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Introduction Générale

Les polyméres fluorés (polymeéres contenant au moins un atome de fluor sur la chaine
principale) constituent une classe de polyméres a part. En effet, les propriétés de ces
polymeéres, mais aussi la réactivité particuliére des monomeres fluorés qui les composent les
distinguent des autres classes de polymeéres. Ces polymeres fluorés sont trés versatiles : ils
peuvent étre thermoplastiques, ¢lastomeres, plastomeéres ou élastomeres-thermoplastiques.
Selon leur composition et les procédés utilis€és pour leur synthése, ces polymeéres ont une
structure semi-cristalline ou bien totalement amorphe. La présence de fluor, élément peu
polarisable, mais fortement ¢électronégatif et responsable des liaisons carbone-fluor tres
stables confére a ces polymeres leurs remarquables propriétés. Les propriétés les plus
intéressantes sont 1) une résistance aux attaques chimiques, biologiques et thermiques
quasiment sans rivaux, 2) de faibles constantes di¢lectriques, une faible inflammabilité, un
faible indice de réfraction, et une faible perméabilité au gaz. Les propriétés de surface des
polymeres fluorés sont également singuli€res, ils sont a la fois hydrophobes et lipophobes. De
plus, certains d’entre eux comme le PVDF, par exemple, sont électroactifs (ferroélectriques
ou piézoélectriques). En revanche, les polymeéres fluorés présentent un certain nombre
d’inconvénients. Ils sont souvent trés cristallins et donc peu solubles dans la plupart des
solvants usuels et difficiles a mettre en forme en raison de leur haute température de fusion.

Enfin, ’absence de groupements réactifs les rend difficiles a réticuler.

Grace a cette versatilité et a ces propriétés originales, les polymeres fluorés ont trouvé de
nombreuses applications dans les peintures et vernis, 1’¢lectronique (revétement de cables,
super condensateurs,...), les industries chimiques et pétrolicres, 1’aéronautique (joint
d’étanchéité et élastoméres haute performance), I’automobile et I’espace. Dans le domaine de
I’énergie, ces polyméres font aussi 1’objet d’intenses recherches pour la fabrication de
membranes de piles a combustibles, de cellules photovoltaiques et de batteries lithium-ion.
Pour de nombreuses applications, les polymeres fluorés représentent indéniablement la
solution la plus performante. Ces polyméres de niche sont incontournables dans de

nombreuses applications industrielles de haute valeur ajoutée. (Figure 0-1)
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Faible indice de réfraction ——» Fibre optique & Revétements

Faible énergie de surface ——>» Lubrifiant

Protection des textiles, papier, bois,

Super hydro- et oleophobicit¢ —> verre, pierre, métal

Haute résistance chimique, thermique,

N ——> Revétements de protection |
et en environnement oxydant .

Faible tension de surface ——» Surfactants & Agents ignifugeant

Stabilité électrochimique ——— Batteries Liion & Piles a combustible

Isolation —> Fils et cables industriels

Figure 0-1: Fxemples d’applications des polymeéres fluorés

Toutefois, en dépit de leurs propriétés singulieres et des applications industrielles que celles-ci
permettent, les polymeres fluorés n’ont pas encore attiré tout I’intérét qui leur est di de la part
de la communauté scientifique. Ainsi, jusqu'a présent et dans leur grande majorité, les
polymeres fluorés sont préparés par polymérisation radicalaire. Les exemples de polymeres
fluorés a architectures bien contrdlées sont rares. A notre connaissance, la télomérisation des
monomeéres fluorés et 'ITP (Iodine Transfer Polymerization) sont les seuls procédés bien
étudiés. Ces techniques permettent, certes la synthese d’architectures polymeres intéressantes,
mais elles souffrent de deux inconvénients majeurs : 1) Elles ne permettent pas d’accéder a
des polymeres de hautes masses molaires, et 2) les indices de polymolécularité sont rarement
inférieurs a 1,5-1,8. En conséquence, les études physiques de ségrégation de phases en films
ou en masse, ou bien celles qui portent sur I’autoassemblage des polymeéres fluorés en
solution ont été trés peu signalés. Il demeure donc un vaste champ de recherche pratiquement

vierge.

L’objectif de cette thése vise a saisir cette opportunité scientifique via le développement de
nouvelles voies de syntheses dédiées a la préparation de nouvelles architectures bien définies
a base de PVDF. Le comportement de ces copolymeéres semi-cristallins sera ensuite étudié par

différents auto-assemblage en solution
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Nous avons focalisé notre attention sur deux axes principaux:

1¥ axe: L’établissement d’une méthode permettant d’obtenir des PVDFs architecturés

fonctionnels bien définis (Chapitres I — IV)

2eme axe : I’étude de la nanostructuration de copolymeéres de PVDF via 1’auto-assemblage en

solution. (Chapitres V-VI)

Cette thése a été réalisée au sein de I’équipe IAM de I’Institut Charles Gerhardt de
Montpellier (ICGM) qui posséde une grande expertise dans le domaine des polymeres fluorés
ainsi que dans les méthodes de polymérisations radicalaires contrélées. Des collaborations ont
¢galement ¢ét¢ menées avec le Professeur Rinaldo Poli du Laboratoire de Chimie de
Coordination (Toulouse), le Professeur Masami Kamigaito de I’Université de Nagoya et le

Professeur Gilles Silly de I’Université de Montpellier.

Ce mémoire de these est divisé en six parties. Le premier chapitre propose par I’intermédiaire
d’une revue exhaustive, un état de ’art des copolymeres fluorés ((méth)acrylates, styrénes,
perfluoropolyéthers...) utilisés en auto-assemblage en solution, ainsi que les différentes
méthodes de synthése utilisées. Cette premicre partie permet de faire le bilan sur les
différentes morphologies observées en auto-assemblage de copolyméres fluorés et met en
avant le clair décalage entre les polymeéres fluorés de type acrylate et les polymeres issus

d’oléfines fluorées.

Le deuxieme chapitre de ce mémoire est consacré a I’étude de la polymérisation radicalaire
controlée du VDF par la méthode RAFT. Ce chapitre est subdivisé en trois parties distinctes :
(i) une premicre partie démontre le potentiel des agents de transferts de type xanthate pour
controler de maniere convenable la polymérisation du VDF (ii) dans la deuxiéme partie, une
caractérisation profonde par RMN a été effectuée sur un PVDF synthétis¢ par RAFT pour
analyser de manicre optimale la microstructure et conforter les suggestions émises dans le
premicre partie du chapitre (iii)) la derniere partie fait le point sur les limites de la
polymeérisation du VDF par RAFT et examine en details le controle, la fonctionnalité et le

mécanisme de la polymérisation RAFT du VDF.

Le troisieme chapitre de ce mémoire est dédié a la préparation de macromonomeres a base de
PVDF par I’utilisation de la chimie des thiols, accessible via les extrémités de chaines RAFT.
Cette étude a permis d’établir un protocole en une étape, facile et efficace, pour préparer des

macromonomeres de PVDF de type méthacrylate.
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Le quatriéme chapitre traite de la synthése et de la caractérisation de copolymeéres diblocs a
base de PVDF. Dans un premier temps, la synthése par RAFT séquentielle du VDF et VAc
donnant un copolymere dibloc de type PVDF-b-PVAc est présentée. Puis, dans un deuxiéme
temps, une partiec est consacrée a la préparation de dibloc PEVE-H-PVDF aliant RAFT
cationique des éthers vinyliques et RAFT radicalaire du VDF.

Dans le cinquieme chapitre de ce mémoire, les unités acétates de vinyle du copolymere dibloc
PVDF-b-PVAc susmentionné ont été saponifiées en milieu basique pour conduire a un
copolymere amphiphile de type PVDF-b6-PVA, comportant un segment PVA hydrosoluble.

Ce copolymeére a ensuité été caractérisé et auto-assemblé dans 1’eau.

Enfin, dans I'ultime partie de ce mémoire, nous nous sommes consacrés a la polymérisation
en dispersion RAFT du VDF en présence de macro agents RAFT de type PVAc. Cette
polymérisation a induit un autoassemblage de copolymeéres diblocs PVAc-b-PDVF en

structures cristallines de type rose des sables et anis étoilé.
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Introduction Chapitre I

A Dinstar des tensioactifs, les diblocs amphiphiles, lorsqu’ils sont dispersés dans un solvant
sélectif pour 1’'un des blocs, s’auto-assemblent de fagon a minimiser les interactions du bloc
insoluble avec le solvant. Généralement, les morphologies que les diblocs adoptent en
solution dépendent de trois principales contributions a 1’énergie libre du systéme: 1)
1’¢longation des chaines non solubles au sein du noyau des structures, 2) 1’énergie interfaciale,
et 3) la répulsion entre les chaines solubles qui composent la couronne solvatée. Ces
interactions se traduisent par une courbure a 1’échelle moléculaire qui détermine la
morphologie de 1’auto-assemblage. Les micelles sphériques, cylindriques et vésicules ne sont
que quelques exemples parmi les nombreuses morphologies possibles pour les diblocs
amphiphiles (micelles sphériques de Janus, micelles « hamburger » a compartiments, micelles
cylindriques a branches, bicouche en forme de pieuvre, toroides,...). Cette diversité
morphologique résulte de la grande wvariété architecturale des copolymeres a blocs
amphiphiles ainsi que des nombreuses interactions potentielles supplémentaires entre les
groupements fonctionnels portés par les différents blocs. Il existe en outre une différence
majeure entre les systémes de tensioactifs et les systémes constitués de copolymeres a blocs
amphiphiles : ces derniers ne sont pas ergodiques. Dans le cas des polymeéres a blocs et
contrairement aux tensioactifs, il n’y a aucun échange de constituants entre les structures
formées. Les chaines polymeéres constitutives d’une micelle A ne sont pas transférées a une
autre micelle B a 1’échelle de temps expérimental. Ces structures polyméres sont donc des
structures figées par la cinétique plutot que des produits thermodynamiques. Ceci implique
que les structures obtenues dépendent non seulement de la nature des polymeres constitutifs
mais aussi de la méthode utilisée pour les obtenir. En définitive, il est possible d’obtenir des
morphologies différentes a partir d’un méme copolymere selon la méthode de préparation

choisie

Ce chapitre relate sous la forme d’une revue, I’ensemble des auto-assemblages de
copolymeres fluorés qui a pu €tre rapporté dans la littérature au cours des 20 derni¢res années.
Une majeure partie de ce chapitre rapporte ’utilisation de copolymeres de méthacrylate, de
styréne et de perfluoropolyéther (pour n’en nommer que quelques uns), qui ont suscité un
intérét tout particulier. Les auto-assemblages fournissant des morphologies originales telles
que des micelles multicompartiments ou des micelles stimulables ont été spécialement

appronfondies.
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Synthesis and Self-Assembly of amphiphilic fluorinated copolymers

Marc Guerre,* Gerald Lopez,* Bruno Ameduri,” Vincent Ladmiral®*

Institut Charles Gerhardt, Ingénierie et Architectures Macromoléculaires, UMR 5253 —
CNRS, UM, ENSCM - Ecole Nationale Supérieure de Chimie de Montpellier, 8 rue de
I’Ecole Normale, 34296 Montpellier, France

*Corresponding author: vincent.ladmiral@enscm. fr

I. Introduction

Recent years have seen a continuous increase of interest in the development of nanoscale
technologies dedicated to the production and control of the self-assembly of nano-objects into
organized patterns.!'*! The self-association of copolymers, was particularly investigated

through solution-based processes,

which under particular conditions, can form
sophisticated morphologies such as spheres, cylinders, bilayer sheets and vesicles
(polymersomes)[7'9] for example. The morphologies of self-assembled structures depends
mainly on the molecular and structural characteristics of the polymeric building blocks, such
as composition, number of segments, segment lengths, block sequence, interactions between
the blocks, or architecture. The self-assembled morphologies are also largely affected by the
solution self-assembly conditions!'®'! (assembly methods, solvent mixtures): external stimuli
(e.g., , pH, salt concentration, temperature, light irradiation), or other polymer characteristics

such as crystallinity,!'*"*) donor-acceptor interactions,!'*"!

H-bonds...). The resulting
assemblies are often kinetically trapped and stable because of the inability of the system to
thermodynamically equilibrate. This implies that one polymer can potentially produce
different (meta)stable morphologies of various topological complexity depending on the path
taken to effect the self-assembly. Multicompartment micelles are a representative example of
complex morphologies that can be formed by self-assembly of block copolymers. The concept
of multicompartment micelles which originated from blood proteins such as serum albumin
(which provides circulatory transport for diverse and often sparingly soluble compounds) has
attracted much interest in the last two decades. Multicompartiment micelles comprise water-
soluble stabilizing shells and subdivided hydrophobic cores which can potentially
simultaneously accommodate two or more incompatible drugs. This kind of nanoparticle
possesses potential applications in biomedicine, pharmacy, and biotechnology.!'®!"]
Multicompartment micelles can be obtained by self-assembly of a wide variety of

macromolecular architectures such as linear multiblock terpolymers,'® multiarmed or
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%) or hyperbranched copolymers. The first multicompartment

miktoarm star copolymers,
micelles reported were formed from assemblies of statistical and block copolymers based on
hydrogenated and fluorinated monomers.*” Fluorous materials and specifically fluorinated
copolymers have recently attracted intense interest in solution self-assembly. The
incompatibility between the fluorinated and nonfluorinated segments promotes a strong phase
segregation in these systems. In turn, this phase segregation leads to an impressive
morphological varietis and facilitate the formation of separate hydrophobic, fluorophilic and
hydrophilic compartments. Stimuli-responsive polymer assemblies (or so called smart
polymers) are another category of very interesting polymeric objects promised to a wide range

(21221 I response to a suitable stimulus (often temperature, pH or

of potential applications.
light), polymer nanoobjects can can undergo different changes, including (i) disassembly into
individual polymer chains (ii) expansion/shrinking caused by swelling/ deswelling of the
solvophobic core polymer, or extension/collapse of the stabilizing corona, or (iii)
transformation into other morphologies, such as spherical and worm-like micelles for example
in the case of polymersomes. Recently, several groups used the synthetic block copolymers to

. . 23-24
prepare CO;- and O;- responsive vesicles.|

]COZ can reversibly react with amine, amidine
or carboxyl groups and fluorinated copolymers are known for their high affinity for
oxygen.” Such CO,- and O,- responsive nanoobjects changes may find applications in

biology and biomedicine.

This review sorted by monomer and polymer class, presents a comprehensive report of the
self-assembly in solution of fluorinated copolymers. Specific attention has been paid to

multicompartment morphologies and stimuli responsive morphologies.
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I1. Self-Assembly Methods

The self-assembled morphologies of amphiphilic copolymers are strongly affected by the
experimental conditions used for their preparation. For the sake of clarity, the most usual
preparation methods are briefly described below and will be called by their number in the

subsequent sections of the review.

Method 1: Direct dissolution

The polymer is slowly added into a solvent specific to one of the block (such as water for

instance) under vigorous stirring.

Method 2: Addition to a bad solvent

A solution of the polymer in a good solvent is added to a bad solvent for one of the

component of the polymer under vigorous stirring and studied as is without modification.

Method 3: Addition to a bad solvent and removal of the good solvent by evaporation

[distillation
Identical as Method 2, but the good solvent is eliminated by evaporation/distillation.

Method 4: Addition to a bad solvent and removal of the good solvent by dialysis

Identical as Method 2, but the good solvent is eliminated by dialysis.

Method 5: Bad solvent addition + removal of the good solvent by evaporation/distillation

Bad solvent is added to a solution of the polymer under vigorous stirring and the good solvent

is removed by evaporation/distillation.

Method 6: Bad solvent addition + removal of the good solvent by dialysis

Identical as Method 5, but the good solvent is eliminated by dialysis.

Method 7: Dialysis

A solution of the polymer in a good solvent is dialyzed against a bad solvent.
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III. Self-Assemblies of Poly (Fluorinated (meth)acrylate)-based

Copolymers

I11.1 Conventional Self-Assembly

Poly(fluorinated (meth)acrylate) copolymers possess unique properties such as low surface
energies, low friction coefficients, and high insolubility in conventional solvents. Since
reversible-deactivation radical polymerization (RDRP) is among the most rapidly developing
areas of chemistry and polymer science, a large number of well-defined block copolymers
(BCPs) based on fluorinated (meth)acrylates have been synthesized. However, the self-
assemblies of fluorinated poly(meth)acrylate BCPs have been relatively understudied
compared to their fully hydrogenated analogs. At the beginning of the century, fluorinated
block copolymers and especially triphlic copolymers (amphiphilic copolymers comprising of
a hydrophilic segment and two hydrophobic yet mutually incompatible segments which
generate a local microphase-separation.) have have attracted much interest. These copolymers
possess the exceptional ability to form multicompartment micelles with hydrophobic,
fluorophilic and hydrophilic separated domains. These unusual morphologies, which favor the
independent uptake and release of different (and potentially incompatible) compounds, are

thought to be promising for drug delivery and controlled release strategies.

This section deals with the self-assembly of fluorinated methacrylates-based diblock and
hyperbranched copolymers. It is organized by families of fluorinated methacrylates with
increasing number of fluorine atoms (Scheme I-1). One should bear in mind that
poly(fluorinated (meth)acrylates) can be amorphous or crystalline depending on the length of
their fluoroalkyl side chains. This charateristic can impact the structure of the self-assemblies
(e.g. polyfluoroalkyl acrylates bearing perfluorinated side chains longer than 6 carbons are

usually semi-crystalline and are very hydrophobicity).”*’*"
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Scheme I-1: Structure of self-assembled fluorinated (meth)acrylates

II1.1.1 2-Fluoroethyl methacrylate 2FEMA)

In 2011, Hong ef al.*” reported the self-assembly of linear triblock terpolymers PnBMA-b-
PMMA-b-P2FEMA synthesized by RAFT polymerization. The copolymers were self-
assembled using Method 2 in a 1:3 v:v mixture of THF (good solvent) and methanol (bad
solvent). The PnBMA 5-b-PMMA 139-b-P2FEMA 5, triblock formed well-defined and
uniform spherical aggregates, as observed by SEM (Figure I-1).

Figure I-1: SEM images of micellar aggregates formed by self-assembly of PnBMA 162-b-PMMA159-b-
P2FEMAzs50in THF/methanol (1:3 v:v) mixture. Reproduced with the permission from ref.[30]. Copyright
2011 Wiley.
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I11.1.2 2,2,2-Trifluoroethyl methacrylate (TriFEMA)
II1.1.2.1 Diblock copolymers

In 2014, Zhang et al'" reported the self-assembly of PMMA-b-PTriFEMA diblock
copolymer synthesized by RAFT polymerization. To induce the self-assembly, the block
copolymer was dissolved in THF (good solvent for both PMMA and PTriFEMA) and 20 wt.
% of water (bad solvent for both blocks) was slowly added. This strategy led to the

precipitation of the copolymer into large aggregates (> pm).

The same year, Giacomelli er al."® reported the one-pot sequential RAFT polymerization
synthesis of block copolymers consisting of TriFEMA and OEG(M)A. These copolymers
chains undergo self-assembly into well-defined sub-100 nm spherical particles using Method

1 or Method 6.

Zhu et al®® prepared CO,- and O,-responsive polymer nanoaggregates consisting of a
hydrophilic PEG block, a CO--responsive hydrophobic PDMAEMA and O:-responsive
PTriFEMA block copolymers. The PEGys-b-PDMAEMA gg-b-TriFEMAyj triblock copolymer
was synthesized by ATRP in 2 steps and self-assembled in water into vesicular
nanoaggregates using Method 4 (Figure 1-2). When treated with CO,, the vesicular
morphology transformed into objects of smaller size, to accommodate the increased
interfacial free energy. When treated with O,, the vesicular morphology was preserved, but its
volume expanded. This phenomenon was attributed to the intermolecular interaction between

O, and PTriFEMA that slightly improved water solubility of the hydrophobic block.

0, responsive COresponsive

)\40 )\¢° CuBriPMDETA /=0
f + o o

oL 0\ PEG-Br, Toluene, 60 C
CFy PLN N—
|

(TAFEMA) (DEA) NN = OncfN

Figure I-2: Figure X. Synthetic routes of CO»- and O:-sensitive copolymers. Schematic representations and
TEM pictures of COz- and Oz-driven self-assemblies in water of PEG45-b-PDMAEMAsgs-b-TriFEMA 43 triblock
copolymers. Adapted with the permission from ref. [26]. Copyright 2014 ACS.
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II1.1.2.2 Triblock copolymers

In 2012, Whittaker et al.”* reported the effect of solvent on the self-assembly of PAAsy-b-
P(nBAjo-co-TriFEA||5) and PAAs»-b-P(nBAjsg-co-TriFEMAo3). The triblock copolymers
were initially dissolved in acetone or DMF and subsequently analyzed by TEM. Then, the
copolymers solutions were dialyzed against DI water and characterized by TEM. In pure
DMF, large and diffuse aggregates were observed, while in acetone, cylindrical structures
were formed, consistent with predictions based on the relative polymer-solvent interaction
parameters. Upon addition of water, both systems formed cylindrical micelles. The same
group®¥ also reported multifunctional hyperbranched polymers containing iodine and fluorine

atoms for applications as MRI contrast agents and bimodal imaging agents.
I11.1.2.3 Gradient copolymers

In 2013, Wang et al” reported the RAFT synthesis and self-assembly of PAA-grad-
PTriFEMA gradient copolymers. The copolymers were self-assembled in different THF:water
and dioxane:water solvent mixtures. The authors claimed that the copolymers self-assembled
in selective solvents to form crew-cut micelles with different ordered structures and that the
micellar morphology was significantly affected by the types of solvents and the water
concentration in the solvent binary mixtures. These conclusions are solely supported by TEM

pictures.
II1.1.2.4 Graft copolymers

Xu et al.”® reported the self-assembly of bottlebrush polymers with PTriFEMA side chains
and polynorbornene (PNB) backbones, synthesized via sequential ARTP and ROMP. PNB;;-
g-PTFEMA,; graft copolymer was self-assembled in EtOAc using method 1 and formed near-
spherical particles with a diameter of ca. 10 nm, corresponding to the morphology of a single
unimer. When the L/D ratio increased to 2.5 (with L standing for the backbone length and D
the side chain diameter), the bottlebrush polymer adopted an elongated shape. Upon further
increasing of the L/D ratio to 10, large “spherical” particles with a diameter of ca. 25 nm were

observed by TEM suggesting that the backbone was partly coiled.
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II1.1.2.5 Hyperbranched copolymers

Wooley et al.”” synthesized hyperbranched-star amphiphilic fluoropolymers with a core-shell
morphology. The hyperbranched core was synthesized in 2 steps. Then poly(TriFEMA-co-
tert-BA) of various compositions were “grafted” from the core affording 120-140 kDa
amphiphilic fluorinated hyperbranched-star polymers. These hyperbranched structures were
self-assembled into 20 nm polymer micelles, which presented interesting properties for

applications in '°F MRI.
111.1.3 2,2,3,4,4,4-Hexafluorobutyl methacrylate (HexFBMA)

I11.1.3.1 Diblock copolymers

Mya et al.®®

reported the synthesis and self-assembly in water of PHexFBMA-based block
copolymers prepared by sequential RAFT polymerization of HexFBMA and PPGA.
PHexFBMA 45-b-PPGA33 diblock copolymer was self-assembled in water via Method 3. DLS
and SLS analyses revealed the presence of large micellar aggregates (50 nm of diameter) with

an aggregation number of 40, in good agreement with TEM images (Figure I-3).

Figure I-3: TEM micrographs of packed structure of PHexFBMA 145-b-PPGA33 diblock copolymer self-
assembled in water. Reproduced with the permission from ref. [38]. Copyright 2010 ACS.

I11.1.3.2 Triblock copolymers

Zhao et al.™*). reported the synthesis and self-assembly behavior of PHexFBMA-b-PMMA-b-
PMPS triblock copolymer prepared by sequential ATRP of HexFBMA, MMA, and MPS.
Upon direct dissolution (Method 1), PHexFBMA sg-b-PMMA3,3-b-PMPS,45 triblock
copolymer self-assembled into spherical micelles in THF, into half-spherical layered micelles

in CHCl;, and into multicore micelles in MEK.
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In 2014, Feng et al.'*” pioneered the synthesis and self-assembly of CO,-switchable multi-
compartment micelles (MCMs) prepared from a linear ABC triblock copolymer synthesized
by RAFT polymerization and composed of a PHexFBMA block, a hydrophilic block of PEO
and a COsj-responsive block of PDMAEMA. The (PEG3-b-PHexFBMA 0-b-
PDMAEMA;,) triblock copolymer was self-assembled using method 7 and analyzed by
TEM. Before CO, treatment, the assemblies appeared as spherical aggregates composed of a
light core and a dark outer shell, with only little phase segregation in the core. After treatment
with CO,, the aggregates showed clear segregated microdomains typical of MCMs. Different
phase-segregated morphologies such as “hamburgers” (1 in Figure I-4b), “reverse
hamburgers” (2 in Figure 1-4b), “clovers” (3 in Figure I-4b), “soccer ball” (4 in Figure
I-4b) and more complicated structures (5 in Figure I-4b) were formed. These phase-

segregated morphologies could be switched “on” and “off” by treatment with CO, and N,, via

protonation and deprotonation of the tertiary amine groups of the PDMAEMA block.

Figure [-4:TEM images of PEG113-b-PHexFBMA110-b-PDMAEMA ;2 triblock copolymer self-assemblies in
water. (a) before bubbling CO;, (b) after bubbling CO;, and (c) after CO;removal by N>bubbling.
Reproduced with the permission from ref. [40]. Copyright 2014 RSC.

The same authors reported*!!

PEG-b-PHexFBMA-b-PDMAEMA triblock copolymer employing method 1. An evolution

the preparation of worm-like micelles (WLMs) from the same

from spherical micelles to short rods, then cylinders, and finally worm-like micelles was
observed when the water volume ratio increased from 0 to 50% in a water/ethanol binary
solvent mixture (Figure I-5). It was shown that higher polymer concentrations favored the
formation of WLMs, while the length of PDMAEMA block has less impact. The gradually
tighter packed arrangement of fluorinated block driven by accumulated interfacial energy may
account for the morphological transformation and for the stabilization of the WLMs under

CO, stimulus even under ultrasonic treatment.
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Figure I-5: Phase diagram of the PEG113-b-PHexFBMA110-b-PDMAEMA::. triblock copolymer in
water/ethanol mixed solvent as a function of volume ratio of water and polymer concentration.
Reproduced with the permission from ref. [41]. Copyright 2015 ACS.

In 2016, the same group group reported the synthesis and self-assembly of a series of PEG-b-
PHexFBMA-b-PDMAEMA triblock copolymers.*?) The resulting morphologies were
spherical for most polymers even under treatment with CO,. Only nanostructures formed from
triblock copolymers of specific and narrow HexFBMA content range (0.34 < fyexrsma < 0.38)

were able to transition from spherical micelles to MCMs after action of CO,; (Figure I-6).
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Figure I-6: Ternary phase diagram for PEG-b-PHexFBMA-b-PDMAEMA triblock copolymers in an aqueous
solution as a function of composition. fo, fr and fz are the volume fractions of the O (PEG), F (PHexFBMA)
and E (PDMAEMA) blocks. Reproduced with the permission from ref. [42]. Copyright 2016 RSC.

II1.1.3.3 Graft copolymers

In 2009, Xu et al."**! described the synthesis, self-assembly and encapsulation properties of a
series of amphiphilic graft copolymers PHexFBMA-g-PSPEG comprising PHexFBMA
backbones and PEG side chains. Three solutions of self-assembled nanostructures (c= 0.18

g/L, 0.24 ¢g/L, and 0.3 g/L) were prepared by Method 1. TEM micrographs showed spherical
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micellar morphologies in all cases. After bovine serum albumine solution addition, the
morphologies evolved from spherical to worm-like (0.18 g/L), vesicle-like (0.24, 0.30 g/L)

structures.

In 2016, Pang et al.™* reported the preparation of well-defined thermoresponsive block-graft
copolymers PHexFBMA-b-(PGMA-g-PNIPAM) by ATRP and CuAAC click chemistry. The
copolymers were self-assembled using Method 5 and TEM images showed stable spherical
nanoparticles with a diameter of about 30—40 nm at 20 °C. Larger and more irregular particles
appeared at higher temperatures due to the phase transition of the thermo-sensitive PNIPAM

segments.
111.1.4 2,2,3,3,4,4,4-Heptafluorobutyl (meth)acrylate (HepFBMA)
I11.1.4.1 Diblock copolymers

Luo et al'™! reported the synthesis and self-assembly of PS-b-PHeptFBMA diblock
copolymers synthesized by ATRP. The block copolymers were self-assembled in THF/EtOAc
binary mixture using Method 2. TEM images suggested transitions from spheres to vesicles

with increasing fraction of EtOAc in the solvent mixture.

In 2015, Singha et al 1! reported the synthesis of PPEGMA ¢-b-PHepFBA39 diblock
copolymer and their self-assembly in water using method 1. TEM pictures revealed spherical
micelles morphologies. This diblock copolymer was successfully used as surf-RAFT agent
(i.e. surfactant and macro-RAFT agent) for the miniemulsion polymerization of styrene. The
same authors reported the synthesis and self-assembly of PMMA s5-b-PHepFBA 5, block
copolymers.””! These diblock copolymers were self-assembled via Method 2 in MEK:THF
binary mixtures. The authors claimed that the self-assembled morphologies evolved
depending on the THF:MEK volume ratio from stacked lamellar-like morphologies
(THF:MEK = 5:0), to individual lamella rolled-up into nanotubes (THF:MEK = 3:2), worm-
like morphologies (THF:MEK = 1:4), and finally spherical micelles (THF:MEK = 0:5).

II1.1.4.2 Triblock copolymers

In 2011, Laschewsky and Berlepsch et al. 48] studied the self-organization of an amphiphilic
ABC triblock copolymer synthesized by sequential RAFT polymerizations of hydrophilic
oligo(ethylene oxide) monomethyl ether acrylate (A), lipophilic benzyl acrylate (B), and
fluorophilic HepFBA (C). ABC, ACB, and BAC triblock were prepared. These triphlic
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copolymers were self-assembled in water using method 5 and characterized by DLS and cryo-
TEM. Multiple morphologies were identified: core-shell-corona micelles, spherical micelles
with “sickle” fluorocarbon domains at the external interface of the core, bispherical micelles,
“soccer ball” morphologies, micelles with “capsule” of fluorocarbon domains inside the core,

micelles with “cell” morphologies, and vesicles (Figure 1-7).

Figure I-7: “Soccer ball” morphologies observed by cryo-TEM images of a 0.5 wt. % solution of PBzA4s-b-
POEGA40-b-PHepFBA3g in water: (a) as prepared at ambient temperature, and (b) after annealing for 2
weeks at 75 °C (scale bars: 50 nm). Reproduced with the permission from ref. [48]. Copyright 2011 ACS.

The authors showed that the lengths of the individual blocks in the copolymers as well as the
block sequences strongly influenced the self-assembled morphologies. Moreover, annealing
also had a significant effect. Selective solubilization of substantial quantities of hydrocarbon
and fluorocarbon low molar mass compounds by the lipophilic and fluorophilic block,

respectively, was demonstrated.

In 2013, Luo et al.™™ reported the preparation of spherical aggregates of a non-amphiphilic
fluoro-silicone triblock copolymers (PDMS-b-PMMA-b-PHepFBMA) which was used to

stabilize gold nanoparticles.

II1.1.4.3 Gradient copolymers

15% also synthesized a fluorinated amphiphilic gradient copolymers

The same year, Luo ef a
poly(AA-grad-HepFBMA) by semi-batch ATRP followed by acid hydrolysis. The copolymer
was self-assembled in THF:water binary mixture using Method 2. TEM pictures showed a
rich variety of morphologies including crew-cut micelles, pearl chain, dimple-shaped
structures, flute-shaped structures, and layered structures depending on the water content in
the solvent mixture. Unusual morphologies such as cubic or circle particles were also

observed upon varying the polymer concentration.
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I11.1.5 2,2,3,3,4,4,5,5-Octafluoropentyl methacrylate (OFPMA)
III.1.5.1 Triblock copolymers

Ni et alP" studied the self-assembly behavior of fluorinated and double-hydrophilic
MePEGc-b-PDMAEMA-b-POFPMA triblock copolymers synthesized via oxyanion-initiated
polymerization. Triblock copolymers were self-assembled using Method 1 at pH =7.
Spherical morphologies were mainly observed, but a transition from sphere to rod
morphologies occurred upon decreasing the lengths of the MePEG and PDMAEMA blocks.
In 2016, Ni and He et al.’* also studied the self-assembly behavior of PIB-5-PDMAEMA-b-
POFPMA and PS-b-PDMAEMA-b-POFPMA triblock copolymers. It was demonstrated that
the flexible PIB block strongly influenced the nature of the self-assembled morphologies,
which evolved from spherical multicompartment micelles to fiber-like aggregates, to
nanotubules, and finally to rod-like aggregates upon increase of the polymer concentration.
Conversely, the rigid PS-based system self-assembled into multicompartment micelles,
hamburger-like structures and flowerlike nanoparticles (Figure I-8).

NN
PIB-b-PDMAEMA-b-POFPMA PS-b-PDMAEMA-b-POFPMA

o;
%’as

Flower-like
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Sphere Hamburger

Figure I-8: Schematic illustration and TEM images of the numerous hierarchical assemblies formed from
PIB-b-PDMAEMA-b-POFPMA and PS-b-PDMAEMA-b-POFPMA triblock terpolymers. Reproduced with the
permission from ref. [52]. Copyright 2016 RSC.

II1.1.5.2 Pentablock copolymers

Ni et al™ also reported the synthesis and self-assembly of fluorinated amphiphilic
pentablock copolymers POFPMA-b-PEOyo-b-PPOgs-b-PEO,0p-POFPMA using Methods 1
and 3. Method 1 led to well-ordered frozen micelles. As expected, Method 3 resulted in more
sophisticated morphologies such as multicompartment micelles or vesicles depending on the

length of the fluorinated block.
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II1.1.5.3 Hyperbranched copolymers

In 2007, Ni e al.®" pioneered the synthesis (via oxyanion-initiated polymerization) and self-
assembly of fluorinated hyperbranched star-block copolymers composed of hyperbranched
poly[3-ethyl-3-(hydroxymethyl)oxetane] as a core, and PDMAEMA and POFPMA as the
constituting blocks of the arms. Using Method 1 in acidic aqueous solution, all the
copolymers self-organized into simple multicompartment micelles. In a (1:2, v:v) DMF:water
binary mixture at pH 3, HP-DMAEMA0-b-POFPMA 0 copolymer self-assembled into well-
dispersed multicompartment micelles, while surprisingly, HP-DMAEMAs-b-POFPMA 10

copolymer formed nanofibers with thread-like morphologies.
I11.1.6 3,3,4,4,5,5,6,6,6-Nonafluorohexyl methacrylate (NFHMA)
II1.1.6.1 Diblock copolymer

In 2004, Matsumoto et al.® reported the synthesis and self-assembly of well-defined
PMANa-b-PNFHMA amphiphilic diblock copolymers. Using Method 1, these copolymers
formed micelles in aqueous solution. DLS, SAXS and SANS analyses revealed that PMANa-
b-PNFHMA diblock copolymers formed larger micelles than their nonfluorinated analogs.
The authors also demonstrated the fluorophilicity of PMANa-b-PNFHMA diblock

copolymers by selective solubilization of fluorinated low molar mass compounds.
II1.1.6.2 Graft copolymer

In 2014, Wang et al.® reported the aqueous self-assembly using Method 3 of mPEG-b-PCL-
g-PNFHMA terpolymers synthesized by ROP and ATRP. Due to the incompatibility of PCL
and PNFHMA, well-segregated Janus-cores were formed. These findings demonstrate that the
architecture of each hydrophobic segment can play a significant role in the formation of

specific compartmentalized structures.
I11.1.7 1H,1H,2H,2H-Perfluorooctyl methacrylate (THFOMA)

In 2003, Busse et all’” described the self-association properties of di- and triblock
copolymers synthesized by ATRP, containing PEO as the hydrophilic blocks and PTHFOMA
as the hydrophobic blocks. The block copolymers were self-assembled in water using Method
1 and were analyzed by DLS and TEM. DLS revealed the existence of different types of
aggregates in solution, including single chains, micelles, and large clusters. Surprisingly, only

large clusters were detected in the case of the triblock copolymers. In addition, depending on
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the initial concentration, single micelles, fibrous networks, and irregular morphologies were

revealed by TEM.

In 2004, Lim et al.®® reported the synthesis of diblock and statistical copolymers from
OEGMA and THFOMA prepared by ATRP and their self-assembly using Method 1 in water
and chloroform. In water, micelles were observed by DLS and TEM. In chloroform,
POEGMAg 51-b-PTHFOMA oy~ formed worm-like micelles while POEGMA;j 4-b-
PTHFOMA gk self-assembled into large aggregates.

Sawamoto et al.®” reported multipode self-folding copolymers via the thermoresponsive
intramolecular self-assembly of PEG-methacrylate and THFOMA random copolymers in
water, DMF, and 2HPFP. The random copolymers were efficiently obtained by ruthenium-
catalyzed living radical copolymerization. They displayed various self-folding structures and

local association.
I11.1.8 1H,1H,-Perfluorooctyl methacrylate (DHFOMA)

In 2008, Lim et al!® reported the self-assembly of diblock copolymers consisting of a
hydrophilic PEO block and a hydrophobic PDHFOMA block. After direct dissolution in
chloroform, PDHFOMA-b-PEO diblock copolymers solutions were spin-cast at room
temperature. This procedure resulted in the formation of well-ordered spherical morphologies

with average diameter of 12-26 nm observed by TEM.
I11.1.9 Dodecafluoroheptyl methacrylate (FDPMA)
I11.1.9.1 Diblock copolymer

In 2008, Liu et al.'® reported the synthesis and self-assembly of PAA-b-PFDPMA diblock
copolymers synthesized by RAFT polymerization. These amphiphilic block copolymers were
self-assembled using Method 6 with 2-butanone as the good solvent, water:methanol as binary
mixtures as bad solvent (then 2-butanone and methanol was remove by dialysis versus water).
As revealed by TEM, the morphologies varied from spheres, rods, and vesicles depending on
the intitial water fraction of the water/methanol binary mixtures (Figure I-9). The addition of
fluorinated hydrophobic homopolymers turned the spheres, rods, and vesicles into larger

spheres.
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Figure I-9: TEM pictures of the PAA-b-PFDPMA diblock copolymers: Weight fraction before dialysis
against water, (4) 84 wt. % 2-butanone and 16 wt. % water/methanol, (B) 62 wt.% 2-butanone and 38
wt. % water/methanol, (C) 50 wt.% 2-butanone and 50 wt. % water/methanol. Reproduced with the
permission from ref. [61]. Copyright 2008 Wiley.

In 2012, He and Zhao er al'®” studied the self-assembly of PMMA-b-PEDPMA diblock
copolymers synthesized by ATRP. These diblock copolymers were self-assembled using
method 1 in CHCl;, THF and trifluorotoluene (TFT). In CHCIl;, acom-shape particles were
observed with a bright and dark color arising from the PMMA and the PFDPMA blocks,
respectively. In THF, the TEM pictures showed spherical particles with dark centers and
lighter edges. In TFT, the aggregates were constituted of homogeneous unimers due to the

good solubility of both PMMA and PFDPMA in this solvent (Figure I-10).
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Figure I-10: TEM pictures of PMMA-b-PDPMA diblock copolymers in CHCIs (a), THF (b), and TFT (c)
solutions. Reproduced with the permission from ref. [62]. Copyright 2012 RSC.

I11.1.9.2 Hybrid copolymer

In 2015, He et al.'®! described the synthesis and self-assembly of polyhedral oligomeric
silsesquioxanes-tethered (POSS) fluorinated linear-shaped (ap-POSS-PMMA-b-PFDPMA)
and star-shaped (s-POSS-PMMA-b-PFDPMA) diblock copolymers. The two topological

diblock copolymers were self-assembled in THF via Method 1 and characterized by TEM.
Both s-POSS-PMMA-b-PFDPMA and ap-POSS-PMMA-b-PFDPMA self-organized into

200 nm core/shell micelles with a 70-80 nm shell thickness. The specific morphology of the
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micelles was confirmed by elemental mapping and element distribution of the core/shell

structures of s-POSS-PMMA-b-PFDPMA.

I11.1.9.3 Multiblock copolymer

In 2013, Tuo er al!® demonstrated that a multiblock structure, synthesized using
tetraphenylethane-based polyurethane (PUMI) as macroiniferter for the free-radical
polymerization of FDPMA, can self-assemble into various nanostructures during the course of
the polymerization. The incompatibility of FDPMA and PUMI leads to the significant
decrease of the solubility of PUMI in DMF with the addition of FDPMA monomer, and
drives the formation of multicore particles. This morphology can evolve into disk-like

structure and form a perfect array, while the tiny particles can reassemble into nanofibers.
I11.1.10 1H,1H,2H,2H-Perfluorodecyl (meth)acrylate (FD(M)A)
II1.1.10.1 Diblock copolymers

Imae et all® investigated the direct self-organization of PMMA-b-PFDMA diblock
copolymers in acetonitrile and chloroform.Spherical aggregates were observed by cryo-TEM
in both solvents. The same authors also investigated the self-organization of PMAA-b-
PFDMA and PtBMA-b-PFDMA diblock copolymers in solution. The size of the polymer
micelles increases, as the degree of dissociation of the PMAA blocks increases. Since the
charged PMAA block adopts a more stretched structure, PMAA-b-PFDMA can easily form
large micelles due to the low steric hindrance of PMAA blocks. Addition of NaCl screened
electrostatic repulsions in the PMAA chains and induced the formation of smaller micelles.
The micelles of PMAA-b-PFDMA in ethanol were larger than those of Pt BMA-b-PFDMA in
the same solvent. The micelle of PMAA-b-PFDMA in water possessed a rather thick shell and
a large volume per molecule, consistent with the extended hydrated PMAA chain. In contrast,
the shell of the PtBMA-H6-PFDMA micelle in ethanol is thin but has a large surface area
(Figure I-11).
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Figure I-11: Schematic representations of PMAA-b-PFDMA and PtBMA-b-PFDMA self-assembled
aggregates. Adapted with the permission from ref. [65]. Copyright 2004 Elsevier.

I11.1.10.2 Triblock copolymers

In 2009, Laschewsky’s and Berlepsch’s group!® reported the RAFT polymerization synthesis
of linear amphiphilic diblock and triblock copolymers, from a PEO macromolecular chain
transfer agent, butyl- or 2-ethylhexyl acrylate, and FDMA. The self-assembly was performed
using Method 5 at room temperature and at 70 °C. In both cases, the polymers tended to form
micellar aggregates, which appeared stable over a long period of time. However, fluorinated
nanodomains in the cores of the micelles were not observed.The authors suggested the
formation of domains that were too small to be resolved. The same authors!®” reported the
synthesis and aqueous self-assembly of PEHA 12-b-POEGAs-b-FDA4 triblock copolymer.
The self-assembly protocol followed method 5. This triblock copolymer self-assembled into
multicompartment micelles both at room temperature andat 70 °C. At 70°C, the micelles were
less polydisperse. Such triblock copolymer with two incompatible hydrophobic blocks
(POEGA and PFDA) readily form multicompartment micellar aggregates that were

characterized in details with powerful imaging techniques (Figure 1-12).

Figure I-12: Cryo-TEM micrographs of PEHA120-b-POEGAso-b-FDAso triblock copolymer self-assembled in
water. Reproduced with the permission from ref. [67]. Copyright RSC 2009.
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In 2010, the same authors'®® explored the self-assembled morphologies of a series of
POEGA-b-PFDA, POEGA-b-PBA-b-PFDA and PEHA-b-POEGA-b-PFDA  block
copolymers. The blocks copolymers were self-assembled in water using Method 3 and
Method 6. Whereas only spherical aggregates without phase segregation were observed for
the POEGA-b-PFDA diblock copolymer, unprecedented multicompartment morphologies,
such as “patched double micelle” and larger “soccer ball” structures were identified for

POEGA-b-PBA-b-PFDA and PEHA-b-POEGA-b-PFDA triblock copolymers.

In 2012, Liu et al 1% reported four triblock copolymers PAAgs-b-PCOEMAs4-b-PFDMA 46,
PAA20-b-PCOEMA 1¢9-b-PFDMA ,, PtBA4s-b-PCOEMA54-b-PFDMA 6, PtBA 0-b-
PCOEMA po-b-PFDMA,,., and their self-assemblies. Using Method 1, PAAgs-b-PCOEMA s4-
b-PFDMA 6, PAA»)-b-PCOEMA po-b-PFDMA;,, and PtBAgs-b-PCOEMAs4-b-PFDMA |6
triblock copolymers formed cylindrical micelles at room temperature in TFT/MeOH binary
mixtures with frrr = 44%, 30%, and 10 vol %. PAA¢s-b-PCOEMA 54-b-PFDMA 15, PAA-b-
PCOEMA pp-b-PFDMA,; also self-assembled into cylindrical micelles in either TFT/EtOH or
TFT/iPOH at frpr= 44 vol %. The only exception was PtBA,0-b-PCOEMA yp-b-PFDMA,,,
which had the lowest FDMA weight fraction and the highest soluble block weight fraction
among the four triblock copolymers studied. PtBA-b-PCOEMA ¢o-b-PFDMA,, formed
cylindrical micelles in TFT/MeOH at frpr = 10 vol %, but a mixture of cylindrical and
spherical micelles at frpr= 30% and 44 vol %. The micelles all possessed an PFDMA core, a
PCOEMA shell, and a PAA or PtBA corona. TEM images indicated that the PFDMA chains
in the core-forming block were almost fully stretched and that the PCOEMA shell chains in
the PAA/PCOEMA/PFDMA cylindrical micelles were radially compressed relatively to their
undisturbed dimensions. The authors suggested that it probably arise from the fluorinated-

block-driven micellization, which yielded cylinders with abnormal shell thicknesses.

The same authors!”’

I also reported the preparation of a triblock terpolymer PEO-ONB-
PFDMA-b6-PCOEMA for application in coatings. PEO is water-soluble, PCOEMA is photo-
cross-linkable, PFDMA has low surface tension, and ONB denotes a photocleavable o-
nitrobenzyl unit at the junction of the PEO and PFDMA blocks. The copolymer was self-
assembled in water via Method 2. The resulting dispersions were aero-sprayed, and the
coating was analyzed by TEM and AFM. TEM images of the aerosprayed micelles seemed to
exhibit a bimodal distribution of spherical aggregates. The smaller particles had average AFM
and TEM diameters of 31 = 5 and 18 + 4 nm, respectively, while the larger particles had AFM

and TEM diameters of 47 = 7 and 33 £ 6 nm, respectively.
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Finally, they reported’!! the preparation of micellar aggregates with shapes resembling
quadrilaterals, triangles, and eyes morphologies from an ABC triblock terpolymer containing
PAA, PCOEMA, and PFDMA blocks. The polygonal micelle aggregates were produced via
recrystallization in TFT/MeOH mixture with frpr = 10 vol % (Figure 1-13).

500 nm

l.;:imular Racket-shaped Eye-shaped Triangular Quadrilateral

Figure I-13: (a-c) TEM images and (d-e) AFM images of PAAss-b-PCEMAs4+-b-PFDMA;6 micellar aggregates
prepared at 1.0 mg/mL in TFT/MeOH at frrr = 10 vol %. (f) Schematic structures and representative TEM
images for toroid, racket-shaped, and some polygonal micellar aggregates. Reproduced with the
permission from ref. [71]. Copyright 2013 ACS.

II1.1.11 Perfluoroalkyl ethyl methylacrylate (FEMA)
III.1.11.1 Diblock copolymers

In 2014, Li et al."® reported PIMMA-co-MAA)-b-PFEMA diblock copolymers synthesized
by RAFT polymerization and self-assembled in water via method 3. The triphilic copolymers
(hydrophilic, lipophilic, and fluorophilic due to MAA, MMA, and FEMA units, respectively)
displayed nanostructures, which changed from spheres and short worms to wormlike
structures, to tapered worms, and finally to nail-shaped structures, as the water content
increased from 10, 20, 40 to 80 vol %. The micelle morphologies evolved upon the addition
of water due to the increase of the interfacial tension between the core-forming block and the

solvent (Figure I-14).
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Figure I-14: TEM pictures of P(MMA-co-MAA)-b-PFMA micelles evolution with the addition of water: (4)
WC-10%, (B) WC-20%;, (C) WC-40% and (D) WC-80 vol % (WC stands for water content). Reproduced
with the permission from ref. [72]. Copyright 2014 RSC.

I11.1.12 Iodotetrafluorophenoxy methacrylate (IFPMA)

In 2015, Taylor er al.”* described an attractive method based on non-covalent halogen
bonding interactions as the driving force for the solution self-assembly of fluorinated
copolymers. First, a PEG-b-PDMAEMA acceptor diblock copolymer was synthesized by
ATRP, then PEG-b-PIFPMA diblock copolymers donors were prepared by RAFT (PIFPMA
stands for poly(iodotetrafluorophenoxy methacrylate)). When a block copolymer donor was
combined with a block copolymer bearing halogen-bond-accepting amine groups, higher-
order structures were obtained in both organic solvents and water. TEM, DLS, and NMR data
are consistent with structures having cores composed of the interacting halogen-bond-donor

and acceptor segments.
II1.1.13 Mixture of Monomers

Lim et al" reported the preparation of amphiphilic semifluorinated block copolymers
composed of PDMAEMA as the hydrophilic block and PDHFOMA or PTHFOMA block as
the fluorophilic block. After direct dissolution in water and chloroform, the micellar
characteristics of the copolymers were investigated by quasi-elastic light scattering and TEM.
The size and morphologies of the micelles were greatly influenced by the copolymer
composition, the pH, and the temperature. In addition, the formation of water-in-carbon
dioxide (W/C) microemulsions were studied and the block copolymer showed an excellent

ability to stabilize W/C microemulsions.

In 2014, Niu et al. studied the self-assembly and surface behavior of a linear fluorosilicone

pentablocks synthesized via two-step ATRP using a bifunctional poly(dimethylsiloxane)
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macro-initiator, followed by a chain extension with PMMA and polymers of various
fluorinated methacrylates such as TriFEMA, HexFBMA, OFPMA, and FDMA. Due to the
excellent surface properties of PFDMA-b-PMMA-b-PDMS-b-PMMA-b-PFDMA pentablock
copolymer, the effect of CHCls;, THF, TFT and CHCI;—TFT solvents on the self-assembly and
surface properties were investigated by DLS and TEM. The analyses showed that this
pentablock copolymer self-assembled into pure micelles in TFT solution, in a mixture of
micelles and unimers in CHCl; and CHCL:—TFT solution, while it was completely dissolved

in THF.

Rodionov et al.l’® briefly studied a number of fluorinated amphiphilic star block-copolymers
starting from a tris(benzyltriazolylmethyl)amine, and composed of diblocks of
polypentafluorostyrene (PPFS), PHepFBA, or PTHFOA and hydrophilic POEGSt or
POEGMA. Spherical aggregates with diameters ranging between 20 and 50 nm were the main
type of assemblies for PFS-, HepFBA- and THFOA-based copolymers. However, increasing
the weight fraction of the PHepFBA fluorinated block in the copolymer led to more complex
morphologies. For instance, (PHepFBA-b-POEGSt:)s star block copolymer, which contains
67 wt.% of the fluorinated monomer, self-assembled into well-defined vesicles (unilamellar

and multilamellar) (Figure I-15).

s

Figure I-15: Cryo-TEM images of (PHepFBAzo-b-POEGSt,)s vesicular structures (unilamellar and
multilamellar). Reproduced with the permission from ref. [76]. Copyright 2014 RSC.

I11.2 Polymerization-Induced Self-Assembly

Polymerization-Induced Self-Assembly (PISA) strategy has emerged as a very powerful
technique to prepare self-assembled polymer aggregates with controlled and defined
morphologies at high solids contents and with high reproducibility.””’®! Typically, under
PISA process, a solvophilic polymer precursor dissolved in a solvent is extended with a

solvophobic polymer. As the polymerization proceeds, the chain extension leads to an
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“amphiphilic”  block copolymer that self-assembles into self-stabilized nano-objects. When
combined to RAFT techniques (to name the most commonly used RDRP techniques in PISA),
it allows the formation of sophisticated morphologies such as worm-like micelles and
vesicles, and so one. So far, most PISA protocols have used RAFT polymerization in

dispersion or in emulsion .
I11.2.1 Alkyl Perfluorinated (meth)acrylate

In 2008, Thurecht and Howdle!™! pioneered the use of fluorinated macro-RAFT agent to the
surfactant-free for the polymerization of MMA in ScCO,. A PDHFOMA macro-CTA was
synthesized by RAFT and chain extended with PMMA. The polymerization exhibited
exceptionally good control in dispersion polymerization conditions and resulted in well-

defined core-shell spherical 1-5 pm particles.

A few years later, Armes™” and coworkers reported the morphological transition of PMAA-b-
PBzMA block copolymers self-assembled nanostructures upon chain extension of the diblock

with poly(TriFEMA) in alcoholic dispersion. (Figure 1-16)

Figure I-16: Representative TEM images obtained for a) PMAA 7o- b-PBzMA 100- b-PTFEMA 100, (b) PMAA 70-b-
PBzMA zoo-b-P TFEMA 200, ( C ) PMAA 7o-b-PBZMA 7g-b-P TFEMA 223, ( d ) PMAA 7g-b-PBZMA 191 -b-PTFEMA 605 ( e )
PMAA7p-b-PBzMA243-b-PTFEMAso,; (f) PMAA 70-b-PBzMA273-b-PTFEMAs. Reproduced with the permission

from ref. [80]. Copyright 2014 RSC.
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A series of PMAA -/-PBzMA diblock copolymer nanoparticles formed by RAFT alcoholic
dispersion polymerization of BzZMA using a PMAA macro-CTA were synthesized. Chain
extension reactions were then carried out in the presence of TriFEMA. These seeded PISA
protocols resulted in remarkable morphological transitions. For example, as the TriFEMA
polymerization proceeded, the copolymer self-assembled nanostructures evolved from worm-
like micelles to spheres to worms again and ultimately to vesicles. When PMAA7,-b-
PBzMA,-b-PTriFEMA, triblock of various compositions were prepared, surprising
morphologies like bilayer-type flat patches (Figure I-16b) or flat bilayer patches with multiple

worm loops were observed (Figure I-16d).

The same group'®! achieved the first polymerization induced self-assembly of TriFEMA in
ethanol. First a range of PMMA and PDMAEMA macro-CTAs were synthesized by RAFT
and extended with PTriFEMA. TEM images indicated that well-defined spherical
nanoparticles were obtained when using either the PMAA7, or the PDMAEMAy4 macro-
CTAs. In contrast, using a shorter PDMAEMA 43 macro-CTA led to the formation of spheres
which evolved into worms and polydisperse vesicles with TriFEMA conversion. This
evolution of the self-assembled morphologies is caused by the gradual reduction in the
molecular curvature of the growing copolymer chains. In addition, spherical nanoparticles
were also prepared using anionic PMAA7 and cationic PDMAEMA,; macro-CTAs and
targeting somewhat shorter DPs for the core-forming PTriFEMA block.

The same year, Li ‘s group™™ reported a similar PISA process using a PMAA macro-CTA
and PTriFEMA as the core-forming fluorinated polymer. They observed the same evolution

from spheres, to worms and vesicles as the polymerization of TriFEMA proceeds.

Recently, Detrembleur’s group!®!

used the PISA process in water for the preparation of
transparent superhydrophobic coatings. Hydrophilic PMAA macro-CTA was synthesized, and
chain-extendedwith poly(n-butyl acrylate). In a third step, FDMA and n-butyl acrylate were
successfully copolymerized in the presence of the PMAA-b-PBA macroCTA to produce
stable fluorinated particles. The synthesis of PMAA-H-PFDMA diblock copolymer by PISA
without intermediate PBuA block was also attempted. This led to a mixture of PMAA-b-PBA
and PFDMA. The PMAA-b-PBA-b-P(BA-co-FDMA) micelles (33 nm in diameter revealed

by DLS and TEM) solutions were successfully spin-coated onto several substrates and

produced after further treatment superhydrophobic transparent coatings.
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In 2015, Ma’s group™®! reported the ab initio emulsifier-free emulsion copolymerization of
a mixture of monomers (2-(Acryloyloxy)ethyl)trimethylammonium chloride, Styrene, Butyl
Acrylate, HexFBMA, Stearyl Acrylate) using a quaternized PDMAEMA-b-PHexFBA as
macro-CTA. The authors claimed with little evidence the successful copolymerization of the
monomer mixture and the efficient chain extension of the PDMAEMA-b-PHexFBA macro-
CTA. The same group'® reported the formation in ethanol of stabilized spherical particles
synthesized by PISA wusing PAA as the hydrophilic block and PHexFBMA as the
fluorophilic/hydrophobic block. TEM and DLS investigations showed spherical core-shell
latex particles composed of PAA-b-PHexFBA block copolymers. The size of these latex

particles tended to increase with increasing pH.

In a another study, Armes and coworkers’®! investigated by SAXS, the effective particle
density, steric stabilizer layer thickness as well as the volume-average number of a series of

PGMA,-b-PTFEMA, nanoparticles synthesized by PISA.
I11.2.2 Pentafluorophenyl (meth)acrylates

Perfluorinated alkyl methacrylates have been the most studied fluorinated monomer in PISA
process to date. The Lowe group reported two articles dealing with the PISA of

pentafluorophenyl methacrylates.

In 2014, they reported®™ the preparation of fluorinated polymethacrylate copolymer via
RAFT dispersion polymerization in ethanol of 3-phenylpropyl methacrylate (PPMA) in
presence of 3 fluorinated macro-CTAs: (Scheme 1-2). All PISA yielded soft matter aggregates
presenting the usual morphologies: spherical micelles, worms and vesicles. The
pentafluorophenyl segment was further chemically modified by a thiosugar in the presence of
an organobase. In the case of the poly[(DMAEMA;;-co-tBAFPEMA,)-b-PPMA 4] with TEM
indicated no change in the morphology after reaction with the thiosugar while worm-like
nanoparticles formed from poly[(DMAEMA31-co-tBAFPEMA,)-b-PPMAys] resulted into a

mixed phase of spheres and worms after glycosylation.

Following a similar methodology, the same group also reported® the preparation of other
fluorinated soft matter nanoparticles with various morphologies via RAFT-PISA. Starting
from a stearyl methacrylate (SMA) and pentafluorophenyl methacrylate (PFPMA) (up to 12
mol % PFPMA) copolymer macro-CTA of synthesized in toluene, they performed the RAFT
dispersion polymerization of 3-phenylpropyl methacrylate (PPMA) in n-octane or n-
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tetradecane. TEM images showed typical PISA morphologies such as spheres, worms and
vesicles. The reactive pentafluoro methacrylate units were then modified into acrylamide via

acyl substitution reaction with primary amine.
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Scheme I-2: PISA of pentafluorophenyl methacrylate via a combination of homogeneous RAFT with
Passerini-synthesized methacrylates (CyAFPEMA, EAFPEMA or tBAFPEMA ), RAFT dispersion
polymerization and nucleophilic aromatic substitution with thiols. Reproduced with the permission from
ref. [88]. Copyright 2015 RSC.

IV. Self-Assemblies of amphiphilic fluorinated styrene-based copolymers

In 2005, the aqueous self-assembly of an ABC linear triblock copolymer, poly(4-methyl-4-(4-
vinylbenzyl)morpholin-4-ium chloride)-b-polystyrene-b-poly(pentafluorophenyl 4-
vinylbenzyl ether) (PVBM-b-PS-b-PVBFP) was reported by Laschewsky et al.®” (Figure
I-17). The copolymer building blocks consist of a long cationic hydrophilic block, PVBM,
and two short consecutive hydrophobic blocks: a hydrocarbon block (PS) and a mixed
hydrocarbon/fluorocarbon block (PVBFP). PVBM-b-PS-H6-PVBFP triblock copolymer was
obtained by reaction of N-methylmorpholine with poly(vinylbenzyl chloride)-b-PS-b-PVBFP
precursor. This triblock precursor was prepared by a three-step RAFT process using benzyl
dithiobenzoate as the CTA. The triblock copolymer was dispersed in a dioxane/water binary
mixture and self-assembled using Method 7. Cryo-TEM images revealed the presence of 20—

30 nm multicompartment micelles. Their core was segregated into nanometer-sized
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compartments in which many small, fluorocarbon-rich domains coexisted with a continuous

hydrocarbon-rich region (Figure I-17).

12-15 nm

Figure I-17: Structure of PVBM-b-PS-b-PVBFP triblock copolymer, cryo-TEM images, and schematic
representation of multicompartment micelles arising from the self-assembly of PVBM-b-PS-b-PVBFP
triblock copolymer in water. The corona of the micelles is not visible. The scale bars correspond to 50 nm.
Adapted with the permission from ref. [90]. Copyright 2005 Wiley Interscience.

Taking advantage of the slow kinetics of block copolymer chains in solution and of the

2 obtained

complexation of charged blocks with multivalent counterions, Pochan et al!
complex micelles containing multiple hydrophobic blocks within the same micelle core that
can undergo local, intramicellar phase separation. The key point for choosing the different
chemistries of the two hydrophobic blocks is that the two blocks are highlyimmiscible.
Polystyrene (PS) and poly(2,3.,4,5,6-pentafluorostyrene) (PPFS) were employed as the
different, third hydrophobic blocks in the two triblock copolymers PAAgs-b-PMA 03-b-PS117
and PAAgs;-b-PMAyo-b-PPFS g, synthesized by ATRP. Equal molar amounts of these two
triblock copolymers were dissolved in pure THF. Then, 2,2'-(ethylenedioxy)diethylamine
(EDDA) was added to reach a final 1:1 molar ratio of amine and acid functional groups. The
diamines underwent complexation with the PAA blocks, thereby forming aggregates with
PAA-diamine cores. Notably, these aggregates contained both triblock copolymers. Next,
introduction of water into the THF solution up to a final ratio of THF:water = 1:2 triggered
the formation of cylindrical micelles. However, the presence of immiscible PS and PPFS in
the triblock copolymer aggregates, resulting from thePAA-diamine complexation, forced the
local co-assembly of unlike third hydrophobic blocks into the micelle cores. In addition, the
lack of chain exchange in solution that disallows global chain migration and maintains
nonequilibrated micelle structures, combined with the fact that the PAA chains in the corona
of the newly formed micelles were still complexed with diamines and were not freely mobile
within the micelle, guaranteed the stability of the mixed-core micelle. The immiscibility of the

two different hydrophobic blocks, PS and PPFS, eventually resulted in internal phase
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separation at the nanoscale, producing multicompartment micelles. Internal phase separation
is clearly indicated by the strong undulations along the cylinder surfaces and the TEM

contrast variation along the cylinders (Figure I-18).

Figure I-18: Nanostructured multicompartment cylinders. (A and B) Bright-field TEM images. Dark
regions present polypentafluorostyrene-chain rich area (G) Schematic illustration of formation of
multicompartment cylinders. Adapted with the permission from ref. [91] Copyright 2007 Science.

In 2009, Davis et al®? reported the synthesis of a pH-responsive amphiphilic block
copolymer poly(2-dimethylaminoethyl methacrylate)-b-poly(pentafluorostyrene)
(PDMAEMA-b-PPFS) using RAFT polymerization. Copolymer micelle formation, in
aqueous solution using method 1, was investigated by fluorescence spectroscopy, SLS, DLS,
and TEM. DLS and SLS measurements revealed that the diblock copolymers formed
spherical micelles with large aggregation numbers (N,g = 30) where the dense PPFS core is
surrounded by dangling PDMAEMA chains as the micelle corona. The hydrodynamic radii,
Ry, of these micelles was large, at pH 25 as the protonated PDMAEMA segments swelled the
micelle corona. Above pH 5, the PDMAEMA segments were gradually deprotonated,
resulting in a lower osmotic pressure and enhanced hydrophobicity within the micelle, thus
decreasing the R,. However, the radius of gyration (R,) remained independent of pH as the

dense PPFS cores predominated.

In 2010, Davis et al."”®! synthesized well-defined fluorinated brush-like amphiphilic diblock
copolymers of poly[poly(ethylene glycol)methyl ether methacrylate] (PPEGMA) and PPFS
by ATRP. The self-assembly behavior of these polymers in aqueous solutions using method 1
was studied by 'H NMR, fluorescence spectrometry, SLS, DLS, and TEM. The micellar
structure comprised of PPFS as the core and comb-like polymers as the coronae. The

hydrodynamic radius (Rp,) of the micelles in aqueous solution was in the nanometer range,
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independent of the polymer concentration, consistent with a closed association model.
Diblock copolymers with a longer PPEGMA block formed micelles with smaller Ry, and
lower aggregation numbers consistent with an improved solubilization of the core. The
micelles possessed a thick hydration layer as verified by the Ry/Ry ratio. The aggregation
number and Ry/Ry, ratio were observed to increase with temperature (20-50 °C), while the Ry,
of the micelle decreased slightly over the same temperature range. An increase in temperature
induced the comb-like PEG segments in the corona to dehydrate and shrink. This LCST

behavior led to theformation of micelles with larger aggregation numbers.

The same authors also reported the synthesis, micelle formation, and bulk properties of
semifluorinated amphiphilic PEG-b-PPFS-g-POSS (POSS stands for polyhedral oligomeric
silsesquioxane).”" The synthesis of PEG-b-PPFS diblock copolymer was achieved via ATRP
using a modified poly(ethylene glycol) as the macroinitiator. Subsequently, a portion of the
reactive fluorine atome on the para position of the PPFS units was replaced with
aminopropylisobutyl POSS through aromatic nucleophilic substitution reactions. The
products, PEG-b-PPFS and PEG-b-PPFS-g-POSS, were subsequently self-assembled in
aqueous solutions using method 3 to form micellar structures. The CMC of these polymer
family was found to decrease concomitantly with the number of POSS particles grafted per
copolymer chain. The Ry, of the micelles, calculated from DLS data, increase as the number of
POSS molecules grafted per copolymer chain increases. For instance, Ry, increased from ca.
60 nm for PEG-b-PPFS to ca. 80 nm for PEG-b-PPFS-g-POSS,s. The Ry/Ry, values were

consistent with a spherical particle model having a core-shell structure.

In 2010, Wooley et al' synthesized complex amphiphilic polymers via core-first
polymerization followed by alkylation-based grafting of poly(ethylene oxide) (PEO). 1-(40-
(bromomethyl)-benzyloxy)-2,3,5,6-tetrafluoro-4-vinylbenzene was synthesized and subjected
to atom transfer radical self-condensing vinyl polymerization to afford hyperbranched
fluoropolymer (HBFP) as the hydrophobic core component with a number-average molar
mass of 29 kDa and a dispersity of 2.1. The alkyl halide chain ends on the HBFP were
allowed to undergo reaction with monomethoxy-terminated poly(ethylene oxide) amine
(PEOx-NH,) to produce PEO-functionalized HBFPs of different grafting densities with
different PEO chain lengths. The amphiphilic grafted block copolymers were found to
aggregate in aqueous solution using method 6 to give 12-28 nm micelles. An increase of the
PEO:HBFP ratio, by increase in either the grafting densities or in the PEO chain lengths, led
to smaller micelle. These complex, amphiphilic (PEOy),-HBFPs were expected to find
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potential applications as nanoscopic biomedical devices, such as drug delivery vehicles and

1 . . .
’F magnetic resonance imaging agents.

Tan et al.” synthesized a series of amphiphilic copolymers by radical copolymerization of
sodium 2-acryamido-2-methylpropanesulfonate and styrene derivatives with a fluorocarbon
side chain. The aggregation behavior of the copolymer in aqueous solution using Method 1
was studied by surface tension, electrical conductivity, DLS, TEM, and fluorescence
measurements in different conditions. The results indicated that the surface activity was
dependent on the fluorocarbon groups content in the copolymer structure. The surface tension
and the CMC concentration decreased with increasing sodium chloride concentration. The
copolymers formed micelle-like aggregates and the fluorocarbon groups exhibited a strong

tendency for intermolecular association.

V. Self-Assemblies of PFPE-based Copolymers

V.1 PFPE-based miktoarm triblock copolymers

In the early 90’s, Ringsdorf stated: “polymer science is able to contribute to the simulation of
cellular processes”.”” The concept of multicompartment micelles is an important step toward
achieving this goal since it draws inspiration from naturally occurring phenomena. For
instance, biological systems such as eukaryotic cells possess subdivided domains, which
fulfill numerous different cellular functions. Similarly, multicompartment micelles may
enable the concurrent transport of incompatible molecules within their subdivided

B8] The ABC miktoarm (p-ABC) star terpolymer architecture provides a

compartments.
versatile and powerful route toward multicompartment micelles. Indeed, due to the mandatory
convergence of three blocks at a common point, the miktoarm star architecture effectively
suppresses the formation of the default core/shell/corona “onion-like” arrangement often
adopted by linear ABC triblock terpolymers. This leads to segregation of all three mutually

91 observed the

immiscible polymer chains at their point of contact. In 2004, Lodge et al.
formation in dilute aqueous solution of a previously unknown class of multicompartment
micelles from a miktoarm star polymer comprisinga water-soluble poly(ethylene oxide)
(PEO)arm and two hydrophobic immiscible components, poly(ethylethylene) (PEE) and

poly(perfluoropropylene oxide) (PFPO) (Scheme I-3).
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Scheme I-3: Structure of miktoarm u-(PEE)(PEO)(PFPO) triblock copolymers synthesized by Lodge et
alrl

These u-(PEE)(PEO)(PFPO) star triblock copolymers, abbreviated u-EOF, were prepared
using two successive anionic polymerization steps and one polymer-polymer coupling
reaction.”” First, polybutadienyllithium was end-capped by 2-methoxymethoxymethyloxirane
(MOM), resulting in the formation of a polymeric hydrocarbon containing one free hydroxyl
group and one MOM-protected hydroxyl group at the same chain-end. The corresponding
polyethylethylene (PEE-OH) was then obtained by subsequent catalytic hydrogenation. The
PEO-PEE diblock copolymer was prepared by polymerization of ethylene oxide from the
corresponding alkoxide macroinitiator (PEE-O). After removal of the MOM protecting group
located at the junction of the PEO and PEE blocks, acid chloride end-functional PFPO was
reacted with the free hydroxyl group to form well-defined p-EOF star triblock copolymers.
Different type of multicompartment micellar structures were identified in dilute aqueous
solution depending on the composition of the 4-EOF star triblock copolymers, as revealed by

cryogenic transmission electron microscopy (cryo-TEM) (Figure 1-19).1'%

wEOF (242 5) Series
wEOF(1.4-y-2 5) Seres

j-EOF(2-13-2) Series
n-EQF(2-9-7) Series

yw-EOF(2-7-5)
1-EQF (26:5)

Aars e

Figure I-19: Multicompartment micelle morphology diagram for y-EOF miktoarm star terpolymers in
dilute aqueous solution as a function of composition. fpgg, fpo, and fpepp are the volume fractions of the
PEE, PEO, and PFPO blocks, respectively. They are designated y-EOF(x-y-z), where x, y, and z represent
the E, 0, and F block molar masses, respectively, in kD. Reproduced with permission from ref [100].
Copyright 2006 American Chemical Society.
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The observed micellar structures were generally correlated with the O corona size and the
relative length of the E and F blocks. The strong incompatibility of the three polymeric
components drove the formation of segregated micelle cores even at modest molar mass. The
extreme hydrophobicity of the F block placed the system in the superstrong segregation
regime (SSSR),!'®!Y within which the interfacial tension is so large that the minority core-
forming block is essentially fully extended and the interfacial area per chain is minimized.
Upon decreasing the length of the O block, the resulting micelles evolved from “hamburger”
micelles to segmented worms and ultimately to nanostructured bilayers and vesicles. When
the F block was the minority component, segmented ribbons, Y -junctions, and networks were
preferred. When the F block became longer than the E block, a double frustration in the self-
assembly resulted in another set of novel multicompartment micelles such as raspberry-like

micelles and multicompartmentalized worms.!'*”

Solvent selectivity has also been shown to be an efficient way to reach various micellar
morphologies with miktoarm star u-EOF micellar systems. By incorporating tetrahydrofuran
(THF), a good solvent for the E block, into aqueous dispersions of a p-EOF block, the
micellar structure evolved from multi-compartment disks to core shell corona worms and
spheres and finally to mixed corona (E + O) oblate ellipsoidal micelles with increasing THF
content."'” Nevertheless, the THF/water system is not particularly suitable for biomedical

applications.

Using a u-ABC/AB blending strategy, the same authors have reported that relatively narrowly
distributed “hamburger” micelles were formed from a binary mixture of spherical micelles,
formed from EO diblock copolymers, and segmented worm-like micelles, formed from p-

(1% The morphological evolution was proposed to occur via a

EOF miktoarm star terpolymers.
collision/fusion/fission mechanism whereby the long p-EOF segmented worm-like micelles
first fused with EO spherical micelles, followed by fission, giving progressively shorter

micelles, which finally evolved into more stable hamburger-like micelles.

To date, the use of multicompartment micelles for nanotechnology applications that utilize

1051 3150

their inherent storage and release capacities remain limited. To this end, Lodge ef al.!
demonstrated the possibility to use u-EOF-based multicompartment micelles to solubilize two
distinct hydrophobic dye molecules within two separate nanosized compartments. Crucially,

these findings indicate that there is little relationship between the distinct solubilization
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efficiencies and therefore that the storage and release of two different hydrophobic payloads

simultaneously or sequentially could be realized.
V.2 PFPE-based miktobrush terpolymers

In 2016, Hillmyer et al.'° reported the aqueous self-assembly of p-A(BC), miktobrush
terpolymers. In this system, the A block is hydrophilic poly(ethylene oxide), “O”, the B
block is hydrophobic poly(methylcaprolactone), “C”, and the C block is hydrophobic and
oleophobic poly(perfluoropropylene oxide), “F” (Scheme 1-4).

HO

Scheme I-4: Structure of miktobrush \-O(CF), terpolymers synthesized by Hillmyer et al./10¢/

Briefly, three end-functionalized polymers were synthesized and combined by RAFT
copolymerizations to produce p-O(CF), miktobrush terpolymers: poly(ethylene oxide) (PEO),
“O” block (21 kDa) with a RAFT chain transfer agent (CTA) end-group; poly-
(methylcaprolactone) (PMCL), “C” macromonomer block (5.3 kDa) with a maleimide end-
group; and poly-(perfluoropropylene oxide) (PFPO), “F” macromonomer block (2.6 kDa)
with a styrene end-group. The authors examined the aqueous self-assembly of pu-O(CF),
miktobrush terpolymers using DLS and cryo-TEM. The first terpolymer investigated, p-
O(GCyF2) (feeo = 0.63, femcr = 0.28, ferpo = 0.09), at long incubation times formed hamburger
and then raspberry-like micelles, likely owing to the larger volume fraction of PEO. Within
the hamburger micelles, the PMCL chains formed “buns” around an oblate PFPO disk core,
thereby decreasing the interfacial penalty between the PFPO domain and the solvated PEO
blocks. Over time, this morphology evolved towards raspberry-like micelles with more
dispersed F domains shielded from solvated PEO by PMCL chains. These findings are
broadly consistent with previous research on p-EOF and p-EOC miktoarm star terpolymer
systems. The solution structures adopted by the pu-O(CsF,) terpolymer ( fpro = 0.57, fomer =
0.35, frrro = 0.08) were multilamellar vesicles or polymersomes with nanoscopic periodicity

within the bilayer, attributed to dispersed domains of PFPO within a matrix of PMCL.
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V.3 PFPE-based linear block copolymers

1" gynthesized a symmetric linear ABCBA pentablock copolymer consisting

Thiineman et al.!
of: (A) PEO, (B) poly(y-benzyl L-glutamate) (PBLG), and (C) a PFPE (Fluorolink® 0]

(Scheme I-5).
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Scheme I-5: Structure of the PEO-b-PBLG-b-PFPE-b-PBLG-b-PEO ABCBA pentablock copolymer
synthesized by Thiineman et al-107]

The diblock copolymer PEO-b-PBLG (Mn = 6000 g mol™) was synthesized by ring-opening
polymerization of the N-carboxy anhydride of y-benzyl-L-glutamate using an ammonium
chloride-functionalized PEO as the macroinitiator. In a second step, the PEO-b-PBLG diblock
was covalently coupled to a a,w-dicarboxyl-PFPE (DP = 30) via a carboxyl-amine reaction.
The different blocks were highly immiscible and formed two-compartment micelles of mainly
cylindrical shape in aqueous solution with lengths in the range of 100 to 200 nm and
diameters of about 24 nm. The morphology of these structures was most likely a core-shell-
corona micelle with two immiscible compartments (PFPE and oligopeptide). The PFPE
blocks formed the core of the micelles (d = 6 nm), surrounded by a ca. 2 nm thick first shell

of consisting of B-sheets of PBLG and a second 7 nm shell of PEO.

In 2006, Lodge et al."® reported the first example of a coil-coil nonionic diblock copolymer
adopting a flat disk morphology (Figure 1-20). The diblock copolymer was synthesized
through the coupling reaction of hydroxy-terminated 1,2-polybutadiene (M, = 6000 g mol™)
and acid-chloride-end-functionalized PFPE (Krytox 157-FSH, Mn = 5700 g mol™). Both
blocks were atactic, noncrystalline, and flexible (low 7g). The micellization was examined in
the polybutadiene glass forming selective solvent bis(2-ethylhexyl) phthalate. The copolymer
self-assembled into thin disk micelles, with radii ranging from 20 to 150 nm, as observed by
cryo-TEM. Small-angle X-ray scattering (SANS) measurements were effectively modeled by
a thin disk form factor and gave a core thickness of approximately 10 nm. Dynamic light
scattering (DLS) measurements gave a distribution of hydrodynamic radii that was fully
consistent with the dimensions inferred from microscopy and X-ray scattering. The adopted

morphology was clearly the result of an unusually large interfacial tension between the
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fluoropolymer and the solvated polybutadiene. The observation of flat disk micelles was at

least qualitatively consistent with expectation based on the SSSR theory.

Figure I-20: An illustration of a thin disk micelle. Reproduced with permission from ref [108]. Copyright
2006 American Chemical Society.

Lodge et al.'®"% studied the self-assemblies of two PFPE-based triblock copolymers, BOF
and FOF (Scheme I-6). First, a hydroxy-terminated poly(1,2-butadiene)-b-poly(ethylene
oxide) (BO) diblock copolymer was synthesized by two successive living anionic
polymerizations. Carboxylic acid end-capped poly(perfluoropropylene oxide) (PFPO-COOH)
was converted to the acid chloride derivative by reaction with oxalyl chloride. The BOF (1.9-
26-2.3) triblock was obtained by coupling the hydroxy end-functional PB-PEO with the acid
chloride end-functional PFPO (the numbers in brackets denote the molar masses of the three
blocks in kg mol™). FOF (2.3-23-2.3) was synthesized by reacting a,m-dihydroxy-PEO with
acid chloride end-functional PFPO.

O FC FERF

© R ik
! \];AOM .0
_ F€ F F F FF

BOF(1.9-26-2.3)
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FOF(2.3-23-2. 3)

Scheme I-6: Structures of the PFPE-based triblock copolymers synthesized by Lodge et al.l19%119] The
numbers in brackets denote the molar masses of the three blocks in kg mol.

Aqueous gels formed from this polymers at concentrations ranging from 10 to 50 wt.% were
investigated using cryogenic scanning electron microscopy (cryo-SEM) and SANS. The cryo-
SEM micrographs revealed significant differences among the morphologies of the gels
obtained, depending on the end-blocks used (Figure 1-21). The FOF copolymers formed
networks by aggregation of the end-blocks, but the PFPO blocks tended to adopt disklike or
even sheetlike structures. This was attributed to the extremely high interfacial tension of

PFPO with water, consistent with the SSSR behavior. The heterotelechelic BOF terpolymers
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adopted a quite different structure, namely an intricate bicontinuous open-cell foam, with cell
sizes of the order of 500 nm and cell walls composed of PFPO disks embedded in PB sheets.
These different network structures illustrate the potential of using end-block chemistry to

manipulate both the morphology and the physical properties of polymer gels.

Figure I-21: Schematic representations showing the dependence of network morphology on the end-
blocks. 1,2-Polybutadiene, poly(ethylene oxide), and poly(perfluoropropylene oxide) are shown in red,
blue, and green, respectively. The scale bars represent 5 nm. Adapted with permission from ref. [110].
Copyright 2010 American Chemical Society.

jgn

Qiao et a reported the synthesis of a perfluoropolyether-b-poly(z-butyl acrylate)

(PFPE300-b-PtBAsano) diblock copolymer in two steps (Scheme 1-7).
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Scheme I-7: Structure of the PFPE1g90-b-PtBAss00 diblock copolymer synthesized by Qiao et all111]

Briefly, a mono-hydroxy PFPE was reacted with 2-bromoisobutyryl bromide to form a
macroinitiator containing a terminal bromine moiety. This ATRP macroinitiator was then
used to polymerise t-butyl acrylate (fBA) to form the expected diblock copolymer. Self-
assembly of the PFPE;g00-b-PtBAgsop diblock copolymer was conducted in benzene
(goodsolvent of P/BA and bad solvent of PFPE). The copolymer was be expected to self-
assemble in such a way that the PFPE block would be shielded from the solvent by the P/BA
block. DLS analyses revealed the successful formation of 400 nm micelles with
polydispersities of ca. 0.2 -0.3. The diblock copolymer was also used to prepare honeycomb
patterned films on both planar and non-planar surfaces via the ‘Breath’ technique using a

static casting system.
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Lopez et al. reported''? the synthesis of a PEG,g-based amphiphilic triblock copolymer
containing a PFPE, central core that was synthesized by copper(I)-catalyzed alkyne—azide
cycloaddition (CuAAC) between a telechelic alkyne PFPE and a PEG-azide (Scheme 1-8).
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PEG-b-PFPE-b-PEG

Scheme I-8: Synthesis of an amphiphilic PEG2000-b-PFPE1200-b-PEG2000 triblock copolymer by copper(1)-
catalyzed alkyne-azide cycloaddition (CuAAC) between PFPE-diyne 1 and PEG-azide 2, as reported by
Lopez et all11?2]

The PEGy00-b-PFPE 200-b-PEGag00 triblock copolymer self-assembled into micelles in
aqueous solution as confirmed by DLS, DOSY-NMR, and cryo-TEM, which all
unambiguously validated the formation of 10-20 nm spherical nanoassemblies. Fluorimetry
measurements were performed, and indicated a critical micelle concentration (CMC) of 0.1

mg mL™".

In 2007, Lodge et al'''¥ synthesized two polylactide-b-poly(perfluoropropylene oxide)
(PLA5000-b-PFPOu4p00 and PLA4000-b-PFPOg00) diblock copolymers via coupling of acid
chloride end-functionalized PFPOs and hydroxy-terminated PLAs. The solubility of these
materials in ScCO, was measured using a variable-volume high-pressure cell. At a
concentration of 1 wt %, the diblock copolymers were found to be soluble at modest pressures
(<500 bar) over the temperature range of 30—65 °C. The size of the resulting micelles in
ScCO; solution was characterized by high-pressure-DLS. These measurements indicated the
formation of predominantly small, spherical micelles for PLAu4po0-b-PFPOgooo and large
aggregates with hydrodynamic radii of 100 nm for PLAsg-b-PFPOu4p00. By kinetically
trapping the aggregates in CO, through vitrification of the PLA cores, redispersing them in an
analogous PFPO selective solvent, and imaging them using TEM, the authors confirmed the

formation of block copolymer vesicles in liquid CO,.

Drops of water-in-fluorocarbon emulsions created in a drop-based microfluidic device are

employed as 3D scaffolds for in vitro translation, encapsulation, and incubation of cells.!''"
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Nonionic fluorosurfactants made of PFPEs provide long-term stability to the drops by
preventing coalescence while PEG moieties serve as a biocompatible, inert interior surface of
the water drops. The flexible design of the microfluidic device allows for the creation of drops
with easily varied diameters ranging upward from 10 pm. Therefore, the change in droplet
diameter and consequent change in the curvature, together with the soft nature of this system,
increase its potential to confer the key physical functions of native antigen-presenting cells
(APCs). Spatz et al'' developed a novel approach to form gold-nanostructured and
specifically biofunctionalized droplets of water-in-oil emulsions with the potential to serve as

3D APC surrogates (Figure 1-22).

The PFPE-b-PEG-b-PFPE triblock copolymer B (Figure I-22) was obtained using a one-step
condensation reaction between PEGggo-diol and PFPE;sg-dicarboxylic acid. PFPE-b-PEG-
Gold diblock surfactant C (Figure 1-22) was synthesized using a one-step condensation
reaction between PFPE;y-carboxylic acid and (11-mercaptoundecyl)-tetra(ethylene glycol)-
functionalized gold nanoparticles. Two different approaches were used to test how efficiently
the gold nanoparticles inside the droplets could serve as anchoring points and provide the
required chemical and biological key functions of APCs. The first approach was based on the
functionalization of the nanostructured droplets with Hise-tagged green fluorescent protein via
a nitrilotriacetic acid-thiol linker. Remarkably, more than 90% of encapsulated T cells were
found to be in contact with the inner periphery of the droplets. The second approach involved
two steps: the synthesis of gold-linked surfactants coupled to bioactive molecules and the
subsequent creation of bioactive droplets. The cells in the functionalized droplets exhibited
induced proliferation and remained viable for up to 5 days of incubation without any external

nutrition.
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Figure I-22: (A) Schematic representation of a nanostructured and specifically biofunctionalized drop of a
water-in-oil emulsion as a 3D APC analogue. Two T cells encapsulated inside the drop are shown
schematically. This schematic representation is not to scale. (B, C) Structures of the PFPE-b-PEG-b-PFPE
triblock copolymers and PFPE-b-PEG-Gold diblock surfactants, respectively. Reproduced with permission
from ref [115]. Copyright 2013 American Chemical Society.
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VI. Self-Assemblies of Amphiphilic Perfluorocyclobutyl(PFCB)-based

Copolymers

The chemistry of perfluorocyclobutyl polymers (PFCB) was developed by the Dow Chemical
Company in the early 1990s.!''! David Babb pioneered the study of of 1,2-bisaryloxy-
substituted perfluorocyclobutane (PFCB) ring containing polymers. PFCB ring-containing
polymers with various macromolecular architectures such as linear, branched, and cross-
linked are prepared by [2+2] cycloaddition of single molecules containing multiple aryl
trifluorovinyl ether groups.!"'” Typically, thermoplastic or thermosetting PFCB polymers can
be obtained by simply heating aryl trifluorovinyl ether monomers in the bulk or in solution
above 150 °C. The PFCB backbone contains equal numbers of randomly distributed cis- and
trans-1,2-disubstituted hexafluorocyclobutanes. Initially developed for aerospace and
microelectronics applications at Dow Chemical, PFCB polymers find uses as materials for
microphotonics, coatings, nanocomposite dispersing matrix, hole transport layers for light-
emitting diodes, cross-linking groups in electro-optic chromophores, and proton exchange

membrane materials for hydrogen fuel cells.!''®

Self-Assemblies of amphiphilic PFCB-based copolymers were solely investigated by the
group of Huang. In 2009, they reported for the first time the synthesis and the self-assembly
behavior of a PFCB-based block copolymer. A new PFCB-based methacrylate monomer
(TPFCBBMA) was prepared in 5 steps from 4-methylphenol (Scheme 1-9).!"") Well-defined
PTPFCBBMA-b-PEO-b-PTPFCBBMA amphiphilic triblock copolymers were synthesized by
ATRP of TPFCBBMA from telechelic PEG-based macroinitiators (Scheme I-9).

The critical micelle concentrations (CMC) of these amphiphilic ABA triblock copolymers in
aqueous media were determined by N-Phenyl-1-naphthylamine fluorescence probe technique.
The CMC were in the range of 10° g L™ but decreased upon increasing the length of the
hydrophobic PTPFCBBMA blocks. PTPFCBBMA-b-PEG-b-PTPFCBBMA  triblock
copolymers are difficult to dissolve in water due to the relative high content of hydrophobic
TPFCBBMA moieties. Therefore, method 6 was employed to prepare micelles. Micellar
morphologies were analyzed by TEM and the authors argued that spherical micelles were
formed with shorter hydrophobic block then turned into cylindrical micelles when the content
of the TPFCBBMA block length increased. Nevertheless, this statement was not supported by
the TEM images provided.
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Scheme I-9: Synthesis of PTPFCBBMA-b-PEG-b-PTPFCBBMA amphiphilic triblock copolymers as reported
by Hu and Huang et all119]

In 2010, they reported!'*"!

the synthesis (Scheme I-10) and the self-assembly of a series of
well-defined semi-fluorinated amphiphilic diblock copolymers with hydrophilic PAA and
fluorophilic PTPFCBBMA segments. ATRP of MOMA afforded well-defined PMOMA
homopolymers. PMOMA-H-PTPFCBBMA diblock copolymers were then synthesized by
ATRP of TPFCBBMA from the PMOMA-Br macroinitiators. Finally, PAA-b-PTPFCBBMA
amphiphilic diblock copolymers were obtained via the selective acid hydrolysis of the
PMOMA block. The critical micelle concentrations (CMC) of PAA-b-PTPFCBBMA diblock
copolymers in aqueous media were determined by fluorescence spectroscopy using pyrene as
the probe. The CMC values for PAA-b-PTPFCBBMA diblock copolymers were all around
107 g mL™". CMC values decreased with increasing length of fluorophilic PTPFCBBMA

segment (keeping the hydrophilic PAA block length constant).
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Scheme I-10: Synthesis of PAA-b-PTPFCBBMA amphiphilic diblock copolymers as reported by Hu and
Huang et all120]
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Method 3 was employed to trigger the self-assembly. Micellar morphologies were visualized
by TEM. Diblock copolymers with short fluorophilic PTPFCBBMA blocks aggregated into
spherical micelles and longer PTPFCBBMA blocks led to pearl-necklace-like aggregates.

The same group reported again the synthesis and the self-assembly of PAA-6-PTPFCBBMA
amphiphilic diblock copolymers the same year.!'”!! The synthetic part was slightly modified
and it was found that the size of the micelles increased with the length of the PTPFCBBMA

segment.

In 2011, they reported the synthesis and the self-assembly of a series of well-defined semi-
fluorinated amphiphilic diblock copolymers with hydrophilic PDEAEMA and fluorophilic
PTPFCBBMA segments.!'”? First, RAFT homopolymerization of TPFCBBMA was initiated
by AIBN using cumyl dithiobenzoate as the chain transfer agent. Then, PTPFCBBMA
homopolymer was used as macro-RAFT agent to mediate the RAFT polymerization of
DEAEMA. N-phenyl-1-naphthylamine was used as fluorescence probe to measure the CMC
(ca. 10° g L") of the resulting PTPFCBBMA-b-PDEAEMA diblock copolymers. Method 6
was employed to prepare micelles. The copolymers mainly aggregated into well-ordered large
spherical compound micelles (LCMs) with diameters of 400—600 nm, as shown by TEM and
DLS.

In 2014, these authors reported the synthesis and the self-assembly in organic solvents of a
series of well-defined ABA triblock copolymers constituted of PIB (A) and PBPFCBPMA
(B) segments (Scheme I-1 1)1
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Scheme I-11: Structure of PEPFCBPMA-b-PIB-b-PBPFCBPMA triblock copolymers as reported by Feng and
Huang et all122]

First, living cationic polymerization of isobutylene was performed, followed by end-capping

with 1,3-butadiene to provide a well-defined diallyl-Cl-terminated PIB. This PIB was further
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transformed into an ATRP macroinitiator Br-PIB-Br. PBPFCBPMA-b-PIB-6-PBPFCBPMA
triblock copolymers were obtained via ATRP of BPFCBPMA initiated by the difunctional Br-
PIB-Br.

The self-assembly behavior of these triblock copolymers in n-hexane, acetone, and 1,1,1-
trifluoroacetone was investigated by TEM. The results indicated that spherical LCMs with
PIB chain coronae were formed in n-hexane, whereas LCMs and bowl-shaped micelles with
PBPFCBPMA block coronae were formed in acetone and 1,1,1-trifluoroacetone, respectively

(Figure 1-23).

n-Hexane Acetone 1,1,1-Trifluoroacetone

Figure I-23 : TEM images of micelles formed by PBPFCBPMA-b-PIB-b-PBPFCBPMA triblock copolymers
self-assembled in n-hexane (left), acetone (middle), and 1,1,1-trifluoroacetone (right). Adapted with
permission from ref.[123]. Copyright 2014 RSC.

They also reported!'**!! the preparation of “sun-shaped” amphiphilic copolymers with PECB
aryl ether-based backbone and PAA lateral side chains as depicted in Figure 1-24.
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Figure [-24: Schematic representation of c-PMBTFVB-g-PMAA synthesis. Reproduced with permission
from ref. [124]. Copyright 2014 RSC.
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The self-assembly in water of these polymers was achieved using method 6 and the resulting
morphologies were characterized by TEM and DLS. In both analyses, only solid 100-120 nm

spherical micelles were observed.

In 2015, they synthesized a series of amphiphilic PFCB-based ABA triblock copolymers
PDEAEMA-b-PBTFVBP-b-PDEAEMA. A BTFVBP trifluorovinyl aryl ether monomer was
first polymerized to form a semi-fluorinated perfluorocyclobutyl aryl ether-based segment,
and end-functionalized to afford a Br-PBTFVBP-Br macroinitiator. Then, ATRP of
DEAEMA was initiated by Br-PBTFVBP-Br to lead to PDEAEMA-b-PBTFVBP-b-
PDEAEMA triblock copolymers (Scheme I-12).['%!
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Scheme I-12: Synthesis of PDEAEMA-b-PBTFVBP-b-PDEAEMA amphiphilic triblock copolymers as
reported by Lu and Huang et al[125]

As above, the CMC of the obtained amphiphilic triblock copolymers was evaluated to be
around 10° g L' and increased with increasing hydrophilic PDEAEMA segment length.

Method 6 was used to prepare micelles. Spheres were formed for PDEAEMA,;;-b-
PBTFVBP,5-b-PDEAEMA,;,, PDEAEMA6-b-PBTFVBP5-b-PDEAEMA 56, and
PDEAEMA;-b-PBTFVBP;5-b-PDEAEMA 3 copolymers, with average diameters of 169 nm,
190 nm, and 246 nm, respectively. Since the diameters of the spheres were much higher than
the lengths of the triblock copolymers, LCMs were supposed to be formed. The authors
speculated that the PBTFVBP segment formed the corona of micelles and that the core
consisted of numerous reverse micelles with islands of PBTFVBP in a continuous phase of

PDEAEMA. PDEAEMA 34-b-PBTFVBP,7-b-PDEAEMA 36 and PDEAEMA49-b-PBTFVBP,5-
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b-PDEAEMA 49 with longer PBTFVBP segments also formed LCMs with diameters ranging
from 100 nm to 250 nm (Figure I-25 B and C). Conversely, PDEAEMA ,,-b-PBTFVBP,7-b-
PDEAEMA,,, which possesses the lowest PDEAEMA/PBTFVBP ratio, self-assembled into

vesicles of 300 nm in diameter (Figure I-25A).

PDEAEMA, -b-PBTFVBP, -b-PDEAEMA,,

n-m-n n-m-n n-m-n
22-27-22 36-27-36 49-27-49

v 8 ¥

A

Initial water
content :
30 wt%

n-m-n
36-27-36

500 nm

= PDMAEMA » PBTFVBP

Initial water Initial water

content : content :
10 wt% 50 wt%

Figure I-25: TEM images of morphologies formed by three different PDEAEMA-b-PBTFVBP-b-PDEAEMA
triblock copolymers self-assembled in water when varying the initial water content. Adapted with
permission from ref. [125]. Copyright 2015 RSC.

On the basis of previous results, the authors argued that a lower repulsion between the corona

chains facilitated the formation of micelles with smaller interfacial areas.

As the initial water content was decreased from 30 wt.% to 10 wt.%, bowl shaped micelles
with a diameter of about 500 nm were formed for PDEAEMA;¢-b-PBTFVBP,;-b-
PDEAEMA;6 (Figure 1-25D). As the initial water content was increased to 50 wt.% this
copolymer self-assembled into 100 nm spherical micelles (Figure I-25E). A higher initial
content of the selective solvent for the core-forming block generally results in a shorter time
for the core-formed segment to reach its thermodynamic state by adjusting its conformation.
Hence, micelles with a larger interfacial area form in a higher initial content of water. Thus,

the diameter of micelles decreases with an increase of the initial water content.

The same year, they synthesized amphiphilic graft copolymers bearing a hydrophobic poly(2-
methyl-1,4-bistrifluorovinyloxybenzene) = (PMBTFVB)  backbone and  hydrophilic
poly(ethylene glycol) (PEG) side chains (Scheme I-13)..'**) The PMBTFVB was prepared by
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thermal step-growth cycloaddition polymerization of MBTFVB and sequential end-capping
with 4-methoxy-trifluorovinyloxybenzene. The subsequent bromination of PMBTFVB with
N-bromosuccinimide using benzoyl peroxide as the free radical initiator at 80 °C yielded
PMBTFVB-Br precursors. Then, PMBTFVB-g-PEG copolymers were synthesized through
the Williamson reaction between the hydroxyl end-group of PEG and the pendant benzyl
bromide functionality of PMBTFVB-Br.
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Scheme I-13: Synthesis of PMBTFVB-g-PEG amphiphilic graft copolymers as reported by Gao, Feng, and
Huang et al./126]

Method 3 and 5 were employed to self-assemble this graft-copolymer. TEM images showed
diverse morphologies such as spherical micelles, spindle micelles, and large compound
vesicles depending on the solvent mixture water content, copolymer concentration, and

preparation method.

The same year, they reported the synthesis of amphiphilic graft copolymers bearing a
hydrophobic poly(2-methyl-1,4-bistrifluorovinyloxybenzene) (PMBTFVB) backbone and
(PAA) side chains."*” PMBTFVB-g-PAA graft copolymers were synthesized by ATRP of
tert-butyl acrylate initiated by the PMBTFVB-Br macroinitiator followed by the acidolysis of
the hydrophobic poly(fert-butyl acrylate) side chains into hydrophilic PAA segments.

Method 6 was employed to trigger the self-assembly of the graft-copolymers. Again, diverse
micellar morphologies including vesicular, worm-like, and bowl-shaped nanostructures were
obtained depending on the water content (from 25 to 70 wt.%) and the length of the PAA side
chains. The copolymer aggregated to form vesicles (ca. 400-1100 nm) in water/THF (25:75
wt.%) binary mixture at a concentration of 1 g L' (Figure I-26 A,). The authors noted a 120
nm black dot at the center of each vesicle and speculated that this might result from the

contraction of the shell of vesicles during the TEM sample preparation. In water/THF (50/:50
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wt.%) binary mixture, 250-500 nm bowl-shaped aggregates were formed (Figure [-26 B;). In
water/THF (25:75 wt.%) binary mixture, and forcopolymer initial concentration of 0.2 mg
mL", several micrometer long worm-like micelles with a 200 nm diameter were formed
(Figure I-26 A,). When more water was added before dialysis (50 wt.% at 2 mg mL™), a
network of worm-like micelles was formed (Figure I-26B,). As the polymer concentration
decreased, less polymer chains could get into the micelles in the metastable state when
polymer chains of micelle cores were not completely frozen. Hence, a lower polymer
concentration leads to a decrease in the aggregation number of micelles, which facilitated the

morphology transformation from bilayers (vesicles) to worm-like micelles.

Copolymer concentration / Initial water content
1mgmLl/ 25 wt. % 1 mg mL1/ 50 wt.%
B & L"’j_ -".! "'5:

Figure I-26: TEM images of morphologies formed by PMBTFVB-g-PAA amphiphilic graft copolymers self-
assembled in water when varying the initial water content and the concentration. Adapted with
permission from ref. [127]. Copyright 2015 RSC.

VII. Self-Assemblies of amphiphilic fluorinated poly(2-oxazoline)-based

copolymers

Poly(oxazolines) have been the subject of a considerable amount of research since the 1960s,
with a significant number of papers focusing on the polymerization of 2-substituted
oxazolines.!"** ! Polymerizations are usually carried out via a living cationic ring-opening
mechanism (CROP), which yields well-defined polymers of narrow average molar mass

distributions. The CROP of 2-oxazolines was first reported in 1966 by four independent
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research groups. The initiation step by an electrophile such as methyl tosylate, methyl triflate,
methyl iodide, or benzyl bromide, formsan oxazolinium species possessing a weakened CO-
bond prone to nucleophilic attack by the nitrogen of another monomer. The resulting cationic
oxazolinium propagating species is growing by further additions of monomers. The addition
of a nucleophile to the reaction mixture causes the termination of the polymerization and can
be exploited for the introduction of a functional end group. Poly(2-oxazolines) have found
applications in adhesive and coating formulations, pigment dispersants in inks, and drug
delivery. The living character of this polymerization technique allows the addition of further
monomers, resulting in the sequential polymerization of different monomers, providing access
to the formation of block copolymers. Poly(2-oxazolines) with different properties can be
prepared by varying the substituent on the monomers. In contrast to short alkyl side groups,
longer analogs and aromatic side chains lead to water-insoluble polymers. Amphiphilic
systemsare easily accessible and can be applied, for example, as micellar catalysts, nonionic
surfactants, compatibilizing agent, and for the formation of hydrogels. Nevertheless, the
synthesis and self-assembly behavior of fluorinated poly(2-oxazolines)-based copolymers

have been scarcely investigated.

In 2008, Papadakis er al.l"*? pioneered the synthesis and self-assembly of amphiphilic
fluorinated block poly(2-oxazolines) in water. Amphiphilic poly(2-alkyl-2-oxazoline) diblock
copolymers of 2-methyl-2-oxazoline (MOx) as the hydrophilic block and 2-(1H,1H’,2H,2H’-
perfluorohexyl)-2-oxazoline (FOx) for the fluorophilic block were synthesized by sequential
CROP. The synthesis of the PMOx4o-b-PFOx¢ diblock copolymer was performed in an
acetonitrile/chlorobenzene mixture using methyl triflate as the initiator and a three-fold excess

of piperidine for termination (Scheme I-14 and Figure [-27 up-left structure).
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Scheme I-14: Synthesis of PMeOx49-b-PFOXs amphiphilic diblock copolymer synthesized by Papadakis et
all1132]

Method 1 was employed to effect the micellization of the diblock copolymers in water. As

evidenced by SANS and TEM, PMOx4¢-b-PFOx¢ formed elongated core/shell micelles.
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The same year Schubert er al.l'*! showed for the first time that well-defined gradient
copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-(m-difluorophenyl)-2-oxazoline (F,PhOx)
can be prepared in one-pot under microwave irradiation (Figure [-27 top-right structure).
Thesegradient copolymers featured an amphiphilic character resulting in the formation of self-
assembled micelles in aqueous solution using method 2. AFM and DLS characterization of
the micelles indicated that the copolymers formed spherical micelles with an average diameter

of around 15 nm.
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Figure I-27: Structures of fluorinated poly(2-oxazolines)-based copolymers

In 2010, Gohy et al."*¥ reported the synthesis and self-assembly of a triblock copolymer
containing fluorinated 2-(2,6-difluorophenyl)-2-oxazoline (ODFOx), lipophilic 2-(1-
ethylheptyl)-2-oxazoline (EPOx), and hydrophilic EtOx blocks (Figure 1-27 down-left
structure). Aqueous solutions of the poly(ODFOx,3-b-EPOx,5-b-EtOx49) triblock copolymer
obtained via method 1 were analyzed by DLS and cryo-TEM (Figure 1-28).

Figure I-28: Cryo-TEM pictures of micellar aggregates formed by the poly(ODFOxz3-b-EPOxzs-b-EtOx49)
triblock copolymer self-assembled in water. Adapted with permission from ref. [134]. Copyright 2010
RSC.
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Two main morphologies were observed to coexist in water, namely vesicles and flat
aggregates of rolled-up cylindrical micelles. The authors hypothesized that the vesicles most
probably consisted of a segregated hydrophobic domain based on the contrast in cryo-TEM
and the demixing of a mixture of both hydrophobic ODFOx and EPOx homopolymers. The
rolled-up spiral-like micellar aggregates were proposed to be metastable intermediates of the
transition from cylindrical micelles to vesicles. The limited solubility of the EtOx blocks in
water might induce further aggregation of the initially formed cylindrical micelles while the
low T, of the EPOx block provided sufficient flexibility for the cylindrical micelles to roll-up.
These two structural parameters were believed to be the key factors driving the formation of

the observed rolled-up hierarchical superstructures.

Based on the promising structural features of the aforementioned work, the same authors
studied the influence of the fluorophilic character on the formation of triblock copolymers
aggregates.ms] For this purpose, a series of (PEtOx-b-PEPOx-b-PXFPhOX) structure (X = tri,
tetra, penta) triblock copolymers was synthesized (Figure 1-27 bottom-right structure). Cryo-
TEM pictures revealed rod- and sheet-like morphologies for the triflurophenyl-based triblock
copolymers (Figure I-29 images a and b). The authors suggested a mechanism of formation
based on the strong hydrophobicity of the PTriFPhOx block and the stacking of the
fluorinated phenyl rings caused by C-F dipole-dipole interactions. An increaseg of the number
of fluorine atoms from PTriFPhOx to PTetFPhOx block, resulted in better-defined overall
shapes, with the presence of few separated sheet-like structures and entangled rod-like
features (Figure 1-29 images c and d). For PPentFPhOx blocks, well-defined supramolecular
structures were observed with perfectly round-shaped aggregates (Figure [-29 images e and f).
Further investigations revealed the presence of “onion-like” multilamellar vesicle structures
with perfectly segregated concentric lamellar features. A large amount of rod-like micelles
were also observed next to the well-defined “superaggregates”. The ultimate
thermodynamically stable aggregate structure were also determined by temperature-induced
equilibrium and showed large size distribution of simple and multilamellar vesicles, but no
rod-like morphologies. Thus, the authors attributed the structure formation to the coexistence
of bicontinuous and lamellar phases, which formed non-equilibrium superaggregates as

transient structures towards the formation of vesicular structures.
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Figure I-29: Cryo-TEM pictures of micellar aggregates formed by PEtOx-b-PEPOx-b-PXPhFOx triblock
copolymers self-assembled in water. Adapted with permission from ref[135]. Copyright 2013 RSC.

VIII. Miscellaneous

VIIIL.1 Fluorinated acrylamide

In 2013, Lee e al'™ reported fluorinated polyacrylamides, poly[N-(2,2-
difluoroethyl)acrylamide], with thermoresponsive properties. The authors demonstrated that
the thermosensitivity of fluorinated polyacrylamides is easily controlled by changing the
number of fluorine atoms in the terminal alkyl group of the N-ethyl moiety. Mono- substituted
poly[ N-(2-fluoroethyl)acrylamide] (P1F) is water-soluble while tri- substituted poly[N-(2,2,2-
trifuoro-ethyl)acrylamide] (P3F) is water-insoluble. Interestingly, di substituted poly[N-(2,2-
difluoroethyl)acrylamide] (P2F) exhibits a LCST in water of around 26-28 °C, which is
comparable to that of poly-(N-isopropylacrylamide) (PNIPAM). In continuation of this work,
thermoresponsive double-hydrophilic fluorinated block copolymers were synthesized by
RAFT.!®" First, poly[N-(2,2-difluoroethyl)acrylamide] (P2F) was synthesized via RAFT
polymerization of N-(2,2-difluoroethyl)acrylamide (M2F) using 2-
dodecylsulfanylthiocarbonylsulfanyl-2- methylpropionic acid as the CTA. The resulting P2F
macroCTA was further chain extended with N-(2-fluoroethyl)acrylamide (M1F) to yield
poly{[N-(2,2-difluoroethyl)acrylamide]-b-[ N-(2-fluoroethyl)acrylamide] } (P2F-b-P1F)
diblock copolymers with different lengths of the P1F block. Turbidimetry by UV-Visble (UV-

Vis) spectroscopy, DLS, and in situ temperature-dependent 'H NMR measurements
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demonstrated that the P2F block underwent a thermal transition from hydrophilic to
hydrophobic, which induced the self-assembly of the unimers into aggregates. TEM images
demonstrated that polymeric aggregates formed from an aqueous solution of P2F-p-P1F at 60
°C were disrupted by cooling down to 20 °C and regenerated by heating to 60 °C.
Temperature-triggered release of a model hydrophobic drug, coumarin 102, was also

demonstrated.

In 2017, Huang et al!"* synthesized the monomer 2,2,2-trifluoroethyl 3-(N-(2-
(diethylamino)ethyl)acrylamido)propanoate (TF-DEAE-AM) from N,N-
diethylethylenediamine, 2,2,2-trifluoroethyl acrylate, and acryloyl chloride (Scheme I-15).
Interestingly, TF-DEAE-AM contains both O,- and CO,-responsive functionalities.

lfo
/\N/\/N\/\H/O\/CF3
0]

)

TF-DEAE-AM

Scheme I-15: Structure of TF-DEAE-AM monomer synthesized by Feng and Huang.[138]

Subsequently, a series of dual-gas responsive polymers poly(TF-DEAE-AM) and PEG-b-
poly(TF-DEAE-AM) were synthesized by RAFT and self-assembled in water using method 5.
Due to the reaction between CO, and the DEAE groups, and the specific van-der-Waals
interactions between O, and C—F bonds, micelles consisting of poly(TF-DEAE-AM) or PEG-
b-poly(TF-DEAE-AM) display distinct CO;, and O, responsiveness in aqueous media. The
authors demonstrated that pyrene (a model hydrophobic drug) can be encapsulated in the
PEG-b-poly(TF-DEAE-AM)micelles . It was found that the release of pyrene sharply
increased after bubbling CO, or O, compared to N, and the release rate of the solution treated

with CO; is the fastest.
VIII.2 Fluorinated vinyl ether

In 1999, Yamaoka et al.!"* reported the synthesis of fluorine-containing block copolymers
consisting of PHOVE and PTFEOVE. PHOVE-H-PTFEOVEs were synthesized by living
cationic polymerization and subsequent hydrolysis. CMC of the block polymers were found to
range between 10™ and 10™ mol L' by surface tension measurements. The formation of block

polymers micelles in water using method 1 was confirmed by SAXS measurements. Analysis
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of the SAXS profiles revealed that the micelle had a core-shell spherical morphology and that
the aggregation number increased as the length of TFEOVE segment increased. Solubilization
experiments revealed that PHOVE-b-PTFEOVE) had a higher sability to solubilize
fluorinated compounds than non-fluorinated amphiphilic block copolymers. The same authors
confirmed this teh following year when they!"*!
amphiphilic ABA triblock copolymers, (PHOVE-b-PFPOVE-b-PHOVE) (HFH), (PFPOVE-

b-PHOVE-b-PFPOVE)] (FHF). SAXS measurements revealed that HFH formed core-shell

reported the synthesis and self-assembly of

spherical micelles in 1 wt.% aqueous solutions, whereas FHF formes more sophisticated
morphologies. In 2004, the same group!'*" reported the synthesis and self-assembly (PHOVE-
b-PTFEOVE), (PHOVE-b-PFPOVE), and (PHOVE-b-HFBOVE). SANS, SAXS, and DLS
analyses revealed that the block copolymers bearing larger fluorinated groups were more
likely to form rod-like micelles although the cross-sectional radii of the micelles was not

affected much. Scattering analysis of the copolymer micelle solutions with hydrophobic dyes

suggested that the solubilization strongly affected the micelle structures.
VIIIL.3 Fluorinated isoprene

In 2011, Mays et al.!"* reported the synthesis and self-assembly of sulfonated polystyrene-b-
fluorinated polyisoprene (sPS-b-fPI) (Scheme 1-16). sPS-b-fPI block copolymers were

synthesized by anionic polymerization, followed by fluorination and sulfonation.

SO4H, Na) sPS-b-fPI

Scheme I-16: Structure of sPS-b-fPI diblock copolymers synthesized by Mays et al.[142]

Self-assembly was achieved in water employing method 6, and the resulting aggregates were
examined by TEM. sPS-b-fPI with 38.8 % of sulfonation formed worm-like nanostructures,
which changed from ribbon-shaped to tapered structures as the sample aged from one week to
one month. The diblock copolymer with 29.6 % of sulfonation exhibited similar
morphologies, although the micelles appeared to be stiffer. The authors suggested that the
higher sulfonation degree soften the assembled structure due to an increased solubility of the
corona chains in water. As seen in Figure 1-30, the morphologies evolved from spheres

(Figure 1-30a) to tapered rod-like micelles (Figure I-30b) after aging 4 and 13 days,
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respectively. At early times, mixed morphologies were observed: spheres, large compound
micelles and rigid long fibers (Figure 1-30a). As the sample aged, tapered rods developed
(Figure 1-30b and Figure 1-30c) and further evolved into more complicated structures (aged
for 60 days), which consisted in hairy worms, smooth rigid ‘‘fibers’’, and extended tapered

rod morphology. However, this aging did not significantly affect the dimensions of the

nanostructures.
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Figure I-30: TEM images for sPS-b-fPI diblock copolymer with 29.6 % sulfonation at (a) 4 days, (b) 13
days, and (c) 25 days. Adapted with the permission from ref. [142]. Copyright 2011 RSC.

VII1.4 Fluorinated Polyphosphazene

In 2016, Presa Soto et al.'** reported the preparation of long-term-stable giant unilamellar

vesicles (GUVs, diameter 2 1000 nm) and large vesicles (diameter 2 500 nm) by self-

assembly in THF of the crystalline-b-coil polyphosphazene block copolymers
[N=P(OCH,CF3);]a-b-[N=PMePh],, (PTFEP-b-PMPP) (n=30/m=20, n=90/m=20, or
n=200/m=85), which combined flexible crystalline PTFEP and amorphous PMPP blocks.
SEM, TEM, and WAXS experiments demonstrated that the stability of these GUVs was
induced by crystallization of the PTFEP blocks in walls of the GUVs. Higher degrees of
crystallinity of the GUV walls were found in the bigger vesicles. This suggested that the
crystallinity of the PTFEP block facilitated the formation of large vesicles. The GUVs were
responsive to strong acids (HOTY) and, after selective protonation of the PMPP block, they
underwent a morphological transition to smaller spherical micelles in which the core and
corona were inverted. This morphological evolution was totally reversible upon neutralization

with a base (NEt;), which regenerated the original GUVs (Figure 1-31:).
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Figure I-31: Schematic representation of the reversible morphological evolution from GUVs to spherical
vesicles, promoted by a selective acid-base reaction. Reproduced with the permission from ref. [143].
Copyright 2016 Wiley.

The same group also showed that bicontinuous nanospheres or toroidal micelles could be
obtained by the self-assembly of a single crystalline-b-coil (PTFEP-b-PS) diblock copolymer
in THF (without additives), by simply adjusting the block copolymer concentration.!'*¥
Moreover, these two rare morphologies were reversibly transformed one into the other in THF
by simple dilution (adding THF) or concentration (evaporating THF) of the block copolymer
solution. WAXS analysis of dried films containing bicontinuous or toroidal aggregates
showed that whereas the PTFEP blocks were essentially amorphous in the bicontinuous
nanospheres, the crystallization of these polymer in the core of the toroidal micelles was
crucial to the stability of these morphologies. Hence, the crystallinity of the core-forming
PTFEP block appeared to be the main driving-force for the creation of bicontinuous
nanospheres and toroidal micelles. The self-assembly of a single linear PTFEP-bH-PS diblock
copolymer to create bicontinuous or toroidal micelles can be controlled by modulating the
crystallization of the PTFEP segments by simply changing the block copolymer

concentration.
VIIIL.5 Fluorinated Siloxane

In 2012, Perahia et al.!'* reported the self-assembly of a poly(semi-fluorinated siloxane)-
containing diblock copolymer, poly(trifluoro propyl methylsiloxane)-b-polystyrene (PSiF-b-
PS) in toluene (a selective solvent for PS). The high incompatibility of the PSiF block drove
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aggregation. For example, the symmetric triblock copolymer formed elliptical micelles with
unique temperature stability compared to the aggregates formed by diblock copolymers in the
lower segregation regime. The micelles formed hada relatively low aggregation number and
contained high amounts of solvent in their core. As expected, the curvature of the core—corona

interface was significantly affected by the volume fraction of the Si—F block.

In 2015, Manners et al.!'*" investigated the self-assembly of diblock copolymers containing a
crystalline poly(ferrocenyldimethylsilane) (PFS) block and a poly(fluorinated siloxane) coil
block (PFMVS = poly(methylvinylsiloxane) with 1H,1H,2H,2H-perfluorooctane dangling
chains). After direct dissolution of the block copolymer in trifluorotoluene (TFT), only a
unimer film was observed by TEM after 24 h, suggesting that TFT may act as a good solvent
for both blocks. After allowing the solution to stand for 1 week, the exclusive formation of
cylindrical micelles was observed, indicating that TFT is actually a poor solvent for PFS
segment (Figure 1-32).
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Figure I-32: Schematic representation of the self-assembly of PFS-b-PFMVS to form cylindrical micelles.

PFS = yellow, PFMVS functionalized with perfluoroalkane = light green (a). TEM micrographs of a drop-

cast sample in TFT (60 mg/mlL) after 24 h (b), and 1 week (c). Reproduced with the permission from ref.
[146]. Copyright 2015 ACS.

Self-seeding protocols were also successfully employed to prepare micelles with controlled
lengths and structures with low polydispersities. Finally, by partial functionalization of the
PFMVS block copolymers with fluorescent dye molecules, the authors showed that well-

defined, functional nanomaterials could be obtained in the fluorous phase.
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In 2015, Dong et al.!"" reported the solution self-assembly of an ABC block terpolymer
consisting of a polystyrene-b-poly(ethylene oxide) (PS-b-PEO) diblock copolymer tail
tethered to a fluorinated polyhedral oligomeric silsesquioxane (FPOSS) cage. This terpolymer
was self-assembled in 1,4-dioxane/water binary mixture using method 2. At low water
contents (10 wt %), spherical micelles with a uniform size distributions were observed. A
sphere to worm-like micelles transition occured when the water content increased to 18 wt %.
Other circular morphologies were observed at water contents ranging from 22 to 34 wt %,
including toroids (Figure I-33a), tadpoles and dumbbells (Figure 1-33b), interlocked toroids
(Figure 1-33c), etc. Toroid was the prevalent morphology. These toroidal structures had
similar diameter and identical core-shell-corona molecular arrangement as the worm-like
micelles. Hence, they were suspected to originate from closure of worm-like micelles as the

water content increased (Figure 1-33).

Figure I-33: TEM images of (a) toroids, (b) tadpoles and dumbbells, (c) interlocked toroids, (d, e) 2D
nanosheets, and () laterally structured vesicles. FPOSS = red; PS = green; PEO = blue. Reproduced with
the permission from ref. [147]. Copyright 2015 ACS.

Lateral aggregation and fusion of the worm-like micelles resulted also in primitive nanosheets
stabilized by thicker rims to partially release the rim-cap energy. Rearrangement of the

parallel-aligned FPOSS cylindrical cores generates hexagonally patterned nanosheets.
VIIIL.6 Poly(Vinylidene Fluoride)-based copolymers

In 2010, Gohy et al.!"*® reported the self-assembly of blend of terpolymers: poly(VDF-ter-
HFP-ter-TFMA) and PS-b-P2VP-b-PEO triblock terpolymer. The micellar solutions were
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obtained by first dissolving one of the blend partners into DMF, followed by the addition of
the second blend partner as a powder. Formation of hydrogen-bonded complexes between the
TFMA and P2VP units was observed leading to the formation of insoluble micelles consisting
of P2VP/poly(VDF-ter-HFP-ter-TFMA) terpolymer cores surrounded by a mixture of PS and
PEO chains.

Asandei er all'"* reported the self-assembly of PNaSS-5-PVDF-5-PNaSS triblock
copolymers synthesized by NaN; deprotection of the neopentyl styrene sulfonate (NpSS)
functions of PNpSS-b-PVDF-b-PNpSS triblock copolymers. Using method 1 and 3, all the
PNaSS-b-PVDF-b-PNaSS triblock copolymers provided colloidally stable nanoparticles in
aqueous solution, even under the high ionic strength of a phosphate buffered saline (PBS)
solutions (pH=7.4, giving 0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137

M sodium chloride), modeling cell-isotonic conditions.

Our groupmo] recently reported the preparation and self-assembly in water of PVDF-h-PVA
diblock copolymers obtained by RAFT polymerization followed by basic hydrolysis. Using
method 7, the self-assembly of the diblock copolymer in water, studied by DLS and cryo-
TEM, led to the formation of a major population of spherical nanoobjects constituted of a
PVDF core and a PVA shell with diameters centered around 147 nm. Protocols of VDF
RAFT dispersion polymerization in the presence of PVAc macro-CTAs were also recently
published.!"®" This polymerization-induced self-assembly (PISA) of PVAc-b-PVDF block
copolymers resulted into desert rose-like branched micrometer-long crystalline morphologies.
Although the self-assembly was triggered by the PVDF growing block, the morphologies of
these structures are thought to be governed by the crystallization of PVDF.

IX. Conclusion

Fluoropolymers constitute an attractive family of polymeric materials with remarkable
properties (high resistance to chemicals and heat, ferroelectricity and piezoelectricity for
semi-crystalline polymers, to name a few). The incorporation of fluorinated block can confer
unique properties to block copolymers, and offer tremendous promise for advanced
applications. The combination of exceptionnal properties, imparted by the fluorinated part,
combined the self-assembly method is an appealing strategies for preparing fluorinated
nanostructures. Nowadays, a large diversity of fluorinated monomers, and polymers, are

availaible to premade fluorinated copolymers architectures. This current research focus on
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fluorinated polymeric material employed in solution self-assembly nanostructuration.
Metchacrylate, Perfluoropolyether and styrene based-copolymers was specially investigated
and revealed unique multicomparment and stimuli responsive aggregates. However, a number
of other fluorinated polymers were scarerly reported such as oxazoline, PVDF or siloxane,

and represents a wide potential for the preparation of new flurorinated nanostructures.
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Conclusion Chapitre 1

Ce chapitre répertorie sous forme d’une revue, les copolyméres fluorés employés dans la
préparation d’auto-assemblages en solution. Il en ressort un fort intérét pour les méthacrylates
fluorés, les styreénes ainsi que sur les perfluoropolyéthers. Les morphologies telles que les
micelles multicompartiments ou les micelles réagissant a un stimulus externe ont suscité un
intérét tout particulier. En effet, la ségrégation de phase observée dans les micelles
multicompartiments, tout comme les évolutions de morphologies observées dans les micelles
stimulables, ont généré des morphologies totalement inédites. De plus, les encapsulations
sélectives possibles par les micelles multicompartiments ont apporté un réel intérét applicatif,
notamment dans la délivrance de médicaments. Il apparait également que la plupart des auto-
assemblages ont été réalisés sur des copolymeres fluorés tres bien définis avec des dispersités
pour la plupart, inférieures a 1,2. Néanmoins, les copolymeres fluorés semi-cristallins ont été
trés peu étudiés, tout comme I’effet de la cristallisation sur les morphologies finales
observées. Enfin, ce travail bibliographique a permis de mettre en lumiere le peu d’articles
signalant la structuration de copolymeres issus d’oléfines fluorées. Ce décalage est tres
probablement dii aux peu de méthodes disponibles permettant de synthétiser de maniére bien

contrdlées des architectures des copolymeres fluorés, et notamment des architectures PVDF.

Un rappel sur les méthodes de polymérisation radicalaire contrélée disponibles dans la
littérature, ainsi que le développement d’une nouvelle méthode, est décrite dans le chapitre

suivant de ce mémoire.
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Chapitre 1T

Introduction Chapitre 11

Le chapitre précédent a mis en évidence le clair décalage entre les études d’auto-assemblage
en solution des polymeres fluorés de type poly(méthacrylate) et des polymeéres issus
d’oléfines fluorées tel que le PVDF. Ce décalage est en grande partie di a la rareté des
méthodes de polymérisation radicalaire controlée efficaces, permettant la syntheése
d’architectures bien définies et fonctionnelles. En effet, les oléfines fluorées possedent une
réactivité trés particuliere avec une double liaison vinylique pauvre en ¢électron di a la forte
¢lectronégativité des atomes de fluor. L’hexafluoropropene (HFP) par exemple
n’homopolymérise pas, mais copolymérise avec le fluorure de vinylidéne (VDF) et forme des
copolymeres alternés avec les éthers vinyliques. Le chlorotrifluoroéthyléne (CTFE) et le
tétrafluoroéthyléne (TFE) forment aussi des copolymeéres alternés avec les éthers vinyliques et
copolymérisent avec le VDF, mais homopolymérisent. De plus, leurs bas points d’ébullition a
pression atmosphérique (b.p.wrp) = - 29 °C, b.p.(vor) = - 82 °C, b.p.ctre)= - 28 °C, b.p.(1rE) =
- 75 °C) nécessitent des équipements peu communs et résistants a de hautes pressions
(Autoclave). Ces caractéristiques trés particulieres font que la polymérisation controlée des
oléfines fluorées et plus particulierement du VDF, a été trés peu étudiée a ce jour. (en
comparaison des monomeres plus usuels du type : acrylate, méthacrylate, styréne, acrylamide,

etc.)

L’objectif de ce chapitre est donc de développer une nouvelle méthode de polymérisation
radicalaire contrdlée efficace du VDF. La technique de polymérisation utilisée dans cette
é¢tude est bien connue pour les autres familles de monomeéres hydrocarbonés: la
polymérisation par transfert de chaine réversible par addition-fragmentation (Reversible-
Addition Fragmentation Transfer, RAFT). Une étude approfondie sur la cinétique de
polymérisation, sur le mécanisme de la RAFT, ainsi que sur les principales problématiques

(réactions de transferts, additions inverses du VDF) sont détaillés dans ce chapitre.
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Partie 1 —

En 1979, Tatemoto (de la société¢ Daikin) a rapporté la premiére polymérisation radicalaire
controlée d’oléfines fluorées en utilisant la polymérisation par transfert d’iode (iodine transfer
polymérisation, ITP). Cette méthode a permis le développement d’une large gamme de
copolymeres fluorés commerciaux possédant diverses propriétés. Cependant des dispersités
(D) supérieurs a 1,4 ont été rapportés, et tout particulierement dans le cas des monomeres
fluorés dissymétriques tel que le VDF. En effet, la polymérisation du VDF conduit a des
défauts d’enchainements téte-téte (addition du radical CF, sur le CF, du VDF, générant un
radical CH;" et un enchainement -CH,-CF,-CF,-CH,-) et queue-queue (addition d’un radical
CH;" sur le CH; du VDF, générant un radical CF;," et un enchainement -CF,-CH,-CH,-CF,-)
qui, dans le cas de I’'ITP, provoquent une accumulation de bouts de chaines —CH,-I totalement
irréactivable au contraire de son que son homologue -CF,-1, et entraine ainsi un élargissement
de la distribution de masses molaires. De plus, ces extrémités de chaines —CH,-I sont
communément considérées comme « mortes » et non-réactivables en présence de monomeres
hydrogénés communs. Il est aussi couramment observé une perte de fonctionnalité ainsi

qu’une coloration du polymére di a la formation d’iode libre.

Les procédés de polymérisation de type RAFT (ou MADIX , Macromolecular Design via the
Interchange of Xanthates, qui correspond a la partie de la RAFT utilisant des agents de
transfert xanthates) ont récemment montré des résultats prometteurs. Cependant, les
conditions d’expérimentation n’ont été que peu optimisées, les valeurs de D des copolymeéres
obtenus étaient généralement supérieures a 1,4 et les mécanismes de la polymérisation ont été

délaissés au profit des propriétés des copolymeres.

Cette partie décrit donc dans un premier temps la synthése de PVDF par RAFT, qui reste un
sujet peu développé et qui nécessite une étude bien plus approfondie. Ce travail a fait I’objet

d’un article scientifique publié dans Macromolecules.""!
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Deeper insight into the MADIX Polymerization of Vinylidene Fluoride

Marc Guerre,® Benjamin Campagne,” Olinda Gimello," Karine Parra,” Bruno Ameduri,’
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I. Abstract

Controlled radical polymerization protocols for Vinylidene Fluoride (VDF) are still very
elusive. MADIX polymerization of VDF has been very rarely reported. The synthesis of
PVDF using MADIX solution polymerization was thus investigated in details. More efficient
protocols of solution polymerization were developed and afforded relatively well-defined
PVDF. The careful polymer chain-end monitoring using MALDI-TOF as well as 'H, "°F, and
HETCOR 'H-""F NMR nonetheless revealed that VDF reverse additions and transfer to
solvent reactions severely affect the control of the polymerization. Indeed, these unwanted
reactions are responsible for a non-negligible loss of CTA and for the accumulation of non-
reactive polymer chains in the reaction medium. These reactions lead to the synthesis of
PVDF with high chain-end functionality, but these chains cannot reinitiate the polymerization
of VDF. This work is the first comprehensive study of the MADIX solution polymerization of
VDF.
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II. Introduction

Poly(vinylidene fluoride) (PVDF) is an interesting fluoropolymer endowed with remarkable
properties such as thermal stability, chemical inertness to solvents, oils, and acids (but not to

[1-7

bases), and piezo-, pyro-, and ferroelectric properties.' " PVDF, like most polyfluoroolefins,

is synthesized by free radical polymerization under emulsion, suspension, or solution

conditions using initiators such as persulfates or organic peroxides or percarbonates.'®”!

The controlled radical polymerization of fluoroolefins, and of VDF in particular, is very
challenging, and very few studies have been reported so far. Tatemoto from Daikin pioneered
the iodine transfer polymerization™® (ITP) of fluoroolefins in 1979 and published a few reports
in the 80s and 90s.”! Arcella et al.'” also reported the use of ITP to polymerize fluoroolefins.
ITP is a very simple technique, and it has been used industrially to produce high-value-added
products. Indeed, thermoplastic elastomers based on hard—soft—hard triblock copolymers

1"y, DuPont Performance

produced by ITP have been commercialized by Daikin (Daie
Elastomers (Viton''?), and Ausimont,"*'* now Solvay Specialty Polymers (Tecnoflon!"!). In
spite of its advantage (simplicity, low cost), ITP does not afford very good control. Indeed,
the iodine transfer is not fast enough to allow very narrow polydispersity, and loss of the

iodine atom on the chain-ends is also often a problem.

Moreover, in the case of VDF, head-to-head monomer additions are an additional source of
molecular weight distribution broadening. This issue was carefully examined by the IAM
team. In 2005, Boyer et al.l'™ reported a detailed study on the ITP of VDF and showed that
chain defects due VDF head-to-head (HH) addition have a dramatic effect on the control of
the polymerization. Indeed, HH addition followed by transfer to an iodine-terminated dormant
chain leads to the formation of a -CF,CH,-I chain-end, which does not reactivate. As the
polymerization proceeds, more and more HH additions occur, which leads to the
accumulation in the reaction medium of unreactive -CF,CH,-I chain-ends. This very poorly
reversible transfer leads to a significant broadening of the molecular weight distribution. This

[18) and Asandei et al.l'”! However, Asandei’s

phenomenon was also observed by Durand et al.
group[lg] recently demonstrated that addition of Mn,(CO),( to the photoinitiated ITP of VDF
provides a way to reactivate -CF,CH,-1 PVDF chain-ends. The in situ formed Mn(CO)s®
radicals reactivate all iodine-terminated chains, thus affording the synthesis of purer block
copolymers (i.e., block copolymers devoid of contamination from PVDF first block).

However, the second block is synthesized under free radical conditions, and a broad

105



Chapitre 1T

polydispersity is obtained. Other controlled polymerization methods have been explored. The
use of borane derivatives to polymerize VDF was investigated but did not provide

significantly better control than ITp. o2l

IT1. Experimental Section

Materials
All reagents were used as received unless otherwise stated. 1,1-Difluoroethylene (vinylidene
fluoride, VDF) was kindly supplied by Arkema (Pierre-Benite, France). O-Ethyl-S-(1-
methoxycarbonyl)ethyldithiocarbonate and 1,1,1,3,3-pentafluorobutane (Solkane, PFB) were
kindly provided by Solvay. tert-Amyl peroxy-2-ethylhexanoate (purity 95%), (Trigonox 121)
was purchased from AkzoNobel (Chalons sur Marne, France). ReagentPlus grade (purity
>99%) dimethyl carbonate (DMC), acetonitrile (ACN), and tetrahydrofuran (THF) and
laboratory reagent grade hexane (purity >95%) were purchased from Sigma-Aldrich and used

as received.

Characterization

Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AC 400 instrument.
Deuterated acetone was used as the solvent in each sample. Coupling constants and chemical
shifts are given in hertz (Hz) and parts per million (ppm), respectively. The experimental
conditions for recording 'H and '"F NMR spectra were as follows: flip angle, 90° (or 30°);
acquisition time, 4.5 s (or 0.7 s); pulse delay, 2 s (or 2 s); number of scans, 128 (or 512); and
pulse width, 5 ps (for ’F NMR). 2D NMR spectra were recorded at 25 °C in a Bruker Avance
IIT 400 MHz spectrometer, equipped with a BBFO (broad band fluorine observation) probe.
For acquisition of heteronuclear 'H-"F (HETCOR: heteronuclear correlation) spectra, QF
mode with a pulse delay of 1.5 s, a 2000 TD, and a coupling constant of Jyr = 5 Hz were

used.

MALDI-TOF Spectrometry
MALDI-TOF mass spectra were recorded using a Bruker Ultraflex III time-of-flight mass
spectrometer using a nitrogen laser for MALDI (A 337 nm). The measurements in positive ion
were performed with a voltage and reflector lens potential of 25 and 26.3 kV, respectively.

For negative ion mode, the measurements were performed with ion source and reflector lens
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potential of 20 and 21.5 kV respectively. Mixtures of peptides were used for external
calibration. The matrix and cationizing agent were DCTB (trans-2-[3-(4-tertbutylphenyl)- 2-
methylprop-2-enylidene]malononitrile) (10 mg/mL in CHCL;) and LiCl (10 mg/mL in
methanol). The polymer concentration was 10 mg/mL in dimethylformamide (DMF). The
polymer and matrix were mixed in a 4:10 volume ratio. LiCl was first deposited on the target.
After evaporation of solvent, the mixture, composed of polymer and matrix, was placed on the
matrix-assisted laser desorption ionization (MALDI) target. The dry droplet sample

preparation method was used.

Size-Exclusion Chromatography
Size-exclusion chromatograms (SEC) were recorded using a triple-detection GPC from
Agilent Technologies with its corresponding Agilent software, dedicated to multidetector
GPC calculation. The system used two PL1113-6300 ResiPore 300 x 7.5 mm columns with
DMF (containing 0.1 wt % of LiCl) as the eluent with a flow rate of 0.8 mL-min "' and toluene
as the flow rate marker. The detector suite was composed of a PL0390-0605390 LC light
scattering detector with two diffusion angles (15° and 90°), a PL0390-06034 capillary
viscometer, and a 390-LC PL0390-0601 refractive index detector. The entire SEC-HPLC
system was thermostated at 35 °C. PMMA standards were used for calibration. Typical

sample concentration was 10 mg/mL.

Differential Scanning Calorimetry
DSC measurements were performed on 10—-15 mg samples on a Netzsch DSC 200 F3
instrument using the following heating/cooling cycle: cooling from room temperature (ca. 20
°C) to —50 °C at 20 °C/min, isotherm plateau at —50 °C for 5 min, first heating ramp from —50
°C to 200 °C at 10 °C/min, cooling stage from 200 °C to —50 °C at 10 °C/min, isotherm
plateau at —50 °C for 3 min, second heating ramp from —50 °C to 200 °C at 10 °C/min, and
last cooling stage from 200 °C to room temperature (ca. 20 °C). Calibration of the instrument
was performed with noble metals and checked before analysis with an indium sample.

Melting points were determined at the maximum of the enthalpy peaks.

Autoclave
The polymerization of VDF was performed in a 100 mL Hastelloy Parr autoclave system (HC
276) equipped with a mechanical Hastelloy stirring system, a rupture disk (3000 PSI), inlet
and outlet valves, and a Parr electronic controller to regulate the stirring speed and heating.

Prior to the reaction, the autoclave was pressurized with 30 bar of nitrogen to check for leaks.
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The autoclave was then put under vacuum (20 x 10 bar) for 30 min to remove any trace of
oxygen. A degassed solution of solvent, initiator, and MADIX CTA was introduced via a
funnel under vacuum. The reactor was then cooled using a liquid nitrogen bath, and VDF was
transferred by double weighing (i.e., the difference of mass before and after filling the
autoclave with VDF). After warming to ambient temperature, the autoclave was heated to the

target temperature under mechanical stirring.

Synthesis

MADIX Homopolymerization of Vinylidene Fluoride (VDF)
Using the experimental setup described above, a typical polymerization (run 9 in Table II-1)
of VDF was performed as follows (Scheme II-1): A solution of tert-amyl peroxy-2-
cthylhexanoate  (Trigonox  121; 158 mg, 6.87 10% and  O-ethyl-S-(1-
methoxycarbonyl)ethyldithiocarbonate (CTA; 1.30 g, 6.25 10~ mol) in dimethylcarbonate
(DMC; 60 mL) was degassed by N bubbling during 30 min. This homogeneous solution was
transferred into the autoclave using a funnel, VDF gas (19.0 g, 2.97 10" mol) was introduced
in the autoclave at low temperature, and the reactor was gradually heated to 73 °C. The
reaction was stopped after 24 h. During the reaction, the pressure increased to a maximum of
25 bar and then decreased to 10 bar after 24 h. The autoclave was cooled to room temperature
(ca. 20 °C) and purged of the residual monomers, and DMC was removed under vacuum. The
crude product was dissolved in 30 mL of warm THF (ca. 40 °C) and left under vigorous
stirring for 30 min. This polymer solution in THF was then precipitated from 400 mL of
chilled hexane. The precipitated polymer (white powder) was filtered through a filter funnel
and dried under vacuum (15 107 bar) for 2 h at 50 °C. The polymerization yield was
determined by gravimetry (mass of polymers obtained/mass of monomer introduced in the
pressure reactor) (yield = 65%). Yields were used as conversion since conversion is very

difficult to measure accurately for VDF or other gaseous monomers.

DP and Mnnwmr) Calculations Using End-Group Analysis.
R End-Group Analysis. The degree of polymerization (DP) can be calculated from 'H NMR

using the integrals of the signals corresponding to the methyl group of the CTA R-group (1.19
—1.24 ppm), the CH; group of the regular VDF additions (HT, 2.70-3.19 ppm), the CH; group
of the reverse VDF additions (TT, 2.28-2.43 ppm), and that of the terminal VDF units (4.02—

4.17 ppm), according to Equation II-1 (see VIII-Supporting Information, SI-Figure II-11, SI-
Figure II-12 and SI-Table 1I-3 for details).
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3.19

Equationll-1 DP = J270

4.1

2.43 7
228 CH2(TT)+[, o, CHy(End—group)

2/3% [, "5 CH3 (R—CTA)

CH,(HT)+

Molecular weight was then calculated using Equation I1-2:

EquationI-2  Muyyr(R) = M,CTA+ DP X M,VDF

Where M, c1a = 208.3 g.mol™ and M, vpr= 64.04 g.mol™

Z End-Group Analysis. As above, the degree of polymerization (DP) can be calculated from

'"H NMR using integrals of the signals centered at 1.45 ppm corresponding to the methyl
group (CHs) of the Z-group of the CTA, the integrals of the signals of the CH, group of the
normal VDF additions (HT, 2.70—-3.19 ppm), that of the CH, group of the reverse VDF

additions (TT, 2.28—-2.43 ppm), and that of the terminal VDF units (4.02—-4.17 ppm),

according to Equation II-3 (see VIII-Supporting Information, SI-Figure II-11, SI-Figure 11-12
and SI-Table II-3 for details).

3.19

CH, (HT)+ [243
Equation I1.3 DP = 220 2D

4.17
528 CH2(TT)+[, . CHz(End—group)
2/3x [, 35 CH3(R—CTA)

Molecular weight was then calculated using Equation I1-4:

Equation II-4 My yyux(Z) = M,CTA + DP X M,VDF

Theoretical molecular weight was calculated using Equation II-5 with yield = conversion and

the [VDF]o/[CTA]j ratios listed in Table II-1.

Equation II-5  Mypeq) = [[Z?j]]z X Yield X M,VDF + M,CTA

'H NMR (400 MHz (CD3),CO, & (ppm), Figure II-3) : 1.19-1.24 (d, -CH(CHj3)(C=0)-, =
7.1 Hz), 1.40-1.46 (t, CH3-CH,-O-, *Jyy= 7.2 Hz), 2.28-2.43 (m,-CF,-CH,-CH,-CF,-, VDF-
VDF TT reverse addition), 2.70-3.19 (t, -CF,-CH,-CF;,-, VDF-VDF HT regular addition),
3.60-3.69 (s, -(C=0)-O-CH3), 4.02-4.17 (t, -CF,-CH,-S(C=S)OEt, *Jyur= 18 Hz), 4.67-4.77 (q,
CH;-CH,-O-, *Juy= 7.2 Hz), 6.05-6.45 (tt, 2Jur= 55 Hz , *Jyn= 4.6 Hz -CH,-CF,-H)7

PF NMR (376 MHz (CDs),CO, & (ppm),Figure II-4) : -115.63 (-CH,-CF,-CF,-CH,-CH>-,
VDF-VDF HH reverse addition), -114.29 (2JHp= 55 Hz, -CH,-CF,-H), -113.34 (-CH,-CF>-
CF,-CH,-CH,-, HH reverse addition), -113.09 (CH,-CF,-CF,-CH;-S-), -112.69 (-CH,-CF,-
CF,-CH;-S-), -94.79 (-CH,-CH,-CF;-CH;-, TT reverse addition), -93.50 (-CH,-CF,-CH,-
CH(CH3;)(C=0)-), -92.12 (-CH,-CF,-CH,-CF,H), -91.44 (-CH,-CH,-CF,-CH,-CF,-CH,-CF;-
, regular VDF-VDFHT addition), -91.00 (-CH,-CF,-CH;-, regular VDF-VDF HT addition).
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IV. Results and Discussion

Girard et al.**have shown that xanthates can be used as chain transfer agents using MADIX
experimental protocols to afford some control over the homopolymerization of VDF.
Nevertheless, the reaction conditions that they used may not be optimal to afford good
control: high [I]o/[CTA]yinitial molar ratios (equimolar amounts of initiator and chain transfer
agent) combined with high radical flux (i.e., high reaction temperature, at which the
decomposition half-life of the initiator is close to 1 h). These conditions effectively result in
the production of equimolar amounts of radicals to CTA during the course of the
polymerization. These conditions (high flux of radicals) are likely to lead to a large number of
dead chains (i.e., not terminated by the xanthate moiety), a large number of chains initiated by
the initiator rather than by the CTA R-group, and broader molecular weight distributions.
Indeed, in a degenerative transfer system, the number of dead chains is dictated by the number

of radicals generated from the initiator.**="

These suboptimal conditions had been chosen to increase the polymerization rate and afford a

non-negligible amount of polymer. It was thus decided to investigate the polymerization of

VDF under MADIX conditions using relatively low initiator to CTA ratios (0.1-0.2) and a

polymerization temperature at which the initiator decomposition half-life is about 10 h. The
first polymerization was performed in 1,1,1,3,3-pentafluorobutane (run 1,Table II-1). Under
these conditions, the yield was low (<10%). The same conditions using acetonitrile as a
solvent gave slightly higher yields (25 %, run 2, Table II-1), but they were not efficient
enough to afford acceptable monomer conversions and a sufficiently high PVDF molecular

(18] observed that the radical iodine transfer

weight. Recently, Asandei and co-workers
polymerization of VDF using DMC as the solvent proceeded much faster and with high
yields. This is supposedly due to the ability of DMC to better stabilize VDF and to swell
PVDF even though it does not dissolve it.?1*% The authors also stated that while radicals
arising from transfer to acetonitrile were not able to reinitiate the polymerization of VDF,
those arising from transfer to DMC were more reactive and could reinitiate the polymerization

of VDF.!'¥!
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Table II-1: Fxperimental Conditions and Results for the MADIX Polymerization of VDF?

Reaction
Run [VDF/[CTAL, {ime byield ‘DPovur) “Magneny “Maomi@y Masec) ‘-CF-CH;-S- “-CH,-CF-S- ‘CF,H Tm
% ®) (g/mol) (g/mol) (g/mol) % % % °0)

Solvent
1 50 24h,PFB 8 18 500 1400 1500 1.05 18 76 6 122
2 50 24h,AcN 25 31 1000 2200 4200 1.33 74 13 13 163
3 50 5h,DMC <5 4 nd 500 *800 *1.05 20 74 6 nd
4 51 10h,DMC 25 20 1000 1500 3900 1.12 38 47 15 146
5 51 15h,DMC 35 29 1400 2100 4100 1.29 60 29 11 159
6 47 17.5h,DMC 45 41 1600 2800 5300 1.30 86 2 12 170
7 54 20h,DMC 65 47 2400 3200 7200 1.40 85 0 15 171
8 48 24h,DMC 65 44 2200 3000 5000 1.42 86 0 14 171
9 54 64h,DMC 70 44 2600 3000 5200 1.34 86 0 14 170

"Reactions conditions: chain transfer agent (CTA) = O-ethyl-S-(1-methoxycarbonyl)ethyldithiocarbonate,
initiator (I) = tert-amyl peroxy-2-ethylhexanoate, [I]/[CTA] = 0.1, T = 73 °C. AcN, PFB, and DMC stand for
acetonitrile, 1,1,1,3,3-pentafluorobutane, and dimethylcarbonate, respectively. ®Determined by gravimetry.
“Determined by 'H NMR (see Equation II-1 in the Experimental Section for details). ‘Calculated using yield as
conversion (see Equation II-5 in the Experimental Section for details). “Calculated from DPwr) (see Equation
11-2 in the Experimental Section for details). ‘Determined by SEC.

MADIX polymerizations of VDF in DMC were thus attempted (runs 3—9, Table II-1). As

observed by Asandei et al.,/"® polymerizations were much faster in DMC than they were in

1,1,1,3,3-pentafluorobutane or acetonitrile, and the yields were much higher.

H F Initiator, CTA o H H jL
_— ~
= s” o7 ™
H F DMC, 24 h, 73°C o FF 'n
s o}
CTA: /0 \[H\S)J\O/\\ Initiator : /\/j)'Lo'o7<\
o

Scheme II-1: Schematic Representation of VDF MADIX Homopolymerization

The polymerizations were, nonetheless, relatively slow and required at least 20 h to reach
about 70% yield (runs 7-9, Table II-1), as shown by the first-order kinetics plot (SI-Figure
[I-13). This plot also revealed three regimes in the MADIX polymerization of VDF: (i) a
period between t = 0 and 5 h where the polymerization rate is extremely slow or even
negligible, followed by (ii) a polymerization that takes place at a relatively slow rate (between
t =4 and 17 h) and (iii) a significantly higher polymerization rate (after 17 h). The peculiar
polymerization kinetics profile may be explained by the only moderate solubility of VDF and
PVDF in DMC!"**3% and by the effect of the VDF reverse additions on the MADIX
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mechanism. The first stage of the polymerization proceeds in solution under dilute conditions,
hence resulting in the relatively slow rate of polymerization. Once the PVDF reaches a certain
molecular weight, it may not be entirely soluble in the reaction mixture anymore, and the
VDF may, at that stage, partition preferentially into the DMC-swollen PVDF (rather than in
the DMC or the free volume of the pressure reactor), which may act as nanoreactors with a
high local VDF concentration. Once conversion has reached about 50% (at t = 17 h), all of the
polymer chains are terminated with a -CF,H or -CH,-Xa group (vide infra). These xanthate
end-groups do not transfer efficiently; thus, the polymerization may take place under free

radical conditions, which is faster than MADIX polymerization.™

Remarkably, the molecular weight increased linearly with conversion (Figure II-1 and SI-
Figure II-14). This proves that the MADIX polymerization of VDF proceeds with some

degree of control.

M (g/mol)

o 1 20 30 40 50 6 70 8 9 100
Conversion (%)

Figure II-1: Evolution of Mn and P versus conversion for the MADIX homopolymerization of VDF. Reaction
conditions: [VDF]o/[CTA]o/[T]o = 50:1:0.1; CTA = O-ethyl-S-(1-methoxycarbonyl)-ethyldithiocarbonate, |
= tert-amyl peroxy-2-ethylhexanoate, solvent = DMC, T = 73 °C. The blue line is a guide to the eye.
However, the molecular weight distribution also increased with conversion (Figure II-1),
which suggests that some undesired reactions occurred during the polymerization.
Interestingly, a DP of 44 is sufficient to reach the expected melting point of PVDF (171 °C).

34 which should cause the

PVDF radicals are known to be prone to transfer and backbiting,
formation of lower molecular weight polymers than expected. In addition, VDF
polymerization is also known to undergo HH additions, which may lead to unreactive
polymer chain-ends and broadening of the molecular weight distribution, ultimately proving

to be detrimental to the preparation of well-defined block copolymers. Here, the molecular
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weight distributions of the PVDF synthesized were relatively narrow (<1.42) and significantly
narrower than those reported by Girard et al.?*! This suggests that the polymerization
protocols used here were more efficient than those previously reported. Nonetheless, a
thorough characterization of the PVDF synthesized was conducted to better understand the

specific phenomena at work in the polymerization of VDF under MADIX conditions.
IV.1 MALDI-TOF Mass Spectrometry

Further characterization of the structures of the PVDF synthesized via MADIX
polymerization was performed via matrix-assisted laser desorption/ionization coupled time-
of-flight mass spectrometry (MALDI-TOF), using both positive and negative ion modes (run
9, Table II-1). Surprisingly, the positive ion mode mass spectrum displayed only one
population of polymer, which corresponded to the expected PVDF chains bearing both the R-
(methyl propionyl) and Z-(O-ethyl xanthate) groups of CTA. SI-Table II-4 assigns the

different peaks observed in

Figure II-2 with their corresponding calculated molecular weights. Contrary to the previous

study by Girard et al.,'**! fragmentation of the - chain-end was not observed here.
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Figure II-2: Positive ion MALDI-TOF mass spectrum of PVDF synthesized by MADIX polymerization (run 9,
Table II-1) with DCTB as matrix and LiCl as cationic agent. PVDF: CH3-0-(C=0)-CH(CH3)-(CFzCHz)x-
S(C=S)-0-CH>CH3 was detected as a lithium adduct (M + Li)*.

In contrast, the negative ion mode mass spectrum revealed four populations of PVDF (see SI-
Figure II-15 to SI-Figure 1I-17 and SI-Table II-5): (i) PVDF initiated by an initiator fragment
and terminated by the O-ethyl xanthate moiety (with methanol), (ii)) PVDF initiated by the
CTA R group or an initiator fragment and terminated by a thiol or an hydrogen atom (with

methanol in the latter case), (iii)) PVDF initiated by the CTA R-group and terminated by the
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O-ethyl xanthate moiety (with acetone), and (iv) chains initiated by the CTA R-group or an
initiator fragment and terminated by a thiol or an hydrogen atom (with acetone and methanol
in the case of the thiol-terminated chains or acetone only in the case of the H-terminated

chains).
IV.2 NMR Spectroscopy

Using 1D and 2D 'H, F, 'H{"’F} and "F{1H}, COSY 'H-'H, COSY "“F-'"°F, and HETCOR

'H-""F (see VIII-Supporting Information for details) NMR experiments and previously

reported studies,' >

it was possible to perform a thorough structural analysis of the PVDF
synthesized under MADIX conditions. Figure II-3 and Figure II-4 respectively display the 'H

and '°F NMR spectra of a typical PVDF synthesized in the present study (run 9, Table II-1).

H-T -CF,-CH,-CF,-CH,-CF;
CH;-0-(C=0)-(CH3)CH-
CH;3-0~(C=0)-(CH3)CH-
¥ H,0
-CH,-CF»-CH,-CF,H
-CF,-CHy»-CH,-CF,H
—————
6.6 64 62 6.0 CH;3-0-(C=0)-(CH;)CH-
-S-(C=S)-0-CH,-CH; l
-CF,-CH,-S-(C=S)-0-CH,-CH;
3Jyr =18 Hz

ML -CH,-CF-CF,-CH,-S- M
MM <

-CH,-CF,-CF,-CH,-8/

T-T -CFy-CH,-CH,-CFp-
4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2
(ppm)

Figure II-3: Expansion of the 1.2-4.9 ppm region of the 1H NMR spectrum in (CD3)2C0 of a PVDF
homopolymer synthesized via MADIX polymerization (run 9, Table II-1).
The 'H NMR spectrum (Figure II-3) shows (i) a broad multiplet centered at 2.9 ppm
corresponding to the methylene of the regular head-to-tail (HT) addition of VDF, (ii) a triplet
at 2.3ppm characteristic of the tail-to-tail (TT) addition of VDF, (iii) signals assigned to the
R-group of the CTA at 1.2 ppm (doublet), 3.6 ppm (singlet), and 2.8 ppm (partly masked
multiplet), (iv) signals assigned to the Z-group of the CTA at 1.4 ppm (triplet, CHs of the O-
ethyl xanthate) and 4.7 ppm (quartet, -CH2-O- of the O-ethyl xanthate), (v) signals around 2.1
ppm (broad multiplet) and 2.5 ppm (broad multiplet) assigned to the first two units of VDF on
the a-end (i.e., connected to the propionyl moiety of the CTA) of the polymer and a well-
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defined triplet at 4.1 ppm corresponding to the last VDF unit on the ®-chain-end (i.c.,
connected to the O-ethyl xanthate moiety), and (vi) two small triplet of triplets at 6.2 ppm
characteristic of -CF:-H end-groups caused by hydrogen abstraction and symptomatic of

transfer.

The '"F NMR spectrum (Figure 11-4) of the same polymer (run 9, Table II-1) shows (i) the
expected intense signal at =91 ppm characteristic of HT addition of VDF, (ii) signals at —
115.6, —113.3, —94.8, and —91.4 ppm indicative of chain defects caused by VDF reverse
additions, (iii) two quartets of doublets at —114.3 ppm and a small multiplet at —92.1 ppm
revealing the presence of small amounts of -CF,H chain-ends, and (iv) signals at —113.09 and
—112.69 ppm characteristic, respectively, of the ultimate and penultimate VDF units
connected to the O-ethyl xanthate end-group. Remarkably, O-ethyl xanthate groups were

capping exclusively HH VDF defects (-CF,-CH,-SC(S)OCH,CHj; end-group). Regular HT
addition terminated with the xanthate group, which would give a -CH,-CF,-SC(S)OCH,CHj3

end-group appearing around =70 ppm in '°F NMR, were not found.

This comprehensive NMR peak assignment was, in large part, made possible by the use of
HETCOR 1H—-19F 2D experiment (SI-Figure 1I-18 and SI-Figure II-19), which clearly

revealed the connection between fluorinated and hydrogenated moieties.

This NMR study revealed a very important feature: Aside from a small fraction of -CF:H-
terminated chains, the PVDF chains were ending exclusively with a -CF,-CH,-Xa group
(where Xa = SC(S)OCH:CHs). It thus appeared that all PVDF chains were terminated with an

1. as well as Asandei’s group!'™

HH addition. This is not entirely surprising. Boyer et a
already reported similar behavior in the case of iodine transfer polymerization of VDF, where
CHa-I end-groups, unable to reinitiate, accumulated in the reaction medium. MADIX, which
also proceeds via a degenerative transfer mechanism, is thus likely to suffer from the same
phenomenon. The NMR study suggests that VDF reverse additions are more often followed
by transfer to the CTA to form unreactive -CF.-CH:-Xa chain-ends rather than by another

reverse addition (TT addition) onto a VDF molecule.
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Figure II-4: Expansion of the =87 to —117 ppm region of the ?F NMR spectrum in (CD3),C0O of a PVDF
homopolymer synthesized via MADIX polymerization (run 9, Table II-1).

IV.3 Mechanism of the MADIX Polymerization of VDF

The previous observations were done on a 64 h MADIX polymerization of VDF, for which
the conversion reached 65%. This long polymerization time and high monomer conversion
likely favored the formation of -CH,-Xa end-groups to the detriment of the regular-CF,-Xa
end-groups, which must be the prevailing groups during the polymerization for the polymer to
form. An NMR study of the evolution of the PVDF end-groups with conversion was thus
carried out on five polymerizations performed under identical conditions (proportions of VDF,
CTA, and initiator, temperature, and amount of DMC) but stopped after various reaction

times (run 3, 5 h; run 4, 10 h; run 5, 15 h; run 6, 17.5 h; and run 7, 20 h; Table II-1).

Figure II-5 shows the '"H NMR spectrum of a MADIX polymerization of VDF stopped after
10 h (VDF conversion = 25%). The signal centered at 4.72 ppm corresponding to the -CH>-O-
moiety of the xanthate end-group appeared to be split into two quartets. Similarly, a second
triplet can be seen at slightly lower field next to the signal at 1.44 ppm, attributed to the -CHj3
group of the xanthate. The high-field signals (t, 1.44 ppm and q, 4.72 ppm) correspond to a
PVDF chain terminated by an inverted VDF unit (HH addition) capped with a xanthate, as
shown in Figure II-3. The new lower field signals (triplet at 1.48 ppm and quartet at 4.77
ppm) match a PVDF chain terminated by -CH.-CF»-Xa (i.e., a regularly added VDF unit (HT
addition) capped with a xanthate).

116



Polymérisation RAFT du VDF

S S
FF HH
JC o BN o
HH FEm &
-CH,-CF,-S-(C=S)-0-CH,-CH; -CF,-CHp-S-(C=S)-O-CH,-CHj

38% 47%

. 3Jyr = 16 Hz
Jur =18 Hz -CH,-CF,-CH,-CF}-S-

M -CH,-CF-CF-CHy-S-

4.8 4.4 4.0 3.6 3.2

2.8 2.4 2.0 1.6 1.2
(ppm)

Figure II-5: Expansion of the 1.0-4.9 ppm region of the {H NMR spectrum in (CD3).CO of a PVDF
homopolymer synthesized via MADIX polymerization (run 4, Table II-1). Polymerization time = 10 h; VDF

conversion = 25%.
In addition to these two new signals corresponding to the ethyl group of the xanthate, an extra
quintet at 3.4 ppm can also be seen in Figure II-5. This quintet features a 16 Hz coupling
constant characteristic of 3JH,1:and can be assigned to the methylene protons of the ultimate
unit of VDF connected to the xanthate group via regioregular addition (HT). Thanks to the
surprisingly strong influence of fluorine atoms on the chemical shifts of other nuclei, the ethyl
moiety of the xanthate can be used as a very efficient probe to quantitatively characterize the
products of the MADIX polymerization of VDF. Indeed, the chemical shifts of the methyl and
methylene of the xanthate end-group are shifted from 1.44 and 4.72 ppm in the case of a -CF;-
CH,-S- end-group to 1.48 and 4.77 ppm, respectively, in the case of a CH,-CF,-S- end-group.
Remarkably, this deshielding effect can be seen even for nuclei that are seven covalent bonds
away from the fluorine atoms. Using the xanthate moiety as a NMR probe, it was possible to
calculate the following proportions of end-groups for the polymer shown in Figure II-5 (run 4,

Table II-1): -CF,-Xa-/-CH,-Xa/-CF,H = 38:47:15.

F NMR spectroscopy also confirmed the presence of a -CH,-CF,-Xa end-group shown as a
complex signal at —71 ppm (Figure II-6), which was not observed in the '’F NMR spectrum of

a PVDF exclusively terminated by a -CF,-CH,-Xa group (Figure 11-4).
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Figure II-6: (a) Expansion of the =70 to —120 ppm region of the 1F NMR spectrum in (CD3),C0 of a PVDF
homopolymer synthesized via MADIX polymerization (run 4, Table II-1). Polymerization time = 10 h; VDF
conversion = 25%. (b) Zoomed in view of the signal of the w-end terminal CF> moiety in F{! H} NMR (up)

and?F NMR (bottom). (c) Splitting diagram for the 12F NMR signal of the w-end terminal CF; moiety.

After determination of the *Jgy and “Jgr coupling constants using 'H and ""F{'H} NMR
experiments, the multiplicity of this signal at =71 ppm was elucidated (Figure 1I-6). This '°F
NMR spectrum was also used to calculate the proportion of each type of chain-ends using the
integrals of the signal at =71 ppm, those of the two signals at =113 ppm, and the integral of
the signal of -CF,H end-group at —114.3 ppm. The comparison of the '"H NMR signal

assigned to TT and HT additions (2.3 and 3.0 ppm, respectively) gave indications about the
proportion of TT defect present inside the PVDF chains. Similarly, the '’F NMR signals were
informative regarding the proportion of HH inside the PVDF chains (—=115.63 ppm), of
terminal HH addition (i.e., present as the terminal unit) (—=112.69 ppm), and of HT regular
additions (-91 ppm). SI-Figure II-20 shows the evolution of chain defects versus conversion.
This plot reveals that the amounts of intrachain TT and HH reverse additions (SI-Figure 11-23
and SI-Equation II-9, SI-Equation II-10, SI-Equation II-11) increase as the polymerization
proceeds andthat they are strictly equal to each other. This suggests that each intrachain HH
reverse addition is immediately followed by aTT reverse addition to reform the normal CF--
propagating radical. The proportion of terminal HH addition also increases with conversion,

but these inversions are not followed by TT additions. This suggests that a large number of

118



Polymérisation RAFT du VDF

HH additions are immediately followed by transfer to the CTA and do not reinitiate the
polymerization (vide infra). Finally, the total proportion of chain defects amounts to about
4%. This number is in agreement with the proportion of chain defects observed for PVDF
prepared under conventional free radical polymerization.” There is no effect of the MADIX
polymerization on the total amount of PVDF chain defects, although it appears that a large

proportion of these defects are located at the terminal unit of the polymer chain.

To further examine the MADIX polymerization of VDF, the evolution of end-group
functionality was monitored as a function of conversion. Figure II-7 shows the evolution of

the w-chain-end 1H and 1vF NMR signals with conversion.
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Figure [I-7: Evolution of selected 1H and 1?F NMR signals with conversion of PVDF homopolymers
synthesized via MADIX polymerization. The spectra were recorded in (CD3)-CO.

It can clearly be seen that at low conversion (beginning of the polymerization) the prevailing
o-chain-end was -CH,-CF,-Xa (strong signals at 4.77 and 3.4 ppm in '"H NMR and at —71
ppm in "°F NMR and very weak signals at 4.72 and 4.1 ppm in '"H NMR and at —112.69 and —
113.09 ppm in "’F NMR corresponding to a -CF,-CH,-Xa chain-end). As the VDF conversion
increased, the signals assigned to the -CH,-CF,-Xa chain-end decreased, whereas signals
corresponding to the -CF,-CH,-Xa chain-end appeared and increased in intensity. After 17.5 h

of reaction (conversion = 65%), the -CH,-CF,-Xa chain-end completely disappeared.
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The 'H NMR spectrum of the reaction stopped after 5 h (VDF conversion < 5%) exhibited a
surprising quintet instead of the expected quartet at 4.7 ppm. (SI-Figure II-21) At such low
conversion, the reaction medium was composed mainly of monoadduct (DP = 1) and few very
low molecular weight oligomers. The monoadduct has a very distinctive NMR signature!**!
compared to that of oligomers, as shown in the '’F NMR spectrum of this low conversion
polymerization (SI-Figure I1-22). This also explains the weak intensity of the quintet at 3.4
ppm corresponding to the -CF,-CH,-CF,-Xa end-group. This NMR monitoring of the PVDF
chain-end allowed the evolution of chain-end functionality versus conversion in the course of
the MADIX polymerization of VDF to be plotted (Figure II-8). Hydrogen abstraction (most

B34 and transfer to polymer cannot be

likely caused by transfer to DMC even though backbiting
completely excluded) occurs throughout the polymerization and increases slowly with

conversion to reach about 15% when conversion is at 65%.
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Figure [I-8: Evolution of chain-end functionality during VDF MADIX polymerization versus conversion.

Remarkably, the proportion of -CF>-CH:-Xa end-groups increases linearly with conversion (to
the detriment of the -CH,-CF,-Xa end-group, which, conversely, decreases linearly with
conversion) and constitutes 100% of the xanthate-terminated end-group when the VDF
conversion is only 50%. This accumulation of -CF,-CH,-Xa caused by reverse VDF addition
immediately followed by transfer to the CTA is reminiscent of the study by Asandei and co-

workers!'®!

who observed exactly the same phenomenon in their study of the ITP of VDF. The
present study shows that -CH.-CF:-Xa end-groups fragment and reinitiate the polymerization
of VDF very readily, whereas -CF,-CH,-Xa chain-ends seem to remain inert once they are

formed. The accumulation of these nonreactive chain-ends could significantly hinder the
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ability to synthesize PVDF-based block copolymers using the MADIX process. Studies
focusing on this issue are underway in our laboratory and will be published in due course. In
addition, these seemingly nonfragmenting chain-ends are responseble for the broadening of
the molecular weight distribution with conversion observed here (SI-Figure II-23).

Nonetheless, in spite of this chain-end reactivity difference, D remained below 1.5
IV .4 Transfer

Thorough NMR study of the PVDF structure obtained via MADIX polymerization revealed
(1) the formation and accumulation in the reaction medium of nonreactive chains (terminated
with -CF,-CH,-Xa end-groups) caused by reverse addition immediately followed by transfer
to the CTA and (ii) the formation of dead chains (-CH,-CF,-H) by radical transfer reaction
from CF;- radicals to DMC. These DMC radicals produced by hydrogen abstraction are able
to reinitiate the polymerization of VDF. They can thus either initiate new PVDF chains or
transfer to a CTA. NMR and MALDI-TOF analyses of the PVDF synthesized in the present
study did not show any signs of PVDF chains initiated by DMC radicals.
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Figure II-9: Expansion of the 0.5-6.5 ppm region of the LH NMR spectrum in (CD3)-CO of the hexane-

soluble residue obtained after precipitation of PVDF synthesized via MADIX polymerization (run 9, Table
)/3))

In contrast, the '"H NMR spectrum (Figure 11-9) of the hexanesoluble residue obtained after
precipitation of MADIX synthesized (run 9, Table II-1) PVDF revealed the presence of two
side products: (i) the adduct of a DMC radical to the CTA and (ii) the VDF—CTA monoadduct
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formed by attack of the CTA R-group on the head of VDF (CF,) followed by transfer to the
CTA. The formation of these products was confirmed by NMR analyses of the VDF

polymerization medium before precipitation (Figure II-10 and SI-Figure 11-24).
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Figure II-10: Expansion of the 0.5-6.7 ppm region of the 1H NMR spectrum in (CD3)2C0 of a MADIX
homopolymerization of VDF (run 9, Table II-1) before precipitation (crude products).

These products do not lead to polymers but actually consume a non-negligible amount of
CTA. Indeed, the xanthate moieties in these products are not available anymore to play their
role as polymerization control agent. These side reactions thus lead to the combined loss of
about 31% of CTA (31% of CTA R-group and 41% of CTA Z-group), as explained in Figure
II-10 and Table II-2.

This loss means that the target DP (and My meo) values shown in Table II-1 have to be
recalculated to take into account this irreversible trapping (or consumption) of Xanthate
moieties. Table II-2 summarizes this calculation: These recalculated DPiareet and M, seo values
are in much better agreement with the DP and M, values calculated by NMR (see Table II-1
and Table 11-2).
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Table II-2: New Calculation of DParger for Run 8 When Taking into Account the Percentage CTA Loss

Caused by Reactions 5 and 6 Presented in Scheme I[-2

% a % (g/mol) (g/mol)
Run  [VDF]/[CTAlo CTA Lost Real DPurget  ye1q "My, Theot DP Maxvr: DP
8 48 31 41 69 65 3100:45 3000:44 3300:48
(R) 2 (R) 2)

Real DP e calculated using Equation II-6. "New M, theo calculated using Equation 11-7.

[VDF]o/[CTA]o
(1-% (R) CTA Lost)

Equation [I-6  Real DPygrger =

Equation II-7 My tneo = (Real DPrgrger X Yield) X Mypp + Mcra

The difference between My theo and My nmr(Z) (calculated using the NMR signal of the CTA

Z-group) is caused by the loss of CTA Z-group by transfer onto a DMC radical. This loss due

to transfer to DMC also explains the 10% difference between M, nmr(R) and M, nvr(Z) in SI-

Table II-3. This in-depth study showed that the MADIX solution polymerization of VDF in

DMC proceeds with a degree of control but that the usual elementary reactions occurring

during a typical MADIX process are accompanied by a number of side reactions that impair

the ability to perfectly control the polymerization of VDF. These side reactions are shown in

Scheme 11-2
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Scheme II-2: Mechanism of Reversible Addition—Fragmentation Chain-Transfer Polymerization
(RAFT)/Macromolecular Design via the Interchange of Xanthates MADIX) of VDF. I2 and P, (or Pm)

represent the initiator and a PVDF chain of DP = n (or m), respectively
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V. Conclusion

This article presents efficient protocols for the MADIX solution polymerization of VDF in
DMC and, for the first time, a comprehensive NMR study with a focus on the end-group
functionality of this controlled homopolymerization of VDF. The main goal of this study was
to develop a controlled MADIX polymerization of VDF to prepare PVDF polymers featuring
high end-group functionality and narrow polydispersity. The linear evolution of molecular
weight versus conversion for the MADIX polymerization of VDF was shown for the first
time, and evidences of some degree of control were presented. The evolution of the polymer
end-groups with conversion was also carefully monitored for the first time and revealed the
accumulation in the reaction medium of -CF.-CH:-Xaterminated polymer chains throughout
the polymerization. This phenomenon demonstrates that, similarly to iodine transfer
polymerization (ITP), the MADIX polymerization of VDF suffers from chain defects (head-
to-head VDF addition) that lead, after transfer to the CTA, to unreactive chain-ends. As in the
case of ITP, this irreversible transfer impairs the control of the polymerization of VDF, causes
a broadening of the molecular weight distribution, and could be detrimental to the syntheses
of well-defined block copolymers. Furthermore, loss of CTA caused by irreversible transfer
onto the CTA from a DMC radical (formed by H-abstraction) or from a reverse addition
occurring at the reinitiation stage (attack of the CTA R-group on the head of VDF) was
discovered. These unwanted reactions preclude the ability to accurately predict the degree of
polymerization (and of the molecular weights) using the usual NMR end-group analyses and
affect the control of the polymerization. The extents of these reactions were quantified. As
much as 30% of the initial CTA was irreversibly trapped in the reverse addition VDF
monoadduct, and the transfer to DMC amounted to about 10% additional irreversible trapping
of CTA. This work highlights, for the first time, all the elementary reactions occurring during
the course of the MADIX solution polymerization of VDF: transfer to solvent, reverse
additions, and irreversible transfer to CTA. Chain defects caused by reverse additions are
intrinsic to radical polymerization; therefore, MADIX polymerization could not eliminate this
phenomenon. Organometallic-mediated polymerization of VDF may be able to provide a
solution to this problem. Nevertheless, in spite of these side reactions and reverse additions,
PVDF with 90% chain-end functionality and an acceptable polydispersity (1.4) can be
obtained using the MADIX protocols described herein. This study lays the foundation for the
MADIX  polymerization of VDF and similar monomers (trifluoroethylene,
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chlorotrifluoroethylene, etc.) and gives invaluable information for the synthesis of PVDF-

based architectures and functional PVDF.
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VIII. Supporting Information

VIII.1.1 DP and Molar mass

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

SI-Figure II-11: Expansion of the 1.2 to 4.9 ppm region of the H NMR spectrum in (CD3).C0 of a PVDF
homopolymer synthesized via MADIX polymerization (Run 9, Table II-1).
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SI-Figure II-12: Expansion of the -87 to -119 ppm region of the *F NMR spectrum in (CDs).CO of a PVDF
homopolymer synthesized by MADIX polymerization (Run 9, Table II-1).
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VIII.1.2 Example of calculation of DP and Mn

Note: Molecular weights calculated below using Equation II-land SI-Equation II-8 were

extracted from 'H NMR (SI-Figure II-11) and F NMR (SI-Figure II-12) respectively.

3.19 2.43 4.17
[0 CHy(HT)+ [, CHo(TT)

Equation [[-1 DP = =228 228 02

%110 CH3(R—CTA)

82.90 + 3.55+ 1.96
— > — 44
gx 3

+CH,(End Group)

Mpnmr = MpCTA + DP X M, VDF (64.04 g. mol™1) = 208.3 + 44 x 64.04
= 3000 g/mol

SI-Equation II-8 DP =

—-93.9

f_—9901‘:7’7 CFZ (HT) + f_93‘2 —-113.2 —-113.5

CF (HT) + [, < CFy(Z end group) + [_ |, .
[ ons CF2 (R end group)

—-115.9

—-95.0
CF, (HH) + f_ns_s

CF, (R end group) + f_94_6 CF, (HH)

Dp = 78.48 +2.00 + 1.32 + 1.30 + (2.00 + 1.90) + 1.30 + 1.40

2.00 45

Mpyur = M,CTA + DP X M, VDF (64.04 g.mol™') = 208.3 + 45 X 64.04
= 3100 g/mol

SI-Table II-3: Comparison of the molecular weights calculated by NMR using the signals of the CTA R-
group or of the CTA Z-group as references.

Run DP NMR M, NMR (g/mol) AMn NMR (%)
R®) @ ®) @
1 18 17 1400 1300 8
2 31 31 2200 2200 0
3 4 4 500 500 0
4 20 21 1500 1600 7
5 29 31 2100 2200 5
6 41 45 2800 2900 4
7 47 50 3200 3400 6
8 44 48 3000 3300 10
9 44 48 3000 3300 10
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VIII.1.3 Kinetics

Note: The first-order kinetics plot (SI-Figure II-13) and the evolution of molecular weight and
D versus conversion (Figure II-1) were traced using 4 different polymerizations (runs 5-8 in

Table II-1) using the same formulation but stopped at different reaction times.

2 ——
1,04 J
0,8 4

E

0,6 [ E

Ln([M]/[M])

0 2 4 6 8 10 12 14 16 18 20 22
Time (h)

SI-Figure [I-13: First order kinetics plot ofr the MADIX polymerization of VDF

ML T T UL | T T L
1000 10000 100000
M, (g/mol)

SI-Figure II-14: DMF GPC chromatograms of PVDF - Xanthate synthesized by MADIX homopolymerization
of VDF (Run 4, conv = 25% ; Run 5, conv = 35% ; Run 9, conv = 70% ; Run 7, conv = 65%)
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VIII.1.4 MALDI-TOF Mass Spectrometry

SI-Table 1I-4: Peak assignmentsfor the positive mode MALDI-TOF spectrum (

Figure II-2) of PVDF synthesized using MADIX polymerization (run 9,Table II-1). 2Theoretical molecular
weights were calculated using an isotope pattern profile calculator.

o end o end Cation DP M, meo' Mnexp

CH;-0-(C=0)-CH(CHy)- -S-(C=S)-0-CH,-CH;  Li* 15 11753 11752
CH;-0-(C=0)-CH(CH3)- -S-(C=S)-O-CH,-CH;  Li* 17 13033 1303.2
CH;-0-(C=0)-CH(CH3)- -S-(C=S)-O-CH,-CH;  Li* 18 13673 13673
CH;-0-(C=0)-CH(CHy)- -S-(C=S)-O-CH,-CH;  Li* 20 14953 14953

CH:-O-(C=0)-CH(CH3)- -S-(C=S)-O-CH,-CH;  Li* 22 16233 1623.3

Intens. [a.u.]

3000

2000 -

1000

3321

—_—
1000 1500 2000 2500 3000 3500 4000
m/z

SI-Figure II-15: Negative ion MALDI-TOF mass spectrum of PVDF synthesized by MADIX polymerization
(Run 9,Table [I-1) with DCTB as matrix and LiCl as cationic agent.
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SI-Figure II-16: Expansion of the 1060 to 1260 m/z region of the negative ion MALDI-TOF mass spectrum
of PVDF synthesized by MADIX polymerization (Run 9,Table II-1) with DCTB matrix and LiCl as cationic

agent.

SI-Table II-5: Peak assignments for the negative mode MALDI-TOF spectrum (SI-Figure II-15 and SI-Figure
1I-16) of PVDF synthesized using MADIX polymerization (run 9, Table II-1). 2Theorical molecular weight
was calculated using an isotope pattern profile calculator.

o end o end DP M., theo” M, exp
CH;3-(CH,)3-CH(C,Hs)-(C=0)-0- + T
CH,OH S-(C=S)-0-CH,-CHj; 12 1063.3 1063.2
CH;-0-(C=0)-CH(CH3)- -SH 15 1079.2 1079.2
CH;-CH,-C(CH3)»-O- -SH 15 1079.2 1079.2
CH;3-0-(C=0)-CH(CH;)-+ CH;0H -H 15 1079.3 1079.2
CH;3-CH,-C(CH3),-O- +CH30H -H 15 1079.3 1079.2
CHJ-O_(CZO)_CHC(IC{HJ)_+ CH;-(C=0)- -S-(C=S)-0-CH,-CH; 13 1097.2 1097.2
3
CH;-CH,-C(CH3),-O- LT
+ CHy-(C=0)-CH; -S-(C=S)-O-CH,-CH3 13 1097.3 1097.2
CH;-0-(C=0)-CH(CH3)- +CH;3(C=0)- i
CH; + CH:0H SH 14 1105.3 1105.2
CH;3-CH,-C(CH3),-O-
+CHy(C=0)-CH; + CH:OH -SH 14 1105.3 1105.2
CH;-0-(C=0)-CH(CH3)- +CH;3(C=0)- H 15 11053 1105.2
CH; ’ ’
1105.2
CH;-CH,-C(CHj3),-0- +CH;3(C=0)-CH; -H 15 1105.3
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CHyCH;OCSS(THLCF 1)y fCHCH,COOCH LI [Chemea =1 M z1 e
Buiding block: Crone -
2 4 ] | = W Abundwcs |
2 136728 o # |1 1366 261575 7897
= 2000 4 2 1357 262546 100,000
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SI-Figure II-17: Comparison of the theoretical and experimental isotopic patterns for a PVDF initiated by
CH;0(C=0)CH(CH3)e radical and terminated by -S(C=S)OCH:CH3 in positive mode with Li+ cationization

VIIL.1.5 HETCOR 'H/"F

CF-CH,-CF - CF ,-CH,-CHy-

Reversed units

bnnnnee

—

TT -CF-CHCH-CFy

ris

| !

4.5
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Z xanthate inoiety i
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! '
i
! Transfer 5 leo
5 . .
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104
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SI-Figure II-18: 1H - 19F HETCOR spectrum in (CD3)2CO of PVDF synthesized by MADIX polymerization
(Run 9,Table II-1). Vertical axis: 'H NMR spectrum; horizontal axis: 1?F NMR spectrum.
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“CHp-CF;-CF5-CH,-S- -CH-CF3-CF;-CHy-S-

Yy |
AJ U UW/ k__
W

.|

¢

—_—

-CH-CF-CF3-CHy-S- Z xanthate moiety

%

3y =18 Hz
“CHy-CF3-CFy-CH-S-

r4.0

4.5

5.0

- T - - - v r - - - - - - - -
<1095 -110.0 -110.5 -111.0 -111.5 -1120 -1125 ~113.D( '133.5 -114.0 -1145 -115.0 -1155 -116.0 -1165 -117.0
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pm)

SI-Figure II-19: Expansion of the -110 to -117 ppm region of the LH-1?F HETCOR spectrum in (CD3)2C0 of

PVDF (Run 9, Table II-1).

VIII.1.6 Normal and Reverse additions

—4& HH total additions
—@- HH end chain additions
—® HH intra-chain additions

—w-_TT intra-chain additions
4 A T
/‘-“—"’—’
Vs A
74
’
2 3 4
.g . / o
= / =<
° / £ TS
[ 4 Bt 5 = Tl -2
< / 7 )
[0} / £
g2- v #
z i
a>) 7. __f"
o P S
= 4 ="
S 14 7 o
/ -
// /.’
/] il
Yy P
C P
o7 1——7——7—"—7
0 10 20 30 40 50 60 70

Conversion (%)

SI-Figure II-20: Evolution of HH additions (Intra chain and as the terminal unit), and of TT additions

versus conversion. Dashed line is a guide for eyes
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SI-Equation II-9
% TT (Intra — Chain) =
[0 cRy(TT)
CF,(End Group)+f__111133.'25

—-71.2

—113.2
f—70.9

CFy(End Group)+_, ;, CF(HH)+[ oy CRy (HT+TT)+[ 27

—115.4 CFZ(HH)

SI-Equation II-10
% HH (Intra — Chain) =

—115.9
f—115.4

CF(End Group)+/_

CF,(HH)

—1135 —95 ~1159
CR(HH)*[_gq CR2(HT+TT)+[_;; ¢,

71.2

= —-113.2
f—70.9

CFy(End Group)+[_ 1. 1132 CF,(HH)

SI-Equation I1-11
% HH (End — group) =
—-113.3
J_113.0 CF2(HH End—group)
S 2 Ry (Bnd Group)+ [, 2 CFy (HH End Group)+ [, 1wy CFy(HH)+[ oy CEy(HT+TT)+ [ > CF,(HH)

VIII.1.7 Mono-adduct

a

CHy-CH,-0-(C=S)-S-CF,-CF ;-
b +

CH;3-CH,-0-(C=S)-S-CF,-CH,-
First adduct

Low -S-CH,-CF,- end
group

2)
I o
N 3),u=THz

CH;-CH,-0-(C=S)-S-CH,-CF,-

4.80 4.65 4.50 4.35 4.20 4.05
(ppm)

SI-Figure I[I-21: 1H NMR spectra in (CD3)-CO of PVDF synthesized by MADIX polymerization of VDF. 1)
Run 9, Table II-1; 2) Run 3, Table II-1. 3) Expansion (4.65 - 4.8 ppm) of the signal corresponding to the
CH>-CF>-Xa group.
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s
/\o)ks ” o
H H
o

b
2=224 Hz
3Jue =20 Hz LA A_JL
<
a
n> n=1First adduct
[ |
-70.7 -71.9 -73.1

(ppm)

SI-Figure I[I-22: 1F NMR spectra in (CD3):C0O of PVDF (Run 3, Table [I-1) with an expansion of the -70 to -
74 ppm region corresponding to -CH»-CFz-Xa end group of a CTA-VDF monoadduct. a) 1°F NMR without
any1H decoupling b) 1F NMR with 1H decoupling. The insert is an expansion of the signal centered at -

72.1 ppm
VIII.1.8 Others
::: -DCF;CHZ-Xa end group I
100 /-——*—*_1 14
80 4 / /
o ./Z_____‘.
60
. 1.2

40

/.
A

Conversion (%)

(%) -CF-CH,-Xa end group

SI-Figure [I-23: Evolution of -CFz-CHz-Xa end-group and of polydispersity versus conversion during the
MADIX VDF homopolymerization.
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SI-Figure II-24: Expansion of the regions corresponding to the signal assigned to -0-CH>-CHz in the 1H
NMR spectrum in (CD3).C0) ofa PVDF (Run 8, Table II-1) synthesized by MADIX polymerization before
precipitation (crude product) : 1) product of addition of a DMC radical to the CTA, 2) PVDF showing a
reverse addition end-group, and 3) VDF-CTA monoadduct formed by attack of the CTA R-group on the
head of VDF, followed by transfer to the CTA.
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Conclusion Partie 1

La premiére partie de ce chapitre a montré pour la premiére fois a travers un suivi cinétique et
une étude exhaustive en RMN, le bon contréle de la polymérisation RAFT du VDF en
présence d’agent de transfert de type xanthate. De mani¢re similaire a I'ITP, une
accumulation d’extrémités de chaines moins réactives —CF,CH,-S-(C=S)OCH,CH; (ou
PVDF1-XA, avec T et XA correspondant a Tail et Xanthate, respectivement) au détriment des
extrémités de chaines plus réactives —CH,CF;,-S-(C=S)OCH,CH; (ou PVDFy-XA, avec H
correspondant & Head) a été observée due aux additions téte-téte du VDF. Ces additions
inverses ont considérablement affecté le bon controle de la polymérisation et ont conduit a un
¢largissement progressif de la distribution des masses molaires au cours de la polymérisation.
Etonnamment, une proportion non négligeable d’agent de transfert (30 %) a été consommée
dans les premiers instants de la polymérisation (réamorgage), dii & une mauvaise addition du
radical R (issue de I’agent RAFT) sur le VDF, conduisant ainsi a la formation de mono-adduit
de VDF porteur des extrémités R et Z de 1’agent de transfert. De plus, des réactions de
transfert au solvant (DMC) diminuant la fonctionnalité finale, ont également ét¢ mises en
¢vidence. Ces réactions de transfert sont responsables de la formation de chaines mortes CF,H
causées par des réactions de transfert de radicaux CF;- au solvant. La formation de I’adduit
CH;3-O(C=0)O-CH;,-XA résultant du transfert d’un radical dimethyl carbonate sur une

fraction de la moiéti¢ Z, a également ét¢ mise en évidence par RMN.

En dépit de ces difficultés de synthése, des homopolyméres de PVDF avec des degrés de
polymérisation (DP) compris entre 4 et 47, possédant une fonctionnalit¢é en xanthate

atteignant les 85 % et des dispersités (D) inférieures a 1,4 ont pu étre préparés.
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Partie 2 —

Cette partie vient renforcer 1’hypothése émise dans la précédente partie. En effet, il a été
observé dans la partie 1 une consommation surprenante d’agent RAFT (30 % de [CTA]o).
Cette perte d’agent RAFT est causée par I’addition du radical R sur le la téte du VDF (CF,),
conduisant a un radical CH," qui, suivi par une réaction de transfert sur une fonction xanthate,
forme un mono-adduit R-CF,CH,-Z qui est éliminé ultérieurement par précipitation (vide
supra). Cependant, aucune preuve directe par spectroscopie RMN n’a démontré que la totalité
des chaines restantes était réellement amorcées de maniére régulieére (addition sur la queue du

VDF) avec un enchainement de type : R-CH,-CF,-.

Cette partie présente donc une caractérisation approfondie qui détaille par RMN un PVDF
synthétisé par RAFT. L’association de spectres RMN du 'H, "F et ">C couplés et non
découplés, ainsi que divers spectres de corrélation hétéronucléaire : 2D "H{"* C} HSQC,
Pr{*C} HSQC, and "F{'H} HETCOR ont permis d’indentifier la microstructure de
I’extrémité a du PVDF. Ce travail a été réalisé en collaboration avec le Professeur Gilles Silly
de DI’Universit¢ de Montpellier et a fait 1’objet d’un article scientifique publi¢ dans

Macromolecular Chemistry and Physics.”
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I. Abstract

Poly(vinylidene fluoride) (PVDF) is a very important fluoropolymer. It possesses high
resistances to weathering or ageing and to chemical and thermal aggressions, as well as
unique electroactive properties. The reversible-deactivation radical polymerization (RDRP) of
VDF can, so far, only be achieved via degenerative transfer using ITP (iodine transfer
polymerization) or RAFT (reversible addition-fragmentation chain transfer). However, due to
chain defects, and transfer to solvents, the RAFT polymerization of VDF produces PVDF
chains with different chain ends. This article presents the results obtained from advanced 'H,
BC, and F NMR spectroscopy experiments using decoupling strategies, to ascertain
unequivocally the microstructure of the PVDF chains synthesized using RAFT
polymerization. This article provides a very detailed description of the different o- and -
chain ends of PVDFs;-XA and reveals an uncommon NMR heteronuclear coupling between
the proton of the stereocenter of the CTA R-group and the fluorine atoms of the CF2 moiety of
the first added VDF unit.
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II. Introduction

Fluoropolymers have found many high-tech applications in automotive, aerospace, optical,
and microelectronics industries.!! ) Poly(vinylidene fluoride) (PVDF) is a thermoplastic
fluoropolymer produced by the radical polymerization of vinylidene fluoride (VDF).!*”)
Thanks to its relatively low melting point (=170 °© C) compared to other fluoropolymers,
PVDF can be more easily melt processed, injected, or molded.!” This highly chemically
resistant fluoropolymer is used in piping, tubing, vessel fabrication, molded valves, and
fittings, tower packing, nozzles, and other items for corrosive fluid handling.'’ As a fine
powder grade, PVDF is employed as the principal ingredient of high-end weather-resistant
paints for metals, stones, or concrete.”) PVDF membranes are also used for protein
immunoblot due to its nonspecific affinity for amino acids.®) Moreover, PVDF displays strong
piezoelectric properties and has a higher dielectric constant in comparison to other

[9-

fluoropolymers. " Because of its unique combination of singular properties as well as its

processability and low cost (relative to other fluoropolymers), PVDF has become the second
largest manufactured fluoropolymer after poly(tetrafluoroethylene).l'¥ Nevertheless,
preparing well-architectured PVDF by reversible-deactivation radical polymerization (RDRP)
techniques still remains challenging.!"* In the course of the polymerization, VDF (CH, CF,)
units undergo head-to-tail (HT) normal additions, and head-to-head (HH) and tail-to-tail (TT)
inverse additions, which lead to the formation of -CF,CH,-CF,CH,- , -CH,CF,-CF,CH,- , and
-CF,CH;-CH,CF,- dyads, respectively.[l4']6] HH additions result in chain defects that have a
detrimental effect on the RDRP of VDF.!""! Recent articles showed that reversible addition-

(18-22] can be used to control the

fragmentation chain transfer (RAFT) polymerization
polymerization of VDF, but that HH additions have a crucial influence on the degenerative
transfer mechanism, which enables the control of the polymerization.!”*** PVDF chains
terminated by a -CH,CF,-CF,CH,-XA sequence (where XA designates the xanthate moiety of
the RAFT chain-transfer agent) seem not susceptible to further reactivation with -CH,CF,-
terminated radicals. These HH additions terminated PVDF (from now on designated PVDF-
XA) chains thus accumulate in the reaction medium in a similar fashion to what was observed
for the iodine transfer polymerization (ITP)!** % of VDF.I'*!"3! 33 The resulting progressive
irreversible trapping of xanthate control agent leads to the broadening of the molar mass
distribution and to increased difficulties for the synthesis of well-defined block

[24,31,34,35]

copolymers. In addition, VDF polymerization is often carried out in
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dimethylcarbonate (DMC), because this solvent was shown to provide fast kinetics and high
yields.***" In spite of this benefit, this hydrogenated solvent, is nonetheless, prone to transfer
reaction. Guerre et al.*¥ and Asandei et al.®" showed that transfer to DMC did occur in the
course of the RAFT (or ITP) polymerization of VDF in DMC, and that this transfer was
responsible for a nonnegligible decrease of the end-group functionality of the final PVDF. We
indeed showed that transfer to DMC had several consequences: 1) DMC radicals that add to
VDF by addition on the head of the monomer form CH;- radicals which irreversibly trap
xanthate groups after transfer to the CTA.*¥ 2) DMC radicals can initiate polymerization of
VDF and lead to PVDF chains that do not carry the R-group of the CTA. 3) DMC radicals are
also strongly suspected to be able to transfer with -CH,CF,-XA-terminated chains (PVDFy-
XA) and also with PVDF-XA thus provoking a further decrease of the PVDF
functionality.”® All these observations and discoveries were made possible thanks to careful
examination of the polymer microstructure and end groups using 'H and '"F NMR.[?2
Progress in the understanding of the RAFT polymerization of VDF thus required accurate and
detailed NMR characterization of the PVDF and its various possible end groups. Such an in
depth NMR characterization of PVDF-XA had not been carried out. In addition, in previous
articles, a number of assumptions were made. For example, the R-group radical was assumed
to add preferentially on the tail of VDF, leading to R-CH,CF,-a-chain end. The present article
thus reports the results of our thorough 1D and 2D NMR analyses of PVDF made by RAFT
and presents comprehensive assignments of the IH, 19F, and for the first time, BC NMR

signals of this polymer.

III. Experimental section

Materials
All reagents were used as received unless stated otherwise. 1,1-Difluoroethylene (vinylidene
fluoride, VDF) was kindly supplied by Arkema (Pierre-Benite, France). Tert-Amyl peroxy-2-
ethylhexanoate (purity 95%, Trigonox 121) was purchased from AkzoNobel (Chalons-sur-
Marne, France). O-ethyl-S-(1- methoxycarbonyl) ethyldithiocarbonate (CTA) was synthesized
according to the method described by Liu et al.*”! ReagentPlus grade (purity >99%) dimethyl
carbonate (DMC), and laboratory reagent grade hexane (purity >95%) were purchased from

Sigma Aldrich.

Nuclear Magnetic Resonance
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Instrumentation
NMR spectra of the polymers were collected at 25 °C on a Bruker Avance III 400-MHz
spectrometer equipped with two independent broadband (°N-*'P and '"N-"°F, 300 W) and a
high band ('H, 100W) rf channels. A 5 mm 'H/"”F/"*C TXO triple resonance pulsed field
gradient probe for which *C and '°F are on the inner coil and 'H on the outer coil is used for
three channels experiments. This probe has a lower background "F signals compared to

/"F/13C probe is capable of producing

standard dual-channel probes. This triple resonance 'H
short 90° pulses 6.5 ps widths on '’F, 9.5 us for °C and 9.2 ps for 'H channels. In all
experiments, 'H decoupling is realized with waltz16. '°F decoupling is performed with nested
loops using 0.5 ms and 1 ms chirped adiabatic pulses with 80 kHz band with in order to

desynchronize and minimize decoupling artifacts.

'H 1D NMR
A one pulse 90° (9.25 us) pulse sequence is used with 2.5 s acquisition time, 3.1 kHz spectral

window and 1 transient.

“F 1D NMR
A one pulse 90° (6.5 pus) pulse sequence is used with 0.5 s acquisition time, 11.3 kHz spectral

window, 4 transients and 15 s recycle delay.

BC 1D NMR with "H, "°F and "H+"°F Decoupling

A one pulse 90° pulse sequence is used, acquisition time 1 s and recycle delay 2 s.

'H 2D NMR COSY with "°F Decoupling
The cosygpppqf 'H 2D NMR COSY with '°F Decoupling pulse sequence from Bruker catalog
was modified in order to include '’F decoupling over the whole pulse sequence. Acquisition
parameters are 1 s acquisition time, 3.2 kHz spectral window in F2 and in F1, 4 transients and
recycle delay of 1 s. Processing involves a sine squared window multiplication in F1 and a

line broadening of 0.3 Hz in both dimensions.

'H {C} 2D NMR HSQC with "’F Decoupling
The hsqcetgpsi2 HSQC pulse sequence from Bruker catalog was modified in order to apply
PF decoupling over the whole pulse sequence. Acquisition parameters are 1 s acquisition
time, 5.3 kHz spectral window in F2, 30 ms acquisition time, 16.7 kHz spectral window in F1,

'Jen =145 Hz, garp decoupling for °C, 2 transients and recycle delay of 1.5 s. Processing
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involves a sine squared window multiplication in F1 and a line broadening of 1 Hz in both

dimensions.

YF {C} 2D NMR HSQC with 'H Decoupling
The pulse sequence described by Li ef al.®® (2D NMR studies of a model for Krytox
Fluoropolymers) was written from scratch for a Bruker system, the only modifications are 'H
decoupling over the whole pulse sequence, °C decoupling performed with nested loops using
0.5 ms and 1 ms chirped adiabatic pulses with 30 kHz bandwidth in order to desynchronize
and minimize decoupling artefacts and echo-antiecho quadrature detection in F1. Acquisition
parameters are 0.5 s acquisition time and 11.3 kHz spectral window in F2, 1 s acquisition time
and 12.1 kHz spectral window in FI, Yep=275 Hz, 4 transients and recycle delay of 1 s.
Processing involves linear prediction of 1024 points and a sine squared window multiplication

in F1 together with a line broadening of 0.3 Hz in both dimensions.

YF {*C} 2D NMR HETCOR with 'H Decoupling
The hfcoqfqn HETCOR pulse sequence from Bruker catalog was modified in order to use a
composite adiabatic chirped 180° pulse for refocusing of 2 ms, together with 40 kHz
bandwidth. Gradient with amplitudes in the ratio of 'H and '°F gyromagnetic factors are also
implemented for quadrature detection in F1 and echo selection. Other parameters are 0.6 s
acquisition time, 11.3 kHz spectral window in F2, 3 kHz spectral window in F1, delays of
12.7 ms and 8 ms before and after the last pair of 90° pulses before acquisition, 2 transients
and recycle delay of 25 s. Deuterated acetone was used as the solvent for all samples. 'H and
C NMR chemical shifts are referenced to TMS (in ppm) and "’F to CFCl; and "J scalar

couplings constants are given in Hertz (Hz).

Synthetic Procedure
Polymerizations of VDF were performed in a 100 mL Hastelloy Parr autoclave systems (HC
276), equipped with a mechanical Hastelloy stirring system, a rupture disk (3000 PSI), inlet
and outlet valves, and a Parr electronic controller to regulate the stirring speed and the
heating. Prior to reaction, the autoclave was pressurized with 30 bars of nitrogen to check for
leaks. The autoclave was then put under vacuum (20 mbar) for 30 min to remove any trace of
oxygen. A degassed solution of solvent, initiator, and RAFT CTA was introduced via a funnel
under vacuum. The reactor was then cooled down using a liquid nitrogen bath, and VDF was
transferred by double weighing (i.e., the difference of mass before and after filling the

autoclave with VDF). After warming up to ambient temperature, the autoclave was heated to
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the target temperature under mechanical stirring. A typical polymerization of VDF was
performed as follows: A solution of fert-amyl peroxy-2-ethylhexanoate (Trigonox 121, 158
mg, 6.87 10 mol) and O-Ethyl-S-(1-methoxycarbonyl) ethyldithiocarbonate (CTA, 1.30 g,
6.25 10 mol) in dimethylcarbonate DMC (60 mL), was degassed by N, bubbling during 30
min. This homogenous solution was introduced into the autoclave using a funnel, VDF gas
(19.0 g, 2.97 10 ' mol) was transferred in the autoclave at low temperature, and the reactor
was gradually heated to 73 °C. The reaction was stopped after 20 h. During the reaction, the
pressure increased to a maximum of 25 bars and then decreased to 10 bars after 20 h. The
autoclave was cooled down to room temperature (=20 °C), purged from the residual
monomers and dimethylcarbonate was removed under vacuum. The crude product was
dissolved in 30 mL of warm THF (=40 °C), and left under vigorous stirring for 30 min. This
polymer solution was then precipitated from 400 mL of chilled hexane. The precipitated
polymer (white powder) was filtered through a filter funnel and dried under vacuum (15
mbar) for two hours at 50 °C. The polymerization yield (65%) was determined by gravimetry

(mass of dried precipitated polymers/mass of monomer introduced in the pressure reactor).

'H NMR (400 MHz (CD3),CO, & (ppm)) : 1.19-1.24 (d, -CH(CH3)(C=0)-, *Juy= 7.1 Hz),
1.40-1.46 (t, -S(C=S)0O-CH,-CH3, *Jiy= 7.2 Hz) 1.65-1.85 (m, -CF,-CH3), *Ji= 19.0 Hz),
2.28-2.43 (m,-CF,-CH,-CH;,-CF,-, VDF-VDF TT reverse addition), 2.70-3.19 (t, -CF,-CH,-
CF,-, VDF-VDF HT regular addition), 3.60-3.69 (s, -(C=0)-O-CHj), 4.02-4.17 (t, -CF,-CHj-
S(C=S)OEt, *Jyr= 18.0 Hz), 4.67-4.77 (q, (-S(C=S)O-CH,-CHs, *Juy= 7.2 Hz), 6.05-6.45 (tt,
2Jur= 55 Hz , *Juy= 4.6 Hz -CH,-CF»-H)

PF NMR (376 MHz (CD3),CO, & (ppm)) : -115.63 (-CH,-CF,-CF,-CH,-CH,-, VDF-VDF
HH reverse addition), -114.29 (2JH1:= 55 Hz, -CH,-CF,-H), -113.34 (-CH,-CF,-CF,-CH,-
CH,-, HH reverse addition), -113.09 (CH,-CF,-CF,-CH;-S-), -112.69 (-CH,-CF,-CF,-CH,-S-
), -94.79 (-CH,-CH,-CF,-CH;-, TT reverse addition), -107.7 (-CF,-CH3), -93.50 (-CH,-CF>-
CH,-CH(CH3)(C=0)-), -92.12 (-CH,-CF,-CH,-CF;H), -91.44 (-CH,-CH,-CF,-CH,-CF>-
CH,-CF;-, regular VDF-VDF HT addition), -91.00 (-CH,-CF,-CH;-, regular VDF-VDF HT
addition).

BC NMR (100 MHz (CD;3),CO, & (ppm)): 13.2 (-S(C=S)O-CH,-CH3), 17.8 (-
CH(CH3)(C=0)-), 23.1 (-CF,-CH,-CH,-CF,-, VDF-VDF TT reverse addition), 29.0 (-CF»-
CH,-CH;-CF,-, VDF-VDF TT reverse addition), 33.7 (-CF,-CH,-CH(CH3)(C=0)-, 3JCF =35
Hz), 34.7 (-CF,-CH,-S(C=S)OEt, “Jcr = 23.0 Hz), 36.8 (t, -CH,-CF,-CF,-CH,-S(C=S)OEt,
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*Jer = 23.0 Hz), 40.7 (-CF,-CH,-CH(CH;)(C=0)-, “Jcr = 23.0 Hz), 43.7 (t, -CF,.-CH,-CF>-,
VDF-VDF HT regular addition, 'Jen =131 Hz, *Jcp = 24.0 Hz), 51.6 (-(C=0)-O-CH3), 71.6 (-
S(C=S)O-CH,-CH3), 113.6 and 113.8 (-CF,-CH,-CF,-CH,-CF;H and -CH,-CH,-CF,-CH,-
CF;H), 116.2 (-CF,-CH,-S(C=S)OEt)), 116.9 (-CF,-CF,-CH,-S(C=S)OEt) and -CH,-CF,-
CF,-CH,-CH,-), 118.4 (-CH,-CF,-CF,-CH,-CHy-), 119.8 (-CH,-CF,-CH,., 'Jer = 245 Hz,
2Jen = 4.9 Hz), 119.9 (-CH,-CF,-CH,-CF,H), 121.6 (-CF,-CH,-CF,-CH,-CH,-), 122.0 (-
CF,-CH,-CH(CHj3)(C=0)-).

IV. Result and discussion

Indirect spin-spin coupling is present in almost all the spectra that are reported in this study. It
is huge for Uen (131 Hz) and Ycr (245 Hz), still st<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>