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ABSTRACT

This thesis presents new approaches for the preparation of PVDF-based architectures. The
synthesis and characterization of different PVDF-based amphiphilic block copolymers (BCPs)
and cyclic peptide-PVDF conjugates are described. RAFT/MADIX polymerization of gaseous
VDF monomer and different chemistries were employed for the preparation of the BCPs.
PVDF- and P(VDF-co-HFP)-containing ABA triblock copolymers were obtained through Thia-
Michael addition using a “one-pot” strategy involving both PVDF-Xanthate (or P(VDF-co-
HFP)-Xanthate) and PEG-diacrylates. PNIPAM-b-PVDF diblock copolymers were prepared by
RAFT polymerization of VDF using PNIPAM macroCTAs. The synthesis of peptide sequences,
cyclic peptide (CP) preparation and the synthesis of PVDF-CP conjugates is also described.
The self-assembly in solution of all the novel PVDF-based BCPs and CPs-conjugates was also
studied. Finally, PVDF blend membranes were prepared by non-solvent induced phase-
separation (NIPS) process using one of the amphiphilic BCPs as an additive. The performance
of the membrane and evolution of membrane properties over a period of 9 months was
studied.

Key words: PVDF, fluoropolymer, RAFT, MADIX, block copolymer, self-assembly, cyclic
peptide, membrane.

RESUME

Cette these présente de nouvelles approches pour la préparation d’architectures basées
sur le PVDF. La synthese et la caractérisation de différents copolyméres amphiphiles a base
de PVDF et d’hybrides peptides cycliques-PVDF sont décrites. La polymérisation RAFT/MADIX
du monomeére VDF gazeux et différentes chimies ont été utilisées pour la préparation des
copolymeres a bloc. Des copolymeres triblock ABA a base de PVDF ou de copolymeres
P(VDF-co-HFP) ont été obtenus par Thia-addition de Michael utilisant une stratégie « one-
pot » impliquant a la fois des PVDF-Xanthate (ou P(VDF-co-HFP)-Xanthate) et des PEG-
diacrylates. Des copolymeéres diblocs PNIPAM-b-PVDF ont également été préparés par
polymérisation RAFT du VDF a l'aide de macroCTAs PNIPAM. La synthése des séquences
peptidiques, la préparation des peptides cycliques (PC) et la synthese des conjugués PVDF-
CP sont également décrites. Enfin, des membranes a base de PVDF ont été préparées par un
procédé de séparation de phase (NIPS) utilisant un des copolymeres a bloc amphiphiles
comme additif. La performance de ces membranes et I’évolution de leurs propriétés sur une
période de 9 mois ont également été étudiées.

Mots clés: PVDF, fluoropolymere, RAFT, MADIX, copolymere a bloc, auto-assemblage,
peptide cyclique, membrane.
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GENERAL INTRODUCTION

Self-assembly has become one of the holy grails of nanotechnology, and numerous
researchers are working on using self-assembled structures as an effective nano-engineering
tool. For decades, scientists have studied “supramolecular” chemistry, learning not only how
molecules bind to one another but also how large numbers of molecules could team up to
form larger ordered structures. The concept of self-assembly largely grew out of chemists'
attempts to make molecules that aggregated spontaneously into specific configurations, in
the same way, biological molecules form complex structures such as cell membranes for
example. The assemblies’ properties, shape, and size are determined by the properties of

their constituents. The choice of the material of these constituents is thus decisive.

Thanks to its excellent mechanical properties, chemical inertness, easy processing and
high-temperature resistance poly(vinylidene fluoride) (PVDF) is an appealing material for the
fabrication of membranes for water filtration. Also, PVDF presents piezoelectricity,
ferroelectricity, and pyroelectricity. As a result, they find applications in membranes for
energy (such as batteries, energy harvesters, contactors, etc...) and the emerging field of

printed electronics.

To date the solution self-assembly of block copolymers (BCPs) where one of the blocks is a
fluorinated polymer (such as PVDF) has not been explored much. Only a few references

show some attempts to self-assemble amphiphilic fluorinated BCPs.

In the last 7 years our team has developed the MADIX polymerization of VDF. The use of
MADIX in combination with efficient coupling chemistries allowed the preparation of a range
of novel PVDF-based architectures. However, the studies of the self-assembly of these PVDF-

based BCPs architectures are still in their infancy.

PVDF based self-assembled structures could be employed to prepare nanostructured PVDF
based membranes where the pore size is determined by the size and shape of the
nanoparticles and their packing. Additionally, PVDF-based amphiphilic BCPs can find

application as novel additives for PVDF water-filtration membranes.



This works aims to synthesize PVDF-based amphiphilic block copolymers and study their
self-assembly behavior to get a better insight in how PVDF properties such as high

crystallinity affect the self-assembly mechanisms.

This thesis is divided into 6 Chapters.

Chapter 1 is a literature review, on existing knowledge related and necessary to understand
the overall work gathered in this thesis. An introduction to fluoropolymers and more
specifically to PVDF homo- and copolymers and their application in membrane science is
provided. The introduction also gives some background on the synthesis of PVDF and PVDF-
based architectures made my MADIX as well as a general introduction to the preparation of

self-assembled structures in solution.

Chapter 2 describes the synthesis, characterization and self-assembly behavior of an ABA
amphiphilic PVDF-based block copolymer where A is PVDF and B is poly(ethylene glycol)
(PEG).

Chapter 3 describes the synthesis, self-assembly and Crystallization-Driven Self-Assembly
(CDSA) behavior of an ABA block copolymer in which block A is a P(VDF-co-HFP) copolymer, a

less crystalline and more soluble fluoropolymer as compared to PVDF.

In Chapter 4 the synthesis of PNIPAM-b-PVDF based diblock copolymers, their self-assembly,
and the application of the aggregates obtained for immobilization and in-situ preparation of

gold nanoparticles is described.

Chapter 5 deals with the preparation of cyclic peptide-PVDF conjugates and their self-

assembly into hollow tubular structures.

Chapter 6 describes how the triblock copolymer described in chapter 2 can be employed as
an additive for the preparation of PVDF porous membranes by phase inversion method. The
study of the performance and aging of the resulting membranes for water filtration

application is also reported.

Finally, a summary of conclusions of the chapters and future perspectives of this work are

given.



INTRODUCTION GENERALE

L’auto-assemblage est devenu le Saint-Graal de la nanotechnologie. Actuellement les
chercheurs dans de nombreux laboratoires travaillent pour le transformer en un outil
efficace de nano-ingénierie. Au cours des dernieres décennies, les chercheurs ont étudié la
chimie «supramoléculaire», en apprenant non seulement comment les molécules se lient les
unes aux autres, mais aussi a quel point un grand nombre de molécules peuvent s'associer
pour former des structures ordonnées plus grandes. Le concept d'auto-assemblage est en
grande partie issu des tentatives des chimistes de fabriquer des molécules capables de
s’agréger spontanément dans des configurations spécifiques, de la méme maniére que les
molécules biologiques forment des structures complexes telles que les membranes
cellulaires ou les structures tertiaires des protéines et enzymes, par exemple. Les propriétés
des nano-objets auto-assemblés, leur forme et leur taille sont déterminées par les propriétés

de leurs constituants. Le choix du matériel de ces constituants est donc décisif.

Grace a ses excellentes propriétés mécaniques, son inertie chimique, et sa résistance aux
hautes températures, le poly(fluorure de vinylidéne) (PVDF) est tres attrayant pour la
fabrication de membranes pour la filtration de I'eau. De plus, le PVDF peut également étre
utilisé dans d’autres applications membranaires (telles que les batteries, les capteurs
d’énergie, les contacteurs, etc) et dans le domaine émergent de |'électronique imprimée

grace a ses propriétés électroactives (piézoélectricité, ferroélectricité et pyroélectricité).

L'auto-assemblage en solution de copolyméres a blocs dont I'un des blocs est un polymeére
fluoré (tel que le PVDF) n’a pas été suffisamment exploré a ce jour. Seules quelques
références montrent des tentatives d'assemblage de polyméres amphiphiles ou l'un des

blocs est un polymeére fluoré.

Récemment, I'équipe ICGM-IAM a développé la polymérisation MADIX du VDF. L'utilisation
de MADIX en combinaison avec des chimies de couplage efficaces a permis la préparation
d'une gamme de nouvelles architectures a base de PVDF. Cependant, les études sur l'auto-

assemblage de ces architectures basées sur le PVDF en sont encore a leurs balbutiements.

Des assemblages a base de PVDF pourraient aussi étre utilisés pour préparer des

membranes nanostructurées dans lesquelles la taille des pores serait déterminée par la taille

9



et la forme des nanoparticules et par leur agencement dans |'espace. De plus, les
copolymeres a blocs amphiphiles a base de PVDF pouraient trouver des applications en tant

gue nouveaux additifs pour les membranes de filtration d'eau en PVDF.

L'objectif de ce travail est de synthétiser des copolyméres a blocs amphiphiles a base de
PVDF et d'étudier leur comportement d'auto-assemblage et de déterminer comment les
propriétés du PVDF, telles que la haute cristallinité, affectent ces mécanismes d'auto-

assemblage.
Cette thése est divisée en 6 chapitres.

Le chapitre 1 est une étude bibliographique présentant les différents aspects nécessaires a
la compréhension de la thése. Une introduction aux polymeres fluorés et plus
particulierement des homopolymeéres PVDF et les copolyméres a base de PVDF et leur
application dans les sciences eta technologies membranaires. Ce chapitre presente aussi
I’état de I'art de la synthése de PVDF et des architectures a base de PVDF faites par MADIX
ainsi qu'une introduction générale a la préparation de structures par |I' auto-assemblage de

copolymeres a blocs en solution.

Le chapitre 2 décrit la synthése, la caractérisation et le comportement d'auto-assemblage
d'un copolymére a bloc amphiphile ABA a base de PVDF, olu A est du PVDF et B est un poly
(éthyléne glycol) (PEG).

Le chapitre 3 décrit la synthése, I'auto-assemblage et I'assemblage dirigé par la
cristallisation (CDSA, de I'anglais crystallization-driven self-assembly) d’un copolymére a bloc
similaire a celle décrit dans le chapitre 1 dans lequel le bloc PVDF a été remplacé par un

copolymere de type P(VDF-co-HFP).

Dans le chapitre 4 la synthése de copolymeéres a blocs PNIPAM-b-PVDF, leur auto-
assemblage, et leur application pour l'immobilisation et la préparation in-situ de

nanoparticules d'or est décrite.

Le chapitre 5 traite la préparation de conjugués peptide cyclique-PVDF et leur auto-

assemblage en nanostructures tubulaires creuses.

10



Le chapitre 6 décrit comment le copolymeére tribloc décrit au chapitre 2 peut étre utilisé
comme additif pour la préparation de membranes poreuses en PVDF par inversion de phase.

L'étude de la performance des membranes résultantes pour I'application de filtration de

I'eau est également rapportée.

Finalement, un résumé des conclusions de chaque chapitre et des perspectives futures de ce
travail de thése sont présentées.
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CHAPTER 1

1. Membrane technology

Water shortage and energy consumption are global problems even in developed countries.
With population and economies growth, problems of water scarcity and energy source
rarefaction are expected to worsen in the coming decades." Membrane technology is an
important and a promising way to mitigate these two problems. The principal advantages of
membrane technologies are the relatively low energy consumption, easy use, low footprint
(large specific surface area), environmental friendliness and well-understood process
methods.”™ With the progress in membrane materials, many processes including reverse
osmosis (RO), ultrafiltration (UF), microfiltration (MF), nanofiltration (NF), electrodialysis,
pervaporation (PV), etc. have been widely employed in diverse applications.”*? Recently,
some innovative new processes like forward osmosis (FO), membrane contactors (MC),
catalytic membrane reactors, and fuel cell membranes have been widely investigated and

have strong potential for application in the process industry.3’13"14

New processes often require novel membranes, thus, research dealing with the
development of new membrane materials is increasing. For a specific membrane application,
polymers need to have specific properties such as good film-forming ability, high mechanical,
chemical and thermal stability, and a good balance of permeability and selectivity.
Additionally, membranes should also be hydrophilic when used for MF/UF with aqueous
solutions, but should be very hydrophobic when they are used for membrane distillation
(MD).”> Membranes must have high gas permeability and selectivity for gas separation
applications. When they are used for energy applications such as fuel cells, membranes

16718 During the past decades, most studies have

should have high proton exchange capacity.
been focused on making more hydrophilic membranes due to the prosperous research on
MF/UF. However, recently, more attention has been paid to new membrane processes,

especially MD, which requires more hydrophobic membranes.*>***
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CHAPTER 1

2. Fluoropolymers in Membrane Science

A fluoropolymer or fluorinated polymer is a carbon-based polymer with multiple carbon-
fluorine bonds. Although the use of fluorine in organic and inorganic chemistry dates back to
the XVII™ century, the development of fluoropolymers (polymers where the fluorine atoms

21-23

are connected directly to the backbone) is more recent. Fluoropolymers have attracted

wide attention both in industry and academics, due to their outstanding thermal, physical

and chemical stability.?***

They often exhibit excellent inertness to chemicals, strong
weather resistance, superior oil and water repellence and low flammability. Due to the
extraordinary properties of this special class of polymers, fluoroplastics are nowadays
applied in the production of paints and coatings,” batteries,”® (fuel cell) membranes,? or

energy-harvesting devices.?®?°

2.1. Fluoropolymers for membrane applications

Fluoropolymers, such as poly(vinyl fluoride) (PVF), poly(vinylidene fluoride) (PVDF),
poly(chlorotrifluoroethylene) (PCTFE), poly(tetrafluoroethylene) (PTFE), poly(vinylidene
fluoride-co-chlorotrifluoroethylene) (P(VDF-co-CTFE)), poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-co-HFP)), poly(ethylene-alt-tetrafluoroethylene) (PETFE), and
poly(ethylene-alt-chlorotrifluoroethylene) (PECTFE) have been widely studied.”**°>* These
polymers constitute a unique class of materials endowed with unique combinations of
properties that, in the past few decades, have attracted significant attention for very diverse
applications. These polymers present high thermal stability, improved chemical resistance,
and lower surface tension due to the low polarizability and the strong electronegativity of
the fluorine atom, its small van der Waals radius (1.32 A), and the strong C-F bond (485 kJ
mol™). These outstanding properties, make fluoropolymers excellent candidates for

membrane technology (see Table 1).
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CHAPTER 1

Table 1. Fluoropolymers for membrane opearations.3

Palymer

Membrane process

Poly(vinylidene fluoride] (PVDF) homopolymer

PYDF copalymer

Foly(vinylidene fluoride-co-chlorotrifluorcethylene ) B{VDF-co-CTFE)
Poly(vinylidene fluoride )-graft-poly-(styrene sulfonic acid) PYDF-g-PSSA

Poly(vinylidene fluoride-co-tetrafluoroethylene) (P(VDF-co-TFE))
Paly(vinylidene fluoride-ce-hexafuoropropene) (P(VDF-co-HF))

Poly(vinylidene fluoride-trifluoroethylene) (P{VDF-TrFE))

Paly( tetralluoroethylene | (PTFE) homoepoly mer

FTFE copalymer

Perfluorosulfonic acid (PFSA)

Polyl tetrafluorpethylene-co-perfluoropropy] vinyl ether) (PEA}
Poly( tetrafluoroethylene-co-hexafluoropropylene ) (FEP)
Poly(ethylene-alt-tetrafluoroethylene ) (ETFE)

Poly(ethylene chlorotrifluoroethylene) (ECTFE)

Other flucropolymers

Poly(chloratrifluoroethylene) (PCTFE)

Polyiviny! fluoride ) (PVF)
Polyi fluoreny| ether} (PFE)
Hyflon® AD, Teflon® AF, Cytop™

MF, UF, MD, MCr, ME, PV

MF{UF, MD

MEFUF, MD, PV, fuel cell. lithium ion
battery

MEFJUF, NF, MD, PV, fuel cell

Fuel cell

Lithium ion battery, tissue regeneration

MD, MC, PV, MGA

Fuel cell, lithium ion battery, chlor-alkali
indusiry

Fuel cell

MD, fuel cell

Fuel cell

PV, has potential in MD, MC and MF/UF
Fuel cell

Fuel cell
Gas separation, have potential in MD, MC

Some fluoropolymers possess desirable properties for a wide range of membrane and thin

film applications. The required properties of a fluoropolymer for different membrane

processes are listed in Table 2. More details can be found in dedicated reviews.

3,6,15

. . . 3
Table 2. Representative membrane processes and requirements for membrane materials.

Membrane process

General mechanism

Main properties

MF/UF
MD

Membrane crystallization (MCr)

Membrane emulsification {ME)

Osmaotic distillation

Py

Proton-exchange membrane {PEM)

Membrane separator for Li-ion battery

Gas separation membrane

Membrane gas absorption (MGA)

Pressure-driven, liguid passes through
the membrane pores
Thermally-driven, water vapor passes
through the membrane pores
Thermally-driven, vapor passes
through the membrane pores

Pressure-driven, contentious phase
passed through the membrane pores

Vapor pressure-driven, vapor diffuses
through the membranes
Concentration-driven, vapor passes
through the membranes

Proton transports in membranes

Transport ionic charge carriers and
prevent electric contact between
anode and cathode electrodes
Pressure-driven

Concentration gradient-driven, gas
passes through the membrane pores

Hydrophilic used in aqueous systems, while
hydrophobic used in oil systems
Hydrophobic, high porosity

Hydrophobic used for hydrophilic [aqueous)
crystallizing solutions, while hydrophilic used
for aleophilic solutions

Hydrophobic used for producing O/W
emulsions, while hydrophilic used for
producing W0 emulsions

Hydrophobic typically

Hydrophilic for dehydration of organic
solvents or organic mixtures; hydrophobic for
removal of arganic solvents or volatile organic
compounds [(VOCs) from water;organophilic
for organic/organic separation

High proton conductivity, mechanical,
chemical and thermal stability, good barrier
properties for gas and methanol

High ionic conductivity and good barrier for
electron

High diffusivity and/or high solubility to
permeate gases
Hydrophobic

2.2. Preparation of fluoropolymer membranes

Numerous methods have been studied and employed for the preparation of fluoropolymer

membranes. These include phase inversion, electro-spinning, sintering, stretching, track
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etching, etc. Most commercial fluoropolymer membranes are commonly produced via phase
separation methods due to their simplicity and flexible production scales. Phase inversion
can be described as a de-mixing process that allows the transformation of a homogeneous
polymer solution from liquid to solid state in a controlled manner. Recently, electro-spinning
has gained attention as an easier alternative to prepare hydrophobic membranes for

MD.*3>3 Table 3 summarizes the main preparation methods of fluoropolymer membranes.

Table 3. Preparation methods of fluoropolymer membranes®

Preparation method Mechanism

Phase inversion

Mon-solvent induced phase separation [(NIPS) Phase separation is induced by the exchange of the solvent in polymer solution with
the non-solvent from the coagulation bath.
Thermally induced phase separation (TIPS} Phase separation is induced by the temperature change.
Vapor induced phase separation (VIPS) Phase separation is induced by penetration of non-solvent vapor into the solution,
Solution-rasting Polymer solution is cast and evaporated.
Casting-freezing Polymer solution is cast and frozen at a temperature lower than solvent's freezing
point.
Electro-spinning Polymer solution is injected through the nozzle onto the electrode or collector to
prepare nano-fibres.
Sintering Polymer films are sintered.
Stretching Polymer melts are subject to orientation,
Track etching Dense polymer films are exposed to radiation to create holes for permeation.
2.3. PVDF
PVDF homopolymer CHy~CF3 ’n

eiEHY —CFHCF 4CF ]~
PVDF-co-TFE) L “dml 72 72

— CH,~CF5—tCF,—CF ~]7
P(VDF-co-HFP) m L In

— CH,~CF; CFE—CFA]—
P(VDF-co-CTFE) Im i

[ CF,—CH :—CF ~CH—+CF,—CH %CF{—CH ~CH ~]»CH —CH
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(IIH2 3

PVDF-g-PSSA HO55 <:> _Tﬂ
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CH,
|
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P(VDF-TrFE) %CFE‘CHEHCFFCHFL‘

Figure 1. Chemical structures of PVDF homo and copolymers.3

PVDF copolymer
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Poly(vinylidene fluoride) (PVDF), the second fluoro-plastic in production volume after
PTFE,* is an exceptional member of the fluoropolymer family. PVDF (chemical structure in
Fig. 1.) is an interesting fluoropolymer with remarkable properties such as thermal stability,
chemical inertness to solvents, oils and acids (but not to bases), and piezo-, pyro-, and

ferroelectric properties.6’23"32'38‘40

However, a high melting temperature together with the
poor solubility of PVDF in common organic solvents result in high processing costs. To
overcome these issues, various fluorinated copolymers based on VDF have been designed

3,32,41

and manufactured in the last decades. In recent years, well-defined PVDF-containing

copolymers like block-, graft- and alternating copolymers received more attention, and their

preparation have been discussed in some excellent reviews.?24%%

PVDF homopolymers are semicrystalline.23’44

Their crystallinity ranges from 35 to 70%
depending on the preparation method, thermomechanical history and proportion of chain
defects. Molar mass, polydispersity, chain defects, crystallinity and crystalline phase are the

major factors affecting the properties of PVDF.*®

PVDF can crystallize in five crystalline phases called a, B, vy, 6 and €. The crystallized chains
in PVDF present 3 different conformations designated as all trans (TTT) planar zigzag for the
B-phase, TGTG’ (trans-gauche-trans-gauche) for the a and 6 phases and TTTGTTTG’ for y and
€ phases. However, the most common and more investigated ones are a, B and y-phases

(see Figure 2).314%
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Figure 2. Schematic representation of the chain conformation of the a, B and y phases of PVDF. 3

Each phase of PVDF imparts different properties to the polymer but other characteristics
such as the molecular weight, molecular weight distribution and extent of irregularities
along the polymer chain also play an important role. The glass transition (Tg) and melting
temperatures (T,,) of the amorphous and crystalline PVDF regions are in the ranges of -40 to
-30 °C and 155 to 192°C, respectively. Amorphous PVDF regions have a density of 1.68 g
cm’, alpha and gamma polymorphs have a density of 1.92 and 1.93 g cm’, respectively,
while that of the beta polymorph is 1.97 g cm™. Thus, the typical density of commercial
products is in the range of 1.75to0 1.78 g cm’, reflecting a crystallinity degree of around
40%. The melt density of a PVDF homopolymer is ca. 1.45-1.48 g cm™ at 230 °C and 1.0

23,31
bar.”™

Because of its excellent combination of properties and processability (albeit
requiring relatively high T), PVDF is available in a wide range of melt viscosities as powders
and pellets to fulfill typical fabrication requirements. All common extrusion and molding

techniques can be applied to process PVDF into shapes.??

2.3.1. PVDF in membrane applications

PVDF membranes are widely employed in the process industry and have been used in
UF/MF, MD, PV and other processes. They have also been adopted in energy applications

such as fuel cell membranes and separators in lithium ion batteries. Apart from the
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membranes employed for energy applications, PVDF membranes are usually porous

membranes.
2.3.1.1. PVDF membrane preparation

Porous membranes are very similar in structure and function to conventional filters. They
present a rigid, highly voided structure with randomly distributed, interconnected pores, in

3,46

the 0.01-10 um diameter range.™" Separation of solutes by microporous membranes is

mainly a function of solute size and membrane pore size distribution.

To date, most of the commercial membranes, including fluoropolymer membranes, are
produced via phase inversion®’ (see Scheme 1) mainly because of the simplicity and
flexibility to scale up production, resulting in a low cost of production.3 Post-treatment is a
useful method to improve the membrane structure and properties. Stretching is frequently

employed to increase the pore size and porosity.**™°

Commonly, the stretching step also
improves the mechanical properties of microporous PVDF membranes. The effects of
stretching parameters such as, temperature, ratio and holding time on the membrane

properties have been studied.>®

NIPS VIPS TIPS
s le NS | H

v
Casting solution

Casting plate/Support

Scheme 1. Schematic of the main phase inversion processes. Non-solvent induced phase separation (NIPS),
Vapor induced phase separation (VIPS) and Temperature induced phase separation (TIPS) (S : Solvent, NS : non-
solvent, H : Heat).49

Phase inversion processes are based on a transition between two phases, induced by a
change of polymer solubility. Starting from a homogeneous mixture, i.e. the dope, a change
in composition or conditions induces de-mixing of the mixture into a polymer rich and a

polymer poor phase.* Upon further separation, the solubility of the polymer decreases and
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a solid phase with specific morphology is formed. The phase separation and precipitation

can be induced in different ways:

Non-solvent induced phase separation (NIPS): In NIPS, the casting solution is immersed in

a coagulation bath containing a non-solvent, resulting in solvent-nonsolvent exchange.

Solvent and non-solvent selection: First step is to dissolve or obtain a homogeneous

dispersion by choosing an appropriate solvent. NMP, DMF, DMAc and THF are the most
common solvents used to prepare PVDF solutions. The effect of solvent on membrane
morphology has been discussed in detail by Tao and co-workers.”* The second step is the
selection of the non-solvent. Solvent and non-solvent miscibility is mandatory. In the case of
high mutual affinity (or miscibility), a more porous membrane is likely to be obtained due to
fast de-mixing. Low mutual affinity is likely to delay de-mixing, resulting in asymmetric

membranes presenting a dense non-porous top layer.

Both symmetric and asymmetric membranes can be prepared by NIPS by solvent and non-

solvent selection:

e Asymmetric membranes with a dense skin top layer supported by a porous
structure.>

e Asymmetric membranes made of a thin top layer with a narrow pore size (20—100
nm) supported by a very open porous structure (macrovoids or finger-like
structures).”®

e Symmetric membranes with a relatively well-defined pore size along their entire

thickness.>>>*

The most common non-solvent is water, mainly because it is environmentally friendly and

cheap.

Polymer solution composition:

e Polymer concentration and properties: Since the polymer is the component
forming the membrane matrix, the polymer concentration, molecular weight

(viscosity increase with PVDF molecular weight)>> of the polymer in the casting

22



CHAPTER 1

solution can greatly influence the final morphology. Typically, the higher the
concentration, the lower the porosity (see Figure 4).%’

Additives in the polymer solution: Additives (organic or inorganic components such
as hydrophilic polymers, surfactants or nanoparticles) can influence the pore
formation and structure of the membrane, but also, enhance the hydrophilicity and

performance of the membrane.>®*’

Film casting conditions:

Composition of the coagulation bath: The addition of small amounts of solvent or
other non-solvents (methanol, isopropanol) in the coagulation bath can greatly
influence the formation of the membrane by affecting the rate of mass exchange
between the non-solvent and casting solution.”®*

Temperature: The casting temperature can affect the solution viscosity affecting
also the exchange rate. The temperature of the coagulation bath can also influence
the final morphology (see Figure 3).*"®°

Precipitation time: Delayed immersion in the coagulation bath can induce the
formation of a denser top-layer due to exposure to air/humidity (as in the case of

delayed de-mixing).>*

Coagulation bath temperature

5°C 20°C 40°C 60°C

Figure 3. Morphologies of PVDF membranes prepared using an additive (Polarclean®) under different
coagulation temperatures and polymer concentrations of (a) 15 wt.%, (b) 20 wt.% and (c) 25 wt.%."
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Table 4. Effects of various parameters on PVDF membrane morphology via NIPS.®!

System

Factor

Membrane Structure

Solvent

weak solvent power
stronger solvent power

sponge-like
Macrovoids

Non-solvent

weak non-solvent

strong non-solvent

Symmetric membrane consists of uniform
spherical particles
asymmetric structure consists of dense skin
layer accompanied by finger-like or/fand
sponge-like structure

Coagulation bath temperature

high temperature

low temperature

finger-like
sponge-like structure orfand particles (if
crystallization occurs)

Inorganic salts

low concentration

higher concentrations up
to a certain value

larger cavities and hence increase of
gravimetric porosity and maximum pore size

less macrovoids formation

Additives Polymeric additives

PVP

PEG

more large finger-like macrovoids, higher
gravimetric porosity and mean pore size
higher pure water flux with a relatively lower
rejection rate of membranes

Non-solvent additives

water

1,2-ethanediol

larger pore radius and effective gravimetric
porosity
larger gravimetric porosity and pore size
becomes more uneven

Vapor induced phase separation (VIPS): In VIPS, the casting solution takes up the non-

solvent from the vapor phase.

Generally, a polymer solution is placed in an environment containing a non-solvent (usually

air containing water vapor). The non-solvent is absorbed by the polymer solution and, as a

result, de-mixing occurs and the membrane is formed. More details about PVDF membrane

formation by VIPS can be found in some very good reviews.

62,63

Temperature induced phase separation (TIPS): In TIPS, a decrease in temperature induces

the precipitation.

TIPS is a method in which a polymer dope solution is prepared in high boiling point solvent

at elevated temperatures (typically above the crystallization temperature (T.) of the dope
solution)®® and the resulting polymer solution is then casted on the support. Then, the
temperature is reduced to induce de-mixing. Notably, to remove the solvent in TIPS,

34,47,64
d.

evaporation, extraction, and freeze-drying are use The unique advantages of TIPS are

as follows: simplicity of the process, high reproducibility, low propensity to generate defects,
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high porosity, and narrow pore size distribution. In addition, polymer polymorphism can be

induced.”®

The dope composition and the conditions during preparation will determine the

morphology of the membrane.®

Only polymers that can be dissolved are suitable for the phase inversion process, which
limits the choice of materials. However, this process benefits from the versatility in

membrane structures that can be produced by tuning the preparation conditions.
2.3.1.2. PVDF membrane modification

Properties of PVDF membranes can be enhanced or modified applying numerous methods.
Surface coating, grafting of polymers on the membrane surface, use of polymer blends or
pore-filling have been investigated and employed.**> Some modifications, such as polymer
grafting or pore filling, despite offering the possibility to influence the properties of the PVDF
membranes vastly, are modifications that could be not very efficient. With the grafting
method often a good grafting density is not obtained, leading to modest improvements. In
the case of pore filling, since the additives are not bound to the pore surface they gradually
leak during the filtration process, hence the conferred properties do not last long. Blending
is a simpler approach which does not always leads to prompt loss of enhanced membrane
properties (if there is affinity between PVDF and the other components of the blend, the
latter are less prone to leaching during the filtration process). It is thus the most

commercially advantageous approach compared to other methods.
2.3.1.2.1. Surface modification

Surface modification can be useful for improving the surface properties of PVDF
membranes. Most studies are directed towards changing or enhancing hydrophilicity,

66

hydrophobicity or oleophobicity of PVDF membrane surfaces.” Surface modification

includes chemical modification methods, plasma technology®’ or surface-modifying

macromolecules (particles or polymers).'>%%7*

Jeong et al. improved hydrophobicity in PVDF
membranes for a MD application by applying plasma treatment with different gases and
plasma polymerization (O, or CF,).¥” 0, plasma treatment led to increased hydrophobicity

while CF4 treatment led to increased hydrophilicity. However, posterior hydrophobic coating
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with plasma polymerization of hexamethyldisiioxane (HMDSO) conferred much higher

hydrophobicity to the CF4treated membrane (see Figure 4).

CF, plasma treatment /_\

0, plasma P %3
treatment
- - ’ HMDSO
coating
. Water droplet Membrane % HMDSO coating }

Figure 4. Representation of the modification of a PVDF membrane by O, plasma treatment and a
hydrophobic coating or modified by CF, plasma.67

2.3.1.2.2. Pore-filling

The pore-filling method is a simple way to modify PVDF membranes by filling PVDF
membrane pores with polymers, inorganic particles,”* or carbon nanotubes.” Adjustable
size” or enhanced hydrophilicity74 of membrane pores are some of the improvements that
can be obtained by this method. Wan et al. functionalized porous PVDF membranes by
directly polymerizing poly(acrylic acid) (PAA) inside the membrane pores and studied the
viability of the system for the in situ preparation and regeneration of Fe/Pd nanoparticles for

an application in remediation of organic compounds (see Figure 5).

PVDF

Figure 5. Example of pore functionalized PVDF membranes via pore-filling. Poly(acrylic acid) (PAA) directly synthesized
inside the pores and in-situ preparation of Fe/Pd NPs for remediation of chlorinated organic compounds.72

26



CHAPTER 1

2.3.1.2.3. Blending

Blending is a simple and recurrent method to modify the properties of fluoropolymer
membranes. Blending of polymers and/or inorganic particles have been used to improve
membranes hydrophilicity/hydrophobicity, proton conductivity, or ionic strength.2%3>%7>78
Interestingly, amphiphilic copolymers can bring hydrophilicity to a PVDF membrane in a

8182 Generally, the synthesis of amphiphilic copolymers can be achieved

single step process.
by free radical ponmerization,83 graft copolymerization, cationic and anionic
polymerization,® and reversible-deactivation radical polymerization techniques (RDRP) such
as RAFT or ATRP for example.®®>® Filtration membrane properties have been improved by
blending PVDF with different polymers or NPs. Thermoresponsive membranes with
enhanced wettability by using a PNIPAM/PVDF blend,*® N-vinyl-2-pyrrolidone (NVP),
triethoxyvinylsilane (VTES) copolymers were used to immobilize PVP segments in PVDF
membrane via in situ cross-linking (after hydrolysis treatment) to obtain membranes with
persistent hydrophilicity.79 Blends with polyether block amide (PEBA) allowed the
preparation of pervaporation (PV) membranes with better performance for the removal of
isopropyl alcohol from aqueous solutions.®® Blends with poly(vinyl alcohol) (PVA) modified
SiO, NPs led to improved antifouling property membranes.® Also blends of TiO, embedded
PVDF with polymethyl methacrylate (PMMA) have been studied for the preparation of

photocatalytic membranes with enhanced hydrophilicity and mechanical properties.78

An interesting approach is to use polymers or polymer blocks compatible with PVDF to
avoid leaking during the coagulation bath or filtration process. A hyperbranched poly(ether
amine) (hPEA) hydrogel (first functionalized with fluorocarbon chains to enhance
compatibility with PVDF and photosensitive moieties to have cross-linking functionality) was
synthesized and blended with PVDF. The hPEA@PVDF membranes (see Figure 6) prepared
by NIPS could adsorb dyes via molecular filtration and presented, good adsorption rates and

ca pacity.90
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Figure 6. Chemical structure of hPEA and proposed model of the hPEA@PVDF membrane.”

Regarding energy applications, sulfonated polyimide (SPI)/PVDF blends were employed to
prepare proton exchange membranes (MEMs) with higher swelling ratio and higher proton

conductivity than commercial Nafion.”*
2.3.1.2.4. Graft copolymers

This includes the use modification of PVDF-based membranes by grafting copolymers to
confer certain properties, such increased hydrophilicity. Poly(vinylidene fluoride)-graft-
Poly(pentafluorophenyl methacrylate (PVDF-g-PPFMA) was synthesized by RAFT graft
copolymerization of poly(pentafluorophenyl methacrylate) (PPFMA) from the ozone-
preactivated PVDF. Poly[hyperbranched poly(glycerol methacrylamide)]-g-poly(vinylidene
fluoride) (PVDF-g-PHPGMA) was obtained by ulterior modification of PPFMA chains with
amino-terminated hyperbranched polyglycerol (HPG-NH,;). MF membranes were prepared
by NIPS with this branched copolymer (PVDF-g-PHPGMA). After membrane formation ATRP
initiation sites were introduced on the membrane via postmodification of the diol moitiess
with 2-bromo-2-methylpropionyl bromide (BIBB) present on the PHPGMA. PVDF-g-PHPGMA-
GPSBMA membrane was prepared via surface-initiated atom transfer radical polymerization
(SI-ATRP) of the zwitterionic monomer, N-(3-sulfopropyl)-N-(methacrylox-yethyl)-N,N-
dimethylammonium betaine (SBMA) to obtain a final hierarchical membrane with improved

antibiofouling property (see Figure 7).%2
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Figure 7. Schematic illustration of the processes of ozone pretreatment and RAFT graft copolymerization of
PVDF with PFMA, Activated ester-amine reaction, preparation of PVDF-g-PHPGMA-g-PSBMA membrane via SI-
ATRP of SBMA from the PVDF-g-PHPGMA Membrane. PFPMA (pentafluorophenyl methacrylate), CTP (4-cyano-

4-(phenylcarbonothioylthio)pentanoic acid, HPG-NH, (amino-terminated hyperbranched polyglycerol), NEt;
(trimethylamine), NMP (1-methyl-2-pyrrolidone), NIP (Non-solvent induced phase separation, also referred as

NIPS), BIBB (2-bromo-2-methylpropionyl bromide), SBMA (N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-

dimethylammonium betaine), CuBr (Copper bromide), Bpy (2,2’-bipyridine) %

Regarding membranes for energy application, a research group recently described the
synthesis of SiO,—PVDF nanocomposite fibers that were prepared from KOH treated PVDF
powder blended with SiO, NPs. Then those nanocomposite fibers were placed in a solution
containing ethylene glycol dimethacrylate (EGDMA), 2,2'-azobis(iso-butyronitrile) (AIBN)
initiator, and methyl methacrylate (MMA) and heated to produce SiO,—PVDF-g-PMMA
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membranes able to retain electrolytes within the fibrous membranes in lithium-ion

batteries.”
2.3.2.PVDF copolymers in membrane science

Although PVDF has been widely employed in membrane processes, the use of copolymers
of VDF allow to access specific properties to match the new requirements emerged in
membrane processes. Properties such as higher or lower crystallinity, melting point, glass
transition temperature, stability, elasticity, permeability, and chemical reactivity can be
changed as a result of copolymerization of VDF with other fluorinated monomers such as

TFE, HFP, CTFE or TrFE (chemical structures are listed in Fig.2).
2.3.2.1. Poly(vinylidene fluoride-co-tetrafluoroethylene) (P(VDF-co-TFE))

In P(VDF-co-TFE) the increase in fluorine content results in more hydrophobic material
compared to PVDF. It can be dissolved in common organic solvents and used for the
fabrication of microporous membranes through the phase inversion process. The
hydrophobicity of this copolymer leads to membrane that can be used in MD process. In
addition, it also found applications in gas separation.®> Amira et al.’* prepared an asymmetric
P(VDF-co-TFE)/Deep Eutectic Solvent supported membrane by phase inversion for CO,/N,
separation. They prepared a PVDF-co-PTFE solution in DMAc solvent with PEG as additive
and obtain the porous membrane by NIPS technique in a water/ethanol coagulation bath.
The obtained membrane was immersed in a deep eutectic solvent
(chloromethylene:ethylene glycol 1:3) and vacuum was applied to ensure filling of
membrane pores. The membrane showed an improvement in both CO, permeance and

CO,/N; selectivity compared to empty P(VDF-co-TFE) membrane.

Due to its ferroelectric properties, this copolymer also find application as thin-films in

organic ferroelectric-gate (FETs), organic ferroelectrics and semiconductors.”
2.3.2.2. Poly(vinylidene fluoride-co-hexafluoropropene) (P(VDF-co-HFP))

The first VDF/HFP copolymer was produced by E.I du Pont de Nemours & Co., under the
Viton® trademark in 1957.% This copolymer can be either a thermoplastic or an elastomer by

varying the HFP content.*®
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P(VDF-co-HFP) copolymers have broad applications because the incorporation of HFP not
only affects the crystallinity and thus the solubility of the resulting copolymer but also
increases the fluorine content.®® A fluorine content increase makes the copolymer more
hydrophobic and very appealing for microporous membranes intended for use as membrane

73,97,98

contactors for pervaporation®® and membrane distillation. These copolymers also find

100,101

applications in methanol fuel cell membranes,27’75’99 lithium batteries , or actuators,102

among others.'®1%

2.3.2.3. Poly(vinylidene fluoride-co-chlorotrifluoroethylene) (P(VDF-co-CTFE))

In P(VDF-co-CTFE) copolymers, the content of CTFE is a crucial factor for the final
properties of the copolymers. Small VDF content leads to semicrystalline polymers while
those containing 25-70 mol.% of VDF are amorphous. VDF content above 70 % leads to a
thermoplastic copolymer with a monoclinic crystalline structure. These copolymers are

usually called flexible PVDF.?

Flat-sheet microporous membranes for MD have been prepared from P(VDF-co-CTFE)

1067110 Eactors affecting the final membrane morphology, such as the

using phase inversion.
addition of LiCl additive, the polymer concentration, or post-modification by second bath
immersion in ethanol and sodium hydroxide (NaOH) have been evaluated for their

1% However, NaOH post-treatment led to some

application in desalination by MD.
dehydrochlorination and dehydrofluorination leading to a decrease in crystallinity, melting
temperature and hydrophobicity of the membrane surface. The effect of LiCl in PVDF
crystalline polymorphism among other properties was also investigated.'®’ The addition of
PEG or PEG/LiCl mixed additives to prepare MD membranes has also been studied.'%% The
addition of LiCl in PEG containing casting solutions benefited the crystallization process
during phase inversion leading to increased hydrophobicity, porosity and pore

7 It was found that LiCl have both

interconnectivity affecting MD performance.®
thermodynamic and kinetic effect on phase inversion. An interesting feature is that the
content of B-phase PVDF increased due to the crystallization process in the presence of LiCl,

resulting in membranes with increased thermo-resistance.'%

31



CHAPTER 1

2.3.2.4. Poly(vinylidene fluoride)-graft-poly(styrene sulfonic acid) (PVDF-g-
PSSA)

The presence of sulfonic acid promotes water uptake, enabling PSSA-containing
membranes to be good protonic conductors. Protons become mobile when dissociated from
the sulfonic acid groups in an aqueous environment.! As a result, membranes prepared
from PVDF-g-PSSA found applications as proton conducting membranes for fuel cells.}***
Incorporating inorganic nanoparticles, such as BaTiOs, in such membranes was found to be a

115

way to improve the proton conductivity.” PVDF-g-PSSA membranes have also been

investigated for oil-water separation,**® and actuators.*’

Yu et al. described the preparation of a PVDF membrane modified with styrene and acetyl
sulfate by solution bulk graft polymerization, and a PSSA grafted membrane was prepared.
The modified membrane pure water flux was increased compared to PVDF membrane, and
rejection rate of oil (diesel fuel) was very high (99.8 %). The prepared membranes showed
enhanced stability, antifouling properties and high rejection proving the potential of such

modification for the petrochemical wastewater treatment.**®

PSSA was radiation grafted on PVDF at different graft levels to fabricate a high
performance ionic polymer-metal composite actuator (IPMC) thanks to the proton
conductivity of PSSA. The highest graft level membrane showed good performance and

could be a candidate to replace commercial Nafion®.*"’
2.3.2.5. Poly(vinylidene fluoride-co-trifluoroethylene) P(VDF-co-TrFE)

TrFE can be copolymerized with VDF in all proportions, leading to semicrystalline
thermoplastic copolymers. PVDF has to be stretched and poled to induce a net dipole in the
materials (B-phase) (see Figure 8) and the ferroelectric behavior, but in the case of P(VDF-co-
TrFE) copolymers these treatments are not necessary. Thus, these copolymers are appealing

for applications requiring electroactive properties.
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Figure 8. a and B phases in PVDF, looking along the chains (top) and perpendicular to the chains (bottom). A
transition from a nonpolar a to a polar B phase is induced in P(VDF-co-TrFE). This also results in dimensional
changes.45

This copolymer, in the form of nanofibers, has been employed for the preparation of an
endovascular pressure sensor'*® or an hybrid nano-generator thanks to its piezoelectricity.119
Chaharsoughi et al. reported the preparation of a device that transformed plasmonic heating

of gold nano-disks by solar light into energy thanks to the use of a pyroelectric P(VDF-co-

TrFE) film (see Figure 9).120

- ""*-J /..f_:\

5 N
PVDF-TrFE E
Au

Figure 9. Schematic illustration of the hybrid device (upside down and substrate omitted).120
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3. Synthesis of PVDF

Homopolymers of vinylidene fluoride (VDF), like most polyfluoroolefins, can be obtained by
free radical polymerization. Since VDF is a gaseous monomer, having a melting and boiling
temperature of -144 °C and -84 °C respectively, the radical polymerization is usually carried

out in a high pressure vessel. (Figure 10).

Figure 10. Pictures of a high pressure reactor set-up typically used for the radical polymerization of gaseous
fluoromonomers like vinylidene fluoride.

Industrial synthesis is performed in aqueous emulsion or suspension, involving pressures of
10-300 bar and temperatures between 10 and 130 °C. The emulsion process requires
fluorinated surfactants. Alternatively, radical polymerization in solution using initiators such

as persulfates, organic peroxides or percarbonates have also been investigated.****

In an alternating chain, head (-CF,-) to tail (-CH,) addition dominates. However, in the case of
some monomers (i.e. VDF or VAc) occasional reversed head-to-head and tail-to-tail additions
in the order of 3 - 7 % are not unusual,* resulting in chain defects, the extent of which
depends on the polymerization conditions.
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The ratio between normal —CH,CF,—CH,CF,— (head-to-tail) and reverse —CH,CF,— CF,CH,—
(head-to-head) or —CF,CH,—CH,CF,— (tail-to-tail) structures, assessed in great detail by high
resolution °F and 'H NMR techniques,**"** is influenced by the polymerization conditions
(particularly temperature). For instance, emulsion polymerization gives rise to higher
contents of chain defects compared to suspension polymerization probably due to the

higher temperature involved in the emulsion process.125

The melting behavior and
crystallinity of PVDF is strongly influenced by the extent of head-to-head and tail-to-tail
structures.’®® Consequently, such defects affect many properties of PVDF such as the

mechanical strength or electroactive properties, for example.**’

The controlled radical polymerization of fluoroolefins, and of VDF in particular, is very

challenging, and only few studies have been reported so far.

lodine Transfer Polymerization (ITP)*®*'?® and RAFT/MADIX**'* polymerization have

emerged as the most efficient techniques to control the polymerization of VDF and to

prepare well-defined fluoropolymer architectures.?>*3¢132

Daikin company opened the route to ITP, by using fluorinated iodo compounds in a

133

controlled process based on degenerative transfer.”™ Later, ITP of vinylidene fluoride in the

presence of C¢Fy3l allowed the synthesis of PVDF with low pondispersity.sg’134

Interestingly, a
Mn,(CO);0 photomediated polymerization of vinylidene fluoride was later discovered,
allowing ITP at mild temperatures in glass tubes.’®** Addition of Mny(CO);p to the
photoinitiated ITP of VDF offers also the possibility to reactivate the less reactive -CF,CH,-I
PVDF chain-ends. Indeed, the in situ formed Mn(CO)s  radicals are able to reactivate all
iodine-terminated chains, consequently, the synthesis of relatively pure block copolymers is
possible (i.e., block copolymers without contamination from the PVDF first block). However,
the second block is synthesized under free radical conditions, and broad distributions are
obtained. Recently, MADIX, another degenerative chain transfer process involving xanthates

39,40,86,129

has been developed for the preparation of well-defined PVDF. Detailed information

of MADIX/RAFT polymerization of other monomers can be found in the literature.**>*®
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3.1. Synthesis of PVDF by MADIX/RAFT

After the first reported use of macromolecular design via interchange of xanthates
(MADIX) for the polymerization of VDF,®* copolymerization of VDF with 3,3,3-
trifluoropropene®® or tert-butyl-2-trifluoromethyl acrylate were achieved.”’ These articles
suggested that MADIX could be employed for the preparation of fluoropolymers and, to
some extent, fluorinated block copolymers and amphiphilic block copolymers. However, the
polymerization conditions were not optimized. The polymerization conditions described
could indeed be detrimental to the control of the polymerization. High chain transfer agent
to initiator molar ratios ([l]o/[CTA]o = 1) combined with high radical flux (i.e., high reaction
temperature, at which the decomposition half-life time of the initiator is close to 1 h). 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.*°

S

Initiator, CTA o R F H H /U\
>_< [ . -~ S o/\
DMC, 73°C o HH __FF
Ta|| Head

(T) (H)
CTA: \[H\ )J\o/\ Initiator : /\/j)l\ 7<\

Figure 11. Schematic representation of the RAFT Polymerization of VDF in pMmC.®

The detailed investigations of the RAFT polymerization of VDF showed that xanthate chain
transfer agents (CTA) were indeed very efficient for preparing PVDF with narrow molar mass
distributions (b < 1.5).40 Solvents such as dimethyl carbonate (DMC), 1,1,1,3,3-
pentafluorobutane (PFB) and acetonitrile (ACN) were shown to be adequate solvents for the

polymerization of VDF. DMC was shown to be the solvent of choice.

Asandei and co-workers reported that the iodine transfer polymerization (ITP) of VDF in

132
32 The authors also

DMC proceeded much faster than in other solvents and with high yields.
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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However, the radical polymerization of VDF is accompanied by a non-negligible amount of

chain inversions, head-to-head (HH) VDF additions. These reverse additions are detrimental

40,132

to the preparation of well-controlled PVDF chains using ITP or RAFT (Scheme 2). It has

indeed been proven that chain-ends terminated by an inversely added VDF unit accumulate

. . . . . . 40,132,138
in the reaction medium relatively rapidly (see Figure 12)."77~
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Figure 12. Evolution of chain-end functionality during VDF MADIX polymerization versus conversion.®

These PVDF chains were also believed not to be able to participate into further
degenerative transfer. In addition, polymerization of VDF in hydrogenated solvents is also
affected by undesirable transfer-to-solvent reactions (see Scheme 2, Eqn 7). This H-
abstraction results in loss of CTA and chain-end functionality, and in some cases in the

generation of undesired additional polymer chains.*
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Scheme 2. Mechanism of Reversible Addition-Fragmentation Chain-Transfer Polymerization
(RAFT)/Macromolecular Design via the Interchange of Xanthates (MADIX) of VDF.*

Since the reverse additions cannot be avoided, the limits of the RAFT polymerization of
VDF were established.** Combined experimental observations and DFT calculations, showed
that the reputedly inactive chains were not “dead”, but that they could only engage in

degenerative chain transfer process with the minority tail-terminated PVDF radicals.

These investigations also showed that high molecular weight PVDF with high chain-end

fidelity could only be prepared at relatively low conversions (< ca. 30 %) (see Figure 13).
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Figure 13. Evolution of the PVDF chains end-group functionality (-CH,-CF,-XA (PVDFy-XA), -CF,-CH,-XA, (PVDF;-XA)) and of
the proportion of DMC-initiated PVDF chains vs time for RAFT polymerizations of VDF targeting different DP: DPy,e; = 50
(bottom), DPyarger = 100 (middle), DPy, ge; = 200 (top).*

3.2. PVDF-based block copolymers and other architectures made by RAFT.

In recent vyears, the controlled synthesis of PVDF-based architectures employing
RAFT/MADIX polymerization has gained momentum. The more significant results are

described in this section and summarized in Figure 14 (The idea of this figure originates from

literature).**
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Figure 14. Diblock copolymers,

The radical polymerization of VDF in the presence of azide-functionalized xanthate resulted
in N3-PVDF-XA with narrow distribution allowing the preparation of PVDF-b-PDMAEMA
diblock copolymers after reaction with an alkyne-functional PDMAEMA.**' A similar
approach allowed the preparation of dendritic PVDF and asymmetric dendritic PVDF bearing
a pyrene moiety. CuAAc “Click” chemistry provided the efficient grafting of the polymer onto
the alkyne-functionalized dendrimers.’****> PVDF macromonomers were also synthesized via

regio-selective thia-Michael addition in a “one-pot” reaction.'*®

The xanthate end-groups of
PVDF were transformed into thiols which immediately added onto the acrylate moiety of an
acrylate-methacrylate compound to form PVDF-methacrylate macromonomers.™*® A four-
arm PVDF was synthesized from a tetraxanthate chain transfer agent. These star PVDF were
modified to obtain photo crosslinkable 4-arm PVDF methacrylates by the same “one-pot”
strategy used to prepare macromonomers.?> Tetra PVDF-OH have also been synthesized via
this “one-pot” aminolysis / Thia-Michael addition using a 4-arm star PVDF-XA and 2-
hydroxyethyl acrylate (HEA). Esterification of the terminal hydroxyl end-groups using 4-

formylbenzoic acid followed by reaction with tetrabenzaacylhydrazide-terminated 4-arm
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star poly(ethylene glycol) (tetraPEG-BAH) in the presence of different concentrations of
glacial acetic acid produced amphiphilic polymer co-networks.®® PVDF based block
copolymers made by RAFT have also been prepared. Interestingly, it was shown that among
all the vinyl monomers studied for the chain extension of PVDF-XA macro-CTAs only vinyl
acetate (VAc) radicals were able to reactivate PVDF-CF,-CH,-XA chains. Thus, only well-
defined PVDF-b-PVAc diblock copolymers have been successfully prepared from PVDF

macro-CTA.'3!

The reverse synthesis, i.e. radical polymerization of VDF in the presence of
PVAc-XA macro-CTA, was also achieved.*** Basic hydrolysis of the PVAc segments led to
amphiphilic PVDF-b-PVA block copolymers with the ability to self-assemble in aqueous
solutions into spherical aggregates.143 Original PEVE-b-PVDF (EVE = ethyl vinyl ether) diblock
copolymers were prepared by combining cationic and radical RAFT polymerizations. Fist, the
efficient control of carbamates as CTAs for the preparation of PVDF by RAFT was confirmed.
PEVE-carbamate macro-CTA was then synthesized by cationic RAFT polymerization. Finally,

this macroCTA was employed for the radical RAFT polymerization of VDF, allowing the

preparation of well-defined PEVE-b-PVDF diblock copolymers.140

Detailed information about other methods and polymerization techniques to obtain PVDF-

based structures and block copolymers have been reviewed in 2014.%?

4. Self-assembly of block-copolymers in solution

Molecular self-assembly is a process by which molecules spontaneously form ordered
aggregates without guidance or management from an outside source. The self-assembly of
small amphiphilic molecules has been studied for many decades, and various morphologies
have been observed in bulk and in aqueous solutions. Under appropriate conditions, self-
assembling polymers form different types of aggregates such as spherical or cylindrical

micelles.
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4.1. Accessible morphologies

Soluble block
(Molecular Mass M,)
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_.-‘\xf' g

Polymer spherical micelle
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Figure 15. Different geometries formed by diblock copolymer in selective solvent estimated by chain packing
parameter (p). p = v/agl; where v is the hydrophobic block volume, a, is the equilibrium area per molecule at
the aggregate surface and | is the solvophobic block Iength.146

Typical Morphologies obtained by self-assembly of diblock copolymers in selective solvents
include spherical micelles (spheres), cylindrical micelles (cylinders), and vesicles, among
others. The balance between solvophobic and solvophilic interactions gives rise to an
optimal surface area of the solvophobic block at the interface between the solvophobic and
solvophilic blocks (ag). This, together with the length and the volume of the non-soluble

domain, contributes to the packing parameter, defined as:
p = V/aoll

Where v is the volume and / is the length of the solvophobic block.**® When p < 1/3,
spheres are generally formed; when 1/3 <p< 1/2, cylinders; when 1/2 <p< 1, flexible
lamellae or vesicles (see Fig. 15); finally, when p = 1, planar lamellae are obtained. If p > 1,

inverted structures can be observed.*®**

However, more complex structures have also been reported. For example, PS-b-PAA with
different block lengths and under different conditions, lead to a wide range of morphologies

ranging from spheres, rods, bi-continuous rods, bilayers (lamellae and vesicles), to inverse

42



CHAPTER 1

rods (hexagonally packed hollow hoops : HHHs) and large spheres (large compound micelles

: LCMs), as shown in Figure 16.**’

g100mm|[ "

| (a) Spherical Micelles (b) Rods
PS190-b-PAAz PSi30-b-PAAz,

| (c) Bicontinuous Rods (d) Small Lamellae
PS132-b-PAAz

/

y 4
)

1 pm

(e) Large Lamellae ‘ (f) Vesicles (g) HHHs (h) LCMs
PS4e-b-PAA; PS410-b-PAA3 PS410-b-PAA43 PS200-b-PAA4

Figure 16. Transmission electron microscopy (TEM) micrographs and corresponding schematic diagrams of various
morphologies formed from amphiphilic PS,,-b-PAA,, copolymers. In the schematic diagrams, red represents hydrophobic PS
parts, while blue denotes hydrophilic PAA segments. HHHs: hexagonally packed hollow hoops; LCMs: large compound
micelles, in which inverse micelles consist of a PAA core surrounded by PS coronal chains. Generally, the hydrophilic
segments (e.g. coronas) of the crew-cut aggregates cannot be seen in TEM images if they are not stained.™”’

The complexity of the self-assembly and of the resulting aggregates is also increased if more

complex polymer architectures, such as, triblocks (ABA,*** ABC,'* etc.), or non-linear BCPs (brush-

like,"*° star,™* miktoarm™>**) are used (see Figure 17).
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Figure 17. Assemblies formed in selective solvent conditions by multiblock copolymers: (a) Janus spheres (PS-b-PB-b-
PMMA),154 (b) core-shell spheres (PEO-b-DMA-b-MEMA)155 , (c) raspberry-like spheres (PS-b-PB-b-PMMA)lSG, (d) Janus
cylinders (PS—b—PB—b—PMMA),157 (e) core-shell cylinders (PI—b—PCEMA—b—PtBA),158 (f) segmented cylinders (PAA-b-PMA-b-
PS),159 (g) asymmetric (Janus) membrane vesicles (PEO—b—PDMS—b—PMOXA),160 (h) double-layer membrane vesicles, and (i)
vesicles with hexagonally packed cylinders (3 arm miktoarm with PEO, PE and poly(perfluoropropylene oxide) arms).161
Scale bar 50nm.™*

4.2. Major factors affecting the morphology of self-assembled amphiphilic polymers

The stretching of the core-forming blocks, the interfacial tension between the core and the
solvent, and the repulsive interactions among corona-forming block chains are the three
factors affecting the formation of thermodynamically stable BCP aggregates. Different
morphologies can thus be accessed by varying any of the three above mentioned
parameters.'’ Copolymer composition and structure (see Figures 16 and 17), polymer
concentration, common and selective-solvent ratio, nature of the common solvent, addition

of additives or homopolymers*® can affect the self-assembly (see Figure 18).2471%3
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Figure 18. (a) Phase diagram of PS;;o-b-PAA;; in dioxane:water mixtures. Morphology dependence on
copolymer concentration and water content. Colored regions between phases correspond to coexistence
regions. (b) Phase diagram of PBO-b-PEO in water. Morphology dependance on copolymer molar mass and
concentration.'*’

4.3. Preparation techniques
Block copolymer self-assembly is generally produced by one of the following procedures:

e Solvent switch or micellization: The copolymer is molecularly dissolved in a common

solvent (i.e. that is ‘good’ for both blocks) and then a selective solvent for one of the
blocks is added at a fixed rate. This step is eventually followed by removal of the
common solvent. An alternative that is often employed is the dialysis technique by

which the common solvent is gradually replaced by the selective solvent.'®®
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e Nanoprecipitation: The copolymer is dissolved in a common solvent and then the

solution of BCP is precipitated in a selective solvent under agitation.*®*

The de-mixing
time (speed at which the common solvent dissolves in the selective solvent) is much
faster than in the micellization protocol, making this method more likely to lead to the
formation of kinetically trapped structures.

e Direct solubilization or thin-film rehydration: a solid sample (or thin film, prepared by

solvent evaporation of a sample dissolved in a common solvent) of the copolymer is
directly dissolved in a selective solvent for one of the blocks. The resulting micellar
solution is left to anneal by standing and/or by thermal treatment (sometimes under

. . 163
ultrasonication).

Nevertheless, depending on the block copolymer used, equilibrium is not always reached,
especially if the core-forming block has a high glass transition temperature (Tg). In such

cases, ‘frozen micelles’ are obtained.*®
4.4. Self-assembly of coil-crystalline polymers in solution

Crystallization from solution, a method applicable to BCPs where one of the blocks

presents crystallinity, has gained lots of attention in the past years.'*'"?

Crystallization have
been more studied in the case of homopolymers from bulk. However the self-assembly of

coil-crystalline BCPs has been studied by Vilgis et al. years ago.'”

The self-assembly is more complex when one block of the BCP is able to crystallize. In coil-
coil BCPs both the core and corona are in an amorphous state in the assembled structures.
In the case of coil-crystalline BCPs as crystallization takes place in the micellar core, the initial
self-assembled morphology is either preserved or a morphological transformation into a
novel structure is triggered. Also, in semicrystalline BCP aggregates, the crystallization of the
micellar core compete with the stretching of the corona block resulting in unique often

interesting structures.'””
An interesting feature of core crystallization is the folding of the crystalline block chains.

Fold length is a strong function of the DP (degree of polymerization) in both blocks.”* This
allows tuning and controlling the core crystalline thickness by varying any of the blocks. This

can also impact the size and the morphology of the coil-crystalline BCP assembles.
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Factors affecting the crystallization and methods described in the literature to control the
morphologies obtained by self-assembly of crystalline-coil BCPs are detailed in the following

section.

4.4.1. Crystallization-driven self-assembly (CDSA).

Crystallization-Driven self-Assembly (CDSA) has emerged as a powerful method for block
copolymer architecture manipulation. Experimentally, different approaches have been
employed for coil-crystalline diblock copolymers to obtain semicrystalline micelles and
aggregates as summarized in Figure 20. A variety of morphologies have been prepared by
adjusting parameters such as the crystallization conditions, the micelle concentration or the
volume ratio between insoluble and soluble blocks, the extra addition of crystalline

reservoirs (seeds or crystalline homopolymers), and the solvent selectivity.

E Crystalline-coil diblock copolymers self-assembly: crystalline core Micellar morphologies
Low Tc o Crystallization Temperature . High Tc
icellizati Crystallizati l Lai
Micellization 2:5;';:0"?” ”“ 1 Amerphous Corona (flexible chains) Spheres Cylinders
Smoluhleﬂ ln.sofubie—’h | Crystalline Core (folded chains) Lamellae.
block A block B blockB ;nl Rods Spheres €
Lamellae Wi
Spheres Cylinders Increasing Ng r-or’_“jﬂ-_\} "
) i, 3 Entangled " W,
. . Dendrits B
Amorphous di-BCP Micelles Cylinders piriphae < Branched lamellae
Semicrystalline di-BCP Micelles (Meandérs)
Platelets
Morphological transitions Bl Hierarchical assembly B Driven living self-assembly
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Figure 19. Different self-assembly protocols to prepare micelles from coil-crystallineBCPs: a) Schematic
representation of the preparation of semicrystalline BCP micelles from amorphous micelles in solution where
the core-forming block undergoes crystallization leading to a folded-chain structure. Typical structures of coil-

crystalline BCPs micelles are spheres, cylinders and lamellae. b) Morphologies formed from PB-b-PEO in n-
heptane by varying degree of polymerization and crystallization temperature. c) By changing the solubility of
the corona-forming block in the solvent (with addition of another solvent, or changing the temperature), the

resulting micellar morphology can be further tuned. d) Kinetically trapped semi-crystalline micelles can lead to
the formation of equilibrium structures through re-crystallization and/or aggregation of intermediate
structures. e) Epitaxial crystallization process by adding crystallizable BCP-unimers (same or different BCP) can
lead to a living extension of the micellar structure.'”

)
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Key processes in the framework of coil-crystalline BCP micelle formation have been

described in the literature (see Fig. 19):
4.4.1.1. Thermally controlled crystallization

Regulation of the temperature, allow some control over the crystallization process. The
heating, temperature and duration,*’® crystallization temperature (T.), the choice of the

quench depth (i.e, crystallization temperature selection),*’’

rate (speed of cooling), or aging
time allowed the preparation of a large variety of equilibrium structures.'’® Heating above
the melting temperature T,, of the crystalline block morphologies can evolve (due to the

melting of the core and subsequent recrystallization).

e Slow crystallization process at high T. and a small quench depth/slow quench rate
can lead to the formation of different features.

e The crystallization of the core block can take place within confinement, i.e., in a
“frozen micelle” when the initial structure is maintained (fast crystallization at low

T. or due to fast quenching).

Boott, et al. studied the growth kinetics in the formation of 1D PFSg3-b-PDMSs13. They
studied the effect of temperature on the controlled growth of 1D cylindrical micelles as well
as, the effect of initial concentration, the solvent and the DP of the core forming block.
Surprisingly, temperature not only affected the growth rate but also the final length of the

cylinders.168
4.4.1.2. Morphological transitions

Morphology of the assembled structures is influenced by the competition between
stretching of the soluble block chains and the crystallization of the crystalline core forming
block. Even if crystallization takes place in the micellar core (and plays the major role in
determining the micellar morphology), by modifying the solvent affinity of the corona,

morphological transitions could be favored.

Yusoff et al. observed that PFS;4-b-P2VP;4 BCP in different THF/mixtures evolved into
different morphologies due to the different affinity of the blocks in the solvent mixture (the

rate of crystallization of the PFS crystalline block seemed to be influenced), leading to
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spheres, platelets or mixtures of both structures. Other self-assembly methods and different
block polymerization degrees were explored allowing the morphological transitions from

spheres-to-rods or sphere-to-platelets.'”
4.4.1.3. Hierarchical assembly

Equilibrium structures can be accessed from the recrystallization of kinetically trapped
metastable structures. In this kind of micelle (generated at an earlier stage of the core
crystallization) an aggregation process, such as fusion or coalescence, and subsequent
secondary crystallization can take place. This can lead to the development of much larger
structures. Low crystallinity of the initial crystalline micelles is believed to be the main factor

for such rearrangements and recrystallization.

Gadt et al. described the formation of cylinder-cylinder, platelet-cylinder connected
structures trough coalescence of Pl-b-PFS BCPs with different degrees of polymerization.
Pl;6-b-PFS7¢ BCP formed platelets and Pls4,-b-PFSs; formed cylinders leading to scarf-like

structures.
4.4.1.4. Living crystallization

In contrast to the previous methods, the living character of the CDSA proceeds via an
epitaxial growth process. Here, the ends or edges of pre-crystallized seed micelles remain
active to the addition of further polymer unimers, and controlled elongation is possible. This
process proved to be a very efficient way for the preparing well-defined structures with an

additional control over the micellar length and morphology.

Arno et al. recently reported the preparation of 1D morphologies from PCL-b-PDMA.
Polydisperse cylinders were first prepared in ethanol after cooling to room temperature a
solution of the BCP that was heated at 70°C for 3h. In order to control the length of the
cylindrical aggregates, they first “cut” them by sonication. Uniform crystalline seeds of 50
nm were obtained and a living CDSA process was observed upon addition of PCL-b-PDMA
BCP unimers dissolved in THF to the solution. Same approach allowed the preparation of
PCL-b-PMMA-b-PDMA monodisperse cylinders in aqueous solutions. Hudson et al. reported
the preparation of 2D architectures including platelets and block co-micelles (micelles

formed by two different BCPs with a similar core forming block but different corona blocks)
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using a similar approach. Addition of platelet-forming, unimers (PFSy-b-PDMS,, PFS-b-Pl,,
PFS«-b-PMVS,) to samples of well-defined, PFS-b-PDMS crystalline seeds, allowed the
preparation of different 2D structures such as platelet co-micelles and double-headed spear-

like micelles.

5. Conclusion

Fluoropolymers have found numerous membrane applications, but also in other fields. Due
to the new property requirements, the development of new fluoropolymers and new
membrane preparation methods are also receiving lots of attention. However, most
common membrane modification and preparation methods are still investigated, leading to
new improvements and better understanding of formation mechanisms. The use of additives
and blends of polymers is still one of the most employed approaches for the preparation of
membranes with more adequate properties for a specific application. The access to
improved hydrophilicity by just blending PVDF with hydrophilic or amphiphilic copolymers in
a one step process seems a very attractive and easy scalable membrane modification that

can be used at industrial scale.

Fluoropolymer synthesis is however not accessible to everyone due to synthesis
restrictions (monomer are gases, high pressure autoclaves needed...), this could explain the

reduced number of studies dealing with the preparation of fluorinated block copolymers.

Novel applications of fluoropolymers are appearing. Still, only a few references describe
the self-assembly of block copolymers where at least one block is a fluorinated block.
General aspects of self-assembly such as methods and factors affecting the self-assembly
conditions have been presented. In particular crystallization-driven self-assembly is
attracting lots of attention in the polymer community. The self-assembly behavior of block
copolymers where one block is a fluoropolymer such as PVDF (high crystalline) could be
explained and controlled thanks to CDSA. Polymer nanostructures made up of fluorinated
polymers could be new promising materials in emergent applications due to their

remarkable properties.
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Chapter 2

“One-Pot” Aminolysis/Thia-Michael Addition
preparation of well-defined amphiphilic PVDF-b-PEG-
b-PVDF triblock copolymers: Self-assembly behavior in

mixed solvents

The first objective of this research work was to synthesize PVDF-based amphiphilic block
copolymers made by RAFT. Since MADIX allows the preparation of PVDF polymers bearing a
xanthate end-group, accessing thiol allows the preparation of ABA triblock copolymers
where the A blocks are PVDF and B block is PEG. Aminolysis of the xanthate end-group
allows the access to a thiol allowing the preparation of block copolymers through a thia-
Michael reaction between the thiol and an acrylate difunctional PEG. The self-assembly of

the obtained triblock copolymer was studied employing different protocols and solvents.
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1. Abstract

Polyvinylidene fluoride- (PVDF) containing block copolymers are scarce and difficult to
prepare. Amphiphilic block copolymers containing PVDF have been rarely reported. In
consequence, few studies of the self-assembly of PVDF-based block copolymers exist. Here a
new synthetic route to prepare poly(vinylidene fluoride)-b-poly(ethylene glycol)-b-
poly(vinylidene fluoride) (PVDF-b-PEG-b-PVDF) ABA triblock copolymer is presented. The
synthesis relies on the efficient coupling of a PVDF prepared by RAFT and a PEG diacrylate in
one pot via aminolysis of the xanthate moiety and subsequent thia Michael-addition. The
novel amphiphilic triblock copolymer was fully characterized by 'H and F NMR
spectroscopies, GPC, TGA, DSC and XRD; and its self-assembly in water and ethanol was
studied. Micellization (addition of a selective solvent for PVDF to a solution of the triblock)
and nanoprecipitation (addition of a solution of the triblock into a non-solvent for PVDF)
protocols led to the formation of micelles and vesicles. Surprisingly, under nanoprecipitation

conditions (in THF/ ethanol), well-defined crystalline micrometric structures were obtained.
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2. Introduction

ABA triblock copolymers are important materials which have found high added value
applications. SBS (polystyrene-b-polybutadiene-b-polystyrene) is a crucial thermoplastic
elastomer for the tyre industry for example, and Pluronics® are used in numerous fields as

dispersants, emulsifiers, thickeners, antifoaming or wetting agent.?

Amphiphilic ABA triblock copolymers are indeed very interesting polymer architectures.
When the A and B blocks are incompatible, these triblock copolymers readily self-assemble
from the melt into well-ordered nanostructures.®™® In selective solvents, the self-assembly of
such ABA triblock copolymers can generate a variety of morphologies, such as spherical
miceIIes,7 wormlike micelles,8 vesicles’ or more complex structures such as toroids.’® In
aqueous media, and when the B block is hydrophilic, these triblocks readily form self-
assembled micelles comprising a hydrophobic core constituted of the A segments, and a

11,12 .
91L12 These micelles,

stabilizing hydrophilic corona made of the hydrophilic B blocks.
sometimes named flower-like micelles,*’ may connect to each other via intermicellar
bridges. The formation of these bridges depends on several factors such as micelle

. . . .. . 1314
concentration, size and nature of A and B blocks and interchain interactions for example.*

The formation of such bridges is favoured when the hydrophobic core-forming block is

smaller than the stabilizing corona segments.l‘r”16

If the hydrophilic block is too short, the
conformational energy will not be favourable to the formation of loops. There must be a
compromise between inter-chain interactions, increasing with the length of the hydrophilic
block, and the formation of loops, also favored by longer chains. Finally, if the system is too

diluted, the intremicellar interactions will be too rare for bridges to form.”’

In industry most ABA triblock copolymers are prepared by anionic polymerization.'*®

However, progress in Reversible Deactivation Radical Polymerization (RDRP) techniques,
such as RAFT (Reversible Addition-Fragmentation chain Transfer),’>?° ATRP (Atom-Transfer
Radical Ponmerization)zL22 or CMRP (Cobalt-Mediated Radical Polymerization)23 for

example, have enabled the facile synthesis of ABA triblock copolymers. Numerous acrylates-,
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methacrylates- or styrenics-based ABA triblock copolymers have been described and
reported by academic research groups. Singha et al. reported the use of ATRP for the
preparation of an ABA PDCPMA-b-PHEA-b-PDCPMA (DCPMA = dicyclopentyloxyethyl
methacrylate, EHA =  2-ethylhexylacrylate) triblock copolymer using a Br-PEHA-Br
difunctional macroinitiator.?* Xie et al. synthesised via activator generated by electron
transfer (AGET) ATRP, a poly(n-butylacrylate) homopolymer and a polystyrene-b-poly(n-
butylacrylate)-b-polystyrene (PS-PnBA-PS) triblock copolymer from ethylene bis(2-
bromoisobutyrate).?> Following a similar approach and using a difunctional trithiocarbonate
RAFT agent, Semsarilar et al. synthesised a polystyrene-b-poly(sodium 4-styrenesulfonate)-b-
polystyrene (PS-b-PNaSS-b-PS) ABA triblock.’ Shipp et al. employed a difunctional
polydimethylsiloxane xanthate macro RAFT agents to polymerize N-vinylpyrrolidone (NVP)
and prepare a PVP-b-PDMS-b-PVP ABA triblock copolymer.26 CMRP is particularly well-
adapted to prepare ABA triblock copolymers from LAMs (less-activated monomers) such as
vinyl acetate for example.27 It is arguably the most efficient method to control the
polymerization of LAMs and to prepare well-defined copolymers from these type of
monomers.?’ ABA triblock copolymers are also very easily synthesized by CMRP from diblock

copolymers using a very efficient radical coupling cobalt-catalyzed chemistry.”>?73!

Fluorinated polymers bearing fluorine atoms on the main chain such as PTFE
(polytetrafluoroethylene) or PVDF (poly(vinylidene fluoride)) are valuable specialty polymers
endowed with remarkable properties. PVDF in particular displays high resistance to
weathering and chemical aggressions as well as unusual electroactivity. Copolymers of VDF,
trifluoroethylene and chlorotrifluoroethylene for example are outstanding relaxor

32-34

ferroelectrics. Copolymers of VDF and TrFE possess high sensitivity and wide frequency

responses to electric fields, are relatively flexible, and easy to produce. These copolymers
have a great potential for emerging applications such as haptics, sensors, artificial muscles,

etc.®

Only few references describe the self-assembly of PVDF block copolymers in solution,

probably because well-defined PVDF-containing block copolymers are difficult to

36-38

synthesize. Qian et al. studied the self-assembly of PVDF-b-PS block copolymers in DMF-
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containing mixtures of solvents. The presence of DMF was necessary to give sufficient
mobility to the PVDF segments and gain access to non-spherical self-assembled structures.*
Rodionov et al. prepared interesting 4-miktoarm star copolymers containing 2 PVDF-b-PS
arms and 2 PEG arms via the combination of ATRP, lodine Transfer Polymerization (ITP) and
copper-catalyzed azide-alkyne cycloaddition (CuAAC); and studied their self-assembly in
organic solvents and water.*® Over the last two years we developed the RAFT polymerization
of VDF,* and prepared some PVDF-containing block copolymers,42 which self-assembled in
water and organic solvents. PVDF-b-PVA (PVA = poly(vinyl alcohol)) formed spherical
particles in water,”® PVDF-b-PDMAEMA (PDMAEMA = poly (2-dimethylaminoethyl
methacrylate) in water displayed spherical aggregates and rigid rods which are thought to be
generated via crystallisation-driven self-assembly;* and PVAc-b-PVDF (PVAc = poly(vinyl
acetate)) readily self-assembled in dimethyl carbonate under polymerization-induced self-
assembly conditions into highly crystalline micrometric structures.*® The synthesis of PVDF-
based BCPs by RAFT (or ITP) and sequential addition of monomers is difficult due to the fast
accumulation of much less reactive inversely-terminated PVDF chains (-CH,-xanthate-
terminated chains). For example, in spite of what was recently wrongly reported,46 well-
defined PVDF-b-PNVP (PNVP = poly N-vinyl pyrrolidone)) cannot be synthesized by
polymerization of NVP starting from a PVDF macroRAFT agent since only -CF,-xanthate-
terminated chains (which disappear entirely from the reaction medium quickly) can be
reinitiated with PNVP radicals.>” Synthesis strategies based on the coupling of two or more
homopolymers may afford better-defined block copolymers provided the coupling reaction
is efficient enough, although complete removal of the residual homopolymers is often
difficult or requires tedious purification steps. Huck et al., for example, purified a PF8TBT-b-
P3HT diblock copolymer (P3HT = poly(3-hexylthiophene) and PF8TBT = poly((9,9-
dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3hexylthien-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl)) via
preparative GPC to remove the excess of P3HT homopolymer.”” This strategy has been
successfully implemented with the copper-catalyzed coupling of azides and alkynes (CuAAC)
to prepare PVDF-block copolymers* and PEG-b-PFPE-b-PEG (PEG = polyethylene glycol, PFPE
= perfluoropolyether) ABA triblock copolymers.” CuAAC is a powerful click chemistry

technique, but the removal of copper is often tedious. In contrast, the thia Michael addition
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48,49

does not use copper, and is very well-suited to polymers made by RAFT. It does not

require functional RAFT agents and can be conducted in one pot.>%>*

In this chapter, we report the synthesis using RAFT polymerization and a one-pot thia
Michael addition procedure, the characterization of a novel amphiphilic PVDF-based ABA
triblock copolymer (PVDFsg-b-PEG136-b-PVDFs), its self-assembly in NMP/water, THF/ethanol
and THF/water mixtures and the characterization of the obtained structures using TEM and

AFM.

3. Experimental section

3.1. Materials

All reagents were used as received unless otherwise stated. 1,1-Difluoroethylene
(vinylidene fluoride, VDF) was supplied by Arkema (Pierre-Bénite, France).
O-Ethyl-S-(1-methoxycarbonyl) ethyldithiocarbonate was synthesized according to the

|.>2 tert-Amyl peroxy-2-ethylhexanoate (Trigonox 121, purity

method described by Liu et a
95%) was purchased from AkzoNobel (Chalons-sur-Marne, France). PEGggo, acetonitrile
(ACN), ethanol (EtOH), dimethyl carbonate (DMC), hexylamine, N-methyl-2-pyrrolidone
(NMP), tetrahydrofuran (THF), triethylamine (NEt3) and laboratory reagent grade hexane

(purity >95%) were purchased from Sigma-Aldrich.

3.2. Measurements
Nuclear Magnetic Resonance (NMR).

The NMR spectra were recorded on a Bruker AV Il HD Spectrometer (400 MHz for 1H and
376 MHz for 19F). Coupling constants and chemical shifts are given in hertz (Hz) and parts
per million (ppm), respectively. The experimental conditions for recording 1H and 19F NMR

spectra were as follows: flip angle, 90° (or 30°); acquisition time, 4.5 s (or 2 s); pulse delay, 2
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s; number of scans, 32 (or 64); and pulse widths of 12.5 and 11.4 ps for 1H and 19F NMR

respectively.

2D DOSY (Diffusion-Ordered Spectroscopy) NMR spectra were recorded at 60 °C on a
Bruker Avance 300 MHz spectrometer using deuterated DMSO. All experiments were
recorded in static mode (spinning off) with a Bruker Dual z-gradient probe producing
gradients in the z direction with strength 55 G cm™. DOSY proton spectra were acquired with
pulsed-gradient stimulated echo (LED-PFGSTE) sequence, using a bipolar gradient. All spectra
were recorded with 8 Ko time domain data points in the F2 Frequency axis and 32
experiments (F1). The gradient strength was logarithmically incremented in 32 steps from
2% up to 95% of the maximum gradient strength. All measurements were performed with a
diffusion delay (D) of 50 ms in order to keep the relaxation contribution to the signal
attenuation constant for all samples. The gradient pulse length (6) was 3.5 ms in order to
ensure full signal attenuation. The diffusion dimension of the 2D DOSY spectra was

processed according to the TopSpin standard conditions (version 2.1).
Size-Exclusion Chromatography (SEC).

SEC measurements 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 THF the eluent with a
flow rate of 0.8 mL-min—1 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 PL0O390-0601 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).

DSC measurements were performed on 2-3 mg samples on a TA Instruments DSC Q20
equipped with an RCS90 cooling system. For all measurements, the following heating /

cooling cycle was employed: cooling from room temperature (ca. 20 °C) to -73 °C at 20
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°C/min, isotherm plateau at —-50 °C for 5 min, first heating ramp from -73 °C to 250 °C at 10
°C/min, cooling stage from 250 °C to —-73 °C at 10 °C/min, isotherm plateau at -73 °C for 3
min, second heating ramp from -73 °C to 250 °C at 10 °C/min, and last cooling stage from
250 °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.
Thermogravimetric analysis (TGA).

TGA analyses were carried out with a TA Instruments TGA G500 from 20 °C to 1000 °C. A
heating rate of 10 °C min~" was used under an air atmosphere with a flow rate of 60 mL

min"%. A dry sample weighing about 3 mg was used.
Dynamic light scattering (DLS).

DLS measurements of polymer solutions in NMP and THF were carried out in a Malvern

ZEN1600 using a quartz cuvette.
Transmission electron microscopy (TEM).

TEM studies were conducted using a JEOL 1200 EXII instrument equipped with a numerical
camera, operating with a 120 kV acceleration voltage at 25 °C. To prepare TEM samples, a
drop (7.0 pL) of a dilute micellar solution was placed onto a carbon-coated copper grid for 50

s, blotted with filter paper and dried under ambient conditions.
Atomic force microscopy (AFM).

AFM images were obtained with a Pico SPM |l provided by Molecular Imaging. The imagery
was controlled by the PicoView 1.10 software. The experiments were all carried out in
tapping mode. The types of tips used were PPS-FMR purchased from Nanosensors with a
frequency resonance between 45 and 115 kHz and a force constant between 0.5 and 9.5

N/m. Gwyddion 2.25 software was used to treat the images.
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X-Ray diffraction (XRD).

XRD powder patterns were carried out on a Philips X'pert Pro MPD diffractometer by using
Ni-filtered CuKal radiation (A=1.5406 A) in Bragg—Brentano scanning mode with a 26 angle

range from 5—60°, and a time per step of 50 s.
3.3. Synthesis
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.
PVDFso-XA synthesis.

A solution of Trigonox 121 (158 mg, 6.87 10™ mol) and O-Ethyl-S-(1-methoxycarbonyl)
ethyldithiocarbonate (1.30 g, 6.25 10 mol) in DMC (60 mL), was degassed by N, bubbling
during 30 min. Prior to the reaction, the autoclave was pressurized with 30 bar of nitrogen to
check for leaks. The autoclave was then put under vacuum (20 10~ mbar) for 30 min to
remove any trace of oxygen. The homogenous DMC 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 18 h. The autoclave was cooled down to room temperature (ca. 20 °C), purged from
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 minutes.
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 (15-10°
mbar) for two hours at 50°C. The polymerization yield (65%) was determined gravimetrically

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

reactor).
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'H NMR (400 MHz (CDs),CO, & (ppm), Figure S1): 1.09 (d, -CH(CHs3)(C=0)-, *Juy = 7.1 Hz),
1.31 (t, -S(C=S)O-CHy-CHs, *Jyy = 7.1 Hz), 2.13-2.31 (m,-CF,-CH,-CH,-CF,-, VDF-VDF TT reverse
addition), 2.66-3.01 (t, -CF,-CH,-CF,-, VDF-VDF HT regular addition), 3.48-3.57 (s, -(C=0)-0O-
CHs), 3.97 (t, -CF,-CH,-S(C=S)OEt, *Jy¢ = 17.7 Hz), 4.59 (q, (-S(C=S)OCH,-CH3, *Juy = 7.0 Hz),
6.05-6.45 (tt, Yy = 55 Hz , *Juy = 4.6 Hz -CH»-CF»-H).

F NMR (376 MHz (CD3),CO, & (ppm), Figure S2): -115.64 (-CH,-CF,-CF,-CH,-CH,-, VDF-VDF
HH reverse addition), -114.29 (3 = 55 Hz, -CH»-CF»-H), -113.35 (-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(CH5)(C=0)-), -92.12 (-CH,-CF,-
CH,-CF,H), -91.43 (-CH,-CH,-CF,-CH,-CF,-CH,-CF,-, regular VDF-VDF HT addition), -91.00 (-
CH,-CF,-CH,-, regular VDF-VDF HT addition).

The degree of polymerization (DP) and number average molar mass of PVDF were

calculated from the 'H NMR spectrum using the following equations:

3.01 231 4.06
DP = f2.66 CHZ(HT) + f2'13 CHZ(TT) + f3.89 CHz(End - gT'Oup)
- 1.14

2/3 x [[7CHs (R — CTAxy)

My nur(R) = My cra + (DP X My ypr)

Where M,, cta = 208.3 g.mol'1 and M, vpr = 64.04 g.mol'1

According to these equations, DP = 50, and My nur = 3400 g.mol'1

PEGDA 3¢ synthesis.

PEG diacrylates were obtained from commercial PEGgggo as follows: polyethylene glycol

(PEGgooo; 7 g; 1.17 mmol; 1 eq.) and acryloyl chloride (0.95 mL; 11.7 mmol; 10 eq.) were
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dissolved in dichloromethane (DCM, 48 mL) in a round bottom flask under magnetic stirring
at room temperature (25°C). After 10 min, triethylamine (TEA, 0.47 g, 4.68 mmol, 4 eq) was
added dropwise The reaction was monitored by 'H NMR. After 60h, the precipitate was
filtered off on Celite, and the target polymer was precipitated in cold diethyl ether and then

dried under vacuum.

'H NMR (400 MHz, (CD3),S0) & (ppm), Figure S4): 6.43 (d, J=17.3 Hz, 2H, -CH=CH,), 6.16
(dd, J=17.4 Hz and 10.4 Hz, 2H, -C=CH-C=0), 5.85 (d, J= 10.4 Hz, 2H, -CH=CH,), 4.23 (m, 2H, -
(C=0)-0-CH,-CH,-0-) 3.4-3.8 (m, -CH,-CH,-0).

PVDF-b-PEG-b-PVDF triblock synthesis.

PVDFso-XA (5.000 g, 1.47 mmol) and PEGDA13¢ (4.410 g, 0.735 mmol) were dissolved in
DMF (115 mL). The mixture was degassed with N, (10 min). A degassed mixture of
hexylamine (0.612 g, 6.05 mmol) and triethylamine (TEA, 2.15 mmol) in DMF was injected
into the reaction mixture. N, was bubbled for another 10 min. The mixture was stirred 16 h
until the reaction was complete and no unreacted acrylate could be detected by *H NMR.

The product was then precipitated twice in cold diethyl ether.

'H NMR (400 MHz (CD3),SO, 6 (ppm), Figure S5) : 1.15-1,20 -CH(CHs)(C=0)-, 2.16-2.38 (m, -
CF,-CH,-CH,-CF,-, VDF-VDF TT reverse addition), 2.62-2.71 (m, -S-CH,-CH,(C=0)), 2.71-3.05
(t, -CF,-CH,-CF,-, VDF-VDF HT regular addition), 3.07-3.14 (m, CF,.CF,-CH,-S), 3.42-3.60 (m, -
(O-(CH2-CHy)), 3.60-3.69 (s, -(C=0)-0O-CH3), 3.72-3.81 (m, -C(C=0)-0-CH,-CH,) 4.13-4.23 (-
C(C=0)-0-CH,-CH,).

1%F NMR (377 MHz, (CD3),SO & (ppm), Figure S6): -115.16 (-CH,-CF,-CFo-CH,-CH>-), -113.77(-
CH,-CF3-CF5-CH,-CHy-), -112.87 (-CH-CF,-CFp-CHy-S-), -112.25 (-CHy-CF5-CF-CH,-S-), -93.75 (-
CHy-CH,-CF5-CH,-CF,-), -92.76 (CH3-0-(C=0)-(CH3)Cx-CH,-CFy-), -91.82 (-CH,-CFo-CHy-CFa-H), -
91.46 (-CH,-CH,-CF-CHy-CF5-CH,-CF,), -91.00 (-CH,-CF,-CH,-, regular VDF-VDF HT addition).
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3.4. Self-assembly
Preparation of the solution.

A5 % w/w triblock copolymer solution in NMP (60 mg of triblock copolymer in 1.2 mL of
solvent) and another solution in THF at 1% w/w (24 mg of triblock copolymer in 2.4 mL of
solvent) were prepared in glass vials and heated to 70 °C in the case of NMP and to 60 °C in

the case of THF for at least 24h.
Micellization protocol.

To different glass vials placed on a stirring plate and equipped with magnetic bars were
added 0.2 mL of triblock solution (5 wt% in NMP or 1 wt% in THF). To each vial a non-solvent
for PVDF was added dropwise to reach different solvent/non-solvent ratios (i.e. 0.4 mL for
1:2 ratio; 0.8 mL for 1:4 ratio; 1.2 mL for 1:6 ratio). Only water was used as non-solvent in

the case of NMP triblock copolymer solutions.
Nanoprecipitation protocol.

To different glass vials placed on a stirring plate and equipped with magnetic bars was
added 1.2 mL of non-solvent. To each vial an adequate triblock solution volume (5 % w/w in
NMP or 1 % w/w in THF) was added dropwise to reach different solvent/non-solvent ratios

(i.e. 0.6 mL for the 1:2 ratio; 0.3 mL for the 1:4 ratio; 0.15 mL for the 1:6 ratio).

In all micellization and nanoprecipitation samples cloudy solutions were obtained. At the
end 18 vials containing micellar solutions were obtained. Three of each protocol in the case
of NMP samples and six of each protocol in the case of THF samples (three using water as

non-solvent and three using ethanol).

Preparation of AFM samples.

Thin films were prepared from a solution of triblock copolymer micellar solutions in

THF/ethanol (or NMP/water). The solution was spin-coated (SPS Spin 150 spin coater) onto a
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clean silicon wafer at 1000 rpm for 120 s (or 300 s) with a speed ramp of 100 rpm s . The

AFM analyses were performed directly on the silicon wafer.

4. Results and discussion
The amphiphilic ABA triblock copolymer was prepared by a one pot aminolysis/thia
Michael addition involving a mono-functional PVDF-Xanthate (PVDF-XA) and a difunctional

PEG acrylate (PEGDA) (Scheme 1).

R FH H S

H F Trigonox 121, CTA-XA o
1)  PVDF-XA synthesis >:< _— - n s)ko/\
H F DMC, 73°C o HHEFE

PVDF5p-XA

\)’L o

" Cl

2) Acrylation (o] 0\/>\ =
) Acry H{ Vtou e AT{ A o)b
[e]

NEts CH,Cl, 25°C
PEGy35-OH PEG35-DA

3) Aminolysis + Michael Addition

[e]
o )v o
- -

O HHF F Hexylamine, DMF, 25°C, N,

PVDF 5-b-PEG36-b-PVDF5,
SEETTEOTRNAD20 00OV

1) NMP or THF
(Good solvent PEG/PVDF)
2) H,0 or EtOH

(Bad solvent - PVDF)
(Good solvent PEG)

PVDFs5y-XA

4) Self-Assembly

Scheme 1. Synthesis and self-assembly of the amphiphilic PVDF-b-PEG-b-PVDF ABA triblock copolymer. 1)
Synthesis of PVDF-XA by RAFT. 2) PEG diacrylate (PEGDA) synthesis in dichloromethane using acryloyl chloride.
3) One-pot synthesis of the triblock copolymer by aminolysis of the xanthate groups and thia-Michael addition

of the resulting PVDF-SH to PEGDA. 4) Self-assembly into expected flower-like micelles of the ABA triblock
copolymer (nanoprecipitation or micellization).

The PVDF5o-XA was synthesized by RAFT polymerization following an already established

41
l.

protocol.”” The PEG diacrylate (PEGDA) was prepared by simple acrylation of a commercial

dihydroxylated PEG (Figure S3). The acrylation reaction resulted in quantitative
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functionalization of the commercial PEG (Figure S4). Then, the targeted PVDFso-b-PEG;36-b-
PVDFso ABA triblock copolymer was synthesized in relatively high yield (86 %) by coupling
reaction using relative stoichiometric equivalents of PVDF and PEG. The conversion of the
coupling reaction was followed by *H NMR and was evidenced by the disappearance of both
signals of the xanthate groups at 6 = 1.40-1.46 ppm and 6 = 4.67-4.77 ppm (conversion of
the xanthate end-groups into thiol via aminolysis), and signals of the acrylate groups at 6 =
5.85, 6.16 and 6.43 ppm (thio-Michael addition) (Figure S5). The success of the Thia-Michael
addition was also confirmed by *°F NMR spectroscopy with an upflied shift of the fluorine
signals of the —CF, unit directly bonded to the xanthate moiety from 6 = -113.09 to 6 = -
113.77 ppm (Figure S6). The formation of the triblock copolymers was further confirmed by
SEC-HPLC. Figure 1 shows the SEC chromatograms of the two homopolymer precursors and
of the resulting ABA triblock. These chromatograms confirm the successful coupling reaction
with a clear shift of the triblock copolymer trace towards shorter retention time (higher
molar masses). However, a small shoulder at lower retention time reveals the presence of
small amounts of residual PVDF precursors that were not removed by precipitation. This
residual PVDF is likely the non-functional PVDF-H chains (10 mol %) formed by transfer
reactions (estimation made from 'H NMR data (Figure 1), PVDF-H signals at 6.05 — 6.45
ppm). Indeed, the starting PVDF was composed of 90 mol % of chains terminated by a head-
to-head addition (-CH,CF,CF,CH,-XA) and 10 mol % of chains terminated by an hydrogen (-
CF,H et -CHs) atom resulting transfer reaction. 'H Diffusion-ordered spectroscopy (DOSY)
NMR experiments were also carried out to further characterize the ABA triblock copolymer.
These DOSY experiments provide 2D correlation maps showing chemical shifts and diffusion
coefficients on the horizontal and vertical axes, respectively. The 'H posy map of the
PVDFso-b-PEG136-b-PVDF5q triblock copolymer (Figure 2. And S7) shows that all 'H NMR
signals correlate with a single diffusion coefficient (2.8 10-5 m2 s-1). In comparison DOSY
experiments carried out on PVDF-XA and PEGDA provided diffusion coefficients of 9.1 107

m?stand 7.510° m?s™* respectively.
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Figure 1. Normalized SEC chromatograms (viscometric detector) of: PVDF-XA (black trace), PEGDA (red trace),
PVDF-b-PEG-b-PVDF (blue trace).
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Figure 2. 'H DOSY-NMR spectra of the PVDF-b-PEG-b-PVDF triblock copolymer (main spectrum), PEGDA (left
inset), and PVDF-XA (right inset) recorded in (CD3),SO at 60 °C. D = diffusion coefficient.
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These results suggest quantitative coupling reactions without contamination of residual
homopolymers. The discrepancy between the SEC and 'H DOSY NMR results are likely due to

the higher lower detection limit of 'H DOSY NMR compared to SEC.

Nevertheless these analyses indicate that the protocol used here led to a relatively well

defined PVDF-b-PEG-b-PVDF triblock copolymer (b< 1.3).

100 -

804 ——PEGDA
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—— PVDF-b-PEG-b-PVDF
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Figure 3. Overlay of the TGA traces the PVDF-xanthate (black trace) and PEG-diacrylate (red trace)
precursors, and of the PVDFsy-b-PEG;36-b-PVDFs, triblock copolymer (blue trace).

Thermogravimetric analyses (under air) (Figure 3) revealed that the PVDFsqo-b-PEGy36-b-
PVDFsq triblock copolymer displayed a thermal behaviour relatively similar to those of its
precursors. No significant weight loss was observed before 348 °C (Tdse, of the triblock) close
to the degradation temperature of the PEGDA (Tdsy = 360 °C) , while PVDF-XA started to
degrade at marginally higher T (Tdsy = 365 °C, Tdigx = 389 °C). Differential scanning
calorimetry (DSC) of the PVDFso-b-PEGy36-b-PVDF5o triblock copolymer revealed the
characteristic exothermic and endothermic peaks corresponding to the crystallization and
melting transitions at 40.3 and 56 °C for PEG and at 139.5 and 178.3 °C for PVDF,
respectively (Figure S13, and Figure 4). These values are in good agreement with those
obtained for PEGDA (T. =42 °C and T, = 58 °C) (Figure S12) and PVDF-XA homopolymers (T,
= 140 °C and T, = 168.7 °C) (Figure. S11). In addition, the DSC thermogram of the triblock

81



(Figure 4 and figure S13) displayed two distinct glass transition temperatures corresponding
to VDF (-34 °C) and PEG (-10 °C), confirming the bulk incompatibility of these two polymers.
The DSC thermograms were also used to quantify the degree of crystallinity of the PVDF
(47.1%) and of the PEG (53.8%) in the triblock copolymer (See S14 for details on these

calculations).

The self-assembly in solution of the new PVDF-based amphiphilic triblock copolymer was

then studied.
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Figure 4. DSC Thermograms of PVDFs,-b-PEG35-b-PVDF, triblock copolymer. a) Area highlighting the glass
transitions of PVDF and PEG. b) Area presenting the two endothermic signals corresponding to the melting
points of PEG and PVDF.
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Among the various methods used to promote the self-assembly of amphiphilic block
copolymer in solution, we selected the two most common techniques used so far: (i) Direct
dissolution of the polymer in a selective solvent for one of the blocks, and (ii) Dissolution of
the block copolymer in a good solvent for both blocks, followed by slow addition of a

selective solvent for one of the blocks.>?

The first method, often called nanoprecipitation, is an easy and direct way to provoke self-
assembly and is well-suited for block copolymers with relatively low molar masses and
relatively short insoluble block.”® Given the high hydrophobicity and crystallinity of PVDF, the
second method (called here micellization), although more time-consuming, is probably more
suitable to the present PVDF-b-PEG-b-PVDF triblock copolymer. Indeed, under
nanoprecipitation conditions, self-assembly occurs very fast and generally leads to frozen
morphologies. A slower self-assembling process such as the micellization method, is more
likely to deliver thermodynamically more stable self-assembled structures. Note that due to
the non-ergodicity of amphiphilic block copolymer systems, both methods likely lead to

kinetically trapped structu res.”*

Two solutions of the triblock copolymers were prepared: One solution in NMP at 5 wt %,
and one solution in THF at 1 wt %. Complete dissolution of the triblock copolymers was
achieved only after heating for prolonged time (24 h at 60 °C for THF and at 70 °C for NMP).
The molecular dissolution of the triblock was confirmed by DLS. Only 1 wt% solution could
be prepared in THF due to the poor solubility of PVDF in THF. The solutions in NMP at 5 wt %
and in THF at 1 wt % were then used to investigate the self-assembly of the triblock

copolymer via nanoprecipitation and micellization.

Transmission electron microscopy and atomic force microscopy revealed that the
nanoprecipitation protocol led to the formation of small roughly spherical aggregates for the
1:6 NMP: water systems (Figure 5, and S15). These small aggregates with size ranging from
20 to 75 nm displayed relatively rough surfaces and were not perfectly spherical. This is
likely caused by the high crystallinity of PVDF and the fast solvent de-mixing times, not

leading the BCP to reach kinetically stable morphologies.**
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Figure 5. a) and b) TEM images of PVDFsy-b-PEG;36-b-PVDFs, aggregates obtained from a 5 wt% solution in
NMP by nanoprecipitation (NMP:water (1:6)). c) AFM topographic image of these aggregates deposited by
spin-coating on a silicon wafer.

When micellar solutions at 1:2 and 1:4 NMP: water ratios were analysed by TEM, only large
micrometric aggregates were observed (Figure S15). The concentration of non-solvent was
probably not enough at these stages, and the observed non-defined aggregates are due to

non-self-assembled BCP.

In the case of the THF: water solvent: non-solvent system, both self-assembly protocols
produced vesicles of around 300 nm (Figure 6a, 6b and S15). Higher THF: water ratios led to
larger aggregates (Figure S15). As above, better defined particles were obtained at lower
solvent: non-solvent ratios. In the nanoprecipitation experiments, higher solvent/ non
solvent ratios, likely lead to instability of the vesicles and thus, big aggregates of non-

assembled polymer are also observed.
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Figure 6. TEM images of PVDFsy-b-PEG;35-b-PVDFs, aggregates obtained from: a) and b) 1 wt% solution in THF
by micellization (THF: ethanol (1:6)). c) AFM topographic image of these aggregates deposited by spin-coating
on a silicon wafer.

In contrast, nanoprecipitation of the THF solution in ethanol using 1:6 (Figure 7b, and S15)
lead to the formation of crystalline structures with ovoidal shape and using 1:4 THF: ethanol
ratio a mixture of ovoidal, crystalline shard like structures and spheres of various size were
observed (Figure 7a, 7c), and S15). Ovoidal crystalline structures have already been reported
in our group from PVAc-b-PVDF diblock copolymers.*® In the latter case the corona forming
block was not crystalline so the objects observed by TEM should not differ from the ones in
solution (i. e. the corona-forming block does not crystallize when the solvent evaporates).
Similar structures have been also described by Wang Y.-Z. et al. for self- assembled PEG-b-
PPDO, by Wang J. et al. in the case of a (MPEG)(PCL)(PPE) 3-miktoarm star terpolymer, by
Chen Y. et al. for PCL-b-PDMAEMA and PCL-b-PAA block copolymers and by Rizis G. for PEG-
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b-PCL. These structures are thought to be formed by crystallisation-driven self-assembly

(CDSA).>>™?

PVDF crystalline
domains
with PEG shell

Figure 7. TEM images of PVDFsy-b-PEG;33-b-PVDFs, crystalline nanostructures obtained by nanoprecipitation
in ethanol of a 1 wt% THF solution in THF; a) and c): THF: ethanol = 1:4; b): THF: ethanol = 1:6. d) schematic
representation of the objects observed in a) and c).

The crystallinity of those structures was highlighted by the analysis of the SAED patterns
recorded during TEM analysis and compared to the XRD diffraction pattern (Figure 8). From
XRD measurement, the two diffraction peaks observed at 26 = 19.8 and 26.5° are found to
be characteristic of the PVDF phase. In addition, the specific peak at 26.5° unambiguously
evidences the a-crystal phase (no existence of the B- and y-crystal phases).”® The XRD
pattern also shows two peak at 2 6 = 19.2 and 23.4° attributed to the crystalline structure of

the PEG (see 517).%
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Figure 8. XRD pattern of PVDFsy-b-PEG,35-b-PVDF5, recorded at room temperature. Red dots and blue
rhombus are PVDF and PEG characteristic diffractions. The inset is the SAED pattern of the objects observed in
Figure 7b and 7c obtained during TEM analysis (* correspond to the Bragg spots observed). Note: Attempts to
record SAED patterns on the other self-assembled morphologies presented in this paper failed due to the rapid

amorphisation of the structures under the electron beam.

Moreover, the symmetrical Bragg spots of (110)pypr and (021)pvpr can be clearly observed
from the SAED pattern, indicating that the ovoidal structures may be considered to be single
crystals of PVDF (the entire object analysed was inside the selected area). In addition, the
symmetrical spots of (032)ps indicate that the PEG is crystalline too. According to previous
reports preparation of single-crystals is complicated and time-consuming (self-seeding

method) and it has never been reported for PVDF-based block copolymers.59

5. Conclusions

An ABA PVDF-b-PEG-b-PVDF amphiphilic triblock copolymer was synthesized using an
efficient one-pot aminolysis / thia-Michael addition of a PVDF prepared by RAFT and PEG
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diacrylate. This novel PVDF-based ABA triblock copolymer was thoroughly characterised by
'H, 'H DOSY and '"F-NMR spectroscopies, GPC as well as TGA, DSC and XRD. These
characterizations proved the coupling strategy efficient and revealed a relatively well-
defined (low D) triblock copolymer. As expected, the triblock copolymer had thermal
resistance close to that of PEG and inferior to that of PVDF and both blocks present the
inherent crystallinity of these materials. The self-assembly of this amphiphilic triblock
copolymer was performed using nanoprecipitation and micellization protocols using NMP or
THF as good solvents and water or ethanol as the block selective solvents. In most cases, the
self-assembly experiments led to roughly spherical aggregates with size ranging from 20 to
75 nm and vesicles up to 300 nm. However, when THF solutions were used under
nanoprecipitation protocols in ethanol, micrometric crystalline oval morphologies were
obtained. The crystallinity of both a-PVDF and PEG in those structures was confirmed by
SAED patterns recorded during TEM analysis and identified by XRD measurement. These
original triblock copolymers and self-assembled morphologies may offer new opportunities

to design electroactive structures at the nano- and micrometric scales.
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7. Supporting information

Figure S1. PVDF-XA homopolymer "H NMR (400 MHz (CD3),CO).

~CH,-CFH

T T T
66 64 6.2 6.0

e C S
F F H H
f
~ o S)J\o/\a
g 0 HH n1F F

d

H-T -CF,-CH,-CF,-CH,-CF,

d

——— A A

T-T -CF,-CH,-CH,-CFy-

r : .
4.8 44 42 4

sl =o
lge
.

94



Figure S2. PVDF-XA homopolymer '’F NMR (376 MHz, (CD3),CO).
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Figure S3. PEGgo990 commercial polymer "H NMR (400 MHz, CDCl5).
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Figure S4. PEG diacrylate homopolymer '"H NMR (400 MHz, (CD;),SO).
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Note: the peaks at 1.20 and 3.07 ppm are assigned to residual triethylammonium chloride.
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Figure S5. PVDF-b-PEG-b-PVDF "H NMR (400 MHz, (CD;),SO), recorded at 60 °C).
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Figure S6. PVDF-5-PEG-6-PVDF F NMR (376 MHz, (CD3),SO).
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Figure S7. "H DOSY-NMR experiments recorded in (CD3),SO) at 60 °C of PVDF-XA
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Figure S8. '"H DOSY-NMR experiments recorded in (CD3);SO) at 60 °C of PEGDA
homopolymer.
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Figure S9. '"H DOSY-NMR experiments recorded in (CD3),SO) at 60 °C of PVDF-b-

PEG-b-PVDF triblock copolymer.
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Figure S10. Thermogravimetric analysis (TGA). Weight derivative traces of the PVDF-
XA and PEGDA homopolymers and of the PVDF5p-b-PEGq33-b-PVDF5, triblock
copolymer.
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Figure S11. Differential scanning calorimetry (DSC) thermogram of PVDF-XA
homopolymer.
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Figure S12. Differential scanning calorimetry (DSC) thermogram of PEGDA
homopolymer.
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Figure S13. Differential scanning calorimetry (DSC) thermogram of PVDF-b-PEG-b-
PVDF triblock copolymer.
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S14. Calculation of the degrees of crystallinity
(%) = —L— % 100
Xc\70

Where AH; is heat of melting (extracted from the DSC trace) and AHis a reference value and represents

the heat of melting if the polymer were 100% crystalline (both in J/g). ¢, is the weight fraction of the
different polymer forming the triblock copolymer.

AH - of PVDF and PEG were extracted from the literature as 104.7 J-g* and 196.8 |- g! respectively.6263

The molar mass of the triblock copolymer (deduced from NMR) is 12800 g-mol-! and the Weight
fraction of the PVDF and PEG blocks (¢,,) are 0.53 and 0.47 respectively.

Xc PVDF = (26.15/(104.7-0.53))x100= 47.1%

Xc PEG = (49.77/(196.8-0.47))x100=53.8%

62. Hietala, S. et al. Structural investigation of radiation grafted and sulfonated poly ( vinylidene fluoride ), PVDF,

membranes. J. Mater. Chem. 7, 721-726 (1997).

63. Pielichowska, K., Bieda, J. & Szatkowski, P. Polyurethane / graphite nano-platelet composites for thermal energy

storage. Renew. Energy 91, 456—-465 (2016).
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Figure S15. TEM images of the self-assembly experiments.
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e  The micellization protocol leads to the formation of micelles and vesicles when solvent:non-solvent ratios of at
least 1:4 are reached (THF/ethanol).

e  The nanoprecipitation protocol allowed the rapid formation of micelles, vesicles and crystalline aggregates at 1:6
solvent: non-solvent ratios employing NMP/water, THF/water and THF/ethanol respectively. Addition of more
common solvent (containing BCP) leads to destabilization of the BCP assemblies and ill-defined or mixtures of
structures were observed by TEM analysis.
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Figure S16. AFM topographic images and height profiles of micelles (a) and vesicles (b)
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Figure S17. XRD pattern of PEGgggo.
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Chapter 3

Amphiphilic P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP)
triblock copolymer. Temperature-induced

Crystallization-driven Self-Assembly (TI-CDSA)

The PVDF based triblock copolymer presented in chapter two, had limited solubility in
common solvents due to the high crystallinity of the PVDF blocks. The crystallinity of the
PVDF block was reduced by copolymerization of VDF and HFP. A low HFP content was
enough to reduce the crystallinity of the fluorinated block and to increase the solubility of
the triblock synthesized using the same approach presented in chapter two. This new
triblock copolymer was much soluble in THF but also in DMF and acetone. Self-assembly of
this triblock copolymer was studied in different mixture of solvents and applying different
protocols in order to access a wide range of morphologies. Also, a thermally-induced
crystallization-induced self-assembly approach was explored to determine if better control

over the morphology shape and size could be obtained.






Amphiphilic P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock
copolymer. Temperature-Induced Crystallization-driven Self-

Assembly (TI-CDSA) behavior

Enrique Folgado,a'b Matthias Mayor,b Vincent Ladmiral,®* and Mona Semsarilar®*

®Institut Charles Gerhardt Montpellier, ICGM UMR 5253, Univ Montpellier, CNRS, ENSCM, Montpellier, France.
PInstitut Européen des Membranes, IEM, UMR 5635, Univ Montpellier, CNRS, ENSCM, Montpellier, France.

1. Abstract

To date, amphiphilic block copolymers (BCPs) containing poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-co-HFP)) copolymers are rare. This semi-crystalline
fluorinated copolymer can crystallize in solution making such BCPs appealing for the
preparation of self-assembled block copolymer morphologies through crystallization-
driven self-assembly (CDSA) in selective solvents. Here the synthesis, characterization
by 'H and F NMR spectroscopies, GPC, TGA, DSC and XRD; and the self-assembly
behavior of a P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer was studied.
The resulting well-defined ABA amphiphilic fluorinated triblock copolymer was self-
assembled in selective solvents using a variety of methods. Thin-film hydration,
micellization, nanoprecipitation, and temperature-induced crystallization-driven self-
assembly (TI-CDSA) protocols were investigated. A large range of morphologies such
as spherical, square, rectangular, fiber-like and platelets structures with sizes ranging
from a few nanometres to micrometers were obtained depending on the self-

assembly protocols and solvents systems used.
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2. Introduction

The ability of block copolymers (BCPs) to spontaneously organize into different
morphologies has attracted a great deal of attention due to their potential use in the
development of nanomaterials with controlled structures and tunable properties.l'2
The self-assembly of non-crystalline (coil-coil) BCPs in solution is well-established.?
Selective solvation gives rise to the formation of structures with a core consisting of
the insoluble block surrounded by a corona formed by the soluble block.* The
resulting morphologies will depend on the intrinsic molecular parameters of the BCP
such as the solvent affinity of the blocks, the relative volume fraction and the length
of the blocks.> However, the complexity of the self-assembly process increases when

one block of the BCP is able to crystallize.

The formation of semi-crystalline BCP micelles can be viewed as a two-step self-
assembly process. Micelles will form first by minimizing their contact with the solvent,
and then start to crystallize in a second step, giving rise to the final micellar structure.
As crystallization takes place in the insoluble micellar core, the initial morphology is
either preserved or a morphological transformation into a novel structure is

triggered.4

In 1966, Lotz et al. first found that poly(ethylene glycol)-b-polystyrene (PEO-b-PS)
block copolymer (BCP) can form square-shaped platelets through crystallization from
ethyl benzene solutions.” Since then, the preparation of micelles from crystalline-coil

BCPs by crystallization-driven self-assembly (CDSA) has been gaining momentum.*¢3

Cylinders and lamellar architectures are the most commonly observed
morphologies.>**™*® However, by manipulating the interactions between the two
blocks and the solvent, and the interplay between the crystallization of the core-
forming block and the corona chain stretching, the micellar morphology is no longer
restricted to common geometries and more complex structures that may incorporate

13,17-19

desired properties become accessible. In solvents able to solubilize both blocks

the BCP remains as unimers undergoing a slower crystallization process and can form

larger defect free crystals (platelets for example).13’20'21
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Diverse polymeric architectures have been obtained by a crystallization-driven self-
assembly (CDSA) approach. Arno et al. reported recently the preparation of PCL-b-
PMMA-b-PDMA biocompatible and biodegradable 1D cylindrical and 2D platelet
micelles via CDSA. Interestingly, they were able to control the dimensions and
dispersity of the self-assembled nanostructures.® Li et al. have reported a poly(L-
lactide)-based diblock glycopolymer that assembles into 1D cylinders and 2D
diamond-shaped platelets.”® Qiu and Gao et al. have reported the preparation of

rectangular and hollow structures from polymer blends.*

The most common crystalline blocks in these assembled structures are

6,17

poly(ethylene oxide) (PEO),?? poly(e-caprolactone) (PCL), polyethylene (PE),?* and

poly(ferrocenyldimethylsilane) (PFS).6'14'15'24'25

Fluoropolymers are an interesting family of polymers with remarkable chemical and
physical properties. Poly(vinylidene fluoride) (PVDF) is a highly crystalline

26-28

fluoropolymer that have found numerous applications. Only few studies describe

the self-assembly in solution of BCPs containing a fluoropolymer block.?*? Our team

has been developing the RAFT polymerization of VDF over the last years33—35

including
BCPs.??3%3%39 However, there are not many studies on CDSA behavior of these
fluoropolymer-containing BCPs. Guerre et al. reported the formation of crystalline
structures, thought to be formed by CDSA of PVAc-b-PVDF diblock copolymers
solutions in DMC, a solvent in which PVDF is soluble at elevated temperatures.36 To

date, this is the only study analyzing the CDSA behavior of BCPs where the semi-

crystalline block is a fluoropolymer.

An interesting variation of the CDSA is the thermally controlled crystallization-
induced self-assembly, a method in which the crystallization condition can be tuned.
The self-assembly procedure starts by dissolving the BCP in a selective solvent for the
coil block at a temperature above the T, of the semi-crystalline block. When the
polymer solutions are cooled down, below the T, crystallization occurs. This method

allows for a chance to control the micellar crystal development.*
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The CDSA approach in pure alcoholic solvents or water is not easily performed on
PVDF-based BCPs due to the poor solubility of PVDF in these solvents, even at high
temperatures. Also, due to the high melting temperature of PVDF (T, ~ 177°C) the
thermally controlled CDSA approach is limited by the solvents in which this can be

performed.

Copolymers of VDF and HFP present reduced crystallinity compared to PVDF and
thus, they have higher solubility and lower T,,. Indeed, the crystallinity of P(VDF-co-
HFP) copolymer is largely affected by the molar fraction of HFP.*>*! P(VDF-co-HFP)
crystallinity can be tuned by controlling the monomer composition. Copolymers with

HFP content higher than 19 mol % are amorphous and have elastomeric behavior.*%*

P(VDF-co-HFP) based block copolymers made by RAFT have not been reported to
date. In this work we report the preparation of an amphiphilic ABA P(VDF-co-HFP)-b-
PEG-b-P(VDF-co-HFP) block copolymer. The P(VDF-co-HFP) copolymer with high end-
group fidelity was synthesized by RAFT copolymerization of VDF and the triblock
copolymer was prepared using an efficient coupling method: a one-pot thia-Michael
addition. The characterization of the novel triblock BCP was performed using 1H and
19F NMR spectroscopies, GPC, TGA, DSC and XRD. The self-assembly in diverse
solvents as well as the CDSA behavior of this BCP in different solvent mixtures was

studied by TEM.

3. Experimental section

3.1. Materials

All reagents were used as received unless otherwise stated. 1,1-Difluoroethylene
(vinylidene fluoride, VDF) and hexafluoropropylene (HFP) were supplied by Arkema
(Pierre-Bénite, France). O-Ethyl-S-(1-methoxycarbonyl) ethyldithiocarbonate (CTAya)
was prepared according to the method described by Liu et al.*? tert-Amyl peroxy-2-
ethylhexanoate (Trigonox 121, purity 95%) was purchased from AkzoNobel (Chalons-

sur-Marne, France). PEGgoo, Ethanol (EtOH), 1-octanol, acetone, N,N-
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dimethylformamide (DMF) tetrahydrofuran (THF), dimethyl carbonate (DMC), and
pentane, were purchased from Sigma Aldrich. Deuterated solvents were purchased

from Eurisotop.
3.2. Measurements
Nuclear Magnetic Resonance (NMR).

The NMR spectra were recorded on a Bruker AV Ill HD Spectrometer (300 or 400
MHz for 'H and 282 or 376 MHz for *°F).

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, 30°; acquisition time, 4s ; pulse delay, 1 s; number
of scans, 16 (or 32 for *°F); and pulse widths of 9.25 (P[1] from Pulse) and 11.4 ps for
'H and °F NMR respectively.

Size-Exclusion Chromatography (SEC).

Size exclusion chromatograms were recorded using a Triple detection GPC from
Agilent Technologies with its corresponding Agilent software, dedicated to multi-
detector GPC calculation. The system used two PL1113-6300 ResiPore 3um 300 x 7.5
mm columns with DMF as the eluent with a flow rate of 1 mL/min and toluene as flow
rate marker. The detector suite comprised a PL0O390-06034 capillary viscometer, and a
390-LC PL0390-0601 refractive index detector. The entire SEC-HPLC system was
thermostated at 35°C. Low dispersity PMMA standards were used for the calibration.

Typical sample concentration was 10 mg/mL.
Differential Scanning Calorimetry (DSC).

DSC measurements were performed on 2—3 mg samples on a TA Instruments DSC
Q20 equipped with an RCS90 cooling system. For all measurements, the following
heating / cooling cycle was employed: cooling from 40 °C to -73°C, isotherm at - 73 °C
for 5 min, first heating ramp from =73 °C to 250 °C at 10 °C/min, isotherm at 250 °C
for 5 min, cooling stage from 250 °C to -73 °C at 10 °C/min, isotherm plateau at -73

°C for 1 min, second heating ramp from -73 °C to 250 °C at 10 °C/min, isotherm at
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250 °C for 1 min, and last cooling stage from 250 °C to 40 °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.
Thermogravimetric analysis (TGA).

TGA analyses were carried out with a TA Instruments TGA G500 from 20 °C to 800
°C. A heating rate of 10 °C min~* was used under an air atmosphere with a flow rate of

1

60 mL min . Dry samples weighing approximately 3 mg were used.

Transmission electron microscopy (TEM).

TEM studies were conducted using a JEOL 1400+ instrument equipped with a
numerical camera, operating with a 120 kV acceleration voltage at 25 °C. To prepare
TEM samples, a drop (10.0 pL) of micellar solution was placed onto a Formvar/Carbon
coated copper grid for 60 s, blotted with filter paper and dried under ambient
conditions. All TEM grids were prepared from self-assembly experiment solutions

without further dilution.
X-Ray diffraction (XRD).

XRD powder patterns were carried out on a Philips X'pert Pro MPD diffractometer
by using Ni-filtered CuKal radiation (A=1.5406 A) in Bragg—Brentano scanning mode

with a 20 angle range from 5—-60°, and a time per step of 50 s.
3.3. Synthesis
Autoclave.

The copolymerization of VDF and HFP 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.
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P(VDFs1-co-HFP4)-XA synthesis.
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Scheme 1. Synthesis of P(VDF-co-HFP) copolymer by RAFT/MADIX.

A solution of Trigonox 121 (158 mg, 6.87-10" mol) and CTA-XA (1.30 g, 6.25-.107
mol) in DMC (60 mL), was degassed by N, bubbling during 30 min. Prior to the
reaction, the autoclave was pressurized with 30 bar of nitrogen to check for leaks. The
autoclave was then put under vacuum (20-10° mbar) for 30 min to remove any trace
of oxygen. The homogeneous DMC 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 then HFP gas (8.0 g, 0.53-10" mol) was transferred following the same
procedure and the reactor was gradually heated to 73 °C. The reaction was stopped
after 20 h. The autoclave was cooled down to room temperature (ca. 20 °C), purged
from the residual monomers, and DMC was removed under vacuum. The crude
product was dissolved in 30 mL of warm acetone (ca. 40 °C), and left under vigorous
stirring for 30 minutes. This polymer solution was then precipitated from 400 mL of
chilled pentane. The precipitated polymer (white powder) was filtered through a filter
funnel and dried under vacuum (15.10° mbar) for two hours at 50°C. The
polymerization vyield (55%) was determined gravimetrically (mass of dried

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

'H NMR (300 MHz (CD3),CO, & (ppm), Figure S1): 1.24 (d, -CH(CH3)(C=0)-, 3Juyy = 7.1 Hz
2.31H). 1.32 (d, -CH(CH3)(C=0)-, 3Jus = 7.2 Hz, 0.67H), 1.46 (t, -S(C=S)O-CH,-CHs, /s = 7.1 Hz,
3H), 2.37 (m, -CF,-CH,-CH,-CF,-, VDF-VDF TT reverse addition, 3.2H), 2.81 (s, -CH(CH3)(C=0)-,
1H), 2.84-3.50 (m, -CF,-CH,-CF,-, VDF-VDF HT and VDF-HFP regular addition, 95.92H), 3.67-
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3.70 (s, -(C=0)-0-CHs), 3H), 4.12 (t, -CF,-CH-S(C=S)OEt, 3Jur = 17.7 Hz, 2H), 4.74 (q, (-
S(C=S)OCH,-CHs, 3Jun = 7.1 Hz, 2H), 6.06 — 6.53 (m, -CH,-CF,-H and —CF(CF3)H).

F NMR (282 MHz (CD3),CO, & (ppm), Figure S2): -183.65 - -183.75 (-CF,CF(CFs)-), -118.13
(-CF2CF(CF3)-), -115.65 (-CH,-CF»-CFo-CH,-CH,-, VDF-VDF HH reverse addition), -115.00 - -
114.00 (CH,-CF,-H), -113.36 (-CF,-CH,-CF,-CF,-CH,-CH,-, VDF-VDF HH reverse addition), -
113.09 (CH;,-CF,-CF,-CH,-S-), -112.67 (-CH;,-CF,-CF,-CH,-S-), -109.92 (-CH,-CF,-CF,CF(CFs)-
VDF-HFP regular addition), -103.01 (-CF,-CHs), -94.77 (-CH,-CH,-CF,-CH,-, TT reverse
addition), -93.50 (-CH,-CF-CH,-CH(CH3)(C=0)-), -91.92 (-CH,-CF,-CH,-CF,H), -91.43 (-CH,-
CH,-CF,-CH,-CF,-CH,-CF,-, regular VDF-VDF HT addition), -91.00 (-CH,-CF,-CH,-, regular VDF-
VDF HT addition), -74.55 (-CH,-CF,-CF(CF3)-CF,-CH,-CF5-), -70.02 (-CH,-CF,-CF,-CF(CF3)-CH,-
CF,-CH,-).

PEG136-DA synthesis.

Polyethylene glycol diacrylate (PEG-DA) synthesis was prepared following the protocol
described elsewhere.* leq. of PEGgggo and an excess of 10 eq. of acryloyl chloride were
dissolved in DCM in a round bottom flask at room temperature. Then, trimethylamine (4eq.)
was added dropwise and the reaction was stirred. The reaction was complete in 60h and the

product was filtered off on Celite, precipitated in cold diethyl ether and dried under vacuum.

'H NMR (400 MHz, (CD3),SO) & (ppm)): 6.43 (d, *Juy =17.3 Hz, 2H, -CH=CH,), 6.16 (dd, Juy
=17.4 Hz and 10.4 Hz, 2H, -C=CH-C=0), 5.85 (d, */uy = 10.4 Hz, 2H, -CH=CH,), 4.23 (m, 2H, -
(C=0)-0-CH,-CH,-0-) 3.4-3.8 (m, -CH,-CH,-0).

P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) synthesis.

The aminolysis and subsequent Michael addition were conducted using a one-pot
protocol described by Guerre et al.** P(VDFs;-co-HFP,4)-XA (5.000 g, 1.35 mmol) and
PEGDA136 (4.05 g, 0.67 mmol) were dissolved in DMF (115 mL). The mixture was
degassed with N, for 10 min. A degassed mixture of hexylamine (0.546 g, 5.40 mmol),
triethylamine (0.205 g, 2.15 mmol) and dimethylphenylphosphine (DMPP) (0.01 mL,
6.75 102 mmol) in 2 mL of DMF was injected into the reaction mixture. N, was

bubbled into the reaction mixture for another 10 min. The mixture was stirred 16 h at
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25 °C until the reaction was complete and no unreacted acrylate could be detected by
'H NMR. The product was then precipitated twice in cold diethyl ether and dried

under high vacuum at 70 °C until constant weight to remove traces of DMF.

'H NMR (400 MHz (CDs),SO, & (ppm), Figure S6) : 1.13-1,18 -CH(CH3)(C=0)-, 2.17-2.33 (m, -
CF,-CH,-CH,-CF,-, VDF-VDF TT reverse addition), 2.64-2.71 (m, -S-CH,-CH,(C=0)), 2.71-3.26
(t, -CF,-CH,-CF,-, VDF-VDF HT regular addition), 3.40-3.65 (m, -O-CH,-CH,-), 3.61 (s, -(C=0)-0O-
CH3), 3.66-3.72 (m, -C(C=0)-0-CH,-CH,) 4.08-4.19 (-C(C=0)-0-CH,-CH,).

e NMR (376 MHz (CD3),CO, & (ppm), Figure S7): -183.38 (-CF,CF(CF3)-), -117.61 (-
CF,CF(CF3)-), -115.15 (-CH,-CF,-CF5-CH,-CH,-, VDF-VDF HH reverse addition), -113.78 (CH,-
CF,-CF,-CH,-S-), -112.87 (-CH,-CF,-CF,-CH,-CH,-, VDF-VDF HH reverse addition), -112.25 (-
CH,-CF,-CF,-CH,-S-), -109.34 (-CH,-CF,-CF,CF(CF3)- VDF-HFP regular addition),-102.49 (-CF,-
CH3), -93.82 (-CH,-CH;,-CF,-CH,-, TT reverse addition), -92.77 (-CH,-CF,-CH,-CH(CH3)(C=0)-), -
91.85 (-CH,-CF,-CH,-CF,H), -91.51 (-CH,-CH,-CF,-CH,-CF,-CH,-CF,-, regular VDF-VDF HT
addition), -91.00 (-CH,-CF,-CH,-, regular VDF-VDF HT addition), -73.63 (-CH,-CF,-CF(CFs)-CF5-
CH,-CF5-), -69.23 (-CH,-CF,-CF,-CF(CF3)-CH,-CF,-CH,-).

3.4. Self-assembly
Preparation of block copolymer solutions.

Stock solutions of 1 mg mL* of block copolymer were prepared in DMF, acetone or
THF, and heated at 70°C for 1h under magnetic stirring to complete polymer

dissolution.
Nanoprecipitation.

Glass vials containing 2 mL of non-solvent (water, ethanol or octanol) and magnetic
bars were placed on stirring plates. To each vial 0.1 mL of block copolymer solution (1
mg mL?) (in DMF, acetone or THF) were added dropwise under vigorous stirring

(maximum speed of the stirring plate). After 1h of stirring TEM grids were prepared.
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Micellization.

Vials containing 0.5 mL of the stock solutions (1 mg mL™?) in different solvents (DMF,
acetone and THF) were placed on a stirring plate. Non-solvent (water, ethanol or octanol;
2, 3 or 4 mL) was added dropwise using a syringe pump at a fixed rate of 4 mL h™* under
gentle stirring. 10 uL were taken to prepare TEM samples at 1:4, 1:6 and 1:8 solvent / non-

solvent ratios.
Thin Film Hydration.

A thin film of BCP was formed in a 25 mL round bottom flask by rotary evaporation of a 5
mg mL™ BCP acetone solution. After the solvent was completely removed, water (5 mL) was
added to the round bottom flask and the thin film detached and broke into smaller pieces by
handshaking. The stirring was pursued on a stirrer plate (set at maximum stirring speed).

TEM samples were prepared after 1 day, and 1 week.
Temperature-Induced Crystallization-Driven Self-Assembly (TI-CDSA).

Micellar samples obtained by micellization in DMF: ethanol (1:6), DMF: water (1:6) and
acetone: water (1:6) and by nanoprecipitation in THF:octanol (1:20) were heated (at 70°C for
ethanol and water samples and at 180°C for octanol) for 1h. The samples were then
sonicated for 10 min to help solubilisation of the BCP in the solvents mixtures. The vials were

then slowly cooled down at 5°C / h and aged 12h before preparing TEM grids.

4. Results and Discussion

Polymers synthesis and characterizations

A P(VDFsi-co-HFP4)-XA (where XA designates the ethyl xanthate moiety) copolymer was
synthesized by RAFT. The molar fraction of HFP (7.4 %) as well as the degree of
polymerization of both VDF (51) and HFP (4) was estimated using NMR data (see Figures S3-
S5 for details of these calculations). The triblock copolymer was synthesized via a one-pot
aminolysis-thia Michael addition using 2 equivalents of P(VDFsi;-co-HFP4)-XA and 1
equivalent of PEG36 diacrylate (synthesized from commercial PEG), in the presence of excess
hexylamine (to effect the aminolysis of the xanthate end-groups into thiols) and
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dimethylphenylphosphine in catalytic amount (for the nucleophilic catalysis of the thia-
Michael addition). The disappearance of the acrylate signals and xanthate end-group in H
NMR as well as the shifts in *F NMR (—~CF,.CH,-XA at -113.09 ppm to —CF,-CH,-S-CH,-CH,-

PEG at -113.78 ppm; see Figure S7) confirmed the success of the coupling reaction.

After purification by precipitation in chilled pentane, the successful synthesis and purity of
P(VDFs1-co-HFP,)-b-PEG136-b-P(VDFs:-co-HFP4) ABA amphiphilic triblock copolymer was
confirmed by SEC. Despite the proportion of H-terminated dead chains in the P(VDF-co-HFP)-
XA copolymer estimated to be 15 mol % (see S8 for details of the calculations), the GPC
chromatogram of the triblock copolymer (Figure 1) appears as a monomodal symmetrical
peak devoid of shoulders or tailing.

—— P(VDF-co-HFP)-XA

—— PEG-DA
—— P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP)

M,,: 7500 g mol*
B:1.45

M,: 8500 g mol?
D:1.02

M,: 21700 g mol*
D:1.29

T T T — T

T T T LA |
1000 10000 100000
M, (g mol™")

Figure 1. Normalized SEC chromatograms (viscometric detector) of: P(VDF-co-HFP)-XA (black trace), PEGDA
(red trace), P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) (blue trace).

Differential scanning calorimetry (DSC) of the BCP and of its homopolymer precursors
revealed an exothermic peak corresponding to the crystallization of P(VDF-co-HFP) at
119.2 °C (Figures S9 and S10). As expected, the melting and crystallization temperatures of
the P(VDF-co-HFP) block are lower than those of a PVDF homopolymer (103.1 °C and
133.5 °C, respectively).”® P(VDF-co-HFP) copolymers are less crystalline than PVDF, but
remain semi-crystalline and behave as thermoplastic up to 19 mol % of HFP. At higher

content of HFP, these copolymers become elastomers.*
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The presence of HFP also induces decreases of the melting and crystallization
temperatures. Here, relatively low HFP content was chosen to slightly reduce the polymer
crystallinity, and thus improve its solubility in organic solvents. The resulting triblock
copolymer was highly soluble in DMF, DMSO, acetone and THF whereas a similar PVDF-

based triblock copolymer was much less soluble in acetone and barely soluble in THF.*?

The DSC thermograms were also used to quantify the degree of crystallinity of the P(VDF-
co-HFP) (10.2%) and of the PEG (88.1%) segments in the triblock copolymer (see figure S11
for details on these calculations). These results are in agreement with the signals observed
by XRD (Figure S12a), where the PEG appears to be much more crystalline than the P(VDF-

co-HFP) segments.

In our previous work, we showed that the morphology adopted by a PVDF-b-PEG-b-
PVDF is highly path- and solvent-dependent due to the non-ergodicity of such systems. Thus,
in the present work we focused the investigation on the study of the different
morphologies that can be accessed by different self-assembly protocols or by
adjusting parameters such as solvent/non-solvent selectivity and ratio, and

crystallization conditions (i.e. annealing temperature).
Self-Assembly
Thin-film rehydration

Film rehydration method is established as the formation of a thin layer of an amphiphile
copolymer on a surface by solvent evaporation followed by redispersion in pure water.
External forces such as stirring or sonication are required to enhance the film hydration of
amphiphilic block copolymers. Here, a thin film of P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP)
was prepared in a round bottom flask, then hydrated with pure water and stirred for 1 week.

The structures formed are shown in Figure 2.
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Figure 2. TEM images of BCP aggregates formed by thin-film rehydration with water after 1 week in pure
water.

The roughly spherical aggregates of diameter ranging from 100 to 180 nm observed were
also accompanied by very small aggregates or BCP film debris. This approach, commonly
used for the preparation of vesicles and liposomes from BCP, does not seem suitable to the
formation of higher order morphologies in the case of this triblock copolymer (whose core
forming block is the semi crystalline P(VDF-co-HFP) copolymer) under the conditions the film

rehydration process was performed.
Micellization

Micellization, dissolution of the block copolymer in a good solvent for both blocks,
followed by slow addition of a selective solvent for one of the blocks, is likely to deliver
thermodynamically more stable self-assembled structures due to the slower self-assembly
process. However, BCP containing a semi-crystalline block such as P(VDF-co-HFP) are
non-ergodic. Below their fusion temperature, their crystalline structure prevents the
equilibrium between self-assembled and dissolved polymer chains as well as their
exchanges between self-assembled morphologies. In consequence, the self-assembly
of the P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer will likely lead to
kinetically trapped structures. Three common solvents (DMF, acetone and THF) and
two PEG selective solvents (ethanol and water) were chosen to study the self-

assembly behavior of this BCP. The obtained structures are shown in Figure 3.
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Figure 3. TEM images of self-assembled structures obtained by micellization of 1 mg mL™ solutions of the
P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer in: (a) DMF, (b) acetone, employing ethanol as
selective solvent for PEG; and (c) DMF, (d) acetone, employing water as the selective solvent for PEG. Final
concentration of all samples = 0.14 mg mL", solvent: selective solvent final ratio = 1:6.

The self-assembly protocol using DMF as good solvent and ethanol as the PEG selective
solvent led to the formation of thin sharp-edge objects, most of them ovoidal with size
ranging from 200 nm to 500 nm (Figure 3a). In contrast, when water was used as the
selective solvent for PEG, the triblock copolymers formed long fibers (several tens of um in
length) which aggregated into bundles (Figure 3c). When acetone was used as the common
solvent, the triblock copolymer self-assembled into micrometer-long 2D strips both when

ethanol (Figure 3b) or water (Figure 3d) were used as the PEG selective solvent.

Experiments carried out with THF/ethanol or THF/water solvent systems did not lead to

the formation of organized structures (Figure S13).
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Nanoprecipitation

Nanoprecipitation (NP) is an easy and direct way to provoke self-assembly and is well-
suited for block copolymers with relatively low molar masses and relatively short insoluble
block. The use of this technique was recently reported for the preparation of polymeric
aggregates from a PVDF-b-PEG-b-PVDF BCP with similar block lengths.”* Despite the very
crystalline PVDF hydrophobic block, it was shown that NP allowed the preparation of well-
defined ovoidal crystalline structures. The structures obtained by the NP approach using
different solvents (DMF, acetone and THF) and PEG selective solvents (ethanol and water)

are shown in Figure 4.

Figure 4. TEM images of self-assembled structures obtained by nanoprecipitation of 1 mg mL" solutions of
the P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer in: (a) DMF, (b) acetone, (c) THF, employing
ethanol as selective solvent for PEG and (d) DMF, (e) acetone, (f) THF, employing water as the selective solvent

for PEG. Final concentration of all samples = 0.09 mg mL. Solvent: selective-solvent final ratio = 1:10.

Nanoprecipitation of DMF solutions in ethanol led to the formation of relatively ill-defined

roughly spherical aggregates with size ranging from 20 to 200 nm (Figure 4a). NP of the
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triblock copolymer from an acetone solution using the same selective solvent produced
micrometric (up to 5 um) sheet-like structures (Figure 4b). The THF: ethanol system however
induced the formation of well-defined square and rectangular aggregates with size

comprised between 120 and 300 nm.

When water was employed as the selective solvent for PEG, the BCP self-assembled
morphologies obtained using the NP protocol were micrometer-long fibers with diameter of
about 60-250 nm (Figure 4d). In comparison, fibers (micron size), micrometric flat pebble-
shaped aggregates, and clusters of spherical and ovoidal aggregates (up to 300 nm in size)
(Figure 4f) were formed when DMF, acetone and THF were used as the good solvents

respectively.

The self-assembly results of the micellization and nanoprecipitation protocols reveal the
following trends: 1) the DMF: water system favors the formation of fiber-like structures, 2)
the acetone system (both with ethanol and water as selective solvent for PEG) produce
sheet-like morphologies. The THF system only leads to defined aggregates when the NP
approach was employed. None of these systems and self-assembly protocols afforded any

control over the size, length or shape of the self-assembled aggregates.
Temperature-induced crystallization-driven self-assembly (TI-CDSA).

Temperature-induced crystallization driven self-assembly appears to be interesting to gain

18,19 Samples

some control on the preparation of aggregates from crystalline-coil BCPs.
leading to poorly defined structures (from the micellization and nanoprecipitation
approaches) were thus selected to study the influence of a heating and ultrasound

treatment followed by controlled slow cooling on their size and shape.

Closed vials containing sharp-edge ovoids (Figure 3a), fibers (Figure 3c) or platelets (Figure
3d) were placed in oil baths and heated at 70°C for 1h under stirring then placed in an
ultrasound bath at the same temperature for 10 min. The solutions were slowly cooled down

to room temperature at 5°C h™* and aged 12h before the preparation of TEM grids.

The higher temperature increases the solubility of the aggregates in the mixed solvent

media (note that all the samples were in 1:6 solvent: selective solvent mixtures). The
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sonication should help to solubilize the remaining aggregates (if there were any). The slow
cooling step should induce the formation of BCP aggregates. The structures observed by

TEM are shown in Figure 5.

200 nm

Figure 5. TEM images of the self-assembled structures obtained after micellization and thermal annealing
:Images a, b and c correspond to samples 3a, 3c and 3d respectively.

The thermal annealing had significant effect on the self-assembled structures. The sharp-
edge ovoids turned into smoother round edge rod-like aggregates. The crystallinity of these
aggregates was confirmed by SAED measurements carried out during TEM analysis (Figure
S12b). However the crystallinity of the fluoropolymer core could not be confirmed as the
signals of the PEG crystals formed during the TEM grid preparation mask those of the P(VDF-
co-HFP) copolymer (as mentioned earlier the crystallinity of PEG is much higher than that of
P(VDF-co-HFP)). The fibers initially formed by micellization in the DMF: water system got
shorter (10 um) and isolated after the annealing process. The platelets formed in the
acetone: water mixture were changed into rectangular flat rod-like structures with lengths
up to 5 um and widths between 180 and 500 nm after annealing. SAED measurement did
not detect any crystallinity in this case, probably because of fast amorphisation under the

microscope electron beam.

A second temperature treatment, above the melting temperature of both blocks was also

investigated. The melting of the core-forming block followed by slow cooling, should also
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modify the self-assembled structures and may provide some control. Octanol and THF were
chosen as the selective solvent for PEG and common solvent, respectively. The
nanoprecipitation protocol using this THF: octanol system led to the formation of well-

defined small (10 - 25 nm) square aggregates (Figure 6a).

Figure 6 . TEM images of self-assembled P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer using
nanoprecipitation in octanol from a 1 mg mL™ THF solution: (a) Final concentration 0.1 mg mL™. Solution
heated to 180°C for 1h and slowly cooled down to room temperature. Structures observed after: (b) Oh, (c, d)
12h and (e, f) 1 week.

This suspension was then heated to 180 °C for 20 min and sonicated for 10 min to ensure
the melting of the P(VDF-co-HFP) core forming block. The BCP suspension was then
examined by TEM which revealed the presence of small ill-defined aggregates (Figure 6b),
likely formed during the TEM grids preparation (due to temperature drop and drying). Then
the BCP suspension was cooled down to ambient temperature at 5°C h™* and TEM samples
were prepared and observed after an aging period of 12h (Figure 6¢c and 6d) and 1 week
(Figure 6e and 6f). These TEM images showed that larger square-shaped aggregates started
to form after 12h and well-defined square morphologies were formed after one week of
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aging. The analysis of 50 of these square morphologies allowed the determination of their
average diagonal size: 764 + 133 nm. Moreover, the TEM images suggest that these square
structures potentially grew from a square seed located at the center of the final structure.
During self-assembly, the larger square like crystalline structure is grown from the initial
seed (the seed seen in the centre of the final morphology see Fig. 6f) and the final
morphology keeps this shape (square) in good agreement with the hypothesis that the unit
cell (initial seed) dictates the shape of the crystalline aggregates as described by Han and co-
workers.** However, since the SAED patterns (Figure S12c) of these aggregates only showed
signals from the PEG segments, the determination of the unit cell dimensions was not

possible.
Understanding the CDSA process

Unlike other self-assembly processes, which mainly rely on the solvent affinity for the core-
forming block, the formation of these nanostructures appears to be governed by the
interplay between the crystallization of the P(VDF-co-HFP) core after annealing and the
solubility of the BCP in the solvent mixtures at the annealing temperatures. Our hypothesis
to understand these CDSA results is that: when good solubility is achieved, during the slow
cooling step, the block copolymers present as unimers dissolved in the solvent (1-octanol or
water: acetone (1:6)) crystallize slowly, thus reducing crystal defects and ultimately forming
well-defined structures as in cases of Figures 5c, 6e and 6f. In contrast, when complete
solubility is not attained (due to poor solubility or inefficient thermal annealing) such as in
DMF/ethanol or DMF/water mixtures, the block copolymer forms bigger aggregates that
eventually play the role of a seed for crystal growth (Fig. 5a and 5b). These less defined
ovoidal aggregates (Figure 5a) or fibers (Figure 5b) look similar to the structures obtained
before the thermal annealing (Fig. 3a and 3c respectively). In the literature, such crystal
growth from a well-defined initial seed is described as epitaxial growth where a unimer

exchange process takes place akin to the well-established CDSA principle.*®

5. Conclusion

An ABA P(VDFs1-co-HFP,4)-b-PEG136-b-P(VDFs:-co-HFP4) amphiphilic triblock copolymer

was synthesized using an efficient one-pot aminolysis / thia-Michael addition of a P(VDFs;-
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co-HFP,) prepared by RAFT and PEG diacrylate. This BCP was characterized by *H and, *°F-
NMR spectroscopies, GPC as well as TGA, DSC and XRD. These characterizations proved that
the coupling strategy was efficient to produce a relatively well-defined (low D) triblock
copolymer. The self-assembly behavior of this ABA triblock copolymer was studied by TEM.
This study demonstrated the strong impact of the self-assembly conditions on the BCP self-
assembled morphologies obtained. It is suggested that the Temperature-Induced
Crystallization-Driven Self-Assembly conditions allowed the preparation of defined
morphologies when the thermal annealing allowed the complete dissolution of the

aggregates and the slow crystallization of the semi-crystalline core-forming block.
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Figure S1. 'H NMR spectrum ((CD;),CO, 300 MHz) of P(VDFs3-co-HFP,)-XA
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Figure S2. °F NMR spectrum ((CD5),CO, 282 MHz) of P(VDFs;-co-HFP,)-XA

$3. VDF and HFP %mol determination from °F NMR

*(values extracted from Fig. S2)

% f CFZ/Z

ZfCFZ/2+fCF

% mol VDF = x 100

With:

-91.7 -92.3 —93.8 —95.0 -113.7

ZJCFZ = f CF, (HT) +f CF,H +J CF, (R end group) +J CF, (HT) +f
-90.3 -917 -92.9 -94.6

-112.4
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(1)

-115.9

CF,(Z end group + HH) +'[ CF, (HH)

-115.5

(2)




22.34+0.18+0.16 + 1.42 + 0.87 + 0.14
2
22.34+0.18+ 0.16 + 1.42 + 0.87 + 0.14
2

% mol VDF = =92.6

+ 1.00

(3)
% mol HFP =100 —-92.6 = 7.4
(4)
S4. DP of VDF and DP of HFP determination from *H NMR data.

*(values extracted from Figure S1)

[22 CH, (HT) + [72 CH,(TT) [ +CH,(End Group)

2 1.24
3 X f1.19 CH; (R—CTA)

DPypr =

95.92 +3.20+ 191
PVDF = 2 = O 5

§X3

DPHFP = 4' 0

%molypr

S5. P(VDF-co-HFP) M, Determination from NMR data
M, ynur = M,CTA + (DPypr X M, VDF) + DPyrp X M, HFP
Munur = 208.3 +50.5 X 64.03 + 4.0 x 150.02 = 4041.90 g/mol

With M,,CTA = 208.3 g/mol, M,, VDF = 64.03 g/mol and, M, HFP = 150.02 g/mol.

133



o

3.7 1.9

2.8
f1 (ppm)

Figure S6. "H NMR spectrum ((CD3),SO, 400 MHz) of P(VDFs;-co-HFP,)-b-PEG 3¢-b- P(VDFs;-co-HFP,).
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Shift of signals after the “one-pot” (aminolysis and thia-Michael) coupling reaction.

S8 Determination of —CH,-CF,H end group proportion from 'H NMR.

(%) — CH, — CF,H

[°59(—CH, — CF,H + —CF, — CFH(CF;) + —CF(CF;)CF,H)

6.05

—CF, — CHy + [*%°

=71 187
§f 6.05

1.71

*Data extracted from Figure S1.

4.

(=CH, — CF,H + —CF, — CFH(CF3) + —CF(CF;)CF,H) + % [2% —CF, — CH, — XA
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Figure S10. P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) DSC thermogram. Second heating ramp.
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S11. Calculation of the degrees of crystallinity.

(%) A 100
Xc(%) = ——— X
¢ AHf° (l)m

Where 4H; is heat of melting (extracted from the DSC trace) and AHgis a reference value and represents
the heat of melting if the polymer were 100% crystalline (both in J/g ). ¢,is the weight fraction of the
different polymer forming the triblock copolymer.

AH - of PVDF and PEG were extracted from the literature as 104.7 ]-g™ and 196.8 ]-g! respectively.*647

The molar mass of the triblock copolymer is estimated to be 14100 g-mol! and the Weight fraction of
the PVDF and PEG blocks (¢,,) are 0.56 and 0.44 respectively.

Xc PVDF = (5.857/(104.7-0.56))x100= 9.90%

Xc PEG = (78.05/(196.8-0.44))x100=90.10%

46. Hietala, S. et al. Structural investigation of radiation grafted and sulfonated
poly(vinylidene fluoride ), PVDF , membranes. J. Mater. Chem. 7, 721-726 (1997).

47. Pielichowska, K., Bieda, J. & Szatkowski, P. Polyurethane / graphite nano-platelet
composites for thermal energy storage. Renew. Energy 91, 456-465 (2016).
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Figure S12. (a) XRD pattern of P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP). Blue Rhombus and red dots
correspond to PEG and PVDF characteristic diffraction signals respectively. (b, c) SAED patterns recorded during
TEM analysis of ovoids and squares presented in figures 5a 6e and 6f respectively.

Figure S13. TEM images of self-assembled structures obtained by micellization of 1 mg mL" solutions of the

P(VDF-co-HFP)-b-PEG-b-P(VDF-co-HFP) triblock copolymer in THF employing: (a) ethanol, (b) water, as

selective solvent for PEG. Final concentration of all samples = 0.14 mg mL™, solvent: selective solvent final
ratio=1:6.
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Chapter 4

PNIPAM-b-PVDF amphiphilic diblock copolymer
synthesis and self-assembly

In chapters two and three SAED analysis during TEM was employed in order to determine
the crystallinity of the assemblies. The crystallinity of PEG block was evidenced in both cases.
In the case of the triblock copolymer presented in chapter three the crystallinity of PEG was
much higher than that of P(VDF-co-HFP) making difficult to determine the impact of the core
forming block crystallinity on the self-assembly. In order to determine how PVDF crystallinity
affects the self-assembly, a new triblock where the hydrophilic block was not crystalline was
considered. For the preparation of new PVDF amphiphilic block copolymers we could either
use a PVDF macroCTA and chain extend with a hydrophilic polymer or use a hydrophilic
macroCTA and chain extend with VDF. The second strategy had been studied before, and it
was shown that, from the monomers studied, only VAc radicals where able to reactivate
PVDF chains. We decided then, to chain extend from a hydrophilic macroCTA. This approach
is limited by the solubility of the macroCTA in DMC, the solvent of choice for VDF
polymerization and, by the limited ability of xanthates to control the polymerization of more
activated monomers (MAMs). From the macro CTAs proposed (PEG-XA, PAA-XA and
PNIPAM-XA) only PNIPAM-XA was soluble in DMC. PNIPAM-b-PVDF BCPs synthesis, self-

assembly and, decoration of the assemblies with Au NPs is described in this chapter.
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1. Abstract

PNIPAM-b-PVDF block copolymers (BCPs) were synthesized using PNIPAM macromolecular
chain transfer agents (macro-CTAs). The polymerizations were conducted at 73 °C in DMC
using two PNIPAM macro-CTAs of different molar masses and targeting various DPs of the
PVDF block. The VDF RAFT polymerization experiments resulted in relatively well-defined
BCPs (D < 1.50). The obtained amphiphilic BCPs have the ability to self-assemble into varied
morphologies such as spherical, crumped, lamellar and lenticular 2D aggregates by changing
the common solvent or the self-assembly protocol. Size of the aggregates can be controlled
by varying the DP of the PVDF block. The polymers were characterized by *H and *°F NMR,
SEC, TGA, DSC, and the assembled structures were studied by TEM, SEM and AFM. The
thermosensitive behavior and the ability of the lenticular aggregates to immobilize Au NPs

and their use for in situ preparation of Au NPs were also examined.

2. Introduction

Poly(vinylidenefluoride) (PVDF), despite its remarkable properties such as piezoelectricity,
ferroelectricity, chemical inertness, and biocompatibility®? has not received as much
attention as other polymers in fields such as nanotechnology and polymer self-assembly.

This is likely due to the synthesis constraints for the preparation of block copolymers that
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can self-assemble into nano- or microstructures of interest for such applications (i.e.

micelles, vesicles, structured thin films, etc.).

The RAFT/MADIX and lodine-mediated polymerizations of VDF leads to the
accumulation of VDF tail-terminated chains (-CF,CF,CH,-X, X = xanthate or iodine).3
These chains are not easily reactivated which hinders the preparation of PVDF-based
block copolymers. For example, so far, only PVDF-b-PVAc block copolymers have been
obtained by chain extension of CF,-CH,-XA-terminated-PVDF (XA = xanthate) made by
MADIX.* Although, coupling strategies using click chemistry (CuAAC, or thia Michael
addition for example)>™® are efficient, they may require the preparation of functional
RAFT agents and often lead to mixtures of block copolymers and homopolymers
which are not easily purified. An alternative solution is the chain extension of other

MADIX polymers with PVDF.

To date, only four reports describe the preparation of PVDF-based block copolymers
from RAFT macro-CTAs using sequential addition of VDF monomer. Kostov et al.
described the synthesis of PVAc-b-P(VDF-co-TFP) block copolymers.® Girard et al.
reported the preparation of either PDMA-b-PVDF or PDMA-b-P(VDF-co-PMVE) by
chain extension of a PDMA macro-CTA.'® Guerre et al. reported the preparation of
PEVE-b-PVDF block copolymers via the sequential combination of cationic RAFT
polymerization of vinyl ethers and radical RAFT polymerization of VDF.'* Guerre et al.
also reported the polymerization-induced self-assembly (PISA) of PVAc-b-PVDF block
copolymers.*? VAc units can be hydrolyzed to vinyl alcohol groups to access to
poly(vinyl alcohol) (PVA) hydrophilic blocks.™® To sum up, only PDMA- and PVA-based
PVDF-containing amphiphilic block copolymers have been prepared by sequential

addition of VDF.

It is now well-established that xanthates and dithiocarbamates'' are RAFT agents of

choice for controlling the polymerization of LAM monomers such as vinyl acetate,™* N-

vinylpyrrolidone (NVP), or N-vinyl caprolactam.’**® Xanthates were also recently
successfully used for the polymerization of MAMs such as acrylamides*®'” and acrylic
acid.'’®*°
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One limitation of the chain extension by PVDF approach to prepare amphiphilic
PVDF-based block copolymers is the rather low solubility of hydrophilic macro-CTAs in
dimethyl carbonate (DMC) (the solvent) leading to low amount of transfer reactions

while maintaining a high rate of polymerization.21’22

Poly(N-isopropyl acrylamide) (PNIPAM) is hydrophilic and soluble in DMC at the
required temperature for VDF polymerization (ca. 70 ° C). Nowadays, PNIPAM and its
copolymers receive a lot of attention from the polymer community.23_27 PNIPAM with
a near body lower critical solution temperature value (LCST = 32 °C), and
biocompatibility makes it very appealing for biomedical applications. Nevertheless,
references including both PVDF and PNIPAM only describe blends of those polymers
for the preparation of electrospun fibers or flat membranes, or the grafting of
PNIPAM on PVDF membranes.?? To date, no references are dealing with the
preparation of PNIPAM-b-PVDF block copolymers (BCPs) and the study of their self-

assembly in selective solvents.

This study presents the RAFT sequential monomer addition of VDF using PNIPAM
macro-CTAs to afford amphiphilic diblock copolymers. The BCPs were characterized
by 'H and '°F nuclear magnetic resonance (NMR) spectroscopies and gel permeation
chromatography (GPC). The morphologies obtained by the self-assembly of the BCPs
in mixed solvents were analyzed using dynamic light scattering (DLS), transmission
electron microscope (TEM), scanning electron microscopy (SEM), and atomic force
microscopy (AFM). Moreover, the capability of the self-assembled structures to

immobilize gold nanoparticles (Au NPs) was also studied.

3. Experimental section

3.1. Materials

All reagents were used as received unless otherwise stated. 1,1-Difluoroethylene
(vinylidene fluoride, VDF) was supplied by Arkema (Pierre-Bénite, France).
O-Ethyl-S-(1-methoxycarbonyl) ethyldithiocarbonate (CTAxa) was prepared according
to the method described by Liu et al.?® tert-Amyl peroxy-2-ethylhexanoate (Trigonox
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121, purity 95%) was purchased from AkzoNobel (Chalons-sur-Marne, France). PBS
stabilized gold nanoparticles (10 and 50 nm), sodium tetrachloroaurate(lll) dihydrate
(NaAuCls -2H,0), ethanol (EtOH), dimethyl carbonate (DMC), diethyl ether, toluene,
laboratory reagent grade hexane (purity >95%), N-isopropylacrylamide (NIPAM, purity
97%) were purchased from Sigma Aldrich. All deuterated solvents were purchased

from Eurisotop. NIPAM was recrystallized twice from hexane/toluene (10/1, v/v).

3.2. Measurements

Nuclear Magnetic Resonance (NMR). The NMR spectra were recorded on a Bruker AV

Il HD Spectrometer (400 MHz for 'H and 376 MHz for 19F).

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, 30°; acquisition time, 4s (2s for 9F NMR); pulse
delay, 1 s ( 2s for *>F NMR); number of scans, 16; and pulse widths of 9.25 and 11.4 ps
for 'H and °F NMR, respectively.

Size-Exclusion Chromatography (SEC). Size exclusion chromatograms were recorded
using a Triple detection GPC system from Agilent Technologies with its corresponding
Agilent software, dedicated to multi-detector GPC calculation. The system used two
ResiPore 3um 300 x 7.5 mm columns with DMF as the eluent with a flow rate of 1
mL/min and toluene as flow rate marker. The detectors were a PL0390-06034
capillary viscometer and a 390-LC PL0O390-0601 refractive index detector. The entire
SEC-HPLC system was thermostated at 35°C. Low dispersity PMMA standards were

used for the calibration. Typical sample concentration was 10 mg/mL.

Differential Scanning Calorimetry (DSC). DSC measurements were performed on 2-3
mg samples on a TA Instruments DSC Q20 equipped with an RCS90 cooling system.
For all measurements, the following heating / cooling cycle was employed: cooling
from 40 °C to -73°C, isotherm at - 73 °C for 5 min, first heating ramp from -73 °C to
200 °C at 10 °C/min, isotherm at 200 °C for 5 min, cooling stage from 200 °C to -73 °C

at 10 °C/min, isotherm plateau at —73 °C for 1 min, second heating ramp from -73 °C
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to 200 °C at 10 °C/min, isotherm at 200 °C for 1 min, and last cooling stage from 200
°C to 40 °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.

Thermogravimetric analysis (TGA). TGA analyses were carried out with a TA
Instruments TGA G500 from 20 °C to 800 °C. A heating rate of 10 °C min~* was used
under air atmosphere with a flow rate of 60 mL min~'. Dry sample weight of 3 mg was

used.

Dynamic light scattering (DLS). DLS measurements of polymer solutions were carried
out in a Malvern ZEN1600 using a quartz cuvette. Refractive indices of solvent

mixtures were determined using the following equation:

ny®—1 n12—1+ ny? —1
nm2+2_y1n12+2 y2n22+2

(Equation X1)

Where nq,n,,n,, are the solvent 1, solvent 2 and, mixture refractive indices at a
certain temperature, and y,,y,are solvent 1 and solvent 2 volume fractions.

30,31

Viscosities of solvent mixtures where extracted from scientific publications and

online resource.??

Transmission electron microscopy (TEM). TEM studies were conducted using a JEOL
1400+ instrument equipped with a numerical camera, operating with a 120 kV
acceleration voltage at 25 °C. To prepare TEM samples, a drop (10.0 pL) of micellar
solution was placed onto a Formvar/carbon coated copper grid for 60 s, blotted with
filter paper and dried under ambient conditions. All TEM grids were prepared from

self-assembly solutions without further dilution.

Scanning electron microscopy (SEM). SEM analyses were conducted using a Hitachi S-
4500 instrument operating at spatial resolution of 1.50 nm at 15 kV energy. The
samples were folded on a 45° SEM Mount after being coated with an ultrathin layer

of electrically conducting Platinum deposited by high-vacuum evaporation.
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Atomic force microscopy (AFM). AFM images were obtained using a Nanoman V from
Bruker Instrument employing repulsive-Tapping mode , and a tip Nanosensors PPP NCL freq

= 158kHz Q factor = 350, k ~14N/m, Ry, ~5nm

3.3. Synthesis

PNIPAM-XA synthesis.

A
AIBN, CTA
HN S0

)\ Ethanol, 70 °C
14h

Scheme 1. RAFT/MADIX synthesis of PNIPAM macro CTA.

NIPAM (6 g), AIBN (25 mg) and CTAxa (315 mg) were dissolved in ethanol (9 mL) in a
round bottom flask, under magnetic stirring at 20 °C. The solution was degassed by N,
bubbling for 20 min. Then, the flask was placed in an oil bath at 70 °C for 14h. The
reaction was followed by 'H NMR and was stopped at NIPAM conversion > 99 %. The
polymer was isolated by precipitation in chilled ether and centrifugation and was

dried overnight under vacuum at 30°C.

'H NMR (400 MHz, (CD5),CO, & (ppm), Figure S1): 0.9 — 1.28 (m, -NH-CH(CH3)), 1.28
- 1.90 (m, -CH,-CH-(C=0)), 1.90 — 2.50 (m, -CH,-CH-(C=0)), 3.64 (-O-CH3, (R CTA)) 3.95
— 4.25 (m, -NH-CH(CHs),), 4.50 — 4.76 (O-CH,-CH; (Z CTA)), 6.50 — 8.00 (m, -NH-
CH(CHs),).

PNIPAM-b-PVDF synthesis.

\Jm/ o NH
5 VDF, trigonox-121 Y F s
J g BN
DMC, 73 °C 0 / d
| s o ™~ 20h - ) Js o ™~
o m

n

Scheme 2. RAFT/MADIX synthesis of PNIPAM-b-PVDF block copolymers using PNIPAM macro CTA.
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Thick 8 mL Carius tubes containing PNIPAM-XA, DMC and the initiator (Trigonox-
121) were sonicated for 5 min or until complete dissolution of PNIPAM-XA. Then, the
tube was degassed with three freeze-pump-thaw cycles to remove oxygen. The
gaseous VDF monomer (1 g) was transferred into the Carius tube and condensed in
the tube using a liquid nitrogen bath. The tubes were then sealed, before being
placed horizontally in a shaking water bath thermostated at 73 °C (see Scheme S1).
After 20 hours, the tube was placed into a liquid nitrogen bath and the opened. After
return to room temperature, the crude sample was precipitated twice in a tenfold
excess of chilled pentane. The PNIPAM-b-PVDF block copolymers were recovered by
centrifugation at 4000 rpm for 5 min in 50 mL conical centrifuge tubes. The polymers
were dried overnight under vacuum at 25 °C. Polymerization yields were determined
gravimetrically (mass of dried precipitated polymers / mass of monomer introduced

in the Carius tube).

'H NMR (400 MHz, (CD3),CO, & (ppm), Figure S2): 0.90 - 1.26 (m, -NH-CH(CH3),-),
1.28 - 1.90 (m, -CH,-CH-NIPAM), 1.90 - 2.50 (m, -CH,-CH-NIPAM), 2.16 - 2.37 (t, -CF,-
CH,-CH,-CF,-, VDF-VDF HH reverse addition), 2.66 - 3.01 (t, -CF,-CH,-CF,-, VDF-VDF HT
regular addition), 3.8 (s, CH3-O-(C=0)-(CH3)CH-), 3.95 - 4.25 (m, -NH-CH(CHs),), 4.30 -
4.39 (t, CH,-CF-CF,-CHy-S-, *Jyr= 6.5 Hz), 4.60 - 4.78 (q, -S(C=S)OCH,-CH3 )y = 7.1
Hz), 6.09 - 6.50 (tt, -CH,-CF-H, “Jur = 55.6 Hz , *Juy = 4.7 Hz), 6.50 — 8.00 (m, -NH-
CH(CHs)y).

F NMR (376 MHz, (CD;),CO, & (ppm), Figure S3): -115.64 (-CH,-CF,-CF,-CH,-CH,-,
VDF-VDF HH reverse addition), -114.45- (-CH,-CF,-H), -113.36 (-CH,-CF,-CF,-CH,-CH,-,
HH reverse addition), -113.09 (CH,-CF,-CF,-CH>-S-), -112.69 (-CH,-CF,-CF,-CH,-S-), -
107.40 (-CF,-CHs3) -94.81 (-CH,-CH,-CF,-CH,-, TT reverse addition), -93.00 (CHs-O-
(C=0)-0-CH,-CH,-CF,-, DMC-initiated PVDF), -92.50 (PNIPAM-CH,-CF,-), 92.06 (-CH,-
CF,-CH;,-CF;,H), -91.43 (-CH,-CH,-CF,-CH,-CF,-CH,-CF,-, regular VDF-VDF HT addition), -
91.00 (-CH;,-CF,-CH,-, regular VDF-VDF HT addition).
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DP and M, calculations using NMR.

The calculation of the degrees of polymerization of the PNIPAM macro-CTA was

done using the following equation:

*o CHyCH(GO) + [

4.25
“NH-CH(CH3)z + | .,

é S 2 NH-CH(CH3) + % [0 CH,-CH(CO) + |, 590 NH-CH(CH5),

1.28 1.90

DPpnipam-xa = 5
4.76
Efz;,s -CH,CH3(CTA)

(2)

_ [NIPAM], ,
My theo = [CTal, X Yield X My nipam + Mncra-xa

Mn,PNIPAM—XA = MTL,CTA—XA + DPPNIPAM—XA X Mn,NIPAM
(4)

With Mn,NIPAM—XA= 113.16 g.mOI_l, and Mn,CTA—XA= 208.29 g.mOI_l.

The degree of polymerization of the PVDF block can be calculated from the *H NMR
spectrum of the purified BCP using the integrals of the signals (at 0.9 — 1.28 ppm)
corresponding to the methyl groups (-CHs) of the NIPAM units, as reference, and the
integral of the signals of the -CH,- group of the normal (HT) VDF additions (at 2.70—
3.19 ppm). The signal of the -CH; of the NIPAM unit is the only signal visible for BCP
with a DP higher than 150. Regarding the reverse (TT) VDF additions, the average
number of monomer additions occurring per chain between two degenerative
transfers increases with increasing [VDF]o/[CTA], initial ratio. However, the total
amount of HH VDF additions (intra-chain + chain-end) stabilizes to identical
proportion (ca. 4.1%) for PVDF homopolymerization as previously reported by our
group.3 As the signals assigned to those inversions overlap with signals of the PNIPAM
macro-CTA, a 1.041 multiplying factor was employed for the determination of the DP
of PVDF.

2 122 CH, (HT VDF additions)

DPpypr = x 1.041

1 ,1.28
Efo.g -NH-CH(CH3),

(5)
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Molar masses were then calculated using equation (6) (with M, pnipam—xa calculated

using eqn (4) and (2)):

Mn,NMR = Mn,PNIPAM—XA + DPPVDF X Mn,VDF
(6)
Theoretical molar masses were calculated using equation (6) with yield = conversion
and the [VDF]o/[PNIPAM—XA], ratios listed in Table 1.

_ ___[vDFlg .
Mytheo = oripam—xazy < Yield X Myypr + Mupnipam-xa

(7)

With Mnyoe = 64.03 g mol ™.

3.4. Self-assembly
Preparation of block copolymer solutions
Stock solutions of 2 mg mL™ of block copolymer were prepared in DMF, acetone or
THF at room temperature using magnetic stirring until full solubilisation.
Nanoprecipitation

Glass vials containing 2 mL of non-solvent and a magnetic bar were placed on a
stirring plate. To each vial 0.1 mL of block copolymer solution (2 mg mL™) in DMF
were added dropwise. After 1h of stirring, samples were analysed by DLS and TEM.

Final concentration of 0.1 mg mL " in DMF: water (1:20).

Micellization

Vials containing 0.5 mL of the stock solutions (2 mg mL™) in different solvents (THF, DMF
and acetone) were placed on a stirring plate. Water (2, 3 or 4 mL) was added dropwise using
a syringe pump at a fixed rate of (4 mL h™). 10 uL were taken to prepare TEM samples at 1:4,

1:6 and 1:8 solvent / non-solvent ratios.
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3.5. Immobilisation of Au NPs
Immobilisation of Au NPs on BCP nanoaggregates.

A solution of PNIPAM3s-b-PVDF,5 self-assembled from a 2 mg mL* acetone solution was
prepared (using water as non-solvent) with final concentration of 0.4 mg mL " in acetone:
water (1:4) solvent mixture (non-solvent addition rate of 4 mL h™). Acetone was removed
under vacuum using a rotary evaporator at room temperature. To 1 mL of this solution, 200
uL of Au NPs (10 nm diameter) in 0.1 mM PBS was added and the mixture was stirred for 30

min at room temperature.

In-situ synthesis of Au NPs using UV reduction of NaAuCl, in the presence of BCP
nanoaggregates.

A solution of 0.05 mg mL™ of NaAuCl, in water was used in the self-assembly procedure
using the protocol described above. Once the 1:4 solvent: non-solvent ratio was reached,
the solution containing the gold salt and BCP nanoaggregates were placed in UV light
chamber (6 U36W-411 lamps; UV-C, A = 254 nm) for 30 minutes. At the end of this period

the reaction mixture had turned purple indicating the formation of gold nanoparticles.

4. Results and discussion

PNIPAM-XA macro CTAs were synthesized by RAFT polymerization using CTAxa following
protocols described previously by Sistach et al.*®* The reactions were stopped when the
NIPAM conversion reached at least 99%. After purification by precipitation, ‘H NMR
spectroscopy of the resulting PNIPAM-XA macroCTAs was employed to determine their
molar masses and degrees of polymerization. Amphiphilic PVDF-based block copolymers
with different PVDF degrees of polymerization were prepared from these PNIPAM macro-
CTAs (see Table 1) by chain extension with VDF in DMC (a common solvent for PNIPAM and
PVDF allowing relatively high rate of VDF polymerization) using Trigonox 121 as the radical

initiator.
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Table 1. Synthesis and characterization of PNIPAM macro-CTA, and PNIPAM-b-PVDF block copolymers
prepared by RAFT polymerization of VDF in DMC at 73 °C.

Reaction P . ¢
[™M]o M theo) Mo nmr)(R) Misec ¢
Entry CTA M time (h), yield(%) DP(nmr)(r)
[CTA]o (g/mol)  (g/mol) (g/mol)
Solvent
1 CTAxa NIPAM 25 14, EtOH >99 25° 3000 3000 3200 1.30
2 PNIPAMs-XA VDF 50 20, DMC 60° 35°¢ 4900 5300 6700 1.38
3 CTAxa NIPAM 35 14, EtOH >99 35° 4100 4200 4400 1.19
4 PNIPAM3s-XA VDF 100 20, DMC 60° 60° 8000 8000 7500 1.29
5 PNIPAM3s-XA VDF 150 20, DMC 61° 100°¢ 10000 10600 9200 1.36
6 PNIPAM3s-XA VDF 200 20, DMC 62° 150°¢ 12100 13800 9800 143
7 PNIPAM3s-XA VDF 600 20, DMC 61° 450°¢ 27600 33000 25500 1.50
Reactions conditions: (i) (entry 1 and 3) NIPAM homopolymerization: [I]/[CTAxa] = 0.1 with | = AIBN and CTAxx = O-ethyl-S-(1-

methoxycarbonyl)ethyldithiocarbonate, T = 70 °C; (ii) (entries 2 and 4-7) chain extension of PNIPAM3s-XA : [I]/[CTAxa] = 0.2 with | = Trigonox 121, T =
73 °C. “Determined by *H NMR using equation (2). PDetermined gravimetrically. “Determined by 'H NMR using equation (5). dcalculated using yield
as conversion and equations (3) for PNIPAM and (7) for the BCP. ®Calculated from DPywr using equations (4) for PNIPAM and (6) for PVDF.
‘Determined by SEC (RI detector).

¥F NMR spectroscopy of the resulting polymers showed the successful chain extension of
PVDF from the PNIPAM macro-CTAs. The presence of the —CF,-CF,-CH,-XA signals at 6 = -
113.09 ppm and -112.69 ppm (see Figure S3) indicates the formation of the diblock

copolymers.

As expected, the polymerization of VDF was accompanied by a non-negligible amount of
transfer to DMC. The characteristic signals of these transfer reactions can be observed in the
'H NMR spectrum (Figure S2a) as a triplet of triplets at 6.3 ppm corresponding to the - CF,H
chain-end, and in the °F NMR (Figure S3) spectrum as a multiplet at -107.3 ppm
corresponding to the CF,CH; chain end. The 'H NMR spectrum also shows a singlet at 5.77
ppm assigned to the CH30(C=0)0 - CH, - XA (DMC - xanthate adduct), a well-defined triplet
at 4.35 ppm and a singlet at 3.73 ppm assigned to the - CH, - and - CHs groups of the
DMC moieties of the DMC-initiated-PVDF chains, respectively. The RAFT polymerization of
VDF is accompanied by a progressive loss of chain-end functionality (loss of xanthate group).
This phenomenon has been reported for the synthesis of PVAc-b-PVDF BCPs.'? The short
DMC-xanthate adducts are removed from the final polymer upon purification by

precipitation (Figure S2b).
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Despite these transfer reactions and loss of functionality, the chain extension of PNIPAM
macro-CTAs with PVDF produced relatively well-defined BCP with dispersity below 1.50 and
monomodal SEC traces without shoulders or significant tailing (Figure 1). These SEC traces

also show a clear shift towards higher molar masses with the increasing DP of PVDF.

—— PNIPAM,,

—— PNIPAM,,-b-PVDF,

—— PNIPAM,-b-PVDF, o,
PNIPAM,,-b-PVDF .,

—— PNIPAM,-b-PVDF

A T
1000 10000 100000
Mw (g/mol)

Figure 1. Normalized SEC traces (viscometric detector) of: PNIPAM3s-XA (black trace), PNIPAM;s-b-PVDFg, (red trace),
PNIPAM;;5-b-PVDF, (blue trace), PNIPAM;s-b-PVDF454 (green trace) and PNIPAM;s-b-PVDF,5, (pink trace) after purification
by precipitation in chilled ether (for PNIPAM) and cold pentane (for BCPs).

These amphiphilic block copolymers were then used to prepare self-assembled

morphologies in different of solvents.

Self-assembly of amphiphilic BCP using rapid solvent exchange usually lead to the
formation of colloidal objects via micro phase separation. The final structure of these block
copolymer colloids is primarily dictated by the volume fraction of the blocks and by the
interfacial surface tensions. A feature of the nanoprecipitation process is the ability to access
kinetically trapped morphologies in nonequilibrium states due to its significantly faster
mixing times. This kinetic trapping is even more pronounced in the case of semicrystalline
polymer such as PVDF. In such case, the PVDF segments often crystallize before the polymer

chains can reach the equilibrium morphology during phase separation.
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CHAPTER 4

The self-assembly of the PNIPAM-b-PVDF block copolymers was achieved via
nanoprecipitation in water of a DMF BCP solution. After 1h of stirring, samples were
analyzed by DLS and TEM. This approach led to the formation of spherical aggregates of
roughly 20 t<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>