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En janvier 2003, le gouvernement francais landditiellement le Débat National sur
les Energies. Ce débat a engendré une mobilisasdms précédent autour du théme de
'Energie. Plus de 250 colloques nationaux etatiites partenaires se sont déroulés en 2003.
En mai 2004, un débat sans vote a été conduits&dblée Nationale et au Sénat, et le 13
juillet 2005, une loi de programmes fixant leseatations de la politique énergétique était
votée (LOI n° 2005-781)

Cette loi fixe quatre grands objectifs de politigirergétique francaise et les moyens a
mettre en ceuvre pour y parvenir :
. Contribuer a lI'indépendance énergétique natiortajarantir la sécurité
d'approvisionnement ;
. Assurer un prix compétitif de I'énergie ;
. Préserver la santé humaine et I'environnementadicplier en luttant contre
l'aggravation de I'effet de serre ;

. Garantir la cohésion sociale et territoriale eruem# I'acces de tous a I'énergie.

Cette loi a pour but de fixer des objectifs poes dctions de politique énergétique
pour les trente prochaines années. Cette décisi@itfort appropriée a I'’heure ou le scénario
dressé par les prévisionnistes est sombre: doubleteda consommation mondiale d’énergie
en 2030, bond de 75 % des émissions de gaz aeffarre (la température de la planéte
pourrait augmenter de 1,5 a 4,5 °C durant le sigai@ient) tandis que les réserves de
combustibles fossiles s’épuisent et que prix dil darpétrole ne cesse d’augmenter (il
atteignait les 70$ en septembre 2005).
Parmi les programmes mobilisateurs pour les écoemmiiénergie et le développement des
énergies renouvelables, il est mentionné que ladéra’engage a produire 10 % des besoins
énergeétiques francais a partir de sources d'‘éneggieuvelables a I'horizon 2010, et a
ameliorer la production intérieure d'électricitér@jine renouvelable a hauteur de 21 % de la
consommation en 2010 contre 14 % actuellement,+s6® %. Le gouvernement s’engage
€galement a incorporer des biocarburants et acamssirants renouvelables a hauteur de 2 %
d'ici au 31 décembre 2005 et de 5,75 % d'ici ad&Embre 2010.



Ces engagements montrent donc clairement une t¢oliun gouvernement francais,
mais au dela, une prise de conscience mondialédsabper des énergies nouvelles moins

polluantes et plus durablement disponibles.

La pile a combustible, générateur électrochimiquepermet la production d’énergie
via un procédé totalement propre, apparait comne des solutions potentielfesCette
alternative en tant que moyen de production d’éegugesente de nombreux avantages : les
rendements électriques sont élevés (plus de 50 r%estains types de piles), les rejets a
'atmosphére sont réduits, elle ne présente peupasi de nuisances sonores et une
indépendance vis-a-vis de l'implantation géograpkigElle utilise comme combustible,
I’hydrogéne, mais aussi I'éthanol ou le méthan@le.gaz est abondant, plus énergétique que
le pétrole ou le gaz naturel, non polluant et rexique. L’'un des principaux problémes de ce
gaz est qu’il ne se trouve pas a I'état naturedstlun vecteur d’énergie et non une source. |l
faut donc le produire, le stocker, et 'embarquebcid des véhicules, ou d’installations
industrielles, ce qui suppose d’énormes contraires plus, actuellement I'hydrogéne est
produit principalement a partir de dérivés de costibles fossiles, par un procédé appelé
vaporéformage, qui en outre rejette du,CQCependant, des chercheurs travaillent sur un
nouveau moyen de produire de I'hydrogéene « proprgrace notamment a des déchets
végétaux , ou par craquage de I'eau grace a urentnateur solaire. Une autre alternative au
probleme de la production d’hydrogéne a égaleme@ét téouvée en utilisant un autre
combustible : le méthanol, dans des piles a cotitibeisdites a méthanol direct (Direct
Methanol Fuel Cell).

Un autre probléme de la pile & combustible etmatant des piles a électrolyte membranaire
(Proton Exchange Membrane Fuel Cell et Direct MebhaFuel Cell) est le prix de la
membrane (actuellement la Nafifonommercialisée par Dupont) encore beaucoup &g é
(800%$/nf et il faut environ 15 Mmpour alimenter une voiture). De plus, la Nafiosst

perméable au méthanol dans le cas de la DMFC.

L’avancement des recherches sur les piles et@egtittiants demande du temps. Les
piles ne sont pas encore matures pour une comrigati@n a grande échelle, méme si on
trouve déja sur les marchés asiatique et améritgirprototypes de chargeurs pour portdbles
® des voitured’ et des bus équipés de pile & combustible. Les obstacles igabs,
économiques et d’acceptation sociale sont immease® nombreux efforts de recherches
restent a fournir. Il ne fait pas de doute que ietnoduction dans les différents domaines



d’activité dépendra en grande partie d’'une volquitique a I'’échelle nationale, européenne

et internationale.

Ce travail s’inscrit dans le domaine des pileo@loustible & membrane échangeuse
de protons (PEMFC) et a méthanol direct (DMFC).rRmmutype de pile, les applications vont
du domaine du mW a une dizaine de kW; la tempérgteut varier de I'ambiante a 150 °C,
et les combustibles privilégiés sont I'hnydrogénel®@uméthanol. Les efforts a fournir pour le
développement de ces piles concernent notammexele de la pile. Il s’agit d’'une part de
diminuer la teneur en platine des catalyseurs,dgivent étre rendus plus actifs, et d’autre
part d’améliorer les propriétés et diminuer le cdés électrolytes membranaires qui sont

actuellement constitués d’une matrice polymeérelpenée sulfonée (membrane Nafign

C’est sur ce dernier point que nous avons axeéraoBerches en synthétisant et
caractérisant un nouveau matériau polymére utikeénme électrolyte pour pile a
combustible. Nous avons choisi de greffer ou deuldr des agents porteurs d’une fonction
acide sulfoniqgue sur des copolyméres commercialex poly(fluorure de vinylidene-co-
hexafluoropropéne) ou poly(VDF-co-HFP).

Ce travail se divise en six chapitres :

Le premier chapitre constitue la partie bibliodrgpie de cette étude. Il nous a paru
opportun de développer, dans une premiere parfenkdionnement de la pile a combustible,
les différents types de piles et finalement lesstitirants de la pile. Dans une deuxieme partie
nous avons dressé une liste non exhaustive des raeesh hydrogénées, partiellement
fluorées et perfluorées. Enfin, la derniere padigecette étude bibliographique concerne la

réticulation de divers agents sur des polymeresédisia base de fluorure de vinylidene.
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Le second chapitre concerne I'étude de la rétimial’unediamine aliphatiquesur
des copolymeres poly(VDF-co-HFP) commerciaux. Lialsgse et la caractérisation des
membranes obtenues a permis de mieux comprendrédanisme de réticulation et les

propriétés qui en découlaient.

Pour une application en pile a combustible, lemamutilisées comme agents
greffants sur les copolymeres poly(VDF-co-HFP) @oivcontenir un cycle aromatique
sulfoné. Il nous a donc paru intéressant, dansaisié@me chapitre d’étudier la cinétique de
greffage ddrois aminescontenant urycle aromatiquet des bras espaceurs méthylenés

différents sur des copolymeres poly(VDF-co-HFP) omrciaux .

Au vu des résultats obtenus dans le chapitre yitg a I'étude bibliographique, nous
avons décidé dans un quatriéme chapitre de déaragnthése, la déshydrofluoration et
I'addition d’'une amine sur une molécule modélefée contenant une unité VDF adjacente a
une unité HFP. Cette étude nous a permis de migampiendre le mécanisme et les sites de

greffage des amines sur des copolymeres poly(VDRB).

Une amine originale contenant un cycle aromatgpfoné a été synthétisée par
télomérisation du styrene sulfoné avec un mercagt@né. Le chapitre cinq montre
egalement les propriétés chimiques, thermiquesphodogiques et électrochimiques des
membranes obtenues apres greffage de cette noawahe sulfonée sur des copolymeéres
poly(VDF-co-HFP).

Enfin, les résultats de conductivités protoniques membranes élaborées au chapitre
5 étant médiocres, nous avons synthétisé de nesvakkmbranes échangeuses de protons a
partir du greffage d’'un nouvel agent, le phénofané, sur ces mémes copolyméres
poly(VDF-co-HFP).

www.debat-energie.gouv.fr/

www.clubpac.net
http://www.clubic.com/actualite-22788-1g-pile-a-cbastible-10h-d-autonomie.html
http://www.clubic.com/actualite-22479-toshiba-balacs-et-pile-a-combustible.html
http://www.generation-nt.com/actualites/9096/
http://www.pile-au-methanol.com/Etat-de-la-rechercinez-les-constructeurs- _automobiles.htm
http://www.webcarcenter.com/actualite/nissan/xHi@i/2005/nissan_x_trail _fcv.html
http://www.transbus.org/dossiers/pac.html
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CHAPITRE | :

ETUDE BIBLIOGRAPHIQUE

1. Généralités sur la pile a combustible

2. Lamembrane (des PEMFC et DMFC)

3. Reéticulation de polymeres fluorés a base fleorure de vinylidene
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Chapitre | . Etude bibliographique

1.Geéneéralites sur la pile a combustible

1.1. Introduction
Les piles a combustible produisent par combinaigtectrochimique du combustible,
I'hydrogéne (ou un combustible riche en hydrogewelk un oxydant, I'oxygéene ou l'air dans
une cellule électrochimique, de I'électricite, dechaleur et de I'eau a un rythme uniforme et
efficace. Un moyen de production propre et radioalet different des systémes
conventionnels, sans passer par une conversiomitnez du combustible puis mécanique et
enfin électrique ou le coefficient d”efficacité &sis limité par le facteur Carnot.

C’est en 1839 que William Grove, juriste a la Rolsdtitution de Londres, découvrait une
toute nouvelle facon de convertir I'énergie chimeiqen électricité, une méthode
révolutionnaire permettant de produire de I'éleit&ia partir de I'hydrogéne et de I'oxygéene.
Il plagca du platine dans des tubes remplis d’hyéineget d’oxygene, et plongea le tout dans
de I'acide sulfurique. Certes, il constata uneléatbnsion au borne de la cellule, mais il avait
saisi I'importance du contact a trois phases (gdectrolyte et platine) nécessaire a la
production d’énergie. Il consacra ainsi son temfasracherche d’un électrolyte permettant la
production d’'un courant électrique stable et finaequer I'intérét commercial que pouvait
présenter un tel systeme si I’hydrogéne venaitndplacer le bois, le charbon en tant que

source énergétique. Et c'est ainsi qu'était latecéecherche sur la pile a combustible.

Une étape clé dans le développement des piles bustiile intervint en 1932. Francis Bacon
mis au point une pile efficace en portant ses effeur les catalyseurs a base de nickel, moins
codteux que le platine. Il réussit, au terme deai@ées de recherches a présenter une pile
d’'une puissance de 5 kW, alimentant un poste ddweulLa méme année, Harry Karl Lhrig

présenta un tracteur équipé d’'une pile alimentarhateur de 20 chevaux.

Les plus grandes avancées sur le développementpitess a combustible, provinrent

certainement de la NASA deés la fin des années 1198Qence spatiale américaine cherchait



alors a mettre au point un générateur électriqualda de fournir de I'énergie a bord des
futures missions spatiales. Plus de 200 contratedeerche furent alors signés, destinés a
couvrir tous les aspects des piles a combustiesidavons maintenant I'importance du réle
des piles dans le succes des missions Gemini dioAgEns les années 60 et 70. Le succes de
ces piles laissa augurer les perspectives les qtisnistes dés la fin des années 1960.
Malheureusement, ces piles, utilisant des éledtrslyalcalins, nécessitaient un apport
d’hydrogene pur, ce qui n'était techniquement pasnmatible avec [utilisation de
combustibles ordinaires (gaz naturel, charbon)eet godteux comme source d’hydrogene.
L’hydrogene ainsi produit contenait en effet depumetés dommageables pour la pile (CO,
CQO,) ce qui écourtait considérablement la durée delggecomposants électrochimiques tels
gu’ils avaient été congus par la NASA.

Depuis le début des années 1990, les piles a caiblleususcitent un nouvel intérét qui
semble s'étre encore accru durant cette derniéi@dpé2003-2005. Cet intérét accru est dd a
plusieurs facteurs: un début de prise de conscisacéa nécessité de trouver des moyens de
production d’énergie moins polluants, fiables, tlea, renouvelables, et sur les réserves
limitées en énergies fossiles (pétrole, gaz natwtehrbon) et les incertitudes liees a leur
approvisionnement, sur 'augmentation des besaiesgétiques a I'échelle mondiale et enfin
sur lintérét d'une production d'électricité décalidée. Les prises de position du
gouvernement ameéricain en faveur de I'hydrogenelest engagements des instances
européennes ont sans doute contribué au regater@inen effet, de nombreuses entreprises
développent des piles ou leurs composants; desré&mrigurnant autour de la pile et de
I'hnydrogene sont organisés régulierement; les eentde recherche, universités et
gouvernements s'impliquent dans les projets deerebk et développement "piles a
combustible" et enfin, des programmes sont mislacegour les tester dans des applications
qguotidiennes: dans les transports, DaimlerChrystkemMNissan comptent une centaine de
véhicules en circulation début 2005; des bus aguité apparus dans les rues Européennes (27
sont prévus dans le programme CUTE dans 9 villess malheureusement pas en France):
depuis le premier lancé dans les rues de Madridman 2003, d'autres sont apparus
notamment a Stuttgart, Hamburg, Barcelone, PottimgkBolm, Londres. D'autres véhicules
circulent aux Etats-Unis et au Japon. Des piles swtallées, par exemple en Allemagne,
pour tester les applications résidentielles. Dbsidants d'ordinateurs ont montré les premiers

portables avec pile dés 2004 et continue en 2005.



Les piles a combustible possede —dans le cas ydatiddes PEMFC (Proton Exchange
Membrane Fuel Cell) et des DMFC (Direct MethanotlFQell)- un électrolyte membranaire
qui est actuellement un polymére perfluoré sulfol@Nafiort’, commercialisé par DuPont.
De nombreuses alternatives a cette membrane onpréfosées, notamment dans les
polyméres perfluorés sulfonés (avec la Flemjdityflon"”, la membrane DoW..) [1, 2, 3,

4,5, 6], mais aussi dans les polymeres pketiednt fluorés et méme hydrogénés.

L’objectif de cette thése étant d’élaborer des nramds pour PAC types PEMFC ou DMFC,
par réticulation et greffage d’agents sur des ggpeles commerciaux a base de fluorure de
vinylidene (VDF), il nous a paru important d’étudéans un premier temps des généralités
sur la pile & combustible : son principe, son fammetement, les différents types de piles a
combustible, et les principaux éléments des PEMHIMFC. Puis dans un deuxiéme temps,
nous nous sommes attachés a décrire les principedagranes hydrogénées, perfluorées et
partiellement fluorées pour pile a hydrogéne ouhaédl. Finalement, une derniere partie
(ayant fait I'objet d’'une revue publiée dans Advesiin Polymer Science) décrit la
réticulation des polymeres fluorés a base de VDR figrents agents (les diamines, les
bisphénols, les systemes péroxyde/triallylisocyarayies radiations, et les systemes
thiols/ene). Cette derniere partie nous a permisnigex comprendre le mécanisme de
greffage des amines et phénols sur des copolymehg®/DF-co-HFP), et de comparer les

propriétés de ces deux copolymeéres greffés.

1.2. Le principe de fonctionnement d’'une pile a cobustible (PAC)

La pile a combustible permet de convertir directeinge |I'énergie chimique en énergie
électrique. A la différence des moyens traditioartd production de I'énergie, son rendement
ne dépend pas du cycle de Carnot. Par ailleurs;olabustible est fourni en continu
contrairement aux piles traditionnelles (pile amcji On peut ainsi obtenir du courant de
facon continue. L'un des intéréts de la pile a amstible est que les températures sont plus
faibles que dans les turbines ou les moteurs a gstiam. Cependant a ce niveau de
température, la plupart des carburants carbonégidranels sont trop peu réactifs et seul
I'nydrogene convient. Le méthanol peut aussi éiifisél dans les piles directes a méthanol.

Pour utiliser des combustibles type méthane ouoldcoil faut des températures de
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fonctionnement bien plus élevées: 800 a 1000°Créatisation de piles fonctionnant a de
telles températures est problématique: on préféne dtiliser de I'hydrogéne, ou le méthanol.
Une cellule élémentaire est constituée de 3 él&nent

» deux électrodes,

* un électrolyte

Les deux électrodes sont séparées par I'électréytanode, on amene le combustible (le
plus souvent de I'hydrogéne, parfois du méthahalcathode est alimentée en oxygene (ou
plus simplement en air, enrichi ou non en oxygehe) Schéma 1 donne le principe
élémentaire d'une PAC.

Anode Cathode

H2 @& L 0«02

Reste +@u . 0—H20
de H2

Electrolyte

Schéma 1 : Principe élémentaire d’une pile a comitlias
Dans le cas dune pile hydrogene-oxygene (ou PEMMC3e produit I'oxydation de
I'hnydrogene a I'anode selon:
H, ——= 2H +2e- électrolyte acide
H,+2O0OH —= 2H0 +2e- Eélectrolyte basique
Il s'agit d'une réaction catalysée. L'atome d'hgdne réagit en libérant deux électrons, qui

passent dans le circuit électrique qui relie l'anoda la cathode.

A la cathode, on assiste a la réduction cathodj@également catalysée) de I'oxygéene selon:
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112 +2H +2e- —= H,0 électrolyte acide

12+ H,O +2e- —* 2 0OH électrolyte basique

Le bilan donne donc:
H, + 1/2 Q@ —H,0 + chaleur

Cette réaction est exothermique: a 25°C, l'entbdipre de la réaction est de -237 ou -229
kJ/mol selon que l'eau formée soit liquide ou gaeeuCeci correspond a des tensions
théoriques de 1,23 et 1,18 V. Cette tension dépessdi de la température.

Dans le cas d’'une pile a combustible directe deham&l (DMFC), le méthanol est oxydé a
I'anode selon :
CHOH + HO - CQ + 6H + 66

Le comburant (le dioxygéne) est réduit a la cathsmlen:
O, + 4H + 46 - 2HO0

La réaction globale, bilan de la pile, est la costlmn du méthanol :
CHOH + 3/2Q - CG + 2HO

La température d'ébullition du méthanol a la passitmosphérique est assez basse (65°C), et

nécessite donc une température de fonctionnemésragde 60-70°C (pour éviter une tension

de vapeur trop €élevée).

Pour une pile PEMFC fonctionnant a 80°C avec dalitgene possedant une tension de 0,7
V pour 350 mA/cm, le rendement total est d’environ 40%.
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1.3. Les différents types de PAC

On compte actuellement 6 types de pile a combuastibl

AFC (Alkaline fuel Cel),

PEMFC (Polymer Exchange Membrane Fuel Gell
DMFC (Direct Methanol Fuel Cé)|

PAFC (Phosphoric Acid Fuel Cell

MCFC (Molten carbonate Fuel C¢ll

SOFC (Solid Oxid Fuel Cell

Ces piles se difféerencient selon la nature de lélactrolyte, leur température de

fonctionnement, leur architecture et les domainagpiication dans lesquels chaque type peut

étre utilisé. Par ailleurs, chaque pile a des exigs différentes en terme de combustibles.

Les domaines d'applications pour les piles sorgu@sants :

les applications portables,

les applications spatiales,

les applications sous marines,

les groupes de secours,

les applications automobiles (voitures et bus),

la cogénération (industrielle ou groupements dtasibns),

la production centralisée d'électricité.

Le Tableau 1 indique les caractéristiques de tesisyfpes de piles.
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Type de pile |[AFC  |PEMFC DMFC PAFC MCFC SOFC
_ |Polymer ) )
Alkaline Direct Phosphoric [Molten )
Exchange _ Solid Oxyde
Nom Fuel Methanol |Acid Fuel |Carbonate
Membrane Fuel Cell
Cell Fuel cell |Cell Fuel Cell
Fuel Cell
L|2CO3 et
Membrane |Membrane
. . . _ K>CO; fondu
Solutionpolymere polymére |Acide
Electrolyte . . _ |dansune |ZrO; et Y203
KOH |conductrice |conductricgphosphoriqug .
matrice
de protons |de protons )
LIA|02
lons dans
) OH H H* H* CO” o~
I'électrolyte
Niveau de
) 60-80°C|60-100°C  |[60-100°C |180-220°C |600-660°C |700-1000°C
température
H (pur ou Hz (purou [Hz (purou [Hz (purou
Combustible |H> 2(p ] Méthanol (P ] 2(p ] 2(p ]
reformeé) reformeé) reforme) reformeé)
Oxydants Oz (pur) |Air Air Air Air Air
Cogénératiot
. CogénératiolProduction
Automobiles, _ o
Production |centralisée
Domaines . |Portable, . o ) L
o Spatial .. |Portable |Cogénératiofcentralisee (d'électricite
d'applications Cogénération ) L _
. d'électricité, |[Automobile
Maritime N
Maritime (APU),
Maritime
Niveau de e Technologie
] Utilisée |Prototypes |Prototypes| Prototypes |Prototypes
développemen mare

Tableau 1 : Caractéristiques des différentes pilesmbustible (nom de la pile, type

d’électrolyte, ions présents dans cet électrotgimpérature de fonctionnement, type de

combustible, oxydants, domaines d’applicationsietau du développement).

Dans le cas particulier des PEMFRr@¢ton Exchange Membrane fuel Geljui sont le type

de pile — avec les DMFC- qui nous intéressent puoatre étude, les applications sont
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multiples autant dans le domaine automobile ques dardomaine stationnaire et portable.
Ces PAC présentent plusieurs avantages:

. elles ne sont pas sensibles au,@&@mme l'est I'AFC);

. leur faible température de fonctionnement permetié@marrage rapide, une plus
grande souplesse de fonctionnement et une meillgestion thermique (moins de chaleur a
évacuer);

. elles sont multi-usage (effets de synergie) et penivun large spectre de
puissance.

Cependant, elles présentent encore des problemdsigent étre réglés:

. elles sont trés sensibles au CO (notamment lek/satas);

. leur faible température de fonctionnement ne perpat de bien valoriser la
chaleur (notamment dans le cas d'applicationostadires);

. le catalyseur (Platine) colte cher, de méme queplagues bipolaires et la

membrane.

Les DMFC Direct Methanol Fuel Cellreprésentent un type de pile a part: a la difféeedes
autres piles ou I'hydrogéne est oxydé a l'anodies ebnt alimentées directement en méthanol.
Le méthanol est en effet I'un des rares réactifsc akhydrogéne (ainsi que le glycol,
lammoniac ou I'hydrazine) qui montre des carasti@ies d'oxydation suffisamment
intéressantes pour pouvoir étre utilisé dans less @ combustible fonctionnant a basse ou
moyenne température. C'est un type de pile relatve nouveau et de nombreuses et
significatives améliorations ont déja été réalisées derniéres années au niveau du cceur de
pile (densité, puissance, rendement, durée de vie).
L'avantage décisif par rapport aux PEMFC est le dalelles fonctionnent directement au
méthanol, un carburant certes toxique, mais liquideempérature ambiante, actuellement
produit a partir de gaz naturel, de pétrole, dulmbwa (et possible a partir de la biomasse) et
qui pourrait bénéficier de l'infrastructure exigempour l'essence. On se dispense ainsi du
probleme du reformage et/ou du stockage de I'hyaregCe type de pile reste intéressant,
bien qu'il pose encore certains problémes techmique

On pense surtout a ce type de pile pour_les pilesatares ou micro-pilesrechargeur de

téléphones portables, d’ordinateurs, de caméscagsspiles pourraient remplacer les piles
conventionnelles dans les divers appareils élamsgElles pourraient également trouver des
applications dans le domaine de l'automobile (géteér auxiliaire pour un veéhicule

militaire, petits véhicules (voiture de golf, mote®ire des systemes hybrides).
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Le cceur des piles de type PEMFC ou DMFC est coigstiine membrane (I'électrolyte), des

électrodes, des couches de diffusion (backing) gums des plagues bipolaires (Schéma 2).

Plague Flaque
bipolaire Anode Cathode bipolaire

H
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B
<
B

Backing Membrane Backing

Schéma 2 : La PEMFC ou DMFC et ses composants

1.4. Les différents matériaux constituant une PEME

1. 4. 1. La membrane

L'une des caractéristiques essentielles de chageede pile est son électrolyte. Pour les
AFC, I'électrolyte était liquide, ce qui entrainadit la noyade des électrodes en cas d'exces
de celui-ci, soit leur assechement en cas de faier les piles PEMFC, I'électrolyte est une
membrane polymere ionique de type acide. Mémerss tks applications actuelles, il s'agit
d'une membrane perfluorée sur laquelle sont greféssgroupements acides sulfonateg SO
(membrane Nafidr), de nombreuses études sont consacrées a la aeehee nouveaux
matériaux pour remplacer la membrane NafioBet enjeu constitue également I'objectif de
ce travail de thése.

Dans ce type d'électrolyte, les ions négatifs setgnus dans la structure de la membrane.
Seuls les ions hydrogén€ Bont mobiles et libres de transporter la charggtipe a travers la
membrane, de l'anode vers la cathode et c'est evam®nt associé a la circulation des
électrons qui est a l'origine du courant produi donductivité ionique de la membrane
dépend de la température, de la concentration eapgracide et de I'hydratation de la

membrane: celle ci doit toujours rester saturéaudfmur permettre le déplacement des ions
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H*. La conductivité ionique doit &tre de18 10" S.cm® & température ambiante et sous 100
% d’humidité relative.

Dans le cas particulier des DMFC, une autre prapist essentielle : il ne doit pasayoir
perméation du méthanah travers la membrane vers la cathode et son tapdavec
l'oxygene en dioxyde de carbone et eau (sans fodencourant). Ce phénomene se nomme le
“cross over" et il correspond a une perte de cotitidas Une solution pourrait venir de
membranes plus étanches au méthanol tout en agantanductivité ionique acceptable. Si
des progrés importants ont été réalisés permatanéduire considérablement la perméation
du méthanol, ils ont pour conséquence une augn@mtdé la résistance des membranes et
une hausse des codts.

Une autre propriété de la membrane consiste a’'eleydoit séparer efficacement les gaz. En
effet, tous les gaz sont susceptibles de passavers, en particulier I'hnydrogéne qui est le

plus petit mais aussi I'azote ou l'oxygene. Il f@pendant éviter un court-circuit chimique
(par ex.: une réaction entre I'nydrogéne et I'orggae I'air) ou une baisse de rendement par
dilution de I'hydrogeéne par l'azote.

Enfin, les électrons ne doivent pas pouvoir franzhmembrane.

Ces membranes fonctionnent a une température ceengmire 60 et 120°C et a des pressions
entre 1 et 5 bars. Dans ces conditions, elles satrerd trés stables et résistantes, ce qui
permettrait d'atteindre des durées de vie de 300008h pour les transports d'ici 2006. Au
dela de ces températures, leurs performances cocemtes se dégrader.

Ces membranes ont une épaisseur comprises engte280um. Les surfaces nécessaires dans
une pile sont fonction de sa puissance; une pil8@&W doit posséder une surface de
membrane de l'ordre de 1 favec 0,5 A/crha 0,7 V). Mais elles restent encore trés chéres,
de l'ordre de 800 €/Mmen raison de leur fabrication délicate: pour étiables

économiquement, la membrane devrait présenter @rirférieur a 15 €/

1.4.2. Les électrodes
Dans la PEMFC, les électrodes sont a base de metégieux, surtout du platine, dont la
teneur est de 0,1 & 1 mgfeni est sous forme de trés fines particules sucttarbon actif &

tres grande surface spécifique. Les électrodesdbpermettre de dissocier I'hydrogéne et le
transfert des protons vers I'électrolyte (Schéma 3)
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Electrolyte Backing

Particulea

Particule de Platine

de charhbon

Schéma 3 : Zone de triple contact (ou couche gctive

A l'anode, I'hydrogene diffuse a travers le matejisqu'a ce qu'il rencontre une particule de
platine. Sous l'action du catalyseur, la moléculeydfogene conduit a deux atomes
d'hydrogéne. Ceux ci forment alors une liaison ageax atomes de platine, puis chacun
produit un électron et un proton’ Iqui pourra alors traverser la membrane de |'aveds la
cathode.

A la cathode, on utilise aussi des catalyseurssa ba platine. Le mécanisme de réaction est
la aussi assez complexe (étapes multiples).

De méme que la membrane, les électrodes sont ckeareaison du platine dont le prix
avoisine les 14€/g. On cherche donc a diminuegiestités de Pt utilisées: de gros progrés
ont été réalisés permettant une chute de la tefeedrmg/criia 0,1 mg/crhmais il semblerait
gue ce soit un seuil minimum. Une solution possd®eait de modifier l'architecture des
électrodes puisqu'il a été montré que seulemerd 30% de ce métal est vraiment actif.
L'autre possibilité consiste a faire fonctionnes fgles sous une pression plus élevée, mais
avec des conséquences sur la consommation du cgsepre Enfin, des recherches sont
menées sur des alliages a base de platine poodéafplatine/rhodium, platine/ruthénium,
platine/molybdéne et platine/étain) qui fonctioraent & des températures plus élevées mais
permettraient d'atteindre des tolérances de l'oddres00 ppm de CO. A la cathode, les
recherches sont orientées sur des alliages a leageethux tel le chrome, le nickel ou le
molybdéne. Les objectifs actuels quant aux éleesodonsistent en l'augmentation de
lactivité du catalyseur, I'amélioration du rendemyela réduction du phénomene de

perméation et la baisse de la sensibilité de I'ariolempoisonnement par le CO.

XixX



hY

Dans une pile a combustible type PEMFC ou DMFCsskanblage électrode-membrane-

électrode est représenté sur la photo ci-dessah€sa 4) :

Schéma 4 : dépbt d’'une « encre » contenant dunpldélectrodes) de part et d’autre de la

membrane Nafion pour constituer une cellule électrode-membranetiélde.
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1.4.3. Autres matériaux

D’autres matériaux sont indispensables au bon ifmmeément d’une pile, tel que :

. les plagues de diffusipnou « backings ». Entourant les électrodes, ces

« Backings », d'une épaisseur de 100 a 300 umtjomedouble réle ; elles permettent
la diffusion des gaz jusqu'aux électrodes, etdadfert des électrons de I'anode vers la
cathode.

Elles doivent donc étre a la fois conductrices@epses. De plus, elles assurent un
réle essentiel dans la gestion de I'eau en pemeitéa fois qu'elle soit évacuée ou
d’humidifier la membrane.
La nature poreuse de ces supports permet aux géiffuker, ce qui leur permet, en se

dispersant, d'entrer en contact avec la surfaderertte la membrane.

. Les plaqgues bipolaireCes plaques sont souvent réalisées avec du tgaphi

haute densité, mais une autre possibilité eslidation de mousses métalliques. Elles
servent a assurer la distribution des gaz et liéataan de I'eau: pour cela, I'une des
faces est parcourue de micro-canaux de dimensmiisrdre de 0,8 mm. Mais ce sont
aussi des collecteurs de courant. Les électrordujisopar I'oxydation de I'hydrogéne
traversent le support d'anode puis la plaque, pagse le circuit extérieur et arrivent
du c6té de la cathode. Les éléments EME (électrouasbrane) sont accolés et
connectés les uns aux autres par l'intermédiaireedeplaques, les plaques positives
étant au contact des plagues négatives. A ces gdaglajoutent deux plagues

terminales a chaque extrémité de la pile.

Pour augmenter les puissances, les constituanis pite (électrode-membrane-électrode ou

EME) sont empilés en stack, comme le montrentihe$qs des Schéma5 et 6.

XXi



S >/ = \, P

Schéma 5 : Stack constituant une DMFC (IRD, Svergiidanemark, 2004)
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Schema 6 : Stack d’'une DMFC embarquée a bord duwieire de marque Fiat (IRD,
Svendborg, Danemark, 2004)
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1.5. Conclusion

La pile a combustible présente de sérieux atouis ptye la source d’énergie autonome de
demain. Cependant, l'estimation actuelle du colindvéhicule comportant une pile a

combustible conduit a des valeurs supérieuresla dein véhicule thermique actuel, et cela
en partie & cause du prix de la membrane Nafion

Nissan a réalisé récemment une voiture hybridedaasg une autonomie de 400 km, avec
1000 cycles possibles démarrage- arrét.

Ainsi I'un des principaux défis a relever pour aimkdr cette technologie est la recherche
d’'une membrane possédant les meilleures propipéigsico-chimiques. Pour cela il nous faut

connaitre les propriétés physico-chimiques requises la membrane échangeuse de protons.

2. La membrane (des PEMFC et DMFC)

Les PEMFC et DMFC contiennent toutes deux un é@bgdt& de type membrane échangeuse

de protons. Sa fonction est de séparer les gazc{palement Het ).

2.1. Le cahier des charges

Le cceur de la pile est constitué d'une membranen@ne dont le role est de transporter les
protons de I'anode a la cathode. Cette membranandpérativement posséder les propriétés
suivantes [7]:

. Une bonne conductivité protonique (au moins?18/cm & température

ambiante et sous 100% d’humidité relative) ;

. Assurer la séparation des gaz @O, dans le cas d’'une PEMFC) ;

. Grande stabilité chimique et physique en milieu eary) acide et a des

températures élevées (de I'ordre de 100 °C) ;

. Stabilité a I'oxydation et a I'hydrolyse ;

. Bonnes propriétés mécaniques a la fois a I'étaesbgdrate ;
. Un codit raisonnable (< 15€fn

. Assurer une conductivité électronique nulle ;
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L'introduction sur le marché des membranes Nafipar la société Dupont de Nemours en
1968 est a l'origine du regain d’intérét pour laheologie pile & combustible échangeuse de
protons. Cependant, nous allons le voir dans laepsuivante, on a cherché de nombreuses
alternatives & la membrane Nafigra la fois dans les polyméres perfluorés, maisiaus
fluorés et hydrogénés. Toutefois, la membrane Mafest encore trés largement utilisée dans

les applications actuelles telles que les PEMFOMEC.

2.2. Inventaire des membranes échangeuses de jomod

L'étude des différentes membranes échangeusestimprest un domaine trés vaste et a fait
I'objet de nombreuses revues [1, 7, 8, 9, 10],. Nous avons choisi de présenter dans un
premier temps les membranes hydrogénées, puisdesranes perfluorées ou partiellement
fluorées. Il est a noté que la liste des membrawdsngeuses de protons développée ci-
dessous n'est pas exhaustive puisqu’elle ne memigmas notamment les membranes
contenant des groupements phosphonés, ni les meesbramposites et hybrides..

2.2.1. Les membranes hydrogénées

Un des premiers systemes de pile & combustible famiodule développé par General Electric
pour la mission spatiale Gemini. La pile a combialstiétait constituée d’'une membrane
polymere électrolyte solide basée sur le polysgyuifone[12].

Des polymeres thermostables ont été développésqumstituer des membranes pour pile a
combustible pouvant résister a des températuredrisupes a 100 °C, ou aux atmospheres
corrosives [13]. Ce sont les polybenzimidazoles I\PBes polyimides (Pl), les
polyoxyphénylenes (POP), les polysulfones (PSU) pedyéthers sulfones (PES), les
polyéthercétones (PEEK), les polyphosphazenes éPpylyphénylquinoxalines (PPQ). Ces
membranes possédent d’excellentes propriétés theesi chimiques, et en général une
bonne résistance a I'hydrolyse. Ces matériaux ptése une stabilité a haute température

sous des atmosphéres vapeyOvapeur/H jusqu’a 200°C.
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2.2.1.1. Résines phénolformaldéhydes sulfonétdes acides

polystyrénes-divinylbenzéne sulfoniques réulés

Adams et Holmes en 1935 (General Electric) ont kdgyee des phénolformaldéhydes [14].
D’Alelio [15] en 1944 a mis au point des copolynereomme les acides polystyrenes-
divinylbenzene sulfoniques réticulés. Les résindégnplformaldéhydes (Schéma 7) sont
obtenues a partir de phénol substitué en para &rd@ldéhyde. Un réseau tridimensionnel

réticulé peut étre préparé en ajoutant au mélagaeionnel du phénol non substitué.

OH OH
(
)
(T
R SOH
(@)

Schéma 7 : Structures générales des résines pbénalfiéhydes sulfonées linéaires (a) et

réticulées (b).

Ces polymeres conduisent a des films extrémemagilds avec une trés faible résistance a la
deésulfonation.

Des membranes en polystyréne sulfoné réticulé gihisles chimiquement et thermiquement
ont été obtenues par copolymérisation du styrerti etivinylbenzene et sulfonation par un
traitement avec I'acide sulfurique concentré ouitla chlorosulfonique (Schéma 8) [16 , 17].

—(—=CH—CH,—CH—CH, - —(—CH—CH,—CH—CH, —)—
—(-CH—cCH, )—
lin€aire réticulé

Schéma 8 : Structures chimiques de l'acide polgsigr— divinylbenzéne sulfonique linéaire

et réticulé.
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Ces membranes semblent posséder des propriétéfssensies pour une application en PAC.
2.2.1.2. Copolymeres a blocs styréne-éthyléne/blégpe-styréne

Le polymére tribloc poly(sty-co-E)-b-poly(butylée-E)-b-poly(sty) (SEBS), disponible

commercialement sous le nom de Kratgsociété Shell Chemical Co.) est présenté, aprés
sulfonation (Schéma 9). Il est constitué de demcdbktyrenes et un bloc central de carbones
saturés, inerte a la post sulfonation. Des membrataborées a partir de tels copolymeres

sont développées depuis 1993 par la compagnie DAIS.

[( CH,CH— CHéCH%CHZCH#CHéCI:H )y]m[( CH;CH— CHQCHﬁ
|

CH,
CH,

SOH SOH

Schéma 9 : structure chimique d’un copolymére a BIBBS sulfoné

Afin d’étre utilisé comme membrane pour PAC, cealgmere a bloc est dissout dans un
mélange dichloroéthane/cyclohexane. Une solution cdeplexe sulfonant de sulfure
trioxide/triethyl phosphate est ajoutée a des tgatpres de —5 a 0 °C [18]. Des résultats de
conductivité [19, 20, 21] donnent 0.1 S’tspus 100% d’hydratation. Il a été noté que les
membranes gonflaient a I'eau, avec des taux ddegoeht dépendant du taux de sulfonation
[22]. Ces membranes sont nettement moins chéresaguembrane Nafioh De plus une
étude récente [20] révele que la perméation auanéttd’'un copolymeére sulfoné a 34% est
deux fois moins importante que dans le cas d'unminene Nafioh 117. Cependant, elles
présentent l'inconvénient d'avoir une faible rémiste a I'oxydation comparée aux
membranes perfluorées ou partiellement fluoréesguse de leur caractere aliphatique. Les
durées de vie estimées de ces membranes sont @eh2bfes a 60°C, et 4000 heures a
température ambiante. De plus, le probleme delséabie la liaison CH tertiaire présente
dans le motif styréne restreint le domaine de trad@ ces matériaux a des températures

inférieures a 100°C.
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2.2.1.3. Les copolymeres greffés polystyremepolystyréne sulfoné

D’autres membranes échangeuses de protons hydexmémd été élaborées a partir de
styrene. Récemment, Holdcradt coll. [23] ont synthétisé et caractérisé des copolymeéres
contenant une chaine principale styrénique gredffiésc des chaines de sel de sodium de
styrénes sulfonates (noté H9nad®SSNA). Ces copolyméres ont été préparés par (1)
polymérisation radicalaire pseudo-vivante du sel sedium du styrene sulfonate
(CH,=CH(GCsHs5)SOsNa) et (2) terminaison par le divinyloenzéne (DVBAInsi le
macromonomerenfad®SSNa) est utilisé a la fois comme comonomeére etséimant dans la
copolymérisation par émulsion du styréne.

A cause de leur morphologie, ce nouveau type deénmat possede des propriétés
meécaniques, de gonflement, de conductivité et tlppres différentes des copolymeres

statistiqgues formés avec les mémes monomerest@@SSNa).

2.2.1.4. Les poly(aryléne éther)s

Les polyméres entierement aromatiques sont sarte tione des voies les plus prometteuses
pour les membranes des piles a combustible typeFREMI DMFC (notamment, une bonne

résistance a l'oxydation et I'hydrolyse). Partiésdiment, les poly(arylene éther sulfone)
sulfonés, les poly(aryléne éther éther cétone) WEaNt I'objet de nombreuses études [24].

La structure générale des poly(arylene éther)@stél en Schéma 10 :

XXVili



ouX=0,S
(|:H3 | E |C|)
Y = Sg )_|C_ 1 _|C_ ' _P_
CH, CF,
I ﬁ
2=80, —C— . —p—

Schéma 10 : différentes structures chimiques plessdes poly(aryléther)
2.2.1.4.1. Les poly(arylene éther sulfones) suitfés

La famille des poly(aryléne éther sulfones) eststituée de divers polymeres dont les plus
étudiés [25] sont disponibles commercialement sesisioms de Udelpour le polysulfone
(PSU) et VictreX pour le polyéther sulfone (PES).

Pour les polysulfones (PSU), deux types de polyméuifonés sont obtenus, selon le mode
opératoire de sulfonation utilisé. Le groupemeitfiosique peut étre introduit soit en position
ortho du pont éther de la partie bisphenol (form{a)jede Schéma 11) [26, 27 , 28, 29] , soit
dans la partie de la diarylsulfone (formule (b)St#éma 11) [30].

CH, 9
B UsRUasWs s Wl
CH, o)
SOH
CH,
e Us R WasWs o Wl
CH,

SOH

Schéma 11 : deux polysulfones sulfonés ((a) ets@pn le mode opératoire de sulfonation

O

=

O
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La membrane (a) du Schéma 11 est soluble mémededaibles taux de sulfonation (a partir
de 30% mol.) alors que la membrane (b) ne deviehibe qu'au dela d'un taux de
sulfonation de 65% mol. Les performances de cesnmaak en PAC hydrogéne se sont

révélées faibles parce que les membranes déshgsétiiient trop cassantes [22].

Pour les polyéther sulfones (PES) donnés en SchHEmales conductivités protoniques
équivalentes a celle du Nafidmnt été obtenues pour des taux de sulfonationrigupg & 90

% molaire [26]. Cependant, a de tels taux de satfon, le nombre de molécules d’eau par
groupement sulfoniqgue augmente de plus de 400%ndant ainsi les propriétés mécaniques

de la membrane.

Schéma 12 : structure du polyéther sulfone.

Pour pallier ce probleme, les membranes de PESt®@mnéticulées avec des diamines. Le taux
de gonflement a été réduit d’environ 50%, ainsi lgueonductivité.

Les conductivités des polyéthers sulfones ont é@eéliarées par copolycondensation de
motifs bisphénol et de dichlorodiphénylsulfone snéis et non sulfonés[31, 32, 33]. Par ce
moyen, les structures obtenues sont plus stablgsi®tcides. La perméation au méthanol de
telles membranes est également divisée par 4 pmoraau NafioH, ce qui est trés

interessant.
2.2.1.4.2. Les poly(aryléther cétone) sulfonés

Le matériau de type poly(aryléther cétone) le plummunément utilisé est le poly(éther éther
cétone) sulfoné ou sPEEK représenté en Schéma 1334 36]. Ce polymeére semicritallin
possede des propriétés de stabilité thermique,ighenélectrique et mécanique excellentes.
Ce polymére présente toutefois une faible solébilitans les solvants organiques a cause de

sa cristallinité.
i
{—<: :>—o—<: E>—o—<: :>—chn
SQOH

Schéma 13 : structure du poly(éther éther cétaré)re.
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La sulfonation du PEEK entraine une structure domn8ahéma 13, ou le groupement;BO
se positionne uniguement sur le cycle aromatigaeépentre les deux liaisons éthers [37] car
sa densité électronique est plus importante que def autres cycles. Un taux de sulfonation
d’environ 60% molaire est un bon compromis entrectaductivité et les propriétés
meécaniques de ces membranes. De plus, la sulfona¢ionet de diminuer la cristallinité et
d’augmenter la solubilité [38 , 39].

Les PEEK sulfonés peuvent également étre réticulésvpi@ chimique pour réduire le
gonflement des membranes et augmenter leur résestagcanique [40]. La réticulation peut
alors se faire au moyen de diamines aromatiquesliplnatiques qui réagissent sur le
groupement sulfonique, ou les membranes peuvent téitées afin de promouvoir la

polymérisation intra/inter chaine de groupemenitf®sigues [40].
2.2.1.5. Les polyphénylquinoxalines sulfonés
La premiere génération de polyphénylquinoxalinefoeas a été étudiée par Ballard

(BAM1G, Ballard Advanced Materials®'1Generation). Aprés réaction de sulfonation, la

structure de tels polyméres est donnée en Schéma 14

O

n

S e
|\ X
T

(™ s

Schéma 14 : Structure chimique des poly(phénylquhoe) sulfonés (sPPQ).

SOH

Les membranes BAM1G ont montré d’excellentes péi@si mécaniques dans I'état hydraté
ou non. Les performances en pile de ces membranEs300 et 420) ont été rapportées
comme similaires & celles des membranes Nafid@. Cependant elles ont montré une faible
durée de vie en pile a hydrogéne a 70 °C (350 lassmum, contre plus de 60000 hrs pour la
Nafion") [41].
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2.2.1.6. Les poly(oxyphénylénes) sulfonés

Cette famille de polyméres a été développée pdarmal et est appelée BAM2G (Ballard
Advanced Materials" Generation) [42]. Ces membranes possédent unetste décrite au
Schéma 15.

Schéma 15 : Structure chimique des poly(oxy-2,6éyl-4-phényléne) sulfonés 5.

Ces membranes BAM2G ont montré des performancgdiesren début de vie, comparables
au NafiorY et & la membrane DoW(< 500h de fonctionnement) [41].

Afin d’améliorer la stabilité thermique de ces meames, le groupement sulfonique a été
remplacé par un groupement acide phosphonique 1f8ché) [43]. Les premiers résultats a
25°C suggerent que les performances de ce matsoiulégerement inférieures a celle du
Nafion?117. En effet, I'acidité du groupement phosphonigu5°C est plus faible que celle

du groupement sulfonique.

CH, CH,P(0)(OH), CH,
o o+ o,
Br
CH,P(O)(OH), CH,P(O)(OH), CH,P(O)(OH),

Schéma 16 : structures des poly(oxydiméthylphémyl@hosphonés.

Des poly(oxyphénylénes) sulfonés (sPOP) ont étéhstisés par électropolymérisation de
phénols substitués [44]. Des mesures de perméatiométhanol de ces membranes ont
montré que les sPOP étaient des polyméres barreraméthanol, plus efficaces que les
membranes Nafidhet Dow’.
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2.2.1.7. Les polyparaphénylenes sulfonés

Un nouveau matériau de type paraphényléne, le $qlgénoxybenzoyl-1,4-phényléne)
(PPBP) a été développé par la firme américaine fsliaxdnc. Sous le nom de polyX2000. Ce
dérivé phényléne possede une structure prochelldedcePEEK (Schéma 17). Cette famille
de polymére, du fait des enchainements en parae@esune grande rigidité, de bonnes
propriétés mécaniques ainsi que de remarquablegilité&® thermique, chimique et

électrochimique.

SQOH
O] 0]
Q — — Q
O O

Schéma 17 : réaction de sulfonation du poly(4-pkgbenzoyl-1,4-phénylene).

La conductivité de telles membranes a été compaeEdle de membranes élaborées a partir
de PEEK. Il a été montré que les PPBP possédaienplus grande capacité d’absorption

d’eau et une meilleure conductivité protonique des PEEK pour un méme taux de

sulfonation (65% molaire) [45, 46]. Les membrare#PBP possédent également une
perméabilité au méthanol divisée par 10 par rappota membrane Nafidn mais les

performances en pile restent inférieures a cebds tafior'117 [47].
2.2.1.8. Les polybenzimidazole sulfonés (sPBI)
La sulfonation directe du polybenzimidazole a méntinaptitude de ce matériau a étre

utilisé comme membrane pour pile a combustibletrcar cassant [48 , 49] et possédant une

conductivité beaucoup trop faible [36] .
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Le greffage chimique de monomeres sulfonés suglelstte du polymere PBI a permis de
contrbler a la fois la nature chimique du groupensaitfonique et le degré de sulfonation. La
structure du PBI sulfoné est représentée en Schéma

Cette technique a également été utilisée pour étintr des poly(benzoxazoles) [50], et
poly(benzothiazoles) sulfonés. Mais la stabilitécege derniers polymeéres en milieu agueux

acide apparait limitée pour en faire des membrpoas Pile a combustible.

R HO,S
N N
« -
N N
\
H
Schéma 18 : Structure chimique d’'un polybenzimitiazalfoné.

La conductivité protonique des membranes élabaagestir de polybenzimidazole sulfoné a
un taux de 75% a été trouvée identique a celle dfioN 117, mesurées dans les mémes
conditions [51].

Des traitements thermiques de post-sulfonatiordparacides (tels que I'acide phosphorique,
sulfurique, hydrochlorique, hydrobromique et peocit) sur des polybenzimidazoles
sulfonés ont permis d’améliorer nettement les cotidités (jusqu’'a 6 18 S/cm pour une
membrane PBI/EBO, mesurée a 190°C [52]) ainsi que la perméabilité naéthanol
(perméabilité divisée par 300 pour une membrandHBD, par rapport & la Nafiori17
[36]).

Cependant ce type de membrane perd sa flexibifagbée taux d’humidité, modifiant ainsi le

transport des protons et les propriétés mécanidgiés membrane.
2.2.1.9. Les polyimides sulfonés (sPI)

Les polyimides sulfonés peuvent étre obtenus saitsplfonation d’'un polyimide, soit par
condensation de diamines aromatiques sulfonées afiahhydrides [48]. Les structures
polyimides sulfonées de type phtaliques ou naphil&s sont présentées au Schéma 19.
Les polyimides sulfonés se sont révélés trois foiss perméables a I'hydrogene que
la Nafior’117 [53].
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D’autre part, les polyimides phtaliques, lorsquslsnt utilisés comme membrane pour PAC,
se dégradent tres rapidement, alors que les palgsnnaphtaléniques sont beaucoup plus
stables en milieu PAC [54]. En effet, ce derniepetyde polyimides est plus stable a

I'hydrolyse.
0 0 SOH o) o
o o
T OO O
o} o} HO,S 0 o) m
o) 0 SOH o) 0
b) O O
[Ni ' zNw Wi “i ' iN@O@W
(@) O o) (@] (o)

HO,S

Schéma 19 : Structure des polyimides phtaliquet(apphtalénique (b)

Le CEA développe une stratégie « multicouches »>pgurrait répondre au probléme de

perméation du combustible et de faible conductij&tg.
2.2.1.10. Les polyphosphazénes sulfonés (sPP)

Ces matériaux présentent des bonnes stabilitésigienet thermique notamment en milieu
pile a combustible. Ces polymeres, largement d@pele par le groupe d’Allcock, ont été
étudiés dans un premier temps comme élastomenss;game électrolyte polymere dans les
batteries lithium et finalement comme électrolytdymeére dans les PEMFC [56].

La sulfonation directe s’effectue par la mise elutsan du polymeére de départ (PP) dans des
solvants comme le diméthylacétamide, ou la N-methryblidinone avec S©a 80 °C
(Schéma 20). L'avantage de cette famille de polgmégside dans la large gamme de
matériaux possibles. En effet, il est aisé daackiverses chaines latérales sur le
groupement —P=N- du squelette du polymeére [57].nBture du substituant joue un role

important sur les propriétés de stabilité thermjguemique, mécanique... [58].
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Schéma 20 : sulfonation du poly(bis(3-méthylphénpkgsphazene).

Le sPP non réticulé est soluble dans le méthancbetmence a perdre de ses propriétés
mécaniques a partir de 76 °C. Par contre les siRiRl&Ss sont stables mécaniquement jusqu’a
173°C. De plus, les valeurs de conductivité des skRhylés réticulés ou non sont
relativement proches. Toutefois, elles restentriefées d’environ 30% a celle de la
Nafion”117 [59].

En 2002, Allcocket coll. [60] ont décrit la réalisation de membranes g tgPP méthylés
ayant des propriétés intéressantes : une capdéitbamhge ionique comprise entre 1,17 et
1,43 méq Hg*, des conductivités protoniques comprises entré di010" S.cm®, et des
perméations diminuées d’un facteur six pour les brames réticulées par rapport a celle de
la Nafiort’ 117.

De plus, des copolymeres de polyphospazenes ontswgithétisés a partir de bis(2-
methylphenoxy) phosphazéne, sulfoné aprées polyaténs[61] . Des polymeres tels que des
poly(fluorure de vinylidéne)s, et des polyacrytofe, ont été utilisés pour élaborer des

systemes membranaires a base de mélange de pasymere
2.2.1.11. Conclusion sur les membranes hydrogésée

La grande quantité de familles de polyméres hydrégétudiés est révélatrice de l'intérét
porté a ce type de structure pour I'applicatiorP&C. Les performances obtenues en pile ne
cessent de s’améliorer, toutefois les répercussogendrées par les fonctions ioniques sur
les propriétés du polymeére sont un facteur limit@e plus, la plupart de ces membranes
présentent encore une faible résistance a I'oxgdatt une faible durée de vie. Il semble
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primordial de s’intéresser maintenant aux membraefuorées et partiellement fluorées

sulfonées, telle que les membranes Nafi@ow", Flemior’ou Aciplex’.
2.2.2. Les membranes perfluorées et partiellemefitiorées sulfonées
2.2.2.1. Les membranes perfluorées sulfonées
Les membranes perfluorées sulfonées sont congitudan squelette linéaire de
polytétrafluoroéthylene (PTFE) qui comporte stajistment des chaines pendantes de type

éther vinylique perfluoré terminé par une fonctide type super acide. La structure du

Nafion” est donnée en Schéma 21.

{‘F CF;CFﬁ?FCFfz?F%
O

I

C|:F2 /\
F.C—CF

(l) M

—

CF,

| N

so;

H

Schéma 21 : structure de la membrane N&fioa ne1, n=2, x=5-13.5, et y=1000

Ces polyméres sont disponibles dans une large gatemeasse équivalente (ME) (masse de
polymere par mole de groupement acide sulfoniqueesynthese des membranes perfluorées
de Dupont est réalisée en trois étapes [62 , 63] :
1. la synthese multi-étapes du monomere vinyléthet Bodifficulté de réalisation est a
I'origine du co(t élevé de ces matériaux,
2. la copolymérisation en émulsion pendant laquéitelice de copolymérisation est
contrélé par la régulation de la vitesse d'intratrcdu gaz tétrafluoroéthyléne,
3. le laminage du polymere effectué a 250°C sous faten&QF suivi d'une hydrolyse
utilisant la potasse a chaud (80°C).
Le développement de ces matériaux dans les an@&ts d joué un réle primordial dans
'essor des systémes électrochimiques (industraedaté chlore/soude, électrolyse, pile a
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combustible...) . lls sont particulierement adaptés applications pile a combustible et ont
montré des durées de vie de plus de 60000 heuresnpitement de cellules élémentaires
pour PEMFC & 80°C [63]. La premiére membrane coroiae fut le Nafioi 120 (ME de

1200, 250pum d’épaisseur a I'état sec), puis laddfill7 (ME de 1100, 175 um d'épaisseur
a |’ état sec). La compagnie Dow Chemical, en 188®mmercialisé sa propre membrane
perfluorée a plus faible masse équivalente (ME @@ & 850) (Schéma 22). Les meilleures
performances ont été obtenues & 0.5V avec les namebiNafion 117 & 220 mA.cff, et &

780 mA.cn¥ pour les membranes DOw

{crscrfterrcr;
0
|

ok

T

SOH

Schéma 21 : structure de la membrane Dawi x=6-7 et y=1.

Du fait du succés de Dow Chemical, I'activité dedepagnie DuPont s’est alors concentrée
dans les années 1990 sur 'amélioration des pesioces des membranes Nafioen terme

de durabilité. Cet objectif a été atteint en dinainulles masses équivalentes et les épaisseurs
des matériaux. Le tableau 2 donne la gamme de psdduPont comparée aux membranes

Dow” et Aciplex’ commercialisées par Dow Chemical et Asahi Chemieapectivement.

Matériaux X m n Masse Epaisseur
équivalente (Lm)
Nafion 117 | 6-7 1 2 1100 175
Nafion” 115 | 6-7 1 2 1100 125
Nafion 112 | 6-7 1 2 1100 50
Nafion” 111 | 6-7 1 2 1100 25
Nafion” 105 | 6-7 1 2 1000 125
Hyflon"” 6-7 0 2 800 100-150
Dow” 6-7 0 2 800 125
Aciplex” 4-6 0-2 2-5 1000 120

Tableau 2 : Caractéristiques des membranes Nafféyflon~, Dow" et Aciplex’
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Asahi Chemical et Asahi Glass Company ont commiséiades membranes perfluorées
sulfonées & longues chaines latérales sous les rempectifs d’Aciplex et Flemiof. Mais

a performances égales, la membrane Ndfioeste la référence en terme de polymére
électrolyte pour pile a combustible. Malgré leusiséance remarquable a la dégradation et
leur bonne conductivité (environ 0,2 S:tra 80 °C sous 100% d’humidité relative pour la
Nafion”), les polyméres perfluorés sulfonés a longue ehaiantionnés ci-dessus demeurent
encore chers, de plus ils présentent une permiakili méthanol qui diminue leur

performances comme électrolytes pour les pileyple DMFC.
2.2.2.2. Les membranes partiellement fluoréesIfonées

Les polymeres fluorés sulfonés ont été étudiésilsapeuvent posséder des propriétés

similaires ou supérieures a leurs homologues pedhkiet a moindre codt.

2.2.2.2.1. Les membranes polgsB,B-trifluorostyréne sulfonées

Une alternative au TFE (tétrafluoréthyléne) utdispour I'élaboration de la Nafionest
l'utilisation du styréne et particulierement sesraatiques fluorés. En effet, la synthése des
polyméres a partir de ce monomeére est facile. Bhlla commercialisé une membrane
partiellement fluorée basée sur le styrene (la BéMpoly«,B,B-trifluorostyrene sulfonée)
synthétisée pour la premiére fois en 1952 [64] saurme non sulfonée.

Lorsque les membranes ne sont pas suffisammergtaétds en milieu oxydant, des
phénoménes de dégradation se produisent et sordrigine de la dépolymérisation
conduisant a la création de défauts dans les membr5]. L'utilisation d’'une structure
ramifiée a permis d’améliorer nettement les prdpséde stabilité dimensionnelle, de
flexibilité, de résistance et de gonflement de Embrane. Cependant, leur faibles résistances

mécanique et chimique freinent leur utilisation slés piles a combustible [66].

Une nouvelle famille de copolyméres sulfonés [6Y] mghosphonés [68] incorporant le
monomeérea,B,B-trifluorostyréne et une série de comonomeresaodi-trifluorostyrene
substitué a été développée par Ballard Power Sgstéiite est connue sous le nom de

BAM3G et est présentée par le Schéma 23.
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Schéma 23 : structure chimique de la membrane BAMB&lkyl, halogenes, CF=GFCN,
NO, ou OH.

Ce nouveau polymeére possede une faible masse @&mniwaet des tests en pile ont montré
des performances comparables & faibles densitésodent & celles de la Nafion et
supérieures a fortes densités de courant. L'incoiewé de ces membranes résident dans les
difficultés de production du monomere,B3,B-trifluorostyrene et de sulfonation et
phosphonation des homo et copolymeres [68].

Pour augmenter les performances, la tenue mécanigusabilité dimensionnelle et pour
réduire le codt, la compagnie Ballard a développge membrane BAM3G composite ou le

polymeére est renforcé par un film microporeux [41].
2.2.2.2.2. Les membranes greffées par irradiatio

Le polystyrene sulfonate de sodium ou le polystgrént été greffés sur des copolyméres de
poly(hexafluoropropeneo-tetrafluoroéthyléne) (TFE/HFP) [69, 70], des polligdenealt-
tetrafluoroethylene) (ETFE) [71, 72], des poly@iture de vinylidéne)s (PVDF) [73, 74,75,
76,77, 78, 79]. Les polymeres d’ETFE, de FEBeesPVDF sont irradiés par un faisceau
d’électrons ou par des radiatiop9uis la membrane est plongée dans une solutictydene
dilué dans le toluéne. Les macroradicaux d’'ETFP¥DF formés peuvent ainsi amorcer la
polymérisation du styréne ou du styréne de sultodat sodium. Dans le cas d'un greffage
par polymérisation radicalaire du styrene, les nramés sont postsulfonées au moyen de
I'acide chlorosulfonique. Les polyméres grefféatsdonnés au Schéma 24. Ces membranes
peuvent étre réticulées par divers agents tels dee divinylbenzene, ou le
(bisvinylphényl)éthane [80-82].
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Schéma 24 : Structure des polymeres greffés EJHPISSNa et PVDig-PSSNa

En faisant varier les parametres x, y et z des dauxtures (Schéma 24), ainsi que le taux de
réticulation, il est possible de faire varier cens propriétés de la membrane telles que la
CEl, le gonflement, la conductivité...Cependant, kdioration de la tenue mécanique par la
réticulation entraine une baisse de la conductivité

Les performances en pile a combustibl¢Q [72] et méthanol [71] ont été mesurées et un
test en pile type PEMFC avec une membrane FEPégredf réticulée [83] a affiché de
meilleures performances que la Nafiai7 (avec une puissance de 400m\W/qgour une
densité de courant de 1A contre 240mW/gour une densité de courant de 0,6 A pour la
Nafion”117). De méme, un test en pile type DMFC [71] a tréogu’une membrane ETFg
PSSNa développait une meilleure puissance (70 &d@r mW/cm) a 90 °C pour des
densités de courant identiques.

L’inconvénient majeur de ces membranes est leunlilgé en PEMFC a 60 °C [84]. En
effet, des radicaux libres produits lorsque la folectionne, entrainent la dépolymeérisation du
polystyrene sulfoné et donc une perte de groupenseffonique responsables de la

conductivité protonique.
2.2.3. Conclusion

A I'heure actuelle, la membrane Nafibrdemeure la référence en tant que membrane
perfluorée échangeuse de protons pour pile a caiblrus€n effet, cette étude des principales
membranes échangeuses de protons a montré uneaditéapour toutes les membranes,
gu’elles soient hydrogénées, perfluorées ou pbmieint fluorées, réticulées ou non a
atteindre des performances, des tenues mécanigumjque et des durées de vie aussi

importante que la Nafioh Cependant, cette membrane est trop colteuse/(8)0frésente
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des instabilités a des températures de 100 °Cludeetie est perméable au méthanol, et ne

peut donc pas étre utilisée dans les DMFC.

Les structures perfluorées et partiellement flueréemblent donc présenter les meilleures
performances et de nombreux avantages. Cette étutea donc encouragé a travailler sur
des polymeéres fluorés tels que des polyméres admfieorure de vinylidéne (VDF), comme
les copolyméres poly(fluorure de vinylidene-hexafluoropropéne). Ces copolymeres fluorés
présentent de nombreuses propriétés tres intétesgéiges a la faible polarisabilité et a la
forte électronégativité de I'atome de fluor). Deglils peuvent étre modifiés par réticulation
(ou greffage) de divers agents tels que les diasnires bisphenols, les systemes
peroxydel/triallylisocyanurate, les radiations, & kystemes dithiols/ene. La sulfonation de
ces agents greffant ou réticulant peut ainsi pdrmet’obtenir des copolymeres fluorés
greffés sulfonés, qui font d’excellents candidaismme membranes échangeuses de protons
pour les piles a combustible. La partie suivanteceone donc I'étude de la réticulation de
polyméres fluorés a base de VDF par ces différagents.
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3. Réticulation de polymeres fluorés a base de fluare de vinylidene

Cette partie a fait I'objet d’'une revue publiée daAdv. Polym. Sci. « Crosslinking of
Vinylidene Fluoride-Containing Fluoropolymers » 1@9€05) 127-211.

3.1. Résumé

Les polyméres fluorés sont connus pour leurs pétdsiremarquables: de bonnes stabilités
chimique, thermique et électrique, une inertie basges, acides, solvants et huiles, une bonne
résistance a I'oxydation et au vieilissement. dritopolymere de fluorure de vinylidéne
(PVDF) possede des caractéristiques intéressdhgeane forte cristallinité mais est sensible
aux bases. Ainsi, le VDF peut étre co- ou terpolyséépar divers monomeéres fluorés afin
d’améliorer ses propriétés. Plusieurs exemplesydthése de co- et terpolyméres a base de
VDF sont présentés. Cette revue énumere égaleregrdifférents systemes permettant de
réticuler (ou greffer) ces polyméres fluorés coaterdu VDF, et en particulier les diamines et
leurs dérivés, les bisphenols, les systemes peedixiallylisocyanurate, les radiations, et les
systemes thiol/ene. Les meilleures propriétés tbbtenues par un procédé de chauffe en
deux étapes : dans un premier temps, une étapelalitepress-cure » a différents temps et
températures, puis dans un deuxieme temps, une é&ap post-cure » sous air ou azote, sous
pression atmosphérique et a des températures etengs plus élevés. Les copolymeres
poly(VDF-co-HFP) peuvent réagir avec des monoamprésaires, secondaires et tertiaires,
mais ils réticulent principalement avec des diaminelle que I'hexaméthyléene diamine
(HMDA), leurs carbamates (HMDA-C) et leur dérivén mécanisme de réticulation a été
identifié par RMN du'®F et infrarouge. Ce mécanisme s'effectue en trapes : (1) une
unité VDF est déshydrofluorée en présence d'unmidie, (2) I'acide fluorhydrique formé est
capté par un oxyde métallique, (3) cette diamiaglditionne selon une addition de Michael
sur la double liaison formée, créant des pontsedat chaines polymeres. Les mécanisme de
réticulation des bisphenols s’effectue égalementtreis étapes (déshydrofluoration, puis
substitution de deux atomes de fluor par un bisphemfin élimination de HF). Le bisphenol
le plus efficace pour réticuler les poly(VDF-co-HFebpolymeéres est le bisphenol-AF. Un
polymére fluoré, pour étre réticulé par des sytenpesoxydes/coréactifs doit étre

fonctionalisé par un halogene (permettant ainsitdtpue radicalaire du peroxyde). Le

Xlvii



peroxyde est introduit avec un coréactif qui amélita réticulation. Le plus utilisé est le
triallylisocyanurate (TAIC). Le mécanisme de rélation par ce type de systéme s’effectue
en trois étapes. Un macroradical crée a partiralynpére fluoré fonctionnalisé ou halogéné
s’additionne sur les trois doubles liaisons du TA#&trainant la réticulation de ce méme
polymére. Une autre voie de réticulation des polgséluorés a base de VDF sont les
radiations telles que les rayons X et gamfMe&d et*’Cs), et les particules chargées (les
particules béta et les électrons). Apres irradiata PVDF, trois réactions sont possibles, et
la réaction de recombinaison entre deux macroragicibnne la réticulation. La quantité
d’irradiation de copolyméres a base de VDF a ufflaence sur les propriétés thermiques et
mécaniques. Finalement, un dernier systéme deulddiicn, également utilisé pour les
élastomeres hydrogénés, et le sytéme thiol/eneéticulation s’effectue a partir d'un diéne
non conjugué et par des dithiols. Les propriétésami@ues (limite élastique, allongement a la
rupture, dureté, module d’élongation, résistanda aompression...) de polymeres fluorés
réticulés par les trois principaux systémes ontcét@parées. Enfin, une liste des principales
applications des polymeres fluorés a base de VDE&tieulés a été dressée.

Fluoropolymers are well-known for their good prdps in terms of chemical, thermal and
electrical stabilities, inertness to acids, basessents and oils, and high resistance to ageing
and oxidation. Polyvinylidene fluoride (PVDF) isefisl as homopolymer endowed with
interesting characteristics. It contains a higltatiinity rate, but is base sensitive. In addition
VDF can be co- or terpolymerised with several filoated monomers, rendering them
suitable as elastomer and various examples of egisthof VDF-copolymers are also
presented. This review also focusses on binarytanidry systems containing VDF. Several
curing systems for these VDF-containing copolymeave been investigated, especially
diamines and their derivatives, aromatic polyhygreaempounds, peroxides with coagents,
such as triallylisocyanurate, radiations, and teioé systems.The best vulcanisate properties
are obtained by a two-step process. First, the nahis press cured at different times and
temperatures, then, it is post cured in air or umiteogen at higher temperature and time, and
under atmospheric pressure. Poly(VDF-co-HFP) capelg can react with primary,
secondary or tertiary monoamines, but they are Imairosslinked by diamines such as
hexamethylene diamine (HMDA), their carbamates (HMO), and derivatives. A
mechanism of crosslinking is identified by Infraradd '°F NMR spectroscopies, and was

evidenced to proceed in three main steps. FirsfDR unit undergoes a dehydrofluorination
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in the presence of the diamine, then the Michaélitimh occurs onto the double bonds to
form crosslinking, while HF is eliminated from cstisks in the presence of HF
scavengers.The crosslinking mechanism with bisplaia&es place also in three main steps
(dehydrofluorination, then substitution of a fluzgiatom by a bisphenol, and elimination of
HF). The most efficient crosslinking bisphenol isghenol AF.

A fluoropolymer crosslinked with peroxide/coagenstems needs to be functionalized or
halogenated to insure a free radical attack fronoypde. The peroxide is introduced with a
coagent that enhances the crosslinking efficienapd the most efficient one is
triallylisocyanurate (TAIC). The crosslinking mectism of peroxide/triallylisocyanurate
system proceeds in three main steps. The crossginl@action occurs from a macroradical
arising from the functional or halogenated polymich is added onto the three double
bonds of the TAIC. A fourth way to crosslink VDFdeal fluoropolymers deals with high
energy radiation, such as X apg®°Co or*®*'Cs)-rays, and charged particlgsdarticles and
electrons). Three different reactions are posslfifer irradiation of a PVDF, and the one that
leads to crosslinking is the recombination betw®emmacroradicals. The irradiation dose on
VDF-based copolymer has an influence onto the thkamd mechanical properties.

Finally, a crosslinking system also used to vulsat@ hydrogenated elastomers concerns a
thiol-ene system which requires a mercapto functmmn by the VDF-based polymer.
Crosslinking occurs via a non-conjugated diene. Mieehanical properties (tensile strength,
elongation at break, hardness, elongation modatuspression set resistance...) of the three
main crosslinking systems of fluoroelastomers armagared. Finally, the main applications of
crosslinked VDF based fluoropolymers are summarisith include tubing in aircraft
building industry, sealing, tube or irregular-ptefitems of any dimension, films with good
adhesion to metallic or rigid surfaces, multilayesulator systems for electrical conductors,
captors, sensors, and detectors, and membraneeédrochemical applications.

3.2. Introduction

3.2.1. Introduction on fluoropolymers

Fluorinated polymers are particularly interestingl attractive compounds because of their
properties. Indeed, the electronegativity of theofine atom implies a strong C-F bonds
(about 110 kcal.md), and a higher strength of the C-C bonds in fluatéd compounds (97

kcal.molY). It also supplies to fluoropolymers strong Varr Béaals forces between hydrogen
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and fluorine atoms [1-3J]and it confers a lot of good properties to the filn@ted polymers
such as:

» Chemical, thermal, electric stabilities [4-6],

» Inertness to acids, bases, solvents and oils,

* Low dielectric constant,

* Low refractive index,

* No flammability,

» High resistance to ageing, and to oxidation,

* Low surface tension.
Fluorinated polymers also range as a wide scopgheymoplastics, elastomers, plastomers,
thermoplastic elastomers [7-14], and can be seystalline or totally amorphous. Hence,
fluorinated polymers have been used in many appies: building industries (paints and
coatings resistant to UV and to graffiti), petroctieal and automotive industries, aerospace
and aeronautics (use of elastomers as seals, gagkeings used in extreme temperature for
tanks of liquid hydrogen for space shuttles), cluamiengineering (high-performance
membranes), optics (core and cladding of optidarf), treatment of textile, stone protection

(especially for old monuments), microelectronicslfg, and for cable insulation.

As a matter of fact, the performance of fluoropotys) especially insolubility and fusibility
can be improved by crosslinking. Indeed, the crokisig reaction takes advantage of the
base-sensitive characteristic of the VDF-basedmeh[15]. The crosslinking is a chemical
reaction between the polymer backbone and an exagiént that possesses both same
fonctions in order to couple covalently the polyro@hains together, to produce a network

structure, and to increase the molecular weight.

Sulphur has been the predominant curing ageneimuhber industry, and in 1840, rubber
was with sulphur [16]. Many efforts have been dedatver the 40 years of existence of
fluoroelastomers toward the development of pratticasslink systems.

Fluoroelastomers are now usually cured by nucldephsuch as diamines [17-31], or
bisphenols [3,32-38], or with peroxides [3,35,39;4By chemical reactions when the
polymers based on VDF contain cure-site monomet ss thiol function [44]by radiation,
such as electron beam [45-52].



The cure chemistry of VDF based fluoroelastomer®imected with the strong polarity of
the C-F bond and specific polarisation of molecudgsich determine their selective ability to
split off hydrogen fluoride under the influenceintiernal factors.

The first part of the review presents the geneealiof the crosslinking of VDF-based
fluoroelastomers, and especially the two step$efdure (the press cure and the post cure).
The second part deals with the crosslinking invadvdifferent agents: first, the aliphatic and
aromatic amines and diamines, then the bisphenel-¢hbird the peroxide-cure, fourth the
crosslinking by irradiation, and finally the thiehe system-curing. Then, the third part
compares all the crosslinking systems, by considethe main mechanical properties, and
finally, the last part concerns the applicationshef crosslinked VDF based fluoroelastomers.

3.2.2. PVDF

Among fluoropolymers, polyvinylidene fluoride (PVIPFis a semi-crystalline and
thermoplastic polymer, with a glass transition tenapure of —40°C [53,54]. This polymer
exhibits interesting thermal, chemical and physpralperties, especially when it is co- or ter-
polymerised with a fluorinated alkene [14,35,5038- Its main drawback is its sensitivity to
base that can degrade it by creating insaturatieM®dF homopolymer is a long chain
macromolecule endowed with a high crystallinitpdering it unsuitable as elastomer, and
unsuitable for curing. So, copolymers of VDF witarieus comonomers can fall into three
categories: i) when the amount of comonomers irctpolymer is small about that of VDF,
the resulting materials are thermoplastics wittowelr crystallinity than that of the PVDF
[60,61]; ii) for a bit higher content of comonom#érermoplastic elastomers are obtained ; iii)
for higher proportion of comonomers, the producexpotymers are elastomeric and
amorphous with low intermolecular forces [35,5058762-66]. In the case of the poly(VDF-
co-HFP) copolymer, when the molar percentage of \Wikigher than 85%, the copolymer is

a thermoplastic, whereas for a smaller contentctipmlymer is an elastomer [35,50].



3.2.3 Copolymers based on VDF

VDF has been involved in radical copolymerisatiathwnany monomers [14,60,61,67],
listed inTable 1[44,68-94].

Most common co- or termonomers of VDF [14,50] arexdfluoropropene (HFP)
[80,82,83,95-97], tetrafluoroethylene (TFE) [788098,99], chlorotrifluoroethylene
(CTFE) [78,79,100-102], trifluoroethylene (and ihat case, interesting piezoelectrical
materials have been obtained) [7pgrfluoro(methyl vinyl ether) (PMVE) [77,84,103-105
and 1H-pentafluoropropene (HPFP) [67,106,107].r&sngly, functional fluoromonomers
(also called cure site monomers) useful for furtr@sslinking, have been successfully used,
bearing OH [86], CeH [71,89], Si(OR)[94] functions, or bromine [87&nd iodine atoms.
Table 1supplies a non-exhaustive list of fluoromonomirat were copolymerised with

VDF, and their reactivity ratios, iwhen assessed.

Monomer B ra rs rals 1ra Ref.
H,C=CH, 0.05 8.5 0.42 20.00 [68]
H,C=CHOCOCH -0.40 1.67 -0.67 -2.5 [69]
0.50 2.0 1.00 2.0 [70]
H,C=C(CR)COH 0.33 0 0 3.03 [71]
FCH=CH, 0.17 4.2-5.5 0.71-0.94 5.88 [72]
0.20-0.43 3.8-4.9 0.76-2.11 2.33-5.00 [73]
H,C=CFCROR: 0.38 2.41 0.92 2.63 [74]
F,C=CFH 0.70 0.50 0.35 1.43 [75]
F.C=CHCR 9.0 0.06 0.54 0.11 [76]
F,C=CHGF13 12.0 0.90 10.80 0.08 [77]
CFCI=CR 0.73 0.75 0.55 1.37 [78]
0.17 0.52 0.09 5.88 [79]
CFBr=Ck, 0.43 1.46 0.63 2.33 [78]
CR=CFk, 0.23 3.73 0.86 4.35 [78, 80]
0.32 0.28 0.09 3.13 [81]
CFs-CF=CF 6.70 0 0 0.15 [82]




2.45 0 0 0.40 [80]

2.90 0.12 0.35 0.34 [83]
F,.C=CFOCR 3.40 0 0 0.29 [84]
F,.C=CFOGF, 1.15 0 0 0.86 [84]

F,C=CFO(HFP)OGF,SO,F  0.57 0.07 0.04 1.75 [85]

CF,=CFCHOH 0.83 0.11 0.09 1.02 [86]
CF,=CF(CH,)-Br 0.96 0.09 0.09 1.00 [87]
CR=CF(CH);0AC 0.17 3.26 0.59 5.56 [88]
F,C=CF(CH)sSAc 0.60 0.41 0.25 4.07 [44]
CF,=CFCQCHj 0.30 0 0 3.33 [89]
F,C=C(CR)COF 7.60 0.02 0.15 0.13 [90]
F,C=C(CR)OCOGHs 0.77 0.11 0.08 1.30 [91]
F,C=CFOGH,R ™ n.d® n.d. n.d. n.d. [92, 93]
F,C=CFGHSi(OR): @ n.d. n.d. n.d. n.d. [94]

(1) R =Br, SOX (X=Cl, F)

(2) R =CHh, GHs

(3) n.d. = not determined
Table 1:Monomer reactivity ratios for the radical copolymation of VDF (A) with other
fluoroalkenes (B) (and vinyl acetate and ethylene).

Although it is difficult to compare their reactivs (since i) the copolymerisations were not
carried out under similar conditions, ii) certairtides do not mention if the kinetics of
copolymerisation were realised at low monomer cosiga, and iii) various kinetic laws
were used), it was worth examining a reactivityieseof fluorinated monomers with VDF.
The traditional method for the determination ofeaativity of a macroradical to several
monomers was used. Indeed, it is common to contharealue Ity = kag/kaa, as the ratio of
rate constants of co-propagatidagd) to that of homo-propagatioka). Thus, the higher the
1/r value, the higher the copropagation reactivityhaf radical. Based on the datalTiable 1
the increasing order of relative reactivities of momers to ~VDF macroradicals is as
follows:

F,C=CHGF3 < RC=CHCR < HFP < PMVE < PPVE < E=CFGHsBr < VDF <
F,C=CFCHOH < FC=C(CFR)OCOGHs < TrFE < CTFE (recent valuey BrTFE <
H,C=CFCRORr < R,C=CFCQCH; < TFE < RhC=CFGHsSCOCH < RC=CFGHsOAC <



H,C=CHF = CTFE (old value) < bC=CH, , although numerous kinetics still deserve to be

investigated.

3.3. Generalities

In order to improve their properties, poly(VDF-céF) copolymers or poly(VDF-ter-HFP-
ter-TFE) terpolymers can be crosslinked by bismyahdes, such as diamines or bisphenols,
or by irradiation. On the other hand, poly(VDF-téfP-ter-termonomer containing an iodine
or bromine atom) terpolymer can be crosslinked égoyides/coagent systems. Those three
main ways of crosslinking exhibit two main crosklilg mechanisms (ionic and radical

mechanisms) and different properties.

3.3.1 Different crosslinking agents

Several curing systems have been investigatedvalalged for the crosslinking of

fluoroelastomers. Some of them are [35,108]

- high energy radiation [19, 45-52],

- peroxide with or without coagent [3,35,39-43],

- dithiols in combination with amines [19]

- aromatic polyhydroxy compounds [3, 32-38],

- diamines and their derivatives [17-31],

- thiol-ene systems [44,50].
Each curing system exhibits a different crossligkimechanism, and results in different
mechanical properties and crosslinking densitiesle¢d, Table 2 [35] shows different

mechanical properties for bisphenols and peroxtdesd systems.
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Bisphenol Peroxide

Properties Presscuré  Postcuré  Presscuré  Postcure
Modulus at 100% strain, MPa 5.0 7.9 5.0 7.9
Tensile strength at break, MPa  10.0 13.8 9.7 15.9
Elongation at break, % 225 175 165 150
Compression set, % (200°C,
70h)
O-rings 63 25 50 27
Pellets 85 20 52 20

Table 2 : improvement of mechanical propertiesisplenol, and peroxide-cured poly(VDF-
ter-HFP-ter-TFE)terpolymer with post cure step [35]

! press cure at 177°C, for 10 min

2 post cure at 232°C, for 24h

The comparison of the mechanism is comprehensoketgribed in section Ill, while sections
IV and V are devoted to the study of mechanicalpprties and the applications of each

system.

3.3.2 Compounding

In order to improve the properties of the raw eastr, many materials that enable to
facilitate mixing or processing may be compoundeth the vulcanising agent [28,55], (i)
accelerators and accelerator activators to incrdaseate of vulcanisation and to improve
product properties; (ii) fillers to enhance physipaoperties and /or to reduce costs; (iii)
softeners enable to aid processing or to plastitizeproduct; (iv) antioxidants and other
materials which slow down decomposition of the piidby oxidation; (v) heat and/or

radiation; (vi) pigments and blowing agents.

For the main additional materials, the proportiingart per hundred of polymer) are [55]:
Raw polymer 100
Curing agent 1-6



Basic metallic oxide 6-20
Filler >60

3.3.3 Press cure and post cure steps for crossling

The best vulcanisate properties are obtained bywa step-process [35,58,109].
Fluoroelastomers and additives are generally moidl@dpress and then post cured in an oven
[28].

First, the materials are press cured at differemés and temperatures, depending on the size
of the product, the structure of the polymer, thang systems, and on end-use requirements
(paints, O-rings, membranes, seals) [28]. Presse conditions vary from 4 minutes at
temperatures approaching 200°C for thin cross @egtito 30 min at 150-170°C for thick
sections [28,110]. The purpose of this step iseteetbp sufficient crosslinks in the sample to
prevent the formation of bubbles due to the reledseapped air during the early stages of the
subsequent oven cure [111].

Then, the second step (post cure or oven-curedriged out in air or under nitrogen at higher
temperature than that of the press cure, and wtdespheric pressure[35,58].

This post cure step is required to reach the bektawisate properties (tensile strength,
modulus at 50 or 100% elongation, compression sststance, elongation at break)
[28,40,108,111]Table 3[35] shows the improvement of compression set resistaitbepost
curing, for four samples containing poly(VDF-terdPHeer-TFE) terpolymer crosslinked with

a peroxide [2,5-bis(t-butylperoxy)-2,5-dimethylhneey in the presence of
triallyl/isocyanurate [35,108,112,113Table 2 [35] presents the improvement of some
mechanical properties of bisphenol and peroxideasystems with post cure.

An improvement in compression set resistance i®mks after post cure under nitrogen
compared to that realised under alalle 3. The C=C double bond of the polymeric
backbone undergoes an oxidation from the oxygeairaitmosphere, that prevents from good
compression set resistandable 2shows a 50% increase in modulus at 100% elongation

(M100) and tensile strength at break, and a 50% deziaadongation at break.
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Compression set %

Compound Presscured Postcured
air air N,
A 71 38 20
B 70 37 25
C 59 27 12
D 52 21 9

Table 3:Compression set resistance measured at 204°C @br, 6f a peroxide cured-
poly(VDF-co-HFP-ter-TFE)terpolymer, after presscuiie air at 177°C for 15min, and
after postcure in air or under nitrogen at 232°©if 24h [35].
lcompounds A and €ontain: 100 part of polymer, 3 part of peroxitie3Ipart of TAIC, and
3 part of PbO. Irtompound CPbO is replaced by 2 part of MgO, and 2 part of ZA@Gd in
compound DPDbO is replaced by 6 part of Ca(@Hnd 3 part of MgO. Moreover, the bromo
cure site in A and B differed from that in C and D.

During the step of crosslinking of fluoroelastomesster is formed, and post cure removes
this water, whose presence prevents from full dgmakent of the diamine cure and causes
reversion of the bisphenol cure [3,23,40,114]. eédjaluring press cure, water is formed from
the reaction between the acid acceptor and HF ecalog dehydrofluorination.

For thick sections, the temperature of the post owen is usually raised in several steps to
prevent from fissuring of the part. Generally, ¥h2eaction time at a temperature of 200-
260°C is used [28,35,58,110]. Typically, 200°Cuffisient for amines [59,111], whereas
bisphenol and peroxide cures need higher tempesa{@B0 to 260°C).

All these results suppose a difference in the tirdssg mechanism of bisphenols, peroxides
and diamines cured systems, that are the most tamgarosslinking agents for VDF-based
fluoroelastomers. The crosslinking mechanisms hagtoperties of the resulting crosslinked

polymers are the subject of the following parts.
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3.4. Crosslinking of VDF-based fluoroelastomers

3.4.1 Crosslinking with amines and diamines

The curing by diamines, originally introduced atd 1950ies, was a predominant way of
crosslinking of raw fluoroelastomers until late 08&, when bisphenol curing was
introduced [55,58]. The polyamine system is thd f@sgeneral use because of easier
processing [96]. Indeed, it only needs the presehtgdrogen atoms in the polymer
backbone. Moreover, the mechanism of crosslinkarglze a simple addition on this
backbone [96].

The diamine curing system generally results intinedly poor processing, safety concerns,
thermal and ageing resistance, and compressiagesstance. However, this cure system has

demonstrated specific properties, such as excelldmesion to metal [115].

The curing of elastomer with an amine or a dianuseally takes place in the three following
steps [24,114,116,117]:
(1) an elimination of HF (dehydrofluorination) from VDdegments adjacent to HFP
in the main chain to generate internal double bpnds
(2) a Michael addition of the diamine onto the resgjtidouble bonds to form
crosslinks,
(3) an elimination of HF from the crosslinks, duringspcure to form further double
bonds.

These steps are detailed below.
3.4.1.1. Dehydrofluorination of the fluoropolymer

The dehydrofluorination of a solution of Vitdmpoly(VDF-co-HFP) copolymer treated with

several amines, or heated at high temperature eandmnitored by measurement of hydrogen
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fluoride elimination (titration of the HF in the lstion) [5,15,19,116], infrared study
[19,24,118], viscosity [19], solubility and detemation of the gel contef5].

3.4.1.1.1. Evidences of dehydrofluorination

Solutions of Vitor in tetrahydrofurane were treated with primarycsetary and tertiary
monoamines for periods of several weeks at roonpéeature. The reaction was followed by

the measurement of HF elimination by a titrationhef hydrogen fluoride in the solution.

Figurel[19] shows the evolution of the quantity of HF in théusion of THF as a function of
time for primary, secondary and tertiary monoamirfds of the monoamines used caused
dehydrofluorination of the polymer to some degréertiary amines are the least efficient,

primary amines by far are the most active.
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Figure 1 :Amount of elimination of HF from primary, secongand tertiary amines cured-

VitonA" (Reprinted with permission of Lippincott et Pefby].

Figure2 [24,118] shows the infrared spectrum of uncured poly(VDR-t#R) copolymer
(FKM gum), before and after a thin film of polymierheated in air at 300°C. Two new bands
centered at 1580 and 1750 trppeared after heating, which are assigned tedhpigated
double bonds and to the —CH=CEnd groups, respectively. Unsaturation is likelybie
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caused by elimination of HF from PVDF block of €M chain, in particular from the head-

to-tail position of the structure.

! | T 1
& UNHEATED
& B HEATED 20 min/ 300°C/ Air

; f

1750 cm ! I T R
1580 cm
|

| | | 1710 em™L
000 2300 2000 1300
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|
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Figure2: Infrared spectra of an uncured poly(VDF-co-HFPpalgmer before (A) and after
(B) heating at 300°C for 20 min under air (Reprihtéth permission of ACS) [118].

So, in the presence of a base or under heating/@tebased fluoroelastomers are submitted
to dehydrofluorination.

3.4.1.1.2. Consequences of the dehydrofluorination

The conjugated double bonds evidenced by infraredsarements allowed us to interpret a
new mechanisnfigure 2[118] exhibits the presence of isolated double bondsQ i),
and the presence of conjugated double bonds (180 dt is proposed that the initial double
bond (1710 cml) activates the elimination of HF from neighborimgoms leading to
conjugated double bonds (1580 tmThis process would lead to the formation of avor
color [20,24,118] .

Such a conjugate site would then be expected tct re#h a double bond, in an adjacent
chain by a Diels Alder reaction, leading to a flnated cyclohexene which should readily
loses HF to form an aromatic rin§g¢heme J1{19,119].



|CF | R
I CFE C R
CH (|;F CH™ ~CF -2 HF cH~ ¢~
lCF ' CH clé CH | |

CF C
I ~cH N
CH | TH N\ ¢ R

| Scheme 1 Diels-Alder reaction during post-curing formsaamnatic ring with loss of HF [19].
The observed absorption at 1580 toould be ascribed to such a site.

The evolution of the solubility of a raw poly(VDde-HFP) copolymer heated in air at 250°C
is shown inTable 4[24]. Indeed, there is an initial rapid decreaseatubility, and then it

proceeds to rise slowly. This type of variationsofubility, together with the formation of a
swollen gel, indicates the simultaneous occurresfcerosslinking and chain scission in the

polymer [5,114] .

Volume fraction of polymer

Fraction soluble in acetone at in swollen gel fraction at

Time, hr
28°C equilibrium in aectone at

28°C
3 0.78 Not determined
24 0.52 0.02
42 0.47 0.02
48 0.48 0.02
137 0.53 0.01

Table 4 Fraction soluble in acetone of a poly(VDF-co-HE#olymer heated in air at 250°C
[24].

During heating or attack with a base, the polymedeargoes a dehydrofluorination, creating
conjugated double bonds that can be involved inielsDAlder reaction. But, at higher
temperature or in the presence of a stronger litassp creates degradation such as oxidation
or scissions that can be evidenced by the measuotenoé the decrease in the intrinsec
viscosity, caused by the decrease in moleculari¢i®]. In order to avoid any degradation,
the created double bonds can become the site @dittigéon of several agents like diamines,
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bisphenols or peroxides, that can increase the amécdl and chemical properties. The

formation of the scissions in the network are exygd in section 1.3.4.1.4.

3.4.1.1.3. Sites of dehydrofluorination

In  VDF-based fluoropolymers, and especially poly@&Bo-HFP) copolymer,

dehydrofluorination occurs on special sites.

Paciorek et al[23] studied the crosslinking of amines on sevéltadro-compounds models.
The model of addition of butylamine onto 1,5,5ydho-4-iodoperfluorooctane and 4-
hydroperfluoroheptene-3, in diethylether at roormgerature, is the only one known. It

proceeds according to the following scheme:

CoFsCFICH,C3F; + HoNCyHg —» CoFsC(=NCyHg)CH,CsF7 + GFsC(NHC4Ho)=CHG;F;
The reaction occurs mainly on the carbon adjaaetitd iodine atom, because

dehydrofluorination is the main process under #lected conditions.

From ®F NMR characterisation, Schmiegel [3,15,32,3Bpwed that a polymer based on
VDF units with HFP, TFE, PMVE co- or ter-monomenssolution of DMAC can undergo
dehydrofluorination from the n-BN™ ‘OH in specific sites.

Figure 3[33] represents the 294.1 MHZF NMR spectra of poly(VDF-co-HFP) copolymer
before (top) and after (bottom) treatment with toygtic base in DMAC at 20°C. Peaks A
and B are assigned to €group peaks C, D, E, F, G, H, |, J, K,and L are attrildui® CF, of
VDF, peaks M and N are assigned also t@ &fRtfhe HFP,and finally peaks O and P are
assigned to CF. The small resonances A, G and @smond to HFP inversions, whereas F,
J, K, and L are attributed to VDF inversions. Speaut at the bottom exhibits selective
intensity reduction of resonance B, H, I, M, N @ndxfter addition of BAN" "OH. A peak
assigned to Gfgroups of —C=C(CF3)-C-appears also at -55 ppm. &bbservations can be
accommodated to the highly selective dehydroflwadrom of isolated VDF units, i.e. HFP-
VDF-HFP structures [3,32-34]. The concentrationttoé site in a 3.5 poly(VDF-co-HFP)
copolymer is about 0.6 mol/kg. The same results a@served in poly(VDF-co-TFE) and
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poly(VDF-co-PMVE) copolymers, and poly(VDF-ter-HR&-TFE) and poly(VDF-ter-
PMVE-ter-TFE) terpolymers [33]. For example, in yMDF-co-TFE) copolymer,
dehydrofluorination occurs on VDF units having sEF¥DF-TFE triad, or in poly(VDF-ter-
HFP-ter-TFE) terpolymer, it occurs on HFP-VDF-TREusture.

VFy /HFP (3.5/100)

® ® ®
_ ?-‘3 CFy (|;F3
 CHg L3 CH CF 5 CF CF CHCF, CHy CF U CF,GH R0 5 OF G, GF ,CF , GFCH,GF,CH CF 5 ~

OO ©® © 8 COE COD ©

i CFy = P
cn/@/ \ \'l rlluﬂ

CFEﬂ
— 53.1
\

L || J}_J lk_— J el e

B CODEF i
T H 1 S K L OMN ,\Jﬂk_ 159.4
——, 2125
1,03 meq 0-BugNBoHS /g POL.
1
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~c:=|r',—5c~ " n
S e m 53.1
! \L
sl __‘!__ P M — 1063
1 1
* I\.N\_/\_;lL‘\ e R — 1594
- ¥
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Figure 3:°F NMR spectra of a poly(VDF-co-HFP) copolymer bef@op) and
after (bottom) treatment with hydroxylic base (&j8uorobenzotrifluoride
internal standard). Changes in peak intensitiegnaiieated (Reprinted with

permission of Verlag Chemie) [33].

A reaction scheme of dehydrofluorination of poly(W@o-HFP) copolymer in the presence
of a base was given by Schmiedgetiieme P[32,33].
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First, the attack of hydroxide creates a doubledbmm VDF units in VDF-HFP diad. Then, a
fluoride ion rearrangement of the initial doublendaoccurs. The resulting allylic hydrogen is
abstracted by fluoride, followed by an eliminatimina second fluoride. So, a bifluoride and a
formally conjugated non-coplanar diene are form&den, a nucleophilic attack by the
hydroxide on the diene forms an enone and subsea@ttexk of fluoride ion onto the highly

acidic hydrogen of the tertiary carbon atom. Timalfproduct is the dienone [32,33].

—CF,CF— CHCFy—CR,CF—
CF; CFs

1 lOH’

—CRC=CHCR—CRCF— + HO + F
CFs CFs

: FH -

—CF= ?—CHFCFZ—Ccml:F—
CF3 CFs

ﬂ;—

—CF=G~CF=CF~ CRCF— + (FHF)
CFs CFs

4 lOH'
]
—+C|3:C|:—CF: CF-— CRCF—
OHCF; CF3
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i i *

—CFCCH-CF—CFCECF—  +  F

?CI:F3 ?Fs
—CH;CF;CF,C-C=CF—CF=CFCFCHCF,CH,CF,— +  (FHF)-

Scheme 2Dehydrofluorination mechanism of poly(VDF-co-HFPgopolymer in the

presence of base [32,33].

3.4.1.1.4. Role of the acid acceptor

An acid acceptor of metal oxide type is a necessagyedient of all VDF-based polymer
curing formulations. No cure is obtained withoutyametal oxide which did not contain
magnesium oxide, and the state of cure developédiestly related to the amount of MgO
[111,114,120].

Figure 4 [111] represents the evolution of the tensile strength ttie modulus versus the
guantity of MgO, for a trimethylamine hydrochloridered poly(VDF-co-HFP) copolymer.
Indeed, there is an evidence by infrared that Mg@tributes to the elimination of HF from

the polymer during irradiation, and probably alsdhe course of the chemical cures.

3000

TENSILE
STRENGTH

2000 /
[ ]

*M
P.S.1. / / 199
{ ]

L i .
/FORMUL&.

1000 "Viton"A, ... ... 100

MT Black. .. .. .. 18
MgO....... as shown

T

* Trimethylamine, HCI. 0.4
Ethylene-bis-
thioglycolate . . . , 1.0
| 1 | 1 J
10 15 20 25
PARTS MgO

Figure 4: Effect of MgO on the mechanical properties of arfoula comprising VitonA’
cured with dithiol (Reprinted with permission of Lippincott and Petd)11].
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Figure 5[116] shows the variation of the amount of fluoridas at 200°C with MgO content.
The presence of MgO does not prevent from HF elwmm; it merely reduces its rate of

evolution from the elastomer, a 15% addition givangesult comparable with that of the raw
polymer alone.

5% MgO
201°C I

0% MgO
200 °C 15% MgO
201°C_—

Yield of £ (mols/gx10%)
B

- #G;-mstock |
202 °C

Time (h)

Figure 5: Evolution of the yield of fluoride atom of a VDFdsed fluoropolymer heated at
200°C versus time and amount of MgO (acid accepi@tgprinted with permission of
Wiley) [116].

The reaction between MgO and HF is given in thio¥ahg scheme [114]:
MgO + 2HF-> Mgk, + HO

Several metal oxides can be used as HF scavengekéDiF-based polymers. The relative
efficiencies of a number of basic oxides, hydrogided carbonates as HF acceptors at
approximately 275°C are illustrated Kgure 6 [116]. It is apparent that there are many

variations in the efficiencies of the different goounds. The decreasing order of efficiencies
is as follows:

CaO >> 130 = B,O3 = BeO > AO; > MgO >TiG

The hydroxides are significantly better acceptbenttheir analogous oxides. The decreasing
order of efficiencies is [116]:

Ca(OH) > Mg(OH) > LIiOH > AI(OH)

Finally, the decreasing order of efficiencies farlnates is [116]:
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CaCQ > Li,CO; > MgCQ; > NaCO; > Ky,COs
The most commonly used acid acceptor is MgO.

Yield of F (mols/g x10%)

MNo additive
278°C

No additive 278%C
K,CO4 277°C

1 |

15 20 25
Time (h)
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Figure 6:Comparison of the efficiency of acid acceptorstahexide at 275°C (a), hydroxide
acceptors at 275°C (b), and carbonate accepto&ZiC (Reprinted with permission of
Wiley) [116].

Thus, dehydrofluorination of VDF comonomer in thiadlis the first step of crosslinking
mechanism with diamine. The second step consigteiaddition of the amine or the diamine

onto that unsaturation.

3.4.1.2. Second step: the Michael addition of therane

After the dehydrofluorination of the poly(VDF-co-IRcopolymer, the amine can add across
the unsaturated center. Addition can be carrigdwith primary and secondary diamine, and
less readily with primary and secondary monoamin¥slcanisation of VDF-based
fluoroelastomers is induced by secondary and tgrireonoamines [20].

Paciorek et al.[20ktudied the treatment of Viton“A(poly(VDF-co-HFP) copolymer) and
Kel-F” (poly(VDF-co-CTFE) copolymer) with different prima secondary and tertiary
mono- and diamines. It appears that Kel-Elastomer required specific crosslinking
conditions according to the nature of the (di)amateroom temperature from primary mono-
and diamines, at 50-60 °C by secondary mono- aadhides, at 90-100°C by tertiary

diamines, and at 180-190°C by tertiary monoamines.

3.4.1.2.1. Mechanism with monoamines

The general mechanism of grafting of a primary @eaondary monoamines onto a model
compound is given ischeme 322]. The different steps of this mechanism are idemntibg
infrared spectroscopy. The primary monoamine (lautyhe), such as a secondary
monoamine, dehydroiodinates the model compoundinge@F=CH double bonds. Then, the
amine can add onto the unsaturation thanks to Miciddition. Finally, as it has been shown
by Pruett [17], a structure containing -NH-CF(X)egp readily eliminates hydrogen fluoride,
leading to —N=C(X)-, or C=C(N)-X.
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H_NC,H H_NC,H H.NC.H
C,F,CFICH,C,F, e 70 ~ CFRCF—=CHGF, 2z 4 > CZFS—CllFCI-EC3F7 i»

HNC,H,

CF—CCHGF,  *  GFRC=CHGF,
NC,H, HNC,H,

Scheme 3Reaction between butylamine and a model compo22{ |

In addition to difunctional curing agents, stroragic primary, secondary and tertiary amines
create also crosslinking of Viton®A even if they require rather high press tempeeatar
obtain successful cures when used alone [19,1ddédd, those basic components can help to
the dehydrofluorination of the polymer backbonertier, mono tertiary amines are potential
cocuring agents for all diamines. Tertiary aminlkesvs a good efficient as cocuring agent in
combination with dithiols [111]. Indeed, dithiol® diot crosslink VitoR when used alone,
but in combination with tertiary amines, well-curedicanisates can be formulated by their
use [19].

At higher temperature or time (12 days at 25°C Wi of amine)a primary monoamine
such as butylamine can crosslink a poly(VDF-co-HE®&)olymer or a poly(VDF-co-CTFE)
copolymer [20]. The mechanism of crosslinking oé thutylamine onto a poly(VDF-co-
CTFE) copolymer [20] is given iBcheme 4in a first step, the amine dehydrochlorinates the
VDF/CTFE diad. Then, according to a Michael additithe amine adds onto the CF=CH
double bond, creating a secondary amine. Finatlythe last step of the mechanism, the
secondary grafted amine can add again onto anuratan creating a bridge between two

polymeric chains.
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8) —CFy—CH=CF—CR— + CHoNH, ———> —CRy—Ch;—CF—CR—
C4Hg—N—H

—CFy—CH= CF-CFr—

—CFy—CHy—CF—CRy—
C4H9_|}| (2a>
—CFy—CHy—CF—CR—

b) —CF,—CH=CF—CR— + C4HNH, ———> —CF,—CH—CFH— CRH—
C4Hg—N—H

—CFr—CH=CF- CF—

—CFZ—CllH—CFH— Ch—
ITI—C4H9 (2b )
—CF,—CH—CFH—CF—

Scheme 4Reaction mechanism between butylamine and a poyfvco-CTFE) copolymer
[20].

The addition of the butylamine can occur eithehatcarbon atom bearing a hydrogen as
postulated in sequence (b), or at the fluorineibgazarbon atom as postulated in sequence

(a), although controversial, it was also foundhie literature [17,121].

3.4.1.2.2. Mechanism with diamines

The mechanism of crosslinking with diamine is dighthe same as that involving
monoamines. The mechanism of crosslinking with hestaylenediamine onto a poly (VDF-
co-HFP) copolymer is given iBcheme Svith R=(CH,)s [19,21]. This mechanism occurs in
the course of the press cure treatment of the paly@b0-170°C, 30 min). As above, in a first
step, the diamine dehydrofluorinates the VDF/HF&ddicreating a double bond. Then, by
Michael addition the diamine adds onto two CF=CHatarated backbones, creating bridges

between polymeric chains. The CF-NH bonds areithemso oxygen atmosphere and
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heating, so it can submit a further dehydrofludiora leading to —C=N- bond that can

degrade into a C=0 bond.

C|:H2 ICI:H C|ZH2 C|:H2
i HoNRNH
cr, _-HF _ CF bbb CF—NHRNH—CF
C|:H2 C|:H2 C|:H2 C|:H2
CH, CH, CH,
- HE | A |
_— CZNRN=|C — 2?20 + HNRNH

Scheme 5 Mechanism of crosslinking with diamine, in thremain steps.
3.4.1.3. The different amines and diamines

Although the crosslinking mechanism of amines a@adhthes onto VDF-based
fluoropolymers proceed in three main steps andglagbtly the same, the reaction conditions
(temperature and time) and the physical propeditained using aliphatic and aromatic

mono or diamines are different.

3.4.1.3.1. Reaction with aliphatic and cycloaliphat
monoamines

As mentionned above, Paciorek et al. [22] studied addition of butylamine, dibutylamine
and triethylamine on model fluoro-compounds. H® aisidied the reaction between a Viton-
A" poly(VDF-co-HFP) copolymer and a KelFpoly(VDF-co-CTFE) copolymer with
monoamines [20], in solution of diglyme, at diffetetimes and temperatures, and for
different amounts of amines:

- butylamine GHgNH,

- dibutylamine GHgNHC4Hgy

Ixxi



CNH

- piperidine

- triethylamine (GHs)3N

H5Co— N—C5Hsg

- diethylcyclohexylamine
Only one model of addition of amines on partiallyofinated molecules was studied. Indeed,
the study of addition of equimolar quantities ofmaamines (butylamine, dibutylamine and
triethylamine) onto 4,4-dihydro-3-iodoperfluorott@pe as a model molecule, in diethylether
at room temperature [22] afforded 80, 94 and 81%hefamine hydroiodides, respectively.
But, by determining the time required for a giveaation mixture to reach a pH value of 6, it
is concluded that the reaction with butylamine astér than that using dibutylamine. This

latter system is faster than that involving tngdimine.

The reaction between several monoamines and VDé&gbfisoropolymers like Viton-A and
Kel-F~ [20] evidences a crosslinking mechanism.

Tables 5 and €g20] exhibit the weight percentage of added amine, #maperature of
reaction, the formation of a gel, the reaction tithe initial and final pH, and finally the color
of the solution.

The presence of a gel from butylamine, dibutylampiperidine and diethylcyclohexylamine-
cured Kel-F polymer, and the piperidine-cured VitoritAevidences a reaction of

crosslinking between the polymer backbone and thos@oamines [20].
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Crystall Conversion

Reaction
T -ine Anal. of of amine to Initial Final
Amine % Gel time, Final color
(°C) precipit- solution hydrohalidé, pH pH
days
ate %
Orange
72 21 9+ 5-6
Butylamine 25 Yes Yes CIF - Yellow
54 12 9 5
S 75 25 Yes No CILF 75 39 9+ 67 Orange
55 25 Yes No CI,F 66 15 9 5 -
Dibutylamine 11 170 - Yes - - 1 - - -
11 50 Yes Yes CIF* - 1 8- - Yellow
60 25 Yes No Cl 89 27 9 5 Orange
e Orange
54 25 Yes No CI,F 86 (5) 35 9 5
Pale yellow
Piperidine 11 50 Yes Yes Cl - 1 8 -
Almost
11 25 Yes No CI* 95 2 8 5
colorless
"""""""""""" 460 25 Yes No CI*F 790.1) 61 - 910 Brown
54 25 Yes No CI,F 65 25 9 7+ -
Triethylamine
11 185 Yes * CIF - 1 - - brown
11 150 Yes No CI,F 85(19) 1 9 - red
"""""""""""" 53 25 Yes No CILF 2180 15 9 8  Yelow
Diethylcyclohe
15 172 No Yes CI,F - 1 - - Brown
xylamine
11 150 No No CI,F 90(22) 1 - - Red

Table 5 Reaction of a Kel-F poly(VDF-co-CTFE)copolymer with several amines ][20

Based on the chlorine content of the polymer andvatent weight of the amine
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2 Hydrochlorides shown; hydrochlorides in parentsese

3 Based on chlorine available

* Trace
Conversion _
Crystall- _ Reaction _
. L _ of amineto Initial  Final _
Amine % ine Gel _ time, Final color
(°C) o hydrofluori pH pH
precipit-ate days
de, %
_ 18 Few 57 6 - 5  Yellow
Butylamine 25 No
89 Yes 28 18 9 5 Orange
S 89 25 Yes  No 45 20 9 7+  Darkred
Dibutylamine )
18 190 No Little - 1 8 7 Dark brown
"""""""""""""""""" 25  No 9
o 89 No 47 8 5 Dark red
Piperidine 190 Yes 8
18 No ’ 1 7 Dark brown
88 25 No No 7 17 9 8  Dark yellow
Triethylamine
19 190 No No - 1 8 - Dark brown
____________________________________________________________________________________________________ T
Diethylcyclohe 88 25 No No 53 20 o 8 Yellow
xylamine 18 100 No Little - 1 8 Dark brown

Table 6:Reaction of a poly(VDF-co-HFP)copolymer Vitor-Avith monoamines [20].
! Based on the tertiary fluorine content of the padyrand equivalent weight of the amine
2 based on the formation of amine dihydrofluoride

% based on the formation of amine monohydrofluoride

Thus, the following mechanism can be postulated aasrosslinking from primary
monoamines. This is explainedStheme 4

Poly(VDF-co-CTFE) copolymers are crosslinked masilg in the presence of monoamines
than poly(VDF-co-HFP) copolymer are, because Hmielation should proceed more readily
with tertiary fluorine than from difluoromethylergroup [20]. Hence, dehydrofluorination

proceeds at much lower rate with Viton-ghan with Kel-E elastomer.
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3.4.1.3.2. The aliphatic diamines and diimines

Several diamines are used as curing systems uoroitarbon elastomers: acyclic diamines,
cyclic diamines, and in some times aromatic dias{28].

Diamines give effective vulcanisates, but thosdile@to the best properties are very scorchy
[19,21]. Derivatives of diamines designed to stife amine function, so as to reduce the
scorching tendency, are by far the most widely waethg agents [19,21]. The most common
examples are the carbamate and bis-cinnamylidereatiees of the hexamethylene diamine

(HMDA):

- bis-cinnamylidene hexamethylene diamine [19,108]
QCH:CH—CH: N— (CH)s-N=CH—CH= CH—@
- hexamethylene diamine carbamate (HMDA-C) [108]

_coo
" HaN—(CHps— N
H

» The bis-cinnamylidene hexamethylene dianjit#®108] :
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Viton A-HV" | Curing agent] 273 (2G/T), _ Ve x10°, Ve X100,
phr psi Gel fraction mole/cnt mole/cnt
A-1 0.2 1.50 0.510 0.90 0.46
A-2 0.4 5.50 0.700 2.39 1.67
A-3 0.6 9.40 0.820 3.50 2.87
A-4 0.8 16.00 0.900 541 4.87
A-5 1.0 20.20 0.925 6.65 6.15
A-6 2.0 38.80 0.964 12.20 11.80
A-7 4.0 - =1 24.40 24.40
A-8 8.0 - =1 48.80 48.80

Table 7: Evolution of the gel fraction and crosslinking d#n (ve) of different cured

poly(VDF-co-HFP) copolymers with increasing curigent (N,N’-dicinnamylidene-1,6-

hexanediamine) [27].

Ve and v, are the crosslinking densities, amgkve x g, where g is the fraction of gel

rubber
Viton A-HV"”  Log (s/a)max T (°C) at which
. . Tg,OC (T'Tg)max, OC
min® temax= 1 Min
Bmax
A-1 -2.5 43 -29 72
A-2 -2.5 42 -29 71
A-3 -2.0 47 -29 76
A-4 -2.0 47 -28 75
A-5 -3.0 47 -28 75
A-6 -4.5 17 -26 43
A-7 -7.7 0 -23.5 23.5

Table 8:Evolution of the glass transition temeraturg, (C) of samples A-1 to A-7 (indicated

in Table 7) with the amounts of N,N’-dicinnamylidef,6-hexanediamine[27].

@D for a = 1 at 90°C
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Figure 7:Differential Thermal Analysis of VitonAHVcured with Diak No3 after various
heat treatment: (A) Viton AHV: (B) Viton AHV" + 15 phr Maglite + 4 phr Diak No3 (mill
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mixed); (C) Viton AHV" + 15 phr Maglite + 4phr Diak No3 (press cure); {Bon AHV" +
15 phr Maglite + 4 phr Diak No3 (oven cure) (Refad with permission of Wiley) [23].

A£T

EXOTHERM

Temperature ("C})

Figure 8: Differential Thermal Analysis of VitonAHWcured with Diak No3 after oven
cure: (A) Viton AHVZ + 15 phr Maglite; (B) Viton AHV + 15 phr Maglite + 4phr Diak
No3; (C) Viton AHV + 15 phr Maglite + 4phr benzoyl peroxide; (D) VitcAHV”
(Reprinted with permission of Wiley) [23].
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» Reaction with HMDA and ethylenediamine:
HMDA-C is the ionic form of HMDA, which is unreagg at room temperature, but

decomposes rapidly in the range of 130 to 170°@raduce the free reactive diamine

[18,35], as shown in the following Scheme:

coo A
"HN-LCHAN, —2 > NH{CHNH, + CO
H

A solution of Vitor’ poly(VDF-co-HFP) copolymer in tetrahydrofurane xed with HMDA,
at room temperature for one day produces gel foomd20], proving that the HMDA adds
onto unsaturations created by dehydrofluorinateam creating crosslinks [26,29,125].
Different amounts of HMDA-C are added to a poly(\MPé&-HFP) copolymer, anBigure 9
[21,114] shows the amount of water evolved in a given tioredifferent amount of curing
agent. This water could have arisen from an HF ieltion from the polymeric chain, that
reacts with MgO (coagent), according to the follogvreaction:

MgO + 2HF > Mgk, + HO
Hence, the higher the amounts of HMDA-C, the higier HF elimination, thus the higher
the amount of addition [21,114].

P
——
-—-'-‘-_
100~ HMDA-C —_—
="
s
—
/,’,
B
3 °// ™
/
S /
']
= 2 — ]
w 0 =0 1T T T T
= 507 _ 4---_‘_”____,__._.0--;-'"
[ /o—«-"’"ﬂ e ——0
J//D e = s
/0/ o ° g —— T
/;0 ﬂﬂﬂﬂﬂﬂﬂﬂ o=
t‘;‘ﬂ"}"’"_—-—-— / 0
1 . S~ . .
o 0 20 30 40

Hours at 200°C

Figure 9 Effect of the concentration (phr) of curing ag€hiMDA-C) on the rate of
elimination of HO from a VitonA’ [21].

IxXix



Ethylenediamine carbamate of (EDA-C) is particylatlvantageous. Results of stress-strain
tests and compression set of a poly(VDF-co-HFPpoper cured by EDA-C show that 0.85
part of EDA-C produces a state of cure equal to thaained with one part of HMDA-C

(Table9 [111]).
Compound: Sample A Sample B Sample C
Viton A-HV® 100 100 100
MgQO? 15 15 15
MT Carbon black 20 20 20
HMDA-C? 1 - 1
EDA-C® - 0.85 -
N,N’-bis-(o-
hydroxybenzylidene)-1,2- - - 1.3

propylenediamine
" Mooney scorch at 250°F
Minutes to 10-point rise

CURING CONDITIONS: press cure at 300°F for 30 nuwen cure at 400°F for 24 hours

Stress-strain

properties:
Modulus at 100%, psi 390 350 580
Modulus at 200%, psi 1130 1190 2075
Tensile strength, psi 2500 2875 2525
Elongation at break, % 320 350 240
Hardness, Shore A 67 69 69
~ Compression set, 70hat
250°F 35 34 16

Table 9 Mechanical properties of HMDA-C, EDA-C or N,N’dm-hydroxybenzylidene)-1,2-
propylenediamine cured poly(VDF-co-HFP) copolyragViton A-HV" [18].

! Darlington 601, Darlington Chemical Co., Philade#p Pa

2 Diak No.1, Du Pont

% Diak No. 2, Du Pont

* Active ingredient of Copper Inhibitor 65, Du Pont
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The crosslinking mechanism of the HMDA-C is the saiman that with HMDA (8heme 5,
with R=(CH,)e) [21,114].

* Bis-peroxycarbamates (hexamethylene-N,N'bis(tetidbuperoxycarbamate) or

HBTBP, and methylene bis-4-cyclohexyl-N,N'(tert-ipperoxycarbamate), or

(MBTBP) [30] have the following formula, respectively:

g g
C%—%{FO—C —%<:>F— rﬂ<:>HN C—0-0—C—Ch
CH CHs

HBTBP
e 9 "R e
Oﬁ—?—O—O—C—N{Oﬂ%N—C—O—O—?—Cm
CHs CH,
MBTBP

There are two possible crosslinking mechanisms lwlaccur in the presence of those
peroxycarbamatesS¢hemes 6 and) 130]. One is different from the usual mechanisfn o
diamine crosslinking, while the second one is tlagsic one where the diamine adds onto the
polymeric backbone by nucleophilic Michael additidndeed, those peroxycarbamates can
undergo a thermal decomposition creating radic&ish¢me % and so the crosslinking
mechanism can be a nucleophilic addition.
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M| |l
(CHg)3C—0—0— C— N—(CHy)e—N—C—0—0— C(CH)3
heat

o !
®0—C— N—(CH)s—N—C—0® + 2(CH3)CO°

i o, | !
bB—C-N—(CH)—N-—C—0* — > eN_(CH,)—N®

(CHg):CO® 5 (CHy),CO + CH®

Scheme 6 The homolytic thermal decomposition of the hextaylene-N,N’bis(tert-butyl)
| peroxycarbamate [30].

e o
2 —CHCF—CRCF—CRCF—  +  ®N—(CHjs—N®
R
e
C|3F3
2 —EIHCI:Z—CFZCI'—Ccmlil'— +  HoN—(CH)s—NH,
R
e s
CRy —CHCF,—CF,CF—CR,.CF—
2 —éHca—CFZCF—Ccml:F > R
R Br
L —CHCF,—CRCF—CR,CF—
CFs R
e

Scheme 7 Crosslinking formation in terpolymer obtained tbugh hydrogen abstraction
[30].
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HBTBP and MBTBP were mixed with a poly(VDF-ter-HE-CF,=CF-R-Br) terpolymer
(Viton GF' or FKM-G") -where R is a fluorinated methylene spacer- éngtesence of MgO.
The typical formulation is given imable 10[30]. The samples were then press cured (15 min
at 170°C ) and post cured (24h at 250°C).

Materials Parts per hundred rubber (phr)
Fluoroelastomer 100
Medium thermal carbon Black 25
Calcium oxide 4
Calcium hydroxide 6
Curing agent 1to5

Table 10:Typical formulation of fluoroelastomers cured bg-peroxycarbamate [30].

Figure 10 [30] represents a comparison between the ODR taaes of both samples.
HBTBP (curve C) is noted to possess a higher sthtare than that of MBTBP (curve E).
Although there is a significant structural simitgrbetween both crosslinking agents, they

have different cure responses with FKM-G copolymer.

100 - - - y st 1 ne— T v T T T

80} e ]

70}

£
zZ 60 4
32
©
g_ 50p e ———
g e
o —
F a0 - .
30
1
204 -
10+
0 A L i WA DTSR B I 1 L I n
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (minutes)

Figure 10: Comparison of ODR cure traces of a poly(VDF-terPier-CRL=CF-RBr)
terpolymer crosslinked with HBTBP (curve (c)), ad8TBP ( curve (e)) at 170°C.
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Formulation: terpolymer (100), MT Black (25), CaQt], Ca(OH) (6), and HBTBP (4) for
curve (c); terpolymer (100), MT Black (25), CaO (43a(OH), (6), and MBTBP (4) for
| curve (e)(Reprinted with permission of ACS) [30].

| Figure 11[30] exhibits the crosslinking densitxersusthe amount of HBTBP (in phr), and
the extrapolation of this plot shows that a minimguantity of HBTBP is required before any
formation of crosslinks can occur. In the crosshigkformation by HBTBP, there is a thermal
decomposition of the peroxycarbamates to give fea#icals in a suitable medium. This
| thermal decomposition is represente&aheme §30,126-129].

200

150
120

8.0t

Crosslinking density (molefkg) (1 02 C)

&
L]
T

r e

0 / i i 1 3

05 10 15 2.0 25 30

Amount of HBTBP {phr)

Figure 11:Effect of HBTBP concentration (in phr) on the alosking density (Reprinted
with permission of ACS) [30].

Two possible routes of crosslink formation haveo disen proposed&cheme T30] leads to
the first one [30]. The hexamethylene diradical ti@wts the hydrogen atoms of two

polymeric chains creating two macroradicals, argknerating the hexamethylene diamine.
Both macroradicals form carbon-carbon crosslinks.

Hexamethylene diamine (intermediate products ohtleehanism given iBcheme 7¢an
then form additionnal crosslinks. This mechanismiven inScheme 8it is the classical
Michael addition of the HMDA onto the fluoropolymer
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CFs
|
—CHCR—CRCF—CRCF—  +  HN—(CH)s—NH;

?
Br
|CF3
—CH:CI'—CFZCI'—Ccmlll'— * H,N—(CHy)s—NH3" F

?
Br l

2 HN—(CH)g—NH3'F + CaO——> CaR, + HO + 2 HN—(CHy)s—NH,

CF;
2 —CH:cr—Ccml:r—Ccml:r— +  HoN—(CHpe—NH;
R
B

-
—CH2(|:I'—CFZ(|:I'—CF2(|:I'—
Y )
CH, Br

<M
—CH2C|:I‘—CF2C|:I‘—CF2C|:I‘—
CF3 Fla
Br

+ +
2 }~R— Br + Ho;N—(CHp)e—NH, ——> }~R— NH—(CHy)g— NH— R~{
Br Br

Scheme 8 Further interaction of the reactive intermediatdiéxamethylene diamine) with

a fluorinated polymer, bearing a bromine side atf#tth,30,114].
From those crosslinking mechanisms, it can be wtoled that the radical of HBTBP is more

reactive than that of MBTBP. That is why HBTBP-@tirsystem possesses a higher state of

cure

IXxxv



* Piperazine, triethylene diamine, tetramethylethgiamine, and diethylene triamine

Different diamines (piperazine, triethylene diamiaed tetramethylethylenediamine), given
in Scheme Qvere also used as crosslinking agents for two lgopers: poly(VDF-co-HFP)

| copolymer (Viton A") and poly(VDF-co-CTFE) copolymer (KeFF[19,20,111,130]. Those
curing agents were mixed with both copolymers irsadution of diglyme, at different
temperatures and for different reaction times. Resare summarised ifmables 11 and 12

‘ [20]. Kel-F” exhibits a gel formation when vulcanised with pgzne at 57°C for one day,
while the same behaviour occured when it was drdssd with triethylene diamine and
tetramethylethylenediamine at 97°C for one dayy@DF-co-HFP) copolymer exhibits gel
formation only with piperazine at 55°C for 1 day,ab 25°C for 20 days.

/__\ /IN CHS\ /CH3
HN NH F ] N—CH,—CH—N_
__/ N CHy” CHs

| Scheme 9Piperazine, triethylene diamine, and tetramethiiglenediamine [20].

Crystall Conversion _
. ) Reaction )
o T -ine Anal. of of amine to _ Initial Final _
Diamine % - Gel ) _ time, Final color
(°C) precipit- solution hydrohalidé, pH  pH
days
ate %
hexamethylenedi _
_ 25 Yes Yes CIF - 1 9 - Light yellow
amine
""""""""""""" 47 25 Yes No CI* 80 6 9 5 Lightyellow
_ _ 18 57 Yes Yes - - 1 - - Colorless
Piperazine
10 25 Yes No - - 6 - - Colorless
55 25 Yes No CI 92° 13 8+ 5 Lightyellow
Triethylenediami 57 25 Yes No CI* 68 9 89 5 Colorless
ne 11 97 Yes Yes CI,F - 1 - - Colorless
Tetramethylethyl 53 25 Yes No Cr 62 15 9 7  Light yellow
enediamine 10 97 Yes Yes CIF* - 1 - - Light yellow
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Table 11:Conditions of reaction of diamines with a Keél-poly(VDF-co-CTFE)copolymer
[20].

! Based on the chlorine content of the polymer andvadent weight of the amine

2 Hydrochlorides shown; hydrochlorides in parentsese

% Based on chlorine available

* Trace

® based on the formation of amine monohydrochloride

Conversion

Crystall- . Reaction .
. L _ of amineto Initial  Final _
Amine % ine Gel ~ time, Final color
(°C) o hydrofluori pH pH
precipit-ate days
de, %
hexamethylene - -
o 18 25 No Yes 72 1 Yellow
diamine
20 25 ] Few No 77 6 9 5 Yelow
_ _ 18 55 Yes No - 1 9 - Orange
Piperazine )
19 190 No Little - 1 - - Brown
92 25 Yes No 76° 20 8+ 5 Orange
‘Triethylenedia 18 190 No  No - 1 - - Brown
mine 89 25 No No 78 34 8 6 Orange
Tetramethyleth 88 25  Trace No I 12 8 8- Yelow
ylenediamine 18 190 Trace No - 1 7+ 7 Red brown

Table 12:Conditions of reaction of diamine onto a Viton-Aoly(VDF-co-HFP)copolymer
[20].

! Based on the tertiary fluorine content of the patyrand equivalent weight of the amine

2 Based on the formation of amine dihydrofluoride

% Based on the formation of amine monohydrofluoride
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So, piperazine is less efficient as curing agenp&y(VDF-co-HFP) copolymer, whereas
2,5-dimethyl piperazine [18] produces well-curedcanisates from stocks which are less

toxic than those containing HMDA-C.

100 - 1

Compression Set, °/

| | | 1 ]

0 100 200 300 400 500
Hours

Figure 12: Compression setversus ageing time at 200°C for several vulcanisates:
Tecnoflon™ (poly(VDF-ter-HFP-ter-TFE) terpolymer) vulcanisedtw HMDA-C (curvel);
Tecnoflon™ vulcanised with piperazine carbamate (curve2);hfieélor (poly(VDF-co-
HFP) copolymer) vulcanised with piperazine carb@amand trimethyldiamine carbamate
(curve 3); Technofloh cured with bisphenolAF (curve4) (Reprinted withrmpission of
Huthig Fach Verlag) [131].

Compression set resistance at 200°C was compateeédr® a TecnoflonT (poly(VDF-ter-
HFP-ter-1-hydropentafluoropropene) terpolymer) waunised with HMDA-C, and
TecnoflonT’ vulcanised with piperazine carbamate [131]. Té=rilts are included iRigure
12[131]. Curves 3 and 4 are both poly(VDF-co-HFP)agmer vulcanisates with piperazine
carbamate in the presence of trimethylenediaminmbacaate and MgO for curve 3, and
bisphenol in the presence of MgO for curve 4. Tompression set resistance is better for
curve 4, than curve 2, which is better than curyeur8l finally the worst compression set

resistance is obtained for Tecnoflon Wulcanised with HMDA-C.
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The reaction between PVDF and diethylene triamiETA HoN-(CHy),-NH-(CH,),-NHy) at
various temperature (25-80°C) was monitored byaneftl spectroscopy [25,31].

Figure 13 (a and b)]31] represents two infrared spectra. The first ¢aeillustrates the
spectrum of PVDF and DETA when no reaction occureldereas spectrum (b) represents
PVDF film after heating in DETA for 16h at 70°C. =gpectrum (a), the absorption bands at
3350 cm' and 1590 crm are assigned to the NH stretching and to, Miformation in the
primary amine DETA, and the additional absorptians from PVDF. In spectrum (b), the
bands of primary amine at 3350 and 3270'amre replaced by that of a secondary one at
3240 cnmt. Two strong bands also appear at 1630 and 1560venich are also attributed to
secondary amide. A shoulder at 17387cim characteristic of C=N streching. Thanks to

infrared spectroscopy, a crosslinking mechanism pvaposed [31hnd is likely the same as
that of Scheme 5.
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Figures 13 Transmission infrared spectra of DETA on PVDFeauted (a), and DETA —
PVDF composite reacted for 16h at 70°C (b) (Repdwith permission of VSP) [31].

Reaction between PVDF and diamine curing agent ymesl alterations in the polymer’s
surface, which enables the formation of strong saidiee joints without prior surface
modification [31].

3.4.1.3.3. Aromatic and aromatic containing amizes

diamines

Aromatic containing diamines have been exploredhdabus times, because it was assumed
that the aromatic ring structure built into theywoéric network, during the curing process,
would be more stable to high temperature oxidatwam the aliphatic hydrocarbon crosslinks
derived from aliphatic diamines. However, littlecsass has been achieved [17,28,132].

Recently, the grafting of aromatic containing arsirfeenzylamine and phenylpropylamine)
onto poly(VDF-co-HFP) copolymers was investigat&83d]. First, theF NMR spectrum of
a benzylamine grafted onto poly(VDF-co-HFP) copadywas studied, and is represented in
Figure 14. Figure 14hows the evolution of the peaks centered at 510810.4, -112.3, -
113.6, -115.2, -115.9, and —117.9 to —118.5 ppsigasd to fluoride groups (given irable
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13) of a benzylamine grafted copolym@ontaining 20% in mol of HFP). This spectrum
shows the disappearance of the peaks at —1082-ahf.—117.9 ppm of the copolymer. This
result confirms Schmiegel's conclusions [33] thated that the addition of the crosslinking

agent first occurs onto VDF between two HFP units.

curve a

6.9
\—'—1
1.3
curve d
curve e
T T \—Y—‘
19.6 1.8 4.6 0.2 4.6 20.0
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
-10€ -10¢ -11C -111 -112 -112 -114 -11¢ -11€ -117 -11¢ -11¢

Figure 14 *°F NMR spectra (zone from —108 to —120 ppm of a pc{pF-co-HFP)
copolymer 20%, HFP grafted with 200%., of benzylamine at 80°C: the copolymer (curve
a); after 115 minutes of reaction (curve b); aftdi75 min (curve c); after 2845 min (curve

d); after 6835 min (curve e) [133].
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Chemical shifts in™F NMR (ppm) Characteristic group

CF
CE 3

-108.5 [ 3
CFZ—CF—CHz—C_Fz_CFZ—CF

-110.4 CH,CF;—CH:CF—CF,CF

Fs

Fs

CF,CF—CH,CF;—CF,CH,

-112.3
CF,
CFZCHZ—CHgZCFZEF
CH,CF, CF,CH, CF,CF
-113.6 F;
CH,CF, CHCF, CF,CH,
CH,CF, CF,CF CH,CF,
-115.2 °]
CF,
115.9 CH,CF, CF,CH, CH,CF,
CF,

-117.9t0 -118.5
CH,CF, — CF,CF—CF,CH,

Table 13 Characteristic peaks MF NMR between —108 and —120 ppm of fluorinated gsou
in VDF or HFP units of grafted poly(VDF-co-HFP) ajpmer.

Then, the evolution of the molar percentage oftgchbenzylamine as a function of time was
studied at different temperature, with differentlangercentages of HFP (ranging from 10 to
20 % in mol) in the copolymeFigure 15plots the molar percentages of grafted benzylamine
at 80°C for a 10% in mol of HFP containing copolymeproves that in the first 300 minutes,
all the HFP/VDF/HFP sites were crosslinked. Finallphenyl propylamine seems to add

faster onto copolymer than benzylamine does, #itdrlamine containing one spacer only.
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Figure 15 Kinetics of grafting of the benzylamine (200%)t@na poly(VDF-co-HFP)
copolymer Kyndr containing 10%. of HFP. The grafting reaction is carried out in KiBt
80°C [133].

So, aromatic containing amine can graft onto pofvco-HFP) copolymer if it exhibits a
spacer between the amino group and the aromatjcAim expected, the higher the number of
methylene goups in the spacer, the faster thaigmef grafting. As in the cases above, the

grafting is carried out first onto VDF between t#W&P units.

Finally, it was deduced that the crosslinking mexd$ra for aliphatic and aromatic containing
amine and diamine was slightly the same and toa&epin three steps. Aliphatic diamines are
more reactive than aliphatic amines; and the mast wiamine is HMDA-C and its
derivatives (N,N’-dicinnamylidene-1,6-hexanediamamal bis-peroxycarbamates). During
the post cure treatment, two different mechanisinsand making and bond breaking were

evidenced, as explained in section 1.3.4.1.4.
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3.4.1.4. Formation of two networks during post cure

The study of the heat ageing of bisphenols- pées<and diamines- cured systems shows

the formation of different networks more or lessh$s.

First, a Size Exclusion Chromatography (SEC) staflyntreated and unheated FKM gum
showed an average molecular weight of 250,000 g/t gum heated at 325-375 °C for 3h
gave a molecular weight of 96,000 g/mol, suggestingin scissions. Seven to ten percent
part of this sample could not be dissolved in tetdmofurane (THF), showing that
crosslinking took place [118]

Second, the infrared spectrum of heated FKM-gunwshihe presence of HC=0O groups at
1745 cm' [24]. Those aldehyde functions were identified le tast step of the crosslinking
mechanism $cheme % and result from the oxidative scissions of thieldes created by the
diamine. These scissions induce the decrease ieculal weight.

The compression set percentage of a cured poly(MDIHFP-ter-TFE) terpolymer, press
cured and post cured under nitrogen or dable 3 was studied [35]. The authors noted first
that post cure drastically improves the compressinresistance of the press cure sample,
and second a nitrogen atmosphere leads to betércpee results than air atmosphere. It can
be concluded that post cure improves compressioresistance all the more it is carried out
under nitrogen in order to avoid oxidative scissio@onsequently, the scissions in or at the

crosslink are due to oxygen [35]

Kalfayan [118] and Thomas [24] studied the stress relaxation (Y@ F-ter-HFP-ter-TFE)
terpolymers crosslinked with N,N’-dicinnamylidenggshexanediamine, and of a poly(VDF-
co-HFP) copolymer crosslinked with HMDA-C, respeety.

Figures 16[118] and 17 [24] exhibit the evolution of f/foversustime, where f and fo
represent the tensile forces at t and to timepetaely.

In Figure 16 [118] stress relaxation is measured for threepdéesnthat contain different
amounts of diamine at 200 and 250°C in airFigure 17[24], stress relaxation is measured
at 250°C in air for different amounts of diamindnoBe figures show that stress relaxation is
independent of both the amount of diamine and etctiosslinking density.
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TIME, h

Figure 16: Stress relaxation of FKM (poly(VDF-co-HFP) copwigr) of various crosslink
densities at 200 and 275°C in air.
* FKM + 1.5 phr of Diak No3
FKM + 3.0 phr of Diak No3
x FKM + 4.5 phr of Diak No3 (Reprinted with permissiof ACS) [118].
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Figurel7: Continuous stress relaxation of poly(VDF-co-HFRpaymer vulcanisates at
250°C in air, with :
* 2.0 % of HMDA-C
x 1.5 % of HMDA-C
| 0 1.0 % of HMDA-C (Reprinted with permission of We[24].

The most readily oxidizable groups in both struesuare the methylene groupsairposition
to the C=N bond.
—CH;—C—CH,—
N
CH,

T
N

]
— CH,—C—CHy—

It suggests that scissions occur at the crosskingnoup (i.e., the grafting group) rather than

| in the polymeric chain [24,118].

Hence, in order to avoid this oxidative chain doiss at the crosslink, the sample must be

| post cured under nitrogen [24].
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Post cure contributes to a thermally induced baredking and bond-making process that

results in a thermally and mechanically more stabksvork [35,58,134].

3.4.2. Crosslinking with bisphenols

Bisphenols are presently the predominant crossimkigents for curing fluorocarbon-based
elastomers. Bisphenols curing was developed inatee 1960ies and started replacing the
diamine cure in the early 1970ies [109,135-138]cdise of processing and property
advantages, the most commonly used compound iidmgh AF (2,2-bis(4-hydroxyphenyl)
hexafluoropropane). Others, like substituted hydnogne, and 4,4’-disubstituted bisphenols
also work well and are used commercially to a ledsgree [35,36,38,58As in cases above,
crosslinking reaction was evidenced iy NMR.

3.4.2.1. Crosslinking mechanism

The crosslinking mechanism takes place in threpsstelimination of HF creating double
bonds, then reorganisation of the double bondd) asanScheme 2and finally substitution
of the bisphenol onto the double bond.

Crosslinking agent require accelerators to makereggction more efficient. For example, to
enable the dehydrofluorination of a VDF/HFP diagphenols need to react with a metal
oxide to give the phenolate ion, which in turn tesawith the phosphonium or

tetraalkylammonium ion to give intermediates | dnd

R4P" OArOH BN* "OArOH
I [l
These intermediates are strong bases [35]. Theslorkislg mechanism proposed by
Schmiegel is shown iScheme 1(B83,35,64,139].

C|3F3 C|3F3
it —CH,CF,CF= C—CF= CFCRCF—
+ g
R,P" "OArOH HOAfOH + R4 (FHFY
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R,P* 'OArOH RPTF o+

T R
DIENE —CH2CF2(|3=C—CF=CFCF2CF—
OArOH
-1. RP" "OArOH
2. DIENE
o oR
—CHZCF2(|3=C—CF=CFCF2CF—
RiPHF Q
+ /?\I’
HOArOH 0
|
—CHCF,C= |C—CF: CFCF2C|:F—

Scheme 10Crosslinking mechanism with the bisphenol [33,35]

In the first step (the dehydrofluorination) Vitortopolymer is attacked by the intermediate
described below, creating diene. Then, the bisphderived phenolate QArOH) attacks the

intermediate diene and finally leads to the diepienyl ether crosslinks [32,33]. This
reaction is a substitution. The resulting produarpssingly shows good properties,

particularly with regard to oxidative and hydroph#gtability.

3.4.2.2.%F NMR study

| The mechanism of crosslinking was evidenced®ByNMR, and Schmiegel et gB,32,33]
studied theF NMR spectra of poly(VDF-co-HFP) copolymer treateddimethylacetamide
(DMAC), with DBU (1,8-diazabicyclo[5-4-0]-undec-fe) and bisphenol AF. DBU is strong
enough to enable a dehydrofluorination of the pa@ymand to ionise the phenol, but is
sterically hindered for being an efficient compatidof phenoxide for the fluoroolefin [33].
Figure 18[33,34] represents th&F NMR spectra of a base (DBU)-treated soluble pelym
(upper spectrum), and the gel produced by badeeipitesence of bisphenol-treated polymer
(lower spectrum). Both spectra exhibit two new geak —-55 and —62 ppm, assigned to —

Xcvili



C=C(CF3)-C- isomeric structure of the £50, poly(VDF-co-HFP) copolymers treated with
DBU and with DBU/bisphenol system undergo at lele$tydrofluorination and rearrangment,
such as irscheme ZHowever, to prove the crosslinking of bisphenol-é#to the copolymer,

a’®F NMR spectrum of the same sample after precipitatiust be recorded.

F MR

SOLUTION
10 3.5VF,/HEP (DMAC)
+0.85 mMol DBU [DMAC)

100 3.5VF,/HFP (OMAC)

{042 mMal OBU iy
+ |, 006 m Kol BG'.I'JF}EDM'!‘"];'

e i———

i } . | 1 —t 1 L. J
50 40 ] 20 10 o
PPM

I
/|

Figure 18 '%F NMR spectra of a poly(VDF-co-HFP) copolymer trestt with DBU in a
solution of DMAC (top), and the gel which resultsoin this reaction in the presence of Bp-
AF (bottom) (Reprinted with permission of Verlagh€mie) [33].

Figure 19[33,34] shows two'°F NMR spectra of poly(VDF-co-HFP) copolymers. Thrstf
one (top) deals with the spectrum of poly(VDF-coRjEopolymer treated with DBU and the
bisphenol AF in DMAC, while the other one (bottomgpresents the same sample but
precipitated twice from an appropriate solvent fime phenol or any unreacted phenolate
(acetonitrile). The'®F NMR spectra of the washed polymer (bottom) cleathows the
presence of the geminal trifluoromethyl groups. &ter precipitation in acetonitrile of all the
phenol and phenolate that did not react with thgotgoner, the peak at —-55 ppm was still
noted. It proves that a part of the bisphenol-ARlded the crosslinking of the copolymer.
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Under those conditions, about 40% of the phenalatee incorporated based on the internal

p-fluoroanisole standard.

ORIGINAL
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Figure 19: *%F NMR spectra of a poly(VDF-co-HFP) copolymer tresdt with DBU and Bp-

AF in a solution of DMAC (top), and the same saméer several purification (bottom)

(Reprinted with permission of Verlag Chemie) [33].

Hence'*F NMR results allowed us to evidence that crosgligkvas achieved.

3.4.2.3. Oscillating Disc

Rheometer (ODR) response

Bisphenol-cured fluoropolymers are usually analyse®DR. Reaction time and

crosslinking density can be deduced from ODR curve



This equipment can plot the evolution of the tor¢jneN.m) as function of time (in min), at a
given temperature, for a crosslinkable mixing (dgpreer, crosslinking agent, accelerators,
coagent...). Usually, the torque starts to deerédgring an induction period), and when the
crosslinking reaction occurs it increases rapichaching a maximum when the reaction is
finished.

Bisphenols curing systems are usually used foin@-applications [26]. Indeed, they exhibit
a high resistance to high temperature compressstnFggure 20 [3,33,35] depicts the
evolution of a 177°C cure response by ODR, of ahlmsol AF (Bp-AF) curing poly(VDF-
co-HFP) copolymer.

6
Mu]

.90

Compound recipe

Polymer (160% VF,) 100 parts

Newton—meters (N-m)
o
|

MT black 30

5 Co(OH), 6
MgO 3
BTPPC 055

! te2 Bp—AF 2.0
ML
] | | | |
(9] 25 50 75 100 125 15.0
Time (min) '

Figure 20: Cure response by Oscillating disc rheometer at %2 0f a VDF-based polymer
cured with Bisphenol-AF (Reprinted with permissiaf Elsevier) [35].

The ODR response is characterised by an inductoiogh which depends on the amount of
the accelerator (benzyltriphenylphosphonium cherat BTPPC), or amount of bisphenol.
High Bp-AF amounts increase the length of the itidacperiod and lead to high cure states.
The maximum cure state is the initial slope of thieve; t,, the time to initiation; o, the
time to 90% completion of cure; Mthe minimum torque; M the maximum torque; and
My-M_, the degree of state of cure [3,33,35]FIgure 2Q at 177°C, and after a 2.5 minutes
induction period, the reaction of crosslinking magtically complete after 5 min. Only a 2%
increase in cure state occurs between 13 and 60Thafinal state of cure does not change
with increasing temperature [3,33,35]. When BTPBO@mitted from the standard recipe, no

cure occurs within one hour at 177°C.
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Figure 21[3,33] shows the dependence of the ODR cure staatus Bp-AF concentration, in
the presence of standard concentration of CafOMyO, BTPPC and carbon black. It is
noted that the greater the concentration in bispiserthe higher the ODR cure state, so the
higher the crosslinking density. The lower line whothat the accelerator BTPPC in the
absence of the bisphenol can also lead to a sutadtamre state, although only at very high

concentrations [3,33].
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Dﬂ-"‘/ 1 1 | | 1 | !
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Figure 21:Evolution of the ODR units (crosslink density)1&t7°C :

(o) with variation of bisphenol-AF concentratiom (phr), in the presence of BTPPC
(benzyltriphenyl phosphonium chloride)

(4) with BTPPC concentration, in the presence of Besmwl-AF (Reprinted with permission
of Verlag Chemig33].

3.4.2.4. Limitations of the

bisphenol-cured fluoroelastomers

Bisphenol-cure is a very rapid crosslinking systeas, shown by ODR, but this system

presents also some limitations.
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The crosslinking mechanism between poly(VDF-ter-FBAér-TFE) terpolymer and
bisphenols generates elimination of a trifluororogttie and a fluoride ion, giving a CF=CF
double bonds. The trifluoromethoxide reacts witldriogen, giving trifluoromethanol that is
further degraded in air to hydrogen fluoride andboa dioxide, which results in the
formation of a large amount of volatiles [3,33,39he cured system, therefore, shows
excessive porosity and poor vulcanisate propediigsto volatiles produced during the curing
process. For this reason, it is advisable that \Wa&ed polymers containing perfluoroalkyl
vinyl ethers have a special cure site with curihgroistry different from nucleophilic attack
on the backbone. Such a chemistry is the peroxideced crosslinking which was specially

developed to bypass these kinds of problems.
3.4.3. Crosslinking with peroxides

Another technique to crosslink VDF containing flopolymers requires peroxides.

The first peroxide cure agents were used in 192.tBe vulcanisates obtained had poor
physical properties, and poor resistance to heainggwhen compared to sulphur-cured
vulcanisates.

Braden and Fletcher [140] described the vulcamieatf natural rubber with dicumyl
peroxide using different compounding ingredientsl aomparing it with sulphur-cured
compounds.

Since 1950s, peroxides/triallylisocyanurate systemghich enable crosslinking of
fluoropolymers through a free radical mechanisnyehleen established as the best-known

non sulfurated crosslinking agent.

3.4.3.1. Reaction conditions

That kind of crosslinking is more easily achieveuew the polymer bears specific group. This
group or atom can be introduced into the polymemfthe direct terpolymerisation of VDF
and fluoroalkene.

A fluorinated monomer susceptible to copolymeris@eopolymerise vinylidene fluoride is
needed to undergo free-radical attack to rendeoxm curable the elastomeric co- or

terpolymers of VDF [35]. So, this monomer must bedtionalised or halogenated to ensure a
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free-radical crosslinking. The main used monomegsdhaomine-containing fluoroolefins such

as [42,43]:

= Bromotrifluoroethylene, BrCF=GIH42,141,142]

= 1-bromo-2,2-difluoroethylene, BrCH=gR43-145]

= 4-bromo-3,3,4,4-tetrafluorobutene-1, SGEHCF,CF,Br [146-148]

= 3-bromoperfluoropropylene, BrGEF=CF, [149]

= Fluorobutylene BrC{CF,CF=CF, BrCRCF.CH=CF, F,C=CFOGF,Br [150-152] or
1,1,2-trifluoro-4-bromobutene ,E=CFGH,Br [87]

The VDF-based polymer containing the brominatedioneer gives free radical
intermediates on its polymeric backbone upon atbgcgeroxides [3,35,40,41,134].

Fluoroelastomers containing iodine or bromine atearsbe cured with peroxides. Indeed,
modifications of fluorocarbon elastomers with peofloalkyl iodides allow to introduce
iodine end groups on the polymeric chain [35,158}1%hese polymers also lead to free
radical intermediates upon attack by peroxidesctvim turn crosslink into a network in the

presence of a radical trap. Thus, the peroxidesaamagent to trap the polymeric radicals.

Aromatic as well as aliphatic peroxides can be uBeacyl peroxides give low crosslinking
efficiency and usually require 10 phr for adequetging. Some dialkyl peroxides and
peresters give high crosslinking efficiencies. Hegre mainly di-tertiary butyl peroxide and
dicumyl peroxide are able to cure compounds comgimeinforcing carbon black fillers
[16].
The main used peroxides are:

» dibenzoyl peroxidesb = 1h at 92°C [16]:

Wasasa®

O O

* di-t-butyl peroxide, , = 1h at 141°C [16]:

T T
CHz—C—0—0—C—Chg
CHs CHs
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dicumyl peroxide, > = 1h at 132°C [16,159]:

CHs3 CHs3

O-Foe B0

CHs CHs

1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexarn, = 1h at 105°C [159]:

CHa CHs
CH;—C—0-0_ 0—0-C—Chy

CH CH
3 CH, 3

CH
3 CH,

2,5-bis-(t-butylperoxy)-2,5-dimethylhexangy;t1h at 134°C [40,159]:

YV

I
O

jﬁ

2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne,t= 1h at 141°C [40,159]:

o—0
o—0

a,a’-bis(t-butylperoxy)diisopropylbenzeng,t= 1h at 134°C [39,159]:
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The coagents are used to enhance the crosslinKiogerecy of peroxide cured compounds.

They are generally di- and trifunctional vinyl coaynds, such as:

1,2-polybutadiene [16,159]:

|ECH2—(|:@— In

CHN
ethylene glycol dimethacr))d%}% [16,159]:

T T
CHy=C—C—0— CHCH,—O—C— C=CH
o) o)

triallyl phosphate [16]:

O—CH;—CH=CH;,
o= P\— O—CHZ—CH:CHZ
O—CH,—CH=CH,

the triallylisocyanurate (TAIC)r triallyl-1,2,5-triazine-2,4,6-(1H,3H,5H)-trione
[35,40,95,97,160]:

(lin—CH:CHZ
o
N\ N O
CH2:CH—CH2— NTN—CHZ—CH: CH2
O

the triallylcyanurate (TAC), or 2,4,6-triallyloxy;4,5-triazine [16]:
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CH2: CH— CHZO

Y

OCH,—CH=CH,

The triazine ring is chemically and thermally s&bBo, it reinforces the crosslinking
network. But the best coagent is TAIC.

The crosslinking reaction also needs metal oxidet as Ca(OH) CaO, MgO, ZnO, and
PbO to absorb traces of HF generated during thegurocess [35], MgO, being the most

efficient one, as shown in a case above (see segt#01.1.4.).

3.4.3.2. Importance of the coagent

The coagent, whose most efficient one is TAIC sseatial in the peroxide-cure mechanism.
Indeed, it permits the reaction of crosslinking angroves the compression set resistance.

A poly(TFE-alt-P) copolymer is mixed with tleea’-bis(t-butylperoxy)diisopropylbenzene (5
phr), different coagents, such as divinyloenzeneN'-N-phenylenedimaleimide, 1,2-
polybutadiene, trimethylolpropane trimethythacrgladiallyimelamine, TACTAIC (3 phr),
MgO as acid acceptor (10 phr), and carbon blackp{8%, to investigate the influence of the
different coagents on the gel fraction and the a@sgion set resistance [39]. Each sample is
press cured at 160°C for 30 min, and oven cur@®@tC for 2h.

Table 14[39] exhibits the effects of the coagent on peroxideamisation. By considering the
compression set percentage, TAIC is found to ekliile lowest compression set, so it is the
most efficient coagent. Basic metal also contribute improve the compression set
resistance. Indeed, the percentage of compressmmeases from 75 to 62% thanks to calcium

carbonate in the presence of TAIC.
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Coagent Gel fraction Compression set, %

None 0.44 100
Divinylbenzene 0.50 100
N,N’-m-phenylenedimaleimide 0.70 98
1,2-polybutadiene (M= 2000) 0.66 100
Trimethylolpropane trimethacrylate 0.77 94

Diallylmelamine 0.76 95

Triallyl cyanurate (TAC) 0.80 85

Triallyl isocyanurate (TAIC) 0.84 75

Triallyl isocyanurate + CaC{ 0.89 62

Table 14 Influence of the coagent onto the gel fractiod #me compression set resistance of
a peroxide-cured poly(VDF-co-HFP) copolymer,(#1100,000 g/mol) [39].

Receipe in phrpolymer, 100;a,a’-bis-(t-butylperoxy)-p-diisopropylbenzene, 5; MgQoQ;
MT carbon black, 35.

Vulcanisation conditiongpress cure at 160°C for 30min, and oven cur®@t@ for 2h.

Figure 22[39,40] shows the gel formation as a function of the petexevel. The gel fraction
gradually increases with the peroxide level, wheagent is not present. The cure-promoting
effect of the TAIC is remarkable, yielding a geddtion of nearly 90% at low peroxide dose.
So, the crosslinking density is not really influedcby the level of peroxide when coagent
(TAIC) is introduced.
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Figure 22: Evolution of the gel fraction as a function of @eade dose (phr) for a peroxide-
cured poly(TFE-alt-P) copolymer without any coage®; with 3 phr of TAIC @); with 2.4
phr of divinylbenzenew); with 3 phr of TAC #) (Reprinted with permission of ACS) [39].

The same result is obtained in the presence a2 Bwis-(t-butylperoxy)-2,5-dimethylhexane
[40]. A poly(VDF-co-HFP) copolymer was crosslinkbg this peroxide in the presence of
TAIC, by oscillating disk rheometer (ODR) at 177f@ 30 min. My-M_ represents the
measured cure state (or crosslinking density in)N.m

Figure 23 [40] shows that cure state tends to be more dedistiinfluenced by coagent
concentration than peroxide concentration. Indéagljre 23shows that with an unchanged
amount of 3 phr for the coagent, and by increasigquantity of peroxide, the cure state
remains constant, whereas with a constant amoudpbf of the peroxide, and by increasing
the amount of the coagent, the cure state increbi®gever, cure rate is influenced by both

TAIC concentration and peroxide concentration.
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Figure 23: Interactions between peroxide and coagent, in thalution of initial cure state

(N.m) of a poly (VDF-co-HFP) copolymer, measured ®PR at 177°C for 30 min
(Reprinted with permission of Sage) [40].

3.4.3.3. Influence of the nature

and the amount of the peroxide

Lots of peroxides enable the curing of VDF-basetrbpolymers, but the nature of the
peroxides, and the molar amount can influence ndifigrent factors such as the curing
temperature and the gel fraction.

Identical cure systems are crosslinked, with eith@5-bis-(t-butylperoxy)-2,5-
dimethylhexane, or 2,5-bis-(t-butylperoxy)-2,5-dimghexyne [35,40] Table 15[35] shows
the different cure state obtained when changingp#rexide and the temperature. For both
peroxides, the cure state exhibits a maximum atixadftemperature. For 2,5-bis-(t-
butylperoxy)-2,5-dimethylhexane, the cure statmaimum at 177°C, whereas with 2,5-bis-
(t-butylperoxy)-2,5-dimethylhexyne, it is maximumt &82°C. Moreover, 2,5-bis-(t-
butylperoxy)-2,5-dimethylhexane is also more efiti than 2,5-bis-(t-butylperoxy)-2,5-
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dimethylhexyne. Indeed, the first peroxide reachesire state of 8.6 N.m, whereas it is 7.7

N.m for the second one.

Cure temperaturePeroxide half-life ODR values
(°C) (min) T2 (min) oo (miny e e M
Mc (N-m)
2,5-bis(t-butylperoxy)-2,5-dimethylhexane
160 4.80 4.0 24.0 8.0
177 0.80 1.6 8.3 8.6
190 0.24 14 4.6 8.2
204 0.07 0.8 2.8 7.9
2,5-bis(t-butylperoxy)-2,5-dimethylhexyne-3
160 18.7 7.1 41.0 -
177 3.4 3.4 14.0 7.7
190 1.0 2.1 7.5 7.7
204 0.3 1.2 4.2 7.5

Table 15:Crosslinking of two peroxides (2,5-bis(t-butylpry)-2,5-dimethylhexane, and
2,5-bis(t-butylperoxy)-2,5-dimethylhexyne-3) ontoly (VDF-co-HFP) copolymer, and the
influence of their cure temperature on ODR valugs €90, and M-M,) [35].

Gel fractions were measured from different poly(¥&&P) copolymers cured by peroxide.
In Table 16[39], 30 eq.mof polymer of peroxide (acyl-, alkyl- or hydro-) aaelded to a
poly(TFE-alt-P) copolymer and vulcanised in mold180°C for 30 min, and post cure at
200°C for 2h. Gel fraction results indicate thagsh peroxides achieve vulcanisation, except
for the hydroperoxide which tends to decomposecalhi. The best result was obtained with
a,a’-bis(t-butylperoxy)diisopropylbenzene, but eventims case, the gel fraction was only

44% because of the absence of a coagent.
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_ Peroxide  tip Gel
Peroxides Type _ '
group (min)  fraction

0 CHs ¢ O Acyl 2 1.2 0.05
@—c—o—o—cl:—CHz—cw—lc—o—o—c@

CHs CHs
% 0-0 % @—‘»o—o—{» Alkyl 2 4.0 0.44
C|:H3 C|:H3
CH;—C—0—0—C—CH, Alkyloxy
C|:H Cl:H 12.0 0.10
3 3 or methyl
CHs
| Hydroxy 1 6.0 0.00
CH3—C|:—O—O—H
CHs

Table 16 half life and gel fraction values of poly(TFE-co-P) copolysm¢in = 100,000
g/mol) cured with acyl-, alkyl- or hydroperoxide&9].
The samples are pressed cure at 160°C for 30 mihpasted cure at 200°C for 2h.

A rheometric study [159Was carried out by different tested poly(VDF-terfHter-TFE)
terpolymers cured by peroxides (dicumyl peroxide0%4 for P-1; 1,3-bis(tert-
butylperoxisopropyl)-benzene (40%) for P-2; 1, 1deig-butylperoxy)-3,3,5-
trimethylcyclohexane (40%) for P-3; 2,5-bis-(t-bpBroxy)-2,5-dimethylhexane (45%) for P-
4; 2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne (45%) P-5) with the same coagent (TAIC).
Table 17[159] gives the composition of the compounds usetié study. Compounds ( FP-1
to FP-5) differ only from the type and the amooithe peroxide.
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Component compound
FP-1 FP-2 FP-3 FP-4 FP-5
Viton GF™* 100 100 100 100 100
Carbon black MT 30 30 30 30 30
PbO 3 3 3 3 3
TAIC 3 3 3 3 3
P-1°
p-2° 4.8
P-3 3.4
P-4 3
P-5 3

Tablel7 Composition of different Viton GF compounds cuveith peroxide [159].
! poly (VDF-ter-HFP-ter-TFE) terpolymer

2 p-1 = dicumyl peroxide

3p-2 = 1,3-bis(tert-butylperoxisopropyl)-benzene

4 P-3 = 1,1-bis(tert-butylperoxy)-3,3,5-trimethyléglexane

> P-4 = 2,5-bis-(t-butylperoxy)-2,5-dimethylhexane

® p-5 = 2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne-3

Figure 24[159] is the cure response of an oscillating diseometer of the compounds
mentioned inTable 17 Figure 24demonstrates that the rate of crosslinking vatrastically

for the industrial peroxides. Efficiencies of P-4daP-5 are outstanding as compared to the
three other peroxides, but in the presence of Re3crosslinking could be detected by
rheometric curve.

So, the following decreasing activity series of fleeoxides can be suggested: PF54 >> P-

1=P-2.
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Figure 24 Rheometer curve of the compounds containing rdiffeperoxidegReprinted with
permission of Ferenc Wettl) [159].

3.4.3.4. Mechanism of crosslinking

The crosslinking mechanism with peroxide/ TAIC systis slightly different from these of
diamine or bisphenol ones.

Schemel13,16,35] shows the most probable reaction taking place fallg compounded
stock. An initial process is the thermally indudeainolytic cleavage of a peroxide molecule
to yield two oxy radicals. The primary decompositiof the 2,5-bis-(t-butylperoxy)-2,5-
dimethylhexane leads to the formation of a t-buteagiical, which may, in a minor reaction,
abstract a hydrogen atom to give a t-butanol, ana imajor reaction (usually from 120°C),
decomposes into acetone and methyl radical. Théwyineadical, in turn, can abstract a
bromine atom from the polymer, to give methyl broajior add to the triallyl(iso)cyanurate
to give a more stable radical intermediate. Thatermediate radicals abstract bromine from
the polymer to generate polymeric radicals. Theinlg force for the chain reaction during
propagation is the transfer of a bromine atom fribva electron-poor fluoropolymer to an
electron-rich hydrocarbon radical on the coagentos€linking takes place when the
polymeric radicals add to allylic bonds of the urittional coagent. The coagent, therefore
becomes the crosslinker.
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CROSSLINKING REACTIONS

Scheme 11: crosslinking mechanism with peroxide [3,35].

The cure temperature chosen in peroxide formulataepends on the stability, and the half
life of the peroxide. Peroxides with acid groupsatapose at lower temperatures than these
involving dialkyl or diaryl peroxide. Thus, dicumpleroxide offers better processing safety
than dibenzoyl peroxide does. According to Brisfdw1], to obtain peroxide cured natural
vulcanisates endowed with the best properties, tomes should not be less than one hour at
160°C, 3h at 150°C, and 8h at 140°C.

Peroxide and bisphenol or diamine- cured systemsliffierentiate by the type of reaction of
crosslinking. Bisphenols or diamines exhibit a d#bfluorination of the fluoropolymer
backbone, followed by a Michael addition for thardine, and a substitution of the fluorine
atom for the bisphenols. Peroxide-cure reactioa feee radical attack, and so this system
needs special cure site monomers. Another impodassslinking system that implies radical

is the radiation crosslinking.

3.4.4. Radiation Crosslinking

The last important way to crosslink VDF-based faglastomers occurs by high energy
radiation. This method only needs the use of spe@tliation (without any agent or coagent),

but can lead to the formation of others undesiraddetions.

VDF-based copolymers containing hydrogen can bestinked with different degrees of
efficiency by high-energy radiation [0h 1957, Dixion et al. [96] were the first to disse
that poly(VDF-co-HFP) copolymers could be curedcassfully with high-energy radiation.
Then, Florin and Wall [162] performed further studies of VDF-based copolymensd

Yoshida et al.[163] studied the stress relaxation of irradiatembrocarbon elastomers.
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Moreover, many reviews and articles reported tligateon crosslinking of fluoroelastomers,
published by Lyons [164-166], Logothetis [16dhd Forsythe [168,169], respectively.

The mechanism of crosslinking by irradiation is #@mne as that of grafting. That is why
grafting process is briefly explained.

Different types of high-energy radiation are aval#ato be used for the grafting process
[170-176]. This radiation may be either electronetgnradiation such as X-rays agdays
(°°Co, *'Cs) or charged particles, suchfaparticles and electrons.

The purpose of the use pfays or electron beam is to generate radicalsargtafting

system. Three different methods may be used torgeneadiations [164,166,170-178]:

(a) simultaneous radiation grafting;

(b) pre-irradiation in air (hydroperoxide method);

(c) pre-irradiation in vacuum (trapped-radicals method)
In simultaneous radiation grafting, the polymer dimel monomer are exposed to radiation at
the same time. A chemical reaction of the monomgh whe polymer backbone radical
initiates the grafting reaction [177]. Alternatiyela two-step grafting procedure may be
adapted. In the first step, the polymer is expdsaadiation which leads to the formation of
radicals on the macromolecular chain. If the ira#idn is carried out in air, radicals react with
oxygen, leading to the formation of peroxides agdrbperoxides (hydroperoxide method).
When in contact with a monomer, the irradiated puwy initiates grafting by thermal
decomposition of the hydroperoxides.
In the absence of air, these macromolecular raglreahain trapped in the polymer matrix and
initiate the grafting in the presence of a monoftrapped radical method).
Simultaneous radiation grafting is, therefore, regke step process while the pre-irradiation
method involves two steps [170,17The lifetime of irradiated PVDF at room temperatis
about one year [179].
The free generated radicals can undergo severatiors, such as combination to form
crosslinks [164,169]chain scission and recombination or disproportiona and elimination
with the formation of double bonds [170}. the presence of vinyl monomers, the free radical

centers can initiate graft copolymerisation [177].
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3.4.4.1. Crosslinking mechanism by electron beam daation

When irradiated by electron beam, a VDF-based fipolymer can undergo many radical

reactions that are going to be detailed in thisisecThe crosslinking reaction is a particular
one.

A PVDF polymer (0.08 mm of thickness, 1.76 mgicof density) was electron beam
irradiated at different doses (from 0 to 1200 k(y)}]. Schemeld45,51] proposes the
radiation induced reaction in this PVDF.

Dehydrofluorination (reactionl):

radiation

o CFy— CHy— CFy— C Hymwnwr 'Y» wm CFy—CH—CF—CHpwwe  +  H

wwCF,—CH,—CF—CHyww  + F
Formation of crosslinking structure (reaction?):

wwe CFy— CH— CFy— CHyww
e CFy— CH— Cy— Chpmw

o CFy— CHy— CF— CHpww

+ —

ar CFy— CHy— CF— CHpwwn

Formation of unsaturated structure (reaction3):

wv CFy—CHy—CFy—CHprwwr  ——> wCh—CH,  +  CRy—CHyww

]

F + »~CF=CH CHL=CHmm + H°

Formation of hydroperoxides (reaction4):

‘NW‘CFZ—CH—CFZ—CHZ‘NW"‘ + 02 R WCFZ_(l:H_CFZ_CHZMM,.
oo*

mn CFy— CH— CFy— CHpmww
| awr CFp— CHy— CFa— CH oo

OOH <
+ -H

aone CFy—CH— CRy—CHpmome
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Scheme 12schematic representation of the mechanism ofrelecadiation-induced

reactions taking place in PVDF films [51].

It is shown that three different reactions are fibssafter irradiation. Both macroradicals can
react together leading to a crosslinking structaseshown in reaction (2) [45,51,180]. The
macroradicals can rearranged leading to a disptiopation end-mechanism, which is given
in reaction (3) of Scheme 12. Finally, as showneaction (4), the macroradical can react
with the oxygen atom leading to the formation oflfopperoxide. Those two last reactions
(reactions (3) and (4)) do not lead to the fornmatif a crosslinked structure. These
mechanisms are identified by FTIR.

Figure 25[51] represents FTIR spectra of irradiated PVDF filmshwitheir corresponding
unirradiated samples. The spectra of irradiatedsfilo not show major changes in the main
absorption band compared to the unirradiated fillowever, two small adjacent bands, in the
range of 1650-1750 cfmappear in the spectra of the irradiated films. peak at 1654 cihis
assigned to the C=C bond resulting from the deHjivonation reaction in PVDF. Whereas
the bands at 1739 and 3300 tmepresent the C=O group of hydroperoxide initiabgd
irradiation in air, and the OH group of hydropertes, respectively.
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Figure 25 FTIR spectra of irradiated PVDF films from 0 to 200 kGy (Reprinted with
permission of Elsevier) [51].

Activated PVDF or poly(VDF-co-HFP) copolymer preparbyy pre-irradiation (at 25 kGy/h
with ®°Co source), underwent a grafting by styrene [52jekd, styrene-grafted copolymers
based on VDF find a wide range of applications. degree of grafting (d.o.g.) is determined

after assessing the weight of the membrane bef@diation (W) and after grafting (\3J:
0\ =WM—Wo«
d.o.g.(%) ™ 100

Table 18[52] reports the d.o.g. (%) of different membranes urttier same experimental

conditions. The difference in d.o.g. between thenbtpolymer and the dense membrane
copolymer is evident. A 100% grafting yield is d#é&al in the case of the poly(VDF-co-HFP)
copolymer, whereas 6% is the d.o.g. obtained indiiee of the PVDF membrane. This
difference can be due to the different compatipitit the two polymers with styrene, and the
kinetics of grafting which is faster in the casetloé copolymer. Hence, when irradiated
VDF-based copolymers can give higher grafting desssthan PVDF homopolymer can.

Membrane d.o.g. (%)
Compact PVDF 6
Compact P(VDF-5%mol HFP) 100
Porous PVDF (100nm) 74
Porous PVDF (10um) 53

Table 18:d.0.g. (degree of grafting) of starting membraoésPVDF and poly(VDF-co-
HFP)copolymer [52].

3.4.4.2. Influence of irradiation parameters on theroperties

of crosslinked fluoropolymers

The way of irradiation and the dose can influenesegal properties such as thermal
properties (glass transition temperaturg decomposition temperaturesed crystallisation
temperature 4 and melting temperature,J and mechanical properties (tensile strength,

modulus at 50% elongation, gel fraction...).
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3.4.4.2.1. Thermal properties

A PVDF film was irradiated with doses of electroradiation (ranging from 0 to 1200kGy).

Figures 26 and 2751] represent the evolution of the DSC melting therraotg, and cooling

thermograms, respectively of irradiated PVDF filfike heat of melting which is obtained

from the area under the peaks of curves notddguare 26 is found to increase for the lower
melting peak, whereas that under the higher melieak decreases with the increase in the
irradiation dose up to 200kGy.able 19shows that the heat of melting under both peaks

together increases with the increase in irradiatiose. Moreover both melting temperature,

Tm, (Figure 26 and the crystallisation temperature;, TFigure 27 decrease with the
increasing irradiation dose [180,18Thble 1951] summarises those results.
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Figure 26: DSC melting thermograms of irradiated PVDF filmem 0 to 1200 kGy
(Reprinted with permission of Elsevier) [51].
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Figure 27:DSC cooling thermograms of an irradiated PVDF fiilrom 0 to 1200 kGy
(Reprinted with permission of Elsevier) [51].

Irradiation dose Crystallisation | Heat of melting Melting temperature (°C)
(kGy) temperature (°C (J/9) Higher peak Lower peak

0 143 34.3 167.3 162.1

100 141 38.2 166.8 160.7

200 139 40.6 165.4 159.8

400 135 39.1 158.5 158.2

800 129 39.9 - 153.5

1200 121 40.2 - 148.7

Table 19: Variation of heat of melting , meltingnjgerature and crystallisation temperature of
PVDF films with the irradiation dose [51].

Those behaviours indicate that crosslinking and nmehain scission reaction play an
important role during irradiation of PVDF. Furthesre, the decreasing of;Twith the
increasing irradiation dose indicates that cro&siimis the predominant reaction.

The evolution of the glass transition temperatdig ¢f a FKM [poly(VDF-ter-HFP-ter-TFE]
terpolymer) crosslinked by electron beam irradmatiio the presence of MgO, and HMDA-C

is measured as a function of radiation ddsble 20 [48] represents the evolution of thg. T
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The higher the radiation dose, the higher thg Thdeed, crosslinking hinders the
macromolecular rotation, thus requiring a highengerature for the inceptiaof rotation. An
increase in glass transition temperature at highdiation doses are due to an increase in the

extent of crosslinking.

Radiation dose (kGy) gl°C)
0 4

1000 27
1500 38

Table 20: Influence of electron beam irradiation tbe glass transition temperature of a
poly(VDF-ter-HFP-ter-TFE)terpolymer [48].

3.4.4.2.2. Mechanical properties

The interaction of high energy radiation with palfyi fluorinated polymer causes various
changes in its thermal properties, but also ipligsical and mechanical properties,

depending on the irradiation conditions.

Polyvinylidene fluoride and poly(VDF-ter-HFP-ter-E}- terpolymer were irradiated in the
presence or the absence of a crosslinking agent,saxweral mechanical properties were
measured.

A PVDF film was exposed to high energy electronatdn in air with a 1Mev electron beam
to different dose levels up to 4Gy [46]. Gel fraction analysis was carried outtbe virgin
and irradiated films. The samples were extractedinmethylacetamide (DMAC) at 75°C for
1h. The residue contents were then dried out iacawm oven at 80°C for 16h. According to
Charlesby [182]the gel fraction analysis is a measurement of dgrak of crosslinking, and
is defined as the ratio of weight of the insolutdsidue, to the weight of the original sample.
The evolution of the gel fraction versus total abged dose is given ikigure 28[46]. The
curve increases gradually of about 20% with aneiase in total absorbed dose up td G,
and exhibits a larger increase to about 82% wiilrther increase in the radiation dose t6 10

Gy. The presence of a gel is a clear evidence teheke crosslinking.
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Figure 28 Gel fraction analysis in DMAC at 75°C of virgiand irradiated PVDF films

(Reprinted with permission of Kluwer) [46].

A PVDF and a poly(VDF-co-HFP) copolymer were irted by Kr ions at 6.2 Mev/amu
energy [47]. The evolution of the insoluble F frantversus the absorbed dose D, and the

fluence is represented éigure 29[47]. In both cases, an increase of the gel fradi@s the

absorbed dose increases is observed.
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Figure 29:Evolution of the insoluble fractiomersusthe absorbed dose and the fluence for a

PVDF and a poly(VDF-co-TrFE) copolymer (Reprinteith permission of Elsevier) [47].
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A poly(VDF-ter-HFP-ter-TFE) terpolymer was irradkdtwith an electron beam accelerator at
different doses (0-200kGy) in air, and cured afsedg with 1 phr of HMDA-C. The gel
fraction was carried out using the solvent metligyeketone at 25°C [48,49Figure 30 [49]
shows the gel fraction and the crosslinking densitythe irradiated pure or vulcanised
poly(VDF-ter-HFP-ter-TFE) terpolymer at differenbsks. It is observed an increase in
crosslinking density (-) on irradiating rubber vulcanisates 50kGy dose alpove. Both the
control (pure rubber) and the rubber vulcanisateaie similarly. The increase in crosslink
density is about 10-25 times, and the change isstirk density is more important for the

rubber vulcanisate.

CROSS-LINK DENSITY x%0 “mol . e 3

GEL FRACTION

0 50 100 200
RADIATION DOSE, kGy

Figure 30 Variation of the gel fraction (full lin€) and the crosslink density
( ) of irradiated poly(VDF-ter-HFP-ter-TFE) terpolymeulcanised with
HMDA-C, and variation of the crosslink density afrp terpolymer rubber
(broken- line) versusradiation dose (Reprinted with permission of Kéuyv
[49].
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Nasef and Dahlan [51] investigated the irradiatioin PVDF using an electron beam
accelerator of 2.0 Mev. The effect of irradiatioosd on the mechanical properties (tensile
strength (a), elongation at break (b)) is givefrigures 31 and 32[51]. The tensile strength
(Figure 31 of PVDF increases until a dose of 800kGy, theslightly decreases as the
irradiation dose goes higher.

The elongation at brealFigure 32 decreases gradually with the increase in thelimten
dose, due to crosslinking. This leads to an ina@@asnolecular weight and to the formation
of an insoluble three dimensional network [46,5Tlhe crosslinking progressively
immobilises the insoluble oriented molecules andvents them from moving laterally

without breaking the bonds.
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Figure 31:Variation of the tensile strength of PVDF filmsrses irradiation dose (Reprinted

with permission of Elseviefbl].
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(Reprinted with permission of Elsevier) [51] .

These radiations inducing changes in the mechapicalerties of a PVDF are permanent
since crosslinking causes damage to the crystattsne which is unalterable [46]. A poly

(VDF-ter-HFP-ter-TFE) terpolymer was irradiated doy electron accelerator (at energy of 2
Mev) in the presence of MgO (5 phr) and HMDA-C (ir)p Mechanical properties (tensile

strength, elongation at break and modulus at 508fgeltion) were investigated and are
presented imable 21[48,49]. The modulus increases and the elongatidireak decreases

with an increase in irradiation dose. The tensitength, however, stay slightly the same
when increasing irradiation dose.

The radiation curing is the last main way of crimgshg for VDF-based fluoroelastomers. It

is more efficient for copolymers and terpolymerartlior PVDF.
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Radiation dose| Tensile strength Elongation at | Modulus at 50%  Gel fraction

(kGy) (MPa) break (%) elongation

0 3.6 513 0.73 0.90

250 3.2 108 1.26 0.92

500 2.3 81 1.32 0.94

750 1.8 50 1.60 0.95

1000 3.3 38 - 0.96

1500 4.3 23 - 0.97

Table 21: Influence of electron beam irradiationtlo® mechanical properties of a terpolymer.
[48].

3.5. Crosslinking with thiol-ene system

There are few other methods to crosslink VDF-bafgoroelastomers, like the thiol-ene
system, but those are very rare.
Although thiol-ene systems have easily led to wika hydrogenated elastomers, this process
has scarcely been used to cure fluoroelastomeraubecof the difficult availability of
mercapto side groups. However, we have recentlyd ume original trifluorovinyl w-

| thioacetate monomer able to copolymerise with VB4,%0] and the resulting copolymer was
hydrolysed to generate elastomers bearing merdafsal groups. Curing was performed in

| the presence of nonconjugated dienes under razbadglitions as irscheme 1344].
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F,C=CFCH,CH=CH, + HSCOCH, — Y3 F,C=CFC;HsSCOCH,
FSAc

FSAC + R,C=CH,—3d: 3 noly(VDF- co- FSAC)

poly(VDF- co-FSAc)—KEN_5 (CoF M) (CR-CR—)

C3;HgSH
copo SH
PVDF
(CH2)s (CHy)3
7 7
copo SH+ I—iC=CHCZH4CH=CH2Ld'> (?Hz)s (?Hz)s
7 7
(CHy)s (CHy);
wwwww PV D PFwwwawwe

Scheme 13Crosslinking of VDF-containing copolymer by thi@ne systems [44].

Other systems of crosslinking exist, but they arere adapted to TFE-containing
elastomers. Although crosslinking in the presende water from PVDF bearing
trialkoxysilanes was efficient [94].A nitrile comténg cure-site monomer with the same
reactivity as perfluoromethylvinylether was copobmsed with TFE. Crosslinking was
brought about by the catalytic interaction of tptranyltin or silver oxide on the pendant

nitrile groups. The structure of the crosslinkassumed to be mainly triazine [35,183].

3.6. Comparison of physical and mechanical propegs

All the different cured systems mentionned previpdiffer from the crosslinking agents and
mechanism, but also from the crosslinking denstyd the mechanical properties, such as
compression set resistance, elongation at breallulm® at 100 and 200%, tensile strength,
hardness of the cured material, etc... The compared the crosslinking density and the
different mechanical properties for the main cugtems (diamines, bisphenols and
peroxides) is the subject of this part.

Regarding resistance to acids,8@,, HNO;s), to bases (NaOH, NaClO), and to water, by

measuring the volume increase after immersiors, @ear that peroxide-cured elastomers are
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more resistant to acids, to bases and to watertti@e from diamine one. Indeed, this last
system decomposes when immersed in a strong baseamid solution.
Nevertheless, diamine-cured systems have a lowsrepige of volume increase after

immersion in oil and fuel oil than peroxide ones.

Figure 33[3,35,134]compares the crosslinking density of post cure diambisphenol or
peroxide cured systems at 204°C under nitrogen. vitlleanisate crosslinking density of
bisphenol and peroxide cured systems, before dad@st curing remains the same, whereas
that of the diamine vulcanisate increases subslgntiThis implies that diamine is a better

crosslinking agent than bisphenol or peroxide reiggrcrosslinking densities.
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Figure 33 : Crosslinking density of cured gum stocks versusipcure time at 204°C, under
nitrogen: (A) diamine cured system; (B) peroxidered system; (C) bisphenol cured
(Reprinted with permission of ACS) [134].

A Viton A-HV" (poly(VDF-co-HFP) copolymer) is crosslinked withsame amount of a
diamine (biscinnamylidene hexamethylene diamineLDr214) and a peroxide (benzoyl
peroxide), in the presence of Maglite D (MgO) [2X)ifferent mechanical properties (tensile
strength, elongation at break, and hardness) akiaed for both press cure and post cure
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systems.Tables 22 | and 1[23] shows that peroxide cure system leads to matesihish

exhibit higher tensile strengths, whereas dianmmgroves the elongation and hardness of the
resulting crosslinked macromoleculd&ble 16 Ilalso shows that post cure step improves
readily each mechanical property (tensile strengkbngation and hardness). So, this step is

essential in the crosslinking mechanism.

Components, parts Vulcanisate | Vulcanisate I
Viton A-HV™ 100 100
Maglite I 15 15
LD-214° 4 _
Benzoyl peroxide, 95% - 4

Table 22 1 Composition of Vulcanisates | and 1l [20].
! viton A-HV" = poly(VDF-co-HFP)copolymer
2 Maglite D = MgO

3L.D-214 = biscinnamylidene hexamethylene diamine

_ Vulcanisate | Vulcanisate Il
Properties
Press cure Post cure Press cure Post cure
Tensile strength, psi 2230 3250 3550 3650
Elongation, % 460 310 460 420
Hardness, shoreA 64 68 60 63

Table 22 II: Mechanical properties of vulcanisates | (diamionee) and Il (peroxide cure)
after press cure at 150°C for 30min, and post @t 120 to 200°C at a heating rate of
25°C/hr, then heat at 200°C for 24h [20].

Other mechanical properties and resistance to laasks$o acids are studied for a poly(TFE-
alt-P) elastomer cured with a peroxided-bis-(t-butylperoxy)-p-diisopropylbenzene), and a
poly(VDF-ter-HFP-ter-TFE) terpolymer cured with @amhine (N,N’ dicinnamylidene-1,6-
hexanediamine)T@able 23 [39].

As in Table 22 1] peroxide-cured systems exhibit a better tendilength, and a better
compression set resistance, whereas diamines exhibgher elongation at break and

hardness

CXXXI



Peroxidé —cured TFE/P

Diaminée —cured

Properties elastomer poly(VDF-co-HFP-ter-
TFE) terpolymer
Physical properties:
Specific gravity, g/cm 1.60 1.93
Tensile strength, MPa [20.0-25.0 (14.0-17.0
Elongation at break, % [200-400 [£400-500
Tensile modulus at 100%, MPa [2.5-3.5 [4.0-5.0
Hardness, shore A 70 83
Compression s&t% 35 49
Brittle point, °C -40 -45
Retraction temperature, °C 3 -20
Chemical resistance:
Volume increase after immersion, %
96% HSO4, 100°C, 3days 4.4 45
60% HNGQ;, 70°C, 3d 10.0 Decomposed
50% NaOH, 100°C, 3d 1.1 Decomposed
10% NacClO, 100°C, 7d 1.0 Decomposed
H,O, 100°C, 3d 11 5.9
Steam, 160°C, 7d 4.6 12.8
Oil #1, 150°C, 3d 2.0 0.5
Oil #3, 150°C, 3d 10.0 2.0
Fuel oil, 25°C, 7d 38 3.0

Table 23:mechanical and chemical properties of a peroxidee poly(TFE-alt-P) elastomer,
and a diamine-cured poly(VDF-ter-HFP-ter-TFE) edastr [39].

1

butylperoxy)-p-diisopropylbenzene) and TAIC.

%diamine = N,N’ dicinnamylidene-1,6-hexanediamine.

3 at 200°C for 22h.

a 180000 g/mol poly(TFE-alt-P) elastomer is curedhwa peroxide ¢,a’-bis-(t-
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Table 2[35] displays different mechanical properties (miog at 100%, tensile strength,
elongation at break and compression set for O-rangs$ pellets) for bisphenol-cured and
peroxide-cured poly(VDF-ter-HFP-ter-TFE)terpolymafter press cure at 177°C for 10 min
and after post cure at 232°C for 24h. A able 22 || Table 2shows an improvement of the
mechanical properties after post cure. Moreovesph®nol-cured system has a better
compression set resistance than peroxide-cureémysthereas peroxide-cured system has
better modulus at 100%, better tensile strengttiebelongation than those resulting from

bisphenol crosslinking.

A study of several mechanical properties (100% Muaslutensile strength, elongation at
break, and compression set resistance) of bisphaand peroxide (2,5-dimethyl-2,5-di-t-
butyl-peroxyhexane)-cured poly(VDF-co-HFP) copolymés supplied inTable 24 [40].
First, the post cure step improves all mechanicapgrties. Then, bisphenol post cure
systems exhibit a better compression set resistdrae peroxide one, whereas peroxide-
cured polymer exhibits better modulus at 100%,eloe#nsile strength, and better elongation

at break than bisphenol-cured polymer.

Poly(VDF-co-HFP) copolymer
Poly(VDF-co-HFP) copolymer _ _
Compounds . cured by Peroxide (2,5-dimethyl-
cured by Bisphenol AE .
2,5-di-t-butyl-peroxyhexané)

Post curé No Yes No Yes

Stress-strain, 25°C
100% Modulus, Mpa 4.5 6.3 5.3 11.4
Tensile strength, Mpa 11.7 14.5 10.4 15.9
Elongation at break, % 250 185 200 140
Compression s&t%

Pellets 85 15 45 18

O-ring 40 16 44 25

Table 24:Mechanical properties for press cure and post pohg(VDF-co-HFP)copolymer
cured with bisphenol AF or peroxide (2,5-dimethys-2li-t-butyl-peroxyhexane) [40].

! both cured samples are pressed cure at 177°@fonird

2 post cure at 232°C for 24h.

% at 200°C for 70h
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| Flisi [131] studied the evolution of elongationtatak and tensile strength for a poly(VDF-
co-HFP) Tecnoflon N copolymer cured with a bisphenol AF and diaminel{ing of

| piperazine carbamate and trimethylene diamine oaabg). Figures 34 and 35[131]
represent elongation at break and tensile strevgytus time for those samples. This author
showed that elongation at bredkigure 34 decreased continuously because the network
chains became shorter. Moreover, crosslinking Wisphenol yielded materials with a higher
elongation than those achieved from diamine. Terslength Kigure 35 decreased slowly
in bisphenol vulcanisate during the whole periodB®2fdays, while the curve of the diamine
vulcanisate presents an irregular trend. Indeeslcthive first decreased, then increased, and

finally decreased again.

300
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Figure 34: Dependence of elongation at break versus aging toh a TecnoflonN
(poly(VDF-co-HFP) copolymer) crosslinked with pipeine carbamate and trimethyl
diamine carbamate (curve A), and a Tecnoflontlired with a bisphenol AF (curve B)

(Reprinted with permission of Hithig Fach VerlddB1].
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Figure 35:Dependence of tensile strengtirsusageing time of the same sample than Figure
24 (Reprinted with permission of Huthig Fach Vgjld131].

Flisi [131] also study the compression set rescaat 200°C versus ageing time for different
diamine and bisphenol Tecnoflor’ Tpoly(VDF-ter-HFP-ter-TFE) terpolymer) vulcanisste
(Figure 12).

First, the best compression set resistance wasnebtdor curve 4 (biphenol-AF cured
poly(VDF-co-HFP) copolymer). Second, little improwent was obtained in TecnoflofY By
changing the curing agent from HMDA-C (curve 1) ggperazine carbamate (curve 2).
Finally, no practical difference was observed byarajing the polymer with the same

formulation, since curves 2 and 3 have the samavietr.

Table 25summarizes the efficiency of bisphenol, peroxidel ahamine cure systems
regarding each mechanical property. Bisphenols @grdxides-cured fluorinated polymer
exhibit better tensile strength, and resistanceatges and acids than diamine-cured systems.
However, diamine-cured VDF-based polymers showghdr hardness and resistance to oil
than those of peroxide- and bisphenol-cured systémiged bisphenol was shown to be the
best crosslinking agent for a high compressionessstance. By regarding the thermostability
of each cure system, the diamine (biscinnamylidemeamethylene diamine) cure copolymer
decomposes at 457°C whereas the peroxide one desespt 472°C [23,184The diamine
cure is thermally more stable than the hydroquinmme [29].
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bisphenol peroxide diamine

Tensile strength ++ +++ +
Elongation at break + +++ ++
Chemical resistance + ++

to oll
Chemical resistance +++ -

to acid and base

Hardness ++ ++ F++
Compression set +++ ++ n
resistance
Thermostability Hhydroquinone) +++ +

Table 25 Comparison of the three main cure systems regardiechanical properties.
-- = very bad

+ = more or less good

++ = good

+++ = very good

[1.7. Applications

The chemical, physical and mechanical propertieslgndepend on the crosslinking agent.

Those properties are crucial for the applications.

The thermal stability, sealing capability and cheathresistance of fluoroelastomers have lead
to increase their use in a broad variety of indestrApplications for fluorocarbon elastomers
in automotive, petroleum, and energy related imiessillustrate the potential for those high-
performance elastomer [115].

Fluoroelastomers are nowadays widely used in tbasiny as O-rings, V-rings, gaskets and
other types of static and dynamic seals, as digpmsa valve seals, hoses, coated clothes,
shaft seals [185], expansion joints, etc [186].yThee also used in cars as O-rings for fuel,
shaft seals and other components of fuel and tresgn systems[35,58,63-66].

Moreover, some properties of fluoroelastomers, awpecially those of VDF-based
elastomers can be improved by crosslinking. Theaeeb properties allow one to use cured
fluoroelastomers in new applications as mentioreddv.
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The elastomeric poly(VDF-co-HFP) copolymers cradsdd with polyamine possess high
temperature stability, good resistance to a widéetsaof solvents, oils, and fuels [187]. So,
these cured elastomers are particularly suitalslege in the manufacture of tubing employed
as aircraft hoses, used to carry fuel lubricantd)igh temperature and under high pressure
[188]. Moreover, poly(VDF-co-HFP) copolymers crasked with aminosilane are used in
the aircraft construction industry because theyadse odorless [189].

Other applications of cured fluoroelastomers aralisgs, O-rings [26] and oil seals
[26,115,131,190]. It is mentioned above that a duvF-based copolymer has a better
compression set resistance than a raw rubber. gitwperty is essential for the sealing
application.

Peroxide curable VDF-based copolymer and terpolynodier improved extrusion
characteristics. They can be vulcanised at atmogppeessure and eliminates fissuring in
thick sections. They have applications as cordbgeduor irregular-profile items of any
dimension [40,191].

A poly(VDF-co-HFP) copolymer is applied to a matakubstrate, as coating composition
and crosslinked with amine, diamine, or ethoxyslft92]. This cured polymer used as thick
or thin free standing films, or thick or thin filmmgth good adhesion to metallic or other rigid
surfaces [192]Moreover, diamine-cured PVDF can be used as stdhgsive joints without
prior surface modification [31].

Crosslinkable fluoropolymers based on TFE, TrFE, PHFVDF, CTFE, and
perfluoro(alkylvinylether) can form corrosion rdsist structures [193].

Another application of cured fluoroelastomer is altmayer insulator system for electrical
conductors This system possesses an extruded crosslinkedélastomer outer layer with
the fluoropolymer selected from copolymer or teypuér of ethylene and TFE.

Irradiated PVDF and poly(VDF-co-TrFE) copolymer pess ferroelectric properties that
allow the use of such fluorinated polymer in thendin of captors, sensors, and detectors
[47,194]. Another interesting property of crosslinked poly(F{8o-HFP) copolymer is their
insolubility in oganic solvent [195]. Cured fluoated polymers can be processed as
membranes for many electrochemical application$ siscfuel cell and batteries [196]or
example, a poly(VDF-co-HFP) copolymer has beenstidsed with polyamines, polyols, by
irradiation with electron beam qrrays in order to elaborate a solid polymer eldgteofor
non aqueous lithium battery [197]. This electrolygeparticularly interesting for its ionic
conductivity, its adhesion with an electroconduetsubstrate and also remarkably enhanced

heat resistance.
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3.8. Conclusion

A wide variety of copolymers containing VDF areheit commercially available or prepared
in laboratory scale.

VDF-based fluoropolymers are usually crosslinked four main agents: diamines,
bisphenols, peroxides/coagent systems and by m@adiathose ways of crosslinking differ
from the polymer used, the mechanism, the conditiminreaction, the searched properties,
and the desired applications.

First, it is observed that whatever the agent,nigehanism of crosslinking needs two steps,
the press cure and the post cure, in order toaetithe reaction, and to improve the physical,
mechanical and thermal properties.

The oldest and the easiest processing system cmntee amine and diamine cure one,
although the mechanical properties are the worsé mechanism proceeds in three steps,:
dehydrofluorination, then addition of the (di)amioeto a HFP/VDF/HFP triad, and finally
elimination of HF from the polymer. Primary and sedary monoamines can crosslink
poly(VDF-co-CTFE) copolymers. Primary amines arstda than secondary ones. They can
be added at lower temperatures. The tertiary amamespotential cocuring agents for all
diamines. Aliphatic diamines and diimines can dinksVDF-based fluoropolymers, whereas
diamines containing aromatic group must exhibitl@ophilicity and hence require always a
spacer between the aromatic ring and the aminopgtoureact with poly(VDF-co-HFP)
copolymer, and they have lower reaction rate. Thetraommon diamines are hexamethylene
diamine carbamate that crosslinks poly(VDF-co-HR®polymer at 200°C, and bis-
cinnamylidene hexamethylene diamine. Bis-peroxymawdies, like hexamethylene-
N,N’bis(tert-butyl ~ peroxycarbamate), and  methylenebis-4-cyclohexyl-N,N’(tert-
butylperoxycarbamate, introduced in a minimum qgisntcan add onto VDF-based
fluoropolymers, thanks to a radical mechanism. HBT8 more reactive than MBTBP.
Piperazine can crosslink poly(VDF-co-HFP) and pdF-co-CTFE) copolymers at 57°C in
one day, whereas triethylene diamine and tetrartedthyfenediamine can crosslink
poly(VDF-co-CTFE) copolymer at 97°C in one day. &y, diethylene triamine crosslinks
PVDF at 70°C for 16h.

Crosslinking with bisphenols in the presence ofaedaioxide and phosphonium or

tetraalkylammonium ions also proceeds in three retEps. A dehydrofluorination, then a
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double bond reorganisation, and finally the substih by the bisphenol onto the double
bond. This mechanism was identified8if NMR. Interestingly, ODR measurements show
that 98% of the bisphenol-AF —which is the mostiusisphenol- is crosslinked in 5 minutes
at 177°C. And, the crosslinking density, measune@bR, can be improved by increasing
the initial concentration in bisphenol-AF. But thisphenol-cure of a perfluoroalkylvinyl
ether exhibits limitations, like porosity or poaslganisate properties produced during the
curing process. In that case, those VDF-based patymust be crosslinked by

peroxides/coagent systems.

However, peroxide/coagent systems need that thelywopr bears a bromine or iodine
content to insure free-radical crosslinking. The nomer precursor must be co- or
terpolymerised with VDF. Peroxide cure must beiedrout in the presence of a coagent and
a metal oxide with the most efficient ones arellylisocyanurate, and MgO, respectively.
2,5-Bis-(t-butylperoxy)-2,5-dimethylhexane is mefféicient than 2,5-bis-(t-butylperoxy)-2,5-
dimethylhexyne because it reacts at a lower tenyperand also leads to a better cure state.
Both those peroxides have a higher rate of crdgain(measured by ODR) than thatagtx’-
bis(t-butylperoxy)diisopropylbenzene or dicumyl @ade. The crosslinking mechanism is
slightly different from the two previous ones. ledethe decomposition of the peroxide leads
to a radical that adds onto the TAIC coagent. Thisrmediate radical, by abstracting a

bromine from the polymer, becomes the crosslinker.

VDF-based fluoroelastomers can also be cured bgrdiit types of high energy radiation (X-
rays, y-rays, B-particles or electrons). However, the generateg fradicals can undergo
several reactions, different from the crosslinkiagction (e.g., they can cause chain-scission).
This last one comes from the recombination betweenmacroradicals. Several properties
vary with the radiation cure. For instance, thesglaansition temperature, the gel fraction and
the crosslinking density increase with the radiatiose.

Other systems, like thiol-ene systems are alsoieffi as crosslinking systems for VDF-based

fluoroelastomers.
Finally, peroxide-cure fluoroelastomers are momgstant to acids, to bases and to solvents,

than diamines-cure systems. But diamines exhibgtger crosslinking density. Regarding the

mechanical properties, peroxide-cure leads to a kegsile strength, bisphenols to a high
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compression set resistance, and diamines are ghapents to exhibit a low elongation and a

high hardness.

Fluoropolymers crosslinked with polyamines are ipalarly suitable for use in the
manufacture of tubing employed as aircraft hosesatry fuel lubricants at high temperature
and under high pressure, and in the aircraft coostm industry. They can also be used as
strong adhesive joints without prior surface madiftion.

Bisphenol-cure polymers are exploited for their poassion set resistance.

Peroxide curable VDF-based polymers have foundiegipns as cords, tubes or irregular-
profile items of any dimension.

Irradiated VDF-based polymers are suitable in t@ain of captors, sensors, and detectors.
Another application of cured fluoroelastomers isligg, O-ring, oil seals, multi layer
insulator systems for electrical conductors, andmimanes for many electrochemical

applications such as fuel cell and batteries.

However it can be assumed that other curing systeihbe also found and should attrack the

motivation of many academic and industrial resesnch

The diamine-cure system seems to have great adyemta be exploited for performing of

diamines (or amines)-cure poly(VDF-co-HFP) copolysie elaborate membranes.
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Chapitre Il: Etude de la reticulation de copolymeres poly(VDF-co-HFP) commerciaux

par une diamine aliphatique (la 2,4,4-triméthyl-1,6Hexanediamine

Ce chapitre a fait I'objet d’'une publication “Crolasking and Characterization of
Commercially Available poly(VDF-co-HFP) Copolymerih 2,4,4-Trimethyl-1,6-

Hexanediamine” soumise a J Polym Sci: Part A PoGinem.

1.Abstract

Les copolymeéres fluorés sont connus pour leurs measies applications. Ces applications
peuvent encore étre améliorées par greffage ettétion de divers agents. Le mécanisme de
réticulation de I'hexaméthylene diamine et de ¥4friméthyl-1,6-hexanediamine comprend
guatre étapes. Afin d’élaborer une membrane arphatcopolymere poly(VDF-co-HFP)
commercial réticulé par la 2,4,4-trimethyl-1,6-hegdiamine, une étape de « press-cure »
sous air est nécessaire. En étudiant la solubigigefilms, leurs propriétés mécaniques, leur
gonflement dans la méthyl éthyl cétone, et leuradgtion, nous avons pu optimiser la
pression, le temps et la température de cette é@pepress-cure ». La température optimale
est de 150°C, le temps, de 15 a 30 minutes, etksion de 20 bars. D’autres propriétés des
copolymeéres poly(VDF-co-HFP) réticulés ont été agak. En effet, il a été montré dans un
premier temps que tous les films réticulés étasulubles dans I'acide chlorhydrique
concentré. D’autre part, apres avoir mesuré le teugonflement des membranes dans la
méthyl éthyl cétone et un mélange éthyléne carleddiatéthyl carbonate, nous avons
constaté que plus le pourcentage molaire en diamigmentait, et donc plus la densité de
réticulation était élevée, plus le taux de gonflatréait faible. Pour les propriétés
thermiques : les températures de transition vigeugymentent avec le taux de diamine
réticulé. Pour les températures de décomposititey sont plus grandes quand les quantités
initiales de diamine sont tres faibles (< 5% en.)rBhfin, les propriétés mécaniques ont été
évaluées par Analyse Mécanique Dynamique : I'évatudu module E’ d’un copolymeére
Kynar" réticulé par la diamine en fonction de la tempégatnontre une trés grande pente due
au caractére trés amorphe du copolymére K{ae plus, il a été constaté que plus la

guantité de diamine était importante, plus le plateaoutchoutique était élevé.
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Fluorinated copolymers are well known for theigkurange of applications. These
applications can be improved by grafting or cragstig of several agents. The mechanism of
crosslinking of hexamethylene diamine and 2,4 @éthyl-1,6-hexanediamine is well known

and occurs in four different steps. To elabordiéraof commercially available poly(VDF-
co-HFP) copolymer crosslinked by 2,4,4-trimethy8-hexanediamine, a step of press cure
under air is necessary. Temperature, time andymesgre optimised by regarding the
solubility of the press cured films, the mechanmalperties, the swelling rate in methyl ethyl
ketone, and the degradation of the films. The te¥aperature, time and pressure for press
cure were 150 °C, from 15 to 30 minutes, and 26,baspectively. Other properties of
crosslinked poly(VDF-co-HFP) copolymers containir@,, % and 2@, % of HFP were
characterized. First, all films were insoluble oncentrated HCI. Secondly, swelling rates of
different amounts of diamine crosslinked copolymeese measured in ethylene
carbonate/dimethyl carbonate and in methyl ethidike; it was proved that the higher the
molar percentage of diamine, the higher the cnolsisig density, so the lower the swelling
rate. Concerning thermal properties, glass tramstemperature mainly increased when the
amount of diamine increased. Thermal stability meaments showed a higher
decomposition temperature when the percentageaafide was very low &, %). Finally,
mechanical properties were measured by Dynamic Blachl Analysis; the storage tensile
modulus (E’) of a diamine crosslinked KyHaropolymerversustemperature exhibited a high
drop because Kynawas a highly amorphous copolymer. Moreover, thédighe amount of

diamine, the higher the rubbery modulus.

2. Introduction

Fluorinated polymers are well-known for their rekable properties, such as chemical,
thermal, electric stabilities® inertness to acids, solvents and oils, low dieleconstant, low
refractive index, low or no flammability, high retnce to ageing, and to oxidation, and low
surface tension. As a matter of fact, the perforceanof fluoropolymers, especially
insolubility and fusibility can be improved by csbisking, and companies are interested in
the crosslinking of poly(VDF-co-HFP) copolymerschuas Ausimont (now Solvay Solexis),
Dupont Performance Elastomers, 3M/Dyneon, Atofinaw( Arkema), Daikin, Unimatec,
Central Glass, Asalfi®.Crosslinking can be brought either lBaction with chemical agents
such as diamine¥™*®, bisphenols®*% thiol-ene system¥?2 or electron beart?**?328 or

cli



by the introduction in the polymeric chain of amliite or bromine monomer (via a cure site
monomer) that can further react with peroxide liglisocyanurate systems*%%%3 Among
those crosslinking agents, diamines are the moshnum ones, because they are
commercially available in a huge range, and bectheecan be easily chemically modified.
Hence, it seemed to be worth making the entireystididhe crosslinking of a diamine onto a
commercially available poly(VDF-co-HFP) copolyniér™

Hence, the purpose of the present article concerasstudy of the mechanism, and the
process of the crosslinking of poly(VDF-co-HFP) olymer by 2,4,4-trimethyl-1,6-
hexanediamine. The influence of the amount of di@nanto chemical, thermal, and dynamic

mechanical properties has been evaluated.

3. Experimental Part

3.1. Materials

Poly(VDF-co-HFP) copolymers were kindly offered MAtofina or Arkema (Kynaf
containing 90 mol.% of VDF and 10 mol. % of HFP) by 3M-Dyneon (FC-2178
containing 80 mol. % of VDF for 20 mol. % of HFPYhose commercially available
copolymers have high molecular weight, higher ti3®9,000 g/mol. 2,4,4-Trimethyl-1,6-
hexanediamine and MgO were supplied by Aldrich.te, methyl ethyl ketone (MEK) and
ethylene carbonate/dimethyl carbonate (EC/DMC) wenehased by SDS. PTFE film was a
Tisoflon 6 (glass fiber matrix impregnated with PTFE) and wammercialized by Isoflon

company (France, Diemoz).

3.2. Synthesis of the membrane

4.00g of a Kynat poly(VDF-co-HFP) copolymer containing 10 mol. %P, 0.22g (50 %

in mol) of 2,4,4-trimethyl-1,6-hexanediamine, @0&f MgO, and 25 mL of acetone were
placed in a round one-necked 100mL flask equippé&d & magnetic stirrer, and a reflux
condenser. After 2h-acetone refluxing, the mixtwas deposited on a PTFE paper with a
hand coater, and the thickness was fixed at ab@du. The acetone was evaporated and
this casting led to the membrane from the PTFE @eds cure under air at different times,
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temperatures and pressures. After press curehitieness (measured by means of a palmer),
the color, and the behavior in acetone were natexgbtimize the press cure conditions.

All the membranes were press cured by a Darragesspat different temperatures (from 50 to
200 °C), for different times (from 10 to 180 min)yder pressure (from 0 to 40 bars), and

under air.

3.3. Characterization and properties

> Chemical properties:

The swelling rate of those samples (after differesnditions of press cure) was measured
according to the following procedure: the membramas weighed (W) before being
immersed in methyl ethyl ketone (MEK) or in ethyerarbonate/dimethyl carbonate
(EC/DMC) for 12h at room temperature. Then, it wksaned on a Joseph paper to eliminate
all remaining MEK or EC/DMC on the surface of thembrane. The swollen membrane was

weighed (W), and the swelling rates, was deduced as follows:

rs:WfM%Wd*loo (1)

A press cured membrane was put in 35% HCI at 80¥C1L2h, and both the aspect and the
color of the membrane as well as the HCI soluti@nerobserved.

> Thermal and mechanical properties:

Differential Scanning Calorimetry (DSC) was perfeanusing a TA Instrument DSC2920 in
the modulated mode. Around 20 mg of samples weaeepl in a DSC cell. Samples were
heated from —80 to 20°C with a heating rate of 5™ The oscillation period and
amplitude were 60 s andl 1 °C, respectively. The glass transition tempeealyy) was taken
as the inflection point of the specific heat incesrhat the glass-rubber transition.
Thermogravimetric analysis (TGA) were performedhwd TA Instruments TGA Q50
analyser to investigate the thermal stabilitiethefcrosslinked copolymers from 30 to 590 °C
under air atmosphere at a heating rate of 10 °C'min

Dynamic mechanical tests were carried out usingn@Rhetrics RSA2 spectrometer working
in the tensile mode. The specimen was a thin rgotan strip (30*6*0.8 mr). The setup

measured the complex tensile modulus E* (storagepoment E’ and loss component E”).
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The ratio of the two components, tan= E”/E’, was also determined. Measurements were
performed at 1 Hz, and the temperature was vagestdps of 3 °C between —130 °C and 124
°C.

4. Results and discussion

4.1. Mechanism of crosslinking

Because of electrodonating effect of methyl andpeetyl groups, 2,4,4-trimethyl-1,6-
hexanediamine possesses a pKa high enough (pKa3¥tbOconfer it a good basicity. Thus,

34,35
=

this diamine can easily allow a dehydrofluorinat@nCH,-CF, from VD as do most

amines'*163638

This dehydrofluorination is the first step of thesslinking mechanism of diamine onto VDF
based copolymerg38-42

Usually, the crosslinking mechanism is carried iouour stepgScheme 13°:384%4243 After
dehydrofluorination of the HFP/VDF/HFP tridd the metal oxide (MgO or Ca(Otffor the
main used ones) allows to trap HF and regenerhgesiamine’®** The formation of water
occurs during the reaction. In a third step, treemdne adds -via a Michael addition- onto the
CF=CH double bond, creating bridges (and henceskn&ing) between the polymeric

backbones. Finally, in the last step, rearrangeneails to the formation of an imine.

CH,  CH,
1" Step : —CF5C|:F‘CH2—CF2—CF2—CF— + H2N—CHZ—CH—CHZ—CI:—CHZ—CHZ—NH2
HF
T
—CR;CF-CH=CF—CFCF— + THN—CHyCH-CH; C-CH;CH;NH,  + F
CF, oF CH,

3
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d CH,  CH,
2" Step: R NP AN -
2 *HN-CHyCH-CH;C-CH;CHyNH,  + 2F + MgO
CH,
CH,  CH,
HN—CH;CH-CHyC-CHyCHyNH, + MgF, + H,0
CH3
3%and 4" Step :
CH,  CH,
H,;N—CH;~CH=CH;-C-CHy CHyNH,  + 2—CF;CF-CH=CF—CF;-CF—
CH, CF, CF,
—CF5(|ZF-CH:C|I—CF2—C|IF— —CF5|CF-CH2—|(T‘—CF:(|:—
CK, H|Tj CF, CF, ||\j CF,

CH, CH,

H,C—CH H,C—CH
C|:Hz > Clle

H,C—C—CH, H,C—C—CH,
C|:Hz CI:HZ
CH, CH,
NH

T

CF, CF,

—CROF-CH=C—CFRy

—CFZ—|CF—CH2—C—CF:|C—

CF, CH

Scheme 1 Mechanism of crosslinking of 2,4,4-trimethyl-Ihéxanediamine onto poly(VDF-

co-HFP) copolymers, in the presence of MgO.

The above reaction steps were optimized in termteraperature, time, pressure, and amount
of diamine ([diamineg]/ [poly(VDF-co-HFP) copolymeg]molar ratio), reported in section

“Optimization of the process” in “results and dission”.
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The crosslinking density of diamine-crosslinked @gmer depends mainly on the amount of
diamine as starting material. The amount of diantimet was added in the mixture was
calculated as a function of the molar percentageH&P in the copolymer. Indeed,
Schmiegel” showed that the crosslinking of bisphenol-AF orpoly(VDF-co-HFP)
copolymer occured mainly onto VDF in HFP/VDF/HFRads. In the membranes, 100% of
diamine was considered to be introduced when fagrdm of copolymer, the weight of
diamine is:

= 'a*l* 1*x
Me=Maa S Toocedd>) P

where M, and x represent the molecular weight of the di@n{ikb8 g/mol), and the content
of HFP (x=0.1 for the Kynarcopolymer), respectively, and, since diamine costaivo

amino end-groups, parameter % is introduced iridiraulae.

The molar percentage of introduced diamine per grafitopolymer is:

Oy — M -diamine *
A)dlamlne M dia*1/2* 100 (3)
150+64(1-X)

where Mgiamine IS the weight of starting material diamine

4.2. Optimization of the process

4.2.1. Aspect of the crosslinked poly(VDB€&o-HFP) copolymer

Films were carried out from virgin or diamine-crisised poly(VDF-co-HFP) copolymer. All
the films were press cured under air, and the éxym@ertal conditions of the press cure were
evaluated (pressure, time, temperature). When is@dein acetone the samples either form a
gel (high or low swollen) or dissolve. The bestults in term of thickness, color and
homogeneity in acetone are given in bold in Tabl# Was found that a crosslinked film was
insoluble in all common solvents of poly(VDF-co-HFRopolymer (such as acetone,
dimethylacetamide, dimethylformamide, N-methylpydoione, methylethylketone and
dimethylsulfoxide...).
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N Thick Aspect (gel or not, color and
Exp mol. %0 Press conditions

N° diamine P (bar) T (°C) t(min)

ness homogeneity) of the obtained film in

(um) acetone
0 0 20 150 20 150 Transparent + soluble in
acetone+homogeneous
1 50 - - - 130 Yellow h.s.§+ Inhomogeneity
2 50 20 50 50 90 Yellow h.s.g® + Inhomogeneity
3 50 20 100 50 100 Brown+ Inhomogeneity
4 50 20 150 50 80 Brown |.s.g* + homogeneity
5 50 20 200 50 70 Dark brown |.s.g.
6 50 20 135 2 65 Yellow h.s.g% + Inhomogeneity
7 50 20 135 10 90 Brown + Inhomogeneity
8 50 20 135 15 125 Brown l.s.g°
9 50 20 135 25 130 Brown I.S.g?
10 S0 20 135 40 150 Dark brown l.s.g.
11 50 20 135 65 135 Black I.s.g®
12 50 20 135 180 130 Black |.s.g°
13 50 0 135 25 125 Yellow h.s.¢*
14 50 10 135 25 135 Brown h.s.gz.
15 50 20 135 25 140 Brown I.S.g§
16 50 30 135 25 135 Torn membrane
17 50 40 135 25 110 Torn membrane

Table 1: Experimental conditions (pressure, time and teatpee) of preparation of the
membranes from the addition of 2,4,4-trimethyl-igkanediamine onto Kyrfapoly(VDF-

co-HFP) copolymer pressed cure in air.
1 Inhomogeneity is often due to MgO powder pregetite membrane.
2 h.s.g. = high swollen gel

3 I.s.g.= low swollen gel

Initially, the film of virgin copolymer was transpent whereas crosslinked ones were yellow,
brown or even dark. Uncrosslinked film was homog@erse whereas crosslinked copolymers

were often heterogeneous. But the uncrosslinked, fitontrary to crosslinked ones was
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soluble in acetone. Table 1 also shows that tieraperature and pressure have an influence
on the aspect in acetone (high swollen or low ssvoljjel, color and homogeneity) of the
pressed cure film.

4.2.2. Influence of the temperature on the statemeén

Table 1 shows that, the higher the temperaturaeptess cure, the higher the degradation of
the crosslinked copolymer. Indeed, the higher émeperature, the darker the membrane (the
dark color arising from the insaturations in thelypweric chain ***>*§. However, the
temperature must be higher than 100 °C to keepldeitmechanical properties in acetone.
Indeed, it is shown that temperatures lower tha® A0 are insufficient to obtain a good
membrane in acetone: below 100 °C membranes bebagheswollen gel in acetone, most
probably because of a very low amount of diamirectiag with the copolymer, and the
crosslinking density was too low to have low swollgel. Hence, the ideal temperature for
press cure is ranging between 130 and 150°C.

4.2.3. Influence of time and pressure on the stateent

A press cure time ranging between 15 and 30 mirsdgems to be the most efficient, because
a shorter time of press cure is not sufficientaeof the first step of the mechanism mentioned
in Scheme 1. Moreover, a longer press cure timedes a degradation of the membrane,
evidenced by a dark color.

Finally, the ideal pressure is 20 bars, becaudeehnigressure involves torn membranes.

The presence of MgO in the formulation was essemtiaegenerate the diamirfé* Its
weight was calculated from the molar percentagdf® in the copolymer. Indeed, the weight

of introduced MgO was assessed from the followiggation (per gram of copolymer):

- % L 1k X
Moo= o0 2 150¢+64(1-x) )

Where Mygo = 40.3 g/mol, x=0.1 for a Kyn@rcopolymer, parameter ¥ * ¥ is introduced
because one mole of MgO is needed to regeneratesmaf diamine, and 1 mole of diamine

is necessary to crosslink 2 moles of polymer.
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swelling rate in acetone

4.2.4. Influence of temperature, time and presetipgess cure on

The swelling rates of crosslinked copolymers wesgeased in order to optimize the process

of press cure. Table 2 reports the swelling ratéakesamples presented in Table 1 (diamine-

crosslinked Kynat copolymers). All the samples contain the same amnofidiamine (50%

in mol), and MgO.

mol.o/0

Press cure conditions

expN® . T5(%)
diamine P (bar) T (°C) t (min)
1 50 - - - 260
2 50 20 50 50 270
3 50 20 100 50 145
4 50 20 150 50 125
5 50 20 200 50 125
6 50 20 135 2 200
7 50 20 135 10 120
8 50 20 135 15 110
9 50 20 135 25 110
10 50 20 135 40 90
11 50 20 135 65 110
12 50 20 135 180 90
13 50 0 135 25 120
14 50 10 135 25 120
15 50 20 135 25 120
16 50 30 135 25 90
17 50 40 135 25 120

Table 2 Experimental conditions (pressure, time and teaipee) and swelling rates of

different membranes prepared from the addition2p4,4-trimethyl-1,6-hexanediamine onto

Kynar” poly(VDF-co-HFP) copolymer press cured in air.

! the swelling ratetg) is measured in methyl ethyl ketone, and calcdlatecording to Eq.

().
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As Kynat’ copolymer is soluble in methyl ethyl ketone atrmotemperature. The evidence of
a crosslinking reaction with the diamine arisesnfran insoluble membrane in MEK.
Moreover, Table 2 shows first that the higher #amperature of press curing, the lower the
swelling rate. For example, sample of experimen,Nthat was press cured at 50 °C,
exhibited a higher swelling rates€270%) than the one of experiment N°4 press curd®@

°C (t1s=125%). Indeed, the lower the swelling rate, thedo the amount of solvent that
penetrated within the membrane, hence the grelagenamber of chemical bridges between
the polymeric chains. So, it is obvious that thegerature of the press cure has a drastic
influence on the crosslinking reaction. The optiteahperature is then 150 °C.

Concerning the time of press cure, it is observett after 15 min no influence of this
parameter on the crosslinking reaction is reportedeed, after 15 or 65 min of press cure,
the swelling rate in acetone remains the sargel(0%). It seems that all Michael additions
were completed after 15 min of press cure.

Finally, the pressure has no influence on the smegehate, hence whatever the pressure, the

crosslinking always occurs.
In conclusion, from the aspect (high or low swoligel, color and homogeneity) and the
swelling rate of the press cure membranes, thenapitonditions were 130°C, under 20 bars

and for 20 min.

4.3. Chemical properties

Different chemical tests were carried out as welthee solubility in concentrated hydrochloric

acid and swelling rate in methyl ethyl ketone.
4.3.1. Solubility in concentrated HCI
The insolubility of the crosslinked membranes imaentrated acid (HCI 35%) was tested

after 12h at 80°C. Table 3 lists the results oletifor four membranes elaborated with a

poly(VDF-co-HFP) copolymer (FC-217Band from different amounts of aliphatic diamine.
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Copolymer Solubility in

samples mol.%0 Diamine Observation
(mot Yo HFP) HCI
1 FC-2178 (20%) 4 Ins, stable No degradation
3 FC-2178 (20%) 28 Ins, stable No degradation
4 FC-2178 (20%) 61 Ins, stable No degradation

Table 3 Solubility and stability of FC-2178 poly(VDF-co-HFP) copolymers crosslinked

with different amounts of diamine.

Ins=Insoluble

Interestingly, all the three membranes are stronggystant to concentrated HCI, even at 100
°C for 6 hrs.

4.3.2. Swelling rate in methyl ethyl ketone (MEK

After press cure, all the membranes were insolublaethyl ethyl ketone, and were regarded
as crosslinked. The comparison of the measurenwdritee swelling rate of the membranes
crosslinked with different amounts of diamines pded information on the crosslinking

density of the membranes. Indeed, the higher thellisgy rate, the higher the amount of
penetrated solvent, the lower the density of chehliddging between the polymer backbone,

and hence, the lower the crosslinking density.
Table 4 lists the results of the swelling rate iref1and in ethylene carbonate/dimethyl

carbonate (EC/DMC) for different amounts of introdd diamine, and different copolymers.

All the membranes were press cured in the sameitoamsl
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Copolymer s (%) in

Samples mol% diamine 15 (%) in MEK
(mot %0 HFP) EC/DMC

A Kynar” (10) 7 335 370

B Kynar” (10) 50 210 280

C Kynar- (10) 110 190 220

D FC-2178 (20) 7 180 -

E FC-2178 (20) 50 120 -

F FC-2178 (20) 65 120 -
G FC-2178 (20) 110 70 -

Table 4:Swelling rates of several membranes based on ohkg@\f{DF-co-HFP) copolymers

containing 10 or 20 mol. % of HFP, and differentoamts of aliphatic diamine.

The swelling behavior in ethylene carbonate/dimlettaybonate solvent of the crosslinked
membranes is of interest for gelified polymer al@lgte for lithium-ion batteries applications
472 |n this particular application, swelling must@mogeneous.

All the experiments show first that the higher #msount of diamine (as starting material), the
higher the crosslinking density. So, between 7 Bi@Pbo of diamine, the crosslinking density
always increased. These experiments of swellingsrgermit to evidence the crosslinking
reaction and it is also suggested that the sitédicifiael addition of the diamine is influenced
by the molar percentage of HFP. Indeed, when thampercentage of HFP in the copolymer
increases, the swelling rate decreases, even hatlsame amount of diamine. For example,
for experiment A which corresponds to a crosslinggdmol. % of diamine as starting
material) poly(VDF-co-HFP) copolymer containing &tl. % of HFP, the swelling rate is
higher §s=335% in MEK) than the one observed for experiniziffrom 7 mol. % of diamine
as starting material) with a FC-217Boly(VDF-co-HFP) copolymer containing 20 mol. % of
HFP {s=180% in MEK) . This result proves the influence WP content on the site of

addition.
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4.4. Thermal properties

After the evaluation of the chemical propertiestltd crosslinked membranes, their thermal

properties (glass transition and decomposition t¥atpres) were assessed.
4.4.1. Determination of the glass transition teperature (Tg)

The glass transition temperatures of the virgin &yrcopolymer, and crosslinked Kynar

copolymer were determined from DSC experimentsaagdisted in Table 5.

Copolymer (nol. % HFB Mol. % diamine T (°C)
Kynar” (10) 0 -25
Kynar~ (10) 7 25
Kynar” (10) 50 -25
Kynar” (10) 110 22
FC-2178 (20) 0 -16
FC-2178 (20) 27 -7
FC-2178 (20) 60 -1

Table 5: glass transition temperature gfTof virgin and crosslinked poly(VDF-co-HFP)

Kynar” and FC-2178 copolymers.

First, assuming that molecular weights of both caruially available copolymers are the
same, it is worth noting the drastic effect of demtent of HFP on thegTIndeed, the higher
the HFP content, the higher the; Bnd this observation is in good agreement with
experimental data of Bonardedi al. >>.

It was expected that the glass transition tempegadfl crosslinked copolymers was higher
than the one of virgircopolymer. Crosslinking usually decreases the chmaability by
creating links between the polymeric backbonesiteatb an increase ofyvalue.

In the case of the FC-217&opolymer, increasing the amount of diamine assiiking
agent increases the glass transition temperatweetker, in the case of Kyracopolymer,

increasing the amount of diamine surprisingly does increase the glass transition
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temperature that still remains roughly constantado-25°C. This result was also observed
by Smithet al. > who showed a short increase in the glass transi@mperatures of
poly(VDF-co-HFP) copolymers crosslinked with ingeey amounts of N,N’-

dicinnamylidene-1,6-hexanediamitfe

4.4.2. Thermal stability (£

The thermal stability of virgin copolymers was exatkd by thermogravimetric analysis
(TGA). Figure 1 displays the TGA thermograms offbobmmercially available poly(VDF-
co-HFP) copolymers containing 10 and,g0o0 of HFP.

120 ~
100 4 - - = =FC-2178 (20%HFP)
Kynar (10%HFP)
B0 |~
<
2
[) i
= 60
N
40 -
20 ¢
O T T T T T T T T T T 1 1 T
o o o o o o o o o o o o o o
™ (e} ™ (e} ™ ™ (o) (s2) [ce) ™ (e} ™ (e}
— — N N ™ ™ < < o] Lo) (e} ©

Temperature (T)

Figure T TGA thermograms of FC-217&nd Kynal poly(VDF-co-HFP) copolymers.

Considering that the molecular weights of both waeduoly(VDF-co-HFP) copolymers are
the same, it is noted that the higher the HFP modatent in the copolymer, the lower the
thermostability, which might evidence that VDF-HHERds are the “weak points” of such
copolymers. The decomposition temperaturgdTis the temperature at which the thermal
degradation starts, and it is the same for botlolgopers: 380°C (Figure 1).
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The thermal stability of crosslinked FC-2t7&nd Kynar' copolymers was assessed and
results are shown in Figures 2 antf$>*

120 ~

100

——virgin FC-2178 |
—a—dia = 4%
—=—dia=28%
| —<—dia = 62%
—0—dia=110%

weight %

30

80
130
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Figure 2 TGA thermograms of FC-2178copolymers (2Q,.% of HFP) crosslinked by
different amounts of aliphatic diamine: 4 mol %)( 28 mol % [J), 62 mol % &) and 110
mol %(®) of diamine as starting material. This amountii&g in molar percentage reported

to the molar percentage of HFRI(example 4% means 4 mol of diamine per 100 rhol o
HFP).
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Figure 3:TGA thermograms of Kyndrcopolymers (190.% of HFP) crosslinked by different
amounts of aliphatic diamine: 7 mol %), 11 mol % (1), 50 mol % (<) and 110 mol %)

of diamine as starting material.

First, by comparing thermograms of Figures 2 anitli8,observed that for a given amount of
diamine (as starting material), the higher the mé&taof HFP, the higher the weight loss. For
example, in Figure 2 for thermogram of FC-21@®polymer crosslinked with 110 mol.% of
diamine, the weight loss at 300 °C is 32%, wheirdsigure 3, for thermogram of Kyrar
copolymer crosslinked with 110 mol.% of diamineg theight loss at 300 °C is only 7%. This
might be due to the addition of diamine that ocamanly on VDF adjacent to HFP. In
addition, the higher the mol. % of HFP, the higtle¥ amount of crosslinked diamine, and
hence the higher the weight loss. However, the meosition temperatures are almost the
same for both thermograms (near 200 °C).

It is noted then, that thermograms of both Figulisplay the same behavior, and for example
for thermograms in Figure 2 (FC-2178opolymer), when molar percentages in diamine are
higher than 5 %, the higher the amount of diamtine lower the thermal stability. This might
be assigned to the presence of imine group. Howeaverder to increase the thermal stability
of crosslinked copolymer, aliphatic diamine mustaeed in a very low range (<5% and 7%

for FC-2178' and Kynar copolymer, respectively).
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The C=N double bond in imine (A) {4step of Scheme 1) is highly reactive towards
nucleophiles®*®due to the polarization by both £&nd CF(CE) perfluoroalkyl groups.
—CF2—|C|:—C|:F—

N CF; Imine (A)

|
R

The hydrolysis of C=N is followed by the cleavadet® backbone leading to degradatfén
So, all the copolymers cured with a high contentdaeimine do not have a suitable
thermostability. However, with very low amount aéchine (<5% and 7% for FC-217&nd
Kynar” copolymer, respectively), the thermostability Eases.

In the case of a very low amount of diamine, nordégtion occurred up to 380 °C most
probably because of the low number of chemicaldasd Indeed, this number is low enough

to increase the molecular weight of the copolymamde making it a more thermally stable
material.

In order to discuss the different steps of the dgmusition of the curve, for example, for
11Qn.%-crosslinked FC-2178and Kynar copolymer, weight and molar percentages of

VDF, HFP and diamine were calculated and are suiaethim Table 6 .

11001 %- Monomeric units in Wt % Mol. %
crosslinked the copolymer
copolymer
VDF 43 64
FC-2178 HFP 25 16
Aliphatic diamine 32 20
VDF 73 86
Kynar” HFP 19 10
Aliphatic diamine 8 4

Table 6:weight and molar percentages of VDF, HFP and afiplthamine in FC-2178 and

Kynar” poly(VDF-co-HFP) copolymer crosslinked with 110%diamine (Exp C and G of
Table 4).

It is assumed that the first wave of decompositidnca. 32 wt% in the thermogram of

110y %-crosslinked FC-2178 copolymer of Figure 2 arises from the eliminatioh
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crosslinked diamine. This permits to deduce theghte?o of crosslinked diamine, of VDF

and of HFP. Calculation is explained below:

Calculation of molar and weight % of VDF, HFP andndine (Table 6):

The molar and weight content of VDF, HFP and diamimere calculated from TGA

thermogramms for 13@%-crosslinked FC-2178 (filled circles) and Kynat copolymers
reported in Figures 2 and 3, respectively.

For example, the thermogram corresponding tond@®crosslinked FC-2178 copolymer
(filled circles in Figure 2) displayed a first majdecomposition step. It occured in the
temperature range 180-320°C and the weight 1032%. This weight loss was ascribed to the
% of crosslinked diamine.

Then the content of (VDF + HFP) was 68 wt% sinaedbntent of diamine was 32 wt%. FC-
2178’ copolymer contained 80 mol. % (or 63 wt %) of VBRd 20 mol. % (or 37 wt %) of
HFP. So, the content of VDF in the crosslinked d¢pmer was 63*68/100 corresponding to
43 wt%.The content of HFP in the crosslinked copolymer @&$8/100, or 25 wt%.

Calculation in mol.:

100g of crosslinked copolymer contained (43/64)#(26)+(32/158) = 1.04 moles.

So, the mol.% of VDF was (43*100/64)/[(43/64)+(250)+(32/158)]:mol. % VDF = 64%
The mol.% of HFP was (25*100/150)/[(43/64)+(25/16@3R/158)]:mol. % HFP= 16%
The mol.% of diamine was assessed as (32*100/188)f4)+(25/150)+(32/158)]mol. %

diamine= 20%

The same calculation was realized using the theramogof 11Q,,%-crosslinked Kynat

copolymer (filled circles in Figure 3).

In Table 6, first, it must be noted that in the 440 of starting diamine, only 20 and,#%

are crosslinked onto FC-217&nd Kynal' copolymer, respectively. Indeed, the crosslinking
is limited by the number of sites of addition ofiaen As these sites are VDF adjacent to HFP
1617 preferentially and as FC-217&nd Kynal' copolymers contain 20 and 10 mol.% of
HFP, respectively, the molar percentage of crosstirdiamine is limited.

Then, it is shown that this first 32 wt% (or 8 wtf) decomposition corresponding to the

elimination of the aliphatic amine occurred fronD18 *?. Then, from 320°C, the fluorinated
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polymer backbone started to decompose, probablyaltiee degradation of VDF/HFP diads,
as explained above, when the decomposition temyperaif both virgin copolymers are
studied (Figure 1).

To conclude on the thermal stability, it was shdwst that all copolymers crosslinked with
diamine start to decompose from about 200°C, duéhéodecomposition of crosslinked
diamine, followed by the degradation of the fluatid polymer backbone from ca. 380°C.
Secondly, as C=N bonds are the “weak points” ofdtusslinked copolymer, the higher the
amount of starting diamine involved, the lower thermal stability. In addition as diamine
crosslinked onto VDF adjacent to HFP, the higherrtiol. % of HFP in the copolymer for the
same amount of starting diamine, the lower thentlostability.

Because of those “weak points”, when the conterstarting diamine is low (almost < 5mol.
%) the thermostability increases. Finally, crodshyg is limited by mol. % of HFP in the
copolymer. Hence, for a FC-217&opolymer containing 20 mol.% of HFP, the maximum

mol. % of crosslinked diamine is 20.

4.5. Dynamic mechanical properties

The storage tensile modulus E’ and tangent of dss langle tad °°° of four different
Kynar’ copolymers crosslinked by diamines were measutel Bz as the function of
temperature, as shown in Figures 4 andéd&. low temperatures, it was difficult to observe
any change in the modulus with variation in thesshmking agent content. As it is well
known, the exact determination of the glassy maoglulepends on the precise knowledge of
the sample dimensions. In our case, the films wgere soft at room temperature and it was
very difficult to obtain a constant and preciseckiniess along these samples. In order to
minimize this effect, the glassy modulus was noiredl at 2.1 GPa for all the samples, which
corresponds to the averaged experimental values G&m be justified by the fact that the

crosslinking cannot change significantly the etastodulus of the glassy polymer.
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Figure 4: Evolution of the storage tensile modulus of Kiyhél0 mol % of HFP) poly(VDF-
co-HFP) copolymer crosslinked with different amaupt diamineversustemperature at 1
Hz: virgin Kynat' (x), Kynar’ crosslinked with 110-), 50(o), 11@4), 7(@) mol. % of

diamine.

In the glassy state (T < -23 °C), the tensile gfermnodulus remains roughly constant. Over
the temperature range —23 to 77 °C, the modulup tkoassociated to the glass-rubber
transition of the polymer. This modulus drop copmsds to an energy dissipation
phenomenon displayed in a relaxation process wher@ passes through a maximum (Figure
5). This drop is quite high (from 10Pa to 16 Pa) because Kynarpoly(VDF-co-HFP)
copolymers are amorphous polymers. The modulufefuncrosslinked polymer decreases
continuously and irreversibly and the setup fadlsrteasure it due to the linear nature of the
polymeric chains. For crosslinked materials, thedubas stabilized leading to a rubbery
plateau value. It is observed that the rubbery rmadincreases with the amount of initial
diamine. This is ascribed to the classical stiffignieffect induced by the cross-linking
process.So, by considering the storage modulus, it is cordd that the higher the initial
amount of diamine, the higher the crosslinking dgns

The number of crosslink moles per volume unit (@n cbe determined from DMA

experiments in the rubbery zone using the follonengation :
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E=3nRT  (5)

where R, T and E represent the perfect gas can@&?2 J.mot.K™), the temperature (in K)
and the elastic modulus, respectively. The n vahss been determined at 127 °C and are
collected in Table 7. When increasing the tempeeatthe relaxed modulus increases as a
result of the temperature induced crosslinkiiigis effect emphasized with the diamine

content.

Copoly|_r|r|1:eF:)(noI. % Mol. % diamine E (MPa) n (mol. .
Kynar~ (10) 7 1.75 175 140.1
Kynar” (10) 11 4.19 420 58.3
Kynar” (10) 50 5.24 525 46.7
Kynar” (10) 110 11.9 1192 20.6

Table 7:storage tensile modulus estimated at 127 °C (&nhber of crosslinks moles per
volume unit (n), and number of monomer units betweeo crosslinks ) of crosslinked

poly(VDF-co-HFP) Kynar copolymers.

From the number of crosslink moles per volume (mjt it is possible to deduce the number

of monomer units between crosslinkg (ising the following equation:

a =d/ (n*10%*(64x + 150(1-x)) (6)

where d, n, and x are the specific gravity of tlody(/ DF-co-HFP) copolymer (d=1.78 for
Kynar® copolymer), the number of crosslink in moles petume unit (mol.ri?), and the

molar ratio of VDF in the copolymer (x=0.9 for Kyffacopolymer), respectively. The results
are listed in Table 7. As expected, the number ohameric units between two crosslinks
decreases when the molar % of diamine increasashirgg a minimum of 20.6 monomer

units between two crosslinks.
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Figure 5: Evolution of tand of membranes prepared from different amounts andie in the
crosslinking of Kynat versustemperature at 1 Hz: virgin Kyrafx), Kynaf' crosslinked
with 110 ¢), 50(0), 114), 7(@) mol. % of diamine.

From Figure 5, each curve reaches a maximum vaks B T, temperature of 12 °C.
Moreover, the copolymers containing the highest @ame of diamine (50 and 110% in mol)
display a higher J temperature than the two other samples contaioimy 7 or 11% of
diamine, due to the transition peak shifted towanigher temperatures with increasing
diamine content. These,Ttemperatures (Figure 5) are higher than the giemssition
temperatures of the corresponding samples. Indesetthe copolymer is rather amorphous, the
drop in the storage modulus (Figure 4) is very hitte ratio between the unrelaxed and
relaxed modulus ranges between 100 and 1000) hanch@ximum of tabappears at a higher
temperature than the glass transition temperaiire.T, value is well-known to depend upon
both the Tg and the magnitude of the modulus dhopaddition, it also depends on the

frequency of the measurement.
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5. Conclusion

Crosslinking poly(VDF-co-HFP) copolymers by 2,4rivtethyl-1,6-hexanediamine requires a
press cure step. This press cure was optimizethgakto account the time, temperature and
pressure. The best achieved press cure temperaasreanging between 130 and 150°C, for
15 to 30 minutes, and at a pressure of 20 bamstdstingly, the crosslinked copolymers were
chemically stable in concentrated HCI, and in paalvents such as methyl ethyl ketone,
DMAc and DMF, which usually dissolved the virginpmdymer. Indeed, crosslinking induces
the formation of chemical bridges between the cgpetic chains that make the crosslinked
polymer insoluble in most solvents. Moreover, dreases the thermal stability of the polymer
when a low amount of diamine (5%) is added. FindIyA analyses proved the crosslinking
by the increase of the rubbery plateau with the arhof diamine, and permits to calculate
the number of monomer units between two crosslitiat reaches 20.6 for a Kyhar
copolymer crosslinked with 110 mol % of diamine.

Copolymer crosslinked by aliphatic diamines exhdaitisfactory properties. However, to find
application as proton exchange membrane for fugltbe diamine or the amine must contain

an aromatic ring (sulfonated or that can be sullechby a post treatment).
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Chapitre 1l : Greffage d’amines contenant un ey@romatique sur des
copolymeres de poly(VDF-co-HFP) commerciaux (étdeda cinétique)

Ce chapitre a fait I'objet d'une publication GRAFTING OF
COMMERCIALLY AVAILABLE AMINES BEARING AROMATIC
RING ONTO POLY(VDF-co-HFP) COPOLYMERS” soumise a J Polym
Sci: Part A Polym Chem.

1. Abstract

Nous avons étudié le greffage de copolyméres p@¥¢o-HFP) commerciaux par trois
amines contenant un cycle aromatique : la benzylent& phénylpropylamine et l'aniline. La
RMN du **F nous a permis d'identifier que les premiers sifes greffage des amines
contenant un cycle aromatique étaient les diflucthrylenes des VDF compris entre deux
HFP, puis que ces mémes amines s’additionnaientesu/DF adjacents a un HFP. La
cinétique de greffage de la benzylamine, suivieR&N du 'H, a confirmé ses sites de
greffage et a montré que tous les VDF des triadg?/YIDF/HFP étaient greffés dans les 150
premieres minutes de réaction, alors que les ¥iHs adjacents a seulement un HFP étaient
greffés en 3000 minutes. Des parametres commaripé@ature ou le pourcentage molaire
d’'HFP dans le copolymere ont une influence surdergentage molaire maximum d’amine
greffée : plus la température est importante, fduguantité d’amine greffée est importante.
De méme plus le pourcentage molaire d’HFP est itapbiplus la quantité d’amine greffée
est importante. La longueur du bras espaceur éntrgcle aromatique et la fonction amine a
une influence sur la cinétique de greffage desdifites amines : I'aniline (dont le pKa=4,5
est trés faible) ne peut pas s’additionner suctgmlymeres poly(VDF-co-HFP), alors que la
phénylpropylamine se greffe en moins de 150 minutasbenzylamine, quant a elle, atteint

son pourcentage maximum de greffage en 3000 minutes

The grafting of poly(VDF-co-HFP) copolymers withffdrent amines containing aromatic

ring, like aniline, benzylamine and phenylpropylamis presented® NMR characterization

clxxviii



enabled one to evidence that the sites of graftihgromatic containing-amines were first
difluoromethylene of VDF in HFP/VDF/HFP triad, theéhat of VDF adjacent to HFP.
Kinetics of grafting of benzylamine, monitored Y NMR spectroscopy confirms those sites
of grafting and showed that all VDF units locatedvieen two HFPs were grafted in the first
150 min, whereas those adjacent to one HFP uni¢ weafted in the remaining 3000 min.
Parameters such as the temperature or the molegmage of HFP in the copolymer have an
influence on the maximum rate of grafted benzylamimhe higher the temperature, the
higher the mol. % of grafted benzylamine. Furthemnahe higher the mol. WFP in the
copolymer, the higher the mol. % VDF in HFP/VDF/H&Rd, and the higher the mol. % of
grafted benzylamine. The spacer length betweeartbmatic ring and the amino group has an
influence on the kinetics of grafting: aniline (pk&t.5) could not add onto polymeric
backbone while phenylpropylamine was grafted in finst 150 min, and benzylamine

required 3000 min to reach the maximum amount aftigng.
2. Introduction

Fluorinated polymers are particularly interestingl attractive compounds because of their
properties. Indeed, they are known to have goodnit@, thermal, electric stabilities®,
inertness to acids, solvents and oils, low dielectonstant, low refractive index, no
inflammability, high resistance to ageing, and xdation, and low surface tension. Hence,
fluorinated polymers have been used in many apjpies*® building industries (paints and
coatings resistant to UV and to graffiti), petrocheal and automotive industries, aerospace
and aeronautics (use of elastomers as seals, gagkeings resistant to extreme temperature
for tanks of liquid hydrogen for space shuttled)emical engineering (high-performance
membranes), optics (core and cladding of optidarg), textile treatment, stone protection
(especially for old monuments), microelectroniasg &or cable insulation. The properties of
fluorinated polymers and especially poly(VDF-co-HFgopolymer can be modified by
grafting from different agents. These agents usedfafting or for crosslinking poly(VDF-

co-HFP) copolymers are (di)aminés™ (bis)phenols***>*¢ peroxides/triallylisocyanurate

systems™*>1"1? thiol-ene system$>?° and electron bearfP**® (Di)amines are useful

because they are commercially available. Moreabery can further be modified by chemical
reaction, to bring new properties. For examplematic amines can be chemically changed
into exchange proton or other iorf8?° The mechanism of addition of amines onto

fluoropolymers is well-known 14163033 |t occurs in four steps: dehydrofluorination of
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VDF/HFP diads, then regeneration of the amine bye#al oxide; in a third step the Michael
addition of the amine onto the CF=CH created baind, finally rearrangement leading to an
imine. In a previous work”® the crosslinking of 2,4,4-trimethyl-1,6-hexanediaen onto
commercially available poly(VDF-co-HFP) copolymerasv studied, and especially the
optimization of the conditions of press cure tdelate a membrane. But, no extensive study
was carried out on the kinetics of grafting of aatim containing-amine.

The purpose of the present article is to evaluagekinetics of grafting of different amines
containing-aromatic group onto poly(VDF-co-HFP) obymers. First,'>F NMR study of
grafted copolymers permited to deduce the siteraftigg in the polymer backbon&d and

F NMR spectroscopies also allowed to investigagekinetics of grafting of benzylamine.
Secondly, the influence of the spacer length betviee aromatic ring and the amino group
onto grafting was studied. Finally, other parangegrch as the temperature or the content of
HFP in commercially available copolymers are alakeh into account to improve the

grafting.
3. Experimental part

Materials: benzylamine, phenylpropylamine and aniline wererpliased from Aldrich. The
commercially available Kyndf poly(VDF-co-HFP) copolymer containing 10 mol. % of
HFP was given by Atofina (now Arkema), whereas thpoly(VDF-co-HFP) copolymer
containing 20 mol. % of HFP (FC-2178) was kindly offered by 3M-Dyneon. Magnesium
oxide, methyl ethyl ketone (MEK), N-methylpyrrolitbne (NMP), dimethylsufloxide

(DMSO0), and 2-pentanone were purchased from Aldrich

Characterization by°>F NMR for the grafting of benzylamine onto FC-21 ¢8polymer:

Kinetics A2: 4.00g of FC-2178 copolymer containing 20 mol. % of HFP were introed
with 2.10g of benzylamine (200%), 0.39 g of MgOQ%®), and 75 mL of methyl ethyl ketone
(MEK) into a two-necked round-bottom flask equippedh a condenser and a magnetic
stirrer.

The temperature was maintained at 80 °C for 6900 mi

In the course of the reaction, sampling of the medas realized.

The copolymer and the mixture were characterized® NMR spectroscopy at room
temperature. Spectra were recorded on a Bruker @iristrument using deuterated acetone
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as the solvent, TMS and GElas the reference fo, and'°F nuclei, respectively. Coupling

constants and chemical shifts are given in hertizpgom, respectively.

Kinetics of grafting of benzylamine, phenylpropyileen and aniline:

A copolymer was introduced with amine, MgO, and dvent (N-methylpyrrolidinone
(NMP), dimethylformamide (DMF), methyl ethyl keto(MEK), dimethylsulfoxide (DMSO),
pentanone..) (75 mL) into a three-necked roundeboflask equipped with a condenser and a
magnetic stirrer.

Various experimental conditions were chosen, takig account the amounts of copolymer,
of amine, and of MgO, the nature of the solveng tholar percentage of HFP in the
copolymer, and the temperature of the reaction imené¢d in Table 2.

In order to plot the molar percentage of graftednemwersustime, sampling of 2 mL were
regularly carried out. Each sample was precipitdtedh water (in order to eliminate all
amine that did not react) and dried.

The samples were characterized"Byand**F NMR spectroscopies at room temperature, and

are presented in Table 2.
4. Results and discussion

4. 1. Sites of grafting of benzylamine onto poly(WF-co-HFP)

copolymers

Our objective is to graft different aromatic coniag-amines onto commercially available
poly(VDF-co-HFP) copolymers. These aromatic rinqitatning-amines differ each other
from the number of methylene groups (as spacets)eam the amino group and the aromatic
ring. Three amines have been chosen. The benzyarointains one methylene spacer, while
the phenylpropylamine possesses three methylenepgrovhereas the aniline does not

contain any spacer.
The grafting of amine onto poly(VDF-co-HFP) copolr was studied by°F NMR

spectroscopy. Characteristic peaks of fluorine atomthe poly(VDF-co-HFP) copolymer

were identified by°F NMR spectroscopy” 3. Their results are summarized in Table 1.
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Chemical shift in>™F NMR (ppm)

Assigned group

-71

CF,

—CH,CF;—CFCF,—CH,CF;-

CF,

—CHECFZ—CFQCF—CF'ZCHZ—

=75

CF,

— CH,CF;—CF,CF—CH,CF;—

CF,

—CF,CH;—CF,CF-CH,CF;~
CF§ (|:F3

—CH,CF;—CF;CF—CH,CF,—CF,CF—

-91.2

—CH,CE—C HéC_Fz—C H,CF;—

-91.5

CF,

— CH,CF;—CH;CF;—CH,CF;~CF,CF—

-92

CF,

—CF;CF~CH;CF;~CH,CF;-CHy-

-93.3

. o,
—CFéCF—CH'zC_Fz—CH'zCFZ—CF'ZCF—

-95;-96.2

— CF,CH;—CH;CE;—CH,CF;CH;—
— CF,CH;—CH;CF;—CH,CF;-CF,CH;~

CF,

|
—CF,CH;—CH;CF;CH,CF;-CF,CF—
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CF,

|
—CF,CH;—CF;CF~CH,CF;-

N
—CFéCF—C_FzCHZ—CHZCFZ—
i
-101 to -103 —CH2CF2—CHég:2—CF'CF2—
T
—CHZ—CF'ZCF—QZ'QCHz—CFZ—
¢Fs CFy
—CFZ—CFﬂzg—CFzCHZ—CF'zCF—
08 CllF3 Cl:Fs
-108.5
—CFZ.—CF—CHéC_FZ—CFZCF—
CF, CF,
-109.6  erCE—CHCF— CECE-
CFCF; CHzg:2 L
-110.4 _CHZCFZ—CH'ZC_Fg—CFZiF—
F;
¥
—CFZCF—CI-EQQ—CFZCHZ—
-112.3
CF,
— CF,CH;—CH;CF; CF,CF-
—CHZCFZ—C_FZCHZ—CF2CF—
-113.6 F
— CHZCFZ—CH'ZQZ—CFZCHZ—
—CH,CF;,—CECF-CH,CF;—
-115.2 |
CF,
-115.9 —CHZCFZ—C_FZCHZ—CHZCFZ—

-117.91t0 -118.5

T

—CH,CF;—CF;CF—CF,CH;~
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CFy
— CH,CE—CFCR-CH,CF;-
¢h
—CH,CF—CECF—CF,CH;—
T
—CH,CF~CFCF-CH,CF—

From -182 to -185

h

— CF,CH;—CF,CF—CH,CF;—

Table t Assigned chemical shifts flF NMR of fluorine atoms in CFgroup of the VDF and
CF, Ck and CEk groups of the HFP in poly(VDF-co-HFP) copolymeedorded in d-

acetone).

Previous research was performed on the study bR Npkctroscopy of co- and terpolymers
crosslinked by bisphenols. Indeed, Schmidfestudied’®F NMR spectra of crosslinked
poly(VDF-co-HFP), poly(VDF-co-TFE) and poly(VDF-d@MVE) copolymers, and
poly(VDF-ter-HFP-ter-TFE) and poly(VDF-ter-PMVE-t&iFE) terpolymers. In Schmiegel’s
research, poly(VDF-co-HFP) copolymer was treatecth wbisphenol AF (2,2-bis(4-
hydroxyphenyl) hexafluoropropane) in the presence ayclic amidine base, in
dimethylacetamide and at room temperature. Théiaddf a solution of the bisphenol and
the base to the polymer solution rapidly led toftvenation of a gel of the polymer. TH&
NMR spectrum of the gel showed that the crossligkih the poly(VDF-co-HFP) copolymer
by bisphenol AF induced modification of some signahe peaks characteristic of CF
groups of VDF in a HFP/VDF/HFP triad totally disagped, and that evidenced the reaction

of the bisphenol onto this triad.

This article deals with the grafting of poly(VDF-¢t-P) copolymer by aromatic containing-
amines. Table 2 lists all experiments of graftifgbenzylamine, phenylpropylamine and
aniline onto commercially available poly(VDF-co-HFRynar’ or FC-2178 copolymers.

Table 2 gives also the pKa of the amines, the mpdéacentages of HFP in the copolymers,

the molar percentages of amine as starting matén@kolvents, and the temperatures.
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Copolymer  mo%aminé T

ample n° Aming pKa) ) solvent
(%omol. HFP) in feed (°C)
Al Kynar- (10) 200 MEK? 80
A2 FC-2178 (20) 200 MEK 80
A3 Kynar” (10) 200 NMP 125
A4 Kynar- (10) 200 NMP 100
A5 ©2) Kynar” (10) 200 NMP 80
A6 Kynar” (10) 200 2-pentanone 95
A7 FC-2178 (20) 200 (no MgO) MEK 80
A8 Kynar” (10) 100 MEK 80
A9 HMCHZ@ Kynar” (10) 120 MEK 80
(10.2)
A10 FC-2178 (20) 120 DMSO 100
(4.6)

Table 2 Formulations (number of experiments, chosen (Miy--co-HFP) copolymer, molar
percentage of amine, pKa, solvent and temperatoréhe grafting of kinetics of amines.

! the molar percentage of amine is based on the mplercentage of HFP in the poly(VDF-
co-HFP) copolymer(200% of benzylamine = 2 moles of benzylamine perate of HFP in
the copolymer )

>MEK = methyl ethyl ketone

¥ NMP = N-methylpyrrolidinone

* (no MgO) MEK = the solvent was methyl ethyl ketomest no MgO was introduced as

starting materials.
The grafting reaction of benzylamine onto poly(VD&-HFP) copolymer was monitored by

F NMR spectroscopy. A schem&'*4%41gf grafting of aromatic containing-amine onto

poly(VDF-co-HFP) copolymer is given in Scheme 1.
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2 —CHCRORCF—  + H2N+CHﬁn—® +  MgO

CF,
1) dehydrofluorination
2) regeneration of the
amine
2 “CH=CFCRCF—  + HzNJrCHﬁ@ + MgF, + HO
CF,
3) addition
—CHécltF-CF2-|CF— —C:CH—lCli—CleC—
NH  CF, 4) rearrangement N CF,
I > I
(CHZ)n (CHZ)n

Schemel:Mechanism of grafting of aromatic containing-amioeto poly(VDF-co-HFP)
copolymer.

A FC-2178' poly(VDF-co-HFP) copolymer was grafted with an @ss of benzylamine (200

mol %) in methyl ethyl ketone at 80 °C (Experim&d, Table 2) . Figure 1 supplies the
NMR spectra of both non-grafted and benzylamindtggapoly(VDF-co-HFP) copolymers.
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Figure 1:*°F NMR spectra of virgin FC-2178poly(VDF-co-HFP) copolymer containing 20
mol. % of HFP (curve a), and of this copolymerfigré with an excess of benzylamine (200
mol %) in methyl ethyl ketone at 80 °C after 680D rfExperiment A7, Table 2) (curve b)
(both recorded in d6-acetone). The direction ofdhews shows the increase or decrease of
signals.

The *F NMR spectrum of the grafted copolymer exhibiteesal differences compared with
that of the virgin copolymer: Indeed, the main pelidappears at -108.7 ppm, while some
peaks appear at -56.3, -66.6 and -150.1 ppm, aretaepeaks are modified at -75.6, -92.8
and at-110.2, -112.3, -115.2 and -117.9 ppm .

The decrease of the peak at -75.6 ppm is assignétetCk of HFP in an HFP/VDF/HFP
triad. The peaks at -56.3 and -66.6 ppm are assitmeCF of an HFP in C=C(C§-C
groups. It can be concluded that some-CF(CF;) HFP groups in the grafted copolymer are
modified into CF=C(CF) groups**®42

The peak at -108.7 ppm is assigned to the @F VDF between two HFP unit§ and the
peaks close to -115 ppm are mainly assigned tp d@HFP adjacent to VDF. Indeed, the
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main site of grafting in a poly(VDF-co-HFP) copolgmis the VDF of a HFP/VDF/HFP triad
(Figure 2)*.

The peaks centered at -92.8, -110.2 and -112.3gprassigned to the ¢bf VDF (Table 1).
The decreasing of these peaks arises from theirgyadf benzylamine onto VDF close to
HFP. This is also confirmed by the modificationpsfaks close to —115.2, and —117.9 ppm,
assigned to Cfof HFP, or CE of VDF in reverse VDF addition. But, as benzylaeifoes
not graft onto polyvinylidene fluoride, even witeverse VDF chaining, the modification of
peaks close to —115.2, and —117.9 ppm are assigr@g of HFP.

Finally, the peak centered at -150.1 ppm is assigoehe Fions produced from the Michael
addition of benzylamine onto the copolymer backbtfhéndeed, Experiment A7 (Table 2)
was carried out without any MgO (that reacts wiff td give Mgk *®). So, the Fions of HF
groups, arising from dehydrofluorination are visilti*°F NMR spectroscopy, and seem to be
centered at —150.1 ppm.

So, as with bisphenols, the specific sites of grgfof this amine are GFof VDF adjacent to
one or two HFP units.

To confirm such a statement, an expansion of time b@tween -108 and -120 ppm is shown

in Figure 2.
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curve a

curve b

T \—Y—‘
24 2.1 10.0

-10¢ -10¢ -11¢ -111 -112 -118 -114 -11¢ -11€ -117 -11¢ -11¢ -12C

Figure 2:*F NMR spectra (expansion of the zone between -H@B-220 ppm) of a virgin
poly(VDF-co-HFP) copolymer FC-2178containing 20 mol. % of HFP (curve a), this
copolymer being grafted with an excess of benzyt@n200 mol. %) in methyl ethyl ketone
at 80°C (Experiment A7, Table 2) after 6800 minryeub).

These spectra show the absence of the peaks akraterd08.7 and -117.9 ppm, and the
decrease of the peaks centered at -110.2, -11#13,145.2 ppm. After 6800 min-reaction, the
peaks at -108.7 and -117.9 ppm, assigned to th@fOVDF between two HFP units, and CF
of HFP in HFP/VDF/HEP triad, respectively, totally disappeared. Henceerg
HFP/VDF/HFP triad was involved in a grafting.
Other peaks centered at -110.2 and -112.3 ppngrassiio VDF seem to slightly decrease in
the course of the grafting; so by considering Tablegrafting also occurs on following
groups:

—CH,CF;—CH;CF;—CF,CF—

L,

7CFQCH2*CHQCF27CFQC‘:F*

T CF,
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This grafting induces a decreasing of the peaklab.2 ppm assigned to €bf HFP in
CH,CF,CF,CF(CR) chaining.

To summarize thi$°F NMR characterization, benzylamine mainly and Itptgrafted onto
CF, of a VDF in the following group:
T Gk
CF;-CFCH;-CF,—CF-CF
It was noted that, benzylamine also grafted ontoFV&jacent to HFP of the following

configurations:

—CHZCFZ—CH-ZCFZ—CFZ"LF—
FS

CF,
CFZCHZ—CHéCFQCFZéF

T
CH,CF,—CF, CF CECH,
Finally, it was confirmed that the main sites o&fting for amines are first all the VDF units
in HFP/VDF/HFP triad. But it was also proved thaveral VDF units of VDF/HFP diads are

the sites of grafting of benzylamine .

4. 2. Kinetics of grafting of aromatic containing-amines onto poly(VDF-

co-HFP) copolymers

% and'H NMR characterizations of grafted copolymers atiovone to study the kinetics of
grafting of several amines. Benzylamine, phenylglamine, and aniline were grafted onto
two different poly(VDF-co-HFP) copolymers (contaigi 10 and 20 mol. % of HFP), at

different temperatures and with different solvents.
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4.2.1. Kinetics of grafting of benzylamine

4.2.1.1. Characterization of grafted poly(VDF-co-HIP)
copolymer by NMR spectroscopy

Figure 3 shows théH NMR spectra of a poly(VDF-co-HFP) copolymer cdnitag 20 mol.

% of HFP grafted with an excess of benzylaminedkas A2, Table 2). Figure 3a represents
the'H NMR spectrum of the benzylamine, Fig 1b is thecspum of this poly(VDF-co-HFP)
copolymer grafted with an excess of benzylaminendlics A2, Table 2), and Fig 1c
represents the spectrum of the same sample (kin&Hy after elimination of all benzylamine

that did not react.

JM N
| PN

\_'_1
51
T
5.5

\—'—1
4.7

JL curve!
J.
—J\J‘L curve ( L
ok

8.5 8.C 7.5 7.C 6.5 6.C 5.5 5.C 4.t 4.C 3.E 3.C 2. 2.C 1kt
Figure 3:' H NMR spectra recorded in deuterated acetoneh# benzylamine (curve a),
sample A2 (Table 2) after 2500in-reaction (curve b), and sample A2 after 2500-

reaction and precipitation in water (curve c).

Benzylamine exhibits three main types of peaks Y€ua of Figure 3), one at 7.15 ppm

characteristic of the five aromatic protons, one4&5 ppm characteristic of the -GH
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protons, and the protons of the amino group atpp® that can shift from a spectrum to
another because these is an overlapping with gmakof water.

The FC-2178 copolymer is characterized thi NMR by a large peak centered at 2.90 ppm,
corresponding to normal chaining of VDF, and a $npsak centered at 2.30 ppm,
corresponding to the defect of chaining of VDF.

Curve b shows the peaks of the Lfithe benzylamine that was grafted onto the capely
centered at 4.65 ppm. It also exhibits a peak cedtat 4.25 ppm assigned to the GHi the
benzylamine that did not react. The peak of thee GHbenzylamine that reacts with the
copolymer (centered at 4.65ppm) is low field shifedbout that of the CHof benzylamine
that did not react with the copolymer (centered.26ppm), because of the influence of the
CF bond onto CF-NHEH,. After precipitation (curve c) the peak centeréd.&5 ppm was
maintained, whereas the peak of the,QH the benzylamine that did not react with the
copolymer disappeared. Indeed, sample of curve £ swdbmitted to several treatments to
eliminate the benzylamine that did not react with topolymer.

The integrals of the identified peaks permit tocoddte the molar percentage of grafted
benzylamine. Curve c gives the integral of the farematic protons of the benzylamine
involved in the grafting of 20.0 units of Gldf the copolymer.

The assessement of the molar percentage of graéiedylamine is given by the following

equation (1):

J'of peak at 7.5ppy

mo% of grafted benz = 5 (1)

jof peaksat 2.6ppy

2

Whereno% of grafted benz. represents the molar perceriigefted benzylaming,of peak
at 7.5ppm, anflof peaks at 2.6ppm stand for the integrals ofpi@k of the aromatic protons
of the grafted benzylamine at 7.5 ppm, and thegnatis of the peaks of the Gldf VDF at 2.3

and 2.9 ppm, respectively.

For this example (A2-2500min), equation (1) givesnwlar percentage of grafted
benzylamine of 9.4%.

An excess of amine is necessary to favor the gafteaction. Indeed, another formulation

was carried out with stoechiometric conditions @dation between the aromatic containing-
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amine and the copolymer (kinetics A8, Table 1 NMR analysis shows that the
benzylamine could not graft onto copolymer.
Figure 4 supplies tht#H NMR spectrum of A8 at 2500 min, and after pre@ipon in water,

to get rid off the excess of benzylamine that ditineact with the copolymer.

- M w " " A, i
\—Y—‘ T
2.3 100.0
R L L L L R P L R
7.t 7.C 6.t 6.C 5.t 5.C 45 4.C 3.t 3.C 25 2.C 1t

Figure 4:* H NMR spectrum of the product obtained by graftioig benzylamine onto
poly(VDF-co-HFP) copolymer (kinetics A8, Table 2)2500 minutes, and after precipitation
(recorded in deuterated acetone).

The molar percentage of grafted benzylamine forgtiadt product from kinetics A8 (Table 2)

at 2500 min is 0.9%, whereas it is 9.486 A2 at 2500 min. An excess of benzylamine

(reported to HFP) is needed to improve the grafteagtion.
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The kinetics of grafting of benzylamine onto a pol(pVDF-co-HFP)
copolymer in MEK, at 80 °C was investigated by plding the molar
percentage of graftingversustime (Figure 5).
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Figure5 Kinetics A2 (Table 2) of grafting of 200% excexdshbenzylamine onto a poly(VDF-
co-HFP) copolymer containing 20 mol. % of HFP. Tgrafting reaction was carried out in
MEK at 80 °C.

The curve first shows a drastic increase up to #%%) of grafting, then, it starts to increase
less rapidly reaching a maximum of 12 %10%6) of grafting after 3200 minutes.

The behavior of this curve can be evidenced by*#ReNMR study of the same kinetics A7
(Table 2). Kinetics A2 and A7 were carried outhie same conditions except that kinetics A7
did not contain any MgO to check the presence odfofis, characterized iffF NMR by a
singlet at -150.1 ppm.

As shown above, in thEF NMR spectrum of copolymer grafted with benzylaejisome
peaks assigned to specific £6f VDF and HFP were modified, proving the sitesggodfting

of the amine onto the polymeric backbone. The diyjeds now to study the evolution of the
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modifications of those peaks with time, to deepmestigate on the kinetics of grafting of

benzylamine.

curve a

6.9
T
1.3
curve ¢
20 8 . . . 20 O
curve d
20. 20.0
curve e
T T \—Y—‘
19.6 1.8 4.6 0.2 4.6 20.0
‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T
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Figure 6:"*F NMR spectra (expansion of the zone between -b@ig 520 ppm) of a 20 mol.%
HFP containing poly (VDF-co-HFP) copolymer (curvg grafted with 20Q,% of
benzylamine and without MgO at 80 °C (kinetics Aahle 2) after 115 min-reaction (curve
b); after 475 min (curve c); after 2845 min (cud)e after 6835 min (curve e) (recorded in

d6-acetone).
The evolution of the peaks of fluorine atoms offge copolymer are the same as for Figures

1 and 2, but Figure 6 informs about the time resplifor grafting. The signals centered at —
108.7 ppm assigned to the £6f VDF between two HFP units have totally disaqmed in
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475 min. So, between 115 and 475 min all VDF umitsiFP/VDF/HFP triads were grafted
by benzylamine. In this poly(VDF-co-HFP) copolynmmtaining 20 mol. % of HFP, these
VDF represent 3.5% of all VDF. Moreover, Figure tows that in the first 400 minutes
almost 4 £1)% of benzylamine was grafted. It can be conclutietl the first grafted sites are
the VDF inserted between two HFP units, which unaet the Michael addition in the first
400 minutes.

The other sites of addition are £6f VDF close to HFP as mentioned above. Thoss site
submitted to grafting from 0 to 3200 min, and reserg almost 8% of the remaining grafted

sites.

4.2.1.2. Influence of temperature, and mol.% of HP in the
grafting of benzylamine

The influence of the temperature of reaction ane tholar percentage of HFP in the
copolymer have also been studied. Figure 7 reptesba evolution of the molar percentage
of grafting of a Kyndr copolymerversustime, at different temperatures. All kinetics were

carried out in N-methylpyrrolidinone (NMP).
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Figure 7:Evolution of the molar percentage of grafted bésazyne (initial mol. % of 200 %)
onto a Kynar copolymer containing 10 mol% in HRRrsustime, for kinetics A3 (Table 2)
at 125°C ), A4 (Table 2) at 100°Cej and A5 (Table 2) at 80°C ] (solvent: N-

methylpyrrolidinone).
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First, the behaviors of each curve are the samethiey are different from previous kinetics
carried out in MEK (Figure 5). Indeed, kineticsread out in NMP were faster than those
achieved in MEK. For example, in the first casée@B00 min, the grafting rate was almost 7
% whereas in the same time it reached 4 % only EKMFigure 5). However, the maximum

of grafting for each curve was reached in almo§t02&min. Secondly, to compare those three
curves, a change occured on the maximum graftedytsnine reached for each curve. The
higher the temperature, the greater the maximunanqercentage of grafting. Indeed, at 80
°C, the curve reached a maximum of 9.7 % graftwmgle at 100 °C it reached a maximum
of 11.4%, and at 125 °C the maximum was 13.5 % s&hogh molar percentages of grafting
can be explained by a partial degradation of tHgrper at high temperature in the presence
of nucleophiles**** This phenomenon was extensively described byaMitral. . A
poly(VDF-co-HFP) Viton A' copolymer was compounded by Mitea al. with 2.5 phr (per
hundred parts of rubber) of 4,4’-methylenebis(clieboylamine) carbamate and 15 phr of
MgO, and cured for 10 min at 180 °C and then paséd at 200 °C for 24h. Mitrat al*
showed that the gel fraction of this crosslinkegalgmer decreases when exposed to a base
at 80 ° C. The crosslinked copolymer underwent ecfdsslinking” through hydrolysis of
crosslink site followed by a chain scission reattieading to a decrease of the molecular
weight. For the Kynatcopolymer grafted with benzylamine, an alkalineisnment (due to
the excess of benzylamine that did not react) mads¢hrough hydrolysis of grafted sites and
backbone cleavages via a process of dehydrofluisimasuch as in the case of Mieaal.**.
The backbone cleavages reduced the molecular weigtite grafted copolymer, and short
polymeric chains became soluble in water and wigmr@reated in the case of the precipitation.
There are less polymeric chain, hence the molargmeage of grafted benzylamine increased.
As expected, the molar percentage of HFP in theolgaper also has an influence on the

kinetics of grafting as shown in Figure 8.

cxcvii



16

I -

molar % of grafting
(o]

° o kynar (10)
= FC-2178 (20)

="
o ©
O T T T T T T T T !

0 500 1000 1500 2000 2500 3000 3500 4000 4500

time (min)

Figure 8:Evolution of the molar percentage of graftversustime for 2 different copolymers
containing 10 mol.% of HFP for the KynagExperiment A1, Table 2)X), and 20 mol.% for
the FC-2178 copolymer (Experiment A2, Table ), grafted with benzylamine (206%)
in MEK, at 80°C.

It was noted that, the higher the molar percenté#gdFP, the higher the amount of grafted
benzylamine.

That result also confirms that the main sites dfydieofluorination and of addition were the

VDF units located between two HFP units, and tlghéi the molar percentage of HFP, the
greater the number of HFP/VDF/HFP triads, thushiigher the molar percentage of grafting.

Finally, this study shows that the benzylaminetfadds onto the HFP/VDMFP triads, in
the first 400 min of grafting. Then, other VDF sitelose to HFP are the target of that
reaction. The temperature and the mol. % of HFEhéncopolymer influence the kinetics of
grafting. The higher the temperature, the gredternholar percentage of amine grafted onto
the copolymer; and the higher the molar percentdd#FP, the higher the content of grafted

benzylamine.
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4.2.2. Kinetics of grafting of phenylpropylamine ad aniline

To evaluate the influence of the size of the spater grafting of other aromatic containing-
amines (for which the corresponding pKa are givelow) onto these fluorinated copolymer

was carried out:

H,N—CH;CH;- CH@ H,N— CH@ @

Phenylpropylamine Benzylamine
pKa =10.2 pK@.Z
pKa=4.5

The greater the number of methylene groups betve@ematic ring and the

amino group, the higher the pKa. So, phenylpropylans a stronger base than
benzylamine, and phenylpropylamine certainly reésser onto CF=CH bonds
than benzylamine does. Moreover, the pKa valuesvsihat because of the
absence of any spacer, aniline is regarded as idnaad it certainly can not

create dehydrofluorination onto poly(VDF-co-HFPpotymer.

The kinetics of grafting of the phenylpropylaminedaaniline are given in

Figure 9. The molar percentage of grafted anweesustime was plotted from

results obtained byH NMR characterization of samples after precipitatin

water.
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Figure 9 Kinetics A9 (Table 2) of grafting of phenylpropyhine (120 mol.%) @), of
grafting of aniline A10 (Table 2) (120 mol.%am) and of grafting of benzylamine A2 (200
mol %) (A) onto poly(VDF-co-HFP) copolymer containing 10, &0d 20 mol.% of HFP in
MEK at 80 °C, MEK at 80 °C and DMSO at 100 °C, msjvely.

The phenylpropylamine was grafted onto poly(VDFHIBP) copolymer in less than 150 min,
whereas the aniline did not react onto these copety, even after 3500 min.

Thus, the methylene spacer of aromatic containmgyas has a drastic influence on the pKa
value of the amine and hence on the kinetics oftigta Indeed, the absence of spacer
between the amino group and the aromatic ring ite)ilinduces a low pKa (= 4.5), and
therefore no reaction occurs. In the case of bamiyle that has one methylene spacer, it is
noted a Michael addition in 3000 min because tha pKhigher (9.2). Phenylpropylamine
which possesses more than two methylenes as arsfeams to an addition in 150 min, since
the pKa (10.2) shows that the aromatic containimipaa can easily trap a’Ho change from

its basic form NH, to its acid form NH'.

Finally, the spacer also has an influence on thetlds of grafting because it changes the pKa
of the amine, and the longer that spacer, the highe pKa, the greater the basicity of the

amine, and the shorter the grafting time.
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5. Conclusion

Aromatic containing-amines have the same sites mfitigg onto poly(VDF-co-HFP)
copolymers as those of bisphenols. Indeed, the dites of grafting (in the first 150 min-
reaction for an excess of benzylamine) arg Q@FVDF units in HFP/VDF/HFP triads, then in
the following 3000 min, VDF adjacent to HFP undemiva Michael addition. The maximum
amount of grafted benzylamine depended on the teatpe of the reaction, and the mol. %
HFP in the copolymer. The higher the temperatdre,higher the maximum rate of grafting,
and the higher the molar percentage of HFP, thaenighe maximum amount of grafted
benzylamine.

The size of the spacer influences the pKa, andtteisucleophily of amines. Hence, with no
methylene spacer, no grafting was observed. With spacer, grafting was optimized after
3000 min, and with two spacers and more, graftiag maximum in 150 min.

Those grafted copolymers can find potential agpions. For example, aromatic rings can be

functionalized by sulfonic acid groups for applioas in fuel cell membranes.
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Chapitre IV : Etude de la déshydrofluoration et du greffage d’'une amine sur une molécule

modele fluorée

Ce chapitre a fait I'objet d’'une publication “FLUAGRATED MODEL COTELOMERS BASED ON
VINYLIDENE FLUORIDE (VDF) AND HEXAFLUOROPROPENE (F SYNTHESIS,
DEHYDROFLUORINATION AND GRAFTING BY AMIN&3Sumise a J Fluor Chem.

1. Abstract

Une molécule modéle fluorée a été synthétisée glamerisation de I'hexafluoropropene
(HFP) CR=CF(CR) avec du GF;3:CH,CF,l. Deux isoméres ont été obtenus, qui apres
réduction ont  donné les isomeéres FGCH,CFR.CF.CF(CR)H 3) et
CsF13CH,CFR,CF(CR)CF:H (3’). Ces deux molécules représentent des modgéedes, car a
chaine courte, pour étudier I'addition d’amines teaant un cycle aromatique sur des
copolyméres poly(VDF-co-HFP). En effet, des étugeécédentes ont montré que les
premiers sites de greffage des amines contenantcyole aromatique étaient les
difluorométhylénes des VDF compris entre deux HpRjs que ces mémes amines
s’additionnaient sur les VDF adjacents a un HFPisMas travaux doivent étre confirmés. La
déshydrofluoration des deux isoméres (3) et (B’ peésence d'une base forte (I'hydroxyde
de sodium) a été étudiée par RMN & et du'H, et a montré dans un premier temps,
I'élimination de HF sur les atomes de fluors téntig, conduisant a des groupes terminaux
insaturés (-CF=CF(GJrpour lI'isomére (3) et -C(GJ=CF, pour I'isomere (3 *)). Puis dans un
deuxiéme temps, ce sont les liaisons y@CHF, des unités VDF qui subissent la
déshydrofluoration, donnant des liaisons CH=CF.rf®uendement, il est seulement possible
de dire que la déshydrofluoration de ces deux gmgnts n’est pas quantitative. Le greffage
de la phényléthylamine sur ces deux isomeéres (83’ et permis de confirmer I'addition de
cette derniére sur l'atome ce carbone dii groupement C¥CF, de l'unité VDF des
isomeres (3) et (3'). De plus, nous avons mogtré cette réaction était quantitative et que

I'équilibre conduisant a la formation d’'une imin@tait pas total.

The synthesis of &13CH,CF(CF=CFCRE)NH-C,H4-C¢Hs (20) and
CgF13CH,C(CF=CFCE)=N-C,H4-CgHs (11) from the grafting of BHN-C,H4-CgHs onto
CeF13CH,CR,CFRCFHCR (3) and GF13CH,CF,CF(CR)CRH (3’), respectively, are

presented(3) and(3’) Isomers were obtained from the thermal stepwisel@merization of
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vinylidene fluoride and hexafluoropropene witkFgl, followed by the selective reduction of
iodine end atom. At 200 °C, the obtain€) / (3’) ratio worthed9.0. In contrast to that
selective reduction, the dehydrofluorination ledvasious derivatives which were evidenced
by 'H and**F NMR spectroscopy and hence a mechanism couldigpgested. However, the
grafting of aromatic containing-amine onto the tmteers based on VDF and HFP occurred
selectively on VDF/HFP diad and in some case ahéurstep of formation of imine was
observed. The addition of phenylethylamine onteéhéehydrofluorination intermediates was

guantitative.
2. Introduction

It is well-known that diamines enable the crosshigkof fluorinated copolymers based on
vinylidene fluoride (VDF) [1-3]. In the case of @wpolymers containing VDF/HFP diads
(where HFP stands for hexafluoropropene), it hasnbadmitted that the mechanism is
composed of four steps: dehydrofluorination of YHeF/HFP diad, then regeneration of the
diamine, then Michael addition of the diamine ontosaturated bonds, and finally
reorganization leading to an imine bond [3,4]. Hoere deeper investigations to understand
better the nature of the dehydrofluorination dmeladdition of the amine onto double bond is
necessary since when the copolymer is crosslinttexlcharacterization is difficult to carry
out. Hence, it was of interest to study the grgftof a monoamine onto short model
molecules containing VDF and HFP.

As a matter of fact, the telomerization of vinylnde fluoride (VDF, CH=CF,) was
extensively investigated [5-19] and recently sumpeal [20]. Efficient chain transfer agents
can be perfluoroalkyl iodides af,w-diiodoperfluoroalkanes since they easily undergo a
cleavage of C-I bond [5,6,9,11,12,14,15,21-23] ilegdo low molecular weight-molecules.
Most studies on the direction of addition of théogen onto the dissymmetric monomer
(VDF) have shown that the addition occurs mainlyoothe methylene groups of VDF
[11,15,23-27], and is regioselectively from a paofloalkyl radical. In addition, the stepwise
telomerizations of VDF and HFP with perfluoroalkgtides ora,w-diiodoperfluoroalkanes
as transfer agents were also investigated [132812,

Fluorinated oligomers containing a £, group can be dehydrofluorinated, leading to a
CF=CH group [29-31] identified b}’F NMR spectroscopy [15, 32]. A further step leanls t
enamine [33, 34] by condensation of an amine toreaturated compound.
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In addition, fluorinated compounds were synthesiaied the mechanism of their crosslinking
with amine was studied by TFIR [35]. But the gnadti(or crosslinking) of amines onto
fluorinated model molecules has never been stualjed and'H NMR spectroscopies.

The purpose of this article is to investigate theshydirofluorination of a
RrCH,CR,CF,CF(CR)H model molecule followed by the grafting of anmsneontaining
aromatic ring onto the resulting dehydrofluorinaprdducts to deeper understand about the
mechanism of grafting of amines onto poly(VDF-coRJEopolymers.

3. Experimental part

3.1 Materials

CsF13CH.CF,l was previously synthesized by thermal telomerarabf vinylidene fluoride
(VDF) with GsF13l [11, 15, 25, 36hnd purified by distillation.

Hexafluoropropene (HFP) and @FH,CF,CH; were kindly given by Solvay S.A.
Phenylethylamine, sodium thio-sulfate, tributylstane, acetone, dichloromethane, potassium

fluoride and NaOH were purchased from Aldrich ($&nentin Fallavier, France).

3.2 Synthesis of @F13;CH,CF,CF,CF(CF3)l (2)
The end-capping reaction ofglG3sCH,CFI by HFP was performed in a Parr 160 mL
Hastelloy autoclave, equipped with a manometenpéure disk, inlet and outlet valves. It was
equipped with a magnetic stirrer. The autoclave iefisclosed for 20 minutes and purged
with 30 bar of nitrogen pressure to prevent ankdge, degassed and put under vacuum.
Then, 40.12 g (0.07867 mol) of puresFxCHCRI (1), 14.21 g (0.09473 mol) of
hexafluoropropene and 10.53 g (0.07115 mol) ogGHLCF,CH; were introduced under
nitrogen atmosphere. The temperature was maintan2a4 °C for 100 hrs.
After reaction, cooling in ice and degassing untedCFRL=CFCF;, the autoclave was opened.
After work up with sodium thiosulfate, the totalopuct mixture was distilled and then
characterized byH and*°F NMR spectroscopy at room temperature. Spectr@ wezorded
on Bruker AC 200 and Bruker AC 400 instruments ggileuterated acetone as the solvent,
and TMS and CGF as the reference for proton and fluorine, respelgt Coupling constants
and chemical shifts are given in hertz and ppnpeesvely. The letters s, d, t, g, gi and m

designate singlet, doublet, triplet, quartet, cetisind multiplet, respectively.
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8-iodo-7H,7H-perfluorooctane, €13CH,CF.l (1): B.p.: 66-70 °C/25 mmHg [25], colorless
liquid that turned pink with light:®*F NMR (acetone d6): GF-80.8, 3F; CECE,, -126.2, 2F;
CRCRCR, -123.1, 2F; CECoFCHy, -122.7, 2F;_CKCF,CH,, -121.7, 2F; CRCECHy, -
111.9, 2F; CH, -39.9, 2FH NMR (CDCk) [25]: CH,CF, 3.5 £J4r=16.0Hz), 2H.

10-iodo-7H,7H-perfluoroundecane, ¢&3:CH,CF.CF,CF(CF3)l (2): B.p.: 93-97 °C/ 23
mmHg; yield 56%; @F13CH,CF,CF,CF(CFR)l (90%) and @F13CH,CF,CF(CR)CF,l (10%);
colorless liquid that turned pink with light,’®F NMR (acetone d6) of
CeF13CH,.CF,CFR,CF(CR)I [22]: CF;CF,, -81.4, 3F; CECR,, -126.3, 2F; CECF,CF,, -123.2,
2F; CRC,F,CF,, -122.8, 2F; CFCF,CH,, -121.7, 2F; CECF,CH,, -112.0, 2F; ChCFE,CF,, —
108.9, 2F; CECE.CF, AB system centered at —-107.6, 2F;,CHCF;), -148.4, 1F;
CR.CF(CR)l, -73.0, 3FH NMR (CDCk) [22]: CH,CF, 2.9 fJr = 17.0Hz) , 2H.

F NMR (acetone d6) dEsF1sCH,CF.CF(CF3)CF.l: CRCR,, -81.4, 3F; CECF,, -126.3, 2F;
CRCF.CF, -123.2, 2F; CECFCF, -122.8, 2F;_CHCF,CH,, -121.7, 2F; CCFE,CH,, -
112.0, 2F; CHCECF, -101.8, 2F; CEHCF;), -160.6, 1F; CF(CHCF,l, -70.3, 3F;
CF(CR)CFil, -51.3, 2FH NMR (CDCk) [22]: CH,CF, 2.9 fJe = 17.0Hz) , 2H.

3.3 Reduction of GF13CH.CF.CF,CF(CF3)I (2) to
CsF13CH,CF,CF,CF(CF3)H (3)

To 39.60 g of a mixture composed ofsFECH,CRCRCF(CR)l (0.0336 mol) and
CsF13CH.CF,l (0.0341 mol), 19.61 g of tributylstannane (SeBY(0.0677 mol) was added
dropwise in dichloromethane with stirring, at rov@mperature, under nitrogen and over 10
min. An exotherm and discoloration were obser&&dweight % of potassium fluoride (KF)
were added and after decantation and filtratio®B@fSnF, the fluorinated lower phase was
characterized by°F andH NMR corresponding to a mixture containingF&CH,CFH,
CsF13CH.CRCRCF(CR)H and GFi3CH,CRCF(CR)CRH. It was observed that the
reduction was quantitative.

Dichloromethane was evaporated and products westlleli under vacuum to separate
CgF13CH.CFRH from GsF13CH,CF-HFP-H.
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7H,7H,10H-perfluoroundeme, CgF15CH,CF,CF,.CF(CF)H (3), B.p.: 37-39 °C/43.2.18
mbar, colorless liquid,’F NMR (acetone d6). GEF, -81.8, 3F; CECF,, -126.6, 2F;
CRCFCF, -123.4, 2F; CEC,F,CF,, -123.1, 2F;_C)CF,CH,, -121.9, 2F; CKCFECH,, -
113.4, 2F; CHCECF,, —112.0, 2F; CIEERECF, AB system centered at —127.4, J=320, 2F;
CRCFCFs), -214.0, 1F; CECF(CR)H, -74.9, 3F.'H NMR (acetone d6): GEH,CFCF;,
3.29 (qi,3J=17), 2H; CFbFdCFakCFa), 5.96 (d.d.q.d,0ran =42, 3o =18, 3Jech =5, *Jean
=2)), 1H (Scheme 6).

7H,7H,10H-perfluoro-9-methyldecan€sF13CH.CF,CF(CF;)CF:H (3’), B.p.: 38 °C/43.2.10
% mbar colorless liquid,"*F NMR (acetone d6): GEF,, -81.8, 3F; CECK, -126.6, 2F;
CRCRCR, -123.4, 2F; CEC,F,CRy, -123.1, 2F;_CRCRCH,, -121.9, 2F; CRCRCH;, -
113.4, 2F;, CHCECF, -99.9, 2F, CEFE(CF3), -188.8, 1F; CF(G)CEH, -133.1, 2F,;
CF(CR)CRH, -72.8, 3F.'H NMR (acetone d6): GEH.CF, 3.3 (qi, 3J=17), 2H;
CF(CR)CFH, 6.8 (t.d. 2Jn=51, 3 =6), 1H.

3.4 Dehydrofluorination of g ;CH,CF,CF.CF(CR)H (3) and
CeF1:CH,CF,CF(CR)CFR,H (3)

To 5.01 g (0.00938 mol) ¢B) and(3’), 0.56 g of NaOH (1.5 equivalents) was added atroo
temperature in acetone and then was stirred fors4 Without any further treatment, the
product was analyzed byF and'H NMR spectroscopy. The total product mixture was a
mixture composed of several products (fr¢) to (9)) characterized by’F and*H NMR
spectroscopy explained in Table 1 of part 2. Resatid discussion. The dehydrofluorination

of (3) and(3’) isomers was not quantitative.
3.5. Addition of the phenylethylamine

To 2.54 g (0.00475 mol) df3) and (3’), 0.86 g (0.00774 mol) of NJHCH,CH,-CgHs (1.5
equivalent) was added in acetone, and then statr&@ °C for 4 hrs.

The mixture was washed with concentrated HCI (3584).phenylethylamine that did not
react was dissolved in HCI, whereas the organic@haas extracted with acetone.

The extracted phase was analyzed'Hyand *°F NMR spectroscopy, and their spectra are
detailed in part 2. Results and discussion. Thetiaddof the aromatic containing amine onto

(3) and(3’) isomers is quantitative.
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4. Results and discussion

The purpose of this part is to synthesize modelegwés which contain VDF/HFP diad and
to explain the different steps that permitted tafgphenylethylamine onto cotelomers. First,
the iodo fluoroalkane prepared by stepwise thercoé¢lomerization containing VDF/HFP
diad model molecule was reduced into hydro fludtaaé homologue. Then that model
molecule was dehydrofluorinated and characterizedgectroscopy. Finally, it was grafted

with phenylethylamine. All these steps were momeitbby'H and**F NMR spectroscopy.

4.1. Synthesis of gF13CH,CF,CF,CF(CF3)l (2) and reduction
into C6F13CH2CF2CF2CF(CF3)H (3)

The telomerizations of vinylidene fluoride (VDF)Z23,25], trifluoroethylene (TrFE) [37],
and hexafluoropropene (HFP) [19,26,28] with penfaadkyl iodides [19,23,25,37h,w-
diiodoperfluoroalkanes [21,26,28] were previoushwdstigated. Such reactions initiated
thermally were successfully achieved thanks todhsy cleavage of GH bond (its bond
dissociation energy is ca. 45 kJ/mol)sF&CH,CF,l was obtained by distilling the total
product mixture generated from the thermal reaabioiDF with GsF13l at 180 °C [22, 25].

A model molecule for the addition of amines wastlgmised by thermal telomerization of
HFP with GF13CH,CF,l [15, 22], as follows:

204 °C, 100 hrs
CFCHCR + CR=CF ————— CF CHCRCRCA  + C6F13CH2CF2?FCFZI

|
CF CF, cr, (ea.l)

(90%) (10%)
(2) (2)

The reaction of telomerization was carried out@t 2C for 100 hrs. As expected, only the
monoadduct was selectively obtained since HFP dusshomopolymerize, but it was
composed of 96,% of “normal” (2) adduct and 1,% of “reverse”(2’) isomers. This result
confirms previous works of the literature [26,39,3%he formation of both isomers was
evidenced by°F NMR spectroscopy’F NMR spectrum of2) shows the presence of an AB
system centered at -107.6 ppm, attributed to boiboahronous fluorine atoms in €group

of -CRCF(CR)Il, because of the presence of adjacent asymmedrigon atom bearing a
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bulky iodine atom. The coupling constant is J=298 Hhe most stable conformation is the

following one:
CF,CH,CeF13

F I

FB I:A

CF;

where R and kg are the non equivalent fluorine atoms assigne@Rpof HFP. Indeed, k
and Fk fluorine atoms do not have the same chemical enments. The molecule is involved
in such a conformation that minimizes its energy. THgrcoupled with more fluorine atom
than R did.

Moreover, the presence of the signal at —39.6 passigned to Cff of CgF13sCH.CFI
molecule (1), permits to calculate the yield of the reactiontelbmerization, evaluated at
56%.

The reaction of reduction ofs€,3CH,CFR,CFR,CF(CFR)I normal(2) and revers€2’) isomers to
CsF13CH,CRCFRCF(CR)H (3) and reverse(3’) isomers were carried out at room
temperature, as follows [22, 26]:

F,,CH,CF,CF,CFH
C,F,CH,CF,CF,CFI Bu,SnH + KF CeF1aCH,CRC 2? 3
(2) _ e
+ CF dichloromethane + 3 (eq. 2)
C6F13CHZCF2(TFCFZI (2) CeFmCHzCFzﬁFCFzH 3)
CF, CF,

The presence of KF permitted to improve that redactindeed, BySnl reacted with KF
yielding BuSnF that was easier to eliminate. In these conditithe reaction of reduction
was quantitative, and normg) and reversg3’) isomers were characterized b and'H

NMR spectroscopy.
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The ®F NMR spectrum exhibits the high field shift from48.4 to —214.0 ppm assigned to
the chemical modification of GEFHCFs)l of (2) into CRCHCFRs)H of (3), respectively;
while theH NMR spectrum shows the doubléfs; =42 Hz) of doublets*r =18 Hz) of
quartet {Jey =5 Hz) of doublet¥eqn =2 Hz) centered at 5.96 ppm, characteristic ofttiéon

of the extremity of3). This is in good agreement with previous invesiara[19, 26]. NMR
also showed the selective conversion @) into (3’) by the high field shift of the signal
assigned to CF in (2') to CRH in (3) from —51.3 to —133.1 ppmH NMR spectrum
exhibits the presence of a tripléfi{;=51 Hz) of doublets 3¢ =6 Hz) centered at 6.8 ppm

assigned to the GH end-group of3’) molecule.

4.2 Dehydrofluorination of CgF13CH,CF,CF,CF(CF3)H (3) and
CsF13CHCF,CF(CF3)CF;H (3))

It is well admitted that poly(VDF-co-HFP) copolynsecan be grafted or crosslinked by
several agents [3]. The grafting of amine onto Pd¥BF-co-HFP) copolymer was extensively
studied by many authors[3, 4, 35, 40-42]. It hasnbghown that amines graft onto VDF/HFP
diads of poly(VDF-co-HFP) copolymers by a mechanisading in four different steps [1, 3,

4, 43-45]. Scheme 1 represents those differensstep
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2—CF5(|:F‘CH2—CF§CF5C|)F— + HN—/R + MgO
CH, CF,
1) dehydrofluorination

2) regeneration of the
amine

—CRCFCH=CFCRCF—  + HN—R + MgF, + HO

CHK CF,
3) Michael addition of the amine
—CF;CltF-CHécltF-CFgcl:F— 4) formation of an imine _CF5C|::CH_ﬁ_CF2_C|:F_
CF, I}IH CF, CF, |}| CF,
R R

Scheme 1. Mechanism of grafting of amines in foarmsteps [3].

To identify the sites of grafting of amines ontolyg¢DF-co-HFP) copolymers, it seems
necessary to use a model molecule that exhibits/MBF diads, such 48) and(3’) isomers.
To identify first the site of dehydrofluorinationjt was worth investigating a
dehydrofluorination reaction of both these isomers.

Apsey et al. [15] carried out the dehydrofluorination of (§f€FCHCF,CH,CF,CH,CF;
with 1,8-diazabicyclo[5,4,0]-undec-7-ene (DBU) inméthylacetamide (DMAc) at room
temperature. As these authors obtained dehydraflaioon of CFCH group, leading to
(CRs)2,C=CHCRCH,CF,CH,CF;, they concluded that preferential elimination d&f biccurred
from positions involving the “tertiary” fluorine % 46].

The identification of the dehydrofluorination (8) and (3’) cotelomers was achieved b{F

and'H NMR spectroscopy.
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4.2.1.°F NMR characterization

The total product mixture after carrying out thehggrofluorination of(3) and (3’) with
sodium hydroxide was a mixture composed of prod(®%s(3’) and (4) to (9) (Scheme 2)
identified by*°F NMR spectroscopy. The assigned peaks are list@dle 1 [47-54]. Taking
into account, the chemical shift of published males; for example:

CF;CF—CHCF,CF, -74.1,-115.3, -113.5, -85.9 ppm[30,31,53]

CF;CH=CFCFKCF, .59.7,-113.6, -122.8, -83.9 ppr[30,31,53]
CF;-CFK;,CF,CF—CFCF,CF, (trans) -81.2, -128.4, -119.5, -155.2, -154.4, -121.8,8%n[47,53]
CF;-CKCF,CF—CF-CF;CF, (cis) -81.1,-126.8, -116.2, -134.2, -134.8, -118.1, :§%hm [47,49,53]

CF; CF—CF-CF;CF;CF;CF, (trans) -64.3, -157.6, -156.4, -118.8, -124.7, -126.7,58ipm [47,49,53]

CF—=CFRf— -93 et -109, -191 ppm [47,49,51]
CF—CFRh -103.4, -120.7, -181.4 ppm [52]
CF=CH-CF;Rf -61.2,-72.4,-126.9 ppm [53,54]
g ) ) 1
——CFiCH 1 CR; (EF# : [50]

C,HOH

ccxiv



Chemical shift in *°F |2 Signal, Coupling constant (Hz)| Number
NMR (ppm) fluorine
atoms
-65.4, -66.2 anon-equivalent 2F
-68.9 ; -69.5 leis and trans d.d.,"Jr=9, “Jerc-cr=23 3F
-72.5;-72.8 c,C m 3F
-74.6 ;-75.0 d, d d.d.t. 3F
-76.2 e t.t. Jerc=cr=8 3F
-81.5 f m 3F
-98.2 g m 2F
-99.9 g M Jr=13 2F
-108.3 h’ m; Jr=12 2F
-108.9; -109.3 hnon-equivalent | d.d.t.=s, *Jn=13, “Jorc-c==13,|2F
3%ke=12
-110.9 i m 2F
-111.5 i m 2F
-112.3 k m 2F
-113.0 I m 2F
-113.4 m ¢€is and trans) m 1F
-114.4 ;-114.9 rcis and trans d.t.d. 1F
-118.3; -118.6 @is et trans d.tt, 3Jerch@anst13, Jor=ch|1F
cis=11
-119.8 ponly trans d.td 1F
-121.7 q m 2F
-122.8 r m 2F
-123.2 S m 2F
-124.4 AB system of t AB syst. J=290 2F
-126.3 u m 2F
-127.8 AB system of t 2F
-129.4 AB system of t 2F
-131.5; -131.8 \Cis d.d.q.,*Jcr=cr=48 1F
-133.1 w d.d.q.2J=49, =8, “Jer=4 2F
-134.6 :-134.9 XIS d.q.d., *Jer=ce=51, “Jop-coe=9,| 1F
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3%=3

-155.2 :-156.0 \rrans d.d.q., *Jer=cr=138, “Jer-c==20,| 1F
3%=9

-162.6 ; -163.4 xrans d.q.d., *Jer-cr=138, “Jor-ca=20,| 1F
33%=9

-188.4 ;-188.7 yandy m 1F

-214.7 z d.g.t, =35, °JFraFll,|1F
Jray5

Table 1: Assignments of’F NMR peaks, type of signals, coupling constams, mumber of

fluorine atoms after dehydrofluorination @), (3’) into (4) to (9) molecules (Scheme 2).

The peaks given in Table 1 are assigned to theifla@atoms of possibl@l) to (9) molecules

besides unreactd®) and(3’) isomers as given in Scheme 2:

I i ot oz h n oy w
CF;(CFﬁICFZ—CHZ—CFZ—CFZ—CfFH 3) CF;(CF;)ZCF;CH:CF—ClZF—CFZH (©)
CF, CF,
d ¢
K g vy w h m a
CF;(CF;)ZCFZ—CHZ—CFZ—(':F—CFZH 3) CF;(CF;)ZCFZ—CH:CF—ClZ:CFZ @)
CF, CF,
c e
f U s r g h o t z 4(+k__g;_a
CFy~CFy~CFyCFyCRyCRCH—CF-CR CFH  (4) CRACRT, CRy CHy CRmC—CF, ©
8
CF, low amount CF,
d e
I ox v
h p x Vv CF‘(CF CF;-CH; CF,—CF—=CF
A — - 3 2 2 2 2
CFr{CR 7 CRCH=CF-CF=CF ) an "9
CF,
CF, o
b

Scheme 2 : possible structure ¢4) to (9) molecules produced after dehydrofluorination of
(3) and(3’) molecules with sodium hydroxide. Letters a to zassigned to fluorine atoms in
F NMR spectra of thé3) and(3’) and(4) to (9) molecules.
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Different **F NMR signals evidenced that dehydrofluorinatiorttése telomers by a strong
base induced first the elimination of HF from pimsit involving the “tertiary” fluorine (from
HFP end-group), such as in both reactions of Sctf8, 48-52, 54]:

CF;(CFﬁ:CF;CH;CF;CF;CfFH + NaOH HF CF;(CF;)ZCFZ—CHZ—CFZ—CF:(':F

CF.

CF 3

-HF
CF{(CFﬁXCF;CH;CF;?F—CFZH + NaOH CF;(CFﬁ;CF;CH;CF;?:CFZ
CF, CFy

) (8)

Scheme 3: dehydrofluorination of “tertiary” fluoerof(3) and(3’) isomers in the presence of

sodium hydroxide, leading {®) and(8) molecules.

The absence of peaks centered at —105, -125 arfel pdm assigned to the three fluorine
atoms in a trifluorovinyl end-group [55,57] as rmbia RLC=CFGHsOH [56], RhC=CFGH¢-
SCOCH [57] or RC=CFOAr-Br [58] prove the absence of the dehydmihated
CsF13CH.CF,CF,CF=CF, molecule, that might be produced from the dehydmfhation of
(3) molecule. Indeed,.

The double bonds induced from the dehydrofluororatf “tertiary” fluorine of(3) and(3’)
isomers (Scheme 3) should lead to two isomericgiras ¢) and (), as shown in Scheme
4.

—C=CF, —CF—CF
CF, CF,
@) BX

Scheme 4: schematic representation of unsaturatismg from the dehydrofluorination of

“tertiary” fluorine of (3) and(3’) isomers.

The F NMR spectrum of the product bearing the) (unsaturation exhibits multiplets
centered at —65.4 and —66.2 ppm (Table 1) assignbdth non-equivalent fluorine atoms of
CF,= of group ¢) characteristic ir{7) and(8) molecules. In addition, the multiplet centered

at —76.2 ppm is attributed to €§roup of @) of (7) and(8) molecules.
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The presence () isomer bearingf{) unsaturation was evidenced from the assignments o
F NMR signals and the coupling constants (in Tdb)as follows:
* by two doublets of multiplets centered at —134.6 ath34.9 ppm (for fluorine atom
“X" in cis configuration of(5) and (9) molecules) and —162.6 and —163.4 ppm (for
fluorine atom “x” in trans configuration ¢5) and(9) molecules) [31, 53, 59];
e Then, by two other doublets of multiplets centeatd-131.5 and —131.8 ppm (for
fluorine atom “v” in cis configuration of5) and (9) molecules) and at —155.2 and —
156.0 ppm (for fluorine atom “v” in trans configtiean of (5) and(9) molecules)[31,
53, 59];
« Finally, by two doublets of doublet8{rc-c=23 Hz) centered at -68.9 and —69.5
ppm assigned to the three fluorine atoms of @®up (peak “b”) in cis and trans

configurations, respectively [53].

In addition to that reaction, dehydrofluorinatianalso known to occur on the £EH, bond
of the VDF unit adjacent to one normal or revergéPHunit [1, 3, 60]. Scheme 5 represents
the dehydrofluorination of GFCH, group of the VDF unit adjacent to one normal HFRD)f

molecule.

-HF

CFs‘(CFﬁZ CR-CH; CR- CF:<|3F + NaOH > CF;{CFﬁICFZ—CH:CF—CF:?F

© e ©) CF,
Scheme 5: Reaction o0f(9) molecule with sodium hydroxide, leading to the

dehydrofluorination of the GFCH, bond of VDF unit adjacent to HFP unit.

The evidence of such a reaction was proved®ByNMR spectroscopy (Table 1) by the
presence of several signals assigned to fluoriom & CH=CF groups i4), (5), (6) and(7)
molecules [53] as follows:
» At -118.3 and —118.6 ppm, assigned to fluorine atotrof (4) molecule in
cis and trans configurations, respectively [31,55;
» At —-119.8 ppm, attributed to fluorine atom “p” (&) molecule only in trans
configuration because of steric hindrance [31,53,
» At-114.4 and 114.9 ppm, assigned to fluorine atohof (6) molecule in cis

and trans configuration, respectively [15, 61];
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» And at —113.4 ppm, attributed to fluorine atom “of’(7) molecule probably
in cis and trans configurations (both configurasiaman not be noted because
of the overlapping of several peaks) [15, 61].
The dehydrofluorination of the VDF units is alsadanced by the shift of the peak of the
fluorine atom of CE adjacent to VDF unit (§11:CF,-CH,CF,-HFP) from —-113.0 to —108.9
and —109.3 ppm for normal HFP chaining, and frorhi2-32 to —108.3 ppm for reverse HFP
chaining.

4.2.2. Characterization by'H NMR spectroscopy

The'H NMR spectra of3) and(3’) isomers and the product of dehydrofluorinatiorf3)fand

(3") isomers in Figure 1 confirms those results.

I
A B C D A
CF;(CF;)ZCFZ—CHZ—CFZ—CFZ—?FH CFACFﬁZCFz— CHCR~ ?F_CFzH \
CF, CF;
B
spectrum a
D
C L\A
(I ——— S = I
1.0 8.0 20.0
CF—CH
/ spectrum
L T Il T I T \—'—1
14 31 28 20.0

74 72 7C 68 6€ 64 6.2 6 5& 5€ 54 52 5C 48 4¢€ 44 42 4C 38 3€ 34 32 3C

Figure 1: '"H NMR spectra of the mixture of ¢€sCH.CRCRCF(CR)H (3) and
CsF13CH.CR,CF(CR)CFRH (3’) isomers (spectrum a) and of the mixture (8) to (9)
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molecules (dehydrofluorination of3) and (3’) molecules with NaOH) (spectrum b).

(recorded in deuterated acetone on 400 MHz Bruker).

First, spectrum a of Figure 1 exhibits four mainltiplets: the triplet =51 Hz) of doublets
(J=6 Hz) centered at 6.75 ppm is assigned to theoproof CRH group of
CeF13CH.CF,.CF(CR)CFRH (3') molecule. The doublef¥y=42 Hz) of doublets3p=18

Hz) of quartet {Jr=5 Hz) of doublets*(r:=2 Hz) (d.d.q.d.) centered at 5.96 ppm is assigned
to the proton atom of CFH group of ¢fz3CH.CFR,CFR.CF(CR)H (3) molecule. Hence, this
“tertiary” proton couples with adjacent andfrposition fluorine atoms in different coupling

constants as shown in Scheme 6.

Fb Fa 2Jpa|-| =42 Hz
ﬂ SJFbH =18 Hz
3Jren =5 Hz
Fd 3 _
= - Fc Jran =2 Hz
Fc

Scheme 6: different coupling constants betweemptb&on atom and fluorine atoms Fa, Fb,
Fc and Fd in coteloméB).

The quintet centered at 3.47 ppm (Figure 1) isgagsl to CH protons of VDF unit of isomer
(3) (protons C in spectrum a of Figure 1). In additire quintlet centered at 3.29 ppm is
assigned to CHprotons of VDF unit of isomgB) (hamed A in spectrum a of Figure 1).

Spectrum b of Figure 1 shows the decreasing ofatsgof all protons, while new complex
signal centered at 6.20 ppm assigned to CF=&&l noted making quite complex the
characterization. Hence, it confirms the dehydmfination of CH-CF, group in(3) and
(3’). Moreover, a calculation permits to conclude ttettydrofluorination mainly occured on
“tertiary” fluorine:
If dehydrofluorination occurs in the same amountG-CF, units and on end-groups (&F
CFH(CR;) and CF(CE)CF:H), it can be deduced:

[(CH,-CF,) = 2(CF-CFH(CFy)) + 2(CF(CR)CFH) (eq. 3)
Indeed,(3) and(3’) isomers contain both 2 protons belonging to,CH, bond, whereaél)
isomer contains one proton in £EFH(CF;) and (3") isomer contains one proton in
CF(CR)CRH. With the integrals of Figure 1, integral of €group in VDF unit gives 20,
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and in Eq. 3, 20 > 2*2.8 + 2*1.4. Thus, as shown ¥ NMR spectroscopy,
dehydrofluorination occurs first and mainly onto,&FFH(CF) and CF(CE)CFH leading to
CF=CF(CR) and C(CE)=CF,, respectively.

To conclude, dehydrofluorination ¢8) and (3’) isomers in the presence of a strong base
induced first elimination of HF from hydrofluorirest groups containing a “tertiary” fluorine,
leading to unsaturated end-groupg-C(CF)=CF,) andB (-CF=CF(CF)). Then, CH-CF;
group in the VDF unit are also dehydrofluorinatesdding to a CF=CH group identified by
1 and®H NMR spectroscopy. Although the reduced telomertaining VDF and HFP was
totally converted, the yield of the reaction of getofluorination was difficult to asses$d
NMR spectroscopy only allowed to conclude that debffuoriantion was not quantitative,
and mainly occured onto end-groups than in-<CH, group.

4.3. Addition of phenylethylamine onto GF13CH,CF,CF,CF(CF3)H (3)
and CgF13CH,CF,CF(CF3)CF.H (3’) isomers

After dehydrofluorination, the next step of the ima&eism of grafting of amines (Scheme 1)
concerns the Michael addition of the regenerateth@anThe addition of phenylethylamine
onto (3) and (3") model molecules was monitored B NMR spectroscopy to identify the
site of grafting. Table 2 summarizes the main ceabgtween'>t NMR spectrum of

dehydrofluorinated4) to (9) molecules and grafted ones.
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Absence Presence Decreasing Assignments of peaks

-68.9 -73.2 b cisof (5)

-119.8 p of (5)

-155.2 ;-156.0 |v and xtransof (5)
and 162.6; -163.4

-109.6 -109.3 h of(4) and(5)
-117.5 -118.3 ocis of (4)
-115.5 -114.9 ntrans of (6)

Table 2: Main modification in the signals assigited4) to (9) molecules after addition of
phenylethylamine onto ¢€13CH,CFR,CF,CF(CR)H (3) and GF3CH,CRCF(CR)CFH (3’)
isomers. The letters (b, h, n, 0, p, v and x) gpoad of fluorinated group assignments in

Scheme 2.

First, it is noted that®® NMR spectrum of the total product mixture of thedition of
phenylethylamine t¢3) and(3’) isomersis almost similar to that of the total product e
after dehydrofluorination of the same isomers wWNMBROH, except some little changes
mentioned in Table 2.

Table 2 shows that onf¢) (5) and(6) molecules underwent the addition and no modificatio
were observed fo(7) molecule whose fluorine atom “m” was too hindetedundergo the

addition of amine.

For (4) molecule, two main modifications occurred: theegral of the signal of fluorine
atoms “h” and “ocis’ decreased. The decreasing of these peaks corertniit the presence
of two other peaks at —109.6 and —117.5 ppm madsupposing tha{3) molecule was
chemically changed into followin@.0) molecule, after addition reaction of amine:
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CoF,C HZCFZCF2$FH
+  HN—CH;CH;
CF,

3)

(Eq. 4)
Y
CF;CFZ—CFZ—CFZ—CFZ—CFZ—CHz—CliF— CF:|CF
ITIH CF,
CzH4
(10)
H F

F CF=CF(CF)

. . C
However, the addition of amine only occured on ¢ieemolecule ¢ 13

probably because of steric hindrance.

(5) molecule also underwent a chemical modificatiom #ne peak assigned to fluorine atoms
“h” and “p” decreased and even totally disappearespectively, whereas signals of fluorine
atoms “v and xrans configuratiot decreasedAs for (4) molecule, the signal assigned to
fluorine atom “h” was upfield shifted from —108.ca—109.3 to —109.6 ppm. Becau$¢
molecule exists in its unique trans configuratiaor ICF=CH group (only “p” trans
configuration), only thérans configuratiormolecule underwent addition, leading(id. trans

configuration- molecule as follows:
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C4F,CH,CF,CF,CFH
| +  H,N—CH;CH;
CF,

3)

CF, l

CF;(C 1 CFZ—CH2—|C|:—CF:(|JF
N

(Eq. 5)

(11trans)

CF,

O

H

24

This result was confirmed Byt NMR spectroscopy, and is explained in Figure 2.

Finally, (6) molecule underwent a main change, as evidencelebgignal centered at —114.9
ppm, assigned to fluorine atom tirans configuratioi which decreased, while the presence
of a signal centered at —115.5 ppm was noted.

Hence, molecule(3’) reacted with amine to produce molecu(®@) after partial
dehydrofluorination. Then, the addition of amineslged molecule(12), as shown in

following EqQ.6:
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C,F,.CH,CF,CFCEH
61372 Zﬁ 2 + H2N—CHECH;®
CF,

(3)
(Eq. 6)
CF,
CF;(CFﬁ;CFZ—CHz—CllF— C—CF,
NH
CZH4

(12)

Figure 2 represents thel NMR spectra of3) and(3) molecules after dehydrofluorination
in the presence of NaOH, and the chemical modi@inat of (3) and (3’) molecules after

addition of phenylethylamine.
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CF,.CH,CF,CF,CFH + C6F13CH2CF2(‘:FCF2H

©) CF, () CF
spectrum
\_'_1 \_'_1
1.0 8.3 8
(3)+ (3) + NaOH -
spectrum
20.0
New peak
3)+(3)+ HZN—CHECHZ—Q —
spectrum ¢

watel

(I [ [
56.5 9.9 20.0
L L B L B B B I B S |
7.5 7.C 6.5 6.C 5.5 5.C 4.5 4.C 3.t 3.C 2t

Figure 2:'H NMR spectra of3) and(3") isomers (spectrum a); ¢8) and(3’) isomers after
dehydrofluorination with NaOH (spectrum b); and(8j and (3’) isomers after addition of

phenylethylamine (spectrum c) (recorded in acetii)e

First, it must be noted that fdB) and (3’) isomers after addition of phenylethylamine
(spectrum c), all phenylethylamine that did notctewas eliminated by extraction with
concentrated HCI. Then, the presence of the pealerss at 7.28 ppm assigned to aromatic
protons of phenylethylamine, evidences the grafahthis amine ontd3) and(3’) isomers.
Moreover, the drastic decreasing of peaks rangm 5.79 to 6.45 ppm assigned to protons
in end-groups of3) and(3") isomers shows that almost all those groups weaoengted to
dehydrofluorination yielding the following new plrdrinated end groups:
—C|:=CF2 —CF= ICF

CF, CF,

(o)) BX
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Then, the absence of a broad peak close to 5.10ipmpectrum c¢ proves that there is no
CF,-CH=C-N bonds [34]. Moreover, the absence of peakspertrum c of Figure 2 at 4.00
ppm evidences the absence of,XCTH-N groups [34]. Finally, taking into account thesués
from 'H and *F NMR, grafting of amine can lead to both follogistructuresy) and ©):
CFz—CH2—(|3F or CKR—CH;-C

N N

) o)

Spectrum c¢ of Figure 2 shows the presence of apeak centered in 3.51 ppm assigned to
the protons of the CHgroup of §) group [29]. Hence, the last step of the mecham$ém
grafting of amine regarded as a dehydrofluorinateading to an imine can be confirmed by
'H NMR spectroscopy.

Integrals of characteristic signals in spectrunfrigre 2) permit us to calculate the yield of
the reaction of addition of amine or{®) and(3’) isomers. Yield is given in (Eq. 7):

J' peak centeredat 728 ppV

yield(%)=+— : S (Eq. 7)
J'S|gnal ranging between330 and 380ppm

2
where the signals ranging between 3.30 and 3.80qe assigned to GHbf VDF units ofx

and d groups, and the peak centered at 7.28 ppm isreshitp the aromatic proton of the
phenylethylamine that add on{®) and(3’) isomers.
From the integrals of Figure 2, Eq. 7 gives a ymld 00%, which evidences that each, ©F

VDF units of(3) and(3’) isomers underwent the addition of amine.

Thus, '"H NMR characterization of dehydrofluorinated andxfted (3) and (3') isomers,
confirm first that dehydrofluorination mainly occed onto “tertiary” fluorine, then onto
remaining CH-CF, bond [15, 29, 34]. However, this dehydrofluorinatis not quantitative.
Moreover, it confirms the sites of grafting of amsn and the last step (that leads to an imine)
of the mechanism of grafting (Scheme 1). The reaatf addition of amine ont(8) and(3’)
isomers is quantitative. But Table 2 also shows thaction 4) of mechanism depicted in
Scheme 1 (this last step) is in equilibrium withaon 3).
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5. Conclusion

The synthesis of a new fluorinated model molecutectv underwent dehydrofluorination and
then a grafting of amine was successfully carrietiby thermal telomerization of HFP with
CeF13CH,CF,l leading to GF;3CH,CF,CF,CF(CF)l mainly, and GF;3CH,CF,CF(CR)CFl
as minor isomer. Then, the reduction of the form&otelomer vyielded
CsF13CH.CF,CR,CF(CR)H selectively. The dehydrofluorination of thatngoound led to
CeF13CH=CFCF=CF(CE) unsaturated molecule. It may thus be extrapolateat the
dehydrofluorination of a poly(VDF-co-HFP) copolym&om sodium hydroxide led to —
CH=CF-CRCF(CF)- group.

Moreover, the addition of phenylethylamine onta;FGCH,CFRCFR.CF(CR)H model

molecule led to both following molecules:

CF, CFy
_ |
CF;(CFﬁZCFz—CHz—CliF— CR=CF major and then CF;(CF;)ZCFZ—CHZ—E—CF:CF
lNH )
CH, CH,

This reaction of addition was quantitative. Thisulke made thinking that the grafting of amine
onto poly(VDF-co-HFP) copolymer mainly yielded teetfollowing unsaturation:

i i
—CFy CH;—CF-CR-CF—  and  —CF;CH;—C—CR-CF—
" I
CH, CH,

Hence, the grafting of amine onto poly(VDF-co-HEBpolymers occurs selectively in VDF
units adjacent to HFP units. Moreover, the lagp stethe grafting mechanism (that leads to
an imine) was not complete as CF-NH bonds couldl b& identified by'H NMR
spectroscopy.

Such a mechanism of grafting which can be cleas, been transferred onto commercially

available poly(VDF-co-HFP) copolymer, and is uniteestigation.
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Chapitre V : Synthéese par télomérisation d’'une amie contenant un cycle

aromatigue sulfoné et greffage sur des copolymeresoly(VDF-co-HFP)

commerciaux

Partie I: Synthése d’'une amine originale contenant unecycl

aromatique sulfoné par télomérisation

Ce chapitre a fait I'objet d’une publicationSynthesis of original para-sulfonic acid benzene

bearing amino group by telomerizatiossiumise a Eur. Polym. J..

|.1. Abstract

Cet article concerne la synthése d’'une amine alginontenant un cycle aromatique sulfoné,
par addition radicalaire d’'un mercaptan aminé sursél de sodium de l'acide styrene
sulfonate. Cette réaction de télomérisation, sarsaimes conditions, peut conduire a la
formation de plusieurs produits (un monoadduit, ahedtiadduits, et du polymére) dont les
quantités dépendent de la température, et du rapymdaire initial Ro ([thiol}/[monomere]).
Quand Ro= 1, seul le monoadduit est obtenu, et différentegégences ont permis
d’'optimiser le rendement, en changeant le solvanfaenorceur azo de la réaction. Le
meilleur rendement (84%) a été obtenu avec un amorazo hydrosoluble, et avec I'eau
comme solvant de la réaction. Le produit de latiéacest un zwitterion qui a été modifié
chimiquement en sel de sulfonate de sodium contamagroupement aminé. Quand Ro < 1,
une étude cinétique de la télomérisation a été meméus les produits obtenus ont été
caractérisés par RMN dliH et le monoadduit a été caractérisé égalementRpY du*C,
spectroscopie de masse, et analyse élémentaire.abayses thermogravimétriques ont
montré que le monoadduit, sous forme de zwitteoorde sel possédait une grande stabilité

thermique.

The synthesis of an original aromatic sulfonic dméeéring an amino function from the radical
addition of mercaptoethylamine hydrochloride ontgrene sulfonic acid sodium salt is
presented. That reaction, under radical conditiohselomerization, led to many products

(monoadduct, multiadducts and polymers) whose aitsodepend on the temperature, and
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[thiol]o / [monomerj initial molar ratio (R). An Ry=> 1 led to the monoadduct only. Withh R

1, improved process to achieved ca.85% vyield wasstigated from the influence of the
nature of the azo initiator and of the solventetastingly, the best yield (84%) was obtained
when a hydrosoluble azo initiator was involved awiten water was used as the solvent.
Zwitterion isomer was obtained mainly and its chmahimodification was possible to get an
original aromatic sodium sulfonate containing anremgroup. With B< 1, a kinetics study
of the telomerization was investigated. All produatere characterized Bid and**C NMR
spectroscopy, by mass spectroscopy, and elemambiseés. Thermogravimetric analysis of

the telomer showed that this compound exhibitsyh thermal stability.

1.2. Introduction

The concept of “Telomerization” was introduced 846 by Peterson and Weber[1] and
Handford[2] as the radical reaction between a marof) and a transfer agent (XY) called
telogen, leading to a telomer noted X-(M). The degree of polymerization (DPn) of a
telomer is relatively low. Moreover, telomerizatiteads to macromolecules with functional
end groups. Amino terminated functional oligomeaséna huge range of applications, as fuel
and lubricant additives[3] or as components of nB#[3-9]. They can also undergo further
chemical interaction, which may lead to the fororabf extended networks[3, 10].
Difunctionalized amino terminated oligomers, likeninosulfonated functional oligomers
were synthesized for proton exchange [11, 12],asearfactive agents, like detergents or
emulsifying agents [13]. For example, fluorescerilbsne whitening agents like
diaminostilbene disulfonic acid [14, 15], was sydized by catalytic hydrogenation of
aromatic nitro compounds. There are used as dydasxXble or are added to laundry washing
compositions to impart brightening qualities[16utBamino-sulfonated compounds are very
scarce. Indeed, amino-sulfonation of alkenes igtéith because of the poor yields and
chemoselectivity of the reaction [17]. Hence, tHgeotive of this article deals with the
synthesis of an original amino compound contairrsglfonic end group.

The synthesis of amino-sulfonated difunctional neéo needs aminomercaptans, known to
behave as efficient chain transfer agents [18-24hbse they exhibit a relatively high transfer
constant (¢) when they are involved with some monomers [2Q, 2. The salt is used
because the amine is available quite pure in tirvat {25], and because the higher the basicity

of the amine, the higher the- {23]. Aminomercaptans were also used as chainfeaagents
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in free radical polymerization of methyl methactgldMMA) [18, 27], acrylates [25], and
styrene [27]. The amino end-groups in a chain dygigrene or PMMA was used to initiate a
polymerization of a-amino acid N-carboxyanhydride[27]. However, no efreadical
telomerization of the styrene sulfonic acid, in gresence of an aminomercaptan as the chain
transfer agent, has already been achieved (Schgme 1

Hence, the purpose of this present article concrasynthesis of a new sulfonated amino
telomer by telomerization of styrene sulfonic asa@tium salt with the mercaptoethylamine
hydrochloride. This article will prove that the ider constant (§ of mercaptoethylamine
with styrene sulfonic acid sodium salt is in faetatively low, because multiadducts are

obtained when the [thigl}) [monomer] initial molar ratio is equal to 0.2.

|.3. Results and discussion

I.3.1. Radical telomerization of styrene sulfonicacid sodium salt with

mercaptoethylamine hydrochloride

2-Mercaptoethylamine hydrochloride and styrenecsudf acid sodium salt were used as the
telogen and the monomer, respectively, in the mEsef a radical initiator. The reaction

proceeds according to Scheme 1.
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Scheme 1Telomerization of styrene sulfonic acid sodium seilth 2-Mercaptoethylamine

hydrochloride.

This reaction was carried out in different solvefwater and methanol), and in the presence

of various initiators with an initial [initiatog} [monomer} molar ratio, Co, ranging between 2

and 5%, and Ro ([thigJ}) [monomer] initial molar ratio) in the range of 0.2 to 5.

Experiment Initiator

Solvents TEC)t(h) Ro Yield (%)
number (Co,%) *
I methanol AIBN (2) 60; 50 1.0 20.0
[ ACVA (2) 1.2 27.4
1 water ACVA (5) 80; 5 5.0 38.1
\Y V50 (5) 5.0 84.4
V2 water V50 (5) 75,5 02 -
VI water V50 (5) 67,5 0.2 -

Table 1:Experimental conditions of the telomerization bé tstyrene sulfonic acid sodium

salt with mercaptoethylamine hydrochloride.

* AIBN, ACVA and V50 represent 2,2’-azobis (isobtayitrile), 4-cyanovaleric acid, and

2,2’-azobis (2-amidino-propane) dihydrochloridespectively. AIBN and ACVA have half
lives of 1h at 82°C, and 10h at 64°C, whereas \&%8 half life of 10h at 56°C.
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Table 1 lists the results obtained after differezdction times. It is observed that water is a
better solvent than methanol. Indeed, with methamalction must be carried out at 60°C, for
50h. When Ro> 1, only the monoadduct was obtained, and the wedde calculated
(experiments | to 1V). When used in water, 2,2'4ais0(2-amidino-propane) dihydrochloride
led to a better yield than that obtained with 4reyzaleric acid. Finally, it was noted that the
transfer agent must be introduced in a large extessbtain better yields. With Ro<1
(Experiment V), water and 2,2’-azobis (2-amidinoypne) dihydrochloride were the solvent
and the initiator, respectively. And as the hafk liof 2,2’-azobis (2-amidino-propane)
dihydrochloride at 75 °C is known to be 1 hr, stayimaterials were heated at 75 °C for 5hrs.

Several products were obtained: monoadduct, multieid and poly(sulfonated styrene).

With Ro=> 1:
After work up and purification, telomers of Expesnts | to IV were characterized byt and
13C NMR spectroscopyH NMR spectroscopy of telomer permits to calcutie cumulated
degree of polymerization Ry considering the integral of the aromatic pretom that of
aliphatic ones. First, théd NMR spectrum of the monomer is compared to thi#he product
of Experiment IV (Figurel). The spectrum of prod(lotver spectrum) shows:
 The absence of the peaks centered at 5.45, 6.06a&8% ppm, characteristic of the
ethylenic protons CHCH of the double bond of the monomer. It evidertbesabsence
of the styrene sulfonic acid sodium dalthe product.
* The characteristic doublets assigned to aromatitops centered at 7.5 and 7.9 ppm
(Juu= 7.6 and 8.2 Hz, respectively). It proves thas fiioduct contains aromatic groups.
« Four triplets, two centered at 2.8%(,=6.87 Hz) and at 3.15 ppmJ}(4=6.55 Hz) and
two other triplets overlapping at 2.95 ppm, assigte the protons of the methylene

groups.

Cumulated average degree of polymerization in numbE , is calculated as follows:

oR).= g

where Rand h are the integrals of the aliphatic and the aroen@atbdtons, respectively.

DR
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Hence, the product of experiments | to IV is thenoedduct, and as for th#d NMR
spectrum of the 2-mercaptoethylamine hydrochlonmdethylene group e locatedanposition
about the nitrogen atom is the highest field sHiftihis peak being centered at 2.8 ppm.
Methylene d adjacent tsulfur atom and, i3 position about nitrogen atom is slightly low
field shifted about that if8 position of the aromatic group (2.95 ppm) and tord the
assignment of sulfur-containing telomers as preslpweported [21, 22, 28, 32]. Finally the
methylene group c i position about the aromatic ring is the lowestdishifted and this
peak is centered at 3.15 ppm [21, 22, 28, 32].

1
Lt - L L
2lw.1 1.1 1.1 1.1 c d
b
a
. e d C
HaN—CH,—CHy—S— CH—CH,
b Hc” ™cH
Lo L Lt
22 2.2 2.04.01.8
| | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ |
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

Figure 1:'H NMR spectra of the styrene sulfonic acid sodiuatt monomer in deuterated
methanol (upper spectrum) and the product of erpart IV in deuterated water (lower

spectrum).

The sequenced (or modulated I} NMR spectrum of the product of experiment IV (kg

2) exhibits eight types of peaks: six are negadive two are positive:
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. The negative peaks are assigned to secondary astérgary carbon atoms. The
characteristic signals assigned to aromatic quatgrcarbon atoms are centered at 142 ppm
for b and 145 ppm for a [33]. The highest fieldftgd signal centered at 30 ppm corresponds
to the methylene group h on position about the sulfur atom[21, 22, 28, 32]eThethylene
group ina position about the sulfur atom afdoosition about the aromatic group gives the
signal at about 33 ppm (g) [21, 22, 28, 32]. Thatitered at 36 ppm is assigned to f methylene
group adjacent to the nitrogen atom. Finally, the field shifted signal at 40 ppm is assigned
to the carbon atom ia position about the aromatic group [33].

. The positive peaks correspond to the tertiary aadtoms of the aromatic ring. Both
carbon atoms centered at 131 ppm are assignec teighal of carbon atom c [h position
about the —SeNa group, and the signals of both carbon atoms @ position about the —

SO;Na group [33] give a singlet at 126 ppm.

f h g e
"HgN—CHy— CHy—S—CH,—CH, a

k/::;/’c
C d HC® “CH

| Il
HCs _CH d

SOz

h

"

L . T L L L L L LI L
200 175 150 125 100 75 50 25 0

Figure 2 **C NMR spectrum of the product of experiment IV guterated water.
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With Ro < 1:
Product of Experiment V was characterized By NMR spectroscopy to see the different
products obtained with Ro<1, and hence to undedsti@at reaction better.
Figure 3 represents tHel NMR spectra of the transfer agent (mercaptoethiyle) (spectrum
a), of the monoadduct (Experiment 1V) (spectrumdf)the product of experiment V (after
135 min at 75°C, and without any further treatmgsf)ectrum c), and of the polystyrene
sulfonic acid sodium salt (prepared by radical payization in water of styrene sulfonic acid
sodium salt initiated by 2,2’-azobis (2-amidinopaoe) dihydrochloride and without any
transfer agent) (spectrum d). Figure 3c) shows different groups of signals (named A to E)
assigned to three different products after consionpof all monomer: the monoadduct
(spectrum b), multiadducts (essentially di and dolizcts), and the homopolymer of
polystyrene acid sodium salt (spectrum d). The &irom of the monoadduct is evidenced by
peaks ranging from 7.5 to 8.0 ppm for aromatic gmet(peak A), and multiplets ranging from
2.7 to 3.2 ppm for aliphatic protons (signals C &)d(Figure 1). The di- and triadducts are
characterized by multiplets ranging from 2.1 to g@@n for aliphatic protons (peaks D) and
7.2 to 8.0 ppm for aromatic ones (peak A). Finalhg presence of polystyrene sulfonic acid
is evidenced in Figure 3c) by multiplets rangingni 6.7 to 7.2 ppm attributed to both ortho
protons on the pendant aromatic ring (peak B).n&gyattributed to the meta protons on the
sulfonated aromatic ring are centered at 7.6 ppeakpA), as proved by spectrum d. The
aliphatic protons of the polymer are characteribgda broad peak ranging from 1.2 to 2.0
ppm, as proved by spectrum d (peak E) [34-37]. Umrearize, groups of peaks A to E of
spectrum c are assigned to:

» the aromatic protons of telomers (mono- and muthiels) and meta aromatic protons

of the polymer (peak A);

» the ortho aromatic protons of the polymer (peak B);

» the aliphatic protons of the monoadduct (peaks C);

» the aliphatic protons of the mono- and multiadd(pesaks D);

» and the aliphatic protons of the polymer (peaks E).
The molar percentages of each species is caldufaeden the integrals of those peaks and

plotted below.
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Spectrum a

_

Spectrum b J M

Spectrum ¢

Spectrum d

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5

Figure 3:'H NMR spectra of the transfer agent (spectruno)he monoadduct (spectrum b)
of total product of Experiment V after 135 min & 7C (spectrum ¢)and of the polystyrene

sulfonic acid sodium salt (spectrumspectra recorded in deuterated water.

1.3.2. Kinetics of telomerization of styrene sutinic acid sodium salt with
mercaptoethylamine hydrochloride, and with a Ro= 0.2
(Experiment V) at 67 and 75 °C

Two reactions of telomerization were carried ouatand 75 °C to evaluate the influence of
the temperature. Figure 4 represents the evolutiothe molar percentage of monomer,
mercaptan, monoadduct, monomer units that becamgadduct, and monomer units that
became polymer when the reaction is carried o7atC. Figure 4 shows that in the first
hour, 10 mol.% only of the monomer was converted imonoadduct, multiadduct and
polymer. At 67 °C, the half life of the azo inimatis much higher than 1h. Monoadduct,

multiadduct and polymer are created together indlmme time, with consumption of the
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monomer. This result shows that the transfer comstf the mercaptoethylamine

hydrochloride is not so high.

100 +

€ monomer
@ monoadduct
B0 A monomer units from polymer
i . X mercaptan
O monomer units from multiaddu
g 60 ¢
5
s ¢ .
5
= 40
L 4
A
A
20XK--- X e **************************** a9 -
X 8 O (
(]
o ¥ o o X
0 . E T T T T T 7N T 1
0 50 100 150 200 250 300 350 400
Time (min)

Figure 4:%mq. of monomer ¢ ), of monoadduct®), of monomer units in the homopolymer

(8), of mercaptan X), and of monomer units that became multiaddugtversustime for a

telomerization at 67 °C and with Ro = 0.2 (Expemt¥l).

The same experiment was performed at 75°C. Figuepgesents the evolution of the molar

percentage of monomer, mercaptan, monoadduct, menanits that became polymer, and

monomer units that became multiadduetsustime, at 75°C. It can be noted that half ratio of

the monomer was consumed almost 30 min, and after almost 100 min all moeo was

converted into telomer or polymer. The curves hfmeesame behavior than those of Figure 4.

Multiadducts were created only after 20 min of teag whereas the polymer was produced

after 10 min of reaction. That is to say that ia fhist 10 min, only monoadduct was formed

from telomerization. At the end of reaction (13thjnand because of the low amount of

transfer agent, 48 % of the monomer units beloagmtystyrene sulfonic acid.
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Figure 5 %m0 of monomer ¢ ), of monoadduct®), of monomer units in the homopolymer

(4), of mercaptan X), and of monomer units that became multiaddugtversustime for a

telomerization at 75 °C with Ro = 0.2 (Experiment V

It can be concluded that for kinetics of telometitaa of styrene sulfonic acid sodium salt
(with a Ro = 0.2 (Experiment V) at 67 and 75 °Q) tmain product was the polystyrene
sulfonic acid. Then other products were producesnfrthe telomerization (mono and
multiadducts). This result permits to conclude tin@rcaptoethyl amine hydrochloride is not
an efficient transfer agent.

The transfer constant {(Cwas determined at 67 °C and 75 °C by O’Brien moetH-igure 6

summarizes the results of telomerization at 67 i€ & °C with Ro=0.2 (Figure 4). Figure 6

shows the linear relationship betweénm—Oand In[M]0

[T] [M]”

concentration in mercaptan and monomer at timespectively. The slope of the linear curve

where [T] and [M] are the

gives G value.
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Figure 6:In[T]o/[T] versusIn[M]/[M] for the evaluation of the £value from O’'Brien’s
method for free radical telomerization of styrenalfaic acid sodium salt with

mercaptoehtylamine hydrochloride at 67 °C.

It is well known that the value of a transfer camttdepends on several factors (temperature,
solvent, pH, reactivity of monomer...) [23 , 38]. B&ok et al [31] showed that the
telomerization of styrene with thiols proceededtivo main steps: first, formation of
multiadducts (in the presence of a high amounta@fioadduct), then when all the thiol was
consumed, radical polymerization of styrene toacpl Bechkolet al.[31] deduced that the
Crvalues of thioglycolic acid and 2-perfluorohexykatiethiol with styrene were 7.5 and 12.3,
respectively. Boyeet al. [23] reported the transfer constant value for acagtoethylamine
hydrochloride with MMA (methyl methacrylate) at Tin DMF. The G value varied from
0.23 to 0.34versuspH value.

From O’Brien’s method [29, 39](Figure 6) transtemstants values of mercaptoethylamine
hydrochloride of 3.4 and 5.0 were obtained at 67 &h °C, respectively. First, it is observed
that the G increases with the temperature. So, the higheteimperature, the more efficient
the transfer of mercaptans. Moreover, those vahreslow enough to obtain mono and
multiadducts, and to form polystyrene sulfonic asadlium salt even when mercaptans was

still present in the mixture.

ccxlv



Investigations will be carried out on the monoaddetomer, and telomer of Experiment IV

was characterized by several analytical techniques.

1.3.3. Study of the monoadduct

1.3.3.1. Mass spectrometry

Mass spectrometry:

"HsN—CH,—CH,—S— CH—CH, . H,N—CH,—CH,—S— CH~CH,

-
3

SOy SO;H

Scheme 2Equilibrium between the zwitterion and the noruged telomer.

*HaN—CH,~CH,—S— CI—bCHZOSQ'
(0
'03@CHZCH2% CHy-CHy-NH3"
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*HgN—CHp~CH—S— cwcm@sog
055 +

NH;
CH/
2
/
;EHZ (I
CH2 /
\ CH,
Ch /
S CH,
\
CH,
\
CH,
N + .
NH3 O3S
"HaN—CH,~CH,~S— CHZCHZOSQ{
SO NH3+
o
(‘.‘,Hz CHy
S CH,
e
NH3"

SOy
'Ogg—QCHZCHZ% CHyCHy-NHg"

(Il1)
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H;N—CH;~CH;~S-CH;-CH, NH;—CH;-CH;~S-CH;-CH,

water
4+ NaOH ——» + H,0
SO;- SO,Na
Scheme 3 Chemical modification of the zwitterion telomertd amino sodium sulfonate
product.
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Figure 7 Mass spectra of the telomer in its zwitterionnfisr (upper figure: cations, lower

figure: anions).

Figure 8 represents the mass spectrum of the telafter reaction with NaOH. In the
positive ions, the peak at 284.18 g/mol is assigmmethe amino sodium sulfonate telomer

whose molecular weight is 283 g/mol. The otherkpea the positive ions, are assigned to
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cations arising from the decomposition of the sodisulfonate telomer. For example, the

peak at 306.03 is assigned to the parent peakeofdft of telomer with one ion of Na
(284.18 + 23 g/mol).
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Figure 8:Mass spectra in its salt form (after reaction viNgiOH).

[.3.3.2. Elemental analysis

Finally, with all average of all atoms, the mosblmble formula of the molecule is
C10H14aNS;O3Na. This formula is that of the monoadduct NEbH,-S-CH4-CeHs-SOsNa.
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Obtained average A Theoretical average Number of element

Elements
(% in weighy) (Yoin weighy) per formuld
N 4.65 4.94 1
C 41.20 42.37 10.3
H 4.75 4.94 14.2
S 18.55 22.63 1.7
O 17.52 16.95 3.2
Others (mainly Na) 13.33 Na (8.12) 1.7

Table 2 results of the elementary analysis on the amutfmisate telomer, and calculation of

number of element per formula .

1 for each elementy was calculated as following:

Ax * 100
Mx A 4 A (AL A L Aa o Mo
ax= A *1401 12 Ol 101183 07 22 99 1600 where x and M represent the element

Mn A A AL A Aa o Po
1401 1201 101 3207 22.99 1600

(N, C, H, S, O or Na) and the molecular weighthe €lement, respectively.

[.3.3.3. Thermostability

The thermal behavior of the product of experim&h{Table 1) before and after reaction with
NaOH was investigated by thermogravimetric analy3i€A) from room temperature to
600°C, and under air atmosphere.

Figure 9 shows both TGA thermograms'BEN-CoH,-S-GH4-CeHs-SOs ™ (zwitterion-product
before reaction with NaOH), and M&,H4-S-GH4-CgH4-SOsNa (salt-product after reaction
with NaOH). It is observed that both exhibit a gabérmostability: up to 280 °C for the
zwitterion and until 200 °C for the salt. The timexgram of the zwitterion is composed of
three main parts: (A), (B) and (C). Part (C) isigissd to NaCl (11.3% of the product) residue
that does not decompose even at 700 °C [42-44}isR&) and (B) correspond to the
zwitterion telomer. Table 3 explains the attribatof both these parts.
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Figure 9 TGA thermograms of "HaN-CoHs-S-GHs-CeHs-SOs  (zwitterion-product)
(experiment I) and of pN-C,H4-S-GH4-CsH4-SOsNa (salt-product dotted line).

Corresponding molecular

Parts ) Attribution (Molecular weight, g/mol)
weight of the part (g/mol)
Part (A) 150 -GH4-SGOs (156)
Part (B) 111 "H3N-CH,-CH,-S-CH,-CH, (105)
Parts (A)+(B) 261 "HaN-CHy-CHy-S-CH,-CH,-CgHs-SOs°

Table 3 Attribution of both (A) and (B) parts of the timeal decomposition of the telomer.

So, the first part (A) of the product corresponasa loss of GHs-SO;™ that decomposed at
280 °C to 350 °C, while the second part (B) dealth vihe loss of the carbon chain
*H3NCH,CH,SCH,CH,- that decomposed at 460°C [42, 43]. This resuftwshthat in the
case of the zwitterion, the “weak point” of thesN-CoHs-S-CGHa-CeHs-SO;” molecule is not
the SQ" group but the gH4-SO;” group that decomposes at 280 °C.

The thermostability of NKHC,H4-S-GH4-CeHi-SOsNa is lower than that ofH3N-CoHs-S-
C,H4-CeH4-SO5'. Moreover, the behaviour of the thermogram of ;NEAH4-S-GHy4-CeHa-
SO:Na is different from that of H3N-CoH4-S-GH4-CeHa-SOs. A first decrease under 100 °C

is due to water departure. Indeed, the telomerisalery hygroscopic. In contrast to the
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thermogram of HsN-CyH4-S-GHs-CsH4-SOs, the less thermostable behaviour of NEpH -
S-GH4-CgH4-SOsNa from 200 °C is certainly due to the decompositf the S@Na group.
Hence, thermostabilities of botksN-CoH4-S-GH4-CsHa-SOs” and NH-CoH4-S-GH4-CoHa-
SOsNa are satisfactory and exhibit different tempeeduof decomposition. It is higher for
"H3N-CoH4-S-GH4-CsHa-SOs (T4ec=280 °C). Moreover, both thermograms have different
behaviors, proving that their decompositions do aotur on the same groups of both

molecules.

[.4. Experimental part

|.4.1.Materials

4-styrene sulfonic acid sodium salt monomer and 2eamoethylamine hydrochloride were
purchased from Aldrich and Avocado, respectively. IBM initiator (2,2'-

azobis(isobutyronitrile)) was recrystallized frometianol before use, whereas ACVA (4-
cyanovaleric acid) and V50 (2,2’-azobis(2-amidimogane)dihydrochloride), supplied by

Wako, were used as received.

1.4.2. Synthesis of the telomer (Experiment V)

13.84 g (0.1221 mol) of 2-mercaptoethylamine hytdtogde, 0.27g (0.0010 mol) of V50
(2,2’-azobis(2-amidino-propane) dihydrochloridedd&®0 ml of deionised water were put into
a three-necked round-bottom flask equipped withoadenser, a magnetic stirrer and a
nitrogen flow outlet. 5.03g (0.0244 mol) of the fenlated styrene monomer, in the presence
of 0.06g (0.0002 mol) of V50 and 100ml of deioniseater were progressively added in the
mixture heated at 80 °C.

After 5h at 80 °C, the round-bottom flask was cdoknd the observed precipitate was
washed with cold water and filtered off. Then, thaces of water were eliminated under
vacuum desicator in the presence @D for 12 hours. 5.37g of a white powder were
obtained (yield = 84.4%). After purification, theopuct was characterized Bid and *C
NMR spectroscopy (to calculate cumulated,DRnd by thermogravimetric analysis, and

mass spectroscopy. The yield was calculated ontlyarcase of experiment | to IV, when
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only a monoadduct is obtained. Yield was consideaagdhe ratio between the number of
moles of the monoadduct telomer obtained aftertrireat, and the theoretical number of
moles of the monoadduct telomer if the reaction waantitative.

The synthesis of product of Experiment V was theesas that produced from Experiment IV

and products resulting from Experiment V were alsaracterized byH spectroscopy.
1.4.3.Chemical modification

In a two-necked-round bottom flask equipped wittbadenser and a magnetic stirrer, 5.00 g
of the zwitterion telomer of Experiment IV was dikg&ed in a minimum of deionized water
(50mL) and treated with 0.75g NaOH (97% in mol3@t°C for 2h.

When a molecule of zwitterion telomer reacted williH anions, it was noted that the telomer
dissolved in water. After 2 hrs, all the productswdissolved. Drying occured for 16 hrs by
means of a Christ Freeze Dryer (Alpha 2-4 LD). Ti¢ained product (telomer salt) was

analyzed by mass spectroscopy and elementary @&alys
|.4.4.Synthesis of the sulfonic acid sodium sallygtyrene

3.00 g (0.0145 mol) of the-gtyrene sulfonic acid sodium salt monomer, 0.10.6007 mol)

of (2,2’-azobis(2-amidino-propane)dihydrochloridge)d 30 mL of deionised water were put
into a two-necked round-bottom flask equipped vatltondenser, a magnetic stirrer and a
nitrogen flow inlet. The reaction was carried ou8@ °C for 5h. The mixture was lyophilized

to get rid of water, then it was characterizedHyNMR spectroscopy in £D.

1.4.5. NMR Spectroscopy, kinetics study

and Thermogravimetric Analysis

The different pure products were characterized'thyand *C NMR at room temperature.
NMR spectra were recorded on a Bruker AC 200 imsént (200 MHz) using deuterated
water as the solvent, and TMS as the reference'Honuclei. Coupling constants and

chemical shifts are given in hertz and ppm, respelgt

ccliii



It must be noted that! and™*C NMR spectra of telomers obtained from experiméatsd 1V
were the same, whereas that produced from expetrivh@Ro = 0.2 < 1) was different.

Kinetics of telomerization for experiment V was fpéal with* H NMR spectra of the crude
product.

The reaction of telomerization of experiment V veasried out at 67 and 75°C. To evaluate
the concentration of each product (monomer, trarsfent, monoadduct, multiadduct, and
polymer), samples were extracted from total produaitture for 300 min-reaction. Samples
were lyophilized to get rid of water, then it wdsacacterized byH NMR spectroscopy in
D,0. The evolutions of the molar percentage of mormomercaptan, monoadduct, monomer
units belonging to polymer, monomer units belongimgjtiadductsversustime were deduced

from each'H NMR spectrum.

Thermogravimetric analyses were conducted with disfuments, TGA 51. 10 to 15 mg of
the product of Experiment IV and Experiment V wplaced in a platinum pan, and heat from
30 to 600°C under air at a heating rate of 10 °@’mi

|.4.6.Mass spectroscopy

The product of Experiment IV was analyzed using Adliance 2695-Z-Q-waters mass

spectrometer, equipped with a photodiode Array E1ete996 waters.
1.4.7. Elemental analysis

The weight percentage of the elements in the telavhé&xperiment IV (Nitrogen, Carbon,
Hydrogen, Oxygen and Sulfur) was determined by elgal analysis of the telomer at the
University of Montpellier 2. The number of elememdr formula,a, was deduced from this

average percentage A, and from molecular weighadfollows:

Ax x 100

Mx A 4 A AL A L Aa o Mo
1401 1201 lOl 3207 2299 16.00

A x 100

Mn A Ao AL A Aa | Po
1401 1201 101 3207 22.99 1600

ax=
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whereay represents the number of element X (N, C, H, SpN@) per formula, A and M

represent the average percentage and the moleweiligint of element X, respectively.

|.5. Conclusion

The telomerization of the styrene sulfonic acidlism salt in excess (R1) with a mercaptan
gave mono-, multi adducts and homopolymer. Thisllteshows that mercaptoethylamine
hydrochloride is a transfer agent with a fair efficy with styrene sulfonic acid sodium salt,
and its transfer constant @ equal to 3.4 at 67 °C.

Moreover, an original sulfonated amine was synttezsby telomerization of styrene sulfonic
acid sodium salt with an excess of mercaptagx>(R). As for the telomerization of styrene
with thiol and that of MMA with mercaptoethylamirteydrochloride, with high Ro, the
monoadduct was obtained only. The synthesis ofahigo sulfonate telomer is simple, and
produces the expected telomer selectively, andgim yield.

Furthermore, two of the main advantages of thistrea are i) the aqueous process which is
environmentally friendly, ii) as the starting maaér(styrene sulfonic acid sodium salt)
already contains the sulfonated group, and no éurlulfonation by oleum is needed. The
telomer was well-characterized and exhibit a hlggriostability. This sulfonic acid benzene
bearing amino group can now be grafted onto polyfio-HFP) copolymer to elaborate

membranes for PEM et DM Fuel Cells.
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Chapitre VI : Greffage d’'un phénolate sulfoné seis dopolymeres commerciaux

Ce chapitre a fait [I'objet dune publication GRAFTING OF 4-
HYDROXYBENZENESULFONIC ACID ONTO COMMERCIALLY AVAILABLE
POLY(VDF-co-HFP) COPOLYMERS gui sera prochainement soumise a Eur Poly J.

1. Abstract
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2. Introduction

It is well-known that poly(VDF-co-HFP) copolymersarc be crosslinked or grafted by
diamines or amines [1-6]. The mechanism of graftofgamine was well-studied [7] :
recently, GF1:CH.CF,CFRCF(CR)H model molecule synthesized by sequential
telomerization of VDF and HFP withgE3l, followed by the selective reduction of iodine,
based on one unit of VDF adjacent to one unit oPHFas synthesized, dehydrofluorinated
with sodium hydroxide and grafted with phenyletimylae to identify the sites of grafting and
the different steps of the mechanism [7]. Although exchange capacities and thermal
properties were satisfactory for an applicationrPaston Exchange Membrane Fuel Cells or
Direct Methanol Fuel Cells, the grafting of an am@ aromatic-containing sulfonated
amine[8] did not give satisfactory conductiviti@dus, it seemed interesting to investigate
grafting of a new agent onto commercially availgbddy(VDF-co-HFP) copolymers. Since it
is known that the mechanism of crosslinking of hispols is well-established [4, 9-13]. It
was of interest to investigate the grafting of Hmated phenol - 4-hydroxybenzenesulfonic
acid- onto fluorinated based on VDF copolymers t@ppre original fluoropolymers
becoming sulfonic acid side-functions.

Hence, the objective of this article is to grafhytiroxybenzenesulfonic acid onto poly(VDF-
co-HFP) copolymers and study electrochemical ptogse(ion exchange capacity, water up

take, proton conductivity), and the thermal stapili

3. Experimental part

cclx



3.1.Materials

Didecyldimethylammonium bromide gel in water (75 ), 4-hydroxybenzenesulfonic acid
solution in water (65 wt.%), sodium hydroxide, Itrdroacetic acid, 2,4,4-trimethyl-1,6-
hexanediamine, MgO, ammoniac (28 wt.%) and cona&dr hydrochloric acid (35 wt.%)
were purchased from Aldrich. Methanol, dimethylaceitde, N-methylpyrrolidinone and
ethanol were purchased from Fluka.

Tetrabutylammonium  hydrogen sulfate was purchasedomf Merck. 4,4-
(Hexafluoroisopropylidene)diphenol (Bp-AF) was phuased from Lancaster.

The commercially available Kynar and FC-2178 poly(VDF-co-HFP) copolymers
containing 10 and 20 mol. % of HFP, were kindlyeo#fld by Arkema and 3M-Dyneon,

respectively.
3.2. Synthesis of (@)sz_)g(CHg)z N * -O-CGH4-803_ +N(CH3)2(C]_0H21)2 (l)

First, 8.00 g (0.0459 mol) of 4-hydroxybenzenesutfoacid (HO-GH4-SO;H) and 1.80 g
(0.045mol) of NaOH were mixed with 30 mL of ethan®bhe mixture was stirred at room
temperature untili a powder precipitated. The olet@in powder, that is 4-
hydroxybenzenesulfonic acid sodium salt (NagH£SOsNa) was filtered and dried  with
P,Os under vacuum. 9.98 g of a white pure powder ofON&aH;-SO;Na was obtained (yield
= 98 %).

Then, 25.02 g (0.0615 mol) of didecyldimethylammuonibromide gel were introduced in 15
mL of methanol and 16 mL of deionized water. Thetome was stirred at room temperature
for 1h. 9.98 g (0.0454 mol) of NaOsi4-SO;Na previously dissolved in 30 mL of deionized
water were added to the mixture and stirred. ABenrs-stirring at room temperature the
methanol was evaporated under vacuum, and the wditemated by means of a Christ
Freeze Dryer.

The obtained pure and dry product was thought tq@gH21)2(CHzs), N ¥ 'O-CsH4-SOs
"N(CHz)2(C10H21), salt, named1). This product was a yellow hygroscopic powder.
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3.3.Grafting of (1) onto commercially available po}(VDF-
co-HFP) copolymer

(1) was grafted onto dehydrofluorinated Kynamand FC-2178 poly(VDF-co-HFP)
copolymers, the experiment is described for FC-213@y(VDF-co-HFP) copolymer (P2):
7.00 g of FC-2178 poly(VDF-co-HFP) copolymer was firstly dehydroftimated by
ammoniac in methyl ethyl ketone (MEK) at 70 °C #ohrs. The mixture was precipitated in
water and the dehydrofluorinated copolymer wasdduleder vacuum with s

6.15 g of dehydrofluorinated FC-217®oly(VDF-co-HFP) copolymer, 21.97 g (0.0224 mol,
148 mol %) of(1) and 75 mL of dimethylacetamide (DMAc) were put itwa-round-bottom
flask equipped with a condenser and a magnetiestifhe mixture was heated up to 90 °C
for 6 hrs. After cooling, it was precipitated int@g and heated with 100 mL of trifluoroacetic
acid (CRCOOH) for 14 hrs at 70 °C, to to hydrolyze all S®I(CHz),(C1oH21)> groups into
SG;H functions.

Calculation of the molar percentage (@i as starting material:
This was calculated from the mol. % of HFP in tiopalymer. As FC-2178 poly(VDF-co-

HFP) copolymer contained 20 mol. % of HFP, 100 moR(l) as staring material was:

For 1.00g of FC-2178poly(VDF-co-HFP) copolymerml)—(150%%()):%624*0 8)*982.

The grafting reaction was monitored By NMR spectroscopy. Spectrum was recorded on a
Bruker AC 200 instrument (200 MHz) using deuteratetone, DMSO or water as the
solvent, TMS as reference fiifl nuclei. Coupling constants and chemical shifesgiven in

hertz and ppm, respectively.

Calculation of the molar percentage ¢f) grafted onto the copolymer, b4 NMR
spectroscopy:

Figure 1 gives théH NMR spectra of the 4-hydroxybenzenesulfonic amtltion in water
(in Acetone d6), the didecyldimethylammonium broengkl in water (in acetone d6), and the

phenol grafted copolymer (experiment P2 of Tabl@riyleuterated DMSO).
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Figure 1:'H NMR spectra of the 4-hydroxybenzenesulfonic agtlition in water (spectrum

a, in Acetone d6), of didecyldimethylammonium brdemgel in water (spectrum b, in acetone
d6), and the phenol grafted copolymer (experiménvTable 1) (spectrum ¢, in DMSOd6)

Spectrum a exhibits three main peaks centeredBat 8.97 and 7.71 ppm, assigned to water,
aromatic protons adjacent to the oxygen atom, aoohatic protons adjacent to $@roup,
respectively. Spectrum c is assigned to that adlg(gDF-co-HFP) copolymer grafted by the
(C10H21)2(CH3)2 N ™ "O-CsH4-SOs” “N(CHs)o(CigH21)2 salt, after treatment in GEOOH (14
hrs, 100 °C) and in HCI (5 hrs, 60 °C). Spectruraf d~igure 1 exhibits peaks of aromatic
protons of 4-hydroxybenzenesulfonic acid (centeaed.11l and 7.61 ppm), proving that it
was grafted onto copolymer. It also exhibits peakghe poly(VDF-co-HFP) copolymer
centered at 2.79 and 2.22 ppm (assigned to nanthteverse VDF chaining, respectively).
Finally the peaks centered at 0.85, 1.25 and 1.pfn peveal the presence of the
didecyldimethylammonium bromide. Hence, all acittegatment (in CECOOH and HCI) do
not permit to eliminate all ammonium salt.

Those three spectra (Figure 1) enabled us to ed&tihe molar percentage of grafted phenol,

as follows:
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J' peaks 711- 761 ppy
4

mol.%grafted phenok
(| peaks 255- 335)—15.9/
2

where 15.9 represents the integral of the peakwdsst 2.55 and 3.85 ppm assigned to
didecyldimethylammonium bromide.

In the case of Figure 1 (experiment P2), mol.%raftgd phenol is 5.1%.
3.4. Membranes

Membranes were carried out from grafted copolymEcs.example, 10.13 g of grafted FC-
2178’ poly(VDF-co-HFP) copolymer (P2) was dissolved 815D g of N-methylpyrolidinone
(NMP). After 5hs-stirring, at room temperature thixture was deposited on a glass substrate
by means of a hand coater, and the thickness wed &t about 150 um. After coating, the
NMP was evaporated under vacuum, first at room &atpre for 1h, then at 60 °C for 1 h,
then at 95 °C for 2 hrs, and finally at 120 °C ®hrs. The glass substrate was cooled to
room temperature and put into deionized water lhatlnverse the membrane on a non
solvent. The membrane was placed into a solutiadkD6fmL of concentrated HCI (35 %) and
100 mL of deionized water. It was heated at 60 SC5f hrs. Then the membrane was placed

in 200 mL deionized water at 80 °C for 2 hrsorder to wash it.

3.5.Crosslinking

To improve the insolubility of membranes in HCl@odn and water, they can be crosslinked
by the means of a diamine (2,4,4-trimethyl-1,6-m@damine) or bisphenol (Bisphenol-AF).
Experiment P3-c 0.44 g (0.0028 mol) (20 mol %) of 2,4,4-trimetllyb-hexanediamine was
added to 5.01 g of grafted copolymer of experinfeéadtin NMP. The mixture was stirred at
room temperature and the membrane was performfmxt Hse previous description.
Experiment P4-c 0.09 g (0.000268 mol) of Bp-AF, 0.04 g (0.0001180l) of
tetrabutylammonium hydrogen sulfate, and 0.08g gflCMwere added to 3.08 g of grafted
copolymer N6H in NMP. Before crosslinking, the nois¢t was stirred at room temperature (to

avoid crosslinking in solution) and membrane wagqgomed.

cclxiv



3.6. Elemental analysis

The weight percentages of the elements in the egfaftopolymer (Nitrogen, Carbon,
Hydrogen and Sulfur) were determined by elememalyais of the membrane at the Service
de Microanalyse de 'UMII (University of Montpellie?), and the results are summarized in
Table 5.

Table 5: Weight percentages of different elemenfs(N, C, H, S) present in the composition
of grafted poly(VDF-co-HFP) copolymer, and molarqentages of grafted phenol (x) in
experiments P2, P3-c and P4-c.

3.7.Water up take
The water uptake of membranes was determined bygumeg the change in weight before
and after the hydration.

Membranes were swollen in deionized water at roemperature for 20h. Then, the water

surface attached onto the membrane was removediltethpaper and the wetted weight was
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determined. The dried weight of the membrane wdsraened after completely drying in
hood at 100 °C for 5 hrs. The swelling rate wasnaef as following equation:

Ts = ((Ws— Wp) / Wp)

Wgand W, represent the swelling and the dmeight, respectively.

3.8. IEC and Conductivity measurement

Measurement of the lon Exchange Capacity
IEC is given in milli mol of S@H functions per gram of copolymer:

EC = mol% PHENOL
(mo1 %V DF *64)+(mo. %HFP*150)

*1000where the mol.%PHENOL is the average

between the molar % of hydroxybenzenesulfonic ab&t was grafted onto copolymer,

measured byH NMR spectroscopy and that assessed from elemamnédysis.

Assessment of Conductiviy.

Conductivityo; of each membrane (after a treatment in HCI at 6@tGh, and in water at
80°C for 2h) was first measured with a circuit @ning gold electrodes, current generator,
and multimeters (ammeter and voltmeter).

Different voltages are measured when applying diffe direct currents (d.c.). An equation

permits to deduce conductivity:

_1*D
1=
U*l*e

where I, U, D, | and e represent the measured mumeampers, the observed voltage in volt,

the distance between the two gold electrodes i([2(AA’) = 1.86 cm, D(BB’) = 2.40 cm,
D(AB’) = 2.125 cm), the length (in cm) and the #ness (in cm) of the membrane,

respectively. Finally, the conductivity was assddseS/cm.

Determination of Conductivity:

Conductivity o, was determined from IS measurement using a HeWlattkard 4192
impedance analyzer working in the frequency rarfg@to1.3 10 Hz at 0.1 V. Samples were
held in a cell between stainless steel electrodgsch surface was 0.03 énat relative

humidity of 100 % and room temperature. The condilgtcan be determined from the
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impedance diagram (imaginary part of the impedarersusreal part), and the logarithm

i thickness i
diagram (O{impedancecosangle*sj versuslog(1000 f) ), where f is the frequency.

Conductivity o, can be deduced from the impedance diagram as (g/8#tkere e, S and R
represent the thickness in cm, the surface S = 6rf3 and the resistance (in ohms),

respectively. Conductivity can also be assessedogarithm diagram. The ordinate of the
inflexion point of the curve must be determineddlue), and conductivity is 10

3.9. Thermal analysis

Thermal stability was evaluated with a Thermograatme analyses TGA/SDTA
851 thermobalance from Mettler DAL 75965 and Laugi@6 CS cryostat
apparatus. 10 to 15 mg of sample was placed inatnplm pan and heated
under air atmosphere from 30 to 590 °C, at a hgatte of 10 °C/min.

4. Results and discussion

Sulfonated phenate was grafted onto poly(VDF-co-HEBpolymer by the use of an
ammonium bromide gel as activator. The resultingpribpolymer containing sulfonate side
groups was characterized iy NMR spectroscopy and elemental analysis to caleuthe

mol % of grafting. After the proton exchange memgrawas made, thermal, and

electrochemical properties were assessed.
4.1. Mechanism of grafting of phenol

The mechanism of grafting of poly(VDF-co-HFP) copokrs by phenol or crosslinking by
bisphenol was previously studied [4, 9, 10, 14jakes place in three main steps: elimination
of HF creating double bonds, then reorganizatiothefdouble bonds, and finally substitution
of the phenol (or bisphenol) onto the double bdadhfting agents require phosphonium or
ammonium ions to give intermediates;PR OArOH or RIN" ‘OArOH, where R and Ar
represent alkyl and aromatic groups, respectivitig) are stronger bases [4, 10]. In the case
of the grafting of 4-hydroxybenzenesulfonic acitk tmechanism is given in Scheme 1 [15].

First, this 4-hydroxybenzenesulfonic acid needs b modified into the 4-
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hydroxybenzenesulfonic acid disodium salt (stepudipng sodium hydroxide [15]. But the
direct replacement of fluorine atoms of poly(VDFd&P) copolymer with nucleophiles
containing sulfonic acid functionalities such asadiium 4-hydroxybenzene sulfonate is
impossible.

Then, the disodium salt is converted to a hydrophabdecyldimethylammonium salt
benzenesulfonate by reacting with didecyldimethyfeium bromide in water (step 2) [15].
In a third step, this didecyldimethylammonium da¢nhzenesulfonate is substituted onto the
dehydrofluorinated copolymer (with R = Glor CgoH21) [9]. The reaction is conducted in
DMACc at 90 °C, and the substitution is complete inrs.

The introduction of an hydrophobic bulky countesaran lead to significant steric hindrance
for the reaction of sulfonic acid group with flueei atoms of copolymer, and this explains the
fact that no substitution occurs from the SQyroup but only from O of the

didecyldimethylammonium salt benzenesulfonate.

Ethanol
Step 1 HOOSQH + 2 NaOH > Na@SQNa + 2 HO
Room temperature

C|:10H21
Step 2 Na@SQNa + 2 ClOH21—ITl—CH3
- CH,
Br

Methanol + water
Room temperature

-5 < > sa-

C,H

TP i
CloH21_'|\|_CH3 10021 s
CH CH,

3
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Step 3 RN+ OOS ., +NR —CH;-CFCF=C——
% ‘ DMAC ' '

- O CF,

+ 90 °C, 6h

—CH=CF-CFCF—
CF

° SO; + NR,

4.2. Mol. % of grafted didecyldimethylammonium salt
benzenesulfonate

Hydroxybenzenesulfonic acid was grafted onto twdfedént commercially available
poly(VDF-co-HFP) copolymers containing 10 and 20%of HFP.

Table 1 summarizes the copolymer used, the molaeptage of didecyldimethylammonium
salt benzenesulfonate as starting material, aniegranto copolymer (assessed By NMR

or by elemental analysis). All reactions were eaout in DMACc, at 90 °C for 6 hrs.

Starting material:Mol. % of grafted:
Copolymer (mol. Mol.% of _
Exp. N° ‘o@sq
% HFP) _
O
H NMR Elemental anal.
P1 Kynar” (10) 100 3.3 5.1
P2 FC-2178 (20) 150 5.1 4.8
P3-c FC-2178 (20) 150 (+20 of dta) 5.1 4.5 (+3.5 of did
4 1.8 (+5.3 of Bp-
P4-c FC-2178 (20) 140 (+8 of Bp-AF) -

AF®)

Table 1:experimental conditions and results on the polyfv-HFP) copolymers grafted
with phenol sulfonate: poly (VDF-co-HFP) copolymenol. % of HFP), mol % of starting
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didecyldimethylammonium  salt benzenesulfonate, anohol. % of grafted
didecyldimethylammonium salt benzenesulfonate (deteed from*H NMR spectroscopy or
elemental analysis)

120 mol. % of 2,4,4-trimethyl-1,6-hexanediamine vailed to the 150 mol % of

didecyldimethylammonium salt benzenesulfonate tsstink the grafted copolymer, and
hence to improve its mechanical and chemical progse

% the elemental analysis permitted us to calculatertol. % of crosslinked diamine. And it
was found that from the 20 mol. % of starting diaionly 3.5 mol. % was crosslinked onto
copolymer.

38 mol. % of Bisphenol-AF was added onto the 140%nof didecyldimethylammonium salt

benzenesulfonate to crosslink the grafted copolyraed to improve its mechanical and
chemical properties

*as membrane P4-c was crosslinked by Bp-AF, the meemlwas insoluble in any solvent
and no NMR analysis could be possible

>from 8 mol % of Bp-AF as strating material, onl@ Bnol. % was crosslinked

The grafting of phenate sulfonate showed very loalampercentage of grafting (Table 1)
compared to that of telomer [8]. Indeed, as shawprevious work, the grafting of 150 mol.
% of NH,-CH,-CHx-S-CH,-CH,-CsHs-SOsNa telomer as starting material onto poly(VDF-
co-HFP) copolymer containing 20 mol. % of HFP gd®0 and 12.0 mol % of grafting
assessed bjH NMR and elemental analysis, respectively. Wheredth 150 mol % of

sulfonated phenate as starting material only 1.%.fo mol % was grafted onto FC-2178
copolymer (Tablel). But it is shown that in bothsea crosslinking by diamine (2,4,4-
trimethyl-1,6-hexanediamine) or bisphenol (bispilelF) was required to improve the
insolubility in water. Indeed, when 5.1 mol % oflfenated phenate was grafted onto

copolymers without any further crosslinking reactithe membrane was soluble in water.

4.3. Water up take

Those grafted membranes can find applications &h ¢ells, and especially as membrane-
electrolyte in proton exchange membrane fuel ¢8NIFC) or even direct methanol fuel cell
(DMFC). In those fuel cells, membrane is swelledhwiater or methanol/water solution.

Then, it was of interest measuring the water ug @kmembranes P1 to P4-c. Table 2 lists
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the membranes with the poly(VDF-co-HFP) copolymétre mol. % of grafted phenol
(assessed fromH NMR or elemental analysis), and the water up t@&rmined at room

temperature.
Mol. % of Grafting of:
Copolymer _
Exp. N° N OOSQ Ts in water (%)
(mol. % HFP)
'H NMR elemental analysis
Nafion 115" - - - 60
P1 Kynar” (10) 3.3 5.1 No membrane
P2 FC-2178 (20) 5.1 4.8 70
P3-¢ FC-2178 (20) 5.1 4.5 (+3.5 of dia) 60
P4-c FC-2178 (20) - 1.8 (+5.3 of Bp-AF) 40

Table 2: swelling measurement in water for différeopolymers grafted with different
amount of phenol.

! P3-c was crosslinked by 2,4,4-trimethyl-1,6-hextamine

2P4-c was crosslinked by Bisphenol-AF

The water up take of membranes P2, P3-c and P dn dhe same range st of Nafiort
115. Moreover, they are lower than the water ug takmembranes of poly(VDF-co-HFP)
copolymer grafted with  NHCH,-CH,-S-CH-CH,-CgH4-SOsNa, which were in the range of
120 to 570 %. This is may be due to the size ofgtladting agent: the shorter the size of the

grafting agent, the lower the water up take.

4.4. lon Exchange Capacity (IEC) and Conductivigasurements

After water up take, and because of possible agbics in PEMFC and DMFC, ion
exchange capacity (IEC) and conductivity were messulon Exchange Capacity was
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assessed from the molar percentage of grafted plifreoaverage between the mol. % of
grafted phenol determined frofl NMR and that assessed from elemental analysis.
conductivities were measured by two different waafter a treatment in deionized water (100
°C for 2 hrs).

The results of IEC (in millimol equivalent per graof copolymer) and conductivityg;
measured with direct current and gold electrodésdam temperature and 100% relative

humidity) for each membrane are given in Table 3:

Mol. % of Grafting of: Thickness of o
Copo Conductivity
B swollen IEC
Exp N° (mol % ‘OOSQ 1, 01
membrane  (meq/g}
HFP) 1 _ (mS/cm)
H NMR elemental analysigum)
Nafion117’ - - - 200 0.91[16] 90
FC-2178
P2 5.1 4.8 110 0.61 0.3
(20)
FC-2178 _
P3-c 5.1 4.5 (+3.5 of dia) 55 0.59 11
(20)
FC-2178 1.8 (+5.3 of Bp-
P4-c - 160 0.27 0.7
(20) AF)

Table 3: Thickness and Conductivity (measured with d.c. current and gold electrodés) o
poly(VDF-co-HFP) copolymers grafted with differeminounts of hydroxybenzenesulfonic
acid.

1 : - mol.%PHENOL * 0 is qi
IEC(in medqg) Qo DF "64) +(%maHEPF150) 1000 where the mol. % of phenol is given

by the average between that measured filBiiNMR and that assessed from elemental

analysis.

The values of conductivitg; (Table 3) are lower than that of Nafibbut that of P3-c
membrane (FC-2178 poly(VDF-co-HFP) copolymer grafted b)%:4.8mol.% of
phenol and crosslinked by 3.5 mol. % of diaminehigher than those of both other ones
(01(P3-¢)=0.0011 S/cm). This result seems to be emagiug. This conductivity may be

improved by a higher ion exchange capacity. Indeesljlts of Table 3 show that the IEC of

membrane P3-c is 2 times lower than that of Nafion
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Concerning thickness, membrane P3-c, P4-c and RibiexTable 3) lower thickness than

Nafion".

Conductivity was also measured with an alternateeot (a.c.) at increasing frequencies
(Table 4).

Mol. % of Grafting of: .
Thickness of

Copo B Conductivity
‘OOSQ swollen IEC
Exp N° (mol % 2, 02
. membrane  (meqg/g}
HFP) H NMR elemental (mS/cm)
, (Lm)
analysis
Nafion117' - - - 200 0.91 20
FC-2178
P2 5.1 4.8 90 0.61 0.15
(20)
FC-2178 45 (+3.5
P3-c 5.1 _ 55 0.59 0.33
(20) of dia)
FC-2178 1.8 (+5.3
P4-c - 160 0.27 0.09
(20) of Bp-AF)

Table 4: Thickness and Conductivity, (measured with alternate current at increasing
frequencies) of poly(VDF-co-HFP) copolymers graftegith different amounts of

hydroxybenzenesulfonic acid.

Table 4 shows that conductivity values of membranes P2, P3-c and P4-c (Table 1) are
much lower than that of Nafioh even if they are not considered to be zero. Athéncase of
membranes processed from poly(VDF-co-HFP) copolgmgrafted with a sulfonated
aromatic containing-amine  (NFCH,-CH,-S-CH-CH,-C¢H4-SOsNa)  [8], these low
conductivities may arise from various parametensrororganization and morphology of the

clusters of SEH groups, swelling, diffusion of water, mobility pfotons and D", ect...

4.5. Thermal stability
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Thermogravimetric analysis were performed under aamosphere at a heating rate of
10°C.min* (Figure 2). The thermal behavior of membranesA®2¢ and P4-¢Table 1)were
compared to that the virgin copolymer, and to tbhta membrane performed from a
poly(VDF-co-HFP) copolymer containing 10 mol. % lFP grafted by 5 mol. % of NH

CH,-CHy-S-CHy-CH,-CgHas-SOsNa [8].

120 +

100 A

80 -

60

% weight

40 -

20 A

0

...........

O S .

Copolymer
—B—P2

RO A

.
.

.
\\

—%—P3c
—e—P4c

A amine grafted copo
Nafion117

0

100 200 300 400 500 600
T(T)

Figure 2 : Thermogravimetric analysis of virginpotymer (—— ) containing 20 mol. % of
HFP, poly(VDF-co-HFP) copolymers grafted with phe(®2 ), P3-c X) and P4-c @) )
(supplied in Table 1), didecyldimethylammonium brdengel (---), and poly(VDF-co-HFP)
copolymers containing 10 mol. % of HFP grafted by&. % of NH-CH,-CH,-S-CH-CH,-
CeHa-SOsNa (A).

As expected, all grafted membranes have a loweamtestability than the corresponding
virgin copolymer. For these grafted membranes RB2¢ Rnd P4-c, decomposition starts at
200 °C, just as for membrane performed from a pMiDK-co-HFP) copolymers grafted by 5
mol. % of NH-CH,-CH,-S-CH-CH,-CgH4-SOsNa. This make us thinking that the weak

points of grafted copolymers are the bonds betwe#ymeric chain and grafted phenol or
amine, as shown in Scheme 2:
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Crosslinked membranes (P3-c and P4-c) have the danmmposition temperature than non
crosslinked one P2, but at equivalent temperatuwestnked membranes (P3-c and P4-c)
have lost more weight than non crosslinked ondriRized, at 400 °C P3-c and P4-c have lost
30.6 and 38.6 wt.%, respectively, whereas P2 lastel8.3 %. Hence, crosslinking improves
the insolubility in water of phenate sulfonate-ggdf membranes, but it decreases the thermal
stability of the same membranes. So, the highentbke% of grafting or crosslinking agent,
the lower the thermal stability.

To compare the thermal stability of phenate sulfergaafted and telomer-grafted
copolymers, it was shown that both grafted copelyraxhibit the same decomosition
temperature (200° C), nevertheless amine-graftgmblgmer (A, in Figure 2) loose less
weight at a same temperature than phenate-graftedR2,01, Figure 2). This result was also
found in the bibliographic part 1.3.6. Indeed, @04°C, poly(VDF-co-HFP) copolymer
grafted by 5 mol. % of NEHCH,-CH,-S-CH-CH»-CgH4-SOsNa) lost 14.8 wt.%, whereas P2
lost 18.3 wt. %.

5. Conclusion

The study of grafting in solution of 4-hydroxybenesulfonic acid onto poly(VDF-co-HFP)
copolymers was only possible by the use of didemgthylammonium bromide which
activated that grafting. But it exhibited low m&% of grafted agent. Moreover these
percentages are lower than those of grafted-8H,-CH,-S-CH-CH,-C¢H4-SO;Na telomer.
As expected, those low mol. grafted percentageg ¢@w ion exchange capacities ranging
from 0.27 to 0.61 meqg/g. The conductivities measuwsgth direct or alternate currents are
similar to those obtained with the grafted teloroeto the same copolymer. But one result

seems to be encouraging: the copolymer grafted Svithmol % of phenol (determined biy
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NMR spectroscopy) exhibited a proton conductiaty(assessed from direct current and gold
electrodes) of 0.0011 S/cm that is only 10 timesvelo than Nafiol conductivity.
Nevertheless, Nafiohis still the reference as membrane endowed witigka conductivity.
Moreover these membrane have a good thermal syaibdcause they only start to decompose
at 200°C, but compared to the telomer-grafted copets, phenate sulfonate seems slightly

less thermostable.
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CONCLUSION GENERALE

Conclusion générale

L'objectif de ce travail était d’élaborer de nolige membranes échangeuses de
protons pour piles a combustible de type PEMFC ™MFD, par modification chimique de
copolymeéres poly(VDF-co-HFP) commerciaux.
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Une étude bibliographique approfondie sur les2déiites voies de modification de ces
copolyméres a montré que les amines et les phégtdent deux agents particulierement
efficaces et ne nécessitaient pas de conditionicpiigres comme dans le cas de la
réticulation par les systémes de type peroxydallflisocyanurate (impliquant la présence
d’'un termonomeére bromé ou iodé€), ou dans le cas rddmtions qui nécessitent un

appareillage particulier).

La premiére partie de notre étude a consisté anxnmemprendre le mécanisme de
greffage des diamines et des monoamines (alipretiqu contenant un cycle aromatique), et
a étudier leurs propriétés mécaniques, chimiquiéseemiques. Nous avons alors pu montrer
comment la réaction de réticulation d’'une diamitiphatique permettait d’améliorer les
propriétés thermiques (températures de transitiveuse et de décomposition), mécaniques
(modules de perte et d’amortissement) et chimigfimesolubilité dans HCI et solvants
organiques, et taux de gonflement). L'étude derétmjue de greffage d’amines contenant un
cycle aromatique a montré I'importance du bras esyaentre ce cycle et le groupement
amino. Enfin, le greffage d'une amine sur des cgpekes poly(VDF-co-HFP) et sur un
cotélomere fluoré a montré clairement les sité$épentiels d’addition de cette amine et a

permis de proposer un mécanisme de greffage eapést

Apres ces difféerentes étapes qui nous ont semhbiéopliales pour les études
suivantes de greffage d’agents permettant d’apptetepropriétés d’échanges protoniques,
nous avons synthétisé avec succeés, une amine annten cycle aromatique sulfoné, et un
bras espaceur suffisamment long pour assurer [iodad’addition ou de greffage. Nous
avons ensuite optimisé les conditions de greffagecette amine sur des copolymeres
poly(VDF-co-HFP) et évalué les propriétés thermgjee électrochimiques. Il en est ressorti
gue de telles membranes possédaient des thernibétaldt des capacités d’échanges
ioniques tout a fait convenables pour une appboaten pile a combustible, mais
malheureusement les conductivités protoniques nediep faibles. I semblerait alors
opportun de s’intéresser a l'organisation microgpep des groupements D dans la
matrice de polymére fluoré, pour déterminer laldgaiét la morphologie des canaux
transportant les ions 'Het comprendre pourquoi de telles capacités diégdm ioniques
n’engendrent pas de plus grandes conductivitépli® en dopant ces membranes avec des

phosphates on pourrait augmenter leurs condudivité
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Finalement, au vu des faibles conductivités ol#sren greffant une amine sulfonée,
nous avons choisi de greffer un autre type d’age¥ectif commercial) dont la chaine est
beaucoup plus courte: le phénate sulfoné. La enlzoréaction de greffage a été réalisée avec
succes bien que les quantités de phénate grefédtsbia 10 fois plus faibles que celles
observées dans le cas des amines. Ce résultabliettaix de greffage a engendré de faibles
capacités d'échanges ioniques et de faibles comwitést En effet, les valeurs de
conductivités restent 10 fois inférieures a cekleld Nafiolf, mesurées dans les mémes
conditions. Toutefois, ces membranes présentent tdesanostabilités satisfaisantes et
identiques a celles des copolymeres greffés aaaaife sulfonée, et des taux de gonflement
du méme ordre que ceux de la membrane N&fiorais jusqu’a 10 foiplus faibles que ceux
des membranes élaborées a partir de 'amine s@fddés résultats, méme si préliminaires,
semblent donc encourageants, et montrent une éomus qu’il est nécessaire de s’intéresser
a l'organisation des canaux d€ B l'intérieur des membranes. Malheureusement, raicu

courbe de polarisation et de puissance n'a puéalessée a cause des faibles conductivités.

De maniere générale, il semble essentiel d’étudienicrostructure et I'organisation
des membranes obtenues a partir de I'amine ou dengvd sulfonés, grace a une
caractérisation des membranes par diffusion densayoaux petits angles. De plus, il faut
s’assurer que les solutions préparées pour élalEwenembranes conviennent (pureté, mise

en forme adaptée en jouant sur la nature des fsdelitsolvants).

Une derniere classe d’agents greffant les copalgsm@oly(VDF-co-HFP) pourrait
étre étudiée : ce sont les thiols. En effet, urectién de télomérisation similaire a celle
aboutissant a I'amine contenant un cycle aromatiguikoné (Chapitre 5) pourrait étre
effectuée avec le styrene sulfoné en présence dithiol. Le thiol sulfoné obtenu pourrait
alors étre greffé, via une réaction ionique (qunrm® un meilleur rendement que la voie

radicalaire) sur des copolymeres poly(VDF-HFP) gdstmment déshydrofluorés.
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Les piles a combustible a électrolyte membranaitdisent actuellement une
membrane perfluorée sulfonée commercialisée panBupa membrane Nafioh L’objectif
de cette thése consiste a préparer des membrar@gel par modification chimique de
copolyméres poly(VDF-co-HFP) commerciaux. De paur$ remarquables propriétés, ces
copolyméres greffés par des amines semblent étescellents candidats pour cette
application. Une premiérétude a consisté a réticuler par une diamine dligpina de tels
copolyméres conduisant a de bonnes propriétés itpeesy chimiques et mécaniques. L'étude
du greffage damines contenant un cycle aromatig@aniline, benzylamine,
phénylpropylamine) a permis d’'une part d'identifles sites de greffage des amines, mais
également d’étudier la cinétique de greffage detmas amines et d’évaluer l'influence de
divers parametres expérimentaux. Finalement, lierice du bras espaceur entre le cycle
aromatique et le groupe amino, sur la cinétiquegidfage a montré I'intérét d’avoir au
moins deux groupements méthylénés. L'étude suivemeernant la déshydrofluoration puis
l'addition de phényléthylamine sur une molécule &ledfluorée a permis de mieux
comprendre le mécanisme de greffage des aminedesucopolymeres poly(VDF-co-HFP).
Une amine originale contenant un cycle aromatiquéforsé a été synthétisée par
télomérisation du styréne sulfoné avec un mercagtmmme agent de transfert. Apres
modification, cette amine originale a été greffée des copolymeres poly(VDF-co-HFP)
commerciaux. Les propriétés des membranes obtesmun¢sonvenables pour une application
comme électrolyte pour PAC, méme si la conductipitétonique reste faible. Finalement,
nous avons étudié le greffage d’'un phénol sulfamédes copolymeres poly(VDF-co-HFP)
commerciaux et avons montré des propriétés equitedea celles de copolymeres greffé par
| ‘amine, avec des taux de gonflements a l'eau [fdilsles et plus proches de ceux de la
membrane Nafion

Mots-clés :pile & combustible, copolymere poly(VDF-co-HFP),imen phénolate, greffage,
réticulation, conductivité protonique, caractéiimatspectroscopique, propriétés thermiques.

Abstract

Proton exchange membrane fuel cells requires actrelgte membrane that is a
perfluoro sulfonated polymer marketed by Dupontarrttie Nafiof tradename. Poly(VDF-
co-HFP) copolymers grafted by amines exhibit poé¢miroperties that allow them to be
suitable candidates for fuel cell applications. Tdmesslinking of such copolymers by an
aliphatic diamine led to materials endowed with dydbermal, chemical and mechanical
properties. The study of grafting of poly(VDF-co+P)Fcopolymers by aromatic containing-
amines (aniline, benzylamine, phenylpropylamingpted to identify the sites of grafting
of these amines, but also to investigate the kisetf grafting and to assess the influence of
temperature and the molar % of HFP in the copolyrRarally, the influence of the spacer
between aromatic ring and amino group on the lkisedf grafting showed that with more
than two methylene groups, the kinetics was fa3teen, the study of the dehydrofluorination
and the addition of phenylethylamine onto a fluatéd model molecule permitted to well-
understand the mechanism of grafting of aminesoAginal amine comprising a sulfonated
aromatic ring was synthesized by telomerizationsoffonated styrene with a mercapto
transfer agent. After modification, this amine wgsafted onto commercially available
poly(VDF-co-HFP) copolymer. Properties were assessel membranes seemed to exhibit
suitable properties for electrolyte applicationREMFC, although the proton conductivity
was still low compared to that of NafionFinally, the grafting of a sulfonated phenateoont
poly(VDF-co-HFP) copolymers was carried out; it \sled similar properties as amine grafted
copolymers with a lower water up take, close ta didafiort.
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Keywords fuel cells, DMFC, PEMFC, poly(VDF-co-HFP) copolgns, amine, phenate,
grafting, crosslinking, protonic conductivity, NMéharacterization, thermal properties.
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