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Résumé 1) Introduction

Une isoporphyrine peut être définie comme une porphyrine avec deux substituants liés au même atome en position méso ce qui induit une perte de l'aromaticité du cycle. 1 Comme reporté dans la litérature, l'isoporphyrine présente une bande d'absorption caractéristique 2 dans la région du proche infrarouge entre 750 nm et 950 nm. La présence de cette bande peut être mise à mise à profit notamment pour la thérapie photodynamique. 3 En effet, l'illumination dans le proche infrarouge permettrait de generé l'oxygène singulet 1O2 à partir du dioxygène 3 O2.

Des poly-porphyrines peuvent être obtenus par électropolymérisation basée sur l'oxydation ou la réduction de substituants liés au cycle de porphyrine. Les isoporphyrines sont les principaux intermédiaires réactionnels décrits dans la littérature pour former ces polyporphyrines. 4 Dans ce travail de thèse, le potentiel d'oxydation appliqué a été modulé dans le cadre du processus d'électropolymérisation pour former soit des copolymères à base de porphyrines, mais également des polymères à base d'isoporphyrines radicalaires stables. Ces isoporphyrines radicalaires n'avaient à ce jour pas été décrit dans la littérature, les isoporphyrines étant connues pour être relativement instables. Pour obtenir et étudier ces poly-isoporphyrines, plusieurs types de porphyrines et de nucléophiles avant au minimum deux groupements pyridyles pendants ont été employé. Les propriétés redox et physico-chimiques de ces nouvelles polyisoporphyrines radicalaires stables seront décrit dans cette thèse.

2) Résultats et discussions

Copolymères stables de porphyrine / isoporphyrine préparés à partir de divers ligands bipyridyliques

) liées à des espaceurs viologènes ou dipyridinium.

Ces copolymères ont été caractérisés par spectroscopie UV-Visible-NIR, par spectroscopie photoélectronique aux rayons X (XPS), par microscopie à force atomique (AFM), par microbalance électrochimique à cristal de quartz (EQCM), par électrochimie (voltampérométrie cyclique) et enfin par spectroscopie d'impédance électrochimique (EIS). Les premiers résultats

Pour les copolymères radicalaires d'isoporphyrine, la spectroscopie RPE a confirmé la présence des centres d'isoporphyrine radicalaire iso-ZnT2P  . Le copolymère à base d'isoporphyrines radicalaires poly-ZnT2isoP  présente également au niveau du spectre d'absorption UV-visible-NIR deux bandes additionnels par rapport au copolymère de porphyrines parent poly-ZnT2P : un dédoublement de la bande Soret (bande B) au voisinage de 410 -470 nm dans le visible et une bande d'absorption additionnel dans le proche infrarouge. On a établi et démontré lors de nos études sous illumination que la bande d'absorption NIR de la polyisoporphyrine contribue de manière notable et importante à la génération de photocourants expliquant pourquoi l'efficacité de la conversion de la lumière est plus élevée pour le copolymère du type poly-isoporphyrine poly-ZnT2isoP  comparé au copolymère poly-porphyrine poly-ZnT2P. L'excitation de cette nouvelle bande NIR pour le copolymère radicalaire polyisoporphyrine poly-ZnT2isoP  conduit, dans les milieux aérés (en présence de 3 O2), à la formation et photogénération de l'état singulet du dioxygène 1 O2 (Fig. 2), qui est la première étape pour l'utilisation de tels matériaux dans le cadre de traitement du cancer par photothérapie. Sous une illumination uniquement dans le domaine du proche infra-rouge, l'intensité d'absorption du DPBF (1,3-diphénylisobenzofurane) qui est un piégeur de 1 O2) 5 diminue au cours du temps. Cela signifie que sous illumination proche infrarouge en présence de poly-isoporphyrines radicalaire en solution, l'oxygène signulet 1 O2 est photogénéré et que le DPBF réagit et piège le 1 Un ligand du type 3-(2-(3-(2-(pyridin-3-yl)éthynyl)phényl)éthynyl) pyridine a été également utilisée pour l'obtention de copolymères de porphyrines ou d'isoporphyrines. L'idée initiale avait été l'étude de l'influence de la nature de l'espaceurs (long ou court, conjugué ou non conjugué) sur les propriétés photovoltaïques ou pour la production de l'oxygène singulet 1 O2.

De nombreux facteurs ont été étudiés de manière à obtenir des films de copolymères à base de de porphyrines ou d'isoporphyrines de bonne qualité. la vitesse de balayage, la plage de potentiel pour le balayage itératif, la concentration du monomère de porphyrine ainsi que la concentration du ligand dipyridyle, et enfin le rapport de concentration entre la porphyrine et le ligand dipyridyle.

Le résultat a montré que la meilleure condition pour l'électropolymérization est d'utiliser 3 fois plus de ligand dipyrididyle par rapport à la porphyrine. Dans ces conditions, les films obtenus avec des copolymères de porphyrines ou d'isoporphyrines redicalaire ont montré de bonnes propriétés électrochimiques mais également photoélectrochimiques. Les mesures de photocourant sous irradiation avec de la lumière visible et/ou proche IR ont montré que les films minces de poly-isoporphyrines radicalaires présentaient des performances significativement améliorées par rapport aux poly-porphyrines parents (Fig. 3). Les performances photovoltaïques atteignent un optimum en fonction du nombre de balayage itératifs n. Ce nombre obtimum n varie avec le type de ligand dipyridyle utilisé. 

Copolymère d'isoporphyrine stable préparé avec un cluster à base d'halogénure de molybdène (II) décoré à l'extrémité par six groupement pyridines

Les halogénures octaédriques pontées de Mo (II) et W (II) ont pour formule générale [{M6(µ3-X)8}L6] (M = Mo, W; X = Cl, Br, I; L = ligand inorganique acide ou espèce organique ; {M6(µ3-X)8} 4+ est le cluster central). Ils possèdent des propriétés photophysiques remarquables qui peuvent être utilisées pour le stockage et la transformation d'énergie. 6 En utilisant le polyiodométallate ((Bu4N2) [{Mo6I8}(OOC-C5H4N)6], abrégé PIM(py)6) substitué par six ligands pyridyles pendants, comme nous nous y attendions, le copolymère d'isoporphyrine radicalaire avec l'incorporation des groupements PIM(py)6 dans le film a été obtenu avec succès par électropolymérisation. Néanmoins seule la formation de la poly-isoporphyrine semble possible, le copolymère poly-porphyrine n'a pas pu être synthétisé (Fig. 4) et ne semble pas stable.

En effet, pour obtenir le copolymère de poly-porphyrine, un potentiel appliqué plus élevé doit être appliqué de manière à oxyderl'isoporphyrine intermédiaire qui permet l'élimination du proton pendant en position méso et la réarromatisation de la porphyrine de zinc. Cependant, à ce potentiel, le ligand PIM(py)6 peut être également oxydé et n'est pas stable. Malgré cela, le copolymère poly-isoporphyrine radicalaire intermédiare stable incorporant le ligand PIM(py)6

peut être obtenu avec succès à partir de l'électrogénération du radical  cation porphyrine ZnT2P + . L'existence du radical pour le copolymère isoporphyrine a été démontré par spectroscopie de résonance paramagnétique électronique (RPE). Le copolymère obtenu a été caractérisé par spectroscopie UV-Visible-NIR, spectroscopie photoélectronique aux rayons X ainsi que par microbalance à crystal de quartz électrochimiques (EQCM). L'analyse de donnés obtenu par EQCM a premis de montrer que l'on obtient bien un copolymère en 3D où les six groupements pyridyls pendant porté par le ligand PIM(py)6 ont réagit avec le radical cation ditolyl porphyrine.

Ce copolymère a également présenté des propriétés électrochimiques et photochimiques remarquables. Les mesures en spectroscopie d'impédance électrochimique ont également été effectuées et modélisées confirmant les propriétés observées sous illumination. ZnT 2 P PIM

Copolymère d'isoporphyrine stable préparé à partir de bis-diphosphine

Comme déjà montré par notre groupe, les bis-diphosphine et tris-diphosphine peuvent être subtituées au niveau des positions β du macrocycle porphyrinique ZnTPP + électrogénéré lors de l'oxydation de la poprhyrine ZnTPP pour former les dimères et trimères avec des espaceurs bisphosphonium ou tris-phosphonium. [7][8] Ainsi, des ligands du type diphosphine, tel que le 1,2bis(diphénylphosphino)benzène, peuvent agir également en qualité de nucléophile à l'instar de la 4,4'-bipyridine permettant également la formation d'espaceurs biphosphonium. Ce type de ligand diphosphine a été utilisé avec succès pour former un nouveau type de copolymères d'isoporphyrine avec des espaceurs diphosphoniums et toujours à partir t de la porphyrine monomère du type ZnT2P (Fig. 5). Des propriétés électrochimiques et photoélectrochimiques intéressantes ont été également mesurées. Ces résultats ouvrent une nouvelle voie pour former des copolymères originaux aux propriétés intéressantes pour des applications en photo(électro)catalyse.

Figure 5. Processus de formation de la poly-isoporphyrine à partir de la porphyrine ZnT2P et du 1,2-bis(diphénylphosphino)benzène.

3) Conclusion générale

Pour conclure, dans le cadre de cette thèse, les copolymères radicalaires de polyisoporphyrines stables ont montré une meilleure efficacité pour la génération de photocourant comparé aux copolymères poly-porphyrine parents en milieu aqueux en présence d'un médiateur rédox réversible du type I3 -/I -.

La présence d'une bande d'absorption additionnel dans le proche IR pour le copolymère radicalaire poly-isoporphyrine a été mise à profit pour générer 1 O2 par illumination dans le 

List of Abbreviations

Introduction générale

Les porphyrines avec des macrocycles aromatiques de 18 électrons ont montré des propriétés optiques, photochimiques, de coordination, catalytiques et électrocatalytiques riches et intéressantes.

Les porphyrines sont les composants clés des processus biologiques tels que la photosynthèse des plantes ou des bactéries et du transport de l'oxygène dans les systèmes cardiovasculaires des humains et des animaux. Dans la technologie développée pour la thérapie photo-dynamique (PDT), les porphyrines et les dérivés de porphyrine peuvent être traités comme un photo-sensibilisateur efficace qui pourrait réagir avec l'oxygène triplet ( 3 O2) et produire des espèces réactives de l'oxygène tel que l'oxygène singulet ( 1 O2) sous une irradiation avec de la lumière visible.

La structure de base de la porphyrine est facile à modifier en incorporant des substituants à la périphérie du cycle.

Dans notre groupe de Strasbourg, nous avons montré que les copolymères à base de porphyrine pouvaient être obtenus par électropolymérisation en présence de nucléophile par exemple du type 4,4'-bipyridine.

La formation d'isoporphyrines peut tout d'abord être générée lors de l'attaque de nucléophile tel que le méthanol. D'autres nucléophiles tel que H2O peut également réagir avec la porphyrine oxydée telle que la ZnTPP +• pour former une isoporphyrine. Ces isopoporphyrines ont cependant un temps de vie limité et ne sont pas stables. Le spectre UV-visible-NIR d'une isoporphyrine présente une forte absorption caractéristique dans la région proche IR 1 entre 750 nm et 950 nm et un comportement redox remarquable ce qui en fait un bon candidat pour que thérapie photodynamique du fait d'une meilleure pénétration des rayonnements proche-infra-rouge dans les tissus.

Le chapitre I correspond à la description de la chimie des porphyrines, des isoporphyrines et des polyoxométalates, suivi par un état de l'art des assemblages hybrides porphyrine -polyoxométalate obtenus via des interactions covalentes ou non covalentes. Les polyoxométalates (POM) sont des cluster d'oxydes anioniques aux propriétés structurelles et électroniques diverses et remarquables. 2 En raison de leur robustesse et du grand nombre d'atomes de métaux de transition à haut état d'oxydation, les POM peuvent subir des processus de photorédox multi-électroniques sans décomposition. Les porphyrines 3 et les POM 4 ont été principalement étudiées séparément pour des applications telles que les matériaux photovoltaïques et supramoléculaires, les matériaux qui combinent à la fois une porphyrine et du POM sont beaucoup plus rares. Certains complexes POMporphyrine ont été rapportés sur la base de l'interaction(s) de coordination entre les unités porphyriniquees et les POM. [5][6][7] L. Ruhlmann 8 a démontré que l'on pouvait former des films covalents à base de POM-porphyrine en utilisant une méthode d'électropolymérisation basée sur l'attaque nucléophile de groupes pyridyle (greffé sur le POM) sur les dications de porphyrine électrogénérées. Cependant il est nécessaire de greffer deux groupements pyridyles pendant sur le polyoxométallate pour obtenir le copolymère avec alternance porphyrine et polyanion.

Les hybrides POM-porphyrine peuvent être utilisé pour le développement de cellules photovoltaïques et pour la génération de photocourant. Ces hybrides peuvent également être employés pour des applications en photocatalyse tel que la photoréduction des métaux nobles (Ag (I), Au (III) et Pt (IV)) présent en milieu aqueux comme par exemple dans les eaux usées industrielles. Les résultats ont prouvé que la présence du POM pouvait améliorer l'efficacité de la génération de photocourant ainsi que l'efficacité de ce type de photocatalyse.

Le chapitre II comprend des études sur la formation de polyisoporphyrine radicalaire stable en utilisant une porphyrine de zinc du type ditolylporphyrine et des ligands dipyridyle à structures variées. De tels copolymères de poly-isoporphyrine absorbent tout le domaine de la lumière (UV, Visible et proche IR) et peuvent être utilisés pour le développement de dispositifs photovoltaïques et la génération de photocourants. De plus, des études sur l'efficacité de la génération d'oxygène singulet 1 O2 à l'aide de la poly-isoporphyrine sous illumination visible et proche IR ou seulement sous illumination dans le proche IR ont été étudiées.

Le chapitre III correspond à l'optimisation de la préparation de copolymères stables à base de (iso)porphyrines face-à-face, c'est-à-dire de configuration cofaciale, à l'aide de la 5,15-ditolylporphyrine de zinc (ZnT2P) et d'un ligand dipyridyle de géométrie adapté. Le but ultime était l'étude de l'inclusion de divers types de polyoxométallate dans les cavités porphyriniques via des interactions électrostatiques et de coordination. L'idée initiale était de moduler la distance entre les porphyrines via un contrôle de la topologie du ligand dipyridyle de départ.

L'objet du chapitre IV a porté sur la formation d copolymères d'(iso)porphyrines stables à partir The word porphyrin comes from porphura (an ancient Greek word), which means the color purple.

The basic structure of porphyrin consists four methine bridges which linked four pyrrole rings, named porphine. The carbon atom of 5, 10, 15 and 20 are referred to as the meso-positions, carbons 2,3,7,8,11,12,17,18 as the β-position, 1,4,6,9,11,14,16,19 as the α-positions. Porphyrin contains 22 π electrons and 18 π electrons delocalized on the macrocycle. 2 The inner nitrogen atom 22, 24 could lose protons to form dianion species. Accordingly, metal could be coordinated with such dianion porphyrin, named metalloporphyrin. The incorporation of metal may give rise to the distortion of the planar macrocycle to adjust the binding strength towards the metal fragment. 3 Natural porphyrins have colors and are distributed in living tissues 4 where they participate in vital biochemical processes (Fig. 1.2), 5 such as the oxygen transport (myoglobin and hem), the photosynthesis (chlorophylls), the electron transport (cytochromes b and c), and O2 activation and utilization (cytochrome P450, cytochrome oxidase, and vitamin B12). 6 In addition, Iron (II) porphyrin derivatives are some of the most studied biological molecules in haemoglobin, cytochrome c and myoglobin which could transports oxygen from the lungs and the skin to muscle tissue. 7 Another Mg (II) porphyrin molecule in chlorophyll convert and collect solar energy in order to transform CO2 and H2O to glucose and O2 in the second step. 8 Isoporphyrin can be formed from free base porphyrin (without central metal) with one proton of NH group moved to meso carbon position with destroyed ring current (Fig. 1.1 right part). 9-10 However, this kind of isoporphyrin is not stable and easy re-established the aromatic system. Isoporphyrin have been reported as intermediates of heme oxidation and biosynthesis of chlorophyll molecules. 11- 13 The first metallo-isoporphyrin was synthesized in 1970 by Dolphin and co-workers using electrochemical oxidation of zinc meso-tetraphenylporphyrin (ZnTPP) in methanol solution (Fig. 1.3). 14 Various metallo-isoporphyrins were synthesized during the past years, either by chemical oxidation, 15-18 electrochemical oxidation, [19][20][21] and photooxidation [22][23][24][25] of metalloporphyrins in the presence of various type of nucleophiles. 

UV-vis absorption spectroscopy

Because of the extensive electron delocalization on the macrocycle, porphyrins have very intense absorption bands in the visible region which give them their characteristic bright colors. A strong absorption band shows around 420 nm in the case of TPP porphyrin, known as the Soret absorption, as well as weak absorption Q bands between 600 nm and 800 nm (Fig. 1.4). 27 The transition from the ground state to the second excited state (S0-S2) corresponds to the Soret or B band. The Q bands are due to a transition from the ground state to the first excited state (S0-S1). 28 The lower energy band (higher wavelength) Q (0,0) is due to the excitation to the first state, the higher energy band (lower wavelength) Q (1,0) is referred to a vibronic overtone with vibrational transitions interacting with the electronic transitions of the macrocycles. 28 Compared with metalloporphyrin, the symmetry of free base porphyrins macrocycles is lowered from D4h to D2h, due to the non-equivalent HN-NH and N-N axis. Thus, the degenerate Q(0,0) is replaced by transitions polarized along to Qx(0,0) and Qy (0,0), and also the vibronic overtones Qx (1,0) and Qy (1,0) which results in four bands in the visible region for free base porphyrins (Fig. 1.4). Metals with closed electron shells of the porphyrins have small effect on the absorption spectra of the chromophores, while metal orbitals of open shell metals mix much more strongly with the ring orbitals, thus having intense effect on the absorption spectra. 28 Because of the presence of a saturated bridging meso-carbon which interrupts the macrocyclic conjugation, isoporphyrins have weak Soret band (around 400 nm) and intense Q bands between 750-900 nm. This bathochromic shift of the B bands as well as the Q band is shown in Fig. 1.5. It is due to the presence of the partial conjugation which could be seen in chlorins and chlorophylls. 29 The absorption bands can be academically discussed and explained by Gouterman et al [34][35][36] in the 1960's who proposed "four orbital model" and further discussed by Anderson. 37 Figure 1.5 (right part) shows the four HOMOs and LUMOs of a typical metalloporphyrin ZnTPP. Because of the similar energy of a1u (HOMO) and a2u (HOMO-1) and the degeneracy of the pair of LUMOs (egy (LUMO) and egx (LUMO+1)) there is a strong interaction between the a1→ eg and the a2u → eg transitions.

Due to the sp 3 saturated meso-carbon atom, the asymmetric structure of isoporphyrin become asymmetry makes the orbital energy associated to the Q bands increase. The frontier molecular orbitals energy of ZnTPP and zinc hydroxyisoporphyrin are shown in Figure 1.5. 31 The energy gap between HOMO and LUMO orbitals for isoporphyrin is smaller than ZnTPP analogue, resulting the red (bathochromic) shift of the Q-bands. The hybridized meso-carbon atom of isoporphyrin unsettled the LUMO orbital, because abundant electron density is present at the meso position. 31 The crystallographic results proved that the complex is cationic and incorporates a saturated meso carbon, features characteristic of a metallo-isoporphyrin. The isoporphyrin displays distinctive bond distance values and bond angles comparing with porphyrin with the overall pattern of bond distances being consistent with the resonance forms of the interrupted π system as illustrated in 

.2. Fluorescence emission spectroscopy

According to Kasha's rule, the emission is coming principaly from the lowest excited state S1 after excitation from the ground state S0. 38 From S1 the molecule can directly go back to the ground state S0 and emits fluorescence radiation, or converts to the lowest triplet state T1 with intersystem crossing and then decay to the ground state S0, with emitting phosphorescence radiation. There are two bands Q(0,0), and Q(0,1) of metalloporphyrins in fluorescence spectra which are mirror images of the absorption bands Q(0,0) and Q (1,0).

For isoporphyrin, the difference of energy between fluorescence and absorption is around 600 cm -1 . This Stokes shift is larger than the ~50 cm -1 observed for instance for zinc -octaethylporphyrin (ZnOEP) porphyrin. 28 The Stokes shift is usually < 200 cm -1 for planar porphyrins, and in the range 850-1000 cm -1 for nonplanar porphyrins. 39 Thus, the Stokes shift observed for the isoporphyrin is closer to the nonplanar porphyrins. In addition, the zinc isoporphyrin exhibits an unusually short singlet excited state lifetime (130 ± 15 ps) compared with parent zinc porphyrin. Generally, similar perturbations of photophysical properties could be observed for the highly nonplanar macrocycles. 40

1 H NMR spectroscopy

For the zinc tetraphenylporphyrin (ZnTPP), because of the symmetry structure, the ring current is due to the eight equivalent β protons, which appear at 9.05 ppm. The sp 3 hybridized meso-carbon atom changes the symmetry structure and lose ring current in the case of the isoporphyrin. As the β protons of isoporphyrin are no longer equivalent and appear as four doublets instead of a singlet at higher field (Fig. 1.7). The similar shift was observed of the phenyl protons. 14 In the research of Bhuyan, 30 a similar 1 Infrared spectroscopy is a useful tool for identifying porphyrin -radical cations. 43 The porphyrin πcation radical displays a peak at in the region of 1270-1295 cm -1 characteristic of the TPP + , which is not present in parent porphyrin. Moreover, infrared spectrum could show the peak shift of nucleophile which has been covalently bound with porphyrin due to the different vibrational frequency. In the work of Hinman, the zinc nitrato-isoporphyrin showed a strong peak at 1659 cm -1 in infrared absorption spectrum due to the covalently bound nitrite anion to the meso carbon atom. 44

Electrochemical properties

As published, during electrochemical oxidation process, the π ring in usually oxidized through two one-electron steps first the radical cation and then the dication. Similarly, in the cathodic domain, the radical anion and the dianion could be generated successively with two one electron steps. 45 For isoporphyrin ring, the interruption of the conjugation has effect on the electron transfer. One stable kind of metallo-isoporphyrin could be formed by chemical synthesis. 46 Xie has compared the electrochemical behaviour of zinc isoporphyrin (ZnIP) and zinc octaethylporphyrin (ZnOEP). 47 The results showed different reduction potentials, and the stability of the species formed on transfer of an electron to or from one species is solvent dependent. The reduction form of ZnIP is stable in polar solvent DMSO. Oxidation gives stable dication form ZnIP 2+ in the case of weak polar solvent such as DCM. The difference between the oxidation and reduction potentials of Zinc isoporphyrin is 1.38 V compared with 2.25 V for ZnOEP. This value is close to the energy gap between HOMO and LUMO estimated from optical spectrum.

Metalloisoporphyrin could be obtained by electrochemical oxidation of metalloporphyrin in the presence of nucleophiles. 14 For instance, two successive reversible one-electron oxidation waves of ZnTPP (zinc meso-tetraphenylporphyrin) were observed due to the formation of the π cation radical and the dication porphyrin. The π cation radical is stable in nucleophilic solvents such as methanol but dication is only stable in the absence of nucleophiles or nucleophilic solvent. The methanol could be considered as nucleophile which could attack dication at a meso carbon atom giving the isoporphyrin. Thus, the oxidative process of ZnTPP in the presence of nitrogenous base ligands could be explained by Scheme 1.1. 20 [(TPP)ZnL] + (L is a substituted pyridine ligands) could be obtained from the coproportionate of (TPP)ZnL with the remaining dication. This cation radical is then further reduced back to (TPP)ZnL.

Scheme 1.1. The mechanism for the redox process of ZnTPP with nucleophile. 20 Hinman and co-workers also studied the oxidation behaviour of ZnTPP. 44 The metalloisoporphyrin could be formed from dication with nucleophilic attack of nitrate (Fig. Bhuyan studied the electrochemistry of zinc hydroxy-isoporphyrin prepared from zinc porphyrin in the presence of nitrogen dioxide. 30 Compared with ZnTPP, zinc hydroxy-isoporphyrin exhibited higher potential for the formation of isoporphyrin dication (1.24 V) than the oxidation potentials of ZnTPP to form π cation radical and dication (0.80 V and 1.11 V). Furthermore, an irreversible reduction peak around -0.11 V was observed for zinc hydroxy-isoporphyrin (Fig. 1.9).

Borah and Bhuyan have also prepared two methoxy-isoporphyrins of water-soluble porphyrins. 48

The isoporphyrins are formed due to nucleophilic attack of the methanol to the meso carbon position of zinc porphyrin dication. Ceric ammonium nitrate was used to oxidize zinc porphyrin and to form zinc porphyrin dication. The zinc isoporphyrins showed a typical irreversible reduction peak at lower potential. If the nucleophiles are added into the zinc isoporphyrins solution, isoporphyrins could convert to their parent porphyrins, which supports the electrochemical observations. 

Synthesis of isoporphyrin 1.2.1. Chemical synthesis

Smith and Xie successfully reported the total synthesis of the first thermodynamically stable zinc isoporphyrin (3). 46 The synthesis of zinc isoporphyrin was achieved according to the MacDonald 49 '2+2'method of porphyrin synthesis. The isoporphyrin was obtained from the condensation of dipyrromethane dicarboxylic acid (1) and diformyldipyrromethane (2) in the presence of zinc(II) acetate (Scheme 1.2). The isoporphyrins are stable in water and methanol, even at high temperature (100°C) but could decompose in trifluoroacetic acid within 30 minutes, and the yield is not so good (23% and 4%). Xie have synthesized additional isoporphyrins using the same methods. 15 The metal-free isoporphyrin could be obtained by demetalation of zinc isoporphyrin with TFA. Other metal salts (Cu, Ni, Fe) could not be obtained either by metalation during ring synthesis or by subsequent metalation of metal-free isoporphyrins. The zinc isoporphyrins can be stored in solid form at room temperature in daylight for months without decomposition, and they also survive high temperatures.

The metal-free isoporphyrins are stable in dichloromethane and methanol but are not stable in the presence of bases (sodium bicarbonate). Correspondingly, the yields of these zinc isoporphyrins are very low.

Scheme 1.2. Synthesis of stable isoporphyrin via MacDonald approach.

Smith developed a new method to synthesize metal-free isoporphyrin and metalloisoporphyrin by using ring opened tetrapyrrol, b-bilene salts. 16 The precursor b-bilene hydrochloride (6) was synthesized from the condensation of dipyrromethane-1-carboxylic acid (4) and 1formyldipyrromethane ( 5) (Scheme 1.3). Then the 2,2-dimethoxypropane was used as the carbon linking unit for cyclization. The stable free base isoporphyrin (7) could convert to the zinc or copper isoporphyrin cation in the presence of metal salts of zinc, copper in dichloromethane. The yield is better than the previous metallo-isoporphyrin reported. 

Electrosynthesis

Dolphin first reported the isoporphyrin obtained from the oxidized porphyrin dication in the presence of methanol which is fast and easy. 14 We have already had a short discussion of the electrochemical behaviours of porphyrin and isoporphyrin before. By the theoretical calculations, the meso-carbon atoms of the zinc porphyrin dication was found having higher electron density of 0.32 electron, which explained why the nucleophilic attack happened on the meso-carbon position.

Hinman et al synthesized zinc(II) isoporphyrin from ZnTPP in the presence of nitrate, trifluoroacetate, or methanol. Manganese(III) isoporphyrin has also been obtained in dry dichloroethane. Isoporphyrin obtained from octaethylporphyrin (OEP) and natural porphyrins are not stable showing deprotonation and regeneration of the starting OEP porphyrin rapidly. In the case of a meso-substituted metalloporphyrin such as the tetraphenyl porphyrin with aryl group on meso carbon atom, the corresponding isoporphyrin is relatively more stable. 50-51

Similar procedure was used to synthesize iron(III) isoporphyrin cation by nucleophilic attack on the meso carbon position of iron(III) porphyrin dication with tert-butyl hydroperoxide. 52 Sakuragi et al also propose that the formation of isoporphyrin can occur after the electron transfer observed from

ZnTPP to dichloromethane at liquid helium temperature upon excitation at 425 nm (Soret band of ZnTPP). 53 According to this research, some isoporphyrins were synthesized by nucleophilic attack at the porphyrin dication. 54 One special isoporphyrin was also obtained under the passage of NO2 gas through the solution of a μ-oxo-dimeric iron(III) porphyrin. Then, a nitratoiron(III) porphyrin complex is formed at the initial stage and on further passing of NO2 this gets oxidized to a π-cation radical that finally converts to hydroxy-isoporphyrin in the presence of trace amount of water.

Light-harvesting systems based on porphyrin

The light energy is a renewable source to help alleviate climate change. Thus, the conversion of 

Modification of donor

The first examples of D-π-A push-pull porphyrin based sensitizer were reported by Diau, Yeh and coworkers as molecule coded YD1 (Fig. 1.12). 80 YD1 contains diphenylamine donor exhibited a higher power conversion efficiency (PCE) of 6.0% than 2.4% of YD0 having only 3,5-di-tertbutylphenyl pendant group. The results showed that the electron donating group in YD1 not only broadens its absorption region but also ''pushes'' the electrons to the acceptor facilitating electron injection. 

Modification of porphyrin ring

The sensitizers based on porphyrin most widely used are modified with long alkoxyl chains named ''alkoxyl-wrapped'' structure (Fig. 1.14): LD14, 83 LD16, 93 YD2-o-C8, 73 XW18-21. 94 The orthoalkoxyl exhibits advantages over the meta-and para positions of porphyrin: 83,93 (I) The LUMO levels of the dyes increase facilitating electron injection;

(II) The alkoxyl chains increase the solubility and facilitate dye-uptake;

(III) The rigid porphyrin core surrounded by the ortho-chains with eight or more carbon atoms with suppress dye aggregation;

(IV) TiO2 conduction band (CB) edge have an upward shift of the dye adsorption with improving the Voc;

(V) Insulating layers could be formed and slow down the charge recombination. 

Modification of acceptor

The electron acceptor effect as the anchoring group correlated with the adsorption geometry on TiO2, the electron injection behavior and the adsorption strength. 95 Most types of acceptor/anchoring groups are the carboxylic acid and cyanoacrylic acid groups which could connect with TiO2. By researching the literature, the cyanoacrylic acid is used a lot for metal-free organic dyes, and the carboxylic acid mainly for porphyrin dyes with better photovoltaic performance (Fig. 1.15). In recent years the incorporation of an auxiliary acceptor group has been proved to increase the absorption region, to facilitate the intramolecular charge transfer and to modulate the energy levels. 96 The results indicated that the ethynyl group induces more red-shifted in absorption spectrum than the cyanoacrylic group, the latter also induce large red-shift than the carboxyphenyl group. 

Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is a method which could be used against cancer in malignant and nonmalignant tumors. PDT was first proposed in the 1980's and throughout the world, there are three key components: light source, a photosensitizer (could be activated by light), and tissue oxygen, to destroy cancer cells. 97, 98 The lasers are widely used light sources in the range of approximately 620-850 nm where the maximum of skin permeability occurs. 99 For PDT, the photosensitizer (PS) plays an important role and could be excited under visible light of a wavelength irradiation in the presence of the bacterial sample. The excited singlet state is unstable and quickly turn to the ground state via emission of fluorescence or turn into triplet state then back to ground state with emission of phosphoresce. For the latter process, PS triplet state could transfer the energy to form an electron or proton which could react with oxygen and produce reactive oxygen species (ROS), as singlet oxygen, superoxide anion, hydroxyl radicals via two competing pathways in To improve the singlet oxygen generation efficiency, efforts have been made to modify the sensitizers based on porphyrin systems either by halogenation or metal ion incorporation. From the work of Ramaiah, 127 introducing of Zn 2+ metal ions in the core as well as in the periphery regions improved the intersystem crossing efficiency, and more zinc metal ions exhibited good water solubility and higher quantum yields of the triplet excited state and higher singlet oxygen generation efficiency. Nifiatis 128 proved it in penetre the introduce of halogen atoms of the meso-phenyl groups could be able to manipulate the energy spacing and electron density distribution for the a1u and a2u orbitals, excited state quantum yields, and lifetimes, as well as the capability of porphyrin-based PSs to generate singlet oxygen. Tuncel 129 synthesized porphyrin-thiophene based compound, the results suggested that the sulfur atoms facilitates the intersystem crossing due to spin-orbit coupling which increases singlet oxygen generation efficiency. Similarly, the polymer showed higher efficiency than the oligomers and the monomers.

Because isoporphyrin has a strong absorption between 750-900 nm in NIR region (the phototherapeutic window is approximately 620-850 nm), it can be activated to penetrate deeper into the tissues which are prospective candidates as photosensitizing agents in photodynamic therapy.

Electrosynthesis of polyporphyrins using various spacers 2.1. Substituents attached to the porphyrin ring

Pyrrole and thiophene (also dithiophene and terthiophene) attached groups are the widely used units for porphyrin electropolymerization. From the work of Wamser, an aminophenyl derivative with -NH2 groups at the para position of the phenyl substituents, 195 the oxidation of porphyrin derivatives produce a highly interconnected nanofibrous network and a linear porphyrin polymer. The mechanism was assumed to the aniline polymerization and the rule of electrophilic nitrogen first attacked the meso position of another porphyrin monomer. In the work of Toma and coworkers,[196][197][198] for the tetraruthenated porphyrin [H2(4-TPyP) {Ru(5-Clphen)2Cl}4] with halogen-substituted aromatic compounds (Fig. 1.19), the reduction of 5-chloro-phenanthroline ligand induces the elimination of the phenanthroline's chloro group as chloride with the formation of radical, which should then react with another radical forming. 

Direct C-C couplings of porphyrins

Osuka and coworkers developed another strategy to prepare oligomers or polymers without spacers in between macrocycles, based on the direct coupling of porphyrin radical cations. The dimers and longer oligomers were obtained by electrolysis at a potential to form the π radical cation. 200 Under electrolyses, the metal center influence the link position meso-meso or meso-β. Magnesium and zinc 5,15-di-substituted porphyrin led to the corresponding meso-meso linked dimer, while for copper, palladium, nickel, and free base porphyrin, meso-β lined dimer could be formed. 201

Figure 1.21. meso-meso linked polymer of magnesium porphin.

Lucas and coworkers tried to obtain such type of porphyrin polymers by using electrochemical method (Fig. 1.21). 202 The magnesium porphin was used as monomer to form long chains of porphin subunits through meso-meso bonds. The mechanism is the same than described by Osuka:

porphyrin radical coupling at the applied potential corresponding to the first ring oxidation of porphyrin ring. UV-visible absorption spectra showed no shift of the initial porphin Soret band in solution, but decreases of the intensity of the band of the monomer was detected and was due to the deposition of porphin polymers at the electrode.

Using di-nucleophilic compounds as spacers

Instead of mono-nucleophilic compounds, some studies based on the compound with two accessible nucleophilic sites. After formation of one nucleophilic function to a porphyrin ring, the compounds can connect another macrocycle through the second site and form the dimers even oligomers.

An easy and well-designed strategy to obtain poly-porphyrins is based on the oxidation or reduction of electropolymerizable substituents attached to the porphyrin macrocycle. The porphyrin could be oxidized to π radical cation and dication, then oxidized porphyrin could react with nucleophilic groups or couple with each other. The deposition of the film of copolymer can be obtained by constant potential electrolysis, constant current electrolysis, or iterative cyclic voltammetry. The mechanism (Fig. 1.22) could be described as followed: First, the electrogenerated porphyrin radical cation (ZnOEP + , electrochemical step E1) can be attacked by a nucleophile (abbreviated Nu) (chemical step CNmeso) at meso-carbon position to yield an isoporphyrin. The isoporphyrin is then oxidized (electrochemical step E2) and the hydrogen atom present at that meso-carbon is removed as proton (chemical step CB) to give the mono-substituted ZnOEP(Nu) + where Nu can be the pyridine.

Using mono-substituted porphyrins

Giraudeau has reported the possibility to obtain a polymer from the mono-substituted ZnOEP(bpy) + species under iterative scanning by cyclic voltammetry. 205 The potential needs to be enough high to form the porphyrin dication. During the electropolymerization, the current increased meaning the formation a conducting copolymer. The irreversible oxidation wave observed is due to the occurrence of a chemical reaction after the oxidation of the porphyrin ring. The two new reduction waves detected in the 0.00 to -0.65 V/SCE range is due to the reduction of viologen spacers formed in between the macrocycles (Fig. 1.23). As porphyrins have several free meso-carbons, the 'zig-zag' polymers could be formed and eventually hyper-branched polymers. To prepare linear polymers, ZnOEP with two protecting groups as chlorides or pyridinium at 5,15-positions could be used (Fig.

1 .24). Gust and coworkers have obtained porphyrin copolymers by electropolymerization of porphyrin substituted by an aniline group (Fig. 1.25). 207 The proposed mechanism was a classical aniline polymerization with the radical on porphyrin macrocycle. Moreover, under the experimental conditions, the porphyrin macrocycle could also be oxidized during the iterative scans, with a similar reactivity described by Ruhlmann, Giraudeau and co-workers, which could be a nucleophilic substitution onto the oxidized porphyrin macrocycle. and M is restricted to the group 5 and 6 metals with high-valence transition (e.g. Vanadium(V), Niobium(V), Tantalum(V), Molybdenum(VI), Tungsten(VI)). The POMs can be divided into two types: 1) isopolyanions (IPAs) involve only one type of metal atom, [MmOy] q-, and 2) heteropolyanions (HPAs), involve the general formula [XrMmOy] q-, where X is the so-called 

Synthesis

The way to synthesis new POM clusters is often through a small number of steps, or even just one step (Fig. 1.28). 227 Upon acidification, for example, sodium molybdate solution would produce metal oxide fragments, and the nuclearity could increase with the decreased pH of the solution. So traditionally, the POM cluster will be formed in aqueous solution in the presence of simple metal cations; however, this approach can be extended to organic cations, and the solvent system can be extended to an aqueous/organic solvent mixture; for example, water/CH3CN. The important parameters are exhibited below, in no particular order: 1) pH, 2) concentration/type of metal oxide anion, 3) ionic strength, 4) heteroatom type/concentration, 5) presence of additional ligands, 6)

reducing agent, and 7) temperature of reaction and processing (e.g. microwave, hydrothermal, refluxing). POM can be used for photocatalysis, which would be discussed in part 3.2. These redox processes are possible because POMs is primarily excited in the ultraviolet due to the ligand-to-metal charge-transfer (from oxygen to metal). The highly reactive excited state, is more reductive and oxidizing than the basic state. The excited state can be used to oxidize various organic substrates, such as alcohols, ethers, amides, aldehydes, ketones or carboxylic acids, as shown in [M6O19] 2-+ e - [M6O19] 3- eq.1

[M6O19] 3-+ e - [M6O19] 4- eq.2 [α-SiM12O40] 4-+ e - [α-SiM12O40] 5- eq.3 [α-SiM12O40] 5-+ e - [α-SiM12O40] 6- eq.4
The cyclic voltammogram of[S2M18O62] 4-with M= Mo or W showed several successive reductions.

For instance, in the case of [S2W18O62] 4-six successive well-defined reversible one-electron-transfer processes were detected (eq.5-10) while [S2Mo18O62] 4-showed more complex electrochemical behavior of which the waves are not well-shaped after the second electron-transfer step.

[S2W18O62] 4-+ e -⇌ [S2W18O62] 5- eq.5

[S2W18O62] 5-+ e -⇌ [S2W18O62] 6- eq.6

[S2W18O62] 6-+ e -⇌ [S2W18O62] 7- eq.7

[S2W18O62] 7-+ e -⇌ [S2W18O62] 8- eq.8

[S2W18O62] 8-+ e -⇌ [S2W18O62] 9- eq.9

[S2W18O62] 9-+ e -⇌ [S2W18O62] 10- eq.10 Note that the cyclic voltammetry have been measured during this thesis.

For example, Keita et al found that the formal potential E 0 ′ for the reduction processes of α-

[SiW12O40] 4-/5-and α-[ P2W18O62] 6-/7-depended strongly on the Lewis acidity of the solvent. 236a The solvents with higher Lewis acidity make more positive potential due to solvent stabilization of the more highly charged reduced forms which are stronger Lewis bases than the corresponding oxidized form. 236c,237,240

For the [(P2O7)Mo18O54] 4-complex, 241 with the addition of a trace amount of H + , one four-electron reduction wave was obtained in solvents of weaker basicity like acetone, acetonitrile and propylene carbonate (PC); the relative permittivity of the solvent did not affect the appearance of the fourelectron wave. On the other hand, two two-electron waves were obtained in solvents of stronger basicity like N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMA), and Nmethylpyrrolidinone (NMP).

Application

Photocatalysis

For excited POMs, the charge transfer from an oxygen atom to the transition metals will form a hole center and trapped electron center pair under light irradiation. 242 The band gaps between HOMO and LUMO orbitals of POM polyanion inhibit the recombination of electron and hole generated when the light energy is higher than or equal with the band gap energy. Thus, the photogenerated the catalysts and substrates for the surface-mediated electron-transfer reactions.

Electrocatalysis

Owing to the high oxidation states of M in peripheral metal-oxygen MOx, POM anions have rapid one-and two-electron reversible reductions increasing the negative charge density at the POM anions and thus their basicity. In paragraph 3.1.4, we have discussed the influence of solvent, the reduction can be accompanied by protonation depending on the pKa of the produced anions. In POMs were also used as catalyst for the reduction of carbon dioxide, 307-309 nitrite, 310-313 bromate, 310,314 and hydrogen peroxide. 310,314 Ying and coworkers prepared a series of Keggin-and Wells-Dawson polyoxometalate-based compounds constructed from oxygen-functional imidazole derivatives, and all four compounds exhibited good electrocatalytic activities for the reduction of nitrite, bromate, and hydrogen peroxide (Fig. 1.33). With the addition of KNO2, potassium bromate, or hydrogen peroxide, the current of the three reduction successive waves of POM increase remarkably with the decrease of corresponding oxidation peak currents. 314 

Hybrid Porphyrinpolyoxometalates systems

Porphyrins are attractive components due to their appealing chemical and photochemical properties.

So porphyrin with intense visible absorption bands and long-lived excited states makes it as a good photosensitizer connected with POMs.

Electrostatic systems

The hybrid POM-porphyrin(s) complexes and films could be formed through electrostatic interactions for catalysis or electrocatalytic reductions. 

Covalent systems

Covalent interaction between POMs and porphyrin as photosensitizer have been researched and published in recent years. 344,367-371 The anchor like silane, phosphonate, alkoxide, organotin and imine moieties have recently been reviewed.

Covalent complexes

Harriman et al proposed that the Dawson type POM functionalized with alkyne or azido groups could subsequent be attached to the porphyrin (Fig. 1.39). The connection has been made via a

Huisgen reaction, which gives good yields in all cases, and modified to provide linkages that vary in their degree of internal flexibility. 367 The various anchorings ligands were chosen from flexible (phosphonic anchors) to semi-rigid (organosilyl anchors). The choice of anchoring group can affect the reduction potential of the POM by 0.5 V. Before reduction of the porphyrin occurs, two electrons can be added to the POM. For the rigid connection, the appended POM cannot be reduced by porphyrin π-radical anion and the reduced POM is a poor electron donor for the S1 state localized on the porphyrin unit. For the flexible connection, the electron transfer was promoted from the reduced POM to the porphyrin S1 for the flexibly linked system compared with rigid linkage. 

Chapter II: Stable porphyrin/isoporphyrin copolymers prepared with various dipyridinium spacers

In the former work of our group, porphyrin copolymer can be obtained by electropolymerization through the oxidation of the zinc-β-octaethylporphyrin (ZnOEP) in the presence of 4,4'-bipyridine or bpy + -CH2-CH2-CH2-+ bpy•2PF6 -1 . 1 The isoporphyrin was the intermediate during the electropolymerization process. The results proved the dipyridyl ligands can be used as good nucleophiles connected with the meso carbon of porphyrin. However, if oxidizing the 5,15-bis (3,5-di-tert-butylphenyl) porphyrin alone, it showed spontaneous radical-radical coupling of two the radical-cation porphyrin. The homo-radical coupling gave the formation of a mixture of meso-meso and meso-β linked dimers. [2][3][4] In this chapter, a new strategy to obtain stable isoporphyrin intermediate integrated in the copolymers is presented. These new copolymers containing stable isoporphyrins are described and compared with the "classical" porphyrin copolymer prepared using the strategy developed in our group.

Electrogenerated radical cation as well as dication porphyrin using porphyrin such as zinc-5,15ditolyl-porphyrin (ZnT2P) are powerful electrophiles which can rapidly react with nucleophiles such as dipyridyl ligand (py-R-py) to form copolymers containing isoporphyrin radical (poly-ZnT2isoP  )

or porphyrin (poly-ZnT2P) depending of the upper potential limit (1.0 V versus 1.6 V) of the iterative potential cycles. The 1,1''- (1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate salt (bpy + -(CH2)3-+ bpy•2PF6 -) and 4,4'-dipyridine was used for this study.

The formation of these copolymers on ITO electrode has been monitored in-situ by Electrochemical Quartz Microbalance (EQCM). The two copolymers were also characterized by UV-Vis-NIR spectroscopy, X-ray Photoelectron Spectroscopy (XPS), electrochemistry, Electron Spin Resonance (ESR), Atomic Force Microscopy (AFM) and Electrochemical Impedance Spectroscopy (EIS). The photocurrent generation has been investigated under visible light illumination and the performances of poly-ZnT2isoP  and poly-ZnT2P copolymer thin films have been compared.

Introduction

Isoporphyrin can be defined as a porphyrin species with two substituents bonds at a same mesocarbon atom which break the ring aromaticity. Isoporphyrins have been reported as the intermediates of heme oxidation as well as biosynthesis of chlorophyll. 5

The 1 H NMR spectra proved the presence of metallo-isoporphyrins by the interruption in the macrocyclic conjugation. 6 The typical optical properties of isoporphyrins is the absorption between 750 nm and 950 nm. 7 In addition isoporphyrins can act as photosensitizer for photodynamic therapy. 8 Most of the isoporphyrins reported until now show a high tendency to decompose either by ring opening or by rearomatization to regenerate the initial porphyrin. In the case of β-octaethyl porphyrins, the formed isoporphyrins are not stable, due to the loss of a proton from the saturated meso-carbon atom while isoporphyrin is reasonably more stable in the case of tetraphenylporphyrin (TPP) where the meso-carbon atoms are bound to a phenyl group. The oxidized porphyrin (πradical cation and dication) species are known to be powerful electrophiles which can rapidly react with nucleophiles having one or two pyridyl pendant groups.

Electrogenerated radical cation as well as dication porphyrin using porphyrin such as zinc-5,15ditolyl-porphyrin (ZnT2P) are powerful electrophiles which can rapidly react with nucleophiles such as dipyridyl ligand (py-R-py) to form copolymers containing isoporphyrin radical (poly-ZnT2isoP  ) or porphyrin (poly-ZnT2P) depending of the upper potential limit.

Formation and characterization

Reagents and synthesis of ZnT2P and ZnAT2P.

All solvents were of reagent grade quality and used without further purification. Zinc-βoctaethylporphyrin (ZnOEP) was purchased from Sigma-Aldrich and used without further purification. The 1,1''- (1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate salt (bpy + -(CH2)3-+ bpy•2PF6 -) and 4,4'-bipyridine were synthesized according to procedures described in literature. 9

The free base 5,15-bis(p-tolyl)porphyrin (H2T2P) 10 was synthetized according to published procedures from 2,2'-dipyrromethane and p-tolualdehyde. 11 The free base was then metallated with Zn(OAc)2 in THF to give zinc-5,15-bis(p-tolyl)porphyrin (ZnT2P). Free-base porphyrin 5-(4methoxyphenyl)-10,20-di-p-tolylporphyrin 12 was prepared by literature procedures and subsequently metallated (288 mg, 0.48 mmol, 1 eq) in THF using zinc acetate Zn(OAc)2 (1059 mg, 4.8 mmol, 10 eq). The solution was refluxed for 1h. The crude product was purified by silica gel column chromatography with dichloromethane/cyclohexane (3/7) to afford 5-(4-methoxyphenyl)-10,20-di-p-tolylporphyrin zinc ZnAT2P (294 mg, 0.45 mmol, 93%) as purple solid.

Electropolymerization of porphyrin/isoporphyrin copolymers

Electrochemical measurements were carried outby using a PARSTAT 2273 potentiostat with glassy carbon or single-side coated indium-tin-oxide (ITO, SOLEMS, 25-35 Ω/cm -2 ) plates, with a surface of about 1 cm -2 as working electrodes. A platinum wire has been used as auxiliary electrode. The reference electrode was a Saturated Calomel Electrode (SCE). The syntheses of the copolymers were achieved via the electropolymerization method under an argon atmosphere in a 0. The syntheses of the copolymers rely on the addition of dipyridyl ligands to an electro-generated πradical cation or dication porphyrin produced by iterative voltammetric scans (Fig. 2.2). [13][14][15][16] The reactivity of oxidized porphyrins can be beneficially exploited to generate a wide range of polyporphyrin materials as long as a bifunctional nucleophiles, 14,17 such as the bpy + -(CH2)3-+ bpy•2PF6 -, are used.

ZnOEP electropolymerization

According to our former research, the oxidation of ZnOEP was carried out at a sufficiently high positive potential value to produce doubly oxidized porphyrins (dication) which are readily reacting with dipyridyl nucleophile to produce copolymers. An E(ECN mesoECB)nE mechanism has been previously proposed in the case of ZnOEP to account for the electropolymerization process where CN meso relates to the nucleophilic attack at the meso position of the porphyrin to yield an isoporphyrin intermediate. 18 This latter compound is then oxidized (electrochemical step) and the hydrogen atom initially located on the meso-carbon is released (chemical step CB). The corresponding global reaction is written in Eq. 1 assuming that only the disubstitution on the porphyrin occurs at meso positions (Schemes 1-2):

(n+1) ZnP + (n+1) Py-R-Py → ZnP-(Py + -R-Py + -ZnP)n-Py + -R-Py + (2n+1)H + + (4n+2)e -(Equation 1)

(where -R-= py + -(CH2)3-py + and ZnP = zinc porphyrin)

The nucleophiles used are 4,4'-bpy and bpy + -(CH2)3-bpy + •2PF6 -and the copolymer is obtained in the presence of ZnOEP only after generation of the porphyrin dications ZnOEP 2+ by iterative scans (between -1.3 V and 2.0 V) or by potentiostatic electrolysis at sufficiently high potential. 19 For this work, when the anodic potential limit is only above the potential at which the radical cation ZnOEP + is generated (i.e. 0.8 V), no film is deposited on the ITO electrode proving that the polymerization doesn't occur in this case (Fig. In our former work, we concluded that, while the formation of radical cation is enough to obtain monosubstituted porphyrins 17,20 via electrosynthesis (but necessitating much longer time than the duration time during the measurements of the cyclic voltammetry), the formation of dication is requested to perform the electropolymerization of ZnOEP via iterative cyclic voltammetry. First, a kinetic restraint can explain this difference. Indeed, the nucleophilic attack is faster onto the dication than onto the radical cation. As a result, if the iterative scans are stopped at a potential allowing only the formation of the radical cation, the characteristic time of the cyclic voltammetry at 100 mV.s -1 might be too short for the nucleophilic attack to occur. The presence in this case of the ethyl groups decreases drastically the kinetics of the nucleophilic attack at the meso position C5, C10, C15 or C20 respectively. The other point which can explain the need to apply a higher potential for electropolymerization is related to the degree of substitution of macrocycles. Indeed, the porphyrins in the copolymers are at least substituted twice by positively charged groups.

Moreover, when the chain of copolymer grows, the quantity of positively charged groups increases.

Consequently, porphyrins are more and more difficult to oxidize resulting in an increase of potential at which the polymerization occurs. This explanation is also supported by the fact that a higher applied potential has always been required to perform electrosynthesis of multi-substituted porphyrins through electrolysis. 21,22 As a matter of fact, it can also be noted that higher anodic potential limit should lead to longer copolymers chains. Otherwise, if the upper potential is too low, but still higher than that of the first monomer oxidation, only small oligomers should be obtained which may dissolve.

Reactivity of zinc-meso-5,15-ditolyl-porphyrin ZnT2P

In this study, we have decided to use the zinc-meso-5,15-ditolyl-porphyrin (ZnT2P) which presents only two meso positions occupied by one substitutable proton at positions C10 and C20.

Additionally, all the β positions of ZnT2P are occupied only by protons. Such porphyrin will provide better accessibility for the nucleophilic attack of the pyridyl groups of bpy + -(CH2)3-+ bpy•2PF6 -or of 4,4'-bpy in comparison to ZnOEP.

From the literature, the nucleophilic substitution with pyridine or triphenylphosphine nucleophiles only attack the meso-positions of magnesium porphyrin even if the β-positions are only occupied by protons. 23 Electrosynthesis of Zn and Mg meso-triaryltriphenylphosphonium porphyrin were also reported from Zn or Mg triarylporphyrin showing a nucleophilic substitution mainly at the meso and not the β position. 24 Furthermore, the electrochemical oxidation of pyridin-2-ylthio-meso substituted Ni(II) porphyrins afforded oxidative C-N fusion of pyridinyl-substituted porphyrins again at the meso position giving cationic and dicationic pyridinium-based products. 25 Lastly, in order to demonstrate that the copolymer can be obtained using only ZnT2P which presents two meso positions bearing H (i. It must be noted that in the absence of nucleophile, the electrogenerated radical ZnT2P + may undergo a radical coupling reaction and the formation of one dimer with C-C bond formation through meso-meso, meso-β or β-β link between two macrocycles. Indeed, previous works in the literature using the 5,15-bis(3,5-di-tert-butylphenyl) porphyrin showed only the formation of a mixture of meso-meso and meso-β linked dimers. These dimers presented a splitting of the Soret band of the optical spectra. These resulting dimers are also easier to be oxidized. [26][27][28] However, when potential iterative scans are performed between -1.0 V and +1.0 V or +1.6 V using ZnT2P alone (in the absence of nucleophile) no film deposition onto the ITO electrode is observed suggesting that the kinetic of radical coupling reaction is relatively slow. The formation of dimer and eventually small oligomer which are soluble cannot be completely excluded. During the electropolymerization of ZnT2P in the presence of dipyridyl, when the anodic potential limit is +1.0 V, after the first porphyrin-based oxidation potential, the π-radical cation ZnT2P + is produced. As a consequence, we observed significant changes during the electropolymerization process (Fig. 2.5). In the anodic part, the intensity of the oxidation peak near +0.79 V corresponding to the first oxidation of ZnT2P, continuously increases with no shift during the electropolymerization proving the formation of a new copolymer poly-ZnT2isoP  in this potential range.

In the cathodic range, it must be noted that peak a (or a' in the second copolymer) is irreversible.

Additional irreversible peak in oxidation (peak b or b') is observed around +0.5 V for poly-ZnT2isoP  . More detailed discussion about peak a and peak b as well as waves I, II (peaks a, b, and waves I', II' for the second copolymer) will be done in part 2.5. These results point out to the formation of a poly-isoporphyrin radical copolymer poly-ZnT2isoP  with different behavior than polyporphyrin poly-ZnT2P. We present below a detailed characterization of the two copolymers, i.e. poly-ZnT2isoP  and poly-ZnT2P. A comparison between their different properties is made when appropriate. We named the poly-ZnT2isoP1  (obtained from ZnT2P and bpy + -(CH2)3-+ bpy•2PF6 -) and poly-ZnT2isoP2  (obtained from ZnT2P and 4,4'-bpy).

EQCM for the copolymer deposition

The electrosynthesis of poly-ZnT2isoP  by electropolymerization with iterative scans between -1.0 and +1.0 V of (Fig. 2.6) has been monitored in-situ by EQCM. The variation of the quartz resonance frequency (Δf) decreases when the number of potential cycle increases, which is related to the increase of the amount of polymer deposited (Δm), calculated using Sauerbrey's equation.

Besides, the trace of the first scan in mol.cm -2 and 9.4×10 -9 mol.cm -2 . Similar behavior was observed for the electropolymerization of poly-ZnT2P using iterative scans between -1.0 and +1.6 V (Fig. 

UV-Vis-NIR spectroscopy

UV-visible-NIR spectra on ITO electrodes coated with the copolymer poly-ZnT2isoP  and poly-ZnT2P have been measured at various thickness and compared (Fig. 2.7 and Fig. 2.S3 respectively).

The absorption intensity of the chromophores increases linearly with iterative scan number (Fig.

2.8

). These results have been confirmed by AFM experiments (Figs. 2.14-2.15 for poly-ZnT2isoP1  ) where the thickness was found to increase also linearly versus the number of iterative scans.

For poly-ZnT2isoP1  , the Soret bands were red-shifted by 17 and 58 nm respectively compared to the ZnT2P monomer (Table 1 andFig 

B)

Wavelength/ nm The red shift of the Soret (B) and the Q bands might result from the presence of the electronwithdrawing pyridinium groups as well as from the nonplanar saddle conformation of the macrocycle. Optical red shifts induced by the non-planarity of porphyrins are well documented [29][30][31][32] and have been rationalized by a larger destabilization of the highest occupied molecular orbitals (HOMOs) relative to the lowest unoccupied molecular orbitals (LUMOs) resulting in smaller HOMO to LUMO gaps. [33][34][35][36] Such changes can be also understood upon considering the presence of intra-and intermolecular exciton-coupling between the porphyrin macrocycle within the copolymer. 37 b Copolymers obtained by iterative scan between -1.0 V and +1.0 V vs. SCE onto ITO. c Copolymers obtained by iterative scan between -1.0 V and +1.0 V vs. SCE in DMF. d Copolymers obtained by iterative scan between -1.0 V and +1.6 V vs. SCE onto ITO. e Copolymers obtained by iterative scan between -1.0 V and +1.6 V vs. SCE in DMF.

f Soret band of the ZnT2P monomer which was encapsulated in the film during the electropolymerization and liberated during dissolution of poly-ZnT2isoP  .

The additional bands around 460-480 nm and 800-900 nm may be attributed to the isoporphyrin structure present in the copolymer. Similar absorption bands have been already observed in the case of stable isoporphyrin monomer. 38 Interestingly, the broadening and the splitting of the Soret band as well as the presence of one additional band in the NIR between 750 nm and 1000 nm are expected to be advantageous to photovoltaic applications by extending the domain of solar light absorption.

Poly-ZnT2isoP  isoporphyrin radical film was found to be highly stable in the presence of oxygen (still stable even after one year). The isoporphyrin radical Poly-ZnT2isoP  is also stable in DMF solution.

We have also investigated these poly-porphyrin copolymers (Fig. 2.S3 and Scheme 2.S1) coated films, prepared by changing the number of iterative scans n used for electropolymerization (between -1.0 V and +1.6 V). They exhibited only one large Soret absorption band at λ = 429 nm with a red shift of 14 nm compared to the ZnT2P monomer (Fig. 2.S4). Again, a plot of the absorbance recorded at λ = 429 nm (Soret band of the porphyrin) as a function of the number of iterative scans n (Fig. 2.S3) shows a quasi-linear increase of the intensity of the chromophore.

However, the additional band around 470 nm was nearly no detected. It suggested that at higher applied potential, isoporphyrin radical copolymer intermediate could be consumed giving the final poly-porphyrin copolymers with viologen or double viologen as spacers. But the consummation is not quantitative in the case of poly-ZnT2isoP1  with double viologen as spacers, as seen in Figs.

2.S3-S4 (not complet deappearance of the NIR band characteristic of the poly-isoporphyrin radical copolymer poly-ZnT2isoP1  in the NIR region). It is probably due to i) the important thickness of the film and ii) to the difficulty to fully oxidize the film if using scan rate of 100 mV s -1 .

2.5.

Cyclic voltammetric investigations of the copolymeric films. Additionally, poly-ZnT2isoP1  films electropolymerized between by -1.0 V and 1.0 V, can be further oxidized up to 1.6 V (Fig. 2.11). Oxidation of the isoporphyrin radical units which give oxidized isoporphyrin is then possible. At this stage, the hydrogen atom located on the meso-carbon can be released giving copolymer with similar redox properties than poly-ZnT2P1. Thus, it is feasible to oxidize the radical isoporphyrin poly-ZnT2isoP1  copolymer and then remove the hydrogen atom located on the meso-carbon giving the formation of poly-ZnT2P1 with a double viologen spacer. The given half-wave potentials are equal to E1/2 = (Epa+ Epc)/2. Under bracket: △Ep = |Epa-Epc|.

Cyclic voltammetric investigations of the poly-porphyrin poly-ZnT2P film.

Electropolymerization using iterative scan between -1.0 V and 1.6 V vs. SCE in the presence of ZnT2P and bpy + -(CH2)3-+ bpy•2PF6 -, was also performed to obtain poly-ZnT2P1 film with double viologen spacers (Scheme 2.S1). Poly-ZnT2P1 copolymers were studied in the electrolyte used for electropolymerization that is CH3CN/1,2-C2H4Cl2 (3/7) solution with 0.1 M NBu4PF6.

In contrast with poly-ZnT2isoP1  , no irreversible wave was detected in the cathodic part and only two successive reversible reductions (peaks I and II) were measured for the poly-poprhyrin poly-ZnT2P1.

The two reduction peaks centered at ca. -0.13 V (peak I) and -0.63 V (peak II) correspond to the formation of the bis-radical cation viologen (couple V 2+ -(CH2)3-V 2+ /V + -(CH2)3-V + , V = py-py, peak I) and the second reduction of two bis-radical cation viologen units of the spacers yielding V 0 - 2, Fig. 2.12). peak I' and II' is corresponding to the radical cation viologen (py + -py + /py  -py + ) and (py  -py + /py-py).

(CH2)3-V 0 (couple V + -(CH2)3-V + / V 0 -(CH2)3-V 0 , peak II) (Table
It must be noted that under the measurement conditions, the splitting of the second reduction wave of the viologen, observed with the ZnOEP porphyrin 18 was not detected in the case of ZnT2P

porphyrin. The equilibrium potential of I3 -/I -redox couple in solution is taken as reference potential at 0 V in the cyclic voltammograms. For ten electropolymerization cycles, the amount of deposited copolymer on ITO substrate is approximately the same (ca. 6 µg/cm 2 ) for both poly-ZnT2isoP1  and poly-ZnT2P1 samples, thus enabling the comparison of their (photo)electrochemical properties.

Photoelectrochemical properties

Effect of film thickness

First, we analyse the curves obtained in the absence of illumination (plotted with dashed lines in Figure 2.17A).

For bare ITO electrode (blue curve), almost no faradic current is observed between -0.3 and 0.3 V, revealing the slow I -oxidation and I3 -reduction kinetics on ITO. However, the I -oxidation and I3 - reduction currents are significantly enhanced on the ITO modified by the copolymers (black and red curves in Figure 2.17A).

For the I -oxidation, anodic current peaks at ca. 0.1 V for poly-ZnT2isoP1  and at ca. 0.2 V for poly-ZnT2P1 are observed. At this stage, the reasons why the I -oxidation current goes through a maximum are unclear. Considering the high I -concentration in solution (0.5 mol L -1 ), the current limitation cannot be attributed to the I -mass transport in solution. One possible explanation is that the current peak arises from the low solubility of the I2 produced in the vicinity of the electrode surface, the undissolved I2 blocking the access of I -to the electrode surface and then its oxidation.

Interestingly, the anodic peak potential is negatively shifted by ca. Above this potential, the I -oxidation current becomes predominant due to the high I -concentration in solution, impeding thus further increase of the photovoltage. For potentials below the OCP, a negative photocurrent is observed for both copolymers, the photocurrent at 0 V of the poly-ZnT2isoP1  copolymer thin film reaching ca. -140 µA cm -2 (potentiostatic experiment) or -200 µA cm -2 (measured from the CV) while it is only of -70 µA cm -2 (potentiostatic experiment) or -30 µA cm -2 (in the CV) on poly-ZnT2P1 for approximately the same amount of electrodeposited copolymer. The photocurrent at 0 V of the poly-isoporphyrin radical copolymer thin film poly-ZnT2isoP2  reaching ca. -185 µA cm -2 while it is only of -147 µA cm -2 (potentiostatic experiment)

for the corresponding poly-porphyrin poly-ZnT2P2 (Fig. 2S10).

The better performances of isoporphyrin radical copolymer can be tentatively attributed to the broad Soret absorption band improving the light harvesting efficiency in the visible range and then the photocurrent. It should be mentioned that the presence of an additional absorption band at 850 nm in the optical spectra of the isoporphyrin copolymer may also be beneficial for the photocurrent. For all the copolymers, the photocurrent level remains stable after several hours of on-off illumination cycles at 0 V (not shown) indicating that the copolymers are stable under photocurrent generation.

The magnitude of the photocurrent strongly depends on the number of potential scans n and then of the amount of copolymer film deposited as displayed in Interestingly, two semicircles are clearly observed in the Nyquist plots when the thickness of the copolymer film increases, i.e. for n >2 for (poly-ZnT2isoP1  ) and n>10 for (poly-ZnT2P1). The emergence of the second impedance loop is attributed to the charge transport processes within the copolymer film. In this case, the impedance spectra can be modelled with the equivalent circuit displayed in Figure 2.18 where Rct_film is a charge transfer resistance in the film, Cf the chemical capacitance of the film and Zw the Warburg impedance. Measurements has been done in H2O under one off light illumination from a 300W Xe arc lamp (with λ > 385 nm long pass filter) containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP.

Thus the enhancement of the photocurrent generation with the amount of deposited copolymer that is observed for n<10 might be attributed to the improvement kinetics interfacial charge transfer kinetics and to the increase of the light harvesting efficiency of the film (Fig. 2.19A). For n>10, the charge transfer resistance within the film Rct_film start to increase reaching 100 Ω and 500 Ω at n=20

for the poly-ZnT2isoP1  and poly-ZnT2P1 copolymers, respectively. The decrease of the photocurrent for n>10 stems from the slow kinetics of the charge transfer within the polymer films.

Similar conclusion could be obtained for poly-ZnT2isoP2  and poly-ZnT2P2 (Fig. 2S15).

Effect of radicals of isoporphyrin

To prove the effect of NIR absorption band for photocurrent generation, the light was controlled by using filter which could absorb the visible light and the results showed in The HOMO level energies of the poly-ZnT2isoP  and poly-ZnT2P species have been estimated from the first oxidation potential observed in the CV, while the energy level of the dipyridinium species is given by the potential of the first reduction peak (Table 2.2). The LUMO levels of the excited poly-ZnT2isoP  and poly-ZnT2P species can be roughly estimated by subtracting the excitation energy of the Soret or Q bands from the HOMO level energies. The energy Level corresponding to the band in the NIR region has also been indicated in the energy diagram. Under illumination at 0 V, the photon absorption by the (iso)porphyrin entities generates an electron hole pair in the copolymer. The electron is transferred from the excited (iso)porphyrins to the I3 -which is reduced into I -, the double viologen spacer eventually acting as a relay for the electron transfer. The oxidized (iso)porphyrins are regenerated by an electron transfer from the ITO substrate. The I3 - reduction is in competition with the recombination of the photogenerated electron-hole pair. Thus, fast electron transfer kinetics between the ITO and the oxidized (iso)porphyrins and/or between the excited (iso)porphyrins and the I3 -are crucial for the efficient photocurrent generation. In principle, the photoelectrons may also be transferred from the excited (iso)porphyrins to the ITO electrode which would result in a positive I -oxidation photocurrent. Such photoelectrochemical oxidation of I -on electropolymerized porphyrin thin films was observed when I -and I3 -are in acetonitrile solution. 1 However, only negative photocurrents are observed when the copolymer is in aqueous solution suggesting that the photooxidation of I -is not favoured in such case. 

Energy diagram of the electron transfer process

Singlet oxygen generation

During photodynamic therapy processes, the singlet oxygen has been considered as the main reactive oxygen species (ROS) which could cause cell death. Firstly, the photosensitizer (PS) could be excited to singlet state under visible light irradiation. The singlet state is unstable and can turn to the excited triplet state to produce a therapeutic. The triplet state PS could transfer energy to triplet oxygen ( 3 O2) to obtain the singlet oxygen ( 1 O2) (Scheme 2.2). There are two methods to quantify the singlet oxygen efficiency. 41 One is the direct method to detect the luminescence of singlet oxygen at 1273 nm. The other is to evaluate by monitoring the photooxidation of 1,3diphenylisobenzofuran (DPBF). The processes are shown in Scheme 2.2. Because DPBF is a convenient acceptor which can rapidly scavenges singlet oxygen to give colorless products, it have been already reported. [42][43][44] Some porphyrin derivatives have been used as photosensitizer in PDT. 45 Since the maximum skin permeability is in the 650-850 nm spectral range, photosensitizers with high singlet oxygen efficiency produced in this range are considered as the best choice for PDT. For porphyrin, it possesses intense Soret band located around 400 nm and weak Q bands usually located between 600 nm and 800 nm. The singlet oxygen is always generated under visible light irradiation with porphyrin. [42][43][44]46 For isoporphyrin, the intense Q bands could reach 800 nm and even further makes isoporphyrin as prospective candidates. Stable isoporphyrin radical copolymers have been obtained by electropolymerization as described bellow. The isoporphyrin sample was prepared by using DMF to wash the copolymers out from the ITO electrode and repeat six times then gathered together. Tetraphenylporphrin is chosen as standard for comparation with the literature. The following equation 2 was used to calculate the singlet oxygen quantum yield of poly-ZnT2isoP1  and poly-ZnT2isoP2  :

Φ   Φ   PP m isoPor m H 2 PP F H 2 TPP F isoPor Equation 2
where the superscripts 'isoPor' and 'TPP' means poly-ZnT2isoP1  or poly-ZnT2isoP2  and tetraphenylporphyrin (H2TPP), respectively; Φ ( 1 O2) is the singlet oxygen quantum yield, m is the slope of a plot of difference in change in absorbance of DPBF (at 414 nm) with the irradiation time (Fig. 2.23) and F is the absorption correction factor, which is given by F = 1-10 -OD (OD was the value of absorption intensity at the irradiation wavelength 823 nm). (Φ (H2TPP) = 0.60 in DMF) 42 (Table 2.3). As the concentration of porphyrin in the copolymer is unknown, so the absorbance of poly-isoporphyrin was controlled to obtain similar absorbance with H2TPP. The value Φ ( 1 O2) is shown in Table 2.3. Because of H2TPP has no absorption band around 800 nm, so the results can be treated as a reference.

The Poly-ZnT2isoP1  shows good ΦΔ in comparison with H2TPP, H2TPP works only with visible light and the copolymer of isopoporphyrin use NIR as well as visible light. The poly-ZnT2isoP1  showed a more efficient singlet oxygen generation than poly-ZnT2isoP2  . That is may due to the weak NIR band of poly-ZnT2isoP2  . During NIR illumination, singlet oxygen can be generated. It opens one new application of such material, namely the use of such copolymer with isoporphyrin radical as photosensitizer in PDT where the light can be the NIR light. The NIR light is more penetration light and less dangerous for the body. 

Investigation of other isoporphyrin copolymers

Three different bipyridyl ligands with similar structures have been researched (1,2-di(pyridin-4yl)ethyne, 1,4-di(pyridin-4-yl)benzene, 4,4'-di(pyridin-4-yl)-1,1'-biphenyl) as shown in Scheme 2.3.

Exhaustive studies of such new copolymers need to be done with additional measurments: EQCM, AFM, and impedance. These additional studies are under work. The general electropolymerization procedure used to deposit the isoporphyrin-based polymers or porphyrin-based polymers onto ITO electrode surfaces is the same as described before. This process depends on the polarization of the working electrode during the potential scan that is either at the first oxidation potential to produce ZnT2P + (iteration between -1.0 V and +1.0 V) or at the second oxidation potential to produce ZnT2P 2+ (iteration between -1.0 V and +1.6 V). The CV curves measured during the iterative scans for the three bipyridyl ligands are shown in Figure 2.24.

Sample

Compared with 4,4'-bpy and bpy + -(CH2)3-+ bpy•2PF6 -, the reduction processes are also due to the dipyridinum spacers reduction but they showed different redox behavior as compared to the copolymers described before with single or double viologen spacer (4,4'-bpy 2+ and -bpy 2+ -(CH2)3-2+ bpy-•). The differences are assumed to be explained by the delocalization and the reactivity of the radical pyridyl after the pyridinium reduction.

In the case of copolymer of isoprphyrin poly-ZnT2isoP3  obtained with ZnT2P and py-C≡C-py, the reduction of the dipyridium linker is less reversible than for the viologen or double viologen spacers described in the beginning of this chapter. It may be due to the reactivity of the radical pyridyl (py  ). In contrast, poly-ZnT2isoP4  or poly-ZnT2isoP5  obtained from ZnT2P and py-Phpy or py-Ph-Ph-py show more reversible reductions of the dipyridinium spacers. It indicates probably a better delocalisation of the radical generated after the reduction of the dipyrinium spacers.

In addition, as shown in Figure 2.24, the oxidation waves kept increasing with scan numbers indicating the formation of the conducting copolymer based on isoporphyrin radical.

In summary, these results means that the isoporphyrin copolymers could be obtained in the presence of ZnT2P and various type of dipyridyl ligands. The CVs during the formation of the polyporphyrin between -1.0 V and 1.6 V are also shown in In the case of the use py-Ph-Ph-py ligand giving poly-ZnT2P5 copolymer, we can detect only one two-electron reversible wave near -0.80 V corresponding to the reduction of the two pyridinium at nearly the same potential (Fig. 2.26). It shows not interaction between the two pyridinium groups because of the simultaneously reduction of the pyridinium groups.

In the case of py-ph-py ligand which leads to the formation of poly-ZnT2P4, the reduction of the pyridinium groups splits into two one-electron reversible waves at ca. -0.74 V and -0.53 V. poly-ZnT2P4 showing now interactions between the 2 pydinium centers. Furthermore, the pyridinium groups are also easier to be reduced in comparison with poly-ZnT2P5 copolymer obtained from pyph-ph-py. It indicates the presence of the delocalization of the radical which stabilized the radical cation obtained after the first reduction (ZnT2P-py + -Ph-py + -ZnT2P-/ ZnT2P-py + -Ph-py • -ZnT2P-).

Thus, if the distance between two pyridinium is shortened with only one Ph group, a splitting of the reduction process into two one-electron steps is observed with easier reduction potential.

In the case of py-C≡C-py ligand forming poly-ZnT2P3, only one reversible wave is observed. a poly-ZnT2isoP3  obtained with ZnT2P and py-C≡C-py between -1.0 V and 1.0 V. b poly-ZnT2isoP4  obtained with ZnT2P and py-Ph-py between -1.0 V and 1.0 V. c poly-ZnT2isoP5  obtained with ZnT2P and py-Ph-Ph-py between -1.0 V and 1.0 V.

The magnitude of the photocurrent strongly depends on the number of potential scans n and then of the amount of copolymer film deposited as displayed in Figure 2.28 as well as the nature of the dipyridyl ligand. For these three copolymers, the photocurrent goes through an optimum as a function of n, the best performances being obtained for n=10 or 15 electropolymerization cycles.

Higher photocurrents are obtained for the copolymer poly-ZnT2isoP4  formed from ZnT2P and py-Ph-py. This result can be explained by the geometry of the spacers: linear with closer distance between the two pyridinium as of porphyrin macrocycles. Also higher delocalization of the pyridyl radical generated via the illumination through the porphyrin macrocycle as well as through the dipyridinum -py + -Ph-py + -spacer can be proposed. 

Conclusions

In summary, two porphyrin copolymer films, with single or double viologen spacers, have been prepared by the electro-oxidation of 5,15-ditolylporphyrin (ZnT2P) in the presence of dipyridyl ligand (4,4'-bpy and bpy + -(CH2)3-+ bpy•2PF6 -). Further oxidation of poly-ZnT2isoP  at higher applied potential induces the removal of the hydrogen and the formation of the porphyrin in the copolymer (poly-ZnT2P). The electropolymerization process was scrutinized by EQCM.

Electrogenerated radical cation porphyrin is a powerful electrophile which can rapidly react to form copolymer containing stable isoporphyrins (poly-ZnT2isoP  ). The existence of the π-cation radical of the isoporphyrin subunit of the copolymer was proved by electron spin resonance spectroscopy.

The photocurrent measurements under visible-NIR light irradiation show that poly-ZnT2isoP  thin films exhibit significantly enhanced performance in comparison to poly-ZnT2P. However, the photovoltaic performances reach an optimum depending on the number of iterative scan n. The best performances are obtained for n =10 or 15, n being the number of iterative scan during the electropolymerization. From electrochemical impedance spectroscopy measurements, it is observed that the charge transfer resistance of the film increases for films obtained with more than 10 iteratives scans, thus explaining the decrease of photocurrent for films with n > 10. Therefore, the control of the thickness of the copolymer films is of great importance to optimize the generation of photocurrent under visible illumination. In addition, the NIR absorption band in UV-vis-NIR spectrum has made a contribution to the photocurrent. Otherwise, it is observed that the isoporphyrin radical copolymer could generate singlet oxygen under only NIR illumination which opens a new route for the use of such material for the photodynamic therapy.

Mechanisms of electrochemical routes to these two types of electroactive copolymers have been discussed as well as the description of the unusual redox properties of copolymers containing stable isoporphyrin radicals.

Finally, numerous type of copolymers containing stable isoporphyrin radicals can be generated using various type of dipyridinium spacer showing that this study opens a new route of formation of promising materials containing stable isoporphyrin.

Chapter III: Stable porphyrin/isoporphyrin copolymers prepared with bipyridyl ligands

In chapter II, we have prepared and studied porphyrin/isoporphyrin copolymers based on the nucleophilic attack of various type of bipyridyl groups. We can also use this coordination strategy to form porphyrin-metal-polyoxometalate sandwich structures between metalloporphyrin (M = Hf, Zr) and lacunary Keggin-type POM like [PW11O39] 5-.

The porphyrin ligand acts as an electron acceptor and the lacunary Keggin-type POM acts as an electron donor.

All the copolymers obtained and described in this chapter have been characterized by electrochemical quartz crystal measurement (EQCM), UV-vis spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS) and electrochemistry. Photocurrent transient measurements have been used to evaluate the photochemical active performances of copolymers.

Introduction

Many studies on the synthesis and reactivity of cofacial bisporphyrins are reported in the literature. 6-14 Different bridging groups have been used, such as biphenylethyl, 9,9dimethylanthenyl, anthracenyl, dibenzofuranyl. The cofacial bisporphyrin has shown good catalytical application, such as for the reduction of CO2 to CO. 15 The distance and angle between two porphyrin moieties can be adjusted by changing the size as well as the topology of bridge groups. For some researches, [16][17][18] an adjustable face to face cyclic dimer of porphyrin was prepared with inclusion of C60 inside.

In our group, one cyclic porphyrin copolymer was already obtained from ZnOEP and bipyridyl ligand (methyl 4-methyl-3,5-bis (2-(pyridin-3-yl)ethynyl)benzoate). 19 Four meso positions of ZnOEP could be attacked by nucleophilic ligands to form a cage type copolymers.

In this work, ZnOEP was replaced by ZnT2P showing only two meso positions occupied by tolyl groups were used. The structure is shown in Scheme 3.1. Considering the space between porphyrin macrocycles, different type of POM have a possibility to be included to form organic-inorganic complex (Scheme 3.1). As we have discussed in chapter I, the POM could be inserted due to the electrostatic interactions between POM anion and porphyrin cation. Besides, POM could be fixed into the core of cofacial porphyrin due to the coordination between POM and metalloporphyrin. The zinc which is not good for such coordination will be replaced by other metals to give a stronger binding between POM and metalloporphyrin (Scheme 3.1).

Because of the covid-19 pandemic, the studies of the incorporation of various type of POM have not yet been conducted. 

Formation and characterization

Electropolymerization of porphyrin

Ratio between porphyrin and bipyridyl ligand for the electropolymerization

The general electropolymerization procedure depends on the polarization of the working electrode during the iterative scans between -1.1 V and 1.6 V at the second oxidation potential to produce ZnT2P 2+ (iteration between -1.0 V and +1.6 V). The mechanism is similar as before. To detect the influence of ratio between porphyrin and bipyridyl ligand, the concentration of ZnT2P was fixed at ZnT2P and 2.25 mmol L -1 py-C≡C-Ph-C≡C-py seems to be the best condition to have good quality but also quantity of the film using the same conditions of electropolymerization (identical scan rate, solvent, potential range, etc.). This ratio was chosen to form the films which will be fully studied in the last part of the chapter. In the case of the polyporphyrin poly-ZnT2P6, a characteristic UV-visible-NIR spectrum is obtained after electropolymerization between -1.0 and +1.6 V exhibiting also a broad split Soret

EQCM for the copolymer deposition

The formation of poly-ZnT2P6 and poly-ZnT2isoP6  by electropolymerization with iterative scans between -1.1 and +1.6 V and -1.1 V and 0.9 V (Fig. 3.4) has been monitored in-situ by EQCM. The variation of the quartz resonance frequency (Δf) decreases when the number of potential cycle increases, which is related to the increase of the amount of polymer deposited (Δm), calculated using Sauerbrey's equation.

Besides, the trace of the first scan in Figure 3.4 shows a significant decrease of the resonance frequency and thus an increase of the deposited mass at the first oxidation of the porphyrin; i.e.

electropolymerization occurs upon the formation of the radical cation porphyrin ZnT2P + in the presence of py-C≡C-Ph-C≡C-py. The mass of the copolymer film increases with the scan number of potential cycle n (Fig. 3.4CD). For poly-ZnT2isoP6  , the mass increases linearly with iterative scan number, which indicated the copolymer keep deposited on the ITO electrode with 25 scans.

For poly-ZnT2P6, the mass increased quasi-linearly for n < 10 and much slowly after 15 scans. It can be explained that at first, the first slope corresponds to the formation of the stable isoporphyrin copolymer. Then the slow kinetic of the oxidation of this intermediate copolymer is present in order to obtain the copolymer of poly-porphyrin. The conversion of the poly-ZnT2isoP6  to poly-ZnT2P6 induces in fact less change of the mass (release of the H atoms followed by rearomatization of the porphyrin followed by the oxidation of the porphyrin). Other explanation can be given: i)

during the formation of poly-pophyrin, the thickness of the film is important and induce the decrease of the conductivity of the film (and the increase of the resistance of the charge transfer, which decrease the kinetic of the formation of the poly-porphyrin). ii) Meanwhile, at this stage, 2D

to 3D copolymers was formed with incorportation of ligand, electrolyte salt as well solvent.

After 25 iterative scans, 52.8 µg/cm 2 and 39.1 µg/cm 2 of poly-ZnT2P6 and poly-ZnT2isoP6  are deposited respetively. The calculated surface coverage Γ in mole of repeat unit (ZnT2P-+ py-C≡C-Ph-C≡C-py + •2PF6 -) for the copolymers is 47.1×10 -9 mol.cm -2 and 34.8×10 -9 mol.cm -2 respectively. Irreversible or quasi-reversible peaks not labelled in anodic part correspond to the oxidation of the π-ring of the macrocycle.

Permeability to Anionic and Neutral Probes of the Films.

The permeability of these films toward electrochemically active probe molecules has been also studied. Figure 3.6 shows the electrochemical response of the ferrocene or potassium ferricyanide (Fe(CN)6 3-/4-) redox probe at ITO electrodes modified with films constituted of various numbers n of deposition cycles of poly-ZnT2P6.

In the case of Fe(CN)6 3-/4-, for bare ITO electrode (not shown), the redox probe presents a quasireversible cyclic voltammetry (peak-to-peak separation 219 mV, full line), indicating that the probe diffuses freely to the ITO electrode surface and undergoes electron-transfer at the electrode. In contrast, in the presence of poly-ZnT2P6 film which covered the ITO slide, it becomes more impermeable to the probe molecule when n is equal to 25 (Fig. 3.6B). Indeed, the peak current decreases when the number n of deposition cycles increases.

Similarly, using neutral ferocene redox probe, a quasi-eversible cyclic voltammetry (peak-to-peak separation 86 mV, not shown) is observed, indicating also that the probe diffuses freely to the ITO electrode (Fig. 3.6A). In the presence of poly-ZnT2P6 films, it becomes more and more impermeable to ferrocene molecule when n increases. The peak current also decreases when the number n of deposition cycles reaches n = 25. Thus, the poly-ZnT2P6 coated electrodes exhibit comparable behaviour with ferocene or anionic potassium ferricyanide (Fe(CN)6 3-/4-) redox probes.

The peak current for poly-ZnT2P6 films deposited from 1 to 25 scans between -1.1 V and +1.6 V at modified ITO electrode have been scrutinized (in the dark) in 1 mmol L -1 ferrocene with CH3CN/1,2-C2H4Cl2 (3/7) (Fig. 3.6A) or in 1 mmol L -1 potassium ferricyanide with 0.5 mol L -1

Na2SO4 aqueous solution (Fig. 3.6B). The results indicated that the peak current of poly-ZnT2P6 films increased from n=1 to n=3, and then decreased afterwards.

This follows the same trend of the photocurrent generation which will be discussed later. It suggests that the photocurrent efficiency is mainly dependent on the conductivity of the film, where the best performance for the photocurrent generation is for 3 iterative scans. Furthermore, poly-ZnT2isoP6  films electropolymerized between by -1.1 V and 1.0 V, can be further oxidized between 1.0 V and 1.6 V (Fig. 3.7). Wave a is probably related to the oxidation the radical isoporphyrin poly-ZnT2isoP6  generating the oxidized isoporphyrin poly-ZnT2isoP6 + copolymer. Peak II may correspond to the further oxidation giving poly-ZnT2P6 copolymer followed by its oxidation.

However, the signal (peak II) is not unique and seem to be splitted into two close waves. The first signal may correspond to the oxidation of the isoporphyrin inducing the removal of the hydrogen and the rearromatization leading to the porphyrin. Thus, in such a case the second oxidation may be due to the oxidation of the resultant porphyrin leading to the -radical cation porphyrin. This process is probably slow. Finaly, the presence of peak c is not clear and need further investigations. The given half-wave potentials are equal to E1/2 = (Epa+ Epc)/2. Under bracket: △Ep = |Epa-Epc|. copolymers respectively. Above this potential, the I -oxidation current becomes predominant due to the high I -concentration in solution, impeding thus further increase of the photovoltage. For potentials below the OCP, a negative photocurrent is observed at 0 V for the poly-ZnT2P6 copolymer thin film reaching ca. -98 µA cm -2 . The photovoltage response in the potentiostatic mode at 0 A under on-off light illumination cycles is displayed in Figure 3.9. The best photocurrent and phovoltage were obtained for the films prepared with 3 cycles (n = 3 iterative scans). Various concentration of I3 -have been tested (10 mmol L -1 , 5 mmol L -1 , and 2.5 mmol L -1 ) with 0.5 mol L -1 I -(Fig. 3.S5). The results show that the mass transport of I3 -is influencing the photocurrent for low I3 -concentration, below 5 mM. Thus, when the concentration of triiodide was increased from 2.5 mmol L -1 to 5 mmol L -1 , the photocurrent increased. However, when higher concentration of triiodide (10 mmol L -1 ) was used, decrease of photocurrent was observed and could be explained by the absorption of the visible light by the redox mediator that absorbs strongly the visible light leading to the strong decrease of the photons able to reach the film. Indeed, the modified ITO electrode is in the middle of the solution and not on the border of the cell.

Photocurrent generation

Photoelectrochemical properties of poly-ZnT2P6

Photoelectrochemical properties of poly-ZnT2isoP6 

The current-potential curves measured under visible light illumination and potentiodynamic conditions are also plotted in Figure 3.10A (full line) for the poly-ZnT2isoP6  copolymers. The photocurrent response in the potentiostatic mode at 0 V under on-off light illumination cycles is shown in Figure 3.10B. Under visible light, the open circuit potential increases of ca. 80 mV for the poly-ZnT2isoP6  copolymers. For potentials below the OCP, a negative photocurrent is observed for both copolymers, the photocurrent at 0 V of the poly-ZnT2isoP6  copolymer thin film reaching ca. -177 µA cm -2 (potentiostatic experiment). The better performance of isoporphyrin copolymer poly-ZnT2isoP6   can be attributed to the broad and the splitting of Soret absorption band as well as the presence of the additional band in the NIR region which improves the light harvesting efficiency and then the photocurrent. For all the copolymers, the photocurrent level remains stable after several hours of on-off illumination cycles at 0 V (not shown) indicating that the copolymers are stable under photocurrent generation.

The magnitude of the photocurrent strongly depends on the number of potential scans n and then of the amount of copolymer film deposited, and the best performances being obtained for n=3 electropolymerization cycles. It is confirmed that higher photocurrents are obtained with the isoporphyrin copolymer poly-ZnT2isoP6  as compared to polyporphyrin copolymer poly-ZnT2P6.

It may be explained in part by the better absorption of the whole light by poly-ZnT2isoP6  that shows the spliting of the Soret bands as well as the presence of additional band in the NIR domain.

Eletcrochemical impedance spectroscopy

Further insights into the photoelectrochemical behaviour of the copolymer films as a function of n could be gained by electrochemical impedance spectroscopy, which is widely used in the investigation of dye sensitized solar cell. The Nyquist plots of a typical impedance spectra measured for poly-ZnT2isoP6  and poly-ZnT2P6 at 0 V in 5 mM I3 -/ 0.5 M I -aqueous solution with scan numbers indicating that the electronic and ionic transfer within the films becomes a limiting factor. For poly-ZnT2P6, similar behavior is observed in Figure 3.12B. The HOMO level energies of the poly-ZnT2isoP6  and poly-ZnT2P6 species have been estimated from the first oxidation potential observed in the cyclic voltammograms, while the energy level of the dipyridinium species is given by the potential of the first reduction peak (Table 3.2). The LUMO levels of the excited poly-ZnT2isoP6  and poly-ZnT2P6 species can be roughly estimated by subtracting the excitation energy of the Soret, Q as well as NIR bands from the HOMO level energies. The energy Level corresponding to the band in the NIR region has also been indicated in the energy diagram. Under illumination at 0 V, the photon absorption by the (iso)porphyrin entities generates an electron hole pair in the copolymer. The electron is transferred from the excited (iso)porphyrins to pyridinum which is the linker to form the radical pyridyle and then to the I3 - reduced into I -. The pyridinum acts as a relay for the electron transfer. The oxidized (iso)porphyrin is regenerated by an electron transfer from the ITO substrate. 

Energy diagrams

Conclusions

The anodic electro-copolymerization of 5,15-ditolylporphyrin (ZnT2P) with 3-(

ethynyl)phenyl)ethynyl)pyridine yielded two type of copolymer films depending of the potential applied. The polyporphyrin electroactive films poly-ZnT2P6 was obtained on ITO electrode surfaces during repetitive potential cycling between -1.1 V and 1.60 V vs. SCE while the polyisoporphyrin radical copolymer poly-ZnT2isoP6  was obtained by electropolymerization between -1.1 V to 1.0 V. UV-visible absorption spectroscopy, and electrochemistry were used to fully characterize the resulting films. By electrochemical quartz crystal microbalance, the mass of two copolymers deposited onto the electrodes increased with scan numbers. The poly-isoporphyrin radical copolymer showed better photocurrent generation than the corresponding poly-porphyrin and be be explained by the splitting of the Soret band as well as the presence of additional band in the NIR region.

Due to the Covid-19, we have not time to study the inclusion of polyoxometalate or lacunary polyoxometalate inside such type of films. In such a case the triad D-A1-A2 will be obtained where the donor is the excited porphyrin and A1 and A2 are the polyoxometalate and the pyridinium linkers. In order to have robust material and to favorize the inclusion, the change of the nature of the metalloporphyrin is also required in order to have coordination interaction between porphyrin and POM.

It is also needed to characterize such copolymers by X-ray photoelectron spectroscopy and by atomic force microscopy.

As we have discussed in the chapter I, not only the pyridyl ligands could be used as nucleophiles to form porphyrin copolymer, also the polyoxometalate (POM) modified with at least two pendant pyridyl groups could be used to form hybrid copolymer with porphyrin and POM having pendant pyridyle groups. In the next chapter, one kind of hybrid polyiodometalate (PIM) wheresix pyridyl have been grafted (PIM(py)6) will be used in order to try to form 3D material based on porphyrin or isoporphyrin and PIM(py)6.

Introduction

Polyoxometalates (POMs) are a structurally diverse family of anionic metal-oxygen cluster anions constituted of metal elements in their highest oxidation states finding applications in analytical chemistry, medicine, homogeneous and heterogeneous catalysis, electronics and materials science. 4

In the case of hybrid POM-porphyrin systems, enhancement of photoelectric and nonlinear optical properties were observed, which makes them promising for the development of photoelectronic and optical devices. 5

In the octahedral halide clusters of molybdenum(II) with the general formula [{Mo6(μ3-X)8}L6] n (X=Cl -, Br -, I -; L= inorganic or organic ligands; {Mo6(μ3-X)8} 4+ is the cluster core), the metal atom is associated with eight strongly bonded inner ligands X and six labile apical ligands L. Under excitation from the UV light to the green spectral regions, the clusters exhibit a broad red-NIR luminescence. Cluster of the type {Mo6X8} 4+ (X=Cl, Br, I) with L being O-donor, N-donor, C-, P-, and S-donor ligands have been reported. [6][7][8][9][10][11][12][13][14][15] The hybrid systems formed by the interaction of pyridine end-decorated Mo(II) halide clusters and porphyrin via metal-ligand coordination have been also reported by Maxim N. Sokolov group. However, large excess porphyrin was taken in order to be able to have six coordinated zinc porphyrin. Indeed, important excess of porphyrin is needed to induce coordination due to the steric hindrance as well as the low formation constant of pyridine subunits of PIM(py)6 to the zinc porphyrin.

In this chapter, we will show that electropolymerization will be one other way to use this PIM(py)6

cluster which will give 3D copolymer material. Indeed, covalent connections at the meso position of the porphyrin will induce lower steric hindrance in comparison of the coordiation.

Formation and characterization

Reactivity of (Bu4N)2[Mo6I8(COOpy)6]

Firstly, the electrochemical behavior of (Bu4N and it was assumed to be the oxidation of {Mo6I8} 4+ /{Mo6I8} 5+ according to the literature. 12 The small peaks (a, a ' , a '' ) in Figure 4.1 are due to the absorption of PIM(py)6 on the electrodes (GCE, Pt or ITO) and corresponds to the "adsorption pre-peak" of oxidation of the adsorbed compound. In the case of Pt electrode for instance, the peak current a' increase linearly with the scan rate v, as shown in Figure 4.1D, which indicates that this wave is not control by the diffusion. It proves that such peak corresponds to the oxidation of the absorbed PIM(py)6 compound (adsorption peak). In contrast, Ipa or Ipc (anodic or cathodic peak current) of wave I (I ' and I' ' ) increases linearly with the square root of the scan rate as shown in Figure 4S1. The results proved that the wave I corresponds to the diffusion-controlled redox processes (for scan rate higher than 100 mV/s in the case of GCE or Pt electrode).

However, in the case of ITO electrode, the anodic peak current I '' pa is always higher than the cathodic peak current I '' pc, that means the cluster {Mo6I8} 5+ is not reduced completely on the reverse sweep as shown in Figure 4.1C. It may be due, this time to the absorption of the oxidized compound on the surface of the ITO electrode. In this case, it must be noticed that additional reduction peak is observed at -0.96 V in the cathodic domain. This additional peak may be due to the reduction of the adsorbed compound corresponding to the {Mo6I8} 4+ /{Mo6I8} 3+ which is irreversible.

When a higher potential was reached in the anodic domain in the case of GCE electrode as shown in 

(d = 3mm) (A) -1.1 V to 2.2 V (B) 0.0 V to -1.8 V. v = 100 mV s -1 .
The optical spectrum of PIM(py)6 is presented in Figure 4.3. With the increase of concentration of PIM(py)6, the absorption intensity also increases as expected from the Beer-Lambert law. The absorption bands in UV region is due to the π-π* transitions in the aromatic terminal ligands. The broad and featureless absorption wavelength longer than 350 nm may due to the {Mo6I8} 4+ corecentered d-d transitions. 10 The result is consistent with the literature reported. 10,12,16,17 The energy gap calculated form optical spectrum at 402 nm (3.08 eV) between HOMO and LUMO orbitals is close to the value calculated from the electrochemistry: 2.89 eV on GCE electrode (Eox -Ered= 1.32 -(-1.57) = 2.89 eV). 

Electropolymerization of isoporphyrin copolymers

The syntheses of the (iso)porphyrin copolymers need the attack of a dipyridyl ligand to an electrogenerated -radical cation porphyrin produced by iterative voltammetric scans (see pyridinum of red color in Scheme 4.2). The reactivity of oxidized porphyrins can be used to generate a wide range of poly-porphyrin or poly-isoporphyrin materials in the presence of PIM(py)6. Thus, the pyridine end-decorated molybdenum halide cluster (PIM(py)6) can combine with porphyrin through pyridyl ligands in order to form pyridinium linkers between porphyrin macrocycles.

During the electropolymerization of ZnT2P in the presence of PIM(py)6, when the anodic potential limit is +0.9 V, just after the first porphyrin-based oxidation potential, the π-radical cation ZnT2P + is produced. At +0.9 V it must be noticed that the reversible oxidation of PIM(py)6 also occurred.

We observed significant changes during the electropolymerization process. As shown in Figure Scheme 4.2. The electropolymerization process of poly-isoporphyrin.

In the case of the electropolymerization of ZnT2P in the presence of PIM(py)6, using iterative scan between 1.6 V and -1.1 V, we observed that the oxidation peaks intensity increases and then decreased (Fig. 4.4B). In the cathodic potential range, the reduction peak observed at ca. -0.7 V vs.

SCE (peak c) has been attributed to the irreversible reduction of the pyridinium spacers connected to the porphyrin subunits. In this case, the two pyridinium of the linkers are equal and reduced at the same time.

Definitely the choice of the anodic potential limit of 1.6 V is not a good point. Indeed, even if the first oxidation of the PIM(py)6 is reversible and does not perturb the electropolymerization, the oxidation at 1.6 V corresponds to the second wave of oxidation of PIM(py)6 which is irreversible. It problably induces the decomposition of the PIM(py)6 cluster during the electropolymerization. It integration of the reduction wave I (reduction of the pyridinium spacers) which gives the value of Δm = 3.95 µg.cm -2 of copolymer deposited assuming that the repeat unit of the copolymer is one PIM and three ZnT2P ([3ZnT2P-PIM] 6TBAPF6) (see Table 4.S2). Calculation assuming the 1D copolymer gives Δm = 6.9 µg.cm -2 (repeat unit: ([ZnT2P-PIM] 2TBAPF6)) which is very far from the value obtained by EQCM (Δm = 3.59 µg.cm -2 ).

But, if the number of iterative scan is n = 25 scans in Table 4.S1, the mass deposited was Δm = 19.55 µg.cm -2 . In the case of the use of the repeat unit [3ZnT2P-PIM] 6TBAPF6, only Δm = 9.2 µg.cm -2 is calculated from the integration of the reduction wave of the pyridinium spacers (wave I).

However, at this stage, the change of the slope has occured as shown in Figure 4.5B where inclusion into the film of solvent, PIM(py)6 and even ZnT2P monomers as well as conducting salt occurred giving wrong calculations. Thus, in such a case our calculation is not valid because we don't know the quantity of solvent, monomers and conducting salt present in the film. 

UV-vis-NIR spectroscopy

UV-visible-NIR spectra on ITO electrodes coated with the copolymer poly-ZnT2isoP  /PIM(py)6

have been measured at various thickness (Fig. 4.6) where the absorption intensity of the chromophores increases with iterative scan number (Fig. 4.6B).

A typical UV-visible-NIR spectrum of poly-ZnT2isoP  /PIM(py)6 obtained after electropolymerization between -1.1 and +0.9 V exhibited a broad split Soret absorption band at λ = 433 nm and λ= 473 nm. The bands were red-shifted by 18 and 58 nm respectively as compared to the ZnT2P monomer (Table 4. 1 and Fig. 4.6). The visible bands (Q bands), observed at 561 and 645 nm, are also red-shifted by 15 and 61 nm compared to ZnT2P and an additional band at 875 nm in the NIR region is detected (Fig. 4.6A). These electropolymerized films have been found to be fully soluble in DMF. Analysis of poly-ZnT2isoP  /PIM(py)6 in solution by UV-Vis-NIR absorption spectroscopy revealed comparable spectra than the ones recorded on the solid film (Fig. b Copolymers obtained by iterative scan between -1.1 V and +0.9 V vs. SCE onto ITO. c Copolymers obtained by iterative scan between -1.1 V and +0.9 V vs. SCE in DMF. d Copolymers obtained by iterative scan between -1.1 V and +1.6 V vs. SCE onto ITO. The additional bands at 475 and 875 nm may be attributed to the isoporphyrin structure present in the copolymer. Similar bands have been already observed in the case of stable isoporphyrin monomer or copolymer as discussed in Chapters II and III. Interestingly, the broadening and the splitting of the Soret band as well as the presence of one additional band in the NIR between 750 nm and 1000 nm are expected to be advantageous to photovoltaic applications by extending the domain of solar light absorption.

Cyclic voltammetric investigations of the copolymeric films.

Electroactive copolymers deposited by cyclic voltammetry (n iterative scans) on ITO surfaces have been characterized by electrochemical methods. The cyclic voltammetry curves shown in Figure 4.8A have been recorded with a copolymers deposited on the ITO electrode surface for various number of scans (n = 1, 3, 5, 10, 15, 20 cycles) between -1.1 V and +0.9 V. The electrode was then removed from the electrochemical cell, washed with CH3CN and used as working electrode in a clean electrolytic solution containing only the solvent and the supporting electrolyte (Fig. 4.8B).

Two successive waves are observed for poly-ZnT2isoP  /PIM(py)6 during the cathodic scan (Table 4. 2 and Fig. 4.8), the first being irreversible (peak a) and the second being quasi-reversible (peak I).

The first irreversible wave (peak a) is detected at -0.72 V and is very close to the second reduction process (peak I). Peak a corresponds probably to the irreversible reduction of the pyridinium connected to the isoporphyrin close to the pendant hydrogen atom. It generates one radical which reacts rapidily via radical coupling. The peak b is due to the oxidation of resulting compound which regenerate the starting isoporphyrin radical. When the upper potential chosen is 1.60 V, two oxidation waves appear at 1.10 V and 1.38 V as shown in Figure 4.S2. It can be explained by the formation of isoporphyrin cation via oxidation of the isoporphyrin radical followed by the oxidation of the porphyrin which can be formed by the release of the proton after the oxidation of isoporphyrin cation. Nevertheless, the films become weak and less colored when poly-isoporphyrin is oxidized using upper potential of 1.6 V. It probably indicates that the poly-porphyrin form maybe not stable under oxidation. 

Electron spin resonance (ESR) spectroscopy

To confirm the presence of the organic radical, poly-ZnT2isoP  /PIM(py)6 films onto ITO were prepared (25 iterative scans between -1.1 V and 0.9 V, v = 100 mV.s -1 ).

Poly-ZnT2isoP  /PIM(py)6 was then removed from ITO after 25 cycles using DMF which was repeated three times. The obtained solutions were degassed in order to remove dioxygen and transferred to a capillary.

The ESR spectrum shown in Figure 4.9 reveals the presence of the radical of the isoporphyrin copolymer showing similar spectrum than discussed in chapter II associated with radical localized on the isoporphyrin subunits. 

X-ray photoelectron spectra (XPS) of copolymers

The copolymer films were also investigated by X-Ray photoelectron spectroscopy (Fig. The equilibrium potential of I3 -/I -redox couple in solution is taken as reference potential at 0 V in the cyclic voltammograms. For bare ITO electrode (black curve), almost no Faradaic current is observed between -0.3 V and 0.3 V, revealing the slow I -oxidation and I3 -reduction kinetics on ITO. However, the I -oxidation and I3 -reduction currents are significantly enhanced on the ITO modified by the copolymers (blue and red curves in It is known that NIR light can be used in phototherapy and be more permeable for the body, which makes a potential use of such isoporphyrin copolymer for further application in the photodynamic therapy. 

Electrochemical Impedance spectroscopy

Further comprehensions into the photoelectrochemical behaviour of the copolymer films as a function of n could be gained by electrochemical impedance spectroscopy, which is widely used in the investigation of dye sensitized solar cell. 18 All the impedance spectra of the copolymer films In the former research of our group, 2,3 the inclusion of polyoxometalates (POMs) was a benefit and helpful for increasing the photocurrent due to the electron transfer from the excited porphyrin of the copolymers to the pyridinum giving the radical pyridyl (py  ), which in turn can give one electron to the POM moieties. This cascade of electron transfer will avoid the back recombination between the radical cation porphyrin and the radical pyridyl (py  ).

Energy diagram

The HOMO level energies of the poly-ZnT2isoP  /PIM(py)6 have been estimated from the first oxidation potential observed in the cyclic voltammograms, while the energy level of the dipyridinium species is given by the potential of the first and second reduction peaks (Table 4.2).

The LUMO levels of the excited poly-ZnT2isoP  /PIM(py)6 species can be roughly estimated by Under illumination at 0 V, the photon absorption by the (iso)porphyrin entities generates an electron hole pair in the copolymer. The electron is transferred from the excited isoporphyrins radical subunit, to the pyridinum subunit which is reduced to form the radical pyridyle py • (dotted red arrow in Figure 4.16B). The pyridinium acts as a relay for the electron transfer. Then, the radical pyridyle py • in turn can reduce I3 -to form I -which is reoxidized at the counter electrode. The oxidized isoporphyrin is regenerated by an electron transfer from the ITO substrate.

As the energy level of the NIR band associated to the isoporphyrin radical subunit is lower than the energy level of the couple Py + /Py  , after non radiative relaxation, the electron also could be transferred directly from NIR energy level to the level I3 -/I -to reduce I3 -to I -, which could explain the non negligeable photocurrent generated by copolymer poly-ZnT2isoP  /PIM(py)6 under NIR illumination. In such a case, PIM(py)6 play not role to the electron transfer.

However, it must be noted that the PIM(py)6 can also accept electron from the excited isoporphyrins radical subunit giving the reduced form PIM(py)6 -but only in the case of the levels S2 (Soret bands) as well as the more energetic level S1 corresponding to the Q band as shown in 

Conclusions

In summary, copolymer films have been prepared by the electro-oxidation of 5, 15-ditolylporphyrin (ZnT2P) in the presence of polyiodometalate with 6 pendant pyridyl ligands (Bu4N)2[Mo6I8(pyCOO)6]. Electrogenerated radical cation porphyrin is a powerful electrophile which can rapidly react to form copolymer containing stable isoporphyrins (poly-ZnT2isoP  /PIM(py)6). The existence of the cation radical of the isoporphyrin was proved by electron spin resonance spectroscopy. The achieved copolymers were characterized by UV-Vis-NIR spectroscopy, Atomic Force Microscopy and X-ray photoelectron spectroscopy. Electrochemical properties of these copolymers have been discussed and studied.

The photocurrent measurements under visible-NIR light irradiation show that poly-ZnT2isoP  /PIM(py)6 thin films exhibit significantly performance. However, the photovoltaic performances reach an optimum depending on the number of electropolymerization potential scan n.

The best performances are obtained for n = 3. Therefore, the control of the thickness of the copolymer films is of great importance to optimize the generation of photocurrent under visible illumination. Furthermore, the results proved that the NIR band played an important role for photocurrent measurement.

Poly-ZnT2isoP  /PIM(py)6 in the solid state could be stored for over several months and even one year without any degradation under ambient conditions in air. The stability is still good in DMF solution. Further investigations are underway in order to understand more about this remarkable stability. Other type of stable isoporphyrin radical are in preparation in our laboratory.

In the final chapter, the diphosphane ligand will be used for the first time to generate stable isoporphyrin radical copolymers. Various type of diphosphane lignand will be used for this study.

Chapter V: Stable isoporphyrin copolymer prepared with di(phenylphosphane)

As already described, the pyridine or dipyridine ligand could react with the π-radical cation of ZnT2P + which form isoporphyrin copolymer in the case of the use of bipyridyl ligand.

As alreay published, porphyrin dimer and trimer have been prepared with diphosphonium bridges connected at the β-positions of the tetraphenyl porphyrin of zinc, ZnTPP by electrochemical synthesis. However, the various type of dimers have been obtained only from ZnTPP in the presence of various type of diphosphane (called also diphosphine) ligand such as bis(diphenylphosphino)acetylene, bis(diphenylphosphino)alkyl, and 1,2bis(diphenylphosphino)benzene. It must be noted that no electropolymer has been obtained till now due to the easy oxidation of the diphosphane ligand.

In this chapter, the four different diphosphine ligand, namely 1,2-bis(diphenylphosphino)ethene, 1,2-bis(diphenylphosphino)benzene, 1,2-bis(diphenylphosphino)ethyne and 1,2bis(diphenylphosphino)propane have been tested as nucleophiles to prepare isoporphyrin copolymer in the presence of ZnT2P. The copolymers have been obtained with success and have been characterized by UV-vis-NIR spectroscopy, X-ray photoelectron spectroscopy (XPS), electrochemical quartz crystal microbalance (EQCM). The photoelectrocatalytic properties have been also examined and studied under illumination.

Introduction

Over the years, several extended porphyrin structures have been prepared and studied with a particular interest in the dependence of the geometric factors on their physical properties. The structural flexibility is determined by the nature of the bridge. To observe efficient interactions between the different chromophores, a large variety of bridging chains have been used as spacers in the building of dimers, but only a few papers were devoted to phosphanylporphyrins.

Electrochemistry has been shown to be an appropriate synthetic tool in the coupling of porphyrins.

Phosphorus ligands are useful nucleophiles and could nucleophilic attack the π cation radicals of metalloporphyrins. In a direct one-pot electrochemical reaction, the bis(dipheny1phosphino)acetylene ligand acts as a nucleophile allowing the synthesis of diporphyrins with a diphosphonium spacer bridged directly at their meso positions. The group of Ruhlmann described the efficient synthesis of various diphosphonium-bridged porphyrins using more or less rigid diphosphanes with variable length. 1-3 However, such compounds are easily oxidized which can limit the use of such ligands for the electrosynthesis which is conditioned by the applied potential as well as the potential of the first oxidation of the porphyrin.

In this chapter, we still use the ditolyl porphyrin of zinc, ZnT2P, and expect to prepare stable isoporphyrin copolymers in the presence of diphosphanes such as 1,2-bis(diphenylphosphino)ethene and 1,2-bis(diphenylphosphino)benzene.

Formation and characterization

Electropolymerization of isoporphyrin copolymers

As already reported, in the presence of various diphosphanes, the second oxidation step of the tetraphenyl porphyrin of zinc (ZnTPP) became irreversible and a new cathodic peak appeared, as observed in the reduction of electrochemically generated isoporphyrins. 4-7

In the case of the increase of the potential near the second oxidation of the ZnTPP porphyrin, it induces the oxidation of the di(phenylphosphane) which is fully converted to the di(phenylphosphane oxide) without formation of the copolymer of porphyrin. If using ZnTPP, no copolymer is obtained if we applied the potential at the first oxidation of the ZnTPP where only the dimer of porphyrin with diphosphonium spacer is obtained. It must noted that at this potential (first oxidation of the porphyrin), the oxidation of the diphosphane ligand does not occur. This isprobably due to the steric hindrance of the ZnTPP porphyrin which leads to the slower kinetic of the nucleophilic attack which avoid the isoporphyrin copolymer formation.

Thus, in the presente chapter, we will test the ditolyl porphyrin of zinc, ZnT2P used in the other chapters. This porphyrin shows two side occupied by hydrogen at the meso and  positions, leading to the decrease of the steric hindrance. Thus, oxidation of the porphyrin around the first oxidation of ZnT2P should be more favorable to generate copolymers of isoporphyrin.

Indeed, irreversible oxidation waves have been measures for 1,2-bis(diphenylphosphino)ethene and 1,2-bis(diphenylphosphino)benzene as shown in Figure 5.S1 showing the instabiliy at higher potential.

The oxidation wave at 1.0 V corresponds to a one-electron oxidation of ZnT2P which generated the The reduction peak I or I' are not well defined and are due to the reduction of the phosphonium -P(Ph)2 + -connected between the isoporphyrin ZnT2P  subunits.

Thus, under 1.0 V, the di(phenylphosphane) ligand could react with the π-radical cation porphyrin

ZnT2P + to form at the end poly-isoporphyrin radical copolymers as discussed below. After 25 iterative scans, the oxidation waves continue to increase showing the growth of copolymer materials (Figure 5.1). Finally, brown deposited films could be observed on the ITO surface. and (isoZnT2P-+ PPh2-Ph-PPh2 + •2PF6 -) for poly-ZnT2isoP7  and poly-ZnT2isoP8  . The calculated surface coverages Γ are 8.36×10 -9 mol.cm -2 and 11.78×10 -9 mol.cm -2 , respectively. From the EQCM measurements, the mass deposited of poly-isoporphyrin copolymer obtained is higher in the case of 1,2-bis(diphenylphosphino)benzene which means that this ligand shows better reactivity toward the nucleophilic attack than 1,2-bis(diphenylphosphino)ethene. It may be due to the higher flexibility of the disphosphane 1,2-bis(diphenylphosphino)ethene where with possible Z/E isomerization under illumination. Such isomerization is impossible on the case of the rigid 1,2bis(diphenylphosphino)benzene. nm. The bands were red-shifted by 18 and 90 nm respectively compared to the ZnT2P monomer (Table 5.1). The visible bands (Q bands), observed at 587 and 633 nm, are also red-shifted by 41

EQCM for the copolymer deposition

UV-vis spectroscopy

and 49 nm as compared to ZnT2P. The presence of the additional band in the NIR region is difficult to detect because it isvery weak and broad even after 25 iterative cycles ( n = 25; n : number of iterative cycle during the electropolymerization) as shown in Figure 5.4A. In the case of poly-ZnT2isoP8  , Soret absorption bands are localized at λ = 432 nm and λ = 497 nm while Q bands are detected at 574 nm, 632 nm. In this case, large NIR band can be detected with the maximum of absorption near 805 nm. This bathochromic shift of the Soret and Q bands may result from the electron withdrawing effect of the positive charge on the diphosphonium dications spacers. These results indicated excitonic interactions between isoporphyrins rings as well as the presence of the radical isoporphyrin subunit (NIR band detected in the case of poly-ZnT2isoP8  ). These interactions would thus favor a presence of the two subunits namely the diphosphonium spacer and the isoporphyrin. 2 The weak absorption band in NIR region may be explained by important delocalization of the radicals of isoporphyrin subunit through the disphosphonium spacers. c Copolymers obtained by iterative scan between -1.1 V and +1.0 V vs. SCE onto ITO.

Cyclic voltammetric measurements of the films

The cyclic voltammetry (CV) of electroactive copolymers deposited on ITO surfaces have been studied for various iterative scans number n (n = 1, 3, 5, 10, 15, 20, 25 cycles) using electrolytic solution containing only the mixed solvent CH3CN/1,2-C2H4Cl2 (3/7) and the supporting electrolyte NBu4PF6.

In the case of copolymer where isoporphyrin was substituted by diphosphonium linker, an electronwithdrawing group, the macrocycle was harder to oxidize, so compared to the corresponding unsubstituted porphyrin ZnT2P (Table 5.2 and Figure 5.5). For poly-ZnT2isoP7  , the reversible waves at 0.86 V is probably due to the oxidation of the radical isoporphyrin leading to the oxidized isoporphyrin (poly-ZnT2isoP7 + ). We can observe also the presence of an additional irreversible peak a or a' at 0.42 V which can be explained by the irreversible reduction of the phosphonium giving first one radical which can form the covalent C-P bound with the radical of the isoporphyrin (peak I or I') by radical coupling. The radical coupling can be intraor even intermolecular. The irreversible oxidation peak a or a' can be attributed to the oxidation of the C-P forming after the radical coupling leading to the regeneration of the radical isoporphyrin and the phosphonium.

Similar results were observed in the case of the use of dipyridyl ligands.

former chapters. However, in the case of these two copolymers, we have observed partial decomposition of the film suggesting that during the oxidation at 1.6 V (Table 5.2 and Figure 5.S3).

Thus, in resume, the intermediate radical poly-isoporphyrin copolymers with diphosphonium bridges are stable. But further oxidation at 1.6 V leads to the important decomposition of the copolymer due to the oxidation of the porphyrin subunits to form the -radical cation and the dication (first and second irreversible oxidation). Please note that the irreversible oxidation potentials do not depend on the type of diphosphonium spacers.

The pictures of isoporphyrin copolymer films on the ITO before and after oxidized to 1.6 V are shown in Figure 5.S3. Irreversible peaks not labelled in anodic part correspond to the oxidation of the π-ring of the macrocycle.

In the Figure 5.S3, the poly-ZnT2isoP7  and poly-ZnT2isoP8  show two intense irreversible oxidation waves around 1.2 V and 1.4 V, which can be due to the first and the second oxidation of the porphyrin subunits which results in a change inthe color of films from brown to light green with nearly complete dispearing. During these oxidation, the film seems to be not stable showing partial decomposition. The given half-wave potentials are equal to E1/2 = (Epa+ Epc)/2. Under bracket: △Ep = |Epa-Epc|.

X-ray photoelectron spectroscopy

The X-Ray photoelectron spectroscopy of poly-ZnT2isoP8  was also investigated as shown in Finally, O 1s (532.5 eV, 530.7 eV) signal comes from ITO as well as from the H2O adsorbed on the copolymer surface.

E) P 2p

Binding Energy / eV 

Electrochemical Impedance Spectroscopy

The electrical properties of copolymer films were studied by electrochemical impedance The magnitude of the photocurrent increased from n = 1 to n = 10 or 15, and then decreased when n > 10 (n corresponds to the iterative scans use for the deposition for poly-ZnT2isoP7  ). The same trend is observed for poly-ZnT2isoP8  . It must be noted that under light illumination, the charge transfer resistance decreased when n increases compared to the dark (with no light illumination condition). In resume, the charge transfer resistance (Rct) decreases with the increase of the iterative scan number n showing that the film is catalyzing the charge transfer between the I3 -/I -redox mediator and the electrode. For n <15, the whole isoporphyrin thin film is in good electrical contact with the ITO substrate and is able to participate to the photocurrent generation. It explains the increase of photocurrent versus n the number of iterative scan between n=1 to n=15. Above 15 scans, the appearance of a second semi-circle in the impedance spectra reveals that the increasing thickness of the film is hindering the electronic and/or ionic charge transfer within the copolymer film. The appearance of this second impedance loop seems to be correlated with the decrease of the photocurrent. In comparison to the copolymers obtained with dipyridine ligands, the copolymer films of poly-ZnT2isoP7  and poly-ZnT2isoP8  are thinner, less tight and less colored which is in line with the smaller Rct_film values. 

Energy diagram

To investigate the electron transfer mechanism in the system, the energies of the relevant electronic states have been estimated. In the case of copolymer poly-ZnT2isoP7  , an energy level diagram can be built using the oxidation potential of isoporphyrin subunit and the reduction potential of phosphonium subunits, together with the optical absorption spectra of copolymer films (Fig. 5.11).

It describes the thermodynamics for spectral sensitization of the ITO electrode. The LUMO levels of the excited poly-ZnT2isoP7  and poly-ZnT2isoP8  species can be roughly estimated by subtracting the excitation energy of the Soret or Q bands from the HOMO level energies. The levels of the excited isoporphyrin, isoPorp + /Porp*, are calculated from the absorption spectra of the film and the wavelength of the B, Q and NIR bands. The ground state isoporphyrin (isoPorp + /Porp) is calculated from the oxidation potential of the isoporphyrin giving for instance in the absolute scale -5.60 eV for the poly-ZnT2isoP7  film. The energy level of I3 -/I -on the absolute scale is -5.00

eV. The energy Level of poly-ZnT2isoP8  corresponding to the band in the NIR region has also been indicated in the energy diagram (Fig. 5.S4). Under illumination at 0 V, the photon absorption by the (iso)porphyrin entities generates an electron hole pair in the copolymer. The electron is transferred from the excited (iso)porphyrins to the phosphonium subunit acting as a relay for the electron transfer forming the radical phosphane. This radical phosphane gives in turn the electron to the I3 -which is reduced into I -which is reoxidized at the counter-electrode. The oxidized (iso)porphyrins are regenerated by an electron transfer from the ITO substrate. The I3 -reduction is in competition with the recombination of the photogenerated electron-hole pair. Thus, fast electron transfer kinetics between the ITO and the oxidized (iso)porphyrins and/or between the excited (iso)porphyrins and the I3 -are crucial for the efficient photocurrent generation. 

The electropolymerization of two other kinds di(phenylphosphane) ligands

As showed in Figure 5.12, during the electropolymerization of ZnT2P in the presence of 1,2bis(diphenylphosphino)ethyne, the oxidation current decreased with the number of iterative scans, which seems to mean that no copolymer is formed. At the end of the process, no copolymer was deposited on the surface of the ITO electrode.

On the contrary, in the case of ZnT2P in the presence of 1,3-bis(diphenylphosphino)propane, the current increased during the iterative scan indicating the copolymer formation which is deposited on the ITO electrode. The oxidation behavior of diphosphanes are shown in Figure 5.S5.

One explanation can be the delocalization of the positive charge of the first phosphonium connected through the triple bond which deactivate the non-binding doublet of the second phosphane ligand.

In such a case, the nucleophilicity is not enough to be able to attack the -radical cation porphyrin and then to generate the isoporphyrin copolymer. The UV-vis-NIR spectra of copolymers films formed with ZnT2P in the presence of 1,3bis(diphenylphosphino)propane is shown in Figure 5.13. The absorption intensity increased with the iterative scan number chosen for the electropolymerization showing the deposition of the isoporphyrin radical copolymer versus n. We observed again the typical splitting of the Soret band and the red shift of the Soret and Q bands typical for the formation of isoporphyrin copolymer with diphosphonium linkers. One not well resolved NIR can be detected for n = 10 iterative scans. The photocurrent measurements as well as the impedance measurements are in progress and will be completed for the submission of one paper.

Due to the COVID-19 pandemic, the EPR spectra of the film in DMF solution has also not yet been measured. It is needed to prove the presence of the radical isoporphyrin. It will be completed as soon as possible. The morphology of the copolymer by AFM will be also studied a little later and is not introduce in the manuscript of the thesis due to the same reason.

Conclusion

In summary, copolymer films have been prepared by the electro-oxidation of 5,15-ditolylporphyrin (ZnT2P) in the presence of various type of di(phenylphosphane) ligands. Electrogenerated radical cation porphyrin is a powerful electrophile which can rapidly react to form copolymer containing stable isoporphyrin subunits (poly-ZnT2isoP  ). The achieved copolymers were characterized by UV-Vis-NIR spectroscopy, and X-ray photoelectron spectroscopy. Mechanisms of electrochemical routes to these electroactive copolymers have been discussed as well as the description of the unusual redox properties of copolymers containing stable isoporphyrin.

The photocurrent measurements under visible-NIR light irradiation show that poly-ZnT2isoP8  thin films exhibit significantly better performance than poly-ZnT2isoP7  . However, the photovoltaic performances reach an optimum depending on the number of electropolymerization potential scan n.

The best performances for poly-ZnT2isoP7  and poly-ZnT2isoP8  are obtained for n =20 and 10 respectively. Therefore, the control of the thickness of the copolymer films is of great importance to optimize the generation of photocurrent under visible illumination. The copolymer in the solid state could be stored for over several months and even one year without any degradation under ambient conditions in air. Further investigations are underway in order to understand more about this remarkable stability.

Conclusion générale

Objectif de la présente thèse était d'étudier les copolymères de porphyrines et les copolymères 

Figure 1 .

 1 Figure 1. Schéma d'électropolymérisation expliquant la réactivité de bpy + -(CH2)3-+ bpy.2PF6 -en présence du monomère ZnT2P dans le cas de balayage itératif entre -1,0 V et 1,0 V ou entre -1,0 V et 1,6 V vs. ECS (ECS = Electrode au Calomel Saturé). Le balayage itératif entre -1,0 V et 1,0 V permet d'obtenir le copolymère contenant soit des unités radicalaires isoporphyrines stables (poly-ZnT2isoP  ) alors qu'un balayage itératif entre -1,0 V et 1,6 V permet d'obtenir le copolymère sous la forme de polyporphyrine (poly-ZnT2P) toujours avec des espaceurs du type double viologène.

Figure 2 .

 2 Figure 2. Evolution sous illumination proche infrarouge des spectres d'absorption normalisés de la Poly-isoporphyrine radicalaire poly-ZnT2isoP  obtenue avec bpy + -(CH2)3-+ bpy.2PF6 -en présence de ZnT2P dans le cas d'un balayage itératif entre -1,0 V et 1,0 V vs. ECS en présence de la DPBF. Solvant : DMF. L'encart de la figure montre le zoom du spectre optique au niveau de la bande Soret entre 350 nm et 460 nm.
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Figure 4 .

 4 Figure 4. Processus d'électropolymérisation pour l'obtention de la poly-isoporphyrine avec une structure 3D en utilisant le ligand hexa-pyridylique PIM(py)6.

  photoélectrochimiques de tels copolymères d'isoporphyrines radicalaires seront décrites dans ce chapitre.
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 111 Figure 1.1. Structure of porphine and isoporphyrin.
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 12 Figure 1.2. Diverse functions of metalloporphyrin in Nature.5
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 1326 Figure 1.3. Mechanism of formation of isoporphyrin from porphyrin. 26
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 14 Figure 1.4. UV-visible absorption spectra of A) free base tetraphenylporphyrin and B) zinc tetraphenylporphyrin in DMF (c = 1.5 × 10 -6 mol L -1 ).
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 15 Figure 1.5. (Left) Reduction of isoporphyrin (zinc hydroxyisoporphyrin) to porphyrin (zinc mesotetraphenylporphyrin) in dichloromethane. 30 (Right) Simplified Gouterman's MO level for ZnTPP and zinc hydroxyisoporphyrin. 31-33
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 16 Figure 1.6. Resonance structures of the zinc isoporphyrin. 28
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 42171 Figure 1.7. 1 H NMR spectrum of the zinc hydroxy-isoporphyrin (left) and splitting of pyrrole protons (right).30a

  1.8). Peaks 1 and 2 is the formation and reduction of  radical cation. The second oxidation peak 3 is irreversible, and a new reduction peak 7 appears on the subsequent cathodic scan. This new reduction peak corresponds to the reduction of the nitratoisoporphyrin cation formed after the nucleophilic attack on the porphyrin dication. The third oxidation peak 5 results from oxidation of the isoporphyrin cation to isoporphyrin dication.
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 18 Figure 1.8. Cyclic voltammetry of 1.38 mM ZnTPP in C2H4Cl2 + 0.2 M tetra-n-butylammonium perchlorate in the presence of 2 mmol L -1 tetrabutylammonium nitrate. Scan rate was 200 mV s -1 .
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 19 Figure 1.9. Comparison of cyclic voltammogram of (a) ZnTPP, (b) zinc hydroxy isoporphyrin in CH2Cl2 (294 K). Scan rate: 100 mV s -1

  photoelectric transformation efficiency (PCE) 56 due to the high flexible, low-weight, and low-cost.The device was shown in Figure1.10. contains a dye-sensitized mesoporous nanocrystalline electrode (anode, TiO2), a counter electrode (cathode, Pt-coated conductive glass substrate) and reducing species electrolyte (with iodine or cobalt-based redox couple) between two electrodes. 57The mechanisms can be briefly summarized as: (1) photoexcitation of the dye as sensitizer,(2) electron injection from the excited dyes into the TiO2 conduction band, (3) dye regeneration with the reducing species and (4) reduction of the oxidized redox species at the counter electrode complete the external circuit.As researched, a good sensitizer always follows these requirements: 58 a) Strong absorption in visible region and even the near-infrared part (NIR), b) Anchoring groups like -COOH or -H2PO3 to bind the dye on the TiO2 surface, c) Excited state level energy higher than the conduction band of TiO2 for efficient electron injection, d) Oxidized state level lower than the redox mediator electrolyte for dye regeneration, e) Suppression of aggregation on TiO2 surface with coadsorption or cosensitization, f) Good photochemical, electrochemical and thermal stability.

Figure 1 . 10 .

 110 Figure 1.10. Construction and operating principle of a typical DSSC. 59 The power conversion efficiency (PCE), , are determined from the current-voltage (I-V) characteristics under illumination (eqn.1). I is the short-circuit current, V is the open-circuit potential, Pin is the power density of the incident light and FF is the fill factor. The maximum output
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 111 Figure 1.11. Typical structures of D-π-A push-pull sensitizer.
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 112113 Figure 1.12. Structures of YD0 and YD1.
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 114 Figure 1.14. Structure of several porphyrins with ''alkoxyl-wrapped''.
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 115 Figure 1.15. Structure of several Acceptor connected to the porphyrin.
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 1116117 Figure 1.16. The photochemical processes of ROS such as 1 O2 produced during PDT.
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 118 Figure 1.18. Examples of electropolymerizable pendant groups used for porphyrin polymerization.
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 119 Figure 1.19. Structure of the [H2(4-TPyP){Ru(5-Clphen)2Cl}4] 4+ species.
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 120 Figure 1.20. the mechanism of reductive electropolymerization of 10,20-bis-(Nmethyl-3pyridylethynyl)-5,15-biphenylporphinato species.
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 123124 Figure 1.23. A) Electropolymerization process of the mono-substituted ZnOEP(bpy + ) macrocycle B) Cyclic voltammograms recorded during the iterative scans between -0.9 and +1.6 V/SCE from a solution of ZnOEP(bpy + ) in 1,2-C2H4Cl2 (working electrode: ITO; scan rate: 200 mV s -1 ). 205
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 125232126 Figure 1.25. (A) Cyclic voltammograms recorded during the iterative scans between 0.0 and +1.5 V vs.SCE. Solution: 5-(4-aminophenyl)-10,20-bis(2,4,6-trimethylphenyl)porphyrin in acetonitrile. Working electrode: Pt. (B) Electropolymerization scheme of the corresponding polymer.207

  ) are a large family of anionic polynuclear metal oxide molecular compounds containing arrays of corner-and edge-sharing pseudo-octahedrally coordinated [MO6],
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 127 Figure 1.27. Typical structures of POMs and some reported applications in recent ten years.
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 128313 Figure 1.28. Parameters used in the one-pot synthesis/isolation of new POM clusters (up) and one example for synthesis of Keggin-type POM (below).228

Figure 1 . 29 .

 129 Figure 1.29. The structure of Keggin-type polyoxometalates (POMs), taking PW12O40 3-as an example, identifying the four types of oxygen in the structure: the central oxygen atom (Oa); the bridging oxygen atom that bridges two tungsten atoms not sharing a central oxygen atom (cornersharing, Ob); the bridging oxygen atom that bridges two tungsten atoms sharing a central oxygen atom (edge-sharing, Oc) and the terminal oxygen atom (Od). P, pink ball; W, blue ball; O, red ball.
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 130 Figure 1.30. The redox processes for the excited POM and the optical spectrum of reduced Dawson POM ([P2W18O62] 6-).
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 1314 30. 234 The reduction of the POM produce a new absorption band in the visible region (intervalence band due to the delocalization of the electron) which is the origin of the blue light characteristic of the reduced POMs. As shown in Figure 1.30, reduction of the Dawson type polyoxometalate ([P2W18O62] 6- (couples W(VI)W(V)) induced the UV-visible spectrum changed and the appearance of one additional absorption band near 600 nm (hypervalence band). The photoreduction can reduce six W(VI) to W(V) in the Dawson polyanion giving [P2W18O62] 12-. The additional intervalence band is localized in the visible domain corresponding to the whole delocalization of the electron through the polyanion (O-W(VI)-O-W(V)-O  -O-W(V)-O-W(VI)-O). Ruhlmann and coworker have shown that similar optical spectra was obtained by direct electrolysis and the exchange of 6 electrons. This characteristic enables them to be applied for the electronic storage. 235 Redox behaviour of POM Voltammetric studies of polyoxometalate polyanions present an extensive series of reduction processes. 236,237 For tetrabutylammonium salts of isostructural pairs of polyoxometalates ([Bu4N]2[M6O19], [Bu4N]4[R-SiM12O40], and [Bu4N]4[R-S2M18O62] (M ) Mo or W)) in ionic liquids, the redox mechanisms have been described as below: 238

Figure 1 .

 1 Figure 1.31 shows the redox behaviour of Keggin and Dawson type POM measured in aqueous solution. As we can see, the Keggin type POM [SiW12O40] 4-showed three well-shaped waves, the first two reversible single-electron processes a and b are due to eq.3 and eq. 4, the third two-electron step c depends on the pH ([SiW12O40] 6-+ 2e -+2H + ⇌ [H2SiW12O40] 6-). 239 In the case of the Dawson type POM [P2W18O62] 6-, four successive waves a, b, c, d have been observed and correspond to four successive reversible one-electron (similar to the eqs.7, 8, 9, and 10). Note that, in the presence case, all the processes are controlled-diffusion reaction because the peak currents versus the square root of the scan rate give always one linear representation. The nature of the solvent as well as the pH of the solution in the case of aqueous solution could influence the redox potentials measured.
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 131 Figure 1.31. Cyclic voltammetry spectrum of A) 0.5 mM Keggin K4[SiW12O40] and B) 0.5 mM Dawson K6[P2W18O62] in 0.5 M Na2SO4 (pH=3, adjusted with H2SO4) at scan rate 100 mV s -1 . Note that the cyclic voltammetry have been measured during this thesis.
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 132 photosensitizers which could be triggered by visible light, can be covalently attached to POM anions. 264-274 Some cationic photosensitizers can be associated with POM anions via electrostatic interaction. 275-282 However, POM can be inserted covalently. Izzet and coworkers prepared Keggin and Dawson-type polyoxometalates (POMs) covalently grafted to heteroleptic cyclometalated iridium(III) complexes (POM-[Ir] dyads) under visible light irradiation for hydrogen evolution (Fig. 1.32). 266 Wu and coworkers designed a photoresponsive surfactant-encapsulated POM complexes with the surface of the POM electrostatically modified with cationic surfactants bearing azo groups at the hydrophobic ends. 276

  aqueous or organic solution, Keggin-and Dawson-type POMs/HPAs have been applied as reductive and oxidative electrocatalysts. The nickel substituted (Ni4[(P8W48O184)(WO2)] 28-, crown type polyoxometalate, was electrochemically polymerized with conducting polymer pyrrole for the electrocatalytic reduction of bromate in water. The immobilized films of different thickness were characterized by electrochemical and surface based techniques. The resulting films were found to be extremely stable towards redox switching between the various redox states associated with the incorporated POM.295 Moreover, POMs could be used for water oxidation electrocatalysis. Non-functionalized POMs are not suitable for water oxidation because the redox potential of the high-valent central metals (Mo(VI), W(VI), V(V)) is not sufficient for electron abstraction from water or oxo ligands. So functionalization of the cluster shell with suitable reaction sites, 296,297 mainly transition metals, such as Ruthenium, 298-301 Cobalt, 302,303 Nickel, 304 or Manganese, 305,306 are used.
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 1331134135 Figure 1.33. Cyclic voltammograms of reduction of nitrite by electrocatalysis with POM. The solution contains 0.1 M H2SO4 + 0.5 M Na2SO4. Scan rate: 60 mV s -1 . 314
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 136 Figure 1.36. Schematic representation of the internal layer structure of [α2-Fe III P2W17O61 7-/ H2TN(Me)3PhP 4+ ]n film on a ITO substrate in the photo-electrochemical cell and schematic diagram showing electron transfer processes. 350
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 137138 Figure 1.37. (Left) The "sandwich" hybrid [{Mo(DPP)(O)}2(H2SiW12O40)] 364 (H atoms were omitted for clarity; O = red; C = grey; N = pale blue; W = blue; Mo = green; Si = yellow) (Right) a Charge-separated state in the Sn-phorphyrin-POM dyad 344 [Sn(TMPP(Ph)8)(OMe)(α-[PW12O40])] 2- (H atoms were omitted for clarity, C = grey, N = blue, O = red, Sn = pink, W = pale blue, P = green)
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 139 Figure 1.39. Formation of three porphyrin-POMs connected through Huisgen reaction. 367
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 140141142 Figure 1.40. Schematic porphyrin-POM hybrid for photoaccumulation of charges. (EnT refers to energy transfer, ET to electron transfer and HT to hole transfer.) 368
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 143 Figure 1.43. Cyclic voltammograms recorded during the electropolymerization of 5,15-ZnOEP(py)2 2+ in the presence of Py-POM-Py in 1,2-C2H4Cl2/CH3CN (7:3) (NBu4)PF6 0.1 mol L -1 . Below are shown the atomic force micrograph image, and TEM images of individual silver triangular nanosheets and individual silver nanowires.The porphyrin possesses good electrochemical and photochemical properties. The porphyrin copolymers could be obtained by using ligands such as dipyridyl and compound modified with pyridyl groups to form the covalent connections. The ligands react as nucleophile which could attack the meso position of oxidized porphyrin to form dimer, trimer, oligomer and polymer by ECEC process. The work in next chapter focus on the formation of porphyrin/isoporphyrin copolymers with various dipyridyl ligands by electropolymerization under different upper potentials. The mechanism of redox processes has been discussed a lot and explained the difference observed in the optical spectrum and photocurrent measurements between porphyrin and isoporphyrin copolymers.

  1 mol.L -1 NBu4PF6 CH3CN/1,2-C2H4Cl2 (3/7) solution containing 2.5 × 10 -4 mol.L -1 of ZnOEP (Fig. 2.1A) or ZnT2P (Fig. 2.1B) or 2.5 × 10 -4 mol.L -1 of ZnAT2P and 2.5 × 10 -4 mol.L -1 bpy + -(CH2)3bpy + •2PF6 -(Fig. 2.1D) or 4,4'-bipyridine (4,4'-bpy; Fig. 2.1E). ITO electrodes, with a surface of 1 cm 2 , were used as working electrodes.

Figure 2 . 1 .

 21 Figure 2.1. Representation of A) ZnOEP, B) ZnT2P, C) ZnAT2P D) bpy + -(CH2)3-bpy + •2PF6 -, E) 4,4'-bipyridine.

Figure 2 . 2 .

 22 Figure 2.2. Cyclic voltammograms recorded during 25 iterative scans conducted between -1.0 V and +0.8 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol.L -1 ) of ZnOEP (0.25 mmol L -1 ) in the presence of A) bpy + -(CH2)3-+ bpy 2PF6 -(0.25 mmol L -1 ) and B) 4,4'-bpy (0.25 mmol L -1 ). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: first scan (n=1). Red curve: final scan (n = 25).

Figure 2 . 3 .

 23 Figure 2.3. Cyclic voltammograms recorded during 25 iterative scans conducted between -1.0 V and +0.8 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol.L -1 ) of ZnAT2P (0.25 mmol L -1 ) in the presence of A) (bpy + -CH2-CH2-CH2-+ bpy).2PF6 -(0.25 mmol L -1 ) and B) 4,4'-bpy (0.25 mmol L -1 ). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: first scan (n=1). Red curve: final scan (n = 25).

  Additionally, in the presence of 4,4'-bpy nucleophile during the oxidation of ZnT2P, polyporphyrin or oligomer of porphyrin (ZnT2P)n obtained by -radical-cation porphyrin homo-radical coupling is still not detected during the iterative scans in solution or at the surface of the ITO electrode, copolymers being obtained only with viologen or double viologen spacers. The UV-vis-NIR spectra of the copolymer deposited onto ITO electrode also confirm the absence of dimer (ZnT2P)2 trap in the film or oligomer (ZnT2P)n through radical coupling in the solid state respectively. The control of the solution after the electropolymerization has been checked by UVvis-NIR spectroscopy (Fig.2.4). Only the starting ZnT2P monomer could be detected in the solution, even after a large number of iterative scans, showing the absence of significant quantity of dimer obtained by radical coupling under these conditions. UV-vis-NIR spectroscopy also confirms the absence of demetallation of the starting ZnT2P porphyrin in solution even after deposition of a large number of films. It demonstrates that the Zn metal ion remains in the porphyrin ring during electropolymerization and that there is no (ZnT2P)2 dimer or oligomer (formed through radical coupling) in detectable amount.

Figure 2 . 4 .Figure 2 . 5 .

 2425 Figure 2.4. The UV-vis-NIR spectrum of ZnT2P porphyrin solution (black solid line), ZnT2P with 4,4'-bpy solution (red dotted line) and porphyrin with 4,4'-bpy solution after a large number of iterative scans (blue dash line).The general electropolymerization procedure used to deposit the porphyrin-based polymers onto ITO electrode surfaces is described below. This process depends on the polarization of the working electrode during the potential scan that is either at the first oxidation potential to produce ZnT2P + (iteration between -1.0 V and +1.0 V) (Fig.2.5) or at the second oxidation potential to produce ZnT2P 2+ (iteration between -1.0 V and +1.6 V) (Fig.2.S1). It involves a series of intermolecular cascade reactions leading to formation of physisorbed oligomers and copolymers (Scheme 2.1).

Figure 2 . 6

 26 AB shows a significant decrease of the resonance frequency and thus an increase of the deposited mass at the first oxidation of the porphyrin; i.e. electropolymerization occurs upon the formation of the radical cation porphyrin ZnT2P + in the presence of bpy + -(CH2)3-+ bpy•2PF6 -and 4,4'-bpy. The mass of the copolymer film increases with the number of potential cycle n (Fig.2.6 CD). Note that a change of slope can be observed for n > 10 which might be related to a transition in the "porous" 3D architecture of the copolymer film and the incorporation of supporting electrolyte as well as solvent molecules.After 25 iterative scans, 28.01 µg/cm 2 and 9.42 µg/cm 2 of poly-ZnT2isoP  in the presence of bpy + -(CH2)3-+ bpy•2PF6 -and 4,4'-bpy are deposited. The calculated surface coverage Γ in mole of repeat unit (ZnT2P-bpy 2+ -(CH2)3-2+ bpy•4PF6 -) and (ZnT2P-bpy 2+ •2PF6 -) for the polymer is 18.8×10-9 

Figure 2 . 6 .

 26 Figure 2.6. Consecutive cyclic voltammograms (first 25 scans) between -1.0 V and +1.0 V and electrochemical quartz crystal microbalance measurements (Δm) during the formation of A) poly-ZnT2isoP1  obtained by the electropolymerization of 0.25 mmol L -1 ZnT2P with 0.25 mmol L -1 bpy + -(CH2)3-+ bpy•2PF6 -and B) poly-ZnT2isoP2  obtained from ZnT2P with 0.25 mmol L -1 4,4'bpy in 1,2-C2H4Cl2-CH3CN (7/3) in the presence of 0.1 mol L -1 NBu4PF6. Working electrode: ITO (A = 0.2 cm 2 ) deposited on a 9.08 MHz AT-cut quartz crystal. v = 100 mV s -1 . Mass change (Δm) of the first 25 scans calculated from Sauerbrey's equation versus the number of scan n of poly-ZnT2isoP  with 0.25 mmol L -1 C) bpy + -(CH2)3-+ bpy•2PF6 -and D) 4,4'-bpy.

  . 2.9A). The visible bands (Q bands) are also red-shifted by 25 and 51 nm compared to ZnT2P and an additional band at 831 nm in the NIR region is also detected. A typical UV-visible-NIR spectrum of poly-ZnT2isoP2  obtained after electropolymerization between -1.0 and +1.0 V exhibited a broad split Soret absorption band at λ = 433 nm and λ = 486 nm. The bands were red-shifted by 18 and 71 nm respectively compared to the ZnT2P monomer (

Figure 2 . 7 .

 27 Figure 2.7. UV-visible-NIR absorption spectra of A) poly-ZnT2isoP1  and B) poly-ZnT2isoP2  onto ITO with different numbers of iterative scans between -1.0 and +1.0 V vs. SCE (v = 100 mV s - 1 ). Only one side is covered by ITO.

Figure 2 . 8 .Figure 2 . 9 .

 2829 Figure 2.8. Plot of the absorbance measured of A) poly-ZnT2isoP1  and B) poly-ZnT2isoP2  at λ = 433 nm versus n the numbers of iterative scans.These electropolymerized films have been found to be fully soluble in DMF. Analysis of poly-ZnT2isoP  in solution by UV-Vis-NIR absorption spectroscopy revealed comparable spectra than the ones recorded on the solid film (Fig.2.9).

2. 5 . 1 .

 51 Cyclic voltammetric investigations of the poly-isoporphyrin poly-ZnT2isoP  film.Electroactive polymers deposited by cyclic voltammetry (n iterative scans) on ITO surfaces have been characterized by electrochemical methods. The CV curves shown in Figure2.10 have been recorded with a copolymer grown on the electrode surface for various potential scans (n = 2,3, 5, 10, 15, 20 cycles) between -1.0 V and +1.0 V. The electrode was then removed from the electrochemical cell, washed with CH3CN and used as working electrode in a clean electrolytic solution containing only the solvent and the supporting electrolyte.

Figure 2 . 10 .Fig. 2 .

 2102 Figure 2.10. Left: cyclic voltammograms of poly-ZnT2isoP1  obtained with bpy + -(CH2)3-+ bpy•2PF6 -and ZnT2P after A) n = 2, 3, 5, 10, 15 and 20 scans and B) after 10 scans between -1.0 V and +1.0 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 , v = 100 mV s -1 . Irreversible peaks not labelled in anodic part correspond to the oxidation of the π-ring of the macrocycle. Right: proposed reaction mechanism. For more clarity, only intramolecular radical coupling is presented leading to the formation of one additional cycle connected to the porphyrin.

Figure 2 . 11 .

 211 Figure 2.11. Left: cyclic voltammograms of poly-ZnT2isoP1  obtained with bpy + -(CH2)3-+ bpy•2PF6 -and ZnT2P after n = 10 scans, using iterative scan between -1.0 V and +1.0 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M TBAPF6. WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: the direction of the potential scan is reversed (in comparison to the black curve) using new electrode. Right: proposed mechanism explaining the conversion of poly-ZnT2isoP1  to poly-ZnT2P1 during oxidation (blue curve). Peaks I and II correspond to the formation of the bis-radical cation viologen (couple V 2+ -(CH2)3-V 2+ /V +  -(CH2)3-V +  , peak I) and the second reduction of two bis-radical cation viologen units of the spacers yielding V 0 -(CH2)3-V 0 (couple V +  -(CH2)3-V +  / V 0 -(CH2)3-V 0 , peak II). V = py-py.

Figure 2 . 12 .

 212 Figure 2.12. Cyclic voltammograms of A) poly-ZnT2P1 obtained with ZnT2P and bpy + -(CH2)3-+ bpy•2PF6 -, B) poly-ZnT2P2 obtained with ZnT2P and 4,4'-bpy after n = 1, 2, 3, 5, 10, 15 and 20 scans, between -1.0 V and +1.6 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 . v = 100 mV s -1 .

Figure 2 . 16 .

 216 Figure 2.16. XPS spectra of the modified ITO electrodes poly-ZnT2isoP1  on ITO (achieved from ZnT2P and bpy + -(CH2)3-+ bpy 2PF6 -obtained after 25 iterative scans between -1.00 and 1.00 V versus SCE. XPS spectra (A), C 1s (B), N 1s (C), Zn 2p3 (D), P 2p3 (E), F 1s (F).

Figure 2 .Figure 2 . 17 .

 2217 Figure 2.17A shows the typical current-potential curves of poly-ZnT2isoP1  and poly-ZnT2P1 thin films on ITO electrodes obtained in 5 mM I2 / 0.5 M I -aqueous solution.

0 . 1 V

 01 on poly-ZnT2isoP1  compared to poly-ZnT2P1 suggesting that the I -oxidation kinetics is significantly faster on the poly-ZnT2isoP1  modified electrode. In contrast, the I3 -reduction current is slightly lower on poly-ZnT2isoP1  than on poly-ZnT2P1 showing that the poly-ZnT2P1 copolymer is a better catalyst for the I3 -reduction than poly-ZnT2isoP1  . The current-potential curves measured under visible light illumination and potentiodynamic conditions are also plotted in Figure 2.17A (full line) for the poly-ZnT2isoP1  and poly-ZnT2P1 copolymers respectively. The photocurrent response in the potentiostatic mode at 0 V under on-off light illumination cycles is shown in Figure 2.17BC. Under visible light, the open circuit potential increases of ca. 80 and 30 mV for the poly-ZnT2isoP1  and poly-ZnT2P1 copolymers respectively.

Figure 2 .

 2 17BC and in Figure2.19A. For both copolymers, the photocurrent goes through an optimum as a function of n, the best performances being obtained for n=10 or 15 electropolymerization cycles. It is confirmed that higher photocurrents are obtained with the isoporphyrin copolymer poly-ZnT2isoP1  than poly-ZnT2P1.Further insights into the photoelectrochemical behaviour of the copolymer films as a function of n could be gained by electrochemical impedance spectroscopy, which is widely used in the investigation of dye sensitized solar cell. The Nyquist and Bode plots of a typical impedance spectra measured for (poly-ZnT2isoP1  ) at 0 V in 5 mM I3 -/ 0.5 M I -aqueous solution are plotted in Figure2.18 for n=10. All the impedance spectra of the copolymer films (poly-ZnT2isoP  and poly-ZnT2P) obtained for various number of potential scans, n=1,2, 3, 5, 10, 15 and 20 are given in supplementary information (Figs. 2. S11-S14). For low n values (i.e. 1 or 2 scans), the Nyquist diagrams exhibit only one semi-circle, which can be modelled by the charge transfer resistance Rct of the I -/I3 -species at the ITO/solution interface in parallel with the interfacial capacitance Ci.

Figure 2 . 18 .Figure 2 . 19 .

 218219 Figure 2.18. Electrochemical impedance spectroscopy (EIS) Nyquist and Bode plots (phase vs. frequency (f) and│Z│vs. f) of poly-ZnT2isoP1  (n = 10). Measurements has been done in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.0 V vs. OCP. Bottom: equivalent circuit use for fit of experimental data.
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 2220 photocurrent generation than single viologen spacers (poly-ZnT2isoP2  ). Time / s 0 200 400 600 800 1000 1200
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 2 Figure 2.21. represents the energy diagram corresponding to the photoreduction of I3 -on the copolymer poly-ZnT2isoP1  . The explanation suits also for poly-ZnT2P1, poly-ZnT2isoP2  , and poly-ZnT2P2  .

Figure 2 . 21 .

 221 Figure 2.21. Schematic illustration of the energy level diagram for poly-ZnT2isoP1  showing electron transfer processes in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 (Py + = pyridinium, P = porphyrin).

42 , 46 Scheme 2 . 2 .Figure 2 . 22 .

 424622222 Scheme 2.2. Indirect method to quantify the singlet oxygen efficiency The whole experiment has been conducted under NIR light illumination by using one black filter to prove the effect of NIR absorption band. According to the literature, 42 the relative ɸΔ 1 O2 generation efficiency was detected by monitoring the reduced loss of absorbance of DPBF (at 415 nm in DMF)

Figure 2 . 23 .

 223 Figure 2.23. Time-dependent decrease of absorbance at 418 nm by oxidation of DPBF (20 µM) with porphyrin sensitizers (1.5 µM) in DMF against free base tetraphenylporphyrin (H2TPP). A0 is the absorbance density of mixture solution in the beginning.

Scheme 2 . 3 .

 23 Scheme 2.3. The preparation of poly-isoporphyrin copolymers with three different bipyridyl ligands.

Figure 2 . 24 .

 224 Figure 2.24. Cyclic voltammograms recorded during 25 iterative scans conducted between -1.0 V and +1.0 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol L -1 ) of ZnT2P (0.25 mmol L -1 ) in the presence of (A) py-C≡C-py (0.25 mmol L -1 ) (B) py-Ph-py (0.25 mmol L -1 ) and (C) py-Ph-Ph-py (0.25 mmol L -1 ). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: first scan (n=1). Red curve: final scan (n = 25).

Figure 2 . 25 .Figure 2 . 25 .

 225225 Figure 2.25. In the case of poly-porphyrin copolymers, one irreversible wave near -0.1 V (with a slow process) is observed for poly-ZnT2P3 (Fig.2.25A). The irreversible waves are also detected

Figure 2 . 26 .Figure 2 . 27 .

 226227 Figure 2.26. Cyclic voltammograms recorded of 5 cycles conducted between -1.0 V and +1.6 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol.L -1 ) of ZnT2P (0.25 mmol L -1 ) in the presence of py-C≡C-py (0.25 mmol L -1 , black line), py-Ph-py (0.25 mmol L -1 , red line) and py-Ph-Ph-py (0.25 mmol L -1 , blue line). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 .

Figure 2 . 28 .

 228 Photocurrent / 

1 , 2

 12 In this chapter, we propose to vary the nature of the dipyridyl ligand use for the electropolymerization in order to favor the formation of face)phenyl)ethynyl)pyridine. The idea is to be able in the second turn to encapsulate polyoxometalate between the porphyrin subunits via electrostatic as well as coordination interactions (if using Sn, Mo, Zr or Hf porphyrin). Indeed, coordination complexes can be tethered to POMs by grafting metalloporphyrin (M = Mo, Sn) onto the organometallic framework through a bridging µ-oxo ligand: the subclass of "decorated" POMs as already described by Kojima, Fukuzumi et al.[3][4][5] 

Scheme 3 . 1 .Scheme 3 . 2 .

 3132 Scheme 3.1. Inclusion of Anderson, Linqvist or Dawson type POM into the cyclic cofacial porphyrin copolymers.Let's remember that an easy strategy to obtain polyporphyrins is based on the oxidation or reduction of electropolymerizable substituents attached to the porphyrin ring. The porphyrins could

0 .

 0 25 mmol L -1 and the concentration of bipyridyl was changed. The cyclic voltammetry behaviour is shown in Figure3.1. The films formed on ITO are shown in Figure3.S1. With the increase of amount of bipyridyl, the films shows higher quantity deposited. From the CV voltammograms, the reduction peak I (or I') corresponding to the reduction of the pyridium groups becomes obvious and keep increasing with ratio 1:3 between porphyrin and bipyridyl ligand. Moreover, from the optical spectrum Figure3.S2, by changing the ratio porphyrin:ligand, namely 1:3, 1:1 or 3:1, the better domain, we detect at least 3 peaks of oxidation corresponding to the first and second oxidation of the porphyrin as well as the oxidation of the isoporphyrin.The optical spectrum of the deposited copolymer shows higher absorption intensity and better shapes of the bands associated to the porphyrin as compared to the copolymers obtained using lower concentration of ZnT2P (i.e. 0.25 mmol L -1 ). Additional, the optical spectra of copolymer poly-ZnT2P6 obtained using the ratio 3:1 ([ZnT2P] = 0.75 mmol L -1 ; [py-C≡C-Ph-C≡C-py] = 0.25 mmol L -1 ) and 1:1 ([ZnT2P] = 0.75 mmol L -1 ; [py-C≡C-Ph-C≡C-py] = 0.75 mmol L -1 ) are also shown in Figure3.S3. But lower intensity of the Soret band and Q bands was detected In resume, for ZnT2P with higher concentration, i.e. 0.75 mmol L -1 in the presence of py-C≡C-Ph-C≡C-py (2.25 mmol L -1 corresponding to the ratio 1:3 more quantity of copolymer was deposited on ITO electrode. Consequently, the ratio 1:3 with the corresponding concentration 0.75 mmol L -1

Figure 3 . 2 .

 32 Figure 3.2. A) Cyclic voltammograms recorded during 25 iterative scans conducted between -1.1 V and +1.6 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol.L -1 ) of ZnT2P (0.75 mmol.L -1 ) in the presence of py-C≡C-Ph-C≡C-py (2.25 mmol L -1 ) corresponding to the ration 1:3. Blue curve: first scan (n=1). Red curve: final scan (n = 25). B) UV-vis-NIR spectrum of porphyrin copolymers films, poly-ZnT2P6, obtained with different scan numbers between -1.1 V and +1.6 V. Inset: plot of the absorbance measured at  = 435 nm versus n the numbers of iterative scans.

Figure 3 . 4 . 2 . 3 . 2 . 3 . 1 .

 3423231 Figure 3.4. Successive cyclic voltammograms (25 scans) between A) -1.1 V and +1.6 V and B) -1.1 and +0.9 V electrochemical quartz crystal microbalance measurements (Δm) during the electropolymerization of 0.75 mmol L -1 ZnT2P with 2.25 mmol L -1 py-C≡C-Ph-C≡C-py (ratio 1:3) in 1,2-C2H4Cl2-CH3CN (7/3) in the presence of 0.1 mol L -1 NBu4PF6. Working electrode: ITO (A = 0.2 cm 2 ) deposited on a 9.08 MHz AT-cut quartz crystal. v = 100 mVs -1 . Mass change (Δm) of the first 25 scans calculated from Sauerbrey's equation versus the number of scan n of C) poly-ZnT2P6  D) poly-ZnT2isoP6  .

Figure 3 . 5 .

 35 Figure 3.5. A) Cyclic voltammograms of poly-ZnT2P6 obtained with py-C≡C-Ph-C≡C-py and ZnT2P after A) n = 1, 2, 3, 5, 10, 15, 20 and 25 scans and B) after 10 scans between -1.1 V and +1.6 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 , v = 100 mV s -1 . Irreversible or quasi-reversible peaks not labelled in anodic part correspond to the oxidation of the π-ring of the macrocycle.

Figure 3 . 6 .

 36 Figure 3.6. CVs of poly-ZnT2P6 films deposited from 1 to 25 scans between -1.1 V and +1.6 V at modified ITO electrode in A) 1 mmol L -1 ferrocene with CH3CN/1,2-C2H4Cl2 (3/7) and B) 1 mmol L -1 potassium ferricyanide with 0.5 mol L -1 Na2SO4 aqueous solution.

Figure 3 .Figure 3 .

 33 Figure 3.8A shows the typical current-potential curves of poly-ZnT2P6 thin films on ITO electrodes obtained in 5 mM I2 / 0.5 M I -aqueous solution under visible light illumination (full line). The photocurrent response in the potentiostatic mode at 0 V under on-off light illumination cycles is shown in Figure 3.8B. The equilibrium potential of I3 -/I -redox couple in solution is taken as reference potential at 0 V in the cyclic voltammograms. First, we can analyse the curves obtained

Figure 3 . 8 .

 38 Figure 3.8. A) Current-potential curves of poly-ZnT2P6 (obtained with n = 3 iterative scans between -1.1 V and +1.6 V) thin films on ITO electrodes obtained in 0.5 M I -/ 5 mM I2 aqueous solution in the dark or under visible illumination. B) Photoelectrochemical response of poly-ZnT2P6 films obtained with n = 1, 2, 3, 5, 10, 15, 20 or 25 iterative scans. Measurements has been done under on-off light illumination from a 300 W Xe arc lamp (with λ > 385 nm long pass filter) in I3 -5 mmol L -1 and I -0.5 mol L -1 aqueous solution. BIAS potential: 0.00 V vs. OCP.

Figure 3 . 9 .

 39 Figure 3.9. A) Photovoltage response of poly-ZnT2P6 films obtained with n = 1, 2, 3, 5, 10, 15, 20 or 25 iterative scans. Measurements has been done under on-off light illumination from a 300 W Xe arc lamp (with λ > 385 nm long pass filter) in I3 -5 mmol L -1 and I -0.5 mol L -1 aqueous solution. BIAS current: 0.00 A. B) Photoelectrochemical response of poly-ZnT2P6 (photocurrent black line) and (photovoltage red line) obtained with py-C≡C-Ph-C≡C-py and ZnT2P obtained with n = 1, 2, 3, 5, 10, 15, 20 and 25 iterative scans.

Figure 3 . 10 .

 310 Figure 3.10. A) Current-potential curves of poly-ZnT2isoP6   (obtained with n = 3 iterative scans between -1.1 V and +1.0 V) thin films on ITO electrodes obtained in 0.5 M I -/ 5 mM I2 aqueous solution in the dark or under visible illumination. B) Photoelectrochemical response of poly-ZnT2isoP6  films obtained with n = 1, 2, 3, 5, 10, 15, 20 or 25 iterative scans. Measurements has been done under on-off light illumination from a 300 W Xe arc lamp (with λ > 385 nm long pass filter) in I3 -5 mmol L -1 and I -0.5 mol L -1 aqueous solution. BIAS potential: 0.00 V vs. OCP. 

Figure 3 . 12 .

 312 Figure 3.12. Plot of the Log(R) versus n (number of iterative scan, v = 100 mV s -1 , between -1.1 V and +1.0 V for poly-ZnT2isoP6  A) and between -1.1 V and +1.6 V for poly-ZnT2P6 B) under one off light illumination and under one on light illumination.

Figure 3 .

 3 Figure 3.13 and Figure 3.S6 represent the energy diagram corresponding to the photoreduction of I3 - on the copolymer poly-ZnT2isoP6  and poly-ZnT2P6 respectively.

Figure 3 . 13 .

 313 Figure 3.13. Schematic illustration of the energy level diagram for poly-ZnT2isoP6  showing electron transfer processes measured in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 (Py + = pyridinium, Porp = porphyrin).

) 2 [Figure 4 .

 24 Figure 4.1B respectively. One reversible oxidation appeared near 1.32 V. The Ipa/Ipc is close to 1

Figure 4 .Figure 4 . 1 .Figure 4 . 2 .

 44142 Figure 4.2A, one additional irreversible peak II is observed at 1.96 V. It may be due to the decomposition of the cluster core due to the fully oxidation of the Mo II atoms. 13-15 Moreover, one irreversible peak (peak III) is also observed at -1.57 V and corresponds to the irreversible reduction of {Mo6I8} 4+ /{Mo6I8} 3+ (Fig. 4.2B).

Figure 4 . 3 .

 43 Figure 4.3. The UV-vis spectra of PIM(py)6 with different concentration in 7/3 dichloroethane/ acetonitrile.

4 .

 4 4A, in the anodic part, the intensity of the oxidation peak corresponding to the first oxidation of the porphyrin ZnT2P as well as the reversible oxidation of PIM(py)6 continuously increases during the electropolymerization proving the formation of a new copolymer poly-ZnT2isoP  /PIM(py)6 in this potential range. The first reverse sweep toward negative potentials reveals only one quasireversible pyridinium-centered reduction near -1.0 V (peak I, Fig. 4.4A). This peak corresponds to the reduction of the pyridinium connected in the usual way to the isoporphyrin (py + -Csp2). Starting with the second scan, in the cathodic potential range, additional peak is observable and detected at ca. -0.7 V vs. SCE (peak a) as shown in Figure 4.4A. It has been attributed to reduction of the second pyrydinium unit connected to the isoporphyrin, on the meso carbon which still bear pyridinium and hydrogen (py + (H)-Csp3).

At n = 5 ,

 5 we are in the first part of the plot of the mass change (Δm) calculated from Sauerbrey's equation versus the number of scan n where only the copolymer is deposited (Fig. 4.5B). In this part of the curve, the calculation shows clearly the deposition of the 3D poly-ZnT2isoP  /PIM(py)6 copolymer.

Figure 4 . 5 .

 45 Figure 4.5. A) Consecutive cyclic voltammograms (first 25 scans) between -1.1 and 0.9 V and electrochemical quartz crystal microbalance measurements (Δm) for the first 25 scans during the formation of poly-ZnT2isoP  /PIM(py)6 obtained by the electropolymerization of 0.25 mmol L -1 ZnT2P with 0.25 mmol L -1 PIM(py)6 (0.25 mmol L -1 ) in 1,2-C2H4Cl2-CH3CN (7/3) in the presence of 0.1 mol L -1 NBu4PF6. Working electrode: ITO (A = 0.2 cm 2 ) deposited on a 9.08 MHz AT-cut quartz crystal. v = 100 mVs -1 . B) Mass change (Δm) of the first 25 scans calculated from Sauerbrey's equation versus the number of scan n.

4. 7 )

 7 . The superposition of the UV-visible-NIR absorption spectra of ZnT2P in solution and of the copolymer poly-ZnT2isoP  /PIM(py)6 deposited on ITO are shown for comparison in Figure 4.7. It reveals that the Soret band, attributed to the main porphyrin-based π-π* electronic transition, is much broader, is split and more red-shifted for poly-ZnT2isoP  /PIM(py)6 onto ITO electrode than for ZnT2P (Table4.1).

Figure 4 . 6 .

 46 Figure 4.6. A) UV-visible-NIR absorption spectra of poly-ZnT2isoP  /PIM(py)6 onto ITO with different numbers of iterative scans between -1.1 and +0.9 V vs. SCE (v = 100 mV s -1 ). Only one side of the slide is covered by ITO. B) Plot of the absorbance measured at λ = 433 nm versus n the numbers of iterative scans.

Figure 4 . 7 .

 47 Figure 4.7. Normalized UV-Vis-NIR spectra of the ITO electrode modified with poly-ZnT2isoP  /PIM(py)6, obtained with 10 iterative scans between -1.1 and +0.9 V versus SCE at v = 100 mV s -1 (blue line), and poly-ZnT2isoP  /PIM(py)6 (red line) and ZnT2P (dark dotted line) in DMF solution.

Figure 4 . 8 .

 48 Figure 4.8. Left: cyclic voltammograms of poly-ZnT2isoP  /PIM(py)6 obtained with PIM(py)6 and ZnT2P after A) n = 1, 2, 3, 5, 10, 15 and 20 scans and B) after 10 scans between -1.1 V and +0.9 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 , v = 100 mV s -1 .

Figure 4 . 10 .

 410 Figure 4.10. Left: tapping mode AFM topography of poly-ZnT2isoP  /PIM(py)6 (deposition between -1.1 V and +0.9 V vs. SCE on ITO, n = 1). Right: section analysis of the aggregate marked by a white line.

  4.11). The analysis of the survey spectra of poly-ZnT2isoP  /PIM(py)6 confirms the presence of the isoporphyrin radical subunits (Zn 2p3 at 1022.3 eV, N 1s, and C 1s peaks), and the presence of the PIM cluster subunits (Mo 3d and I 3d). 16,17 Furthermore, the signals for F 1s (686.6 eV) is also detected and corresponds to the incorporated counterion PF6 -to equilibrate the pyridiniums charges. The C1s peaks are composed of three signals at 289.4 eV corresponding to the -C(O)OHin the PIM(py + )6, 286.3 eV and 285.4 eV attributed to homo and hetero (connected to nitrogen) carbon atoms respectively. The N1s peaks reveal the presence of two chemically different nitrogens. The contributions at 401.3 eV and 398.5 eV are attributed to the iminic nitrogen and to the reduced pyridinium respectively. Finally, the peak localizated at 394.3 eV might result from the Molybdenum 3p 2/3 orbital.

Figure. 4 . 11 .

 411 Figure. 4.11. XPS spectra of the modified ITO electrodes with poly-ZnT2isoP  /PIM(py)6 obtained after 25 iterative scans between -1.1 V and 0.9 V versus SCE. XPS spectra (A), C 1s (B), N 1s (C), I 3d (D), F 1s (E), Mo 3d (F) Zn 2p3 (G).

Figure 4 .

 4 12A).The current-potential curves measured under UV-visible and NIR light illumination (λ> 385 nm using a long pass filter) and potentiodynamic conditions are also plotted in Figure4.12A (red full line) for the poly-ZnT2isoP  /PIM(py)6 copolymers. The photocurrent response in the potentiostatic mode at 0 V under on-off light illumination cycles is shown in Figure4.12BC. Under visible and NIR lights, the photocurrent at 0 V of the poly-ZnT2isoP  /PIM(py)6 copolymer thin film reaches ca. -120 µA cm -2 (measured from the potentiostatic experiment) or -150 µA cm -2 (measured from the cyclic voltammograms). To prove the contribution of NIR band for the photocurrent generation, one filter which could absorb the UV and visible light has been then used. As shown in Figure4.13A, under only NIR light irradiation, the photocurrent of poly-ZnT2isoP  /PIM(py)6 films can reach -7.7 µA cm -2 . Compared with the visible and NIR light irradiation, the NIR band makes a contribution about 12% of the total photocurrent value. We must notice that the global photocurrent measured in Figure4.13A with visible and NIR illumination is lower than the photocurrent obtained in Figure4.12A. It is just because the film in Figure4.13A is obtained with 10 iterative scans between -1.1 V and +0.9 V and not 3 iterative scan (Fig.4.12A). The photocurrent is then near -60.0 µA cm -2 for n = 10 cycles.

Figure 4 . 13 .

 413 Photocurrent / 

Figure 4 . 14 .

 414 Figure 4.14. A) Nyquist curves of poly-ZnT2isoP  /PIM(py)6 (obtained with iterative scans between -1.1 V and +0.9 V thin films on ITO electrodes obtained in 0.5 M I -/ 5 mM I2 aqueous solution under light irradiation. B) Plot of the Log(R) versus n (number of iterative scan, v = 100 mV s -1 , between -1.1 V and +0.9 V for poly-ZnT2isoP  /PIM(py)6.

Figure 4 . 15 .

 415 Figure 4.15. Nyquist and Bode curves of poly-ZnT2isoP  /PIM(py)6 (obtained at 10 scans between -1.1 V and +0.9 V) thin films on ITO electrodes obtained in 0.5 M I -/ 5 mM I2 aqueous solution without light. Bottom: equivalent circuit use for fit of experimental data.

Figure 4 .

 4 Figure 4.16 represents the energy diagram corresponding to the photoreduction of I3 -on the copolymer poly-ZnT2isoP  /PIM(py)6. In the former research of our group, 2,3 the inclusion of

  subtracting the excitation energy of the Soret or Q bands from the HOMO level energies. The energy level corresponding to the band in the NIR region has also been indicated in the energy diagram. The energy level of the PIM(py)6/PIM(py)6 -at -3.78 eV can be calculated from the potential of reduction of PIM(py)6 (-4.50 -(-0.72) = -3.78 eV).

Figure 4 .

 4 Figure4.16 (blue arrows). In such a case, the reduced PIM(py)6 -can in turn gives one electron to the pyridium subunit to form the radical pyridyle Py  . Finally, the Py  can exchange electron with I3 -giving I -which is reoxidized at the counter electrode.

Figure 4 . 16 .

 416 Figure 4.16. Schematic illustration of the energy level diagram for poly-ZnT2isoP  /PIM(py)6 showing electron transfer processes in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 (Py + = pyridinium, Porp = porphyrin) under light irradiation.

Scheme 5 . 1 .Figure 5 . 1 .

 5151 Scheme 5.1. The electropolymerization mechanism proposed to form the poly-isoporphyrin with ZnT2P and 1,2-bis(diphenylphosphino)benzene.

  )ethene) and poly-ZnT2isoP8  prepared from ZnT2P and 1,2bis(diphenylphosphino)benzene) has been monitored in-situ by EQCM (Fig.5.2). According to the Sauerbrey's equation, the decrease of resonance frequency in Figure5.3 corresponds to the increase of deposited mass. Electropolymerization occurs in the presence of diphosphane ligand and ZnT2P via the oxidation. The mass of the copolymer film increased with the increase of number of potential cycle n (Fig.5.3). After 25 iterative scans, 7.81 µg/cm 2 of poly-ZnT2isoP7 and 11.46 µg/cm 2 of poly-ZnT2isoP8  are deposited. The repeat unit are (isoZnT2P-+ PPh2-C=C-PPh2 + •2PF6 -)

Figure 5 . 2 .Figure 5 . 3 .

 5253 Figure 5.2. Electrochemical quartz crystal microbalance measurements (Δm) and consecutive cyclic voltammograms (first 25 scans) between (A) -1.0 and 1.0 V of poly-ZnT2isoP7  (B) -1.0 and 1.0 V of poly-ZnT2isoP8  obtained by the electropolymerization of 0.25 mmol L -1 ZnT2P with 0.25 mmol L -1 1,2-bis(diphenylphosphino)ethene and 1,2-bis(diphenylphosphino)benzene ligand respectively in 1,2-C2H4Cl2-CH3CN (7/3) in the presence of 0.1 mol L -1 NBu4PF6. Working electrode: ITO (A = 0.2 cm 2 ) deposited on a 9.08 MHz AT-cut quartz crystal. v = 100 mV s -1 .

Figure 5 .Figure 5 . 4 .

 554 Figure 5.4 showed UV-visible-NIR spectra on ITO electrodes coated with the poly-isoporphyrin measured at various thickness. The optical spectra of the diphosphane ligand, namely 1,2bis(diphenylphosphino)ethene and 1,2-bis(diphenylphosphino)benzene are also showed in Figure 5.S2. The absorption intensity increases with the iterative scan number showing similar trend with EQCM results (Fig. 5.4C).

Figure 5 . 5 .

 55 Figure 5.5. cyclic voltammograms of (A) poly-ZnT2isoP7  between -1.0 V and +1.0 V obtained from 1,2-bis(diphenylphosphino)ethene) and (B) poly-ZnT2isoP8  between -1.1 V and +1.0 V obtained from 1,2-bis(diphenylphosphino)benzene respectively after n = 1, 3, 5, 10, 15 and 20 scans in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 , v = 100 mV s -1 . Irreversible peaks not labelled in anodic part correspond to the oxidation of the π-ring of the macrocycle.

Figure 5 . 6 .

 56 Figure 5.6. The analysis of the survey spectra confirms the presence of the isoporphyrin and diphosphonium subunits. (Zn 2p3 at 1022.0 eV, N 1s, and C 1s peaks), while the signals for F 1s (686.7 eV) and for P 2p (136.8 eV) electrons stem from the incorporated counterion PF6 -to equilibrate the phosphonium charges. Note that only one signal is detected for the P 2p signal localized at 136.8 eV. This signal is coming from the counterions PF6 -counteranions. Additional measurements are under work in order to detect the signal of the phosphorus atoms of the diphosphonium spacers. The C1s peaks are composed of two signals, 286.5 eV and 285.0 eV attributed to homo and hetero (connected to nitrogen) carbon atoms respectively. The N1s peaks reveal the presence of three

Figure 5 . 6 .Figure 5 . 8 .

 5658 Figure 5.6. XPS spectra of the modified ITO electrodes with poly-ZnT2isoP8  obtained with 1,2-1,2-bis(diphenylphosphino)benzene after 25 iterative scans between -1.1 V and 1.0 V versus SCE. XPS full spectra (A), C 1s (B), N 1s (C), Zn 2p (D), P 2p (E), F 1s (F) O 1s (G).

  spectroscopy (EIS), which is widely used in the investigation of dye sensitized solar cell. The Nyquist plots of a typical impedance spectra measured for poly-ZnT2isoP7  and poly-ZnT2isoP8  )benzene respectively at 0 V in 5 mM I3 -/ 0.5 M I -aqueous solution, versus various iterative scan numbers (n=1,2, 3, 5, 10, 15, 20 and 25) used for the electropolymerization, are plotted in Figure 5.9 showing semi-circles typical for a parallel combination of a charge transfer resistance with a capacitance. The diameter of the semi-circle of the Nyquist plot on X axis corresponds to the charge transfer resistance Rct. When n increases above 10, a second semi-circle appears at high frequency and is attributed to the charge transfer processes within the copolymer film with charge transfer resistance in the film Rct_film in parallel with Cct_film the capacitance of the film. The values Rct and Rct_film with light on and off are plotted in Figure 5.10. Compared with Figure 5.8, the photocurrent response depends on the number of deposition scans.

Figure 5 . 9 .Figure 5 . 10 .

 59510 Figure 5.9. ESI Nyquist of A) poly-ZnT2isoP7  and B) poly-ZnT2isoP8  obtained from 1,2bis(diphenylphosphino)ethene) and 1,2-bis(diphenylphosphino)benzene respectively. Measurements has been done in the dark and in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP. Insert figures are the zoom of second semi-cycle of Niquist plot obtained at n = 15-25 scans.

Figure 5 . 11 .

 511 Figure 5.11. Schematic illustration of the energy level diagram for poly-ZnT2isoP7  showing electron transfer processes in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 (-(Ph)2P + = di(phenylphosphonium), Porp = porphyrin).

Figure 5 . 12 .

 512 Figure 5.12. Cyclic voltammograms recorded during 25 iterative scans conducted between -1.1 V and +1.0 V/SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution of ZnT2P (0.25 mmol L -1 ) in the presence of A) 1,2-bis(diphenylphosphino)ethyne (0.25 mmol L -1 ) and B) 1,3bis(diphenylphosphino)propane (0.25 mmol L -1 ). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: first scan (n=1). Red curve: final scan (n = 25).

Figure 5 . 13 .

 513 Figure 5.13. A) UV-visible-NIR absorption spectra of poly-isoporphyrin formed with ZnT2P in the presence of 1,3-bis(diphenylphosphino)propane onto ITO with different numbers of iterative scans between -1.0 and +1.0 V vs. SCE (v = 100 mV s -1 ). Only one side is covered by ITO. B) Plot of the absorbance measured at λ = 433 nm versus n the numbers of iterative scans.

  d'isoporphyrines préparés avec différents types de ligand. Les ligands peuvent être subdivisés en deux groupes : les ligands de type dipyridyle et les ligands de type diphénylphosphine. Après une description de la chimie et des propriétés physico-chimiques des porphyrines, des isoporphyrines et des polyoxométallate et la description de l'état de l'art des hybride poprhyrinpolyoxométallate, le chapitre II a porté sur l'électrosynthèse de nouveaucopolymères d'isoporphyrine radicalaire stables avec des espaceurs dipyridiums. Ceux-ci peuvent être obtenu à un potentiel appliqué de+1,0 V en présence de la 5,15-ditolylporphyrine de zinc ZnT2P et d'un ligand dipyridiles. Les analogues polypoprhyrins sont obtenus en poussant le potentiel vers +1,6 V. Les ligands 1,1"-(1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate (bpy + -(CH2)3-+ bpy • 2PF6 -) et 4,4'-bipyridyl ont été utilisés. Des copolymères radicalaires d'isoporphyrine ont été caractérisés par spectroscopie RPE confirmant la présence des centres radicaux isoporphyrines. En spectroscopie d'absorption UV-visible-NIR, le copolymère d'isoporphyrine radicalaire a également montré deux bandes d'absorptions additionnelles par rapport au copolymère à base de porphyrines : une nouvelle bande d'absorption dans le domaine visible (dédoublement de la bande Soret) et une nouvelle bande d'absorption dans la région du proche infrarouge. L'absorption de la lumière plus importante (absorbance dans le domaine du visible plus élevée et absorption dans le NIR) des copolymères d'isoporphyrine radicalaires permet de générer un photocourant plus efficace que pour les copolymères de porphyrine parents obtenus en poussant le potentiel d'oxydation à 1,6 V vs. ECS.L'excitation au niveau de cette nouvelle bande NIR dans le cas du copolymère d'isoporphyrine radicalaire conduit, en milieux aérés (présence de 3 O2), à la formation de l'état singulet du dioxygène 1 O2 qui est la première étape pour l'utilisation de tels matériaux pour le traitement de cancer par photothérapie. Dans ce chapitre, trois autres types de ligands dipyridyle ont également été utilisés et les copolymères d'isoporphyrine radicalaires correspondants ont tous été préparés avec succès.

Figure 2 .

 2 Figure 2.S1. Cyclic voltammograms recorded during 25 iterative scans conducted between -1.0 V and +1.6 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBu4PF6 (0.1 mol L -1 ) of ZnT2P (0.25 mmol L -1 ) in the presence of A) bpy + -(CH2)3-+ bpy•2PF6 -(0.25 mmol L -1 ) and B) 4,4'-bpy (0.25 mmol L -1 ). WE: ITO. S = 1 cm 2 . v = 100 mV s -1 . Blue curve: first scan (n=1). Red curve: final scan (n = 25).

Figure 2 .

 2 Figure 2.S2. Consecutive cyclic voltammograms (first 25 scans) between -1.0 V and +1.6 V and electrochemical quartz crystal microbalance measurements (Δm) during the formation of A) poly-ZnT2P1  obtained by the electropolymerization of 0.25 mmol L -1 ZnT2P with 0.25 mmol L -1 bpy + -(CH2)3-+ bpy•2PF6 -and B) poly-ZnT2P2  obtainedof ZnT2P with 0.25 mmol L -1 4,4'-bpy in 1,2-C2H4Cl2-CH3CN (7/3) in the presence of 0.1 mol L -1 NBu4PF6. Working electrode: ITO (A = 0.2 cm 2 ) deposited on a 9.08 MHz AT-cut quartz crystal. v = 100 mV s -1 . Mass change (Δm) of the first 25 scans calculated from Sauerbrey's equation versus the number of scan n of poly-ZnT2P  with 0.25 mmol L -1 C) bpy + -(CH2)3-+ bpy•2PF6 -and D) 4,4'-bpy.

Figure 2 .

 2 Figure 2.S5. Cyclic voltammograms of poly-ZnT2P2  obtained with 4,4'-bpy and ZnT2P after A) n =1, 2, 3, 5, 10, 15 and 20 scans and B) after 10 scans between -1.0 V and +1.0 V in CH3CN/1,2-C2H4Cl2 (3/7) with 0.1 M NBu4PF6. WE: ITO. S = 1 cm 2 , v = 100 mV s -1 .

Figure 2 .

 2 Figure 2.S6. Left: Tapping mode AFM topography of poly-ZnT2P1 (deposition between -1.0 V and +1.6 V vs. SCE on ITO, n = 20). Right: section analysis of the aggregate marked by a blue and green lines.

Figure 2 .

 2 Figure 2.S8. XPS spectra of the modified ITO electrodes poly-ZnT2isoP2  on ITO (achieved from ZnT2P and 4,4'-bpy obtained after 25 iterative scans between -1.0 and 1.0 V versus SCE. XPS spectra (A), C 1s (B), N 1s (C), F 1s (D), P 2p (E), O 1s (F).

Figure 2 .

 2 Figure 2.S10. A) Current-potential curves of poly-ZnT2isoP2  (obtained with n = 10 iterative scans between -1.0 V and +1.0 V) and poly-ZnT2P2 (obtained with n = 10 iterative scans between -1.0 V and +1.6 V) thin films on ITO electrodes obtained in 0.5 M I -/ 5 mM I2 aqueous solution in the dark or under visible illumination. B) and C) Photoelectrochemical response of poly-ZnT2isoP2  and poly-ZnT2P2 films obtained with n = 1, 2, 3, 5, 10, 15, 20 or 25 iterative scans. Measurements has been done under on-off light illumination from a 300 W Xe arc lamp (with λ > 385 nm long pass filter) in I3 -5 mmol L -1 and I -0.5 mol L -1 aqueous solution. BIAS potential: 0.00 V vs. OCP.

Figure 2 .

 2 Figure 2.S11. A) ESI Nyquist and B) Bode plots (phase vs. frequency (f)) of poly-ZnT2isoP1  . Measurements has been done in the dark and in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP.

Fig

  Fig. S20. A) ESI Nyquist and B) Bode plots (phase vs. frequency (f)) of poly-ZnT2P (n = 10).Measurements has been done in the dark and in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP.

Figure 2 .

 2 Figure 2.S12. A) ESI Nyquist and B) Bode plots (phase vs. frequency (f)) of poly-ZnT2P1 . Measurements has been done in the dark and in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP.

Figure 2 .Figure 2 .Figure 2 .Figure 2 .Figure 3 .Figure 3 .

 222233 Figure 2.S13. A) ESI Nyquist and B) Bode plots (phase vs. frequency (f)) of poly-ZnT2isoP2  Measurements has been done in the dark and in H2O containing I3 -5 mmol L -1 and I -0.5 mol L -1 . BIAS potential: 0.00 V vs. OCP.

Figure 3 .Figure 5 .Figure 5 .

 355 Figure 3.S5. Photoelectrochemical response of poly-ZnT2P6 films obtained from -1.1 V and 1.6 V(scan rate = 100 mV/s) under on-off light illumination from a 300 W Xe arc lamp (with λ > 385 nm long pass filter) in A) I3 -0.25 mmol L -1 and I -0.5 mol L -1 aqueous solution and B) I3 -10 mmol L -1 and I -0.5 mol L -1 aqueous solution. BIAS potential: 0.00 V vs. OCP.
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46, 15 Scheme

  

1.3. Synthesis of stable isoporphyrin via b-biliene.

203, 204 Figure 1.22. ECEC mechanism of pyridine nucleophilic attack to a meso-position of ring oxidized ZnOEP.

  

Table 1 and

 1 Fig. 2.9B). The visible bands (Q bands), observed at 573 and 650 nm, are also red-shifted by 27 and 66 nm compared to ZnT2P and an additional band at 832 nm in the NIR region is also detected (Fig.2.7).
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Table 2 . 1 .

 21 UV-visible spectral data for ZnT2P, bpy + -(CH2)3-bpy + 2PF6 -and 4,4'-bpy in CH3Cl2, poly-ZnT2isoP1  and poly-ZnT2isoP2  on optical transparent ITO electrodes. Under bracket: molar extinction coefficient (ε /10 3 L.M.cm -1 ).

	Compound	Soret band/nm	Q bands/nm	π-π * Band/nm
	ZnT2P a	415 (405.4)	546 (18.9),	
			584 (4.9)	
	bpy + -(CH2)3-bpy + 2PF6 -a			266 (40.8)
	4,4'-bpy a			238 (12.3)
	poly-ZnT2isoP1 b	432, 473 (shoulder)	571, 635, 831	
	poly-ZnT2isoP1 c	415, f 423 (shoulder)	573, 631, 824	
		463 (shoulder)		
	poly-ZnT2P1 d	429	573, 614, 811	
	poly-ZnT2P1 e	415, f 429	573, 614, 811	
	poly-ZnT2isoP2 b	434, 486 (shoulder)	573, 650, 832	
	poly-ZnT2isoP2 c	425, 464 (shoulder)	573, 644, 822	
	poly-ZnT2P2 d	429	559, 621, 911	
	poly-ZnT2P2 e	419	552, 608, 831	

a In CH3Cl.

Table 2 .

 2 SCE were obtained from cyclic voltammetry in 1,2-C2H4Cl2 with 0.1 mol L - 1 TBAPF6. Scan rate = 100 mV s -1 . Working electrode: ITO, S=1 cm 2 .

	2. Electrochemical data for ZnOEP, ZnT2P, bpy + -(CH2)3-+ bpy 2PF6 -, poly-ZnT2P1,
	poly-ZnT2isoP1 Compounds	Ring oxidation peak b	Reduction of spacer peak I or I' peak a peak II or II'	Ring reduction
						(or peak c)	
	ZnOEP a	1.08	0.71					-1.66
		(130)	(128)				
	ZnT2P b	1.08	0.79					-1.41	-1.84
		(150)	(90)					(160)	(170)
	bpy + -(CH2)3-					-0.68 irr	
	+ bpy•2PF6 -						
	poly-ZnT2isoP1 	+1.45 irr	+0.89 irr	+0.55 irr	-0.18	-0.62 irr	-0.70
					(140)		(70)
	poly-ZnT2P1	+1.35 irr	+1.09		-0.13	(+0.08 irr )	-0.63
			(130)		(170)		(120)
	poly-ZnT2isoP2 	1.28 irr	+0.97 irr	+0.48 irr		-0.44 irr	-0.60
							(124)
	poly-ZnT2P2	1.45 irr			-0.09	(+0.12 irr )	-0.61
					(174)		(200)
			obtained from cyclic voltammetry in CH3CN/1,2-C2H4Cl2 (3/7) with
	0.1 mol L -1 TBAPF6. Scan rate = 100 mV s -1 .			

 , poly-ZnT2P2, poly-ZnT2isoP2  . a Potentials in V vs. b Potentials in V vs. SCE were

Table 2 .3 Singlet oxygen quantum yield (ɸΔ) in DMF with respect to tetraphenylporphyrin (H2TPP).

 2 
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 24 UV-visible spectral data of py-

Ph-py, py-Ph-Ph-py and py-C≡C-py in

  7/3 EtCl2/CH3CN, and of poly-ZnT2isoP3  , poly-ZnT2isoP4  and poly-ZnT2isoP5  deposited on optical transparent ITO electrodes. Under bracket: molar extinction coefficient (ε /10 3 L.M.cm-1 ) 

	Compound	Soret band/nm	Q bands/nm	π-π * Band/nm
	py-C≡C-py			212 (9.7) 275 (17.2)
				291(12.7)
	py-Ph-py			213 (15.8) 302 (18.7)
	py-Ph-Ph-py			212 (39.0) 280 (52.4)
	poly-ZnT2isoP3 a	433, 484 (shoulder) 569, 640, 793	
	poly-ZnT2isoP4 b	433, 486 (shoulder) 578, 656, 816	
	poly-ZnT2isoP5 c	435, 489 (shoulder) 565, 640, 816	
	poly-ZnT2P3	434	555, 627	
	poly-ZnT2P4	436	567, 618	
	poly-ZnT2P5	433	562, 620	

Table 3 . 2

 32 

			Ring oxidation		Reduction of spacer	Ring reduction
	Compounds	Peak II	peak a	peak b	peak I	peak c
	ZnT2P a	1.08	0.79				-1.41	-1.84
		(150)	(90)				(160)	(170)
	poly-ZnT2isoP6 	+1.39 irr	+0.93	+0.57 irr	-1.05 irr	-0.29 irr
			(20)			
	poly-ZnT2P6	+1.51 irr	+0.80		-0.78 irr	
			(170)			

. Electrochemical data for ZnT2P, poly-ZnT2P6, poly-ZnT2isoP6  .

Table 4 .1. UV-visible spectral data for ZnT2P in CH3Cl, PIM(py)6, poly-ZnT2isoP  /PIM(py)6, poly-ZnT2P/PIM(py)6 in

 4 1,2-EtCl2, on optical transparent ITO electrodes. Under bracket: molar extinction coefficient (ε /10 3 L.M.cm -1 ).

	Compound	Soret band/nm	Q bands/nm	π-π * Band/nm
	ZnT2P	415 (405.4)	546 (18.9), 584 (4.9)	
	PIM a			220 (170.4), 246
				(109.0), 344 (11.0),
				402 (8.0)
	poly-ZnT2isoP  /PIM(py)6 b 433, 475	561, 645, 875	
	poly-ZnT2isoP  /PIM(py)6 c 417	547, 644	
	poly-ZnT2P/PIM(py)6 d	434	567, 607	
	a in 1,2-EtCl2/CH3CN (7/3).			

Table 4 .

 4 

	2. Electrochemical data for ZnT2P, PIM(py)6, poly-ZnT2P/PIM(py)6, and poly-
	ZnT2isoP  /PIM(py)6 in EtCl2/CH3CN (7/3) solution.		
	Compounds	Ring oxidation		Reduction of spacer Ring reduction
				peak b	peak a	peak I
	ZnT2P a	1.08	0.79			-1.41	-1.84
		(150)	(90)			(160)	(170)
	PIM(py)6	1.09				-0.96 irr
		(117)				
	poly-	+1.38	+1.10	+0.76 irr	-0.76 irr	-0.92
	ZnT2isoP  /P	(210)	(200)			(124)
	IM(py)6					

Table 5 .
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	Compound	Soret	Q bands/nm	π-π * Band/nm
		band/nm		
	ZnT2P	415 (405.4)	546 (18.9),	
			584 (4.9)	
	1,2-bis(diphenylphosphino)ethene a			214 (44.9) 257 (19.7)
	1,2-bis(diphenylphosphino)benzene a			214 (58.7), 278 (17.9)
	poly-ZnT2isoP7  b	432, 505	587, 633, 810	
	poly-ZnT2isoP8  c	432, 497	574, 632, 805	
	a in 1,2-EtCl2/CH3CN (7/3).			
	b Copolymers obtained by iterative scan between -1.1 V and +1.0 V vs. SCE onto ITO.

1. UV-visible spectral data for ZnT2P in CH3Cl, 1,2-bis(diphenylphosphino)ethene and 1,2-bis(diphenylphosphino)benzene, poly-ZnT2isoP7  , poly-ZnT2isoP8  on optical transparent ITO electrodes. Under bracket: molar extinction coefficient (ε /10 3 L.M.cm -1 ).

Table 5 . 2 .

 52 Electrochemical data for ZnT2P, 1,2-bis(diphenylphosphino)ethene) and 1,2bis(diphenylphosphino)benzene, poly-ZnT2isoP7  and poly-ZnT2isoP8  .

		Ring oxidation		Oxidation of	Reduction	Ring reduction
					the	of spacer
	Compounds				diphosphane	
		peak	peak	peak	peak a	peak I
		IV(IV')	III(III')	II (II')		(I')
	ZnT2P a		1.08				-1.41	-1.84
			(150)				(160)	(170)
	1,2-		1.37 irr	1.37 irr	
	bis(diphenylphosph					
	ino)ethene)					
	1,2-		1.68 irr	1.68 irr	
	bis(diphenylphosph					
	ino)benzene					
	poly-ZnT2isoP7 	1.39 irr 1.15 irr	0.86	+0.42 irr	-0.91	irr
				(40)		
	poly-ZnT2isoP8 	1.40 irr 1.17 irr	0.85	+0.38 irr	-0.87 irr
				(80)		

a Potentials in V vs. SCE were obtained from cyclic voltammetry in 1,2-C2H4Cl2 with 0.1 mol L -1 TBAPF6. Scan rate = 100 mV s -1 . Working electrode: ITO, S = 1 cm 2 .

1s Binding Energy / eV 682 684 686 688 690 692 Intensity / a.u. 686.5 E) P 2p Binding Energy / eV 134 136 138 140 Intensity / a.u. 136.6 F) O 1s Binding Energy / eV 526 528 530 532 534 536 538 540 Intensity / a.u. 532.1 C) N 1s Binding Energy / eV

  

	Intensity / a.u.	A)	Zn 2p3 CKLL	F KLL	F 1s	O 1s	N 1s	C 1s	P 2s	P 2p
			1000	800	600		400		200	0
					Binding Energy / eV			
		B) C 1s	284.9					402.3	
	Intensity / a.u.			286.3		Intensity / a.u.				
		Binding Energy / eV 284 286 288 290 D) F 398 282 292 400 402 404 406 408 410

électrooxydation de ZnT2P en présencede 1,2-bis(diphénylphosphino)éthène (poly-ZnT2isoP7  ) ou de 1,2-bis (diphénylphosphino)benzène (poly-ZnT2isoP8  ). Une bonne efficacité pour la génération de photocourant sous éclairage visible a été obtenue. Les performances photovoltaïques dépendent du nombre de cycles itératifs utilisés lors de l'électropolymérisation, c'est-à-dire de l'épaisseur du dépôt obtenu. De tels résultats ouvrent une nouvelle voie pour former des copolymères originaux avec de nouvelles propriétés intéressantes pour la photo (électro)catalyse. D'autres recherches dans le futur seront axées sur l'inclusion de POM dans ce type de copolymères porphyrine / isoporphyrine développés par exemple dans le chapitre III.En outre, la différence des densités de photocourant pour les copolymères obtenus à partir de ZnT2P et de divers types de ligands devait être étudiée plus en détail en fonction par exemple de l'intensité d'absorption de photosensibilisateur ou de l'épaisseur des films.
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Electron spin resonance (ESR) spectroscopy

Copolymer poly-ZnT2PisoP1  onto ITO glass prepared after 50 iterative scans was inserted directly to the ESR cavity and the spectrum recorded at room temperature shows spectral contributions from two paramagnetic species. The dominant feature shows a broad signal of six lines and comes from an impurity in the ITO glass. A less intense line is observed in the middle of the spectrum and probably arises from an organic radical.

To confirm the presence of the organic radical, poly-ZnT2isoP1  films onto ITO were prepared with the same conditions (25 iterative scans between -1.0 V and 1.0 V, v = 100 mV.s -1 ).

Poly-ZnT2isoP1  was then removed from ITO using DMF. The operation was repeated three times.

The obtained solutions were degassed and transferred to a capillary. The ESR spectrum shown in Fig. 2.13 reveals probably the presence of the radical centered on the isoporphyrin (g=2.0026, linewidth=6 G). 40 Increasing the concentration of the deposited copolymer on the ITO glass leads to an enhancement of the ESR intensity. The solution of poly-ZnT2isoP1  was prepared by washing with 160 µL of DMF the covered ITO obtained using 25 scans between -1.0 V and 1.0 V, v = 100 mV.s -1 . In order to have enough solution, the operation was repeated three times.

Usually, isoporphyrin or radical cations porphyrins are reactive and undergo facile degradation. In this study, poly-ZnT2isoP  isoporphyrin radical film is remarkably stable for one year at the solid state (in air). This stability may be due to the i) electron-withdrawing groups which significantly facilitate the reduction and stabilize the radical cation, ii) the delocalization of the radical through the porphyrin as well as intermolecular π-π stacking and π-dimerization between macrocycles.

Film Morphology (Atomic Force Microscopy)

2.7.1. Film Morphology (Atomic Force Microscopy) of poly-ZnT2isoP  copolymer.

The films obtained by iterative scan between -1.0 V and +1.0 V were studied by scanning atomic force microscopy (AFM) (Figs 2.14-15). In a characteristic picture for poly-ZnT2isoP1  , copolymer appears on the surface as tightly packed coils with an average diameter of ca. 60-70 nm, the height being around 8.0 nm for the film obtained after 3 iterative scans between -1.0 V and +1.0 V (Fig. 2.14). The rms surface roughness of the two films have been estimated at 2.0 nm for poly-ZnT2isoP1  , (calculated from an area of 1.0 µm 2 for Figure 2.14). The poly-ZnT2isoP1  copolymer obtained after higher iterative scan number exhibited comparable morphology but showed in several positions some aggregation of the coils accompanied by a larger value of the rms surface roughness 

Thickness measurement of copolymeric films

The thickness of the poly-ZnT2isoP1  copolymer (Fig. 2.15) have been estimated upon scratching the film with a metallic tip and measuring the relative heights on each side of the scratch (Fig.

2.15AB

). The thickness measured by AFM was found to increase with the deposition time to reach an upper limit value for all the films studied. This trend is in line with the data recorded by UV-Vis-NIR absorption spectroscopy. The thickness measured after ten iterative scans (scan rate 100 mV s - 1 ) was estimated to 30 nm for poly-ZnT2isoP1  (Fig. 2.15CD, dark cyan triangle up). 

X-ray photoelectron spectra (XPS) of copolymers

The copolymer films were also investigated by X-Ray photoelectron spectroscopy. The analysis of the survey spectra of poly-ZnT2isoP1  (Fig. 2.16) confirms the presence of the isoporphyrin and of the-V 2+ -(CH2)3-V 2+spacer (Zn 2p3 at 1021.7 eV, Nb1s, and C 1s peaks), while the signals for F 1s (686.6 eV), and P 2p (136.7 eV) electrons stem from the incorporated counterion PF6 -to

Chapter III

Stable porphyrin/isoporphyrin copolymers prepared with bipyridyl ligands quantity of the film deposited (with higher absorbance) were for ratio 1:3 and 1:1 which is in agreement with higher intensity of the current of peak I or I'. 

Use of higher concentration of ZnT2P

To obtain a better quality of the films, the higher concentration of ZnT2P, i.e. 0.75 mmol L -1 , was tested for the electropolymerization. Different ratio between ZnT2P and py-C≡C-Ph-C≡C-py was again used: 3:1, 1:1 and 1:1 (porphyrin:py-C≡C-Ph-C≡C-py). As shown in Figure 3.2A, in the case of the ration 1:3 and concentration of ZnT2P equal to 0.75 mmol L -1 (py-C≡C-Ph-C≡C-py: c = 2.25 mmol L -1 ), we can notice from the cyclic voltammetry that the reduction of pyridinum (peak I'') keeps increasing during the iterative scan indicating the formation of the porphyrin copolymer films poly-ZnT2P6 on to the ITO electrode with dipyridinium spacers. From Figure 3.2, in the anodic absorption band accompagnied by the red-shift at λ = 435 nm and λ = 491 nm. The visible bands (Q bands) are also red-shifted and are observed at 568 and 651 nm while a broad and large additional band at 884 nm in the NIR region is still a little observed suggesting that the film is not completely converted to the poly-porphyrin copolymer form and that one part of the copolymer is still the isoporphyrin intermediate (Table 3.1 and Fig. 3.2B).

Formation of isoporphyrin copolymer

Isoporphyrin was also obtained by iterative scans between -1.1 V and 1.0 V using the method developed and described in Chapter II. The oxidation wave of first cycle corresponds to the formation of the -radical cation porphyrin ZnT2P +  Then, nucleophilic attack of the pyridyl group at the position of the positive charge (mainly at the meso position) occurs leading to the formation of the isoporphyrin which is in turn oxidized, followed by the removal of the hydrogen and the rearromatization of the porphyrin which gives one monosubstituted porphyrin ZnT2P- Additional irreversible peak in oxidation (peak a) was observed between +0.50 and 0.75 V (depending of the thickness of the film) during electropolymerization as shown in Figure 3.3A. Peak I'' which is irreversible is due to the reduction of the pyridinum spacers. Compared with the corresponding copolymer of porphyrin, poly-ZnT2P6, the UV-vis-NIR spectrum of the copolymer of radical isopophyrin poly-ZnT2isoP6  showed clear splitting of the Soret band as well as the presence of one additional broad band in the NIR between 800 nm and 1000 nm but with smaller intensity (Fig. 3.3B).

In the case of the optical spectra, the relationship between absorption density of the film and the number of iterative scan used for the electropolymerization (scan number n) for poly-ZnT2P6 and poly-ZnT2isoP6  were showed in the insets of In the case of poly-ZnT2isoP6  , the Soret bands were red-shifted by 20 and 85 nm respectively compared to the ZnT2P monomer (Table 3.1). The visible bands (Q bands) are also red-shifted by 45 and 85 nm compared to ZnT2P monomer. Finaly, an additional band at 861 nm in the NIR region, typical of the isoporphyrin, is also detected for poly-ZnT2isoP6  . 3S4). c Copolymers obtained by iterative scan between -1.1 V and +1.6 V vs. SCE onto ITO. d Copolymers obtained by iterative scan between -1.1 V and +1.0 V vs. SCE onto ITO.

Cyclic voltammetric investigations of the poly-ZnT2isoP6

 film.

The cyclic voltammograms shown in Figure 3.7 have been recorded with a copolymer grown on the ITO electrode surface at various iterative scan numbers n (n = 1, 2, 3, 5, 10, 15, 20, and25 cycles) between -1.1 V and +1.0 V forming poly-ZnT2isoP6  . The electrode was then removed from the electrochemical cell, washed with CH3CN and used as working electrode in a clean electrolytic solution containing only the solvent and the supporting electrolyte.

The first well defined, bell-shaped, reduction wave observed at -1.05 V vs. SCE (peak I) is attributed to the reduction of pyridinum in the copolymer films (Fig. 3.7 and Table 3. BIAS potential: 0.00 V vs. OCP.

The evolution of Rct and Rct_film values as a function of n (number of iterative scan during the electropolymeriation) can be estimated from the fit of the experimental impedance spectra and is displayed in Figure 3.12 for the poly-ZnT2P6 and poly-ZnT2isoP6  copolymers thin films.

Overall, the charge transfer resistance Rct at the ITO/copolymer interface decreases when n increases while the charge transfer resistance Rct_film increases with the amount of copolymer deposited. For the poly-ZnT2isoP6  copolymer, Rct at ITO/copolymer decreases from ca. 10 kΩ for n=1 to ca. Rct ~ 2000 Ω for n=3, confirming the enhancement of the I -/I3 -charge transfer kinetics when the copolymer is present on the ITO. After 5 scans, the Nyquist plots could not be fitted with a single resistance Rct in parallel with a capacitance. This is attributed to the increasing thickness of the film. The charge transfer resistance Rct_film could be estimated by using an equivalent circuit comprising the interfacial charge transfer resistance in parallel with the interfacial capacitance and the film charge transfer resistance in parallel with the film capacitance. Rct_film rapidly increases

Chapter IV

Stable isoporphyrin copolymer prepared with pyridine end decorated molybdenum(II) halide cluster

Chapter IV: Stable isoporphyrin copolymer prepared with pyridine end decorated molybdenum(II) halide cluster

In former chapters 2 and 3, we have studied and performed the electropolymerization of copolymers of porphyrin or isoporphyrin using dipyridine ligand Py-R-Py (R = propanediyl, biphenyl, ethyne, benzene or even polyoxometalate) porphyrin ZnT2P. 1 In our published work, 2-3 hybrid polyoxometalate-porphyrin copolymeric films were obtained by the electrooxidation of free base 5,15-ditolyl porphyrin (H2T2P) or zinc--octaethylporphyrin (ZnOEP) in the presence of POM modified with two pyridyl groups (Py-POM-Py).

In this chapter, our target is to electrosynthesize 3D copolymer using of PIM( py Black curve: highest reduction current.

Electrochemical Quartz Crystal Microbalance (EQCM) for copolymers deposition

The electrosynthesis of poly-ZnT2isoP  /PIM(py)6 by electropolymerization with iterative scans between -1.1 and +0.9 V (Fig. 4.5) has been monitored in-situ by EQCM. Electropolymerization occurs upon the formation of the radical cation porphyrin ZnT2P + in the presence of PIM(py)6.

The resonance frequency displays a significant decrease meaning an increase of the deposited mass during the electropolymeriation as shown in 

Film Morphology (Atomic Force Microscopy) of poly-ZnT2isoP

 /PIM(py)6

copolymer.

The films obtained by iterative scans between -1.1 V and +0.9 V were studied by scanning atomic force microscopy (AFM) (Fig. 4.10). Copolymer like tightly packed coils appears on the surface with an average diameter of ca. 20-50 nm, the height being around 5.0 nm for the film obtained after 1 iterative scan between -1.1 V and +0.9 V (Fig. 4.10). The rms surface roughness of the two films have been estimated at 20.0 nm for poly-ZnT2isoP  /PIM(py)6, (calculated from an area of 0.08 µm 2 for Figure 4.10). The copolymer obtained after higher iterative scan number exhibited comparable morphology but showed in several positions some aggregation of the coils accompanied by a larger value of the rms surface roughness (400 nm for n = 15). The formation of coil aggregates might be related to the change of slope of the deposited mass, observed from EQCM measurements in Figure 4.5. Poly-ZnT2isoP8  film shows similar electroactive properties as shown in Figure 5.5B.

Photoelectrochemical properties 3.1. Effect of the film thickness

Furthermore, in the case of the two copolymers, if the films are further oxidized to 1.6 V, the hydrogen atoms located on the meso-carbon can be released to form polyporphyrin as shown in The equilibrium potential of I3 -/I -redox couple in solution is taken as reference potential at 0 V in the cyclic voltammograms. First, we analyse the curves obtained without light illumination (ploted with dashed lines in Figure 5.7A).

Photocurrent generation 3.1. Effect of the film thickness

For bare ITO electrode (blue curve), almost no Faradaic current is observed between -0.3 and 0.3 V, revealing the slow I -oxidation and I3 -reduction kinetics on ITO electrode. However, the I - oxidation and I3 -reduction currents are significantly enhanced on the ITO modified by the copolymers (black and red curves in Figure 5.7A). The anodic peak potential is negatively shifted by ca. 0.1 V on poly-ZnT2isoP7  as compared to poly-ZnT2isoP8  suggesting that the I -oxidation kinetics is significantly faster on the poly-ZnT2isoP7  modified electrode.

Under visible light illumination, the current-potential curves measured are plotted in Figure 5.7A (full line) for the poly-ZnT2isoP7  and poly-ZnT2isoP8  copolymers respectively. Under irradiation the current magnitude increased and the difference between light on and light off corresponds to the photocurrent. Thus, I3 -was a little bit easier to be reduced under visible illumination. The photocurrent response in the potentiostatic mode at 0 V under on-off light illumination cycles is shown in Figure 5.7BC (under visible light for 1 min followed by the dark for 1 min). The magnitude of the photocurrent strongly depends on the number of iterative scans n used for the electropolymerization and then of the amount of copolymer film deposited as displayed in Δm = MQ/nFA M is the molecular mass of repeat units (g/mol) Q is the charge (C) calculated from the CV (integration of the pyridinium reduction waves of the copolymer films obtained from -1.1 V to 0.9 V). n = electron number corresponding to the reduction of the py + groups. F = Faraday's constant 96485 C/ mol. A = electrode surface (1 cm 2 ). Δm = MQ/nFA M is the molecular mass of repeat units (g/mol) Q is the charge (C) calculated from the CV (integration of the pyridinium reduction waves of the copolymer films obtained from -1.1 V to 0.9 V). n = electron number corresponding to the reduction of the py + groups. F = Faraday's constant 96485 C/ mol. A = electrode surface (1 cm 2 ). The Q value comes from the integration of the wave corresponding to the oxidation process +0.5 V to +1.0 V during electropolymerization. The formation of the monosubstituted intermediate ZnT2P-+ PPh2-C=C-PPh2 + obtained from ZnT2P and PPh2-C=C-PPh2 needs the exchanged of two electron as well as the release of one proton H + . Finally, the formation of isoporphyrin radical copolymer need one more electron per isoporphyrin unit. Yiming LIANG

Matériaux hybrides polyoxométallate -(iso)porphyrine : dispositifs photovoltaïques et photo(électro)catalyse

Résumé

Dans le cadre de la thèse, la fonctionnalisation de positions méso d'une porphyrine avec des ligands du type dipyridyle a été réalisée de manière à obtenir des copolymères d'(iso)porphyrines radicalaires par électropolymérisation. Des copolymères du type polyisoporphyrine et poly-porphyrine peuvent être ainsi obtenus par électro-oxydation aux potentiels de +1,0 V / ECS ou de 1,6 V / ECS respectivement. La spectroscopie RPE a confirmé la présence du radical pour les copolymères à base d'isoporphyrines. Les spectres optiques des polyisoporphyrines ont montré un dédoublement de la bande d'absorption Soret et la présence d'une bande additionnelle dans le proche IR. Une réponse photoélectrique plus efficace pour les polyisoporphyrines comparés aux polyporphyrines a été observée et a été expliquée en partie par les propriétés optiques du matériau absorbant plus dans le domaine du visible et du proche IR. L'excitation de cette nouvelle bande proche IR pour le copolymère isoporphyrine radicalaire conduit, en milieux aérés en présence de 3 O2, à la formation de l'état singulet du dioxygène ( 1 O2). Cela montre que ce type de matériau peut être prometteur par exemple pour des applications en photothérapie. Un copolymère 3D à base d'isoporphyrines a également été obtenu à l'aide d'un cluster du type polyiodométallate portant six groupement pyridyles pendants (PIM(py)6). Des copolymères à base d'isoporphyrines avec des espaceurs diphosphoniums ont également été préparés avec succès. Mots clés : Porphyrine, isoporphyrine, dipyridyle, photocourants, oxygène singulet, électropolymérisation, cluster, viologène, dipyridiniumn, diphosphonium

Résumé en anglais

The purpose of this thesis was to functionalize the meso position of a porphyrin with ligands using electropolymerization. Polyisoporphyrin and polyporphyrin can be obtained at applied potential of 1,0 V vs SCE or of 1,6 V vs SCE respectively. ESR spectroscopy confirmed the presence of the radical only inside polyisoporphyrin films. The optical spectra of polyisoporphyrins showed a splitting of Soret band and additional Near IR band which produce more efficient photocurrent response than polyporphyrins. Excitation of this new NIR band for the isoporphyrin radical copolymer lead, in the aerated media (presence of 3 O2), to the formation of the singlet state 1 O2 which is the first step for the use of such materials for the phototherapy cancer treatment. Moreover, the same conditions were used to introduce pyridyl decorated octahedral halide clusters given a 3D copolymer with isoporphyrin macrocycles. Polyisoporphyrin copolymer with diphosphonium spacers were also obtained with success. Keywords : Porphyrin , isoporphyrin, dipyridyl, photocurrent, singlet oxygen, electropolymerization, octahedral halide clusters, viologen, dipyridinium, diphosphonium.