radiolytic yield Gy gray PANI polyaniline PEDOT poly(3,4-ethylenedioxythiophene) PPy polypyrrole Py pyrrole SEM scanning electron microscopy SHE standard hydrogen electrode TGA thermogravimetric analysis UV-vis ultraviolet-visible ε molar extinction coefficient Contents I their backbone. On the contrary, there are delocalized π-electrons in the conjugated systems of CPs which endow conducting polymers an intrinsic electrical conductivity. 3 Therefore, CPs are also known as π-conjugated polymers. 3,8 1.1.1 Representative CPs Since the discovery of polyacetylene (CH) x , as the first conducting polymers, deep understanding of basic principles of CPs was accelerated. In addition, more and more CPs were rapidly discovered and synthetic methods of CPs underwent a quick development. Now, CPs are a big family containing a large variety of electrically conducting polymers. 3,9 Here are some examples of widely investigated CPs (Figure 1.2). 3
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Ré sumé

Depuis la dé couverte de la conductivité é lectrique du polyacé tylè ne, (CH) x , et des nombreuses caracté ristiques particuliè rement inté ressantes lié es à ce type de maté riaux, les travaux de recherche sur les polymè res conducteurs (PCs) se sont multiplié s. Les PCs constituent dé sormais des maté riaux de choix, qui sont utilisé s dans de trè s nombreuses applications. Diffé rentes mé thodologies ont é té utilisé es pour la pré paration de polymè res conducteurs et de leurs nanocomposites. Le plus souvent, les PCs sont synthé tisé s par des méthodes chimiques ou électrochimiques traditionnelles, grâce à l'oxydation initiale des monomè res. Né anmoins, diffé rentes mé thodes alternatives ont é té proposé es, comme les mé thodes enzymatique, photochimique ou par sonication.

Trè s ré cemment, une mé thodologie radiolytique originale a é té dé veloppé e au sein de notre laboratoire pour la pré paration de PCs en solution aqueuse. Cette mé thodologie alternative permet, en effet, l'oxydation des monomères dissous dans l'eau. Cette oxydation est assurée par les radicaux oxydants produits in situ par la radiolyse de l'eau, suite à la pénétration dans le milieu é lectrons accé lé ré s. Des é tudes de radiolyse pulsé e mené es par notre é quipe ont par ailleurs démontré que le processus de croissance des PCs résultait d'un mécanisme par stades et non d'un mécanisme en chaîne. L'objectif du présent travail est de démontrer la versatilité de notre méthodologie radiolytique et de l'étendre à la synthèse de différents PCs dans l'eau, sous différentes conditions expé rimentales. Le poly (3,4-ethylè nedioxythiophè ne), PEDOT, et le polypyrrole, PPy, ont ainsi é té pré paré s avec succè s et caracté risé s en solution aqueuse, ou aprè s dé pôt sur substrat, par des techniques spectroscopiques et microscopiques complé mentaires. La stabilité thermique et la conductivité é lectrique de ces maté riaux radiosynthé tisé s ont é té é tudié es et comparé es aux proprié té s des PCs produits par les mé thodologies traditionnelles.

Dans ce manuscrit, nous avons étudié l'influence et l'impact de la nature des espèces radiolytiques oxydantes, de la force ionique du milieu, du pH de la solution et de la pré sence de surfactants, qu'ils soient libres ou auto-assemblé s, sur le mé canisme de croissance des PCs, sur le rendement de polymé risation, sur la morphologie des maté riaux radiosynthé tisé s ainsi que sur les proprié té s optiques et é lectriques de ces derniers. Comme dé montré , la pré sence d'auto-assemblages organiques ne permet pas la pré paration quantitative de PCs à cause de réactions compétitives d'oxydation des surfactants par les espèces radiolytiques. Au contraire, VI la nature trè s acide du milieu favorise la pré paration efficace de PCs, qui sont alors, de surcroî t, caracté risé s par des proprié té s spectroscopiques originales.

Nous avons par ailleurs, montré dans ce travail que les PCs pouvaient ê tre produits, non seulement par oxydation radioinduite des monomè res, mais é galement par ré duction radiolytique de ceux-ci. Ainsi, grâce à l'utilisation d'espèces radiolytiques réductrices, telles que les é lectrons solvaté s, une toute nouvelle voie de synthè se par ré duction des monomè res a é té dé veloppé e pour la synthè se de PCs en solution aqueuse. Les maté riaux ainsi pré paré s ont é té comparé s à ceux produits par oxydation des monomè res. Non seulement la morphologie est similaire, mais les proprié té s physico-chimiques sont é galement comparables.

Nous avons finalement utilisé la radiolyse pour la synthè se de nanocomposites hybrides à base de PCs et de mé taux de transition. Plusieurs voies de synthè se ont é té dé veloppé es : synthè se en une ou deux é tapes, par oxydation ou ré duction des monomè res. Bien entendu, l'architecture des nanocomposites obtenus ainsi que leurs propriétés sont très dépendantes de la voie de synthè se utilisé e. Ces ré sultats ont é té interpré té s en termes de mé canismes de croissance des PCs d'une part, et des nanoparticules métalliques d'autre part, en termes de constantes de vitesse (qui ont é té dé terminé es par radiolyse impulsionnelles) et en tenant compte des interactions intermolé culaires de faible é nergie mises en jeu.

La nouvelle straté gie de synthè se par radiolyse, qui est dé crite dans ce manuscrit, ouvre la voie à la pré paration de trè s nombreuses familles de PCs et de leurs composites, que ce soit en solution aqueuse ou dans des environnements alternatifs (en milieu organique, sur support, en milieu hé té rogè ne), ce qui laisse augurer de nombreuses applications fort prometteuses.
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Chapter 1: A brief introduction of research background

In 2000, the noble prize in chemistry was jointly awarded to Alan J. Heeger, Alan G. 

Conducting polymers (CPs)

Conducting polymers (CPs) have opened a new research field and attracted great interests for their advantageous properties and excellent performances as a new generation of polymer materials. [1][2][3] Since the first discovery in 1970s, a wide variety of electrically conductive polymers as well as their derivatives have been developed and widely applied in various fields. 1,3 The super characters and promising applications of conducting polymer materials have promoted their quick development and will definitely bring about great profits in a wide range of areas. [4][5][6][7] What are CPs? They are particular kinds of polymers exhibiting electrical conductivity arising from the π-conjugated systems in the polymer structures. 2 In general, conventional organic polymers are known to be good electrical insulators without free π-electrons along 3 It is clear that all the CPs possess π-conjugated system in their backbones whatever the side groups or functional groups. The incorporation of different side chains and functional groups on the basic unit of CPs can not only improve the physical and chemical properties but also endow the pristine polymers new expected functionalities. To obtain CPs with specific and multiple functionalities, the design and synthesis of multiple CPs are still on the way and rapid progress is being maintained based on great research interest all over the world. The discovery of CPs opens a new field of the application of polymers and makes CPs the fourth generation of polymer materials. 3,10,11 Among the various CPs, poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and polyaniline (PANI) have been mostly investigated due to easy synthesis, good processability and excellent properties. [12][13][14][15][16] Due to the advantageous characters of these CPs, synthesis and processing of these three kinds of representative conducting polymers and their derivatives are of great interests as they are promising candidates for organic polymer conductors. Therefore, investigations on the mechanism and principles of the electrical conductivity of CPs are of great importance.

Electrical conductivity

As the first conducting polymers reported, polyacetylene (CH) x was found to become electrically conductive when treated with halogen (Figure 1.3). 9 Although Natta et al. synthesized polyacetylene powders no later than 1958, the (CH) x films were successfully prepared by Hedeki Shirakawa using Ziegler-Natta catalyst and changed from insulator to conductor after halogenation. 1,3,9,17 Compared with the cis-isomer (1.7×10 -9 S/cm), transisomer (4.4×10 -5 S/cm) is thermodynamically stable and has a higher electrical conductivity at room temperature (Figure 1.3). However, remarkable increase of electrical conductivity of the (CH) x films was found when treated with halogen vapor, indicating the formation of conducting polymers of (CH) x . 9 (1) and trans-isomer (2) of polyacetylene. 9 conductivity less than 10 -7 S/cm is regarded as an insulator and a material with a conductivity in the range of 10 -7 ~10 S/cm is considered as a semiconductor. A metal can show an electrical conductivity higher than 10 3 S/cm. 18 From the point of view of electrical conductivity, the (CH) x polymers should be regarded as semiconductors (trans-isomer) or insulators (cisisomer) due to the relatively low electrical conductivity (Figure 1.4). 2 However, a doping process (i.e. halogenation) brings about an increase of electrical conductivity by many orders of magnitude and results in the transformation of (CH) x films into electrical conductors (Figure 1.4). This result changes the common perception that the traditional polymers are nonelectrical conductor and proves that the electrical conductivity of π-conjugated polymers could vary in a wide range from insulators to conductors. Therefore, CPs are also called as -Synthetic Metals‖. The principle of electrical conductivity of different materials can be explained by the traditional band gap theory. 19 In the solid materials, the energy level distributions of electrons are divided into valence band, forbidden band and conduction band (Figure 1.5). Electrons occupy the valence band with lower energy and jump to the conduction band when they are excited. Between the top of the valence band (the highest occupied molecular orbital, HOMO) and the bottom of the conduction band (the lowest unoccupied molecular orbital, LUMO) is the forbidden band where no electrons exist. The difference between HOMO and LUMO is called the bandgap (E g ) (Figure 1.5). After excitation, when the electrons are distributed in the conduction band, they can move freely and form the current when an electrical field is added.

Figure 1.3 Cis-isomer

In the metallic materials, overlaps of the valence band and conduction band make metal have no bandgap and result in the free movement of electrons in valence band. As a result, metal has a good electrical conductivity at room temperature. On the contrary, the E g value of dielectric materials is large and the transition of electrons from valence band to conduction band is not possible. Hence, insulator has a poor electrical conductivity. The E g value of semiconductive materials is relatively smaller than that of insulators and electrons can jump from the valence band to the conduction band when heated or optically excited (Figure 1.5).

As a result, semiconductor is able to conduct the electrical current only under certain conditions. Therefore, the different E g values determine the abilities of different materials to conduct electrical current. 20 In order to determine the E g values of different materials, the absorption edge wavelength (λ edge ) is necessary to be known and the E g values can be calculated according to the following equation:

(1.1) By measuring the UV-visible absorption spectra of different materials which display the onset of absorption bands, the λ edge of different materials can be deduced using absorption spectroscopy (Figure 1.6). 21 The E g value of insulators is normally larger than 6 eV and the E g value of semiconductors is around 1 eV. 20 In general, the E g values of most conjugated polymers fall in the range of 1.0~3.0 eV suggesting that most intrinsic conducting polymers are semiconductors. 18,22 The absorption spectra of poly(3-hexylthiophene) (P3HT) and P3HT:PCBM (43 vol%) showing the shift of the absorption edge and the way for determining its value is shown in the inset. 21 In the semiconductive materials, when an electron is excited from the valence band, an empty position is left. A hole is formed at the position of an excited electron in the valence band. 23 Neighboring electrons move to the vacant position and repeat similar movement generating the electrical current. The formation of electrical current is equivalent to the movement of a particle with positive charge. Positively charged holes are also able to conduct the electrical conductivity with comparable effectiveness as electrons. Therefore, both electrons in conduction band and holes in valence band can be carriers of the electrical current.

If the electrical current in a semiconductor is mainly conducted by electrons with negative charges, it is called n-type semiconductor. On the contrary, p-type semiconductor applies more positively charged holes as the main carriers. Since most CPs are semiconductors, the transformation of CPs from semiconductors to conductors normally needs additional treatment called doping process.

Doping concept

As mentioned above, polyacetylene (CH) x as the first example of conducting polymers, can be changed from insulator to conductor by a doping process. Based on the final conducting mode of the CPs, the doping treatment can be divided into two kinds: p-doping and n-doping.

Taking the chemical doping of (CH) x for example, p-doping and n-doping can be expressed as follows:

Oxidation with halogen (p-doping):

(CH) x + 3n/2I 2 → (CH) x n+ + nI 3

- (1.2)
Reduction with alkali metal (n-doping):

(CH) x + nNa → (CH) x n-+ nNa + (1.3)

Concerning the p-doping, oxidation of the CPs occurs forming cations by extracting electrons from polymer backbones. The oxidant becomes anions by reduction and works as the counter ions. After sufficient p-doping, CPs become p-type conductors. Inversely, reduction of the CPs happens during the n-doping injecting electrons to the polymer backbones, forming negatively charged CPs while reductant is oxidized into cations. As a result, n-doping makes CPs n-type conductors. To achieve doping of CPs, many different methods can be applied: chemical doping, electrochemical doping, protonation by acid-base chemistry, photo-doping, charge injection have been successfully performed. 3 Here are some important CPs and their electrical conductivities after doping (Figure 1.7). 24 ), and type of doping (n or p) for some of the more important conducting polymers. 24 The doping concept of CPs is different from that applied in inorganic semiconductors as redox reaction occurs and counter ions are incorporated. 25 It is clear that the polymer chains of CPs are charged upon doping process and that there are counter ions which maintain the electrical nature rather than atom replacement. The concept of doping is the unique, central, underlying, and unifying theme which distinguishes conducting polymers from all other types of polymers. 2 During the doping process, dramatic changes of electrical conductivity is realized by transferring the CPs from semiconductor to metallic conductor. Therefore, a doping process is the key trigger of electrical conductivity of electrically conducting polymers.

In the electronic structure of conjugated polymers, charge carriers (electrons or holes), appearing on polymer chains, are energetically favorable to be localized and coupled to the distortions in the backbone. This process causes the presence of localized electronic stated in the band gap due to the shift of the valence band and conduction band. 24 At lower doping level, excitation across the valence band and conduction band creates the self-localized, nonlinear excitations of conducting polymers: solitons (in degenerate ground state systems), polarons, and bipolarons (in nondegenerate ground state systems). 3,26 A soliton is a charge associated with a boundary or domain wall between the two possible degenerate ground-state configurations. 3,24 The presence of a soliton results in the appearance of a localized electronic level at the mid-gap. In the new electronic level, a neutral soliton is half-occupied and a positively or negatively charged soliton is empty (Figure 1.8). 24 24 A polaron is a radical ion associated with a lattice distortion and the presence of localized electronic states in the gap referred as polaron states. 24 A polaron can be thought as a bound state of a charged soliton and a neutral soliton whose mid-gap energy states hybridize to form bonding and antibonding levels. 3 In the nondegenerate ground state of the pristine conducting polymers, a doping process creates charge carriers with ionized polymer chains. At lower charge concentrations, a polaron appears with a charge at one end and a free electron at the other showing a measurable spin (Figure 1.9). 27 Figure 1.9 Formation of polaron and biopolaron along a polypyrrole chain. 27 Similarly, a bipolaron is defined as a pair of like charges associated with a strong local lattice distortion. 3,24,27 A bipolaron is a bound state of two charged solitons of like charge (or two polarons whose neutral solitons annihilate each other) with two corresponding mid-gap levels. 3 The formation of a bipolaron indicates that the energy gained by the interaction with the lattice is larger than that of the Coulomb repulsion between the two like charges confined in the same location. 24 At high doping level, the charge density along the polymer chains increases, a section containing two like charges emerges representing the bipolaron (Figure 1.9). 27 As the doping level increases, polaron and bipolaron are formed until the formation of bipolaron bands resulting from the overlap of bipolaron states (Figure 1.10). 24,28 The high electrical conductivity of conducting polymers at high doping levels is thus reasonable.

Therefore, the electrical conductivity of conjugated polymer can be well controlled by the doping process. 26 

Potential applications

Since the discovery of CPs, the potential applications have attracted great research interest and conducting polymer materials have been widely applied in a variety of areas. 3,4 Based on the chemical and physical properties, various applications of CPs as coating materials have been extensively investigated (Figure 1.11). 29 The potential application of CPs mainly include: conducting coatings, catalysts, sensors, electrochromic devices, field effect transistors, solar cells, photovoltaic devices, etc. 4,[30][31][32][33][34] Figure 1.11 Overview for functional properties of CPs and resulting application possibilities. 29 Shirakawa et al. discovered that polyacetylene (CH) x shows good electrical conductivity as that of metal when treated with halogen. 9 Cho et al. synthesized single-crystal nanowires of PEDOT polymers which have ultrahigh electrical conductivity up to 8797 S/cm. Zhou et al.

reported the application of PPy polymers based catalysts for the redox reaction of I 3 -ions. 6 Ghosh et al. found that poly(diphenylbutadiyne) (PDPB) exhibites excellent photocatalytic ability for the degradation of phenol or methyl orange. 35 Huang et al. easily produced nanofibers of PANI polymers for chemical sensor applications. 36 Balint et al. summarized that PEDOT, PPy and PANI were important materials for biosensors, neural implants, drug delivery devices and tissue engineering scaffolds. 5 Among the various extraordinary properties of CPs, the most attracting properties are their tunable electrical conductivity and excellent optical properties which enable CPs to possess unique electrical conductivity and good transparency. Conducting polymer blends of poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrene sulfonate) (PEDOT/PSS), namely Baytron P, have been commercialized and applied as efficient antistatic coatings, flexible electrode materials and highly conducting coatings (Figure 1.12). 12,37 Figure 1.12 Scheme of PEDOT/PSS blend (Baytron P, Bayer AG, Leverkusen, Germany), which is a dispersion of the oxidized polymer PEDOT and the polyanion PSS in water. 12 Heuer et al. reported that PEDOT/PSS hybrids have potential application as electrochromic devices for their apparent and efficient color change originating from the charge transfer of the polymers (Figure 1.13). 30 . 30 In addition, PEDOT/PSS are considered to be promising materials for optoelectronic organic devices because they enable cost-effective roll-to-roll mass production and can be applied on flexible substrates. 12,39 Yan et al. used PEDOT/PSS to form the full polymer filedeffect transistors with good electrical properties and mechanical flexibility. 40 Kim et al.

applied highly conductive PEDOT/PSS films as stand-alone electrodes for organic solar cells. 41 Kim et al. prepared organic photovoltaic using PEDOT/PSS and graphene oxide with high power conversion efficiency. 42 Saranya et al. reviewed that PEDOT, PPy and PANI polymers and their hybrid with different materials all had good photovoltaic performance. 33 Therefore, the applications of CPs have brought great progress in coating materials and have potential applications in energy harvest. Thus, further studies on the applications of conducting polymer materials will continue and definitely bring more profits in the future.

Synthesis of CPs

In order to synthesize CPs with different functionalities, various candidate monomers have been selected and many synthetic methods have been developed. The monomers of 3,4ethylenedioxythiophene (EDOT), pyrrole (Py) and aniline (Ani) and their derivatives are mostly used as their corresponding polymers are of great research interest. In addition, many monomers with different functional groups are being developed for different applications. The synthesis of CPs can be realized with traditional polymerization methods. Moreover, new alternative synthetic methodologies are developed for the synthesis of CPs.

Polymerization methodologies

In general, the preparation of CPs can be realized with similar methods to the synthesis of common polymers. Traditional chemical and electrochemical methods are applied to obtain CPs from the polymerization of the monomers. 4,[43][44][45][46] To the chemical method, oxidative chemicals that can work as initiators and induce the polymerization of the monomers into the polymers are used (Figure 1.14). The chemical oxidants have higher redox potential than that of monomers and oxidize the monomers into cations which undergo further polymerization into polymers. The chemical method induced polymerization has been proposed to proceed according to a step-by step growth procedure and not according to chain reaction (Figure 1.14). 47 thereby leading to slower polymerization kinetics and lower doping levels. 47 Depending on the redox potential of different monomers, different oxidants with various redox potentials can be applied. For example, FeCl 3 is often used as the initiator for monomers with low redox potential while K 2 S 2 O 8 is applied as stronger oxidant. 44,45 Meanwhile, chemical reductants such as hydrazine (N 2 H 4 ) and lithium aluminum hydride (LiAlH 4 ) are also used as the initiator. 48,49 According to the species which initiate the polymerization of monomers, the polymerization processes can be divided into oxidation polymerization and reduction polymerization. [48][49][50] For the chemical method, synthesis of polymers using reduction polymerization has been reported while oxidative polymerization is more commonly used. 51 Concerning the electrochemical method, initiation of monomers polymerization is achieved by applying an oxidation potential on the working electrode. The monomers are oxidized into radical cations which dimerize by eliminating two H atoms. Then, dimers are oxidized and react with dimer cations producing the oligomers. Elongation of oligomers through the same procedure finally results in the polymers on the surface of working electrode (Figure 1.15). 4 By adjusting the oxidation potential, the oxidation of different monomers can be successfully realized. Therefore, both traditional chemical and electrochemical methods more generally involve the oxidation of monomers to initiate the polymerization and a step-by-step mechanism is often proposed. Nevertheless, chain reaction mechanism is alternatively proposed as it is suggested that radical cations can directly react with monomers forming a dimer cation. 52 There is no doubt that traditional chemical and electrochemical methods are very useful methods for the synthesis of CPs. However, the application of chemical oxidants causes pollutions to the environment making the chemical method less preferred. 53 During the electrochemical polymerization, reactions are confined to the surfaces of the conductive working electrodes making the production of a large amount of CPs in a short time impossible. 4 In order to overcome the disadvantages of the traditional methods, some alternative methods have been reported such as catalytic method, enzymatic method and radiation method, etc.

Nagarajan, et al. used biocatalytic method to synthesize PEDOT polymers at milder pH with soybean peroxidase (SBP) as the catalyst. 53 Kumru, et al. prepared PANI using copper catalyzed air oxidation process. 54 Bouldin et al. synthesize PPy with fewer structural defects using enzyme catalysis. 55 Gizdavic-Nikolaidis et al. developed a rapid and easy route for the synthesis of PANI with microwave radiation. 56 Furthermore, radiation method coupled with chemical method was used for the synthesis of CPs. Karim et al. synthesized PPy using gamma (γ)-radiation induced oxidative polymerization with ammonium peroxy-disulfate (APS) as chemical oxidant. [START_REF] Karim | Synthesis of conducting polypyrrole by radiolysis polymerization method[END_REF] Similarly, Pillalamarri et al. used γ-radiolysis to synthesize PANI nanofibers in the presence of APS as chemical initiator. [START_REF] Pillalamarri | Radiolytic Synthesis of Polyaniline Nanofibers: A New Templateless Pathway[END_REF] In addition, Li et al. applied ultrasonic irradiation in preparing PEDOT polymers. [START_REF] Li | Application of ultrasonic irradiation in preparing conducting polymer as active materials for supercapacitor[END_REF] Ghosh et al. adopted photochemical method to synthesize PDPB polymer nanostructures for photocatalysis under visible light. 35 Radiation method based extensively on radiation chemistry with γ-irradiation or pulse radiolysis for the synthesis of CPs has recently been reported. Samy Remita's team synthesized PEDOT polymers for the first time using γ radiolysis of water. [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Lattach et al.

produced PEDOT polymers with different morphologies using γ irradiation by adjusting the reactive species. [START_REF] Lattach | Radiation-Induced Synthesis of Nanostructured Conjugated Polymers in Aqueous Solution: Fundamental Effect of Oxidizing Species[END_REF] Coletta et al. studied the growth mechanism of PEDOT polymers initiated by accelerated electrons. [START_REF] Coletta | Electron-induced growth mechanism of conducting polymers: a coupled experimental and computational investigation[END_REF] Using radiation method not only avoids the application of chemical oxidant but also produces bulk quantity of CPs. Therefore, radiation method based on γirradiation may offer a useful method for the synthesis of CPs. This methodology is that we used in the present work in particular for the synthesis of PEDOT and PPy. It will be described in detail in the manuscript.

Effect of synthetic conditions

In order to improve the physical and chemical properties of CPs, the synthetic conditions are also needed to be controlled and improved. It is well known that the application of templates and that the appropriate choice of pH values can affect the morphology and properties of the obtained CPs. 36 To realize controllable synthesis of CPs with uniform morphology, templates are often used during the polymerization process. [START_REF] Yang | Conducting polymeric nanoparticles synthesized in reverse micelles and their gas sensitivity based on quartz crystal microbalance[END_REF][START_REF] Han | Facile synthesis of poly(3,4-ethylenedioxythiophene) nanofibers from an aqueous surfactant solution[END_REF] According to the nature of the templates, they can be divided into two main categories: hard templates and soft templates. Wang et al. prepared uniform polyaniline nano-fibrils using hard template composed of anodic aluminum oxide (AAO). [START_REF] Wang | Preparation and characterization of uniform polyaniline nano-fibrils using the anodic aluminum oxide template[END_REF] Cai et al. synthesized PPy and poly(3-methylthiophene) (PMT) with nuclepore membranes containing linear, cylindrical pores. [START_REF] Cai | Electronically conductive polymer fibers with mesoscopic diameters show enhanced electronic conductivities[END_REF] The advantages of using hard templates are the control of morphology while the post-treatment remains complex since the hard templates are needed to be removed. [START_REF] Xiao | Controlled Electrochemical Synthesis of Conductive Polymer Nanotube Structures[END_REF] On the contrary, soft templates can achieve fine morphological control by selecting appropriate surfactants and are relatively easy to be removed. Han et al.

used the surfactant sodium dodecyl sulfate (SDS) to prepare PEDOT nanofibers. [START_REF] Han | Facile synthesis of poly(3,4-ethylenedioxythiophene) nanofibers from an aqueous surfactant solution[END_REF] Ghosh et al.

fabricated hexagonal mesophases with cetyltrimethylammonium bromide (CTAB) as the soft template for the synthesis of PEDOT and PDPB. 35,[START_REF] Ghosh | PEDOT nanostructures synthesized in hexagonal mesophases[END_REF] Therefore, synthesis of CPs with soft templates (SDS, CTAB) is more commonly applied and of great use.

Furthermore, the pH applied during the synthesis affects the properties of CPs as the pH values can affect the oxidation degree of CPs. [START_REF] Tehrani | The effect of pH on the electrochemical over-oxidation in PEDOT:PSS films[END_REF] Charging of the polymer beyond a certain limit leads to the overoxidation of the polymers. [START_REF] Krische | Overoxidation in conducting polymers[END_REF] Debiemme-Chouvy et al. studied the overoxidation of PPy by hydroxyl radicals resulting in the formation of an insulating material. [START_REF] Debiemme-Chouvy | An insight into the overoxidation of polypyrrole materials[END_REF] The overoxidation potential strongly depends on the pH values. [START_REF] Lewis | Studies of the overoxidation of polypyrrole[END_REF] At higher pH, the redox potential for the overoxidation of the CPs decreases resulting in the cleavage of the conjugation pathways. [START_REF] Tehrani | The effect of pH on the electrochemical over-oxidation in PEDOT:PSS films[END_REF] Therefore, the synthesis of CPs in acidic medium maintains the electrical activity of CPs.

In addition, in order to improve the electrical conductivity of CPs, post treatment can be applied by further physical or chemical procedures. Kim et al. enhanced the electrical conductivity of PEDOT/PSS by chemical treatment with ethylene glycol (EG) and thermal treatment. 41 Ouyang reported that electrical conductivity of PEDOT/PSS hybrid reaches as high as indium tin oxide (ITO) through a treatment with mild and weak organic acids. [START_REF] Ouyang | Solution-processed PEDOT:PSS films with conductivities as indium tin oxide through a treatment with mild and weak organic acids[END_REF] Yun et al. enhanced the electrode performance of composite films of multiwalled carbon tubes and PEDOT/PSS using HCl and methanol treatment. [START_REF] Yun | Effective Way To Enhance the Electrode Performance of Multiwall Carbon Nanotube and Poly(3,4-ethylenedioxythiophene): Poly(styrene sulfonate) Composite Using HCl-Methanol Treatment[END_REF] Chou et al. treated PEDOT/PSS films with dimethyl sulfoxide (DMSO) for ITO-free liquid crystal display. [START_REF] Chou | Highly conductive PEDOT:PSS films by post-treatment with dimethyl sulfoxide for ITO-free liquid crystal display[END_REF] In this work, we checked the effect of pH and influence of the presence of surfactants selfassembled into micelles on the radiation induced synthesis of CPs, especially of PEDOT.

CPs nanocomposites

Nanocomposites which are composed of organic and inorganic building blocks, can combine the properties from the parent constituents and generate new properties to meet current and future demands in functional materials. [START_REF] Kao | Toward functional nanocomposites: taking the best of nanoparticles, polymers, and small molecules[END_REF] The combination of conducting polymers (CPs) with inorganic nanoparticles produces composites of CPs which can not only maintain the properties of CPs and inorganic nanoparticles but also endow the CPs composites new properties. [START_REF] Kao | Toward functional nanocomposites: taking the best of nanoparticles, polymers, and small molecules[END_REF][START_REF] Gangopadhyay | Conducting Polymer Nanocomposites: A Brief Overview[END_REF][START_REF] Zhan | Conductive polymer nanocomposites: a critical review of modern advanced devices[END_REF] Moreover, the incorporation of inorganic nanoparticles can compensate the defects of CPs by modifying their physical properties. [START_REF] Zhan | Conductive polymer nanocomposites: a critical review of modern advanced devices[END_REF] CPs nanocomposites have attracted great research as they may offer new materials with improved multiple functions for various applications in many fields.

Compositions and applications

There are a lot of reports on the nanocomposites of CPs and extensive research works have been carried out on these new materials. [START_REF] Kao | Toward functional nanocomposites: taking the best of nanoparticles, polymers, and small molecules[END_REF][START_REF] Gangopadhyay | Conducting Polymer Nanocomposites: A Brief Overview[END_REF] In the CPs nanocomposites, CPs normally serve as the polymer matrix and inorganic nanoparticles are imbedded into the parent polymers to form the hybrid with CPs as the carriers of nanoparticles. [START_REF] Zhan | Conductive polymer nanocomposites: a critical review of modern advanced devices[END_REF] Besides, inorganic nanoparticles can be surrounded by the CPs to form core-shell structures. [START_REF] Deng | Magnetic and conducting Fe3O4-cross-linked polyaniline nanoparticles with core-shell structure[END_REF] The diversity of structures and morphologies of CPs and inorganic nanoparticles make the CPs nanocomposites more unique and useful.

As there are a large variety of both CPs and inorganic nanoparticles, appropriate Ag or Au nanoparticles with improved electrochromic coloration efficiency. [START_REF] Mumtaz | Hybrid PEDOT-Metal Nanoparticles -New Substitutes for PEDOT:PSS in Electrochromic Layers -Towards Improved Performance[END_REF] Lu et al.

fabricated PEDOT nanoflowers with germanium (Ge) with enhanced optoelectronic properties for promising photovoltaic applications. [START_REF] Lu | Poly(3,4-ethylenedioxythiophene)/germanium organic-inorganic hybrid thin films: substrate-induced synthesis, enhanced photoelectrochemical and photocatalytic properties[END_REF] Therefore, the synthesis of CPs nanocomposites is another practical way to improve the properties of CPs and may offer new materials with improved and interesting properties. 

CPs/noble metal nanocomposites

Among various CPs nanocomposites, the composites composed by CPs and noble metal nanoparticles have been of great research interest. [START_REF] Folarin | Polymer-noble metal nanocomposites: Review[END_REF][START_REF] Xu | Multifunctional polymer-metal nanocomposites via direct chemical reduction by conjugated polymers[END_REF] It is well known that silver (Ag) as well as gold (Au) are noble metals and their nanoparticles are of great importance. The combination of Ag or Au nanoparticles with CPs have been widely used for analysis, water purification, diagnostics, catalysis, etc. [START_REF] Pradeep | Noble metal nanoparticles for water purification: A critical review[END_REF][START_REF] Larguinho | Gold and silver nanoparticles for clinical diagnostics -From genomics to proteomics[END_REF][START_REF] Sau | Properties and Applications of Colloidal Nonspherical Noble Metal Nanoparticles[END_REF] As Ag is superior in electrical and thermal conductivities and has the ability to enhance electrical and optical properties of the polymer composites, the synthesis and potential applications of CPs/Ag nanocomposites have been widely studied.

As an important and characteristic kind of CPs nanocomposites, CPs/Ag nanocomposites have similar applications as other CPs nanocomposites including conductors, sensors, catalysts, solar cell, etc. [START_REF] Balamurugan | One-pot synthesis of highly stable silver nanoparticlesconducting polymer nanocomposite and its catalytic application[END_REF] Ghazy et al.

incorporated Ag nanoparticles into PEDOT/PSS for the application in organic solar cells. [START_REF] Ghazy | PSS incorporated silver nanoparticles prepared by gamma radiation for the application in organic solar cells[END_REF] Therefore, the synthesis and applications of CPs/Ag nanocomposites are meaningful and of great importance.

Synthesis of CPs nanocomposites

Similar to the synthesis of CPs, the preparation of CPs nanocomposites can generally be achieved by traditional chemical and electrochemical methods. [START_REF] Gangopadhyay | Conducting Polymer Nanocomposites: A Brief Overview[END_REF][START_REF] Parvin | Electrochemical synthesis, in situ spectroelectrochemistry of conducting indole-titanium dioxide and zinc oxide polymer nanocomposites for rechargeable batteries[END_REF] Moreover, synthesis of CPs nanocomposites with radiation method has been reported. [START_REF] Karim | Synthesis of coreshell silver-polyaniline nanocomposites by gamma radiolysis method[END_REF] As CPs nanocomposites are composed by both electrical conducting polymers and inorganic nanoparticles, the synthesis of CPs nanocomposites includes both the synthesis of CPs by polymerization and production of inorganic nanoparticles by reduction of metal ions.

The formation of CPs nanocomposites is illustrated (Figure 1.17). [START_REF] Gangopadhyay | Conducting Polymer Nanocomposites: A Brief Overview[END_REF] To prepare CPs nanocomposites, different synthetic procedures can be used to synthesize CPs and inorganic nanoparticles. According to the synthetic procedures, the synthesis of CPs nanocomposites can be realized in two steps or one step. [START_REF] Balamurugan | One-pot synthesis of highly stable silver nanoparticlesconducting polymer nanocomposite and its catalytic application[END_REF][START_REF] Škodová | Polypyrrole-silver composites prepared by the reduction of silver ions with polypyrrole nanotubes[END_REF] Figure 1.17 Formation of nanocomposite from the constituents. [START_REF] Gangopadhyay | Conducting Polymer Nanocomposites: A Brief Overview[END_REF] When the CPs nanocomposites are prepared in two steps (two-step method), the polymerization of monomers and synthesis of inorganic nanoparticles are carried out in different times. The synthesis of CPs can be done first and then the reduction of metal ions onto the surfaces of polymers resulting in CPs blended with nanoparticles. In this process, the preformed CPs work as the template. Behniafar et al. prepared PEDOT/Ag nanocomposites using chemical oxidation of EDOT monomers and chemical reduction synthesis of Ag nanoparticles. [START_REF] Behniafar | Chemical synthesis of PEDOT/Ag nanocomposites via emulsion technique in silver colloid[END_REF] On the contrary, when nanoparticles are formed first, then the polymerization of monomers will occur around the nanoparticles forming the core/shell nanostructures which has a polymeric shell. [START_REF] Mo | Synthesis of graphite nanosheets/AgCl/polypyrrole composites via two-step inverse microemulsion method[END_REF] Therefore, the synthetic procedures can affect the final morphology of CPs nanocomposites.

To simplify the synthetic procedures, the polymerization of monomers and reduction of metal ions can be realized in one step (one-pot method). [START_REF] Fujii | One-step synthesis of magnetic iron-conducting polymer-palladium ternary nanocomposite microspheres with applications as a recyclable catalyst[END_REF] Using the one-pot method, the preparation of CPs and nanoparticles can be realized at the same time where the inorganic salt may work as the oxidant initiating the polymerization of monomers. [START_REF] Fujii | One-step synthesis of polypyrrole-coated silver nanocomposite particles and their application as a coloured particulate emulsifier[END_REF] Fujii et al. prepared nanocomposite microspheres of Fe/PPy/Pd in one step. [START_REF] Fujii | One-step synthesis of magnetic iron-conducting polymer-palladium ternary nanocomposite microspheres with applications as a recyclable catalyst[END_REF] Singh et al. used one-pot method to synthesize free standing and flexible PPy/Ag nanocomposites. [START_REF] Singh | One step synthesis of highly ordered free standing flexible polypyrrole-silver nanocomposite films at air-water interface by photopolymerization[END_REF] Radiation-induced chemical oxidative polymerization method has been applied for the synthesis of CPs nanocomposites. [START_REF] Ghazy | PSS incorporated silver nanoparticles prepared by gamma radiation for the application in organic solar cells[END_REF][START_REF] Karim | Synthesis of coreshell silver-polyaniline nanocomposites by gamma radiolysis method[END_REF][START_REF] Ali | Radiation-Induced Synthesis of Copper/Poly(vinyl alcohol) Nanocomposites and Their Catalytic Activity[END_REF] Karim et al. prepared core-shell structured silverpolyaniline nanocomposites by γ radiolysis method with APS as chemical oxidant. [START_REF] Karim | Synthesis of coreshell silver-polyaniline nanocomposites by gamma radiolysis method[END_REF] Pillalamarri et al. fabricated polyaniline nanofibers with APS as chemical oxidant and decorated them with noble-metal (Ag or Au) nanoparticles using γ radiolysis. [START_REF] Pillalamarri | One-Pot Synthesis of Polyaniline-Metal Nanocomposites[END_REF] Ali et al.

synthesized copper/poly(vinyl alcohol) nanocomposites by radiation-induced synthesis. [START_REF] Ali | Radiation-Induced Synthesis of Copper/Poly(vinyl alcohol) Nanocomposites and Their Catalytic Activity[END_REF] As is mentioned before, synthesis of CPs using radiation method has been developed and applied.

Therefore, synthesis of CPs and CPs nanocomposites with radiation method is worth studying and may offer a new synthetic approach. In this work, we consider more specifically the synthesis of PEDOT/Ag nanocomposites by two-step or one-pot methods by using exclusively radiation chemistry.

Research object

The aim of my research is mainly focused on synthesizing CPs as well as CPs nanocomposites by using γ-irradiation and studying their potential applications. To make the study easy and for comparison purpose, we selected two kinds of CPs, PEDOT and PPy as the research targets. In addition, the inorganic nanoparticles applied here are Ag nanoparticles.

My research work will be carried out as follows:

In chapter 2, all the chemical agents, synthetic methods and characterization techniques applied for the synthesis of CPs and CPs nanocomposites are briefly introduced and explained;

In chapter 3, an original radiolytic methodology developed by Samy Remita's team (that I was in as a member) for the synthesis of CPs is reviewed. The state of art of synthesis of CPs with this new alternative method is summarized;

In chapter 4, pyrrole is used as alternative monomer instead of EDOT and the versatility of radiolytical methodology is checked by synthesizing another CPs, namely PPy;

In chapter 5, synthesis of PEDOT induced by gamma irradiation is selected as the research target and effects of synthetic conditions on the polymerization of EDOT are investigated.

The influence of soft template, pH and ionic strength on the polymerization of EDOT and on the properties of PEDOT are studied;

In chapter 6, synthesis of PEDOT by a simple γ-rays-based reduction-polymerization route instead of oxidation route under nitrogen (N 2 ) atmosphere at room temperature is described for the first time;

In chapter 7, preparation of PEDOT/Ag nanocomposites starting from EDOT monomers and Ag + silver ions dissolved in water with simple γ-rays-based radiolytic methodologies is described in details.

Finally, the main achievements realized in my work are summarized to draw general conclusions and synthesis of CPs with radiolytic methodologies as well as the potential applications of radiosynthesized CPs are outlooked in perspectives.

Chapter 2: Materials, synthetic methods and characterizations

In this chapter, all the chemical agents, synthetic methods and characterizations applied in this work for the synthesis of conducting polymers (CPs) and CPs nanocomposites are briefly introduced and explained. First, all the chemicals applied including monomers, oxidants and target CPs and CPs nanocomposites are listed. Then, the radiation method used for the preparation of CPs and CPs nanocomposites is described and explained in detail. Finally, all analytical methods and specific characterizations performed to CPs and CPs nanocomposites are summarized.

Chemicals

All the chemicals applied in the experiments and their basic information are listed (Table 2.1).

All the monomers are commercially available and used directly without further treatment. University Paris-Sud) in volumetric flasks within the concentration range of 1~20 mM. The concentrations of aqueous solutions of Py are lower than that of the solubility of Py at room temperature which is reported to be 0.67 M. 1 Py monomers are a weak base and the redox potential of pyrrole monomers is 0.80 V SHE . 2,3 The chemical structure of pyrrole monomers is shown (Figure 2.1). The polymerization occurs by connecting pyrrole monomers at α and α' positions forming polypyrrole (PPy, Figure 2.1). In addition, the α and β' coupling is also possible at the α and β' positions. 4 After deposition, PPy polymers usually appear to be yellow green. 5 The free α, α′ positions at which polymerization occurs are shown in the pyrrole structure.

3,4-ethylenedioxythiophene (EDOT) monomers are solubilized in deionized water with the concentration ranges from 1 to 10 mM. This concentration range is lower than the solubility of EDOT which is reported to be 11 mM at room temperature. 6 EDOT monomers are one kind of derivatives of thiophen which is the most simple and basic component of the electrically conducting polymer materials. 7 The chemical structure of EDOT monomers is presented (Figure 2.2). Compared with the structure of thiophen, it is easy to see that there is an ethylenedioxy group locating at the 3 and 4 positions (β and β') of the thiophen ring and the functional group takes up the β and β' inhibiting the polymerization of EDOT monomers at these positions.

Therefore, the polymerization of EDOT monomers can occur only at the 2 and 5 positions (α and α') of each thiophen ring. The redox potential of EDOT monomers is about 1.4 V Ag/AgCl . 8 When the C-H bonds at α and α' positions of each thiophen ring are broken, EDOT monomers are connected together by coupling reactions forming poly(3,4-ethylenedioxythiophene) (PEDOT, Figure 2.2) polymers. Generally, PEDOT polymers appear to be dark blue in the reduced state with a band gap of 1.6 eV and become light blue after oxidation. 9,10 

Variation of experimental conditions

In order to use the soft template during radiolysis, the anionic surfactant sodium dodecyl sulfate (SDS) is applied (Figure 2.3). 11 nanostructures which can work as the soft template and affect the final morphology of CPs (Figure 2.3). 11 When the soft template formed by SDS is applied, the solubility of EDOT monomers is also increased from 11 mM to 73 mM which overcomes the solubility problem of EDOT in water. 6 In order to check the influence of the pH on the polymerization, perchloric acid (HClO 4 ) or hydrochloric acid (HCl) (1~1000 mM) is used to adjust the pH of the prepared solutions. The pH values of all the solutions are measured using a pH-meter (CyberScan pH 500).

To study the effect of ionic strength on the polymerization, sodium perchlorate (NaClO 4 ) or sodium chloride (NaCl) (1000 mM) salt is added to the prepared aqueous solutions of EDOT monomers (10 mM).

In order to prepare nanocomposites of PEDOT/Ag by radiolytic method, silver perchlorate salt (AgClO 4 ) (1~10 mM) is added to the aqueous solutions of EDOT monomers (10 mM) as Ag + source for silver nanoparticles synthesis.

Chemical oxidation by S 2 O 8

2-

In order to compare radiolytic method with chemical method, potassium persulfate (K 2 S 2 O 8 ) is used as chemical oxidant for the synthesis of PPy in water by traditional chemical method. It is known that persulfate anion (S 2 O 8

2-

) is a very strong oxidant and can initiate the polymerization of pyrrole monomers by oxidation polymerization. 13 To realize complete polymerization of Py monomers, the concentration of K 2 S 2 O 8 (40 mM) is two times that of Py monomers (20 mM).

Persulfate ion (S 2 O 8 2-

) is often used in literature as an initiator of conducting materials polymerization. Indeed, it is a powerful oxidant, with a strong redox potential of 2.1 V SHE which enables it to oxidize organic monomers. 14 It is generally assumed that persulfate oxidation mechanism is through free radicals. With the presence of some catalysts, like heat, persulfate can homolytically dissociate according to the following reaction: 15

S 2 O 8 2-→ 2 SO 4 • - (2.1)
This reaction leads to sulfate radical which is one of the strongest oxidizing species with a redox potential which is estimated to be 2.6 V SHE , similar to that of hydroxyl radical (2.7 V SHE in acidic solutions and 1.8 V SHE in neutral solutions). 16,17 Although the persulfate anion by itself is a strong oxidizer, its reaction kinetics is often relatively slow. However, generation of sulfate radicals by heat activation can significantly enhance the oxidation kinetics by persulfate. 18

Degassing and addition of alcohols for radiolytic oxidation or reduction

In order to remove the dissolved oxygen (O 2 ) in the aqueous solutions and when atmosphere components need to be inert, nitrogen (N 2 ) is used to degas all the aqueous solutions. Nitrous oxide (N 2 O) is also alternatively used to degas the aqueous solutions and works as the scavenger of solvated electrons (e aq -) as it will be seen later.

In order to scavenge hydroxyl radicals (HO•) formed during γ-radiolysis, isopropanol or tertbutanol (0.2 M) are added in excess into the aqueous monomer solutions for reduction polymerization.

Samples irradiation

Radiolysis of water

Radiation method is based on the radiolysis of solvent which produces various oxidizing and reducing species. 19 The initiators produced using radiation method can induce the oxidation of organic monomers making it a new method for the synthesis of CPs and reduction of metal ions into metal nanoparticles. Compared with traditional chemical method, radiation method avoids the addition of chemical oxidants or reducing species while just needs the common solvent making the polymerization process clean and environment friendly. Furthermore, radiation method can realize the production of large quantity of CPs or CPs nanocomposites which overcomes the limitation of electrochemical method. 20 The history of radiation chemistry is long and investigations on radiation chemistry of different solvents have already been carried out. [21][22][23] However, both complex physical and chemical reactions happen during the radiation process. For the moment, the mechanism of radiolysis of water is relatively well understood. 22 As the most commonly used and abundant solvent, water (H 2 O) is of great importance and the radiolysis of water is meaningful. Ionizing radiation can be initiated by gamma (γ)-rays, Xrays and accelerated particles (electrons, α-particles) which possess high energy. When water is exposed to ionizing radiation, both physical and chemical stages undergo as a function of the time (Figure 2.4). 24 After the physico-chemical stage, complex reactions occur and stable species are produced at the ns time scale. At the chemical stage, the kinds and amounts of species produced are possible to be known. Therefore, the radiolysis of water under N 2 atmosphere at neutral pH can be summarized as follows: 23

H 2 O → HO•, H•, e aq - , H 3 O + , H 2 O 2 , H 2 (2.2)
In order to quantify the amounts of the different species produced by radiolysis of water, the concept of radiolytic yield (G value) is used to express the production or consumption of different species. G value is defined as the amount of species (mol) formed or disappeared in the medium when one joule (J) is absorbed and the commonly used unit of radiolytic yield is mol J -1 . 25 In the early literature, G value is termed as the number of molecules produced when the energy of 100 eV is absorbed. 23 They could be transferred into each other by:

1 molecule (100 eV) -1 = 1.036 ×10 -7 mol J -1 (2.3)
The G values of different radiolytic species which evidently depend on the experimental condition are summarized and listed for different radiation types and pH values under N 2 atmosphere (Table 2.2). ) as a function of the type of radiation and the pH under N 2 atmosphere . 24 According to Table 2.2, γ radiolysis of water under N 2 atmosphere in neutral medium produces different species and the G values of which are: 23 G HO• = 2.8×10 -7 mol J -1 (2.4) G e aq -= 2.8×10 -7 mol J -1 (2.5)

G H• = 0.6×10 -7 mol J -1 (2.6) G H 2 = 0.46×10 -7 mol J -1 (2.7) G H 2 O 2 = 0.73×10 -7 mol J -1 (2.8) G HO 2 • = 0.027×10 -7 mol J -1 (2.9)
It is clear that among the various species produced by the γ radiolysis of water under N 2 atmosphere in neutral medium, HO• and e aq -are the major species.

The effect of pH on G values of different species produced during the radiolysis of water by γ rays and accelerated electrons are shown (Figure 2.5). 26 Therefore, the production of different species can be adjusted by controlling the pH values. In addition, the G values of different species can be controlled by adding scavengers during the radiolysis. Under different conditions, by adding specific scavengers or changing the pH values, the amount of different species can be varied and both reducing species and oxidizing species can be obtained. Therefore, the species produced can be adjusted by changing the radiolytic conditions. [27][28][29] Figure 2.5 Effect of pH on the primary products of water irradiation. Yields are for γ-rays and fast electrons under N 2 atmosphere with energies of the of the order of 1 to 20 MeV. 26

γ-source, absorbed dose and dose rate

As an important ionizing radiation source, γ-rays released by radioactive cobalt ( 60 Co) have been widely applied in both industry and research. The decay of [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Co produces γ-rays with high energy and the half-life period of [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Co is 5.27 years (Figure 2.6). 30 It is well known that γ-rays are highly energetic waves and the penetration ability of gamma photons is strong which needs to be protected by the lead wall. Co. 30 In order to describe the energy absorbed during the γ-irradiation, the concept of dose (D) is introduced to quantify the amount of energy deposited in the irradiated aqueous samples.

Normally, D is counted with the unit of gray (Gy) which is defined as the energy of 1 J absorbed by 1 kg or 1 L (water density being 1 g/ml). Therefore, the dose of 1 Gy corresponds to 1 J/kg or 1 J/L. 31 In addition, within a per unit time (min or h), the amount of energy deposited is termed as the dose rate (Gy/min or kGy/h). Thus, the energy absorbed during the γ radiation of water can be calculated as follows: D (Gy) = Dose rate (Gy/min or Gy/h) × Time (min or h).

(2.10)

In the gamma source (LCP, University Paris-Sud), the [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Co is stored in a lead jar and mechanically lifted up for irradiation which is controlled by the operator (Figure 2.7 left). To irradiate the samples by γ rays, all the glass vials containing aqueous solutions are put on the plat at fixed positions (Figure 2.7 right). The dose rates at different positions depend on the distance to the source and are determined with Fricke's dosimetry. 32 As a result, when the dose rate is determined, the total energy deposited by γ irradiation can be calculated according to equation (2.10). Knowing the G values of the different radiolytic species, their concentrations can be determined according to the following equation:

C (mol•L -1 ) = D (Gy) × G (mol•J -1 ) (2.11)
In the same way, the dose which is necessary to quantitatively oxidize or reduce a solute in the solution can be deduced from this equation knowing the yield of its disappearance.

Irradiation in oxidizing conditions

As mentioned before, the radiolysis of water with γ rays produces a wide variety of species and the G values of the different species depend on the radiolytic conditions. During the radiolysis of water, both oxidizing and reducing species are formed. As a result, the produced oxidizing species may work as initiators to induce the polymerization and have the potential application for the synthesis of CPs. Nevertheless, with this aim, reducing species (such as e aq -) should be scavenged and converted into secondary radicals to optimize and to increase the yield of oxidation. In order to quantify the polymerization of monomers with the oxidizing species produced by γ radiolysis of water, it is necessary to know the kinds and amounts of all oxidizing species produced under the given experimental conditions.

Irradiation under O 2

When the radiolysis of water undergoes under oxygen (O 

Cl· + Cl -→ Cl 2 · - (2.21) 
Therefore, in addition to H• atoms, the main oxidizing species produced by radiolysis of acidic aqueous solution containing HCl is Cl 2 · -. 28 The redox potential of E o (Cl 2 · - /Cl -) amounts to 2.09

V SHE indicating that Cl 2 · -is a strong oxidant. 27

Radiation induced polymerization

It is reported that radiation induced polymerization of organic monomer could only proceed through a recurrent oxidation process. 19 Taking the radiation induced polymerization of EDOT for example, HO• radicals first react with EDOT monomers, then with dimers, then with oligomers. The quantitative synthesis of PEDOT polymers throughout such a step-by-step mechanism necessarily implies the use of two HO• radicals for the oxidation of one EDOT molecule (in  and ' positions). 19 Thus, in order to initiate the oxidation of organic monomers and realize complete polymerization of CPs, the amount of oxidizing species should be twice that of the amount of organic monomers as already demonstrated. 19,38,39 Therefore, the total dose needed for the production of needed amount of oxidizing radicals and quantitative oxidation of organic monomers can be determined as follows: 19 (2.22)

Knowing the dose rate during γ irradiation, for a given solution with a fixed concentration of organic monomers, in order to conduct oxidation polymerization, the total time needed for irradiation can be determined by dividing the total dose by the dose rate.

Irradiation in reducing condition

The radiolysis of water also produces reducing species which may have potentials to induce the synthesis of CPs by reduction polymerization and produce metal nanoparticles by reduction of metal ions. Among primary radiolytic radicals formed under N 2 atmosphere in neutral medium, it is well known that e aq -is very reducing species with a redox potential of -2.8 V SHE . 33

Irradiation under N 2 atmosphere in the presence of alcohol

When radiolysis of water takes place under N 2 atmosphere with isopropanol (0.2 M), HO• radicals and H• atoms quantitatively react with isopropanol and isopropanol radical ((CH 3 ) 2 C•OH) is generated according to: 40,41 

(CH 3 ) 2 CHOH + HO• → (CH 3 ) 2 C•OH + H 2 O (2.23) (CH 3 ) 2 CHOH + H• → (CH 3 ) 2 C•OH + H 2 (2.24)
The redox potential of this alcohol radical (CH 3 ) 2 C•OH which is also a reducing species amounts to -1.8 V SHE at pH=7. 40 However, contrarily to isopropanol radical, tert-butanol radical is a stable and unreactive species.

Thus, the radiolysis of water under N 2 atmosphere in the presence of tert-butanol, produces a single reducing species namely e aq -with the radiolytic yields: 41 G e aq -= 2.8×10 -7 mol J -1 (2.29)

Radiation induced synthesis of metal nanoparticles and polymerization

Synthesis of metal nanoparticles using radiolytic method has been already intensively investigated and widely applied. 40,43 Nanoparticles can be prepared by the reduction of metal ions using reducing species produced by radiolysis of water. The well-known and applied reducing species are e aq -and (CH 3 ) 2 C•OH which can reduce metal ions into metal atoms which aggregate leading to inorganic nanoparticles. 44,45 Among various metal nanoparticles, the synthesis of Ag nanoparticles using radiation chemistry has been reported and intensively investigated. [43][44][45] Taking the formation of Ag nanoparticles for example, the reduction of silver ions and formation of silver nanoparticles is as follows: 46 Ag + + e aq -→ Ag 0 (2.30) Since both oxidative and reductive species can be produced by radiolysis, both radiation induced polymerization by oxidation or reduction of organic monomers and synthesis of inorganic nanocomposites by reduction of metal ions are feasible. Therefore, it is also possible to apply radiation method for the synthesis of CPs nanocomposites as it will be described in this manuscript in chapter 7.

Ag + + (CH 3 ) 2

Kinetic study by pulse radiolysis

Electron accelerator is of great importance in the basic research of ultra-fast chemical reactions.

The electron accelerator analyzing system coupled with time-resolved spectroscopy enables the analysis of fast chemical reactions and makes the pulse radiolysis study a powerful tool. In order to understand the mechanism of polymerization and determine the rate constants of fast reactions induced by hydrated electrons or hydroxyl radicals, pulse radiolysis experiments is implemented on the picosecond laser-triggered electron accelerator (ELYSE, Paris-Sud University) coupled with a time-resolved absorption spectroscopic detection system (Figure 2.8). 47 In pulsed radiolysis, a solution irradiated by a short pulse of high-energy electrons produces a significant concentration of radical species. As is mentioned above, if the system is an aqueous solution at neutral pH, under N 2 atmosphere, water radiolysis leads to the production of the following reactive species: HO•, H•, e aq -, H 3 O + , H 2 O 2 , H 2 (reaction 2.2). Among the formed species, e - aq and HO• radicals are the most abundant species and have higher reactivity. In order to study the specific action of hydrated electrons, e - aq , with organic monomers and in order to determine its rate constant, an aqueous solution containing 1 mM in EDOT and 0.2 M in tert-butanol is prepared, degassed with N 2 and then studied by pulse radiolysis. It is known that tert-butanol is an efficient scavenger of HO• radicals according to reaction (2.27) which leading to a racial which is known to be unreactive. Thus, in these conditions, e aq -is the only reducing species which can be involved in reduction polymerization and synthesis of CPs nanocomposites. During the pulse study, the 15 ps pulses, which are characterized by a charge of 4~6 nC and an electron energy of 7.6 MeV, are delivered at a repetition frequency of 5 Hz. The dose per pulse is derived from the absorbance of the hydrated electron at 660 nm with ε 660nm, (e-aq) =

1.8×10 4 L.mol -1 cm -1 , and G 3ns, (e-aq) = 3.45×10 -7 mol.J -1 . For each pulse, the dose deposited in water is 40.5 Gy in the irradiated volume (i.e., [e - aq ] ≈ 1.4×10 -5 M). 48 A N 2 -purged stock aqueous solution of 200 mL is used which circulated in the 10×10 mm fused silica irradiation cell at a flow rate of 100 mL/min by means of a peristaltic pump. The solution is then renewed between each pulse and, for each kinetic measurement, it is possible to apply up to 400 pulses.

Absorption measurements are performed using the white light beam of a homemade Xenon flash lamp. 49 The light is focused through the sample collinearly with the electron beam and then directed onto the slit of a flat field spectrograph (Chromex 250IS), equipped with three 150 grooves/mm grating blazed at 300, 500 and 800 nm which dispersed the light on the entrance optics of a streak-camera (model C-7700 from Hamamatsu). 38 The time-resolved absorbance of the sample is calculated using average images obtained on the streak-camera (with and without the electron pulses). The full spectra from 245 to 650 nm are obtained by two series of absorption measurements using two different optical filters (UG5 and GG325) to optimize the light intensity on a specific spectral domain (250-400 and 360-700 nm, respectively). Also, the spectral overlap between 360 and 400 nm enables checking the good stability and the reproducibility of all irradiation measurements.

Materials treatment

After irradiation, aqueous solutions or suspensions are obtained and materials dispersed in liquid state are characterized without treatment. In order to carry out analyses and characterizations in solid state, material powders are obtained by treating aqueous solutions or suspensions with drying process or lyophilization and material films or membranes are formed by spin coating treatment or drying process (Figure 2.9). 

Drying and lyophilization

After irradiation, aqueous solutions containing polymers or composites are centrifugated and washed with water. The obtained materials are then dried in the Frollabo AP 60 oven at 50 o C for 24 h (Figure 2.10). 

Film preparation by spin coating

After irradiation, a few drops of the irradiated aqueous solutions are deposited onto the glass substrates by spin coating with a SCC-200 spin coater with a speed of 100 rpm for 60 s leading to the formation of a film (Figure 2.12 left). During the spin coating, the glass substrates are held by the vacuum formed by the pump (Figure 2.12 right). The spin coating is carried out by spinning Nitrosyl tetrafluoroborate (NOBF 4 ) is dissolved in acetonitrile at a concentration of 20 mM and used as the dopant. Acetonitrile solution of NOBF 4 is dropped on to the films prepared by spin coating. The doping process of electrically conducting polymers is realized by the oxidative nitrosonium cation (NO + ) with a redox potential of 0.87 V SHE . 50 As is mentioned before, the doping type of PEDOT and PPy is p-doping. 51 

PEDOT/PSS membrane preparation

To prepare PEDOT/PSS membranes, PEDOT polymers are mixed with poly(4-styrenesulfonic acid) (PSSH) and dimethyl sulfoxide (DMSO) to form a membrane and realize a homogeneous distribution. The mixture is dried in the oven at 50 o C for 24 h.

Materials Characterizations

After irradiation, aqueous solutions or suspensions containing synthesized materials are characterized. In the same way, the powders obtained after drying or lyophilization as well as films and membranes prepared by spin coating and drying process are studied.

UV-vis absorption spectroscopy

Ultraviolet-visible (UV-vis) spectra of aqueous solutions of monomers, polymers and nanocomposites prepared using chemical oxidation or gamma irradiation are recorded on a UVvis scanning spectrophotometer (HP 8453) in quartz cells with an optical path length of 0.1 or 0.2 cm (Figure 2.13). To measure the UV-vis spectra of the samples, appropriate dilution is carried out to the samples. The reference is always ultrapure water. 

Cryo-transmission electron microscopy and EDX analysis

To observe the original morphology of the as-prepared samples in aqueous solutions, in situ observation of the morphology is carried out on a transmission electron microscope in a cryogenic environment (Cryo-TEM), known to be adapted to low density contrasts (Institut de Miné ralogie et de Physique des Milieux Condensé s, IMPMC, Pierre and Marie Curie University).

A drop of each solution is deposited on ‗‗quantifoil''® (Quantifoil Micro Tools Gmbh, Germany) 200 mesh holey-carbon-coated grids. After being blotted with filter paper, the grids are quenchfrozen by being rapidly plunged into liquid ethane in order to form a thin ice film avoiding water crystallization. The grids are then transferred into the microscope using a side entry Gatan 626 cryoholder cooled at -180 o C with liquid nitrogen. Images are taken with an Ultrascan 2k CCD camera (Gatan, USA) by using a LaB6 JEOL JEM 2100 (JEOL, Japan) (Figure 2.14).

Advantages of Cryo-TEM are not only ensuring the observation of soft nanostructures but also avoiding the phase transition and aggregation which should result from the drying procedures. Energy dispersive X-Ray (EDX) analysis is carried out to identify the chemical composition of the materials during the characterizations by Cryo-TEM (Institut de Miné ralogie et de Physique des Milieux Condensé s, IMPMC, Pierre and Marie Curie University). During Cryo-TEM observations, in situ EDX spectroscopy is used to check the chemical composition and to perform the elemental analysis within a selected area of the samples. An EDX JEOL Si (Li) detector mounted on the cryo-microscope is used with a resolution of 140 eV.

ATR-FTIR spectroscopy

To identify the obtained products and their chemical composition, Fourier transform infrared (FTIR) spectra of lyophilized polymers are recorded using a FTIR spectrometer (Bruker Vertex 70) with diamond attenuated total reflection (ATR) attachment (PIKEMIRACLE crystal plate diamond/ZnSe) and MCT detector with a liquid nitrogen cooling system (Figure 2.15). The dried powders are deposited onto the ZnSe diamond and scanning is conducted from 4000 to 600 cm -1 with a 4 cm -1 spectral resolution for 100 times and averaged for each spectrum. 

AFM-IR nanospectroscopy

In order to check the morphology and the chemical nature of radiosynthesized products, a small drop of the aqueous solution is deposited onto the upper surface of ZnSe prism (transparent in the mid-IR) and dried naturally. The dried deposit is observed by nanoIR TM (@Anasys Instruments) an AFM-IR system that combines the AFM with a pulsed infrared OPO laser to perform spectromicroscopy (Figure 2.16). . AFM which has a visible laser focusing on the cantilever and a four quadrants detector measuring its deflection is used for the superficial morphology characterization in contact mode. [52][53][54] To obtain relevant infrared spectra, the pulsed infrared laser setup covers the wavenumbers from 3600 cm -1 to 1000 cm -1 (Figure 2.17 During the measurements, the tip of the AFM remains in contact with the object. When the sample absorbs IR laser pulse, the absorbing region warms via the photothermal effect and a rapid thermal expansion occurs which then impacts the tip of the AFM cantilever and causes its oscillation. As the amplitude of oscillations is proportional to the absorption, scanning the surface with a given wavenumber enables the drawing of chemical map of the sample, while changing the wavelength on a fixed position of the tip gives a local infrared spectrum (Figure 2.17).

SEM microscopy and EDX analysis

In order to check the morphology of the samples after deposition, powders obtained after lyophilization are sprinkled onto carbon tape adhered to aluminum mounts and the images are obtained with EVO MA10 scanning electron microscope (SEM) (Figure 2.18, left). In order to obtain better observation of the morphology, the product is coated with gold in some cases During the observations by SEM, EDX analysis is also carried out to identify the chemical composition of the materials (Laboratoire Procé dé s et Ingé nierie en Mé canique et Maté riaux, PIMM, Conservatoire National des Arts et Mé tiers, CNAM, Paris). EDX spectroscopy is used to check the chemical composition and to perform the elemental analysis within a selected area of the samples. All the EDX spectra are recorded with a beam energy of 15.0 keV.

TGA analysis

The thermal stability and composition analysis of the obtained polymers and nanocomposites after radiolysis are performed on a thermogravimetric analysis instrument TGA Q500 (TA instruments, USA) (Figure 2 

Electrical conductivitys

The electrical conductivity of spin coated films prepared after radiolysis is measured by the traditional four-point probe method. 55 The resistances of the samples are measured using a 
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The conductivity, ρ (S•cm -1 ) is then determined thanks to the following equation: 56 (2. 35) where V is the voltage difference (V), t the film thickness (cm) and I the applied current (A).

Chapter 3: Radiation chemistry as a new method for the synthesis of PEDOT: a state of the art

As is mentioned before, the synthesis of conducting polymers (CPs) with radiation method has been developed by Samy Remita's team. Synthesis of conducting poly(3,4ethylenedioxythiophene) (PEDOT) was achieved through an original soft alternative way: gamma (γ) radiolysis of aerated aqueous solutions of 3,4-ethylenedioxythiophene (EDOT) in the absence of any external chemical initiators. Then, the original radiolytic methodology was extended to the synthesis of PEDOT polymers in N 2 O-saturated aqueous solutions of EDOT. In addition, pulse radiolysis was used to study the mechanism of HO•-induced polymerization of PEDOT where a step-by-step mechanism has been found. Even if this preliminary work began before my joining Samy Remita's group and it was not exclusively carried out for my thesis. In fact, I took part in this research work and made some of the experiments related below.

Synthesis of CPs by an alternative radiolytic methodology

Contrarily to chemical and electrochemical methods, radiolytic methodology, which is based on the interaction of high energy ionizing radiations with matter, is not really used in the field of conducting polymers. It is well known that gamma (-) rays and X-rays radiolysis are very often used at ambient temperature and pressure in order to initiate, in the absence of external chemical initiators, oxidation or reduction reactions through the control of the initiator radicals which depend on the nature of the medium (atmosphere, solvent, potential solute). [1][2][3][4] Besides, radiolysis is known as an interesting method for the synthesis of non-conducting polymers and is also described as an alternative way leading to the formation of layers of controlled thickness at the interfaces. [5][6][7] Using radiolysis should also lead to chemical processes which can be switched on and off upon exposure or removal of ionizing radiation instead of using initiator or stopper molecules.

Despite all these advantages, only few works concerning both radiation chemistry and conducting polymers have been reported. Moreover, the preparation of CPs using gamma irradiation was always accompanied by the addition of chemical oxidants. Karim et al.

synthesized PPy using γ radiation induced oxidative polymerization with ammonium peroxy-disulfate (APS) as chemical oxidant. 8 Similarly, Pillalamarri et al. used γ radiolysis to synthesize PANI nanofibers in the presence of APS. 9 However, the radiolysis method has never been used alone for the synthesis of CPs.

Starting from monomers dissolved in water, a simple -rays-based radiolytic way which enables the synthesis of conducting polymers under air at room temperature, and contrarily to the chemical routes, in the absence of any external chemical initiators, was described for the first time. In addition, when compared with the usual electrochemical methods, this new -rays-based radiolytic way presented some advantages concerning the easy preparation of the samples, where no supporting electrolyte was needed, and the ability to work under atmospheric conditions without purging solutions with an inert gas. Besides, contrarily to the electrochemical way which leads to the direct deposition of CPs onto conducting substrates, the described radiolysis method leads to the formation of CPs dispersed in water enabling their further deposition over conducting or even non-conducting surfaces.

Gamma radiation induced PEDOT polymerization under air

3,4-ethylenedioxythiophene (EDOT) molecules are soluble in water and present some specific chemical properties which make them interesting building blocks for the synthesis of functional -conjugated systems such as PEDOT (Figure 2.2, chapter 2).

In fact, due to their strong electron donor effect, the ether groups at the β and 'positions of thiophene rings, which confer a high reactivity to the free α and α' positions, prevent the formation of parasite α-β' linkages during polymerization. PEDOT acquires a prominent position among various CPs due to moderate band gap and low oxidation potential conferring on PEDOT an exceptional stability to the oxidized charged state which furthermore exhibits high conductivity and good optical properties in the visible spectral region. 10

Solutions preparation and gamma irradiation under air

Aqueous solutions of different concentrations of EDOT ranging between 1 and 10 mM were first prepared at room temperature in the presence (for comparison with electrochemically synthesized PEDOT polymers) or in the absence of LiClO 4 (100 mM) and then irradiated under air with increasing doses up to 70 kGy in order to radiosynthesize PEDOT polymers. The -ray dose rate was 1.4 kGy•h -1 in all cases. Irradiations were carried out with a 60 Co γ-rays source.

EDOT concentrations higher than 10 mM have not been studied because of the limited solubility of EDOT in water and because of the possible direct ionization of EDOT molecules which could occur during radiolysis. 11 In the presence of air, H• atoms and solvated electrons (e aq As a consequence, when irradiating aerated aqueous solutions at neutral pH, as in the case of EDOT solutions (initial pH = 7.2), only two short-lived transient species are formed: hydroxyl radicals (HO•) and O 2 •-with radiolytic yields of 2.8×10 -7 mol J -1 (equation 2.12, chapter 2) and 3.4×10 -7 mol J -1 (equation 2.13, chapter 2).

Note that when sodium formate (HCOONa) at a concentration of 100 mM is added to aerated . It is noted that even at very low pHs, EDOT molecules remain stable. In particular, no acid hydrolysis could affect the etheroxyde groups in EDOT.

Mechanistic study of EDOT oxidation

It is clear that EDOT in water displays two absorption maxima at 235 and 255 nm as shown for a concentration of 1 mM in EDOT (Figure 3.1). 13 From varying EDOT concentration, two molar extinction coefficients at these wavelengths are estimated:

ε 235 = 5650 ± 10 L mol -1 cm -1 ε 255 = 7048 ± 200 L mol -1 cm -1 (3.1) 67 
These absorption maxima and the corresponding values of the extinction coefficients are consistent with literature data concerning heteroaromatic compounds, in particular with those of thiophene (which absorbs at 231 nm in hexane with ε 231 = 7100 L mol -1 cm -1 ) and its derivatives. 14 In addition, auxochromic substitution (by the ethylenedioxy group) in EDOT which should lead to a bathochromic effect can explain the shift of the absorption maximum from 231 to 255 nm. Note that the same value of the yield is obtained when considering only the first points of the experimental curve (up to 7 kGy). Thanks to our experimental results, it is found that:

G -EDOT 0 = G HO• (3.3)
Also, when irradiations were performed in the presence of 100 mM in formate ions, which are scavengers of HO• radicals, no consumption of EDOT was observed. These results first indicate that a concentration of 1 mM in EDOT is sufficient to scavenge all the hydroxyl radicals and second demonstrate that only hydroxyl radicals react with EDOT. Indeed, since the apparent standard redox potential at pH = 7 amounts to E°'(HO•/H 2 O) = 2.2 V SHE , HO• is a strong oxidizing species enables oxidation of EDOT. 12 On the contrary, O 2 •-is almost a poor oxidizing species with a redox potential E°'(O 2

•-/H 2 O 2 ) = 0.9 V NHE . 12 As a consequence, the relatively low apparent redox potential of O 2 •-does not allow the reaction with EDOT the oxidation potential of which amounts to 1.4 V Ag/AgCl . 15 Note that with increasing dose, due to the increase in H 3 O + amount, the medium becomes more acidic. As a consequence, when the pH of the solution becomes lower than 4.8 (pKa

(HO 2 • /O 2 •-
) value) which is the case after an irradiation of a few kGy, HO 2 • radical (perhydroxyl radical), which is known to be a strong oxidant, becomes predominant and its implication in EDOT oxidation processes couldn't be neglected. 12 The reactivity of hydroxyl radicals towards thiophene (Th) molecules has already been studied by pulsed radiolysis. 16 It has been found that HO• radical adds preferentially to the  position in Th leading to a short-lived α-hydroxythienyl (Th-OH)• radical. This latter subsequently undergoes a second order radical-radical reaction with itself to produce α, α'-bithiophene which absorbs at both 246 and 301 nm. On another hand, for -thiophene oligomers in chloroform solution, the wavelengths values of the absorption maxima have been shown to increase with the number (n) of thiophene units: from 305 nm for n = 2 to 350~450 nm for n comprised between 3 and 8. 17 These absorption maxima should be attributed to dimers and oligomers of EDOT which could be formed according to the following mechanism: 13,18 EDOT + HO• → (EDOT-HO)• or EDOT

•+ + HO - (3.4) 2 (EDOT-HO)• or 2EDOT •+ → dimers then oligomers (3.5)
First, HO• adds to the α position in EDOT leading to the oxidized (EDOT-HO)• or abstracts electron from EDOT leading to EDOT •+ radical cation which are not observable by steady-state radiolysis. Then, the adduct or radical cation reacts with itself leading to dimers (and afterwards to oligomers) which absorb at both 290 and 350 nm. Once again, auxochromic substitution (by the ethylenedioxy group) in EDOT dimers can explain the shift in their absorption maxima as compared with those of bithiophene molecules (246 and 301 nm). 16 As observed in insert of Figure 3.1, the yield of EDOT oxidation, G -EDOT 0 decreases with the dose and becomes much lower than G HO• at high doses. This is because of the competitive reactions of hydroxyl radicals with EDOT dimers and oligomers which take place in the medium and which become more and more preponderant as the amount of EDOT decreases. Indeed, the oxidation potential of the dimers and the oligomers is lower than that of the monomers enabling their oxidation by hydroxyl radicals. So the process of oxidative coupling of the units continues as the polymer grows. 19 Different aqueous solutions with EDOT concentrations higher than 1 mM were irradiated at increasing doses. For each initial EDOT concentration, the initial yield of EDOT oxidation is calculated and it is almost constant with the following mean value:

G -EDOT 0 = 2.7 ± 0.2 10 -7 mol J -1 (3.6)
The fact that the yield of EDOT consumption does not depend on the initial EDOT concentration demonstrates that the process which will be attributed to PEDOT radioinduced synthesis does not proceed through a chain reaction. 12 In particular, (EDOT-OH)• adduct or EDOT •+ radical cation does not react with EDOT. This is consistent with the pulsed radiolysis results obtained in literature in the case of thiophene monomers and with the results we obtained and which will be presented later in this chapter. 16 Indeed, it has been demonstrated that the reaction between (Th-OH)• adduct and Th does not take place since it is too slow.

As a consequence, PEDOT radioinduced synthesis could only proceed through a recurrent HO• oxidation process: HO• reacts with EDOT monomers, then with dimers, then with oligomers. The quantitative synthesis of PEDOT polymers throughout such a step-by-step mechanism necessarily implies the use of two HO• radicals for the oxidation of one EDOT molecule (in α and α' positions). Thus, the theoretical irradiation dose (D max ) which should lead to the total oxidation of EDOT into PEDOT can be calculated (equation 2.22, chapter 2). For instance, 7.4 kGy and 74 kGy are necessary for the total oxidation of 1 and 10 mM in EDOT respectively.

Highlighting PEDOT radioinduced synthesis

While relatively low concentrations in EDOT monomers up to 4 mM were needed for succeeding in the follow-up of their oxidation mechanism by UV-vis absorption spectroscopy, higher concentrations were necessary for the characterization of PEDOT polymers either in aqueous solution or after their deposition onto substrate as it will be presented in the case of 10 mM in EDOT.

Aqueous solutions containing 10 mM in EDOT were irradiated at increasing doses up to 70 kGy. The evolution of the UV-visible absorption spectrum of this solution as a function of the irradiation dose was shown (Figure 3.2). 13 In the present case (10 mM in EDOT) with the used optical path length (0.1 cm), EDOT disappearance couldn't be quantified nor observed due to the relatively high values of the molar extinction coefficients at 235 and 255 nm. Nevertheless, at 70 kGy (which is close to the supposed D max ) the presence of a shoulder in the spectrum around 250 nm should indicate that EDOT has almost completely disappeared.

From the beginning of the irradiation and as already described in the case of 1 mM in EDOT, two absorption bands attributable to EDOT dimers and oligomers appear and grow up at 290 and 350 nm giving to the solution a yellow coloration. Nevertheless, with the increase in the irradiation dose no clear shift to longer wavelengths is observed for the absorption maxima. Only, a continuous scattering whose intensity increases with irradiation dose is observed. This is explained as follows: a yellow suspension appears in the medium and is clearly noticeable for doses higher than 14 kGy. This suspension becomes denser and the solution more turbid as the irradiation dose increases. As it will be demonstrated thanks to ATR-FTIR spectroscopic measurements, this suspension corresponds to PEDOT polymers formed at high doses thanks to the recurrent step-by-step HO• oxidation process.

The turbid solution obtained after a 70 kGy irradiation was centrifuged in order to recuperate a polymer-containing solid phase. The isolated yellow powder was washed, lyophilized and then characterized by ATR-FTIR spectroscopy in order to investigate the structure of the obtained polymer and to confirm the presence of PEDOT.

The ATR-FTIR spectrum of the radiosynthesized polymer is presented (Figure 3.3, spectrum a)

in the wavenumber region 1550-600 cm -1 together with those of electrosynthesized PEDOT (Figure 3.3, spectrum b) and of pure non irradiated EDOT liquid sample (bottom of Figure 3.3). 13 Note that the difference between the intensity of polymers spectra (a and b) and the intensity of EDOT spectrum results from the types of deposition on the ATR-FTIR crystal. The deposition of EDOT liquid phase is translated by a better resolution when compared with the solid phase deposition of polymer films. The three obtained spectra are in good agreement with those previously reported for EDOT and PEDOT in literature. [20][21][22][23] In addition, no considerable differences exist between spectrum a Whereas the (C-H) stretching band at 754 cm -1 is clearly observed in EDOT spectrum, one can observe the absence of such a band in the spectrum of radiosynthesized PEDOT polymers (Figure 3.3, spectrum a). 13 Thus, spectroscopic results demonstrate without any ambiguity that EDOT radioinduced polymerization takes place thanks to α-α' coupling reactions, as in the case of electrochemically induced method, and that the resulting yellow powder obtained after centrifugation is effectively composed of PEDOT polymers. Nevertheless, since the powder was washed before its characterization, the absence of the stretching band at 754 cm -1 can't definitely prove the total consumption of EDOT after a 70 kGy-irradiation.

The PEDOT nature of the radiosynthesized polymer which composes the solid phase was also proved thanks to the determination of its melting point. Indeed, a temperature of 145 °C was observed which is very close to the PEDOT melting point value (146 ℃) reported. 24 This result should also prove the absence of impurities in our product.

After irradiation at high doses (from 14 to 70 kGy) (Figure 3.2), a very slow precipitation of the polymer suspension is observed. This precipitation corresponds to a sedimentation process of the radiosynthesized PEDOT polymers of high molecular weight. This precipitation can't be assigned to the hydrophobia of radiosynthesized polymers. Indeed, after adding either cyclohexane (density = 0.8) or dichloromethane (density = 1.3) to the aqueous PEDOT suspensions (v/v), the polymer particles stay in the aqueous phase while both organic phases remain colourless as illustrated in the case of dichloromethane (Insert of Figure 3.2) confirming the hydrophilic properties of radiosynthesized PEDOT. Besides, hydrophilic properties of PEDOT polymers have already been established since it has been demonstrated that they can interact by hydrogen bonds with water molecules thanks to the ethylenedioxy functions present onto their EDOT residues. 15,25 On another hand, if HO• hydroxyl radicals would react, according to a previously proposed recurrent oxidation process, radiosynthesized PEDOT polymers should contain along their polymeric chains, in agreement with ATR-FTIR observations, numerous -OH hydroxyl groups which should enhance their hydrophilic properties.

Aqueous solutions containing 10 mM in EDOT and irradiated at 70 kGy were observed by Cryo-transmission electron microscopy just after irradiation and before any sedimentation.

Representative images showed the presence of low density globular structures forming

Chapter 3: Radiation chemistry as a new method for the synthesis of PEDOT: a state of the art 74 polydisperse spherical nanoparticles with a mean diameter of 200 nm (Figure 3.4). 13 Since no other low density objects were observed during our Cryo-TEM experiments, it can be deduced that these spherical nanoparticles are made up of radiosynthesized PEDOT polymers. polymers. An aggregation process of these spherical objects is also observable. Zoom: a single spherical polymer nanoparticule with its schematic representation exhibiting hydrogen bonds interactions between the chains. 13 Each observed nanoparticle has a complex structure and seems to be composed of interdigitated nano-objects (zoom of Figure 3.4). Since no parasite α-β' linkages could occur during polymerization, radiosynthesized PEDOT must be composed of chain polymers which are no branched nor networked. Thus, each globular structure observed on Figure 3.5 should correspond to a self-assembly of independent amorphous PEDOT polymer chains as schematically represented on Figure 3.5. This is in agreement with the usual morphology of the polymers in the amorphous state which follows the -random coil‖ model. 26 Once again, the probable simultaneous presence of both ethylenedioxy functions (H-bond acceptors) and hydroxyl groups (H-bond donors) along the polymer chains should explain not only the hydrosolubility and the solvation of PEDOT polymers but also the packing and the nanostructuration of the observed spherical supramolecular PEDOT self-assemblies.

Intermolecular hydrogen bonds should also explain the aggregation process of the globular radiosynthesized PEDOT self-assemblies observed on Figure 3.4. This spontaneous aggregation process explains the polydispersity of the system as well as the formation of polymer self-assemblies of high molecular weight which afterwards slowly precipitate. In order to characterize the morphology of the polymers after a deposition procedure, a drop of the solution containing the PEDOT yellow suspension obtained after a 70 kGy-irradiation (polymer self-assemblies of This would imply the existence of very strong hydrogen-bonds interactions into each nanoparticle since no significant change in the morphology occurs during the isolation and the drying process.

Second possibility: the mass lost of each globular nanostructure during its drying process is counterbalanced by an increase in size due to the aggregation which generally parallels such a phase transition.

Conclusions

For the first time, a new -radiolysis-based alternative way for synthesizing conducting polymers in solution was successfully developed. When compared with the usual electrochemical methods, this methodology allows the further deposition of the polymers onto either conducting or non-conducting surfaces. Starting from EDOT monomers, the radiolytic methodology enabled the preparation of PEDOT polymers under soft conditions: in water, at ambient temperature, in the presence of air and in the absence of any external oxidizing species. The synthesized PEDOT materials were evidenced by ATR-FTIR spectroscopy.

It was proved that radioinduced polymerization proceeds through a step-by-step mechanism which involves a recurrent oxidation process by hydroxyl radicals produced by water radiolysis.

The probable presence along the polymeric chains of -OH functionalities, which should come from the addition of hydroxyl radicals, could explain the hydrophilic properties of radiosynthesized PEDOT polymers. It could also justify the existence in aqueous solution of the globular self-assembled structures made up of PEDOT polymeric chains which have been observed for the first time, in this work, thanks to Cryo-TEM experiments.

After deposition onto substrate, radiosynthesized PEDOT films are composed of more or less spherical PEDOT nanoparticles as revealed by AFM observations. While radiosynthesized PEDOT-containing layers present optical properties which are close to those of electrosynthesized PEDOT materials, their conducting efficiency remains relatively lower (results not shown). 13 This could result from the -OH functionalization of radiosynthesized PEDOT chains which should induce conformational constraints due to hydrogen bonds interactions.

Effect of oxidizing species on radiation-induced synthesis of PEDOT

As is mentioned before, -radiolysis is used as an original simple alternative way for synthesizing conjugated PEDOT polymers in solution for the first time. 13 It is demonstrated that radiation induced PEDOT polymerization proceeds through a recurrent step-by-step mechanism which involves a recurrent oxidation process by hydroxyl radicals formed during water radiolysis.

This new -rays-based radiolytic way presents some advantages concerning the easy preparation of the samples, where no supporting electrolyte is needed, and the ability to work under atmospheric conditions without purging solutions with an inert gas. Besides, contrarily to the electrochemical way which leads to the direct deposition of CPs onto conducting substrates, radiolysis method leads to the formation of CPs dispersed in water enabling their further deposition over conducting or even non-conducting surfaces.

In this part, the original radiolytic methodology is extended to the synthesis of PEDOT polymers in N 2 O-saturated aqueous solutions of EDOT. 27 In these conditions, and depending on the presence of sodium azide salt, two different oxidizing species are formed, namely hydroxyl radicals) (HO•) and azide radicals (N 3

•

). Since the redox potentials of these two oxidative radicals (which are higher than that of EDOT monomers) and since their well-known oxidation mechanisms are quite different, one can expect the formation of two kinds of PEDOT polymers with tuned characteristics. Thus the aim of this work is the study of the influence of the oxidation mechanism onto the structure and the properties of PEDOT polymers. Since the role of polymerization mechanism is poorly investigated in literature in the field of conducting materials, the present study is certainly important in order to optimize the general preparation of nanostructured conducting polymers and in order to enhance their physico-chemical properties.

Solutions preparation and gamma irradiation under N 2 O

Aqueous solutions containing 1mM or 10 mM in EDOT were prepared in the presence or in the absence of NaN 3 (10 mM for 1mM in EDOT or 100 mM for 10 mM in EDOT), under stirring, at room temperature and in the dark to prevent any photochemical reaction. The chosen EDOT concentration, which is lower than its solubility in water, was always checked by UV-vis absorption spectroscopy since the spectrum of EDOT had earlier been determined ( 235 = 5650 L mol -1 cm -1  255 = 7048 ± 200 L mol -1 cm -1 ). 11,13 The pHs of the solutions measured before irradiation, in the presence or in the absence of NaN In aqueous solutions containing sodium azide (NaN 3 at 10 mM or 100 mM, dissociated into Na + and N 3 -ions) and saturated by nitrous oxide, HO• radicals are very quickly scavenged by N 3 ions leading to the quantitative formation of N 3 • (reaction 2.16, chapter 2). In the presence of NaN 3 , the concentration of EDOT monomers being always ten times lower than that of N 3 -ions, the direct oxidation of EDOT by HO• can be neglected. Thus, when irradiating N 2 O-saturated aqueous solutions at neutral pH in the presence of NaN 3 , as in the case of EDOT solutions, the radiolytic yield of formation of N 3 • amounts to 5.6×10 -7 mol J -1 (equation 2.17, chapter 2). In these conditions, N 3

• , which are known to be soft and selective oxidizing species, constitute 90% of the total amount of reactive radicals in the medium. 28 Note that H• can also react with N 3 -ions leading to NH 2 • radicals. 29 Nevertheless, the reactivity of these minority species, such as that of H•, has not been well established. This will allow us to neglect their presence.

In summary, depending on the presence of NaN 3 salt in the irradiated N 2 O-saturated aqueous solutions of EDOT, two different oxidizing species can be generated: HO• or N 3 • radicals. Both are used in order to oxidize EDOT monomers into PEDOT polymers.

HO• and N 3 • radicals induced EDOT oxidation

In the previous work, it is demonstrated that -irradiation (which produces both HO• and O 2

•-) of aerated aqueous solutions containing EDOT molecules leads to the oxidation of these latter by hydroxyl radicals and to the synthesis of PEDOT polymers.

The yield of EDOT monomers consumption, which is strictly equal to the yield of HO• formation during the irradiation of aerated aqueous solutions of EDOT, does not depend on the initial monomers concentration. 13 This demonstrates that PEDOT radioinduced synthesis does not proceed through a chain reaction. 12 In fact, polymerization proceeds through a recurrent step-bystep mechanism which involves a repeated oxidation process by hydroxyl radicals formed during water radiolysis: HO• species react with EDOT monomers, then with dimers, then with oligomers.

As a consequence, the quantitative synthesis of PEDOT polymers throughout such a step-by-step mechanism implies the use of two HO• radicals per EDOT molecule. Thus, the theoretical irradiation dose (D max ) which should lead to the quantitative formation of PEDOT in aerated aqueous solutions is twice the dose necessary for the total oxidation of EDOT monomers and can be calculated (equation 2.22, chapter 2).

As already explained and justified, under N 2 O in the absence of NaN 3 , HO• radicals can be considered as the only oxidizing species and their radiolytic yield of formation (G(HO•) = 5.6×10 -7 mol J -1 ) is increased in comparison with that obtained in aerated conditions (G HO• = 2.8×10 -7 mol J -1 ). In the absence of NaN 3 , the total irradiation dose (D max ) which should enable the quantitative synthesis of PEDOT in N 2 O-saturated aqueous solutions is thus twice the dose necessary for the total oxidation of EDOT monomers and, as a consequence, can be calculated as previously explained, but by using G(HO•) instead of G HO• (equation 2.15, chapter 2). In a N 2 Osaturated aqueous solution containing 1 mM and 10 mM in EDOT, the dose which is necessary for the total oxidation of EDOT, amounts to 1.8 and 18 kGy respectively and the dose D max which is necessary for the complete synthesis of PEDOT, amounts to 3.6 and 36 kGy, respectively.

In the absence of sodium azide salt, UV-visible absorption spectrum of N 2 O-saturated aqueous solution containing 1 mM in EDOT irradiated at increasing doses up to 4 kGy was recorded (Figure 3.6). 27 The evolution of the UV-visible absorption spectrum of this solution as a function of the irradiation dose, up to 2 kGy, displays a continuous decrease in the absorption of EDOT at 235 and 255 nm which parallels a grow up in the absorbance at both 290 and 350 nm. The presence of an isosbestic point indicates that a single process occurs up to 2 kGy, which implies EDOT oxidation by HO• radicals and the formation of a product which absorbs at both 290 and 350 nm. Since thiophene dimers are known to absorb at both 246 and 301 nm, the observed two absorption bands can be attributed to EDOT dimers. 16 Indeed, auxochromic substitution by the ethylenedioxy group in EDOT is responsible of the shift in its absorption maxima as compared with those of thiophene. 13 In the same way, auxochromic substitution could explain the difference in the absorption behavior between EDOT dimers and bithiophene molecules. Therefore, as long as EDOT monomers are present in aqueous solution, hydroxyl radicals react exclusively with them. Yet, the oxidation potential of the dimers is always lower than that of the monomers enabling their further oxidation in particular by hydroxyl radicals. 19 Thus, the fact that hydroxyl radicals don't react with dimers at doses lower than 2 kGy could be explained by kinetic considerations: dimers oxidation should be very much slower than EDOT oxidation.

At doses higher than 2 kGy, the spectral evolution appears different (Figure 3.6): the isosbestic point is no longer observed and a progressive shift in the absorption bands occurs. Since at these doses, no EDOT is still present, such a spectral evolution indicates that hydroxyl radicals oxidize EDOT dimers, progressively leading to PEDOT oligomers. Such an interpretation is plausible since it has been shown in literature that the wavelengths values of the absorption maxima of αthiophene oligomers increase with the number of thiophene units. 17 In the present case (10 mM in EDOT) and contrarily to the previous case (1 mM in EDOT),

EDOT disappearance as well as the isosbestic point (observed on Figure 3.6) could not be observed due to the relatively high values of the molar extinction coefficients at 235 and 255 nm. 13 Nevertheless, as previously observed for 1 mM in EDOT, at low irradiation doses, up to about 20 kGy (the dose which produces 10 mM in hydroxyl radicals), two absorption bands grow up at 290 and 350 nm demonstrating the formation of dimers (Figure 3.7). In the present case (10 mM in EDOT) and contrarily to the previous case (1 mM in EDOT), EDOT disappearance as well as the isosbestic point (observed on Figure 3.6) could not be observed due to the relatively high values of the molar extinction coefficients at 235 and 255 nm. 13 Nevertheless, as previously observed for 1 mM in EDOT, at low irradiation doses, up to about 20 kGy (the dose which produces 10 mM in hydroxyl radicals), two absorption bands grow up at 290 and 350 nm demonstrating the formation of dimers (Figure 3.7).

Above 20 kGy, no absorption band is observed around 250 nm. This clearly indicates that EDOT has completely disappeared. When the dose becomes higher than the total irradiation dose, as observed in the case of the 70 kGy-irradiation (Figure 3.7), the absorption bands of dimers disappear and an intense absorption band grows up around 370 nm together with a continuous scattering whose intensity increases with irradiation dose. This should result from the lengthening of EDOT oligomers. In fact, at doses higher than 36 kGy, the appearance of a continuous scattering component, in the extinction spectrum of the irradiated solutions, is due to the formation in the bulk of a brown-yellow suspension. This suspension becomes denser and the solution appears more turbid as the irradiation dose increases. After the deposition of this suspension onto ITO substrate, the resulting film displays an intense absorption band at 550 nm.

As it will be further demonstrated, this indicates that the suspension is made of polymers, noted PEDOT-OH, formed at high doses thanks to the recurrent step-by-step HO . oxidation process.

After irradiation at high doses (from 36 to 70 kGy), a very slow precipitation of the suspension is observed. This precipitation corresponds to a sedimentation process of the PEDOT-OH polymers of relatively high molecular weights. This precipitation can't be assigned to the hydrophobia of radiosynthesized polymers. Indeed, after adding either cyclohexane or dichloromethane solvents to the aqueous suspensions (v/v) and after stirring and decantation, the polymer particles always remain in the aqueous phase while organic phases appear colourless as for oxidizing EDOT. [30][31][32] In the presence of sodium azide salt, N ) instead of G HO• (equation 2.17, chapter 2).

In a N 2 O-saturated aqueous solution containing 10 mM in EDOT in the presence of azide salt, the dose which enables the total oxidation of EDOT amounts to 18 kGy and the dose D max which is necessary for the complete production of PEDOT is then about 36 kGy.

In the presence of sodium azide salt, N 2 O-saturated aqueous solutions containing a higher concentration in EDOT (10 mM) were irradiated at increasing doses up to 70 kGy. The evolution of the UV-visible absorption spectrum of this solution as a function of the dose is displayed (Figure 3.8). 27 At low irradiation doses, up to about 20 kGy (the dose which produces 10 mM in azide radicals), two shoulders appear and grow up at 290 and 350 nm demonstrating the formation of dimers. When the dose becomes higher than the total irradiation dose, as observed in the case of the 70 kGy-irradiation on Figure 3.8, the absorption bands of dimers disappear and a more intense absorption band grows up around 370 nm. Again, this should result from the lengthening of EDOT oligomers. Moreover, a brown-colored suspension is observable within the bulk which quickly deposits at the bottom of the solution. Note that the fast precipitation process, observed here, explains the absence of any scattering component in the extinction spectra of Figure 3.8.

After the deposition of this suspension onto ITO substrate, the resulting film displays a broad absorption between 500 and 600 nm. As it will be further demonstrated, this indicates that the suspension is made of polymers, noted PEDOT-N 3 , formed at high doses thanks to the N 3

• induced oxidation process. After irradiations at high doses (from 36 to 70 kGy), a precipitate is systematically observed.

This precipitation is not only due to a sedimentation process of the PEDOT-N 3 polymers of relatively high molecular weight. It also results from the poor hydrophilic properties of these systems. Indeed, after adding either cyclohexane or dichloromethane solvents to the aqueous suspensions (v/v) and after stirring and decantation, the polymer particles always remain at the organic solvent-water interface as illustrated in the case of cyclohexane (Insert of Figure 3.8).

This result proves the amphiphilic properties of PEDOT-N 3 polymers. Note that at the interface, these polymers appear as clustered fibers.

One can note that, for the same initial concentration in EDOT (10 mM), the spectral evolution in the presence of NaN 3 (Figure 3.8) is similar to that observed in the absence of this salt (Figure 3.7). However, when comparing both evolutions, one can note that for a given irradiation dose, the maximal absorption is always lower in the presence of NaN 3 . Even if hydroxyl radicals and azide radicals oxidize EDOT and induce polymerization through the formation of EDOT dimers, it seems that the two implied mechanisms are somewhat different. Maybe the kinetic growth of dimers, oligomers and polymers is slower in the case of N 3

•

. This would induce a lower polymerization yield and lower values of the maximal absorbance. However, such an interpretation is not in agreement with the observed dose effect. On another hand, the products of EDOT oxidation could be chemically and structurally different depending on N 3

• or HO• nature of the oxidizing radicals. This could explain the different spectral properties of the products obtained either in the presence or in the absence of azide salt. In addition, the poor hydrophilic properties of the products formed in the presence of NaN 3 lead to their deposition at the bottom of the solution and their adsorption onto the walls of the samples.

Characterization of PEDOT-OH and PEDOT-N 3

The ATR-FTIR spectra of PEDOT-OH and PEDOT-N 3 polymers, radiosynthesized at 70 kGy, which are similar to those obtained at 36 kGy, are presented in the wave number region 4000-700 cm -1 together with the spectrum of pure non irradiated EDOT (Figure 3.9). 27 Between 1600 and 700 cm -1 , the three obtained spectra are in good agreement with those previously reported for PEDOT and EDOT in literature. 13,[20][21][22][23] The vibrations at 1483, 1446 and The C-H stretching band at 754 cm -1 which is observed in EDOT spectrum, is clearly absent in the ATR-FTIR spectra of both radiosynthesized PEDOT polymers (Figure 3.9). 14 This demonstrates, without any ambiguity, that N 3 • and HO•-induced EDOT polymerizations have both taken place thanks to α-α' coupling reactions and that the resulting solid powders obtained after centrifugation are effectively composed of PEDOT polymers. Nevertheless, since the powders were centrifuged before their characterization, the absence of the C-H stretching band at 754 cm -1 can't prove here the total consumption of EDOT after a 70 kGy-irradiation.

The PEDOT nature of the radiosynthesized polymers, which compose the obtained solid phases was also proved thanks to the determination of their melting point after centrifugation and washing procedure. Indeed, it is found for both PEDOT-OH and PEDOT-N 3 a temperature of 145°C which is very close to the PEDOT melting point value (146 ℃) already reported. 24 This result demonstrates the high purity of our products and thus the efficiency of our procedure.

Contrarily to the wave number region 4000-700 cm -1 where the spectra of PEDOT-OH and PEDOT-N 3 are very much alike, significant differences can be observed above 2000 cm -1 . Indeed, the spectrum of PEDOT-OH exhibits a very large band between 3200 cm -1 and 3600 cm -1 while the spectrum of PEDOT-N 3 is characterized by an absorption in two different infrared regions:

between 2110-2065 cm -1 and between 3565-3525 cm -1 .

In order to understand these spectral differences and to propose a reasonable interpretation, it is need to check the differences which exist between the chemical reactivity of hydroxyl radicals and azide radicals towards aromatic compounds, such as our EDOT monomers. In general, hydroxyl radicals add onto double bonds between two carbon atoms in aromatic molecules, while azide radicals lead to the formation of radical cations through electron abstraction as it has been demonstrated in the case of oxidized purines or in the case of tryptamine. 33,34 Note that depending on the pH, the OH-adducts may undergo a dehydration reaction giving the one-electron oxidized radicals. 33 Also, the reactivity of hydroxyl radicals towards thiophene molecules and of azide radicals towards pyrrole compounds was studied by pulsed radiolysis. 16 In agreement with all the previous results, it has been found that HO• radicals add preferentially to the α position in Th leading to (Th-HO)• adduct. 16 Differently, N 3 • abstract electrons of pyrrole derivatives leading to radical cations. 30 In our case and according to literature, EDOT monomers should then be oxidized by HO• and N 3

• radicals according to two different ways:

EDOT + HO• → (EDOT-HO)• (3.6) EDOT + N 3 • → EDOT •+ + N 3 - (3.7)
Nevertheless, the reaction of HO• with EDOT which leads to EDOT •+ can't be excluded according to:

EDOT + HO• → EDOT •+ + HO - (3.8)
The (EDOT-HO)• hydroxyl adduct as well as the EDOT •+ radical cation subsequently undergo a second order radical-radical reaction with themselves to produce EDOT dimers as observed experimentally in this work and as demonstrated in literature in the case of both thiophene systems and pyrrole derivatives. 16,30 In the field of conducting polymers, experiments concerning the photodegradation of polythiophene-based polymers demonstrated in the same way that HO• radicals lead to hydroxyl adduct, while N 3 • species give cation radicals of the polymers. 35 As observed on Figure 3.9, the spectrum of PEDOT-OH polymers exhibits a very large band between 3600 cm -1 and 3200 cm -1 . Such a broad absorption in this spectral region is characteristic of O-H bonds and is traditionally observed in samples containing water molecules which are known to absorb between 3560 and 3520 cm -1 . 14 However, since our samples were conscientiously freeze-dried, the possible presence of water molecules must be ruled out. Besides, the absence of such a band in the spectrum of PEDOT-N 3 validates our assumption. On another hand, it is well known that free hydroxyl groups (-OH) in alcohols and phenols intensively absorb between 3650 cm -1 and 3584 cm -1 . 14 Nevertheless, in the presence of intermolecular H-bonds between the solutes, it is established that a very large band appears between 3550 and 3200 cm -1 at the expense of the band of free hydroxyl groups. 14 Then, the presence of a band in this exact region of the FTIR-spectrum in the case of PEDOT-OH (Figure 3.9) first proves the presence of hydroxyl groups all along the polymers as predicted from the growth mechanism, and second demonstrates the existence of strong intermolecular interactions between the functionalized polymers through hydrogen bonds. The presence of hydroxyl groups also confers to PEDOT-OH polymers hydrophilic properties which explain their poor solubility into organic solvents as previously discussed.

Contrarily to PEDOT-OH, PEDOT-N 3 polymers, which result from N 3

• -induced EDOT oxidation, shouldn't contain alcohol functionalities. This is proved by the absence of large band of O-H in the ATR-FTIR spectrum of PEDOT-N 3 (Figure 3.9). The absence of such a polar group into the PEDOT-N 3 polymer impacts on its solubility in water and explains its poor hydrophilic properties.

After irradiation, for ATR-FTIR measurements, the samples were centrifuged, then freeze dried. As a consequence, in the case of PEDOT-N 3 which has been synthesized in the presence of dissolved sodium azide, Na + and N 3 -ions were kept in the samples, and elimination of water molecules induced the precipitation of NaN 3 as an ionic solid together with the solid polymers. In the spectrum of PEDOT-N 3 , two bands are observed at 3565 cm -1 and 3525 cm -1 and two others are present at 2110 cm -1 and 2065 cm -1 (Figure 3.9). These bands are attributable to the presence of azide anions. Indeed, azido group is generally characterized by the asymmetric stretching frequency in the region 2160-2090 cm -1 which often appears as a doublet. 14 In the solid state, due to the presence of cations which perturb the internal vibrations of the N 3 -anions, azide salts are known to generally absorb in two different infrared regions: 3400-3150 cm -1 and 2150-2025 cm - 1 . 36 In particular, the spectrum of sodium azide salt has been shown to display an absorption band centered at 2106 cm -1 in addition to two other bands around 3500 cm -1 in agreement with our results. 36 This definitely confirms the presence of NaN 3 in our solid sample as expected from samples preparation. Note that functionalization of PEDOT-N 3 polymers by azido groups should be ruled out since azide radicals are known to only abstract electrons without any possible addition.

Amine molecules also absorb between 3500 and 3300 cm -1 in solutions. In particular, N-H bonds of primary amines are characterized in this spectral region by two bands (a doublet) which are always more narrow than O-H stretching bands. 14 These bands may sometimes be displaced to higher wavenumbers. 14 In addition, in the case of primary amines, these two peaks are associated to a shoulder which appears at lower wavenumbers and which corresponds to the angular deformation of N-H bond. Thus, the two bands observed in Figure 3.9 at 3565 cm -1 and 3525 cm -1 as well as the shoulder present around 3450 cm -1 in the case of PEDOT-N 3 could also be due to the presence in our sample of hydrazoic acid, HN 3 , which is the acidic form of azide ion (pKa(HN 3 /N 3 -) = 4.6 in aqueous solution) and which contains N-H bond. 37 Aqueous solutions containing 10 mM in EDOT and irradiated at 36 and 70 kGy in the absence of NaN 3 were observed by Cryo-transmission electron microscopy just after irradiation and before any sedimentation or centrifugation. Representative images show the presence of low density globular structures forming polydisperse spherical nanoparticles with a diameter comprised between 100 and 300 nm as observed (Figure 3.10, mean diameter of 200 nm). 27 These observations are consistent with our previous results which concerned hydroxyl-induced radiosynthesis of PEDOT under air atmosphere. 13 Since no other low density objects were observed during Cryo-TEM experiments, it can be deduced that these spherical nanoparticles are 

Conclusions

In the present work, the original radiolytic methodology is successfully extended to the conducted in literature in order to modify the chemical structure of EDOT building blocks and thus to improve the solubility of the resulting functionalized PEDOT polymers. 10 In this work, without any pre-functionalization of EDOT monomers, synthesis of hydrophilic PEDOT polymers succeeded thanks to the use of hydroxyl radicals as oxidizing species.

Due to the presence of -OH functionalities which enable hydrogen-bond interactions, PEDOT-OH polymers self-assemble in aqueous solutions into globular nanostructures as observed by Cryo-TEM. Differently, unfunctionalized PEDOT-N 3 polymers self assemble in water, by stacking interactions, into fibrillar or lamellar nanostructures. Interestingly, the shapes of all these structures remain unchanged after deposition and drying procedure. Thus, the simple choice of the oxidizing species which further determines the whole oxidation mechanism, has not only a clear influence on the chemical structure and the hydrophilic properties of synthesized polymers, but also plays a crucial role on the final morphology of polymers nanostructures.

Current research aims to develop new synthesis strategies and new conducting polymers with tuned morphologies and properties. However, the study of the influence of polymerization mechanism remains poorly investigated in literature in the field of conducting materials. Thus, pulsed radiolysis studies coupled with structural and spectroscopic characterizations have been undertaken in order to identify the first steps of the polymerization mechanism and in order to better understand the growth process of PEDOT polymers in aqueous solution. This work has been down during the thesis of Cecilia Coletta. 38 In particular, I participated in the characterization of the synthesized materials.

Pulse radiolysis study of PEDOT polymerization

In the previous work, it has been proved that radiolytic methodology enables the synthesis of conjugated polymers under soft-conditions. Hydrophilic PEDOT polymers without any prefunctionalization of EDOT monomers are obtained in N 2 O saturated aqueous solution. Moreover, it is demonstrated that a step-by-step mechanism is involved during PEDOT polymerization. 13 Indeed, the yield of EDOT monomers consumption, which is strictly equal to the yield of formation of HO• oxidizing radicals, does not depend on the initial concentration of the that no chain reaction should happen. Thus, polymerization should proceed through recurrent oxidation reactions: HO• radicals should oxidize EDOT monomers, then dimers, then oligomers, and so on. . 38 With the aim to demonstrate the step-by-step PEDOT polymerization mechanism and in order to synthesize conducting polymers thanks to a new alternative method based on electron beam irradiation, the electron accelerator was also used as a -simple‖ electron irradiator: EDOT solution was irradiated using consecutive accumulated pulses in order to produce a high concentration in oxidative species for ensuring a quantitative polymerization of PEDOT. The resulting polymers were finally characterized by different physicochemical techniques in aqueous solution or after deposition onto substrates.

Solutions preparation and pulse radiolysis study

Aqueous solutions containing 1 mM or 10 mM in EDOT monomers were prepared. The The experiments were carried out on the picosecond laser-triggered electron accelerator (ELYSE, University Paris-Sud) coupled with a time resolved absorption spectroscopic detection system. 39,40 Experimental conditions were described before (section 2.4, chapter2) and this study was also explained in detail in the thesis of Cecilia Colletta. 38 An N 2 O-purged stock solution of 200 mL was used which circulated in the 10 x 10 mm fused silica irradiation cell at a flow rate of 100 mL/min by means of a peristaltic pump. Since the electron pulses were applied at a frequency of 5 Hz, the solution was renewed between each pulse and it was possible to apply up to 400 pulses for each kinetic measurement.

In this work, a pulsed radiolysis study coupled with molecular simulations, with thermodynamic calculations and with spectrokinetic analysis was used to study the mechanism of In acidic and neutral aqueous solutions, after one pulse irradiation (40 Gy), no other products than EDOT 2 dimers were observed, demonstrating that no polymerization takes place. This proves that PEDOT polymerization is not a chain reaction. On the contrary, it has been demonstrated to proceed through a step-by-step mechanism made up of the following recurrent steps: (i) oxidation/activation, (ii) growth/chain length increase, (iii) deprotonation. 18 The amount of hydroxyl radicals generated by one pulse during the pulsed radiolysis study is then not enough to ensure polymerization. It only enables the incomplete transformation of EDOT monomers into dimers. The quantitative polymerization of EDOT into PEDOT requires a very much higher concentration in hydroxyl radicals which should reach at least twice that of EDOT.

Electron beam irradiation induced EDOT polymerization

In pulse radiolysis experiment, the dose per pulse can't be significantly increased. Then, in order to check whether EDOT polymerization effectively proceeds through a step-by-step oxidation process and with the aim to synthesize conducting PEDOT polymers by using an electron beam, aqueous solutions containing 10 mM in EDOT in a closed cell under N 2 O atmosphere were irradiated with a series of consecutive electron pulses of 40 Gy (delivered at a frequency of 10 Hz). Under these conditions, a high concentration of oxidative species is produced. Note that in these experimental conditions, the electron accelerator was used as a highenergy electrons irradiator. This work has also been done in Cecilia Coletta's thesis. 38 Nevertheless, I took part in the characterizations of the as-prepared products.

Taking into account the step by step polymerization process described in the previous sections, (inset) image of a cell containing PEDOT aqueous suspension radiosynthesized by electron beam. 18 No noticeable absorption band is present in the spectrum. Nevertheless, a continuous scattering appears due to the presence of a brown-yellow suspension in the bulk of the irradiated solution (inset of Figure 3.14). This spectrum and the turbidity of the solution are in good agreement with the results previously obtained by steady state γ radiolysis suggesting that polymerization effectively took place. 13 In order to demonstrate that the radiosynthesized products are PEDOT polymers, the turbid solution obtained after 180 kGy electron beam irradiation was centrifuged in order to recuperate a solid phase. The isolated brown powder was lyophilized to eliminate any residual water molecules which could be trapped in the polymer containing solid phase (inset of Figure 3.15).

The solid sample was then characterized by ATR-FTIR spectroscopy in order to investigate the chemical nature of the obtained polymers (Figure 3.15). 18 100

The ATR-FTIR spectrum of the polymer powder is presented in the upper part of Figure 3 This demonstrates that such as γ-irradiation, electron beam irradiation enables the radiosynthesis of PEDOT polymers. 25 While one electron pulse leads to the formation of EDOT 2 dimers as stable products, the use of a series of successive pulses is necessary to generate enough hydroxyl radicals to form PEDOT polymers. It is evidenced that not only electron irradiation can be used as an alternative way for the synthesis of PEDOT polymers, but also that PEDOT growth effectively proceeds through a step by step oxidation process as expected. Therefore, the synthesis of PEDOT polymers is successful thanks to the electrons beam irradiation of EDOT aqueous solution. The radiosynthesized PEDOT polymers form monodisperse nanoparticles the morphology of which is kept after deposition onto substrate.

Conductivity measurements

Since chemically and electrochemically synthesized PEDOT polymers are very often used for their conducting properties, the PEDOT radiosynthesized by electron beam at 180 kGy are also characterized by four point probe technique to check such interesting electrical properties.

After irradiation and lyophilization, the obtained PEDOT powder was dissolved and treated by a chemical oxidant NOBF 4 (10 -2 M) in acetonitrile. The solution was spin-coated onto a glass substrate and a PEDOT layer was obtained. The average thickness of the doped PEDOT film was measured on a surface profiler and was found to be 105 nm. According to (equation 2.35, chapter

2), the mean value of the electrical conductivity was determined to be 9×10 -4 S cm -1 . This conductivity is comparable to the highest conductivities reported in literature for PEDOT. 41,42

Conclusions

In this work, a pulsed radiolysis study coupled with molecular simulations, with thermodynamic calculations and with spectrokinetic analysis was used to study the mechanism of In acidic and neutral aqueous solutions, after one pulse irradiation (40 Gy), no other products than EDOT 2 dimers were observed, demonstrating that no polymerization takes place. This proves that PEDOT polymerization is not a chain reaction. On the contrary, it proceeds through a step by step mechanism made up of the following recurrent steps: (i) oxidation/activation, (ii) growth/chain length increase, (iii) deprotonation. The amount of hydroxyl radicals generated by one pulse during the pulsed radiolysis study is then not enough to ensure polymerization. It only enables the incomplete transformation of EDOT monomers into dimers. The quantitative polymerization of EDOT into PEDOT requires a very much higher concentration in hydroxyl radicals which should reach at least twice that of EDOT.

In order to prove that PEDOT polymerization effectively proceeds through a step by step oxidation process and with the aim to synthesize conducting PEDOT polymers, the electron beam, usually employed in fast kinetic studies, was used as a high energy electrons irradiator.

Successfully, the irradiation with a series of 4500 consecutive electron pulses (180 kGy total dose) of EDOT aqueous solution enabled the production of a very high concentration in hydroxyl radicals and thus the quantitative synthesis of PEDOT polymers, demonstrating that PEDOT growth proceeds through a step by step oxidation process as expected.

The chemical nature of radiosynthesized PEDOT polymers was confirmed by ATR-FTIR spectroscopy while their morphology was checked in solution by Cryo-TEM microscopy and after lyophilisation and deposition by SEM microscopy. Radiosynthesized PEDOT polymers were found to form monodisperse nanoparticles whose morphology was kept after deposition onto solid substrate. Finally, the electrical conductivity of radiosynthesized PEDOT was evaluated at 9×10 -4 S cm -1 . This conductivity is comparable to conductivities already reported in literature concerning PEDOT polymers synthesized by conventional methods.

The present study bears witness to the tremendous potential of such a new electrons-based methodology and gives us a glimpse of future promising industrial applications in the field of conducting polymers synthesis. Indeed, thanks to the accelerated electrons-based nano-beams which are nowadays available, it should appear possible to synthesize conducting polymers onto conducting or even non conducting substrates with a high spatial resolution in order to produce conductive patterns at a nanometric scale. The fact that conducting polymer growth proceeds through a step by step mechanism, and not according to a chain reaction, should enable the control of the chain length thanks to the adjustment of the irradiation dose.

Summary

According to the work of Samy Remita's team, synthesis of conducting polymers (CPs) with radiation method has been developed by the synthesis of conducting poly(3,4ethylenedioxythiophene) (PEDOT). Using γ-radiolysis of aerated aqueous solutions of 3,4ethylenedioxythiophene (EDOT) in the absence of any external chemical initiators, PEDOT polymers were successfully synthesized with spherical appearance. The polymerization mechanism was proposed to be a step-by-step procedure. By adjusting the oxidizing species, PEDOT nanoparticles and nanofibers were prepared using γ-irradiation of aqueous solutions of EDOT degased with N 2 O. It is proved that PEDOT-OH polymers self-assemble in aqueous solutions into globular nanostructures thanks to hydrogen-bond interactions. While, PEDOT-N 3 polymers self-assembling should come from -stacking interactions between conjugated polymers forming fibrillar nanostructures. Pulse radiolysis study proved the formation of EDOT •+ radical cation and probably that of (EDOT-HO)• adduct which lead to the EDOT 2 dimers.

Furthermore, it is suggested that EDOT monomers undergo degradation under high pH and the synthesis of CPs with electron beam is feasible.

However, the versatility of this radiolytic method needs to be checked. The synthesis of other CPs such as polypyrrole (PPy) by using γ-irradiation is worth studying. The effect of synthetic conditions (pH and soft template) on the polymerization of EDOT needs to be further studied.

Both the effect of pH and application of soft template on the polymerization of EDOT and on the morphology of PEDOT is of great interest since they may affect the final properties of PEDOT polymers.

Chapter 4: Radiation induced synthesis of PPy: demonstration of the versatility of radiolytic method

Since the discovery of conducting polymers (CPs) in 1970s, a variety of π-conjugated CPs have been developed and these typical CPs include poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), polyaniline (PANI) and their derivatives. [1][2][3] All these CPs are characterized by both environmental stability and high conductivity which are currently attracting great interests. 4 Among these typical CPs, PPy has been mostly investigated due to its relatively easier synthesis and greater stability.

Similar to the synthesis of PEDOT polymers, PPy polymers can be synthesized by the polymerization of pyrrole (Py) monomers (Figure 2.1, chapter 2) using both traditional chemical (e.g., K 2 S 2 O 8 , FeCl 3 , H 2 O 2 ) and electrochemical methods while some alternative ways, such as enzymatic method, remain rarely proposed in literature. [5][6][7][8][9] To the polymerization technologies of chemical and electrochemical methods, the first step of polymerization corresponds to the preliminary oxidation of Py monomers into their ionic states (Figure 4.1). 10 It is worth noting that the cationization of Py monomers is favorable at the α and α′ positions. Then, dimerization of two Py cations leads to the formation of Py dimers by eliminating two H atoms. Later, the formed Py dimers then repeat the previous oxidation reaction forming the Py dimer cation and undergo coupling reaction with another Py cation. Finally, the PPy polymers are formed according to this step-by-step mechanism. 10 This mechanism which has been highlighted in Samy Remita's team by pulse radiolysis during the thesis of Cecilia Coletta is comparable to that of PEDOT polymerization. 11,12 Although the synthesis of PPy polymers has been widely studied for a long time, many efforts are still being spent on simplifying their preparation and optimizing their properties. 13,14 Compared with the common chemical and electrochemical methods, radiolytic method is based on the interaction of high energy ionizing radiations with matter. Instead of using external oxidative chemicals to initiate polymerization as in the case of chemical method, γ-radiolysis of aqueous solution leads to the quantitative and selective in situ production of radicals which come from the more abundant species present in the medium: the solvent molecules. These radicals, such as hydroxyl radicals (HO•) which are known to be very oxidative species should then act as initiators of PPy synthesis. 15 In this way, the synthetic procedure is easier and environmentally friendly. In other words, water is used as the solvent without addition of chemical oxidants. In the previous part (chapter 3), PEDOT polymers are successfully synthesized thanks to the use of different oxidizing species produced by water radiolysis. 12,16,17 It is demonstrated that the polymerization growth of PEDOT proceeds through a recurrent step-by step oxidation process.

This means that for a quantitative polymerization, the concentration of initiators must be at least two times higher than that of monomers. Also, we demonstrated that the nature of the oxidizing species produced from water radiolysis determines the morphology as well as the physicochemical properties of the radiosynthesized PEDOT nanostructures. 17 solution under N 2 O atmosphere. Under these conditions, the hydroxyl radicals (HO•) produced by water radiolysis should act as an oxidizing species towards Py monomers leading to PPy polymers. For comparison purpose, PPy polymers are also synthesized by traditional chemical method using potassium persulfate (K 2 S 2 O 8 ) as oxidant and as polymerization initiator. The morphology and the properties of PPy synthesized by both methods are compared in details.

PPy synthesis methodologies and characterizations

Solution preparation

Pyrrole (Py) was used as the monomer and ultrapure water was used as the solvent. N 2 O was used to degas the aqueous solutions of pyrrole before γ irradiation. Aqueous solutions containing different concentrations in pyrrole ranging between 1 and 20 mM were prepared. Note that these concentrations are both by far lower than Py solubility in water (0.9 M). Then, the samples were degassed with N 2 O for 20 min and irradiated with a [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Co γ source (Laboratoire de Chimie Physique, LCP, Paris-Sud University) at a dose rate of 6 kGy•h -1 in order to synthesize PPy polymers. For comparison purpose, chemical oxidant namely K 2 S 2 O 8 was used for chemical synthesis of PPy.

Radiolytical and chemical preparation of PPy

Radiolytic method. Upon irradiating N 2 O-saturated diluted aqueous solutions at neutral pH, the radiolytic yield of formation of hydroxyl radicals (HO•) is 5.6×10 -7 mol•J -1 (equation 2.15, chapter 2). The concentration of HO• produced by water radiolysis can then be expressed as a function of the irradiation dose, D expressed in Gray (Gy) according to:

[HO•] (mol•L -1 ) = D (Gy) × G (HO•) (mol•J -1 ) (4.1)
As demonstrated in the previous part (section 3.2.2, chapter 3), for quantitative polymerization of CP, the concentration of oxidative species (HO•) should be twice that of Py monomers ([Py] 0 ). 16,17 As a consequence, the dose D max needed for a quantitative polymerization of Py can be calculated as follows:

(4.

2)

It thus amounts to 3.6 kGy for 1 mM in Py and to 72 kGy for 20 mM in Py. Py solutions were then irradiation at such doses.

Chemical method. For comparison purpose, PPy was also synthesized by a chemical method.

Aqueous solution containing both pyrrole monomers (20 mM) and K 2 S 2 O 8 oxidant (40 mM) was prepared and stirred for another 24 h to ensure that Py monomers fully polymerize into polypyrrole. 18 As in the case of radiolytical method, the molar ratio of monomer to oxidant was 1:2 to ensure quantitative polymerization.

PPy characterization

In order to check whether the polymerization of pyrrole monomers occurred by both radiolytic method and chemical method, Ultraviolet-visible (UV-vis) spectra of pyrrole aqueous solutions or suspensions before and after polymerization were recorded in quartz cell with an optical path length of 0.2 cm. The reference was always ultrapure water. All the solutions of Py after polymerization were dried by to obtain dehydrated powders. After lyophilization, all the samples were further directly investigated by ATR-FTIR, SEM and TGA.

To further identify PPy and its chemical composition, the Fourier transform infrared (FTIR) spectra of lyophilized PPy were recorded. In order to observe the morphology of radiosynthesized PPy polymers in aqueous solutions, in-situ observation of the morphology of PPy was carried out on a transmission electron microscope in a cryogenic environment (Cryo-TEM). In order to check whether the radiosynthesized PPy maintained its original morphology during the drying process, after γ irradiation, a small drop of the solution was deposited onto the upper surface of ZnSe prism (transparent in the mid-IR) and dried naturally. The dried deposit was observed by AFM-IR that combines the AFM with a pulsed infrared laser to perform spectromicroscopy. [19][20][21] In order to check the morphology of PPy polymers synthesized by radiolytic and chemical methods, PPy powders obtained after lyophilization were observed by scanning electron microscopy (SEM).

The thermal stability and composition analysis of PPy was performed on a thermogravimetric analysis instrument (TGA). To measure the conductivity of PPy, spin-coated films of PPy were obtained by spinning a small drop of PPy suspensions on an ITO substrate. Before measurements, the nanostructures of PPy solutions or suspensions were doped with NOBF 4 at a concentration of 10 -2 M in acetonitrile. A four-point probe technique was used for measuring the resistance of PPy film and a surface profiler was used for the thickness measurement of the film. The conductivity, ρ (S•cm -1 ) of doped PPy film was determined according to equation 2.35, chapter 2.

HO•-induced oxidation of Py monomers

Aqueous solution containing 1 mM in Py was prepared under N 2 O atmosphere. Its UV-vis absorption absorption spectrum displays the 205 nm characteristic peak of Py monomers which corresponds to a π-π* transition (Figure 4.2, left). 22,23 The molar extinction coefficient of Py monomers amounts to: ε 205 = 6730 L•mol -1 •cm -1 (in hexane). 22 This solution was irradiated at increasing doses up to 3. Py (E 0′ (Py + /Py) = 0.76 V SHE ). 24,25 Therefore, it is clear that the radiation induced polymerization of pyrrole can be initiated by HO• as expected. Therefore, as previously explained, the dose needed for quantitative polymerization of Py could be easily calculated (equation 4.2). In particular, 72 kGy are needed for 20 mM in Py. Evolution of pyrrole concentration as a function of the irradiation dose (right), l = 0.2 cm. Reference: water. 23 

Radiation induced synthesis of PPy, a comparison with chemical synthesis

While relatively low concentrations in Py monomers (1 mM, see previous section) were needed for succeeding in the follow-up of their oxidation mechanism, higher concentrations were necessary for the characterization of PPy polymers either in aqueous solution or after their deposition onto substrates as it will be presented in the case of 20 mM in Py.

Aqueous solutions containing 20 mM in Py were irradiated at 72 kGy (Figure 4.3). 23 It is noted that after irradiation (spectrum b), only a shoulder is observable at 205 nm indicating that polymerization is indeed almost quantitative at 72 kGy since only a small amount of Py monomers remains in solution. synthesized by chemical method, χ-PPy (diluted 20 times), L= 0.2 cm, Reference: water. 23 Py disappearance parallels the formation of species which absorb at 300 nm as observed in spectrum b. Vetter et al. reported that the shoulder at 300 nm should be attributed to terpyrrole. 26 Also, after a 72 kGy irradiation, continuous scattering (long absorption tail) in the range 400~1000 nm whose intensity increases with irradiation dose, is observed in the extinction spectrum b. This is characteristic of the π-π* transition of PPy with higher molecular weight. [26][27][28] This scattering should result from the presence of a black suspension in the medium as observed (Figure 4.4, image b). This suspension becomes denser and the solution appears more turbid as the irradiation dose increases. As it will be demonstrated later, this suspension corresponds to PPy polymers formed at high doses thanks to the HO•-induced oxidation process.

These polymers formed by radiolysis are called γ-PPy. Note that no sedimentation is observed in this case. This may be explained by a relatively low molecular weight of the polymers.

Nevertheless, the absence of any deposition implies that γ-PPy polymers are not hydrophobic. and (c) and after lyophilization (d) and (e). 23 In order to compare the radiolytic procedure with a more common chemical methodology, 40 mM of K 2 S 2 O 8 was added as oxidant to a solution containing 20 mM in Py (ratio Py/ K 2 S 2 O 8 = 1:2) under stirring. After 24 hours, the absorption spectrum of the solution was recorded (Figure 4.3, spectrum c). This spectrum is somewhat different from the spectrum b. Indeed, one can note the presence of residual Py monomers characterized by the absorption at 205 nm meaning that, in the present experimental conditions, chemical polymerization is less complete than radiation induced one. While no peak at 300 nm, characteristic of terpyrrole, is observed (Figure 4.3, spectrum c). Continuous absorption in the range 400~1000 nm is present such as in the case of radiolytical method. Nevertheless, the lower intensity of the extinction spectrum c in comparison with that of spectrum b could be explained by the sedimentation process observable in the case of chemical method. Indeed, contrarily to radiolytical method, a black powder deposits in this latter case at the bottom of the solution as observed (Figure 4.4, image c).

Thus, as in the case of radiolysis, PPy polymers are formed in aqueous solution thanks to chemical oxidation of Py. These polymers are called χ-PPy. Nevertheless, the chemically synthesized polymers (χ-PPy) should be more hydrophobic than radiosynthesized ones (γ-PPy) or could have higher molecular weight since they precipitate.

Highlighting γ-PPy radioinduced synthesis

In order to perform ATR-FTIR experiments for comparing the chemical nature of both γ-PPy and χ-PPy, the two samples ( ). We can assume that Py •+ dimerizes into Py 2 which undergoes a step-by-step polymerization process leading to the PPy polymers as demonstrated in the thesis of Cecilia Coletta. 11 The ATR-FTIR spectrum of γ-PPy is presented (Figure 4.5, spectrum b) in the wavenumber region 600~4000 cm -1 together with those of χ-PPy (Figure 4.5, spectrum c) and pure non irradiated Py liquid sample (Figure 4.5, spectrum a). 23 Note that the deposition of Py liquid phase is translated by a better resolution when compared with the solid phase deposition of lyophilization polymer powders.

The three obtained spectra are in good agreement with those previously reported for Py and PPy in literature. 26,29,30 In addition, no considerable differences exist between spectra b and c.

Only small shifts in the vibration modes can be observed. Starting from what is known in literature about Py, vibration at 3396 cm -1 observed in spectrum a can be attributed to the in plane stretching of N-H. 28,31 The bands at 1571 and 1467 cm -1 are due to C-C in-ring-stretch mode and stretching vibration of pyrrole rings respectively. 18,29 The band at 1047 cm -1 is mostly attributed to C-C out-of-plane deformation vibration. 29,31 The strong band at 726 cm -1 results from the C-H wag vibration at α, α′ positions. 30 After polymerization, the C-H wag vibration and N-H in plane stretching in spectra b and c decrease obviously indicating that free pyrrole monomers are not observable here, suggesting that polymerization of pyrrole is relatively quantitative. In the case of chemically synthesized PPy (Figure 4.5, spectrum c), the broad band at 3120 cm -1 can't be due to the presence of water since samples were lyophilized. It corresponds to the stretch of N-H bond and the peak at 1700 cm -1 corresponds to the stretch of C=O. 32 It has been reported that the C=O structure at the β position of the pyrrole ring is typically due to the overoxidation of polypyrrole. 26 The bands at 1556, 1481 and 1043 cm -1 correspond to stretching mode of C=C, C-N and C-C out-of-plane vibration indicating the formation of PPy. 29 The bands at 1184 and 916 cm -1 are attributed to the S=O group and stretching vibration of PPy showing that chemically synthesized PPy is doped with the oxidant. 18,31 C-C out-of plane vibration proving the successful preparation of PPy. 26,29,31 Nevertheless, there is an obvious carbonyl C=O group peak at 1674 cm -1 , which is more intense than the C=O group peak at 1700 cm -1 in the case of χ-PPy. The presence of this peak obviously demonstrates that γ-PPy is overoxidized. 26,33 The spectrum of γ-PPy also exhibits a very large band around 3251 cm -1 .

As in the case of χ-PPy (Figure 4.5, spectrum c), this band is attributed to the N-H bond. The observation of such a very large band should result from the N-H groups of the polymers. On the other hand, this very large and relatively intense band observed in the case of γ-PPy could also come from the -OH functionalization of the polymers by HO• radicals. This has already been established in the case of radiation induced synthesis of PEDOT. This result is also in very good agreement with literature since HO• radicals are known to add to the double bonds of organic molecules and with pulse radiolysis study of Py polymerization which has been carried out in the thesis of Cecilia Coletta. 11,29,34,35 Therefore, PPy was successfully synthesized by both radiolytical and chemical methods.

Nevertheless, radiosynthesized PPy polymers could be functionalized by O-H and C=O groups which should then explain their higher hydrophilicity in comparison with that of χ-PPy.

Morphological observations of PPy

As the solubility in water of PPy synthesized by radiolytic method (γ-PPy) is relatively high, (a) Nanostructures of γ-PPy, (b) full view of chaplets of γ-PPy. 23 Also, these particles systematically appeared self-assembled into nanochaplets after lyophilization (Figure 4.6, image b). These results are in good agreement with previous observations reported in literature concerning such polymer systems. 36,37 Since no other low density objects were observed during Cryo-TEM experiments, we deduce that these more or less spherical nanoparticles are made up of radiosynthesized PPy polymers.

Each globular structure observed on Figure 4.6 should correspond to the self-assembly of independent amorphous PPy polymer chains which interact all together by hydrogen-bonds as already reported in literature. 35,38 Also, the packing and the structuration of the polymers into supramolecular nanochaplets should also result from such intermolecular interactions.

In order to definitely prove the PPy nature of these spherical nanoparticles and in order to characterize the morphology of the polymers after a deposition procedure and also to check whether a drying process is able to affect the morphology of PPy, a drop of the solution containing the PPy black suspension obtained after a 72 kGy-irradiation (polymers of Figure 4.6)

was deposited onto a ZnSe prism, then dried, and finally imaged and characterized by AFM-IR (Figure 4.7). 23 According to the AFM image of γ-PPy recorded in contact mode, the top dark areas having no thickness correspond to the substrate (Figure 4.7, image a). 23 The topography of γ-PPy displayed as the bright areas correspond to the thicker regions made up of isolated bigger spherical PPy nanoparticles and closely packed smaller ones (200~300 nm in average). 39 This AFM observation agrees well with the morphology of γ-PPy particles previously observed in aqueous solution by Cryo-TEM (Figure 4.6) without any significant change in the mean size and in the shape. Then, the packing of the particles and their flattening onto the substrate when deposited and dried do not seem to affect the nanostructuration of γ-PPy polymers.

In order to confirm that the nanoparticles already observed by Cryo-TEM and AFM contain This result does not only prove that radiosynthesized PPy are spherical nanoparticles but also further explains their hydrophilicity and their packing into nanochaplets. Indeed, the presence of C=O bonds at the surface of the PPy nanoparticles, as demonstrated by AFM-IR, should enhance the probable effect of O-H functionalities, leading to strong hydrogen-bonds interactions between the self-assembled nanoparticles as well as with the aqueous solvent.

In order to check whether the lyophilization procedure and whether the substrate nature affect the morphology of γ-PPy nanoparticles, the lyophilized PPy powder obtained after a 72 kGyirradiation was observed by SEM microscopy. Typical image is displayed and γ-PPy polymers appear as more or less spherical nanoparticles with a mean size of 100 nm (Figure 4.8, image a). 23 This definitely proves that the presence of the solvent, that the lyophilization, that the nature of the substrate have no influence on the nanostructuration of the polymers. This would imply the existence of very strong hydrogen-bond interactions into each nanoparticle. χ-PPy polymers also appear as more or less close-packed spherical nanoparticles. 40 However, the value of the mean-size (~200 nm) and that of the polydispersity are much higher than those corresponding to γ-PPy. This result proves that our radiolytic methodology does not only lead to more hydrophilic PPy polymers, but also to smaller and less polydisperse PPy nanoparticles. Due to the absence of O-H and C=O groups into χ-PPy, the bigger size of χ-PPy nanoparticles in comparison with that of γ-PPy structures, could explain their sedimentation observed after their chemical synthesis into water (Figure 4.4, image c).

Physico-chemical properties of γ-PPy, a comparison with χ-PPy

Thermal stability

We wanted to check and to compare the thermal stability of γ-PPy and χ-PPy previously synthesized and obtained as powders after lyophilization. The thermo gravimetric analysis (TGA) plots of both PPy polymers are shown (Figure 4.9). 23 The inset displays the temperature at which the weight loss of PPy occurs. In the case of γ-PPy (Figure 4.9, image a), the weight loss exhibits three stages of decomposition which is in agreement with literature. 41 From 40 to100 ℃, the main loss of weight happens at 50 ℃ which may be caused by the loss of some unreacted pyrrole. Then, in the range 100-400 ℃, the weight loss at 176 ℃ may be caused by the loss of terpyrrole which was observed by UV-visible absorption spectroscopy (Figure 4.3, spectrum b), while the main weight loss which occurs at about 330 ℃ may correspond to the decomposition of some γ-PPy oligomers characterized by low molecular weights. 26 Finally, the decomposition of the backbone of PPy occurs at around 600 ℃. This TGA analysis is in very good agreement with TGA data already reported in literature concerning PPy polymers. 31,42 Note that the same thermal stability is found for χ-PPy (Figure 4.9, image b). This result indicates that the size of the PPy polymer nanoparticles as well as their functionalization by C=O or O-H groups seem to have no effect on their thermal behavior.

Electrical conductivity

In order to check and to compare the electrical conductivity of γ-PPy and χ-PPy by four point probe technique, both samples were doped with NOBF 4 (10 mM). It is found that the electrical conductivity of χ-PPy is 1.2 ×10 -2 S•cm -1 . This value is similar to those reported in literature. 43 Interestingly, the electrical conductivity of γ-PPy synthesized by the original radiolytical procedure was found to be higher: 5.7×10 -2 S•cm -1 . This result proves that, even if the thermal stability of γ-PPy is not better than that of χ-PPy, the value of the electrical conductivity of γ-PPy is nearly five times higher than that of χ-PPy. The higher conductivity of γ-PPy could be related to the smaller particles size and the bigger surface areas. 44,45 Indeed, as the diameter decreases, more ordered chains of connected structure of γ-PPy networks could counteract the influence of insulated cavities and bigger surface areas could enhance the delocalization of charge carriers over an extended region of the polymer chains. We think that both aspects contribute to a relatively higher electrical conductivity of γ-PPy.

Conclusions

In the previous chapter, we succeeded in the development of a new -radiolysis-based alternative way for synthesizing PEDOT polymers in aqueous solution. In the present chapter, this radiolytic methodology was extended as an alternative green way for the synthesis of conducting PPy polymers in aqueous solution.

PPy polymers synthesized by radiolysis are characterized by a very good long-term stability at air in a humid environment. We showed that the as-prepared PPy polymers remain well-dispersed in water, can be easily dried and are quite simply redispersed in protic solvents. As revealed by ATR-FTIR spectroscopy, the probable presence along the polymeric chains of O-H and C=O functionalities, which should come from the addition of hydroxyl radicals during the polymer growth, could explain the hydrophilic properties of the radiosynthesized PPy polymers. This could also justify the existence in aqueous solution of the globular self-assembled structures made up of PPy polymeric chains and their packing into nanochaplets as observed by cryo-TEM.

After deposition onto substrate, the radiosynthesized PPy polymers appear as more or less spherical nanoparticles as revealed by AFM and SEM observations. Moreover, in an original way, high resolution atomic force microscopy, coupled with infrared nanospectroscopy was used to probe the local chemical composition of PPy nanostructures.

A detailed investigation enabled the comparison between the properties of radiosynthesized

PPy and those of PPy synthesized by a conventional chemical polymerization. We found that radiosynthesized PPy nanoparticles are more hydrophilic, smaller and less polydisperse than chemically synthesized PPy. Besides, we demonstrated that radiosynthesized PPy nanostructures are characterized by a very good thermal stability and an electrical conductivity which is five times higher than that of chemically synthesized PPy.

In this chapter, the radiolytic procedure is extended to the successful synthesis of another representative CP (different from PEDOT), namely PPy. This definitely demonstrated the versatility of this original radiolytic methodology which should lead to the polymerization of other kinds of CPs in aqueous solution including: PANI, P3HT, PTAA, etc.

At this stage of the research project, PEDOT and PPy have been prepared by radiolysis, by using oxidizing radiolytical radicals in water in neutral medium. Now, the questions are: is it possible to synthesize such CPs in other experimental conditions? What is the influence of such conditions on the stability, the morphology and the properties of radiosynthesized CPs?

In the next chapter, further work is focusing on the study of the presence of surfactant and the influence of the pH on the radiation induced synthesis of PEDOT polymers.

Chapter 5: Effect of synthetic conditions on radiation induced synthesis of PEDOT polymers

In chapter 4, the versatility of radiolytic method has been proved by the successful synthesis of polypyrrole (PPy). However, the morphology and properties of conducting polymers (CPs) can be affected and adjusted by the synthetic conditions (soft template and pH). Therefore, it is necessary to study the effect of the experimental conditions on the synthesis of CPs by using gamma (γ)-irradiation.

In the present chapter, synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) induced by γ-irradiation is selected as the research target and effects of synthetic conditions on the polymerization of 3,4-ethylenedioxythiophene (EDOT) monomers are discussed.

First, in order to control the morphology of PEDOT polymers, the effect of the presence of soft templates on the polymerization of EDOT monomers is studied. The radiation stability of soft templates formed by sodium dodecyl sulfate (SDS) is checked and the influence of SDS concentration on the polymerization of EDOT monomers is studied.

Second, in order to improve the properties of PEDOT polymers, the effect of pH on the synthesis of PEDOT polymers is studied. PEDOT polymers are prepared in acidic aqueous solution by using γ-irradiation. On the one hand, influence of concentration of acid on the polymerization of EDOT monomers is checked. On the other hand, effect of the nature of the acid on the polymerization is studied by choosing perchloric acid (HClO 4 ) and hydrochloric acid (HCl). In order to check the effect of ionic strength on the polymerization of EDOT monomers, sodium perchlorate (NaClO 4 ) is added instead of the inorganic acid.

PEDOT synthesis and characterization methodologies

Solution preparation and γ-irradiation

EDOT is selected as the monomer and deionized water is used as the solvent. SDS with a concentration which is below or above critical micelle concentration (CMC) is added to EDOT solutions to form soft template. HClO 

Radiolysis of acidic medium

It is well known that the radiolysis of water under nitrogen (N 2 ) atmosphere at neutral pH produces various species: HO and H• and the radiolytic yields are 2.9×10 -7 mol J -1 and 3.7×10 -7 mol J -1 (Figure 2.5, chapter

2).

When irradiation of aqueous solution happens under N 2 O atmosphere, e - aq is transformed into HO• (equation 2.14, chapter 2) which competes with the transformation of e - aq into H• (equation 2.18, chapter 2). Therefore, the main species produced by the radiolysis of water under N 2 O atmosphere in acidic conditions are still HO• and H•. Nevertheless, under N 2 O atmosphere, radiolytic yield of production of HO• is higher than under N 2 atmosphere, while the yield of production of at least 2.9×10 -7 mol J -1 while the maximum radiolytic yield of H• is necessarily lower. 1 When HClO 4 is added to adjust the pH of aqueous solution, the main species produced by radiolysis of acidic aqueous solution under N 2 O atmosphere containing HClO 4 are oxidizing HO• and reducing H• since ClO 4 -anions remain unreactive.

When HCl is used instead of HClO 4 , HO• is converted to Cl 2 · -(reactions 2.19~2.21, chapter

2) which is very oxidative agent. 2 Therefore, the main species produced by γ-radiolysis of acidic aqueous solution containing HCl under N 2 O atmosphere are Cl 2 · -as well as H•.

Therefore, γ-irradiation of acidic aqueous solutions of EDOT can induce polymerization of EDOT either by oxidation of EDOT either by HO• or Cl 2 · -depending on the nature of the used acid. Note in these conditions, the reactivity of H• should be taken into account due to the high concentration in hydrogen atoms.

Characterizations and measurements

To study the effect of γ-irradiation, Ultraviolet-visible (UV-vis) spectra of all the prepared solution before and after γ-irradiation were recorded without dilution or with 10 times dilution using a quartz cell with an optical path length of 0.2 cm. Acidic solutions of EDOT (10 mM) and HClO 4 (or HCl) (10:1000) after γ-irradiation were selected for further characterizations.

To identify the formation of PEDOT and its chemical composition, attenuated total reflection fourier transform infrared (ATR-FTIR) absorption spectra were measured within the wavenumber range of 4000 to 600 cm -1 with a resolution of 4 cm -1 . The morphology of the asprepared products in solution was observed by cryo-transmission electron microscopy (Cryo-TEM). The morphology samples dried by lyophilization were observed by scanning electron microscopy (SEM). In addition, energy dispersive X-Ray (EDX) analysis is carried out to identify the chemical composition of the materials during the SEM characterizations. Atomic force microscopy-based infrared spectroscopy (AFM-IR) was performed to further study the morphology and composition of the as-prepared samples.

The electrical conductivity measurements were done by spinning PEDOT suspension on a glass and doping with NOBF 4 (10 mM) solvated in acetonitrile. Similarly, the electrical conductivity of PEDOT was measured by using the same procedures applied for PPy (chapter 4).

Effect of SDS on the polymerization of EDOT monomers

SDS was used as surfactant building-block for the preparation of soft template in order to prepare architecture-controlled PEDOT polymers. Indeed, EDOT and PEDOT being mainly show weak absorption within the wavelength number of 350~500 nm which may explain the light yellow color (Figure 5.2, right). The obvious changes of UV-vis absorption spectra of SDS indicate that γ-radiolysis of SDS solutions under N 2 O atmosphere produces some species which absorb below 500 nm. This may result from the degradation of SDS by reacting with HO• forming SDS radicals. 3,4 Since no clear precipitates are observed and since SDS micelles have been widely used during the radiolysis, it is reasonable to suppose that SDS self assembles remain stable upon γ-radiolysis. 3,[5][6][7] Even if SDS (dispersed or self-assembled into micelles) is relatively unstable upon high dose irradiation, it is worth checking whether This decrease can't be due to a lower solubility of EDOT in SDS micelles. This systematic error is due to the variation of the volume and then of EDOT concentration when SDS powder is added to the medium, to the dilution of the solution which is necessary before recording UV-vis absorption spectra and also to the bubbling of the solution which is more important when SDS concentration is higher.

PEDOT
After γ-irradiation, apparent color changes happen to all the solutions and all the EDOT solutions added with SDS have no precipitate (Figure 5.3). The appearance of EDOT solution is the same as reported results (Figure 3.7, chapter 3). In particular, in the absence of SDS, the yellow suspension is due to the formation of PEDOT polymers. onto EDOT and SDS don't enable the efficient preparation of PEDOT polymers in the presence of SDS surfactant when self-assembled into organic micelles. Therefore, the application of SDS-based soft template is not helpful for γ-irradiation induced synthesis of PEDOT while the addition of SDS with a concentration lower than CMC I contributes to the polymerization of EDOT. In this latter condition, PEDOT polymers display absorption band at around 700 nm which is in agreement with reported results. 9,10

Effect of pH on the polymerization of EDOT monomers

In order to study the effect of pH on the polymerization of EDOT, EDOT solutions were added with either HClO 4 or HCl and irradiated under N 2 O. Since γ-radiolysis of acidic aqueous medium produces different oxidizing species (HO• or Cl 2 · -) (chapter 3), the effect of these different oxidizing species on the polymerization of EDOT are also discussed.

Effect of HClO 4

With the aim to check the influence of HClO As is shown in Figure 5.5, before γ-irradiation, all the EDOT solutions added with HClO 4 are transparent and the pH values of all the solutions are 8, 3, 2, 1 and 0, respectively. After γirradiation, all the transparent solutions become colored suspensions and the color darkens as the concentration of HClO 4 increases. In particular, when the concentration of HClO 4 is 1000 mM (pH = 0), dark blue suspension is obtained which is the same as the color of PEDOT in reduced state. 11,12 Therefore, pH has obvious effect on the polymerization of EDOT monomers and the polymerization of EDOT monomers at low pH is more favorable.

To further check the effect of pH, UV-vis absorption spectra of all EDOT solutions before and after γ-irradiation are recorded after 10 times dilution (Figure 5.6). Taking into account the pseudo-first order decay of e aq -by its reaction with N 2 O and H + , one can consider its half-time to be:

(5.2)
which is around few ns.

For the calculation of Gʹ HO• and Gʹ H• which result from e aq -decay according to reactions 2.14 and 2.18, let's then consider the yield of production of e aq -at 3 ns for consideration which is:

G e aq -= Gʹ HO• + Gʹ H• = 3.4 ×10 -7 mol J -1 (5.3)
Knowing the dependence of R = (Gʹ HO• /Gʹ H• ) as a function of H + , it is then possible to evaluate the values of Gʹ HO• and Gʹ H• at pH 0, 1, 2 and 3 (Table 5.1). The total radiolytic yields of production of HO• and H• can then be calculated according to: When the dose increases, one can observe the progressive decrease of the characteristic bands of EDOT at 235 and 255 nm (Figure 5.7, left). This decrease parallels an increase of the absorbancy at higher wavelength. Note that an isosbestic point is observed at around 270 nm (see insert). In order to calculate the radiolytic yield of EDOT consumption (G -EDOT 0 ) at pH = 0, the evolution of EDOT concentration (deduced from the absorbancy at 255 nm) is displayed as a function of the dose (Figure 5.7, right). The initial slope of the curve enable to calculate G -EDOT 0. It amounts to:

G(HO•) = G HO• + Gʹ HO• = 2.8 ×10 -7 mol J -1 + Gʹ HO• (5.4) G(H•) = G H• + Gʹ H• = 0.6 ×10 -7 mol J -1 + Gʹ H• (5.5)
G -EDOT 0 = 2.0 ± 0.5 mol J -1 (5.6)
It is noted that this yield is close the value of G(HO•) at pH = 0 (Table 5.1) and much lower than that of G(HO•) + G(H•) at the same pH. This result shows that, as in the case of neutral medium, HO• reacts with EDOT leading to PEDOT polymers. H• atoms which are predominant in very acidic medium don't seem to be involved in the polymerization of EDOT monomers. Note that isopropanol or tert-butanol were added to scavenge HO• and H• during radiolysis. Nevertheless, the yield of EDOT disappearance was found to be the same. This should be due to the instability of alcohols in very acidic medium. Indeed, alcohols can undergo β-elimination or nucleophilic substitution which leads to ethylenic compounds and halogeno-compound. 13 Considering the spectra of PEDOT polymers as function of the dose, the evolution couldn't be attributed to the nature of oxidizing radicals since only HO• seem to react with EDOT monomers. The difference which exists in the spectra could be due to the ionic strength which increases drastically with pH.

As the ionic strength is very high under extreme acidic conditions, it is necessary to check its effect on the polymerization of EDOT in neutral aqueous solutions. EDOT solution added with NaClO 4 (1000 mM) is then exposed to γ-irradiation up to 72 kGy under N 2 O atmosphere and UV-vis absorption spectrum of the obtained solution is measured after 10 times dilutions (Figure 5.8). has weak absorption from 200 to 1000 nm and no characteristic bands are observed. Similarly, the solution after γ-irradiation appears to be yellow suspension. These results are different from that obtained with HClO 4 implying that ionic strength has no effect on the polymerization of EDOT. Therefore, the effect of ionic strength on the polymerization of EDOT can be excluded while pH has critical effect. The differences which exist in the spectra 

Effect of HCl

In order to check whether the original results obtained in the presence of HClO 4 could be obtained in the presence of another inorganic acid, HCl is considered. As in the case of HClO 4 ,

HCl is added into EDOT solutions at different concentrations (0, 1, 10, 100 and 1000 mM) to study the effect of pH on the polymerization of EDOT (pH = 8, 3, 2, 1, 0) (Figure 5.9). In Figure 5.9, all EDOT solutions added with different concentrations of HCl are transparent and the pH values of all the solutions are 8, 3, 2, 1 and 0, respectively. After γirradiation, all transparent solutions become colored suspensions and solution (e) appears to be dark blue. These results are the same as those obtained in the case of EDOT added with HClO 4 . Dark blue suspension is only formed under extremely acidic medium (pH = 0)

indicating that the polymerization of EDOT under acidic is more favorable.

In order to verify the effect of pH, UV-vis absorption spectra of all EDOT solutions before and after γ-irradiation are recorded after 10 times dilution (Figure 5.10). From HCl are similar at a given pH, this means that the concentration of H + is the crucial parameter which determines the morphology and the doping level of the PEDOT polymers.

Based on the above results, it is easy to see that both HClO 4 and HCl have nearly the same effect on the polymerization. Although the oxidizing species produced by γ-radiolysis of acidic medium, containing either HClO 4 or HCl are different (HO• or Cl 2 · -), the color and absorption spectra of final products are quite similar suggesting that both HO• and Cl 2 · -can initiate the polymerization of EDOT monomers and lead to the same polymeric compound.

Spectroscopic characterization of PEDOT polymers synthesized at pH = 0

In order to characterize PEDOT polymers formed at pH = 0 in the presence of HClO 4 (Figure 5.5, solution (e)) and HCl (Figure 5.9, solution (e)) and to identify the chemical composition and functional groups of the as-prepared products, EDOT solutions added with HClO 4 or HCl after γ-irradiation are dried by lyophilization and attenuated total reflection fourier transform infrared (ATR-FTIR) spectra are recorded (Figure . 5.11). The obtained products after lyophilization are noted PEDOT-HClO 4 and PEDOT-HCl. For comparison, the ATR-FTIR spectrum of pure EDOT is also displayed.

According to Figure 5.11, it is clear that the ATR-FTIR spectrum of EDOT monomers shows the characteristic band at 755 cm -1 which corresponds to the C-H out-of-plane bending vibration at α,α' positions. 14 After γ-irradiation, this characteristic band disappears in FTIR spectra of PEDOT-HClO 4 and PEDOT-HCl indicating that polymerization of EDOT monomers occurs totally via α, α' coupling reactions. 15 Furthermore, all the characteristic bands of PEDOT polymers can be clearly identified which confirms the polymerization of EDOT monomers into PEDOT polymers. In the FTIR spectrum of PEDOT-HCl, the absorption bands at 835, 902 and 981 cm -1 correspond to the vibrations of C-S bond. 16 The band at 1054 is attributed to the ethylenedioxy group (C-O-R-

The bands at 1226 and 1349 cm -1 originate from of C-C bond. 17,18 Note that observation of Cl - is not possible by FTIR since no characteristic band of chloride based functional group is recorded. The FTIR spectrum of PEDOT-HClO 4 is quite similar to that of PEDOT-HCl proving that PEDOT polymers are formed. Nevertheless, in the case of PEDOT-HClO 4 , there are two weak peaks at 620 and 1016 cm -1 which arise from the ClO 4 -anions which remain in the sample after lyophilization. FTIR spectra clearly identify the characteristic peaks of PEDOT polymers confirming successful synthesis of PEDOT polymers with HClO 4 and HCl at pH = 0. Therefore, the synthesis of PEDOT in acidic medium is successful and offers another synthetic approach for the preparation of CPs. ). 18,19 The morphological difference may result from the random aggregation of small size of PEDOT formed in acidic medium. 20,21 Maybe, this amorphous As is shown in this figure, the morphology of PEDOT-HCl appears to be amorphous in acidic medium as in the case of HClO 4 and aggregated structures are observed. This result is the same as that of PEDOT-HClO 4 further proving that the polymerization of EDOT is favorable whatever the kind of acid.

In order to observe the morphology of PEDOT polymers after deposition, the solutions As is shown in Similarly, AFM-IR test is applied to PEDOT-HCl and results are presented (Figure 5.17). From the topography of PEDOT-HCl (Figure 5.17 a), it is clear that PEDOT polymers appear as aggregated granular particles after drying. This result is in agreement with the morphology of PEDOT-HCl observed by SEM (Figure 5.14, down). Therefore, dried from the acidic solution, PEDOT-HCl appears to be granular particles.

The collected AFM-IR spectrum (Figure 5.17, image b) of the granular deposit displaying the absorption band of C=C stretching band at 1478 cm -1 which is also observed in the ATR-FTIR spectrum of PEDOT-HCl polymers (1471 cm -1 ). The chemical map (Figure 5.17, image c) is scanned with the laser tuned to 1480 cm -1 which is the characteristic absorption band of PEDOT polymers and the absorption strength is recorded. Compared with the topography (Figure 5.17, image a), the chemical map shows stronger absorption areas corresponding to the regions where more nanoparticles compactly aggregate. The features of both topography and chemical map are quite similar indicating that the granular particles are mainly composed by PEDOT polymers. Therefore, it can be concluded that amorphous PEDOT polymers synthesized by γ-irradiation induced polymerization in aqueous solution sin acidic medium form granular particles after deposition.

Electrical conductivity of PEDOT polymers synthesized at pH = 0

The electrical conductivity of PEDOT polymers prepared in acidic medium (pH = 0) by γirradiation is measured by using the same procedures as those already described in the case of PPy and PEDOT polymers (chapter 4). After p-doping, the electrical conductivity of PEDOT-HClO 4 and PEDOT-HCl are determined to be 7.7×10 -4 and 3.3×10 -3 S•cm -1 . These values are comparable with the electrical conductivity of PEDOT prepared by electron beam, which is 9×10 -4 S cm -1 (chapter 3) and the low electrical conductivity of PEDOT prepared in acidic medium suggests that acidic condition is not so good for the enhancement of electrical conductivity of PEDOT even when doped with counter anions (ClO 4 -or Cl -).

Preparation of PEDOT/PSS membranes

As the membranes composed by PEDOT and poly(4-styrenesulfonic acid) (PSSH) have various applications, the prepared PEDOT polymers in very acidic solutions (pH = 0) are mixed with PSSH to form PEDOT/PSS membranes (Figure 5.18). The ratio of PEDOT to PSS is fixed at 1:2.5 (wt%) and DMSO is added (5%) to help the distribution of PEDOT.

check the effect of ratio on the mechanical stability of PEDOT/PSS. 

Conclusions

In this chapter, the effect of synthetic conditions (soft template, pH and ionic strength) on the polymerization of EDOT is studied. First, the presence of SDS micelles didn't allow the synthesis of PEDOT polymers due to the competitive reaction of HO• onto SDS molecules.

On the contrary, a very acidic medium (HClO 4 or HCl) enabled the synthesis of PEDOT polymers thanks to the oxidation of EDOT monomers by HO• or Cl 2 · -. A dark blue precipitate is obtained after γ-irradiation at pH=0. Spectroscopic studies prove that PEDOT polymers in reduced state are synthesized. Next, it is proved that the kind of acid and ionic strength have no effect on the polymerization of EDOT. Microscopic observations (Cryo-TEM and SEM)

showed that the produced PEDOT appears to be amorphous in solution while compact aggregates of granular particles are observed after deposition. These granular particles are mainly composed of PEDOT polymers as confirmed by AFM-IR. PEDOT polymers prepared in acidic medium possess electrical conductivity in the order of 10 -3 S•cm -1 which comparable to that of PEDOT prepared in neutral medium. In conclusion, synthesizing conducting PEDOT polymers using gamma irradiation in acidic medium is feasible and may offer a new approach for the synthesis of CPs. Finally, even if the fabrication of PEDOT/PSS membrane is successful, the preparation conditions needs to be optimized in order to improve the mechanical stability of the layer.

Chapter 6: Development of a radiation-induced reductionpolymerization route for the synthesis of PEDOT polymers

Conducting polymers (CPs) have been widely investigated due to their potential applications in many areas. 1 A large variety of CPs have been developed among which poly(3,4-ethylenedioxythiophene) (PEDOT) polymers have attracted great interests for their easy synthesis, good environmental stability and high electrical conductivity [2][3][4] . PEDOT polymers have many potential applications as conducting coating, organic transistor, sensor, electrochromic display and photovoltaic device. [4][5][6][7] As an important kind of CPs, PEDOT polymers are normally prepared by the traditional chemical or electrochemical polymerization of 3,4-ethylenedioxythiophene (EDOT) monomers. [8][9][10][11] PEDOT is usually synthesized by oxidation-polymerization routes thanks to the initial oxidation EDOT monomers and to the further coupling reactions in α,α′ positions

(Figure 2.2, chapter 2).
To initiate the polymerization of EDOT monomers, both the chemical and electrochemical While the more traditional oxidation-polymerization ways consist in chemical or electrochemical methods, some alternative approaches such as plasma deposition and enzyme-catalyzed polymerization to synthesize PEDOT polymers have been reported. [12][13][14] It has also been reported that the combination of chemical oxidation and gamma (γ)-irradiation was applied for the synthesis of CPs. [15][16][17] Contrary to the traditional oxidation-polymerization approach, the reduction polymerization route has been rarely applied and only the chemical reduction polymerization of halothiophene is reported. 18 To the best of my knowledge, the synthesis of PEDOT polymers by reduction polymerization has not been reported.

In chapter 3, an easy and -green‖ methodology has been developed by using exclusively γrays to induce oxidation-polymerization of EDOT monomers in aqueous solution. 19 Also, by adjusting polymerization conditions, different oxidizing species, namely hydroxyl and azide radicals, were produced under N 2 O atmosphere by γ-radiolysis of water and leaded to the selfassembled PEDOT polymers with different morphologies. 20 In chapter 4, this radiolytic methodology has also been extended to the synthesis of polypyrrole (PPy) polymers.

Therefore, radiolytic methodology, especially γ-irradiation, has definitely proved to be a useful alternative approach for the oxidation-polymerization of nanostructured CPs.

Nevertheless, to the best of our knowledge, radiation chemistry has never been used, in reducing conditions, as a route for conducting polymers reduction-polymerization procedure.

In 

PEDOT synthesis stragety and characterization

Solution preparation

Aqueous solutions containing different concentrations in EDOT (1 and 10 mM) were prepared at room temperature and in the dark to prevent any photochemical reaction. The chosen EDOT concentrations, which are lower than EDOT solubility in water, were always checked by UV-vis absorption spectroscopy since the spectrum of EDOT had earlier been determined. 19 EDOT concentrations higher than 10 mM were not used in order to avoid the direct ionization of EDOT molecules which could occur during radiolysis. The pH of the solutions was, in all the cases, found to be close to 7. Note that no drastic change in the pH was observed after irradiation.

For PEDOT red synthesis, EDOT aqueous solutions were added with isopropanol (0.2 M), degassed with N 2 for 20 min and then irradiated with increasing doses up to 72 kGy in order to achieve complete polymer synthesis. For comparison purpose and in order to quantitatively synthesize PEDOT ox , EDOT aqueous solutions were degassed by bubbling with nitrous oxide, N 2 O, for 20 min, in the absence of isopropanol and then irradiated at 72 kGy. All irradiations were carried out at a dose rate of 5 kGy h -1 .

Water radiolysis and radiation-induced polymerization

γ-radiolysis of aqueous solutions under N 2 atmosphere at neutral produces two main species, namely hydroxyl radicals (HO•) and hydrated electrons (e aq -) with the same radiolytic yields of 2.8×10 -7 mol J -1 (equations 2.4 and 2.5, chapter 2). Note that HO• is a strong oxidant (2.2 V SHE at pH = 7) and e aq -is a very reducing species (-2.8 V SHE ). Due to these two extremal redox potential values, one can consider the possible oxidation of EDOT (1.4

V Ag/AgCl ) by HO• as well as its possible reduction by e aq -. 21 In order to reduce EDOT monomers and then to synthesize PEDOT red polymers, HO• must be scavenged. This is possible, under N 2 atmosphere, in the presence of isopropanol, As a consequence, when irradiating N 2 -saturated aqueous solutions in the presence of isopropanol, as in the case of EDOT solutions, in addition to e aq -(G e aq -= 2.8×10 -7 mol•J -1 ), only an additional short-lived transient species is quantitatively formed, namely (CH 3 ) 2 C•OH, the radiolytic yield of which being 3.4×10 -7 mol J -1 (equation 2.26, chapter 2). Note that (CH 3 ) 2 C•OH cannot oxidize EDOT. In fact, it is almost a reducing species, the redox potential of which amounts to -1.8 V SHE at pH = 7. 22 On the contrary, in order to oxidize EDOT and then to synthesize PEDOT ox , hydrated electrons must be scavenged. As described before (chapter 3), this is possible under N 2 O atmosphere. As a consequence, when irradiating N 2 O-saturated aqueous solutions at neutral pH, as in the case of EDOT solutions, only one short-lived transient species is quantitatively formed, namely HO• radicals, the radiolytic yield of which becoming 5.6×10 -7 mol J -1 (equation 2.15, chapter 2).

(
The concentration, C, of a radiolytic species produced by water radiolysis can be expressed as a function of the irradiation dose, D, expressed in Grays according to:

[e aq -] = D (Gy) ×G e aq -(mol J -1 ) (6.1)

[HO•] = D (Gy) ×G(HO•) (mol J -1 ) (6.2)
Then, under N 2 atmosphere in the presence of isopropanol, a dose of 3.6 kGy produces 1 mM in hydrated electrons (and 1 mM in isopropanol radicals), while under N 2 O atmosphere, a dose of 1.8 kGy is needed for the production of 1 mM in hydroxyl radicals.

As demonstrated in chapter 3, the yield of EDOT monomers oxidation by hydroxyl radicals is strictly equal to the yield of HO• formation. 19,20 It is also demonstrated that the quantitative synthesis of PEDOT ox polymers throughout oxidation-polymerization mechanism implies the use of two HO• radicals per EDOT molecule. This is consistent with the fact that, in a polymer, all the monomers apart from the terminal ones, are bound to two neighbors in α and α′ positions. Thus, the theoretical irradiation dose (D max ) which should lead to the quantitative formation of PEDOT ox under N 2 O atmosphere is twice the dose necessary for the total oxidation of EDOT monomers. In a N 2 O-saturated aqueous solution containing 10 mM in EDOT, according to (equation 2.4, chapter 2 and equation 6.2), the dose which is necessary for the total oxidation of EDOT (10 mM) by hydroxyl radicals, amounts to 18 kGy, while the dose D max which is necessary for the complete synthesis of PEDOT ox amounts to 36 kGy.

One can suppose that the quantitative synthesis of PEDOT red polymers throughout reduction-polymerization mechanism implies also the use of two reducing radicals per EDOT molecule. The theoretical irradiation dose (D max ) which should lead to the quantitative formation of PEDOT red , under N 2 atmosphere in the presence of isopropanol, is then twice the dose necessary for the total reduction of EDOT monomers. Since, isopropanol radicals do not reduce EDOT as it will be further demonstrated and since only hydrated electrons react onto EDOT molecules, due to equation 2.5 (chapter 2 ) and equation 6.1, the doses which are necessary for the total reduction of 1 mM and 10 mM in EDOT, amount to 3.6 and 36 kGy respectively, while the doses D max which are necessary for the complete synthesis of PEDOT red , amount to 7.2 and 72 kGy respectively. To measure the conductivity of PEDOT ox and PEDOT red , spin-coated films of PEDOT were obtained by spinning a small drop of PEDOT suspensions on a glass substrate. Before measurements, the nanostructures of PEDOT solutions or suspensions were doped with NOBF 4 at a concentration of 10 mM in acetonitrile. A four-point probe technique was used for measuring the resistance of PEDOT ox and PEDOT red films and surface profiler was used for the thickness measurement of the films. The conductivity, ρ (S cm -1 ) was determined thanks to equation2.35 (chapter 2).

Hydrated electrons-induced EDOT reduction

In chapter 3, it has already been demonstrated that, at air and under N 2 O atmosphere, hydroxyl radicals quantitatively oxidize EDOT molecules, the yield of EDOT monomers oxidation being strictly equal to the yield of formation of HO• radicals. 19,20 In order to check whether EDOT molecules can be alternatively reduced by radical species produced by water radiolysis, we irradiated aqueous solutions containing 1 mM in EDOT at increasing doses up to 7.2 kGy under N 2 in the presence of 0.2 M isopropanol.

The UV-vis absorption spectrum of aqueous solution containing 1 mM in EDOT displays as already highlighted two absorption maxima at 235 and 255 nm as shown (Figure 6.2). 23 The characteristic peak of EDOT monomers at 255 nm arises from π→π* electronic transitions in the thiophene ring and its extinction coefficient value was estimated to be 7048 L mol -1 cm -1 which is in agreement with the results obtained (section 3.2.2, chapter 3). 19 The evolution of the UV-visible absorption spectrum of this solution as a function of the irradiation dose displays a continuous decrease in the absorption at 235 and 255 nm (results not shown) indicating the progressive consumption of EDOT (according to a pseudo-first-order exponential decay). From the value of the extinction coefficients at 255 nm, we deduced the variation in EDOT concentration with the irradiation dose (Inset of Figure 6.2). The initial radiolytic yield of EDOT consumption, G -EDOT 0 , is given by the value of the initial slope of the curve which can be deduced thanks to an exponential fit of the experimental curve:

(6.3)
The same yield is obtained when irradiations are performed in the presence of tert-butanol (instead of isopropanol) which is also a scavenger of HO• radicals. Nevertheless, contrarily to isopropanol radicals, tert-butanol radicals are known to be unreactive. These results demonstrate that, under N 2 in the presence of isopropanol, only hydrated electrons react with EDOT monomers. In addition, we clearly find that:

G -EDOT 0 ~ G e aq - (6.4) 
This indicates that a concentration of 1 mM in EDOT is sufficient to scavenge all the hydrated electrons produced by radiolysis of water and that e aq -quantitatively reduces EDOT monomers. Also, the reactivity of e aq -onto EDOT was checked by pulse radiolysis and the rate constant of reduction of EDOT has been determined as it will be presented in the next part (chapter 7).

Radiation-induced reduction-polymerization of PEDOT

In chapter 3, it has been demonstrated that, at air and under N 2 O atmosphere, HO•-induced oxidation of EDOT implies the formation of a transient species, namely EDOT •+ cation radical, which dimerizes and deprotonates leading to a stable product, namely EDOT 2 dimer. 24 This result proves that PEDOT ox growth is not a chain reaction. On the contrary, it proceeds through a step-by-step mechanism made up of the following recurrent steps: (i) oxidation/activation, (ii) growth/chain length increase, (iii) deprotonation. As a consequence, PEDOT ox radioinduced synthesis proceeds through a recurrent oxidation process: HO• reacts with EDOT monomers, then with dimers, then with oligomer. This means that the quantitative synthesis of PEDOT ox polymers throughout oxidation-polymerization mechanism implies the use of two HO• radicals per EDOT molecule. This has also been demonstrated since doses higher than 36 kGy enabled the quantitative radiation-induced oxidation polymerization of 10 mM in EDOT under N 2 O atmosphere. 12,19 While hydroxyl radicals oxidize EDOT monomers leading to PEDOT ox polymers, hydrated electrons are able to reduce EDOT and, by comparison, should lead to PEDOT red polymers.

The fact that the yield of EDOT consumption is equal to that of e aq -production (equation 6.4) means that the process initiated by hydrated electrons and which will be further attributed to PEDOT red radioinduced synthesis does not proceed through a chain reaction. Then, one can suppose that the quantitative synthesis of PEDOT red polymers throughout a reductionpolymerization process implies also a step-by-step mechanism and then needs the use of two hydrated electrons per EDOT molecule.

In order to check whether reduction of EDOT monomers by e aq -is accompanied by a radiation-induced polymerization process, under N 2 atmosphere in the presence of 0.2 M isopropanol, aqueous solutions containing 10 mM in EDOT were irradiated at increasing doses up to 72 kGy (Figure 6.3 spectrum b). 23 This used dose is that needed for the total reduction of EDOT in case of a step-by-step reduction-polymerization mechanism. Note that while low concentrations in EDOT monomers (1 mM) were needed for succeeding in the follow-up of their reduction mechanism, higher concentrations in EDOT were necessary for the characterization of PEDOT red polymers, either in aqueous solution or after their deposition onto substrate as it will be further presented in the case of 10 mM in EDOT.

In Figure 6.3, the UV-visible absorption spectrum of the solution irradiated (at 72 kGy) under N 2 in the presence of isopropanol (spectrum b) is similar to the spectrum obtained for PEDOT ox (at the same dose) under N 2 O (spectrum c). 20 Only a small difference between the intensities of the spectra is observed. In both cases, the two absorption bands of EDOT monomers at 235 and 255 nm (spectrum a) have completely disappeared, which should indicate that oxidation-polymerization as well as reduction-polymerization are quantitative at 72 kGy (D max ) as expected. Both spectra display an absorption maximum around 310 nm, which has been attributed to EDOT dimers and oligomers (section 3.2.2, chapter 3). 25,26 Such a band was also observed in the case of oxidation-polymerization (section 3.3.2, chapter 3). 20 Also, spectra are characterized by a continuous scattering in the range of 400-800 nm which should correspond to longer oligomers and polymers of PEDOT. [27][28][29] The observed light scattering traduces the presence in the irradiated solutions of a dense yellow suspension such as that observed in the case of EDOT solution irradiated under N 2 (Figure 6.4, image b). 23 As it will be later demonstrated thanks to ATR-FTIR spectroscopic measurements, these suspensions correspond to PEDOT red and PEDOT ox polymers formed at high doses thanks respectively to the reduction-polymerization and the oxidation-polymerization processes. PEDOT ox powder obtained by oxidation-polymerization at 72 kGy. 23 Between 1600 and 600 cm -1 , the three obtained spectra are in good agreement with those previously reported for PEDOT and EDOT in literature. The absorption bands at 890, 1054 and 1182 cm -1 correspond to the stretching vibrations of ethylenedioxy group (C-O-R-O-C).

The stretching vibrations of C-C and C=C in thiophene ring are also observed at 1365 and 1481 cm -1 . 11 The absorption bands at 1361, 1430 and 1488 cm -1 originating from C-C and C=C can be seen in the ATR-FTIR spectra of both powders. 26 All the characteristic bands of PEDOT are then present in spectra b and c of Figure 6.5 even if they appear relatively slightly displaced. For instance, the absorption band assigned to ethylenedioxy group is observed at 1087 cm -1 in the case of the powder obtained by reduction-polymerization, while it appears at 1064 cm -1 in the case of the powder obtained by oxidation. Nevertheless, this demonstrates, without any ambiguity, that PEDOT polymers are obtained by radiolysis either by reductionpolymerization or by oxidation-polymerization.

Note that the characteristic peak at 755 cm -1 , attributed to the C-H out-of-plane bending vibration at α, α′ positions of EDOT (spectrum a), totally disappears after irradiation (spectra b and c). This result proves the successful synthesis of PEDOT red and PEDOT ox via α, α′ coupling reactions and definitely demonstrates that EDOT polymerization is complete at 72 kGy, in agreement with a step-by-step PEDOT growth mechanism in both oxidizing and reducing conditions. 20

Morphological observation of PEDOT red

Aqueous solutions containing 10 mM in EDOT and irradiated at 72 kGy under N 2 in the presence of isopropanol were observed by cryo-transmission electron microscopy just after irradiation and before any sedimentation. Representative images showed the presence of low density globular structures forming polydisperse spherical nanoparticles with a diameter comprised between 100 and 500 nm as observed (Figure 6.6, images a and b at two different magnifications). 23 Since no other low density objects were observed during our cryo-TEM experiments, we deduce that these spherical nanoparticles are made up of PEDOT red polymers. The mean size, the shape and the polydispersity of PEDOT red polymer nanostructures obtained in the present work, through reduction-polymerization, are the same as those of PEDOT ox polymers already synthesized through oxidation-polymerization routes induced either by γ-rays or by accelerated electrons (chapter 3). 19,20,24 Such as in the case of PEDOT obtained by radiation induced oxidation polymerization, each observed nanoparticle should be composed of interdigitated polymer chains. Since no parasite α-β′ linkages could occur during polymerization, radiosynthesized PEDOT red nanostructures must be composed of linear chain polymers which are not branched nor networked. Thus, each globular structure observed on Figure 6.6 should correspond to a selfassembly of independent amorphous PEDOT chains. PEDOT ox polymers synthesized by oxidation-polymerization (chapter 3). 20 The particles observed by SEM after deposition are polydisperse in size with a diameter comprised between 100 and 500 nm. These SEM observations agree well with the morphology of PEDOT red particles previously observed in aqueous solution by Cryo-TEM (Figure 6.6) without any significant change in the mean size and in the shape. Then, the packing of the particles and their flattening onto the substrate when deposited and dried do not seem to affect the nanostructuration of PEDOT red polymers.

In order to further prove that the spherical nanoparticles already observed by Cryo-TEM and SEM are made up of PEDOT polymer chains, a drop of the yellow suspension (Figure 6.4, image b, obtained after the irradiation at 72 kGy of an aqueous solution containing 10 mM in EDOT under N 2 in the presence of isopropanol) was deposited on the upper surface of a ZnSe prism, dried naturally and finally imaged and characterized by AFM-IR (Figure 6.8). 23 According to the AFM image of PEDOT red recorded in contact mode (Figure 6.8, image a), the bottom dark areas having no thickness correspond to the substrate. The topography of PEDOT red displayed as the bright areas correspond to the thicker regions made up of closepacked spherical nanoparticles (100-300 nm in diameter). This AFM observation agrees well with the morphology of PEDOT red globular particles previously observed in aqueous solution by Cryo-TEM (Figure 6.6) without any significant change in the mean size and in the shape.

Then, the packing of the particles and their flattening onto ZnSe substrate when deposited and dried do not seem to affect the nanostructuration of polymer nanostructures.

In order to confirm that these nanoparticles are made up of PEDOT polymers, the sample was observed by AFM-IR in the range of 1000-1500 cm -1 (Figure 6.8, image b). The spectrum of Figure 6.8b displays a peak at 1370 cm -1 which corresponds to the C-C stretching band of PEDOT as observed in ATR-FTIR spectra at 1361 cm -1 (Figure 6.5, spectrum b). This definitely demonstrates that the nanoparticles observed (Figure 6.8, image a, When comparing the topography (Figure 6.8, image a) and the chemical mapping (Figure 6.8, image c), one can observe that the stronger absorbing areas fit very well with the thicker regions, which implies that the spherical nanoparticles are mainly composed by PEDOT polymer chains. 30 Therefore, we conclude, without any ambiguity that radiation chemistry in reducing conditions (in the presence of hydrated electrons) leads to the reduction of EDOT monomers and to the growth of PEDOT polymers which self-assemble into spherical nanoparticles (of few hundred nanometers in diameter), those we observed in this work by Cryo-TEM, SEM and AFM (Figure 6.6, Figure 6.7 and Figure 6.8 respectively).

Physicochemical properties of PEDOT red , a comparison with those of PEDOT ox

In order to check and to compare the thermal stability of PEDOT red and PEDOT ox previously synthesized (under reducing conditions and oxidative conditions, respectively) and obtained as powders after lyophilization, the thermogravimetric analysis (TGA) plots of both polymers are recorded and displayed (Figure 6.9). 23 The degradation curves (green lines), which indicate the remaining weight of PEDOT powders as a function of temperature, are represented together with the weight derivative curves (red lines). In the case of PEDOT red (Figure 6.9a), it can be found that a slow weight loss takes place before 150 °C due to the evaporation of water and the degradation of PEDOT oligomers. 31 Then, a continuous decomposition occurs between 250 and 450 °C due to PEDOT fragmentation and carbon oxidation. This decomposition results in about a 70% weight lost.

The quick degradation observed with temperature may be caused by the relatively small PEDOT particles size. Indeed, smaller particles are characterized by higher surface area for heat transfer. 32 After 450 °C, weight loss of residuals is negligible. For comparison purpose, the TGA curve of PEDOT ox was also recorded (Figure 6.9b) and the degradation processes are quite similar for both PEDOT synthesized by reduction-polymerization and oxidationpolymerization. The present results, which are in good agreement with earlier reports on PEDOT polymers, indicate that PEDOT red is characterized by a good thermal stability, at least comparable to that of PEDOT polymers usually synthesized by oxidative routes. 33 At the end, in order to check and to compare the electrical conductivity of PEDOT red and PEDOT ox (synthesized under reducing conditions and oxidative conditions, respectively), they were characterized by four point probe technique. In this aim, both samples were doped with NOBF 4 (10 mM). The average electrical conductivity of PEDOT red was found to be 3.4×10 -3 S cm -1 . This value is close to PEDOT conductivity values already reported in literature. 31,34 Thus, the synthesis of conducting materials thanks to this original radiationinduced reduction-polymerization route is successful. Nevertheless, it is found that PEDOT red conductivity, which has not been optimized yet, remains somewhat lower than that of PEDOT ox polymers, which amounts to 9.8×10 -3 S cm -1 .

Conclusions

Current research aims to develop new synthesis strategies and new conducting polymers with tuned morphologies and properties. For the first time in literature, the development of a new radiolysis-based alternative methodology for synthesizing conducting polymers in aqueous solution was attempted. High energy γ-rays as well as high energy electrons irradiator were successfully used to generate oxidizing species, namely hydroxyl radicals, through water radiolysis, inducing first oxidation of monomers and then polymers growth. 19,20,24 This radiation-induced oxidation-polymerization route, which has been shown

to proceed through a step-by-step oxidation process, enabled the preparation of nanostructured PEDOT (chapter 3 and chapter 5) conducting polymers as well as polypyrrole (PPy) (chapter 4). 23 In this chapter, radiolysis was used, in a different way, to generate reducing species (instead of oxidizing radicals), namely hydrated electrons, in order to reduce monomers and to induce polymers growth. Starting from EDOT monomers dissolved in water, for the first time this simple γ-rays-based reduction-polymerization route was described for synthesizing PEDOT conducting polymers in aqueous solution (PEDOT red ).

PEDOT red polymers synthesized by radiation-induced reduction polymerization are characterized by a very good long-term stability at air in a humid environment. We showed that the as-prepared PEDOT red polymers remain well dispersed in water, can be easily dried and are quite simply redispersed in protic solvents. The chemical nature of PEDOT red polymers was confirmed by ATR-FTIR spectroscopy while their morphology was checked in solution by Cryo-TEM microscopy and after lyophilization and deposition by SEM microscopy and AFM-IR nanospectroscopy. PEDOT red polymers were found to form polydisperse spherical nanoparticles whose morphology was kept after deposition onto solid substrates. Finally, the electrical conductivity of PEDOT red was evaluated at 3.4×10 -3 S cm -1 .

This conductivity is comparable to conductivities already reported in literature concerning PEDOT polymers synthesized by conventional oxidative methodologies, but remains somewhat lower than that of PEDOT ox polymers we previously synthesized by oxidationpolymerization.

In this part, the radiolytic procedure is extended to the synthesis of CPs by the way of a reduction route instead of an oxidation procedure. This novel route, not really used in literature, should lead to the preparation of different kinds of CPs in water. In the next chapter, this original reduction route will be used for the synthesis of CP nanocomposites composed by PEDOT and silver (Ag) nanoparticles.

Chapter 7: Extension of the radiolytic procedure to the synthesis of PEDOT/Ag nanocomposites

The combination of conducting polymers (CPs) with inorganic nanoparticles produces composites of CPs which can not only maintain the properties of CPs and inorganic nanoparticles but also endow the CPs composites new properties. [1][2][3] Among various CPs composites, nanocomposites composed by CPs and noble metal nanoparticles have been of great research interest. 4,5 CPs such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and polyaniline (PANI), are organic polymers which exhibit inherent electrical conductivity due to the unique π-conjugated system in their structures, while noble metal (Au, Ag) nanoparticles constitute inorganic components which have already been widely studied and applied in a variety of fields. 3,[5][6][7] Generally, synthesis of CPs nanocomposites can be achieved by traditional chemical and electrochemical routes. 2,5,8 According to the synthetic methodologies, two-step method or one-pot method are usually applied to synthesize CPs nanocomposites. 9,10 These latter usually show coreshell structure, the composition of which fundamentally depends on the preparation procedure. 11- 13 In literature, PEDOT/Ag nanocomposites have already been successfully synthesized by the means of either chemical or electrochemical methods and have also been shown to possess various potential applications. 11,[14][15][16][17][18] In previous works, radiation-induced synthesis of shape controlled silver nanoparticles in aqueous solution has been successfully conducted in our lab, on the one hand, and the radiolytic preparation of nanostructured conducting PEDOT polymers has been realized as previously highlighted in this manuscript on the other hand. [19][20][21][22][23] (ranging from 0 to 20 mM) are prepared at room temperature, in the dark, to prevent any photochemical reaction. In all cases, the pH of the solutions is found to be close to 7. EDOT concentration is always checked by UV-vis absorption spectroscopy. 21 Also, concentrations used in this work remain lower than EDOT and AgClO 4 solubilities in water. 24,25 Note that such relatively low concentrations avoid direct ionization of EDOT molecules and Ag + ions by γ rays.

After degassing, all solutions are irradiated with a [START_REF] Lattach | Radiation chemistry as an alternative way for the synthesis of PEDOT conducting Polymers under -soft‖ Conditions[END_REF] Co γ at a dose rate of 5 kGy h - 

Two-step method

In this method, the first step corresponds to the synthesis of PEDOT, while the second step is related to the reduction of silver ions into inorganic nanoparticles. Two different procedures (procedures  and ) are used (Figure 7.1): 36 -Procedure  (Figure 7.1). In the first step, aqueous solution of EDOT monomers (10 mM) is prepared and degassed with N 2 O for 20 min (sample a), then irradiated by γ-rays at 36 kGy in order to quantitatively oxidize EDOT monomers and to synthesize PEDOT polymers (sample b).

In the second step, the solution is added with AgClO 4 (10 mM) and isopropanol (0.2 M), degassed with N 2 for 20 min and then irradiated at 36 kGy in order to quantitatively reduce silver ions (sample c).

-Procedure  (Figure 7.1). In the first step, aqueous solution of EDOT monomers (10 mM) added with isopropanol (0.2 M) is first degassed with N 2 for 20 min (sample a) and irradiated at long absorption tail in the range of 400-800 nm, which are attributed to PEDOT oligomers and polymers. [21][22][23] One can note, in this spectrum, the absence of absorption bands at 235 and 255 nm.

This definitely proves that, after a 36 kGy-irradiation, EDOT monomers have completely disappeared, as expected. Indeed, they are quantitatively converted by oxidation into PEDOT polymers, called PEDOT ox .

In the second step of procedure  (Figure 7.1), the irradiated solution is added with AgClO 4 (10 mM) and isopropanol (0.2 M), degassed with N 2 , then irradiated again at 36 kGy. In these conditions, e aq -and (CH 3 ) 2 C•OH radicals generated by radiolysis should quantitatively reduce Ag + ions. After the second irradiation, a black suspension, which slowly precipitates, is clearly observed (Figure 7.1, sample c). Its absorption spectrum (Figure 7.2, spectrum c) displays the well-known plasmon absorption band of silver nanoparticles at around 450 nm. 33 The asymmetric shape of the surface plasmon resonance (SPR) band could be due to the aggregation of silver nanoparticles or to their interaction (adsorption) with organic molecules. 19,[37][38][39] Note that the two shoulders at 290 and 350 nm, attributable to PEDOT, are still present in the absorption spectrum.

This demonstrates that, according to procedure , both PEDOT (obtained by oxidation) and silver nanoparticles (obtained by reduction) are present in the aqueous medium. The corresponding composites will be called (PEDOT ox /Ag red ).

In a different way, according to procedure  (Figure 7.1), the aqueous solution containing 10 mM in EDOT is degassed with N 2 , then irradiated at 36 kGy. In these conditions, hydrated electrons generated by radiolysis should quantitatively reduce EDOT monomers. After irradiation, as in the case of procedure , a yellow suspension is observed (Figure 7.1, sample e). Its UV-Visible absorption spectrum (Figure 7.2, spectrum e) does not display bands at 235 and 255 nm, but highlights absorption bands in the UV and a long absorption tail in the range of 400-800 nm, which are attributed in a previous work to PEDOT oligomers and polymers. 23 Once again, it can be concluded that, after a 36 kGy-irradiation, but this time under N 2 , EDOT monomers are quantitatively converted by reduction into PEDOT oligomers and polymers, called PEDOT red .

In the second step of procedure  (Figure 7.1), which is similar to the second step of procedure , the irradiated solution is added with AgClO 4 and isopropanol, then irradiated again at 36 kGy under N 2 atmosphere. At the end of the procedure, a black suspension, which sediments, is clearly observed (Figure 7.1, sample f). Its absorption spectrum (Figure 7.2, spectrum f), which, once again, displays the plasmon absorption band of silver nanoparticles at around 500 nm, is very similar to that obtained at the end of procedure  (Figure 7.2, spectrum c). This demonstrates that, according to procedure , both PEDOT (obtained by reduction) and silver nanoparticles (also obtained by reduction) are present in the aqueous medium. The corresponding composites will be called (PEDOT red /Ag red ). together with the spectra of pure non irradiated EDOT and of pure AgClO 4 salt (Figure 7.3). 36 In ATR-FTIR spectrum of EDOT, the characteristic peak at 755 cm -1 corresponds to the C-H outof-plane bending vibration in the thiophen ring. 21 The stretching vibrations of C-C and C=C in thiophene ring are also seen at 1365 and 1481 cm -1 . 40 ATR-FTIR spectra of (PEDOT ox /Ag red ) (Figure 7.3, spectrum d) and (PEDOT red /Ag red ) (Figure 7.3, spectrum g) are in good agreement with PEDOT spectra found in literature. 41 Indeed, all the characteristic bands of PEDOT are present, even if they appear slightly displaced. The bands at 1062 cm -1 (spectrum d) and 1087 cm - 1 (spectrum g) are attributed to the ethylenedioxy group. 21,23 The peaks at 1430 and 1361 cm -1 originating from C-C and C=C stretching vibrations are also observed in both cases. 41 Nevertheless, one can note the absence, in spectrum d and spectrum g, of the C-H vibration peak at 755 cm -1 , which definitely proves that quantitative polymerization of EDOT, through α, α'- In ATR-FTIR spectrum of AgClO 4 salt, the stretching vibrations of coordinated and free ClO 4 anions are observed at 1016 and 620 cm -1 , while the peaks at 1619 and 3451 cm -1 are due to the bending and stretching vibrations of O-H groups, which is explained by the hygroscopic nature of AgClO 4 salt. [42][43][44] In ATR-FTIR spectra of (PEDOT ox /Ag red ) (spectum d) and (PEDOT red /Ag red ) (spectrum g), one can observe the presence of large intense bands around 1016 and 620 cm -1 , which let guess the presence of ClO 4 -, as doping anions, into (PEDOT ox /Ag red ) and

(PEDOT red /Ag red ) dried composites. In fact, these anions come from silver perchlorate salt and are well-known to remain unreactive in the present radiolytic conditions. 33 In order to investigate, in liquid phase before any deposition, the structure and morphology of (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) composites, the black suspensions obtained at the end of procedures  and  (sample c and sample f respectively), are observed by cryo-transmission electron microscopy just after irradiation and before any sedimentation (Figure 7.4, image c and image f respectively). 36 The observations made on (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) aqueous samples are totally similar, as can be seen when comparing images c and f. In both cases, representative images show the presence of low density globular structures forming polydisperse spherical nanoparticles with a diameter comprised between 100 and 500 nm. This result is in very good agreement with the observations already made in the case of PEDOT synthesized, alone (in the absence of silver) by radiolysis, either by EDOT oxidation or by EDOT reduction. [21][22][23] Thus, these low density globular objects are made of PEDOT polymers. Each globular structure should correspond to the self-assembly of independent amorphous PEDOT chains.

As can be seen in images c and f, smaller nanoparticles (from few nm to 50 nm), which appear very more contrasted (darker), are systematically found adsorbed onto the bigger globular PEDOT nanoparticles. The relatively high contrast of these small particles suggests their metal nature. 45 Since no other objects are observed during our Cryo-TEM experiments, we suppose that these small spherical nanoparticles are made up of silver.

During Cryo-TEM observations, in situ Energy-Dispersive X-ray (EDX) spectroscopy is used to check the chemical composition of our radiosynthesized materials in order to prove the presence of sulfur atoms (which are only present in PEDOT polymers, one sulfur atom per EDOT molecule) and of silver atoms (which would be the signature of silver nanoparticles). The aim is also to check the molar ratio between both atoms in radiosynthesized PEDOT/Ag composites.

EDX spectra ( In order to check the morphology of (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) composites, after deposition procedure and drying step, PEDOT-containing lyophilized powders (sample d and sample g) are deposited onto carbon tape adhered to aluminum mounts. The surface is then imaged by Scanning Electron Microscopy (Figure 7.5, image d and image g respectively). 36 The images d and g of Figure 7.5 indicate the presence of very close-packed spheroid particles.

Some of these particles are surrounded for clarity. These structures should come from the globular nanostructures already observed in aqueous solution by cryo-TEM (Figure 7.4, image c and image f respectively). All these observations are consistent with the reported characterizations of PEDOT polymers synthesized by oxidation-polymerization or reduction polymerization routes. 21,23 The composite nanoparticles observed by SEM after deposition are polydisperse in size with a diameter comprised between 100 and 500 nm. These SEM observations agree well with the size and the shape of (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) and i were obtained after lyophilization of samples c, f and h respectively. 36

Synthesis of PEDOT/Ag nanocomposites by one-pot method

After the successful synthesis of PEDOT/Ag nanocomposites according to two-step method (procedures  and , Figure 7.1), we tried to simplify the synthesis methodology by using a reduction-based one-pot method (procedure , Figure 7.1). The aim is also to compare the morphology and the properties of the composites prepared by procedure  with those of nanocomposites differently prepared according to procedures  and . For the success of the one-pot method, production of PEDOT and of silver nanoparticles should be concomitant. This is conceivable only if reduction of silver ions and oxidation of EDOT monomers take place simultaneously.

While, both (CH 3 ) 2 C•OH and e aq -act as reducing species towards silver ions, only hydrated electrons can reduce EDOT monomers, leading probably to EDOT anion radicals, EDOT• ¯. 23 As a consequence, the success of procedure  depends on the rate constant values of the two following reactions:

Ag + + e aq -→ Ag 0 (7.4)

EDOT + e aq -→ EDOT• ¯ (7.5)

While the rate constant of reaction (7.4) amounts to k 7.4 = 3×10 10 L mol -1 s -1 , the rate constant of reaction (7.5), k 7.5 , remains unknown. 46 In order to understand the mechanism involved in the one-pot method and, more particularly, to determine the rate constant of reduction of EDOT molecules by hydrated electrons, pulse radiolysis experiments are carried out on the picosecond laser-triggered electron accelerator (ELYSE at Paris-Sud University) coupled with a time-resolved absorption spectroscopic detection system. 47,48 In pulse radiolysis, an aqueous solution irradiated by a short pulse of high-energy electrons produces a significant concentration of radical species, according to reaction 2.2 (chapter 2). In order to study the specific action of hydrated electrons, e aq -, onto EDOT molecules and in order to determine its rate constant, an aqueous solution containing 1 mM in EDOT and 0.2 M in tertbutanol, (CH 3 ) 3 COH, is prepared, degassed with N 2 and then studied by pulse radiolysis. Such as isopropanol, tert-butanol is an efficient scavenger of HO• radicals (with a rate constant of 6.8×10 8 M -1 s -1 ), according to the following reaction: The transient absorption spectra of the irradiated solution are then recorded at different timescales from 200 ns to 1 s after the electron pulse (Figure 7.6). 36 One can observe at 200 ns a large and intense absorption band at around 600 nm, which is the well-known signature of hydrated electrons generated in the medium by water radiolysis. At longer times, this absorption band progressively decreases, demonstrating the decay of e aq -, while a weaker peak grows up at around 290 nm. Since no other bands are observed in the spectrum over the first 800 ns, one can conclude that the species absorbing at 290 nm comes from the reaction (7.5) of hydrated electrons onto EDOT monomers and should correspond to EDOT• ¯ anion radical.

The evolution with time, over 800 ns, of the absorbancies at 290 and 600 nm are displayed in inset of Figure 7.6 (absorbancies are normalized here for clarity). One can find that the time evolution of the absorbance of hydrated electrons at 600 nm fits well with a first-order decay. On the other hand, the growth of EDOT• ¯ at 290 nm, which is very well correlated with e aq -decay, fits well with a pseudo-first order reaction, in good agreement with reaction (7.5) since EDOT is present in excess in the irradiated medium (1 mM). The kinetic study of the decay at 600 nm and of the growth at 290 nm enabled us to find, two times, the same value for the effective rate constant of reaction (7.5): k 7.5 = 3×10 9 L mol -1 s -1 . Inset: Kinetic profiles over 800 ns of the absorbancies at 290 nm and 600 nm, which were normalized for clarity. 36 One can note that even if the value of k 7.5 is relatively high, it remains ten times smaller than that of k 7.4 . This result means that starting from an aqueous solution containing equimolar amounts of EDOT monomers and Ag + ions (10 mM in both for instance), the reduction of EDOT should be ten times slower than that of silver ions. Therefore, according to procedure , PEDOT polymers and silver nanoparticles can be produced simultaneously. Nevertheless, the production of Ag nanoparticles should be faster than that of polymers.

According to procedure  (Figure 7.1), aqueous solutions containing 10 mM in EDOT, 10 mM in AgClO 4 (EDOT/Ag ratio = 10:10) and 0.2 M in isopropanol are prepared, degassed with N 2 for 20 min and irradiated at 72 kGy. Let's remember that, whatever the rate constants of reduction, this irradiation dose is enough to ensure the total reduction of both EDOT molecules and Ag + ions.

After irradiation of the transparent aqueous solution containing both EDOT and silver ions, a brown-black suspension, which slowly precipitates, is observed (Figure 7.1, sample h). Its absorption spectrum (Figure 7.2, spectrum h) displays an asymetric plasmon absorption band, between 400 and 800 nm, which is once again characteristic of silver nanoparticles. [START_REF] Ghosh | PEDOT nanostructures synthesized in hexagonal mesophases[END_REF] Nevertheless, the shape of the spectrum is quite different from that of spectra c and f. This could be due to the synthesis by the way of procedure  of silver nanoparticles with new morphology and which could interact differently with PEDOT polymers. One can also note in spectrum h, the absence of the absorption bands of EDOT at 235 and 255 nm. This proves that, after a 72 kGyirradiation, at the end of procedure , EDOT monomers have completely disappeared, as expected.

The simultaneous production of PEDOT polymers and of silver nanoparticles according to this one-pot method is checked by following the evolution of the UV-visible absorption spectrum of the aqueous solution (inset of Figure 7.2) as a function of the irradiation dose (0, 10, 20, 30, 50 and 70 kGy). One can note that even if silver ions reduction is faster as demonstrated by pulse radiolysis, EDOT reduction is noticeable from the lower doses. Indeed, at 10 kGy, which is a dose lower than the dose which is necessary for the total reduction of 10 mM in Ag + (16 kGy), the decay of EDOT at 235 and 255 nm is evident. Also, with increasing the irradiation dose, the growth of the plasmon band of silver nanoparticles between 400 and 800 nm and the decay of the absorption bands of EDOT at 235 and 255 nm are concomitant. This definitely demonstrates that, according to procedure , PEDOT polymers and silver nanoparticles are formed simultaneously and are thus finally present in the aqueous medium of sample h. The corresponding composites will be called (PEDOT/Ag) red .

Irradiated solution, corresponding to the black suspension of sample h, is dried by lyophilization into a black powder (Figure 7.1, sample i). Lyophilized sample i, which is expected to contain (PEDOT/Ag) red nanocomposites, is then characterized by ATR-FTIR spectroscopy. As observed in Figure 7.3, its infrared spectrum (spectrum i) is found very similar to spectrum d and spectrum g. This definitely proves that, such as sample d and sample g, sample i, obtained at the end of procedure , contains PEDOT polymers, silver nanoparticles as well as perchlorate anions.

According to this one-pot method, we changed the EDOT/Ag ratio, from 10:1 to 10:20, by varying the concentration of AgClO 4 from 1 mM to 20 mM. Whatever the ratio of EDOT to Ag, the aqueous solutions are all added with isopropanol (0.2 M), degassed with N 2 for 20 min then irradiated at 72 kGy. This dose enables, in all cases, the total reduction of both EDOT and Ag + .

In all cases, black suspensions are obtained after irradiation and black powders are got after lyophilization. The absorption spectra obtained after irradiation are all very close to spectrum h of This indicates, that, even if silver ions reduction is faster than that of EDOT monomers, (PEDOT/Ag) red composites can be formed according to the one-pot method whatever the EDOT/Ag ratio from 10:1 to 10:20.

In order to investigate, in liquid phase before any deposition, the structure and morphology of (PEDOT/Ag) red composites, the black aqueous suspension obtained at the end of procedure  (sample h), is observed by Cryo-transmission electron microscopy just after irradiation and before any sedimentation (Figure 7.4, image h). (PEDOT/Ag) red nanocomposites appear as granular mixtures. 16,50 Representative images of (PEDOT/Ag) red aqueous sample are very different from those obtained in the case of (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) ( The relatively high contrast of these smaller particles suggests once again that they are made of silver. 33,45 The presence of organic molds around these silver nanoparticles should explain their characteristic asymmetric plasmon absorption band which is found by UV-Vis absorption spectroscopy (Figure 7.2, spectrum h).

EDX spectrum (Figure 7.4, spectrum h) which corresponds to the elemental analysis of the surrounded area of image h, highlights, the presence, in sample h, of all the chemical elements already detected in spectrum c and spectrum f of Figure 7.4, namely O, C, Ag and S. This definitely demonstrates, as expected, the presence, in the analyzed area of image h, of both PEDOT polymers and silver nanoparticles. In this area, S and Ag atomic percentages are found to be 21 % and 79 % respectively. Nevertheless, these percentages are found very dependent on the analyzed area.

In procedures  and , PEDOT nanoparticles are first synthesized, then in a second step, silver ions are reduced at the surface of these polymer nanoparticles. Differently, in procedure , silver ions reduction takes place in parallel with EDOT reduction. Then, since silver reduction is faster than that of EDOT, metal nanoparticles can form prior to the existence of PEDOT nanoparticles. In one-pot method, according to procedure , all silver nanoparticles are found surrounded by an organic shell (Figure 7.4, image h). This could mean that EDOT reduction and polymerization happen in the vicinity of silver nanoparticles. Such a growth mechanism could be explained by the strong interaction which exists between silver ions (or even atoms) and the sulfur atoms of EDOT monomers. Or maybe, PEDOT polymers are formed far from silver nanoparticles, in the bulk of the aqueous solution, and then diffuse and adsorb at their surface, thanks to weak Van der Waals interactions, enabling the thermodynamic stabilization of silver particles and avoiding their aggregation and sedimentation. This effect of polymers onto silver nanoparticles has already been reported in literature. 51 In order to characterize the morphology of (PEDOT/Ag) red composites, after drying and deposition procedures, PEDOT-containing lyophilized powder (sample i) is observed by SEM ( resulting from PEDOT fragmentation and carbon oxidation. 52 After 450°C, the degradation curves tend to be constant up to 900°C. At this temperature, the remaining weights of PEDOT/Ag nanocomposites are about 45 %. The residues should contain silver nanoparticles, perchlorate and 199 undecomposed PEDOT. 17 The similarity in the degradation curves of (PEDOT ox /Ag red ), (PEDOT red /Ag red ) and (PEDOT/Ag) red composites means that the morphology of the composites has no clear influence on their thermal stability. This similarity in the curves is certainly due to the fact that the three materials have, as already demonstrated, the same chemical composition (even if the synthesis methodologies are different). to procedure  (two-step method), PEDOT red and (PEDOT red /Ag red ), both synthesized according to procedure  (two-step method) and (PEDOT/Ag) red prepared according to procedure  (one-pot method). 36 TGA curves of pure PEDOT polymers, PEDOT ox and PEDOT red , prepared in the absence of silver perchlorate, show quite similar tendency in the whole temperature range (Figure 7.9).

Before 150°C, contrarily to what is observed in the case of composites, no weight loss is observed in the case of pure PEDOT. This could be explained by the existence of a smaller amount of PEDOT oligomers resulting from a higher level of polymerization. Above 150°C and up to 450°C, a progressive weight loss happens resulting from PEDOT fragmentation and carbon oxidation. Note that, in this range of temperature, degradation rate of pure PEDOT is faster than that of PEDOT/Ag nanocomposites. This result indicates a superior thermal stability of PEDOT/Ag composites compared with that of pure PEDOT. Thus the presence of silver nanoparticles into the composites increases the thermal stability of PEDOT polymers. 11 Above 450°C, the degradation curves of pure PEDOT tend to be constant up to 900°C, only a small weight loss is observed. Besides, one can note that the final weight loss is more important in the case of pure PEDOT than in the case of composites. This result is logical. Indeed, in the case of pure PEDOT, the residue should contain only undecomposed PEDOT, while in the case of composites, it should also contain silver nanoparticles together with perchlorate. In conclusion, thanks to the presence of silver, PEDOT/Ag composites display a thermal stability which is globally higher than that of pure PEDOT over a wide range of temperatures.

Besides, when varying EDOT/Ag ratio, from 10:1 to 10:20 in the case of (PEDOT/Ag) red composites, as the proportion of silver perchlorate increases, one can note an increase in the remaining weight of the composites at 900°C (Figure 7.10). In particular, the remaining weight reaches 60 % for the ratio 10:20. Finally, in order to measure and to compare the electrical conductivities of the differently prepared PEDOT/Ag nanocomposites and in order to check the influence of the morphology and of the presence of silver, spin-coated films of (PEDOT ox /Ag red ), (PEDOT red /Ag red ), (PEDOT/Ag) red , PEDOT ox and PEDOT red are prepared and a four-point probe technique is used for measuring the resistance of all PEDOT and PEDOT/Ag films. Note that before measurements, all PEDOT and PEDOT/Ag solutions are doped with NOBF 4 at a concentration of 10 mM in acetonitrile.

The electrical conductivities measured by four-point probe technique are all reported (Table 7.1). 36 The values found in the case of PEDOT/Ag composites are in the same order of magnitude, even if that of (PEDOT red /Ag red ) appears slightly higher. These values are comparable to those already reported in literature for PEDOT nanocomposites prepared according to other methods. 9 Also, when varying EDOT/Ag ratio, from 10:1 to 10:20 in the case of (PEDOT/Ag) red composites, as the proportion of silver perchlorate increases, one can note a slight increase in the electrical conductivity from 3.2×10 -3 to 3.9×10 -3 S cm -1 (results not reported in Table 7.1).

Table 7.1 Electrical conductivities of PEDOT ox and (PEDOT ox /Ag red ), both synthesized according to procedure  (two-step method), PEDOT red and (PEDOT red /Ag red ), both synthesized according to procedure  (two-step method) and (PEDOT/Ag) red prepared according to procedure  (one-pot method). 36 The measured electrical conductivities of PEDOT ox and PEDOT red are also reported in Table 7.1. The value found in the case of PEDOT red (3.4×10 -3 S cm -1 ) is somewhat lower than that of PEDOT ox (9.8×10 -3 S cm -1 ). Nevertheless, both values are close to those already reported in literature for PEDOT polymers. 53,54 Moreover, conductivities of pure PEDOT polymers and those of PEDOT/Ag composites are found in the same order of magnitude. Definitely, this proves that neither the morphology of the composites, nor their chemical composition (amount of silver and perchlorate) have a clear influence on the electrical conductivity. The main factor which seems to determine the final conductivity is the amount of PEDOT conducting polymers, which is the same in all samples. Note that the oxidation or reduction methodologies used for the production of PEDOT polymers seem to have no influence.

Conclusions

Hybrid nanocomposites, made of organic conducting polymers and inorganic metal nanoparticles attracted intensive research interests due to their remarkable properties. These nanocomposites are generally synthesized by traditional chemical and electrochemical routes.

Nevertheless, in our knowledge, radiolysis has never been used for the preparation of such conducting polymers-based nanocomposites. Herein, an original methodology based on radiation chemistry is used for the first time for the synthesis of hybrid organic-inorganic composites in aqueous solution.

Starting from an aqueous solution containing both metal ions and organic monomers, we originally used gamma-radiolysis for the in situ production of hydrated electrons and hydroxyl radicals as reducing and oxidizing species respectively, in order to synthesize hybrid CPs/metal nanocomposites.

Starting from EDOT monomers and silver perchlorate salt, preparation of PEDOT/Ag composites, made of PEDOT conducting polymers and silver nanoparticles, is achieved by using different radiolytical procedures. According to the two-step method, PEDOT polymers are first synthesized by either oxidation or reduction of EDOT monomers and then, silver nanoparticles are produced in the presence of PEDOT by reduction of silver ions. Differently, according to the one-pot method, polymerization and metal ions reduction are achieved in parallel, in one step, thanks to the concomitant reduction of EDOT monomers and of silver ions, as demonstrated by pulse radiolysis experiments.

As highlighted by UV-Vis absorption spectrophotometry, ATR-FTIR spectroscopy and EDX spectroscopy, all prepared nanocomposites are made of PEDOT polymers and silver nanoparticles. Also, they are found to be doped with perchlorate anions. On the contrary, the morphologies of PEDOT/Ag nanocomposites are almost different and depend on the preparation procedure, as demonstrated respectively by Cryo-TEM observations in aqueous solution and SEM microscopy after deposition. While composites prepared by two-step method are made of large spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb, composites produced according to one-pot method are made of silver nanoparticles embedded in the core of small irregular spheroidal PEDOT nanoparticles.

Four-point probe measurements demonstrated that electrical conductivities of all radiosynthesized PEDOT/Ag composites, which are close to those reported in literature for PEDOT nanocomposites prepared according to other methodologies, are in the same order of magnitude. Moreover, these conductivities are close to those measured in the case of pure PEDOT polymers synthesized by radiolysis in the absence of silver. This proves that neither the morphology, nor the presence of silver have a clear influence on the electrical conductivity of the composites. The main factor which seems to determine the final conductivity is the amount of PEDOT conducting polymers, which is the same in all our nanocomposites. More interestingly, TGA analysis revealed that, whatever their morphology, all PEDOT/Ag composites are characterized by the same thermal stability, which remains higher, over a wide range of temperatures, than that of pure PEDOT synthesized by radiolysis. Also, this thermal stability can be enhanced by increasing the amount of silver into the composites.

As demonstrated in previous chapters (chapter 3, 4, 5 and 6), that PEDOT and PPy conducting polymers can be produced in aqueous solution by radiolysis. 19,21,55 According to oxidation or reduction route. In this chapter, the radiolytic procedure was extended to the synthesis of CPs nanocomposites. In particular, thanks to radiation chemistry, the preparation of hybrid nanocomposites made of PEDOT conducting polymers and of silver nanoparticles was realized. (PEDOT) and polypyrrole (PPy) conjugated polymers were successfully prepared and characterized in solution and after deposition by complementary spectroscopic and microscopic techniques. Also their thermal stability and their electrical conductivity were studied and compared with those of CPs prepared by conventional methods. The influence of the nature of radiation-induced oxidizing radicals, of the ionic strength, of the medium, of the pH, of the presence of surfactant-based soft templates on the growth mechanism, on the efficiency of polymerization, on the morphology of the obtained CPs as well as on their absorption and conducting properties was checked.

Also, the radiolytic method was extend to the synthesis of CPs/noble metal nanocomposites. Different preparation methodologies were developed based on two-step method and onepot method, by using oxidation route or reduction route.

Our new radiolytic strategy described and extended in this manuscript opens the way for the preparation of different kinds of CPs and CPs nanocomposites not only in aqueous solutions but also in various environments foreshadowing many promising applications.

I

  would like to thank my advisor Prof. Samy Remita for his guidance of my research and supervision of my thesis. His abundant knowledge, scientific training and helpful suggestions let me find the directions of my research and master various useful skills for doctoral research. I would like to express my sincere appreciate for his patience and hard work on my thesis. His preciseness and his kindness enables me to overcome difficulties in my research. I am grateful to Prof. Jean-Marc Jung and Prof. Randriamahazaka Hyacinthe for their acceptance of being the reviewers of my thesis. I would like to thank Prof. Laure Catala, Prof. Sophie Le Caer, Prof. Cyrille Sollogoub and Prof. Fabrice Goubard for their acceptance of being the referees of my defense. It is my glory to invite all the members of doctoral thesis defence committee to attend my defense and I would like to express my sincere thanks to all of you. I would like to thank Prof. Philippe Maî tre as the director of LCP for his kind help. I would like to thank Prof. Mehran Mostafavi for his inspiring suggestions. I would like to thank Prof. Hynd Remita as the leader of TEMiC group for her friendly and helpful assistances. I would like to thank all the cooperators Alexandre Dazzi, Ariane Deniset-Besseau, Rolando Rebois, Patrice Lefranç ois, Matthieu Gervais, Sté phane Né ron, Sarah Baiz, Pieere-Henri Aubert, Jean-louis Marignier, Jean-Michel Guigner for their beneficial collaborations and kind help. I would like to thank my colleagues Cecilia Coletta, Teseer Bahry, Xiaojiao Yuan and all the members of TEMiC group for their kind help and happy accompaniment. They give me many help in my research and bring me a lot of fun in daily life. I would like to thank China Scholar Council (CSC) for offering me scholarship for my research. I would like to thank Mireille Benoit and Alexandre Demarque for kind assistances during the experiments. I would like to thank Sé verine Bourguignon, Anne Morel for their helps with administrative work.

  MacDiarmid and Hideki Shirakawa -for the discovery and development of conductive polymers‖ (Figure1.1).1 

Figure 1 . 1

 11 Figure 1.1 Nobel Laureates in chemistry 2000. 1

Figure 1 . 2

 12 Figure 1.2 Examples of conjugated conducting polymers.3

2

 2 

Figure 1 . 4 .

 14 Figure 1.4. Electrical conductivity range divisions and the electrical conductivity of CPs.2

Figure 1 . 5

 15 Figure 1.5 Energy band structures of conductors, semiconductors and insulators.

Figure 1 . 6

 16 Figure 1.6 Absorption edge position of phenyl-C 61 -butyric acid methyl ester (PCBM) and bis-PCBM.

Figure 1 . 7

 17 Figure 1.7 Structure, maximum conductivities (in Ω -l cm -1

Figure 1 . 8

 18 Figure 1.8 Top: schematic illustration of the geometric structure of a neutral soliton of a trans-polyacetylene chain. Bottom: band structure for a trans-polyacetylene chain containing (a) a neutral soliton, (b) a positively charged soliton, and (c) a negatively charged soliton.24 

Figure 1 . 10

 110 Figure 1.10 Evolution of the polypyrrole band structure upon doping: (a) low doping level, polaron formation; (b) moderate doping level, bipolaron formation; (c) high (33 mol %) doping level, formation of bipolaron bands.24 

Figure 1 . 13

 113 Figure 1.13 Electrochromism of PEDOT/PSS (PEDOT/PSS in the Figure).30

Figure 1 . 14

 114 Figure 1.14 Schematic description of the oxidative step-growth chemical polymerization of EDOT into PEDOT. Note that imidazole acts to reduce the reactivity of Fe(OTs) 3

Figure 1 . 15

 115 Figure 1.15 Schematic description of electrochemical polymerization process of thiophene.4

Figure 1 . 16

 116 Figure 1.16 Nanocomposites of conducting polymers and specific applications.77

Figure 2 . 1

 21 Figure 2.1 Chemical structures of pyrrole monomers (Py) and polypyrrole polymers (PPy).

Figure 2 . 2

 22 Figure 2.2 Chemical structures of 3,4-ethylenedioxythiophene (EDOT) monomer and poly (3,4-ethylenedioxythiophene) (PEDOT) polymer. EDOT structure shows free α,α' positions where coupling reactions may occur.

Figure 2 . 3

 23 Figure 2.3 Structural formula of SDS and spherical (a) and cylindrical (b) structures formed by SDS..11

Figure 2 . 4

 24 Figure 2.4 Main reactions during the three stages of water radiolysis at neutral pH under nitrogen atmosphere.24 

Figure 2 . 6

 26 Figure 2.6 Schematic illustration of the decay of 60

Figure 2 . 7

 27 Figure 2.7 Photograph of 60 Co gamma source (LCP, Paris-Sud University). Control panel (left) and irradiation plate (right).

Figure 2 . 8

 28 Figure 2.8 ELYSE electron accelerator source (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Figure 2 . 9

 29 Figure 2.9 Photographs of obtained materials after irradiation in different states. Aqueous solution of SDS after irradiation for 70 kGy (a); aqueous suspension of pyrrole after irradiation for 70 kGy (b); PEDOT powders obtained by drying process(c); PPy powders obtained by lyophilization (d); PEDOT film formed by spin coating (e); PEDOT/PSS membrane prepared by drying process (f).

Figure 2 .

 2 Figure 2.10 Frollabo AP 60 oven (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Figure 2 .

 2 Figure 2.11 Heto PowerDry® LL1500 lyophilizer (Équipe Industries Agroalimentaires, Dé partement Chimie Vivant Santé , Conservatoire National des Arts et Mé tiers).

  at a speed of 100 rpm for 60 s (Laboratoire de Chimie Physique, LCP, Paris-Sud University) or 1000 rpm for 30 s (Laboratoire de Physicochimie des polymè res et Interfaces, LPPI, Cergy-Pontoise University).

Figure 2 .

 2 Figure 2.12 SCC-200 spin coater (left) and coupled pump for vacuum (right) (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Figure 2 .

 2 Figure 2.13 UV-vis scanning spectrophotometer (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Figure 2 .

 2 Figure 2.14 JEOL 2100 Cryo-TEM (Institut de Miné ralogie et de Physique des Milieux Condensé s, IMPMC, Pierre and Marie Curie University).

Figure 2 .

 2 Figure 2.15 ATR-FTIR spectrometer (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

Figure 2 .

 2 Figure 2.16 AFM-IR microscope (Laboratoire de Chimie Physique, LCP, Paris-Sud University).

  ).

Figure 2 . 17

 217 Figure 2.17 Schematic representation of AFM-IR technique.

(
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  are scavenged by molecular oxygen O 2 to produce respectively perhydroxyl radicals (HO 2 • ) and superoxyde radicals (

  aqueous solutions, hydroxyl radicals are quantitatively scavenged by formate anions leading to COO• -radicals which are subsequently oxidized into O 2 •-. Then in the presence of formate ions, the radiolytic yield of formation of O 2•-reaches the value of 6.2×10 -7 mol J -1 .Since protons are formed during -radiolysis, steady-state irradiation leads to a continuous pH decrease. As a consequence, when the pH of the solution becomes lower than 4.8 , HO 2 • radicals become predominant. Then below pH = 4.8, the two species which must be considered are HO• and O 2•-
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 31 Figure 3.1 UV-vis absorption spectrum of an aqueous solution containing 1 mM in EDOT. The optical path length was 0.1 cm. The reference was water. Insert: variation of EDOT concentration as a function of the dose. The initial radiolytic yield of EDOT consumption corresponds to the initial slope of the curve.13 

  In this work, whatever EDOT concentration ranging from 1 to 10 mM, EDOT disappearance parallels the formation of species which absorb at both 290 and 350 nm as shown in the case of 10 mM in EDOT (Figure3.2).13 

Figure 3 . 2

 32 Figure 3.2 Absorption spectra of an aqueous solution containing 10 mM in EDOT irradiated with increasing doses: 0, 1.4 kGy, 5.6 kGy, 14 kGy and 70 kGy. The optical path length was 0.1 cm. The reference was water. Insert: image of the aqueous EDOT solution irradiated at 70 kGy after the addition of dichloromethane as a denser organic phase (v/v): PEDOT suspension remains in the upper aqueous phase.13 

Figure 3 . 3

 33 Figure 3.3 ATR-FTIR spectra of pure EDOT (lower spectrum), 70 kGy-radiosynthesized PEDOT isolated after centrifugation, washing and lyophilisation steps (spectrum a) and electrosynthesized PEDOT formed by chronoamperometry during 30 sec (spectrum b).13 

  and spectrum b. Only small shifts in the vibration modes can be observed. Starting from what is known in literature about EDOT and electrosynthesized PEDOT, vibrations at 1483, 1436 and 1360 cm -1 , observed in spectrum a, can be attributed to the stretching modes of C=C and C-C in the thiophene ring. The vibrations at 1280, 1236, 1160 and 1065 cm -1 can be assigned to the stretching modes of the ethylenedioxy group (C-C and C-O-R-O-C) while the vibration modes of the C-S bond which is present in the thiophene ring can be observed at 940, 902 and 817 cm -1 .

Figure 3 . 4

 34 Figure 3.4 Cryo-TEM image of an aqueous sample containing 10 mM in EDOT irradiated at 70 kGy. It exhibits spherical low density objects with a mean diameter of 200 nm attributed to self-assembled hydrophilic PEDOT

Figure 3 . 5 )

 35 Figure 3.5) was deposited onto gold substrate and dried. The surface was then imaged by dynamic mode Atomic Force Microscopy (Figure 3.5).13 

Figure 3 . 5

 35 Figure 3.5 AFM topography (A) and phase contrast (B) images in dynamic mode of PEDOT nanostructures obtained after irradiation at 70 kGy and deposition onto goldsubstrates. Both kinds of images are displayed at two different scales.13 

  3 , were found to be close to 7. Note that no drastic change in the pH was observed after irradiation. All the solutions were deaerated by bubbling with nitrous oxide (N 2 O) and then irradiated with increasing doses up to 70 kGy in order to radiosynthesize PEDOT polymers. In aqueous solutions saturated by nitrous oxide (25 mM in N 2 O), e aq -are quantitatively and immediately converted into HO• (reaction 2.14, chapter 2). As a consequence, when irradiating N 2 O-saturated aqueous solutions at neutral pH, as in the case of our EDOT solutions, only two short-lived transient species are formed: HO• and H• (hydrogen atoms). The radiolytic yield of formation of HO• becomes 5.6×10 -7 mol J -1 (equation 2.15, chapter 2).

Figure 3 . 6

 36 Figure 3.6 UV-visible absorption spectra of N 2 O-saturated aqueous solution containing 1 mM inEDOT irradiated in the absence of NaN 3 with increasing doses: 0, 0.5, 1, 2 and 4 kGy. The optical path length was 0.1 cm. The reference was water. An isosbestic point is observed at lower doses.27 

  While a concentration of 1mM in EDOT monomers was needed for succeeding in the followup of their oxidation mechanism, 10 mM in EDOT were necessary for the characterization of PEDOT polymers either in aqueous solution or after their deposition onto substrate. In the absence of sodium azide salt, N 2 O-saturated aqueous solutions containing 10 mM in EDOT were irradiated at increasing doses up to 70 kGy. This latter dose is enough to ensure the total polymerization of EDOT (at 10 mM). The evolution of the UV-visible absorption spectrum of this solution as a function of the dose is displayed (Figure3.7).27 

Figure 3 . 7

 37 Figure 3.7 UV-vis absorption spectra of N 2 O-saturated aqueous solution containing 10 mM in EDOT irradiated in the absence of NaN 3 with increasing doses: 0, 1.4, 5.6, 14 and 70 kGy. The optical path length was 0.1 cm. The reference was water. Insert: image of the aqueous solution irradiated at 70 kGy after the addition of dichloromethane as a denser organic phase (v/v): PEDOT-OH suspension remains in the upper aqueous phase.27 

3 • /N 3 -) = 1 .

 331 illustrated in the case of dichloromethane (insert ofFigure 3.7). This result proves the hydrophilic properties of PEDOT-OH polymers.As previously explained, under N 2 O and in the presence of NaN 3 , HO• radicals are scavenged by N 3 -leading to N 3 • radicals which can then be considered as the only oxidizing species able to react with EDOT. N 3 • radicals are known as an alternative oxidizing system more selective than HO•. It is a soft one-electron oxidant E°'(N 33 V SHE at pH=7 and it is used in this work

Figure 3 . 8

 38 Figure 3.8 UV-vis spectra of N 2 O-saturated aqueous solution containing 10 mM in EDOT irradiated in the presence of NaN 3 with increasing doses: 0, 1.4, 5.6, 14 and 70 kGy. The optical path length was 0.1 cm. The reference waswater. Insert: image of the aqueous solution irradiated at 70 kGy after the addition of cyclohexane as a less dense organic phase (v/v): PEDOT-N 3 polymers remains at the interface between the two liquid phases.27 

  1360 cm -1 are attributed to the stretching modes of C=C and C-C in the thiophene ring, while those observed at 1280, 1236, 1160 and 1065 cm -1 are assigned to the stretching modes of the ethylenedioxy group (C-C and C-O-R-O-C). The vibration modes of the C-S bond which are present in the thiophene ring can be observed at 940, 902 and 817 cm -1 . All these bands are present in all spectra of Figure3.9 even if they appear relatively slightly displaced.

Figure 3 . 9

 39 Figure 3.9 ATR-FTIR spectra of pure EDOT (lower spectrum) and of PEDOT polymers radiosynthesized at 70 kGy under N 2 O atmosphere, both in presence (PEDOT-N 3 ) or in absence (PEDOT-OH) of NaN 3 salt, isolated after centrifugation and lyophilisation steps.27

  Since radiation induced polymerization proceeds through a recurrent step by step oxidation mechanism, both HO• and N 3 • radicals should react successively on EDOT dimers then oligomers producing continuously hydroxyl adducts in the case of HO• and radical cations in the case of N 3 • . Then, one can expect the presence of hydroxyl groups exclusively into the HO•-induced radiosynthesized PEDOT polymers. Contrarily to PEDOT-N 3 , PEDOT-OH should then contain alcohol functionalities.

Chapter 3 :

 3 Radiation chemistry as a new method for the synthesis of PEDOT: a state of the art 90 made up of PEDOT-OH polymers. Note that the size and the shape of our polymer nanostructures are the same at both 36 and 70 kGy doses. This means that the irradiation dose has no noticeable influence on the structure of PEDOT-OH above the total irradiation dose (D max ).

Figure 3 .

 3 Figure 3.10 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at 36 (a and b) and 70 kGy (c and d) under N 2 O atmosphere in the absence of NaN 3 . They exhibit spherical nanoobjects with a mean diameter of 200 nm attributed to self-assembled hydrophilic PEDOT-OH polymers. A schematic representation of a single spherical polymer nanoparticle highlights hydrogen bonds interactions between the chains.27 

Figure 3 .

 3 Figure 3.11 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at 36 (a and b) and 70 kGy (c and d) under N 2 O atmosphere in the presence of NaN 3 . They exhibit fibrillar or lamellar (plate-like) nanostructures attributed to self-assembled amphiphilic PEDOT-N 3 polymers. A schematic representation of a single nanostructure highlights π-stacking interactions between the chains.27 

Figure 3 .

 3 Figure 3.12 SEM images of PEDOT polymers after deposition onto gold substrates. Polymers were obtained after a 70 kGy-irradiation: (a) in the absence of NaN 3 (PEDOT-OH), (b) in the presence of NaN 3 (PEDOT-N 3 ).27 

Figure 3 . 13

 313 Figure 3.13 Schematic drawing of the different macro-conformations in solid linear polymers. (a) random, glassy, (b) folder chain, lamellar, (c) extended chain, (d) fringed micelle, mixture of a, b and c.26 

3 •:

 3 synthesis of PEDOT conjugated polymers in N 2 O-saturated aqueous solutions at ambient temperature and in the absence of any external oxidizing species. Starting from EDOT monomers and depending on the presence of sodium azide salt, two different oxidizing species are formed thanks to water radiolysis: hydroxyl radical (HO•) and azide radical (N 3 • ). Both species are shown to oxidize EDOT monomers into PEDOT polymers (called PEDOT-OH and PEDOT-N 3 respectively). Thanks to ATR-FTIR experiments, it is demonstrated that contrarily to PEDOT-N 3 and PEDOT-OH polymers contain O-H functionalities. This noticeable difference between the two kinds of polymers was explained by the difference which exists between the well-known oxidizing behaviors of HO• and N while HO• radical adds onto aromatic molecules leading to radical adducts in addition radical cation, N 3 • radical exclusively forms radical cations through electron abstraction. Since radioinduced PEDOT polymerization proceeds through a step-by-step mechanism which involves a recurrent oxidation process as already demonstrated, HO• radicals contrarily to N 3 • species lead to PEDOT-OH adducts.

  In the present part, time resolved absorption spectroscopy coupled with pulsed radiolysis is used in order, first, to study EDOT oxidation mechanism and, second, to definitely identify the nature of PEDOT growth process. This -fast‖ technique offers several advantages: it enables, thanks to the pulsed electrons accelerator, (i) the generation of oxidizing species in the aqueous irradiated medium in a very short time, (ii) the quantitative knowledge of oxidizing species concentration, (iii) the real-time following by absorption spectroscopy of the appearance and disappearance of transient species produced during EDOT oxidation and the estimation of the rate constants of the involved consecutive reactions. In particular, the reaction of EDOT monomers with hydroxyl radicals produced by water radiolysis was investigated with the aim to identify the different transient species involved in the first steps of HO•-induced PEDOT polymerization. Spectrokinetic analysis of experimental data and molecular simulations of absorption spectra were used as complementary methodologies to confirm the rate constants values and the transient and stable species identification (results not shown here but developed in the thesis of Cecilia Coletta)

  natural pH of EDOT aqueous solutions is neutral, about 8. The pH was changed by adding HClO 4 97 to obtain acidic solutions at pH = 4, 5 and 6 or by adding NaOH to obtain alkaline solution at pH = 13. The pH was measured before and after irradiation and only a slight decrease in the pH value was observed in the acidic and neutral solution, due to the production of H + ions during water radiolysis. All solutions were deaerated by bubbling with nitrous oxide, N 2 O, prior to irradiation, then irradiated with an electron beam.

  HO•-induced oxidation of EDOT in aqueous solution. The mechanistic scheme of EDOT oxidation by hydroxyl radical was established, the rate constants were determined and the transient species involved in the oxidation process were identified thanks to the comparison of their experimental and simulated UV-Vis absorption spectra. A mixed simulation method was used, using the monte-carlo (MC) sampling of the molecular geometries, the density functional theory (DFT) calculation of the electron structures and the polarized continuum (PCM) modeling of the solvent.In acidic and neutral aqueous solutions, HO•-induced oxidation of EDOT implies the oxidation of EDOT into a transient species, EDOT •+ cation radical or (EDOT-HO)• addut, which dimerizes and deprotonates leading to a stable product, namely EDOT 2 dimer. In alkaline medium, this mechanism is mostly different since HO• deprotonates into its alkaline form, oxide radical, which adds onto EDOT monomer. This addition leads to an open cycle and prevents any dimerization of EDOT and consequently any polymerization of PEDOT.

  10 mM in hydroxyl radicals are needed for the quantitative dimerization of 10 mM in EDOT into 5 mM in EDOT 2 , then an additional amount of 5 mM in HO• is needed for the quantitative transformation of EDOT 2 into 2.5 mM in EDOT 4 and so on. This means that at least 20 mM in hydroxyl radicals are necessary to ensure the quantitative polymerization of EDOT monomers into PEDOT polymers. The use of two HO• radicals for one EDOT molecule is understandable since each EDOT monomer is bound to two EDOT neighbors inside the same polymer chain, which means that it has been twice oxidized. The theoretical irradiation dose (D max ) which should lead to the total oxidation of EDOT into PEDOT by HO . radicals can be determined (equation 2.22, chapter 2). Thus, 37 kGy are necessary for the total polymerization of 10 mM in EDOT.Knowing that each pulse corresponds to a dose of 40 Gy, complete polymerization requires more than about 1000 successive pulses.In order to quantitatively polymerize EDOT, the colorless and limpid aqueous solution of 10 mM in EDOT was irradiated at a dose of 180 kGy which corresponds to the accumulation of 4500 pulses of 40 Gy/pulse. After such an irradiation, the solution became turbid and its UV-Vis absorption spectrum is displayed (Figure3.14).18 

Figure 3 .

 3 Figure 3.14 UV-vis absorption spectrum of a N 2 O-satured aqueous solution of EDOT (10 mM) irradiated by an electron beam at a dose of 180 kGy (4500 pulses, 40 Gy/pulse). The reference is water and pathlength is 0.1 cm;

. 15 in

 15 the wave number region 1600-600 cm -1 together with the spectrum of pure non irradiated EDOT (bottom ofFigure 3.15). The two spectra are in good agreement with those our group previously reported for PEDOT and EDOT when polymerization was induced by γ-rays. The IR spectrum of the polymer powder displays vibrations at 1485, 1441 and 1365 cm -1 which are attributed to C=C and C-C stretching modes in the thiophene ring. The vibrations observed at 1288, 1240, 1171 and 1059 cm -1 are assigned to the stretching modes of the ethyledioxy groups (C-C and C-O-R-O-C). The vibration modes of C-S bond which are present in the thiophene ring can be observed at 941 and 901 cm -1 . Note that the intense C-H stretching band at 754 cm -1 , observed in the spectrum of EDOT, is clearly absent in the ATR-FTIR spectrum of polymers.This definitely demonstrates, without any ambiguity, that EDOT polymerization quantitatively took place thanks to α,α'-coupling reactions and that the resulting solid powder obtained after lyophilisation is effectively composed of PEDOT polymers.

Figure 3 . 18 Chapter 3 :

 3183 Figure 3.15 ATR-FTIR spectra of pure EDOT (bottom spectrum) and PEDOT polymers radiosynthesized at 180 kGy by electron beam (top spectrum); (inset) photograph of a cup containing the lyophilized radiosynthesized PEDOT powder.18 

Aqueous solutions containing 10

 10 mM in EDOT and irradiated by electron beam at 180 kGy were observed by Cryo-transmission electron microscopy just after irradiation in order to investigate the structure and morphology of PEDOT polymers in aqueous solution. Representative images show the presence of low density globular structures forming spherical nanoparticles with a diameter ranging between 200 and 250 nm (Figure 3.16).18 

Figure 3 .

 3 Figure 3.16 Cryo-TEM image of PEDOT radiosynthesized by electron beam at 180 kGy in aqueous solution. A PEDOT nanoparticle of around 250 nm is observed.18 

Figure 3 .

 3 Figure 3.17 SEM image of lyophilized PEDOT radiosynthesized by electron beam at 180 kGy. Aggregates of spherical PEDOT nanoparticles are observed.18 

HO . -induced

  oxidation of EDOT in aqueous solution. In acidic and neutral aqueous solutions,HO.-induced oxidation of EDOT implies the oxidation of EDOT into a transient species, namely EDOT . + cation radical and also probably into (EDOT-HO)• adduct, which dimerizes and deprotonates leading to a stable product, namely EDOT 2 dimer. In alkaline medium, the mechanism is mostly different since HO . deprotonates into its alkaline form, oxide radical, which adds onto EDOT monomer. This addition leads to an open cycle and prevents any dimerization of EDOT and consequently any polymerization of PEDOT.

Figure 4 . 1

 41 Figure 4.1 Proposed mechanism for electropolymerization of pyrrole. 10

  6 kGy and UV-vis absorption spectra were recorded as a function of the dose (Figure 4.2, left). The absorption of Py monomers at 205 nm as a function of the dose is plotted (Figure 4.2, right). One can observe the decrease of the absorption as a function of the irradiation dose, which means that Py is progressively consumed (according to a pseudo-first order exponential decay). The initial radiolytic yield of Py consumption, G -Py0 , corresponds to the value of the initial slope of the curve which can be deduced thanks to an exponential fit of the experiment curve:(4.3) It is clear that: G -Py0 ≈ G(HO•). This indicates that a concentration of 1 mM in Py is sufficient to scavenge all the HO• radicals produced by radiolysis and demonstrates that only HO• radicals react with Py monomers. Indeed, HO• is a strong oxidizing species since its standard redox potential in neutral medium (pH=7) amounts to E 0′ (HO•/H 2 O) = 2.3 V HSE enabling oxidation of

Figure 4 . 2

 42 Figure 4.2 UV-vis absorption spectra of aqueous solution of pyrrole (1 mM) as a function of the dose (left).

Figure 4 . 3

 43 Figure 4.3 UV-vis absorption spectra of pyrrole before and after polymerization by radiolytic and chemical methods. (a) Aqueous solution of pyrrole (20 mM) before polymerization (diluted 20 times), (b) PPy synthesized by radiolytic method, γ-PPy (diluted 20 times), and (c) PPy

Figure 4 . 4

 44 Figure 4.4 Photographs of Py samples before (a), after polymerization (b)

Figure 4 . 4 ,

 44 images b and c) were lyophilized. In both cases, black powders were obtained (Figure 4.4, images d and e). While the powder obtained after irradiation is only polymers, the powder obtained after chemical oxidation should also contain K 2 S 2 O 8 and its conjugated reducing species. According to the oxidation mechanism which involves persulfate ion radical (SO 4 • -) is formed (equation 2.1, chapter 2) then oxidizes Py monomers leading to Py radical cation (Py •+ ) and sulfate anion (SO 4 2-

Figure 4 . 5

 45 Figure 4.5 ATR-FTIR spectra of pure pyrrole before polymerization (a), radiosynthesized PPy after lyophilization (b), and chemically synthesized PPy after lyophilization (c).23 

  the in-situ observation of the morphology of γ-PPy is possible by Cryo-TEM. Aqueous solutions containing 20 mM in Py and irradiated at 72 kGy were observed by cryo-transmission electron microscopy just after irradiation. Representative images showed the presence of low density globular structures forming polydisperse spherical nanoparticles the diameter of which was comprised between 80 and 200 nm as observed (Figure4.6, image a).23 

Figure 4 . 6

 46 Figure 4.6 Cryo-TEM images of radiosynthesized PPy (γ-PPy) at 72 kGy.

only

  PPy polymers without any residual Py monomers, the sample was observed by AFM-IR in the range of 1600~1800 cm -1 (Figure 4.7, image b). The spectrum of image b in Figure 4.7 displays a peak at 1674 cm -1 which is characteristic of C=O bonds. Now, these bonds have been detected by ATR-FTIR spectroscopy in the γ-PPy polymers (Figure 4.5, spectrum b) and not in Py monomers (Figure 4.5, spectrum a). This demonstrates that the globular structures observed in both Figure 4.6 and Figure 4.7 (image a) do not contain close-packed Py monomers.

Figure 4 . 7

 47 Figure 4.7 AFM topographic image of γ-PPy in contact mode, (b) AFM-IR spectrum of PPy, and(c) AFM-IR chemical mapping of PPy with the IR source tuned to the C=O band at 1674 cm -1 .23 

Figure 4 . 8

 48 Figure 4.8 SEM images of PPy lyophilized after radiolytical (a) or chemical (b) synthesis.23 

Figure 4 . 9

 49 Figure 4.9 Thermo gravimetric analysis (TGA) plots of PPy synthesized by radiolytic method (a) or chemical method (b). Insert: the weight derivative curves of PPy as the temperature changes.23 

  4 or HCl are added to adjust the pH of EDOT solutions. NaClO 4 is used to adjust the ionic strength of the solutions. Nitrous oxide (N 2 O) is applied for degassing. Nitrosyl tetrafluoroborate (NOBF 4 ) is dissolved in acetonitrile for p-doping during the electrical conductivity test. Poly(4-styrenesulfonic acid) (PSSH) and dimethyl sulfoxide (DMSO) are applied to help PEDOT form PEDOT/PSS membranes. Soft template. Aqueous solutions of SDS at concentrations of 1 (below CMC I), 10 (between CMC I and CMC II) and 200 (above CMC II) mM (chapter 2) are prepared at room temperature. EDOT monomers are solubilized in pure water at a concentration of 10 mM. To study the effect of soft template on the polymerization of EDOT monomers, EDOT aqueous solutions are added with SDS to prepare aqueous solutions containing concentration ratios of EDOT to SDS at 10:0, 10:1, 10:10 and 10:200. Acidic medium. A series of acidic solutions containing EDOT and HClO 4 (or HCl) with molar ratios (in mM) of 10:0 (pH = 8), 10:1 (pH = 3), 10:10 (pH = 2), 10:100 (pH = 1) and 10:1000 (pH = 0) are prepared by adding HClO 4 (or HCl) into EDOT aqueous solutions (10 mM). In addition, for comparison purpose, EDOT solution (10 mM) is added with NaClO 4 with a concentration of 1000 mM. γ-irradiation. Before γ-irradiation, aqueous solutions of SDS, EDOT solutions added with SDS, EDOT solutions added with HClO 4 (or HCl) and EDOT solutions added with NaClO 4 are all degassed with N 2 O for 20 min. Then, all the solutions were irradiated for 72 kGy in the 60 Co source (Laboratoire de Chimie Physique, Paris-Sud University) at a dose rate of 4.1 kGy•h -1 .

  hydrophobic, EDOT monomers and PEDOT polymers should preferentially dissolve inside the micelles. The choice of concentration below CMC I, between CMC I and CMC II and above CMC II should enable the preparation of free PEDOT nanoparticles, PEDOT nanoparticles in the core of spherical micelles and PEDOT nanotubes in cylindrical micelles. In order to study the influence of SDS on the polymerization of EDOT monomers in neutral aqueous solution, the stability of SDS upon irradiation under N 2 O atmosphere in aqueous solution was checked first in the absence of EDOT monomers. The photographs of aqueous solutions of SDS (1, 10 and 200 mM) before and after γ-irradiation are shown (Figure 5.1).

Figure 5 . 1

 51 Figure 5.1 Photographs of aqueous solutions of SDS before (left) and after γ-irradiation at 72 kGy under N 2 O atmosphere. The concentrations of SDS are 1 (a), 10 (b) and 200 (c) mM.

8 Figure 5 . 2

 852 Figure 5.2 UV-vis absorption spectra of aqueous solutions of SDS before (left) and after (right) γ-irradiation for 72 kGy under N 2 O atmosphere. All the spectra are recorded without dilution with l = 0.2 cm.

Figure 5 . 3

 53 Figure 5.3 Photographs of EDOT solutions (10 mM) added with SDS before (left) and after (right) γ-irradiation for 72 kGy under N 2 O atmosphere. The concentrations of SDS are 0 (a), 1 (b), 10 (c) and 200 (d) mM.

Figure 5 . 4

 54 Figure 5.4 UV-vis absorption spectra of EDOT solutions (10 mM) added with SDS before (left) and after (right) γ-irradiation for 72 kGy under N 2 O atmosphere. The concentrations of SDS are 0, 1, 10 and 200 mM. All the spectra are recorded after 10 times dilution with l = 0.2 cm.

  However, solution (b) added with 1 mM of SDS becomes yellow green while solution (c) with a concentration of SDS 10 mM becomes yellow brown. Compared with solutions (b) and (c), solution (d) added with SDS 200 mM becomes light brown. As the concentration of SDS increases, the color becomes lighter implying that less polymerization of EDOT happens. In general, the color of PEDOT is light blue (oxidized state) or dark blue (reduced state). Therefore, only the color of solution (b) is close to the color of PEDOT in reduced state indicating that low concentration of SDS favors the polymerization of EDOT. The UV-vis absorption spectra of the irradiated solutions in the presence of SDS after 10 times dilution are displayed (Figure 5.4, right). While the absorption spectrum obtained in the absence of SDS is similar to that previously obtained (Figure 3.7, chapter 3) confirming the presence of PEDOT, the spectra obtained in the presence of SDS are quite different. No intense bands are observed at high wavelengths. On the contrary, after irradiation the characteristic band of EDOT at 255 nm remains. The intensity of this band increases with SDS concentration. Solution (b) (Figure 5.3, right) added with 1 mM of SDS (ratio 10:1) shows decreasing absorption band at 255 nm suggesting the polymerization of EDOT happens. There is a new band around 700 nm which further proves that polymerization of EDOT happens and may explain the γ-irradiation induced yellow green color of solution (b) (Figure 5.3). However, at SDS concentration higher than 10 mM (ratios 10:10 and 10:200), the absorbancy at 255 nm remains confirming that EDOT polymerization is inhibited. In the absence of SDS, all EDOT monomers are consumed. On the contrary, in the presence of 200 mM in SDS, the intensity of the absorption band of EDOT monomers is nearly the same as before irradiation indicating the remaining of all EDOT monomers. It can be concluded that unfortunately the yield of EDOT oxidation decreases with SDS concentration. The competitive reaction of HO• radicals

  4 on the polymerization of EDOT, EDOT solutions were added with HClO 4 at different concentrations (0, 1, 10, 100 and 1000 mM) (Figure 5.5) and the pH values of all the solutions were measured with a pH-meter.

Figure 5 . 5

 55 Figure 5.5 Photographs of EDOT solutions (10 mM) added with HClO 4 before (left) and after (right) γ-irradiation at 72 kGy under N 2 O atmosphere. The concentrations of HClO 4 are 0 (a), 1 (b), 10 (c), 100 (d) and 1000 (e) mM and the pH values are 8, 3, 2, 1 and 0, respectively.

Figure 5 . 6

 56 Figure 5.6 UV-vis absorption spectra of aqueous solutions of EDOT (10 mM) added with HClO 4 before irradiation (left) and after (right) irradiation for 72 kGy under N 2 O atmosphere. The concentrations of HClO 4 are 0, 1, 10, 100 and 1000 mM and the pH values are 8, 3, 2, 1 and 0, respectively. All the spectra are recorded after 10 times dilution with l = 0.2 cm.

  These calculations enable the evolution of the radiolytic yields of production of HO• and H• as a function of the pH under N 2 O atmosphere. Evidently, at lower pH, the radiolytic yield of HO• is lower and that of H• is higher. Nevertheless, at this stage of the work, it is not possible to know if both HO• and H• react onto EDOT monomers. In order to find the answer, aqueous solutions containing 1 mM in EDOT in the presence of 1000 mM HClO 4 (pH = 0) are irradiated at increasing dose (Figure5.7).

Figure 5 . 7

 57 Figure 5.7 UV-vis absorption spectra of aqueous solutions of EDOT (1 mM) added with HClO 4 (1000 mM) (pH = 0) as a function of the dose under N 2 O atmosphere (left) and evolution of EDOT concentration as a function of the irradiation dose (right). Insert: zoom which highlights the existence of an isosbestic point. All the spectra are recorded without dilution and l = 0.2 cm.

Figure 5 .

 5 Figure 5.8 shows that UV-vis absorption spectrum of EDOT solution added with NaClO 4

Figure 5 . 8

 58 Figure 5.8 UV-vis absorption spectrum of aqueous solution of EDOT (10 mM) added with NaClO 4 (1000 mM) irradiated for 72 kGy under N 2 O atmosphere. The spectrum is recorded after 10 times dilution with l = 0.2 cm. Insert: photograph of the solution after γ-irradiation.

Figure 5 . 9

 59 Figure 5.9 Photographs of EDOT solutions (10 mM) added with HCl before (left) and after (right) γ-irradiation for 72 kGy under N 2 O atmosphere. The concentrations of HCl are 0 (a), 1 (b), 10 (c), 100 (d) and 1000 (e) mM and the pH values are 8, 3, 2, 1 and 0, respectively.

Figure 5 .

 5 10, it is clear that all EDOT solutions show characteristic bands of EDOT at 233 and 255 nm before γ-irradiation confirming that HCl has no absorption within this wavelength range. Also, EDOT monomers remain stable in the presence of HCl. The slight variation in the absorption of EDOT should be once again due to the dilution. After γ-irradiation, quite different absorption spectra are recorded and all the characteristic bands of EDOT disappear indicating that the polymerization of EDOT quantitatively occurs. UV-vis absorption spectrum of solution (e) (Figure 5.9, right) after γ-irradiation has a new absorption band around 685 nm which may correspond to PEDOT polymers in reduced state formed in the present experimental conditions.

Figure 5 .

 5 Figure 5.10 UV-vis absorption spectra of aqueous solutions of EDOT (10 mM) added with HCl before irradiation (left) and after (right) irradiation for 72 kGy under N 2 O atmosphere. The concentrations of HCl are 0, 1, 10, 100 and 1000 mM and the pH values are 8, 3, 2, 1 and 0, respectively. All the spectra are recorded after 10 times dilution with l = 0.2 cm.
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 555 Figure 5.11 ATR-FTIR spectra of pure EDOT, PEDOT-HClO 4 and PEDOT-HCl after a 72 kGy γ-irradiation at pH = 0 under N 2 O atmosphere.

Figure 5 .

 5 Figure 5.12 Cryo-TEM images of PEDOT-HClO 4 synthesized by a 72 kGy irradiation of EDOT aqueous solution at pH = 0 under N 2 O atmosphere.

Figure 5 .

 5 Figure5.12 shows Cryo-TEM images of PEDOT in acidic solution added with HClO 4 . It can be found that PEDOT-HClO 4 appears to be amorphous in acidic medium. Although some granular-like (~50 nm) and aggregated structures are observed, PEDOT-HClO 4 shows no specific features which is different from that of PEDOT obtained in neutral aqueous solution (Figure3.10, chapter 3).18,19 The morphological difference may result from the random

  aspect and the high level of aggregation observed are responsible of the characteristic UV-vis absorption spectra obtained in the presence of HClO 4 at very low pH (Figure 5.6). Similarly, in order to observe the morphology of PEDOT-HCl in solution, Cryo-TEM images of PEDOT-HCl are recorded (Figure 5.13).

Figure 5 .

 5 Figure 5.13 Cryo-TEM images of PEDOT-HCl synthesized by a 72 kGy irradiation of EDOT aqueous solution at pH = 0 under N 2 O atmosphere.

  previously observed by Cryo-TEM are dried by lyophilization and characterized by scanning electron microscopy (SEM). In order to get highly contrasted SEM images, the obtained powders are coated with gold before SEM characterization. The typical SEM images of PEDOT-HClO 4 and PEDOT-HCl are presented (Figure 5.14).

Figure 5 .

 5 Figure 5.14 SEM images of PEDOT-HClO 4 (up) and PEDOT-HCl (down) synthesized by a 72 kGy irradiation of EDOT aqueous solution at pH = 0 under N 2 O atmosphere.

Figure 5 .

 5 Figure 5.15 EDX spectra of PEDOT-HClO 4 (up) and PEDOT-HCl (down) synthesized by a 72 kGy irradiation of EDOT solution at pH = 0 under N 2 O atmosphere..

Figure 5 .

 5 Figure 5.16 AFM-IR characterization of PEDOT-HClO 4 synthesized by a 72 kGy irradiation of EDOT solution at pH = 0 under N 2 O atmosphere. (a) AFM topographic image of PEDOT-HClO 4 polymers in contact mode, (b) AFM-IR spectrum of PEDOT-HClO 4 and (c) Chemical map of PEDOT-HClO 4 polymers with the IR source tuned to the C=C bond at 1480 cm -1 .

Figure 5 .

 5 16, topography of PEDOT-HClO 4 (Figure 5.16, image a) appears to be very loose granular structures when dried naturally. It is clear that PEDOT-HClO 4 is not dry enough due to the presence of ClO 4 -which absorbs humid. During the AFM-IR test, PEDOT-HClO 4 is scratched by the tip and moves making the topography unclear. The wettish property and loose granular structure are in agreement with the results obtained by SEM characterization (Figure 5.14, up). The IR spectrum (Figure 5.16, image b) of PEDOT-HClO 4 shows the vibration band of C=C at 1471 cm -1 indicating the presence of PEDOT polymers. The chemical map (Figure 5.16, image c) of PEDOT-HClO 4 is recorded with the IR sourced tuned to the absorption of C=C band at 1480 cm -1 . The red color indicates regions absorbing stronger at the selected IR wavenumber 1480 cm -1 while the green color shows the contrary. The fact that chemical mapping (Figure 5.16, image c) fits well with topography (Figure 5.15, image c) indicates that the loose structures are made of PEDOT polymers. This result further confirms that PEDOT polymers are successfully synthesized in acidic medium.

Figure 5 .

 5 Figure 5.17 AFM-IR characterization of PEDOT-HCl synthesized by a 72 kGy irradiation of EDOT solution at pH = 0 under N 2 O atmosphere. (a) AFM topographic image of PEDOT-HCl polymers in contact mode, (b) AFM-IR spectrum of PEDOT-HCl and (c) Chemical map of PEDOT-HCl polymers with the IR source tuned to the C=C bond at 1480 cm -1 .

Figure 5 .

 5 Figure 5.18 PEDOT/PSS membranes prepared by mixing PEDOT-HClO 4 (left) or PEDOT-HCl with PSS and DMSO. PEDOT-HClO 4 and PEDOT-HCl are synthesized by a 72 kGy irradiation of EDOT solution at pH = 0 under N 2 O atmosphere.

  methods involve the oxidation of EDOT monomers to the EDOT cations. Both chemical oxidants and applied electrochemical oxidation potential can oxidize the EDOT monomers into EDOT cations which form EDOT dimers by α-α' coupling reactions. Two H atoms are subtracted from α and α' positions of EDOT monomers forming a new C-C bond. Then, the formed EDOT dimers undergo similar chemical or electrochemical oxidation and coupling reactions produce EDOT oligomers. Finally, elongation of the EDOT oligomers with the similar procedures produces PEDOT polymers (Figure 6.1).

Figure 6 . 1

 61 Figure 6.1 Schematic of chemical and electrochemical polymerization of EDOT monomers into PEDOT polymers.

  this chapter, simple γ-rays-based reduction-polymerization route for synthesizing conducting polymers under N 2 atmosphere is described at room temperature. The originality of the work comes from the use, during the initiation step of polymerization, of reducing species produced from water radiolysis, namely hydrated electrons (e aq -), instead of oxidizing radicals, such as hydroxyl radicals (HO•) or azide radicals (N 3 •). Morphology and physicochemical properties of PEDOT synthesized by reduction-polymerization (action of e aq -under N 2 atmosphere), noted PEDOTred, are checked and compared with those of action of HO• under N 2 O atmosphere).
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 13 PEDOT red and PEDOT ox characterizationUV-visible absorption spectra of EDOT (before irradiation) and of radiosynthesized PEDOT ox or PEDOT red (after irradiation) solutions were recorded by putting the obtained aqueous solutions in a quartz cell with an optical path length of 0.2 cm. Due to the relatively high extinction coefficient of EDOT, aqueous solutions containing 10 mM EDOT monomers were diluted 10 times before measurement. The morphology of PEDOT polymers in solution was directly observed by Cryo-TEM before any deposition.To further identify radiosynthesized polymers and their chemical composition, the Fourier transform infrared (FTIR) spectra of lyophilized PEDOT ox and PEDOT red were recorded. In order to check the morphology of radiosynthesized polymers after deposition, PEDOT red powder obtained after lyophilization was sprinkled onto carbon tape adhered to aluminum mounts and SEM images were obtained. AFM-IR measurement were carried out by depositing a small drop of PEDOT red solution onto the upper surface of ZnSe prism (transparent in the mid-IR) and dried naturally in air. The thermal stability and composition analysis of lyophilized PEDOT ox and PEDOT red was performed under a nitrogen flow of 50 mL/min. The temperature ranged from 40 to 900 °C at a heating rate of 20 °C/min.

Figure 6 . 2

 62 Figure 6.2 UV-vis absorption spectrum of EDOT monomer (1 mM) aqueous solution (l=0.2 cm, reference: water). Insert: evolution of EDOT concentration of as a function of the dose. The initial radiolytic yield ofEDOT consumption corresponds to the initial slope of the curve.23 

Figure 6 . 3

 63 Figure 6.3 UV-vis absorption spectra of an aqueous solution containing 10 mM in EDOT (a) before irradiation, (b) irradiated at 72 kGy under N 2 in the presence of isopropanol (PEDOT red ), (c) irradiated at 72 kGy under N 2 O (PEDOT ox ). The optical path length was 0.2 cm. The reference was water.23 
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 64234 Figure 6.4 Photographs of EDOT samples (a) at a concentration of 10 mM before irradiation, (b) after a 72 kGy-irradiation under N 2 inthe presence of isopropanol (PEDOT red ), (c) after lyophilization.23 

Figure 6 . 5

 65 Figure 6.5 ATR-FTIR spectra of (a) pure EDOT monomers, (b) PEDOT red powder obtained by reduction-polymerization at 72 kGy, (c)

Figure 6 . 6

 66 Figure 6.6 Cryo-TEM images of aqueous samples containing 10 mM in EDOT irradiated at 72 kGy under N 2 in the presence of isopropanol. They exhibit spherical nanoobjects withdiameters comprised between 100 and 500 nm attributed to self-assembled PEDOT red polymers.23 

Figure 6 . 7

 67 Figure 6.7 SEM images of PEDOT red polymers after lyophilization and deposition onto carbon tape adhered to aluminum mounts. Polymers were obtained after a 72 kGy-irradiation of an aqueous solution containing 10 mM in EDOT under N 2 in the presence of isopropanol.23 

Figure 6 . 6 and

 66 Figure 6.6 and Figure 6.7) contain close-packed PEDOT red polymer chains. Since the AFM-IR technique also enables the chemical mapping of the sample, this wavenumber 1370 cm -1 was chosen for AFM-IR chemical mapping of our sample. The chemical map was scanned and the absorption strength was recorded. (Figure 6.8, image c).

Figure 6 . 8

 68 Figure 6.8 AFM-IR characterization of PEDOT polymers synthesized according to reductionpolymerization (a) AFM topographic image of PEDOT red polymers in contact mode, (b) AFM-IR spectrum of PEDOT red polymers and (c) AFM-IR chemical mapping of PEDOT red polymers with the IR source tuned to the C-C band at 1370 cm -1 . Samples containing 10 mM in EDOT were irradiated at 72 kGy under N 2 in the presence of isopropanol, then deposited onto ZnSe prism after lyophilization.23 

Figure 6 . 9

 69 Figure 6.9 Thermogravimetric analysis (TGA) plots and weight derivative curves of (a) PEDOT red polymers synthesized under N 2 in the presence of isopropanol with a 72 kGyirradiation, (b) PEDOT ox polymers synthesized under N 2 O with a 72 kGy-irradiation.23 
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 71 Figure 7.1 Radiation-induced synthesis of PEDOT/Ag nanocomposites, starting from an aqueous solution of EDOT (10 mM), sample a. Different ways were used. In procedure , which is a two-step method, EDOT solution is first irradiated at 36 kGy, under N 2 O (sample b), in order to quantitatively oxidize EDOT monomers into PEDOT (PEDOT ox ). In the second step, the solution was added with Ag + (10 mM) and isopropanol (0.2 M), then irradiated at

aqueous solution containing 10

 10 mM in EDOT is first prepared. This aqueous solution is found transparent (Figure7.1, sample a). In this solution, EDOT monomers display two absorption maxima at 235 and 255 nm (Figure7.2, spectrum a) in agreement with results obtained before (section 6.2.1, chapter 6).21,22,36 

Figure 7 . 2

 72 Figure 7.2 UV-visible absorption spectra of sample a (containing 10 mM in EDOT before irradiation), sample b and sample c (containing respectively PEDOT ox and (PEDOT ox /Ag red ), both synthesized according to procedure ),sample e and sample f (containing respectively PEDOT red and (PEDOT red /Ag red ), both synthesized according to procedure ) and sample h (containing (PEDOT/Ag) red prepared according to procedure . Inset: evolution of the UV-vis absorption spectrum of sample h with the irradiation dose according to the one-pot method (the dose was 0, 10, 20, 30, 50 and 70 kGy). All solutions were diluted 10 times. Optical path was 0.2 cm and water was used as reference.36 

  Irradiated solutions, corresponding to the black suspensions of sample c and sample f, are dried by lyophilization in order to quantitatively eliminate water and isopropanol from the two dark powders obtained (Figure7.1, sample d and sample g respectively). Naturally, due to the previous spectrophotometric results, these powders are expected to contain an organic component, PEDOT, in addition to an inorganic phase, Ag. In addition, perchlorate anions, ClO 4 -, should also remain present in the sample after lyophilization. PEDOT/Ag composite, contained in sample d, which is obtained at the end of procedure  and which implies first the oxidation-polymerization of EDOT and second the reduction of silver ions, is called (PEDOT ox /Ag red ). The second composite, contained in sample g, which is obtained at the end of procedure  and which implies first the reduction-polymerization of EDOT and second the reduction of silver ions, is differently called (PEDOT red /Ag red ).Both lyophilized samples (sample d and sample g) are characterized by ATR-FTIR spectroscopy in order to investigate the chemical nature of the solid phases and to confirm the presence of PEDOT polymers in the powders. The ATR-FTIR spectra of both powders, (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) are presented in the wave number region 4000-600 cm -1 ,

Figure 7 .

 7 Figure 7.3 ATR-FTIR spectra of pure EDOT and pure AgClO 4 salt together with spectra of sample d containing(PEDOT ox /Ag red ) composites prepared according to procedure , sample g containing (PEDOT red /Ag red ) composites prepared according to procedure  and sample i containing (PEDOT/Ag) red composites prepared according to procedure . Samples d, g and i were obtained after lyophilization of samples c, f and h respectively.36 
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 74 spectrum c and spectrum f) which correspond respectively to the elemental analysis of the surrounded areas of image c and image f of Figure 7.4, highlight the presence, in both samples, of the following chemical elements: O (Kα 0.525 keV), C (Kα 0.277 keV), S (Kα 2.31 keV) and Ag (Lα 2.98 keV and L β 3.15 keV). The presence of oxygen and carbon atoms in both samples may be related to the presence of PEDOT polymers. Nevertheless, their preponderance in EDX spectra is certainly due to the ice which surrounds all the observed nanomaterials and to the carbon-coated grid itself (which is used for Cryo-TEM observations). As demonstrated by Cryo-TEM microscopy and EDX spectroscopy, composites prepared by two-step method are made of large spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb. The deposition and the aggregation of these silver nanoparticles onto PEDOT organic compounds should explain their characteristic asymmetric plasmon absorption bands which are found by UV-Vis absorption spectroscopy (Figure 7.2, spectra c and f).Due to the two-step method used in procedures  and , PEDOT polymers are first synthesized, in the absence of inorganic ions, and self-assemble thanks to Van der Waals interactions into globular organic nanoparticles. Silver nanoparticles are formed only during the second step. This explains their presence outside PEDOT nanoparticles. Nevertheless, in spite of all our Cryo-TEM investigations, metal nanoparticles are never found isolated in the aqueous phase. They are always found adsorbed onto PEDOT spherical nanostructures. Maybe, during the second step, silver nanoparticles are radiolytically synthesized in the bulk of the aqueous solution and then diffuse and adsorb at the surface of PEDOT thanks to weak Van der Waals interactions. But, more probably, prior to irradiation, silver ions first strongly interact with PEDOT particles and bind, as soft Lewis acids, with the sulfur atoms (soft Lewis bases) present all along the polymer chains. These coordinated silver ions are further reduced by hydrated electrons in the vicinity of PEDOT nanoparticles.

Figure 7 . 5

 75 Figure 7.5 SEM images of sample d containing (PEDOT ox /Ag red ) composites prepared according to procedure , sample g containing (PEDOT red /Ag red ) composites prepared according to procedure  and sample i containing (PEDOT/Ag) red composites prepared according to procedure . Samples d, g

Figure 7 . 6

 76 Figure 7.6 Optical absorption spectra recorded in the first 1 ms after the electron pulse and obtained by pulse radiolysis of an aqueous solution containing 1 mM in EDOT and 0.2 M in tert-butanol under N 2 in a cell of 10 mm.
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 72 Figure 7.2 (obtained for the ratio 10:10) (results not shown). Also, the ATR-FTIR spectra are all similar to spectrum i of Figure 7.3 (Figure 7.7).

Figure 7 . 7

 77 Figure 7.7 ATR-FTIR spectra of (PEDOT/Ag) red composites prepared according to procedure  with EDOT/Ag ratios ranging from 10:1 to 10:20.

Figure 7 . 4 ,

 74 images c and f respectively). Indeed, image h of Figure7.4, shows the presence of low density globular structures forming polydisperse spheroidal nanoparticles with a diameter comprised between 10 and 50 nm. These organic particles, made of PEDOT polymers and obtained by onepot method, are ten times smaller than PEDOT nanoparticles obtained by two-step method. On another hand, as can also be observed in image h of Figure7.4, smaller nanoparticles which appear very more contrasted (darker), are found embedded into the core of the bigger globular PEDOT nanoparticles. Some of these dark nanoparticles are indicated on the figure by arrows.

Figure 7 . 5 ,

 75 image i). Contrarily to the observations made on images d and g of Figure7.5 concerning (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) respectively, no spherical nanoparticles are observed in image i. Maybe their relatively small size avoids their observation by SEM microscopy. In fact, SEM characterization shows that (PEDOT/Ag) red composites become compact hybrid after deposition.According to this one-pot method, we changed the EDOT/Ag ratio, from 10:1 to 10:20, by varying the concentration of AgClO 4 from 1 mM to 20 mM. Whatever the ratio of EDOT to Ag, (PEDOT/Ag) red nanocomposites appear as granular mixtures with silver nanoparticles embedded into organic molds. This indicates that, whatever the EDOT/Ag ratio from 10:1 to 10:20, (PEDOT/Ag) red composites have the same morphology in aqueous solution. Nevertheless, when the amount of silver is higher, the size of the nanocomposites increases and a more important aggregation takes place (Figure7.8).38 

Figure 7 . 8

 78 Figure 7.8 SEM images of (PEDOT/Ag) red composites prepared according to procedure  with EDOT/Ag ratio ranging from 10:1 to 10:20.

  properities of PEDOT/Ag nanocompositesAs demonstrated previously, PEDOT/Ag nanocomposites can be prepared by both two-step method ((PEDOT ox /Ag red ) and (PEDOT red /Ag red ) composites) and one-pot method ((PEDOT/Ag) red composites) thanks to γ-radiolysis. The obtained PEDOT/Ag nanocomposites display very close UV-vis absorption spectra and similar ATR-FTIR spectra. All composites which are found to be made of PEDOT polymers and silver nanoparticles are shown to be doped with perchlorate anions. Contrarily to their chemical composition which is the same, the morphology of PEDOT/Ag nanocomposites in aqueous solution and after deposition is almost different. In aqueous solution, while (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) composites are made of large spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb, (PEDOT/Ag) red composites are made of silver nanoparticles embedded in the core of small irregular spheroidal PEDOT nanoparticles. After deposition, while (PEDOT ox /Ag red ) and (PEDOT red /Ag red ) composites are made of very close-packed polydisperse spheroidal particles, (PEDOT/Ag) red composites appear denser and form more compact blocks.In order to check the influence of the morphology of PEDOT/Ag nanocomposites onto their physico-chemical properties, thermal stability and composition analysis of lyophilized (PEDOT ox /Ag red ), (PEDOT red /Ag red ) and (PEDOT/Ag) red composites are performed by thermogravimetric analysis (TGA). Also, in order to check the influence of the presence of silver component onto the stability of radiosynthesized polymers, lyophilized PEDOT polymers prepared in the absence of silver ions according to procedures  and , PEDOT ox and PEDOT red respectively (Figure7.1), are also analyzed by TGA from 50 to 900 0 C. The degradation curves of PEDOT polymers and PEDOT/Ag composites, which indicate the remaining weight of the powders as a function of temperature, are all displayed (Figure7.9).36 TGA curves of PEDOT/Ag nanocomposites show quite similar tendency in the whole temperature range. Before 150°C, a small weight loss is caused by the evaporation of water and degradation of PEDOT oligomers. Then, progressive weight loss happens from 150 to 450°C
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 79 Figure 7.9 Thermogravimetric analysis (TGA) plots of PEDOT ox and (PEDOT ox /Ag red ), both synthesized according

Figure 7 .

 7 Figure 7.10 TGA curves of (PEDOT/Ag) red composites prepared according to procedure  with EDOT/Ag ratio ranging from 10:1 to 10:20.

  This novel methodology, never used in literature, should enable us to prepare in aqueous solution different kinds of CPs/metal nanocomposites containing, for instance, PPy as CPs and gold as inorganic component. CMC I. Nevertheless, the use of self-assembled surfactants in micelles inhibits the polymerization of SDS due to the competitive reaction of radiolytic radicals onto highly concentrated SDS molecules. The effect of pH on the polymerization of EDOT is obvious. Dark blue precipitate is obtained after γ-irradiation at pH = 0. Spectroscopic studies prove that poly(3,4-ethylenedioxythiophene) (PEDOT) polymers in reduced state are obtained in very acidic medium. Microscopic observations show that PEDOT prepared in these conditions appears to be amorphous. It forms granular particles in solution and compact aggregates after deposition. It is noted that the kind of acid and the nature of oxidizing species hydroxyl radicals (HO•) or dichloride anion radicals (Cl 2 · -) have no effect on the polymerization of EDOT. In addition, it is proved that the ionic strength has no effect on the polymerization of EDOT. PEDOT polymers prepared in very acidic medium possess electrical conductivity in the order of 10 -3 S•cm -1 . Also, the as-prepared PEDOT has successfully been mixed with poly(4-styrenesulfonic acid) (PSSH) to form PEDOT/PSS membranes.In chapter 6, the polymerization of EDOT is initiated by hydrated electrons (e aq -) produced from -radiolysis of water. For the first time, such a simple γ-rays-based reduction polymerization route solution is described for synthesizing PEDOT conducting polymers in aqueous. PEDOT polymers synthesized by radiation-induced reduction polymerization are characterized by a very good long-term stability at air in a humid environment. PEDOT polymers are found to form polydisperse spherical nanoparticles after deposition with an electrical conductivity of 3.4×10 -3 S cm -1 . In chapter 7, based on the results of chapter 6, starting from EDOT monomers and silver perchlorate salt, preparation of PEDOT/Ag composites, made of PEDOT conducting polymers and silver nanoparticles, is achieved by using different radiolytical procedures. According to a two-step method, PEDOT polymers are first synthesized by either oxidation or reduction of EDOT monomers and then, silver nanoparticles are produced in the presence of PEDOT by reduction of silver ions. As a result, composites prepared by two-step method are made of large spherical PEDOT nanoparticles at the surface of which smaller silver nanoparticles adsorb. Differently, according to an one-pot method, polymerization and metal ions reduction are achieved in parallel, in one step, thanks to the concomitant reduction of EDOT monomers and of silver ions, as demonstrated by pulse radiolysis experiments. Therefore, composites produced according to one-pot method are made of silver nanoparticles embedded in the core of small Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Synthè se radio-induite de polymè res conducteurs et de leurs nanocomposites mé talliques Mots clé s : Irradiation gamma, Polymè res conducteurs, Nanocomposites Ré sumé : L'objectif du présent travail est de dé montrer la versatilité de mé thodologie radiolytique et de l'étendre à la synthèse de différents PCs dans l'eau. Le poly(3,4ethylè nedioxythiophè ne), PEDOT, et le polypyrrole, PPy, ont ainsi é té pré paré s avec succè s et caracté risé s en solution aqueuse, ou aprè s dé pôt sur substrat, par des techniques spectroscopiques et microscopiques. La stabilité thermique et la conductivité é lectrique de ces maté riaux radiosynthé tisé s ont é té é tudié es et comparé es aux proprié té s des PCs produits par les mé thodologies traditionnelles. Nous avons étudié l'influence de la nature des espè ces radiolytiques oxydantes, de la force ionique du milieu, du pH de la solution et de la pré sence de surfactants, sur le mé canisme de croissance des PCs, sur le rendement de polymé risation, sur la morphologie des maté riaux radiosynthé tisé s ainsi que sur les proprié té s optiques et é lectriques de ces derniers. Nous avons utilisé la radiolyse pour la synthè se de nanocomposites hybrides à base de PCs et de mé taux de transition. Plusieurs voies de synthè se ont é té dé veloppé es : synthè se en une ou deux é tapes, par oxydation ou ré duction des monomè res. La nouvelle straté gie de synthè se par radiolyse, qui est dé crite dans ce manuscrit, ouvre la voie à la pré paration de trè s nombreuses familles de PCs et de leurs composites, que ce soit en solution aqueuse ou dans des environnements alternatifs (en milieu organique, sur support, en milieu hé té rogè ne), ce qui laisse augurer de nombreuses applications fort prometteuses. Title : Radiation induced synthesis of conducting polymers and their metal nanocomposites Keywords : Gamma irradiation, Conducting polymers, Nanocomposites Abstract : The aim of the present work is to demonstrate the versatility of the gamma (γ)rays based radiolytic method and to extend our methodology to the synthesis of various conducting polymers (CPs) in water in different experimental conditions. Poly(3,4ethylenedioxythiophene)

  

  

  

  

  32,[START_REF] Zhan | Conductive polymer nanocomposites: a critical review of modern advanced devices[END_REF][START_REF] Lu | One-dimensional conducting polymer nanocomposites: Synthesis, properties and applications[END_REF][START_REF] Nguyen | Polymer-based nanocomposites for organic optoelectronic devices. A review[END_REF] 

  [START_REF] Park | One-pot synthesis of silver nanoparticles decorated poly(3,4-ethylenedioxythiophene) nanotubes for chemical sensor application[END_REF][START_REF] Balamurugan | One-pot synthesis of highly stable silver nanoparticlesconducting polymer nanocomposite and its catalytic application[END_REF][START_REF] Škodová | Polypyrrole-silver composites prepared by the reduction of silver ions with polypyrrole nanotubes[END_REF][START_REF] Zhang | Chemical Synthesis of PEDOT Nanotubes[END_REF] Škodová et al. prepared PPy/Ag nanocomposites possessing good electrical conductivity. 93 Radhakrishnan et al. fabricated nanocomposite films of PPy/PEDOT/Ag for label-free electrochemical DNA sensing. Balamurugan et al. synthesized PEDOT/Ag nanocomposites for catalytic reduction of 4-nitrophenol.

  Kim et al. constructed nanocomposites of PEDOT/PSS/Au with core-shell structure where Au nanoparticles were located in the center and coated by PEDOT/PSS.
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 21 List of all the applied chemicals.

	Chemicals	Molecular	Molecular	Application Purity	Producer
		formula	weight			
	3,4-					Sigma-
	ethylenedioxythiophene	C 6 H 6 O 2 S	142.18	monomer	≥ 98%	Aldrich
						Sigma-
	pyrrole	C 4 H 5 N	67.09	monomer	≥ 98%	Aldrich
					reagent	Touzart &
	potassium persulfate	K 2 S 2 O 8	270.32	oxidant	grade	Magnon
						Air Liquid
	nitrogen	N 2	28.00	atmosphere	99.99%	Co.
				atmosphere		Air Liquid
	nitrous oxide	N 2 O	44.01	scavenger	99.99%	Co.

  24 

Table 2 .

 2 

2 Radiolytic yields (μmol J -1

Irradiation under N 2 O in presence of NaN 3

  

	Therefore, the main oxidizing species produced under N 2 O atmosphere is HO• radicals with the
	radiolytic yield of:			
	G(HO•) = G HO• +G e aq	-= 5.6×10 -7 mol J -1	(2.15)
	Note that H• atoms are still present in such conditions. Nevertheless, due to its relatively small
	amount and unknown reactivity, the presence of H• atoms are often neglected.
					2 ) atmosphere, H• atoms and e aq	-are
	scavenged by O 2 to produce respectively perhydroxyl radicals (HO 2 When the radiolysis of water occurs under N 2 O atmosphere and in the presence of sodium • ) and superoxide radicals
	(O 2 azide (NaN 3 ) (100 mM), HO• radicals are very quickly scavenged by N 3 •-) which are the two acido-basic forms of the couple HO 2 • /O 2 •-(pKa (HO 2 -ions leading to the • /O 2 •-) = 4.8 at 298
	K). 22 As a consequence, when irradiating aerated aqueous solutions at neutral pH, only two short-quantitative formation of azide radicals (N 3 • ) according to: 34,35
	lived transient species are formed: HO• and O 2	•-with the following radiolytic yields: 17
		G HO• = 2.8×10 -7 mol J -1	(2.12)
	G(O 2	•-) = G H• + G e aq	-= 3.4×10 -7 mol J -1	(2.13)
	It is well known that HO• is a strong oxidizing species since its apparent standard redox potential
	at pH = 7 amounts to E°'(HO•/H 2 O) = 2.2 V SHE . 17 Nevertheless, O 2	•-is almost a poor oxidizing
	species with a redox potential E°'(O 2	•-/H 2 O 2 ) = 0.9 V SHE . 22
	Irradiation under N 2 O			
	When irradiating nitrous oxide (N 2 O, 25 mM) saturated aqueous solutions at neutral pH, e aq	-is
	quantitatively converted into HO• according to the following reaction: 33
	e aq	-+ N 2 O + H 2 O → HO• + HO -+ N 2	(2.14)

Irradiation under N 2 O in acidic medium

  

	The radiolytic yields of H· atoms and HO• radicals in acidic medium under N 2 O atmosphere can
	be estimated as it will be done in chapter 5.
	When perchloric acid (HClO 4 ) is used in the aqueous solution, perchlorate ion (ClO 4	-) is
	unreactive to the species produced by radiolysis resulting in the formation of HO• radicals and
	H• atoms as the main species. 37 Therefore, the main oxidizing species produced by radiolysis of
	acidic aqueous solution containing HClO 4 is HO•.
	When the neutral aqueous solution is added with hydrochloride acid (HCl) instead of HClO 4 ,
	HO• is finally converted to Cl 2 · -according to the following reactions: 29
			HO• + Cl -→ ClOH· -	(2.19)
			ClOH· -+ H + → Cl· + H 2 O	(2.20)
				HO• + N 3	-→ HO	-+ N 3	•	(2.16)
	It is well known that N 3	• radicals are an alternative oxidizing system more selective than HO•. It
	is a soft one-electron oxidant E°'(N 3	• /N 3	-) = 1.33 V SHE at pH=7. 34-36 Thus, when irradiating N 2 O-
	saturated aqueous solutions at neutral pH in the presence of NaN 3 , the main oxidizing species
	produced is N 3	• radicals with a radiolytic yield of formation of which amounts to:
			G(N 3	• ) = G HO• +G e aq	-= 5.6×10 -7 mol J -1	(2.17)
	When the radiolysis of water happens under N 2 O atmosphere in acidic medium, e aq	-is quickly
	transformed into H• atoms by reacting with hydronium ions (H + ): 28
						e aq	-+ H + → H•	(2.18)
	But, its competitive transformation into HO• radicals also happens according to equation (2.14).

  2 O-saturated aqueous solution containing 1 mM in EDOT was irradiated at increasing doses up to 4 kGy. The evolution at low doses of the UVvisible absorption spectrum of this solution as a function of the irradiation dose (results not

shown) is similar to that obtained in the absence of azide salt even if the intensities of the spectra are somewhat different. Indeed, a continuous decrease in the absorption of EDOT parallels a grow-up in the absorbance at both 290 and 350 nm. Once again, the presence of an isosbestic point indicates that EDOT monomers are oxidized into dimers. This also proves that, such as hydroxyl radicals, N 3

• species are able to oxidize EDOT into dimers. In addition, as long as EDOT monomers remain present in aqueous solution, N 3 • reacts exclusively with them. The further formation of EDOT oligomers and polymers could be achieved only at higher doses. By analogy with the case of hydroxyl radicals, in the presence of NaN 3 , the total irradiation dose (D max ) which should enable the quantitative synthesis of PEDOT in N 2 O-saturated aqueous solutions is twice the dose necessary for the total oxidation of EDOT monomers and can be calculated as previously explained, but by using G(N 3

•

Table 5 . 1

 51 Radiolytic yields of HO• and H• under N 2 O atmosphere in acidic medium.

  This evidently represents good omens for the successful synthesis of PEDOT/Ag composites by radiolysis. Starting from an aqueous solution containing metal ions and organic monomers, this work intends to originally use radiation chemistry for the in situ production of hydrated electrons and hydroxyl radicals as reducing and oxidizing species respectively, in order to synthesize CPs/metal nanocomposites. According to the two-step method, PEDOT polymers are first synthesized by either oxidation or reduction of EDOT monomers and then, PEDOT/Ag nanocomposites are prepared by the further reduction of silver ions into metal nanoparticles. Differently, according to the onepot method, polymerization and metal ions reduction are achieved in parallel, in one step. Pulsed radiolysis experiments are additionally performed in order to find the rate constants and also to understand the mechanism involved in such a one-pot procedure.

	7.1	Nanocomposites synthesis strategy and characterization
	7.1.1 Solution preparation
	3,4-ethylenedioxythiophene (EDOT) is used as organic monomer for PEDOT production.
	Silver perchlorate salt (AgClO 4 ) is used as Ag + source for silver nanoparticles synthesis. Note
	that, ClO 4
	In this work, starting from EDOT monomers and Ag + silver ions dissolved in water, simple γ-

rays-based radiolytic methodology which enables the synthesis of CPs/metal nanocomposites is described in details. In fact, PEDOT/Ag nanocomposites are prepared by both two-step and one-pot methods. -anion is unreactive under radiolysis. Isopropanol and tert-butanol are added to the solutions as hydroxyl radicals scavengers. N 2 O and N 2 are used to degas the aqueous solutions before γ-irradiation.

Aqueous solutions containing EDOT (10 mM) and different concentrations in Ag + ions

  1 , up to doses enabling the total consumption of EDOT molecules and Ag + ions.Starting from 10 mM in EDOT and 10 mM in silver ions, if considering that, at high doses, EDOT polymerization into PEDOT, on one hand, and Ag + reduction into metal nanoparticles, on the other hand, are quantitative, then the weight ratio W PEDOT /W Ag should amount, after radiolysis, to 1.3/1 whatever the preparation procedures. evidently in the absence of isopropanol. In these conditions, only one transient species is quantitatively formed, namely HO• radicals, with a radiolytic yield of 5.6×10 -7 mol J -1 (equation

	2.15, chapter 2). 26	
	When diluted aqueous solutions, containing EDOT monomers, are irradiated by γ-rays under
	N 2 O, HO• radicals quantitatively act as oxidizing species, leading to PEDOT polymers. As a
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	oxidation is: 22	
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+ )), 10 mM of Ag + are totally reduced and silver nanoparticles are quantitatively synthesized at doses higher than 16 kGy. Also, in the same experimental conditions, knowing the yield of EDOT reduction (G red (EDOT)), 10 mM of EDOT are totally reduced above 36 kGy. Now, when irradiating N 2 O-saturated aqueous solutions, due to the yield of EDOT oxidation (G ox (EDOT)), 10 mM of EDOT are totally oxidized at about 18 kGy.

  36 kGy under N 2 (sample c), in order to quantitatively reduce silver ions. Lyophilization leads to the nanocomposites called (PEDOT ox /Ag red ) (sample d). In procedure , which is also a two-step method, EDOT solution is first irradiated at 36 kGy, under N 2 (sample e), in order to quantitatively reduce EDOT monomers into PEDOT (PEDOT red ). In the second step, the solution was added with Ag

	+	(10 mM) and isopropanol (0.2 M), then irradiated
	at 36 kGy under N 2 (sample f), in order to quantitatively reduce silver ions. Lyophilization leads to the
	nanocomposites called (PEDOT red /Ag red ) (sample g). In procedure , which is a one-pot method, EDOT solution is
	added with Ag	

+

(10 mM) and isopropanol (0.2 M), then irradiated at 72 kGy under N 2 (sample h), in order to quantitatively reduce, at the same time, EDOT monomers and Ag + ions. Lyophilization leads to the nanocomposites called (PEDOT/Ag) red (sample i).
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monomers. On the other hand, the amount of oxidizing species which is needed for quantitative polymerization of PEDOT is twice that of EDOT monomers.25 These previous results indicate
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Therefore, the improvement of synthetic conditions as well as potential applications of CPs and CPs nanocomposites needs further research.

In the second step, the solution is added with AgClO 4 (10 mM) and isopropanol (0.2 M), degassed again with N 2 for 20 min and finally irradiated at 36 kGy in order to quantitatively reduce silver ions (sample f).

Synthetic methodologies of PEDOT/Ag composites

γ-radiolysis of aqueous solution at neutral pH under N 2 atmosphere produces two main species, hydroxyl radicals (HO•) and hydrated electrons (e aq -), which are respectively strong oxidant and reducing species. [26][27][28][29] In the presence of an alcohol, such as isopropanol, (CH 3 ) 2 CHOH, (at a relatively high concentration, 0.2 M), HO• and H• radicals are quantitatively scavenged, producing a reducing (CH 3 ) 2 C•OH secondary radical (reactions 2.23 and 2.24, chapter 2). [30][31][32] As a consequence, when irradiating N 2 -saturated aqueous solutions in the presence of isopropanol, two short-lived reactive transient species are formed, namely e aq -and (CH 3 ) 2 C•OH radicals, the radiolytic yields (Gvalues) of which amount to 2.8×10 -7 mol J -1 and 3.4×10 -7 mol J -1 (equations 2.25 and 2.26, chapter 2). 33 Note that isopropanol radical is a reducing species with a redox potential of -1.8

V SHE at pH = 7 (section 2.3.4, chapter 2).

When diluted aqueous solutions, containing Ag + ions, are irradiated by γ-rays, both (CH 3 ) 2 C•OH and e aq -quantitatively act as reducing species towards silver ions, leading to silver atoms which aggregate into silver nanoparticles. 34 As a consequence, under N 2 atmosphere, in the presence of isopropanol, the radiolytic yield, G-value, of reduction of silver ions is: 35 G red (Ag + ) = 6.2×10 -7 mol J -1 (7.1)

Differently, when diluted EDOT aqueous solutions are irradiated by γ-rays, (CH 3 ) 2 C•OH radicals don't reduce EDOT monomers as demonstrated (section 6.2, chapter 6). 23 Only e aq -, as reducing species, react onto EDOT molecules, leading to PEDOT polymers. As a consequence, under N 2 atmosphere, in the presence of isopropanol, the G-value of EDOT reduction is: 23 G red (EDOT) = 2.8×10 -7 mol J -1 (7.2)

While silver nanoparticles can only be obtained by reduction of silver ions, PEDOT polymers can be synthesized either by reduction or by oxidation of EDOT molecules as demonstrated in chapter 6. 22,23 In order to specifically oxidize EDOT, hydrated electrons must be scavenged. This is possible under nitrous oxide (N 2 O) atmosphere as described (section 2.3.3, chapter 2),

One-pot method

In this method, reduction of EDOT (production of PEDOT) and reduction of silver ions (production of silver nanoparticles) are considered concurrently, at the same time (procedure , According to this one-pot method, for the ratio 10:10, the irradiation dose is varied from 0 to 72 kGy. Also, the EDOT/Ag ratio is changed, from 10:1 to 10:20, by varying the amount of AgClO 4 . Whatever the ratio of EDOT to Ag, the aqueous solutions are always added with isopropanol (0.2 M), degassed with N 2 for 20 min and irradiated at 72 kGy, which enables in all cases the total reduction of both EDOT and Ag + .

Characterizations of PEDOT/Ag nanocomposites

Radiosynthesized PEDOT/Ag nanocomposites were characterized by different experimental techniques: UV-Vis absorption spectrophotometry, EDX spectroscopy and Cryo-TEM microscopy in solution, ATR-FTIR spectroscopy and SEM microscopy after deposition. The thermal stability and composition analysis of lyophilized PEDOT polymers (prepared in the absence of silver) and of PEDOT/Ag nanocomposites were performed by thermogravimetric analysis (TGA). The electrical conductivity of PEDOT/Ag nanocomposites were measured by four-point probe technique.

Synthesis of PEDOT/Ag nanocomposites by two-step method

In this method, the first step corresponds to the synthesis, in aqueous solution, of PEDOT polymers by either oxidation (procedure ) or reduction (procedure ) of EDOT monomers. An Contrarily to oxygen and carbon atoms, the detection of sulfur and silver elements definitely demonstrates, as expected, the concomitant presence, in the analyzed areas of images c and f of 

Conclusions and perspectives

In this thesis, synthesis of conducting polymers (CPs) and CPs nanocomposites with radiolytic method has been studied. The radiolytic method was developed by Samy Remita's team (Laboratoire de Chimie Physique, LCP) and this new method opens a novel approach for the synthesis of CPs. Based on the radiolytic method, synthesis of different kinds of CPs has been carried out and the effect of synthetic conditions on the polymerization has been investigated. In with the PPy polymers prepared by traditional chemical method by using potassium persulfate (K 2 S 2 O 8 ), radiosynthesized PPy nanoparticles are more hydrophilic, smaller and less polydisperse than chemically synthesized PPy. In addition, the radiosynthesized PPy nanostructures are characterized by a very good thermal stability and an electrical conductivity which is five times higher than that of chemically synthesized PPy. The successful synthesis of PPy polymers extends the application of radiolytic method for the synthesis of CPs.

In chapter 5, the effect of synthetic conditions including soft template, pH and ionic strength on the polymerization of EDOT monomers are studied in detail. It is found that the addition of SDS surfactant does not affect the polymerization of EDOT at a concentration lower than its irregular spheroidal PEDOT nanoparticles. All PEDOT/Ag composites are characterized by the same thermal stability, which remains higher, over a wide range of temperatures, than that of pure PEDOT synthesized by radiolysis. Also, their electrical conductivity are in the same order of magnitude.

All in all, the synthesis of CPs and CPs nanocomposites has been tried in this thesis for primary study. The versatility of radiolytic methodology has been proved to be a potential alternative method. However, there are also few questions that worth further investigation for better understanding and application of the radiolytic method.

For the synthesis of PPy using radiolytic method, the oxidation polymerization of pyrrole introduces the new carbonyl band into the PPy polymers. It is necessary to check the reaction for the formation of this new group and check whether PPy polymers are overoxidized. In addition, the extension of radiolytic method for the synthesis of different kinds of CPs including polyaniline (PANI), polythiophene (PTs) and poly(3-thiophene acetic acid) (P3TAA) is worth studying. Moreover, the synthesis of CPs directly onto conducting or nonconducting substrates by -irradiation or accelerated electron beams may offer synthetic routes.

In the study of the effect of synthetic conditions on the polymerization of EDOT, the effect of soft template formed by SDS needs to be checked in detail below CMC I. To control the morphology of CPs, use of hexagonal mesophases or microemulsions is worth trying. It is worth studying the mechanism of polymerization of EDOT in acidic medium and determining the role of H• during the polymerization of EDOT. To the preparation of PEDOT/PSS membranes, it is necessary to optimize the ratios and add other supporting reagents. In order to enhance the electrical conductivity of radiosynthesized CPs, we will work on increasing the doping level by adding chemical oxidant and increasing the polymer chain length thanks to the decrease of the dose rate during irradiation.

To the polymerization of EDOT by reduction polymerization with e aq -, the mechanism for the reduction induced polymerization has not been reported which is worth studying. During the synthesis of PEDOT/Ag nanocomposites, the interaction between PEDOT and Ag nanoparticles needs further study. In addition, the application of PEDOT/Ag nanocomposites for catalytic applications is of great mean. The synthesis of poly(3-hexylthiophene) (P3HT) or poly(diphenylbutadiyne) (PDPB) or mixture of PEDOT/P3HT, PEDOT/PSS for photovoltaic, electrochromic, solar cell applications is meaningful.