide{Figure 28).

Modifier les extrémités de chaines plutdt que la chafleemémenous semblait une bonne
alternative afin de pallietes différentes difficultés pouvant étre rencoetsé ORUVTXH OfR
PRGLILH OHV SRO\GLgQHYVY VXU OHV GRXEOHV OLDLVRQV &
décrit la synthése de Pl et PB réticudgsés avoir modifié les bouts dbaines. Nous avons
adaptéunechimie décrite dans la littératurfin deformer de réseaux polymeres réversibles

par réactionde DA /D GHUQLqUH SDUWLH GH FH FKDSLWUH VILQWr
du PB par liaisons hydrogenes en utilisant le groupement UPy comme agent de réticulation
Figure 28).

Le cinquiéme et dernier chapitre de cette thése sera une conclusion généraldifférdets

caoutchoucs obtenus avec en particulieraoraparaison des différensystemes obtenus.

Figure 28: Schéma général de synthése de réseaux réversibles utilisé dans ce manuscrit.
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Chapitre 1l. Dégradation chimique contrélée du polyisoprene et polybutadiene

[. Introduction

Comme mentionné précédemment, on trouve dans la littérature de nombreuses méthodes
traitant du clivage des chaines de polydiénes, nécessitant des conditions expérinaigakes
WHOOHYV T X HladdgrapRtiQrRp@n\ixfadliatiomne voie enzymatiquela métathese ou

encorela dégradationoxydante Danstous OHV FDV OYREMHFWLI SULQFLSDO
G 1D Y R L Wort@leBeR&égradation sur la longueur dbaines, la dispersité ks bouts

de chaines.

/ID GpJUDGDW L h&iodduedu@dlyisbhr&el par exemple est relativement facile a

mettre en place, peu couteuse et donne un excellent contrdle sur les trois criteres mentionnés
précédemment. En fet, une simple dissolution dBl dans le THFV X LY L ajgi? Gufi@ v
TXDQWLWp GpWpelibBidueppire@d diet|€stdahaines de polymere. Cette réaction
UDSLGH VH GpURXOH j OfDLU OLEUH HW VDQV FKBXIIDJH
FRQVLVWH j SDUWLU GYXQ 3, RX 3% SUpDODEOHPHQW pSR
O 1 D pdri@ildue Les produits obtenus sont similaires a ceux obtenus par dégradation directe

DY HF OpfibBiguedtidonnat acces a des polydienes carblentgléchélique

Cependant, aucune étude portant sur la dégradation cerded@olydieénesdans une large

gamme de masse molaire comprise enf@@a 50000 g.mof' Q PBur le moment été décrite.

Les études portent généralemergur la dégradation doolyisopréneou du polybutadiénseul

et une seule des deux méthodes est utilisée. De gfluslV GHX|[ PpWHERd@e&IV QIRC
connaissance jamaité comparées en terme de précision dans le contiHieadse molaires

du produit obtenull nous semblait domimportant decomparer ces deux méthodes afin de

savoir laquelle offrait le meilleur contrble. Les résultats obtenus sont présentés sous forme de

publication dans les pages suivantes.
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II. Controlled degradation of polyisoprene and polybutadiene: a comparate

study of two methods

Abstract:

Low molar mass carbonyl telechelic ciglpolyisoprene (CTPI) and aldehyde telechelic eis,1

4 polybutadiene (ATPB) were easily prepared by the controlled degradation of high molar mass
1,4-cis polyisoprene (PIl) and 1-dis polybutadiene (PB) in a molar mass range 608 *

80000 g.mott. Two methods are compared: the direct one using only the periodic ak)(H

to randomly cleave the chain and a second one where the chain are first epoxidized before being
cleaved ly the periodic acid. In both cases, a control of the final chain length was observed with
nevertheless a better control of the final chain length, dispersity andeaidsnusing the-2

steps procedure. Importance of the washing step in order to avordaatiens on the carbonyl

chainends is also discussed.

60



Chapitre 1l. Dégradation chimique contrélée du polyisoprene et polybutadiene

I1.1. Introduction

A large variety of chaktleavage reactions to produce low molar mass polybutadiene or
polyisoprene with various chagnds have been developed because of the use of these latter in
many applications such as membranes, adhesives, coating, sealant, qirop@kaa building

block for ABA triblock copolymers®#l. Among them, one can cite ozonoly$ls,
biodegradatior! photodegradatigh® ultrasonic irradiatiof*! metathesi§? 24 and oxidative
chemical degradation by periodic acid or by scission of partially epoxidized polydiene (EPD)
with periodic acid.[*>#2 The two last methods givihe best results for mass control and
dispersity leading to the formation of an aldehyde telechelic polybutadiene (ATPB) and a
carbonyl telechelic polyisoprene (CTPI) according to the polydiene used, generally in a molar
mass range of 30620000 g/mol. Theefore, no report has clearly demonstrated which one is
the best oxidative chemical degradation pathway to obtain small carbonyl telechelic polydienes
(CTPD).

Reyx and Pilard focused their work on natural rubber degrad&fidfl They demonstrate that

it is possible to tune the final chain length of the CTPI by monitoring the ratio between periodic
acid and doubkponds of the polydiene. They also show that it is possible to degrade partially
the epoxidized PI (EPI) with periodic acid and that the EPI is more reactive towards periodic
acid than PI. Indeed, the epoxidized units are rapidly cleaved to obtain theytatain end
groups. On another hand, Zhou and coll. showed that ATPB can be easily obtained by the chain
scission of the EPB, the final chain length being controlled by the epoxidatiof®tate.
Nevertheless, no study compadiectly the two methods. To the best of our knowledge, no

study on the direct cleavage of PB only with periodic acid was published.

In this paper, the two main oxidative chemical degradation methods to obtain CTPI and ATPB
were compared. Pl and PB weither degraded by periodic acid alone or by the mattoch
requires a preliminary epoxidation step before cleavage. Results are carefully compared to
determine the best method leading to the control of the final chain length, the chain end groups
and the chain dispersity. Moreover, we report for the first time the importance of the purification
step following the polymer degradationorder to avoid side reactions which deteriorate the

aldehyde chain end function.
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[I.2. Experimental section

Materials andmethods

Cis-1,4-polybutadiene (98% ci$,4,Mn= 150 kg.mol B = 2.8) and cisl,4-polyisoprene (98%
cis-1,4,Mn= 635 kg.mol B = 2.1) were purchased from Scientific Polymer Products, c. 3
Chloroperoxybenzoic acid (MCPBA, -7®%, Acros), periodic adi(HsIOe $OGULFK
were used without further purification. Tetrahydrofuran (THF) and dichloromethane (DCM),

methanol and diethyl ether (reagent grade, Aldrich) were used as received.

Liquid-stateH and 3C NMR spectra were recorded at 298 K on akBr Avance 400
spectrometer operating at 400 MHz and 100 MHz respectively in appropriate deuterated
solvents. Molar masses were determined by size exclusion chromatography (SEC) using
tetrahydrofuran (THF) as the eluent (THF with 250 ppmBatylated hydoxytolueneas

inhibitor, Aldrich) at 40°C. The SEC line is equipped with a Waters pump, a Waters Rl detector

and a Wyatt Light Scattering detector. The separation is achieved on three Tosoh TSK gel
columns (300 x 7.8 mm) G5000 HXL, G6000 HXL and a Multipore HXL vaithexclusion

limits from 500 to 40 000 000 Da, at flow rate of 1 mL/min. The injected volume is 100pL.
&ROXPQVY WHPSHUDWXUH ZDV KHOG DW f& ORODU PDV
standards calibratiomata were processed with Astra software fidyatt.

Polymers synthesis

Carbonyl telechelic PI (CTPI) preparation via direct oxidative degradation of Pl with
HslO6: Example of degradation with a molar ralle [IU] / [HsIOe] = 38 (with U = Isoprene
Units). To a solution of high molar masss-1,4-polyisoprene (1.10 g, 16.13 mmol IU)
solubilized in 39 mL of THF was added dropwise a solution of periodic acid (96.7 mg, 0.42
mmol) dissolved in 10 mL of THF and stirred during 6h at room temperature. The solvent was
then removed under reduced pressure e crude product was dissolved in diethyl ether
before filtration on celite to removed insoluble iodic acid. The filtrate was then concentrated
before washing 2 times with saturated solution (30 mL of each) g$88 NaHCQ and
distilled water. Finall, the organic layer was dried (Mg@Qfiltered on celite and the solvent
was evaporated to dryness to ob@hPI M vir) = 18 600 g.mot, My (sec)= 18 200 g.mol

1D =1.3. Yield = 89 %'H NMR (400 MHz,CDC}): (/, ppm) 9.77 (t, 1H;CH>-CHO), 5.12
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(S, NH,-CH2-C(CHs)=CH-CHy-), 2.49 (t, 2H;CH2-CHO), 2.44 (t, 2H;CHo-CH,-C=0(CHp)),
2.34 (t, 2H,- CH2-CH2-CHO), 2.27 (t, 2HCH2-CHz-C=0O(CHy)), 2.12 (s, 3H;CHy-CH-
C=0(CH3)), 2.04 (s, 4nH;CH2-C(CHz)=CH-CHy-), 1.68(s, 3nH;CH,-C(CH3)=CH-CHy-).

Aldehyde telechelic PB (APB) preparation via direct oxidative degradation of PB with
HslOe: Example of degradation with a molar ratt= [BU] / [HslOg] = 30 (with BU =
Butadiene Units). To a solution of high molar meissl,4-polybutadiene (1.10 g, 20.44mol

BU) solubilized in 39 mL of THF was dropwise added a solution of periodic acid (155 mg, 0.68
mmol) dissolved in 10 mL of THF and stirred during 6h at room temperature. The solvent was
then removed under reduced pressure and the crude product wagedisae diethyl ether
before filtration on celite to remove insoluble iodic acid. The filtrate was then concentrated
before washing 2 times with saturated solution (30 mL of each) g#88 NaHCQ and
distilled water. Finally, the organic layer was dri@1gSQ), filtered on celite and the solvent
was evaporated to dryness to ob@&inPB. Mn (nwr)= 61 300 g.mot, My (secy= 28 500 g.mol

1 b = 8.0, yield: 87 %'H NMR (400 MHz,CDCY): (/, ppm) 9.77 (t, 2H;CH»>-CHO), 5.38

(m, 2nH,-CH>-CH=CH-CH>-), 2.49 (t, 4H,-CH,-CH>-CHO), 2.38 (t, 4H; CH,>-CH,-CHO),

2.09 (s, 4nH;CH>-CH=CH-CH>-).

Epoxidized polyisoprene (EPI) preparation with mCPBA: Example of epoxidation with a
theoretical epoxidation rate of 10 %. High molar n@s4,4-polyisoprene (6.48 §5.29 mmol

PU) solubilized in 230 mL of THF was epoxidized by a dropwise addition at 0°C of a mCPBA
solution (9.53 mmol in 10 ml THF). After 2h of reaction at room temperature the solution was
concentrated before being purified 3 times by precipitatissddution in methanol/DCM and

the solvent was evaporated to dryness to oliiRin The epoxy units contents was determined
by 'H NMR, yield: 91 %.'H NMR (400 MHz, CDCJ) /5.12(s, nmH, -CH2-C(CHs)=CH-

CHy-), 2.68(t, mH-CH-epoxyCHs- ), 2.04s, 4nmH, -CH,-C(CHz)=CH-CH>-), 1.6§s, 3n

mH, -CH,-C(CH3)=CH-CH>-), 1.2§s, 3mH;CH-epoxyCHs- ).

Epoxidized polybutadiene (EPB) preparation with mCPBA Example of epoxidation with

a theoretical epoxidation rate of 15 %. High molar nw@s4,4-polybutadiene (1.02 g, 18.88
mmol BU) solubilized in 35 mL of THF was epoxidized by a dropwise addition at 0°C of a
MCPBA solution (2.83 mmol in 10 mL THF). After 2h of reaction at room temperature the
solution was concentrated before being purifiediBes by precipitation/dissolution in
methanol/DCM and the solvent was evaporated to dryness to &@R&nThe epoxy units
contents was determined Hy NMR, yield: 90 %.XH NMR (400 MHz, CDC}) /5.38(m, 2n

63



Chapitre 1l. Dégradation chimique contrélée du polyisoprene et polybutadiene

mH, -CH>-CH=CH-CH>-), 2.92 (t, 2mHCH-epoxyCH-), 2.0§s, 4nmH, -CH,-CH=CH-CH2-
).

One-pot Carbonyl telechelic PI (CTPI) preparation via epoxidation (mCPBA) and
oxidative degradation of EPI with HslOe: Example of degradation with a theoretical
epoxidation rate of 0.54 %. High molar mass1,4-polyisoprene (3.87 g) solubilized in 135

mL of THF was first epoxidized by a dropwise addition at 0°C of a mCPBA solution (0.31
mmol in 10 mL THF). After 2h of reaction at room temperature, periodic acid (1.05 eq.
compared to mCPBA, 0.32 mmol) dissedvin 10 mL of THF were added dropwise and stirred
during 2h at room temperature The solvent was then removed under reduced pressure and the
crude product was dissolved in diethyl ether before filtration on celite to remove insoluble iodic
acid. The filtrae was then concentrated before washing 2 times with saturated solution (30 mL
of each) of N&5,03, NaHCQand distilled water. Finally, the organic layer was dried (MgSO
filtered on celite and the solvent was evaporated to dryness to QFt&hMn (nwr)= 23 000
g.mot?, My (sec)= 28 500 g.mot, B = 1.5. Yield = 91 %'H NMR (400 MHz,CDCJ): (/, ppm)

9.77 (t, 1H,-CH2-CHO), 5.12 (s, nH;CH2-C(CHg)=CH-CH;-), 2.49 (t, 2H-CH2-CHO), 2.44

(t, 2H, -CH,-CH2-C=0(CHg)), 2.34 (t, 2H,- CH>-CH>-CHO), 2.27 (t, 2H, -CH2>-CH.-
C=0O(CHp)), 2.12 (s, 3H,-CH2>-CH2-C=0(CH3)), 2.04 (s, 4nH,-CH,-C(CHz)=CH-CH>-),

1.68(s, 3nH;CH>-C(CH3)=CH-CH>-).

One-pot Aldehyde telechelic PB (APB) preparation via epoxidation (mCPBA) and
oxidative degradation of EPB with HlOes: Example of degradation with a theoretical
epoxidation rate of 0.91 %. High molar mass1,4-polybutadiene (3.76 g) solubilized in 130

mL of THF was first epoxidized by a dropwise addition at 0°C of a mCPBA solution (0.63
mmol in 10 mL THF). After 2h ofeaction at room temperature, periodic acid (1.05 eq.
compared to mCPBA, 0.67 mmol) dissolved in 10 mL of THF were added dropwise and stirred
during 2h at room temperature. The solvent was then removed under reduced pressure and the
crude product was dislved in diethyl ether before filtration on celite to remove insoluble iodic
acid. The filtrate was then concentrated before washing 2 times with saturated solution (30 mL
of each) of N&5,03, NaHCQ and distilled water. Finally, the organic layer wasd(lgSQ),

filtered on celite and the solvent was evaporated to dryness to GtRB. Mn (wwr)= 13 300
g.mot?, My sec)= 15 500 g.mot, B = 1.7, yield: 88 %'H NMR (400 MHz, CDCJ): (/, ppm)

9.77 (t, 2H,-CH2-CHO), 5.38 (m, 2nH;CH2-CH=CH-CH-), 249 (t, 4H,-CH>-CH>-CHO),

2.38 (t, 4H;- CH>-CH>-CHO), 2.09 (s, 4nH,CH2-CH=CH-CH>-)

64



Chapitre 1l. Dégradation chimique contrélée du polyisoprene et polybutadiene

I1.3. Results and discussions

Importance of the purification step in order to obtain well defined carbonyl telechelic dienes

Degradation of the EPI and EPB with periodic asak already known. Reyx, who developed

the degradation of EPD by periodic acid, has purified the products by a simple precipitation in
methanol?**% Pilard and coll. used a different strategy by dissolving the crude and dried CTPI
product in dichloromethane before washing it with a concentrated aqueous solution of NaHCO
NaxS05 and water and finally drying on MgS®824 More recently, they used a simple
precipitation of the APB reaction mixture into ethanol after a filtration step on Celite to

remove the iodic acid®1”]

In this study, the direct precipitation in methanol was first used for its simplicity and quickness.
Nevertheless, after the pugéition of the degraded Pl and PB, it was observed a huge difference
between the calculatédn nvrandMn sec Indeed, in all of cases thé, nvr calculated thanks

to the aldehyde function was always far higher thanMheec One explanation could have

been the nomeaction of some epoxy units, but the epoxy signal oAHH¢MR spectrum had

totally disappeared. Another explanation could be that secondary reactions could occur onto the
aldehyde functions. Indeed, if for argaison the aldehyde groups are modifiedMhgvrwill

be automatically increased as this signal serves to calcu.lat;aquuation S1| p80. Acetal

formation between the aldehyde and the methanol under acid conditions could be an issue
Schemel).

Schemel: Acetal formation in the presence of methanol and acid at CTPD chaiand.

For example, an ATPB was prepared by the scission of an EPB epoxidized at 0.37 % with
periodic acid. After purification by precipitation in methanol, Sif@lyses reveal a molar mass
of 37900 g.mot* whereas thévi, nmrWas equal to 64 840 g.mbl Therefore, théH NMR
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analysis show the appearance of two news signals: a singlet at 3.32 ppm and a triplet at 4.37

ppm (signal¥ and6 respectivelyFigure 29?. Integration of these protons signals were in good

agreement with the hypothesis of the acetal formation. In each case, a ratio of 1:6 for the signals

6 and7 respectively was observgHigure 29}. Moreover, this side reaction has already been

observed on small molecul@&dure 30).2°

Finally, by calculating theMn nur with the formula/ ;¢ eeL >—="25_ Hwv2E st rtaking

into account the aldehyde and the acetal group®theris equal to 4700 g.mot, which is

in good agreement with thé, sec(37 900 g.mot). This confims the hypothesis of the acetal
chain end formation. Deacetalisation reaction was performed under acidic conditions and all
the aldehyde functions were retrieved. The purification method was thus modified as described

in the experimental part wbtain tke CTPD without acetal chaend.

Figure 29: 'H NMR spetrum of a ATPB with partial acetal chain-end formation (*CDCl )
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Figure 30: Structure and 'H NMR shift of a small molecule similar to the acetal chain end of a Pl or PE25]

CTPI preparation by oxidative degradation of the PI with periodic acid

The first investigated route to obtain carbonyl telechelic polydienes (CTPD) was the direct

oxidative degradation of the polymer by thielOs

Scheme?2

pathway 1). This reaction,

involving two equivalents of HOs to cleave a double bond is described as adi®ps

mechanisnj15] a first molecule of ElOs reacts with a double bond to lead to an epoxide or a

.-glycol and a second equivalent o§l8e cleave these bonds in order to obtain the CTPD

Scheme3). According to the initial polymer (Pl or PB), the final CTPD will be different: if

the starting material is PI, the chagnds will be an aldehyde and a ketone (CTPI). But if the

degradation concerns PB, the chairds will be both an aldehyde (ATPB)sdmwn inScheme

Scheme?2 : Oxidative routes to obtain small carbonyl telechelic polydienes (CTPD). Pathway 1: chain cleavage by

periodic acid, Pathway 2: Chain cleavage of epoxidized polydienes (EPD).
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Scheme3: Two stepsreaction of the oxidative degradation of Pl and PB under 1O treatment.

To a high molar mass Pl solution (635 kg.ijah THF, a solution of periodic acid in THF was
added dropwise and stirred for 6h at 25 °C as described in the litegfidjitel NMR analysis
of a degraded PI obtained by action of the periodic acid is sho\rigare S1{(p81).

The chain length of the final CTPI could be theoretically managed by monitoring the quantity
of periodic acid. To confirm that, a series of degradation was performed by varying the molar
ratio R=[IU] / [HsIOs¢] between 5 and 230. The synthesized CTPIs were characterized by SEC
and NMR. Results are summarizedTiable 1{ An increase of the quantity of periodic acid

compared to the Pl units is associated to a decrease of the final molar mass. In all cases, SEC

analyses reveal a narrow disperditybetween 1.3 and 1.7 with a decregstrend for the

smaller chaingTable 1] ntrie 48). The comparison of thil, calculated by SEC and NMR

shows a growing gap with the chain length increase as for shorter dlagesis higher than

Mn nvr Whereas it is the opposite for longer chains. This can be attributed to the difficulty to
evaluate thé, nvr for high molar masses. Moreover, measured molar masses are always much
higher than the theoretical ones. This could be due to a low efficiency of periodic acid, meaning

that more than 2 molecules of periodic acid are needed to cleave a double bond.
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Table 1 : Oxidative cleavage of Pl by periodic acid: influence of R}/ [HslOg).

R M tn® Mn nvRY Mn sec”
entry p9
n[IU] / n[H5106] (g.mol?) (g.mol?) (g.mol?)
1 230 31 280 85 000 66 000 17
2 143 19 450 52 900 44 800 15
3 120 16 320 34 200 29 830 16
4 70 9520 29 900 24 000 13
5 38 5170 18 600 18 200 13
6 25 3400 10 880 14 300 14
7 10 1360 4 900 9 900 14
8 5 680 4 650 7 900 14

Conditions: [P1]= 28.5 g/L, T° = 25 °C, reaction time 6h
3 theoretical molar mass calculated according to the following equatipg:L  Ht Hxz

®) molar mass evaluated By NMR according tequation S1=/ 4 g¢ L >ﬁi—f6 HxZz?Esrr

° molar mass measured by Size Exclusion Chromatography in THF vs Pl standards

9 dispersity measured by Size Exclusion Chromatography

Plots of the calculated Moy SEC or NMRvsR are shown oIIPFigure 31jand reveal a linear

relationship between Mand R, which allows to target the desired chain length by monitoring
R. These results indicate that wekfined CTPI can be obtained in the ran§ 000 +80 000
g.mof! with a low dispersity by using this degradation method. On the contrary, it seems

difficult to obtain very small CTPI under@0 g.mof by this method.
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Figure 31 Evolution of MnvsR =[IU] / [H slO¢]

ATPB preparation by oxidative degradation of the PB with periodic acid

A similar study was performed on the polybutadiene polymer. A high molar mass PB (200
kg.mof?!) was degraded by periodic acid in the same conditions as Pl in order to obtain small
ATPB. A typical'H NMR analysis of the ATPB is shown |Fiigure S2|(p81)and allows to
calculateMn nmwr With |[Equation S2| p8Q As demonstrated previously, it is theoretically
SRVVLEOH WR PDQDJH WKH ILQDO [BK DOH0D Analysil &f tked PR Q L W
obtained polymer is summarized{Table 2| plotof My DV D IXQFWLRQ RI 59 LV DOV
onfFigure 32

Compared to the values previously obtained with PI, degradation of PB with periodic acid alone

seems less adapted. First, SEC analysis reveals a higher dispersity from 1.8 to 2.6 for the longer

chain length (entry 9 vs IZable 2). Production okmalls chain seems to be difficultdeed,

even for the higher quan#sof periodic acid (entry 13 and 1#able 2), the final molar mass

stay relatively high.

Moreover, in contrast to Pl, the comparisotMafvmrwith Mn secof the PB shows considerable
differences. For exampMn nvris equal to 600 g.mot! whereasMin secis 28 500 g.mot

ZKHQ 571 IH @l 2).\More importantly, equationd the linear regression of ATPB

(eq.3 and 4{Figure 32) obtained by plotting M DV D IXQFWLRQ RI 57 FOHDUO\
coefficient (0.637 and 0.788 fdvl, nvr and My sec respectively). This confirms that the

degradation method to obtain wdkfined and small ATPB is not fully controlled.
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Table 2: Oxidative cleavage of the B by periodic acid: influence of R =[BU] / [HsIO¢].

R Mn tn® Mn nmrR” Mn sec”
entry po
n[BU] / n[H5106] (g.mol?) (g.mol?) (g.mof?)
9 93 10040 106 900 79 000 2.6
10 70 7 560 49 500 57 000 2.2
11 45 4 860 68 000 40 400 2.2
12 30 3 240 61 300 28 500 2.0
13 10 1080 49 000 25 000 2.0
14 5 540 19 000 37 000 18

Conditions: [PB]= 28.5 g/L, T° = 25 °C, reaction time 6h

¥ theoretical molar mass calculated according to the following equatigp:L  Ht Hwv

®) molar mass evaluated By NMR according tfEquation S2|= / ;¢ ¢ L % HWWEsrr

° molar mass measured by Size Exclusion Chromatography in THF vs PI standards

9 dispersity measured by Size Exclusion Chromatography

Figure 32: Evolution of Mnvs R1 5 {BU]/ [H5lO¢]
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Degradation of Pl and PB by epoxidation followed by oxidative cleavage

The other classical approach to obtain small CTPD is to first epoxidize the polydiene backbone
with a peracidfollowed by the cleavage of the oxirane groups with the periodic acid. The
commonly used oxidizing agents are generally HCOQB#dr themetachloroperoxybenzoic

acid (mCPBA). The last one was chosen for this study because of its stability and ease of use

Mechanism of the epoxidation followed by the degradation is representgcheme4

Scheme4: Two steps mechanism of the one pot oxidative degradation of Pl and PB.

Epoxidation control of Pl and PB

In order to stdy the degradation of the epoxidized dienes with periodic acid, efficiency of the
epoxidation with mCPBA was first studied. A series of EPl and EPB with an epoxy content

varying from 5 to 40 % were synthesized in the conditions described in the litdd&lre.

typical'H NMR of EPI and EPB are shown|Bigure S3|(p83) The epoxidation rate (Epoxy

%) was calculated thanks|Eguation S3|and$4 (p80) by using the signal of the epoxidized

units at 2.69 ppm and 2.79 ppm for the EPI and EPB respectively. Results of the epoxidation

experiments are summarizegTable 3
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Table 3: Epoxidation rate (%) of Pl and PB obtained after mCPBA treatment.

Polyisoprene Polybutadiene
entry EpOoXyineo % EpPOXYexp %2 entry EpOXyineo % Epoxyexp % )
15 5.0 5.1 21 5.0 4.8
16 10.0 9.9 22 10.0 9.9
17 15.0 14.0 23 15.0 14.2
18 20.0 19.8 24 20.0 16.5
19 25.0 24.8 25 25.0 231
20 40.0 37.5 26 30.0 26.5

Conditions: [Polydiene]= 28.5 g/L, T° = 25 °C, reaction time 2h

% The epoxidation rate (Epoxy %) of the Pl was calculated accordjigjuation S3|:

Aga=;

"Spea Ligimese HSIT
®) The epoxidation rate (Epoxy %) of the PB was calculated accordjEguation S4|:
Ve » A64=;
S$rgea LA:6é:>%8Hsrr

It appears that epoxidation of a double bond is neathjneajar with mCBPA for both Pl and

PB. Epoxyxp % Vs Epoxyeo % for Pl and PB are presented®igure 33a andb, confirming

the linear relationship between the amount of MCPBA and the final epoxidation rate. For EPI,
the epoxy content increaseearly with a slope of 0.96 confirming the almeguimolarity of

the reaction. However, even if the epoxy content of EPB incsedse linearly, the slope is

only 0.90. This indicates that in the same conditesfer Pl, only 90% of mCPBA react with

the double bond of PB (96 % for PI). This surpmsnesult is difficult to interpret, as the PB
double bond are less hindered thahose ofPI, it was expected to have a better reactivity.
Epoxidation reaction was also performed on two other commercialdl2B with chain length

of 3000 and 4@00 g/nol and the epoxy content was also lower than the theoretical one.
Nevertheless, it was possible to precisely control the epoxy rate of the Pl and the PB by

monitoring the mCPBA amount.
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Figure 33: Experimental epoxidation rate vs the theoretical one for the Pl (a) and the PB (b).

PI degradation by epoxidation followed by oxidative cleavage

After having confirmed the linear relationship between the theoretical and experimental
epoxidation rate, onpot degradation of EPI wgserformed in order to obtain small CTPI.
First, epoxidation of Pl was performed followed by the direct addition of a solution of periodic
acid to the reactive mixture. A molar ratiglBs/mCPBA of 1.05 was carefully chosen to avoid
the presence of residughoxidized units. On the contrary, a too high amountst®kwill lead

to additional degradation of the chains by the oxidative cleavageslids Blone as shown

previously. Results are summarizediable 4.
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Table 4: One-pot degadation results for the synthesis of CTPI (EPI cleaved by periodicacid).

Mp 4 Mnanvr®  Mn sed®
entry Epoxyin % 1 /EpOXyineo% p9
(g.mof)  (g.moft)  (g.mof?)
27 0.26 3.85 26 150 52 800 57 000 15
28 0.35 2.86 19 430 41 000 37 000 15
29 0.39 2.56 17 440 37 400 33 500 15
30 0.54 185 12 590 23 000 28 500 15
31 0.74 135 9190 20 200 15 100 15
32 1.06 0.94 6410 14 700 12 400 14
33 117 0.85 5810 12 500 10 200 14
34 1.30 0.77 5230 9 700 12 000 13
35 1.60 0.63 4 250 9 400 7 086 15
36 2.10 0.48 3 240 4 800 6 400 15
37 3.20 0.31 2120 3 600 4780 13

Conditions: [PI] = 28.5 g/L, T° = 25 °C.

544

—————— HXz
Yad dégu

% theoretical molar mass calculated according to the following equatiQpL

®) molar mass evaluated By NMR according tfEquation S1|: / ;¢ el >f\i—‘:a Hxz?Esrr

° molar mass measured by Size Exclusion Chromatography in THF vs PI standards

9 dispersity measured by Size Exclusion Chromatography

Whatever the targeted madd, nvr Was very close td, secwith a low dispersity ranged
between 1.5 and 1.3, even for the highest masses. These results indicate that this method seems
to be more precise than the degradation with periodic acid alone, giving well defined CTPI with

a lower dispersity and a betterntml of the carbonyl chaiends. *H NMR analyses of the

CTPI obtained by this way are identical to the one obtained by the direct cleavage with periodic

acid Eigure S1| p81) with the absence of residual epoxy units.

Plot of Mhvs 1/EpOXyheoiS represented fﬁigure 34jand shows a linear relationship between
Mn nvRr OF Mn secand 1/ Epoxyeo (%0). Linear regression equatioreg( 5and6,|Figure 34
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confirm the previas observations with a coefficient over 0.98 in the two cases, amdeieept
of the egressia line under D00 g.mot. This method seems to be more adapted to get well
controlled CTPI in a range@0 +50000 g.mof" with a low dispersity.

Figure 34: Evolution of Mnvs 1/Epoxy % of the CTPI obtained by degradation of EPI with HIOe.

PB degradation by epoxidation followed by oxidative cleavage

The protocol implemented for the degradation of the EPBgb@4iks identical to the one used

for the EPI. Results are summarize(lable 5 Compared to degradation with periodic acid

alone, the degradation of thé B gives a far better control. The dispersity is close to 1.7 for
molar masses ranging from0@0 to 45000 g.mot!, while with the direct cleavage dispersity

was comprised between 1.8 and 2.6. Nevertheless, an increases of B until 2.6 for the chain
under4 000 g.mot' is observed. As for the EPI degradatify nvr is very close tdVin sec
independently of the chain length confirming the reliable control of the reaction to obtain
ATPB.

Graphical representation bf,vs 1/Epoxy (%) reveals again a lineaatednship between the

initial epoxidation rate and the final molar maBgy(ire 35). Moreover, the linear regression

of Mh nmrandMn secshowed a very reliable coefficient over 0.99 associated with a low value

of interceptof the egressia line (q. 7 and 8,|Figure 35). These resultsndicate that the

controlled degradation of the EPB into ATPB is a better way to obtairdegiied polymer
than the direct degradation by periodic acid allowing to obtain very small ATPB. The final mass

of the ATPB can be chosen only by fixing the iniggloxidation rate.
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Table 5: One pot cleavage of the EPB by periodic acid: influence of the epoxidation rate

entry Ep?;:,ytheo 1 / EpOXytheo % Mnaf? Mo Mo sec” pd
(g.mofY)  (g.mofh)  (g.mof?)
38 0.25 4.00 21 600 45600 46 600 1.7
39 0.53 1.89 10 190 19100 23100 1.7
40 0.63 159 8570 16 000 20700 1.8
41 0.91 110 593 13 300 15500 1.7
42 1.20 0.83 4 500 8 800 12000 1.6
43 1.40 0.71 3 860 7 000 9650 1.7
44 1.60 0.63 330 6 300 9650 14
45 2.00 0.50 2700 4 500 6500 1.7
46 2.10 0.48 250 5 300 5750 22
47 4.00 0.25 1350 3 300 5400 26

Conditions: [PB]=28.5g/L, T° =25 °C

3 theoretical molar mass calculated according to the following equatiQeL ——— Hwv

v.8a6¢0"

®) molar mass evaluated By NMR according tfEquation S2|: / ;¢ el >f\i—:7< HWWESsrr

° molar mass measured by Size Exclusion Chromatography in THF vs PI standards

9 dispersity measured by Size Exclusion Chromatography
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Figure 35: Evolution of Mnin function of 1/Epoxy % of the ATPB obtained by degradation of EPBwith HslOe.

[1.3.1. Conclusion

In this study, two degradation methods of polydiene were used and compared in order to obtain
small carbonyl telechelic Pl and PB. For PB, the degradation in two steps (epoxidation and
chain cleavage) is clearly better than tiwect oxidative cleavage. Indeed, ATPB is obtained
with a precise molar mass in a rangeé0® to 50000 g.mott with a relatively low dispersity

(1.4 £1.8). It was also demonstrated for the first time that the degradation of the PB with
periodic acid aloe is not suitable for obtaining small ATPB. Therefore, the advantage of the
method using the EPD must be qualified for the Pl degradation. Indeed, both methods can be
used to obtain small CTPI, butsight advantage is given to the degradation of the ERé
dispersity is lower and the control of the desired chain end is better. Finally, for the first time,
the importance of the purification step to avoid the formation of acetal on the aldehyde chain

end was also demonstrated.

In tthe rest of our studyhe ATPB and CTPI will be synthesized through the 2 steps procedure

(epoxidation with mCPBA followed by cleavage with periodic acid.
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[1.3.2.  Supporting information

+IW t;
l scpel >—7— Hxz?Esrr

+{dy

Equation S1: Formula used tocalculate Mn nvr of the CTPI with the +100 g.mott corresponding to the chainend.

/ LSTVAZ e
scael > HWWESTT

Equation S2: Formula used to calculateMn nvr of the ATPB with the +100 g.mof corresponding to thechain-end.

1 X - A:6é:;
S pesa Lm H s rrfor the EPI

Equation S3: Formula used to calculate the Epoxyp % for the EPI.

Veox . A:64=;
SO>psa Lm H s rrfor the EPB

Equation $4: Formula used to calculate the Epoxyp % for the EPB.
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Figure S1: 'H NMR characterization of a CTPI obtained by oxidative degradation of Pl under HIOs treatment in

*CDCls.

Figure S2: IH NMR characterization of a ATPB obtained by oxidative degradation of Pl under HIO¢ treatment in

*CDCls.
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Figure S3: 'H NMR characterization of a EPI (A) and EPB (B) epoxidized at 5 % with mCPBA in CDC4(*).
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et réticulation réversible

[. Introduction

NousYHQRQV GHPYWRDLIUVDWT ERVOLEOH GTREWHQLU GH PDQLQUH ¢
de faibles masse molaires comprises entre 800 et 50000 g.mot', avec une dispersité et des
ERXWV GH FKDLQHV FRQWU{OpV /D VXLwWHm@lifcaiidss PD QX VF
chimiques despolydienesHQ YXH GTREWHQLU Gtdids hReZEs/MmiRed du deg D FW L
hydroxyles le long des chaindsa|Figure 36|présente différentevoies issus de la littérature
testégdurant cette thes® ILQ GIDYRLU DFFqV j GH WHO SRO\PqUHYV

Figure 36: Tentatives de modificdions effectuéesV XU OH 3, HW 3% GDQV OH EXW GYREWHQLU GHV
réactives le long de la chaine

Comme onpeut le constater, les modifications utilisées concernent majoritairement les
polydienes époxydés. En effet, nous avons vu quenaiebreusegéactions G {1 R XM¥eH U W X
GIpSR[\GHV RQW pWp G pF Odpntthuta@inel¥ cesDedotiokgarqugad W X U H
perms GYTREWHQLU OH ERQ SURGXLW DYHF XQ ERQ UHQGHP
observionsdes réactions de couplage dans le cagdréfJdR X YHCGWWX WP R[\GHYV SDU Of
chlorydrique et @djde trifiqgue /fXWLOLVDWLRQ GX &%$1 FRPPH FDWDO\V
epoxydes sans réaction de couplage maisdeslitions de réactior{rop de solvant nécessaire)

ainsi que la présence de produits seatmeda rendu cette synthesen adaptéegiour notre

étude /Y RXYHUWXUH GLUHFWH GHV XQLWpV pSR[\GHV SDU GH"'
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et réticulation réversible
etsansFDW D O\V H X U &é§ haffivac ERVW DHV XQLWpV pSR[\&HV QTpW
ou soit derop grandes diftiultés de caractérisation chimique étaient rencesitiébus avons
donc décidé de reprendre des travprecédemmengaliseV DX ODERUDWRLUH DILQ
fonctions amine le long de la chaine des polydiene® D U p D FW L Rign &finai@ U RERUD

. ORGLILFDWLRQ FKLPLTXH GHV FKDLQHYVY GH 3, HW 3%

amination : vers un réseau réversible
I1.1. Introduction

Suite aux différents essais non concluants de modification chimique des polydiénes afin
GIREWHQLU @dddlivaRI® Ierwy AR IQ ¥haine, nous nous sommes appuyés sur des
WUDYDX[ SUpFpGHPPHQW UpDOLVpV DX ODERUa&amwWh&btyH (Q H
des insaturations du polyisopréne en deux étapes a été utilisée en 2011 par Guasalad.
UpDFWLRQ GTYDPLQRERUDWLRQ D pWp GpFULWH SDU %YURZQ
primaire®® 8QH SUHPLqUH pWDSH GTK\GURER esDridlisRgtac6 ®uQV OH 7

9-bordbicydononare (3BBN) afin de former un organoborane qui va ensuite étre transformeé

HQ OYDPLQH FRUUHVSRJO bIQG\H KS CORIFMDOUNE-50:H)

DYHF XQ UHQGHPH(_FWUI@ﬂ‘IQYLURQ

Figure37 &RQYHUVLRQ GYROpPILQHYV HQ DPLQH VB DW LLR® BWB B Q &1 % \WERFRE R U D W

88



Chapitre Ill. Modification chimique le long de la chaine du polyisoprene ou du polybutadiéne
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/91D G D S ¢ batve rBaQtion sur des Pl ou PB devait donc conduire a des polymeres aminés

le long de la chaine, dont le taux de modificaponrraitétre contrélé en modulant la quantité

de 9BBN ajouté lors de la premiére éta@. Ces groupements réactifsrvironta

JUHIIHU GHV FRPSRVpV ht22OXEE© mahicGeiréveraithkalb ddtdair Idn

réseau réticulé réversiblement.

Figure38 6FKpPD UpDFWLRQQHO W K p-&tinaffod Hu Bl fKRESfaldaulE RigrizevirlldroQuple 9BBN /
H2N-O-SOsH.

/IRUV GH OfpWXGH GH 2XDUGDG FHWWH UpkiWwIl1R@QOD pWp |
g.mot! composé de G 1 X QA @8 po deciset 7 % ddrans) et G 1 X @nyl/(pnité

1,2). Ce PI avait été synthétisé par voie anionique, amorcé patbdtyhlithium et désactivé

par du méthanol. Dans ces conditions, les bdeitshaine, constitués de groupes alkyles, étaient

passifs visxvis des réactifs employes.

Lorsque le polymére était modifié a des taux théoriques de 5 % et 10 %, la réaction était totale,
sans couplage nerontrélé des chaines. Cependant, un léger ésamgisnt du signal SEC vers

OHV IDLEOHY PDVVHV DWWULEXp j OD VFLVVLRQ GH FKDVQH
alui, avait été évalué par RMN- HQ PHVXUDQW OD GLPLQXWLRQ GILQWH (
oléfiniquea 4,555,75 ppmet dugroupement méthyle B4 ppmcorrespondant aux unités 3,4
@. /ID GLPLQXWLRQ G 1 Ld¥tvidue staitvep acord \aved @B Aux de

modifications visés de 5 % et 10démontrantinsi la réactivité accrue des unités vinyle.
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1pDQPRLQV DXFXQH DSSDULWLRQ GH VLJQDX[ 501 GXV DX|
été obser¢ TXHO TXH VRLW IORQWIDX[p GIPPARDOWH ,5 DSUqV D
cependant permis de montrer la disparition de la bande correspondant aux unités 3,4 & 1722 cm
lassociée j OTDSSDULWLRQ G $308di HIWQ GHXQBIUBBQGH ILQH HW L

cm* attribuées aux fastions amine primairgejgure 40).

Il avait égalemenété montré par rhéologie que les propriétés viscoélastiques de ces Pl modifiés

par amination a5 R X QTfpWDLHQW SDV DIIHFWpHVY SDU UDSSRU
SHWLWHYVY PROpFXOHV FDSDEOH GYLQWHUDJLU UpYHUVLEOI
ensuite été réalisé par chimielick » en faisant réagir les fonctions amine avecroelécules
comprenant un groupement isocyanates. Un changerdeastique des propriétés

viscoélastiques avait alors été observé.
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Figure 39: Analyse RMN 'H du Pl initial (a), modifié a 5 % (b) et modifié 10 % (c) par aminoboraton avec le couple
9-BBN/ H2N-O-SOsH dans le chloroforme deutérél!!
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Figure 40: Spectres infrarouges du Pl non modifié et du Pl aminé a 5%1]

[I.2. Modification des polydiénes. synthése et caractérisation

Nous avons donc décidé reprendre les travaux de Ouardad pour obtenir des Pl et PB modifiés

le long de la chaine par des fonctions amines. Contrairement a la précédente étude qui utilisait
GHV 3, LVVX GH OD SRO\PpULVDWLRQ DQLRQL Ttdtt@se OJLVR:
sont issus de la dégradation contrblée de longues chaines de polymeres par clivage sélectif des
doubles liaisons époxyd® SDU OJDFLGH SpULRGLTXH 'DQV FHV FRCQC

chaines sont des fonctions aldéhydes/cétones.

Des Pl et PBle 10000 et 50000 g.mof? G 1 X Q,B-¥épovit été modifiés a plusieurs

taux de modification compris entre 1 et 10 %. Les produits obtenus ont ensuite été caractérisés
chimiguement puis therramécaniquementNous allons dans un premier tengiscuter des
UpVXOWDWY REWHQXYV VXU OO Mol @R Buis DomphareQpds X sGite G H

les autres séries entre elles
Modification du PBok et caractérisation des polyméres modifiés

Plusieurgaux de modification ont été visés suPiBsokdont3, 5 et 8 %. La superposition des

spectres RMNH des produits obtenus sont représentés geigiare 41| Le spectre du PB
modifita3 % WJpVHQWDQW GHV SLFV UHODWLYHPHQW IDLEOHV SI

inséré dans la superposition.
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Figure 41: Superposition des spectres RMNH du PB50k nitial et modifié & 5 % ou 8 % dans le chloroformedeutéré

8QH GLPLQXWLRQ Gighatx§drrésporidnyy auw gnitésHp¥ndantes entre 4,9 et 5,0

ppm est observée. Ainsi, le pourcentage initial de 2 % en unités vinyle du PB passe
successivement a 1 % et 0,6 % pour des taux de modification thé&odguget 8 %
respectivement. Ceci nous montre que méme si les unités pendantes réagissent, elles ne sont
vraisemblablemerias les seules puisque les taux de modification visés sont bien supérieurs au
WDX[ GTXQLWpV / D-BBN DPéuthaussiQne BeYair€ totald dans notre cas.
Parallélement, de nombreux signaux apparaissent entre 2,5 et 4,0 ppm avec une intensité qui
DXJPHQWH DYHF OH WDX[ GH PRGLILFDWLRQ &fHVW EHDXF
VHXOH OYDPLQDWLRQ GW HXHOUOUEHV3IRGEUWHWVDYHDU GIDWWU
501 ' D pWp UpDOLVpH &HOD QRXV D SHUPLV GYDWWULEXH

encadrés sur‘lﬁigure 41).

1RXV DYRQV DLQVL PLV HQ pYLGHQFH TXYfHQ SOXV GHV IRQ
hydroxyle et un groupement inconnu étaient greffés sur les doubles liaisons. Un dernier signal

observé uniquement pour les plus forts tal@xmodification apparait a 3,80 / 71.0 ppm. Il
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pourrait correspondre aussi a t®H(OH) PDLV DXFXQ FRXSODJH QYD pWp R
COSY. De plustoutes les conditions réactionnelles ne sont pas réunies pour réaliser une
hydroboration des doubles liaiso@H ORQJ GH OD FKDVQH DILQ GYfREWHQL
effet, OD UpDFWLRQ GRLW rhWUH UpDOLVpH HQ FRQGLWLRQ ED’
SRXU SRXYRLU RENaUBEIMONEfaetErRMBraarquer une diminidisparition

du signal correspondant aux fonctions aldéhyde des bouts de chaines a 9,77 ppm (encadré bleu

Figure 41). Le 9BBN, étant un agent de réduction deactions aldéhyd@our former des

alkoxy-9-BBN ; cette réaction pourrait expliquer cette diminution du sigfal.

Pour affiner ces résultats, des réactionsaterdle négatibnt été réaliséesn faisant réagir le
PB dans les mémes conditions que pour une aminoboration mais en y ajoutant-8@Ne 9

seul a5 % et 2,5% ou soitheN-O-SO;H seul a 5 %. Les spectres RMN obtenus sont présentés

sur lgFigure 42

Lorsquele 9% %1 HVW XWLOLVp VHXO R X RQ REVHUYH XQ
signaux correspondant aux bouts de chaine (9Z48 et2,38 ppm), confirmant ainsi
OTK\SRWKqVH GH |RU%PBEBW LEHR @ffe HeWridle© db&f¥é a 3,65 ppm est
vraisemblablement d0 au groupemediH>-O-9-% %1 'H SOXV XQH GLPLQXWLRQ
des unités vinyle entre 4,90 et 5,00 ppm est obsep@dirmant la réactivité des doubles

liaisons pendantes v&svis du 9% %1 2Q SHXW pJDOHPHQW QRWHU OfDS
(0,750,92| 1,361,51| 1,531,73| 2,102,30| 2,652,85| 3,713,94| 3,944,21 et 5,665,84

ppm (encadrés en bleu SlﬂsffFigure4Zaetb), GIXQ VLQJIJXOHW | SSP HW GH
HW SSP GRQW OfLQWH cBBN papseDd¥ 2,B Ph@ B/%diquenty VT XH O

bien que ces signaux sont uniquement liés a la réactiorBiBNSavec le polymere.

Lorsque HN-O-SOsH est utilisé seul (5%),RQ QITREVHUYH SDV GH YDULD!'
correspondant aux unités vinyles. Cependant, une disparition totale des signaux correspondant

DX[ DOGpK\GHVY HQ ERXW GH FKDVQH | SSP HWpPpPHiDSSDUL
et 2,352,43 ppm est obserggencadrés en rouge su@a) /YDFLGH K\G-UR[\ODP
O-sulfonique étant connu pour réagir avec de nombreuses fonctions dont les aldéhydes, la

GLVSDULWLRQ GX VLJQDO GHV DOGpK\GHV HW OfDSSDULWL
IRUPDWLRQ GH-@WYRPLBALRNHHTXL SDU pOLPLQDWLRQ GYDF

un nitrile.[” 20l
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Figure 42 : Spectres RMN!H obtenus apres les réactions de control®B modfié sous action du 9BBN seul a 5 % (a)
et 2,5% (b). PB modifié sous action du-BBN et H2N-O-SOsH a 5 % (c). PB initial (PBsok) (d). PB modifié sous action
du le H2N-O-SOzH seul a 5 % (e).

La majorité des signaux apparus lors de la réaction de controle avBB M Seul ont fortement
diminué voiredisparuaprés action dél2N-O-SOsH. Ceci indique bien que le-BBN a été
déplacé et que les signaux résiduels sont vraisemblablemerBBEN @nore lié a la chaine
GH SRO\PqUH /9 Bighaiehtie BX G, 25R0PmM @K groupemerEH (NH2) (Figure
estbien confirmégrace aux reaction6 H FRQWU{OH (Q HIIHW OH VLJQDO
gue lorsque les 2 réactifs sont utilisEgy(re 42). Les signaux attribuésix possibles fonicins
nitrle VHPEOHQW r'WUH HQFRUH SUpVHQW DSUqV UpDFWLRQ |
Figure 42¢). Il est donc difficile de donner une unigsteucture chimique des bouts de chaines

obtenus.
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Les échantillonsnt ensuite été caractérisés par spectroscopie infrarouge (FTIR). Nous pouvons
REVHUYHU XQH DXJPHQWDWLRQ GH EDQGHYV D|FiguFe |[OTDXJP

. Entre 1200 cr et 1450 cri, plusieurs bandes fines peuvent étre associées aux vibrations
de la liaison @O desfonctions alcookt de la liaison €N des fonctionsmine Vers 2260 cm

1 une bande fine peut étre associée a la vibralkéda liaison CN degonctionsnitrile. Enfin,
entre 3050 et 3606m, plusieurs bandes larges associées aux vibrations des liaiddmed
fonctions amineainsi que des liaisons-B desfonctions DOFRRO DSSDUDLVVHQW /

confirme donc bien la présence de divers groupements fonctionnels sur les chaines polymeres.

Figure 43: Spectres infrarouges FTIR du polybutadiene non modifié (0%) et modifié &, 5 et 8 %.

Pour confirmer ces résultatsousavons également réalisé des analyses élémentaires. Les

résultats sont rassemblés danfdbleau 1
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Tableaul 5pVXOWDWYV GIDQDO\VHV pOpPHQWDLUH GHV 3% N PRGLILpV j HW

Elément chimique

C H N O

Pourcentage Exp Theo Exp Theo Exp Theo Exp Theo
modification (%) (%) (%) (%) (%) (%) (%) (%)

3% 85,99 87,98 10,78 11,24 0,36 0,77 548 O
5% 84,47 87,51 10,70 11,20 0,58 1,28 8,16 O

8 % 83,87 86,74 10,64 11,21 0,55 2,00 7,58 O

Les pourcentages théoriques sont calculés en considérant un rendetaledés réactions de
modifications et que seules des fonctions amines ont été grefféespourcentages
expérimentausontune moyenne de deux analyses, la somme des éléments peut donc étre

légerement différente de 100%.

Comme attendu, les pourcentagéss éléments carbone et hydrogene diminuent avec
OIDXJPHQWDWLRQ GX WDX[ GH PRGLILFDWLRQ ,0V VRQW
WKpRULTXHV 1RXV UHPDUTXRQV DXVVL OD SUpVHQFH GH O
plus faibles (0,36 a 0,5%) que ceux attendus (0,77 a 2,00 %). Enfin, nous pouvons observer

TXH OHV pFKDQWLOORQV FRQWLHQQHQW XQH JUDQGH TXDQ
liée aux fonctions aldéhyde (ou alcool) en bout de chaines mais également a des fonadions alco

le long de la chaine, car les fonctions en bout de chaine ne suffisent pas a expliquer des taux

aussi élevés.

(Q VIDSSX\DQW VXU OHV GLIIpUHQWHY DQDO\VHV HW VXU O
Nnous pouvons proposer une structure chimpué les polybutadienes obtenus apres réaction
G 1D P L QR HRUu®dAM INe&moinsil est encore difficile de donner une structure exacte
et définitive du polymére obtencar FH W\SH GH PRGLILFDWLR@t @fHVW SD
QIDYRQV SDV UpXVVL j GpPWHUPLQHU DYHF SUpFLVLRQ OH W

Nous avons par la suite essayeé de coupler ces fonctions réactive® e RF\DQDWH GH S|
afin de vérifier que nous avions bien des fonctions hydroxyle et des fawtione le long de
la chaine maigle nouveaua caractérisation des produitte couplageVIHVW UpYpOpH

concluante.
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Figure 44 : Structure chimique proposée du PB 1,&is modifié par hydroboration-amination

Modification du PB1ok, du Pliok et du Plsok et caractérisation des polyméres modifiés

Comme mentionné précédemment, ces modifications ont aussi été réalisées BBr adke

10000 g.mot etdes PI de 1000 et 50000 g.mot* & des taux de modification compris entre

3 et 10 %. Dans tout les cas, nous avons observes les mémes signaux caracteristiques par RMN

et FTIR.

Analyse SEC des polyméres modifiés

Afin de veérifiHU TXYDXFXQH UpDFWLRQ GH FRXSODJH QH VITH!
GI{DPLQRERUDWLRQ GLIIpUHQWY GpULYpV RQW pWp DQDO\V

dans le CHGlsur la série des Rkmodifiéset dans le THF pouwrelle des PBxmodifiés En

effet, les chaines polymeres modés&de forte masse molaigeviennent insolubles dans le
THF DORUYV TeXthtisOlblgsdans le chloroformeComme on peut le constater sur la

superposition des chromatogrammes de la série des

Pure 45

DXFXQ FRXSODJH (

observé, quel que soit le taux de modification. Un affinement du pic est méme observé ainsi
TXIXQ OpJHU G pfaiblesmasserothitesguartd le taux de modification augmente.
Etonnamment, la valeuwle la masse molairaugmente considérablement avec le taux de
modification [Tableau 2/ DORUV TXH OHV WHPSV GTpOXWLRQ VRQV

phénomeéne pourrait étre attribué a la valeuwdrddc En effetnous avons utilisé la méme valeur

98



Chapitre 1ll. Modification chimique le long de la chaine du polyisopréne ou du polybutadiene
et réticulation réversible

guel que soit le taux de modification alors que ksure de la tailleeb chaines été réalisée
par diffusion de la lumiere.

Figure 45: Chromatogramme SEC du PB initial et aminé a 5 et 8 % dans le THF.

Pour lasériedesfgk OHV FKURPDWRJUDPPHY QRXV LQGLTXHQW pJL
FRXSODJH QYD pWp REVHUYpH 8Q DIILQHPHQW GX VLJQDC
GIpOXWLRQ YHUV égdl¥mebétctolskre Cdbtkavdmentiaux analyses SEC sur

les PBok, nous observons ici une forte diminution de la masse molaloeléa avec
OYDXIJPHQWDWLRQ GX WDX|[ GhdRiilisElestafebcdideRt€r laGnbm¥)D O H X U

Tableau 2 : Mass molairesdes polyméeresmesuréepar SEC dans le THF et CHC pour la série des PBok et Plsok.

PBiok Plsok
Taux modification (%) Mn(g.moft) (®B)  Mn(g.molt) (B) (D)
0 8 400 2,0 53700 2,0
1 ND ND 46900 5,7
3 ND ND 32100 3,4
5 12500 1,3 13200 1,9
8 39400 1,4 9700 2,1

Comportement des polyméres modifiés

Dans la précédente étude réalisée par Ouardad, la modification des Pl par réaction
GTK\GURERRJIIOMWRLKRQ QTLQGXLVDLW SDV GH PRGLILFDWLRQ
polymeére. Cependant, lors de nos différents essais de modification chimidRiesti®8, nous
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avons constaté un changement drastique de proprié®polymeres visqueux avant réaction
se comportaient comme des élastomapres modificationLes réactions de controtegatif
réalisé&es nous ont matré que les deux réactifs {BBN e HoN-O-SO:H) étaient nécessaires
pour obtenir ce changement de propriété. En effet le produit restait un hgsdgeux si un
des réactifs étaimanquant./H IDLW TXIDXFXQH UpDFWLRQ Géd& FRXSOL
observégar SEC nous permet de supposer que ce comportement élastique est uniqguement lié
aux modifications chimique€n effet si le matériel avait malencontreusement réticulé, les
SURSULpWpV PpFDQLTXHV REVHUYpHV SRXUUDLKERQW HQ S

réversibles, étre liées également auXimbs couplées irréversiblement.

Le tableau cdessous|Tableau 3) résume les différents produits obtermissi que les

caractéristiques viscoélastiques macroscopiques olesempées modification des polymeres.
&RPPH QRXV SRXYRQV OH YRLU OYDXJPHQWDWLRQ GX WDX]
PDWpPpULHO MXVTXTj OTREWHQW LIm@! 6uPBQe AOMY y\itikgUH 3D U
a 5 % de modification mais devient un élastomere lorsque ce taux atteint 8%. De plus,
OYDXJPHQWDWLRQ GH PDVVH PRODLUH GHV FKDVQHV GLP
nécessaire pour obtenir un matériel solide. Pamge, 3 % de modification sont suffisants

pour que le Pl ou le PB de 50 000 g.rhahontrent des propriétés élastomeéres. Ceci peut
VIH[SOLTXHU SDU OfTHQFKHYrwU H& lh@andirsi@ot ludge.SRUWDQW (

Tableau 3 : Caractéristiques macroscopiqus GHVY PDWpULDX[ REWHQXV SDU UpDFWLRQ GTDPLQRE
fonction de la longueur des chaines.

Pl PB
Taux modification 10000 g.mol 50000 g.mol 10000 g.mol 50000 g.moi
(%) 1 1 1 1
0 Flue Flue Flue Flue
1 X Flue X X
3 X Elastomere X Elastomere
5 Flue Elastomere Flue Elastomere
8 Elastomere  Elastomeére Elastomere  Elastomeére
10 Elastomere X Elastomere X

X : matériaux non synthétisés
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[1.3. Caractérisations thermiques et mécaniques depolymeres modifiés par

aminoboration

Aprés avoir caractérisé chiguement les polyméres modifiést compte tenu de leur
comportement, nous avons analyse les propriétés des différents dérivés par DSC, DMA et essais

de traction, car les propriétés partiagy HV GHV SRO\PqUHV PRGLILpV RQW
films. Pour cela, ils ont été solubiliséansle chloroforme, puis la solution a été déposée dans

GHV PRXOHV HQ 37)( SRXU SHUPHWWUH OYfpYDSRUDWLRQ G.
du PBso sera @crite plus précisément que les autres.

Analyse thermique: DSC

Les thermgrammes DSC pour la série dudggdgFigure 46a) nous montre que le polymere
QRQ PRGLILp FULVWDOOLVH DORUV TXH GqV TXYLO HVW PR

initial cristallise entre60 °C et-35 °C, mais cette cristallisation diminue fortement lorsque le

polymére est modifi€ a 3 %, pour disparaitre totaldngerb et 8 % de modification.

Parallelement, on observe une augmentation dg &vdc le taux de modification (d&03,6

°C a- 95,6 °C).De maniére similairela Ty des autres polyméres modifi@iSigure 46p et c)

augmente avec le taux de modification, quelle que soit la longueur des chaines de polymeres.
/1HQV H P E {»ble@gdast sumé dangTableau 4

Figure 46: (a) Comparatif desthermogrammes DSC de la série PB50k modifiés a 0, 3, 5 et 8 %. (b) Evolution de la Tg
en fonction du taux de modification etde la longueur des chaines du PB. &volution de la Tg en fonction du taux de
modification et de la longueur des chaines du PI.
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Tableau4 S5pFDSLWXODWLI GHV 7J GH OfHQVHPEOH GHV 3, HW 3% PRGLILpV SDU DI

Tg PI (°C) Tg PB (°C)

Taux de modification 10000 50000 10000 50000
(%) g.mof? g.mof? g.mof? g.mol?
0 - 64,5 -62,9 -103,6 -105,5

1 - -61,6 - -
3 - - 60,7 - -103,5
5 - - 58,0 -101,1 -102,7
8 -60,4 -56,5 -98,8 -99,0

10 - 53,6 - -95,6 -

Analyse mécanique DMA

Aprés dépbt des solutions conceasréle polyméres modifiés dans des moules en PTFE et
évaporation du solvant (CHf{}] des bandelettes ont été découpées afin de pouvoir étre

analysées par DMAen mode tractionLes résultats obtenus pour la série dusfBont

représentés sur |eigure 47| Nous observons pour des températures supérieures @ la T
OTDSSDULWIRQPHBKXKBD R XW F KR X W L TeXddlayyudl Bue Soklt leMaxix/deX 1 |
PRGLILFDWLRQ &HSHQGDQW OD YDOHXU GX PRGXOH pOL

modification. Par exemple, a 25°C, elle passe de 2,6 MPa a 5,5 MPa pour un taux de

modificaion de 3 et 8 % respectivement. Cette augmentation peut aisément étre attribuée a la

GHQVLWp GIfLQWHUDFWLRQVY UpYHUVLEOHY SOXV IRUWH GD
matériau plus élastique.D SUpVHQFH GTXQ SKpQRPipgbletsb °Epouv WDOOL
le PBso-3% a également été observ( Q DFFRUG DYHF OYDQDO\VH '6& FHW

pour des taux de modification plus grands.
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Figure 47 : Analyse DMA du PBsok modifiés j HW HQ IRQFWLRQ GH OD WHPSpUDWXUH D OR

/ITDQDO\VH GX |DFHWrE XM cahfitms s alatyses précéties) plus le PB est
PRGLILp HW SOXV OD 7J DXJPHQWH (Q DFFRUG DYHF OD GH
SRXU OHV IRUWYVY WDX[ GH PRGLILFDWLRQ XQH GLPLQXWL
OIDXJPHQWDWLRQ GX WDX][ @GHbfRELLésmidmes BQer@ations\sobtX V V L
faites sur le Rbkmodifié a 3, 5 et 8 %. Adela de la §, un plateau caoutchoutique stable est
REVHUYp MXVTXT]j f& /D YDOHXU GH FH SODWHaI2E (1 GpSl
f& (1 HVW ;plJmD & 2j2 MPa pour des taux de modification respectifs de 3, 5 et 8 %.

En outre, pour un taux de modification fixe égal a 8%, on remarque que les chaines de 50 000
g.mof! ont un plateau caoutchoutique plus élevé que celles de 10 000! gHimpire 48).
I THQFKHYrWUHPHQW GHV FKDVQHY SOXV LPSRUWDQW SRXU
plus probable pour expliquer ce phénomene. Eet, éffs masses critiques {mdu PB et Pl

étant de 6 000 et 10 000 g A OUHV SHFWLYHPHQW SHUPHWWHQ3% GIH[SO
SRVVgGH XQ aPZ2B &@eremehplus élevé que le Bk-8% (2,2 MPavs 1,9 MPa)

puisque dans cette configuration il est deux fois plus enchevétré que le RI\(84mmc).

Pour le Plo-8% et PBok-8%, les polymeéres étant peu enchevétrés, seul le taux de modification

LQIOXH VXU XH HOMVHNSIDAA XUV GH (1 VésPtauR Dd roadificaBdR X U G H \
soient identiques entre le Pl et PB.
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Figure 48: Evolution de la valeur du module du plateau caoutchoutique en fonction de la masse molaire et de la nature
du polymere initial pour un taux de modification 8 %.

Test de traction

$ILQ GIYDOOHU XQ SHX SOXV ORLQ QRXV DYRQV pJDOHPH:!
bandelettes obtenues a partir des films. On peut observer que le module deeYtng
contrainte a la rupture augmentent avec le taux de modification. Initialement égal a 1,4 MPa
SRXU GH PRGLILFDWLRQ OH PRGXOH GH <RXQJ DXJPHQ
contrainte a la rupture quant a elle passe de 0,8 MPa a 1,8 MPa respectpaménét 8 %

de modification [Figure 49 et b &HSHQGDQW OfpORQJDWLRQ j OD U
différent pJDOH | GH GpIRUPDWLRQ SRXU GH PRGLILFDW
% pour 5 % de modification avant de diminadi80 % de déformation pour le plus grand taux

de modification ,O HVW SRXU OfTLQVWD @&nhpGrieiddnELOH GIH[SOLTXHU

Figure 49: Essais de traction sur du PBok aminées a 3, 5 et 8%. (a) module de Young, (b) contrainte & rupture, (c)
élongation a rupture.

Effet des bouts de chaines

$ILQ GH YpULILHU OfLQIOXHQFH OHV ERXW YbténdesFapiesr QHV V
modification, un3, VIQWKpWLTXH FRPPHUFL&sd95%% @Ge\BBOD Y G I X QLW
! sans fonction réactive aux extrémités a été modifié par réaGifP PLQRERUDWLRQ DYH

104



Chapitre 1ll. Modification chimique le long de la chaine du polyisopréne ou du polybutadiene

et réticulation réversible
théorgue de 5% (R-5%). En effet, comparé aux polydienes utilisés dans cette étude, les
précédents travaux réalisés au laboratoire par Ouardad ont été effectués sur des Pl sans

fonctions réactives aux extrémités de chaines.

/1D QD O\ V¥ radhire des signaux comparables a ceux observés précédemment pour les

PB modifiés par aminoboration. Le produit visqueux initialement est devenu aprées réaction un
élastomere. Enrevanch® f{DQDO\VH '0$ Q R »VyrddQit@st mXihstabhé Msdvis

de la chéeur. En effet, le Bbk modifié a 5% (ATPdow LVVX GH OD PRGLILFDWL|
SRVVpGDQW GHV IRQFWLRQV DOGpK\GHV HQ ERXW GH FKDv!
Figure 50| ligne bleue) alors que le 345% voit son plateau caoutchoutique diminuer avec

la températurgRigure 500 OLJQH URXJH 'H SOXV OYDQDO\WH D GE€ r
SURGXLW V 1 H paktir Becsttg te@pedtUrej Ce résultat nous indique que les bouts de

chaines jouent bien un rble dans les propriétés du matériaurfi@ale si la longueur des

chaines est Iégérement plus faible pour le Pl sans extrémité réactiwes(BEg.mot?).

Figure 50: Analyse DMA du PI aldéhyde téléchélique 50 000 g.mdl modifié a 5% par aminoboration (ATPI-50k-5%),
du PI de 35 000 g.maelL synthétique modifié a 5 % Pisk-5%.

I1.4. Conclusion

Dans cette partie, plusieurs polyisoprenes et polybutadienes ont été modifiés chimiquement par
UpDFWLRQ GITHOBIUREWURYIGAD@Y OH EXW GITREWHRHMgU GHV IF
GH OD FKDVQH SRXU JUHIIHU XOWpULHXUHPHQW GHV JURX
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maniere réversible. De maniére inattendue, le produit initialement liquide/visqueux avant
réaction est devenu un matériau solide avec des propriétés élastdviegeé les nombreuses
caractérisations réalisées, nous ne sommes pas parvenus a identifier sans équivoque les
modifications réalisées. En effet, nous avons montré que des signaux en accord avec une
UpDFWLRQ GYDPLQDWLRQ pWDLHQ Wntevdit¥ Lckof3ddante Bv@c 501
OYDXIJPHQWDWLRQ GX WDX[ @imEe®8 GLXIWDMM RQR X B N WHQRWLW |
ont également été introduits de maniére non intentionnelle. Les analyses élémentaires et IR des

différents polymeéresonfirment ces obsertians.

/ITMLQIOXHQFH GH OD ORQJXHXU GHV FKDVQHV HW GX WDX][ C
propriétés thermiques et mécaniques a ensuite été étudiée. Nous avons montré que des taux de
modification ou de la longueur des chainasgrandameéliorantes propriétés élastiques du
PDWpULDX QRWDPPHQW HQ DXJPHQWDQW OD YDOHXU GH V
négligeable des bouts de chaines sur les propriétés finales du matériau a aussi été démontré. Le

plus probable serait que ceaés soit constitué a la fois par des liaisons hydrogenes réversibles

pour étre en accord avec la structure hypothétigue donnée dang-guréad4| Finalement,

un matériau réticulé réversiblement avec une potentialité de recyclabilité a été dhtevu.
GHV GLIIXFXOWpV UHQFRQWUpPpHY ORUV GH OfXWLOLVDWLRQ
GH QH SOXV F R&dstteEthbderBgas\po@ la\suite de notre étude.
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Protocole:
Amination Polybutadiene (PB) a 5 %

'DQV XQ EDOORQ GH P/ pTXLSp G1XdA25D §dditHed BuiQaVv HV W (
GIXQLWp EXWDGLgQH GDQV -BBNénGdtitidn-dar [EVAIRQ,EM) est / H

ajouté goutte a goutte a la seringue sous agitation (0,05 eq. par uadé&be soit 4,69 mL

soit 2.34 nmol). Le milieu réactionnel est ensuite chauffé a 80°C sous atmosphére inerte
SHQGDQW KHXUHV 2Q DMRXW He-D-&uloRifueqdbret.@at ukitéG UR[\O
butadiéne soit 409,6 mg) puis on agite a nouveau pendant 3 heures a 80 °C sous reflux. Le
mélange réactionnel est concentré puis lavé par précipitation dans du méthanol froid 3 fois
DYDQW GYfrWUH VpFKp heRe$\ReYideGreh8S 4 Q G D Q W
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Il Recyclable 1,4cis polyisoprene and polybutadiene network obtained
by well-defined chemical modifications of chain based on the Dieklder
reaction.

Au vu des difficultés rencontrées lors de la modification de polydienes par réaction
GIDPLQRERW®RXWLBQYRQV GDQV FHWWH VHFWLRQ UHSULV OL
époxydées par le Redl® récemmendéveloppé par Zhdé! Ainsi, nousobtenons des Pl et

PB contenant des fonctions hydroxyles le long et aux extrémités des chaines qui servent de
SRLQW G 1D QF UDQHWIRQV G KV IBQMM R GV X QO B&@pdeX OH GH
a ces polymeéres liqusddonne accés a des élastoragéezyclables dont legqpriétés peuvent

étre moduléed_es résultat®btenus sur la réticulation réversibles le long des chaines de Pl et

PB par réaction de DAont présentés sous formd 1 XQ DUWLFOH VFLHQWLILTXF

suivantes.
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I11.1. Introduction

Thermosets materials are currently used in a large range of applications starting from building
materials going to aerospace equipment. Link to the ¢irdgag method actually used, these
materials cannot be reshaped and recycled easly at the endirofuske In contrast,
thermoplastics can flow above a certain temperature allowing an easier processability and the
recyclability of the materidH Elastomers likgolyisoprene (P1) and polybutadiene (PB) used

in tire industry are generally classified in the thermoset materials. Indeed, to improve the
mechanical properties, the solvent and gas permeability, the creep resistance and elasticity, the
polymeric chains hee to be crostinked, mainly through a vulcanization process (sulfur cross
linking method discovered by Charles Goodyear in 1839)As a consequence, a huge
guantity of tire waste is generated each year. To overcome this constraint, scientists have tried
to developed reversible crosslinking of the polymeric chains.

Generally, the resrsible crosslinking could be classified into two categories: the noncovalent
interactions (hydrogen bonding, ionic interaction or metal coordination) and the dynamic
covalent bonds#®! The networks based on weak noncovalent interactions exhibit generally
low mechanical strength associated to a poor solvent resistance. On the contrary, networks
based on dynamic covalent bonds like imine bonds, transesterification reactions, disulfide
exchange, alkoxyamine or Dielslder reactions present generally high moduli, strengths,
elasticities and chemical and stress cracking resistH&! On another hand, properties of

Pl and PB rubbers are also dependant on the microstructure eptwting unit&! Indeed,
1,4transand 1,4cisisomers as well as 1,2 units (and 3,4 units for PI) can be observed and thus
affect the polymer behavior. The 1,4 microstame (atural rubber configuration¥ often

sought due to its better mechanical properties (lowéndn the 1,2 units, crystallization of the

chains).
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A reversible crostinked PB network has already been described in the literature, based on the
Diels-Alder reaction. To this end, furan groups were grafted throughehm®lreaction onto

1,2- vinylic (15 %) units of a high molar mass PB (Mw = 460 kg:M&¥ After addition of a
bis-maleimide, the elastic modulus was increased by one order of magnitude due to the cross
linking. Other stidies have also described the synthesis of reversible PB networks by grafting
furan groups or carboxylic acids through thémle reaction8° However, in all cases, the
starting polymer had a high molar mass ( > 150 kgXrahd a high content of 1,2 units (15 to

90 %). Morewer, side reactions like coupling or cyclization of thedns could occur during

the thiokene reactiof® 2% Improvement oftie mechanical properties of the networks cannot
therefore be attributed only to formation of the network but also to side reactions.

In this study, reversible and well defined rubber networks were synthesized from liquid low
molar mass (~10 000 g.mYIPB or Pl with a high content of 1-dis units (98 %), obtained

from the controlled degradation of high molar masscis€land 1,4cis-PB. Use of low molar

mass polymer allowed a better characterization, lower solubilization time and easier
processabilityfor molding of the final material. After two chemical modifications steps, furan
groups were grafted along the backbone and at the-ehds with a furan content of 10 %.
Finally, addition of a bisnaleimide (BM) to the liquid furan modified Pl of PB {Pur of PB

Fur) led to the formation of a thernneversible network. The effect of the BM quantity onto

the properties of these networks was investigdtbdir recyclability was also studied.

[11.2. Experimental section

Cis-1,4-polybutadiene (98% ci$,4,Mn= 150 kg.mot' B = 2.8) and cigl,4-polyisoprene (98%
cis-1,4,Mn= 635 kg.mof B = 2.1) were purchased from Scientific Polymer Products, ic. 3

Chloroperoxybenzoic acid (MCPBA, -3%, Acros), periodic acid @Ds $OGULFK

111



Chapitre 1ll. Modification chimique le long de la chaine du polyisopréne ou du polybutadiene
et réticulation réversible

acetic acid (99%, Aldch), bis(2méthoxyéthoxy)aluminohydrure de sodigRed-Al®) (60 wt.
% in toluene, Aldrich), sodium triacetoxyborohydride (NaBH(QAcC®7%, Aldrich),
diethanolamine (DEA, 99%, Alfa Aesar), furfuryl isocyanate (FN&O, 97 %, Aldrich),
-tmethylened#,1-phenylene)bismaleimide (Bismaleimide, 95%, Alfa Aesar), celite 545
(VWR), dibutyltin dilaurate (DBTDL, 95%, TCI) were used without further purification.
Tetrahydrofuran (THF) and dichloromethane (DCM) were dried on alumina column.
Chloroform (CHC$), mehanol and diethyl ether (reagent grade, Aldrich) were used as
received.
CT-PI synthesis High molar masgis-1,4-polyisoprene (4.28 g), solubilized in 150 mL of
THF, was first epoxidized by a dropwise addition at 0°C of a mCPBA solution (0.805 mmol in
10 mL of THF). After 2h of reaction at room temperature, periodic acid (1.05 eq. compared to
mCPBA, 0.846 mmol), dissolved in 10 mL of THF, was added dropwise and stirred during 2h
at room temperature. The solvent was then removed under reduced pressire endle
product was dissolved in diethyl ether before filtration on celite to remove insoluble iodic acid.
The filtrate was then concentrated before washing 2 times with saturated solution (30 mL of
each) of NaS;0s3, NaHCQ and distilled water. Finally,he organic layer was dried with
MgSQ, filtered on celite and the solvent was evaporated under vacuum to Giitdth Mn
~vR) = 9 000 g.mof, My secy= 11 400 g.mot, B = 1.4. Yield = 94 %!H NMR (400
MHz,CDCE): (/, ppm) 9.77 (t, 1H;CH>-CHO), 5.12(s, nH,-CH,-C(CHz)=CH-CH>-), 2.49 (t,
2H, -CH>-CHO), 2.44 (t, 2H;CH>-CH2>-C=0(CHp)), 2.34 (t, 2H,- CH>-CH,-CHO), 2.27 (t,
2H, -CH2>-CH2>-C=0(CH)), 2.12 (s, 3H,-CH.-CH,-C=0O(CH3)), 2.04 (s, 4nH,-CH>-
C(CHg)=CH-CH>-), 1.68 (s, 3nH;CH>-C(CH3)=CH-CH.-) with n=130.
CT-EPI synthesis.CT-PI (4.2 g, 61.76 mmol isoprene units) solubilized in 150 mL of THF
was patrtially epoxidized by a dropwise addition at 0°C of a mCPBA solution (6.17 mmol in 10

mL of THF, 10 mol% compared to isoprene units). After 2h ofatean at room temperature,
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the solution was concentrated before being washed 3 times by precipitation/dissolution in
methanol/DCM and the solvent was evaporated under vacuum to GdteliiPl. The epoxy
percentage was determined #y NMR with the formula Epoxy (%) = [ (2.69) /1 (2.69 +

5.12)] x 100, Epoxy content = 10.0 %, Yield: 95%4.NMR (400 MHz, CDCJ): (/, ppm) 9.77

(t, 1H,-CH,-CHO), 5.12(s, nmH, -CHx-C(CHz)=CH-CH>-), 2.68 (t, mH,CH-epoxy-CHzs- ),

2.49 (t, 2H,-CH2-CHO), 2.44 (t, 2H;CH.-CH2-C=0(CH)), 2.34 (t, 2H,-CH2-CH>-CHO),

2.27 (t, 2H,-CH2>-CH>-C=0(CH)), 2.04 (s, 4(rm)H, -CH2>-C(CHs)=CH-CH>-), 1.68(s, 3(rt

m)H, -CH2-C(CH3)=CH-CH>-), 1.28(s, 3mHCH-epoxyCHs- ) with n=130 and m=13

PI-OH synthesis.CT-EPI (4.20 g, 6.18 mmol oxirane units) solubilized in 84 mL of dry
toluene waseducedby addition at room temperature of a R&dsolution (6 eq compared to
oxirane units, 12.5 mL). After stirring at 110°C during 16h, 30 mL of toluene was added and
the residuaRedAl was deactivated at 0°C by a dropwise addition of ethanol and water. The
solution was then dried with MgSMefore filtration onto Celite. The organic solvent was
evaporated under vacuum to obt®ROH. Yield = 92 %.*H NMR (400 MHz, CDCJ): (/,

ppm) 5.13(s, nmH, -CH2-C(CHz)=CH-CH>-), 3.80 (t, 4H,-CH2-OH), 3.74 , 3.62 (m, mH,
CH(OH)), 2.04(s, 4(nm)H, -CH2-C(CHg)=CH-CH>-), 1.68(s, 3(nm)H, -CH>-C(CH3)=CH-

CH>-) with n=130 and m=13

PI-Fur synthesis. PFOH (3.88 g, 5.71 mmolOH groups) was solubilized in 25 mL of dry
THF. 1.2 eq of furarNCO (732 L, 6.85 mmol) and 5 méb of DBTDL (168 pL, 0.28 mmol)

were added to the solution and stirred at 40°C during 6h under inert atmosphere. After partial
evaporation of the solvent, the product was purified by precipitation/dissolution in
methanol/DCM several times and dried in vacuum to oladwnown liquidPI-Fur. Yield =
92%.H NMR (400 MHz, CDQJ): (/, ppm) 7.321n, mH,-CH=CH-O- furan), 6.29(m, mH,-
CH=CH-O- furan) 6.18 (m, mH, C=C@4-CH=CH-O- furan) 5.12 (m, 2(nm)H, -CHz-

C(CHs)=CH-CHy-), 4.34 (s, mH;CH(urethane) along the chain), 4.27 (s, (2m+4MH-CH,-
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Furan), 4.06 (t, 2H, urethai@@H,-CH2- chainends), 2.04(s, 4(rm)H, -CH,-C(CHs)=CH-

CH>-), 1.68(s, 3(n-m)H, -CH,-C(CH3)=CH-CH;-) with n=130 and m=13.

AT-PB synthesis High molar massis-1,4-polybutadiene (3.09 g) solubilized in 110 mL of
THF was first epoxidized by a dropwise addition at 0°C of a mCPBA solution (0.59 mmol in
10 mL of THF). After 2h ofeaction at room temperature, periodic acid (1.05 eq. compared to
MCPBA, 0.62 mmol) dissolved in 10 mL of THF was added dropwise and stirred during 2h at
room temperature. The solvent was then removed under reduced pressure and the crude product
was dissoled in diethyl ether before filtration on celite to remove insoluble iodic acid. The
filtrate was then concentrated before washing 2 times with saturated solution (30 mL of each)
of N&S03, NaHCQ and distilled water. Finally, the organic layer was dmath MgSQ;,

filtered on celite and the solvent was evaporated under vacuum to AbtdB. Mn nvr = 10

250 g.mot, Mn sec= 12 400 g.mot, B = 1.7, yield: 94 %'H NMR (400 MHz, CDCY): (/,

ppm) 9.77 (t, 2H;CH,-CHO), 5.38 (m, 2nH;CHo-CH=CH-CH,-), 2.49 (t, 4H,-CHo-CH,-

CHO), 2.38 (t, 4H; CH2>-CH,-CHO), 2.09 (s, 4nH,CH,-CH=CH-CH>-) with n=187

AT -EPB synthesis AT-PB (2.83 g, 52.41 mmol butadiene units) solubilized in 100 mL of
THF was epoxidized by a dropwise addition at 0°C of a mCPBA soluti@f (bmol in 10 mL

of THF). After 2h of reaction at room temperature, the solution was concentrated before being
washed 3 times by precipitation/dissolution in methanol/DCM and the solvent was evaporated
under vacuum to obtailT -EPB. The epoxy percentageaw determined b+ NMR with the
formula Epoxy (%) = (2.79) /1 (2.79 + 5.24)] x 100, Epoxy content = 11.2 %, Yield: 93 %.

'H NMR (400 MHz, CDCJ) ): (/, ppm) 9.77 (t, 2H;CH,-CHO), 5.38 (m, 2(nm)H, -CH,-
CH=CH-CH;-), 2.92 (t, 2mHCH-epoxyCH- ), 2.49 (t, 4H,-CH>-CH,-CHO), 2.38 (t, 4H;
CH>-CH.-CHO), 2.22 (m, 2miHCH2>-CH-epoxyCH-CH>-), 2.08(s, 4(nrm)H, -CH>-CH=CH-

CH>-) with n=187 and m=21
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PB-OH synthesis.AT-EPB (2.70 g, 5.00 mmol of oxirane units) solubilized in 30 mL of dry
toluene wa®xidized by addition at room temperature of a fR¢dolution (6 eq compared to
oxirane units, 10.1 mL). After stirring at 110°C during 16h, 30 mL of toluene was added and
the residual Red\l was deactivated at 0°C by a dropwise addition of ethanol aner widte
solution was then dried with MgSMefore filtration onto Celite. The organic solvent then
evaporated under vacuum to obt&B-OH. Yield = 83 %.'H NMR (400 MHz, CDCJ): (/,

ppm) 5.38m, 2(nm)H, -CHx-CH=CH-CH>-), 3.64 (t, 4H;CH>-OH), 3.60 (m,mH, -CH(OH),

2.09s, 4(nrm)H, -CH>-CH=CH-CH>-) with n=187 and m=21.

PB-Fur synthesis. PBOH (2.14 g, 4.36 mmolOH groups) was solubilized in 14 mL of dry
THF. 1.2 eq of furarNCO (560 pL, 5.23 mmol) and 5 méb of DBTDL (128 pl, 0.22 mmol)

were added tohe solution and stirred at 40°C during 6h under inert atmosphere. After
concentration, the product was purified by precipitation/dissolution in methanol/DCM several
times and dried under vacuum to obtaibrown liquidPB-Fur. Yield = 92%.'"H NMR (400

MHz, CDCL): (/, ppm)7.34(m, mH,-CH=CH-O- furan) 6.30(m, mH,-CH=CH-O- furan),
6.20(m, mH,-C=CH-CH=CH-O- furan), 5.38(m, 2(nm)H, -CH>-CH=CH-CH>-), 4,78 (s, mH,
-CH(urethane) along the chain, 4,33 (s, (2m+4NH-CH>-Furan), 4,08 (t, 4HCH>-urethane
chainends) , 2.0§s, 4(rm)H, -CH>-CH=CH-CH>-) with n=187 and m=21.

Preparation of the network films. Network of Pl and PB were obtained by mixing the
dissolved PI/PB~ur in chloroform with the adequate quantity of-naleimide dissolved in
chloroform. The mixture was heated at 60°C for 10 min in a closed glasswateposited in

a Teflon mold. Solvenwas then let evaporated for 24h and complete drying was obtained under
vacuum for an extra 24h to obtain a transparent film without air bubble. For example,-the Net
PI-1.00 eq was obtained by mixing 818 mg ofAar in 1 mL of chloroform with 219 mg of

bismaleimide in 1 mL of chloroform. (219 = 32 mg + 187 mg corresponding to-ehdm
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furans, calculated via the DP and to the furan along the chain calculated with the percentage of
epoxy content, detailed 1Bl).

Swelling tests.Dried samples (initial massn, approximately 40 mg) were placed into
chloroform at room temperature for 24h. Chloroform was changed and samples were placed
again for 48h at room temperature. Swollen samples were weighted (swollen R)amsd m

dried under vacuum until constant rma&ry mass, g). Each sample was analyzed in
triplicates. Swelling degree and the soluble fraction were determined by Egs. 1 and 2
respectively.

Swelling degree =l zF | «;@l « Hsrr:" ; (equation. 1)

Soluble fraction =:1 gF | «;&al , Hsrr:" ; (equation2)

Films remolding. All the strips used for DMA and tensile tests analyses were put into a
hermetic closed glassware (1 g in 1.5 mL of C§l@hd heated at 125°C for 10 minutes. After

5 minutes at room temperature, the liquid solutiatejgosited in a &lon mold before waiting

24h for solvent evaporation and an extra 24 h under vacuum to obtain a transparent film without
air bubble.

Characterization. Liquid-state'H and*3C NMR spectra were recorded at 298 K on a Bruker
Avance 400 spectrometer operating at 400 MHz and 100 MHz respectively in appropriate
deuterated solvents. Polymer molar masses were determined by size exclusion chromatography
(SEC) using tetrahydrofuran (F) as the eluent (THF with 250 ppm d&utylated
hydroxytolueneas inhibitor, Aldrich) at 40°C. The SEC line was equipped with a Waters pump,

a Waters RI detector and a Wyatt Light Scattering detector. The separation was achieved on
three Tosoh TSK gel catans (300 x 7.8 mm) G5000 HXL, G6000 HXL and a Multipore HXL

with exclusion limits from 500 to 40 000 000 g/mol, at flow rate of 1 mL/min. The injected
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volume is 100pL. Molar masses were evaluated with polyisoprene standards calilataon.

were processedith Astra software from Wyatt.

'LITHUHQWLDO VFDQQLQJ FDORULPHWU\ '6& PHDVXUHPHQ!'
performed using ®SC Q100 LN apparatus from TA Instruments with a heating and cooling

ramp of 10 °C.mir. The samples were first heatiedm 25 °C to 80 °C and held at 80 °C for

10 min in order to eliminate the residual solvent, then cooletl5® °C and finally heated to

200 °C. The analyses were carried out in a helium atmosphere with aluminum pans.-Thermo
gravimetric measurements (TGARI SRO\EXWDGLHQH VDPSOHV §8 PJ ZHLI
Instruments Q500 from room temperature to 600 °C with a heating rate of 10 ¢CThim

analyses were investigated under nitrogen atmosphere with platinum pans. A TA Instrument
RSA3 was used towdly dynamic mechanical properties of rubber samples. They were analyzed
under air atmosphere froni05 °C to 200 °C at a heating rate of 4 °Cfifihe measurements

were performed in tensile mode at a frequency of 1 Hz and an initial static forceNof 0.1

I11.3. Results and discussios

Low molar mass polyisoprene (PI) and polybutadiene (PB) with-aidhits content over 98

% containing furan group along the backbone and at both-ehais (PAFur and PBFur) were

prepared starting from high molar mass-digl PI and PBSchemeb5). Carbonyl telechelic

polyisoprene (CIPI) and aldehyde telechelic polybutadiene {RB) with a molar mass of 10
000 g.mott were first prepared by a controlled degradation of the Pl and PB (epoxidation with
mCPBA followed bycleavage of the oxirane rings by periodic a&#l}®! Then, around 10%

of the repeating units of Gl and ATPI were epoxidized with mCBPA to yield carbonyl
telechelic epoxidized polyisoprene carbonyl telechelic-EPT) and epoxidized polybutadiene

aldehyde telechelic (AEPI). The epoxy nits and terminal carbonyl groups were finally
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simultaneously reduced by sodium dihydref@smethoxyethoxy) aluminate (Red) to

obtain the polyisoprene and polybutadiene with hydroxyl groups at the-ehdsnand along

the backbone (POH and PBOH,|[Scheme5), a method recently described for epoxidized

polybutadiené?¥ Finally, furanisocyanate was reacted with the hydroxyl group to lead to the
formation of Pl and PB with furan group along the backbone and at botherdsn(PiFur

and PBFur). All intermediates were characterized by SEC #idNMR, confirming the
absence of side reactions. For instance, SEC chromatograms of the different intermediates are
perfectly superimposedrigure S1, p133 showing the absence of uncontrolled crlisking

that could have occurred during the modificatsteps

Schemeb: General synthetic route used for the synthesis of 1-gis low molar mass PiFur and PB-Fur.

'H NMR spectra of the PB intermediates are represen{&itone 51| The signal at 9.77 ppm

(peak 1}jFigure 51p) corresponding to the aldehyde protonshaf PBAT chainends allowed

to evaluate the degree of polymerization (DP=187) of the chain after degradation.-E®BAT
118



Chapitre 1ll. Modification chimique le long de la chaine du polyisopréne ou du polybutadiene
et réticulation réversible

a new signal for the epoxy units proton appeared at 2.92 ppm allowing to calculate the amount

of epoxy units (peak frigure 51b). The calculate epoxy content is thus equal to 11 % that is

to say 20.6 epoxy units per chains (detaile8lip13]. After reductionof the oxirane ring to

yield PFOH, the signal at 2.92 ppm disappeared completely and two new signals appeared

around 3.583.70 ppm (peak 1+fFigure 51¢), a multipletat 3.60 ppm corresponding to the

proton signal of thearbonlinked to the hydroxyl groups@H(OH)-) along the PB chain, a
second one (triplet at 3.65 ppm) associated tac#neonproton of the hydroxyl chaiend ¢
CH»>-OH). Integral of these signals associated to the complete disappearance of the epoxy units
confirm the completion of the reduction reaction. Finally, after reaction with-iscamyanate,

it was possible to assume a full conversion of all the hydroxypgrthanks to the presence of

news peaks (peaks 9, 10 and 11 at 6.20, 6.30 and 7.34 ppm respg€igetg, 51()

corresponding to the furan protonsoidover, the shift of the peak 1 from 3.65 ppm to 4.10
ppm confirmed that the hydroxyl groups present at the chain ends also rébcteéMR
characterization of the PI series also allowed to show a full conversion for allFStppe S2

p133. Similar dservations were made and full conversion of each step was demonstrated.
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Figure 51: *H NMR characterization of the PB intermediates during the synthesis route of PBur. x: signal present in
the initial polymer.
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DSC analyses confirmed the backbone modification through a shifg with the type of

modification. For PITTg went from-64 °C for the RIAT to -48 °C for the RFur. Similarly, Tq

went from-104 °C for the PBAT to -84°C for the PBFur (Figure S3(p134) ano

Table S1|(p135)). Besides, PBAT was able to crystallize a0 °C, but after modification,

crystallization was no more observed.

As shown ofFigure 52| PFFur or PBFur were then mixed with the bmsaleimide in order to

obtain a thermw@eversible network based on the Didlsler reaction. Tdune the properties of
these elastomeric materials, the amount ofntedeimide was varied from 1.00 to 0.30 eq

compared to the furan groupsviR= [maleimide]/[furan]).

Figure 52: Schematic representation of the formation ande-use of the reversible croséinked Pl and PB network based
on the DielsAlder chemistry.

Swelling tests were first performed in order to evaluate the efficiency of thelicrkiag of

the chains. e soluble fraction was always relatively low (ldsart 6 %) even for the lowest

crosslinked material (R = 0.30|Figure 53a, bandTable 2|(p139). For the PI networks,

the soluble fraction decreased from 5.6 % to 0.3 % wheniitreased from 0.30 to 1.00. The

soluble fraction was even lower for the PB networks. On another hand, the sweijneg de
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decreased from 850 % to 400% for Pl networks and from 570 to 280 % for PB networks when

Rwmr increased from 0.30 to 1.00rosslinking reactions were very efficient.

Figure 53: Swelling test of the network of PI (A) and PB(B) as a function of Rar.

Mechanical properties of the networks were first analyzed by tensile test analyses. Results are

summarized offrigure 54a-c and Table S3(p 137). The Young modulus increased with the

molar ratio maleimide/furan, from 1 MPa fopR= 0.30 up to 60 MPa or 240 MPa fouR=

1.00 for Pl and PB networks respectively. A similar behavior was observed for the stress at
break, whichincreased with R, from 1 MPa for Ryr = 0.30 up to 10 and 16 MPa fopR =

1.00 for Pl and PB networks respectively. This could be easily explained as an increase of R
would increase the crodigking density and thus the strength of the netwdrkerefore,
whatever the Rr, PB networks exhibited a higher value of the Young modulus and the stress
at break than the Pl networks. Since the two polymers have the same molar mass (~10 000
g.mof?) and furan modification rate (10%), this phenomenonberattributed to the chemical
structural difference between Pl and PB. Surprisingly, the strain at break was not really affected
by Rwr. Indeed for the PI, the elongation at break went from 170 %yier=R0.30 to 110 %

for Rwr = 1.00. Tendency for theB is similar than for the PI, whatever the quantity of

bismaleimide the strain at break oscillate between 90 and 1Fy4€ 54

X
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Figure 54: Tensile test analyses of the Pl and PB networks a) Young modulus vg/Rb) Stress at break vs /r c) Strain
at break vs Rwr. DMA analyses of the network of Pl as a functionof Rr G HODVWLF PRGXXXoftHel H 7DQ
network of PB as a functionof Rve | HODVWLF PRGXOXV (1 J 7DQ
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The recyclability of these networks was then investigated. To this end, used strips were

remolded after being heated in chloroform at 120°C to induce the retreAdikds reaction.

Regycled strips were analyzed. Results are showhiguare 54a-c (dotted lines) and ifable

S3(p137. In all of cases, the recycled material exhibited same properties than the one
obtained for the first molding, without change for Young modulus or strain and elongation at

break.This indicateghe good recycling ability of the materials.

To go further, DMA analyses were realized. For the Pl netwodallts are presented on

Figure 54( ande. Whatever th&kwr, aTg around-30 °C was observed. On the contrary, the

elastic modulus was dramatically affected by the quantity of BM. Indeed, with-R.30, two
rubbery plateau seemed to be present: a first one betweefi& D QG f& ZLWK D YDO

close to 1 MPa aha second one between 80 and 105 °C with an elastic modulus of 0.6 MPa

Figure 54g, blue line). Due toDA reaction, the material flowed above 1120 °C. The first

drop of the moduluat 80 °Ccould be explained by the occurrence of thé reaction of the
end-adducts Indeed, ti is welFknown that two adductsephdoandexg are formed after the

DA reaction between a furan and maleimide group. Tlh® adduct (kinetic adduct) is less
stable than thexoone and exibit a lowaDA temperature.

When Ryr was increased to O., red line), the two rubbery plateau were again
present (3.4 and 2.0 MPa for the first and second plateau respectively). This modulus increase
can easily be explained by the higher cHuogsing density as observed for the tensile tests
analysesA further increase of ®r to 0.75 gave higher values of the elastic plateau localized
below 75 °C and above 80 °C of 5.7 MPa and 3.0 MPa respectively, whereag-forlR00,

no further increase dhe moduli values was observédost likely, atRwr = 0.75, for 10 maol

% of furan group along the chain, the maximum ciivdsng density was almost achieved as
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it is unlikely that all of the maleimide groups could react with the furan groupgsat 1.00.
Some BM should be linked only by one of its maleimide group.
More surprisingly, a third plateau appeared betwd@n°C and 40 °C whennz is equal to

0.75 or 1.00 with an increase from 30 MPa to 75 MPa whenrRised from 0.75 to 1.00. Plot

of Tan / (Figure 54¢) confirmed this observation with the presence of a second transition

around 50°C. The first peak-&0°C, corresponding to thig, decreased with f#= whereas the
second transition, observed at 50°C increased wilf. Rhis second transition could be
associated to th&stacking induced by the BM compound. Indeed, for law=Rhe quantity

of BM in the network was probably too low allow @Stacking. On the contrary for higher
Rwr, the relative quantity of BM compared to the Pl increase and allow&gteeking. The
participation of Hbonding between the urethane functions coming from the grafting of the
furan group could be ruleout as their quantity did not vary witwr. A summary of all the

transitions observed in DMA is presentedrogure 55

Figure 55: Summary of the transitions observed in DMA for the network of Pl as a function of .
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PB networks showed a very similar beha\ligure 54f andg). All of the modulus values are

reported inTable S3 (p137. When Ryr was low, two plateaus were present like for Pl
networks. For higher fr, a third plateau appeared betwd@grand 50°C. Again, increase of

Rwir led to an increase of the moduli values except when this ratio reached 1.00. In this latter
case, only the plateau with th@tacking contribution increased. Besides, thkies of the
elastic plateau were always superiortfe PB networks.

Finally, recycling ability of all the networks was tested like for tensile test analyses. To this

end, recycled strips were analyzed in DMA. Results are represented in dotted (igarer

andf. It can be observed a pretty good superimposition of the curves obtained for the first

and second molding confirmirige good recycling ability of these materials.

To finish with, the networks were analyzed by DSGermograms are representedFigure

and values are given able S4(p138). As observed in DMA, th&g did not depend on the

Rwr, - 46 °C and- 83 °C for Pl and PB networks respectively. At higher temperature, two
endothermic peaks can be observed between 75°C and 160 °C. These signals could be
associated to th@®A reaction. Moreover, these values were in good agreement witbsitiésr

obtain by DMA where the flowing of the material was observed was arounrd32€C. The
presence of the two endothermic is due to the formati@nddandexcadducts during DA
reaction’?5?% The first peak starting at 75 °C is associated to the rDA oktiuwadduct

(kinetic adduct) whereas the second one starting at 120 °C is associatecexo-dldeuct
(thermodynamic adduct). Besidesithalpy of theDA peaks increased withyi (from 9.1 J/g

for Rwr= 0.30 to 23.8 J/g for ¥#==1.00 for Pl networks and from 13.3 J/g fa#R= 0.30 to

42.2 J/g for Ryr=1.00 for PB networks), as the quantity of DA adducts decreased with R
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Finally, the DSC analysisupported the presence of the transition observed in DMA at 50 °C,

associated to thedstacking of the BM. Indeed, another endothermic transition could be

observed between 10 and 70 [Figlre 56¢ andd), with an increasing enthalpy intensity with

RwmiF, indicating more@stacking with increasing maleimide quantifyable S4 p139.

Figure 56: DSC thermograms a) Pl networks b)PB networks ¢) zoom between 10 and 70 °C, for Pl networks d) zoom
between 10 and 70 °C, for PB networks.

To go further in the investigation of the recyclability of the networks, the Pl network with R
= 0.50 was chosen to test its recyclability abibtyer 5 cycles of reprocessing. Tensile test
analyses revealed an excellent stability of the properties even after 5 cycles of reprocessing
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Figure 57]andTable S5(p140) )RU LQVWDQFH WKH <RXQJfV BRGXOXV

MPa and the stress at break around 3.5 MPa regardless the recycling cycle. In the same vain,

the strain at break was always around 160 % even after 5 cycles of recycling. RiMSean

confirmed the previous results as all the curves were nearly superinmpagee 57p), theTg,

modulus and flowing temperature were also véoge for all cyclesTable S5 p140. All these
results clearly show the excellent recycling ability of these polymers, even after mechanical

tests (tensile tests and DMA), without properties loss.

Figure 57: Tensile tests and DMA analyses of Ne®l- HT RYHU UHF\FOLQJ F\FOHV D <RXQJYV PRG
and strain at break obtained by tensile analyses.E (ODVWLF PRGXOXV (1 REWDLQHG E\ '0%

I11.4. Conclusion

In this study, reversible covalepblymer networks with high recycling ability were prepared
through a weHldefined and controlled chemistry (no side reaction or uncontrolled-lin&stgy
occurred during the synthesis). To this end;cisdiquid Pl and PB were modified in 3 steps

to grdt furan groups that could react with a-bmaleimide compound to yield therrneversible
elastomeric networks based on the Diglder reaction. Starting from liquid polymers allowed

an easier control of the chemical modifications, the washing stepseprbtessing compared

to highly viscous high molar mass polymer generally used in such studies. Moreover,

mechanical properties of the networks can be easily tuned by monitoring the ratio between furan
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and maleimide moieties with a storage modulus varyatgeen 1 and 300 MPa. Besides, these
elastomers showed a thermal stability over 110 °C and no properties loss even after 5 cycles of

processing showing a good thermal and mechanical resistance.
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[11.5. Supporting Information

Example of calculation of the quantity of Bimmaleimide to add to the furan modified polymer
(Net-P1-0.50eq).

Tomo=0.818 g of NePI-1.00eqm:= 0.216 g of BM is added to obtained a material wiifa R
equal to 1.

m: = m1 + mz=28.8 + 187.7 = 216 mg of BM

: “ yHEH" H%
m1 the mass of BM to add relted to the furan ckexids,mi = m
“gH” H%H E

m2 the mass of BM to add associated to the furan along the chain; ~ . RER.

with :
mo theinitial mass of furan modified polymer

'y the average molar mass of afRir modified at 10 % in furan is equal fo= 82.1 g.mof

for the Pl and/ = 68.1 g.mol for the PB

DP degree polymerization of the polymer (130 for the PI, 195 for th& @B
athe number of hydroxyl functions at the chainds (2)

b the molar mass of the BM compound (358 g:#ol

cthe Rur

d number of maleimide on the bisaleimide compound (2)

e purity of the BM compoundd(95, eq. to 95 %)

f percentage of units modified faran (0.1, eq. to 10 %)
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Supporting figures

Figure S1: SEC chromatograms of a) the Pl intermediates b) the PB intermediates.
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Figure S2:H NMR spectra of the Pl intermediates, (a) AFPI, (b) AT-EPI, (c) PI-OH, (d) PI-Fur.
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Figure S3: DSC analyses of a) the Pl intermediates and b) the PB intermediates.
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Supporting tables

Table Sl: DSC analyses of Pl and PB intermediates.

Samples Tg1 Te Tt
(°C) (°C) (°C)
CT-PI -63.9 / /
CT-EPI -55.8 / /
PI1-OH -50.8 / /
Pl-Fur -47.6 / /
AT-PB -104.4 -53 -13
AT-EPB -93.8 / /
PB-OH -89.5 / /
PB-Fur -84.3 / /

Table 2: Swelling properties of the of Pl and PB networks as a function of fr.

Swelling degree Soluble fraction

Samples
(%) (%)
Net-PI1-0.30eq 843 + 10 5605
Net-PI1-0.50eq 522+ 3 1.8+x0.8
Net-P1-0.75eq 380 £ 26 0.6+0.7
Net-PI-1.00eq 398 + 31 0.3+0.3
Net-PB-0.30eq 571+ 21 44+1.1
Net-PB-0.50eq 403+ 7 1.2+0.8
Net-PB-0.75eq 297 £ 10 1.0+ 0.5
Net-PB-1.00eq 275+ 30 1.1+04
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Table S3: Mechanical properties of thenetworks characterized by tensile analyses and DMA for the first and second cycle of molding as a function @ffR

Young modulus  Stress at break  Strain at break Elastic modulus Elastic modulus  Elastic modulus

Samples Cycle
(MPa) (MPa) (%) (20°C, MPa) (70°C, MPa) (90°C, MPa)

First 0.9 £0.0 0.8+0.0 158 + 17 1.1 0.9 0.6
Net-PI1-0.30eq

Second 1.1+0.1 1.2+0.2 186 + 18 1.4 1.1 0.7

First 41 +0.3 3.3£0.3 152 + 17 8.0 3.4 2.0
Net-PI1-0.50eq

Second 49+0.1 22+03 140 £ 12 8.8 3.3 2.0

First 26.7 £24 8.0£0.9 124 + 17 32.9 5.7 3.0
Net-PI1-0.75eq

Second 224+26 7.2+04 116 + 13 28.1 5.5 2.9

First 61.1 £6.9 11.3+2.8 118+ 11 69.3 5.2 2.9
Net-PI-1.00eq

Second 56.9+9.2 95+£0.9 102 £ 15 76.6 6.3 3.1

First 3.2 £0.3 16+0.1 8314 3.6 3.2 2.6
Net-PB-0.30eq

Second 28+0.1 1.8+0.1 112+ 5 3.3 2.9 2.4

First 7.3 £0.3 3.9+£0.7 92+ 20 9.7 5.6 4.6
Net-PB-0.50eq

Second 6.8+ 0.6 3.7+£0.3 95+ 16 7.3 4.6 3.9

First 46.0 £5.8 11.6+£0.8 115+ 15 87.3 11.9 7.5
Net-PB-0.75eq

Second 41.5+2.9 10.3+£0.6 95+ 15 62.7 111 7.3

First 235.2 £6.3 16.7+1.1 101+ 20 320 123 7.1
Net-PB-1.00eq

Second 249.0 £ 15.0 198+15 105+ 18 258 129 7.4
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Table $4: Mechanical properties of the networks characterized by tensile analyses and DMA; &nd enthalpy value of
the Pl and PB network as a function of Ry obtain by DSC

T Enthalpy Enthalpy
Samples (oé) : f& : f&
(J/g) (J/9)
Net-P1-0.30eq -47.3 0.4 9.1
Net-P1-0.50eq -46.9 1.6 13.7
Net-PI1-0.75eq -46.0 1.7 18.7
Net-PI-1.00eq -45.4 1.8 23.8
Net-PB-
-81.8 0.4 13.3
0.30eq
Net-PB-
-83.3 0.8 17.9
0.50eq
Net-PB-
-83.5 1.6 34.7
0.75eq
Net-PB-
-81.6 2.2 42.2
1.00eq
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Table 5: Mechanical properties of NetPI-0.50eq characterized by tensile analyses and DMA over5 recycling processes.

Young modulus  Stress at  Strain at Tyg Elastic modulus Elastic modulus Elastic modulus
cyele (MPa) break (MPa) break (%) (°C) (20°C, MPa) (70°C, MPa) (90°C, MPa)
1 4.1+0.3 33+£03 152+17 -29 6.8 34 1.7
2 47+0.1 3.2+03 145+ 12 -30 7.6 3.6 1.6
3 40+0.3 3.3+x01 165+ 19 -28 8.4 3.3 1.7
4 45+0.3 3.1+0.1 1636 -31 7.3 3.6 1.7
5 40+04 3.6£04 160 = 10 -32 55 3.1 1.7
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[. Introduction

Comme mentionné dans la partie bibliograpkj les fonctions carbonyles en bouts de chaines
SHXYHQW r'WUH VPOHFWLYHPHQW HW IDFLOHPHQW PRGLILpEF
gue degroupementiydroxyle. En effet, il est possible de modifier les aldéhydes et les cétones

par des réadt R Q V Gt{pDfeductice. Ainsi, 1 a 2 fonctbns hydroxyle en bout de chaine
peuventétre obtenuesComme précédemment, nous avons choisi pour son efficacité de
reversibilité de travdiér avec la réaction de Diefdder entre un furane et un maléimide. HV W
pourquoides groupements furanesit été gréffés sur les fonctions hgelyles terminales.

I IDMRXW GOIpEPLGH FRQGXLW jastorbereRngrimbrivérsth@ rétigiad p O

les bouts des chaines. Nous verrons dans un premier temps h@symte ces précurseurs a
base de Plou PB pepeWWDQW GYfREWHQLU FHVY pODVWRPqQUHV 'DQV
GHV SURSULpWpV GH FHV pODVWRPQUHV VHUD pWXGLpH /Y
réticulation et enfin la capacité au relage sera étudié. Ces résultats sont présentés sous forme

G 1D U W L Figuey dans lesldgiX brochaines sections de ce manuscrit.

/ID GHUQLgUH SDUWLH GH FH FKD &vatsibledey fHaQes gdRiar VH | OD
liaisons hydrogene, deonveau via les bouts de chainee groupementireidopyrimidinone
(UPy) pour son efficacité a se dimériser et sa facilité de synthése a&hoisi comme
JURXSHPHQW UpWLFXODQW /HV UpVXOWDWY VRQW SUpVHQ
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Il. Telechelic polybutadienes or polyisoprenes precursors for recyclable

elastomeric networks

Abstract: (Bis)furantelechelic low molar mass polybutadieseand polyisoprenesare
synthesized by controlled degradation of high molar mass polymers and-eddain
modifications yielding di tri- or tetrafunctional polymers. Addition of a bismaleimide to the
liquid modified polymer leads to the formation of a themraversible elastomarinetwork

based on the Dielalder chemistry for the trior tetrafunctional polymers, whereas only chain
extension occurs for the bifunctional one. Dynamic mechanical analyses or tensile tests are
performed on the networks and reveal a similar behavropdtyisoprene and polybutadiene

with nevertheless pretty different Young modulus or strain at breakréfre Diels-Alder
reaction occurs upon heating allowing the remolding of the used elastomer. The remolded
network exhibits the same mechanical prapsras the initial network, showing an efficient

material recyclability.
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I1.1. Introduction

Natural and synthetioubbers are materials widely used industrially for various domains like
sport equipment, building materials or tife4l In most of these applicationsibbers must be
crosslinkedto reach their optimal properties and to maintain them with time. Howiheer,
networks are generally obtained aftemlifgr vulcanization which inducesrreversible
crosslnking of the material excluding any recyclability and thus producing a huge quantity of
waste each yeal%®!

For years now, great efforts vegout on the synthesis of reversible crosslinked rubbers (through
hydrogen bonding, ionic interactions or reversible covalent bonds) in order to produce more
sustainable materials or at least more recyclable®h&3 Diels-Alder (DA) reaction and more
particularly the furan/maleimide coupling, has been the most studied route for engeeof
polymer like polyurethane, epoxy resins, polymethacrylate or more recently polybutadiene
(PB) as it gave really promising results due to it therew@rsibility[*624 In most cases,
furanicgroups were grafted all along the polymeric backbone and networks could be obtained
after reaction with bismaleimide molecules. In the case of rubbers, furanic groups were grafted
onto high molar mass polybutadiene, containing a high proportion of pevidgint groups,
through thiolene reactiof?8forming a thermesensitive dynamic network by the addition of
bismaleimide. Neverthelessyith thiol-ene chemistry,side reactions likecyclization or
uncontrolled irreversible crodmking can occur, causing detrimental changes tba
properties!?>©8% Moreover, he use of high molar mass PB could be highly restrictive regarding
the solubilization time and molding process of the material that can be hampehighby

viscosity,
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[I.2. Experimental section

Material

Cis-1,4-polybutadiene (98% ci$,4,Mn= 150 kg.mol B = 2.8) and cisl,4-polyisoprene (98%
cis-1,4,Mn= 635 kg.mol B = 2.1) were purchased from Scientific Polymer Products, c. 3
Chloroperoxybenzoiacid (mMCPBA, 7675%, Acros), periodic acid @0s $OGULFK
acetic acid (99%, Aldrich), sodium triacetoxyborohydride (NaBH(QA®&)%, Aldrich),
diethanolamine (DEA, 99%, Alfa Aesar), furfuryl isocyanate (F«MN&O, 97 %, Aldrich),
-tmethylenedi4,1-phenylene)bismaleimide (Bismaleimide, 95%, Alfa Aesar), celite 545
(VWR), dibutyltin dilaurate (DBTDL, 95%, TCI) were used without further purification.
Tetrahydrofuran (THF) and dichloromethane (DCM) were dried on alumina column.
Chloroform (CHC§), methanol and diethyl ether (reagent grade, Aldrich) were used as

received.

Polymers synthesis and characterization

Scheme6: Telechelic chemical modification of low molecular masécis PB (left) and 1.4is Pl (right) in order to graft
furan group on the chaiend

146



Chapitre 1V. Modification chimique des bouts daides du polyisoprene ou du
polybutadiéne et réticulation réversible

AT -PB synthesis High molar masgis-1,4-polybutadiene (3.23 g, 59,8 mmol of butadiene
unit) solubilized in 80 mL of THF was first epoxidized by a dropwise additiddf@tof a
MCPBA solution (1.25 mmol in 10 mL of THF). After 2h of reaction at room temperature,
periodic acid (1.05 eq. compared to mCPBA, 1.31 mmol) dissolved in 10 mL of THF were
added dropwise and stirred during 2h at room temperature. The solvehewasrhoved under
reduced pressure and the crude product was dissolved in diethyl ether before filtration on celite
to remove insoluble iodic acid. The filtrate was then concentrated before washing 2 times with
saturated solution (30 mL of each) ofdS#£0s, NaHCQand distilled water. Finally, the organic
layer was dried (MgS¥), filtered on celite and the solvent was evaporated to dryness to obtain
AT-PB. Mn nvr = 5350 g.mott, DPuvr = 97, M (sec)= 5750 g.mot!, B = 1.5, Yield: 90 %.

'H NMR (400 MHz, MCls): (/, ppm) 9.77 (t, 2x1H;CH,-CHO), 5.38 (m, 194H;CH,-
CH=CH-CH>-), 2.49 (t, 4H-CH>-CH>-CHO), 2.38 (t, 4H; CH2>-CH>-CHO), 2.09 (s, 388H,
CH>-CH=CH-CH>-).

H4T-PB synthesis:AT-PB (1.71 g, 0.65 mmol of aldehyde) dissolved in 8.5 mL of dry THF
and3 eq of DEA (206 mg, 1.96 mmol) were mixed and stirred at 40°C during 2h under inert
atmosphere. 3 eq of NaBH(OA¢#15 mg, 1.96 mmol) and 1.2 eq (45pL, 0.78 mmol) of acetic
acid were added to the solution and stirred at 40°C overnight under inert agmeosister
concentration, the product was purified by precipitation/dissolution in methanol/DCM several
times and dried under vacuum to obtaicolorless liquidH4T-PB. Yield = 88%.1H NMR (400

MHz, CDCBh): (/, ppm) 5.38 (m, 194H,CH,-CH=CH-CH-), 3.72 {, 8.0H,-CH2-CH2-OH),

2.81 (t, 8.0H,-CH>-CH>-OH), 2.70 (t, 4H-CH2-N(-CH>-CH>-OH),), 2.09 (s, 388H;CH>-
CH=CH-CH2-).

Fur4T-PB synthesisH4T-PB (1.37 g, 1.09 mmol of hydroxyl) was dissolved in 6.5 mL of dry
DCM. 1.5 eq of furarNCO (176 pL, 1.64 mmol) and 5% mol of DBTDL (32 uL, 55 pmol)
were added to the solution and stirred at 40°C during 6h under inert atmosphere. After
concentration, the prodt was purified by precipitation/dissolution in methanol/DCM several
times and dry in vacuum to obtairbrown liquidFur4T-PB. Yield = 91%.H NMR (400 MHz,
CDCl): (/, ppm) 7.34 (m, 4H,CH=CH-O- furan), 6.29 (m, 4H,CH=CH-O- furan), 6.21 (m,

4H, -C=CH-CH=CH-O- furan), 5.38 (m, 194HCH,-CH=CH-CH,-), 4.32 (d, 8H, furarCH»-

NH-), 4.14 (s, 8.0HkN-CH,-CH2-0-), 2.76 (s, 8.0HN-CH>-CH>-0-), 2.54 (s, 4.0H;CH>-N(-
CHy)2-), 2.09 (s, 388H;CH2-CH=CH-CH-).
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Fur2T-PB synthesis: AFPB (DPnmr = 88, My nvr = 4 850 g.mof, M sec= 6 200 g.mot,

= 1.6, 1.00 g, 0.46 mmol of aldehyde groups) was dissolved in 8 mL of dry THF and 3 eq of
furfuryl amine (107 pl, 1.39 mmol) were mixed and stirred at 40°C during 2h under inert
atmosphere. 3 eq of NaBH(OA¢R43 ng, 1.39 mmol) and 1.2 eq of acetic acid (26 pl, 0.56
mmol) were added to the solution and stirred at 40°C overnight under inert atmosphere. After
concentration, the product was purified by precipitation/dissolution in methanol/DCM several
times and driednder vacuum to obtaifur2T-PB. Yield = 89%.1H NMR (400 MHz, CDCJ):

(/, ppm)7.35(m, 2H, -CH=CH-O- furan), 6.31(m, 2H, -CH=CH-O- furan), 6.16 (m, 2H,
C=CH-CH=CH-O- furan), 5.38(m, 176H,-CH,-CH=CH-CH-), 3.77 §, 4H, NHCH>-Furan)

2.62(t, 4H,-CH2-N-CHx-furan), 2.08(s, 388H,-CH>-CH=CH-CH-).

CT-PI synthesis Carbonyl Telechelic PI. High molar mass-1,4-polyisoprene (5.42 g, 79.7
mmol of isoprene unit) dissolved in 190 mL of THF was first epoxidized by a dropwise addition
at 0°C of a mCPB/Asolution (1.63 mmol in 10 mL of THF). After 2h of reaction at room
temperature, periodic acid (1.05 eq. compared to mCPBA, 1.71 mmol) dissolved in 10 mL of
THF were added dropwise and stirred during 2h at room temperature. The solvent was then
removed undereduced pressure and the crude product was dissolved in diethyl ether before
filtration on celite to removed insoluble iodic acid. The filtrate was then concentrated before
washing 2 times with saturated solution (30 mL of each) oS}, NaHCQ and dstilled

water. Finally, the organic layer was dried with MgSfitered on celite and the solvent was
evaporated to dryness to obt&i-Pl. M, (wmr) = 5500 g.mot, My, sec)= 5800 g.mot, D =

1.3. Yield = 93 %!H NMR (400 MHz, CDCJ): (/, ppm) 9.77(t, 1H, -CH,-CHO), 5.12 (s,

80H, -CH>-C(CHg)=CH-CH>-), 2.49 (t, 2H,-CH,-CHO), 2.44 (t, 2H;CH2-CH>-C=0(CH)),

2.34 (t, 2H,- CH2-CH2>-CHO), 2.27 (t, 2HCH2-CH>-C=0(CH)), 2.12 (s, 3H-CHx-CH>-
C=0(CH3)), 2.04 (s, 320H;CH2-C(CHg)=CH-CH>-), 1.68(s,240H,-CH,-C(CH3)=CH-CHp>).

H2-PI synthesis CT-PI (3.50 g, 0.74 mmol of aldheyde) dissolved in 14 mL of dry THF and

3 eq of DEA (234 mg, 2.21 mmol) were mixed and stirred at 40°C during 2h under inert
atmosphere. 3 eq of NaBH(OAg}# 75 mg, 2.21 mmol) antl.2 eq of acetic acid (51 pL, 0.88
mmol were added to the solution and stirred at 40°C overnight under inert atmosphere. After
concentration, the product was purified by precipitation/dissolution in methanol/DCM several
times and dried under vacuum to dbti>-PI. Yield = 87%.'H NMR (400 MHz, CDCJ): (/,

ppm) 5.12 (s, 80H,-CH2-C(CHs)=CH-CHy-), 3.68(t, 4.0H,-CH,-CH2-OH), 2.75(t, 4.0H, -
CH2-CH>-OH), 2.62(t, 2H, -CH2-N(-CH2-CH2-OH),), 2.44 (t, 2H, -CH>-CH>-C=0(CHb)),
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2.26(t, 2H, -CHa-CH2-C=0(CH)), 2.12 (S, 3H;CH-CHa-C=0(CH3)), 2.04 (S, 320H;CHa-
C(CHs)=CH-CH2-), 1.68 (S, 240H;CH,-C(CHz)=CH-CHy-).

HsT-PI synthesis:H2-P1 (1.23 g, 0.26 mmol carbonyle) was dissolved in 15 mL of dry THF.

5 eqg NaBH (compared to the hydroxyl content, 50 mg, 1.29 mmol) were added to the solution
and stirred at 60°C during 10h under inert atmosphere. After concentration, the product was
purified by precipitation/dissolution in methanol/DCM several times and driedcuuwva to

obtain H3T-PI. Yield = 92%.'H NMR (400 MHz, CDCJ): (/, ppm)5.13 (s, 80H,-CH,-
C(CHz)=CH-CHg>-), 3.80 (m, 1H;CH>-CH>-CHOH(CHg)), 3.62(t, 4.0H,-CH>-CH>-OH), 2.67

(t, 4.0H, -CH2>-CH>-OH), 2.52 (t, 2H, -CH2-N(-CH>-CH>-OH),), 2.04 (s, 320H,-CH.-
C(CHz)=CH-CH-), 1.68 (s, 240H,-CH,-C(CH3)=CH-CHz-), 1.19 (d, 3H, -CHx-CH>-
CHOH(CH3)).

FursT-Pl synthesis: HT-PI (0.95 g, 0.59 mmol of hydroxyl) was dissolved in 10 mL of dry
THF. 1.2 eq of furafisocyanate (79 pL, 0.71 mmol) and 5% mol of DBTDL (18 |29,5
pmol) were added to the solution and stirred at 60°C during 10h under inert atmosphere. After
concentration, the product was purified by precipitation/dissolution in methanol/DCM several
times and dried in vacuum to obtdarsT-PI. Yield = 88%.'H NMR (400 MHz, CDC4): (/,
ppm)7.34(m, 6H,-CH=CH-O- furan), 6.30(m, 6H,-CH=CH-O- furan), 6.21(m, 4H,-C=CH-
CH=CH-O- furan), 5.12 6, 80H,-CH-C(CHs)=CH-CH-), 4.82 (m, 1H, , 3.62,CH-CH2-
CHOH(CHg)) , 4.32(d, 6H, furanCH>-NH-), 4.16(s, 4.0H,-N-CH>-CH>-O-), 2.77(s, 4.0H,-
N-CH2-CH2-O-), 2.51 (s, 2H, -CH2-N(-CH:-CH:-urethane)), 2.04 (s, 320H, -CH>-
C(CHz)=CH-CH>-), 1.68 (s, 240H,-CH,-C(CH3)=CH-CH>-), 1.22 (d, 3H, -CH>-CH,-CH-
urethaneg(CHs)).

Fur2T-PI synthesis: CT-PI (1.17 g, 0.49 mmol ofarbonyle) dissolved in 8 mL of dry THF

and 3 eq of furfuryl amine (138 uL, 1.47 mmol) were mixed and stirred at 40°C during 2h under
inert atmosphere. 3 eq of NaBH(OA(312 mg, 1.47 mmol) and 1.2 eq of acetic acid (35 pL,
0.59 mmol) were added to thelsion and stirred at 40°C overnight under inert atmosphere.
After concentration, the product was purified by precipitation/dissolution in methanol/DCM
several times and dried under vacuum to olfaireT-Pl. Yield = 92%.'H NMR (400 MHz,
CDCl): (/, ppm)7.35(m, 2H,-CH=CH-O- furan), 6.31(m, 2H,-CH=CH-O- furan), 6.19(m,

2H, C=H-CH=CH-O- furan), 5.11 6, 80H,-CH>-C(CHs)=CH-CH>-), 3.80 (t, 4H, FuraiCH>-
NH-CH-) , 2.69(d, 1H,-CH2-CHz-CH-NH(CHz3)-), 2.61 (t, 2H, Furai€H2-NH-CH>-), 2.04

149



Chapitre 1V. Modification chimique des bouts daides du polyisoprene ou du
polybutadiéne et réticulation réversible

(s, 320H,-CHp-C(CHs)=CH-CH>-), 1.68(s, 240H,-CH,-C(CHg)=CH-CHs-), 1.10(d, 3H, -
CHz-CHz2-CH-NH(CH3)-).

Preparation of the network films: Network of PB is obtain with 1 g of Fir-PB (1g, DP=97,
764 umol of furan) dissolved in 1 mL of CH{Ind mixed with 1 eq of mataide (0.5 eq of
bis-maleimide, 144 mg, 382 umol) dissolved in 0.5 mL of CklThe mixture is heated at
60°C for 10 min in a closed glassware aleghosited in a Teflon mold. It is then waited 24h for
solvent evaporation and completely dryness was obtainddr vacuum for an extra 24h to

obtain a transparent film without air bubble.

Swelling tests: Dried samples (Initial massn, approximately 40 mg) were placed into
chloroform at room temperature for 24h. Chloroform was changed and samples were placed
again for 48h at room temperature. Swollen sample are weighted (Swollemg)asg] dried
undervacuum until constant mass (Dmyass,mq). Each sample was analyzed in triplicates.

Swelling degree and the soluble fraction were determined by Egs. 1 and 2 respectively.
Swelling degree =nfs- my) / myg x 100 (%) (equation. 1)

Soluble fraction {m - mg) / Mg x 100 (%) (equation. 2)

Films remolding: All the strips used for DMA and tensile tests analyses were put into a
hermetic closed glassware (1 g in 1.5 mL of C§l@hd heated at 120°C for 10 minutes. After

5 minutes at room temperature, the liquid solutiateigosied in a Teflon mold before waiting

for 24h for solvent evaporatiott was completely dried under vacuum éorextra24h to obtain

a transparent film without air bubble.

Characterization: Liquid-stateH and**C NMR spectra were recorded at 298 K on a Bruker
Avance 400 spectrometer operating at 400 MHz and 100 MHz respectively in appropriate

deuterated solvents.

Polymer molar masses were determined by size exclusion chromatography (SEC) using
tetrahydrofuran (HF) as the eluent (THF with 250 ppm Bltylated hydroxytoluenas
inhibitor, Aldrich)at 40°C The SEC line is equipped withWaters pumpaWaters Rl detector
and a Wyatt Light Scattering detector. The separation is achieved on three Tosoh TSK gel
colums (300 x 7.8 mm) G5000 HXL, G6000 HXL and a Multipore HXL with an exclusion
limits from 500 to 40 000 000 Da, at flow rate of 1 mL/min. The injected voligra@0pL.
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&ROXPQVYT WHPSHUDWXUH ZDV KHOG DW f& ORODU PDV!

stendards calibration. Data were processed with Astra software from Wyatt.

Differential scanning calorimetry (DSC) measurementsibber VDPSOHV 8§ PJ ZHU
performed using ®SC Q100 LN apparatus from TA Instruments with a heating and cooling
ramp of 10°C.min. The samples were first heated from 25 °C to 80 °C and held at 80 °C for
10 min in order tsemovethe residual solvent, then cooled160 °C and finally heated to 200

°C. The analyses were carried out in a helium atmosphere with aluminum pans.

Tensile tests were performed on a MTS Qtest 25 Elite controller (France). The initial grip
separation was set at 80n and the crosshead speed atB®/min. The results were obtained

from at leat 4 replicates for each sample.

A TA Instrument RSA3 was used study dynamic mechanical properties rabber
samples. Thewere analyzed undair atmosphere from105 °C to 200 °C at a heating rate of
4 °C.mint. The measurements were performed in tensile mode at a frequency of 1 Hz, an initial

static force of QL N, and strain sweep of 0.3 %.

I1.3. Results and dscussion

In the present study, it is proposed to start from a liquid low molar mass furan telechelic
polybutadiene or polyisoprene (PI) having mainly adgiconfiguration (more than 98%), to
produce elastomeric networks with an excellent recyclability and [galo#isy based on the

DA chemistry. As shown {$cheme7|andScheme SXp145) di- or tri-functional Pl and di

or tetrafunctional PB furan telechelicompounds have been synthesized. Upon addition of
eguimolar amount of maleimide growasfuran moieties, a thermeversible network has been
obtained with trifunctional Pl and tetrafunctional PB. This network has been easily remolded

by heating with amall amount of solvent to form a new elastomeric network.
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Scheme7: Schematic synthesis of reversible elastomeric networks and extended polymers starting from liquid

polyisoprene or polybutadiene

For the synthesis of furanfunctionalized telechelic PB (Rr-PB Scheme S1(pl145), a
commercial high molar mass PB (98% -tig M, = 150 kg.mol) has been first end
functionalized through a controlled degradation procedure after epoxidationnveith
chloroperoxybenzoicad (mMCPBA) followed by the oxidative scission of the oxirane with
periodic acid to yield aldehyde telechelic polybutadiene with a molar mas6Qsf §.mot

(AT-PB) 132 The signal of the aldehyde proton observefl. a7 ppm ortH NMR spectrum

Figure 58) and the absence of the signal at 2.69 ppm corresponding toexing confirm

the controlled degradatiometrahydroxytfunctionalized telechelic PB (H-PB, Scheme S1

(p145) has then been prepared by reductive amination of aldehyde groups with an excess of
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diethanolamine (DEA)n the presence of NaBH(OAcC)'H NMR analysis confirms full

conversion with the complete disappearance of the aldehyde signal and the appearance of a

signal corresponding to the-GH»- at 2.7 ppm{Figure 58). Thetetrahydroxyl functionality

has been confirmed thanks to the signals at 2.80 and 3.72 ppm of the linke& D&k, H4T-

PB has been reactedth furanrNCOto yield the desire@urT-PB. On thetH NMR spectrum

Figure 58), the signal corresponding to HCH>- shifts from 3.72 ppm to 4.12 ppm due to the

formation of the urethane function and a new signal ap@ea$81 ppm corresponding to the
furan signal £H>-NHCO confirming a complete conversion and the functionality of 4. Size
exclusion chromatography (SEC) analysis showed that no side reactions occurred during the

chainend modification steps as all thedea are perfectly superimposétdgure S1, 161).

The elastomeric network has been obtained by mixing li§umlT-PB with a stoechiometric
amount of bismaleimide in solution in a small amount of chlorofarifieflon molds. After
evaporation of the solvent and further vacuum drying, strips have been prepared from

transparent film for the different mechanical and themezhanical analyses.

Thesynthesis of the Pl network follows a similar protocol, reductive amination was pedforme

on the carbonyl telechelic polyisoprene (€T) with the DEA. The difference of reactivity
between aldehyde and ketone moieties towards secondary amines leads only to the reaction of
the aldehyde chaiand to give the Pl with two hydroxyl functions aétbame chaiend (H-

Pl, Scheme Sp146. The ketone chaiend was then reduced with NaBH order to obtaima
telechelic PI with 3 hydroxyl functions ¢PI, Scheme S1pl146. The total disappearance of

the triplet at 2.26 and 2.44 ppm correspondinghe ketone function associated to the
appearance of the triplet at 3.80 ppm of the alcohol functidil iNMR confirms the total
conversion of the ketone functioRinally, furanNCO was reacted with 3P1 to yield the

desired product Faf-Pl. 'H NMR analyses of all the intermediates are availabl&igare
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S5 SEC traces of GPI and FwuT-Pl are perfectly superimposedrigure S1, pl6J),

confirming the absence of coupling reactions during the synthesis.

Figure 58 'H NMR spectrum (*CDGJ) of AT-PB, HiT-PB and FuT-PB.x: signal present in the initial polymer.

The FupT-PB and Pl were readily obtained by reacting the furfurylamine, a primary amine
with the ketone and aldehyde cha&nds of the polymers. The complete conversion of the

carbonyl functions into amines was verifiedbyNMR (Figure S3 and S4p162163
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Sweling tests have been performed in chloroform to confirm the formation of the networks
(Table S1, p16l). Theswelling degree of the PB network is around 470 % with a soluble
fraction of only 3 %. This low value of the soluble fraction is consistent witkeled&fined
network containing a few amount of -gerosslinked chains. The swelling degree of the PI
networks is close to 1120 % and the soluble fraction is around 9 %. These highecaalbes
attributed to the lowest crodisking density of the Pl networks as Pl are trifunctional whereas

PB are tetrafunctional. For comparison, difunctional ponmEshéme? have been

synthesized and allowed only chain extension as these materials are completely dissolved in

chloroform after 48 hours.

The potential recyclability of the elastomeric networks has been tested by putting strips in a
closad pressure resistant glassware at 120 °C in a small amount of chloroform. A complete
dissolution of the polymer has been observed after 5 minutes yielding a homogenous viscous

liquid solution, thus confirming the efficiency of tihetroDiels-Alder reactimm (rDA) under

thermal treatmentRigure 59p). Remolding can then be performed by the same method as

previously described.

155



Chapitre IV. Modification chimique des bouts deidles du polyisoprene ou du
polybutadiéne et réticulation réversible

Figure 59: a. 1) Liquid PB and PI with furan end groups, 2) Rubber formation by addition of bismaleimide, 3) Recovery of
the used strips coming from the DMA and tensile tests, 4) Recycling of the rubkegrdiyA occurring and remolding for

news mechanical tests. Elastic modulus of the PB rubbers obtained in DMA analysiElastic modulus of the PI rubbers
obtained in DMA analysid. Tan_/ of the PB rubbers obtained in DMA analysisTan_/ of the PI rubbes obtained in DMA
analysisf. StrainvsStress curves obtained in tensile test analyses. Full line for the first molding and dotted line for the second

one.
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The thermemechanical properties of the elastomeric networks have been first investigated by

dynamic mechanical analysis (DMA) in a tension mode at a frequency of 1 Hz and a heating

rate of 4 °C mirt (Figure 5% and ¢). The PBnetwork shows a typal behavior of an elastomer

with a glass transition temperatufig)(at-93 °C and a steady rubbery plateau of 11.4 MPa from
-70°C to +70 °C. Associated with the$ UHDFWLRQ D GUDVWLF GURS RI WK
after +80 °C couldbe observed until a complete flow of the material due to r€g&tion. This

low value compared to the one giventhe literature by DSC analysis (110 £ 20 °C) can be
explained by the additional force induced by the tensile mode analysis of the DMA t¢8¢°!

Tan /traces othe PB network confirm the previous observatidrigyre 2d): a Tg at- 93 °C

is observed before a stable plateau until + 70 °C. Over this temperature, an increase of the Tan

/ associated to the rDA reaction appears.

The rDA reaction could also be detedtby differential scanning calorimetry (DS@jdure
S2 pl@&) where two endothermic transitions appeared at 110 and 140 °C corresponding to the

dissociation of the two diasteroisomers adducts femadgandexorespectivelyJi&17]

For the material obtaed after chain extension of the difunctional PB, an elastomeric behavior
can also be observed whereas the starting difunctional PB(P&) is a viscous liquid. DMA

analysis revealed a simildg at-93 °C, with a constant rubbery plateau betwe&0 °C and

+ 70 °C and a flowing of the material at 80 °C like for the network of|HBute 59).

However, the rubbery plateau suddenly increases5aiC to return to the normal value of its
modulus at20 °C. This modulus variation is associated to the crystallization followed by the
fusion of the chains. Indeed, DSC analyses of the different intermediates synthesized in this
study Figure S2 pl&) showthat the PB without chaiand modifications can crystallize -at

55 °C and melt a0 °C. But chain end modifications gradually decrease the phenomenon until
the complete disappearance of the crystallization for the network of PB. This can be attributed

to the steric hindrance of the chain end: higher are the modifications and lower are the chain
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able to crystallize. On another hand, the steric hindrance of linear PB is very |allcansl

the chain to crystallize as observed in DMA and DSC. Besides, WluaWKH HODVWLF SOD
for the extended PB is a decade lower than the crosslinked one (1.¢sNIPd4 MPa). The

properties of the extended PB are probably driven only by the entanglement of the very high

molar mass chains whereas for the network, the reversible chemical bonds increased the value

of the elastic modulus. This is further confirmed hystke test analysig={gure 59). The PB

QHWZRUN VKRZHG D FODVVLFDO HODVWRPHULF EHKDYLRU Z

at break of 4.7 Ma and an elongation at break of 130Pable 6). For the extended PB, the

<RXQJTV PRGXOXV DQG WKH VWUHVV DW E trésBliNkeD bhnd DQG

with a strain at break 30 % higher.

Table 6: Mechanical properties of the different elastomers after first and second molding cycle.

Cycle Young modulus Stress at break Strain at break Elastic modulus
(MPa)® (MPa) @ (%)@ at 25°C (MPa) ®
First 1.40 £ 0.09 1.1+0.1 185 + 26 1.1
Extended PB
Second 1.31+0.05 11+0.1 176 + 30 1.9
First 9.64 £ 0.67 48+0.7 130+ 19 11.4
Crosslinked PB
Second 9.58 + 1.40 46+04 126 + 18 12.2
First 1.41+0.11 41+0.8 600 + 86 15
Extended PI
Second 1.31+0.13 4.0x0.7 640 + 40 1.4
First 2.89 +0.17 74+04 542 + 26 3.9
Crosslinked Pl
Second 3.08 £ 0.06 5.1+0.8 510 + 89 3.6

(a)Values obtained by tensile test analysis. (b) Values obtained by DMA.

A similar study has been performed on the Pl networks and DMA analyses show similar results

to those observed for P‘Eigure 59 ande): a Tg around-63 °C, a stable elastic plateau at 3.6

MPa and 1.4 MPa until 70 °C for the network and the extended PI respectively. Again, above
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80 °C, the occurrence of the rDA reactiinduces the rubber flow. The value of the elastic

plateau is two times higher in the case of the crosslinkesipared to the chain extended

one|{Table 6). This gain is lower than the one observed in the PB. This could be attributed to a

lower crosdinking density of the PI rubber (trifunctional vs tetrafunctional). Tensile test
DQERDO\WHV RI WKH 3, VKRZ KLJKHU Y BsQ.XMRa)Rof th Kitdss<xdR X QI TV

break (6.2rs4 MPa) and a lower strain at break (532%20 %) for the crosslinked rubber.

Even if Pl and PB present similar chemical structure, their mechanical properties appear to be
quite different in the stretching of the dwnetworks (140 % for PBs 600 % for PI) for
precursors with similar molar masses. This behavior was already observed in the literature for
sulfur crosdinked networks as vulcanized high molar masscis4| and PB exhibited a strain

at break around 56600 % and 10@00 % respectivel{#* ¢l These results show thatezvif

small liquid chains (800 g.mof) have been employed, rubber with similar mechanical
propertiesasfor the long chain (over 60000 g.mot') can be obtained. This emphasis the great

potential of the telechelic cro$isked rubbers.

Recyclability ofthe networks and extended rubbers has then been studied by reprocessing the
used strips coming from thermal and mechanical analyses. Mechanical properties of the

recycled rubbers have again been analyzed by DMA and tensile tests. Results are represented

on|Figure 59%-e (dotted lines) and [ffable 6| For example, DMA traces of the first molding

of the PB network (solid blue line) and the second molding (dotted blue line) are completely
superimposed, with close elastic plateau values (4.2 MPa for the first and second
molding respectively). Regdless the cycle of molding, tensile analyses confirmed also the

SUHYLRXV REVHUYDWLRQV YDOXHV RI WKH <RXQJTV PRGXC(

close |Table 6). The full properties recovery of the recycled material obtained in all cases

(network and extension, Pl and PB), confirm the efficiency of the chosen rBdtedaction,
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starting from a liquid low molar mass furan telechgialymel) to produce elastomeric

networks with an excellent recyclability and processability.

I1.4. Conclusion

In summary, starting from commercial high molar mass polymers, an efficient synthetic
pathway has been developed to create furan telechelic pglycsoprene and polybutadiene,
which upon addition of a bismaleimide crosslinker agent, yield to a crosslinked rubber. The
starting network precursor (modified liquid polymer) has a huge impact on the final properties
of the material. In all cases, thedastomers based on the telechelic DA reaction show excellent

recyclability ability with properties recovery.
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[1.5. Supporting Information

Table SI Swelling results for the elastomeric networks (Average of three swelling tests per
sample).

Swelling degree Soluble fraction
(%) (%)
Network of PB 471+ 6 3.2+0.3
Network of Pl 1123 + 13 94+04

Figure S1 Superimposition of the SEC chromatograms of the PB and Pl intermediates.

As observed, all the curves are superimposed showing that no couplingomtrolled cross

linking occurs during the synthesis.
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Figure S2 DSC thermograms of the PB network intermediates (A) and PB extended
intermediates (B). DSC thermograms of the intermediates and the extended PB and PI (C).

For all samples, the Tg remains-88 °C. In the case of tetrafunctional intermediates, the
crystallization decreases with the chamd modifications until total disappearance for the
network. On the contrary, the crystallization is maintained evenerirlal material for the
difunctional polymers. rDA reaction can be observed on the Network of PB and Pl with 2
endothermic peaks at 110 and 140 °C and one peak endothermic peak at 120 °C for the extended

polymers.
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Figure S3:1H NMR spectrum (*CDGJ) of AT-PB, FusT-PB.x: signal present in the initial polymer.

Figure S4:'H NMR spectrum (*CDG)) of CT-PI, FugT-PI.
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Figure S5:1H NMR spectrum (*CDG)) of CT-PI, H-PI, HsT-PI and FuT-P!.
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Il Recyclable telechelic crostinked polybutadiene based on reversile
Diels-Alder chemistry.

1RXV YHQRQV &sthodskie,d paXifde@olydienes liqusarodifiés par des furanes

HQ ERXW GH FKDLQH GYREW HQradé¢ da FeactibrDoe/ Dietdl@eX Afld HF\F O D E
GYDOOHU SOXV ORLQ GDQV OfpWXGH OfHIIHW GH OD ORQJ
sur les proprit&s mécaniques des élastoméregdéaétudié. Le taux de réticulation, pour une
longueur de chaine fixeent® ° &D XVVL IDLW OfREMHW G Y X& kirpWXGH S

la quantité de bisnaléimidepar rapport a la quantité de furane en bout de clzadte varie.

Enfin, une étude pludétaillée dda recyclabilité du matéried été effectué. En effet nous
avons montré précédemment que nos matériauretaipable G rwuUH UHPLYV HQ IRUPH
F\FOH GTXWLOLVDWLRQ VDQV SHUWH GH SURSULpWpV QRX)
nombre de cycle€ette étude plus poussaéte réaliséeniquement sur IpolybutadienelLes
UpVXOWDWY REWHQXV VRQW SUpVHQWpPV j OD VXLWH GH FH

Abstract:

Chainend modification of low molar mass polybutadienes allowed the formation of thermo
reversible networkbased on the Diel8lder chemistry. Furan telechelic polybutadienes with
various chain length were first synthesized. Addition of anta¢éeimide (BM) compound to

the liquid polymer led to the formation of elastomeric networks. Properties of this mateal
highly affected by the chain length of the polymer precursor and the-lorkisg density,
monitored by changing the quantity of the BM compound. Finally, the capacity of recycling of
this rubber was shown by remolding the used material over 5 cyallesut mechanical

properties loss.
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I11.1. Introduction

In 2016, the total rubber production was over 26 millions of ton. Natural and symthdders
(polyisoprene, polyethylene/propylene/diene (EPDM), polybutadiene (PB), etc) are widely
used in many arsasuch as automotive, sport equipment, building materials or'tftdheir
elasticity, strength, creep resistance, chemical resistance and stiffness are the main properties
expected for these matddgaTo maintain these properties over time, the rubber has to be
chemically crosdinked. Sulfur vulcanization and peroxide curing are currently the main
methods used in industridlowever, the produced networks are irreversibly elioked. As a
consequere, the material is difficult to recycle and a huge quantity of waste is prodidted.
Recently, new routes to synthesize recyclable materials through reversiblintiogswere
investigated. Reversible covalent and fwowalent linkers like boronic esters, disulfide
linkages, imine bond, #honding, metal coordination or ionic interacsowere investigated.

3643 The DielsAlder (DA) reaction was the nsb studied to create reversible network for
various polymers like polyurethane, polycaprolactones, polyepoxides or more recently
polybutadiene.'*%% The most investigated DA reaction uses furan/maleimide coupling,
yielding an adduct that can dissociate under thermal treatment with no side reaction in pretty
mild conditions 2°

The thiolene reaction was generally employed to graft furan group along the polybutadiene
backbone onto the 1,2 unit:**Bismaleimide (BM) was then added to form a thermosensitive
dynamc network. Howeverwith thiol-ene chemistryside reactions likecyclization or
uncontrolled crostinking can occur?! 28 Moreover, the molar mass of the polybutadiene used

in these studies was very high yMetween 135 and 200 kg.rmyplwhich thus increase the
solubilization time and molding can be difficult due to high viscosity.

Recently, we developed a new route in order tgpays these difficultie® Low molar mass

furan telechelic 14is polydienes (polybutadiene of polyisoprene) were first synthesized. The
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addition of a BM compound to the liquid furan telechelicyd@nes led to the formation of a
reversible network based on the DA chemistry. Recyclability of the materials was shown over
2 cycles of remolding.

In this study, the effect of the chain length of PB precursors was studied by varying the molar
mass from B00 to 19000 g.mdl The influence of the crodimking density was also
investigated by changing the ratio furan/maleimigi@ally, the mechanical properties were

evaluated after 5 cycles of remolding

[11.2. Experimental section

Materials

Cis-1,4-polybutadi@e (L, cis-1,4-PB, 98% cisl,4, Mn= 150 kg.mof B = 2.8) was purchased
from Scientific Polymer Products, Inc:Ghloroperoxybenzoic acid (mMCPBA, -7%%, Acros),
periodic acid (HIOs . $OGULFK DFHWLF DFLG
triacetoxyborohydride (NaBH(OAg)97%, Aldrich), diethanolamine (DEA, 99%, Alfa Aesar),
furfuryl isocyanate (Furarnl & 2 $ O G UL F k(methylened#4,1-
phenylene)bismaleimide (Bismaleimide, 95%, Alfa Aesar), celite 545 (VWR), dibutyltin
dilaurate (DB'DL, 95%, TCI) were used without further purificatioretrahydrofuran (THF)
and dichloromethane (DCM) were dried on alumina column. Chloroform (§H&éthanol

and diethyl ether (reagent grade, Aldrich) were used as received.

Polybutadiene chemical modications
Synthesis of aldehyde telechelictjg-polybutadiene (2, Aldk-PB-Ald)
High molar mas<is-1,4-polybutadienel was first epoxidized with a known molar ratio of

mCPBA/butadiene (BD) units, followed by subsequent-poiecleavage of oxirane ugiby
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adding periodic acid as described in the literattifé. A typical reaction procedure is as
follows. mCPBA (300 mg, 1.25 mmol) dissolved in 10 mL of THF was added dropwise to a
solution of cisl,4-polybutadiene (3.22 g, 59.6 mmol of BD units) in 80 mL of THF at 0°C.
After 2h of reaction at room temperature,ipéic acid (1.05 eq. compared to mCPBA, 342 mg,
1.31 mmol) dissolved in 10 mL of THF were added dropwise and stirred during 2 h at room
temperature. The solvent was then removed under reduced pressure and the crude product was
dissolved in diethyl ether bare filtration on celite to remove insoluble iodic acid. The filtrate
was then concentrated before washing 2 times with saturated solution (30 mL of each) of
Nax$03, NaHCQ and distilled water. Finally, the organic layer was dried with Mg${@ered

on celite and the solvent was evaporated to dryness yietdygdiow liquid2. Mn nvr = 5300
g.mol!, My sec= 5750 g.mot', B = 1.9, yield: 90 %'H NMR (400 MHz,CDC4): (/, ppm)

9.77 (t, 2x1H,-CH,-H(C=0)), 5.38 (m, 194H;CH,-CH=CH-CH,-), 2.49 (t, 4H,-CHy-H-
(C=0), 2.38 (t, 4H; CH2>-CH.-H-(C=0), 2.09 (s, 388HCH,-CH=CH-CH>-).

Synthesis of tetrahydroxyl telechelic-tig-polybutadiene (3, (OHxk-PB-(OH)2)

Ald-xk-PB-Ald 2 (1.71 g, 0.68 mmol aldehyde) dissolved in 8.5 mL of dry THF and 3 eq of
DEA (21.5 mg, 2.04 mmol) were mixed and stirred at 40°C during 2h under inert atmosphere.
3 eq of NaBH(OAQ® (433 mg, 2.04 mmol) and 1.2 eq of acetic acid (47 L, 0.82 mmol) were
added to the solution and stirred at 40°C overnight under inert atmosphereoAftentration,

the product was purified by precipitation/dissolution in methanol/DCM several times and dried
under vacuum to obtamcolorless liqui®. Yield = 88%.H NMR (400 MHz,CDCY): (/, ppm)

5.38 (m, 194H;CH,-CH=CH-CH,-), 3.72 (t, 8.0H;CH,-CH,-OH), 2.81 (t, 8H-CH,-CH.-

OH), 2.70 (t, 4H;CH2-N(-CH2)2-), 2.09 (s, 388H;CH2-CH=CH-CH>-).

Synthesis of tetrafuran telechelic-digl-polybutadiene (4, Furxk-PB-Fury)

(OH)2-xk-PB-(OH)2 3 (1.37 g, 1.09 mmol hydroxyl groups) was dissolved in 6.5 mL of dry

DCM. 1.5 eq of furasNCO (176 pL, 1.64 mmol) and 5% mol of DBTDL (32 uL, 55 pumol)
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were added to the solution and stirred at 40°C during 6h under inert atmosphere. After
concentration, therpduct was purified by precipitation/dissolution in methanol/DCM several
times and dried under vacuum to obtainbrown liquid4. Yield = 91%'H NMR (400
MHz,CDCk): (/, ppm) 7.34 (m, 4HCH=CH-O- furan), 6.29 (m, 4H,.CH=CH-O- furan), 6.21

(m, 4H, C=C4-CH=CH-O- furan), 5.38 (m, 194HCH,-CH=CH-CH,-), 4.32 (d, 8H, furan
CH2-NH-), 4.14 (s, 8H-CH2>-CH2-O-), 2.76 (s, 8H;CH2-CHo-O-), 2.54 (s, 4H-CHo-N(-

CH2)2-), 2.09 (s, 388H;CH2-CH=CH-CH>-).

Preparation of Polybutadiene network (Nekmr-xk-PB-n)

The notation for the synthesized networks Netmr-Xk-PB-n with Rwr the molar ratio
Maleimide/Furan, xk the molar mass of the PB precursor and n the cycle of maéiding.
example, Nat5k-PB-1 was obtained with 1 g of Fubk-PB-Fur. (1g, DP=93, 0.80 mmol of

furan) dissolved in 1 mL of CHghnd mixed with 1 eq of maleimide groups (0.5 eq of bis
maleimide, 150 mg, 0.40 mmol) dissolved in 0.5 mL of CHThe mixture was heated 10 min

at 60°C in a closed glassware ateposited in a Teflon mold. The solventsanat evaporated

for 24h at room temperature and the sample was completely dried under vacuum for an extra

24h to obtain a transparent film without air bubble.

Swelling and soluble fraction of the network

Dried networks (initial masan, approximately 40mg) were put into chloroform at room
temperature for 24h. Chloroform was changed and samples were immersed again for 48h at
room temperature. Swollen sample were weighted (swollen mgssnd dried under vacuum

until constant mass (dry massy). Each ample was analyzed in triplicate. Swelling degree

and soluble fraction were determined by Egs. 1 and 2 respectively.
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Swelling degree = ( F I «x;8l , Hsrr:" ; (egs. 1)

Soluble fraction =:1 gF | «;=l  Hsrr:" ; (egs. 2)

Remolding of the films

All the strips used for DMA and tensile tests analyses were put into a closed glassware (1 g in
1.5 mL of CHC$) and heated at 120°C for 10 minutes. After 5 minutes at room temperature,
the liquid solution waput in a Teflon mold before waiting for 24h for solvent evaporation and

was further dried under vacuum for 24h to obtain a transparent film without air bubble.

Characterization
Liquid-state'H NMR and*3C NMR spectra were recorded at 298 K on a Brukeane 400
spectrometer operating at 400 MHz and 100 MHz respectively in appropriate deuterated
solvents. Polymer molar masses were determined by size exclusion chromatography (SEC)
using tetrahydrofuran (THF) as the eluent (THF with 250 ppButylated hydoxytolueneas
inhibitor, Aldrich). Measurements were performed on a Waters pump equipped with Waters R
detector and Wyatt Light Scattering detector. The separation is achieved on three Tosoh TSK
gel columns (300 x 7.8 mm) G5000 HXL, G6000 HXL and a Mol HXL with an exclusion
limits from 500 to 40 000 000 g.mbylat a flow rate of 1 mL/min. The injected volume was

—/ &ROXPQVY WHPSHUDWXUH ZDV f& ORODU PDVVHV
standards calibration. Data were processed with Astiware from Wyatt. Thermo
JUDYLPHWULF PHDVXUHPHQWY 7*$ RI SRO\EXWDGLHQH VDF
Instruments Q500 under nitrogen atmosphere with platinum pans from room temperature to
600 °C with a heating rate of 10 °C.niinDifferenial scanning calorimetry (DSC)
PHDVXUHPHQWY RI SRO\EXWDGLHQH VDPSO$CVQ1@ LNPJ ZHUFE

apparatus from TA Instruments with a heating and cooling ramp of 10 °€.ifiwe samples
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were first heated from 25 °C to 80 °C and held at@Gor 10 min in order to eliminate the
residual solvent, then cooled-th0 °C and finally heated to 200 °C. The analyses were carried
out in a helium atmosphere with aluminum pans. Tensile tests were performed on a MTS Qtest
25 Elite controller (Frange The initial grip separation was set at 20 mm and the crosshead
speed at 50 mm/min. The results were obtained from at least 4 replicates for each sample. A
TA Instrument RSA3 was used to study dynamic mechanical properties of polybutadiene
samples. Theasnples were analyzed under nitrogen atmosphere {06 °C to 200 °C at a
heating rate of 4 °C.mih The measurements were performed in tensile mode at a frequency
of 1 Hz, an initial static force of 0.1 N, and strain sweep of 0.F&arier transformnfrared

(FTIR) spectra were recorded on a Bruker VERTEX 70 instrument ¢4esolution, 32 scans,
DLaTGS MIR)equipped with a Pike GladiATR plate (diamond crystal) for attenuated total

reflectance (ATR) at room temperature.

I11.3. Results ard discussion

Preparation of furan-functionalized telechelic polybutadiene

In order to synthesize furemnctionalized telechelic polyme{S¢hemeB) with different chain

lengths, aldehyde telechelic polybutadiehdAld-xk-PB-Ald) were first prepared by the
controlled degradation of high molar mass 1,4-PB 1 by varying the epoxidatiorate with

mCPBA followed by the oxidative scission of epoxides with periodic &€f#f. Results are

shown inTable 7| Polybutadienes with molar masses ranging from 5 000 @Q9%.mol1

were targetedThealdehyde functions can be easily observed-bNMR spectra with a signal

at /=9.77 ppm allowing to evaluate the molar magse&gufe 60| spectrum g.

Table 7. Synthesis of polybutadienes with various molar masses
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L )
Epoxidation Mn R ®

0)
rate (%) (g.motY) DP e ™ (I\;.n;z(rzl) pd  f (-OH)? f(-furan)?
2.10 5 300 97 5750 1.9 3.9 4.0
1.20 8 800 160 12 000 1.6 4.0 4.0
0.91 13 300 246 15 800 1.6 4.0 3.9
0.63 16 000 296 20 000 1.8 4.0 3.9
0.53 19 000 352 23 000 1.7 3.9 4.0

2 molar mass oAld-xk-PB-Ald calculated byH NMR using following formula : Mnwr = (|
(5.38) /1 (9.77) x 54 ] + 100% Degree of polymerization (DP) calculated by using the following
fomula DP nvr = | (5.38) /1 (9.77) ;9 molar masses oAld-xk-PB-Ald measured by SEC
calibrated with polyisoprene standardsgispersity measured by SE®;hydroxyl group
functionality caculated by'H NMR using the following formula: f-QH) = 1 (3.72) whenl
(5.38) = DPnwr ; ” furan group functionality calculated By NMR using the following

formula: f (furan) =I (4.12) when (5.38) = DPumr.

Hydroxyl telechelic polybutadiene8 ((OH)>-xk-PB-(OH).) were prepared by reductive
amination of aldehyde groups ®fvith an excess of diethanolamine (DEA) in the presence of
NaBH(OAc) to end up with an hydroxyl functionality of*334TheH NMR analysis of the
product showed indeed the complete disappearance of the aldehydd sigB@al7 ppm) and

the appearance of a new signal corresponding to BN at 2.7 ppm indicating a total

conversion into aming={gure 60| spectrum b|Table 7).
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Scheme8 : General synthetic routefor the preparation of furan-telechelic polybutadienes.

Furanfunctionalized telechelic polybutadien&@~ur.-xk-PB-Fur,) were obtained from (OH)
xk-PB-(OH). by reacting this latter with furaNCO in the presence of dibutyltin dilaurate at

40 °C. ThetH NMR of the product showed all the expected signals correspondingztak=ur

PB-Fur.. The shift of the HECH>- signal from 3.72 ppm to 4.12 ppﬁigure 60| spectrum g

and the appearance of the furan sigeaH,-NCO at 4.31 ppm allowed confirming the full

conversion of hydroxyl groups into urethane functions. The calculated furan group functionality

is very close to 4 as showrTable 7

SEC analysis of all the samples confirmed the molar masses calculated by NMR. Besides,
comparison of the different chemicals intermediates for each molarseréss confirm that no

side reactions occurred during the chamd modification steps as all chromatograms are
perfectly superimposed (see for example, elution profiles of the 9 000 gimetmediates

series orfigure S1(p188).
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Figure 60. 'H NMR spectra the aldehyde telechelic polybutadiene (A), hydroxyl telechelic polybutadiene (B) and the
furan telechelic polybutadiene (C) for the 5000 g.mot*series in CDCh (*).

Formation of polybutadiene networks and recycling

Films were prepared by mixing Furk-PB-Fur. samples dissolved in CHECIwith a

stoechiometric quantity of bismaleimide. After evaporation of the solventigmag under

vacuum transparent film without air bubble were obtain&ygre 61). Strips (5 mm width,

25 mm length and 0-@.7 mm thick) were prepared from the film for the different mechanical

and thermo mechanical analysis. Reversibility of the nddsvaras then investigatggigure

shows the efficient redissolution of used strips when heated in chloroform at 120°C in a

closed glassware and tharrination of a new film after drying.
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Figure 61. Formation and remolding process for the polybutadiene film preparation.

The networks were further characterized by measuring their swelling degree and soluble
fraction. Thenetworks constituted by the smallest chain (5 kginskt-5k-PB) exhibit a very

low soluble fraction of 3 % associated with a swelling degree of 47Gigtire 62). The

swelling degree and the soluble fraction both increase with the chain length of the precursor
and goes up to 1300 % and 9 % respectively for-Net-PB. Increasing the chain length
between the crodmkers allows a higher mobility dhe chain and therefore a better swelling.
Surprisingly, a similar swelling degree was observed for the network obtained from precursors
with molar masses of 19 kg.mand 16 kg.mot. This could be attributed to the entanglement

of the polymeric chaindndeed, when the network is formed with precursors of 5 kg,mol
entanglement is negligible compared to the clivdsng density. However, when Mof the
precursor is over 16 kg.mglentanglement could limit the swelling of the network. Finally, in

al cases, the soluble fraction remains relatively low and confirms the good efficiency of the

crosslinking.
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Figure 62: Chain length effect on the swelling degree and soluble fraction of the PB networks.

Thermo-mechanicalanalyses of the networks

DSC analyses revealed a similgrvalue around103 °C for each sample regardless the chain

length and the chaiand modification of the polybutadiene. The different DSC curves for the

Neti-xk-PB networks were shown fifigure 63a. In all of the cases, two endothermic peaks

corresponding to theetro-Diels-Alder (rDA) at 110 and 140 °C can be observed due to the
formation of theendo and the exadducts during DA reactio.The exeadduct is thermally
more stable than the endo and its reVdisy occurs at higher temperature, which explains
these two peaks. Comparison of the 9 000 glimdermediates series confirm that these peaks

are associated to th®A, indeed they appear only when the polybutadiene is -tirds=d

(Net:-9k-PB |Figure 63b).
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Figure 63. a) Normalized DSC curves of crostinked PB. b) Normalized DSC curves of the @00 g.mof* modification.
c) TGA curves comparison of the Natxk-PB series. d) Theoretical weight loss vs observed weight loss of the polymer
at 300°C. e) TGA curves comparison of the 800 g.moi' modification series.

Crystallization and fusion of thas-1,4-polybutadiene are known to occur in the rangé °C

/ - 10 °C3538|n this study, it can be observed that the aldehyde telechelic polybutadiene with a
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chain length o® 000 g.mof' was able to crystallize like the hydroxyl and furan homologues

Figure 63p). However, the intensity of the crystallization and melting peaks locaté@ anhd

-8 °C respectively decreases significantly at each step of the PB modifications until a complete
disappeeance for the network. An increase thie steric hindrancef the chairend could

preventhe polymer to crystallize leading to a decrease of the melting peak intésssiyown

on[Figure 63, only the crosslinked elastomer with a PB precursor of 19 000 §was able

to crystallize. This phenomenon could be attributed to the incapacity for the shorter chain to

crystallize due to the lack of mobilitgduced by the crodiking density.

All the networks were further analyzed by TGA. A higher weight loss is observed at 300 °C for

lower chain length. The initig?B exhibited a weight loss of 0.5 % whereas for tha-iiek,

9k and 5kPB, the weight losss equal to 3.5, 6.8 and 12.9 % respecti\f€igure 63f). This

could be attributed to theedradation of the furan ringsh& shortest chains haviagoutadiene
units/furan ratio lower than the highest ones. Consequently, a higher weight loss was observed
in agreement with a higher furan mass fract@amparison of the theoretical weight loss with

experimental of the furan loss at 300 °C in functdrthe chain length is in good agreement

with this hypothesigRigure 63f). To further confirm the furan moieties degradation, curves

of 9 000 g.mof intermediate series wecemparedand the weight loss only appearedFoir-

9k-PB-Fur, andNet-9k-PB with an equivalent weight logBigure 63k). 372°

DMA analysis was further performed in tensile mode in order to evaluate the properties of the

Neti-xk-PB |Figure 644 andb). Solid lines represent the first molding of the polymer whereas

the dotted lines correspond to the recycled ohexluli of the samples were measured during
the heating ramp (4 °C/mjibetweent105 to 100 °C after a controlled cooling ramp (4 °C/min)

from room temperature td05 °C. Values of the storage modulg(clearly show that shorter
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is the chain length of the precursor, higher is the value of the rubbery plaigane 64q). For

instance, the modulus at 25 °C increased from 1.4 MPa to 11.4 MRatfdr9k-PB andNet:-
5k-PBrespectively. This can be attributed to tiigher crosdinking density of the network
formed by the shortest chains. However, the rubbery plateau for th&INBB reaches its
value directly after the @ (-93 °C) whereas for all of the other networks, the rubbery plateau is

reach at20 °C |q:igure 64p). A secondary plateau near 400 MPa is observed-26titC for

the networks with molar masses higher than 9 000 ¢t.nihis could be assoced to the

crystallization and fusion of the chains. Indeed, the PB can crystgfigeré 63a andb) as

show previously by DSC. At higher temperatuad, curves indicate a loss of the elastic
properties of the network at -8D °C. This is again due to the rDA reaction. Indeed, even if in
the literature it is reported that rDA started to occur at B0 °C depending on the system, the
loss of these pragties at 7680°C in DMA analysis is due to the tensile mode which adds an
additional strength promoting the rDAt lower temperature as already shown for other

polymeric materialg?14:16:40
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Figure 64. DMA analyses of the crosdinked PB. a) Effect of thechDLQ OHQJWK RQ WKH UXEEHU\ SODWHDX
the chain length on the loss factor (). c) Tensile test curves of the Netk-PBx (first molding in solid lines, second

PROGLQJ LQ GRWWHG OLQHV G <RXQJTV P RIBng&ixh\At bEe@KkXyellowyolheatworo W EUHD N
obtained by tensile analysis vs the chain length (first molding in solid lines, second molding in dotted lines).

Comparison of the loss factor (Tdpcurves of the networks allows to distinguish three peaks

regardless the chain lengtkigure 64b). The first one at90 °C is associated to tAg of the

polybutadiene chains, close to the one observed in DXecéAndary peak, associated to the
fusion of the polymer chain arounti5°C is observed for network with chain length over 9

kg.mof! (Figure 64b). This is also in good agreement with the DSC analysis (melting of the

PB at-8 °C). The last peak near 80 °C can be attributed to the flowing of the chains due to the
rDA reaction.

A first set of recyclability experiments were performed. As explained previously, the used strips

were redissolved to make a new molding. DMA results were reported in dotted lifigore

andb. The second molding did not affect the mechanical properties of thelintess
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materials. Indeed, curves from the first and second molding overlap perfectly showing an
excellent recyclability of the elastomevhatever the chain length of the PB precursor.

Tensile tests were then performed to further study the chain length effect on the mechanical

properties. Tensile curves recorded at ambient temperature are represghtroieo®4g (first

PROGLQJ ZLWK VROLG OLQHV DQG VHFRQG RQH ZLWK GRWYV
modulus and the elongation at break were deternonean average of at ledsur samples

Results are summarizedtable S1(p189).

Mechanical properties were affected by the chain length of the precursor. For example, the
<RXQJTV PRGXOXV ZHQW IURP 1-5k-0BandWe-19k-PB8dpddivelyl H W

The stress at brkavas close to 5 MPa for Nebk-PB but decreased gradually till 1.7 MPa for
Net-19-PB. Finally, elongation went from 120 % for the shortest chains to 450 % for the
highest ones. This is in good agreement with DMA analy, it appears that the
characteristics of the network do not change much for highest molar masses as plateau a seems

to be reached. Recyclability of the polymer was agsted in tensile analyses (dotted lines)

and a very good reproducibility was observeda DMA.

Recyclability investigation

It was shown that the networks recover their themszhanical properties after 2 cycles of
use/remolding. To investigate fueth the recyclability of the networks, the mechanical
properties of the Netl3k-PB were studied over 5 cycles of reprocessDiIA analyses

clearly demonstrated tha KH YDOXH RI1 WKH HQ@daytheldm@E@@ird/aidmX (T Wk

were not affected by the remolding of the material over 5 reprocegSmge 65a andb).

Tensile tests analyses furtheméirmed the results obtained by DMA. Whatever the cycle of

UHPROGLQJ WKH <RXQJYV PRGXOXV VWUHVNMg&epxs)VWUDLQ
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All the values are given imable S2 (p18). All of these results showed the excellent

reprocessing ability of the polybutadiene reversibly crosslinked at the-ehdm

Figure 65. Storage modulus a) and Tar/ b) obtained by DMA after 5 reprocessing cycles of the reversible crosslinked
Net1-13k-PB. c) Effect on the tensile test analysis after 5 reprocessing of Neit3k-PB-n.

Effect of the crosslinking density on the polybutadiene properties

In thepreviously synthesized rubbers, the molar ratio between the maleimide and the furan end

groups (Rir) was always equal to 1:1. This ratio was then varieg €R1.0, 0.75 and 0.50).
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Swelling properties of the 9 000 g.rmaleries Netkme-9k-PB) were firstanalyzedFigure 66’.

It can be seen that by decreasing tiwe fRom 1 to 0.50, the swelling degree increase from 690

to 1 800 %. This was accompanied by a significant increase of the soluble fraction from 4 % to
28 % when Rr is equal to 0.50. This phenomenon can be easily explained by the decrease in
the crosdinking density: at 0.5 equivalent of BM, the network is statically not dnoksd
explaining the high values of swelling and soluble fraction. For comparison, the swelling degree
and soluble fraction reached 3 600 % and 55 % foNties-16k-PB respectivly The higher

chain length reduces the chain ends encounter probability, explaining the high value of soluble

fraction.

Figure 66 : Crosslinking effect on the swelling behavior and on the soluble fraction of thBletrmr-9k-PB.

DMA analysis of the Nei#ur-9k-PB series|Kigure 67a) showed that the elastic modulus

decreased with this ratio. Indeed, whewis equal to 1 (Net9k-PB), the elastic modulus is
close to 5.2 MPa whereas for the NgtOk-PB,Ef LV H DX MBa.WHs phenomenon can
be attributed to the crodisking density of the network as the chain length stays the same while
the maleimide content decreases. The network is not completelylioless and some chain

ends are free. In this conditiongetimetwork is softer and the elastic modulus decreases. The

same behavior can be observed on theriNel6k-PB series |EFigure 67p). It was even
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impossilte to analyze the Neto-16k-PB by DMA. Indeed, the amount of BM was likely too

low for the formation of a network, allowing a quick flow of the sample in our test conditions.
7THQVLOH WHVWYV ZHUH DOVR FDUULHG RXWshQHe NéddisYy HDOHG
9k-PB series decreased from 3.1 to 0.6 MPa like the maximum stress at break (2.9 to 0.7 MPa)

by decreasing the RMF from 1 to 0.50. Similar results were obtained on the-116k-PB

series|Figure 67¢ andd). Surprisingly, strain at break was not affected by the dnoking

density and remained almost constant. As mentioned above, elongation at break seems to be

only affected by thehain length|{Figure 67¢). Indeed, strain at break is around 180 % and 400

% for the series of 9 000 and 16 000 g.f@ispectively. These results suggest that the network

breaks along the PB backbone and not at the DA adduct level.

Figure 67. Effect of Rur on the network properties. a) DMA analyses of the Netir-9k-PB series; b) DMA analyse®f

the Netrvr-16k-PB series.F <RXQJfV PRGXOXV G 6WUHVV DW EUHDN DQG H 6WUDLQ DW E
effect of the Rur on the mechanical properties of the network vs the chain length of the precursor (yellow: Ngi--9k-

PB, red: Nermr-16k-PB).
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I11.4. Conclusion

Thermoreversible crodsked polybutadiene networks were prepared from telechelic
polybutadienes obtained via simple and efficient chemistry. Commercial high molar mass
polybutadiene was first degraded into polymers of smaller molar masses to decrease
significantly the viscosity of the rubber in order to facilitate its use. Furan telechelic
polybutadienes with a functionality of 4 were then synthesized with various chain lengths. The
addition of bismaleimide yielded crebsked rubber through DA/rDA redoin. Reversibility

of the crosdinking was shown by dissolution test in hot chloroform. DMA and tensile tests
showed thathe materials kept their properties after several remolding cycles, proving the
recycling ability of the polybutadiene networks syetized in this study. The networks can be
used in a temperature range-@D°C to 80°C without properties loss. Thermechanical
properties can be tuned by changing the molar mass of the telechelic PB. Higher chain length
of the PB precursor reduces theuig and elastic moduli but increases the elongation at break,
whereas shorter precursors reduce the elongation at break and increase the Young and elastic
moduli. By changing the crodmking density (the quantity of bisaleimide), it was also

possibleto tune the mechanical properties of the polybutadiene network.
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[11.5. Supporting Information

Figure S1: SEC chromatograms of the synthetic intermediates for the 9 000 g.mderies.
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Table S1. Mechanical properties of the Netxk-PB-n vs the chainlength of the precursor.

Young modulus Stressat  Strain at Elastic modulus
Samples
(MPa) break (MPa) break (%) (25°C, MPa)
Net;-5k-PB-1 9.6+ 0.7 4.8+ 0.7 130 + 19 11.4
Net;-5k-PB-2 9.6+£14 4604 126 + 18 12.2
Net;-9k-PB-1 3.5+ 04 28+05 160 + 31 5.2
Net;-9k-PB-2 3.1+ 02 29+0.3 170+ 19 4.0
Net-13k-PB-1 1.4+0.0 23103 337+ 15 2.4
Net-13k-PB-2 1.3+ 0.0 2.7+0.1 398 + 15 25
Net;-16k-PB-1 1.0+ 01 2.3+0.2 421 + 48 1.6
Net-16k-PB-2 1.0+ 0.1 14+0.2 380 + 40 16
Net;-19k-PB-1 0.8+ 02 1.7+03 450%75 14
Net;-19k-PB-2 0.8+01 1.6+0.3 375+ 14 13

Table S2. Mechanical properties of the Net13k-PB-n recycled over 5 cycles.

Young Stress at  Strain at Elasticmodulus
Samples
modulus (MPa break (MPa) break (%) (25°C, MPa)
Net;-13k-PB-1 1.6+0.2 21+0.2 325+50 2.4
Net;-13k-PB-2 1.3+ 0.2 27+0.3 38088 25
Net;-13k-PB-3 1.3+ 04 27+0.1 398+15 25
Net;-13k-PB-4 1.1+ 0.1 22+0.2 390091 2.0
Net;-13k-PB-5 1.4+ 01 24+03 325%30 2.1
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IV. Supramolecular reversible network from ureidopyrimidone telechelic

polybutadiene.

Basé sur la chimie des bouts de chainexldgpés dans les deux précédentes partiee de

chapitre nousavons voulu essayer de greffer a la place des fuemé®uts de chainakes

fonctions UPy En effet, le groupement UPy développé par E.W. Meijer a la fin des années 90
HVW FDSDEOH GH VH GLPpULVHU DY H§acéQHle men@MWEEB QWH C
liaisons hydrogendl estainsi possible deréaLVHU GHV UpD Fde chairg\a paridH [ WHQ V

de polymersliquides pour obtenir umatériauavec des propriétédastomeres

Dans cette sous partida synthése et la caractérisatQ GTXQ UpVHDX GH SRO\
fonctionnalisé par des UPy en bouts de chaseea décrite $ WLWUH FRPSDUDWLI Gt&t
de chainea aussi été réaligé Danstousles cas, lgolybutadiéndiquide avant greffage est
devenu solidapres modificationles bouts de chainees pages suivantégcriventa synthese
DLQVL TXH OHV UpVXOWDWYV R E WétiCukés/réVexsiblembntéhQomtide VH G
chaines par les fonctions UPy/HV UpVXOWDWY VRQW SUpVHQWpV VR

scientifique.
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IV.1. Introduction

A supramolecular material can be defined as macromolecules witbovalent and transient
interactions generating a network that can be used forhealing, shapenemory,

thermoplastic elastomer, controlled release or adfiesive substrajds6]. The quadruple

hydrogenbonding unit UPy |figure 68 GHYHORSHG E\ OHLMHUfV JURXS

complementary with a dimerization constan6df0’ M " in chloroform([7] A large variety of
UPy-functionalized oligomers based on polycaprolactdded, poly(ethylene butylene)

[9,10], polyester[11,12] or poly(dimethyl)siloxandd 3,14]was ateady reported. In all cases,
enhanced mechanical properties were obtained. In addition to the UPy dimers and the chain
extension, improvement of the material properties was further observed when the connecting
group between the UPy and the polymer iseauwr urethane function. Indeed, these secondary
interactions can contribute to the material properties by promoting the stacking of the UPy
dimers thanks to the hydrogen bonds formed between the urea/urethane linkedefifved
nanofibers with diametesf 6 to 7 nm was therefore observed by AHM10,13,15]0HLMHU fV
team suggested that the formation of the WBgofibers was due to a multistep hierarchical
process involving first the dimerization of théPy giving the Upy dimers. Then, the
urea/urethane groups can sa$isemble via lateral hydrogen bonding interaction resulting in the
stacking of the dimers. The URyea aggregates can induce phase separation with the polymer
backbone promoting the nanoérs formatiorfl5#9] Improvement of the mechanical
properties can be observed when more than two associating groups are present on the
supramolealar polymer[20 22]

Recently, we developed news recyclable systems based on theAldieischemistry.[23]
Polyisoprene (PI) or polybutadiene (PB) were first chemically modified in order to obtain
furans groups at both cha@gmds of the plymers. Addition of a bisnaleimide compound to

the liquid modified polymer lead to the formation of a thermoreversible-tirdsesl networks
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based on covalent bonds. This study was focused on the formation of a reversible networks
based on hydrogen bomgj, thank to the UPy moieties. Baskaran angvodkers have shown

that thefunctionalizationof a polybutadiene at one chand induced a micellarluster
morphology with a UPy core and a polybutadiene corona. The micelle aggregation can be
improved by tle grafting of two UPy groups on the same ckend[24] On anothehand, it

was demonstrated that the UPy telechelic polybutadiene is able to form micellar aggregates,
and that the linker between the UPy groups and the polymer play also a role in the phase
separation[25]

Compared to Baskaran, it was proposed hesgrithesize a UPy telechelic polybutadiene with

two UPy groups at both chaends of the polymer. In these conditions, the UPy functionality
per chains equal to 4 should allow the formation of a reversible network. Properties of the
materials, with possibl&JPy dimers stacking, should be completely different from the furan
crosslinked materials. Mechanical properties were analyzed by DMA and tensile tests,
recyclability ability of the material was them evaluated. Phase separation induced by the UPy

groups vas then further analyzed by AFM and DSC analyses.

IV.2. Experimental section

Materials. Cis-1,4-polybutadiene (98% ci%,4, Mn = 150 kg.mof B = 2.8) was purchased

from Scientific Polymer Products, Inc.Ghloroperoxybenzoic acid (mMCPBA, -7%%, Acros),

periodic acid (HIOs . $OGULFK DFHWLF DFLG $O(

triacetoxyborohydride (NaBH(OAg)97%, Aldrich), NaBH (Aldrich) diethanolamine (DEA,
99%, Alfa Aesar) 2Amino-4-hydroxy-6-methylpyrimidine (98%, Fisher), hexamethylene
diisocyanat (98%, Alfaaeser), celite 545 (VWR), dibutyltin dilaurate (DBTDL, 95%, TCI)

were used without further purification. Tetrahydrofuran (THF) and dichloromethane (DCM)
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were dried on alumina column. Chloroform (CH)CImethanol, pentane and diethyl ether
(reagent grade, Aldrich) were used as received.

UPy synthesis.A solution of 2amino4-hydroxy-6-methylpyrimidine (7.9 mmol, 1g) in
hexamethylene diisocyanate (55.9 mmol, 9.1 mL) was heated at 100 °C for 16 h. Pentane was
added and the resulting precipitateswdtered and washed with pentane. The white powder
was dried at 50 °C under reduced pressure. Yield: 93 86MR (400 MHz, CDCI3): (, ppm)

13.1 (s, 1H, CECNH), 11.9 (s, 1H, CeNH(C=0)NH), 10.2 (s, 1H, CENH(C=0)NH), 5.8 (s,

1H, CH=CCHb), 3.3 (m, 4H, M(C=0)NHCH2 + CH2NCO), 2.2 (s, 3H, 83C=CH), 1.6 (m,

4H, NCHCHy>), 1.4 (m, 4H, CHCH2CH2CH,CHy).

AT -PB synthesis.High molar masgis-1,4-polybutadiene (8.47g) solubilized in 300 mL of
THF was first epoxidized by a dropwise addition of a mCPBA sol§8d22 mmol, 771 mg in

20 mL of THF) at 0°C. After 2h of reaction at room temperature, periodic acid (1.05 eq.
compared to mCPBA, 3.38 mmol, 770 mg) dissolved in 20 mL of THF was added dropwise
and stirred for 2h at room temperature. The solvent was thewvesl under reduced pressure
and the crude product was dissolved in diethyl ether before filtration on celite to remove
insoluble iodic acid. The filtrate was then concentrated before washing 2 times with saturated
solution (30 mL of each) of N&Os, NaHQOOs and distilled water. Finally, the organic layer
was dried with MgS@ filtered on celite and the solvent was evaporated to dryness to obtain
AT-PB. Mn wwr) = 4 400 g.mot, DPumr = 80, My sec= 5 250 g.mot, B = 1.5, Yield: 91 %.

'H NMR (400 MHz, CDCJ): (/, ppm) 9.77 (t, 2H;CH,-CHO), 5.38 (m, 2nH;CH-CH=CH-

CH-), 2.49 (t, 4H,-CH,-CH2>-CHO), 2.38 (t, 4H,- CH>-CH>-CHO), 2.09 (s, 4nH;CH-
CH=CH-CH-) with n=80.

H4T-PB synthesisAT-PB (2.0 g, 0.93 mmol aldehyde) dissolved in 10 mL of dry THF and 3
eg of DEA (292 mg, 2.78 mmol) were mixed and stirred for 2h under inert atmosphere at 40°C.

3 eq of NaBH(OAQ® (597 mg, 2.78 mmol) and 1.2 eq (64 uL, 1.10 mmol) of acetic acid were
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added to the solution and stirred at 40°C overnight under inert atmospftereoncentration,

the product was purified by precipitation/dissolution in methanol/DCM several times and dried
under vacuum to obtai colorless liquidHsT-PB. Yield = 88%H NMR (400 MHz, CDCY):

(/, ppm) 5.38 (M, 2nH;CH2-CH=CH-CH,-), 3.72 (t,8.0H, -CH,-CH»-OH), 2.81 (t, 8.0H;
CH2-CH2-OH), 2.70 (t, 4H,-CH2-N(-CH2-CH2-OH)), 2.09 (s, 320H;CH2-CH=CH-CH>-)

with n=80.

UPy4T-PB synthesisH4T-PB (1.42 g, 1.32 mmol ofOH groups) was dissolved in 8 mL of

dry chloroform and mixed with 1.2 eq of YR464 mg, 1.58 mmol) and 5 m&b of
dibutyltindilaurate (39 uL, 66 pumol) and stirred at 60°C for 16 hours. After reaction, sufficient
guantity of silica functionalized with amine was added to the reactive mixture in order to react
with the excess of UPyelfore filtration. The chloroform was then evaporated under reduced
pressure and the polymer was further dried under reduce pressure at 50 °C for 24 h to obtain a
white powder UPyT-PB. Yield = 81%H NMR (400 MHz, CDCJ): (/, ppm) 13.13 (s, 4H;
CH3CNH), 11.86 (s, 4H;CH2NH(C=0)NH), 10.13 (s, 4H;CH:NH(C=0)NH), 5.85 (s, 4H
CH=CCH), 5.38 (m, 2mH;CH,-CH=CH-CH;-), 4.11 (m, 8H;(C=0)0O-CH>-), 3.26 (m, 8H,
-CH2NH(C=0)NH), 3.15 (m, 8H;CH2NH(C=0)0"), 2.73 (m, 8H;(C=0)0O-CH>-CH>-), 2.53
(-(C=0)0-CH2-CH>-N-CH2-polybutadiene), 2.23 (s, 12HZH=CCH3), 2.08 (m, 4mH;CH2-
CH=CH-CH>-) with m = 80.

H2T-PB synthesisAT-PB (1.46 g, 0.76 mmol aldehyde) was dissolved in 25 mL of dry THF
and mixed with 5 eq of NaBH130 mg, 3.38 mmol). The mixture was let stirred at 60°C for
16 hours. After partial evaporation of the solvent, the product was purified by several
precipitation/dissolution in methanol/DCM and dried under vacuum to adizoiorless liquid
H,T-PB. Yield = 86 %."H NMR (400 MHz,CDCl): (/, ppm) 5.38 (m, 2nH,CH,-CH=CH-

CH>-), 3.65 (t, 4H;CH2-CH2-OH), 2.09 (s, 4nH;CH2-CH=CH-CH>-) with n=80.
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UPy2T-PB synthesisHT-PB (918 mg, 0.43 mmol ofOH groups) was dissolved in 8 mL of

dry chloroform and mixed with 1.2 eq of UPy (150 mg, 0.51 mmol) and 5%nof
dibutyltindilaurate (12 pL, 21 pmol) and stirred at 60°C for 16 hours. After reaction, sufficient
guantity of dica functionalized with amine was added to the reactive mixture in order to react
with the excess of UPy before filtration. The chloroform was then evaporated under reduced
pressure and the polymer was further dried under reduce pressure at 50 °@ foradMain a

white powder UPyT-PB. Yield = 78%.'H NMR (400 MHz, CDCY): (/, ppm)13.13 (s, 2H;
CH3CNH), 11.86 (s, 2H;CH2NH(C=0)NH), 10.12 (s, 2H;CH:NH(C=0)NH), 5.85 (s, 2H
CH=CCH), 5.38 (m, 2mH;CH2-CH=CH-CH,-), 4.11 (m, 4H;(C=0)-O-CH>-), 3.65(t, 4H,-
CH,-CH2-OH), 3.26 (m, 4H;CH2NH(C=0)NH), 3.16 (m, 4H:CHNH(C=0)0), 2.23 (s, 6H,
-CH=C(CH3), 2.08 (m, 4mH;CH2-CH=CH-CH>-) with m = 80.

Preparation of the films. Films of PB were obtained after dissolution of the UPy
functionalized PBn chloroform (1 g in 5 mL of CHCE) for 24 h. The viscous solution was
deposited in a Teflon mold and solvent was let evaporated 24 h. The film was then dried under

vacuum for an extra 24h to obtain a transparent film without air bubble.

Recycledfilms preparation. All the strips used for DMA and tensile tests analyses were put
into a closed glassware (1 g in 1.5 mL of CgJ@r 24 h. The viscous solution wdsposited
in a Teflon mold and solvent was let evaporated 24 h. The film was then ddedwacuum

for an extra 24h to obtain a transparent film without air bubble.

Characterization. Liquid-state'H and*3C NMR spectra were recorded at 298 K on a Bruker
Avance 400 spectrometer operating at 400 MHz and 100 MHz respectively in appropriate
deuterated solvents. Polymer molar masses were determined by size exclusion chromatography

(SEC) using tetrahydrofuran (THF) as the eluent (THF with 250 ppnBuiflated
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hydroxytolueneas inhibitor, Aldrich) at 40°C on a SEC line equipped with a Waters pamp,

Waters Rl detector and a Wyatt Light Scattering detector. The separation was achieved on three

Tosoh TSK gel columns (300 x 7.8 mm) G5000 HXL, G6000 HXL and a Multipore HXL with

an exclusion limits from 500 to 40 000 000 g.rhaht flow rate of 1 mL/mi. The injected

volume was 100pL. Molar masses were evaluated with polyisoprene standards calibedion.

were processed with Astra software from Wyatt.

'LITHUHQWLDO VFDQQLQJ FDORULPHWU\ '6& PHDVXUHPHQ'

performed using DSC Q100 LN apparatus from TA Instruments with a heating and cooling

ramp of 10 °C.mir. The samples were first heated from 25 °C to 80 °C and held at 80 °C for

10 min in order to eliminate the residual solvent, then cooletl5® °C and finally heated to

200 °C. The analyses were carried out under a helium atmosphere with aluminuirepsiies.

tests were performed on a MTS Qtest 25 Elite controller (France). The initial grip separation

was set at 20 mm and the crosshead speed at 50 mm/min. The results were obtained from at

least 4 replicates for each sampke.TA Instrument RSA3 was used tstudy dynamic

mechanical properties of rubber samples. They were analyzed under air atmosphet®5rom

°C to 200 °C at a heating rate of 4 °C.riThe measurements were performed in tensile mode

at a frequency of 1 Hz, an initial static force of B.1

$)0 PHDVXUHPHQWY ZHUH SHUIRUPHG DW URRP WH&SHUDW X

PLFURVFRSH 9HHFR ,QVWUXPHQWYV ,QF %RWK WRSRJUDS

ZHUH REWDLQHG L@ XA\DISBELQHPWRBEIJXODU VLOIFRBGW RP DRV L O

JRUFH *HUPDQ\ ZLWK R6WHtLQJUHRMERWQDDEW RIHTXHQF\ LQ
N+] DQG D UDGLXV RI FXUYDWXUH RI OHVV WKD®] QP

VFDQ UDWHYV ZLWK D IRUPDW RI UHGLHHPVF URW® P HOPXX\D/N

EXON PDWHULDO RU E\ D GURSY FDVWHG VROXWLRQ PJ P

&RROGRZQ ZDV SHUIRUPHG DW URRP WHPSHUDWXUH
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Optical images were obtained using an Axioskop 40 Zeiss polarizing microscope equithped

a digital camera (Canon Powershot A640). The preliminary preparation of the samples
consisted of depositing a few milligrams of the product over a microscope glass slide and
heating at 120°C. As soon as the melting point is reached, the produavsresthby a slide

coverslip before allowing the sample to cool to ambient temperature.

IV.3. Results and discussion

UPy telechelic polybutadiene synthesis and characterization

Synthesis of the UPy telechelic functionalized polybutadiene follows a similar procedure as the
one previously reported for the synthesis of furan telecl®Bic[23,2629] Briefly, a high

molar mass PB was geaded into smaller chains of 5 000 g.rhtthrough epoxidation and
controlled degradation of the oxirane units with periodic acid. The liquid aldehyde telechelic
polybutadiene (ATPB) were then modified in order to obtain first a PB with two hydroxyl

grouws at both chakends (HT-PB) followed by the addition of UPMCO to obtain a PB with

4 UPy per chain (UR¥-PB) as shown qRigure 68| pathway 1.
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Figure 68. General synthetic route for the preparation of UPyfunctionalized telechelic polybutadienes. Pathway 1:
synthesis of the network. Pathway 2: synthesis of the linear chain extension.

H NMR analyses confirmed the full meersion of the reactions for all steps, giving access to

the expected products with a UPy functionality equal to 4. Bridgfig, tetrahydroxyk

functionalized telechelic PB (HI-PB,|Figure 698) has been prepardatrough thereductive

amination of aldehyde groups with an excess of diethanolamine (IDE#e presence of

NaBH(OAc). *H NMR analysis confirms full conversion with the complete disappearance of

the aldehyde signaat 9.77 ppm(peak 1,Figure 69a) and the appearance of signal

corresponding to the I8H»>- at 2.7 ppm (peak [Eigure 69). H4T-PB has been timereacted

with UPy-NCO to yield the desiredJPy,;T-PB. On the!H NMR spectrum, the signal

corresponding to HE&CH»- (peak 7)Figure 69) shifts from 3.72 ppm to 4.11 ppm due to the

formation of the urethane function and news signals corresponding to the UPy moeties appear
confirming a complete conversion and the functionality &HEC analyses of the intermediates

before the UPy chaiends grafting confirm that no uoontrolled crosdinking occurs during
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the synthesis process. Properties of the material drastically change after the grafting of the UPy
moieties. Indeed, at the s/HPB step, the polymer is a liquid whereas after the Upy
modification, the material becomes a solid. These observations allow to confirm that the
formation of rubbery network can only be attributed to the UPy dimerization, acting as cross
linking nodes. Therefore, polymer films were prepared by dissolving the Ug§ieabpolymer

in chloroform and pouring the viscous solution in Teflon mold to allow the solvent evaporation.
Strips were prepared from these films in order to carry out the mechanical characterization.

For comparison, linear chain extension based orUyg telechelic PB was also performed

Figure 68| pathway 2). Surprisingly, conversion of the terminal hydroxyl groups of ifie H

PB into urethane funicn was not complete while the reaction conditions were identical than
for the UPYT-PB synthesis. Indeed, only 82 % of the hydroxyl signal at 3.65 [ure

S1b) was converted into urethane function, residual hydroxyl can be observed@Ryie

PB (Figure S19. Nevertheless, the UPy modified polymers were still able to form a solid
material after solvent evaporation allowing the mechanical characterization of the extended

polymer chains (ExUPyT-PB).

202



Chapitre 1V. Modification chimique des bouts daides du polyisoprene ou du
polybutadiéne et réticulation réversible

Figure 69 'H NMR spectrum (*CDClz) of AT-PB (a), H4T-PB (b) and UPy4T-PB (c). x: signal present in the initial
polymer.

Mechanical properties of the film

The mechanical properties of the N#RPyT-PB were first evaluated by tensile test analyses.

Results are shown grigure 70|(blue bars). High value of Young modulus (close to 30 MPa)

and low stress and strain at break (2 MPa and 10 % respectively) were obserlszhaier
of these networks is far from the one observed for network made with furan telechgig] PB.
Indeed, we previously showed that a telechelic PB@fiGg.mot crosslinked with the Diels

Alder chemistry exposed a Young modulus of 10 Mpa and a strain and stresskadttc MPa
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and 130 %. The formation of UPy microdomains could be responsible of this improvement of
WKH <RXQJTandrRé&ydowwQtkam at breal©,14,30]Recyclability of the networks was

then studied by remolding the used strips. The recycled strips were again analyzed by tensile

test|Eigure 70 molding cycle 2) and no significant change was observed. The Young modulus,

strain and stress at break were very close to the one obtained after the first molding. Even after
mechanical and thermal solicitations, thneaterial kept its properties and showed its

recyclability potential.

Figure70 7HQVLOH WHVW DQDO\VHV RI WKH 3% QHWZRUNVY D <RXQJTV PRGXOXV

The Ext-UPyT-PB exhibited differentmechanical propertiesFigure 70, red bark The

<RXQJYV PRGXOXV DQG VWUHVYVY DW EUHDN ZHUH ORZHU W
respectively)whereas the strain at break was very close. This is probably because in this case,

the solid material aroused from the entanglement of the long chain and the UPy dimers stacking
whereas for the network, the material was additionally dinked. Surprisigly, the strain at

break around 10 % is similar for the network and for the extended polymer. Recyclability of

the material was also demonstrated with no significant change after remolding. Results of the

tensile tests are summarizedTiable S1
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To further characterize these materials, DMA analysis of thelNR{T-PB was performed. It

is commonly assumed that the UPy dimers, which are formed through hydrogen bonding, are

sensitive to the temperature change. As observgfigure 71a (blue line), the network

exhibited an elastic plateau of 38 MPa betw&2C (Tg) and 50°C. But at higher temperature,
the elastic modulus significantly decreases untbmplete flowing of the material at 80 °C as
observed in other studig®5] This drop can be attributed to the dissociation of the physical
network formed by hydrogen bonding of the UPy. Furthermore, Maaces show that this

dissociation startedt gretty low temperature (50°C) and was gradual with the temperature

Figure 71b), increasing till the flow of the material at 80 °C.

Figure 71 '0$ DQDO\VHV RI WKH 1HWZRUN EOXH DQG H[WHQGHG UH/Gre3% UXEEH!L
represented on figure (a) and (b) respectively. Dash lines represent the analysis of the recycled material.

Behavior of the ExtJPyT-PB was also analyzed by DMA. At 25 °C, the material exhibited an
elastic plateau of 14 Mpa after thg (- 92 °C) before observing a complete flow at higher

temperature around 60 9Eigure 71g, red line). The value of the elastic plateau is lower than

the one of the network, which could be attributed to the absence cfiofosg in the extended
chains. However, a crystallizan signal can be observed betwe&d and-10 °C. Indeed, it is

well known that the polymer chain of the &g PB are able to crystalliZ81] The observation
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of this behaior only on the extended PB and not to the corresponding network could be imputed

to the steric hindrance of the chands and to thi®ss of chain mobility

The recycled material coming from the network or chain exteniguie 71| dotted liney

are superimposed with the first molding in all cases, confirming again the good recyclability of

the UPyPB.

Finally, DSC anbyses were also performed on the different rubbers. In the two caseg,dhe T
the materials is the samel(3 °C). During the first heating ramp, crystallization of Ehe-

UPyT-PBwas confirmed: a crystallization signal starting= °C followed by dusion at-25

°C was observefF{gure 72| red line). Besides, an endothermic signal ranged between 110 °C

and 130 °C can be observed on both netwondkextended PBRgure 72). These signals were

attributed tathe dissociation of the UPy dimers. Moreover, the dimerization signal of the UPy

from 120to 90 °C during the cooling was also observed forlERYT-PB (Figure 72| red line),

but this signal was absent fbletUPyYT-PB (Figure 72| blue line). he second DSC cycle

showed again these endothermic signals associated to the UPy dimers dissociation confirming

the reversibility of the hydrogerohding dimerization.
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Figure 72: DSC analyses of the Network (blue) and extend (red) PB rubbers.

However,another endothermic signal between 85°C and 105 °C during the heating ramp can
be observed for the network. This transitinay be associated to a fusion and appeared also
during the cooling ramp between 85°C and 65°C. The second cycle of heating shows again the
presence of this endothermic signal. The presence of the fusion signal for the 2 cycles of DSC
confirmed the rapid ssociation/dissociation of the phenomeraomd could be due to the
presence of a specific microstructure of the network. AFM microscopy was therefore performed

in order to explore more in details this phenomenon.

Microscopy characterization of the rubbers

Nanofibers formation when UPYy is grafted at the cleaids of various polymers like PQA,8]
PEB,[9,10], PE,[11,12] or PDMS[13] was alredy observed by AFM. This was attributed to

the stacking of UPy dimers. Room temperature morphology of the extended PB and the network

was investigated by AFM on thin films obtained by microtome cuttiigufe 73’. Strong

differences were observed between the two samples. Images of tO@¥EXPB [Figure 73a
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andb) were consistent with a wormlike hard structure (UPy Dimers) in a soft matrix (polymeric

chains)[12,13]

Figure 73: AFM phase images of the EXAUPyT-PB of polymer film cut by microtome: (a) large view, (b) zoom and of
the NetUPyT-PB of polymer film cut by microtome: (c) large view, (d) zoom. (e) Opticahicroscopy image of the Net
UPyT-PB cast from CHCk.

Surprisingly, a lamellar microstructure was observed foNgtdJPyT-PB (Figure 73t andd).

Large plates of 1 um width and more than 2 pm length were formed. These plates observable

on the entire sample seemed to be constituted by the association of smaller lamefa ofril0

U

ZLGWK OLNH D 3ZR R G PorzBduricfpdcopy \of thé(l‘ﬂHVW{B’BIIFigure 73

clearly showed thbirefringenceof the material confirming the polymer organization.
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These observations suggest that the laasatbuld be constituted by the linear association of

the nanofibers as proposed|Bigure 74) The DSC endothermic signal at 90 [fgure 72

blue line) could be associated to the lamellar microstructure destructuration/structuration, with
the fusion over 90°C and the crystallinstiduring the cooling starting at 90°C. The fact that
the UPy functionality of the PB is equal to 4 could explain the structure observed in AFM. After
the dimerization, the UPy stacking induced the fibers formation as observed in other

study[10,25]However, the fact that the stacks of UPy dinseesnecessarily close because of

the polymer chawend structure|Rigure 74), the fiber associationcan form this3ZRR G

IORRULQJ VWUXRMXUH REVHUYHG LQ

Figure 74: Proposed model for the lamellas formation by the linear association of the UPy chaénds of the network.

IV.4. Conclusion

Reversible crosBnked polybutadiene was synthesized by grafting one or two UPy moieties to
each chairend of a small molar mass liquid polybutadiene. In each case, a solid material was
obtained thanks to the UPy dimers stacking. Analyses of the thmetizanical properties
revealed that this material can be recycled without any change of the properties. Unexpected
high values of young and elastic moduli of the extended and crosslinked material indicated that

in addition to the UPy dimerization, anotherepbmenon occurredge. stacking of the UPy
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moieties. AFM analyses evidenced the presence of large lamella associated together to form a
3ZRRG IORRULQJ" PLFURVWUXFWXUH B5HYHUVLEOH IXVLRQ F

analyses.
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IV.5. Supporting information

Figure S1:*H NMR spectrum (*CDCI3) of AT-PB (a), HT-PB (b) and UPyT-PB (c). x: signal present in the initial
polymer.
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Table S1: Mechanical properties of the PB rubbers.

Young modulus  Stress at Strain at  Elastic modulus
Samples
(MPa) break (MPa) break @6) (25°C, MPa)
NetUPyT-PB-1 294 +£0.1 1.7+0.5 712 38.8
NetUPyT-PB-2 28.5 £ 0.7 22+0.1 10+1 31.1
ExT-UPyT-PB-1 146 £1.0 1.0+£0.0 8.8+0.9 14.5
ExT-UPyT-PB-2 13.7 £ 0.4 1.0+£0.0 11.2+1.4 13.3
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'‘DQV OH EXW GYREWHQLU GHV 3, HW 3% Dcéldé-dife@ehte® LFUR V)
tailles, nous nousommes intéressés dans un premier temjpsdégradation controlée des
polydiénes (Chapitre 2). Poce faire, des polyméres de fortes masses molaires ont été dégradés

en chdnes plus courtes dans une gamn@08 +50000 g.mot'. Deux méthodes ont été

utiistees OD GpJUDGDWLRQ GHV SRO\GLgQHV GLUHFWH SDU O
SRO\GLgqQHV SUpDODEOHPHQW pSR[\Gp SDU OYDFLGH SpULR
IDLW G #psSpolyntere avant de le dégrader donnait accés a ureoratbntble sur la

PDVVH PRODLUH ILQDOH REWHQXH HW VXU OD GLVSHUVLWp
DYHF XQH PDVVH ILQDOH WUqV SUpFLVH WHUPLQpV SDU GH
GH OfTpWDSH GH ODY D JHtiobsl sggon@dirpsy auMhivéhu @Ed ves UgnEtibns

terminalesa été mi® en évidence.

'DQV XQ VHFRQG WHPSV QRWUH DWWHQWLRQ VJHVW SRL
SRO\GLgQHV HQ YXH GYREW kellekdue @ds ¥mirre Qo WyrBx@&dddgp DFW L Y
des chines. Cependant, la réactivité des doubles liaisons a@miventconfrontéa des

problémes de réactions secondaires (couplage des chaines owspr@udisirés). Nous avons

alors repris des travaux préalablement débutés au laboratoifHQhQD QW OTK\GURER
amination des chainede PILD FDUDFWpPULVDWLR @ cerifpliquéel (ChapWr§ HVW D'
3.1I). Etonnamment, ces composés liquides avant modification extapt comportement
GIpODVWRPqUHV DSUqgqV UpDFW LS Que tiésXnteraztioRsChydrpgehey O K
couplées a des interactions ioniquentre les fonctions gref sur les chaines étaient

responsables de ce comportement.

Nous avons par la suite changé de stratégie et utilisé une méthode décrite début 2017 qui permet
G fitenir des fonctions hydroxyle le long des chaines a partir du polybutadiene époxydé. Apres
avoir repris et adapté cette méthode sur le PI, des groupements furapeséte greffés

efficacement et de maniéo®ntrolée le long de la chaine des polydiénéShapitre 3.11let

Figure 754). Des polydiénes liquides de 000 g.mot avec 1 unité sur 1Modifiée avec des

JURXSHPHQWYV IXUDQHYVY RQW DLQVL SX rWUHmMdedapWLVpV
alors conduitaOD IRUPDWLRQ GTXQ UpVHDX WKHUPRU-AMéd.UVLEOH
(Q SOXV GIDYRLU PRQWUp TXH FH UpVHDX SHXW rWUH UHF\

propriétés mécaniques du matériel, nous avons montré que ces élastomerenpeétreai

utilisés dans une large gamme de température (; f& 'H SOXV OHV SUR
mécaniques peuvent étre modulées par une simple modification du taux de réticulation. Ainsi,

a partir du méme polymére modifié mais en changeant la qudetlié-maléimide ajoud, le
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module de Young peut varier de 1 a 60 MPa et de 3 a 250 MPa pour le Pl et PB respectivement

Figure 76). La contrainte a la pture quana elle peut varier de 1 a 10 MPa pour le Pl et de 2
i 03D SRXU OH 3% /9pOR QeréavanBh@es peDaflecepan|X densitd V W

de réticulation et oscille autour de 100 % dans kesicas.

Le Chapitre 4 de ce manuscrit esihsacré aux modifications chimiquess extrémités de

chaines de polydiéngBigure 75p). Ainsi, les propriétés des chaines comme la Tg ne sont pas

affectées et le matériel obtenu pourra étre utilisé a plus basse température. Nous avons dans un
premier temps développé des précurseurs liguike Pl et PB terminés par des fonctions

furanes. De ce fait, lmatériel obtenu apres ajout de-maléimidea conduit a des élastomeres

solides soit réticulésoit basée VXU GH OTH[WHQVLRQ GH FKDLQHV &KDS
base de PB fonctionnalisé par 4 groupements ftad@ LW OJfREMHW GIXQH pWXGH
développé dans le Chapitre 4.11l. N&s avons montré que faire varier la longueur des chaines

avait un effet significatif sur le matériel obtenu. Dans une gamme de 5 000 g.mot,

le module de Young et la contrainte a la ruptireinuentde 10 a 1 MPa et de 5 a 1,5 MPa
respectivement /TpORQJDWLRQ j OD UXSWXUH HVW LFL ODUJHPHQ'
et passe de 130 % pour les chaines les plus courtes a 450 % pour les plugogrego).

Cependant, lorsque la longueur des chaines reste la méme alors que la densité de réticulation
est modific OfpORQJIJDWLRQ j OD UXSWXUH U ldgadhrentyu@ide@ WL T XH
élastomeres thermoréversibles pouvaierd &cyclés au minimum 5 fois sans subir de perte

de propriétés mécaniques. Cependant, méme gi@QTHV W S &e¥ dantldii& & matériel

peut étre utilisé a plus faible température, le fluage du matériel est observé a 80 °C.

A partir de ces résultat nous pouvons émettre une hypothésdestauxdfpORQJIJDWLRQ |
rupture des matériaux. Il est probable que cette derniére soit dépendante de la longueur des
chaines du polymere utilie@lutét que de la densité de réticulation. En effet, on remarque que
OfpORQJDWLRQ ORUVTXH OH PDWpULHO HVW UpWLFXOp DX][
OD ORQJXHXU GHV FKDLQHV : 'H SOXV SRXU XQH P
XQH GHQVLWp GH UpWLFXODWLRQ YDULDEOH OYpORQJDWLI
est réticulé le long de la chaine, la densitée pqLFXODWLR Q XQHXHR BWY )G B 1310 MW
VXU OfpORQJIJDWLRQ j OD UXSWXUH | ®D UXSWMXUXHIWD Y XDQT B SF
g.mof! modifié a 10 % par des furanes suffirait a valider cette seconde hypothése. Si
OfpORQJIJDWLRQ j OD UKSW Rudél clidievdeVIBE pguro XBHHVW T XH
OTKA\SRWKgqVH HVW YDOLGpH
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Figure 75: a) Schéma général des modifications effectuées durant cette thése en bout de chaines a) et le long de la chaine
E HQ YXH GTREWHQLU GHVY pODVWRPQUHY UpWLFXOpV UpYHUVLEOHPHQW
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/ID GHUQLqQUH SDUWLH GX &K D Sarveudrsible\dgd ipMigrcbldings\pelr j OD U g
liaisons hydrogénegrace au groupement fonctionnel URyigure 75p). Comme

précédemment, le polymere liquidest devenu un matériel solide apres modification.
Cependant, les propriétés mécaniques sont différentes par rapport aux matériaux obtenus par
réticulation avec le couple furane/maléimidénsi, pour des chaines de 000 g.mof, le

module de Youngla contrainte etl  p O R Q a aWwuptRr® sont de 30 MPa, 2 MPa et 10 %
respectivementv63 Mpa, 3 Mpa et 160 % pour le systeme basé sur la-Bldkr,|Figure 76).
/IYDQDO\WH GH OfRUJDQLVDWLRQ VXSUDPROgpdeX@tDdddH GX P
PYLGHQFH TXH OHV JURXSHPHQWYV 83Ude flh@s IGr&yXhh B8YLQG XL U
JURXSHPHQW HVW IL[p S Déddsbrfere aésvde patdurts ED €fetMEsL W
GLPQUHV G183\ sVRQWFHDEBDENHQJ GH VIHPSLOHU SRXU IRUF
IDLW GYfLPSRVHU OH UDSSURFKHPHQW GHV XQLWpV 83\ DX
IDYRULVHU O §éibresipdudinddr c€3 grandes lames.

Figure 76 (FKHOOH GHV SURSULpWpPV PpFDQLTXHV GH GLIIpPUHQWY PDWpULDX[ REW
type de polydiéne initial et par lieu de réticulation. a) Module de Young blElongation & la rupture c) Contrainte a la
rupture.
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JLQDOHPHQW QRXV DYRQV PRQWUp TXYLO pWDLW SRVVL
caoutchoucs réticulés réversiblement. Les propriétés mécaniques de ces matériaux peuvent
fortement étre modulées erodifiant le lieu de la réticulation, la longeur des chaines ainsi que

OD GHQVLWpP GH UpWLFXODWLRQ 'H SOXV OgfelafiéiedatE OH G H
basse{l00&- & HW SHXYHQW rWUH VWDEOH MXVT Kshjion j f&
dans une grande gamme de température. Dans tous les cas, la recyclabilité de ces élastomeéres
a pu étre démontrée de facon claire. En effet, ces caoutchoucs réticulés ont pu étre remis en

forme au minium 5 fois sans observer de perte des propmétEgniques.

$ILQ GIDOOHU SOXV ORLQ GYDXWUHV DIJHQWV GH UpWLFXt
précurseurs synthétisés lors de cette thése, donnant rapidement acceés a de nouveau matériaux
réticulés réversiblement. Grace a la fonctionnalisationtrolée des groupements hydroxyles

OH ORQJ HW DX[ H[WUpPLWpPV GHV FK DpoymaresGi-HaSeRdd \P qU H

polydiene pourraient également facilement étre obtenus.
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Synthése ettude de réseaux élastomerascyclés réversiblement

Ce travail de thesgorte VXU OD V\QWKgVH HW OD FDidticH&y pULVDW
réversiblemend base de polyisoprene et polybutadiéneue de leur possible recyclageur

se faire, ddongues chaines de polydiénes-tigont été dégradées de maniere contrdlée afin
GITREWHQLU GHV SRO\PqUHV j IDLEOH YLVFRVLWp 'DQV XQ
pWp PRGLILpVY FKLPLTXHPHQW VRLW OH ORQJolRexirdésLW D X]|
IRQFWLRQV UpDFWLYHVY GH W\SH DOFRRO &HV IRQFWLRQV K
SRXU OH JUHIIDJH GH IRQFWLRQV IXUDQHVmaldimde@lL WLRQ
SRO\PqUH OLTXLGH D DORUV FR Q&r&ticué thendevdrsibledewLRQ G 1
grace a la réaction de DiefMdder entre les groupements furanes et maléimides. Les matériaux

ainsi obtenus se comportement comme un élastomére réticulé stable dans uyarangede
température-(80 °C a+ 130 °C). Legropriétés mécaniques de ces élastomeres (module de
Young, contrainte/élongation a la rupture, module caoutchoutique) peuvent étre facilement
modulées en modifiant plusieurs parametres comme la longueur des chaines, la densité de
réticulation ou le lieu dedticulation (bout des chaines ou le long des chaines. La recyclabilité

GHV PDWpULDX[ D HQVXLWH pWp PR Qé&ébhsétvé®niéme @oresSH U W H
cycles de recyclage. Enfin, en changeant le type de liens réversibles par des groupements
ureidopyrimidinones (UPy), nous avons observé que le matériel réticuléinément par

liaisons hydrogenebtenu possédait une organisation supramoléculaire particuliére, induite par
OfDVVHPEODJH GHV JURXSHPHQWYV 83\

Mot-clefs: Polybutadéne, Polyisopene, Telechelic, Recyclahl&eversible Diels-Alder

Synthesis and study of recyclable elastomeric network

This work focuses on the synthesis and characterization of reversibly crosslinked polyisoprene
and polybutadiene and their potential recyclability this end, long chains of ZXgis
polydienes have been degraded in a controlled manner in order to obtain telechelic polymers
with low viscosity. In a second step, these low molar mass polydienes were chemically modified
either along the backbone or &etchairend of the polymer in order to obtain reactive
functions. The thus obtained hydroxyl functions have been used as an anchor point for the
grafting of furan functions. The addition of a{pleimide compound to the liquid polymer

led to the formatin of thermereversibly crosslinked elastomer thanks to the Bidtker

reaction between the furan and the maleimide groups. The obtained materials have the behavior
of a crosslinked elastomer, stable in a wide temperature ra®@e’C to + 130 °C). The
mechanical properties of these elastomers (Young's modulus, strain / elongation at break,
rubber modulus) can be easily modulated by modifying several parameters such as chain length,
crosslinking density or crosslinking site along the chains. The recliiabithe materials was

shown as no properties loss was observed even after 5 cycles of recycling. Finally, by changing
the furan groups by ureidopyrimidinone groups (UPy), the reversibly crosslinked material
obtained through hydrogen bonds possessedtalyt different behavior with a particular
supramolecular organization, induced by the assembly of the UPy groups.

Keywords: Polybutadiene, Polyisoprene, Telechelic, Recycl&aeersible DielsAlder



