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Aiming at new proton-conducting membranes, this thesis deals with the syntheses and characterizations of highly sulfonated poly(arylene sulfides) and other polysulfides for application as polymer electrolytes. The study focuses mainly on the analysis of the polymer structures that would improve the conductivity of current proton conducting membranes while maintaining their mechanical stability.

In a first step, several polymers are obtained from which poly(arylene sulfide)s polymers look more promising for further functionalization. They are obtained by using mild reaction conditions of a polycondensation reaction between 4,4´-thiobisbenzenethiol (TBBT) and decafluorobiphenyl. Optimization of this reaction allows for the obtainment of higher molecular weights than the ones reported in the literature.

In a second step, poly(arylene sulfides) were phosphonated and sulfonated by a nucleophilic aromatic substitution (SNAr) displacement reaction of the fluorine atoms of the fluorinated polymer sub-units using different agents. Highly sulfonated polymers were obtained when using sodium 3-mercapto-1-propanesulfonate and resulted in water soluble ionomers. Kinetic studies of this reaction were performed and several new sulfonated poly(arylene sulfides) were obtained.

Finally, stable polymer electrolyte membrane (PEM) with enhanced mechanical and chemical stability were obtained by blending these obtained ionomers with polybenzimidazole (PBIOO). These membranes were further characterized and in the best case a PEM with new sulfonated ionomer showed a conductivity 40 % higher than Nafion 212, used as a golden reference material.

The best performing PEM's obtained were further used in an electrolytic cell being part of eSCALED, a H2020 (MSC-ITN-2017. GA# 765376) European project which aim is to obtain a device that does the artificial photosynthesis in a more efficient way than the current devices.
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ADEME

In artificial photosynthesis systems, the solar energy is converted and stored as solar fuels (e.g., hydrogen, methanol, available around the clock when needed) via chemical reaction such as water splitting and CO2 reduction. More than offering storability, artificial photosynthesis also absorbs CO2 from our environment and release helpful oxygen.

A lot of challenges remain to be solved to obtain efficient and stable artificial devices. The whole device architecture must be assessed. This is the strategy of the European project eSCALED that gathers a network of excellent public and private research entities and industrials. The different sub-components of the artificial photosynthesis device submitted to optimizations by the consortium includes:

• A solar cell to convert sunlight into electricity, to feed two electrodes :

(i) A cathode for reduction reaction which produces a solar fuel: one carbon molecule (CxHyOz) or hydrogen (H2) (ii) An anode for oxidation reaction of water into oxygen and protons.

• A membrane that enables optimized charge transport.

As a part of eSCALED project, this thesis is dedicated to the proton-conducting membrane that seats in the middle of the device, separating the anode and the cathode. Its function is to allow protons to travel from the anode where the oxidation of water is carried out to the anode where the reduction of H + to H2 or CO2 to CH3OH is produced. This work mainly focuses onto new PEMs with (beyond) state-of-the-art (SoA) proton conductivity at elevated temperature and with good mechanical stability. The elaboration method should be carefully studied and implemented to result in PEM with high-molecular molar mass to allow for suitable mechanical properties. Due to the context and the targeted application, special attention should be given to favour environmentally friendly experimental conditions. Different synthesis strategies will be followed: (i) either direct polymerization of functional monomers, and (ii) polymer post-functionalisation by sulfonation or phosphonation. The best promising polymers should be then tested as proton-exchange membranes (PEMs) and their properties characterized and compared to Nafion©212, a golden reference for so-called (lowtemperature) PEMFCs. From the different available PEMs, our work was focused on PFSA (perfluorosulfonic acid polymers), which belongs to the class of perfluorinated functional polymers.

The manuscript is organized within 5 chapters:

Chapter 1 is dedicated to the SoA, including a brief overview of the context and the economic and environmental issues the society has to face in terms of energy needs. Then the fuel cells are presented prior to report detail PEM within the literature with their elaboration process and performances. This chapter ends with the polymerization strategies discussed later in chapter 2 and 3 to obtain innovative PEMs in chapter 4. 

General presentation of the energy issues

Energy production, storage and use have been at the centre of human development since its inception in Africa. It was the initial trigger to human expansion in the world and has been since a cornerstone of every civilization. Energy itself has a very vague definition, in physics it is defined as the capacity for doing work and it can exist in several forms (Figure I1). It can also be seen as the natural and most antique form of exchange. People would exchange their physical energy (work) for food (energy stored in comestible goods). Apart from the processes involved in the natural and the artificial photosynthesis, the next use of the chemical energy obtained is completely different. In plants it is used as growth and/or energy storage for further development while in the artificial photosynthesis this chemical energy will be reused in a fuel cell to generate electrical energy.

The principal end-use of energy in history has been its transformation into the kinetic form, meaning that it was used to move things from one place to another. The This general view of the energy sources, transformations, uses, and storage devices gives a broad overview of the importance to improve and diversify the generation and storage of energy. The dependence of our civilization in fossil-based fuels cannot last forever and has to be addressed as the demand for energy keeps increasing exponentially and fossil fuel sources keep depleting at a higher rate than the earth can replace them.

To tentatively solve this grand challenge of the 21st century we will focus in this thesis in developing proton-exchange membranes (PEMs) which are both used for the electrochemical water splitting in the electrolysers, the process by which hydrogen fuel can be produced starting from water, and for the fuel cells by performing the inverse reaction. To understand Specific energy density (Wh/Kg) Specific power density (W/Kg) the scientific evolution to PEMs, we will start by the very beginning. The water electrolysis discovery and the further batteries development in the next section.

Water electrolysis and fuel cell background introduction

Water electrolysis was first invented and detailed in 1800 by British scientists Sir Anthony Carlisle and William Nicholson. It was triggered by the discovery of the voltaic pile the same year. The first electrical battery was created by Alessandro Volta by stacking pairs of cooper and zinc plates, separated by a cardboard soaked in brine functioning as the electrolyte. 4 Water electrolysis is considered to be the first chemical reaction using electricity. Therefore, Electrochemistry may be considered as a field of chemistry that started 223 years ago. A special mention must be given to Humphry Davy who developed the first coherent Electrochemical Theory published in 1806. He argued that electrochemical decomposition took place at the metal electrodes through which the electricity passed into a compound.

Using the voltaic pile, he also discovered a great number of new elements among many other deeds. 5 However, hydrogen production from water electrolysis never found an industrial application as it can be obtained from fossil fuels. Over 99 % of the presently produced hydrogen is generated from fossil fuels or from electricity produced from fossil fuels. 6 In the eSCALED project the production of hydrogen is envisioned through the coupling of a photovoltaic solar panel with an electrolyser to produce what is known as green hydrogen (hydrogen obtained from renewable sources). The current efficiency of these systems is actually to low to be economically competitive and several problems are found when commercial applications are attempted (till date). 7 Due to the surging interests in electrolysers that can produce renewable fuels, the discovery and development of PEMs was done initially and mostly for the inverse reaction, the production of electricity from hydrogen in PEMFCs.

Its development is therefore crucial to understand how we arrived to the current SoA PEMs for electrolysers.

The first fuel cell (FC) was invented in the 1830s. Sir William Robert Grove, who invented a device consisting of two platinum electrodes dipped into a sulphuric acid solution having the two other ends sealed in containers of oxygen and hydrogen mixed in water. He assumed that if in 1801 W. Nicholson and Sir A. Carlisle had been able to split water producing hydrogen and oxygen by the passage of current, the opposite reaction could produce a current. He obtained hydrogen and oxygen and saw that when he disconnected the device, the electrodes were polarized. When linked by an external circuit, a current flow was found. He published this discovery in 1839 in the Philosophical Magazine calling it a gas voltaic battery. Even though it was a promising discovery, he didn't see any practical application to produce electricity through this battery. 8 It took fifty years to see substantial improvements to Grove's gas voltaic battery (Figure I-6).

The next step was taken by Ludwig Mond and Carl Langer (1889) who used electrodes of platinized platinum (large specific surface area), yielding currents of 2 to 3A at a voltage of 0.73V. Already at this point the two main issues were the high price and the rapid decline in performance (as a bitter-sweet note there are still issues to be improved today). One of the main figures was the 1909 Nobel Prize in Chemistry winner Friedrich Wilhelm Ostwald who wrote "In the future, the production of electrical energy will be electrochemical, and not subject to the limitations of the second law of thermodynamics"; Through his work related to physical and chemical reactions in fuel cells, the interconnections between the different components of the FC were better understood. He foresaw that hydrogen could be used as the source of energy for an Era of Electrochemical Combustion, potentially more efficient than thermodynamic engines. 9 The first half of the 20 th century was mainly dedicated to the electrochemical oxidation of coal and coal gasification products at high temperatures. A basic assumption was that the process could only succeed at high temperatures when coal would burn rapidly. Therefore, first electrolytes used were high temperature molten solids like sodium and potassium carbonates or molten caustic soda, these electrolytes being known as molten carbonate electrolytes and are used for molten carbonate fuel cells (MCFC). They could work at high temperatures; however they were highly corrosive and had numerous practical problems (e.g., ash formation, incomplete oxidation, and the continuous feeding of a solid fuel) 10 . These issues brought a lot of new solid electrolyte research, bringing to the use of Zirconia ceramics in 1937 by Baur and Preis 11 . These new ceramic solid electrolytes formed a new group known as Solid oxide fuel cells (SOFC). 12 In 1947 the first monograph The Problem of Direct Conversion of the Chemical Energy of Fuels into Electrical Energy, dedicated to fuel cells was published by soviet researcher O.K. Davtyan. [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] The second half of the 20 th century started with the presentation of Bacon (Figure I-7) alkaline fuel cell (AFC) which used KOH solutions instead of the corrosive acidic solutions to be used as electrolytes. It was the first fuel cell with practical use and the capacity to produce up to 5 kW.

One of his fuel cells was used in submarines of the British royal navy during the World War II.

The fact that it was feasible for "commercial" use attracted great attention and started the first "fuel cell boom". In these heroic years, a less dashing but also important improvement was the AFC of 15kW that used a mixture of gases as fuel, and cheap potassium hydroxide as the electrolyte for a tractor. New types of FCs were also being investigated in the 1960s. At the University of Amsterdam G.H.J. Broers and J.A.A. Ketelaar were investigating simultaneously the use of molten salts as electrolytes. These cells had the advantage of using hydrocarbons and carbon monoxide directly as fuel, which generated an international interest. Power plants were built in various countries being able to produce up to 2 MW. Still during the same period, solid oxide fuel cells using transition metals were being developed in several places. The operating models produced were in the range of tens of kW.

The first information on FCs using phosphoric acid can be tracked back to 1961 with the works of Elmore and Tanner who published Intermediate Temperature Fuel Cells. These phosphoric acid fuel cells (PAFCs) had the advantage to run at medium-temperatures with less purified hydrogen, meaning they could tolerate up to 2 % of CO impurities in the anode and air in the cathode. MW plants were built to supply some hotels, hospitals, and city districts.

The cold war and the oil crisis in the 1970 spurred research interests for new energetic resources that would make the principal powers less dependent of oil. These years were characterized by the suppression of diffusion limitations in the electrodes, the reduction of costs and the increase of performance and endurance. The next huge development came out with a collaboration between the Jet propulsion laboratories of the NASA in conjunction with the University of Southern California: a direct methanol fuel cell (DMFC) was developed, needing a fuel liquid (methanol) from where they extract the hydrogen. [START_REF] Barbir | PEM electrolysis for production of hydrogen from renewable energy sources[END_REF] Here like in the PEMFCs, polymer electrolyte membranes were used.

Fuel cells and electrolysers classification and PEM economics and commercial applications

Following the different discoveries briefly contextualized in the previous section, fuel cells can be mainly classified in six groups according to the nature of the electrolyte used and divided in two groups based on the operating temperature: • High operating temperature fuel cells

➢ Solid Oxide Fuel Cell (SOFC) ➢ Molten Carbonate Fuel Cell (MCFC).
In the case of the electrolysers just three of these types have been developed, Alkaline electrolysis, PEM electrolysis and SOEC electrolysis. The electrolytes used are directly related to the ones used in the AFC, the PEMFC and the SOFC relatively. Their main pros vs cons are defined in the following Table I-1 and the Région Nouvelle-Aquitaine. 24 It has already been working for three years now producing the hydrogen in the same distribution plant using energy from renewable sources. 25 These two examples prove that it is not just a possible source of energy for the future but an actual commercially applied source of energy with operating PEMFCs.

PEMFCs offer some of the most promising advantages over all fuel cells but are still handicapped by their high costs and the low durability. Moreover, PEMFCs require a high purity hydrogen, at least 99.99 %. Typical impurities produced when obtaining H2 in the electrolysis of water like CH4, O2, N2, CO2 and CO usually decrease the efficiency of the cell. [START_REF] Perry | Polymer membranes for hydrogen separations[END_REF] As seen in The equivalent weight (EW) of Nafion© would be 1100 g of polymer per equivalent of ionic group (m=1, n≈6.5). Meaning that the molecular weight of one block of this polymer is 1100 g/mol when n≈6.5. Therefore when 100<m<1000 a rough estimation of the molar mass is usually between 10 5 g/mol and 10 6 g/mol. [START_REF] Heitner-Wirguin | Recent advances in perfluorinated ionomer membranes: structure, properties and applications[END_REF] The main disadvantages of this membrane and similar perfluorinated ionomers are 30 :

-Complicated and environmental-unfriendly production process involving toxic intermediates and waste by-products -High price -Strong decrease of proton conductivity when the water content of the membrane is reduced (high temperatures) -High methanol permeability when operated in DMFC Even with all these drawbacks, it still dominates the market even though many different research groups are working toward new generation of membranes.

Proton Transport Mechanisms

Efficient PEM for water electrolysis starts with an efficient transporting these charge carriers.

Proton conductivity and mobility have been extensively studied by (electro)chemists, physicists as well as biologists due to their importance in chemical (like electricity generation in a hydrogen FC), as well as in biological processes (like photosynthesis or adenosine 5"triphosphate (ATP) production). [START_REF] Chernyshev | Proton transfer in gramicidin channels is modulated by the thickness of monoglyceride bilayers[END_REF][START_REF] Yu | Theoretical study of the structure and dynamic fluctuations of dioxolane-linked gramicidin channels[END_REF] There are three proposed and studied mechanisms in which the proton moves in a PEM. It is important to point out that they are not exclusive and therefore the final conductivity is a sum Grotthuss mechanism was proposed in 1995 by Noam Agmon who suggested that water molecules have isomerizations of more than one water molecule like 𝐻9𝑂4 + and 𝐻5𝑂2 + being the first one the responsible of hydrogen-bond cleavage of a second-shell water and the second one doing the reverse, hydrogen-bond formation. This was discovered due to the abnormal proton mobility in water compared to potassium cations. [START_REF] Agmon | The Grotthuss mechanism[END_REF] Bulk transport or vehicle mechanism proposes the idea of the protons attached to different vehicle molecules being phosphonic (or different acidic) species in a solution. G. A. Ludueña et al. [START_REF] Ludueña | Mixed Grotthuss and vehicle transport mechanism in proton conducting polymers from Ab initio molecular dynamics simulations[END_REF] studied both this vehicle and Grotthuss mechanism making simulations in agreement with experimental observations and found that local proton hopping between adjacent acids occurs frequently but that the net charge transport is due to the Grotthus mechanism, being residual water molecules necessary for the short-distance proton conduction. Other important subjects are the acidity, solubility, and melting point of the attached groups.

T. Bock et al. compared the characteristics of these acidic groups attached to a phenyl group in an alkylic chain obtaining the results reported in the Table I-2: Table I-2 When compared to the carboxylic acid group, the phosphonic acid moiety is of superior acidic strength; however it possesses a lower dissociation constant (higher pKa) than the sulfonic acid group. This means that the number of available charge carriers will be lower in the case of phosphonic acid derivatives compared to the sulfonic acid compounds. The rise of the melting points in the series is sulfonic < carboxylic < phosphonic acid as an evidence of the increase of polarity and/or hydrogen bonding in the same order. The high melting point of phenylphosphonic acid as well as it low vapor pressure are attributed to its high capacity to form hydrogen bonds (see membranes and suggested that the proton dissociates itself from the sulfonate group when the number of water molecules per sulfonic acid group, λ, equals three. It has also been calculated that in order to have a complete separation between the proton and the sulfonate group, the water content must higher (λ ≥ 6). 37

In the next section a general look into the sulfonated and phosphonated polymers available nowadays and their syntheses will be presented.

Sulphonated and phosphonated polymers

Over the last decades research on new sulfonated and phosphonated PEMs has speed up and several PEMs have been proposed to substitute Nafion® derivatives. Their inconvenients have been already explained in the previous sections and these have been the main drivers of new research. Generally, sulfonated and phosphonated hydrocarbon PEMs can be prepared by: (i) post-functionalization (i.e. sulfonation/phosphonation) of prepolymers (ii) direct copolymerization of sulfonated/phosphonated monomers and physicchemical modification of the sulfonated/phosphonated polymers (iii) A combination of (i) and (ii) 38 In chapter 2 and 3, both (i) and (ii) will be discussed in more detail. Among new polymers synthesised in the last decades, aromatic hydrocarbon polymers bearing sulfonic acid groups based on poly(arylene ether)s, poly(arylene ether sulfone)s (PES), 39,40 poly(arylene sulfide)s, poly(phenyl quinoxaline)s, polybenzimidazoles, polyimides, [41][42] and poly(ether imides) [43][44] have been reported. Non-fluorinated hydrocarbon has the advantage of being cheaper than perfluorinated ionomers like Nafion® but their acidity and proton conductivity are lower. 45 When it comes to (i), one of the issues found is that after attaching the first sulfonate group the phenyl ring becomes highly deactivated for further sulfonation. Another important issue is the fact that sulfonic acid groups attached directly to the polymer backbone do not usually show good microphase separation (into hydrophilic/hydrophobic regions) which is important to obtain proton-conducting channels. To overcome this issue C. Wang et al. synthesised a poly(ether sulfone ketone)s which had aryl rings for multiple sulfonation. 46 They followed the post-polymerization sulfonation method including the synthesis of a non-conductive polymer prior to its sulfonation. Developing an efficient synthetic methodologies leading to more than one sulfonic acid groups per aromatic rings remains challenging however needed to promote, proton conductivity at low water contents without sacrificing stability. 47 It is in this regard that the phosphonated polymers seem to have an advantage. Their proton conductivity is less affected by a low water content which means that they can operate at higher temperatures, being less affected by the evaporation of water above 100 °C.

The usual synthetic path to obtain phosphonated polymer membranes is to phosphonate the backbone of a prepolymer using phosphonating agents (e.g. tris(trimethylsilyl)phosphite (TMSP)) followed by an hydrolysis to position phosphonic acid groups onto the polymer backbone.

In the following Proton conductivity of phosphonated polymers remains significantly lower than the one of sulfonated polymers (ca. 100 mS/cm for T<100 °C). A worth noticing exception is the highly phosphonated polystyrene synthesised by V. Atanasov et al. which resulted in a proton conductivity value on par with the ones of sulfonated polymers. Phosphonated polymers suffers also from deficient durability, acid loss and slow oxygen reduction kinetics. 55 J. Maier et al. compared sulfonic acid, phosphonic acid and imidazole functionalized model compounds and added proof that phosphonic acid compounds do work better than sulfonic acid compounds in the dry state and at higher temperatures (100 °C <T<200 °C). 56 A PEM for a fuel cell which includes the advantage of working at ≥100 °C was presented by L. Yan et al. by using an acid base composite of phosphonic acid polysulfone and tryazolyl functionalized polysulfone, the membrane showed also a higher proton conductivity (42.71 mS/cm) than most phosphonated acidic membranes. 57 In a 2021 paper published by P. Jannasch et al.

showed new poly(arylene perfluorophenylphosphonic acid) membranes with a high proton conductivity up to 111 mS/cm at 80 °C when fully hydrated which proves that they could be an option, even at temperatures lower than 1000 °C. 58 In recent reports, the cross-linking of polymer chains is being used as a powerful and simple method to inhibit the methanol permeability and excessive swelling of PEMs. After crosslinking, the polymer matrix forms a network where the macromolecular chains of ionomers are immobilized and compacted. 59 Nowadays, polymeric materials covering a broad range of temperatures where good PEMs performance have been developed are existing. Considering the window where appropriate material is missing, the focus of this work has been to obtain a membrane that would not have a sudden conductivity decrease at Temperatures higher than 80 °C.

II. Project's PEM's objective

This thesis is a part of a larger project whose objective is to obtain artificial photosynthesis devices which can produce either hydrogen or alcohols like methanol or ethanol from sun light using a photovoltaic solar cell. One of the key-enabling sub-components in this device is the proton conducting membrane that is positioned at the heart of the device, separating the anode and the cathode. Its function is to allow protons to be efficiently transferred from the anode where the oxidation of water is taking part to the anode where the reduction of H + to H2 or CO2 to CH3OH is produced. My thesis focus is to obtain a new generation of PEM with a proton conductivity of at least 100 mS/cm at 90 °C and a good mechanical stability in an electrolyser. The PEM must be prepared by a single polymer or polymer blends. One of the objectives concerning the polymer is to have a molar mass of at least 10 5 Da which seems to guarantee a good mechanical stability of a PEM.

Secondary objectives are to minimize energy consumption process (low reaction temperatures) and using as environmentally friendly as possible reactants and solvents. In order to have a high conductivity, proton conducting channels are required in the membrane structure. To obtain these channels, an hypdrophobic backbone is needed for stabilizing the PEM bearing sulphonic or phosphonic groups that enhance the protons hoping from one group to another. This so called Grotthus mechanism allowing for conducting proton being less dependent on the temperature. 61

III. Chapter description

Chapter 2 describes the initial part of the project which was aiming to obtain a high Mw prepolymer to be used for further functionalisation. Decafluorobiphenyl was chosen as the monomer that would be further functionalised, different aromatic and aliphatic sulfides being tested in the initial polymerizations with decafluorobiphenyl. A detailed discussion of the polymerization conditions, the prepolymers obtained and their characterizations is proposed in Chapter 2.

Chapter 3 describes the second part of this project which was focused on post-functionalizing the polymers obtained in chapter 2 so that they could be cast and used to produce a suitable membrane for a PEMFC device. A variety of sulfonation and phosphonation methods are discussed and the functionalized polymers and their characterization is shown in the third chapter. The characterization of the resulting polymers is discussed, and the best ones obtained are further used for the preparation of PEMs.

Chapter 4 describes the membrane preparation. This last part is focused on cross-linking the functionalised polymers with PBI-OO to produce the PEMs. The casting method was used, and the PEMs were tested and characterized to challenge the hypotheses used for guiding the syntheses route to access the polymers.

Chapter 5 ends the manuscript with a general conclusion and perspectives.

IV This chapter is dedicated to the synthesis of the prepolymer needed to prepare a protonexchange Membrane (PEM) for the water electrolysis. After an introduction about electrolytes and membranes of polymers, the polymerization processes are explained. The different polymerizations reactions are discussed and followed by the characterization techniques, and finally, ending with the conclusions.

I. Introduction

Polymer definition and different polymerization reactions

The first time the polymer concept appeared was in 1832 when Berzelius wrote "To distinguish between similar cases of agreement of composition with different properties, I propose to term these substances polymeric". 1 This definition was too generic and included cases where no polymer was involved. He studied hydrocarbons, and according to his definition, butylene (C4H8) and hexene (C6H12) were both polymers of ethylene (C2H4) as these During this period, discussion of polymer existence was the subject of scientific debates.

In 1859 both A.V. Lourenço and C. A. Wurtz reported the first sought polymer synthesis. They synthesised polyethylene glycols following two different synthetic routes. While Lourenço performed the condensation reaction of ethylene glycol with ethylene dyhalide, Wurtz carried out the same reaction using ethylene oxide with water or acetic acid. 3 At that time, Lourenço noted two important properties to describe a polymer, the first one is the increase of the viscosity (ƞ) as n (n being the number of ethylene oxide units) increases and the second is the recognition that as n increased to infinity the chemical formula approached the formula of ethylene oxide. 4 From these works, the following chemical formula for the ethylene oxide was of chemistry that would become of a major importance in the 20 th century. However, at that time organic chemists stayed mainly focused on obtaining "pure" substances, and polymers

were not considered within this category since an accurate and strict formula could not be obtained. Synthetic polymers remained therefore in oblivion until the beginning of the 20th century.

The polymerization processes were defined by Carothers's in 1929. He distinguished addition from condensation polymerization. 6 The definitions were based on the chemical composition In the following part, the proton-exchange membranes (PEM) are defined to describe the specification of the polymer needed to fulfil objectives of that work. Commercially available membranes are also reported and described as reference materials.

Proton-exchange membrane (PEM)

Research related to ion exchange membranes can be tracked back to 1925 when Michaelis and Fujita studied homogeneous membranes. 11 These studies constitute the foundation for the synthesis of the different membranes that were synthesised in the following decades.

There are many different types of membranes depending on the type of targeted electrochemical applications. As explained in the review of S. Peighambardoust 12 , there are mainly two ways of classifying membranes. It can be based (i) on the materials used, i.e. perfluorinated (Nafion®), partially fluorinated and non-fluorinated or based in the process of (ii) the preparation method (acid-base blends, supported composite membrane and poly-AMPS (poly(2-acrylamido-2-methylpropanesulfonic acid)) [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] (to be seen in chapter 4).

Among different commercially available PEMs, my work was focused on PFSA (perfluorosulfonic acid polymers) 14 , which belongs to the perfluorinated group. In this group, the commercially available Nafion® from Dupont and Aquivion® from Solvay are the most worldwide-known membranes (see Figure II-5). Within this work, Nafion® has been chosen

as reference material due to its availability [START_REF] Barbir | PEM electrolysis for production of hydrogen from renewable energy sources[END_REF] (see chapter 1) and extended use as golden standard PEM material in scientific reports, papers, and reviews. In this case, if the decafluorobiphenyl monomer unit reacted in all the 10 potential fluorine atoms we would have a A 2 B 10 system, with A being the TBBT and B the DFBP monomer units.

Project strategy

To calculate the monomer functionality of the reaction, an average between the 2 different monomers has to be determined, the formula (equation II Then in the case where all of fluorine atoms of the decafluorobiphenyl react equation II-5 is equal to:

. When the average extent of polymerisation is at its maximum and high enough, Therefore, having the result of applying 𝑓𝑎𝑣, 𝑝 = Equation II-7.Degree of the reaction with an A 2 B 2 system.

In that case 𝑓𝑎𝑣 =

2•1+2•1 1+1 = 2
, and the extent of the reaction may then be quantitative before gelation phenomenon.

To have a clearer view on how this formula applies, the following Table II-1 gives some number average value of monomer units in a polymer molecule (x) related to the extent of polymerization (p): P 0 0,25 0,5 0,75 0,9 0,95 0,99 0,999 0,9999 X 1 1,33333333 2 4 10 20 100 1000 10000

Table II-5. Evolution of the average degree of polymerization with the evolution of the polymerization.

In Table II- Within a polycondensation, the dispersity (Đ) is defined as:

Equation II-8. Dispersity (Đ) with p being the degree of polymerization, 𝑀̅ 𝑛 the number-average molar mass and 𝑀̅ 𝑤 the weightaverage molar mass.

Therefore, the dispersity (Đ) is equal to 2 by quantitative conversion of both monomers.

In the following schemes ( 

II. Materials and methods

Chemicals and materials

Dimethylsulfoxide (DMSO), N,N-Dimethylacetamide (DMAc) were of "anhydrous" quality (<0.005 % H2O, 99.5 % purity, Aldrich). 4,4'-Thiosbisbenzenethiol (98 %), Decafluorobiphenyl (99 %) and Potassium carbonate (≥99 %) were purchased from Sigma Aldrich. MilliQ water (18.2 µS at 25 °C) and isopropanol (≥70 %, VWR) were used for the purification of the polymer.

Hydrogen peroxide (H2O2, 34.5-36.5 %, Sigma-Aldrich), acetic acid (CH3COOH, analytical reagent grade, Fisher Chemical), trifluoroacetic acid (CF3COOH, ≥99 %, Sigma-Aldrich) and sulfuric acid (H2SO4, 95-97 %, Sigma-Aldrich) were used as received. Dialysis tubing cellulose membrane, 12 000 MWCO, Aldrich D9777 was used for dialysis in water. (ii) Polycondensation by the "microwave method"

Experimental

In a typical procedure the microwave tube is dried at 100 °C for 1h right before the reaction.

In the microwave tube, a magnetic stirring bar is added with 4, 

Technics a) Microwave reactor

Microwave-assisted polymerization reactions were carried out in standard Pyrex vessels (total capacity of 10 ml) sealed with Teflon septum caps. The temperature profiles of the polymerization reactions were monitored using a calibrated infrared temperature. The reaction parameters (e.g., temperature, irradiation power, air cooling, stirring, etc.) were set using the on-board piloting software reaction parameters. Irradiation power was set up from 100W to 300 W and temperatures from 80 °C up to 120 °C. To estimate the effect of the base quantity towards the reaction, 0.75 eq., 1.5 eq., 3 eq., and 4 eq. were tested at 80 °C (P2, P3, and P4 respectively). Then, to estimate the effect of temperature, the eq. were kept constant at 3eq. and the temperature was tested from 80 °C to 120 °C (P5-P10). The results in terms of Mw are reported within Figure II-16: The effects of the experimental condition parameters may be summarized as follows:

• When the polymerization is performed at 80 °C, the molar mass of the polymer increases from 17,9 KDa with 0.75 eq. (P1) to 113 kDa with 4.0 eq. ( P4). At the same time, the dispersity remains between 1.7 and 3.3 (table II- • P5 kept a K2CO3 = 3.0 eq, the temperature was raised and the reaction time was decreased at the same time. A total reaction duration was fixed to 6h for several reasons: efficiency with the perspective to be able to run the reaction within the day time and safety reasons, the reaction is left overnight at 100 °C. P5 exhibits a Mw higher than P3` Mw (table II-2), temperature seems to have a much larger impact than time. Dispersity had changed from 1.7 (P3) to 2.2 (P5) which was still in an acceptable range. Therefore all further reaction times of reactions at 100 °C or above were decreased to 6h.

• The molar ratio DCFB:TBBT of the reactions reported within the (Table II- • The increase of temperature above 100 °C, P7 and P8 (see table II-2), brought an increase of Mw from 17200 to 321000 but an even higher increase in dispersity (Ð) from 2 to 15.8. These polymerizations were harder to control as the temperature was increased and reproducibility experiments showed cross-linking and gelation.

Therefore 100 °C was selected as the optimized temperature.

As a conclusion, the optimised conditions to obtain higher quantities (yield 96 %) of the polymer backbone for further use were determined to be 100 °C and 3 eq. of K2CO3 during In a last approach, the reaction was tested under microwave irradiation, with a targeting reaction temperature of 100 °C. In the literature, application of microwave heating for polycondensations reactions has increased in the last 15 years. The main benefits are reduced reaction time and energy consumption as well as an increase of the Mw of polymers. [START_REF] Perry | Polymer membranes for hydrogen separations[END_REF] A Discover TM microwave equipment was used for the polymerization. [START_REF] Jin | Ion exchange membranes: New developments and applications[END_REF] Whatever the conditions tested (irradiation power (from 100W to 300 W) and the reaction time (from 1h to 6h), no polymer was obtained. Zsuga et al. work showed how the dipole moment of the monomers influences greatly in the success of microwave as the heating method to obtain high Mw in short times. 28 For a substance to be microwaveable, it must possess an asymmetric molecular structure. However, our comonomers are symmetrical and have no dipole moment, and this is the probable reason of the failure of this strategy. No further attempts were done.

b) Characterizations

While characterization were performed for every final polymers reported in Table II-1, the results and the discussion will take the example of P6 in the following. Note that same treatment analysis and similar results were obtained for all the final polymers in NMR analysis, TGA and elemental analysis (i) SEC analysis The polymer is initially splitting the Ph-S-Ph bonds, due to an oxidation of the thioether and releasing SO3. This initial breaking of some thioether bonds starts at 400 °C while the oxidation of the carbon starts occurring at 450 °C. It confirms that the polymeric backbone is thermally stable up to 400 °C and therefore suitable for further functionalization and membrane synthesis.

+

Polymerization of decafluorobiphenyl and TMSTB

A new synthetic route was applied to obtain polyfluorinated poly(phenylene sulfide) reported previously (figure II-15). In these case bis(4-((trimethylsilyl)thio)phenyl)sulfane (figure II-25) was used instead of TBBT in order to increase reactivity and decrease the temperature of the reaction.

The target was to run the reaction at room temperature, due to the bis(4((trimethylsilyl)thio)phenyl)sulfane being more reactive than the TBBT. This method leads to too short polymer chains to be suitable for membrane preparation.

Because of the poor expected mechanical properties, this polymerization path was not further explored. The purpose of using the TMSTB was to explore if this polymerization could be done at room temperature. Increasing the temperature and time was expected to increase the Mw but in that case it had already been done with TBBT. Therefore, this polymerization path was not further explored.

Polymerization of decafluorobiphenyl and Biphenyl-4,4'-dithiol

This approach replaces the TBBT by other dithiol comonomer, targeting a new copolymer with high Mw. This polymerization was hence tested, no literature regarding this polymerization No polymerization was obtained in the first attempt using potassium carbonate as a base and DMAc as solvent at 100 °C. A second attempt was performed by increasing the temperature up to 180 °C for 6h, but no polymer was obtained. The main hypothesis is that biphenyl-4,4'dithiol was deactivated by some moisture or that the lack of sulfide group between the phenyls turns the thiol groups less reactive and therefore no polymerization is obtained.

Polymerization of decafluorobiphenyl and hexane-1,6-dithiol

In this approach, one of the aromatic comonomers leading to rigid polymers have been replaced

by an aliphatic comonomer, aiming at a more flexible and stable polymer. (figure II-28). Because of the lower Mw and thermostability it was decided not to further investigate the aliphatic monomers strategy.

Only the first route involving the polycondensation of decafluorobiphenyl and TBBT was successful enough to lead to high quantity of polymer with the targeted Mw with thermostability. This polymer was submitted to sulfonation and phosphonation postfunctionalized are discussed in the next chapters.

The following pathways tested the polycondensation of functionalized monomers, a strategy that would avoid the post-functionalization step.

Polymerization of TBBT and phosphonated octafluorobiphenyl

A more direct strategy was pointed out in the elaboration of a functionalized polymer. In this case, a diphosphonated hexafluorinated poly(phenyl sulfide) can be used and is shown in figure II-33.

The main advantage of this strategy is that it would avoid a post-phosphonation which requires a more complex set up and higher temperatures. An issue would consist in the obtention of lower Mw values. meaning that the TMS groups had been removed. This silicon phase was removed and the white solution was dried at 80 °C under vacuum giving a white monomer. (2.19) lower than the one of S (2.58). Therefore these fluorines in the aromatic bond are more shielded (higher electron density around) as the P has a higher electron giving effect than the S. The H 1 -NMR confirmed that phosphonic protons and phenyl protons are present. However only a low mass was recovered (0.72 g, 25 % yield). Albeit being an interesting one step synthetic route, the observed low yield and mass discarded this strategy to produce a membrane for PEMFCs. The choice was made to not optimize this method and focus on the elaboration of high Mw polymers that could be further postfunctionalized.

Polymerization of 4,4'-thiobisbenzenethiol and disodium 3,3´disulfonate-4,4´-difluorodiphenylsulfone

The motivation for this polymerization was to obtain a polymer with pre-defined sulfonation degree from TBBT and disodium 3,3´-disulfonate-4,4´-difluorodiphenylsulfone (Figure II-38).

The synthesis was performed following the procedure published by Schuster et al. 31 To sum up, the route III. 

IV. Conclusion

I. Introduction

In this chapter, the focus will be on cation-exchange polymers, that are capable to exchange protons. Ionic transport in PEMs is a complex process, which involves three mechanisms describing the transport of protons. These three mechanisms are the (i)

Grotthus-type proton transport, (ii) vehicle mechanism and (iii) surface and interface transport where the principle is close to the Grotthus-type, where protons jump from one functionalized proton exchanging group (e.g. -SO3H, -PO3H2) to another. As explained in the review of X. Sun et al. 1 , the total proton conductivity of a polymer depends on the polymer chain microstructure and dynamics, the concentration acidity, and water content. There are commonly two functional acidic groups used for this purpose, i.e. the sulfonic (-SO3H) and phosphonic (-PO3H2) acid groups.

The experimental procedures have proved that it is more challenging to phosphonate than to sulfonate aromatic polymers, due to side-reactions observed in the addition of the phosphonic acid moiety. 2 In the following sections a deeper look into these questions is proposed.

Phosphonated polymers

Phosphoric acid as a proton conductor has been used for fuel cells for a long time as it allows to operate at temperatures ranging from 160 to 220 °C. The first phosphoric acid fuel cells (PAFCs) have been reported by Elmore and Tanner in 1961, where the electrolyte was the phosphoric acid itself. 3 Some improvements were done in the following years, and finally, in the late 1990s the interest in PAFCs waned. It was due to its high cost, its poor reliability and the fact that its proton conductivity depends highly on acid concentration and is better at high temperature; which is an advantage when it comes to catalyst needs but increases the energetic cost. 4,5 There are definitively scientific and technological interests in synthesizing phosphonated polymers that could work at intermediate temperatures, have a good stability and a high conductivity. For this purpose, several phosphonic groups would need to be grafted onto a thermostable polymeric backbone.

N. Kang et al. 6 described different routes for the phosphonation of fluoroaryl polymers. Among them the one using trimethylsilyl phosphite as the phosphonating agent is worth noticing. Different strategies could be followed to phosphonate a 

Sulfonated polymers

Sulfonated polymers are the most common and industrially used polymers for PEM.

They were firstly used in 1955 by Thomas Grubb for a fuel cell with the use of a sulfonated polystyrene membrane as the electrolyte [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] . The current SoA shows that the most commercially used PEMFCs are perfluorosulfonic acid (PFSA) membranes.

This is due to their high proton conductivity and chemical and mechanical stability. 14

In the review of J. Ran et al [START_REF] Barbir | PEM electrolysis for production of hydrogen from renewable energy sources[END_REF] In my thesis, the development of new sulfonated polymers was investigated with hydrophobic and hydrophilic monomers. The goal was to improve the properties, efficiency, and reproducibility.

Strategy

Two objectives were set in this work.

• The preparation of new phosphonated proton conductive polymers (see Figure III-4), by direct phosphonation of the polymer (the polymerisation of phosphonated monomers were reported within Chapter 2). • The elaboration of new sulfonated proton conductive polymers (see Figure III-5), following two strategies:

-Direct sulfonation of the polymer backbone -Grafting of sidechains ended with a sulfonic acid groups Both strategies were explored using different sulfonating/phosphonating agents and finetuning the following parameters:

-Type of heating (e.g. conventional or microwave-assisted synthesis)

-Temperature

-Time

The chapter ends with a comparison of both strategies and of the properties of the final polymers toward their application in the fuel cell of the eSCALED H2020 project (MSCA-ITN-2017. GA#765376).

II. Materials and methods

Reagents

All glassware and materials were dried at 80 °C in a vacuum oven for 12h prior to use.

Each single phosphonation and sulfonation reaction was tested with different polymer quantities, temperature, and functionalizing agents. The solvents used in these reactions (Dimethylsulphoxide DMSO, N,N-Dimethylacetamide DMAc, Dimethylformamide DMF) were of "anhydrous" quality (<0.005 % H2O, ≥99.5 % purity, Sigma Aldrich).

All the following chemicals have been purchased from Sigma-Aldrich and used as received: sodium hydrosulfide hydrate (NaSH•xH2O), sodium sulfide (Na2S), lithium sulfide (Li2S, 99,98 %), sulphuric acid (H2SO4, 95-97 %), sodium 3-mercapto-1propanesulfonate (90 %), potassium carbonate (K2CO3, ≥99 %), lithium carbonate -132.3, -130.6, 128.7, -104.2, -102.9, -95.6. 31 P NMR δP (162 MHz, DMSO-d6) 2,16 (broad peak).

(Li2CO3, ≥99 
(ii) Strategy 2 In a 30 ml microwave tube (equipped with a magnetic stirrer and a reflux condenser)

were added: fluorinated poly(phenylenesulfide)s P6 (1,84 mmol, 1 g), 5.5 ml of tris(trimethylsilyl)phosphite (TMSP, 8 eq., 14,69 mmol) and DMAc (5 ml). The reaction mixture was stirred under nitrogen till complete dissolution of the solids and then heated up to 130 °C, under pulsed irradiation mode at 300 W for 6 hr. Thereafter, 5 ml of water were added to the tube and heated up at 100 °C using the dynamic mode of irradiation, at 300 W during 30 min under nitrogen. The precipitated polymer was filtered-off and cleaned with distilled water prior to be dried at 60 °C under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar). (yield = 49 %). In a 50 ml three-necked round bottom flask (equipped with a magnetic stirrer, a reflux condenser and an argon inlet); fluorinated poly(phenylenesulfide)s P6 (0.37 mmol, 0.2 g), diethylphosphite (0.5 ml) and 1 ml DMAc were added under argon, and the reaction mixture was heated to 180 °C for 1 hour under stirring prior to be cooled down to 100 °C and left overnight.

At 100 °C, 2 ml of water was added to the flask to hydrolyse the silyl ester into the phosphonic acid functions. No product could be isolated. (i) Strategy 1 (Ox1)

Oxidation of the sulphides groups of the polyfluorinated poly(phenylenesulfide)s to polyfluorinated poly(phenylenesulfone)s was done following the procedure of S.

Takamugu et al. 16 Polyfluorinated poly(phenylenesulfide) polymer (1.5 g, 2.75 mmol) was added to a one neck 100 ml round-bottom flask equipped with a reflux condenser containing H2O2 (8 ml, 80 mmol, 34.5-36.5 %), CH3COOH (30 ml). The flask was cooled down to 0 °C in an ice bath before adding H2SO4 (9 ml, 95-97 %, Sigma-Aldrich). The mixture was stirred for 48 hrs at 30 °C prior to be heated up to 100 °C for 1 h. A white milky like dispersion was filtered and the oxidized product was washed three times with 50 ml of deionized water and once with 50 ml 2propanol before to be dried under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) at 30 °C overnight. (1.6 g obtained, yield = 91 %)

(ii) Strategy 2 (Ox2)
Within this second strategy, the oxidation of the sulphides groups of the polyfluorinated poly(phenylenesulfide)s to polyfluorinated poly(phenylenesulfone)s was conducted using trifluoroacetic acid instead of acetic acid. Fluorinated polythioether polymer (5.5 g, 15 mmol) was added to a 250 mL three-neck roundbottom flask equipped with a reflux condenser containing H2O2 (30 ml, 300 mmol, 34.5-36.5 %) and CF3COOH (110 ml). The flask was cooled down to 0 °C in an ice bath before adding H2SO4 (27 ml, 95-97 %, 0.51 mmol). The mixture was stirred for 72 hrs at 30 °C before to be heated up to 100 °C for 1 h. The dispersion was filtered to collect the powder and it was washed three times with 50 ml of deionized water and afterwards with 50 ml of 2-propanol prior to being dried under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) at 30 °C overnight. (6.28 g, yield = 98 %) (iii) Strategy 3 (Ox3) In this third strategy, the oxidation of the sulphides groups of the polyfluorinated poly(phenylenesulfide)s to polyfluorinated poly(phenylenesulfone)s was performed using trifluoroacetic acid and hydrogen peroxide. Fluorinated polythioether polymer (8.25 g, 15 mmol) was added to a 500 mL three-neck round-bottom flask equipped with a reflux condenser containing CF3COOH (150 ml, ≥99 %, Sigma-Aldrich). H2O2 (44 ml, 44 mmol) was added via dropping funnel under stirring, at 20 °C. The mixture was stirred for 72 hrs at 30 °C prior to be heated up to 100 °C for 1 h. The dispersion was filtered to collect the powder and it was washed three times with 50 ml of deionized water and once with 50 ml 2-propanol prior to be dried under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) at 30 °C overnight. (9.37 g obtained, 97 %) b.2. Phosphonation of fluorinated poly(phenylenesulfone)s The mixture was degassed by nitrogen bubbling for 10 min prior to adding K2CO3 (41. 88 g, 30.4 mmol). The temperature was then increased to 160 °C for 4 hours.

Thereafter, the solution was poured in diethyl ether and the precipitated solid was then solubilized in 50 ml of acidic water (3 ml, 20 % H2SO4). The oxidation of the sulfide groups to sulfonic acid ones was carried out by adding to this acidic solution aq. H2O2 (33 mL, 34.5-36.5 %) under stirring for 24 h at 40 °C, followed by 1 h at 110 °C. (i) Strategy 1 In a 50 ml three-necked round-bottom flask (equipped with a mechanical stirrer, a reflux condenser and a dean-stark trap) fluorinated poly(phenylenesulfide)s P6 (1 g, 1.88 mmol), Na2S x 9H2O (3.6 g, 15mmol) and 15 ml DMAc were added. The reactive medium was degassed for 30 min by bubbling nitrogen before heating up at 150 °C for 6 h, water being distilled-off with the Dean-stark trap. Thereafter, the solution was cooled down and the mixture was poured in 50 ml of acidic water (10 ml H2SO4, 95-97 %). A yellow precipitate was obtained. It was filtered and washed several times with distilled water. It was finally dried at 60 °C for 6 h under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar). (1.15 g of product was obtained). No yield can be given as it was not proven that it was the expected product.

(ii) Strategy 2 In a 10 ml microwave vial (equipped with a magnetic bar), fluorinated poly(phenylenesulfide)s P6 (0.2 g, 0.38 mmol), Na2S x 9H2O (0.9 g, 3.8mmol) and 5 ml DMAc were added, and the reaction medium was degassed by bubbling with nitrogen for 10 min. It was then heated up under nitrogen at 150 °C for 2 hours, under stirring and using the pulsed irradiation mode at 300 W. Thereafter, an insoluble hard mass is found in the vial. The product is insoluble in 50 ml of acidic water (20 % H2SO4), neither in DMAc nor DMSO. (1.08 g of product was obtained). No yield can be given as it was not proven that it was the expected product.

e. Sulfonation of fluorinated poly(phenylenesulfide)s using lithium sulfide In a 250 ml three-necked round-bottom flask (equipped with a mechanical stirrer and nitrogen in/outlet), fluorinated poly(phenylenesulfide)s P6 (2 g, 3.6 mmol) (grained prior to use) and 50 ml of DMAc were added. The mixture was degassed under nitrogen during 1 hr. To the homogenous mixture, Li2S (0.19 g, 8 mmol, 2.2eq) was then added under inert atmosphere and the reaction mixture was heated up at 60 °C and left for 72 h before to be heated up to 180 °C for a period of 6 additional hours.

Thereafter, the mixture was added to 500 ml of distilled water and a yellow powder was obtained. It was filtered out and dried at 60 °C under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) for 6 h. (0.60 g of product was obtained). No yield can be given as it was not proven that it was the expected product.

f. Sulfonation of fluorinated poly(phenylenesulfide)s using sulfuric acid No yield can be given as it was not proven that it was the expected product. (i) Strategy 1 In a 100 ml three-necked round bottom flask (equipped with a magnetic stirrer) fluorinated poly(phenylenesulfide)s P6 (1.50 g, 2.75 mmol), Sodium 3-mercapto-1propanesulfonate (1.20 g, 6.06 mmol, 2,2 eq.) and 60 ml DMAc were added. The mixture was stirred until it became homogenised. LiNO3 (0.76 g, 11.02mmol, 4.0 eq.)

was then added and the reactive medium was heated up at 60 °C for 6 h. No precipitate was obtained when poured into distilled water. The solution was dyalised and then dried at 80 °C under a dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) in the oven (1.37 g obtained). No yield can be given as it was not proven that it was the expected product.

previously grinded into fine powder, Li2CO3 (0.92 g, 9.38 mmol, 3eq.), sodium 3mercapto-1-propanesulfonate (1.86 g, 9.56mmol, 3 eq.) and 30 ml DMAc were added.

The temperature was increased up to 130 °C and the mixture was left under nitrogen and stirring for 6 hr. The solution was cooled down to 100 °C and distilled water was then added. The mixture was kept at 100 °C for 30 min. The product was precipitated in cold acetone, dissolved in distilled water before to be precipitated again in acetone.

The product was separated by centrifugation at 2400 rpm and dried at 60 °C (1.45 g obtained). No yield can be given as it was not proven that it was the expected product.

Technics a. Microwave reactor

A Discover TM microwave equipment was used for the reactions. 17 The reaction parameters (e.g., temperature, power, cooling, stirring, etc.) were set using the onboard piloting software of the apparatus. The parameters set were the irradiation mode (dynamic or pulsed), the temperature as controlled by the IR sensor, the pre-reaction stirring time (0 s), and the temperature ramp mode (as fast as possible). (ii) Strategy 2

A microwave heating methodology was investigated, for the first time to the best of our knowledge. Microwave was used as the energy providing source to start the reaction. No literature was found referring to this reaction but the use of Microwave for phosphonation of halide aryls has been already successfully demonstrated 18 . A heat power of 300 W was used to reach a temperature of 130 °C. TMSP (8 eq.) was

tentatively used to try to reach a high degree of phosphonation. However, 19 F NMR (Figure III20) analysis showed that just a 7.4 % of Fluorine atoms were substituted, which indicates that less than one substitution per polyfluorinated biphenyl unit. We are left to propose that once one Fluorine atom is substituted with a phosphonic acid function, the reactivity is decreased, preventing further substitution. Another phosphonation agent was tested in this reaction to see if a less sterically hindered phosphonating agent than TMSP would favor the nucleophilic aromatic substitution (SNAr). However, no substitution was obtained suggesting that the electronic effect has a higher importance than the steric one.

Even though some substitutions were observed when TMSP (strategy 1) was used, the efficiency of substitution remains low. The electron-withdrawing effect of the -SO2on the perfluorinated phenyl allows the electrophilic attack of the TMSP on the C δ+ while having the poly(phenylenesulfide) doesn't have this electron-withdrawing effect. This explains that the main problem in this phosphonation is not the heating method or the phosphonating agent, three strategies were attempted changing these conditions. We are left to conclude that the polymer chain microstructure itself is the main problem. (iii) Strategy 3 (Ox3) The oxidation was repeated under less harsh conditions by removing the sulfuric acid.

It was anticipated that trifluoroacetic acid (TFA) could play the role of a catalytic proton exchanger with hydrogen peroxide being the oxidant in concordance with the findings of Horvat et al. 25 article. In this article, TFA is used in combination with H2O2

to oxidise sulphides to sulfoxides at RT. These authors also reported that when the temperature is increased to 60 °C a mix product of sulfoxides and sulfone is obtained.

The reaction time is 3h, however in this case the time was decreased to 1h and the temperature was increased to 100 °C to obtain full conversion to sulfone.

In the 3 cases it was found that the polymer obtained was insoluble in DMSO, DMAc, CHCl3, THF and DMF and therefore NMR analyses could not be undertaken. It should be noted that the fluorinated initial polymer that was initially soluble is DMAc was no longer detected.

Elemental analysis

Elemental analysis were performed to reveal any differences between the 3 strategies (Table II-1). The results showed less than 5 % deviation between expected and theoretical values.

Given its change in solubility and the results in the elemental analysis it can be concluded that the oxidation was successful. The polymer is initially loosing Ph-SO2-Ph fragment, with a sulfone oxydation and SO3 release.

This decomposition begins at 400 °C while the oxidation of the carbon starts at 450 °C. These results coincide with the TG-MS of the sulfonated poly(phenylsulfone) published by takamuku et al. [START_REF] Perry | Polymer membranes for hydrogen separations[END_REF] It confirms that it is thermally stable up to 400 °C and therefore suitable for further functionalization and membrane preparation.

All three different routes were successful and no significant differences were observed in the elemental analysis or the TGA. However the third route (strategy 3, Ox3) is preferred since it avoids the use of H2SO4 and therefore reduces the number of reactants. Up to 10 g of fluorinated poly(phenylene sulfone)s was obtained with yields between 90-96 %. Considering the multistep polymerization and oxidation, the overall yield was 92 %. It will be further used for functionalization (see chapter 3). In this first attempt, the phosphonation of the polyfluorinated sulfone (P6_Ox) was investigated by one equivalent of TMSP to have one substitution, as it would be easier to measure and control. It was done following the procedure reported by V. Atanasov with the phosphonation of poly (2,3,4,5,6-pentafluorostyrene) in the paraposition. This is a nucleophilic substitution reaction in the aromatic ring (SNAr2) resulting in a gaseous byproduct at room temperature (Me3SiF). The elimination of a byproduct is pulling the reaction equilibrium towards products. Atanasov et al. have obtained a degree of phosphonation that goes from 17 to 100 % when using differnt TMSP/polymer ratios.

In my thesis, the use of 1 eq. of TMSP gave an overall degree of phosphonation of 66 % as calculated from equation III- In the 19 F NMR spectra several peaks were observed in the zone between -95 and -105 ppm which means that substitution happened both in orto and meta positions. The phosphonation of the fluorinated poly(phenylenesulfide)s (III-1-a) yielded a very low degree of phosphonation (<3 %) , it was however kept for the processing of PEM (chapter 4).

The phosphonation of the fluorinated poly(phenylenesulfone)s (III-1-c) showed a degree of phosphonation of 66 % but the final product had poor solubility in organic solvent and the polymer cannot be used for the membrane elaboration. The main reason we have a higher degree of phosphonation in the poly(phenylenesulfone)s is due to the presence of the sulfone groups which has an electro-withdrawing effect in the fluorinated aromatic rings.

Sulfonations

Two main paths were followed with two different starting polymers, fluorinated poly(phenylenesulfide)s (path A) and fluorinated poly(phenylenesulfone)s (path b).

Path A was to sulfonate directly on the backbone polymer (fluorinated poly(phenylenesulfide)s, targeting the highest possible substitution of Fluorine atoms by SO3H functions. For this purpose NaSH/H2O2, Na2S/H2SO4, Li2S/H2SO4, and H2SO4/SO3 were used as sulfonating agents. Path B was attempted to position the sulfonate groups away from the polymer backbone and to allow for the generation of proton channels. This path B was also tried with the fluorinated poly(phenylenesulfone)s.

a. Sulfonation of fluorinated poly(phenylenesulfide)s using sodium hydrosulfide

The first attempted sulfonation was inspired by the procedure reported by S.

Takamuku el al. [28][START_REF] Heitner-Wirguin | Recent advances in perfluorinated ionomer membranes: structure, properties and applications[END_REF][START_REF] Kerres | Preparation and characterization of new Sulfonated partially fluorinated Polyarylenesulfones and their Blends With Polybenzimidazole[END_REF]. Our strategy starts with the sulfonation and is followed by oxidation of the fluorinated polysulfide to fluorinated polysulfone. to the small amounts that could be used using this heating method and that it could not be further used to produce a membrane it was decided to move to other sulfonating agents that could work better like Li2S.

c. Sulfonation of fluorinated poly(phenylenesulfide)s using lithium sulfide leading to no unambiguous conclusion. This method was not further explored as it was deemed that this sulfonation was hard to control. A kinetic study of the functionalization of the 3-mercaptopropane-1-sulfonate onto poly(octofluorobiphenyl-alt-thiobisbenzene) with DBU was carried out. showing that the addition of substitution groups doesn't deter further substitution, but it slows it down.

Samples were analysed by 1 H NMR and 19 F NMR spectroscopies. In the kinetic study, 8 eq. of DBU at room temperature during 72h (a, Figure III-40) the first substitution in every tetrafluorophenylene sub-unit happened in the first half an hour. Further substitution is less favoured as the electronic density in the substituted phenyl is increasing with the substitution degree and therefore has less proclivity to a further nucleophilic attack. The highest degree of substitution obtained after 72h was 4,1 (a, Figure III-40) which corresponded to approx. 2 substituted groups in every phenyl group.

Another study was carried on by checking the degree of substitution vs the eq. of sodium 3mercaptopropane-1-sulfonate. In that case the time was 6 hours at room temperature and the degree of substitution was calculated based on the integrals of the 19 F NMR spectrum. It was observed that an excess of sodium 3-mercaptopropane-1-sulfonate must be added as it might have deactivation of some thiol groups in the sodium 3-mercaptopropane-1-sulfonate. Da. This decrease can be due to the cleavage of some of the C-S bonds, nevertheless, the molar masses of the substituted polymer were still high enough to obtain stable films when mixed with PBI (chapter 4). Having the sulfonic groups positioned away from the polymeric backbone is favouriting the generation of proton-conducting channels in a much easier way than when the sulfonic groups are directly attached onto the polymeric backbone conductivity. In the first attempt at 130 °C during 6 hours, 3.0 eq. were used to guarantee a degree of substitution of 2. According to this 1 H NMR spectroscopic analyses a slightly higher amount than two substitutions is obtained. It should be noticed here that protons of the aliphatic peaks of the mercapto-propane groups are overlapped with some of the solvent which might interfere with the correct result.

Using equation III-3 and 19 F NMR spectrum, the theoretical Degree of sulfonation should be 1 when having a 100 % sulfonation (3 substituted groups in this case using As suspected by the hypothesis of the occurrence of some interchain crosslinking, this polymer was not easily dissolved in DMSO and no film could be obtained. It was concluded that a number of substitutions between 2 and 3 was obtained with the occurrence of crosslinking. Due to its insolubility it was not possible to measure the molecular weight and no more tests were done using fluorinated poly(phenylenesulfone)s as the backbone polymer.

g. Conclusion of sulfonation

Figure III-49. Scheme of all sulfonation in italic, the paragraph number where the experimental protocol is described, above the arrows, the paragraph number where the polymerization is discussed.

The strategies II.2.c to II.2.f did not result in the synthesis of the targeted polymers.

On the contrary, the products II.2.g with a degree of sulfonation from 1 to 4 were obtained with the optimization of the experimental conditions. When the degree of sulfonation is higher than 2, the polymer is soluble in water and therefore cannot be directly used to produce a membrane.

Physical crosslinking with another polymer, resulting in polymer blend, was investigated in chapter 4 so that a membrane could be processed. Films processed from the neat postfunctionalized polymers are most times of brittle and soluble in water. The elaboration of the membranes requires a blending with another polymer that favours the film formation and keeps the conductivity at the same time. These membranes will be shown and discussed within Chapter 4.

The sulfonation of fluorinated poly(phenylenesulfone) was also successful, but the degree of sulfonation was a bit lower between 2 and 3. Because of the occurrence of probable crosslinking the solubility of organic solvent is low and should be considered to formulate the membrane to meet the requirements.

IV. Conclusions

Starting prepolymers were previously synthesised and described in chapter 2. Several functionalisation was attempted to obtain different proton conducting polymers. Even exhibiting low phosphonation efficiency, the phosphonation of the fluorinated poly(phenylenesulfide) gave a polymer that met the film forming requirement needed to be tested within the further step of membrane elaboration.

The phosphonation strategy has been followed by the sulfonation pathways to obtain another category of proton conducting polymers. Direct sulfonating groups were tried initially to substitute fluorides atoms with no success in obtaining a polymer that could be further used for a membrane. Even though sulfonation was observed, the harsh conditions of the reaction had cleavage the -S-bond decreasing the molecular weight to a degree to where it was not anymore applicable for film production.

Best results were obtained when using milder conditions and sodium 3-mercapto propane-1sulfonate as the sulfonating agent. The thiol from the 3-mercapto propane-1-sulfonate reacted with the fluorine at room temperature and several studies were done in this reaction. Well characterized polymers with different degrees of sulfonation were obtained. Several mercapto-propanesulfonic acid sidechains could be attached to the backbone, either fluorinated poly(phenylenesulfide) and poly(phenylenesulfone) polymer giving high conductivities (see chapter 4) while keeping a Mw high enough to obtain films. These partially fluorinated/sulfonated poly(phenylene sulphide)s were further used for the processing of PEMs (chapter 4). In conclusion, a phoshonated polymer and two sulfonated (III-2-e, III-2-f) polymers were selected for film preparation to be used as a PEM in the water electrolysing cell.

The elaboration and processing of these membranes are discussed in chapter 4. This chapter is dedicated to the final step of this research project: to produce proton conducting membranes starting from the polymers produced in the chapters 2 & 3. The prepared membranes were processed and characterized prior to be used in the electrolysis device mimic the artificial photosynthesis. other polymers to increase their mechanical and thermal strengths.

M. Ghanbari

PEM process method

There are different methods to process proton-exchange membranes, the two main consisting in casting and extrusion. The latter method is the most economical way to manufacture homogeneous polymer thin film in the industry and is commonly applied to thermoplastic, like polyolefins (e.g. poly(ethylene) and poly(propylene) and polyesters (e.g. poly(ethylene terephtalate)), to name a few. It involves pushing molten polymer through a circular or slot die. At the laboratory scale, the film-casting method is the easiest way to obtain samples with a thickness homogeneity that can be considered satisfactory even though it is questionable at the industrial scale on film with large surface areas. 5 Being the common laboratory-scale method to obtain PEMs starting from SAPs (sulfonated aromatic polymers) 6 , it was the one we choose for casting PEMs. The casting method is thoroughly described by Francesco Galiano 7 . In this method, polymer and solvent are the main components of the processing medium considering that additives can be added to adjust the thin film casting process. The first important consideration is the choice of the solvent for the polymer. High boiling point aprotic solvents like N-methyl-2pyrrolidone (NMP), dimethyl sulfoxide (DMSO), dimethyl acetamide (DMAc) or dimethyl formaldehyde (DMF) are commonly used for SAPs. If necessary, heating treatment is added to dissolve the polymer.

The steps followed in the casting method can be described as:

-Solubilize the polymer in the chosen solvent -If necessary, add an additional polymer (e.g., polybenzimidazole (PBI)) to process a blend -Cast the solution onto a clean and flat surface (e.g., glass/TeflonTM) -Dry it in an oven (preferably under vacuum to avoid bubble formation)

-Add some water/acid to detach the dried membrane from the substrate II. Materials and methods

Reagents

The solvents used for casting the PEMs (Dimethylsulfoxide DMSO, N-Methyl-2pyrrolidone, NMP)

were of "anhydrous" quality (<0.005 % H2O, ≥99.5 % purity, Sigma-Aldrich).

PBI-OO (poly-[(1-(4,4'-diphenylether)-5-oxybenzimidazole)-benzimidazole]) was supplied by Fumatech.

Proton-conducting polymers used within this chapter have been elaborated within this work, their synthesis and characterizations having been described and discussed in Chapters 2 & 3.

Their references (in Chapter 3), names, and chemical structures (Polymer' repeating unit) are reported in the Table IV-1: Table IV-1 Precursor polymers. First P refers to the poly(phenylenesulfide), the number stands for the degree of sulfonation, S refers to sulfonated, P to phosphonated and O to syntheses and characterizations of these polymers are detailed in chapter 3.

In As an illustrating example, the procedure is hereinafter described for the preparation of the membrane starting from P1P (chapter 3, p. 131), see Table IV-1.

In a 5 ml closed vial equipped with a magnetic stirrer, 0.065 g of P1P and 0.5 ml of DMSO were added in a vial. The mixture is stirred until complete solution of the polymer (4h). The solution was then poured within a petri dish and left for 12 hours at 80 °C, followed by an additional 2 hour-long period at 90°C under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) vacuum.

Few drops of a 5 % HCl solution were deposited on the dried membrane thin film to peel it from the Teflon substrate.

b) Sulfonated membranes (P1SM, P2SM, P4SM and P2SOM)

The following procedure described the elaboration of the PEMs starting from P1S, P2S, P4S and P2SO (chapter 3, p. 149), see Table IV- In a 100 ml closed vial equipped with a magnetic stirrer, 1.5 g of P1S and 40 ml of DMSO (40 ml) were added in a vial. The mixture was stirred for 12 h. In the case of P2S, P4S and P2SO different quantities of PBI-OO were added to the solution and the solution was left stirring for another 12h. The solution was then poured on a TeflonTM squared mould (L x l x h =12 cm x 12 cm x 1 cm) and dried 12 hours at 80 °C followed by an additional 2 hour-long period at 90°C under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar) vacuum. Few drops of a 5 % HCl solution were deposited unto the dried membrane thin film to peel it from the Teflon substrate. To calculate the water uptake, membranes were submerged in water during 6h, weighting them before (Wi) in their dry states and afterwards (Wf) in their wet states. When PBI-OO is added, IECCalc. can be tunned by using the chosen quantity of PBI-OO. It is then calculated following the equation IV-3: Experimental IEC values were obtained using a titration method. Membranes were previously pre-treated by placing them in a 5 % HCl solution during 24h. They were then rinsed with bidistilled water (less than 1 µS/cm) until the pH of the rinsing water became neutral.

Characterization

Afterwards the membranes were dried at 80 °C in a convection oven during 12h. They were then weighted and afterwards immersed in 50 ml of saturated NaCl water. The solution was stirred at room temperature for 24h. Titration was then done with 0.1N NaOH, using bromothymol blue indicator to pH 7.

The Experimental Ionic Exchange Capacity obtained by titration is called 𝐼𝐸𝐶𝑇𝑖𝑡𝑟. and calculated from equation IV-4:

𝐼𝐸𝐶 𝑇𝑖𝑡𝑟. = 𝐶 𝑁𝐴𝑂𝐻 𝑥 𝑉 𝑁𝐴𝑂𝐻 -𝑉 𝑁𝐴𝑂𝐻 𝑥 𝑊 𝑃𝐵𝐼𝑂𝑂 𝑊 𝑑𝑟𝑦 𝑥1000 (𝑚𝑒𝑞 𝑔 -1 )

Equation IV-4. Ionic exchange capacity (IEC). IECTitr.= IEC measured using titration method With:

The elaborated membranes are based on phosphonated and sulfonated polymers. 

a) Main issues

The elaboration of PEMs proved to be complex: there were several unsuccessful attempts and numerous issues to address. The initial problem was due to the solubility of the functional polymers in a suitable solvent. Some selected solvents were tried (NMP, DMAc, DMSO). DMSO was the solvent of choice, offering the best possible solubilities. The second main issue was that even when solubility could be reached after gentle heating and stirring, no continuous film was obtained after the evaporation of the solvent (figure IV-5), leaving thin films with cracks till powder with unsatisfactory film integrity and overall poor mechanical properties. The third problem encountered was that when applying the "blend approach" was the phase separation of the partnering polymers during the drying of the processing solvent illustrated in figure IV-5: 

b) Phosphonated Membranes

In the case of the phosphonated membrane (P1PM, see Table IV-2), a brittle membrane was obtained. It was only possible to measure IEC and conductivity on small are (1 cm x 1 cm) samples. Higher Mw was required from the polymer forming this membrane to be mechanically stable. The membrane thickness was targeted to be of ca. 100 µm from the polymer solution content and petri size area (0.01 cm x π x 4 2 cm 2 x 1.3 g/ml). Due to its low film-forming ability and the fact that IEC and conductivity tests did not reach acceptable values, no further membranes were made to elaborate membranes from the P1P phosphonated polymer.

c) Sulfonated Membranes

Different PEMs were elaborated starting from the sulfonated polymers (Table IV-1).

The first membrane (P1SM) was produced from P1S which has one SO3H funtion per repeating unit. IEC calculated was 1.48 and the polymer was insoluble in water, therefore no mixing with PBI-OO was needed. With IEC values at 2, or higher, most polymers become water-soluble and therefore non-compatible with their uses as thin-film membranes within a PEMFC.

The membrane P2SM obtained from P2S (two SO3H function per repeating unit) was proved to be water-soluble after its processing, requiring an optimization of its formulation for its use in a

PEMFC. In such circumstances, one of the most used mitigating polymeric additive is poly(benzimidazole) (PBI) up). However, in this case, a more flexible polymer given by the presence of two thioether bonds, the poly-[(1-(4,4'-diphenylether)-5-oxybenzimidazole)benzimidazole] (PBIOO), was chosen (Figure IV-8, down). Applying this mitigating "blend approach" resulted in film-forming and mechanically stable membranes based on P1S, P2S and P4S and PBI-OO, these membranes were further characterized and the results are described in the next section (chapter 4-III-2).

The membrane P2SOM was obtained from the P2SO (sulfone bridges), it proved to be too brittle (Figure IV-10. A 7 % of PBI-OO content was added with no success, another small sample using 15 % of PBIOO was attempted with no further success. These membranes were not mechanically stable enough to be analysed and no further characterization was done. 

PEM's properties a) Properties at rt

The results of the characterization performed on the membranes are given within Table IV-3: decreasing from 57 % (when using 15 % wt. PBI-OO) to 30 % when using a higher PBI-OO amount ( 22 Because of some time constrictions, further analysis could not be done but the study should be strengthened to evaluate the resilience of the membranes.

c) Membrane surface

The surfaces of the thin-film membrane surfaces were noticed by SEM (Scanning electron microscope) and differences were observed between the side in contact with the Teflon® substrate and the one in contact to the air, the later being the smoothest. (Figure IV-12).

It is due to the imperfections in the Teflon® substrate, while the air side shows a smoother surface. 

I. General Discussion

This work reported the synthesis of new polymers to elaborate proton exchange membranes It is always hard to decide which path to take when you face such a vast field. A hand full of cutting-edge scientific articles are continuously being published as the need for cleaner energy and the need to decrease the dependency on gas and oil resources becomes urgent. Y. Zou et al. 2 explain why a sulfonated aromatic polymer can be seen as a (quasi) ideal materials platform owing to its ease of synthesis from industrial monomers and the possibility to finetune its physicochemical properties by adjusting its chain microstructure or by postfunctionializing its macromolecular backbone. Following this research line, Simari et al. The best phosphonation has been accomplished using TSMP (route II.2.a). Deceptively, a lower phophonation yield than expected was obtained. The phosphonation of fluorinated poly(phenylene sulfone)s yielded a higher degree of phosphonation but this polymer was not kept for the elaboration of PEMs due to its extremely low solubility in organic solvents.

Cast from 10 % w. solution in DMSO, a PEM membrane was obtained with II-1a but both its conductivity and IEC values proved to be low, discarding this PEM for further study under a PEMFC configuration. A higher degree of phosphonation should be envisioned to obtain better membranes but it seems that direct phosphonation on the fluorines does not work well.

A second postfunctionalization approach relying on the sulfonation of the prepolymers has been developped and is schematically rationalized within Figure V-5. 
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 1 Figure V-1. Different materials used for PEMs (CNT: carbon nanotubes; FEP: poly(fluoroethleneco-hexafluoropropylene); GO: graphene oxide; HEP: hexafluoropropylene; NPI: naphthalenic polyimide; P4VP: poly(4-vinylpyrrolidone); PBI: polybenzimidazole; PEI: polyetherimide; PFA: poly(tetrafluoroethylene-co-perfluorovinyl ether); PFCA: perfluorocycloalkene; PFCI: perfluorocarboxylated ionomer; PFSA: perfluorosulfonic acid; PSSA: polystyrene sulfonic acid; PTFE: polytetrafluoroethylene; PVA: polyvinyl alcohol; PVDF: polyvinylidene fluoride; SPAEK: sulfonated poly aryl ether ketone; SPEEK: sulfonated polyether ether ketone; SPPBP: Sulfonated poly(phenoxy benzoyl phenylene); phenylene); and SPSU: sulfonated polysulfone).
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 3 Membranes characterization. First P refers to the poly(phenylenesulfide), number = degree of sulfonation, S refers to sulfonated, P to phosphonated and M to membrane. Finally a, b, c are membranes starting from the same polymer adding different quantities of PBI-OO. Equation II-1. Definition of the dispersity, Ɖ Equation II-2. 𝑀̅ 𝑛 is the number-average molar mass Equation II-3. 𝑀̅ 𝑤 is the weight-average molar mass Equation II-4. Degree of polymerisation (p), with x = average degree of polymerisation, f = monomer unit functionality (number of functional groups per monomer molecule) Equation II-5.Monomer functionality average calculation from Carothers Equation II-6.Degree of polymerisation when all the functionalities of the monomers have reacted Equation II-7.Degree of the reaction with an A 2 B 2 system Equation II-8. Dispersity (Đ) with p being the degree of polymerization, M̅ n the numberaverage molar mass and M̅ w the weight-average molar mass Equation II-9. Base equivalents Equation III-1. Degree of phosphonation Equation III-2.Number of substitutions Equation III-3.Degree of sulfonation Equation IV-1. Water uptake (%) calculation, being Wf = Final weight and Wi = Initial weight Equation IV-2. Ionic exchange capacity (IEC). Unit MM = Polymer unit Molar Mass. Equation IV-3. Ionic exchange capacity (IEC). With : IECPol. = IEC of the polymer calculated using Equation IV-2, WPol. = Weight of polymer used for the membrane, IECPBIOO = IEC of PBI-OO calculated using Equation IV-2, WPBIOO = Weight of PBIOO used for the membrane.
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Figure I- 1 .

 1 Figure I-1. Matrix of energy conversions. In the cases where more possibilities exist, no more than two leading transformations are identified. 1

Figure I- 2 .

 2 Figure I-2. eSCALED project device scheme.

Figure I- 3 .

 3 Figure I-3. Processes involved in the natural (left) vs artificial photosynthesis (right) processes, respectively.

  Figure I-4 shows an evolution of the main source of this energy.

Figure I- 4 .

 4 FigureI-4. Prime mover forces evolution through the last 4000 years.2 

Figure I- 5 .

 5 Figure I-5. Ragone Plot: Comparison of the power versus energy density characteristics of different storage media. Stars represent three commercial examples: yellow star-2008 Toyota Prius; green star-BAE bus; red star-A123 F1 race car booster.3 

Figure I- 6 .

 6 Figure I-6. Grove's gas voltaic battery (1839).

Figure I- 7 .

 7 Figure I-7. Bacon Alkaline fuel cell.

Figure I- 8 .

 8 FigureI-8. PEMFC in the Gemini 7 spacecraft, 1965. (From Smithsonian Institution, neg. EMP059020, from the Science Service Historical Images Collection, courtesy of NASA).14 

•

  Low operating temperature fuel cells ➢ Alkaline Fuel Cell (AFC) ➢ Polymer Electrolyte Fuel Cell (PEFC), finding as a subgroup: ▪ Proton-exchange Membrane fuel cell (PEMFC) ➢ Direct Methanol Fuel Cell (DMFC) ➢ Phosphoric Acid Fuel Cell (PAFC).

I

  have focused on PEMs (Proton-exchange membranes) which are used for PEM electrolysis, PEMFC, and DMFC. The relation between PEMFC and PEM electrolysis can be observed in the schematic representation in Figure I-9:

Figure I- 9 .

 9 Figure I-9. PEM electrolysis and PEMFC. 17

  The global PEMFC market size was worth ca. €1.85 billion in 2021 and according to different market studies, it is expected to reach a value of €22 billion in 2028 meaning it will have CAGR (cumulative aggregated growth) of ca. 40 % in the 2021-2028 period.[18][19] This surge is mainly due to the growth of zero-emission vehicles being sponsored by government initiatives in the search of cleaner and both environmental and health-safe methods for transportation. The only gas the Fuel cell electric vehicles (FCEV) emit is water steam therefore being completely harmless for health in the cities contrary to diesel/petrol-powered vehicles which emit CO, CO2, SOx, NOx and many other pollutants. PEMFCs are used both in stationary facilities and for transport vehicles, as seen in the following FigureI-10: 

Figure I- 10 .

 10 Figure I-10. Use of PEMFC divided in transport and stationary cells.

Figure I- 11 .

 11 Figure I-11. Source International Energy Agency (IEA). 20 One of the main debates is whether PEMFC are feasible for cars from the economic point of view as they need a new supplying hydrogen grid while Electric vehicles (EV) require only an electric charging point, the electric grid being already set-up. T. Larriba et al. pointed out in their study the main advantages of PEMFC based vehicles: a much lower refuelling time, a closer to nowadays refuelling times, and the higher performance under freezing conditions compared to electric batteries-based vehicles. 21 The two main drawbacks apart from the infrastructure are the high price of the FCEV and the high cost of hydrogen which makes the price per km to be double compared to the EV. In the next Figure I-12 a schematic representation of a FCEV is shown:

Figure I- 12 .

 12 Figure I-12. Schematic representation of a Fuel cell electric vehicle (FCEV) 22

  Figure I-9, the only waste released after the reaction is water being a completely non-polluting reaction by itself. It is a rising multidisciplinary research field, having attracted researchers with various backgrounds and witnessed a rapid growth and increasing expansion of the field. Ion exchange membrane publications has boomed in the last 20 years, growing from ca. 12,000 to more than 30,000 27 . Nonetheless the current SoA proton-exchange membrane remains Nafion© which was discovered in the 1960s by Walter Grot who worked for DuPont. Nafion© itself, has a market size in 2022 close to €800 million. 28 The Nafion© membrane consists of a poly(tetrafluoroethylene) backbone and regular spaced long perfluorovinyl ether pendant side-chains terminated by a sulfonate ionic group. The chemical formula is shown in Figure I-13:

Figure I- 13 .

 13 Figure I-13. Nafion structure.

  of each conductivity mechanism. The three mechanisms are: -Grotthuss mechanism -Bulk transport or vehicle mechanism (figure I-14) -Surface transport mechanism (figure I-14)

  The third proposed mechanism is the surface transport mechanism(Figure I-14) in which protons jump from adjacent sulfonic/phosphonic groups creating proton channels inside the membrane. A higher number of channels will increase the proton conductivity(Figure I-14).

Figure

  Figure I-14. Proton transport mechanisms.

  . Acidic groups comparison. 35 * Anydrous form, ** per 100 g solution at RT

  Figure I-15, c). An additional benefit of hydrogen bond networks of phosphonic acid groups (Figure I-15 c) is the possibility of cooperative proton transport phenomena. Therefore phosphonic acid-containing polymers have found applications as proton conductors in fuel cell membranes.[START_REF] Schuster | About the choice of the protogenic group in PEM separator materials for intermediate temperature, low humidity operation: A critical comparison of sulfonic acid, phosphonic acid and imidazole functionalized model compounds[END_REF] 

Figure I- 15 .

 15 Figure I-15. Hydrogen bonds formation among acidic groups.

Figure

  Figure I-16 show the range at which most common PEMs are used.

Figure

  Figure I-16. Membranes conductivity type vs T. 60

(

  ii) Polycondensation of 4,4'-thiobisbenzenethiol and phosphonated octafluorobiphenyl……………………………………………………………………….………...87 l) Polymerization of disodium 3,3´-disulfonate-4,4´-difluorodiphenylsulfone and 4,4'thiobisbenzenethiol .........................................................................................................87 3. Technics ..............................................................................................................................88 g) Microwave reactor...........................................................................................................88 h) IR spectroscopy ................................................................................................................88 i) NMR spectroscopy .......................................................................................................

  chemicals exhibit the same chemical composition with different molecular weights. It took almost a century, up to 1920 before the modern concept of polymer (being a macromolecule with giant molecular weights and made up of repeating units) was proposed by Hermann Staudinger 2 .

  proposed (Figure II-1):

Figure II- 1 .

 1 FigureII-1. Poly(ethylene oxide) formula according to Lourenço.5 

  of monomers, polymers, and on the occurrence of side-products of low molar mass produced during the polymerization process. The last occurs within the condensation polymerization, e.g. with the production of water when acid and alcohol are used as monomers. It should be admitted that Carothers definition remained incomplete as the mechanism was not fully studied and completely understood at that time. In 1953 Paul J. Flory distinguished the stepgrowth from the chain polymerization processes (Figure II-2, right). In the latter, a polymer is obtained after different steps occurring during the reaction, while in step polymerization, similar and concomitant steps are defined during the process (Figure II-2, left).

Figure II- 2 .

 2 FigureII-2. Schematic schemes of step growth (left) and chain growth (right) polymerization processes 7 , •: monomer, ─: covalent bond, I: initiator, X: species present in the reaction system(e.g. monomer, solvent, additives, polymer chains…). The * indicates that the species is activated.

  Figure II-2 give a high quantity of Ni with a high range of Mi. At the same time, conversion must reach almost 100 % to obtain a high 𝑀̅ ̅ 𝑊 while in a chain-growth mechanism, high 𝑀̅ ̅ 𝑊 are reached without the need of a high conversion rate of the monomer (Figure II-3).

Figure II- 3 .

 3 FigureII-3. Average 𝑀̅ 𝑤 vs monomer conversion for both chain-growth and step-growth polymerizations.10 

Figure II- 4 .

 4 FigureII-4. Hydrolysis of an ester. R1 and R2 being parts of the polymer, ending in two separate molecules when hydrolysis occurs.

Figure II- 5 .

 5 Figure II-5. Structures of Nafion® & Aquivion®, two polymers for PEMs. 16

  It was decided to choose decafluorobiphenyl as one of the comonomers to perform polycondensation as it offers the possibility of multiple substitutions of its fluorine atoms and at the same time will be the hydrophobic part of the polymer, which is needed to work in an aqueous environment. Additionally, instead of having an ether chemical group like in Nafion® & Aquivion®, the thioether bridge C-S-C is targeted. After the synthesis of these polymers, PEM will be synthesised and their properties compared to those of Nafion® referred as our standard material. The targeted polymers were chosen from the works developed by the Kerres group in university of Stuttgart 17 . The choice of the comonomers was based on the findings from Schuster et al. who have proved that the use of arylene ionomers connected by sulfones (-SO2-groups) had a high thermooxidative and hydrolytic stability. 18 Following this concept and the work of S. Takamuku about hypersulfonated polyelectrolytes, it was decided to start with the 4,4´thiobisbenzenethiol (TBBT) and the decaflurobiphenyl (DFBP) substrates for the polycondensation reaction (Figure II-6). TBBT is a bi-functional monomer with two S-H terminal groups, while DFBP has 10 reactive fluorine atoms. It should be mentioned that the fluorines in para positions are expected to be the most reactive ones and lead to a linear polymer.

Figure II- 6 .

 6 Figure II-6. Decafluorobyphenyl (DFBP) and 4,4'-Thiobisbenzenethiol (TBBT) comonomers.

- 5 )

 5 proposed by Carothers is the following: 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝐴 𝑢𝑛𝑖𝑡 × 𝑚𝑜𝑙 𝑜𝑓 𝑢𝑛𝑖𝑡 𝐴 + 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝐵 𝑢𝑛𝑖𝑡 × 𝑚𝑜𝑙 𝑜𝑓 𝑢𝑛𝑖𝑡 𝐵 𝑓𝑎𝑣 = 𝑚𝑜𝑙 𝑜𝑓 𝑢𝑛𝑖𝑡 𝐴 + 𝑚𝑜𝑙 𝑜𝑓 𝑢𝑛𝑖𝑡 𝐵 Equation II-5.Monomer functionality average calculation from Carothers 20

  negligible and the extent of polymerisation turns into equation II-6:2 𝑝 = 𝑓𝑎𝑣Equation II-6.Degree of polymerisation when all the functionalities of the monomers have reacted.

  6 meaning that the theoretically limiting yield of the reaction would be 60 %. In other words, gelation (cross-linking) would occur starting at 60 % yield.If linear (non-crosslinked) and only the para positions (p-position) are now considered, being the most favourable ones to react, the system could be assimilated to an A 2 B 2 system.Equation II-4 turns to equation II-7.

  1 it can be observed the average value of monomer units in a polymer molecule is initially 1 when the extent of the polymerization is 0 (meaning it hasn't started) and how it increases exponentially when high degrees of polymerization are reached. This simple demonstration highlights the fact that a slight change in the monomer reactivity and/or monomer ratio hugely affects the mass-average molar mass to be obtained (Figure II3, step growth). 21 (Figure II-7) reports the polycondensation reaction of TBBT and DFBP considering the pposition of decafluorobyphenyl as the only position to react. This higher reactivity of the pposition has been observed in several polycondensation reactions like the ones observed by Tkachenko et al. 22 or Li et al. 23 for the preparation of fluorinated poly(arylene ether)s or Xu et al. 24 for the synthesis of poly(arylene ether sulfone).

Figure II- 7 .

 7 Figure II-7. Polymerization of Decafluorobiphenyl (DFBP) and 4,4'-Thiobisbenzenethiol (TBBT).

  Figure II-8 and Figure II-9) a map of our whole strategy for the polymerizations is reported. The next paragraphs will sort out each one of these polymerizations and detail all the steps taken. Within Figure II-8 the synthesis access to polyfluorothioethers prepolymer is shown, i.e. the polycondensation of decafluorobyphenyl (DFBP) and biphenyl or bialkyl thiol derivatives.

Figure II- 9 .

 9 Figure II-9. Polymerisation of di-functionalised monomers with TBBT and their polymer structures.

a)

  Polycondensation of decafluorobiphenyl and 4,4'-thiobisbenzenethiol (i) Polycondensation by the "conventional heating" method Within a typical procedure, the glassware is dried at 100 °C for 1h right before the reaction. 4,4'-Thiobisbenzenethiol (TBBT, 10.22 g, 0.04mol), decafluorobiphenyl (DFBP, 13.50 g, 0.04 mol) and the K2CO3 (33.17 g, 0.024 mol) are added in a 250 ml three neck round bottom flask, equipped with a reflux condenser and an argon inlet. The reagents are stirred under argon for 30 min in 100 ml of dimethylacetamide (DMAc) which is slowly added via syringe. Concentrations of TBBT and DFBP are 0.4 M. The reaction mixture is heated up to 100 °C and left 6h for under stirring. During the process, the solution becomes viscous and the solution turned to dark orange. After 6h additional DFBP (0.5 g, 0.002 mol) dissolved in 5 ml of DMAc is added into the reaction mixture and the reaction is left under stirring at 100 °C for one additional hour. The viscous solution is cooled down at room temperature and then poured on 1.5 L of distilled water and 200 ml of 96 % sulfuric acid is slowly added to the medium. The final polymer is left under stirring overnight, filtered out, and washed with distilled water several times until the filtrated water had neutral pH, measured by pH indicator paper-strips.The polymer is then added to 200 ml of isopropanol (>99 %) and left under stirring overnight before being filtered again and dried at 60 °C under vacuum (2 x 10 -3 mbar) (yield >92 %). 1 H NMR δH (400 MHz; CDCl3) 7.41 (d, J 8.26 Hz, H1), 7.29 (d, J 7.79 Hz, H2); 19 F NMR δF (235 MHz; CDCl3) -136.8 (Fa), -131.7 (Fb).

5 L

 5 FigureII-12. Polymerization of decafluorobiphenyl and biphenyl-4,4'-dithiol 

Figure

  FigureII-14. Phophonated octofluorobiphenyl 

  [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] C and 19 F NMR spectra were recorded on a Bruker Avance 400 spectrometer using deuterated dimethyl sulfoxide (DMSO-d6) or chloroform (CDCl3) solvents at RT. d) Size-Exclusion Chromatography (SEC) Used in ICVT (University of Stuttgart): An Agilent Technology SEC system (Series 1200) coupled with a viscosity detector (PSS ETA-2010) and a refractive index detector (Shodex RI71). A set of three PSS GRAM columns (30, 3000, 3000 Å) was used and calibrated with a series of polystyrene standards in N,N-dimethylacetamide (DMAc) containing 5 wt.% LiBr. All the samples were filtered by a Whatman syringe filter over a microporous PTFE membrane (1.0 µm, Whatman 6878-2510) before injecting into the column system. Used in IPREM (UPPA): Molar masses and molar masses distributions were determined by GPC in THF on Waters pump model 515, detectors: RI ERC-101 and UV-VIS Soma S-3702 (254 nm), temperature: 30 °C, standard: polystyrene, concentration: 2 g/l, flow rate: 1.0 ml/min, columns: SDV 106, SDV 104 and SDV 500. e) Thermal analysis The thermal stability of the polymers was determined by thermogravimetry (TGA, Netzsch, model STA 449C) with a heating rate of 20 °C /min under an oxygen-enriched atmosphere (65performed in University of Stuttgart at the institute of Organic Chemistry. A Elemental Analyzer Model 1106 from Carlo Erba Strumentazione was used.1. Polycondensation of decafluorobiphenyl and TBBT a) Polymerization optimization In this first attempt, the polycondensation of the functional monomers decafluorobiphenyl and 4,4'-Thiobisbenzenethiol was tested. Two different energy activation systems were tested for the polymerization, conventional heating and microwave irradiation.

Figure

  Figure II-16. Mw vs K2CO3 eq./Temperature

  2) which is relatively close to the value of 2.0 which is the expected for a complete polycondensation polymerization. Larger amount of K2CO3 (over 4.0 eq.) was not possible due to the fact that this base is insoluble in the solvent of the reaction (DMAc) and the mechanical stirring becomes not efficient enough to ensure the control of the process, and crosslinking and insoluble cross-linked gel was obtained(Figure II-17). Therefore K2CO3 was kept at an excess of 3.0 eq.

Figure

  FigureII-17. Polymerization under conventional heating at 80 °C using 4.0 eq. of K2CO3 (left picture) and 5.0 eq. of K2CO3 with gelformation (right picture).

  1) was initially equal to DFBP:TBBT=1:1. To target fully end-fluorinated phenyl terminations (figure II-25) and favour further substitution, an extra 4 % (giving a total ratio of DCFB:TBBT=1.04:1) of DFBP at the end of the reaction was added dissolved in DMAc (0,3M) after 6h of polymerization. The reaction was followed by checking the precipitation in water and afterwards the product was characterized by NMR. The reactions were left one more hour at the reaction temperature to give a symmetric telechelic linear polymer with polyfluorinated phenyl terminations. Therefore all further reaction were done at 100 °C for 6+1h and DCFB:TBBT=1.04:1.

Figure

  Figure II-18. Polyfluorinated poly(phenylenesulfide) with polyfluorinated phenyl terminations.

(

  6+1)h and DCFB:TBBT=1.04:1 (P6 shown in Figure II-19).

Figure

  Figure I I -19 . P6 Fluorinated polythioether polymer precipitation in acidic medium (left) and P6 after dryin g

Figure

  Figure II-20 reports the results in terms of molar masses and dispersity. The shape of the curve shows a normal distribution having low number of high and low Mw polymers.

Figure

  Figure II-20. SEC curve of P6

Figure

  Figure II -2 1 . 1 H NMR P6

Figure

  Figure III -23 . 19 F NMR Decafluorobiphenyl

Figure

  Figure II-24. TGA P6 Polyfluorinated sulphide polymer

Figure

  Figure II-25. Polymerization of decafluorobiphenyl and TMSTB to obtain polyfluorinated poly(phenylene sulfide)

(

  Figure II-27) being found, to the best of our knowledge. Only self-assembled layers of biphenyl-4,4'-dithiol have been proposed by T. Browser et al.[START_REF] Kerres | Preparation and characterization of new Sulfonated partially fluorinated Polyarylenesulfones and their Blends With Polybenzimidazole[END_REF] as a way of having organic thin films.

Figure II- 27 .

 27 FigureII-27. Polymerization of decafluorobiphenyl and byphenyl-4.4'-dithiol 

Figure

  FigureII-28. Polymerization of decafluorobiphenyl and hexane-1,6-dithiol 

Figure

  Figure II-29. 1 H NMR polyfluorinatedbyphenyl hexanesulfide alt-polymer

FigureFigure

  Figure II -3 0 . 1 9 F NMR polyfluorinated hexanesulfide

Figure II- 33 .

 33 FigureII-33. Polymerization of TBBT and 4,4'-phosphonatedoctafluorobiphenyl 

Figure II- 34 .

 34 Figure II-34. Phosphonation of decafluorobiphenyl monomer

Figure II- 35 .

 35 Figure II-35. Phosphonated decafluorobiphenyl monomer. 19 F NMR (Figure II-36) showed phosphonation in the para-position (4,4'-position) (red spectra) with no residual decafluorobiphenyl (blue spectra) peaks at -138.65 ppm, -149.90 ppm and 160.85 ppm. The peaks of the substituted monomer appear at -132.0 ppm and -137.8 ppm confirming the success of the phosphonation, no Fluoride peak in the para position appeared in the 19 F NMR spectrum.

A

  few smaller peaks (<0.5 %) appeared between -100 ppm and -113 ppm indicating that there are minor substitutions of the Fluorine atoms also in the orto and meta position in the phosphonated monomer. This phosphonation proves the higher reactivity of the paraposition when compared to the attempts of phosphonation in the meta or orto position

Figure II- 36

 36 Figure F NMR decafluorobiphenyl, phosphonated octofluorobiphenyl, fluorinated poly(phenylenesulfide)s and biphosphonated hexafluorinated poly(phenylsulfide)s

Figure

  Figure II-37. 1 H NMR biphosphonated hexafluorinated poly(phenylsulfide)s

Figure

  FigureII-38. Polymerization of disodium 3,3´-disulfonate-4,4´-difluorodiphenylsulfone and TBBT The reaction mixture was heated up to 160 °C and a change in colour in the reaction medium was observed. Brownish insoluble pellets were obtained under which no analyses could be conducted. The main hypothesis is that heating up to 160 °C induce uncontrolled polymerization as well as cross-linking which could cause the insolubility of the obtained polymer. Reaction was not repeated as other paths for further sulfonation starting from a high Mw and limited D prepolymer were explored. Further research should be engaged to assess the viability of this synthetic path.

Figure

  FigureII-39. Scheme of polymerizations, in italic, the paragraph number where the experimental protocol is described, above the arrows, the paragraph number where the polymerization is discussed. Plain and dashed arrows for successful and unaccomplished pathways.

functionalization…………………………………………………………………………………………149d.

  Conclusion of phosphonations .......................................................................151 2. Sulfonations ..........................................................................................................152 a. Sulfonation of fluorinated poly(phenylenesulfide)s using sodium hydrosulfide………………………………………………………………………………………………..153 b. Sulfonation of fluorinated poly(phenylenesulfide)s using sodium sulfide .....154 c. Sulfonation of fluorinated poly(phenylenesulfide)s using lithium sulfide .....157 d. Sulfonation of fluorinated poly(phenylenesulfide)s using sulphuric acid ......158 e. Sulfonation of fluorinated poly(phenylenesulfide)s using 3-Mercaptopropane-1sulfonate ........................................................................................................159 f. Sulfonation of fluorinated poly(phenylenesulfone)s using Sodium 3-Mercaptopropane-1-sulfonate ..................................................................... 165 g. Conclusion of sulfonation.............................................................................. 170 IX. Conclusions ......................................................................................................... 171 X. References .......................................................................................................... 173 This chapter is dedicated to the different synthetic paths to functionalize the polymers synthesised in chapter 2 and make them suitable to be used to produce Proton exchange Membrane (PEM) for fuel cells. After an introduction, the functionalization process is explained. The different functionalization pathways are accomplished with the characterization of the produced functionals obtained before closing this chapter with the conclusions.
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 8 polymer backbone. It could be inspired from the work of Stone et al. 7 with the synthesis of dimethyl phosphonate-4-substituted α,β,β-trifluorostyrene (Figure III-1a), the synthesis of poly(vinyl phosphonic acid) (PVPA) proposed by A. Bozkurt et al. Figure III-1b) or the synthesis of phosphonated poly(ether ether ketone) (PPEEK) (Figure III-1c) performed by S. Bano et al. 9 These phosphonated polymers can be classified according to polymer chain microstructure being an aliphatic backbone with aromatic phenyls (Figure III-1a), aliphatic (Figure III-1b) or aromatic (Figure III-1c) backbone. it can also be separated according to whether it is fluorinated (Figure III-1a) or non-fluorinated (Figure III-1b,c). Fluorinated polymers offer the advantage of bearing electro-withdrawing F -groups that increase the acidity of the phosphonic acid.Aromatic and aliphatic moieties, on the other hand, influence the mechanical properties of the polymer.

Figure III- 1 .

 1 Figure III-1. Dimethyl phosphonate-4-substituted α,β,β-trifluorostyrene (up-left), PVPA (up-right) and PPEEK (down).

Figure III- 2 .

 2 Figure III-2. Phosphonic acid anyhidride formation 12 .

  figureIII-3: 

Figure III- 3 .

 3 Figure III-3. Some examples of sulfonated polymers presented in J. Ran et al. review of Ion exchange membranes 17 .

Figure III- 4 .

 4 Figure III-4. Phosphonation paths of poly(phenylesulfide).

  %), lithium Nitrate (LiNO3, 99.99 %) and 1,8-diazabicyclo[5.4.0]undec-7ene (DBU, 98 %), decafluorobiphenyl (99 %), tris(trimethylsilyl)-phosphite (TMSP) (≥95 %) and dimethylphosphite (98 %). Distilled water was used for the precipitation and cleaning of the polymer, respectively. DMSO-d6), 7.35 (broad peak), 5.40 (broad peak corresponding to the phosphonic protons); 19 F NMR δF (235 MHz; DMSO-d6) -137.0,

3 Figure III- 7 .

 37 FigureIII-7. Phosphonation of fluorinated poly(phenylenesulfide)s using dimethyl phosphite.

  b. Phosphonation of fluorinated poly(phenylenesulfone)s b.1. Oxidation of sulphides to sulphones

Figure III- 8 .

 8 Figure III-8. Oxidation of polyfluorinated poly(phenylene sulfide) to polyfluorinated poly(phenylene sulfone).

Figure III- 9 .

 9 Figure III-9. Phosphonation of fluorinated poly(phenylenesulfone)s.

  Figure III-11. Sulfonation of fluorinated poly(phenylenesulfide)s using NasS.

Figure III- 12 .

 12 Figure III-12. Sulfonation of fluorinated poly(phenylenesulfide)s using Li2S.

Figure III- 13 .

 13 Figure III-13. Sulfonation of fluorinated poly(phenylenesulfide)s using H2SO4.

g.

  Figure III-14. Sulfonation of fluorinated poly(phenylenesulfide)s using Sodium 3-mercapto-1-propanesulfonate.

  SEC line (Series 1200) coupled with a viscosity detector (PSS ETA2010) and a refractive index detector (Shodex RI71) was used. A set of three PSS GRAM columns(30, 3000, 3000 Å) was used and calibrated with a series of polystyrene standards in N,Ndimethylacetamide (DMAc) containing 5 wt.% LiBr. All the samples were filtered by a Whatman syringe filter over a microporous PTFE membrane (1.0 µm, Whatman 6878-2510) before injection. Used in IPREM (UPPA): Molar masses and molar mass distributions were determined by SEC in THF on Waters pump model 515, detectors: RI ERC-101 and UV-VIS Soma S-3702 (254 nm), temperature: 30 °C, standard: polystyrene, concentration: 2 g/l, flow rate: 1.0 ml/min, columns: SDV 106, SDV 104 and SDV 500. e. Thermal analysis The thermal stability of the polymers was determined by thermogravimetry (TGA, Netzsch, model STA 449C) with a heating rate of 20 °C /min under an oxygen-enriched atmosphere (65-70 % O2, 35-30 % N2). f. Elemental Analysis Elemental analysis was performed in the University of Stuttgart at the institute of Organic Chemistry onto an elemental Analyzer Model 1106 from Car. III. Results and discussion 1. Phosphonations Two different phosphonations were investigated using phosphonation agents. A phosphonation of fluorinated poly(phenylenesulfide)s (P6) and a phosphonation on a fluorinated poly(phenylenesulfone)s (P6_OX) were carried on. The objective was to obtain a highly phosphonated conducting polymer from which a proton conducting membrane could be processed and used in PEMFC at 100 °C. In the following section, the results of these attempts are discussed. a. Phosphonation of fluorinated poly(phenylenesulfide)s (i) Strategy 1 Complete phosphonation of P6 was attempted using an excess of TMSP (10 eq.). The first trails were conducted using conventional heating (Figure III-17), conventional heating having the advantage of being scalable and easier to control when compared to microwave heating.

Figure

  Figure III-17. Phosphonation using strategy 1 (conventional heating).

Figure

  Figure III-18. 19 F NMR phosphonated poly(phenylenesulfide)s 1 H NMR (figure III-19) showed a broad peak at 5.45 ppm that corresponds to the acidic protons of the PO3H2. The doublet previously seen in the prepolymer had turned into a broad peak around the same values (7-7.5 ppm).

Figure

  Figure III-19. 1 H NMR phosphonated poly(phenylenesulfide)s.

Figure III - 2

 2 Figure III -2 0 . 19 F NMR phosphonated poly(phenylenesulf id e)s .

b.

  Phosphonation of fluorinated poly(phenylenesulfone)s : step1, Oxidation of sulfides to sulfones There are many reasons why it was considered oxidation of the sulfide linkages (-S-) to sulfone linkages (-SO2) before further functionalization. According to the literature, the poly(phenylene sulfone)s show very high thermal, thermooxidative and hydrolytic stabilities, low solubility, and reduced swelling in water when compared to the poly(phenylene sulphide)s.19 Oxidizing the sulphide bonds will turn the aromatic groups more electron deficient and this can have positive effects for the polymer we are looking for as it would increase its proton mobility. As explained by A. Chromik et al 20 , an electron-deficient aromatic polymer building block will lead to a higher dissociation degree of a SO3H group, which is associated with a higher proton conductivity. G. Tivinidze 21 pointed out how the poly(phenylene sulfone)s preserve its properties in the membrane in the hydrophilic domain leading to a low electroosmotic water drag. It was expected that having a sulfone instead of a sulfide next to the fluorinated phenyl would allow for an easier substitution in the Fluorine atoms due to the electron density in the fluorinated phenyl.Three different oxidations routes were followed and are reported within FigureII-22. 

Figure

  Figure III-22. Oxidation of poly(phenylenesulfide)s scheme.

Figure

  Figure III-24. Oxidation of P6, from sulfide to sulfone.

  Thermogravimetric coupled with IR analyses Thermogravimetric analysis of P6-Ox1 is reported in Figure III-25. Sulfur trioxide (SO3, red line) and carbon monoxide (CO, black line) were captured during the thermal decomposition of the polymer.

Figure

  Figure III-25. TGA fluorinated poly(phenylene sulfone)s. P6_Ox1.

c.

  Figure III-26. Phosphonation of fluorinated poly(phenylenesulfone)s.

Figure III- 27 .

 27 Figure III-27. Phosphonation presented by V. Atanasov.

1 H

 1 FigureIII-29. Scheme of all phosphonation in italic, the paragraph number where the experimental protocol is described, above the arrows, the paragraph number where the polymerization is discussed.

Figure

  Figure F NMR phosphonated poly(phenylenesulfone)s .

Figure III- 30 .

 30 Figure III-30. Polymerization and Sulfonation done by S. Takamuku et al. (left), polymerization and sulfonation done in this thesis.

Figure III- 33

 33 Figure F NMR spectrum obtained after attempted sulfonation.

Figure III- 34 .

 34 Figure III-34. Solution after sulfonating using Na2S

Figure III- 35 .

 35 Figure III-35. Sulfonation of fluorinated poly(phenylenesulfide)s using Li2S.

Figure

  Figure III-37. 1 H NMR of polymer obtained after sulfonation with H2SO4.

Figure

  FigureIII-39. Dried sulfonated polymer. 

  Figure III-40 (a) reports this kinetic study when using 8 eq. and leaving the reaction at room temperature during 72 h. In figureIII-40 (b) the results of the addition of different equivalents of sodium 3mercaptopropane-1-sulfonate vs. the degree of sulfonation for 6 hours are shown. There is almost a 50 % degree of sulfonation, meaning that we must double the sodium 3-Mercaptopropane-1-sulfonate eq. to obtain the desired degree of substitution. It can be due to partial deactivation of the sodium 3-Mercaptopropane-1-sulfonate.

Figure

  FigureIII-40. Kinetic study of sulfonation (a, left graph), 8eq. of DBU used, rt, 72h. Sulfonation eq. vs sulfonation degree(b, right graph), 6h, rt. 

The 19 F

 19 NMR spectrum shows the evolution of the peaks in line with the increase in the sulfonation (Figure III-41). In the first spectra (a) two peaks are observed corresponding to the Fluorine atoms in the polymer backbone before any functionalization. With the first sulfonation (b) new peaks appeared drifting 4ppm from the original peaks and the emergence of new peaks between 95 and -105 ppm is observed. As the sulfonation degree increases to 2-3 (c) a decrease in the initial peaks is observed. When the degree of sulphonation reaches 4 (d), no more F-Car-Car-F is left and therefore no more peaks below -105 ppm are observed.

Figure

  Figure F NMR polymer with increasing levels of sulphonation.

Figure

  Figure III-42. TGA Backbone polymer/Sulfonated polymer.

Figure

  FigureIII-43. FTIR sulphonated polymer. 

  Figure III-44. Sulfonation of fluorinated poly(phenylenesulfone)s using Sodium 3-Mercaptopropane-1-sulfonate

Figure

  Figure III-45. Synthesis pathway for the preparation of sulfonated poly(ether ether sulfone) proposed by G. Summers et al.

1 H

 1 Figure III-46. 1 H NMR spectrum of partially sulfonated poly(phenylenesulfone)s using Sodium 3-Mercaptopropane-1sulfonate.

3

  Figure F NMR spectrum of partially sulfonated poly(phenylenesulfone)s using Sodium 3-Mercaptopropane-1sulfonate.

Figure

  FigureIII-48. Plausible interchain crosslinking between two neighbouring partially sulfonated chains.

Figure

  Figure III-51. Scheme of sulfonations with final products selected for the membrane elaboration.

  state of the art Membranes are present in every single living organism; understanding how these thin layers worked in cells, plants, and other organisms helped elaborate synthetic membranes from synthetic materials in the twentieth century. The first PEM to be used in an operational system was built by General Electric Co. (a 1 KW power plant) 1 and relying on poly(styrene sulfonic acid) (PSSA), Figure IV-1:

Figure

  Figure IV-18. First operational PEM making use of poly(styrene sulfonic acid), PSSA 2 .

  1, and Poly-[(1-(4,4'-diphenylether)-5oxybenzimidazole)-benzimidazole] PBI-OO (figure IV-3).

1 .

 1 Water uptake (%) calculation, being Wf = Final weight and Wi = Initial weight.

IV- 2 .

 2 FigureIV-4.P1S and P2S, fluorinated sulfonated poly(phenylenesulfide).

  𝐼𝐸𝐶 𝐶𝑎𝑙𝑐. = 𝐼𝐸𝐶 𝑃𝑜𝑙. 𝑥 𝑊 𝑃𝑜𝑙. -𝐼𝐸𝐶 𝑃𝐵𝐼𝑂𝑂 𝑥 𝑊 𝑃𝐵𝐼𝑂𝑂 𝑊 𝑃𝐵𝐼𝑂𝑂 -𝑊 𝑃𝑜𝑙. Equation IV-3. Ionic exchange capacity (IEC). With : IECPol. = IEC of the polymer calculated using Equation IV-2, WPol. = Weight of polymer used for the membrane, IECPBIOO = IEC of PBI-OO calculated using Equation IV-2, WPBIOO = Weight of PBIOO used for the membrane.

  For the later, we have chosen to add polymer additive, triggering the formation of supramacromolecular complexes (through acid-base interactions of the two partners, leading to an iconic crosslinking) within the blend. The right choice of the polymer additive allows for an efficient mitigation strategy to fight against the deleterious solubilisation of the processed membranes in water. Discussed by J.Kerres 8 , this "blend" strategy has been successfully applied to elaborate membranes showing superior mechanical and thermal stability of the one based on the supramacromolecular complexes than from the one based on the sole polymers bearing SO3H and PO(OH)2 functional groups.

Figure IV- 3 .

 3 Figure IV-3. Scheme of ionically cross-linked acid-base blend membranes 9 .

Figure IV- 5 .

 5 Figure IV-5. No film formation after evaporation of the solvent

Figure IV- 6 .

 6 Figure IV-6. Film with phase separation after evaporation of the solvent.

Figure IV- 7 .

 7 Figure IV-7. Swollen film with few ml of H2O added to keep the membrane hydrated.

Figure IV- 8 .

 8 FigureIV-8. PBI and PBI-OO chemical formulas. 

Figure IV- 9 .

 9 Figure IV-9. P4SM-a membrane.

Figure IV- 10 .

 10 Figure IV-10.P2SOM membrane.

  % wt. PBI-OO) b) Conductivity vs. temperature Conductivity change vs. temperature was analyzed for P1SM, P2SM and P4SM and comparedto Nafion® 212, chosen as a reference material for PEM. The conductivity values fall in the range of 14-90 mS/cm at 30 °C and 52-133 mS/cm when the temperature was increased up to 90 °C. P4SMa was chosen as having the highest conductivity at room temperature compared to P4SM-b and P4SM-c (179 vs. 136 and 64 mS/cm respectively). It was observed that the conductivity increases with the temperature and the best result is obtained for the membrane obtained from the highest substituted polymer P4S. P2SM has similar conductivity to Nafion® 212 while P1SM clearly exhibits a lower conductivity. P4SMa has an initial higher conductivity than Nafion® 212, but when measuring values from 90 °C to rt a decrease of conductivity under 70 °C is observed(Figure IV-11). This behavior is called hysteresis, it is due to the dependence of the properties of a system on its history, in this case the increase of temperature.

Figure IV- 11 .

 11 Figure IV-11. Membrane Conductivity vs. temperature.

Figure IV- 12 .

 12 Figure IV-12. Membrane 12x12 cm 2 . P4SMa SEM x 1K, Teflon® side (left), Air-side (right).

Figure IV- 13 .

 13 Figure IV-13. Membrane 12x12 cm. P4SM-a SEM x50. P4SM-a SEM x1.5k.

(

  PEMs) from the (macro)molecular engineering and syntheses of these functional polymers, through the elaboration process of PEMs till the characterization of their properties as thin film membranes as well as within Proton-Exchange-Membrane Fuel Cells (PEMFCs). The first main discussion deals with the choice of (co)monomers for obtaining high performance functional polymers showing both high and long-lasting proton conductivity and mechanical stability. As shown in Figure V-1, the landscape of polymeric materials developed and used till date as PEMs for low-temperature PEMFC is vast, with many different families.

Figure V- 1 .

 1 Figure V-1. Different materials used for PEMs (CNT: carbon nanotubes; FEP: poly(fluoroethlene-co-hexafluoropropylene); GO: graphene oxide; HEP: hexafluoropropylene; NPI: naphthalenic polyimide; P4VP: poly(4-vinylpyrrolidone); PBI: poly(benzimidazole); PEI: poly(etherimide); PFA: poly(tetrafluoroethylene-co-perfluorovinyl ether); PFCA: perfluorocycloalkene; PFCI: perfluorocarboxylated ionomer; PFSA: perfluorosulfonic acid; PSSA: poly(styrene sulfonic acid); PTFE: poly(tetrafluoroethylene); PVA: poly(vinyl alcohol); PVDF: poly(vinylidene fluoride); SPAEK: sulfonated poly(arylether ketone); SPEEK: sulfonated poly(ether ether ketone); SPPBP: Sulfonated poly(phenoxy benzoyl phenylene); and SPSU: sulfonated poly(sulfone).1

1

 1 Figure V-1. Different materials used for PEMs (CNT: carbon nanotubes; FEP: poly(fluoroethlene-co-hexafluoropropylene); GO: graphene oxide; HEP: hexafluoropropylene; NPI: naphthalenic polyimide; P4VP: poly(4-vinylpyrrolidone); PBI: poly(benzimidazole); PEI: poly(etherimide); PFA: poly(tetrafluoroethylene-co-perfluorovinyl ether); PFCA: perfluorocycloalkene; PFCI: perfluorocarboxylated ionomer; PFSA: perfluorosulfonic acid; PSSA: poly(styrene sulfonic acid); PTFE: poly(tetrafluoroethylene); PVA: poly(vinyl alcohol); PVDF: poly(vinylidene fluoride); SPAEK: sulfonated poly(arylether ketone); SPEEK: sulfonated poly(ether ether ketone); SPPBP: Sulfonated poly(phenoxy benzoyl phenylene); and SPSU: sulfonated poly(sulfone).1

3

 3 

Figure V- 4 .

 4 Figure V-4. Scheme of all phosphonation in italic, the paragraph number where the experimental protocol is described, above the arrows, the paragraph number where the polymerization is discussed.
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Table II -

 II 2 reports the results obtained in conventional heating, with the parameters tested to find

	optimal conditions.					
	Name	Time (h)	K2CO3 eq.	T (°C)			Mn	Mw	Ð
	P1	17	0.75	80			7500	17900	2.4
	P2	17	1.5	80			16300	53300	3.3
	P3	17	3	80			47800	82300	1.7
	P4	17	4	80			43500	113000	2.6
	P5	6	3	100			69400	152700	2.2
	P6	6+1	3	100			85000	172000	2.0
	P7	6+1	3	110			34100	173000	5.1
	P8	6+1	3	120			20300	321000	15.8
			𝐵𝑎𝑠𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 =	1 2	𝑥	𝑚𝑜𝑙 𝑘 2 𝐶𝑂 3 𝑚𝑜𝑙 𝑇𝐵𝐵𝑇
			Equation II-9. Base equivalents

Table II-2. Parameters tested for the polycondensation, with potassium carbonate as catalyst base and conventional heating process with DCFB:TBBT=1:1 for P1 to P5 and DCFB:TBBT=1.04:1 for P6 to P10, extra 0,04 added after 6h and left for one extra hour. Results: polymer molar mass and dispersity

The first polycondensation (P1) was done following the work of S.

Takamuku et al. 25 

In that work they describe the polymerization of decafluorobiphenyl with differents thiobisbenzenethiols. The first variable to be tested was the base quantity (K2CO3). Takumuku et al. used 1.5 eq. of K2CO3 (equivalents of base relative to the thiol (S-H) groups in the TBBT, equation II-9).

  Strategy 1 ..............................................................................................141 (ii) Strategy 2 ………………………………………………………………………………………….143 (iii) Strategy 3 ..............................................................................................144 b. Phosphonation of fluorinated poly(phenylenesulfone)s : step1, Oxidation of sulfides to sulfones .......................................................................................145 (iv) Strategy 1 (Ox1, Figure II-30) .........................................................146 (v) Strategy 2 (Ox2, Figure II-30) .........................................................146 (vi) Strategy 3 (Ox3, Figure II-30) .........................................................147

	(i)
	1 was reproducible and gave high quantities (50 g) of a mechanically,
	chemically and thermally stable (up to 400 °C) with a prepolymer displaying a rather high Mw
	of up to 3*10 5 g/mol. A polyfluorinated phenylenesulfide polymer was obtained using relatively
	mild conditions (100 °C) which made it suitable for upscaling and application for proton-

Elemental analysis …………………..............................................................147 Thermogravimetric analysis ..................................................................148 c. Phosphonation of fluorinated poly(phenylenesulfone)s : step 2 :

Table III -

 III 1. Elemental analysis fluorinated poly(phenylene sulfone)s.

  1, applying the values from 19 F NMR (figure III-28).

	𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝. =	∑ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 19𝐹 𝑁𝑀̅𝑅 𝑝𝑒𝑎𝑘𝑠 𝑛𝑒𝑥𝑡 𝑡𝑜 𝑎 𝑝ℎ𝑜𝑠𝑝. 𝑠𝑢𝑏𝑠𝑡. ∑ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 19𝐹 𝑁𝑀̅𝑅 𝑝𝑒𝑎𝑘𝑠	𝑥	𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹 𝑛𝑒𝑥𝑡 𝑡𝑜 𝐹 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹 𝑛𝑒𝑥𝑡 𝑡𝑜 𝑠𝑢𝑏𝑠.
	Equation III-1. Degree of phosphonation			
		𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝ℎ𝑜𝑠𝑝. =	0.074 + 0.095 + 0.067 0.070 + 0.065 + 1.018 + 1.000	𝑥	6 1	= 0.66

  TableIV-2. Membranes with the precursor polymers, the solvents used for the mixture with the additive and the additive to polymer ratio.

	Precursor	Solvent	Additive PBI-OO [PBI-	Membrane Name
	polymer		OO]/[precursor polymer]	
	P1P	DMSO	0	P1PM
	P1S	DMSO	0	P1SM
	P2S	DMSO	0.15	P2SM
			0.15	P4SM-a
	P4S	DMSO	0.19	P4SM-b
			0.22	P4SM-c
	P2SO	DMSO	0.07	P2SOM
	a) Phosphonated membranes (P1PM)	

Table IV -

 IV 3. Membranes characterization. First P refers to the poly(phenylenesulfide), number = degree of sulfonation, S refers to sulfonated, P to phosphonated and M to membrane.Finally a, b, c are membranes starting from the same polymer adding different quantities of PBI-OO.

	Starting	Membrane	PBI-OO	IECCalc.	IECTitr.	Conductivity	Water
	polymer	Name	(%)	(mEq/g)	(mEq/g)	(mS/cm)	uptake (%)
	P1P	P1PM	-	1.50	0.09	2	-
	P1S	P1SM	-	1.48	1.57	135	-
	P2S	P2SM	7	2.00	1.98	202	-
	P4S	P4SM-a	15	2.50	1.09	179	57
	P4S	P4SM-b	19	2.17	1.12	136	42
	P4S	P4SM-c	22	1.90	1.13	64	30

F NMR shows the 2 Fluorine signals characteristic of the octofluorobiphenyl at -133.5ppm and -

H,[START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] C and 19 F NMR spectra were recorded on a Bruker Avance 400 spectrometer using deuterated dimethyl sulfoxide (DMSO-d6) or chloroform (CDCl3) as solutions.
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I herewith declare that I wrote this thesis on my own and did not use any unnamed sources or Targeted prepolymers are meant to be used for post-functionalization (see chapter 3) to respond to the PEM requirements. (iii) Thermogravimetric analysis Thermal stability was measured through TGA (Figure II-32), leading to a polymer thermostable up to 330 °C (red line, aliphatic). It can be compared with the thermostability of the prepolymer synthesized using the aromatic TBBT comonomer which demonstrated a thermostability up to 450 °C (green line, aromatic). conducting membrane polymer. The postfunctionalization of this prepolymer is described and discussed in the next chapter (Chapter 3).

V. (i) Strategy 1 In a 50 ml three-necked round bottom flask equipped with a magnetic stirrer, a reflux condenser, and an argon inlet, fluorinated poly(phenylenesulfide)s P6 (2 g, 3.7 mmol) (chapter 2, p.28) and tris(trimethylsilyl)-phosphite (TMSP, 37 mmol, 13.6 ml) are added to the flask under argon and the reaction mixture is heated first, at 100 °C for 10 hours and second, at 150 °C for an additional 6 hour-long period. Temperature was then reduced to 100 °C and 30 ml of water were added to the flask to hydrolyse the silyl ester to yield the targeted phosphonic acid functions. The polymer was then precipitated in 500 ml of distilled water and the oily silicone phase appearing on the top of the solution was removed by decantation. The precipitated polymer gel was filtered and washed with water several times till pH 7 and dried at 90 °C under dynamic vacuum (base pressure of ca. 2 x 10 -3 mbar). (yield = 83 %). 1 H NMR δH (400 MHz; (ii) Strategy 2 In a 100 ml three-necked round-bottom flask (equipped with a magnetic stirrer) fluorinated poly(phenylenesulfide)s P6 (2 g, 3.13 mmol), DBU (0.93 ml, 6.25 mmol, 2 eq.), sodium 3mercapto-1-propanesulfonate (1.36 g, 6.99 mmol, 2.2 eq.) and 40 ml DMAC were added under nitrogen. The reactive mixture was left under nitrogen and stirring at room temperature for 72 h. The solution was then dialyzed during 72 h changing the distilled water 3 times per day and then the dialyzed solution was dried at 80 °C under vacuum (base pressure of ca. 2 x 10 -3 mbar) in the oven (1.56 g obtained). No yield can be given as it was not proven that it was the expected product. In a 100 ml three-necked round-bottom flask (equipped with a magnetic stirrer and reflux condenser) fluorinated poly(phenylenesulfone)s P6_ox (2 g, 3.13 mmol) (i) Strategy 1 (Ox1) The first route involved sulfuric acid, hydrogen peroxide, and acetic acid (a) as reported by Takamuku et al 22 . The oxidation mechanism proposed (Figure III-23) is similar to the one proposed by G. Kermanshahi and K. Bahrami 23 , but using sulfuric acid as the catalyst instead of Fe3O4@BNPs@SiO2-SO3H. The sulfuric acid will act as a catalytic proton exchanger with H2O2 (see Figure III-23) to allow for the loss of an oxygen atom that will oxidize the sulfide to a sulfoxide (R1S(=O)R2) initially and to a sulfone (R1S(=O)2R2) in the second part of this cycle.

Experimental

The only side-product for this oxidation will be 2 molecules of H2O. (ii) Strategy 2 (Ox2) Oxidation was repeated changing acetic acid for trifluoroacetic acid as a middle step before removing the sulfuric acid from the reaction. The purpose of this reaction was to check if there was any change when using trifluoroacetic acid instead of acetic acid.

In Figure III-24, one can notice the polymer product is white after this post-oxidation step.

thio-ether formation (Figure III-31). Based on this result, different sulfonating agents were selected to repeat this reaction. 

Experimental

The experimental protocols of the elaboration of the membranes are reported below. The success of the strategies are discussed within the section "results and discussion" together with the characterizations of the obtained PEMs.

The membranes with their names and formulation were elaborated and reported within Table IV-2, the experimental procedures are reported below. c) Proton Conductivity at room temperature A lab-made electrochemical work station was used to test for proton conductivity at room temperature. This electrochemical station measures initially Nafion® thin film membrane used as a reference and subsequently the membrane to be tested. Pre-treatment of the membranes tested with 0.5M HCl for 24 hours was carried on prior to conductivity measurements. Afterwards it was rinsed with bidistilled water. The membrane was placed between two Nafion layers and conductivity (RM) was measured. It was then compared to the conductivity of the two Nafion (RN) layers and divided by the thickness of the membrane to calculate its resistance. Proton conductivity was then obtained from the inverse of the resistance.

The preparation of the membrane for catalyst deposition was conducted in collaboration with Eindhoven University of Technology. A membrane was immersed in DI water for 1h prior to cutting 3 x 3 cm 2 squares. The cut squares were then immersed in 0.1 M H2SO4 for a week.

Afterwards they were immersed in DI water to wash off excess H2SO4 then, dry at 60 °C between two metal plates to prevent wrinkling for 1h. The catalyst deposition was done with a solution containing 3.75 wt % catalyst and 1.25 wt % Nafion Ionomer in a 50:50 (vol/vol) Isopropanol/water solvent medium. It was then directly deposited onto the membrane and left at room temperature for the isopropanol/water processing medium to evaporate.

III. Results and discussion

Membrane processing

• Membranes from phosphonated polymer :

Membranes from P1P could be obtained without adding PBI-OO. As expected from their low number of hydrophilic phosphonic groups per repeating unit, they showed a very small water uptake. Membrane was not completely homogenous but still usable to perform first tests.

Experimental IEC was much below than the theoretical one calculated from it molecular formula, due to the fact that the phosphonation level was very low and no proton conducting channels could be formed. As for IEC, the conductivity value is considered to be very low, wellbelow the targeted values (of ca. 100-200 mS/cm) envisionned for our project.

• Membranes from sulfonated polymers:

Water uptake is of great importance in the performance of a PEM. It swells the membrane and can turn it mechanically inappropriate in a device. While initially it was not deemed a problem as no swelling was observed this analysis was not done for P1S and P2S.

P1SM is the only sulfonated membrane obtained without PBI-OO being insoluble in water and having enough mechanical and chemical stability to be used in a PEMFC. PBI-OO was needed to obtain P2SM (two SO3H funtion per repeating unit) because of the water solubility of the precursor polymer P2S. While a pure P2SM (no PBI-OO added) have a theoretical IEC of 2.50 meq.g -1 , the presence of 7 % of PBI-OO turns it insoluble in water but at the same time, decreases the IEC value down to 2 meq/g. It is admitted that an IEC = 2 meq/g is the value below we should benefit from a membrane insoluble in water. P2SM is to close to this threshold value, offering great potentials.

At last, P4SM (4 sulfonated units/polymer unit) was expected to have a higher conductivity than P2SM but the experimental results did not confirm the theoretical IEC values. This phenomenon could be linked to high degree of crosslinks that would induce a closure of the proton channels as suggested by Yue Zhouying et al. in their study on phosphoric acid-doped crosslinked sulfonated poly(imidebenzimidazole) for PEMFC applications 12 . Different quantities of PBI-OO were added to benefit from the precursor polymer P4SM. While IEC values aren't much affected whatever is the PBI-OO content, the conductivity results are strongly impacted decreasing from 179 mS/cm to 64 mS/cm for membrane P4SM containing 15 and 22 % PBI-OO, respectively. Water uptake was also impacted by the content of PBI-OO P4SM-a and P4SM-c were sent for analysis in the electrolysis cell. It was further analysed in the Technische Universiteit Eindhoven. (see chapter 4-II-d) d) Electrochemical Impedance Spectroscopy (EIS) Electrochemical Impedance Spectroscopy is a technique well-suited to study ionic transport properties of Ion-exchange membranes. As explained in J.S. Park et al. [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] paper, EIS can be an alternative way to characterize quantitatively PEM systems, their experimental comparisons proved the analogy between impedance spectra and current-voltage curves.

Before carrying the EIS analysis the sample had to be prepared. Due to equipment constraints in Eindhoven, it was decided to focus on P4SM-a and P4SM-c, expecting to give distinct results.

The preparation of the MEA (Membrane Electrode Assembly) was as follows, the example being given for membrane P4SM-c:

• The membrane was immersed in DI water for 1h prior to cutting 3 x 3 cm 2 squares

• Immerse the sample in 0.1 M H2SO4 for a week.

• Immerse in DI water to wash off excess H2SO4 then, dry at 60 °C between two metal plates to prevent wrinkling for 1h Subsequently, the catalyst deposition was conducted as follows:

• Solution: 3.75 wt % Catalyst, 1.25 wt % Nafion ionomer in IPA : Water Therefore the preparation for P4SM-a was adapted and the new final device was named P4SM-a_CCS for Catalyst-Coated Surface, the procedure was as follows:

• Immerse in 0.5 M H2SO4 (overnight)

• Immerse in DI water to wash-off the excess H2SO4

• Membrane was cut into 3 x 3 cm 2 unitary sample Afterwards catalyst composition was the same in terms of solution composition but it was deposited at the porous transport layer (PTL) at 85 °C and not directly onto the membrane.

PTLs were hot-pressed against the membrane at 80 °C, 5 Mpa, 5 min.

The protocol for testing includes the following steps: In these results the same tendency as for EIS can be observed, while the difference for P4SMc_CCM and Nafion 212_CCM in cell potential increases with the increase of the current density, the results for P4SM-a_CCS are much closer to Nafion 212_CCS, not enhancing the spread as current density is increased.

IV. Conclusion

To conclude this chapter (see figure IV-2), the steps described before are depicted in four images for the process of elaborating a membrane:

Dried crude polymer

Polymer solution in teflon dish Dried polymer with additives embedded Membrane

V. Figure IV-2. Process from dry polymer (P4S) to membrane (P4SM) after adding PBI-OO (poly-[(1-(4,4'-diphenylether)-5oxybenzimidazole)-benzimidazole]) as additive.

Several membranes were elaborated from the prepolymers synthesized in Chapter 2 and postfunctionalized into functional polymers for PEMFCs in Chapter 3. Best mechanically stable membranes have been elaborated starting from sulfonated polymers (table IV-1 have reported the synthesis of a sulfonated poly(ethersulfone), abbreviated as PES, but the degree of sulfonation in a non-fluorinated aromatic ring is low and therefore conductivity is also not as high as desired (min. 100mS/cm) but it shows a mechanically stability that serves for the purpose of producing a membrane. Therefore, it was chosen to introduce a large number of acidic groups within the repeating unit of polymers aiming at generating high performance PEMs, a decafluorobiphenyl unit can be additionally chosen 4,5 as a comonomer

for its ability to be post-functionalized.

Several strategies have been therefore implemented into this thesis:

We have first developed a polycondensation route to generate alternated copolymers relying on decafluorobiphenyl (DBCP) and four different dithiolated sub-units. Beyond the impact of the later comonomer, the polymerization conditions have been thoroughly studied toward their optimizations. III-2-e). On further clean step to obtain these polymers would be a one pot polymerization using DBU as the base followed by the sulfonation using the sodium 3-mercaptopropane-1-sulfonate. It would be a direct obtention of a suitable for PEM sulfonated polymer. The functionalization degree has a great effect onto the water solubility. Being water soluble, the polymers with a sulfonation degree equal to or higher than 2 should undergo to a specific formulation optimization during the elaboration of the membrane to be usable in a cell with water. As pointed out by J. Kim et al. 7 there is a trade-off between the increase in conductivity and the mechanical and chemical properties. A trade-off in between these key-enabling properties can be reached by formulating a blend in which the functional polymer is ionically crosslinked with a well-chosen partnering polymer.

Several membranes with these polymers were synthesised obtaining the highest conductivity at 90 °C for the polymer with the highest degree of sulfonation ( 4) (see Figure V-5, product III2-e) and the lowest % of PBI-OO used (15 %). While a higher degree of sulfonation increased the conductivity, higher % of PBI-OO decreased it, as expected, through combined diluting and crosslinking effects. PBI-OO-based blend membranes resulted in PEMs with the required mechanical stability and largely insoluble in H2O but at the expense of reducing their protonic conductivity.

The mild sulfonation conditions (relying on sodium 3-Mercapto propane-1-sulfonate)

successfully applied to the fluorinated poly(phenylene sulfide)s also worked in the case of the fluorinated poly(phenylene sulfone) prepolymers. The degree of sulfonation did not reach 4

(figure V-5, III-2-f) with this prepolymer, the sulfonated polymer lacking moreover of an appropriate solubility in organic solvent. While the elaboration of the PEM took these parameters into account and even though membranes were cast, no good mechanical stability was obtained using this polymer.

II. General Conclusions

As a conclusion, the most promising PEM using our best functional polymer has been obtained when using sodium 3Mercapto propane-1-sulfonate as the sulfonating agent and having the highest possible degree of sulfonation (4 per DFBP sub-unit). Their electrochemical characterizations revealed conductivity values higher than the ones displayed by membranes of Nafion®112 at 90 °C. However, when sent for their insertion within a PEMFC at the Eindhoven University of Technology, some issues emerged, the catalyst delaminating from the membrane surface. Still here also, these preliminary results were shown to compare favourably with respect to the ones obtained with Nafion©112.

As a first perspective, the polymerization and postfunctionalization of the prepolymers seem to work fine and good proton conductive polymers have been obtained using relatively mild conditions. A next worth-it postfunctionalization route could consist in developing the grafting n-akylphosphonic side (through the use of an ad hoc functionalizing agent) onto the DFBP subunit, in order to provide fluorinated poly(phenylene sulfide)s with a higher content of PO(OH)2 functional groups. This would interestingly pave the way to a comparison of the impact of SO3H vs. PO(OH)2 groups, when grafted onto the same polymer backbone, onto the performance of PEMs.

A second membrane and fuel cells-oriented perspective concerns additional work to perform onto the elaboration of PEMs, in particular with the evaluation of different solvents and

(polymeric)additives. Sulfonated polymers obtained (figure III-49, III-2-e) have showed all the characteristics (conductivity, thermos and chemical stability) required to be the base of a good PEM starting from two relatively cheap monomers.

III. Outlook

It is hard to predict the future but it is quite clear that the transition to renewable energies is inevitable: it can be speed up or slow down, but there is no turning back. Hydrogen is one of the possible solutions to store energy and therefore water electrolysis development will probably accelerate in the years to come. PEM water electrolysers have a higher rate of adoption than alkaline water electrolysers due to their higher current density and lower gas permeability. 8 Several PEMs have already been discussed and a high amount of time and money is being currently used to develop new PEMs that can improve the current ones. In the review by F. Kathib et al. 9 the main points being worked on are further explained like reinforcing materials e.g. polymer fibbers for the production of the membrane to reduce the degradation of the membrane; the coating of the bipolar flow plate that could improve the embrittlement and corrosion of the membrane and the use of cheaper materials to make the production of hydrogen economically viable. Other interesting new methodologies can be the one done by C. Ru et al. 10 which included introducing a MOF (Metal-organic-framework) with Ionic Liquid (IL) in a cross-linked sulfonated poly(arylene ether ketone). The inclusion of this IL showed an improvement in conductivity and a reduction in the swelling ratio. Several authors have proposed the incorporation of hygroscopic inorganic materials like ZrO2, TiO2, TiSiO4, and silica as fillers in the polymer matrix that result in high water retention enabling the membrane to maintain the proton conductivity over a broad range of temperatures. 11,12 Another improvement when it comes to durability was proposed by Yoon et al. [START_REF] Park | An electrical impedance spectroscopic (EIS) study on transport characteristics of ion-exchange membrane systems[END_REF] who proposed mussel-inspired polydopamine-treated composite membranes with self-supported CeOx radical scavengers which increased the binding among PEM constituents. In Y. Wang 14 review on PEM fuel cells all these issues are addressed and some solutions for humidification problems are proposed like the use of graphene oxide (GO) as nanoparticles that contain both hydrophilic and hydrophobic functional groups, carbon nanotube (CNT) being another promising filler creating one-dimensional water nanowires.

To conclude, there are a vast number of improvements being currently worked at in many different aspects of PEMs. The addition of small improvements in every part of the PEM production will give us in the future a PEM that can be produced from cheap and available materials that will have a better conductivity, durability and therefore will be economically viable for considering scaling up the PEMFC technology, helping very much mankind to accompany the energetic transition.