Summary

The thesis titled "Self-assembly of platinum(II) complexes with tunable photophysical properties in confined spaces and in solution" tackles the preparation and the characterization of luminescent platinum(II) complexes and their photo-physical properties. Transition metal complexes have been used in many applications such as bio-imaging or optoelectronics devices due to the triplet and singlet excitons, which can lead to a 100% internal efficiency. In particular, platinum(II) complexes with their square planar geometry are able to self-assemble into various structures nanostructures with specific properties 1,2 . Such rearrangement is possible due to the metallophilic interaction between the filled d Z 2 orbitals of neighboring platinum atoms supported by the π-π stacking of the coordinating ligands, or other supramolecular interactions, such as hydrogen bonding or electrostatic interactions.

This thesis manuscript opens with an introduction on the basic concepts of photophysics and more specifically, on the photophysical properties of d 8 platinum(II) complexes. An overview on the various types of platinum aggregates present in the literature is also reported [3][4][5][6] . A brief introduction to polymer particles 7 and surface modification 8 is also reported.

The first experimental chapter describes the different strategies explored for the covalent attachment of platinum(II) complexes on silicon. The first approach involved an UV-induced covalent grafting of 4-vinylpyridine molecules on hydrogen-terminated silicon wafers, as described in Figure 1 9 . The freshly formed pyridine-terminated substrates are coordinated to the platinum precursor PtCl 2 (DMSO) 2 and the tridentate ligand to form the platinum(II) complex 10 . The successive surface modifications were monitored by XPS analysis. The hydrogen-terminated substrates only showed the presence of adventitious carbon and oxygen. The grafting of 4-vinylpyridine molecules on Si-H substrates is demonstrated by the presence of the N 1s peak at 400 eV. Finally, the successful coordination of the platinum(II) complex to the substrate is evidenced by the presence of an additional Pt 4f and F 1s peaks, around 73 eV and 698 eV respectively. However, the density of the complexes on the silicon (100) substrate is relatively low and this limits further characterization. Direct coordination of the pre-synthesised platinum(II) complexes on the hydrogen-terminated substrate do not improve the surface coverage. The second approach began with the preparation of acetylenated substrates with alkyne molecules attached to the silicon substrates as depicted on Figure 2. A ligand with a polyethyleneglycol chain and an azide functional group at one end, and a pyridine moiety on the other side, was grafted to the acetylenated substrates by copper (I)-catalyzed alkyne-azide cycloaddition (CuAAC) click chemistry 11 . The platinum(II) complex is formed the same method as previously reported. The successive surface modifications are monitored by XPS spectra.

The covalent linkage of the ancillary ligand by "click-chemistry" is evidenced by the presence of the N 1s peak at 400 eV. Coordination of the platinum(II) complex on the surface is iii demonstrated by the presence of additional Pt 4f and F 1s peaks at 73 eV and 698 eV respectively. However, even though the platinum(II) complex is strongly grafted to the silicon substrates, the surface coverage is also very low. The pre-synthesized platinum(II) complex is also directly attached to the alkyne-terminated substrate by click-chemistry and the surface slightly increases. However, the surface coverage is still very low and do not allowed further photophysical characterisation. In conclusion, obtaining functionalized silicon substrates with a high density of covalently linked platinum(II) complexes was unsuccessful. The attachment of platinum(II) complexes was achieved on gold substrates via the sulfur-gold bond 12,13 . For this purpose, complexes of different length with a disulfide-ending group were prepared. The freshly cleaned gold surfaces were immersed in a DMF solution containing the different platinum(II) complexes for 6 days before analysis. The successful attachment of the complexes on the gold substrates was demonstrated by the high resolution XPS analysis of the S 2p signal.

This peak shifted from 163.0 eV (disulfide bond) to 161.5 eV (Au-S bond) when the complex was bond to the gold substrate by sulfur-gold bond (Figure 3). The nature of the Au-S bond is still debated in the scientific community; however, the bond is known to be very strong 13 . The stability of the gold-sulfur bond was assessed by XPS after leaving the functionalized substrates at room temperature for a couple of months. The formation of sulfure oxide species (SO x ) was demonstrated by the presence of S 2p peaks at 169 eV. The density of complexes on the gold substrate was extremely low and limited further characterization, similar to the silicon substrate. However, it is possible to use the functionalized gold substrates as sensing interfaces for the esterase agent 14 . Indeed, the platinum moiety is covalently linked to the disulfide-ending group by an ester group. It was then possible to remove the platinum moiety from the surface by cleavage of the ester bond with an esterase agent. As a reference, a platinum(II) complex with an amide bond instead of an ester bond was prepared as showed in Figure 2. The highresolution spectra of the Pt 4f signal clearly showed the disappearance of the two peaks after incubation of the ester functionalized gold substrates in a solution containing the esterase.

The signal of the complex with an amide bond did not disappear, meaning that the platinum moiety is still attached to the substrate. In conclusion, despite the coverage of platinum(II) complex on the gold substrate being relatively low, it could still be used as a sensing surface for an esterase agent. vi

The aim of this study was to attach platinum(II) complexes onto surfaces and if possible, to trigger the self-assembly directly on the surface. However, it was not possible to reach this goal by wet chemical functionalization. For this reason, it was necessary to propose other strategies. We began collaboration with Dr. Ana Bõrras of the University of Sevilla as they have previously reported the growth of nanowires of π-conjugated molecules on different substrates by physical vapor deposition (PVD) 15,16 . The same method was used for a simple platinum(II) complex with a similar tridentate ligand and a pyridine moiety. After ensuring that the complex was stable by TGA, the nanowires were obtained on different substrates by sublimation at 110°C using the principle of PVD as displayed in Scheme 1.

Scheme 1. Illustration describing the PVD method used to grow nanowires of platinum(II) complex. 1) Nucleation centers are created on different substrates; 2) Self-assembly of πconjugated platinum(II) complexes at 110°C.

Gold nanoparticles as nucleation centers provide bent platinum fibers perpendicular to the substrate (Figure 5). The mechanochromic property of the fibers was observed by a luminescence of the fibers that shifted from green to yellow after the application of pressure on the fibers 17 . Such a photophysical change was explained by the shortening of the platinumplatinum interactions within the fiber due to fiber contractions, which were caused by the application of a vertical pressure to the stucture. In order to further characterize the mechanochromism properties from the bulk (powder) to the nanoscale (fibers), detailed AFMfluorescence microscopy coupled studies are needed. In chapter 3, the encapsulation of luminescent platinum(II) complexes into polymer particles was investigated 18,19 (Figure 6). Poly-(methyl methacrylate-co-methacrylic acid)(PMMA-PMAA) diblock copolymer with a long hydrophobic block and a short hydrophilic tail form particles in a THF/water mixture. Moreover, the hydrophobic core of the PMMA-PMAA particles is believed to be a suitable host for the hydrophobic platinum(II) complex. More interestingly, the platinum(II) complex aggregates into luminescent fibers in a THF/water mixture. The self-assembly properties of both the diblock copolymer and the platinum(II) complex were utilized in order to study the mechanism of encapsulation and the photophysical properties of the platinum-loaded particles. It appears that the luminescence coming from those particles is depending on the feed ratio between PMMA-PMAA and the complex and this is referred to as R in the manuscript. When the ratio R is below 30, the platinum(II) complex is mainly present in the THF/ water mixture as orange yellow emissive fibers. Upon increasing R to 50, the complex is encapsulated into the polymer particles and emits green. It is deducted that the complex is in the particles under an aggregative state.

Interestingly the luminescence originating from the platinum loaded particles can be tuned depending on the ratio R. For example, when the ratio is high at 1000, blue emissive particles are observed. It is possible to obtain particles with an emission located between blue and green, e.g cyan or turquoise. This is explained by the fact that the platinum(II) complex is diluted upon increasing the concentration in PMMA-PMMA. Thus, there are no more platinum aggregates in the particles but only monomers. Consequently, the emission of the blue emissive particles is originating from the platinum monomeric species. When a turquoise emission is observed, a mixture of platinum aggregates and monomeric species is present in the same particle. It is also worth noting that the excited state lifetimes of the platinum-loaded particles increases from around 1 µs to 3 µs upon increasing R. Interestingly, the excited state of the monomeric species in the particles (3 µs) is much longer than the monomeric species in THF (3 ns) and is comparable to the excited state lifetime of the platinum(II) complex at 77K, where most of the non-radiative relaxations are prevented by the rigidochromic effect 20 . The complexes are confined in the rigid core of the polymer particles. The photoluminescence quantum yield of the platinumloaded particles is also increased from less than 1% in THF to 20% when confined in the PMMA-PMAA particles. The method developed in this chapter is versatile as it is successful for different luminescent platinum(II) complexes. The same encapsulation behavior was observed for the other complexes with a tunable emission from green to blue. Moreover, it is also possible to obtain less polydisperse particles with similar encapsulation behavior with a modified method. The water was added dropwise to the PMMA/PMAA/complex 20/THF mixture while stirring. The organic solvent was then removed from the solvent mixture by dialysis against water. Monodispersed smaller particles with indentations on their surfaces were obtained with tunable photophysical properties.

Chapter 4 is inspired by previous research on the different morphologies of diblock copolymer 21 . Multiple aggregates of such micelles, vesicles, rods, lamellae or large compounds micelles have been reported for diblock copolymers. The variety of morphologies observed is accounted for by the interactions of the hydrophobic and hydrophilic blocks with the solvent mixture. For example, In the presence of water, the hydrophobic blocks organize themselves in order to minimize interactions with the water molecules. Depending on the composition of the solvent, the copolymer adopts the most favorable morphology. An analogy is possible between the diblock copolymer and amphiphilic platinum(II) complex. To demonstrate this, a platinum(II) complex with a polyethylene glycol chain as a hydrophilic block and a chromophoric tridentate ligand as the hydrophobic block was selected. The presence of an amide functional group also favours the formation of directional hydrogen bonding N-H between adjacent complexes. The methodology used for the formation of platinum(II) complex aggregates is similar to the one reported for the formation of diblock copolymer x aggregates. The complex is dissolved in an organic solvent such as THF, DMF or dioxane, and water is gradually added while stirring. Solutions with the same concentration in complex by different THF/water ratio are obtained. The Critical Water Content (CWC) at which the platinum(II) complex starts to aggregate was measured by UV-VIS and emission spectroscopy is displayed in Figure 7. The formation of platinum aggregates is observed with the rise of the 3 MMLCT broad band centered approximately at 580 nm in the emission spectra. The CWC in a THF/water mixture is approximately 65%, dioxane/water mixture is 40% and DMF/water mixture is 30%. The water can also be flash-injected in the organic solvent or the order of addition can be inversed.

xi By varying different parameters, at least 6 different morphologies have been distinctively

observed by electron microscopy as displayed in Figure 7D; fibers, rods, tores, sheet-like aggregates, rings and cylinders. All of those morphologies have already been reported for different platinum(II) complexes. However, this is the first time that such a diversity of morphologies is reported for a single complex. Fibers were the easily obtained when the water content is between 60% to 80% water content in a THF/H 2 O solvent mixture. Tores of different sizes depending on the concentration were obtained when the water content was increased above 90%. Rods and cylinders were obtained when the water was flash-injected into the complex/THF mixture and the water content above 90%. Those two morphologies usually coexisted in solution. Additional fan-shaped aggregates can also be observed with the cylinders and rods. Sheet-like aggregates and rings were obtained when the complex/THF mixture was slowly added to the water at water content above 90%. Those two morphologies also coexisted in solution and were hard to separate. Each type of aggregates has specific photophysical properties, which make them unique. This study was essential to understand the behavior of platinum(II) complex in different solvent mixture. It also allowed the control of the morphology and its resulting photophysical properties.

The self-assembly properties of a single platinum(II) complex has been widely reported in literature [2][3][4][5][6] . In this regard, Chapter 5 focuses on the self-assembled properties of two complexes in a dioxane/water solvent mixture. Two parameters were explored for this purpose, the feed ratio between the two complexes and the composition of the solvent mixture 22 . Two platinum(II) complexes, which aggregate into fibers of different luminescence under similar conditions, were selected in order to easily compare the co-assembled aggregates as depicted in Figure 8.

xii and 23 respectively in a 80% dioxane/water solvent mixture. The solution was drop-casted on a glass slide and dried under standard conditions. λ exc = 405 nm in lambda mode.

The most interesting result was for the complex 23/complex 7 mixture (1:0.2) at 70% water content in a dioxane/water solvent composition. The solution was blue emissive under the UV lamp but the fibers observed after drying were orange emissive. Real-time imaging of the evaporation the solution droplet as displayed in Figure 9 can be used to monitor the change in emission of the fibers. The emission of the fibers were originally blue emissive but gradually shifted to an orange emission. In the dioxane/water droplet, the dioxane evaporated slightly before the water. Consequently, the polarity of the solvent is increased because of the higher water content. The photoluminescent quantum yield was increased from 12% to 55% and the excited state lifetime from 450 ns to 550 ns upon luminescence transition. The change of photophysical porperties upon varying the polarity of the solvent is referred to as solvatochromism. In this case, it can be referred to as positive solvatosvhromism because there was a bathochromic shift with increasing solvent polarity. The X-ray diffraction (XRD) pattern analysis and Selected area diffraction pattern (SAED)

clearly showed a d-spacing of 3.41 Å and 3.36 Å respectively, in accordance with the presence of platinum-platinum interactions within the orange emissive fibers. There were no patterns corresponding to platinum-platinum interactions for the blue emissive ribbons detected. It is concluded that the change in polarity induces a crystallographic transformation resulting in newly formed metallophilic interactions and a luminescence switch. This was the first time that such a change was observed without any morphological transformations. The luminescence transition of the fibers from blue to orange was also a reversible process when the water content was re-adjusted at 70%.

The supramolecular co-assembly at 60% water content provides millimetre-sized fibers with similar photophysical properties. For water content above 80%, blue emissive fibers coated with an orange emissive were observed. In this case, no luminescence transition was observed upon evaporation of the droplet.

Finally, chapter 6 describes of the techniques and instruments used in this work.

In conclusion, this PhD thesis focuses the study of different platinum(II) complex systems. The design, synthesis and characterization of several luminescent platinum(II) complexes with intriguing photophysical and self-assembly properties are reported. The behaviour of those complexes in confined spaces such as polymer particles, or spatially constrained on a surface, is explored with promising results. The meticulous study on the different morphologies of platinum(II) complexes aggregates and their implications on the photophysical properties have been carried out. Lastly, a supramolecular co-assembly of two complexes was demonstrated for the first time and opens the path to a new field of research in the selfassembly of more than one molecule.

Résumé

Cette thèse s'intitule "auto-assemblage de complexes de platine (II) aux propriétés photophysiques modulables dans des espaces confinés et en solution » traite de la préparation et de la caractérisation de complexes de platine(II) luminescents et leurs propriétés photophysiques. Les métaux de transition ont été utilisé pour de nombreuses applications tel que l'imagerie biologiques et des appareils optoélectroniques à cause des excitons de nature triplet et singulet qui peuvent mener à des rendements proches de 100%.

En particulier, les complexes de platine(II) avec leur géométrie carrée plan sont capable de s'auto-assembler en diverses nanostructures aux propriétés spécifiques 1,2 . De tel arrangements sont possibles à cause des interactions métallophiliques entre deux orbitales pleines d Z 2 entre deux atomes de platines et favoriser par des empilements π-π des ligands de coordination ou d'autres interactions supramoléculaires tel que des liaisons hydrogène ou des interactions électrostatiques.

Ce manuscrit s'ouvre sur une introduction de concepts de bases de photophysiques et plus particulièrement sur les propriétés photophysiques de complexe de platine(II) d 8 . Un aperçu des différents types d'agrégats de platine présent dans la littérature est aussi reporté [3][4][5][6] . Une petite introduction sur les particules de polymère 7 et la modification de surface 8 est également reporté.

Le premier chapitre expérimental décrit les différentes stratégies explorées pour la liaison covalente de complexes de platine(II) sur des surfaces de silice. La première approche commence par l'attachement covalent de molécule de 4-vinylpyridine induit par irradiation UV sur des surfaces de silice avec des hydrogène terminaux comme décrit en figure 1 9 . Les surfaces fraichement préparées avec des molécules de pyridine terminaux sont coordonnées au précurseur de platine PtCl 2 (DMSO) 2 and le ligand tridenté pour former le complexe de platine 10 . Les modifications de surface successives sont contrôlées par spectrométrie photoélectronique X. Les surfaces hydrogénées ne montrent la présence de contamination de carbone et oxygène. L'attachement des molécules de 4-vinylpyridine sur les substrats Si-H est démontré par la présence du pic N 1s à 400 eV. Finalement, la coordination du complexe de platine(II) au substrat est mis en évidence par la présence de pics Pt 4f et F 1s autour de 73 eV et 698 eV respectivement. Cependant, la densité de complexe sur la surface de silice (100) xvii est relativement faible et limitent des plus amples analyses. La coordination directe de complexes de platine(II) déjà synthétisés sur les surfaces hydrogénées n'ont pas amélioré la densité sur de complexes sur la surface. En conclusion, même si le complexe de platine(II) a été attaché avec succès de manière covalente à la surface, la densité à la surface était trop faible pour l'utilisation que nous voulions en faire. L'attachement de complexes de platine(II) a été réalisé sur des surfaces d'or par des liaisons sulfure-or 12,13 . Pour cette raison, des complexes avec des chaînes de longueurs différentes avec des groupement disulfures ont été préparé. Des surfaces fraichement nettoyées sont immergées dans une solution de DMF contentant les différents complexes pendant 6 jours avant d'être analysés. L'accrochage des complexes de platine(II) sur les surfaces d'or ont été démontré par spectroscopie photoélectronique X haute résolution du signal S 2p des atomes de sulfures. Le pic est déplacé de 163 eV (liaison disulfure) à 161.5 eV (liaison sulfure-or) lorsque que le complexe est attaché à la surface d'or (figure 3). La nature des liaison or-sulfure est toujours sujette à discussions et ne sera pas débattue dans cette thèse. Il est néanmoins convenu que cette liaison est très forte 13 . La stabilité des liaisons sulfure-or est également évaluée par SPX après avoir laissé les surfaces fonctionnalisées à l'air libre pendant 2 mois. La formation d'oxydes de sulfure (SO X ) est établie par la présence de pics à 169 eV caractéristiques de ces oxydes. La densité de complexes sur les surfaces d'or est néanmoins xix très faible, comme c'était le cas sur les surfaces de silice et ne permet pas de faire de plus amples analyses. Cependant, il est possible d'utiliser ces surfaces d'or fonctionnalisés comme des interfaces sensibles aux agents esterase 14 . En effet, l'atome de platine est lié à la surface d'or par une fonction ester. Il est alors possible de retirer la partie comprenant le platine par rupture de la liaison ester avec le bon agent. Pour prouver cette théorie, un complexe de platine avec groupement amide au lieu d'ester a été préparé comme référence comme montré en figure Le but de cette étude était d'attacher des complexes de platine à des surfaces et si possible de déclencher l'auto-assemblage de ces complexes directement sur la surfaces. Cependant, xxi cela n'a pas été possible d'atteindre cet objectif par des fonctionnalisation en solution. Il était alors nécessaire de réfléchir à de nouvelles stratégies. Pour ces raisons, il était nécessaire de penser à une nouvelle approche. Nous avons démarré une collaboration avec Dr. Ana Bõrras de l'université de Séville qui est spécialisée dans la croissance de fil de systèmes conjuguées π sur différentes surfaces par déposition physique en phase gaseuze 15,16 . La même méthode a été utilisé sur un simple complexe de platine(II) avec un ligand tridenté and une pyridine en ligand auxiliaire. Après s'être assuré que le complexe de platine(II) est stable par analyse thermogravimétrique, les fils moléculaires sont obtenus sur différent substrat par sublimation à 110°C en utilisant les principes de déposition physique en phase gazeuse comme montré en schéma 1.

Schéma 1. Illustration décrivant la déposition physique en phase gazeuse utilisé pour la formation de fibres de complexe de platine(II). 1) Les centres de nucléation sont créés sur différent substrats ; 2) auto-assemblage de de complexes de platine(II) π-conjugué à 110 °C.

Les nanoparticules d'or comme centre nucléophiles procurent des fibres de platine courbées orthogonal à la surface (Figure 5). Les propriétés mécanochromiques des fibres sont observés par la luminescence des fibres qui est décalé de vert à jaune après application d'une pression sur ces fibres 17. De tels changements photophysiques sont expliqués par un raccourcissement des distances entre deux atomes de platine dans les fibres de platine après application d'une pression le long de l'axe directionnel des structures. Pour étudier en profondeur et comparer xxii les propriétés méchanochromiques des poudres par rapport aux fibres, microscopie à force atomique couplé à un microscope à fluorescence est nécessaire. Dans le chapitre 3, encapsulation de complexes de platine(II) dans des particules de polymère est étudié 18 ,19 (Figure 6). La formation d'agrégats de platine est observée avec la présence de large L'auto-assemblage de complexe de platine(II) seul a été reporté de mainte fois dans la littérature [2][3][4][5][6] . Chapitre 5 se focalise sur les propriétés d'auto-assemblage de deux complexes dans un mélange H 2 O/dioxane. Deux paramètres sont modifiés pour cette étude, le ratio entre les deux complexes et la composition du solvant 22 . Deux complexes de platine(II) qui s'autoassemblent en fibres aux propriétés photophysiques différentes sous les mêmes conditions ont été sélectionnés afin de comparer leur co-auto assemblages comme montré en Figure 8.

xxvii Chapter 1

Introduction

Abstract: This chapter introduces the basic concepts of photophysics and the interaction between light and matter. The primary focus will be on the photophysical properties of d 6 and d 8 transition metal, and particularly platinum(II) complexes, which will be discussed in this chapter. The self-assembly of platinum(II) complexes into supramolecular architectures and their properties will also be highlighted. Finally, a brief discussion of polymer and surface functionalization will also be introduced in this chapter.

Interaction between light and matter 1-5

Light is the main source of energy for living organisms on earth. It provides the driving force for photosynthesis, which is the first step in the storage of energy that can be available for physiological processes. Understanding how light can be absorbed, produced, or transformed in chemical species in assembled components is a major objective of numerous scientists from different disciplines. The interaction of light with matter as a natural phenomenon and/or as an artificial process permeates most branches of science, from biology to materials science. For example, photosynthesis is a process used by plants and other organisms to convert light energy into chemical energy that can later be released to fuel organisms' activities. Solar energy consists of radiant light and heat from the sun. Moreover, it is an important source of renewable energy that is being harnessed using photovoltaic systems. Its' energy is artificially converted into a useful energy form via photophysical and photochemical processes.

Most molecules have higher energy excited electronic states in addition to the ground electronic state. These states are the result of the promotion of one of the electrons from the occupied orbital in the ground state to a vacant higher energy orbital.

The excitation of an electron from the occupied orbital to a higher energy orbital occurs when a photon with energy that matches the difference between the two states interacts with the molecule (Figure 1.2). = 1). The spin multiplicity generates the number of states expected in the presence of magnetic field, which is given by 2S+1. Thus, if a molecule with all electrons are spin-paired, S=0 and the spin multiplicity will be equal to 1. This electronic state will be referred to as a singlet state S 0 . The promotion of one electron from the ground state to the excited state (without any changes in the electron spin), results in the total spin quantum number being equal to 0 and the excited state will be a singlet state S 1 . If the promotion of one electron from the ground state to the excited state is coupled with a change in the spin of the electron, it then becomes aligned with the electron of the ground state, S = 1 and therefore it will have a spin multiplicity of 3. The excited state is now referred to as a triplet state abbreviated T 1 .

The excited triplet state usually has a lower energy than the excited singlet state. In essence, when two unpaired electrons occupy different orbitals there is a minimum energy of electronelectron repulsion when their spin is parallel. This repulsion energy determines the energy difference between the excited singlet state and triplet state. The ground state (E 0 ) supports numerous vibrational energy levels. At room temperature, only the lowest vibrational level is populated, and electronic transitions originate from the 𝜈''= 0 vibrational level. The bound excited state (E 1 ) also supports several vibrational levels.

However, because the excited state potential energy curve is typically shifted, the vertical excitations from the lowest vibrational level of the ground electronic state take the system into one of several vibrational levels of the excited electronic state.

Vibronic transitions are the simultaneous changes in electronic and vibrational energy levels of a molecule due to the absorption or the emission of a photon at the appropriate energy.

The principle also states that during an electronic transition, a change from one vibrational energy level to another is more probable to occur if the two vibrational wave functions overlap more significantly. The spectra of molecules in solvents that interact strongly with the chromophore are broad and often featureless. Upon interaction with the light, a molecule can be promoted from the lowest electronic state S 0 (Kasha's rule) to an excited electronic state. Due to spin selection rules, the excited state that is reached generally has the same spin multiplicity as the ground state, typically a singletsinglet transition.

This event can occur in the femtosecond time scale (10 -15 s). Absorption of a photon leads to the population of the matching vibronic state. Then, the vibrational relaxation (VR) to the lowest vibrational state is followed by internal conversion (IC) to the lowest singlet state (S 1 ).

The radiative relaxation between the lowest excited state and one vibronic state of ground state is called fluorescence, which occurs with conservation of electronic spin (10 -7 -10 -9 s).

As the equilibrium geometry of the molecule in the lowest excited state and the surrounding environment may differ from the Franck Condon state reached upon absorption of light, a shift in the emission is observed as compared to the absorbed light (Stokes shift). When an electron in a molecule with a singlet ground state is excited to a higher energy level, an excited singlet state or an excited triplet state will form. A singlet state is a molecular electronic state where all electron spins are paired. In essence, the spin of the excited electron is still paired with the ground state electron (Pauli exclusion principle). In a triplet state, the excited electron is no longer paired with the ground state electron; they are parallel and have the same spin.

Since excitation to a triplet state involves an additional forbidden spin transition, it is less probable that a triplet state will form when the molecule absorbs radiation.

Nonetheless, spin-orbit coupling (SOC) can overcome the selection rule as the flip of the electronic spin is coupled to a change of the orbital angular moment (El-Sayed's rules). The size of the interaction between the electron spin and orbital motions depends on the fourth power of the atomic number. In particular, heavy molecules, such as transition metals, can induce SOC very efficiently. The time scale of ISC is on the order of 10 -8 to 10 -3 s, one of the slowest forms of relaxation.

The radiative relaxation from an excited triplet state back to a singlet state is known as phosphorescence. However, if the SOC is strong enough, singlet and triplet states can be mixed leading to excited states with partial singlet and triplet characters. In this case, the emission is referred to as "luminescence". Finally, the molecule in an excited state (S 1 or T 1 ) can undergo non-radiative relaxation in which the excitation energy is dissipated as heat to the solvent. Non-radiative relaxation can also occur through interaction with a second molecule via fluorescence quenching. For example, the molecular oxygen (O 2 ) is an extremely efficient quencher of fluorescence because of its unusual triplet ground state.

If we consider the fluorescence of the S 1 state of a molecule to be in direct competition with internal conversion and intersystem crossing, then the rate of decay is given by

- = => 𝑀 * = 𝑘 @ A 𝑀 * + 𝑘 BCD 𝑀 * + 𝑘 BD 𝑀 * (eq. 1.5)
Where,

𝑘 @

A is the natural fluorescence rate coefficient (s -1 )

𝑘 BCD is the rate coefficient for intersystem crossing (s -1 )

𝑘 BD is the rate coefficient for internal conversion (s -1 )

𝑀 * is the concentration of electronically excited molecule

The deactivation of the excited states follows a first order kinetics and the lifetime of the excited states (S 1 or T 1 ) are defined as the reciprocal of the radiative and non-radiative rate coefficients.

𝑀 * = 𝑀 * A 𝑒 FG H > , 𝑘 @ = 𝑘 @ A + 𝑘 BCD + 𝑘 BD (eq. 1.6)

Where, 𝑘 @ is the sum of all the possible pathways by which 𝑀 * may be deactivated

The measured fluorescence lifetime is thus given by

𝜏 @ 𝑆 . = . G H = . G K = . G H L MG NOP MG NP (eq. 1.7)
In a similar way, the measured phosphorescence lifetime is given by

𝜏 Q 𝑇 . = . G S MG T NOP (eq. 1.8)
The photoluminescence quantum yield (PLQY) is known to be another crucial parameter, used to measure the efficiency of various photo-induced pathways. The PLQY (Φ) can be defined as the ratio between the emission and the absorption by a molecule. In fact, it is directly related to the ratio between the rate coefficient of the radiative photophysical pathway and the sum of all the radiative and non-radiative photo-induced pathways:

Φ @ = G H G H MG NOP MG NP (eq. 1.9)
Where, Φ @ is the fluorescence quantum yield Substitution of eq. (1.7) into (1.9) gives Φ @ = 𝑘 @ 𝜏 @ (eq. 1.10)

The phosphorescence quantum yield depends on the product of the rate coefficients for intersystem crossing and for phosphorescence from the triplet state, divided by the product of the sums of the rate coefficients for all the photo-induced deactivation pathways of both the singlet and triplet states. The quantum efficiency (𝜂 BCD ) is thus introduced as

𝜂 BCD = G NOP G H MG NOP MG T NP = 𝑘 BCD 𝜏 @ (eq. 1.11) Φ Q = G S G S MG T NOP 𝑘 BCD (eq. 1.12)
Where,

Φ Q is the phosphorescence quantum yield
The value of Φ and 𝜂 BCD can vary from 0 to 1. By knowing the excited state lifetime and the quantum yields, it is possible to calculate the radiative and non-radiative decay constants. 

Transition metal complexes

Transition metal complexes (TMCs) have attracted a great deal of attention because of their peculiar photophysical properties and redox properties [7][8][9][10][11][12][13][14][15][16][17][18][19][20] . They have been studied and applied in many fields from bio-sensing 21 , bio-imaging 22 , photo-catalysis [23][24][25] , electrochemiluminescence 26,27 and energy conversion 28 . They have also been used as active materials in organic light emitting diodes (OLEDs), light emitting electrochemical cells (LEECs) [29][30][31][32][33][34][35] , spin-cross over (SCO) 36 , and dye sensitized solar cells (DSSCs) 37 As mentioned previously, the presence of heavy metal atoms coupled with a judicious choice of metal ions and ligands, leads to strong spin-orbit coupling (SOC). As a result, the luminescent compounds show promising and tunable photophysical properties from UV to near infra-red (NIR) from both singlet and triplet states. The mixed nature of the luminescent state emission can in some cases approach 100%.

1.2.1.

Crystal field theory and ligand field theory 38,39 In order to describe the various spectroscopies of transition metal coordination complexes, physicists Hans Bethe and John Hasbrouck Van Vleck developed the Crystal Field Theory (CFT).

The theory describes the disintegration of degeneracies of electron orbital states, usually d or f orbitals, due to the static electric field produced by the neighboring charge distribution.

According to CFT, an octahedral metal complex forms because of the electrostatic interactions of a positively charged metal ion with a six negatively charged ligand. The lowest energyarrangement of six identical negative charges is an octahedron, which minimizes repulsive interactions between the ligands (Figure 1 Tetragonal and square planar geometry can be correlated to distorted octahedral complexes.

Moving the two axial ligands away from the metal ion along the z axis initially generates an elongated octahedral complex (center) and eventually produces a square planar complex Removing the two axial ligands results in the energy of the 𝑑 g h orbital to decrease significantly, so that the order of the d z, 2 and d xy orbitals is reversed. However, the CFT provides only a simple conceptual model; it treats ligands as point charges or dipoles and does not take into account the overlap of ligand and metal atom orbitals. A more thorough approach is given by the Ligand-Field Theory (LFT), 38 which is an application of Molecular Orbital Theory (MOT).

In fact, the LFT describes the molecular orbitals of a d-metal complex as being similar to polyatomic molecules. The metal and ligand valence orbitals generally form symmetryadapted linear combinations and the relative energies of the molecular orbitals are then estimated by using empirical energy and overlap considerations.

In order to comprehend the photochemical processes that involve both d 6 and d 8 , it is important to briefly describe what happens upon excitation of the system. where filled and virtual orbitals with a certain nature are located. These orbitals can be classified according to the contributions. 𝜎 l : strongly bonding, predominantly ligand-centered (𝜎-MOs);

𝜋 l : bonding, predominanantly ligand-centered (𝜋-MOs);

𝜋 n : non-bonding, predominantly metal-centered (𝜋-MOs of t 2g symmetry);

𝜎 n * : antibonding, predominantly metal-centered (𝜎-MOs of e g symmetry) 𝜋 l * : bonding, predominannantly ligand-centered (𝜋-MOs);

𝜎 n * : strongly antibonding, predominantly metal-centered (𝜎-MOs of e g symmetry)

There are essentially four possible types of excited states, named after the comparison of their The relative energies of these states depend on many factors. For example, if the size of the metal increases, the interaction of d-orbitals with the ligand orbitals is more effective, so the MC states are pushed to higher energy levels. In a similar way, oxidation state of the metal center, type, strength and substitution of ligands (electron donating or withdrawing groups)

alter the character and energy of the state. According to the perturbation theory, the character of two states can be mixed in nature, leading to new states (mixing of states by configuration interaction or spin orbit coupling). Platinum (II) square planar complexes are generally 16 valence electron systems (8 electrons from the metal center and 8 electrons from the ligands). Generally, for the monomeric form of the complex, the 𝑑 g h orbital lie below the HOMO, which is mainly constituted by bonding orbitals of the ligand (𝜋 l ). The LUMO is also mainly ligand centered with main contributions from the anti-bonding orbitals of the ligands (𝜋 l * ). The relative energy levels of MLCT and LC states depend on the energy gap between the HOMO ( 𝑑 g h , 𝜋 l ) and LUMO (𝜋 l * ) of the orbitals involved in the electronic configuration of the excited state. For instance, in Figure 1.8, the lowest electronic transition is LC, as mainly HOMO (𝜋 l ) and the LUMO (𝜋 l * ) are involved in the change of electronic configuration with respect to the ground state. If the energy gap between the MC (d orbitals of the metal) and the lowest excited state is comparable to kT (k is the Boltzmann constant and T is the temperature in kelvin), it can be deactivated nonradiatively as shown in Figure 1.9.

On the basis of the LFT, for a metal center set in a square planar geometry of the coordinating ligands, relaxation of the degeneracy of the d orbitals leads to a filled 𝑑 g h orbital normal to the plane of the molecule. This filled orbital may weakly interact with the ligands coordination sphere, and energetically lies below the HOMO level. The exposure of the metal center and its 𝑑 g h orbital to the surrounding environment, (for example, solvent molecules or neighboring platinum(II) complexes) when aggregation occurs, enables electronic coupling [40][41][42][43][44][45][46][47][48][49] . Aggregation can be enhanced or supported by extended pconjugation of the coordinating ligands and the absence of bulky ligands. In the latter case, the formation of such ground-state metallophilic interactions through the free axial position destabilizes the filled 𝑑 g h orbitals, leading to the splitting of d-orbitals upon Pt … Pt interaction, typically for intermetallic distances between <3.5 Å. As a result, the nature of the HOMO is Two closed-shell metal cations, e.g Pt(II), would generally be expected to repel each other.

However, the attractive interactions between closed shell metal ions have been increasingly

studied and are often referred as to metallophilic interactions 49 .

The best evidence for these metallophilic interactions has been found in the solid state where structural data obtained by X-ray diffraction provides precise information about the distance between the metals involved. Metallophilic interactions involving d 10 ions, 50-53 d 8 ions, [54][55][56][57] or the combination of both in heterometallic systems [58][59][60][61] have been reported in the last decade.

Numerous theoretical studies on metallophilic interactions continue to be carried out at various levels, which take into account relativistic and correlation effects to describe these van der Waals-type interactions 62,63 . The strength of such metallophilic interactions has been compared to that of hydrogen bonding (7-11 kcal.mol -1 ) 51 which is strong enough to be used for the preparation of supramolecular structures. Bidentate Pt(N^N)X 2 complexes have been studied to tune the photophysical properties by changing two different types of ancillary ligands, namely monodentate ligands [64][65][66] (X = Cl -, CN - , SCN -, NCO -and acetylide) or bidentate ligands 64,67 (acetylacetonato (acac), ethylenediamine(en) and tolan-2,2-diacetyle (tdaH2). The advantage of bidentate ancillary ligands over monodentate ligands is that the non radiative deactivation can be reduced by the enhancement of rigidity which results in longer lifetimes and higher photoluminescence 67 .

Classes of platinum(II) complexes

Conversely, one of the potential advantages of tridentate ligand over bidentate ligands is the inhibition of the D 2d distortion that bis-bidentate complexes can undergo, for example, the twisting of the two coordination planes relative to one another. The first terpypyridine based Pt(II) complex (Pt(N^N^N)) was described in 1934 68 and it was discovered that it has numerous applications [69][70][71][72] . It is non-luminescent in solution at room temperature (rt) due to the efficient non-radiative deactivation via the MC state 73,74 . To avoid this non-radiative pathway, one solution is to increase the energy gap between MLCT and MC states. This can be achieved by either lowering the energy of the LUMO or increasing the energy of the HOMO. There have been numerous modifications to the terpyridine ligand including varying the substitution with an electron, withdrawing groups or extending p-conjugation 73,75 . For example, the insertion of an electron-donating group in the terpyridine ligand stabilizes the lowest excited state.

Substitution with an electron withdrawing group stabilizes the MLCT state as compared to unsubstituted complex. Thus, the MC states can not be thermally populated and luminescence can be observed in solution at ambient temperature 73,76 . On the second part of the molecule, the ancillary ligand also plays a major role on the energy of the excited states. Stronger field ancillary ligands p-accepting or s-donating such as CN 77 , OH 78 , SCN 78 and arylalkynyl 79 can push the MC states effectively to higher energy, giving luminescence in solution. Later, the replacement of one or two of the N atoms by C atoms to form cyclometalated (Pt(C^N^N)X) , (Pt(N^C^C-N)X) or (Pt(C^N^C)X 2 ) leading to mono-or doubly charged species with bright luminescence in solution were reported 80 . Modifications of the tridentate/cyclometallated ligand can lead to enhanced luminescent characterisitics. It is possible for instance to take advantage of the strong effect of cyclometallated (Pt(C^N^N) with s-alkynyl ligand on the electronic properties to tune the structural, photophysical characteristics of a set of platinum(II) complexes 81 . 83 . Understanding the effect of all the interactions is crucial as they affect the properties of the final. The chemical assembly of relative small and simple molecules into macroscopic, hierarchically organized, and complex structures allows to bridge the gap between the nano-and the macro-world. Furthermore, the functions of a supramolecular structure are much more complex than the single acts of a small components and new emerging properties rise from the assemblies.

Supramolecular chemistry

Self-assembly of platinum(II) complexes

The self-assembly of luminescent platinum(II) complexes containing p-conjugated ligands through p-p and Pt•••Pt interactions has been intensively studied over the years as an efficient bottom-up approach towards the preparation of supramolecular materials up to the micrometer scale [START_REF] Yu | Proc. Natl. Acad. Sci. U.S.A[END_REF][START_REF] Moussa | [END_REF][86][87][88][89] . Because of the non-covalent nature of those interactions, the selfassembled architectures can be monitored and tuned by varying parameters such as temperature, mechanical forces, counter ion, etc.... Moreover, when stimuli-responsive groups are incorporated into these building blocks, the self-assembled properties can be controlled by the application of external stimuli such as pH, temperature, and UV exposure. 90,91 As discussed previously, remarkable spectroscopic properties, such as lowerenergy and/or emission bands, have often been observed and considered as a fingerprint of the establishment of Pt•••Pt interactions and used to probe dynamic transformations of the supramolecular assemblies. Several varieties of supramolecular functional architectures absorption and emission spectra of complex 1.K increasing the acetone content in water and plot of the absorbance at 562 nm versus percentage of acetone 95 .

have been reported which range from 0D structures (for example, micelles), to 1 dimensional arrays, 2D layers and up to 3D networks. Due to their square-planar molecular arrangement, Pt(II) complexes tend to often self-assemble into 1D fibers. Those fibers tend to bungle into entangled 3D networks leading to, in some cases, the formation of supramolecular gels [92][93][94] .

As mentioned previously, platinum (II) complexes with tridentate ligands have attracted considerable attention in recent years due to their photoluminescent properties.

Among them, alkynylplatinum(II) complexes bearing an amphiphilic anionic bzimpy moiety on the tridentate ligand and a chlorine atom as ancillary ligand have shown remarkable selfassembled properties associated with spectroscopical changes in the photophysical properties (refer to Figure 1.12) 95 . When the molecule is solubilized in water, pseudo-0D micellar structures have been observed due to its amphiphilic character. These types of assembly are characterized by a broad featureless emission band (l em = 675-585 nm) attributed to a 3 MMLCT band due to the Pt•••Pt interactions. Upon gradient addition of an organic solvent (acetone in this example) to the aqueous solution, the color of the solution containing the Pt(II) complex is shifted from red to yellow to blue as the solvent mixture is varied from 100% water to 90% acetone. Such spectroscopic changes were attributed to the variation of the low-lying 1 MMLCT absorption bands. The decrease of the absorption bands at 530 nm and 560 nm upon adjusting the water content from 100% to 50% in a acetone/water mixture was attributed to the partial disaggregation process with disruption of Pt•••Pt and p-p interactions. Above 50% in acetone, the formation of intense 1 MMLCT absorption bands at lower energy (600nm) was observed and attributed to the formation of a second kind of aggregates with stronger Pt•••Pt and p-p interactions. These changes in spectroscopic properties were monitored by electron microscopy. In aqueous solution platinum(II) complex form vesicles. Upon increasing the acetone content, long fibers were formed. packing parameter and morphologies 96 .

In a more recent study, the same group have reported the molecular structural changes on self-assembly of amphiphilic sulfonate-pendant platinum(II) bzimpy complexes in aqueous medium (see Figure 1.13) 96 . The introduction of alkyl chain of different lengths has been found

to have an important effect on controlling the molecular packing and thus on the spectroscopic changes. Complexes with short alkyl chain aggregates produce sheet-like structures. Upon increasing the length of the alkyl chain, the platinum(II) bzimpy complexes tend to form cylindrical micelles. The change in morphology was attributed to the variation of the packing parameters of amphiphilic molecules. Indeed, longer alkyl chain lead to an increase in the hydrophobicity of the complexes. Packing parameters and its consequence on the morphology of amphiphilic molecules will be discussed in the next part.

In our group, neutral platinum(II) complexes self-assembling into highly emitting microcrystalline fibers have been reported. The solvent-assisted, self-assembled fibers show high PLQY, longer lifetimes and red-shifted polarized light emission compared to the molecularly dissolved blue-emitting platinum(II) complex. SAXS/WAXS measurements of these fibers showed an intermolecular distance of 3. Platinum(II) complexes, depending on their design, can self-assemble into various morphologies, mainly through platinum-platinum and p-p stacking interactions. Nevertheless, a comprehensive control of the final structures of these aggregates is yet to be achieved. In our group, the supramolecular landscape of an amphiphilic platinum(II) complex has been fully characterized and controlled through a combination of supramolecular and photochemical approches 98 . The different supramolecular assemblies for the same molecule has been monitored by following the different photophysical properties of the aggregates as a fingerprint for each species (see Figure 1.15). 98 .

The platinum(II) complex can self-assemble whether into two kinetic assemblies or one thermodynamic counterpart. It was possible to control the dynamic pathways of the three species by adjusting the parameters, such as solvent composition and light. The novelty of the approach was to follow in real time the evolution of the self-assembly until reaching the thermodynamic species (C) passing by two kinetically trapped species (A and B). Due to the change in the color of the emission of the different assemblies, the process was recorded by confocal microscopy. Moreover, it has also been demonstrated that the size of the assemblies can be controlled by seeded growth under living supramolecular polymerization conditions.

Other ligand systems were also explored for metallogels of platinum(II) complexes. By definition, if a gelator contains a metal center, the gel is known as a metallogel. The presence of metal center in the gelator can offer particular functionalities to the macrophase (gel state) such as stimuli responsiveness, bio-imaging and luminescent properties. To increase the solubility and gelating capacity of metal complexes, the ligands are functionalized with long alkyl chains, cholesterols moieties and polyethylene glycol chains.

De Cola et al. reported a metallogel of Pt(II) complex showing a high PLQY (90%) 99 .

Interestingly, the complex is not emissive in solution, whereas Pt•••Pt interactions are switched on upon gelation, to give aggregate emission from 3 MMLCT state (Figure 1.16). Another interesting approach to build up soft nanomaterials with phosphorescent organoplatinum(II) complexes consists of combining metallophilic interaction with ionic selfassembly. Chen et al. reported that cationic platinum(II) complexes were non-soluble in apolar solvents until addition of a counter-ion with a highly lipophilic anion 100 . The photophysical properties observed in apolar solvent show a bathochromic shift in absorption and emission spectra. When complex 3 in dichloromethane (0.5 wt%) is drop-casted on a silica wafer under a moist airflow, honeycomb mesostructures can be observed by SEM (see Figure 1.17). The resultant film shows this pattern covering an area of tens of square millimeters. The regular hexagonal arrangement could also be confirmed by the fast Fourier transform image. Noncovalent metallophilicity and ionic self-assembly has a key role in holding the building blocks together in the supramolecular nanostructures and ordered honeycomb structures. Interestingly, a solvent-dependent chiral switching of self-assembled structures has been 

Diblock copolymers

Most of the work reported in this thesis is based on the study of block copolymers and their self-assembly properties in solution. The most commonly and extensively studied systems are those of linear amphiphilic block copolymers, which are typically defined as macromolecules consisting of two or more chemically distinct and frequently immiscible blocks linked together by covalent bonds. When an amphiphilic block copolymer is dissolved in a thermodynamically ideal solvent for one of the blocks, the copolymer self-assembled into various morphologies including spherical micelles, cylindrical micelles, lamellae, vesicles, discontinuous structures or large micelles compound [108][109][110] . The self-assembly arises from the need of the copolymer chains to minimize the interface energy. The solvent compatible block has a tendency to form the hydrophilic coronas whereas the solvent incompatible block tends to form the hydrophobic core of the aggregates. This is called the hydrophobic effect [111][112] . The morphology of the resulting aggregates is a result of the molecular curvature arising from the relative sizes of the soluble and insoluble blocks. The dimensionless packing parameter 113 , p, can be used to define the relative size of the insoluble region of the copolymer and is defined as:

𝑝 = | } L ~• (eq. 1.16)
Where, 𝑎 A is an effective cross-sectional area per the amphiphilic block copolymer at the interface.

𝑙 ' is the statistical critical length normal to the interface, which correlate with the contour length of the polymer chain

(A) (B)
𝜈 is the volume occupied by the densely packed copolymer block (hydrophobic for aqueous media). The packing parameter defines the ratio of the insoluble chain molecular volume to the volume occupied by the copolymer in the assembly (see Figure 1.20) 114 . Amphiphiles with 𝑝 < 1/3 generally form spherical micelles. When 1/3 < 𝑝< 1/2, amphiphiles form micelles with the spherical cylindrical (worm-like) morphology. If 1/2 <𝑝< 1. A gradual variation from a cylindrical micelle through to vesicles and then to a planar bilayer at 𝑝=1 is expected. When the packing parameter 𝑝 > 1, more complex systems of the inverted aggregates may form. It is worth mentioning that it is a balance between all the free energy contributions to the self-assembly and also kinetic factors that determine the morphology of the final structure. The packing parameters are considered to be more theoretical than an empirical estimation. For instance, the same block copolymer can self-assemble into micelles, vesicles, lamellae and large vesicles compounds under different conditions. The different morphologies reported for a poly(styrene)-block-poly(acrylic acid) (PS-b-PAA) amphiphilc diblock copolymer are depicted in Figure 1.21.

Spherical micelles 115 . The most common morphology is spherical micelles. The self-assembly of a classical, amphiphilic diblock copolymer leads to two different types of micelles, depending on their relative block lengths: star-like and crew-cut. Systems in which the hydrophobic blocks are much longer than the hydrophilic segments are named "crew-cut" aggregates (or reverse micelles). They have a bulky core and a relatively short corona. By contrast, systems in which the hydrophilic blocks are much longer than the hydrophobic segments are named 'star-like" aggregates (regular micelles) 112 . The spherical micelles are usually the first aggregates to form, thus they can be considered as the starting morphology for aggregates. The size of polymeric micelles is usually between 10 and 100 nm.

Cylindrical or wormlike micelles 116 (rods). They are composed of cylindrical core and a corona surrounding the core. Generally, they have diameters of the same order of magnitude of the spherical micelles but can extend to tens of micrometers in length.

Lamellae and vesicles 117,118 (bilayers). Lamellae are flat or slightly curved bilayers. Vesicles are closed bilayers, typically hollow spheres with a hydrophobic wall and internal and external hydrophilic coronas.

Large compound micelles 109 (LCMs). They consist of an aggregation of inverse micelles and their outer surface is stabilized in solution by a thin layer of hydrophilic chains. LCMs are frequently seen in many polymer systems. They have a much larger diameter than spherical micelles and are highly polydispersive. There are several methods for the preparation of block copolymer in solution [109][110][111][112][113] . Generally, for a block copolymer with a high 𝑇 z , a co-solvent method is used. Basically, the amphiphilic block copolymer is dissolved in a common solvent (generally dioxane, THF or DMF which are ideal solvents for both of the blocks). Then a selective solvent, e.g water which is a nonsolvent for the hydrophobic block), is slowly added to the solution. The water addition is continuous until the water content is much higher that at which the aggregation process starts. Then the aggregates are usually quenched in an excess of water to freeze the kinetic processes and morphologies. Finally, the common solvent is removed by dialysis of the resulting solution against water or evaporated.

Encapsulation of platinum complexes

Metal-based anticancer drugs, in particular platinum-drugs, have been investigated for the treatment of cancer. One of the most widely used platinum-based anticancer drugs is the cisplatin, discovered in 1965 and then FDA-approved in 1978 119 . However, this drug was associated with major side effects and drug resistance. To overcome these issues, drug delivery systems have been developed to load, transport and delivery the drugs in a controlled manner. Two strategies have been developed throughout the years; the platinum-based drug can be either physically encapsulated into a polymer matrix 120 or they can be covalently bonded to the polymer 121 . For many years, numerous studies have been carried out and techniques have been developed with a range of drug carriers including dendrimers, micelles and solid polymer particles 122 .

The metallodrugs may have higher or lower oxidation states that are either inactive or too toxic. The active oxidation state for platinum or ruthenium is +2. This metal ion is surrounded by ligands, which can be sorted into two groups. The permanent ligands, amines or phosphines, are permanently bound, while labile ligands, carboxylates or halogenates, tend to leave the complex (see Figure 1.22) 123 . These labile ligands are often the key to the efficiency of the drug since the replacement of this ligand by water activates the drug. The other proposed method for the encapsulation of platinum-based drugs is the formation of macromolecular platinum complexes via covalent attachment to the polymer backbone.

The advantages of this method include enhanced cellular uptake, prolonged circulation time in blood vessels, drug retention time in tumors and high loading capacity and water solubility.

During the micelles formation, the platinum drugs are incorporated into the inner core by chemical conjugation. One example of this system is NC-6004, which is a block copolymer of PEG poly (ethyleneglycol) and poly(glutamic acid) (PGlu) coordinated with cisdiammineplatinum moieties (Figure 1.24) 127 . The hydrophilic PEG chain constitutes the outer shell of the micelles, and the PGlu-Pt complex chain constitutes the inner core of the micelles.

The cis-platin micelles have an average size of 28 nm and are stable in distilled water for a long time. 

Metallo-supramolecular block copolymer self-assembly

Metallo-supramolecular chemistry is by definition a combination of supramolecular chemistry and polymer chemistry. Contrarily, in this case the platinum moiety is covalently linked to the hydrophilic and hydrophobic blocks. Moreover, the presence of a metal complex in the copolymer structure introduces additional electrochemical, photophysical and redox properties.

Yam and coworkers reported the synthesis of thermo-responsive luminescent metallosupramolecular triblock copolymers based on platinum (II) complexes (Figure 1.29) 132 . Metallo-supramolecular block copolymer is an elegant method to encapsulate the platinum moiety within polymer micelles. However, the synthetic effort and the difficulty of handling such molecules are limitations of the method. The encapsulation of platinum(II) complexes by block copolymers is a versatile method which enables the complex and polymer to be handled separately. For example, the feed ratio between the polymer and the complex can be varied or the mixing of the two molecules can be controlled.

1.9. Surface functionalization 1.9.1. Silicon 134 Silicon, before the emergence of graphene, was the most promising and important material utilised in microelectronic computing. A wide range of functionalities can be synthesized and incorporated on the surface which allows a finer tailoring of the surface characteristics and properties for a broad range of applications [135][136][137][138] each silicon atom below the surface is bonded to two atoms in the plane below and two atoms in the plane above. In the (111) direction, the silicon crystal has a double-layer structure, with each Si atom having three bonds to atoms in the other layer of the double layer and one bond to an atom in a different double layer. Upon exposure to air, single crystal silicon structures become rapidly coated with a thin, native oxide layer that can be removed chemically with a fluoride ion. Silicon wafers can also be doped in a controlled fashion with electron donating (P, As, Sb: n-type) or withdrawing (B: p-type) impurities to make it more conductive.

The modification of silicon wafer is possible from two starting materials: oxide silicon layer or non-oxide layer.

Surface modification of oxide surfaces 141

Surface modification with alkoxylsilanes is one of the most commonly used methods to prepare monolayers on oxides 142 . The main advantage is the quick and efficient formation of covalent linkage between the substrate ant the anchoring group 143 . This covalent bond stabilizes the monolayer, and also allows for further chemical modification. The modification of silicon oxide substrates has been initially reported by Sagiv 144 and since then different methods have been reported. The most reproducible technique for the preparation of silane SAMs is the immersion of a clean, freshly prepared Si-OH substrate in millimolar solution of alkoxysilane precursor 145,146 .

Phosphonic acids [R-PO 3 H 2 ] and their phosphonate ester derivatives [R-PO 3 R 2 ] are attractive alternatives, for use as anchoring groups for hydroxylated surfaces 147,148 . Both functional groups have the ability to react with oxide substrates. In comparison with silane analogues, phosphonate derivatives are considerably less susceptible towards self-condensation reactions, which makes them easy to handle and store in ambient conditions.

Carboxylic acid-based SAMS can also form densely packed and highly organized monolayer films 149,150 . The advantages of these layers are the wide range of carboxylates available and the environmentally friendly nature of the carboxylates, which make them attractive for "green" chemistry.

More recently, catechol and dopamine have been used for oxide surface-modification 151 .

Their mode of attachment is a biomimetic one, as it hinges on chemistry that is also found in the adhesive-pad proteins secreted by marine mussels to produce extremely strong binding.

The binding of catechol-derivate is advantageous for three main reasons: the reaction works on a wide variety of surfaces; the so-formed bond is extremely strong; and any annealing or heating is required during the formation of the monolayer.

Alkene and alkyne-based monolayers have also been formed by photochemical and thermal attachments 152,153 . One of the advantages of alkene/alkyne onto -OH terminated surfaces is the stability of the resulting layers. In most cases, those monolayers display a significantly higher stability than silane-based monolayers. Such stable monolayers can also be used to construct photopatterned monolayers on oxide surfaces. in basic and acidic conditions. Another approach is the functionalization of the surface through chlorination is possible 159 and results in surfaces that are suitable candidates for numerous applications [160][161][162] . Silicon-carbon linked monolayer provides a relatively simple approach to obtain chemically passive silicon substrates, with minimal traces of silicon oxides. 

Gold 163

Gold is historically the most studied substrate for the formation of self-assembled monolayer because it is simple to obtain, relatively inert and easy to modify. The spontaneous adsorption of organic molecules on a variety of surfaces can generate self-assembled monolayers of one molecule thickness. The seminal work of Nuzzo and Allara involved the use of a series of disulfides to form monolayers from solution 164 . An extended study showed that wellorganized organic monolayers could be formed from spontaneous adsorption onto gold substrates 165 . The most common protocol for preparing SAMs on gold and other materials is the immersion of a freshly prepared clean gold substrate into a solution containing the organosulfur compounds 166,167,168 (thiols, disulfides, sulfides). Dense coverage is rapidly obtained, however the reorganization process requires a longer time in order to minimize the defects in the SAM. They are moderately stable at room temperature but can degrade over time and desorb upon moderate heating. SAMs formed from sulfides suffer from severe stability issues and conformational defects, and SAMs formed from disulfides are subject to multilayer contamination due to the low solubility of the adsorbate precursor. However, these SAMs still remain appealing for the functionalization of gold substrates and gold nanoparticles. These SAMs have been utilized in a myriad of applications including biosensing 169 , and electrode modifications 170 . Although the formation of self-assembled monolayer on gold has been studied for three decades, the nature of the sulfur-gold bond is still discussed among scientists 171 .

Platinum(II) complexes on silicon substrates.

The coordination chemistry of metals can be utilized to form molecular films of organometallic complexes on solid substrates and leads to organized and directed intermolecular 

Scope of the thesis

This thesis focuses on the synthesis, photophysical and self-assembly properties of luminescent platinum(II) complexes and their behaviour in solution, inside polymer particles and on different substrates.

Chapter 2 explores different strategies for the covalent linkage of platinum(II) complexes on gold and silicon substrates. Growth of platinum nanowires by physical vapor deposition is also investigated.

Chapter 3 is dedicated to the encapsulation of platinum(II) complexes by polymer particles.

The mechanism is studied in detail by electron and fluorescence microscopy and correlated to the intriguing photophysical properties.

Chapter 4 demonstrates an analogy between the behavior of diblock copolymer and amphiphilic platinum(II) complex in different organic solvent/water mixtures. Different morphologies such as fibers, rods or cylinder were observed by microscopy and their photophysical properties were studied.

Chapter 5 explores the supramolecular co-assembly of two different platinum(II) complexes for the first time, and the resulting morphological and photophysical properties of the soformed aggregates.

Introduction

The formation of organized monolayers consisting of oriented molecules on gold and silicon substrates have attracted a vast amount of attention for the last forty years [1][2][3][4] . It began with the seminal work of Jacob Sagiv, who first reported the formation of homogeneous mixed monolayers on polar solid surfaces by adsorption from organic solutions 5 . It was demonstrated that a monolayer containing both chemisorbed and physisorbed components could be produced in a one step procedure via covalent silane bonds on substrates with -OH groups. A few years later, Nuzzo and Allara reported the adsorption of bifunctional organic disulfides on gold surfaces leading to the formation of self-organized monolayers 6 . From those two pioneering works, many applications have been disovered, inluding electrochemistry 7 , sensing [8][9][10][11] , field effect transistor 12 , photovoltaic 13 . Different approaches have been developed

to form well-defined monolayers on silicon wafers. Among them, modification of the native oxide surface, typically silicon, was extensively studied 14 . One of the most widely used strategies for the modification of an oxide surface was the use of alkoxylsilanes. The silanization reaction occurred between the hydroxyl groups on the surface, which attack and displace the alkoxy groups on the silane, thus forming a covalent Si-O bond. The polycondensation reaction between the oxide surfaces and the alkoxysilane molecules across the surface leads to the formation of stable monolayers 15,16 . Phosphonate 17,18 , carboxylate 19,20 , catechol 21 or alkene/alkyne 22,23 were also used for the fomation of stable monolayers on silicon oxide and other oxide surfaces. Many techniques were developed to covalently attach the aforementioned anchoring groups on the oxide surfaces: photochemical attachement 24,25 , thermal grafting 26,27 and wet chemical functionalization [28][29][30] . There have also been various developments involving the formation of self-assembled monolayers on gold substrates 31 . Metal-organic self-assembled monolayers have been widely studied and there are numerous field applications [32][33][34] . Deposition of organometallic complexes on different substrates can lead to the formation of ordered structures with interesting photophysical properties [35][36][37][38] . In particular, because of the d Z 2 orbitals and the d 8 electronic configuration of platinum (II) complexes, the molecules show a high tendency to stack favoured by weak noncovalent metal…metal and/or p-p ligand-ligand interactions 39,40 . The self-organization of luminescent platinum (II) complexes has been employed as an efficient bottom-up approach towards the preparation and development of novel molecular materials from the molecular-to micrometer-scale [41][42][43][44][45] . Luminescent platinum (II) complexes are also known for their high photoluminescent quantum yield, long excited state lifetimes (compared to organic fluorescent labels), tuneable emission and significant Stokes shift. Most studies on the selfassembly of platinum (II) complexes were carried out in solution, and there are very few studies on the aggregation on solid substrates. Strassert and a co-worker recently developed a new strategy for the anchoring of platinum (II) complexes on quartz and silicon surfaces 46 .

Pyridine-terminated silane linkers were covalently bonded to amorphous quartz and silicon carbide by polycondensation reactions on the substrates, followed by coordination of the luminescent platinum (II) complexes. Islands of luminescent platinum (II) aggregates were observed on the surface, meaning that platinum-platinum interactions occurred on the surface. However, the density of the platinum complex was relatively low (less than 10% coverage in the best case) and there are limited applications in optoelectronicsor electroluminescent devices. Another possible approach is to grow platinum fibers perpendicular to the substrate. The preparation of organic nanowires from p-conjugated molecules has been accomplished by several methods including vapor deposition 47,48 . This method allowed direct control over the morphology and the composition of the nanowires.

Similar methods at low pressure or physical vapor deposition also represent alternative methods for the formation of aggregation of p-conjugated molecules 49 .

In this chapter, we report the functionalisation of gold and silicon substrates with different platinum (II) complexes. Silicon substrates were firstly treated in order to obtain reactive hydrogen terminated surfaces (Si-H). The first strategy chosen was to covalently attach 4vinylpyridine molecules on the Si-H substrates by UV induced photoreaction. The second strategy developed was to transform the Si-H surface into acetylenated substrates with an alkyne bond perpendicular to the substrate. A molecule with an azide functional group on one side and a pyridine moity on the other side was linked to the surface by CuAAC click chemistry.

For the two strategies, platinum (II) complexes consisting of a tridentate chelating ligand were coordinated to the functionalised substrates under surface constraints. The resulting surfaces were characterised by X-ray photoelectron spectroscopy (XPS) in order to determine the density of platinum (II) complexes on the surface. Gold substrates were also functionalised via sulfur-gold bonds with platinum (II) complexes of different lengths bearing a disulfide-ending group. The modified gold substrates were analysed by XPS to determine the density of platinum complexes on the surface and confocal fluorescence microscopy to study the photophysical properties. A sensing essay based on the removal of the platinum moiety from the substrate via cleavage of the ester functional group was also demonstrated. Finally, nanowires of platinum (II) complexes were also grown by PVD perpendicularly to different substrates. The shape and density of the platinum (II) nanowires were assessed by (SEM) and fluorescence microscopy. The mechanochromic effect upon application of a pressure force directed along the axis of the platinum-platinum interactions on luminescent platinum nanowires were also studied by SEM and fluorescence microscopy.

Results and discussions

Synthesis

All the compounds were characterised by 1 H NMR, 13 C NMR and 19 F NMR when possible.

Additional elemental analysis and mass spectrometry analysis were performed for all the platinum (II) complexes.

Synthesis of tridentate ligand 2

The synthetic route for the preparation of the chromophoric tridentate ligand 2 used for the preparation of all the platinum (II) complexes is depicted in Scheme 2.1 45 . This particular ligand has been synthesised to address different features. The tridentate ligand provides a rigid chelating unit for the platinum (II) complex. The CF 3 electron withdrawing group stabilizes the HOMO and increases the energy gap between the HOMO and the LUMO. Moreover, the presence of the "small" CF 3 group provides a hydrophobic character and favours aggregation of the platinum (II) complex without steric hindrances.

Scheme 2.1. Synthetic route for the preparation of the tridentate ligand 2.

In the first step, commercially available 2,6-pyridinebiscarbonitrile was reacted with hydrazine monohydrate in ethanol and the nucleophilic addition hydrazine of the two nitrile functional groups resulted in pyridin-2,6-bis(carboximidhydrazide) (1). Then, condensation between 1 and 2 equivalents of trifluoroacetic anhydride was carried out in diethylene glycol dimethyl ether ("diglime") at reflux, leading to acylation and ring closure. Diglime was chosen as solvent for its high boiling point required for the formation of the triazole. The addition of water to the reaction mixture precipitated compound 2, which was easily collected as a whitish powder with an overall high yield.

Preparation of the platinum (II) complexes

Two strategies were employed to functionalise the silicon wafer 1) UV induced coupling of 4vinylpyridine with hydrogen-terminated substrate, 2) Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition click-chemistry between acetylenylated substrate and azide terminated platinum (II) complex. For this reason, two different platinum (II) complexes were prepared.

The synthetic route for the preparation of vinyl-terminated platinum (II) complex (3) is depicted in Scheme 2.2. Complex 3 was then covalently linked to the silicon substrate by polycondensation reactions induced by UV irradiation.

Scheme 2.2. Synthetic procedure for the preparation of vinyl-terminated platinum (II) complex

3.

The tridentate ligand was coordinated to the platinum precursor PtCl 2 (DMSO) 2 by deprotonation of its triazole rings in the presence of a non-nucleophilic base, diisopropylethylamine (DIPEA), and heating under inert atmosphere. The coordination sphere was then completed by addition of the 4-vinylpyridine as an ancillary ligand. Compound 3 was obtained after column chromatography purification as an orange powder.

The synthetic routes for the syntheses of the azide-terminated ligand 6 and the corresponding platinum (II) complex ( 7) is depicted in Scheme 2.3. Commercially available tetra(ethyleneglycol) was succesively converted into a monotosylate and azide derivate (4) 50 .

N HN N N N N NH CF 3 F 3 C PtIICl 2 (DMSO) 2 + + DIPEA N N N N N N N CF 3 F 3 C Pt N N 2 3 46% MeOH 65°C, N2 atm
The hydroxyl group of compound 4 was then oxidized with freshly-prepared Jones reagent to give compound 5 51 . Condensation of compound 5 with 4-amino pyridine in the presence of a coupling agent (dicyclohexylcarbodiimide, DCC) led to the desired ancillary ligand 6. The corresponding platinum (II) complex was prepared as reported above.

Scheme 2.3. Synthetic route for the synthetis of the azide-terminated ligand and the corresponding platinum(II) complex 7.

The tridentate ligand was coordinated to the platinum precursor PtCl 2 (DMSO) 2 and heated in methanol in the presence of a base diisopropylethylamine (DIPEA) under nitrogen atmosphere. The coordination sphere was completed by ancillary ligand 7. The compound was obtained after column chromatography purification as an orange powder.

Gold

In order to attach platinum (II) complexes on the gold substrates, disulfide terminated ligands were firstly synthesized as depicted in Scheme 2.4 52 . Pyridine with a short alkyl chain (1 or 3 -CH 2 ) as spacer and a hydroxyl functional group at the end in para position was commerially available. A longer spacer with a 7-members carbon chain was synthesised by bromination of

HO O O O OH N 3 O O O OH 1) TsCl, NaOH, THF/H 2 O 2) NaN 3, EtOH, 80°C N 3 O O O OH O CrO 3 /H 2 SO 4 H 2 O, Acetone 4-aminopyridine, DCC THF, 70°C 4 5 6 
N NH HN F 3 C CF 3 4 + + PtCl 2 (DMSO) 2 N N N N N N N CF 3 F 3 C Pt N HN O O O O N 3 DIPEA MeOH, 65°C 7 N HN O O O O N 3 6 N 3 O O O H N O N 66% 52% 55% 41% 2
one hydroxyl group of 1,6 hexane-diol (8). Due to the presence of monobromo, dibromo, and non-brominated products, the reactional mixture was purified by column chromatography.

The different spots of the TLC were revealed by a potassium permanganate solution. The single hydroxyl group of compound 8 was protected with 3,4- The ancillary ligands 11-13 were obtained after esterification of 4-(hydroxyalkyl) pyridines of differing chain lengths and α-lipoic acid, each as pale yellow oils. The oils were dissolved in methanol solutions and stored in the fridge. The corresponding platinum (II) complexes were prepared via the mixing of tridentate ligand 2, the platinum precursor PtCl 2 (DMSO) 2 and ligands 11-13. The complexes 14-16 were obtained after column chromatography purification as a yellow/orange coloured powders. An additional platinum (II) complex with an amide functional group instead of the ester was also prepared. 4-aminopyridine was coupled with αlipoic acid via an amide bond and the resulting ligand (17) was coordinated to the platinum (II) complexes as mentioned above. The reactional mixture was purified by column chromatography and the resulting platinum (II) complex was obtained as an orange powder.

Physical vapor deposition (PVD)

For the PVD by sublimation of the platinum (II) complex, a platinum (II) complex stable under reduced conditions and prone to self assemble into fibers was prepared as depicted on Scheme 2.5. Scheme 2.5. Synthetic route for the preparation of two simple platinum(II) complexes.

Surface modification of silicon (100) via photochemical hydrosilylation

Silicon substrates (2 cm 2 ) were cleaned in a piranha solution for 60 min at 100°C and etched in 5% HF solution for 5 min. The substrate was smoothly agitated if bubbles appeared on the surface. A hydrogen-terminated surface was obtained and was stable for a couple of hours (Scheme 2.6).

Scheme 2.6. Preparation of H-terminated silicon substrates. The cleaning and etching of the native silicon (100) wafer was followed by XPS analysis (survey and spectra are shown in Figure 2.1). The main difference between the XPS surveys spectra of the Si-H and Si-OH samples is the presence of an intense O 1s peak at 532 eV for Si-OH (Figure 2.1A). This was accounted for by the presence of numerous hydroxyl groups on the surface of the substrate.

N N N NH HN N N CF 3 F 3 C N N N N N N N Pt CF 3 F 3 C N + N + PtCl 2 (DMSO)

Figure 2.1. XPS survey (A) and high resolution spectra of the Si2p line (B) of Si-OH and Si-H substrates.

Consquently, the high-resolution XPS spectra of the Si 2p line for Si-OH, reported in Figure 2.1B, shows a broad peak around 103.5 eV for silicon oxides (SiO x ). The peaks at 99.4 eV and 100 eV are attributed to the two spin-orbit components Si 2p 1/2 and Si 2p 3/2 of the elemental Si 0 silicon. Upon etching, the hydroxyl groups were removed from the surface and the newly exposed material formed a hydride layer, which was only stable for a short time. As a result, the component of the Si 2p line for silicon oxides at 103.5 eV disappeared in the hydrogenterminated sample (Si-H) as displayed in the high resolution spectra of the Si 2p signal (Figure

2.1B).

The radical mechanism of the reaction between 4-vinylpyridine and Si-H surface is illustrated in Scheme 2.7 and is typical of radical polymerizations. In the initiation stage, UV irradiation (1000 W) causes the homolythical breakage of silicon-hydride bonds, to yield an immobilized silicon radical (or "dangling bond") on the substrate. This reactive species readily reacts with olefins, such as 4-vinylpyridine, to form a secondary carbon radical. The reaction

(B) (A)

propagates with the radical abstracting a nearby hydrogen atom to produce another dangling bond. The reaction keeps repeating as the chain reaction propagates along the surface 53 .

Scheme 2.7. Schematic representation of the UV-induced free radical reaction between the 4vinylpyridine and the H-terminated silicon substrate.

The coordination reaction of the platinum (II) complex to the pyridine-terminated surfaces is illustrated in Scheme 2.8. The Si-4VP substrate was immersed into a methanol solution containing the platinum precursor PtCl 2 (DMSO) 2 , the tridentate ligand 2 and triethylamine.

The substrate was rinsed thoroughly with ethanol to remove all of the uncoordinated 4-VP molecules.

Scheme 2.8. Schematic representation of the functionalisation of silicon wafer by UV-induced coupling.

Characterization of the surfaces by XPS

The functionalisation process was investigated by XPS. The high resolution XPS spectra are generally calibrated with the C-C peak at 284.8 eV as a reference. However, it was difficult to locate the C-C component in the C 1s peak because of the few C-C bonds on the Si-4VP and Si-4VP-Pt substrates. For this reason, the high resolution XPS spectra were calibrated on the Si contains one nitrogen atom. The ratio calculated from Table 2.2 was equal to 0.23, which is almost 4 times higher than reported in the literature for similar substrates 25 . The formation of a monolayer of 4VP may be limited by the steric hindrance of the pyridine moiety and by the repulsion between pyridine units. After complexation of the platinum (II) complex, additional bands from Pt4f The (Si 2s/ Pt 4d 5/2) and (Si 2s/ Pt 4d 3/2 ) ratio were calculated to be below 1 meaning that the density of platinum (II) complexes was very low. Upon coordination of the platinum (II) complex on the substrates, traces of chlorine were observed with two peaks at 198.15 eV and 268.35 eV, attributed to Cl2p and Cl2s, respectively. One hypothesis was that the chlorine signal was due to the platinum (II) precursor PtCl 2 (DMSO) 2 . However, no traces of sulfur from DMSO were observed. High resolution XPS spectra of the C1s, N1s, Si2p and Pt4f (displayed in 
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3C).

A comprehensive, detailed analysis of the high-resolution spectra of C 1s and N 1s will be provided in the section related to the functionalisation of gold substrates. These results confirmed the successful coordination of platinum (II) complexes on Si (100) substrates at a relatively low density. The direct addition of the platinum (II) complex (3) with the 4vinylpyridine as ancillary ligand was also carried out. The hydrogen-terminated substrates were immersed in chloroform solution containing complex 3 and irradiated with UV lamp for 30 min. The procedure was exactly the same than for the coupling of 4VP on Si-H substrates.

However, the XPS analysis did not show the presence of any platinum 4f peaks, meaning that the complex was not covalently bond to the silicon substrate. That was the reason why a detailed stepwise method, displayed in Scheme 2.8, was used in this study. 

Water contact angle

Another method to determine if the surface was modified involved measuring its water contact angle. The water contact angles of the different substrates are reported in Table 2.5.

The native silicon (100) wafer had a water contact angle of approximately 40°. This value decreased to 25° when the substrate was treated with a piranha solution, which removed traces of organics absorbed on the surface, while further oxidizing it to increase the number of -OH groups. Upon HF etching, the surface was mostly covered with hydrides, increasing the contact angle from 25° to 83°. The pyridine terminated substrate also provided a hydrophobic surface with a water contact angle of around 57°, but was not as hydrophobic as the Si-H surface. Finally, when the platinum (II) complex was coordinated to the substrate, there was a small change in the water contact angle compared to that of Si-4VP. The Si-4VP-Pt substrate was hydrophobic due to the presence of the triazole chelating ligand of the complex on the top of the surface. 

Atomic force microscopy (AFM)

The topographies of the functionalised silicon substrates were studied by AFM. The surface of the native silicon (100) wafer was quite smooth and uniform with a R A value of approximately 0.05 nm. After hydrosilylation, R A increased to 0.60 nm, indicating a modification of the surface topology. The increased roughness could also be associated to the formation of silicon oxide. Finally, when the platinum (II) complex was coordinated to silicon substrate, the roughness of the surface slightly decreased in value to 0.58 nm. The height of the monolayer could not be determined due to the lack of a reference on the substrate.

Photophysical properties.

The emission spectra of the native silicon substrate, Si-4VP and Si-4VP-Pt are displayed in Figure 2.5 and are all similar. It was hypothesized that the concentration of platinum (II) complex on the substrate was below detectable levels and the broad band around 680 nm was attributed to the silicon wafer. Indeed, the XPS analysis showed a low density of platinum (II) complexes on the surface. Another hypothesis was that the silicon substrate interacted with the platinum (II) complex and quenched the luminescence. The final hypothesis was that the complexation reaction failed and only the non-emissive physisorbed platinum precursor was detected by the XPS. However, the substrate was rinsed several times with various solvents and thus the presence of physisorbed molecules was highly unlikely. 

Surface modification of silicon (100) via click chemistry

The second strategy explored the attachment of platinum (II) complexes on silicon substrates and involved the use of copper (I)-catalyzed alkyne-azide cycloaddition, a well-known example of click-chemistry. The preparation route is illustrated in Scheme 2.9. Native silicon (100)

substrates were again cleaned with a piranha solution and etched with 5% aqueous HF.

Surface hydrides were then substituted by chlorine in the presence of the benzoyl peroxide.

Acetylene molecules were then attached to the substrate by acetylenylation reaction, immersing the chlorinated susbtrates in a sodium acetylide solution. The coverage of the acetylene molecules on the substrates was estimated to be around 90% and this was consistent with other studies 55 . The C 1s signal of acetylenated substrates was compared to the C 1s signal of freshly prepared Si-CH 3 , which were used as a reference, and 100% coverage of CH 3 on the surface. The intensity of the peaks around 284 eV attributed to the silicon-carbon bond were then compared. Three Si-methyl and Si-acetylene substrates were prepared and their C 1s signals compared to determine an average 90% coverage of the acetylene molecules on the silicon substrates.

Scheme 2.9. Schematic representation of the functionalisation of silicon (100) wafer by clickchemistry between an azide terminated platinum (II) complex and acetylenated substrate.

In principle, according to Scheme 2.9, it would make no difference having the azide immobilized on the surface and the alkyne moieties on the ancillary ligand. However, azides tend to be instable compared to alkynes, easily losing the nitrogen to yield other species such as amines. This, together with the ease of surface modification with alkynes, made the alkynilation of the silicon surface a preferable method to immobilize the ancillary ligand.

Moreover, azides and acetylanes are tolerant to other functionalites and are highly specific, as the coupling can only occur between these two groups 56 . Copper(I) iodide was chosen as a catalyst for the reaction between the acetylenated substrates and the azide terminated ligand. Cu(I) actetate and Cu(II)SO 4 (in presence of sodium ascorbate as reducing agent) were also successfully used with similar results to Cu(I) iodide. The final step was the complexation reaction between the anchored ligand, the platinum precursor and the triazole ligand in solution.

Characterization of the surfaces by XPS

The high resolution XPS spectra were calibrated on the Si 2p 3/2 peak at 99. 46 . The density of platinum (II) complex on the final substrate was very low. This could be accounted for by the successive surface modification, which degraded the quality of the substrate. It could also be attributed to the size of the platinum(II) complex, which prevents a high coverage due to steric hindrance. Another theory is the efficiency of the click-chemistry. In order to optimise the CuAAc, more optimal reaction conditions may be investigated. In order to improve the platinum (II) complex coverage, a direct click-chemistry between the complex 7 and the acetylenated substrate was performed as depicted in Scheme 2.10.

Scheme 2.10. Schematic representation of the acetylenated surface with complex 7 by CuAAC click-chemistry.
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To study the role of the concentration of complex 7 in solution, the substrates were immersed in solutions with 0.1mM, 1.0 mM, and 10 mM concentrations in anhydrous dichloromethane and copper(I) iodide. The XPS survey scan and high-resolution spectra of the N 1s, C 1s and Pt 4f of complex 6 powder are displayed in The XPS spectra of the functionalised silicon substrates are displayed in Figure 2 The atomic percentage of the platinum element is increased when the concentration of complex 7 in solution, is increased from 1x10 -5 M to 1x10 -3 M. However, the platinum element only represented around 1% of the overall chemical composition. The (Si 2s/ Pt 4d 5/2 ) and (Si 2s/ Pt 4d 3/2 ) ratio is increased from 0.007 to 0.261, which is very weak compared to previous study 46 . A possible explanation for this is that the platinum (II) complex 6 was sufficiently large enough to induce some steric hindrances on the surface and limit the grafting on the substrate.

In conclusion, platinum (II) complexes were attached to silicon (100) substrate by stepwise and pre-synthetised methods. XPS analysis provided valuable information on the follow-up of the different surface modifications and surface coverages. Athough the platinum (II) complex was successfully attached to the surface; only a little amount of the complex was actually covalently bond to the substrate. The low coverage did not allow further analysis of the substrates. The different strategies used in this chapter will need to undergo further optimisation in order to increase the surface coverage of the platinum (II) complex.

Functionalisation of gold substrates

Three platinum (II) complexes of varying chain lengths were prepared and are depicted in Although the platinum (II) complexes were partially dissolved in DMF, the emission spectra displayed a broad band centered at approximately 590 nm, which was attributed to the 3 MMLCT. This indicates the presence of platinum aggregates in solution, confirmed by the presence 1 MMLCT bands between 400 nm and 500 nm in the excitation spectra.

Functionalisation of the gold susbstrates

The gold substrates were cleaned by UVO cleaning for 30 minutes and immersed in a 1.0x10 -3 M DMF solution of platinum (II) complex for 6 days. The substrates were then thoroughly rinsed with DMF and ethanol and dried under a nitrogen flow. The substrates were stored under vaccum prior to analysis. The nature of the disulfide-gold bond and more broadly, the gold-sulfur bond remains unanswered 65 . Whether it is a covalent bond or ionic bond, it is a very strong bond but it will not be discussed in this thesis.

X-ray photoelectron spectroscopy (XPS)

The ,c). The signal corresponding to the nitrogen of the pyridine (C-N-Pt) was at a higher binding energy (≈400.5 eV) due to the electropositive environment and the lack of a non-covalent bond. For a similar reason, the signal corresponding to the nitrogen of the triazole linked to the platinum atom (N-N-Pt) was also at a higher binding energy (400 eV).

However, it was lower than the signal of the nitrogen from the pyridine due to the octet rule.

The signal corresponding to the nitrogen of the triazole moiety surrounded by one atom of 

Water contact angle

Water contact angle measurements of the functionalised gold substrates are reported in Table 2.20. The water contact angle of the gold substrate after ozonolyse is around 52° which results in a slightly hydrophobic substrate. Upon functionalisation of the gold substrates with the three platinum (II) complexes, the water contact angle increased to approximately 62°. The values are similar for the three modified substrates. That was attributed to the presence of the same CF 3 -triazole ligang on top of the substrates. Moreover, the XPS analysis indicated that the platinum coverage was limited and explained why the water contact angle did not vary before and after functionalisation of the gold substrates. would be grafted to the gold surface. One possibility to explain the absence of platinum aggregates on the gold substrates was the size of the structures. The successive washing of the gold substrates removed the aggregates which were not strongly attached to the substrate by gold-sulfur bond. Another explanation was that the disulfide groups of the platinum (II) complexes were not available in the structure to be linked to the gold susbstrate. For instance, the disulfide groups might be located in the interior of the fibers and thus not react with gold. The same types aggregates observed on the SEM images (Figure 2.15) were observed on confocal images; yellow emissive amorphous aggregates for L1-Pt, green emissive fibers for L3-Pt and green-yellow interconnected fibers for L7-Pt. However, none of these particular aggregates were observed on the functionalised gold substrates. Islands of luminescent aggregates were observed on each of the gold substrates. The emission spectrum measured by the confocal microscopy displayed a broad band centered at approximately 570 nm, which could be attributed to 3 MMLCT band of the platinum (II) complexes. One possibility was that the luminescence detected from the islands on the gold substrates was originating from the amorphous physisorbed platinum (II) complexes aggregates. The absence of fibers on the surface could be explained by the fact that they were not bound to the surface via the sulfurgold bond and washed away when the substrates were rinsed.

(b) (a)

2.2.4.7.

Stability of the functionalised gold substrates.

In order to assess the stability of the modified surfaces, the functionalised gold substrates were stored at room temperature for 2 months. The high-resolution XPS spectra of the S 2p signal of the freshly prepared and 2 months old functionalised gold substrate are displayed in decreased in intensity, indicating the cleavage of the bonds 58,59 . The platinum (II) complexes

were not bonded to the gold substrate but mainly physisorbed. It appears that the functionalised gold substrates have a limited stability upon exposure to standard conditions. It is worth noting that weak, unresolved Pt 4f peaks were also observed for the platinum (II) complex with the shorter spacer Au-L1-Pt. Upon increasing the length of the spacer from Au-L3-Pt to Au-L7-Pt, the Pt 4f peaks was gradually decreased. It can be concluded that the longer the platinum (II) complex is, the easier it is to cleave the ester bond. The modified gold substrates were highly sensitive toward esterase agents and could be used as sensing surfaces.

Growth of platinum (II) complexes nanowires by physical vapor deposition

The formation of single crystal organic nanowires strongly depends on the morphology and roughness of the substrate instead of its chemical composition. The formation of perylene and phthalocyanine nanowires on a wide variety of substrates have been previously reported 60- 61 . The formation of platinum (II) complex nanowires were achieved on three different susbstrates: mesoporous SiO 2 thin films, mesoporous TiO 2 thin films and gold nanoparticles deposited on silicon (100) and fused silica. The procedure is described in Scheme 2.11. The growth of supported platinum (II) complexes nanowires started with the formation of nucleation centers, e.g gold nanoparticles or mesoporous oxide substrates such as SiO 2 or TiO 2 . The nanowires were obtained by controlling the temperature of the substrate between 90°C and 140°C (optimum value at 110°C) and sublimation of the complex. The nanowires prepared from this method were randomly distributed and bent 47 . SEM images of the platinum(II) complex deposited on mesoporous TiO 2 thin film.

On the mesoporous TiO 2 thin films, the formation of platinum nanowires was similar to those on the SiO 2 films. However, the density of the platinum nanowires was higher on the TiO 2 films compared to the SiO 2 films.

Formation of platinum nanowires on gold nanoparticles deposited on silicon (100) and fused silica

Gold nanoparticles were deposited by high vacuum thermal evaporation of gold pellets onto silicon (100) wafers and fused silica slides. Three different substrates were prepared with varying thicknesses of the gold layer: Au1, Au2 and Au5 corresponding to 1 nm, 2 nm and 5 nm of equivalent thickness. Since it is very difficult to measure the exact amount of gold on the substrates, the concept of equivalent thickness is used in this case. The equivalent thickness represents the thickness of a homogenous gold layer covering the entire substrate.

Deposition rate was settled at 5 nm/hour in the three cases. The substrate and evaporation cell were cooled at 23ºC to avoid undesired heating. The base pressure was 3 x 10 -6 mbar and 7-8 x 10 -6 mbar during deposition. SEM images of the gold nanoparticles deposited on silicon (100) and the platinum nanowires grown on Au1, Au2 and Au5 substrates are displayed in 

Mechanochromic properties of the platinum (II) complex

The platinum (II) complex (19) displays mechanochromism upon grinding of the powder with a luminescence change from green to yellow visible under UV lamp, displayed in Figure 2 and after grinding (B).

The mechanochromism properties have been demonstrated on the bulk material of complex 19 and have been previously reported 63 . Similar behavior was also observed for the platinum nanowires grown from the gold nanoparticles on silicon (100) substrate. The mechanical stress was applied by a gentle pressing of a PDMS foil on the platinum nanowires of Au1-Pt substrate.

The fluorescence microscrope images of the Au1-Pt nanowires before and after application of a pressure are displayed in Figure 2.24. The platinum nanowires were mainly green emissive with some yellow emissive fibers prior to the application of mechanical stress. After application of the manual pressure, more yellow emissive nanowires were observed on the same area. The mechanical stress induced a decrease of the platinum-platinum distance resulting in more intense platinum-platinum interactions. As a consequence of the shorter distance between two platinum complexes, the emission was shifted to higher wavelengths from green to yellow. However, the pressure was

A) B)
applied with a relatively large PDMS foils on nanowires of different lengths. As a consequence, the pressure force was mainly applied on the longest nanowires which underwent the redshift in emission. The nanowires, which had no or little pressure applied maintained their green emission. The mechanochromism effect is observed on the platinum (II) complex powder and nanowires. The next proposed step would be to apply a controlled force via an AFM tip on a single fiber and observe its mechanochromic properties.

Conclusion

Silicon wafers were modified by wet chemical routes, which led to the covalent attachment of platinum (II) complexes. The XPS spectra demonstrate the expected surface modification.

However, when the platinum (II) complexes were covalently bond to the surface the coverage Elemental analysis was performed by the analytical service of physical measurements and optical spectroscopy by the University of Strasbourg.

Synthesis

Pyridine-2,6-bis(carbohydrazonamide) (1). In a 500 mL roud bottom flask, 2,6pyridinecarbonitrile (5 g, 38.7 mmol, 1 eq) was dissolved in 100 mL of ethanol, then 40 mL of hydrazine monohydrate (40 mL, 825 mmol, 21.3 eq) was added and the flask closed with a rub septum. The resulting solution was stirred at room temperature for 3 days. A thick white precipitate rapidly formed. After 3 days, a white precipitate was obtained. The suspension was filtered and the precipitate was then rinsed with ethanol several times. A white powder was obtained (m = 6.915 g, 35.8 mmol, yield 92.5%). Complex 3. In a 50 mL two-neck round-bottom flask, compound 7 (86 mg, 0.248 mmol, 1.05 eq) and PtCl 2 (DMSO) 2 (100 mg, 0.236 mmol, 1.0 eq) were suspended in 15 mL of acetonitrile. N,N-diisopropylethylamine (82 μL, 0.472 mmol, 2.0 eq) was added to the suspension followed by 4-vinylpyridine (26 μL, 0.236 mmol, 1.0 eq) and then the mixture was heated at 80°C overnight under N 2 atmosphere. An orange precipitate formed when the mixture was cooled.

2.6-bis(3-(trifluoromethyl)-

The crude was purified by column chromatography using ethylacetate and cyclohexane 1:1 as the mobile phase. The final product was rinsed with a minimal amount of methanol and filtered. The orange solid was dried under vacuum for two days (m= 70 mg, 0.108 mmol, yield 46%). 1 H NMR (CDCl 3 , 400 MHz, ppm) δ: 9.59 (d, J = 6.1 Hz, 2H), 8.04 (t, J = 7.9 Hz, 1H), 7.84 (d, J = 7.9 Hz, 2H), 7.58 (d, J =6. and PtCl 2 (DMSO) 2 (422 mg, 1.0 mmol, 1.0 eq) was suspended in 25 mL of acetonitrile. After the addition of N, N-diisopropyletylamine (348 μL, 2.0 mmol, 2 eq), the reaction mixture turned to a clear yellow solution. Ligand 3 (310 mg, 1.0 mmol, 1.0 eq) was added and the mixture heated at 75°C overnight under N 2 atmosphere. The crude was purified by column
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chromatography using ethylacetate as a mobile phase. The final product was then rinsed with a minimum amount of methanol and filtered. An orange solid was collected and dried under vacuum for two days (351 mg, 0.412 mmol, yield 41%). 1 (8). 1,6-hexane-diol (12 g, 101.5 mmol, 1.0 eq) was dissolved in anydrous toluene (100 mL) and the solution was heated at 120 °C before the dropwise addition of 48% hydrobromic acid (15 mL, 132.5 mmol, 1.3 eq). After the addition was completed, the reaction mixture was stirred under reflux for 96 hrs. The solvent was removed under reduced pressure, and then the residue was purified by slica gel column chromatography (EtAc/petroleum ether, 1:4). The final product was obtained as a yellow oil (14.988 g, 82.8 mmol, yield 81.5%). 1 H NMR (CDCl 3 , 400 MHz, ppm): δ 4.05 (t, J= 6.9, 1H), 3.64 (t, J = 6.9 Hz, 2H), 3.41 (t, J = 6.9 Hz, 2H), 181.07, found 182.9. (9). 6-bromo-1-hexanol (14 g, 77.3 mmol, 1 eq), pyridinium para-toluenesulfonate (PPTs) (1.94 g, 7.73, 0.1 eq) and 3,4-dihydro-2H-pyran (10.6 mL, 115.9 mmol, 1.5 eq) were dissolved in dichloromethane (100 mL). The reactional mixture was stirred at room temperature for 4 hours, and then concentrated in vacuum. The obtained residue was purified by silica gel column chromatography using a mixture ethyl acetate / petroleum ether (1:100) as an eluent. A clear oil was obtained as the final product. (14.641 g, 55.2 mmol, 71.4%). 1 

2-((6-bromohexyl) oxy) tetrahydro-2H-pyran

HO Br

Br O O

7-(pyridin-4-yl)heptan-1-ol (10). In a 100 mL Schlenk flask, diisopropylamine (5.6 mL, 39.6 mmol, 1 .5 eq) was added to dry THF (30 mL) under argon atmosphere. The solution was cooled to -70 °C and n-butyllithium 1.6 M in hexane (20 mL, 31.68 mmol, 1.2 eq) was added

dropwise to the solution. The resulting solution was stirred at this temperature for one hour.

The solution was then left to warm to room temperature. In a 250 mL round bottom flask, 4picoline (3.1 mL, 31.68 mmol, 1.2 eq) was solubilized in dry THF (100 mL) and cooled to -70 °C.

Then, the aforementioned prepared solution of LDA was added dropwise after which the solution was stirred for another 45 min. The resulting solution was left to warm to room temperature. In a 500 mL round bottom flask, the above-prepared 4-picoline solution was added to a cooled solution (-70°C) of 2-(6-bromohexyloxy) tetrahydro-2H-pyran (9) (7 g, 26.4

mmol, 1 eq) in dry THF (50 mL). The resulting solution was stirred for one hour and left to warm to room temperature. Finally, the solution was stirred at room temperature overnight.

The reaction mixture was poured into water and the THF and cyclohexane was removed under reduced pressure. The crude product was acidified with 10 mL HCl (37%), stirred for 2 hours, rinsed with diethyl ether (3x50 mL), basified with K 2 CO 3 , extracted with dichloromethane (2x50 mL) and dried with sodium sulfate anhydrous. The desired product was isolated from the resulting residue using silica gel column chromatography with ethyl acetate / cyclohexane (7:3) as an eluent. Pale, yellow oil was obtained as the final product. ( (12). Α-lipoic acid (1.14 g, 5.5 mmol, 1 eq) and EDC.HCl (1.23 g, 6.4 mmol, 1.16 eq) were dissolved in 100 mL of dried CH 2 Cl 2 then TEA (890 μL, 6.4 mmol, 1.16 eq) was added under nitrogen atmosphere. After the mixture was stirred for 10 minutes, 4-pyridine propanol (1.43 g, 10.44 mmol, 1.9 eq) and DMAP (260 mg, 2.12 mmol, 0.4 eq) were added and the reactional mixture was stirred at room temperature overnight. The organic phase was rinsed with 8% NaHCO 3 solution (8 mg in 100 mL water, 3 x 100 mL) and water (2 x 50 mL). Then the CH 2 Cl 2 fraction was dried with Na 2 SO 4 , filtered and evaporated until dry. The residue was purified by column chromatography with silica gel using a mixture of Ethyl acetate/ acetone (2:1) as an eluent to obtain a viscous yellow oil product.

3-(pyridin-4-yl)propyl 5-(1,2-dithiolan-3-yl) pentanoate

(680 mg, 2.09 mmol, 38%). Complex 14. In a 50 mL two-neck round-bottom flask, the tridentate ligand CF 3 -trz-py (2) (349 mg, 1.0 mmol, 1.05 eq), and PtCl 2 (DMSO) 2 (400 mg, 0.95 mmol, 1.0 eq) were suspended in 150 mL of methanol. After addition of triethylamine (265 μL, 1.9 mmol, 2.0 eq) to the suspension, a solution of pyridin-4-ylmethyl 5-(1,2-dithiolan-3-yl) pentanoate (11) (134 mM in methanol) (7.1 mL, 0.95 mmol, 1.0 eq) was added and the mixture heated at 65°C under N 2 atmosphere overnight. A turpid yellow-orange solution rapidly formed. After the solution cooled to room temperature, the reaction mixture was evaporated under vacuum. The crude product was then dissolved in ethylacetate/cyclohexane (1:1) and absorbed onto silica (0.063 -0.200 mm), which was loaded onto a column packed with silica gel. The compound was separated by column chromatography using ethyl acetate/cyclohexane (1:1) as the eluent

N N N N N N N CF 3 F 3 C Pt N O O S S
mixture. The first fraction was the product, which was collected and dried under vacuum. The crude product was then washed with a minimum amount of methanol and filtered. The yellow powder was dried under vacuum for two days. (295 mg, 0.351 mmol, yield 37%). 1 

(346.4 mg, 0.992 mmol, 1.05 eq), and PtCl 2 (DMSO) 2 (400 mg, 0.947mmol, 1.0 eq) were suspended in 150 mL of methanol. After the addition of triethylamine (265 μL, 1.894 mmol, 2.0 eq) to the suspension, 3-(pyridin-4-yl) propyl 5-(1,2-dithiolan-3-yl) pentanoate (12) (solution of 12O mM in methanol) (7.85 mg, 0,947 mmol, 1.0 eq) was added and the mixture heated at 80°C under N 2 atmosphere overnight. A turpid yellow-orange solution quickly formed. The solution was cooled to room temperature, and the reaction mixture was evaporated under vacuum. The crude product was then dissolved in ethylacetate/cyclohexane

(1:1) and absorbed onto silica (0.063 -0.200 mm), which was loaded onto a column packed with silica gel. The compound was separated by column chromatography using ethyl acetate/cyclohexane (1:1) as the eluent mixture then a 2:1 mixture. The first fraction was the product, which was collected and dried under vacuum. The crude product was then rinsed with a minimum amount of methanol and filtered. The yellow-orange solid was dried under vacuum for two days. (331 mg, 0.381 mmol, 40%). Complex 16. In a 50 mL two-neck round-bottom flask, the tridentate ligand CF 3 -trz-py (2) (349 mg, 1.0 mmol, 1.05 eq), and PtCl 2 (DMSO) 2 (400 mg, 0.95 mmol, 1.0 eq) were suspended in 25 mL of methanol. Triethylamine (265 μL, 1.9 mmol, 2.0 eq) was then added to the suspension.

A solution of 7-(pyridin-4-yl) heptyl 5-(1,2-dithiolan-3-yl) pentanoate (13) (65.5 mmol.L -1 in methanol) (14.5 mL, 0,0.95 mmol, 1.0 eq) was also added and the mixture heated at 65°C

under N 2 atmosphere overnight. A turpid yellow-orange solution rapidly formed. The solution solidified to the walls of the round bottom flask. The solution was left to cool to room temperature, and the reaction mixture was evaporated under vacuum. The crude product was then dissolved in ethylacetate/cyclohexane (1:1) and absorbed onto silica (0.063 -0.200 mm), which was loaded onto a column packed with silica gel. The compound was separated by column chromatography using ethyl acetate/cyclohexane (1:1) as the eluent mixture. The first fraction was the product, which was collected and dried under vacuum. The crude product was then rinsed with a minimal amount of methanol and filtered. The orange powder was dried under vacuum for two days. (293 mg, 0.317 mmol, 33%). (17). A solution of α-lipoic acid (200mg, 0.965 mmol, 1 eq) and HOBu.xH 2 O (153 mg, 1.17 mmol, 1.17 eq) in dry DMF (5 mL) was cooled

5-(1,2-dithiolan-3-yl)-N-(pyridin-4-yl)pentanamide

N N N N N N N CF 3 F 3 C Pt N O O S S N N H O S S
to 0°C upon which EDC.HCl (209 mg, 1.09 mmol, 1.13 eq) was added and stirred, maintaining the temperature until the EDC.HCl had completely dissolved. The solution was left to warm to room temperature and stirred for another hour. A solution of N-ethylmorpholyne (116 mg, 1.007 mmol, 1.04 eq) and 4-aminopyridine (182 mg, 1.93 mmol, 2 eq) in dry DMF (7 mL) was added to the reactional mixture and stirred overnight. A yellow clear solution was obtained.

The solution was dried and purified with a chromatography column using dichloromethane/acetone (1:1) as an eluent. The desired product, a pale yellow oil, was obtained. (142 mg, 0.50 mmol, 52%). 

Surface preparation

Cleaning and etching of the substrates

Prior to use, the silicon wafers (p-type, <100>, 2 cm 2 ) were cleaned by successive sonications in acetone, methanol, and 2-propanol. Substrates were then rinsed with distilled water and then placed into piranha solution (H 2 SO 4 : H 2 O 2 (3:1), warning: caustic!) at 100°C for 1 hr. The samples were then removed from the acidic solution, rinsed with copious amounts of water and dried under streaming nitrogen. The silicon substrates were etched in the 5% HF(aq) solution for 5 min. During the etching process, the wafers were occasionally agitated to remove bubbles that formed on the surface. The samples were removed from the HF solution, rinsed thoroughly with water, and dried under a nitrogen flow.

UV-induced coupling of 4-vinylpyridine

The hydrogen-terminated silicon substrates were immersed in a 10 mL of 20 vol % ethanol solution of 4-vinylpyridine. The solution was purged with argon for 5 min and subjected to UV irradiation (1000 W) for 30 min. The substrates were removed from the 4-vinylpyridine ethanol solution, rinsed thoroughly with ethanol and dried under a nitrogen flow. Pyridineterminated substrates (Si-4VP) were then placed into a methanol solution containing the tridentate CF 3 ligand (1.0 mmol, 3.66 mg), PtCl 2 (DMSO) 2 (1.05 mmol, 4.22 mg) and TEA (1.05 mmol, 2.8 μL) and heated at 65°C under nitrogen overnight. The samples were then rinsed with ethanol, sonicated for 1 min in ethanol, rinsed with ethanol and dried under nitrogen.

Acetylenation of the substrates

The etched substrates (Si-H) were loaded into the glovebox for further modifications. A saturated solution of PCl 5 in chlorobenzene (0.6-0.7 M) was prepared and heated at 60°C for 1 h prior to use to ensure complete dissolution of the PCl 5 . The silicon substrates were added with a few grains of benzoyl peroxyde (3-4 mg/mL of chlorobenzene) and heated to 90°C for 50 min. Subsequently, the samples were rinsed with anhydrous THF several times and immediately used for the acetylenylation step. The chlorinated wafers (Si-Cl) were immersed in a sodium acetylide (18% in xylenes/ light mineral oil) suspension and heated to 130°C for 5 h. At the end of the reaction, the substrates were removed from the solution, rinsed thoroughly with anydrous THF, and then rinsed with anhydrous methanol. The samples were then immersed into a fresh solution of anhydrous methanol, taken out of the glovebox, sonicated for 10 min, and then dried under a nitrogen flow.

CuAAC click-chemistry of ligand 6 and platinum (II) complex 7 on acetylenated substrates

The acetylenated substrates (Si-III) were immersed in an anhydrous dichloromethane or methanol solution containing the azide terminated ligand 6 (10 -3 M) and copper iodide (10 mol %) for 4 days. The substrates were then rinsed with methanol, sonicated in methanol for 5 min and rinsed again with methanol. The functionalised substrates (Si-L) were then placed into a methanol solution containing the tridentate CF 3 ligand (1.0 mmol, 3.66 mg), PtCl 2 (DMSO) 2 (1.05 mmol, 4.22 mg) and TEA (1.05 mmol, 2.8 μL) and heated at 65°C under nitrogen overnight. The samples were then rinsed with ethanol, sonicated for 1 min in ethanol, rinsed with ethanol and dried under nitrogen. The direct coordination of complex 7 on the acetylenated substrated was carried out in a dichloromethane solution containing the complex 7 (10 -3 M) and copper iodide (10 mol%) for 4 days under a gentle agitation with an orbital shacker. The substrates were rinsed with dichloromethane, sonicated in dichoromethane for 5 min, rinsed with dichloromethane and methanol and dried with streaming nitrogen. The substrates were stored under vacuum prior to analysis.

Fonctionalisation of gold substrates

The gold substrates (30 nm layer on silicon with 5 nm Ti priming layer) were cleaned using a UVO cleaner for 1 hr. The gold surfaces were immersed in a 1 mM solution of complex 14-16, 18 in DMF for 6 days. The solutions were gently agitated with an orbital shacker to avoid precipitation of the platinum (II) complexes. The samples were rinsed with DMF, ethanol, sonicated 5 min in ethanol, rinsed with ethanol and dried under a nitrogen blow. The samples were stored under vacuum until analysis.

Photophysics

All of the absorption measurements in this report were recorded on a UV-3600 Shimadzu UV-Vis-NIR spectrophotometer, baseline and solvent corrected with UV Probe software. Quartz cuvettes were used for this purpose. Steady-state measurements were recorded on a HORIBA Jobin-Yvon IBH FL-332 Fluorolog 3 spectrometer equipped with a 450 W Xenon arc lamp, double grating excitation and emission monochromators.

Water contact angle

Water contact angles were determined on a Krüss DSA 100 goniometer. The measurement started 30 seconds after deposition of a 10 µL water droplet on the substrate. The average value of 30 measurments was taken. The water contact angle was all measured with 3 separate spots for each substrate

X-ray photoelectron spectroscopy (XPS) measurments

The XPS measurements were all carried out by a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer using a monochromatic AlK⍺ radiation (hν =1486.6 eV). Survey spectra were obtained after 25 scans and the measurements were performed with a 200 eV analyzer pass energy and a 1 eV energy step size to calculate the atomic percentages. High resolution XPS spectra of the different elements were obtained after 10 scans with a 50 eV analyzer pass energy and a 0.1 eV energy step size to obtain the chemical state information.

The binding energies of each element were all referenced to carbon C 1s peak at 284.8 eV.

Scanning electron microscopy (SEM)

SEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 KV. Samples were prepared by drop-casting a solution of platinum (II) complex onto a glass slide, and then a plasma-induced deposition of a 40 nm thick layer of silver was added.

Confocal fluorescence microscopy

All of the fluorescence images were taken by using Zeiss LSM 710 confocal microscope system with 63 × magnification, numerical aperture, and a 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were excited by continuous wave (cw) laser at 405 nm. The emissions of the complexes were collected in the range from 400 to 750 nm. In addition, the lambda-mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. The raw data was processed in lambda-mode by using linear un-mixing tool available in the ZEN 2011 software package (Zeiss GmbH). All images were captured by using the same software.

Introduction

Supramolecular chemistry represents a very important area in a number of research fields, such as chemistry, biology, and material science, mainly owing to its relevance to assembly of randomly oriented molecules to highly ordered supramolecular structures through a delicate balance of non-covalent interations 1 . Supramolecular organometallic nanostructures have attracted a great deal of attention in the last few years because of the possibility to fabricate functional materials with superior properties compared to the bulk. In particular, squareplanar Pt(II) complexes with filled d z 2 orbitals have been known to show a high tendency towards stacking through weak non-covalent metal…metal and/or p-p ligand-ligand interactions. The self-organization of luminescent platinum(II) complexes has been used in the last decade as an efficient bottom-up approach towards preparation and development of new molecular structures from the nanometer up to micrometer scale [2][3][4][5][6] . Phosphorescent platinum(II) complexes are also known for their high photoluminescence quantum yield, long excited state lifetimes (compared to organic fluorescent labels), tunable emission and significant Stokes shift 7,8 . Studies on platinum(II) system showing drastic color changes in solution upon a change in the composition of the solvents due to metal-metal and p-p interactions associated with aggregate formation were reported [9][10][11] .

Metallo-supramolecular block copolymer self-assemblies have attracted a lot of attention for an alternative strategy of the encapsulation of platinum(II) complexes. A metal-ligand complex is used as a supramolecular linker between the hydrophilic and hydrophobic blocks and the amphiphilic block copolymer. Several studies report the synthesis of block copolymer containing transition metal complexes units and their self-assembled properties. Sleiman et al. reported the first detailed study on the self-assembly of diblock copolymers containing the luminescent metal complex Ru(bpy) 3 2+ . They evidenced the reproductible formation of numerous morphologies in solution including vesicles, micelles or tubules which all contain Ru(bpy) 3 2+ within the micellar core/ vesicle wall 12 . Yam et al. have reported an amphiphilic platinum (II)-containing diblock copolymer 18 . They have demonstrated the micellisation properties of such molecules and the remarkable photophysical changes upon pH and solvent variations that could induce drastic UV-vis and emission spectral changes via modulation of Pt•••Pt and p-p stacking interactions both in aqueous and organic media.

A more versatile approach is the encapsulation of platinum(II) complexes in soft structures, such as micelles or vesicles. A few reports were found on the incorporation of cationic platinum(II) complexes into an anionic sodium dodecyl sulfate (SDS) surfactant in aqueous solution [14][15][16] . An enhancement of the photophysical properties was always observed with an increase of the emission intensity of several orders of magnitude. Rod-and sheet-like aggregates with remarkable photophysical properties in water were also observed 17 . De Cola et al. recently reported a highly reactive platinum precursor that enables the facile labelling of aza-heterocyclic compounds in aqueous media through the formation of highly emissive platinum(II) complex aggregates inside Pluronic P123 micelles 18 . A luminescent assay for the in situ labelling, detection and differentiation of pyridines, imidazols, and related species in aqueous solution and biological environment was developed and based on the remarkable spectroscopic properties of Pt(II) aggregates.

Another approach based on the electrostatic interaction between the positively charged platinum(II) complex ions and negatively charged polymer chains were reported by Yam and coworkers 19 . Upon deprotonation of poly (acrylic acid), the platinum(II) complexes were able to self-assemble onto the polyelectrolyte chain inducing remarkable photophysical changes.

Bu et al. reported the preparation of luminescent polymeric hybrids formed by platinum(II)

complexes and block copolymers. The incorporation of cationic platinum(II) complexes into anionic block copolymers led to the formation of luminescent architectures from spherical or rod-like micelles to vesicles 20,21 . In both cases, the platinum(II) cations were brought into close proximity with each other leading to Pt•••Pt and p-p stacking interactions.

While previous reports favour a bottom-up approach, e.g encapsulation of single platinum complexes into different carriers, a top-down strategy involving the encapsulation of formed self-assembled structures has not been demonstrated.

Block copolymers such as polystyrene-b-poly(acrylic acid) or polystyrene-block-poy(ethylene oxide) and their self-assembled architectures have played a key role in the development of carriers and undergo self-assembly into various nanosized morphologies as a result of the energetic repulsion effect between blocks in selective solvents [22][23][24] . While the self-assembly of block copolymers has been extensively investigated, there is no report on the formation of particles formed from diblock copolymers containing luminescent platinum(II) complexes.

To facilitate the encapsulation of neutral hydrophobic complexes, poly (methyl methacrylateco-methacrylic acid) (PMMA-PMAA) diblock copolymer were chosen. It consisted of a long hydrophobic PMMA block and a short hydrophilic PMAA chain and tended to self-organize in water into spherical micelles 25 . Moreover, the hydrophobic core of the spherical particles might be a suitable environment for the neutral platinum(II) complexes. In order to study the role of the platinum(II) complexes during the encapsulation by PMMA-PMAA, one hydrophobic and one amphiphilic platinum(II) complex were prepared. Interestingly, both complexes self-assembled in water to form highly luminescent supramolecular structures.

Herein, we report a general method for preparing a pure, surfactant-free, stable, aqueous suspension of platinum (II)-loaded PMMA-PMAA particles. The encapsulation is based on the flash injection of a solution containing the platinum(II) complex and poly (methyl methacrylate-co-methacrylic acid) (PMMA-PMAA) into water, followed by removal of the organic solvent 26 . This is in contrast to previous examples of the metallosupramolecular polymer, in which the metal is covalently bond to the polymer moiety; here the amphiphilic BCP and the platinum(II) complex are two distinct molecules which interact with each other when they are injected into water. The presence of the polymeric shell allows the control of the morphology of the aggregates and the emission color tuning from green to blue with enhanced excited state lifetimes and photoluminescence quantum yields. Assemblies of platinum(II) complexes within a polymer matrix, spatially confined to spherical geometry at the nanometer to micrometer scale and stable for months at a time may be appealing for biological, or sensing applications. To our knowledge, this represents the first example of selfassembled neutral platinum(II) complexes into polymer particles.

Results and discussions

Synthesis of the platinum(II) complex

Scheme 3.1. Chemical structures of the platinum(II) complex 20.

The platinum(II) complexes were all prepared accordingly to a methodology described in previous chapters as depicted in Scheme 3.1 4 . The tridentate ligand 2, was coordinated to the platinum ion by deprotonation of the two triazole moieties with PtCl 2 (DMSO) 2 as a precursor, and heated in the presence of a base under nitrogen atmosphere. The coordination sphere was completed by the addition of the corresponding ancillary ligand. The platinum(II) complexes were obtained after column chromatography purification as a yellow powder. The complexes were further characterized by 1 H NMR, 19 F NMR, 13 C NMR, elemental analysis and mass spectrometry.

Preparation of polymer particles

Generally, for block copolymers consisting of glassy hydrophobic blocks at room temperature such as PMMA-PMAA (T g,PMMA = 105°C), , a co-solvent method is frequently used 27 . The amphiphilic diblock copolymers were dissolved in a common solvent such as DMF, dioxane, or THF, which are suitable solvents for both blocks. Then a selective solvent, for example, water (which is a non-solvent for the hydrophobic chain), is slowly added to the solution. The aggregates were quenched in an excess of water to freeze the kinetics process and morphologies. Finally, the common solvent was removed by dialysis of the resulting solution against water. Next, a basic method for the preparation of aqueous dispersion of polymerics particles was used. A solution of PMMA-PMAA (PMAA : 1.6 mol %) in THF was stirred overnight and then a 2 mL solution with a selected concentration was flash injected in 8 mL of distilled water while sonicating. The organic solvent was rapidly removed under vacuum and the solutions were allowed to stand at room temperature for two days. The size and morphology of the formed particles was confirmed by electron microscopy. The SEM images in Figure 3.1 display the dried PMMA-PMAA particles on a glass slide and the recovered gold. At a lower concentration, small particles were observed and the number and size of the particles increased. At 1000 ppm (ppm unit represents mg.L -1 ) concentration, for a PMMA-PMAA diblock copolymer with a relatively long hydrophobic PMMA block, a mixture of spherical micelles and larger particles was observed..Such morphologies were already reported in a previous work of Eisenberg and coworkers and have been defined as large compound micelles (LCMs) 22 . LCMs consist of an aggregation of inverse micelles, where the outer surface is stabilized in solution by a thin layer of hydrophilic chains. These micelles are spherical, solid, highly dispersive and contain some very large specimens. The effect of PMMA-PMAA concentration on the morphology of the aggregates can be interpreted by the fact that the aggregation number (N agg , the average number of polymer chain in an aggregate) is a function of polymer concentration. An increase in the aggregation number yields larger core dimensions. This process is energetically favourable because the larger core sizes result in a smaller number of aggregates, and therefore a smaller total interfacial area and a lower total interfacial energy between the core and the non solvent 28 .

Dynamic light scattering (DLS) in Figure 3.2, a) displays the intensity percentage of the particles in solution. Three peaks were observed: the first peak around 100 nm corresponding to the smaller particles, and the second peak around 320 nm, which are considered to be the particles of medium diameter or aggregates of smaller particles. A less intense peak above 1000 nm were also observed, which were attributed to either the larger particles of aggregates or smaller particles. It is also worth mentioning that the particles solution was not filtered before analysis, therefore it is possible that dust or contaminants may have resulted in the presence of a half peak above 5000 nm in some samples. The number percentages displayed in Figure 3.2, b) shows a single peak at 100 nm corresponding to the average diameter of the majority of the polymer particles. The nature of a suitable solvent can play an important role in the formation of various aggregates, since the organic solvent directly affects the dimensions of both hydrophobic domains and hydrophilic coronas of the aggregates 29 . Dissolution of the polymer is optimal when the values of the solubility parameters (δ) for the polymer and the solvent are similar.

If these values diverge, the polymer chain dimensions decrease. The solubility parameter value δ of PMMA (δ = 18.0) is closer to that of THF (δ = 18.5) compared to acetone (19.7). As a consequence, the degree of mobility and swelling of the PMMA cores of the micelles are higher in THF than in acetone, which facilitates the micelles growth. As a result, the particles formed by flash-injection in water from a polymer/acetone solution were extremely small in size and hence difficult to observe by SEM (Figure 3.3). When THF was used instead of acetone, larger particles were observed for the same concentration. The choice of the solvent for PMMA-PMAA is crucial regarding the size and morphology of the particles. Generally, the closer the solubility parameters of the polymer and the solvent are, the more swollen the particles will be. The most common solvents used in literature were THF, dioxane and DMF. The solvents' effect on the morphologies of the polymer aggregates has previously been studied 29 . A selected list of solvents with their solubility parameters and dielectric constants was reported in Table 3.1 30 . PMMA-PMAA was used with a platinum(II) complex, which is an emissive compound, and hence it was necessary to verify that the polymer was not emissive. Emission spectra of the PMMA-PMAA particles in water are displayed in Figure 3.4. When excited at 400 nm, the Raman peak of the water was detected at 460 nm for all the solutions. This Raman peak was the result of inelastic scattering of the incoming light from the solvent. Raman scattering occurs from all solvents and the shift between the excitation wavelength and the Raman peak is always constant in energy. Raman scattering is located in the same emission region as the platinum(II) complex but has a rather low yield and thus will not interfere with its emission. One way to shift this Raman band was to excite the solution at a lower excitation wavelength. For example, when the solution was excited at 350 nm, the Raman peak was located around 400 nm. 

Encapsulation of platinum(II) complexes in PMMA-PMAA particles

The encapsulation of platinum(II) complexes into PMMA-PMAA diblock copolymers in aqueous solutions was performed according to previous literature reports with some modifications 31 . First of all, PMMA-PMAA and the desired platinum(II) complex were dissolved separately in THF. Then 2 mL THF solutions containing both the platinum(II) complex and PMMA-PMAA were prepared. The concentration of the platinum(II) complex was maintained consistently at 5 ppm and the concentration of PMMA-MAA was gradually increased in each solution. 2 mL THF solution with different PMAA-PMAA/platinum(II) complex ratios were obtained. The ratio between the PMMA-PMAA diblock copolymer and the platinum (II) complex will be from herein referred to as R as displayed in Table 3.2.

Table 3.2. Concentrations of platinum(II) complex 20 and PMMA-PMAA diblock copolymers in each solution and the corresponding ratio R.

An amount of 2 mL of the freshly prepared mixture was rapidly flash-injected into 8 mL of distilled water while the mixture was sonicated. The organic solvent was then removed by evaporation under reduced pressure and the solutions were left to stand for two days in ambient conditions before analysis. The method of flash-injecting the PMMA-PMAA/ platinum(II) complex solution into an aqueous solution resulted in an instantaneous high water content, which allowed the system to be kinetically frozen. Henceforth, the system maintains its morphological and photophysical properties in solution for a considerable amount of time after the removal of the organic solvent. Photography of the solutions under normal light and UV lamp (365 nm) was undertaken and are displayed in originating from the platinum(II) complex aggregates formed in water. At higher Rs, the luminescence from the solution was blue-shifted upon increasing the ratio. 

Photophysical properties

Platinum(II) complex

As reported for similar platinum(II) complexes 4,6 , those luminescent compounds have a high tendency to aggregate due to platinum-platinum interactions stabilized by π-π stacking. When the distance between the metal complexes is shorter than 3.5 Å, a new molecular orbital is formed which leads to metal to metal ligand charge transfer (MMLCT) states. The absorption and emission spectra of the complex in THF is displayed in Figure 3.6. The spectra was dominated by intense p-p* transition between 250 nm and 320 nm, which was attributed to the tridentate ligand and to the substituted pyridine. A less intense broad band centered at approximately 400 nm was associated with the metal to ligand charge transfer 1 MLCT, band involving the d Z 2 orbital of the platinum and the p* orbital of the pyridine. Emission spectra of the complex displayed weak structured blue emission bands with maximas at 460 nm, 490 nm and two shoulders at 520 nm and 560 nm. The photoluminescent quantum yield (PLQY) of the complex was measured below 1% by the integrating sphere coupled with a short excited state lifetime of 10 ns. All the photophysical properties of the complex are reported in Figure 3.6 and Table 3.3. 

PMMA-PMAA/platinum(II) complex system

The emission and excitation spectra of the PMMA-PMAA/ platinum(II) complex mixture in water are displayed in Figure 3.7. The absorption spectra of those solutions were not considered to be applicable because of the scattering due to the turpidity of the solution. The spectras were all measured under the same conditions (excitation and emission wavelength and slit's width), for the comparison of the intensites of the signals. The excitation spectra were measured at an emission wavelength of 570 nm in order to monitor the presence of platinum-platinum interaction through the 1 MMLCT bands between 400 and 500 nm. The complex 20 alone in water (R=0) showed a broad band centered at 572 nm attributed to 3 MMLCT transition which was a strong indication of the presence of platinum-platinum interaction through self-assembly in a bad solvent for the platinum(II) complex. The strong platinum-platinum interactions may also be observed in the excitation spectra by the presence of intense 1 MMLCT structured bands between 400 and 500 nm (see Figure 3.7, b).

Surprinsingly for R=1, a hypsochromic shift from 572 nm to 585 nm was observed. For R=5, R=10 and R=20; the 3 MMCLT bands were still observed in emisison and excitation. For R=50, a decrease in intensity of 3 MMLCT bands coupled with an increase in intensity of 3 LC/MLCT was the result of the interaction between the platinum(II) complex and PMMA-PMAA diblock copolymer. Interestingly, even though the emission still showed a broad band centered at approximately 570 nm, the excitation spectra did not show any intense 1 MMLCT bands between 400 nm and 500 nm anymore. As a preliminary conclusion, the addition of a sufficient amount of PMMA-PMAA to the platinum(II) complex in water resulted in a change of the nature of the platinumplatinum interaction. Such a behaviour was also observed when the ratio R was increased. For 50 < R <300 an hypsochromic effect was observed from 570 nm to 550 nm coupled with an increase in intensity from the peaks at 460 nm, 490 nm and 520 nm in the emission spectra.

The decrease of the 1 MMLCT bands in the excitation spectra also suggested a decrease of platinum-platinum interactions. Finally, at a higher ratio (R>300), a slight increase in the intensity of the 3 LC/MLCT bands at 460 nm, 490 nm and 520 nm were observed while the broad band at 550 nm decreased in intensity. The emission spectra for R=1000 was very similar to the emission of the platinum(II) complex monomer in THF where no platinumplatinum interactions were observed. The excitation spectra did not display any signals due to the weak intensity of the emission spectra at 570 nm. It may be concluded that a sufficient amount of PMMA-PMAA prevents any platinum-platinum interactions in aqueous solution.

One hypothesis was that the platinum(II) complex was "diluted and embedded" into the PMMA-PMAA matrix of the particles. Excited state lifetimes of each solution were also measured and reported in Table 3.4. In order to measure the lifetimes from both 3 LC/MLCT and 3 MMLCT bands, the detection wavelength was set at 515 nm at the isobestic wavelength.

The PMMA-PMAA/platinum(II) complex system in water has a multi-exponential decay because of the presence of various types of complex's aggregates. The complex 20 in water alone (R=0) has an average excited state lifetime of 410 ns and may be deconvoluted into three exponential decays. Surprinsingly, for R = 1 and 5 when the emission was slightly redshifted, the average lifetime of the system was decreased from 400 ns to 300 ns and maintained a tri-exponential decay. For R = 10 and 20, the average lifetime was 400 ns, similar to the platinum(II) complex aggregates in water. Interestingly, the excited state lifetime of the system for R = 50 was significantly increased to 1150 ns with the appearance of a long excited state lifetime of 6650 ns as part of the deconvoluted signal. Such an increase of the lifetime was correlated with the rise of the 3 LC/ 3 MLCT in emission. Upon increasing R from 50 to 500, the excited state lifetime was gradually increased from 1150 ns to 2550 ns. The system showed a tri-exponential decay which can be decomposed into three decays; one "short" lifetime around 450 ns, an "intermediate" lifetime around 1750 ns, and a "long" lifetime around 8500 ns. Those three signals could be observed in every lifetime measurement and the percentage of the longer lifetimes was gradually increased upon increasing R. Conversely, the percentages of the "short" and "intermediate" decay in the average lifetime was decreasing proportionally to the increase of the "long" lifetime upon increasing R. For R > 500, the excited state lifetime was characterized by a relatively long bi-exponential decay with a lifetime range of 2550 ns to 3500 upon increasing R. Interestingly, the lifetime may be deconvoluted into a bi-exponential decay with two components being approximately t 1 = 1150 ns and t 2 = 8150 ns. Upon increasing R, the percentage of t 2 in the excited state lifetime was increased while the percentage of t 1 was decreased proportionally resulting in longer lifetime of the system. Those lifetime values are similar to the excited state lifetime of the platinum(II) complex in 2-MeTHF at 77K (t = 7420 ns, table 3.3). The excited state lifetime of complex 20 interacting with PMMA-PMAA in water may be compared to the excited state lifetime of the platinum(II) complex at 77K where most of the non-radiative relaxations are prevented by the rigidochromism effect. The emission and excitation spectra as well as the excited state lifetime and the photoluminescent quantum yield are strongly dependent on the environmental rigidity 32 . One hypothesis was that the platinum(II) complex was indeed encapsulated into the PMMA-PMAA particles, thus resulting in longer lifetimes and a blueshifted emission. To comprehend the platinum(II) complex interactions with PMMA-PMAA in water for R =200, the excited state lifetimes were measured at 4 different detection wavelengths as displayed in Figure 3.8. The emission measured from the PMMA-PMAA/platinum(II) complex system in water for R=200 was interpreted as the combination of two signals; structured bands at 460 nm, 490 nm and 520 nm from the 3 LC/MLCT transition of blue emissive platinum(II) complex and a broad band centered at approximately 570 nm from the 3 MMLCT of the green-yellow emissive platinum(II) complex aggregates. At 650 nm, only the yellow-orange emissive complex was emitting, the excited state lifetime had a bi-exponential decay t 1 = 470 ns (41%) and t 2 = 1620 ns (59%) with an average lifetime of 1150 ns. At 460nm, only the blue-emissive platinum(II) complex was emitting, the excited state lifetime had a tri-exponential decay; t 1 = 370 ns (42%), t 2 = 2240 ns (38%) and t 3 = 9040 ns (20%) with an average lifetime of 2810 ns. Two platinum(II) complex species were clearly identified by the excited state lifetime measurments. If the lifetime was measured at a wavelength when both species were emitting, e.g at 515 nm or 560 nm, it would appear to be the combination of the lifetime of the two platinum(II) species.

The excited state lifetime at 515 nm was a tri-exponential decay; t 1 = 370 ns (42%), t 2 = 1600 ns (51%) and t 3 = 8520 ns (7%) with an average lifetime of 1550 ns. The excited state lifetime at 560 nm was also a tri-exponential decay; t 1 = 475 ns (42%), t 2 = 1470 ns (51%) and t 3 = 7640 ns (2%) with an average lifetime of 1240 ns. At 515 nm, the lifetime was longer than the lifetime measured at 560 nm and the percentage of the longer decay around 8000 ns was higher at 515 nm (7%) than at 560 nm (2%). It is also worth mentioning that the excited state measurement showed a very rapid decay at the beginning of the measurement between 0 and 200 ns as displayed in Figure 3.9. This was observed for all the measurements and was attributed to either the laser source or the presence of a specy with a very short lifetime. The first hypothesis was chosen and the excited state lifetime decays were fitted without accounting for the rapid decay at the beginning. The excited state lifetimes reported in Table 4 were measured at 515 nm at the isobestic wavelength of the two species, in order to measure the excited state lifetimes of the two platinum(II) complex species simultaneously.

This distribution may be controlled by the ratio R between the PMMA-PMAA and the platinum(II) complex. At a low R, the platinum(II) complex was mainly present as green emissive species but upon increasing the R, the green emissive species gradually turned into a blue emissive species. Between R = 50 and R=500, the two species were emitting in solution and their distribution could be tuned by varying R. For R >500, the platinum(II) complex was mainly emitting a blue colour. 

Scanning electron microscopy (SEM)

SEM of the PMMA-PMMA/platinum(II) complex system in water was performed to observe the different steps of the encapsulation of the self-assembled complex. Selected SEM images of the system are displayed in Figure 3.10. At R = 0, few platinum fibers were observed alongside amorphous material. The concentration of the platinum(II) complex in each solution was relatively low (5 ppm = 7.3x10-6 M) which explained the small amount of fibers observed.

When PMMA-PMAA was added to the platinum(II) complex, a mixture of fibers and particles was observed for R = 1, 5, 10, 20. At R = 50, polydisperse PMMA-PMAA particles were observed however the platinum(II) fibers were not observed. Upon increasing R, the number and the size of the PMMA-PMMA particles theoretically increased. The formation of the PMMA-PMAA particles associated with the disappearance of the fibers suggests the encapsulation of the platinum(II) complex. In order to correlate the photophysical properties of the system in solution to the morphology of the particles, the next step involved performing confocal imaging of the dried solution. 

Confocal fluorescence microscopy

The resulting confocal fluorescence microscopy images displayed in Figure 3.11 provided an insight on the photophysical properties of the PMMA-PMAA/platinum(II) complex system. As mentioned previously, the low concentration of the platinum(II) complex in solution limited the number of larger platinum(II) fibers formed. Nevertheless, for R = 0, small yellow-green emissive fibers were observed. For R = 5 and 10, yellow emissive aggregates were observed; however, the specific morphology of the aggregates were unable to be confirmed. This also confirmed the small bathochromic effect for low ratios (R<10), which resulted in a red shift which was observed in the emission spectra. At R = 20, green emissive particles were observed and small emissive aggregates were no longer detected. As a preliminary conclusion, when the PMMA-PMAA/ complex 20 ratio reaches a certain value, i.e R =20 in this case, the platinum(II) complex encapsulates into the polymer particles. For R = 50 and 100, green emissive particles were also observed in accordance with the emission measured in solution.

Interestingly, from R = 100 to R = 300, the emission from the particles were gradually blue-influenced by the PMMA-PMAA/ complex 20 ratio R. The platinum-loaded particles had a green coloured emission at the beginning of the encapsulation at a low R (R = 50) and blue emission at higher ratio (R > 300). Between those two values, the emission emanating from the particles was a mixture between the green and blue emissive coloured particles. It was concluded that the encapsulation of the platinum(II) complex by PMMA-PMAA resulted in the formation of two luminescent platinum(II) complex species; a blue emissive species with a long excited state lifetime (2810 ns) and a green emissive species with a shorter excited state lifetime (1150 ns). Those lifetime values are higher than the usual lifetimes observed for platinum(II) complex aggregates in solution (400 ns) which was believed to be caused by the rigidochromic effect inside the PMMA-PMAA particles. Remarkably, those two species coexisted inside a single particle with an emission influenced by the amount present of each species. However, the mechanism of encapsulation is not understood yet and would require the study of higher concentrations of platinum(II) complex in solution to observe the fate of the fibers in presence of PMMA-PMAA.

Influence of the concentration of platinum(II) complex

PMMA-PMAA and the desired platinum(II) complex were dissolved separately in THF. Then 2 mL THF solutions containing both the platinum(II) complex and PMMA-PMAA were prepared.

The concentration of the platinum(II) complex was kept constant at 100 ppm and the concentration of PMMA-MAA was gradually increased in each solution (refer to Table 3.5). of larger particles and aggregates. At R > 400, the concentration in PMMA-PMAA was too high and caused the formation of large solid chunks of polymer in solution. Those chunks were luminescent and were removed from the solutions. Under the UV lamp, the solution at the lowest R had a bright yellow-orange emission which was emanating from the platinum(II) complex aggregates formed in water. At a higher R, the emission coming from the solution was blue-shifted upon increasing the ratio. 

Photophysical properties

The solution of the removed PMMA-PMAA aggregates was not as emissive as the other solutions due to the loss of the platinum(II) complexes entrapped inside the solid particles.

The emission and excitation spectra of the PMMA-PMAA/ platinum(II) complex mixture in water is displayed in Figure 3.14. The absorption spectra of those solutions were not significant because of the scattering due to the turpidity of the solutions. All the spectra were measured under the same conditions (excitation wavelength, emission wavelength and slit's width) in order for the intensity of each spectrum to be compared. The excitation spectra were measured at an emission wavelength of 570 nm in order to monitor the presence of the platinum-platinum interactions through 1 MMLCT bands between 400 and 500 nm. The platinum(II) complex alone in water (R=0) showed a broad band centered at 570 nm attributed to 3 MMLCT transition which was a strong indication of the presence of platinum-platinum interaction through self-assembly in an unsuitable solvent. The strong platinum-platinum interactions may also be observed in the excitation spectra by the presence of intense 1 MMLCT structured bands between 400 and 500 nm. For R=1, a small hypsochromic shift from 570 nm to 575 nm was observed. For R=5 and R=10, the 3 MMCLT bands were still observed in emission and excitation. For R=20 and 50, a decrease in the intensity of 3 MMLCT band coupled with an increase of intensity of 3 LC/MLCT was the result of the interaction between the platinum(II) complex and PMMA-PMMA diblock copolymer. Interestingly, even though the emission still showed a broad band centered at approximately 570 nm, the excitation spectra did not display any intense 1 MMLCT bands between 400 nm and 500 nm. The emission of the PMMA-PMAA/platinum(II) complex remained similar in value at 100 ppm or 5 ppm. For 50 < R <300, a hypsochromic effect was observed from 570 nm to 550 nm, coupled with an increase in intensity from the peaks at 460 nm, 490 nm and 520 nm in the emission spectra. The decrease of the 1 MMLCT bands in the excitation spectra also suggested the decrease of the platinum-platinum interactions. Finally, at a higher ratio (R>300), the solution started to be saturated in PMMA-PMAA. As a result, if the emission of the solution were blue-shifted towards the 3 LC/MLCT bands, a decrease in emission would be observed due to the loss of material. The excited state lifetimes of each solution were also measured and reported in Table 3.6. In order to measure the lifetimes from both the 3 LC/MLCT and 3 MMLCT bands, the detection wavelength was set at 515 nm at the isobestic wavelength. The platinum(II) complex in water alone (R=0) had an average excited state lifetime of 270 ns and could be deconvoluted into three exponential decays. Immediately after the PMMA-PMAA was added to the platinum(II) complex (R > 1), a longer exponential component was observed which was attributed earlier to the signal from the encapsulated platinum(II) complexes. The average lifetime of the signal was longer upon increasing R. When the solution was saturated in polymer and the big aggregates were removed from the solution, the lifetime stabilized between 1200 ns and 1700 ns. The limit of encapsulation of platinum(II) complex was reached when the concentration of PMMA-PMAA was too high. Nevertheless, a benefit of using a higher concentration of the platinum(II) complex was the possibility to measure the photoluminescent quantum yield with the integrating sphere. The PLQY of the platinum(II) aggregates formed at R = 0 in water was 45%. This value was slightly increased from 45% to 50% at R = 10. Once the platinum(II) complex started to be encapsulated, a decrease in the PLQY was observed from 50% (R =10) to 20-25% (R = 500). Beyond a ratio of 500, a siginificant amount of aggregates were lost during the removal of the large PMMA-PMAA aggregates and the intensity of the emission of the solution was no longer high enough to be measured. The PLQY of the blue emissive paticles was measured between 20% and 25%. The emission of the platinum(II) complex monomer in THF and the encapsulated platinum(II) complex were quite similar, however the PLQY was significantly higher once the paltinum(II) complex was encapsulated. One reason for this result, as mentioned previously, was that the rigid environment of the polymer core prevented most of the non radiative decay, significantly increasing the excited state lifetime and PLQY. The photoluminescent quantum yield of the green emissive particles was measured to be around 40%. Particles with the emission emanating from a mixture of both species (20 <R <300) had a PLQY measurement between 20% and 40%.

In order to investigate the encapsulation of the platinum(II) complex into PMMA-PMAA particles, a more detailed study was carried out where R was between 0 and 175. The emission spectra of the studyis displayed in Figure 3.15. Beginning with a pure 3 MMLCT transition band centered around 570 nm for R <10, the rise of the 3 LC/MLCT was gradually observed upon increasing R from 10 to 150. The study also showed that the intensity of the 3 LC/MLCT emanating from the blue emissive platinum(II) complex could be tuned precisely by selecting the appropriate ratio between PMMA-PMAA and the platinum(II) complex. The small bathochromic effect from 570 nm to 550 nm was carefully studied and it was concluded that the effect reflected the transition from the platinum(II) complex aggregates to the the green emissive platinum-loaded particles. At R = 175, the intensity of the 3 LC/MLCT bands was, for the first time, higher than the intensity of the 3 MMLCT bands. 

Electron microscopy (SEM AND STEM)

SEM imaging of the PMMA-PMMA/platinum(II) complexes in water was performed to visualize the interaction between the two compounds (see Figure 3.16). For R = 0, the platinum(II) complex was self-assembling into rigid fibers upon flash-injection in water. Similar morphology was already observed for the same platinum(II) complex in dichloromethane 4 .

For R = 2, the rigid fibers were replaced by long and flexible fibers. Moreover, PMMA-PMAA particles were also observed alongside the fibers. The polymer had a signiifcant effect on the morphology of the platinum(II) fibers which could justify the small photophysical changes observed prior to effective encapsulation. For R =5 and R =10, well-defined polymer particles and long, flexible platinum fibers were observed. Sometimes aggregation of PMMA-PMMA was observed around some platinum (II) fibers forming a bead-on-string morphology. They were distinguishable with a protruding PMMA-PMAA central part and thin ending platinum(II) fibers on each side. A SEM image of the bead-on-string morphology with the EDX spectra measurements at three areas of the aggregate is displayed in Figure 3.17. When the electron beam was focused on the core of the structure, the platinum signal (2.10 ev) was barely detected (A). The PMMA-PMAA particle was too thick for the platinum inside to be detected. At the limit between the core and the extremities (B), the fiber was recovered by a thin layer of PMMA-PMAA, evidenced by the platinum peak detected on the EDX spectra. Finally, when the electron beam was focused at the ending of the fibers' structure (C), the platinum peak was clearly present around 2.10 eV.

The bead-on string morphology was observed at R = 20, despite the number of fibers decreasing. Long platinum fibers surrounded by PMMA-PMAA particles of various diameters were also observed. At R = 50, only polydisperse PMMA-PMAA particles were observed meaning that most of the platinum(II) complex was encapsulated into the polymer particles.

At R = 100, highly polydisperse polymer particles were observed. At a higher ratio, e.g R = 500, after removal of the large aggregates from the solution, were polydisperse particles of various shapes and sizes. When the solution was saturated in PMMA-PMMA, the control of the size and shape of the particles was not possible. In order to observe the PMMA-PMAA/platinum(II) system, scanning transmission electron microscopy (STEM) was also performed. The STEM images of each solution are displayed Figure 3.18. The platinum fibers were easily distinguishable by STEM in bright field at R =0. When PMMA-PMMA was mixed with the platinum(II) complex, fibers surrounded by polymer particles were observed. The bead-on-string morphology viewed by SEM was also observed by STEM. Due to the difference in electron density between PMMA-PMMA and the platinum, a difference in contrast was distinguished between the polymer core and the fibers (R = 6). Switching to a High-Angle Annular Dark-Field (HAADF) detector may increase the contrast between PMMA-PMAA and platinum. In a HAADF-STEM image, components with heavy elements for example, platinum, appear to be brighter compared to the dark carbon matrix background. At R = 10, the platinum fibers appeared brighter than the polymer particle and the internal structure of the bead-on string morphology was observed. It can be concluded that the fibers were passing through the particles while retaining its' morphological integrity. Finally, at a higher ratio R, platinum-loaded particles were mainly observed. It was worth noting that once the platinum(II) complex was encapsuslated into the polymer particles, there was no signal on the EDS spectra or contrast in the STEM image that could confirm the presence of the platinum(II) complexes inside the particles. Nevertheless, the confocal images displayed previously showed that the luminescence of the solution was emanating from either the platinum(II) fibers or the platinum(II)-loaded particles with tunable emission. Different methods were then explored to verify the presence of the platinum inside the PMMA-PMAA particles.

Transmission electron microscopy (TEM)

TEM images of the PMMA-PMAA/platinum(II) complex system for R = 40 are displayed in Figure 3.19. Although the electron beam of the TEM is known to be considerably stronger than that of the STEM, no contrast could be observed inside the particles. One reason for this may be that the thickness of the inner part of the particle was too wide to view any contrast inside.

Another reason may be that the size of the platinum(II) complex once encapsulated was too small to be detectable. 

Focused-Ion Beam (FIB)

The difference between the FIB and the SEM is that the former utilises an ion beam while the latter utilises an electron beam. The use of an ion beam provides images of a higher quality due to the faster acceleration of the ions and allows etching on the surface or on nanostructures when the energy of the ions source is high enough. Some of the PMMA-PMMA particles were sufficiently large and thus the ion beam could only etch half of the structures.

FIB images of the PMMA-PMMA/platinum(II) complex before and after etching are displayed in Figure 3.20. The solution was drop-casted on a glass slide and dried under standard conditions. The substrate was then sputtered with gold. Large particles were located for R = 100 on the surface of the substrate (top). The wrinkles observed on the surface of the particles were due to the gold sputtered on the surface. After the etching of half of the particles by the ion beam, the inside of the particles could be observed. The particles were not hollow and were filled with an amorphous material. Any specific features were observed inside the particles and any traces of platinum(II) complex was also observed. To determine the presence of the platinum(II) fibers in the polymer particles, a bead-on-string aggregates was etched to study the middle section inside the particle. However, no specific features were observed inside the particle. It was concluded that the ion beam was too powerful and melted the particle. The images at the bottom of Figure 3.20 display PMMA-PMMA aggregates wrapped within long and flexible platinum fibers. After the ion beam etching, neither the interior morphology of the particle nor the platinum fibers could be observed. The ion beam was too powerful to maintain the morphology of structures. It is also worth noting that not only the particles and fibers were destroyed but also the there was leakage after exposure to the ion beam. FIB provided more resolved images of the PMMA-PMMA/platinum(II) complex system at a different ratio R but the main objective was not obtained: the detection of the platinum(II) complex inside the particles.

High resolution HAADF-STEM

To locate and highlight the presence of the platinum(II) complex inside the PMMA-PMAA particles, high-angle annular dark-field scanning transmisison electron microscopy (HAADF-STEM) was performed (refer to Figure 3.22). In a HAADF-STEM image, components with heavy elements appear bright against the dark carbon matrix background. The images show single and dual particles with diameters between 50 nm and 100 nm. Larger particles were not observed, as the solution was drop-casted on the grid for 5 min before being blown away with a nitrogen flow and absorbed on a tissue. This method limited the presence of impurities on the sample but also removed the larger particles, which did not stick to the surface. Strong evidence of the presence of platinum inside the particles was shown in the EDX spectra. When the measurment was perfomed on an empty spot of the of the grid, no platinum signal was observed whereas when the measurment was performed on the particle containing white dots, a relatively low but significant platinum peak was detected. The signal could not have been increased because a longer exposure to the electron beam would affect the morphology of particles and destroy them. For R = 30, the emission spectra mainly displayed a broad band centered at approximately 560 nm which was attributed to 3 MMCLT transition due to platinum-platinum interactions. Such interactions were observed in platinum(II) complex fibers of micrometer size. It was interesting to observe that the emission was emanating from small dots inside the PMMA-PMAA particles and not from larger aggregates. Furthermore, this raises the question of how many platinum(II) complexes were required to obtain the emission emanating from platinum-platinum interaction. Although the amount of PMMA-PMMA and platinum(II) complex in the solution was known, it was impossible to determine the concentration of platinum(II) complex per particles. Nevertheless, the detection of the platinum peak in the polymer particles confirmed that the emission was emanating from the platinum(II) complex. 

Fluorescence confocal microscopy

The fluorescence confocal images of PMMA-PMAA/platinum(II) complex system are displayed in Figure 3.23. The platinum(II) complex alone (R = 0) self-assembled into green-yellow emissive fibers. When R was low, e.g R = 2, long and flexible yellow emissive fibers were observed in accordance with the emisison measured in solution. For R = 8, the bead-on-string morphology was observed with a bright yellow emsissive center part and less emissive yellowgreen fibers at the extremeties. For R = 16, yellow-green emissive platinum-loaded particles and fibers were observed. For R = 30, the encapsulation was almost complete and green emissive particles were mainly observed with some green emissive fibers. For R = 80, welldefined green emissive particles were observed. The blue-shift measured in emission was also from the particles. From R = 80 to 250, the particles were gradually emitting from green to blue. However, the concentration of PMMA-PMAA in solution was very close to the saturation point and thus well-defined particles were no longer observed. The loss of control on the morphology of the particles was coupled with the loss of control of the photophysical properties. For R = 700, the platinum-loaded particles was expected to have a blue emission. Instead, each particle was emitting different colors with a color range between green and blue. The confocal fluorescence images showed the different steps of the encapsulation of the platinum(II) complex from the yellow-green emissive fibers, passing through the yellow emissive bead-on-string aggregates, the green emissive particles and then the blue-emissive particles.

Intermediate conclusion

The encapsulation of a platinum(II) complex by PMMA-PMAA particles was successfully achieved by mixing the two compounds in an organic solvent prior to flash-injection to water.

The platinum(II)-loaded particles showed emission ranging from green to blue with relatively long lifetimes and a high quantum yield. The photophysical properties of the hybrid particles were easily tuned by changing the PMMA-PMAA/platinum(II) ratio (R). The encapsulation mechanism was summed up in scheme 3.2.

Scheme 3.2. Schematic representation of the encapsulation of platinum(II) complex into

PMMA-PMAA particles and resulting photophysical properties depending on the PMMA-PMAA/platinum(II) complex 20 system ratio (R). The red area of the PMMA-PMAA particle represents the hydrophobic core and the blue area the hydrophilic shell.

To date, this is the first known report on the encapsulation of platinum(II) complex with tunable photophysical properties. In order to study the versatility of the method, modifications of some parameters were required. In the following sections; solvents, order of PMMA-PMAA/platinum(II) complex mixing, speed of THF/water mixing, and the method of the removal of the organic solvent will be studied.

Effect of the organic solvent: acetone vs THF

The platinum(II) complex and PMMA-PMAA diblock were soluble in THF (which is soluble in water). When the water content was adjusted to 80% in a THF/water mixture, the platinum(II) complex self-assembled into fibers while PMMA-PMMA was forming particles. One advantage of using THF was that the swollen particles were formed in aqueous media and thus were easily observed under the confocal microscope. One disavantage of using large particles was that they could not be used for in vitro study, where monodisperse and smaller particle are preferably used. The choice of solvent was crucial to determine the size of the particles. As mentioned previously, the closer the solubility parameters of the polymer and the solvent are, the larger the particles will be. One strategy to decrease the size of the particles was to replace THF with acetone. The images of the particles are displayed in Figure 3.3. The size of the particles was successfully reduced. For this reason, the same procedure above was employed except the THF was replaced with the acetone. Platinum(II) complex and PMMA-PMAA diblock copolymer were both soluble in acetone which was miscible with water. Photographs of the solutions under normal light and UV lamp are displayed in Figure 3.24. The same trend was observed whether acetone or THF was used. For the low Rs, yellow-orange emissive solutions were observed and the luminescence was gradually blue-shifted upon increasing R. The main difference between the two studies was that the solutions were less turpid when the concentration in PMMA-PMMA was increasing in acetone. One reason for this may be that the size of the particles was smaller and fewer aggregates were formed. The luminescent properties of the solution were confirmed by the emission and excitation spectra displayed in Figure 3.25. For R = 0, a broad band centered at approximately 570 nm was characteristic of platinum-platinum interactions observed in emission. Upon increasing the R, a small red-shift in emission was observed until R =10. The blue-shift and decrease in the intensity of the broad band of the 3 MMLCT coupled with an increase of the 3 LC/MLCT bands were observed, which marked the beginning of the encapsulation of the platinum(II) complex. The emission spectra were stabilized for R > 500 meaning that most of the platinum(II) complex was encapsulated and emitted blue inside the PMMA-PMAA particles. The excitation spectra showed structured bands between 400 and 500 nm, attributed to 1 MMLCT transition. These bands were decreasing in intensity upon increasing R. The emission and excitation spectra of PMMA-PMAA/platinum(II) complex in acetone were similar to those in THF. The solvent appeared to have no effect on the encapsulation of the platinum(II) complex. In addition, the excited state lifetimes of the solutions were also reported in Table 3.7. Similar measurements were observed in THF, with slighly shorter lifetimes when the emission was red-shift for R < 10 and gradual increase for 10 < R < 1000.

The excited state lifetime showed a multi-exponential decay when more than one platinum species (platinum aggregates or encapsulated platinum(II) complex) was present in solution and a bi-exponential decay when the blue emissive platinum(II) complex inside the particles was dominant for R = 1000.

SEM images of the solutions drop-casted on a glass substrate are displayed in Figure 3.26. The platinum(II) complex self-assembled into small rods. When PMMA-PMAA was added, the rods were more elongated and flexible. Upon increasing R to a higher ratio the number of fibers was decreasing while the number of small PMMA-PMAA particles was increasing. At R = 300, platinum rods were still observed on the SEM images meaning that the encapsulation the platinum(II) complex in acetone was not as efficient as in THF. The yellow-green emissive rods were observed for R = 0 and were slightly red-shifted. When 50 < R < 150, small yellow rods with green emissive particle agrgegates were observed. As expected, the particles were barely vsible because of their small size and only aggregation of particles were detected. Upon increasing R, the luminescence of the polymer aggregates changed from green to blue emissive particles. Yellow emissive aggregates were also observed, which originated from the remaining platinum rods as observed in the SEM images in Figure 3.26. This confirmed that most the of platinum(II) complex was encapsulated regardless of the size of the PMMA-PMAA particles. However, the encapsulation was not complete as platinum fibers were still observed even at high ratios.

The selection of the solvent played an important role on the morphology of the PMMA-PMAA particles. The use of acetone instead of THF significantly decreased the size of the particles.

However, the encapsulation of the platinum(II) complex was successful even though it was not complete. Platinum(II)-loaded particles with tunable photophysical properties were obtained depending on the PMMA-PMAA/platinum(II) complex ratio R. Due to the small size of the particles and their tendency to aggregate, visualisation of the transformation of the platinum(II) complexes from fibers to particles was not clearly observed.This study also revealed that the size of the particles did not affect the encapsulation of the platinum(II) complex, meaning that the platinum(II) aggregates or monomer species were responsible for the green or blue emissions, were small and could fit inside small particles. The preparation of smaller platinum(II)-loaded particles may be of interest in bio-imaging or bio-applications.

Order of PMMA-PMMA and platinum(II) mixing

In the aforementioned experiments, the PMMA-PMAA and the platinum(II) complex were consistently combined in the organic solvent before being flash-injected in water. In this section, the order of the addition into water will be studied.

Firstly, the platinum(II) complex was formed in water according to the method described previously. The platinum(II) complex was dissolved in THF and 2 mL solutions with identical concentrations in platinum (c = 5 ppm) were prepared. Each THF/platinum(II) complex was flash-injected in 8 mL of distilled water while sonicating for 5 minutes. The organic solvent was then removed by evaporation under reduced pressure and the solutions were left to stand for two days under ambient conditions before further analysis. Photographs of the solutions of platinum fibers are displayed in Figure 3.28. The solutions were all crystal clear and had a yellow luminescence. Secondly, the PMMA-PMAA solutions were prepared according to the method previously. PMMA-PMAA was dissolved in THF and 2 mL solution with different concentrations was prepared. The concentration of each solution is reported in Table 3.2. Each THF/PMMA-PMAA solution was flash-injected in 8 mL of the aqueous solution containing the platinum fibers while sonicating for 5 minutes. THF was then removed by evaporation under reduced pressure and the solutions were left to stand under ambient conditions for two days before analysis. Photographs of the final solutions are displayed in Normalized emission and excitation spectra are displayed in Figure 3.30 and the corresponding excited state lifetimes in Table 3.9. As expected, a decrease in the intensity of the 3 MMLCT bands around 570 nm coupled with an increase of the 3 LC/MLCT bands between 450 and 550 nm was observed upon increasing R. The excited state lifetimes of the PMMA-PMAA/platinum(II) complex solutions are reported in Table 3.9. As expected, the average lifetime was stagnated at low R and increasing for R > 50. It is worth noting that the lifetime was a bi-exponential decay starting at R = 300 and above. This signified that the entire the platinum(II) complex was encapsulated into the the polymer particles and that the blue emissive platinum(II) species was dominant in the particles. This was confirmed by the emission spectra as all the spectra were similar for R > 300. When the platinum(II) complex and PMMA-PMAA was added simultaneously, a ratio of 600 was neccessary to obtain a biexponential decay and a pure blue emission. The encapsulation was more effective than when the PMMA-PMMA was added to the aqueous platinum fibers solution. 

Effect of the method of removal of the organic solvent

When a THF or acetone solution containing PMMA-PMAA/platinum(II) complex was added to distilled water, the subsequent removal of the organic solvent from the mixture could play an important role on the final photophysical and morphological properties of the system. Water can form azeotrope with other organic solvents, and the removal of the organic solvent by distillation or under pressure might be challenging 33 . Moreover, after leaving the solution to stand for 2 days, traces of THF or acetone could still be detected. Alhough it did not affect the photophysical properties of the encapsulated platinum(II) complex, the presence of a small amount of organic solvent could be prejudiciable for bio-application. One method consistently reported in literature is to dialyse the mixture against water 45'-48' . The THF was replaced by distilled water while the bulk of the PMMA-PMAA/platinum(II) aggregates would remain in the dialysis bag. To study the effect of the method of removal of the organic solvent, three THF solutions containing the same concentration in platinum(II) complex (c = 100 pmm) and PMMA-PMAA (c = 5000 ppm) for a ratio R = 50 were prepared. Each solution was flash-injected in 8 mL of distilled water while sonicating for 5 min. The first solution was then sealed and left at 80% water content, while the second solution was evaporated under pressure and left to stand under ambient conditions (as previously reported). The third solution was dialysed against water for 2 days. Photographs of the three solutions are displayed in Figure 3.31. The three solutions were turpid due to the high concentration of PMMA-PMAA. Under the UV lamp (λ exc = 365 nm), the solution at 80% water content was viewed to be yellow emissive and aggregates were observed. The solution that was evaporated was also yellow emissive but no aggregation was observed. The solution which was dialysed did not show any aggregates and was green-yellow emissive. Normalized emission and excitation spectra of the solutions are displayed in Figure 3.32.

Figure 3.32. Normalized (A) Emission and (B) excitation spectra of PMMA-PMMA-platinum(II)

complex 20 system in 80% water (red curves), evaporated (green curve) and dialysed (blue curve). λ exc = 300 nm, λ em = 560 nm.

The normalized emission spectra revealed the presence of the 3 MMLCT bands for the three solutions. More importantly, the spectra showed 3 LC/MLCT bands at 460 nm and 490 nm which could be used as reference of the encapsulation of the platinum(II) complex. The more intense the bands were, the more platinum(II) complex was encapsulated. When the PMMA-PMAA/platinum(II) complex was left at 80% water content, the contribution of the 3 LC/MLCT was very low compared to the 3 MMLCT. When the solution was evaporated the contribution of the 3 LC/MLCT bands was increased. Finally, when the solution was dialysed, the contribution of the 3 LC/MLCT bands was the most significant aspect. Normalized excitation spectra showed 1 MMLCT bands between 400 nm and 500 nm when the water content of the solution was 80%, suggesting the presence of platinum fibers in solution. When the solutions were evaporated or dialysed, those bands decreased in intensity, which indicated the encapsulation of the platinum(II) comples. PLQY and excited state lifetimse of the three solutions are reported in Table 3.11. In accordance with the emission and excitation spectra, the solution at 80% water content had an average lifetime of 420 nm and a PLQY of 52%, typical values from platinum fibers.

When the solution was evaporated, an average lifetime of 800 ns and a PLQY of 37% was obtained. Those values are similar to the values reported previously. Finally, when the solution was dialysed against water, a longer average lifetime of 1000 ns and a higher PLQY of 43%

were measured, better values than those observed when the solution was evaporated. Those results confirmed that the encapsulation of the platinum(II) complex was the most efficient when the solution was dialysed. SEM images of the three solutions are displayed in Figure 3.33. When the solution was evaporated, relatively small PMMA-PMAA particles and a few long platinum fibers were observed. When the solution was dialysed, only polymer particles were observed. Finally, when the solution was kept at 80% water content, haystacks of long and flexible platinum fibers were observed. Polymer particles and amorphous materials surrounded those fibers. If the PMMA-PMAA/platinum(II) complex ratio was the same for each solution, the final result was still dependent on the amount of THF present in solution.

When no THF was present in solution, as in the case of dialysis, only platinum-loaded particles were observed. Conversely, when the water content was left at 80%, long and flexible fibers along with some polymer particles were observed. In this case, the aggregation process was directed by the platinum(II) complex. Finally, when the solution was evaporated with traces of THF was still present in solution, a mixture of platinum-loaded particles and a few platinum fibers were observed. This trend was confirmed by the confocal fluorescence images shown in Figure 3.34. Bright green emissive fibers were observed at 80% water content while only yellow-green emissive particles were observed when the solution was dialysed. When the solution was evaporated, a mixture of yellow-green emissive particles and fibers was observed.

In conclusion, complete removal of the organic solvent by dialysis enhanced the encapsulation of the platinum(II) complex by PMMA-PMAA particle. 

Effect of the method of addition of water on the encapsulation of the platinum(II) complex

To improve the monodispersity of the particles and the encapsulation efficiency of the polymer particles, the method of addition of the PMMA-PMAA/platinum(II) complex/THF solution to the water was modified and the removal of the organic solvent was conducted by dialysis. Monodispersed platinum-loaded particles were obtained by gradual addition of water to the PMMA-PMAA/platinum(II) complex/ THF mixture at a rate of 1 drop/10 seconds while stirring. Then the THF/water mixture was immediately dialysed against water for 2 days.

Photographs of the dialysed solutions are displayed in Figure 3.35. For R = 0, platinum fibers were observed by SEM. When PMMA-PMAA was added to the solution, a mixture of platinum fibers and bowl-shaped particles and particles with indentations were observed during the dialysis. Polymer hollow particles have previously been reported in literature 34-36' . The deformation on the surface was caused by pressure difference between the interior and the exterior of the particles during mixing of the two solvents. When the water content was increased in solution, the difference in water concentration between the interior and exterior of the particles drove the diffusion of the organic solvent to the exterior and diffusion of the water to the interior. The rate of diffusion of the organic solvent out of the hydrophobic core was faster than the diffusion of the water in, resulting in the generation of negative pressure inside the particles, which led to the formation of indentation or collapse of the particles. When the pressure was equalized between the interior and the exterior of the particles, the shape of the particles had frozen due to the large excess of water in the solvent mixture. Bundles of platinum fibers forming large rings were also observed (R =5). The number of platinum fibers was decreasing and the PMMA-PMAA particles were constricting upon increasing R. For the highest ratio, only monodisperse platinum-loaded particles with small indentations on the surface were Green emissive fibers with yellow emissive rings were observed at low ratios (R < 20). The yellow emissive rings were the ring-forming platinum fibers bundle observed by SEM. For R = 50, green emissive particles were observed and upon increasing R, the green particles were replaced by blue emissive particles.

In conclusion, gradual addition of water to the PMMA-PMAA/platinum(II) complex / THF mixture followed by dialysis against water to remove the organic solvent, provides well-defined monodisperve platinum-loaded particles with tunable emission from green to blue.

Small defects on the surfaces of the particles were observed but did not affect the encapsulation properties of PMMA-PMAA diblock copolymer.

Influence of the platinum(II) complex on the encapsulation

Thus far, only one platinum(II) complex was attempted for the encapsulation by PMMA-PMAA diblock copolymer. In order to prove the versatility of the method, platinum(II) complexes with different photophysical and morphological properties were encapsulated by PMMA-PMAA. All the platinum-loaded particles were prepared using the same methods as

previously. An amphiphilic neutral platinum(II) complex was chosen for these experiments (Scheme 3.3). Replacing the hydrophobic platinum(II) complex (known to be more stable in the hydrophobic core of the PMMA-PMAA particles) with an amphiphilic molecule did not affect the encapsulation properties of the diblock copolymer. The same encapsulation behavior was observed for the amphiphilic platinum(II) complex; green emissive particles were obtained when the ratio R was around 50. Upon increasing R, the concentration in platinum(II) complex per particles was decreasing, inducing a blue-shift in the emission of the particles. The PMMA-PMAA diblock copolymer disassembled the aggregates and encapsulated them into its particles core regardless of whether the platinum(II) complex self-assembled into fibers or into torroidal particles in water. 

Conclusion

Encapsulaltion of a hydrophobic platinum(II) complex was successfully achieved by using PMMA-PMAA diblock copolymers in water. Platinum fibers initially formed in water were encapsulated by the polymer particles until the PMMA-PMMA/platinum(II) complex ratio was high enough to encapsulate most of the platinum(II) complex. The photophysical properties of the platinum-loaded particles were easily tunable by varying the ratio R. Green emissive particles with enhanced PLQY were obtained when the R was relatively low. Upon increasing the PMMA-PMAA/platinum(II) complex ratio, the luminescence of the particles was gradually shifted from green to blue with longer lifetimes, due to the rigidochromism effect within the polymer particles. Parameters such as solvents composition, order of addition into water and the concentration in platinum(II) complex, had an small influence on the morphology or the photophysical properties of the platinum-loaded particles. The various methods used to improve the homogeneity of the particles and the encapsulation efficiency could be applied to most of the platinum(II) complexes and could be extended to different molecules with interesting properties. Such particles with enhanced and tunable photoluminescent properties could be used for bio-imaging applications and further functionalisation of the outer shell of the particles could render them suitable for bio-imaging.

Experimental Section

General information

All the solvents and chemicals were used as received from Sigma-Aldrich or Fluka without any further purification. The synthesis of complexes 3, 7, 18, 19 was previously reported in chapter 2. Complex 20 was synthesized exactly as reported in the literature 4 . K 2 PtCl 4 was purchased from Precious Metal Online (PMO). PtCl 2 (DMSO) 2 was prepared from previously reported synthetic procedures 1 . Column chromatography was performed on silica gel 60 (particle size Elemental analysis was performed by the analytical service of physical measurements and optical spectroscopy by the University of Strasbourg.

Synthesis

Complex 20 4 . In a 50 mL two-neck round-bottom flask, tridentate ligand 2 (200 mg, 0.573 mmol, 1.05 eq) and PtCl 2 (DMSO) 2 (230 mg, 0.46 mmol, 1.0 eq) were suspended in 15 mL of 2-MeOEtOH and 5 mL of H 2 O 3 :1. Upon addition of N,N-diisopropyletylamine (100 μL, 0.576 mmol, 1eq), the reaction mixture turned to a clear yellow solution. 4-amylpyridine (90.5 µL, 0.546 mmol, 1.2 eq) was added and the mixture heated at 83°C overnight under N 2 atmosphere. A yellow precipitate was quickly formed. The crude was purified by column chromatography using ethyl acetate and cyclohexane 1: 1 as mobile phase. The final product was then washed with a minimal amount of methanol and filtered. A yellow solid was collected and dried under vacuum for two days (167 mg, 0.255 mmol, yield 46.6%). 1 37 (21). A solution of lithocholic acid (1.0 g, 2.66 mmol, 1 eq) and triethylamine (410 μL, 3.0 mmol, 1.1 eq) in dry THF (100 mL) was stirred at room temperature. Ethyl chloroformate (290 μL, 3.0 mmol, 1.1 eq) was added and the resulting turpid white solution was stirred for 45 min. 4-aminopyridine (310 mg, 3.0 mmol, 1.1 eq) was introduced to the flask and the reaction mixture stirred for 24 h. At the end of the reaction the triethylamine salt was filtered off and the solvent evaporated under reduced pressure. The unreacted 4-aminopyridine and lithocholic acid were removed by aqueous bicarbonate solution followed by refluxing in acetonitrile. The resulting white powder was filtered and dried under vacuum (400 mg, 0.88, yield 33%). 1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ : 8.44 (d, J = 6.4 Hz, 2H), 7.46 (d, J = 6.3 Hz, 2H), 7.34 (s, 1H), 3.57(m, 1H), 2.34 (dddd, J = 66.5, 15.3, 10.0, 5.5 Hz, 2H), 2.00-1.00 (m, 11-CH 2 ), 1.54 (s, 3H), 1.26 (s, 2H), 0.96 (d, J= 6.3 Hz, 3H), 0.92 (s, 3H), 0.66 (s, 3H) ; 13 In a 50 mL two-neck round-bottom flask, tridentate ligand 2 (347 mg, 0.994 mmol, 1.05 eq) and PtCl 2 (DMSO) 2 (400 mg, 0.947 mmol, 1.0 eq) were suspended in 20 mL of acetonitrile. Upon addition of N,N-diisopropylethylamine (330 μL, 0.1894 mmol, 2.0 eq) to the suspension, compound 21 (429 mg, 0.994 mmol, 1.0 eq) was added and the mixture heated at 80°C under N 2 atmosphere overnight. A yellow precipitate rapidly formed. The crude was purified by column chromatography using ethylacetate/methanol 95: 5 as the mobile phase.

N N N N N N N Pt N CF 3 F 3 C C 5 H 11 (R)-4-((3R, 5R, 8R, 9S, 10S, 13R, 14S, 17R)-3-hydroxy-10,13-dimethylhexadecahydro-1H- cyclopenta[a]phenanthren-17-yl)-N-(pyridin-4-yl) pentanamide
The orange solid was dried under vacuum for two days (m= 137 mg, 0.138 mmol, yield 15%). 1 H NMR (THF-d 8 , 400 MHz, ppm) δ: 9.95 (s, 1H), 9.49 (d, J = 6.6 Hz, 2H), 8.23 (t, J= 7.9 Hz, 1H), 7.91 (d, J= 8 Hz, 2H), 7.87 (d, J= 6.9 Hz, 2H), 3.45 (m, 1H), 2.47 (m, 2H), 2.00-1.00 (m, 11-CH 2 ), 1.29 (s, 2H), 1.00 (d, J= 6.4 Hz, 3H), 0.94 (s, 3H), 0.71 (s, 3H); 19 

Preparation of the PMMA-PMAA diblock copolymer nanoparticles.

PMMA-PMAA particles were prepared by "flash-injection" technique 26 . The block copolymer was dissolved by stirring in acetone or THF overnight. Then solutions at varying concentrations were prepared. A 2 mL of the freshly-prepared PMMA-PMAA/acetone or THF solution was rapidly added to 8 mL of distilled water while the mixture was sonicated. The organic solvent was removed by evaporation under reduced pressure and the solutions were left to stand for
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two days at ambient condition before analysis. The resulting aqueous suspensions were clear for low concentrations of PMMA-PMMA and more turpid for higher concentrations of the polymer.

Encapsulation of platinum(II) complexes into PMMA-PMAA diblock copolymer nanoparticles

Platinum(II)-loaded polymer particles were prepared in a similar manner as described above.

PMMA-PMMA and complex 20 were distinctively dissolved in acetone or THF. Solutions at different concentrations of PMMA-PMAA but with a constant concentration of complex 20 (5 or 100 ppm) were prepared. 2 mL of the freshly-prepared mixture was rapidly flash-injected into 8 mL of distilled water while the mixture was sonicated. The organic solvent was removed by evaporation under reduced pressure and the solutions were left to stand for two days at ambient condition before analysis. The same method was employed for all the platinum(II) complexes tested in this chapter. Another alternative for the preparation of platinum-loaded particles has also been described. The distilled water was gradually added to the complex 20/PMMA-PMAA/THF mixture at a rate of 1 drop/10 sec while stirring. The resulting mixture was then dialysed against water for 2 days.

Photophysics

All the absorption measurements in this report were recorded on a UV-3600 Shimadzu UV-Vis-NIR spectrophotometer, and were baseline and solvent corrected with UV Probe software.

Quartz cuvettes were used for this purpose. Steady-state measurements were recorded on a HORIBA Jobin-Yvon IBH FL-332 Fluorolog 3 spectrometer equipped with a 450 W Xenon arc lamp, double grating excitation and emission monochromators.

Time-resolved measurements up to 5 µs were performed using the TCSPC option on a FluoTime 300 (PicoQuant). The excitation source was mounted directly on the sample chamber at 90° to a double grating emission monochromator and collected by a PicoHarp 300 (PicoQuant) single-photon-counting detection module. Signals were collected using the software FluroFit, PicoQuant For excited state lifetimes > 10 µs, a different experimental setup was utilised, by equipping the FluoTime 300 with a FL-1040 phosphorescence module including a 70-W xenon flash tube. The signal was recorded on the PDL 820 single-photoncounting detector and collected with multichannel scalling (MCS).

Absolute quantum yield measurements were performed using a Hamamatsu Photonics absolute PL quantum yield measurement system. This setup is equipped with a L0799-001 CW Xenon light source (150 W), a monochromator, a C7473 photonic multi-channel analyzer and an integrating sphere.

Scanning electron microscopy (SEM) Scanning Transmission electron microscopy (STEM)

SEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 KV. Samples were prepared by drop-casting a solution of platinum(II) complex onto a glass slide, and subsequent plasma-induced deposition of a 40 nm thick layer of silver.

STEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 20 kV. Samples were prepared by drop-casting a solution of platinum(II) complex onto a copper grid (400 mesh, Agar Scientific) coated with Formvar/carbon film.

Fluorescence confocal microscopy

All of the fluorescence images were taken by using Zeiss LSM 710 confocal microscope system with 63 × magnification, numerical aperture, NA, 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were excited by continuous wave (cw) laser at 405 nm. The emission of the complexes was collected in the range from 400 to 750 nm. In addition, the lambda-mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. The raw data, collected in lambda-mode, was processed using linear un-mixing tool available in ZEN 2011 software package (Zeiss GmbH). All images were performed using the same software.

Introduction

Supramolecular chemistry represents a very important area in numerous research fields, including chemistry, biology, and materials science. One of the aims is the assembly from randomly oriented molecules to highly ordered supramolecular structures through covalent and non-covalent interactions 1 . In particular, assemblies of amphiphilic molecules have attracted widespread attention due to their ability to form highly ordered aggregates with interesting morphologies in solution such as micelles, vesicles, and fibers via differential interactions of the hydrophilic and hydrophobic moieties with the solvent [2][3][4] . Amphiphilic vesicle forming polymers have been examined for their potential applications in drug delivery and as model systems of biomembranes 5 , while amphiphiles bearing organic chromophoric dyes have been investigated with the aim to construct highly ordered nanostructures for optoelectronic applications 6 . Most of the studies have been focused on the investigation of amphiphilic polymers and amphiphiles bearing organic chromophoric dyes, whereas amphiphilic transition metal complexes have been less explored [7][8][9][10][11] . Numerous reports have explored the structure-property relationships influencing luminescent properties of squareplanar Pt(II) complexes 12,13 . These fundamental works have offered an understanding on how the luminescence of these systems can be tuned and used in a large variety of applications, including electroluminescent materials such as organic light emitting diodes (OLEDs) 14 , sensitizers for photovoltaic materials 15 and biomolecule applications 16 . Factors that play a large role in influencing the luminescent properties of platinum (II) complexes include the platinum-platinum interactions, p-p stacking, and other intermolecular interactions that can lead to aggregation. Metal-metal interaction between platinum(II) complexes can be monitored and tuned by varying parameters such as temperature 17 , solvent 18 , mechanical forces 19 , or the presence of different counterions. These interactions are weak under standard conditions and sensitive to the surrounding environment. The formation of functional architectures, such as luminescent self-assembled 1D fibers and 2D stuructures with defined distances between metal centers of adjacent platinum (II) complexes, have been exploited to create electronic devices such as field effect transistors (FET) and semi conductors 20 .

Amphiphilic sulfonate-pendant platinum(II) complexes with different lengths of alkyl chains have been developed and studied for their luminescent properties 21 . The spectroscopic properties are found to be associated with the formation of self-assembled nanostructures. It has been discovered that the introduction of an alkyl chain can have a drastic effect on controlling the molecular packing, resulting in sheet-like structures for short alkyl chains, and cylindrical micelles for long alkyl chains. The change in morphology can be rationalised by the different hydrophilic and hydrophobic interactions occurring between the amphiphilic molecule, the solvents and the interactions between two platinum (II) complexes. Amphiphilic anionic platinum(II) complexes have been investigated to show aggregation in water through platinum-platinum interaction and p-p stacking 22 . An interesting partial deaggregationaggregation process and a morphological transformation from vesicles to fibers has been demonstrated upon variation of the solvent composition. Well-defined platinum (II) complex structures such as nanowires 20 , tubes 21 , rod-like aggregates 23 , sheet-like aggregates 21 , vesicles 22 or rings 24 are commonly reported in the literature. Due to the rich spectroscopic and luminescence properties of square-planar d 8 platinum (II) complexes, it was envisaged that neutral amphiphilic platinum (II) complexes could be used to probe the formation of supramolecular assemblies and to also study the correlation between the morphological transformation and spectroscopic changes. In the previous chapter, a platinum(II) complex self-assembling into toroidal particles was observed in a THF/water mixture. The discovery of such an uncommon morphology for a platinum (II) complex motivated the work accomplished in this chapter. Indeed, although numerous morphologies have been reported previously, only two or three different aggregates were observed per platinum (II) complex [12][13][14][15][16][17][18][19][20][21][22][23][24] . Herein, we report the preparation of several aggregates of a single amphiphilic platinum (II) complex and the changes upon variation of the solvent composition, mixture, method of mixing and concentration. The amphiphilic character of the complex allows the modification of the hydrophilic/hydrophobic interactions depending on the solvent conditions and is stabilized by platinum-platinum interactions and p-p stackings. The morphological changes are systemically controlled by electron microscopy and luminescence techniques. A comprehensive mechanism for the formation of the different aggregates of platinum(II) complexes is also proposed.

Results and discussion

The results and discussion section was divided in three parts. First, investigation of the selfassembly of the platinum(II) complex in THF/H 2 O mixture at two different concentrations was carried out. Secondly, the rate and the order of addition of the two solvents were examined.

Finally, the relationship between the nature of the organic solvent and the aggregate morphology of the platinum (II) complex was also studied.

Synthesis of the complex

The synthetic route for the preparation of the platinum (II) complex was displayed in Scheme 4.1 and was previously discussed in Chapter 2.

Scheme 4.1. Synthetic route of ancillary ligand 6 and platinum (II) complex 7.

Preparation of the platinum aggregates in THF/water mixture

The platinum (II) complex was dissolved in THF (concentration ≈ 1x10 -3 mol•L -1 ) and diluted to reach a final concentration of 5x10 -5 mol•L -1 in 10 mL of THF/H 2 O mixture. The appropriate amount of THF was added and then distilled water was added dropwise (1 drop/10 s) while stirring until the final volume of the THF/ water solution was 10 mL as reported in Table 4.1.

The solutions were stirred for 48 hours to prevent the appearance of transient morphologies and to negate the effect of the rate of stirring. To prepare aggregates, the complex was first dissolved in a common solvent (e.g. THF or DMF) and then a non-solvent (H 2 O), for the platinum (II) complex, water, was added. As water was gradually added, the ability of the
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organic solvent to solubilise the platinum(II) complex decreased. The aggregation began when the critical water content (CWC) was reached. The CWC is usually defined as the water content at which micellization starts for a polymer 25 . The same principle can be applied for the amphiphilic platinum(II) complex as its self-assembly will start at a specific water content for any organic solvent/ water mixture. Since water is a good solvent only for the polyethyleneglycol chain, addition of water to the organic solvent forces the system to reorganize to avoid interactions between the platinum moiety of the complex and the H 2 O molecules. At a certain point after the addition of water, the platinum (II) complex starts to aggregate and precipitatation can occur as well as a change in color. In the early stages of aggregation, a thermodynamic equilibrium was operative between the monomers and the aggregates. As more water was added and the solvent progressively diffused out from the aggregate cores, the structure of the aggregates became kinetically frozen and do not change anymore 26 . The self-assembly of platinum (II) complex in solution was observed by photophysical analysis in conjunction with electron microscopy. As a result of these experiments, parameters such as the rate, order of addition of the water to the complex/ THF solution and the concencentration in platinum (II) complex were then investigated. 

Photophysical characterisation

The CWC at which the platinum (II) complex started to aggregate was determined by photophysical analysis. Normalized emission and excitation spectra of the platinum (II) complex 7 in THF/ water solutions were displayed in Figure 4.1. From 0 to 65% water content, The spectra show the the presence of broad bands between 400 and 550 nm, attributed to the 1 MMLCT due to the aggregation of the platinum (II) complex. The red-shift observed in emission when the water content is above 70% can be correlated to a decrease in intensity of the 1 MMLCT bands in excitation and a possible change in conformation upon increasing the water content. Finally, excited state lifetimes and photoluminescent quantum yields (PLQY) were also measured and reported in Table 4.2. Below 70% water content, the excited state lifetimes and photoluminescent quantum yields are similar to those observed in pure THF when the platinum (II) complex molecularly dissolved in solution. Above 70% water content, long excited lifetimes were measured between 380 ns and 550 ns due to the aggregated state of the platinum(II) complex in solution. An increase of those lifetimes was also observed upon increasing the water content, which is in correlation with the red-shift observed in emission. Some of those lifetimes, especially those at 91% water content (a combination of the lifetimes from 80% and 97% water content), have a bi-exponential decay. This may be another indication of the presence of at least two different types of aggregates of the platinum (II) complex. The photoluminescence quantum yield of the molecularly dissolved platinum (II) complex is below 1% at the integrating sphere, while those of the aggregates are between 60% and 70%. Such an increase of the overall photophysical properties of the platinum (II) complex is the result of the platinum-platinum interactions leading to MMLCT transition with longer lifetimes and higher quantum yields.

Study of the morphology of the platinum (II) complex aggregates

Direct observations of the morphologies were made by scanning electron microscopy (SEM)

and scanning transmission electron microscopy (STEM). For samples with water contents below 60%, the morphologies observed by SEM are the results of solvent evaporation off the SEM glass coverslip and do not represent the morphologies in solution (Figure 4.2). The photophysical properties have previously demonstrated that the platinum (II) complex is molecularly dissolved below 65% water content. The complex organizes itself into amorphous aggregates between 10% to 50% water content. It is worth observing that close to the CWC (60% water content), a honeycomb pattern was observed on the SEM glass coverslip. At 65%

water content where the first 3 MMLCT band was observed in emission, rod-like aggregates and some amorphous materials were observed on SEM. A further increase of H 2 O (to 70% water content) led to the formation of long and rigid fibers surrounded by the remaining amorphous material. As more water was added, only rigid fibers were observed (80% water content), whereas at 90% water content the formation of toroidal aggregates was characterized by an average size of 729 ± 91 nm. The number and size of fibers decreased while the number of toroidal particles increased until a full population of tores was observed (at 97% water content). Finally, the correlation between the photophysical properties and SEM imaging was confirmed by fluorescence confocal microscopy. The solution was excited with a 405 nm laser (refer to Figure 4.3). For clarity, the amorphous materials were colored in green, the fibers in yellow and the toroids in orange. The honeycomb pattern was observed at 60% water content and the formation of the fibers at 70% water content. The morphological changes of the fibers from 80 to 90% was observed under confocal microscopy. At 97% water content, the toroidal particles were observed throughout all the samples.

While the formation of fibers from platinum(II) complexes have previously been described in the literature 27,28 , large toroidal aggregates with enhanced photophysical properties are yet to be reported. 

Stability upon dilution in water

In order to study the stabilty of the platinum (II) complex aggregates and observe the thermodynamically stable aggregates, the previously prepared solutions were diluted in water. 100 𝜇L of each solution was diluted by adding 900 𝜇L of water. As a result, the water content was increased from 10% to 91%, 20% to 92%, etc. It is expected that the previously formed fibers and toroidal particles will maintain their morphological integrity upon dilution.

However, when complex 7 was molecularly dissolved in the THF/water mixture (below 70% water content), new types of aggregates were formed as a result of the the dilution in water which increased the overall water content of the mixture.

Photophysical properties

The normalized emission and excitation spectra for each solution were measured and are displayed in The emission of all diluted solutions are dominated by the 3 MMLCT band due to the platinumplatinum interaction. The dilution of solutions consisting of a water content below 70% triggered the self-assembly of the platinum (II) complex. The dilution of the solutions above 70% water content did not appear to affect the emission properties, which suggested that the aggregates formed prior to dilution maintained their morphologies in solution. The excitation spectra of the aggregates revealed significant data. Although the emission spectra show the 3 MMLCT band centered around 570 or 590 nm, the excitation spectra were quite different. It has been previously reported that at 80% water content, the platinum (II) complex tends to form rigid fibers, showing an emission at 565 nm and excitation bands between 400 and 550 nm, attributed to 1 MMLCT. At 97% water content, platinum (II) complex tends to selfassemble into toroidal aggregates with an emission centered at 590 nm and less intense excitation bands compared to the platinum (II) complex fibers. Finally, the emission band was centered at approximately 590 nm for the newly formed aggregates in diluted solutions with initial water contents below 70%. However, the excitation bands between 400 and 550 nm were very weak compared to those from the fiber or the toroidal morphologies. All of the photophysical properties of the diluted solutions are reported in Table 4.3. 

b) a)

Study of the morphology of the platinum (II) aggregates

To assess the morphology of the aggreagtes, aliquots of the diluted solutions were dropcasted onto glass slides for SEM, then onto a copper grid for STEM, and left to dry. The different morphologies observed are shown in Figure 4.6. Dilution of the initial 10% to 50% water content solution in water resulted in a drastic increase of the water content (from 10% to 91%, 50% to 95% water content) and the formation of small toroidal aggregates, uniform in size and appearance. The outside diameters of the aggregates were measured to be 225 ± 27nm and 233 ± 17 nm via SEM and STEM, respectively, while the cross-section diameters were measured to be 94 ± 14 nm (by SEM) and 92 ± 11 nm (by STEM). Dilution of the 50% water solution in water led to the formation of a mixture of small toroidal aggregates and small rigid fibers. Interestingly, the dilution of 60% water led to the formation of a mixture toroidal aggregates, rods and, more surprisingly, cylinders and fan-shaped aggregates. Those morphologies were observed by SEM and more precisely by STEM in 

Effect of the concentration on the self-assembly properties of the platinum (II) complex

The initial concentration of complex 7 in THF can play an important role in the self-assembly of the platinum (II) complexes in THF/water mixtures 29 . The complex was dissolved in THF (≈ 1x10 -3 mol.l -1 ) and then poured into different vials in order to obtain a predetermined final concentration of 5x10 -6 mol.L -1 in 10 mL of THF/water mixture. The solutions were stirred for 48 hours to prevent the appearance of transient morphologies and to negate the effect of the rate of stirring. The photophysical properties are shown in Figure 4.8 and Table 4.5. The CWC was not influenced by the change of the platinum (II) complex concentration. The selfassembly was triggered between 60% and 70% water content solutions and correlated with the shifting of the emission bands from 3 LC/MLCT (below 70%) to 3 MMLCT (above 70%) in the emission spectra. A red-shift was also observed upon increasing the water content to 97%.

These results are consistent to those reported previously and suggest that the aggregates have tranformed morphologically. There was a significant increase of the excited state lifetimes, from 3 ns to 380 ns, which suggested the formation of aggregates between 60% and 70% water content. The morphological transfomation from fibers to toroidal particles at above 90% water content resulted in an increase of the excited state lifetime from 380 to 560 ns. SEM images of the dropcasted solution are displayed in Figure 4.9. At 70% water content, platinum(II) complex self-assembled into fibers with a small amount of amorphous material.

At 80% water content, rigid fibers were formed. At 90% water content, a mixture of fibers and small toroidal aggregates were formed. Finally, at 97% water content, mainly small toroidal particles were formed. Decreasing the concentration in platinum(II) complex in the final THF/water mixture did not affect the nature of the aggregates (fibers or toroidal aggregates).

The only noticeable difference was a significant decrease of the size of the toroidal particles from ca. 730 nm (c = 5x10 -5 M) to 230 nm (c = 5x10 -6 M). 

Effect of the rate of addition

The effect of the rate of addition of water to the solution of platinum(II) complex in THF was examined in this section. Instead of gradually adding the water, e.g 1 drop/10 s, the water was flash-injected via a syringe into the platinum (II) complex/THF solution while stirring. The different solutions were stirred for 48 hrs prior to the photophysical study, SEM, STEM and confocal imaging. The photophysical properties of each solution were reported in Figure 4.10 and Table 4.6. The CWC, at which the platinum (II) complex starts to self-assemble, was determined by UV-vis and emission spectroscopy. As previously reported, the aggregation can be followed by the change in emission from 3 LC/MLCT to 3 MMLCT. This transition occurred between 60% and 70% water content. Flash-injecting water instead gradual addition to the THF solution does not affect the CWC. The emission spectra did not vary considerably from gradual addition to flash-injection. The only observable change was a higher photoluminescent quantum yield at 97% water content upon flash-injection (77%) compared to gradual addition (67%). were observed after the evaporation of the solvents on the SEM glass coverslips (refer to Figure 4.11). The honeycomb pattern was also observed at 60% water content, when the water was added gradually or flash-injected in THF. At 70% water, long rigid fibers were observed surrounded by amorphous materials. At 80% water content, fibers were mainly observed. It was observed that some of the fibers formed by flash-injection were wider (up to 5 µm) and thinner, and almost transparent. At 90% water content, long and rigid fibers were replaced by a mixture of smaller, less flexible fibers and rods. Finally, at 97% water content, mainly small, entangled rod-like aggregates were observed on the SEM. The effect of the rate of addition of water on the platinum (II) was not negligible as it enabled the formation of fibers of various morphological properties. Moreover, rod-like aggregates were formed instead of toroidal particles at 97% water content.

The morphologies of the aggregates observed by SEM and their photophysical properties were reported in Table 4.6. Confocal fluorescence microscopy was also perfomed in order to correlate the photophysical properties and the morphologies. For optimal clarity, the amorphous materials were colored in green, the fibers in yellow and the toroidal-aggregates in orange, as shown in Figure 4. 12 As expected, the fibers were observed at 70% water content, surrounded by amorphous aggregates. At 80% water content, only long fibers were observed whereas shorter fibers and rod-like aggreagates were observed at 90% water content. Finally, at 97% water content, bundles of entangled rods are mainly observed. The morphology of the platinum (II) complex and the conditions required to obtain them were summarised in Figure 4.13. Platinum fibers were formed, when the water was either flash-injected or gradually added to the THF/complex 7 mixture, between 60% and 80% water content. However, rod-like aggregates were formed instead of the toroidal particles in above 90% water content solutions. In such conditions, the platinum (II) complex self-assemble into aggregates and do not evolve. The rods can be considered as kinetically trapped aggregates at high water contents. When the polarity of the solvent is slightly decreased, the rods are no longer frozen in solution and can reorganize into a more favourable morphology. This accounts for the presence of a mixture of rods and fibers at 90% water content and the complete transformation from rods to fibers at 80% water content. 

Stability upon dilution in water

In order to study the stabilty of the previously reported morphologies, 100 𝜇L of each solution was diluted in 900 𝜇L of water. The emission and excitation spectra of the diluted solutions are displayed in As expected, the morphologies and photophysical properties of the previously formed aggregates were retained upon dilution (initial water content above 70%). The dilution enabled the superior visualisation of the brittle and semi-transparent fibers at 98% water content. Rod-like aggregates of the same diameter but various lengths were observed at 99% water content. Below 70% water content, small toroidal particles, rod-like aggregates, and spherical cylinders were observable by SEM. As previously mentioned, the morphology of the platinum (II) complex fibers formed from flash-injection or gradual addition of water at 80% water content were a little dissimilar despite the fact that their photophysical properties were identical, as shown in Figure 4.16.

When the water was gradually added to THF while stirring, long, sharp and rigid fibers were principally formed. However when flash-injection was conducted, a mixture of long, sharp fibers and wider, semi-transparent fibers were formed. In the first case, with the gradual addition of water; long, robust and thick fibers were obtained . In the second case, when the water was flash-injected ; thin, long and almost transparent ribbons were primarily observed along with robust fibers. It is worth noting that those fibers were very brittle when they did not lay flat on the substrate. However, when the platinum (II) complex THF solution was added to the water, a small hypsochromic effect was observed in emission from 575 nm to 593 nm. When water was added to THF, the band was centered at approximately 575 nm, which is typical for platinum (II) complex fibers. When the THF was added to the water, the 3 MMLCT band was centered at approximately 590 nm, which was previously attributed to the presence of rods and toroidal particles. The lifetimes and PLQY in Table 4.8 also confirmed the photophysical properties of both morphologies. To confirm all the hypotheses deduced from the study of the photophysical properties; SEM, STEM and confocal microscopy were performed. As deduced, when the water was added to In this experiment, the water was added very gradually (500 µL•h -1 ) compared to previously (3 mL.h -1 ), to allow the fibers more time to grow and to ensure no resulting change in morphology once they are formed. This was also confirmed by the fact that the fibers retained their morphology when diluted in water, as shown previously. When the platinum (II) complex The second morphology observed for this solution was platinum « rings » of different sizes and shapes (Figure 4.23). These were different from the toroidal particles, which were very homogeneous in size, shape and a smaller inner diameter 24 . The platinum rings observed in λ exc = 405 nm could be distinctively observed by microscopy and the emission pattern matched the shape of the rings. The presence of these two new morphologies highlighted the crucial role played by the addition of water to the THF/complex 7 mixture during the early stages of the formation of platinum aggregates. In addition to the cylinders, rods and fan-shaped structures were observed at high water content. Rings and sheet-like aggregates are two structures that can also be obtained through varying the method of addition. The platinum (II) complex was manipulated to adapt the most stable morphology in order to minimize the interaction between the hydrophobic part, e.g triazole-platinum moiety, with water. The reorganization of the rod-like aggregates into rings showed that the two ends of a rod could connect to form new rings with the same cross section diameter.

Role of the solvent on the aggregation of the platinum (II) complex.

The THF/water mixture was used to form different types of platinum aggregates. THF is a good solvent due to the fact that the platinum(II) complex was soluble, and that it was miscible with water. Solvents can be roughly classified into two categories: polar and nonpolar. The dielectric constant of the solvent provides an approximative measurement of the solevnt's polarity. Generally, the dielectric constant of a solvent is an acceptable predictor of the and dielectric constants 𝜀 for some common solvents were reported in Table 4.9. To study the effect of the solvent on the self-assembly of the platinum (II) complex, dioxane and DMF was used to compare with THF. Dioxane is a nonpolar solvent while DMF is a polar aprotic solvent.

The platinum (II) complex was soluble in both solvents and became miscible when the water was added. The same method was utilised to trigger the aggregation. Platinum (II) complex was dissolved in dioxane and DMF and the water was added to solution with different THF or DMF/ water ratios but with the same predetermined final concentration (c =5.10 -5 M). The solution was stirred for 2 days prior to the photophysical and morphological studies. The absorption, emission and excitation spectra of the dioxane/water platinum (II) complex solutions were displayed in Figure 4.24. The CWC at which the aggregation began was determined at 40% water content when the 3 MMCLT band appeared in emission, even though 3 LC/MLCT bands at 460 and 490 nm were still present. Nevertheless, the absorption and excitation spectra did not show any signs of platinum-platinum interactions. The decrease of the 1 LC band around 300 nm in absorption was observed at 60% water content. The intensity of the 1 MMLCT bands was between 400 and 550 nm in excitation and was the highest at 60% water content. A gradual red-shift in emission was observed when the water content was increased. The excited state lifetimes and photoluminescent quantum yields were reported in The CWC was determined by the presence of 3 MMLCT broad band around 570 nm in emission and the decrease of the 1 LC band at 300 nm in absoprtion. It was estimated to be at 30% water content, which is the lowest among the three solvents Although the platinum (II) complex was soluble in DMF, it is still considered a bad solvent for the complex due to the fact that the self-assembly occured at a low water content. Between 40% and 90% water content, the 3 MMLCT band was centered at approximately 570 nm. In addition, intense 1 MMLCT bands were observed between 400 nm and 550 nm. Those bands were characteristic of the formation of fibers. At 95% water content, the 3 MMLCT band was red-shifted and the The imaging of the platinum aggregates was more complex than for the THF/ water or dioxane/water mixtures. Between 0% and 30% water content, amorphous material was observed. Between 40% and 70% water content, fiber-like aggregates were observed.

Nevertheless, those fibers were different to those observed for the THF or dioxane water mixtures. They were not as well defined and were generally surrounded by amorphous material, even though they shared the same photophysical properties. At 80% and 90% water content, a mixture of toroidal particles, rods and fibers were observed. Finally, at 95% water content, entangled toroidal particles and rods could be observed. As a general conclusion, DMF may be a suitable solvent to dissolve unsoluble platinum (II) complexes, however, electron microscopy showed a mixture of undefined aggregates. The wavelength of maximum emission intensity as a function of the water content in various solvents for THF, dioxane and DMF are displayed in Figure 4.28. The increase of the wavelength of maximum emission intensity from 460 nm to around 570 nm defined the CWC for each solvents mixture. The lower the CWC, the worst the solvent is for the platinum (II) complex. Regarding this, the best solvent is THF out of the three solvents, followed by dioxane and then DMF. 

Energy dispersive spectra (EDS) of platinum (II) complex aggregates

Electron microscopy can reveal a lot of information of about the morphology of the platinum (II) complex and coupled with energy dispersive spectroscopy can prove that the morphology observed was the platinum (II) complex. Platinum sheets were the most difficult aggregate to characterize due to the fact that they were very thin compared to the other morphologies. The issue was solved by using a copper grid and and STEM mode. Once the morphology was located, EDS was possible. Carbon (0.277 keV), nitrogen (0.392 keV), oxygen (0.525 keV), fluorine (0.677) and platinum (2.048 keV) peaks were observed on the EDS. An additional peak at 8.04 keV was detected and was originating from the copper from the grid. Platinum rings were also difficult to characterize and the same method as for the sheets was used. Carbon (0.277 keV), nitrogen (0.392 keV), oxygen (0.525 keV), fluorine (0.677) and platinum (2.048 keV) peaks were observed on the EDS. Those peaks were weaker compared to the other morphologies due to the the small size of the particles.

Fibers

Conclusion

The results show that it is possible to control the self-assembly of the platinum (II) complex depending on the concentration, the organic solvent, and the rate and order of addition of the water. The platinum (II) complex was able to adopt multiple morphologies in different conditions. These morphologies included fibers, rods, cylinders, fan-shaped aggregates, small and large toroidal particles, sheet-like aggregates and rings (Scheme 2). The formation of eight different types of aggregates is unprecedented for a single platinum (II) complex and reveals the variety of morphologies that can be adopted depending on the different parameters used.

Interestingly, it was observed that each morphology has its own photophysical properties which render them unique. Some aggregates such as fibers or toroidal particles were easy to obtain individually in solution while other morphologies, for example, rod-like aggregates, sheet-like aggregates or cylinders coexisted in solution. One challenge would be to separate those coexisting morphologies in order to study them individually. Those findings will likely contribute to the use of platinum (II) self-assembled aggregates of different shapes and properties for applications in material science. It would be also greatly beneficial if the morphology of those aggregates could change upon specific stimuli to prepare responsive materials with different properties. reported 13 . Some of these materials show pronounced and reversible color changes upon exposure to volatile organic compounds or solvent molecules from the gas phase 14 . This phenomenon is known as vapochromism 15 and has been studied extensively. Vapochromism in crystalline (Pt(CNR) 4 ][Pt(CN) 4 ] salts arises from highly anisotropic packing forces that enable solvent vapors to reversibly penetrate the interior of the material to form a new crystalline structures with precisely determined solvent chromophore interactions 16 . The colors exhibited for those platinum (II) complexes in the solid-state were dependent on the extent of the metal-metal interaction and p-p stacking of the polypyridyl ligands. The first example of a platinum (II) complex showing a pronounced color change upon varying the composition of the solvent mixture was reported by Yam and coworkers 17 . The luminescent platinum (II) diynyl complexes with a terpyridyl chelating ligand were molecularly dissolved in acetonitrile, and the addition of diethyl ether in solution resulted in changes of colors of the solution, from yellow to green to blue. The color changes were attributed to the formation of soluble platinum aggregates in solution. Since the complex was insoluble in diethyl ether, the molecule would tend to aggregate in an acetonitrile/diethyl ether mixture as a result of the reduced solvation. Such remarkable photophysical changes in the solvent composition were a milestone in the solvent-induced aggregation of platinum (II) complex referred to as solvatochromism. Numerous works on the formation of platinum aggregates such as nanosheets 18 , liquid crystals 19 gels 20 , fibers 21,22 or wire 23,24 with interesting luminescent, semiconducting, or gelating properties were reported. The correlation between the morphological changes and photophysical properties of an amphiphilic anionic platinum (II) complex was also studied by Yam and coworkers 25 . Depending on the composition of an acetone/water mixture, the platinum (II) complex aggregated into fibers or vesicles and the morphological transformations were investigated via spectroscopy.

Several studies to further understand the mechanism of fiber assembly and dynamics have been carried out 26,27 due to the importance of 1D self-assembled fibers in the aforementioned fields. De Cola and coworkers showed that platinum fibers were the result of a slow nucleation step followed by a fast elongation process 28 . The control of the length of the 1D platinum fibers was also achieved by seeded growth polymerization 29 and was an important feature of further applications. These fibers also displayed mechanochromism upon pressure application delivered through atomic force microscopy (AFM) 30 . The majority of the platinum aggregates reported to date undergo single-component self-assembly with the platinum (II) complex serving as the only monomeric species [17][18][19][20][21][22][23][24][25][26][27][28][29][30] . In the last few months, the first supramolecular co-assembly between a platinum (II) complex and poly(ethylene glycol)-b -poly(acrylic acid) (PEG-b-PAA) diblock copolymer in aqueous solution was reported 31 . The resulting co-assembly combined the tendency of the platinum (II) complex to aggregate toward anisotropic supramolecular structures and the solubility of the diblock copolymer. Nevertheless, to date, the co-assembly of two different platinum (II) complexes used as unimers, has not been reported yet.

In this chapter, we report the co-assembly of two different platinum (II) complexes. Both platinum (II) complexes had a high tendency to form fiber-like aggregates through platinumplatinum and p-p stacking interactions. The effects of the feed ratio between the two platinum (II) complexes and the composition of the dioxane/water mixture were investigated. The photophysical properties of each mixture were measured and the morphology of the coassembled aggregates was studied by electron and fluorescence confocal microscopy.

Results and discussions

Platinum (II) complexes

The two platinum (II) complexes chosen for this study are displayed in Scheme 5.1. Complex 25 was synthesized according to the literature 28' and the synthesis of complex 7 was previously reported in chapter 2. These two platinum (II) complexes were chosen for their structural similarities: the same tridentate chelating ligand which contributes to the photophysical properties of the complexes, and a hydrophilic polyethylenglycol chain which provides an amphiphilic character to both platinum (II) complexes. Complex 7 consisted of an azide terminating group and an amide bond between the pyridine and polyethylene moieties while complex 25 consisted of a methyl ending group and a secondary amine group between the pyridine and triethyleneglycol chain. Both platinum (II) complexes had similar photophysical properties when dissolved in dioxane: a short excited state lifetime around 3 ns and a low PLQY below 1%. The emission spectra were both similar and showed structured bands at 460, 490 and 520 nm originating from the There were two reasons that these particular platinum (II) complexes were chosen for the coassembly. Firstly, they both formed fiber-like aggregates between 60% to 80% water content in a water/dioxane mixture. The self-assembly of the two platinum (II) complexes could be triggered at the same time under the same conditions. Secondly, the photophysical properties of the two fibers were quite different and could be used as references during the co-assembly of the two platinum (II) complexes.

5.2.2.

Co-assembly at 70% water content in dioxane/water mixture.

Complex 25 and complex 7 were separately dissolved in 1,4 dioxane (c ≈ 1.0 mM solution). A 3 mL dioxane solution containing the two platinum (II) complexes at different concentrations were prepared and 7 mL of distilled water was added drop-wise (1 drop/ 10 seconds) to the dioxane/platinum (II) complexes while stirrring. The final concentrations of the two platinum (II) complexes in the 10 mL dioxane/water mixture are reported in Table 5.1 along with the corresponding complex 25: complex 7 feed ratios. The solutions were then sealed to prevent any evaporation of the solvents and left to stand for 4 days prior to analysis. Photographs of the solutions containing the two platinum (II) complexes are displayed in Figure 5.2. The four solutions on the right of the photograph mainly contain complex 7 with ratios from 0:1 to 0:3 and these solutions displayed similar yellow luminescence. Upon increasing the concentration in complex 25 from 0.4:1 to 0.75:1 feed ratios, the solutions were orange emissive. At an equimolar 1:1 feed ratio, the solution remained orange emissive, however a precipitate was observed. At a 1: 0.75 molar ratio, a bright whitish emission was observed. From 1: 0.5 to 0.2 feed ratios, the solutions were emitting from white to blue. The solution at 1: 0.1 was slightly blue-green emissive. Finally, the solution containing only complex 25 was green emissive. Any clear trends were observed in the photographs. (mol.l -1 ) 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 3.75x10 -5 2.5x10 -5 2x10 -5 1.5x10 -5 1x10 -5 5x10 -6 0 complex 7 (mol.l-1) 0 5x10 -6 1x10 -5 1.5x10 -5 2x10 -5 2.5x10 -5 3.75x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5 5x10 -5

Complex 25 : complex 7

1 : 0 1 : 0.1 1 : 0. 5.2. The emission spectra for 1 :0 in Figure 5.3 (black curve) showed three emission peaks at 465 nm, 495 nm and 530 nm and a shoulder at 570 nm. According to previous literature 28',31 , these peaks were originating from the 3 LC/MLCT transition from the blue emissive fibers. It appeared that two aggregates were present in solution due to the unusually high intensity of the peaks at 530 nm and the shoulder peak at 570 nm. The excited state was measured at 460 nm with an average lifetime at 450 ns while the excited state lifetime measured at 570 nm was around 2350 ns. It was reported that complex 25 selfassembled into blue-emissive fibers, green emissive fibers and yellow-orange emissive micelles 28' . A mixture of at least two of those aggregates was present in solution. Upon slightly increasing the concentration of complex 7, the peaks at 530 nm and 570 nm was decreasing and a pure 3 LC/MLCT emission profile was observed ( relating to the morpholgy of the platinum aggregates (Figure 5.4). The PLQY of the solutions are reported in Table 5.2. When complex 25 was dominant in solution, the PLQY was measured to be approximately 10%. Upon increasing the concentration of complex 7 in solution, the PLQY was gradually increasing until obtaining an average value of 60%. This value was similar for the aggregate emitting at 570 nm and 595 nm. The fibers emitting at 570 nm had an average lifetime of 420 ns and the aggregate emitting at 595 nm had an average lifetime of 570 nm. As mentioned previously, when a mixture of two emission profiles were observed, the excited lifetimes were measured at both wavelengths (Table 5.2). Complex 25 had a « short » excited state lifetime of 450 ns at 465 nm and a « long »lifetime of 2350 ns at platinum fibers were observed on the SEM images. At a 1 :0.75 ratio, a mixture of thick fibers and hexagonal particles were observed. When the concentration in complex 7 was equal to or higher than the concentration of complex 25 in solution (1:1 to 0.4:1), only hexagonal shaped particles were observed. Finally, when the concentration of complex 7 was dominant (0.3:1 to 0 :1), an entanglement of thick and flexible fibers were observed.

Confocal fluorescence microscopy

Confocal fluorescence imaging of the complex 25: complex 7 solutions drop-casted on a glass slide and dried under standard conditions are displayed in Figure 5.6. Haystacks of blue emissive fibers were observed when complex 25 was alone in solution. Yellow-orange emissive amorphous material was also present along with the fibers. This confirmed the fact that the self-aggregation of complex 25 into fibers was not complete and that kinetically trapped platinum vesicles were still present in solution 29 . When the concentration in complex 7 was slightly increased (1 :0.1), the blue emissive sheet-like aggregates were observed with yellow-orange emissive vesicles. The thick fibers observed when the concentration in complex 7 was increased (1 :0.2 to 1 :0.75) were orange emissive. The hexagonal-shaped aggregated in solution when the concentration in complex 7 was higher than the concentration in complex 25 (1:1 to 0.4:1), and were also yellow-orange emissive. Finally, when complex 7 was dominant (0.3:1 to 0:1), yellow-green emissive fibers were observed by fluorescence microscopy. The shapes of the aggregates observed under the microscope was consistent with the shapes observed by SEM. However, there were significant differences observed between the photophysical properties measured in solution and the emission profile observed by fluorescence microscopy. For example, for the complex 25: complex 7 with a feed ratio of 1 :0.2, the solution was blue-emissive and the emission spectra showed structured 3 LC/MLCT bands at 465, 495 and 520 nm. Conversely, the fibers observed by confocal imaging were orange emissive and the emission spectra showed a broad band centered at approximately 585 nm, attributed to 3 MMLCT due to the new platinum-platinum interactions as displayed in At the beginning of the imaging (t=0'), numerous blue emissive fibers were observed in solution. These fibers were migrating to the edge of the droplet as observed at t=12'.

Surprisingly, the luminescence of the fibers rapidly changed from blue to orange (t =19' to t=21 '). At the end of the experiment, all the platinum fibers were orange emissive even if they were still in solution. When the all of the solvents had evaporated, orange emissive fibers were observed, as displayed in Figure 5.7. To investigate the red-shifted emission of the fibers upon evaporation of the solvent mixture, dioxane and water were compared. Both solvents have very similar boiling point (100 °C against 101°C for dioxane at ambient temperature) and density (1.0 g.ml -1 against 1.033 g.ml -1 ), which made them ideal candidates for the solvent mixture. However, the vapor pressure of the dioxane was 38 mbar at 20°C whereas the vapor pressure of water was 23.4 mbar at 20°C. In standard conditions where the atmospheric pressure was close to 1000 mbar, the solvent with the higher vapor pressure will generally evaporate first. In a dioxane/water mixture, it is suspected that the dioxane will evaporate before the water and modify the mixture composition in the droplet. It is of particular interest that the luminescence shift of the fibers from blue to orange was propagating from the exterior to the interior of the droplet. The eva droplet was evaporating from the exterior to the interior. As a result, the solvent mixture composition was firstly modified at the exterior of the droplet due to the evaporation of the dioxane and was then propagating to the interior.

As a conclusion, the luminescence shift of the fibers was induced by an increase of the water content in the solvent mixture. In order to demonstrate this theory, the dioxane/water mixture containing complex 25 and complex 7 (1 :0.2) was dialysed against water. In this example, the platinum fibers remained in solution and only the solvent composition was changed. Photophysical and morphological characterisation of the dialysed solution is displayed in Figure 5.9. As expected, the luminescence of the solution was shifted from blue to orange. The normalized emission spectra displayed a distinct difference between the structured 3 LC/MLCT bands at 465, 495 and 525 nm and the broad band centered at approximately 610 nm. The emission was significantly red-shifted compared to the 585 nm measured by confocal microscopy on the dried sample (Figure 5.7). The SEM and confocal images confirmed that the emission was originating from thick entangled fibers. Such extreme changes in the photophysical properties was due to the increase of the water content resulting in an increase the polarity of the solvent mixture. The ability of a chemical substance to change color due to a change in solvent polarity is referred to as solvatochromism and has previously been reported for platinum (II) complexes 20 ;28 . However, in those articles, the color change was attributed to a morphological transformation. In this case, the shape of the platinum fibers remained consistent upon increasing the solvent polarity. Moreover, the positive solvatochromism was only observed when complex 25 and 7 were mixed together and formed "hybrid" and stimuli-responsive aggregates in a dioxane/water mixture. Indeed, blue-emissive fibers formed from complex 25 or yellow-green emissive fibers formed from complex 7 did not show any solvatochromic effect. It is worth noting that depending on the feed ratios between the two complexes in solution, either fibers or hexagonal particles were formed, while the two platinum (II) complexes alone formed fibers. In order to conduct a detailed study of the solvatochromism of those "hybrid" fibers, the solvent composition was modified and the complex 25: complex 7 feed ratios were narrowed down between 1:0 and 1:1. emission. Upon increasing the concentration of complex 7, these bands decreased in intensity while a broad band centered at approximately 585 nm emerged (1 :0.05 to 1 :0.2). This broad band was attributed to 3 MMLCT transition due to platinum-platinum interactions. A red shift of the broad band from 585 nm to 605 nm was observed and attributed to the formation of a new type of platinum aggregates. As reported previously, the emission of complex 7 in the dioxane/water mixture was centered at approximately 570 nm. The normalized excitation spectra did not show any 1 MMLCT bands between 400 and 500 nm for complex 25 in solution.

However, the increase of the complex 25: complex 7 feed ratio led to the emergence of those bands as a result of platinum-platinum interactions. Excited state lifetime and PLQY of the solutions are reported in Table 5.4. Those values are similar to the values at 70% water content. The blue emissive fibers had a lifetime of around 450 ns. Upon increasing the concentration in complex 7, new aggregates formed with an average lifetime of 560 ns. An increase of the PLQY was also observed from around 8% for the blue emissive fibers to a maximum of 78% for the hexagonal aggregates formed at a 1 1 ratio. These images are displayed in Figure 5.13. Complex 25 self-assembled into blue-emissive ribbons in the dioxane/water mixture. Upon slightly increasing the concentration in complex 7, the blue emissive ribbons remained with some yellow green patches (1 :0.05 and 1 :0.1).

Interestingly, at a 1 :0.15 ratio, blue emissive ribbons coated with a yellow layer were observed. At this point, the two platinum (II) complex did not co-assemble together but separately. At 1 :0.2 and 1.0.25, yellow emissive needles were observed on the confocal images. Neither complex 25 or complex 7 self-asembled into this particular type of aggregates and the yellow emissive fibers were the result of the co-assembly between the two platinum (II) complexes. Further increase of the concentration of complex 7 led to the formation of orange emissive hexagonal particles (1 :0.3 to 1 :1). Eventually, complex 7 formed yellowgreen emissive fiber-like aggregates.

Contrary to the solutions at 70% water content, any significant differences between the luminescence of the solutions and aggregates observed by confocal were measured for solutions at 80% water content. To ensure the absence of solvatochromism, real time confocal imaging of a droplet of the 80% water content solution at a ratio of 1 :0.2 was performed and is shown in was further increased (1 :0.1 to 1 :1), only a limited amount of platinum fibers was observed along with amorphous platinum aggregates. These entangled amorphous aggregates were previously reported in chapter 4 and observed upon evaporation of solvent mixture containing platinum monomers. SEM image of complex 7 alone (0:1) displayed a mixture of platinum fibers and amorphous material. The SEM images confirmed a small degree of aggregation of the platinum (II) complexes mixture at 60% water content. Although the two platinum (II) complexes formed fibers separately at 60% water content, they rarely formed any type of aggregates when mixed together. At 1 :0.1 feed ratio, only a few long blue emissive fibers coated with a yellow-emissive layer were observed. For complex 25: complex 7 ratios between 1.0.1 and 1:1, yellow-green emissive amorphous aggregates were mainly observed. Some sparse, yellow-orange large fibers were also observed. 

X-ray diffraction pattern

Unit cell and lattice parameters of the aforementioned platinum aggregates are summarised in Table 5.7. Blue-emissive ribbons formed from complex 25 at 60%, 70%, 80% (Figure 5.21)

water content were highly microcrystalline with an XRD pattern defined as monoclinic (P2) with a=22.95 Å, b=2.50 Å, c=12.99 Å and beta =87.91°, similar to values previously reported in literature 30' . The zoom on the distances (Figure 5.21, insets) did not show any peak between 3 and 3.5 Å due to the absence of platinum-platinum interactions. The XRD patterns for complex 7 at 60%, 70% and 80% water content were comparably dissimilar (Figure 5.22). That was explained by the changing morphology of complex 7 upon variation of the water content.

Small peaks at 3.47 Å and 3.5 Å were detected in the zoom on the distances. These peaks were attributed to platinum-platinum interactions and π-π stacking between to adjacent complex 7 molecules. Finally, XRD measurments on the co-assembled aggregates were also performed. As previously demonstrated, the emission and morphology of the fibers changed upon evaporation of the solvent. For this reason, the XRD patterns displayed in Figure 5. 23 were those from the final orange emissive fibers. The initial blue, rigid fibers were unable to be measured, as they were only stable in a dioxane/water mixture. The co-assembled aggregates at 60% water content displayed a crystalline pattern defined as orthorombic (C222) unit cell. The co-assembled aggregates at 70% water also displayed an orthorombic (pna21) unit cell. Interestingly, a peak at 3.41 Å, which was typical for metallophilic interactions, was only detected at 70% water content. The co-assembled aggregates at 80% water content had an XRD pattern defined as monoclinic (P2) unit cell with lattice parameters Furthermore, the interpretation of the XRD patterns is not sufficient enough to conclude the presence of platinum-platinum interactions. The density of fibers on the surface is too low to ascertain that the X-ray beam hit the aggregates. Thus, more sophisticated and precise measurements are needed.

Selected Area Electron Diffraction (SAED)

SAED measurments of the fibers formed from complex 25, complex 7 and the 1:0.2 feed ratio mixtures at 70% water content are displayed in Figure 5.24. The morphology and the orientation of the different fibers were obtained by viewing the shadow image in the central disk of a strongly defocused diffraction pattern. The blue emissive fibers formed by complex 25 showed a complicated SAED pattern with several diffraction points. The XRD pattern previously indicated the absence of platinum-platinum interactions. However, for complex 7

and the 1:0.2 feed ratio mixture, strongly streaked diffraction spots corresponding to a lattice period of 3.36 Å along the fiber's axis which confirmed the presence of metal-metal interactions and p-p stacking between platinum (II) complexes molecules. Interestingly, the lattice period is identical for both complex 7 and the mixture, suggesting that similar organisation occurred in the two types of fibers. It is worth noting that the SAED pattern acquisitions were performed with an electron beam at a very low dose to prevent damage of the crystal structures. The pattern observed from the fibers formed by complex 7 is similar but less intense than that of the fibers from the 1:0.2 mixture in similar experimental conditions. The lower resistance of the fibers to the electron beam accounted for this difference in pattern. The difference of lattice parameters measured from XRD and SAED can be accounted for by the different sample preparation conditions and the low accuracy of the XRD beam. 

Reversibility

A change in the emission of the co-assembled fibers was observed under the confocal microscope for water content below 80%. It was demonstrated that the emission of the fibers was sensitive to the surrounding environment. In 70% water content dioxane/ water mixture, the aggregates formed from the mixture of complex 25 and 7 (feed ratio 1:0.2) were blue emissive. Upon dialysis against water, the emission of the fibers were red-shifted from 460-490 nm to 610 nm (Figure 5.9). In order to study the reversibilty of the luminescence transition, the water content solution containing the orange emissive aggregates was readjusted to 70% water content in a dioxane/water mixture by addition of dioxane in the dialysed solution. Normalized emission and photographs of the solution under UV lamp over time are displayed in Figure 5.25. It was noted that 24 hrs after the addition of dioxane, 1 LC/MLCT bands at 465 and 495 nm were increasing in intensity while the broad band was slightly blue-shifted from 610 nm to 603 nm. After 48 hrs, the structured bands between 460 and 490 nm were dominant and a broad peak at 570 nm remained. After two more days, the intensity of the broad band was slightly decreasing in intensity but did not completely disappear. It appeared that the system did not return to its original state. The broad band or shoulder around 570 nm indicated the presence of some yellow emissive aggregates. The photographs of the solution at different water contents also showed the blue emission of the platinum aggregates before dialysis (left cuvette), followed by a red shift after dialysis (middle cuvette) and a mixture of whitish aggregates and orange luminescence on the walls of the cuvettes.

The excited state lifetimes and PLQY of the complex 25: complex 7 solution upon variation of the water content is reported in Table 5.8. It was observed that 24 hrs after the addition of dioxane to obtain a 70% water content, the PLQY of the solution had decreased to 1%. After 48 hrs, the PLQY was slightly increased to 4% and did not evolve after time. This value was siginificantly less than the 12% PLQY observed originally. Moreover, the excited state lifetime of the solution after 24 hrs at 70% water content was relatively short. When the lifetime was measured at 465 nm, a multi-exponential decay resulting in an average lifetime of 65 ns was measured. Such a short lifetime with the presence of extremely short lifetime decays of 1 and 45 ns suggested the presence of molecularly dissolved platinum (II) complexes. That hypothesis was in accordance with the low PLQY. After 48 hours, the excited state lifetime measured at 465 nm and 570 nm was stabilised around 420 ns and 840 ns, respectively. An excited state of 420 ns was attributed to the presence of blue emissive fibers in solution similar to those measured before dialysis against water. The signal at 570 nm was attributed to another type of aggregate. The photophysical measurements showed that the luminescent switch from orange to blue emissive fibers was not completely reversible and not as rapid as the blue to orange transition.

SEM images of the platinum fibers at each step are displayed in Figure 5.26. After dialysis against water, the fibers were thicker than at 70% water. When the water content of the solution mixture was re-adjusted to 70%, only a few large platinum aggregates were observed. yellow-green emissive, a drop of a dioxane/water solution at 60% water content (without platinum (II) complexes) was added to the evaporating droplet. This resulted in a mixture composition of around 70% water content. At t=48 minutes, the fibers returned to their original blue emission with the exception of their tips. Upon evaporation of the droplet, a second luminescent transition from blue to yellow-green was observed. However, the composition of the solvent in the droplet was not precisely known, for example, at t =44 minutes. A 60% water content droplet instead of 70% water content droplet was added after 45 minutes to ensure that the the water content was low enough to trigger the luminescent transition. It is worth noting that the partial luminescence change from yellowgreen to blue was instanteneous after the addition of the droplet at 44 minutes.

Aging

In order to obtain larger platinum fibers, a proposed method was to seal a 60% water content dioxane/water solution containing the two platinum (II) complexes (1 :0.15 feed ratio) for a month. The SEM images in Figure 5.17 show that after 4 days, a few fibers were observed. At 60% water content, the rate of the self-assembly process was reduced by the solvation of the platinum (II) complexes by dioxane. As a result, fewer and longer fibers will be obtained at The change in emission was accompanied by the deformation of the fiber, attributed to the change in crystallinity. The last image at t =90 min shows the real emission of the fibers after refocusing when the droplet was mainly evaporated.

Conclusion

1D crystalline structures were formed by the supramolecular co-assembly of two platinum (II) complexes. It was demonstrated that the crystalline structures were defined by the water content in a dioxane/water mixture and the feed ratio between the two platinum (II) complexes. Moreover, the fibers formed from the mixture of the two complexes at specific ratios and at water contents between 60% and 70% showed an All the measurements were performed on a Hamamatsu Photonics absolute PL quantum yield measurement system (C9920-02) equipped with a L9799-01 CW Xenon light source (150 W), a monochromator, a C7473 photonic multichannel analyzer, and an integrating sphere. The data was analysed with U6039-05 PLQY software (Hamamatsu Photonics, Ltd., Shizuoka, Japan).

Excited state lifetime measurements

Time-resolved experiments were conducted using the principle of Time-Correlated Single Photon Counting (TCSPC). The schematic diagram of the experiment setup is shown Scheme 6.4. The pulsed light source used was a flash lamp or a laser. Each pulse generates an electrical signal to the START input of the Time-to-Amplitude Converter (TAC). Next, the detector generates an electrical response after the photon is emitted from the excitation pulse, which is then directed as a STOP signal to the TAC. The START pulse initiates the charging of the capacitor, while the STOP pulse terminates it. Therefore, the final voltage is proportional to the time between the START and the STOP pulses and this data is stored in a histogram. The

x-axis in this histogram represents the time difference between the START and STOP signal and the y-axis represents the number of photons detected for this time difference. The numerous repetitive measurements collected provided an optimal statistical fit for the time distribution of the emitted photons. Time-resolved measurements up to the value of 10μs

were performed using the TCS C option on a Fluorolog 3 spectrometer (Horiba-Jobin-Yvon Inc.). Two NanoLEDs (402 nm; FWHM < 750ps and 431 nm; FWHM < 200 ps) with repetition rates between 10 kHz and 1 MHz were used to excite the samples. The excitation source was directed to the sample chamber at a 90° angle to a double grating emission monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and collected by a TBX-4-X single-photoncounting detector. Signals were collected using an IBH DataStation Hub photon counting module and data analysis was performed using the DAS6 software (HORIBA Jobin Yvon IBH).

For excited state lifetime measurements of >10μs, a Fluorolog 3 spectrometer equipped with a FL-1040 phosphorescence module and a 70-W xenon flash tube (full-width at half maximum, FWHM = 3 μs) with a variable flash rate (0.05-25 Hz) was used. The signals were then recorded simultaneously reduces the scanning rate. However, a high zoom factor may lead to the increase of photobleaching.

Confocal fluorescence microscopy was performed with a Zeiss LSM 710 confocal microscope system with a 10 to 63x magnification objective.

Water contact angle

A droplet of water was carefully deposited onto the different substrates and the angle between the substrate and the curvature of the droplet was measured, as demonstrated in Scheme 6.8. On a hydrophilic surface, the water droplet tends to spread across the surface and the contact angle is relatively small. On a hydrophobic surface, the water droplet adopts a dome shape and the water contact angle is between approximately 30° to 90°. When the surface is highly hydrophobic, the water angle is above 90°C and the water droplet tends to retract itself. Scheme 6.8. Schematic illustration of the water contact angle measurements.

6.9. X-ray photoelectron spectroscopy Scheme 6.9 shows the function of an XPS instrument. An incident X-ray (200~2000eV) is first applied under vacuum, and a 1s electron is ejected from the atom. The photoelectron is then collected by the electron multiplier detector and analysed by the electron spectrometer to acquire the kinetic energy (E kin ). The binding energy of the electron (EB) identifies the electron both from its parent element and the atomic energy level. It can be described as below:

E𝒃= hν-E kin -W𝒇 (eq. 6.7)

hν is the X-ray energy E kin is the kinetic energy of the photoelectron W f the spectrometer work function.

X-ray diffraction

A monochromatic X-ray is directed to the sample with a glancing angle q (Scheme 6.10). Each crystalline plane of the sample reflects a small fraction of the incident beam. The radiation is scattered in a specular fashion by the atoms of the crystalline system and undergoes constructive interference. For a crystalline solid, the incident waves from adjacent planes are separated by an interplanar distance d. The difference of the optical path is equal to 2d sinq and related to the incident wavelength l by the Bragg equation: My PhD journey was not easy, however I was fortunate enough to be surrounded by amazing people who supported me professionally and personally throughout this journey. Simone Silvestrini for correcting my thesis. Also, a special thank you to Simone and his wife Federica, who also welcomed me in your house when I needed a place to stay.
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 1 Figure 1. Schematic representation of the covalent linkage of luminescent platinum(II) complexes on silicon substrates via UV-induced photoreaction and corresponding XPS survey scans of the successive surface modifications.

Figure 2 .

 2 Figure 2. Schematic representation of the covalent linkage of luminescent platinum(II) complexes on silicon substrates via copper catalyzed alkyne-azide cycloaddition "clickchemistry" and corresponding XPS survey scans of the successive surface modifications.

Figure 3 .

 3 Figure 3. Chemical structures of the three platinum(II) complexes. High resolution spectra of the S 2p peak (a) and high resolution spectra of the S 2p signal of complex L7-Pt (red line, disulfide) and attached to the gold substrate Au-L7-Pt (blue line, gold-sulfur).

Figure 4 .

 4 Figure 4. Chemical representation of the four platinum(II) complexes used for the sensing essay. Three complexes with an ester bond and one complex with an amide bond are linked to the gold substrates. In the presence of an esterase agent, the ester bond is cleaved and the platinum moiety removed from the surface. XPS survey scans of the functionalised gold substrates after cleavage of the ester bond (a) and high-resolution XPS spectra of the Pt 4f signal before (b) and after (c) cleavage of the ester group.

Figure 5 .

 5 Figure 5. (A) SEM images of the fibers grown by PVD on gold nanoparticles on a silicon substrate. Fluorescence microscopy images of the platinum nanowires on Au (1nm) before (B) and after (C) mechanical activation of the nanowires by gentle pressing by hand through a PDMS foil.

Figure 6 .

 6 Figure 6. (A) Chemical structures of the PMMA-PMAA diblock copolymer and platinum(II) complex. (B) Schematic illustration of the encapsulation of the complex by polymer particles. The platinum fibers are disassembled in the presence of the polymer and two platinum species are formed, green emissive aggregates for R around 50 and blue emissive monomeric species at a higher R, above 500. A mixture of the two aggregates in a single particle can be observed for a ratio around 200. (C) SEM and (D) confocal fluorescence microscope images of the platinum-loaded particles at three distinct ratios. λ exc = 405nm, the real emission color is displayed in lambda mode.

Figure 7 .

 7 Figure 7. (A)Chemical structure of the amphiphilic platinum(II) complex. Absorption (B) and emission (C) spectra of complex 7 in different THF/water mixtures. (D) Scanning electron microscopy (SEM) and Scanning transmission electron microscopy (STEM) images and corresponding schematic representation of the various morphologies formed from the amphiphilic platinum(II) complex. In the schematic diagrams, red represents the hydrophobic platinum moiety and blue the hydrophilic polyethylene glycol chain.

Figure 8 .

 8 Figure 8. a,c) SEM and b,d) fluorescence confocal images of the fibers formed from complex 7

Figure 9 .

 9 Figure 9. Real-time confocal imaging of the drop-casted solution of complex 27: complex 7 (1 :0.2) dioxane/water mixture (70% water content). λ exc = 405 nm (real colors). Scale bar: 200 µm.
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 12 Figure 1. Représentation schématique de l'attachement covalent de complexes de platine(II) luminescents induit par irradiation UV et spectroscopie photoélectronique X des différentes modifications de surface.

Figure 2 .

 2 Figure 2. Représentation schématique des attachements covalents de complexes de platine(II) luminescents sur des surfaces de silice par chimie-click et spectroscopie photoélectronique X des différentes surfaces.

Figure 3 .

 3 Figure 3. Structure chimique des trois complexes de platine(II). Spectres haute résolution du pic S 2p (a) du complexes L7-Pt seul (rouge, disulfure) et attaché à la surface d'or (bleu, sulfureor).

2 .

 2 Les SPXs haute résolution du pic du platine Pt 4f montrent clairement la disparition des deux pics après incubation des surfaces fonctionnalisées dans des solutions contenant l'agent contre le signal du platine pour le complexe avec la fonction amide ne disparaît pas, prouvant que la partie contenant l'atome de platine est toujours attaché à la surface. En conclusion, malgré la faible densité de platine, la surface fonctionnalisée peut quand même servir de senseurs pour la détection d'agent estérase.

Figure 4 .

 4 Figure 4. Représentation chimique de quatre complexes de platine(II) utilisé par l'essai sensorial. Trois complexes avec de fonctions ester et un complexe avec une fonction amide sont attaché à des surfaces d'or. En présence d'un agent estérase, les fonctions esters sont rompues et la partie comportant l'atome de platine est détaché de la surface. Les scans par spectroscopie photoélectronique X de ces surfaces (a) et spectroscopie haute résolution du signal Pt 4f avant (b) et après (c) rupture de la fonction ester.

Figure 5 .

 5 Figure 5. (A) Image MEB des fibres obtenues par déposition physique en phase gazeuse sur des nanoparticules d'or (1 nm d'épaisseur équivalente) sur une surface de silice. Images de microscopie à fluorescence des fibres de platine avant (B) et après (C) application d'une pression verticale sur les fibres.

Figure 6 .

 6 Figure 6. (A) Structures chimiques du copolymère di-bloc PMMA-PMAA et du complexe de platine(II). (B) Représentation schématique de l'encapsulation des complexes par les particules de polymère. Les fibres de platine sont désassemblées en présence de polymères et deux espèces sont formés dans les particules : des agrégats émettant vert quand R est autour de 50, des monomères émettant bleus quand R est supérieur à 500. Un mélange de ces deux espèces dans une particule simple peut être observe quand R est autour de 200. Images de (C) Microscopie électronique à balayage (MEB) et (D) microscopie confocale à fluorescence des particules chargées en platine à trois différents ratios. λ exc = 405nm, les couleurs réelles sont montré en lambda mode.Ceci est expliqué par le fait que les complexes de platine(II) est dilué dans les particules en augmentant la concentration en polymère. Ainsi, il n'y a plus d'agrégats de platine dans les

Figure 7 .

 7 Figure 7. (A) Structure chimique du complexe de platine (II) amphiphile. Spectres d'absorption (B) et d'émission (C) du complexe 7 dans différents mélanges THF/H 2 O.Images de (D) microscopie électronique à balayage (MEB) et microscopie électronique à balayage par transmission(MEBT) et représentation schématique des différentes. Dans les représentations schématiques, la partie rouge représente le partie hydrophobe (ligand tridenté) et la partie bleu la partie hydrophile (chaîne polyethylèneglycolée).

Figure 8 .Figure 9 .

 89 Figure 8. Images de a,c) MEB et b,d) microscopie confocale à fluorescence des fibres formées à partir du complexe 7 et 23 respectivement à une teneur en eau de 80% dans un mélange dioxane/H 2 O. λ exc = 405 nm en lambda mode.

  Light consists of electromagnetic waves, which are synchronized oscillations of electric and magnetic fields. The oscillation of the two fields are perpendicular to each other, and perpendicular to the direction of the wave. The resulting electromagnetic spectrum and the corresponding interactions with matter are depicted in Figure 1.1.
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 11 Figure 1.1. Electromagnetic magnetic spectrum showing the different types of electromagnetic radiation in terms of wavelength and frequency. The UV-visible region is where photochemistry takes place.

Figure 1 . 2 .

 12 Figure 1.2 Schematic representation of state diagram. Each state is indicated by the energy of the lowest vibrational level.

  What is the fate of an electronically excited molecule? A molecule at its excited state possesses an extra energy ℎ𝜈 and can not persist in an excited state indefinitely, since it represents an unstable situation with respect to the ground state. Note that an excited molecule can be considered as a new chemical species. Thus, generally the chemical and physical properties differ between the molecule at its excited state and the molecule at its ground state. Electron de-excitation must somehow occur, with the excess energy being released as thermal or radiation energy.M + ℎ𝜈 → 𝑀 * (Excitation)M * → M + ℎ𝜈′ (Emission)Where, M is the molecule at its ground state (S 0 ) ℎ𝜈 is the energy of the exciting photon ℎ𝜈 < is the energy of the emitted photon 𝑀 * is the molecule in an electronically excited state The Franck-Condon principle states that because the rearrangement of electrons is considerably faster than the motion of nuclei, the nuclear configuration does not change significantly during the energy absorption process (Born-Oppenheimer approximation). Thus, the absorption or emission of molecules is characterized by the vertical excitation energies (Franck-Condon principle, Figure1.3).

Figure 1 . 3 .

 13 Figure 1.3. (A) Franck-Condon principle energy diagram. Vibrational levels are favored when they correspond to a minimal change in the nuclear coordinates. The potential wells are shown favoring transitions between v = 0 and v = 2. (B) The narrow line scan is usually only observed in the spectra of dilute gases. The darker curves represent the inhomogeneous of the same transitions that occur in liquids or solids.

  Relaxation to the ground state can occur via both radiative and non-radiative processes. The various transitions involving electronic states of similar or different spin multiplicities are represented in the Jablonski diagram 6 (Figure1.4).

Figure 1 . 4 .

 14 Figure 1.4. Jablonski diagram showing the excitation of a molecule from the ground state and all the radiative and non-radiative processes that can occur during its relaxation. Straight lines indicate radiative processes, whereas wavy lines denote non-radiative transitions.

  𝑘 X = 𝑘 @ and for phosphorescence 𝑘 X = 𝑘 Q (eq. 𝑘 [X = 𝑘 BD + 𝑘 BCD and for phosphorescence 𝑘 [X = 𝑘 BD +

  . Transition metal complexes are more appealing compared to general fluorescent organic molecules due to generally having longer excited state lifetimes, a high photoluminescence quantum yield and a large Stokes shift. Nevertheless, the first row transition metal complexes cannot be used for this purpose as their low lying d-d states are thermally accessible leading to fast non-radiative deactivation. Our interest is focused on the second and third row transition metals with d 6 , d 8 and d 10 electronic configuration such as Ru(II), Os(II), Ir(II), Re(I), Pt(II), Pd(II), Ag(I) and Au(I).

. 5 )

 5 . The five d-orbitals of free metal ions are initially degenerate, so they have the same energy. In a ligand field, if six negative charges are uniform over the surface of a sphere, the energy of all five d orbitals rises due to repulsive electrostatic interactions between the negative charges and electrons in the d orbitals. The five d orbitals split into two sets of orbital energy levels. The d z 2 called e g orbitals) point directly at the six negative charges located on the x, y and z axes.

Figure 1 . 5 .

 15 Figure 1.5. Splitting of the five degenerate d-orbitals of a transition metal ion in the presence of a crystal field for octahedral complexes

(right) (Figure 1 . 6 ).

 16 As shown in the below the structures, an axial elongation causes the zcomponent orbitals ( 𝑑 g h , d xz and d yz ) to decrease in energy and the 𝑑 i h Fj h and d xy orbitals to increase in energy. Nevertheless, the change in energy is not the same for all five d orbitals.

Figure 1 . 6 .

 16 Figure 1.6. Energy level splitting diagram of the five degenerate d-orbitals of a transition metal ion in the presence of a crystal field for tetrahedral and square planar complexes.

Figure 1 . 7

 17 Figure 1.7 depicts the interactions between orbitals of the metal ion and coordinated ligands for an octahedral geometry. If a metal is coordinated by conjugated ligands, the set of s, p and d orbitals of the metal are mixed with symmetry-adapted orbitals from the ligands. Upon

Figure 1 . 7 .

 17 Figure 1.7. Simplified MO diagram for an octahedral transition metal complex and relative spectroscopic excitation transitions. M stands for metal and L for ligands.

d 8

 8 Metal ComplexesMetal ions with d 8 electronic configuration, such as Pd(II), Pt(II), Au(II), Ir(I) and Rh(I) usually form square planar complexes irrespective of the strength of the ligands.Most of the work reported in this thesis is based on Pt(II) complexes. Hence, from here onwards, only the d 8 configuration is considered for Pt(II) complexes. Figure 1.6 shows the simplified splitting of the degenerate d orbitals in the presence of a square planar ligand field. Considering that the 𝑑 g h orbital is more destabilised than d xy , a plausible MO diagram is shown in Figure 1.8.
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 18 Figure 1.8. Simplified MO diagram for a Pt(II) square planar complex showing intermolecular d Z 2 orbital overlap in the ground state and its influence on energy of the MOs d Z 2 .

Figure 1 . 9 .

 19 Figure 1.9. Potential energy surface of the d-d excited state in Pt(II) complexes is displaced relative to the ground state, owing to the strong antibonding character of the 𝒅 𝒙 𝟐 F𝒚 𝟐 orbital that is populated. The d-d transition (MC state) can provide a thermally activated pathway of non-radiative decay. The thick arrow represents the absoprtion of light and the thin ones represent IC, ISC and VR processes.

  changed from d𝜋 l to 𝑑 g h orbital. Conversely, the splitting of the 𝑑𝜋 l * renders a stabilized LUMO in the aggregated species. Due to the new Pt … Pt interaction, new excited-states are formed such as Metal-Metal-to-Ligand Charge transfer (MMLCT) and Ligand-to-Metal-Metal Charge transfer (LMMCT) which appears stabilized compared to the MLCT of the monomeric species (Figure 1.8). The non-radiative deactivation via MC states is therefore avoided, as the lowest lying excited state is stabilized when compared to ground state.

  Several classes of Pt(II) complexes have been explored, namely bidentate (N^N), tridentate (N^N^N) and cyclometalated (bi and tridentate) compounds (Figure 1.10).
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 110 Figure 1.10. Chemical structures of the different classes of platinum(II) complexes.

Figure 1 . 12 .

 112 Figure 1.12. (A) Structures of the amphiphilic anionic platinum(II) bzimpy complexes. (B) Solutions of complex 1.K in water-acetone mixture. (C) TEM images prepared from aqueous solutions (top) and 90% acetone-water mixture (bottom) of complexes 1.K and 3K. (D) UV-vis

Figure 1 . 13 .

 113 Figure 1.13. (A) Structure of the amphiphilic alkynylplatinum(II) bzimpy complexes. (B) Normalized emission spectra of complexes 1-7 in aqueous media. (C) TEM images (negatively stained) prepared from an aqueous solution of (a) 4, (b)5, (c) 6, (d)7. (D) Relationship between

  28 Å, attributable to of Pt•••Pt interactions along the growth axis of the fibers (refer to Figure 1.14) 97 .

Figure 1 .

 1 Figure 1.14. (A) Emission spectra of Pt(II) complex in CHCl 3 (black line, 5x10 -5 M), fibers obtained from acetone (red line, 4 mg.mL -1 ) and fibers obtained fromCH 2 Cl 2 (blue line, 4 mg.mL -1 ). (B) Fluorescence microscopy image of the fibers from acetone. (C) Absorption spectrum obtained for Pt(II) complex in CHCl 3 and TD-DFT vertical transitions with the corresponding computed oscillator strength 97 .
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 115 Figure 1.15. (A) Chemical structure of platinum(II) complex 1 and schematic representation of the three assemblies in dynamic equilibrium with the monomeric species. (B) Confocal images of the fibers obtained from the seeded polymerization at different [A]/[C] ratio. (C) Snapshots from the supramolecular polymerization at 83% water-dioxane (top) and 79% water-dioxane (bottom) at different time. These show the time-dependant evolution of assembly A (red) into B (green) and C (blue) 98 .

Figure 1 .

 1 Figure 1.16. a) One pot synthesis of platinum(II) complex 4 and representation of the selfassembly process, going from luminescent aggregates to fibers and gel. b) SEM and c) TEM of the gel. d) Emission and excitation spectra of the gel and photographs of the luminescent gel 99 .
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 117 Figure 1.17. SEM micrograph (a) and its corresponding fast Fourier transform image (b) of the honeycomb mesostructure formed by complex 1.A. on the surface of a silicon wafer.c) Amplified SEM image of the mesostructure. (d) SEM and (e) TEM images of complex 1.A obtained from a dodecane solution 100 .

Figure 1 .

 1 Figure 1.18. A) Chemical structure of complex 1a, 1b, and 1c. B) CD spectra of complex 1c in water-ethanol mixture with increase water-ethanol volumic ratio (r aq ). C) SEM images of 1c in water-ethanol with increasing r aq from (a) 0% to (l) 50%. The scale bar is 500 nm 101 .

Figure 1 .

 1 Figure 1.19. (A) various polymer architectures and (B) different types of copolymer.
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 120 Figure 1.20. Amphiphile shape factors and overview of the possible aggregates predicted from the critical packing parameter.

Figure 1 . 21 .

 121 Figure 1.21. TEM images and corresponding schematic representation of various morphologies formed from amphphilic PS m -b-PAA n copolymers. Red represents hydrophobic PS block and blue represents hydrophilic PAA segments 116 .
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 122 Figure 1.22. Chemical structures of common metal-complex drugs 123 .
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 123 Figure 1.23. Encapsulation of Pt(IV) drugs into polymeric micelles with prostate-specific membrane antigen on the micelle surface 126 .

Figure 1 . 24 .

 124 Figure 1.24. NC-6004 : Polymeric micelle carrier systems for Platinum drugs.

Figure 1 .

 1 Figure 1.25. a) Schematic representation of the reaction of aza-heterocycloc analytes with Pt(II) precursor in water containing P123 surfactant. b) Photographs of the different luminescent of the Pt(II) complexes under UV lamp 128 .

Figure 1 ..

 1 Figure 1.26. a) DLS plot of the diameter of the morphologies formed. b) HAADF-STEM image of the rod-like micelles formed with [Pt(Me 2 bzimpy)Cl] + Cl and (c) EDX spectra showing the

Figure 1 .

 1 Figure 1.27. A) Structural formula of SAPt-1 and schematic drawing of its self-assembling morphologies from micellar to vesicles. B) BF-TEM (a-d), HAADF-STEM (e,f) and SEM (g-f)images obtained from chloroform/methanol dispersion 130 .

Figure 1 .

 1 Figure 1.28. (A) and (B) Schematic representation and (C) TEM images of the fibers formed by co-assembly of platinum(II) complex and PEG 45 -b-PAA 69 in acetonitrile-methanol-water (1:1:8, v/v/v) solvent mixture.

Figure 1 .

 1 Figure 1.29. a) Chemical structures of Pt(II) complexes 1 and 2. b) TEM images of an aqueous solution of complex 1 at 30 °C. c) Schematic representation of the aggregation of platinum(II) complex due to the micellization of PEO-PPO-PEO copolymers. d) Absorption spectra of complex 1 in water upon increasing the temperature. Inset: plot of the absorbance at 450 nm versus temperature 132 .

Figure 1 .

 1 Figure 1.30. a) Reversible pH and solvent-responsive micelle-mediated self-assembly of PEO-[Pt]-P2V. b) Molecular structure of the amphiphilic platinum(II)-containing diblock copolymer. c) UV-vis absorption and emission spectra of PEO-[Pt]-P2V in water upon decreasing pH. Plot of the absorbance at 505 nm and emission at 750 nm versus pH 133 .

Figure 1 . 31 .

 131 Figure 1.31. Different ways to covalently attach monolayer on silicon oxide surfaces 141 .

Figure 1 . 32 .

 132 Figure 1.32. Preparation of hydride terminated Si(100) and Si(111) surfaces by chemical etching.

  photoluminescent properties of the functionalized substrates indicate the presence of MMLCT bands in emission and excitation due to the Pt•••Pt interactions at the surface. These substrates could be used for electroluminescent devices consisting of emissive layers of oriented aggregates. To date, this appears to be the only report of self-assembled platinum complexes on silicon-based substrates.The self-assembly at the solid/liquid interface of platinum(II) complexes on gold 173 and highly oriented pyrolic graphite 174 (HOPG) have also been reported. Formation of sophisticated ordered monolayers on the substrates was driven by non-covalent hydrogen bonding and van der Waals forces. However, the photophysical properties of the monolayers formed from platinum (II) complexes were not investigated and the presence of the Pt•••Pt interactions not demonstrated.

Figure 1 . 33 .

 133 Figure 1.33. Luminescent platinum(II) complexes on quartz and Silicon carbide substrates via pyridine-terminated alkoxysilane linker.

Scheme 2 . 4 .

 24 Scheme 2.4. Synthetic route for the synthesis of disulfide terminated ligands and their corresponding platinum (II) complexes 14-16 and 18.

2p 3 /

 3 2 peak at 99.4 eV which did not move upon the different functionalisation. The survey scans of the successive surface modifications are displayed in Figure 2.2. Hydrogenterminated substrate (Si-H) survey scans reveals C 1s, O 1s, Si 2s and Si 2p peaks along with a

Figure 2 . 2 .

 22 Figure 2.2. XPS survey scans of the freshly prepared hydrogen terminated surface (Si-H, black graph), after the grafting of 4-vinylpyridine (Si-4VP, red graph) and the formation of the platinum (II) complex (Si-4VP-Pt, blue graph).

Figure 2 . 3 )

 23 Figure 2.3) provided additional information on the surrounding environments of those atoms and the stability of the substrates. The native silicon (100) was efficiently etched by the 5% HF solution, evidenced by the fact that no oxidized silicon was observed between 101-104 eV (Figure 2.3A). Upon functionalization of Si-H substrate with 4-vinylpyridine and coordination of the platinum (II) complex, a broad low-lying band centered at approximately 103 eV was formed and confirmed the formation of silicon oxides. The intensity of the band of the silicon oxide was less than 10% of the intensity of the Si 2p bands. As previously mentioned, the shift in the lower energies of the Si 2p peak was the result of the formation of Si-C bonds, rather than the Si-H bonds. The high resolution XPS of the C 1s signal showed a low-lying band centered at approximately 292.5 eV for the Si-4VP-Pt substrate and was attributed to the -CF 3 moiety of the triazole ligand of the platinum (II) complex (Figure 2.3B). The high-resolution XPS spectra of N 1s displayed a sharp peak at 398.9 eV, originating from the single nitrogen of the pyridine. When the platinum (II) complex was coordinated to the substrate, a broader band centered at approximately 399.5 eV was observed. The signal was originating from the nitrogen atoms of the pyridine and from the different nitrogen atoms of the triazole ligand (Figure 2.3C). A comprehensive, detailed analysis of the high-resolution spectra of C 1s and N

Figure 2 . 3 .

 23 Figure 2.3. High resolution XPS spectra of C 1s(a), N 1s(b) and Si 2p(c) signals of Si-H, Si-4VP and Si-4VP-Pt substrates.

Figure 2 . 4

 24 shows the AFM images of the native silicon (100) wafer and Si-4VP and Si-4VP-Pt modified substrates. Additional information regarding the roughness (R A , calculated as the root-meansquare difference from the average of the surface height) of the different surfaces were also reported.

Figure 2 . 4 .

 24 Figure 2.4. Topography of the native Si(100) wafer and modified Si-4VP and Si-4VP-Pt substrates. R A is the root-mean-square surface roughness value.

Figure 2 . 5 .

 25 Figure 2.5. Emission spectra of native silicon (100) wafer (black line) and functionalised Si-4VP substrate (red line). Λ em = 300 nm.

  4 eV. Survey and high resolution XPS scans of the different substrates are displayed in Figure 2.6. XPS survey scan of the hydrogen terminated silicon substrates (Si-H) displayed the presence of the C 1s and O 1s peaks at 284.8 eV and 532 eV, which originated from the atmosphere contamination on the substrates.

Figure 2 . 6 .

 26 Figure 2.6. XPS survey scans (A) and high-resolution C 1s (B) and N 1s (C) scans of the successive surface modifications from Si-H (black curve) to Si-L-Pt (green curve).

  lying band at 293 eV in the high-resolution XPS spectra of C 1s signal. It is worth noting that the peak of the platinum at 73.8 was very weak compared to Si 2p. The evolution of the recorded elemental composition on the modified silicon substrates is reported in Tables2

Figure 2 . 7 .

 27 The high resolution of the Pt 4f signal displayed the spin-orbit splitting of the platinum and the Pt 4f 7/2 and Pt 4f 5/2 with an area ratio of 3 :4 under the peaks. The most interesting feature was the presence of a small peak around 404.5 eV peak in the high-resolution spectra of the N 1s signal (Figure2.7c). It was attributed to the positively charged central nitrogen atom of the azide functional group64 . It could be used as a reference for the success of the click chemistry as the azide functional group was transformed in a triazole group.

Figure 2 . 7 .

 27 Figure 2.7. XPS survey scan (a) and high resolution XPS spectra of C 1s (b), N 1s (c), pt 4f (d) and O 1s (e) of the platinum(II) complex 7 powder.

Figure 2 . 8 .

 28 Figure 2.8. XPS survey scans (a) and high resolution XPS spectra of N 1s (b) and Pt 4f (c) signal of the functionalised substrates immersed in complex 6 dicholoromethane solution of different concentration.

Figure 2

 2 Figure 2.9.

Figure 2 . 9 .

 29 Figure 2.9. Chemical structures of the platinum (II) complexes used for the functionalisation of gold substrates. The numbers (L1, L3 and L7) represents the number of methyl groups between the pyrine and the ester fonctional group of the ancillary ligand.

Figure 2 . 10 .

 210 Figure 2.10. Normalised emission and excitation spectra of L1-Pt, L3-Pt and L7-Pt in DMF at a concentration of 5.0x10 -5 M (A) and in solid state (B). λ exc = 400 nm, λ em = 570 or 590 nm.

  the platinum (II) complexes on the substrate. The high resolution spectra of the Pt 4f signal was similar for the three complexes with two peaks at 72.6 eV and 77 eV, attributed to the spin orbit splitting into Pt 4f 7/2 and Pt 4f 5/2 , respectively. The peak of the Pt 4f signal was close to the intense peak of the Au 4f signal. Consequently, the signal of the Pt 4f was not flat and was difficult to deconvolute (Figures11-13, f).

Figure 2 . 11 .

 211 Figure 2.11. XPS survey scan (a) and high resolution XPS spectra of C 1s (b), N 1s (b), S 2p (d), O 1s (e), Pt 4f (f) of L1-Pt platinum(II) complexes on gold.

Figure 2 . 12 .Figure 2 . 13 .

 212213 Figure 2.12. XPS survey scan (a) and high resolution XPS spectra of C 1s (b), N 1s (b), S 2p (d), O 1s (e), Pt 4f (f) of L3-Pt platinum(II) complexes on gold.

  nitrogen and one atom of carbon (N-N-C) eventuated around 399.35 eV. Finally, the signal of the nitrogen of the triazole ligand surrounded by two atoms of carbon (C-N-C) was at the lower binding energy (388.65 eV) due to the electron withdrawing character of the nitrogen towards the carbon, which resulted in an increased electronegative environment. The high resolution spectra of the C 1s signal was also deconvoluted into numerous peaks (Figures 2.11-2.13, b). The carbon atoms surrounded by the most electron withdrawing groups have the highest binding energy. In decreasing order, CF 3 (295.5 eV), O-C=O (ester, 288.5 eV), N-C-N (pyridine, triazole, 286.6 eV), C-O (ester, adventitious, 286 eV), C-C-N (pyridine, trizole, 285.8 eV), C-C (284.8 eV) and C=C (pyridine, 284 eV) were the signals resulting in the broad band of the C 1s signal. Increasing the length of the ancillary ligand resulted in the increase of the number of CH 3 groups. Consequently, the contribution of the C-C peak (284.8 eV) in the C 1s signal increased from L1-Pt to L7-Pt. The high resolution spectra of the S 2p signal was very significant because of the binding through the the Au-S bond. The S 2p region of the spectrum reveals the S 2p 3/2 and S 2p 1/2 at 161.7 eV and 162.9 respectively (Figures 2.11-2.13, d). Those two peaks were attributed to the binding of thiolate to gold 58 . The disulfide functional groups of the platinum (II) complexes were bound to the gold substrate. A comparison of the high resolution XPS spectra of the 2 Sp signal of the disulfide from the complex powder and the thiolate from the platinum (II) complex attached to the gold is depicted in Figure 2.14. The spin-orbit components S 2p 3/2 and S 2p 1/2 display a 1.16 eV spacing and the ratio between their areas was 2:1. Disulfide bonds S 2p signal show two peaks at 163.2 eV and 164.2 eV.

Figure 2 . 14 .

 214 Figure 2.14. High resolution XPS spectra of the S 2p region of the disulfide bond of L1-Pt powder (a) and comparison of the S 2p signal from the disulfide and the thiolate-gold bond.
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 245 Figure 2.15.

Figure 2 . 15 .

 215 Figure 2.15. SEM images the drop casted platinum (II) complexes/DMF solution of a glass slide (a, b, c) and the functionalised gold substrates (d, e, f). The glass slides were recovered with a 40 nm layer of silver whereas the gold substrates were already conductive.

2. 2 . 4 . 6 .

 246 Confocal fluorescence microscope Confocal fluorescence microscope images of the three platinum (II) complexes drop-casted on a glass slide from a DMF solution (samples Ln-Pt) and the functionalised gold substrates (Au-Ln-Pt) are displayed in Figure 2.16.

Figure 2 . 16 .

 216 Figure 2.16. Confocal images of the functionalised gold substrates (a, b, c) and the drop casted platinum(II) complexes/DMF solution of a glass slide). λ exc = 405 nm in lambda mode (real colors).

Figure 2

 2 Figure 2.17.

Figure 2 . 17 .

 217 Figure 2.17. High resolution XPS spectra of the S 2p signal of Au-L1-Pt (a), Au-L3-Pt (b) and Au-L7-Pt (c) functionalised gold substrates freshly prepared (black lines, bottom) and after 2 months under standard atmopshere (red line, top).

  platinum (II) complexes by hydrolysis of the ester functional group of the anchoring ligand52 The three platinum (II) complexes previously used are bonded to the gold by a sulfur-gold bond. The anchoring ligand is linked to the platinum center by an ester functional group, which can be cleaved under the right conditions. As a result, the anchoring ligand remains on the surface, while the platinum center is removed. In order to demonstrate the cleavage of the ester bond and the selective reconigition of the esterase agent toward this specific bond, a platinum (II) complex in which the ester bond was replaced by an amide bond was prepared (L0-amide-Pt). The chemical structure of the four platinum (II) complexes used for this test is depicted in Figure2.18.

Figure 2 . 18 .Figure 2 . 19 .

 218219 Figure 2.18. Chemical structures of the platinum(II) complexes used for the functionalisation of gold substrates and cleavage of the ester bond. The four platinum (II) complexes were partially dissolved in DMF (c = 1.0x10 -3 M) and freshly cleaned gold substrates were immersed in the solutions for 6 days. The modified substrates were then immersed in aqueous solutions containing the esterase agent for 1 day. The substrates survey scans and high-resolution XPS spectra of the Pt 4f signal are displayed in Figure 2.19. The survey scans showed the presence of small F 1s, N 1s and Pt 4f peaks only for the substrate functionalised with the platinum (II) complex containing the amide bond (Au-L0-Pt). The high resolution XPS spectra of the Pt 4f signal for all platinum (II) complexes prior to the cleavage of the ester bond show two peaks at 72.7 eV and 76 eV, attributed to the Pt 4f 7/2 and Pt 4f 5/2 respectively (Figure 2.19b). After incubation in an aqueous solution of the

Figure 2 . 19 .

 219 Figure 2.19. XPS survey scans of the functionalised gold substrates after cleavage of the ester bond (a) and high resolution XPS spectra of the Pt 4f signal before (b) and after (c) cleavage of the ester group.

Scheme 2 . 11 .

 211 Scheme 2.11. Illustration describing the PVD method used to grow nanowires of platinum (II) complex. 1) Nucleation centers were created on different substrates 2) Self-assembly of πconjugated platinum (II) complexes at 110°C.Formation of platinum nanowires on SiO 2 thin films62 
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 220 Figure 2.20. Normal view (A) and cross section (B) SEM images of the SiO 2 GLAD thin films. SEM images of the platinum (II) complex deposited on mesoporous SiO 2 thin film.

Figure 2 . 21 .

 221 Figure 2.21. Normal view (A) and cross section (B) SEM images of the TiO 2 GLAD thin films.

Figure 2

 2 Figure 2.22.

Figure 2 . 22 .

 222 Figure 2.22. SEM images of gold nanoparticles on silicon (100) substrate with an equivalent thickness of 5 nm (Au5). Nanowires formed from platinum (II) complex (19) deposited on different gold nanoparticles of equivalent film thickness of 1 nm (Au1-Pt), 2 nm (Au2-Pt) and 5 nm (Au5-Pt).

Figure 2 . 23 .

 223 Figure 2.23. Photographs of the platinum (II) complex (19) under UV lamp (365 nm) before (A)

Figure 2 . 24 .

 224 Figure 2.24. Fluorescence microscopy images of the platinum nanowires on Au (1nm) before (A) and after (B) mechanical activation of the nanowires by gently pressing it through a PDMS foil.

  was relatively low, hindering further photophysical characterisation. The functionalisation of gold substrates was achieved by using platinum (II) complexes bearing disulfide moieties on ancillary ligands. Most of the complexes were attached to the surface, although a small amount of physisorbed complexes could be detected by XPS. A few luminescent islands of platinum (II) complexes aggregates were observed by confocal fluorescence microscopy. The density of complexes on the surface was also relatively low. Addition of tris-(2-carboxyethyl) phosphine hydrochloride (TCEPH + Cl -) as a reducing agent for the disulfide bond or longer immersion time of the gold substrates did not improve the density of platinum (II) complexes on the surface. A different method based on sublimation of the platinum (II) complexes by PVD led to the formation of nanowires grown epitaxially to the surface. The density of platinum (II) complexes nanowires was relatively high when grown from gold nanoparticles on a silicon (100) substrate. Morover, platinum nanowires showed a bright luminescence with an emission wavelength that could be tuned by application of a force. In order to further characterize the mechanochromism properties from the bulk (powder) to the nanoscale (fibers), further detailed AFM-fluorescence microscopy coupled studies are needed.All reactions were carried out under nitrogen atmosphere. All solvents and reagents were received from Aldrich, Fluka or TCI and were used without further modifications. K 2 PtCl 4 was purchased from Precious Metal Online (PMO). PtCl 2 (DMSO) 2 was prepared by previouslyreported synthetic procedures1 . Column chromatography was performed on silica gel 60 (particle size 63-200 μm, 70-230 mesh ASTM, Merck). NMR spectra were recorded on a Bruker Avance 400 spectrometer.1 H NMR,13 C NMR and 19F NMR chemical shifts (δ) of the signals are given in parts per million and referenced to residual protons in the deuterated solvents. The signal splitting are abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet. Coupling constants (J) are given in Hertz. Electrospray ionization mass spectrometry (ESI-MS) was carried out on a MicroTOF (Bruker) mass spectrometer equipped with an electrospray source by the mass spectrometry service of the University of Strasbourg.

  1H-1,2,4-triazol-5-yl) pyridine(2). In a 250 mL round bottom flask, 2,6-carboximidehydrazide (1) (2 .28g, 11.8 mmol, 1 eq) was suspended in 25 ml of diethylene glycol dimethylether and sonicated until a fine white suspension was formed. Trifluoroacetic acetate (3.6 mL, 25.3 mmol, 2.14 eq) was added slowly at room temperature. The suspension dissolved during this addition and was slowly heated up to 162°C for 2 hours. The suspension rapidly transformed into an orange-brown clear solution and then into a turbid brown mixture when cooled down at room temperature. 70 mL of distilled water and 2 mL of HCl 37% was then added to the reactional mixture. The brown mixture solidified onto the walls of the flask.The solution was heated up at 90 °C overnight. A clear yellow solution with a brown solid on the walls was obtained. The solution was cooled down and stirred at room temperature for another 4 hours. The yellow/white/brown precipitate was filtered off and rinsed thoroughly with water and petroleum ether. It was dried overnight in an oven at 70 °C. A tan coloured powder was obtained (m =3.561 g, 10.2 mmol, yield 86.4 %).1 H NMR (acetone-d6, 400 MHz, ppm) δ: 8.33-8.40 (m); 19 F NMR (acetone-d 6 , 376 MHz, ppm) δ: -65.80 (s, CF3); 13 C NMR (acetone-d 6 , 100 MHz, ppm) δ: 156.42 (s), 156.04-154.88 (q, J = 39 Hz), 146.05 (s), 141.36 (s), 124.55-116.53 (q, J = 268 Hz), 123.82 (s). HR-ESI-MS (m/z): C 11 H 5 F 6 N 7 Na [M+Na] + , calcd. 372.040, found 372.035.

  H NMR (CDCl 3 , 400 MHz, ppm) δ: 9.53 (d, J = 6.2 Hz, 2H), 9.13 (s, 1H), 8.02 (t, J = 8.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.82 (m, 2H), 4.20 (m, 2H), 3.79 (m, 2H), 3.42 (m, 4H) ; 19 F NMR (CDCl 3 ), 376 MHz, ppm); -64.23 (s, CF 3 ); 13 C (CDCl 3 , 100 MHz, ppm) δ: 178.

1. 87

 87 (m, 2H), 1.58 (m, 2H), 1.47 (m, 2H), 1.39 (m, 2H); HR-MS (ESI) m/z: C 6 H 13 BrO [M+H] + , calcd.

  H NMR (CDCl 3 , 400 MHz, ppm): δ 4.56 (d, J=4.1 Hz, 1H), 3.85 (t, J = 9.4 Hz, 1H), 3.72 (dd, J =9.4 Hz, 6.8 Hz, 1H), 3.49 (m, 1H), 3.38 (m, 3H), 1.87 (m, 3H), 1.70 (t, J=10.6 Hz, 1H), 1.58 (m, 2H), 1.47 (m, 4H), 1.40 (m, 4H); HR-MS (ESI) m/z: C 11 H 21 BrO 2 [M+Na] + , calcd. 287.06, found 287.06.

Complex 19 .

 19 In a 50 mL two-neck round-bottom flask, the tridentate ligand CF 3 -trz-py (2) (200 mg, 0.573 mmol, 1.05 eq) and PtCl 2 (DMSO) 2 (230 mg, 0.46 mmol, 1.0 eq) were suspended in 25 mL of acetonitrile. N,N-diisopropyletylamine (100 μL, 0.576 mmol, 1eq) was added and the reaction mixture turned to a clear yellow solution. Pyridine (50 µL, 0.621 mmol, 1.2 eq) was then added and the mixture heated at 83°C overnight under N 2 atmosphere. The crude was purified by column chromatography using ethyl acetate and cyclohexane 3: 2 as the eluent mixture. The final product was then rinsed with a minimum amount of methanol and filtered.A yellow solid was collected and dried under vacuum for two days. (244 mg, 394 mmol, yield 72.1%).1 H NMR (THF-d 8 , 400 MHz, ppm) δ: 9.71 (d, J = 6.2 Hz, 2H), 8.24 (t, J = 8.0 Hz, 1H), 8.22 (t, J = 8.0 Hz, 1H), 7.89 (d, J =6.5 Hz, 2H), 7.76 (t, J = 8.0 Hz, 2H); 19 F NMR (THF-d 8 , 376 MHz, ppm) δ: -64.79 (s, 6H); HR-MS (ESI) m/z: C 16 H 8 F 6 N 8 Pt [M+H] + , calcd. 622.0497, found 622.0487; Elemental analysis: calcd. C 30.93%, N 18.03%, H 1.30%. C 30.85%, N 17.88%, H 1.53%. Detailled 1 H NMR spectra of platinum(II) complex 7.

Figure 3 . 1 .

 31 Figure 3.1. SEM images of the PMMA-PMAA particles formed from a THF/polymer solution flash-injected in water at selected concentrations and schematic representation of the polymer aggregates.

Figure 3 . 2 .

 32 Figure 3.2. DLS measurement of the PMMA-PMAA particles formed from flash-injection of a 5000 ppm PMMA-PMAA/THF solution in water.

Figure 3 . 3 .

 33 Figure 3.3. SEM images of PMMA-PMAA particles formed from flash-injection of a 5000 ppm polymer/acetone (left) or polymer/THF (right) solution in water.

Figure 3 . 4 .

 34 Figure 3.4. Emission spectra of the PMMA-PMMA particles in water at different concentrations. λ exc = 400 nm. The peak observed at 460 nm was the Raman peaks.

Figure 3 . 5 .

 35 At the lowest Rs, the solutions were transparent and clear. Upon increasing the concentration of the PMMA-PMAA, the solutions became more turpid due to the formation of larger particles and aggregates. Under UV lamp, the solutions have a yellow-orange emission which was

Figure 3 . 5 .

 35 Figure 3.5. Photography of the PMMA-PMAA/platinum(II) complex 20 solutions in water under normal light (top) and UV lamp (bottom) upon increasing R from left to right.

Figure 3 . 6 .

 36 Figure 3.6. a) Absorption (black) and normalized emission (blue) spectra of the platinum(II) complex 20 in THF. b) Normalized emission spectra of the platinum complex in THF (blue) and water (red) showing the emission of the platinum(II) monomer (blue) and aggregates (red). λ exc = 300 nm.

Figure 3 . 7 .

 37 Figure 3.7. (a) Emission and (b) excitation spectra of PMMA-PMMA-Platinum(II) complex 20 system in water. The values on the right of the spectra refering to the PMMA-PMAA/platinum(II) complex ratio R. λ exc = 400 nm, λ em = 570 nm.

Figure 3 . 8 .

 38 Figure 3.8. Emission spectra of the PMMA-PMAA/platinum(II) complex 20 system in water for R = 200 and excited state lifetimes measured at 460 nm, 515 nm, 560 nm and 650 nm. λ exc = 400 nm (emission), λ exc = 405 nm (lifetime).
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 39 Figure 3.9. Excited state lifetime decay of the PMMA-PMAA/platinum(II) complex 20 system in water for R = 200 at 460 nm, 515 nm, 560 nm and 650 nm. λ exc = 405 nm. Inset showed the decay between 0 and 200 ns.
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 310 Figure 3.10. SEM images of the PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions. The substrate was then sputtered with gold.

Figure 3 . 11 .

 311 Figure 3.11. Confocal images of PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted onto a glass slide and dried under standard conditions before imaging. The real emission colors were obtained by using lambda-mode acuisition (λ exc = 405 nm).

Figure 3 . 13 .

 313 Figure 3.13. Photographs of the PMMA-PMAA/platinum(II) complex 20 solutions in water under normal light (top) and UV lamp (bottom) upon increasing R from left to right.

Figure 3 . 14 .

 314 Figure 3.14. (A) Emission and (B) excitation spectra of PMMA-PMMA-Platinum(II) complex 20 system in water. The values on the right of the spectra were referring to the PMMA-PMAA/platinum(II) complex ratio R. λ exc = 400 nm, λ em = 570 nm.

Figure 3 .

 3 Figure 3.15. a) Normalized emission spectra of the PMMA-PMAA/platinum(II) complex 20 system in aqueous solution. b) plot of the values of the wavelength of maximum intensity versus R.
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 316 Figure 3.16. SEM images of the PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions. The substrate was then sputtered with gold.

Figure 3 . 17 .

 317 Figure 3.17. SEM image of a bead-on-string morphology of PMMA-PMAA/platinum(II) complex 20 aggregates for R = 15. EDX spectra at three areas of the morphology: the core (A), the narrowing (B) and the end (C).
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 318 Figure 3.18. STEM images of the PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a copper grid and dried at normal condition.
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 319 Figure 3.19. TEM images of the PMMA-PMAA/platinum(II) complex 20 for R = 40. The solution was drop-casted onto a copper grid and dried in the over for 30 min.

Figure 3 . 20 .

 320 Figure 3.20. FIB images of the PMMA-PMAA/platinum(II) complex 20 system before (right) and after (left) etching by the ion beam.

Figure 3 . 21 .

 321 Figure 3.21. FIB images PMMA-PMAA/platinum(II) complex 20 system (R = 50) after etching by the ion beam. Scale bar: 3 µm.
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 322 Figure 3.22. HAADF-STEM images of platinum(II) complex 20-loaded PMMA-PMAA particles for R =30, and energy dispersive X-ray spectra of one of the aggregates containing the white dots (A) and an empty spot (B). The signal of the platinum was highlighted around 2.0 keV.
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 323 Figure 3.23. Confocal images PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions before imaging. The real emission color was obtained by using lambda-mode option (λ exc = 405nm).
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 324 Figure 3.24. Photographs of the PMMA-PMAA/platinum(II) complex 20 solutions in water under normal light (top) and UV lamp (bottom) upon increasing R from left to right.

Figure 3 . 25 .

 325 Figure 3.25. (A) Emission and (B) excitation spectra of PMMA-PMMA/platinum(II) complex 20 system in water. The values on the right of the spectra refer to the PMMA-PMAA/platinum(II) complex ratio R. λ exc = 400 nm, λ em = 570 nm.
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 326 Figure 3.26. SEM images of the PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions. The substrate was then sputtered with gold.

  Finally for R = 500, only aggregates of small sized particles were observed. Confocal fluorescence microspcope images of the solution are displayed in Figure 3.27.

Figure 3 . 27 .

 327 Figure 3.27. Confocal images of PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions before imaging. The real emission color was obtained by using lambda-mode option (λ exc = 405nm).

Figure 3 . 29 .

 329 Figure 3.29. The solutions were more turpid and the luminescence of the solutions was shifted from yellow to blue upon increasing R. The encapsulation of the platinum fibers appeared to be effective when PMMA-PMAA was added after the platinum(II) complex.

Figure 3 . 28 .

 328 Figure 3.28. Photography of the platinum fibers in water under normal light (top) and UV irradiation (bottom).

Figure 3 . 29 .

 329 Figure 3.29. Photographs of the PMMA-PMMA/platinum(II) complex 20 solution in water. The PMMA-PMMA solution was added to an aqueous solution containing the platinum fibers.

Figure 3 . 30 .

 330 Figure 3.30. Normalized (A) Emission and (B) excitation spectra of PMMA-PMMA-Platinum(II) complex 20 system in water. The values on the right of the spectra refer to the PMMA-PMAA/platinum(II) complex ratio R. λ exc = 300 nm, λ em = 570 nm.
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 331 Figure 3.31. Photographs of the PMMA-PMAA/platinum(II)complex 20 system in 80% water content in THF/water mixture (80%, right cuvette), evaporated under reduced pressure (middle cuvette, E) and dialysed against water (D, left cuvette) under normal light (right) and UV lamp (left).

Figure 3 . 33 .

 333 Figure 3.33. SEM images of the PMMA-PMAA/platinum(II) complex 20 solution when the solution was evaporated (top), dialysed (middle), and left at 80% water content (bottom).

Figure 3 . 34 .

 334 Figure 3.34. Fluorescence confocal microscope images the PMMA-PMAA/platinum(II) complex 20 solution when the solution was evaporated, dialysed and left at 80% water content. The real emission color was obtained by using lambda-mode option (λ exc = 405nm).
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 335 Figure 3.35. Photographs of the PMMA-PMAA/platinum(II) complex 20 solutions in water under normal light (top) and UV lamp (bottom) upon increasing R from left to right.

Figure 3 . 36 .

 336 Figure 3.36. Normalized emission spectra of the dialysed emission spectra. The values on the right of the spectra refer to the PMMA-PMAA/platinum(II) complex 20 ratio R. λ exc = 300 nm.

  SEM images of the PMMA-PMAA/platinum(II) complex system dialysed against water are shown in Figure3.37.

Figure 3 . 37 .

 337 Figure 3.37. SEM images of the PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions.

  observed. Confocal fluorescence microscope images of the PMMA-PMAA system in water are displayed in Figure 3.38.

Figure 3 . 38 .

 338 Figure 3.38. Confocal images of PMMA-PMAA/platinum(II) complex 20 system. The solutions were drop-casted on a glass slide and dried under standard conditions before imaging. The real emission color was obtained by using lambda-mode option (λ exc = 405nm).
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 333397339 Photographs of the PMMA-PMAA/platinum(II) complex (c = 5 ppm) solutions in water are displayed in Figure3.39. Emisison and excitation spectra of the solution are shown in Figure3.40 and the excited state lifetimes are reported in Table3.14.

Figure 3 .

 3 Figure 3.40. (A) Emission and (B) excitation spectra of PMMA-PMMA/ complex 7 system in water. The values on the right of the spectra refer to the PMMA-PMAA/platinum(II) complex ratio R. λ exc = 400 nm, λ em = 590 nm.

  More platinum(II) complexes were successfully encapsulated into the PMMA-PMAA particles and photographs of the different systems are displayed in Figure3.41. Whether the platinum(II) complex was small or large, functionalized or unfunctionalized, the encapsulation behaviour was always the same.

Figure 3 . 41 .

 341 Figure 3.41. Photographs of the PMMA-PMAA/platinum(II) complex solutions in water under normal light (top) and UV lamp (bottom) upon increasing R from left to right.

63 -

 63 200 μm, 70-230 mesh ASTM, Merck). NMR spectra were recorded on a Bruker Avance 400 spectrometer.1 H NMR,13 C NMR and 19F NMR chemical shifts (δ) of the signals are given in parts per million and referenced to residual protons in the deuterated solvents. The signal splitting are abbreviated as follows: s, singulet; d, doublet; t, triplet; q, quadruplet; m, multiplet. Coupling constants (J) are given in Hertz. Electrospray ionization mass spectrometry (ESI-MS) was carried out on a MicroTOF (Bruker) mass spectrometer equipped with an electrospray source by the mass spectrometry service of the University of Strasbourg.

  F NMR (CDCl 3 , 376 MHz, ppm) δ: -65.10; (HR-MS (ESI) m/z: C 40 H 48 F 6 N 9 O 2 Pt [M+H] + , calcd. 995.348, found 995.354.

Figure 4 . 1 .

 41 Figure 4.1. Absorption (a) and emission (b) and excitation (c) spectra of complex 7 in different THF/water mixture. λ exc = 300 nm, λ em = 570 or 590 nm.

Figure 4 . 2 .

 42 Figure 4.2. SEM images of the platinum(II) complex in THF/ water mixture after drop casting on glass slide and evaporation of the solvents for water content below 60%.

Figure 4 . 4

 44 summarizes the different aggregates of complex 7 observed at different water content. Upon increasing the water content to above 90%, there was configuration of toroidal particles and the formation of the platinum-platinum and p-p stacking interactions, indicated by the presence of3 MMLCT emission and excitation bands.Moreover, the presence of hydrophobic-hydrophobic interactions in highly polar solvent mixture would stabilize the toroidal aggregates24 . A slight decrease of the water content to 80% resulted in the formation of fibers with the alignment of platinum(II) complexes resulting in metallophilic interactions. It is also believed that decreasing the polarity of the mixture (decreasing the water content) would gradually transform the toroidal particles to fibers. This theory was supported by the presence of a mixture of toroidal particles and fibers at 90% and 91% water content in the SEM images of Figure4.2.

Figure 4 . 3 .

 43 Figure 4.3. Confocal fluorescence images of platinum (II) complex aggregates in different THF/water mixtures with a platinum (II) complex concentration of 5x10 -5 M. λ exc = 405 nm. False colours.

Figure 4 . 4 .

 44 Figure 4.4. Schematic representation of the self-assembly of platinum (II) complex in THF/water mixtures and observed morphologies. The red area indicates the platinum-platinum interactions and the blue area indicates the polyethylene glycol ancillary ligand interacting via hydrogen bonding.

Figure 4
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Figure 4 . 5 .

 45 Figure 4.5. a) Emission and b) excitation spectra of the platinum (II) complex diluted 10 times in water. λ exc = 300 nm, λ exc = 570 or 590 nm, depending on the sample.

Figure 4 . 7 . 4 .

 474 The rods observed by SEM and STEM had uniform diameters but various lengths. The diameter was measured to be 71 ± nm on the SEM images and 51 ± 7 nm on the STEM images. These differences can be accounted for by the layer of silver sputtered on the sample for the SEM imaging. Furthermore, the diameter of the rods was almost two times smaller than the diameter of the small toroidal aggregates. This may suggest that the formation of those rods is due to the elongation and stretching of the toroidal aggregates. On the SEM (top left) and STEM (top right) picture in Figure4.7 (top-left), rod-like aggregates connected to its ends (to form a loop-like shape) can be observed. As mentioned above, spherical cylinders and fanshaped cylinders can be observed with an average length of 485 ± 68 nm and width of 300 ± 50 nm. Some organized patterns can be observed within the different cylinders, although further work is needed to clarify their nature. The various morphologies and dimensions were reported in Table4.The size of the aggregates was measured on the SEM and STEM images and the average value of 30 aggregates was calculated. It is worth noting that the outside diameter of the larger toroidal aggregates is approximately three times higher than the outside diameter of the smaller toroidal aggregates. Upon dilution, the concentration of complex 7 is divided by 10. As a consequence, the outside diameters and the number of toroidal aggregate layers decreases with the concentration. Dilution of THF/H 2 O mixtures containing fibres and toroidal aggregates (e.g 70% H 2 O content and above) did not affect the morphology of the aggregates. The presence of small toroidal aggregates along with rigid fibers verify the fact that the fibers retain their morphology while the amorphous aggregates self-assembled into smaller aggregates. The dilution of the platinum (II) complex in THF/water mixture enabled the formation of new morphologies with enhanced photophysical properties, and the testing of the stability of the pre-formed aggregations before dilution.

Figure 4 . 6 .

 46 Figure 4.6. SEM and STEM images of the platinum(II) complex aggregates after dilution in water.

Figure 4 . 7 .

 47 Figure 4.7. SEM and STEM images of the platinum (II) complex cylinders, rods and fan-shaped morphologies observed diluted 60% water content solution.

Figure 4 . 8 .

 48 Figure 4.8. a) Emission and b) excitation spectra of the platinum(II) complex in THF/water mixture. λ exc = 300 nm, λ exc = 570 or 590 nm.

Figure 4 . 9 .

 49 Figure 4.9. SEM images of the platinum(II) complex in THF/ water mixture after drop casting on glass slide and evaporation of the solvents.

Figure 4 . 10 .

 410 Figure 4.10. Absorption (a) and emission (b) and excitation (c) spectra of the platinum(II) complex in different THF/water mixture. λ em = 300 nm, λ exc = 570-590 nm.
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 411412 Figure 4.11. SEM images of the platinum (II) complex in THF/ water mixtures after drop casting onto glass slides and the evaporation of the solvents

Figure 4 . 13 .

 413 Figure 4.13. Schematic representation of the self-assembly of platinum (II) complex in THF/water mixture and the observed morphologies of the aggregates.

Figure 4 .

 4 14 and the excited state lifetimes reported in Table 4.7. The SEM images are depicted in Figure 4.15.

Figure 4 .

 4 Figure 4.14. a) Emission and b) excitation spectra of the platinum(II) complex diluted 10 times in water. λ exc = 300 nm, λ exc = 570 or 590 nm.

Figure 4 . 15 . 4 . 2 . 5 .

 415425 Figure 4.15. SEM and STEM images of the platinum (II) complex aggregates after dilution in water.

Figure 4 . 16 .

 416 Figure 4.16. Morphology and photophysical properties of the two kind of platinum(II) fibers formed at 80% water content in THF/ water mixture.
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  presence of intense1 MMLCT bands can be interpreted as the formation of fiber aggregates.

Figure 4 .

 4 Figure 4.20. a) Excitation and b) emission spectra of the two solutions prepared from addition of water in the platinum(II) complex THF solution (yellow curves) and the opposite (red curves). λ exc = 300 nm, λ exc = 570 or 590 nm.

  fibers were formed (see Figure4.21). It can be argued that at 95% water content the platinium (II) complex will form toroidal particles.

Figure 21 .

 21 Figure 21. SEM images of the fibers prepared by addition of water to the platinum (II) complex THF solution.

  THF solution was added to water, very different morphologies were observed by SEM, as shown in Figures 4.22 and 4.23. One type of aggregates consisted of sheet-like stuctures, which were thin and transparent (Figure 4.22). The intersection of two sheets appeared to give rise « plateaux », which were observable by SEM and STEM. This behaviour can be compared to tectonic plates, where the intersection line between two plates gives rise to mountains. The platinum (II) complex sheets were observed by confocal fluorescence microscopy. The sheets-like aggregates were very thin and thus difficult to observe by microscopy. The emisison was yellow and originating from islands within the sheet-like aggregates.

Figure 4 .Figure 4 . 22 .

 4422 Figure 4.23 were not homogeneous in size. The STEM images also showed that those types of aggregates were quite flexible as several folded rings could be observed along with varying shaped rings. The diameter of the cross-section (59 ± 15 nm) was also comparable to one type of the rod-like aggregates and the photophysical properties were similar. It can be hypothesized that those platinum rings were a particular organization of closed rod-like

Figure 4 . 23 .

 423 Figure 4.23. SEM and STEM (BF and HAADF mode) images of the platinum (II) complex rings observed when the platinum (II) complex THF was added to the water. Transmission and confocal fluorescence images of platinum (II) complex sheets. The emission are false colors.

  solvent's ability to dissolve common ionic compounds, such as salts. The strong polarity of water is indicated by a high dielectric constant 𝜀 of 88. Solvents with a dielectric constant of less than 15 are generally considered to be nonpolar. The polarity, dipole moment, polarizability and hydrogen bonding of a solvent determines what type of compounds can be dissolved and with what other solvents it is miscible with. Generally, polar solvents dissolve polar compounds and non-polar solvents dissolve non-polar compounds. The Hansen solubility parameters contain information about the inter-molecular interactions with other solvents and also with polymers, pigments, and nanoparticles etc. The solubility parameters ∂

Figure 4 .

 4 Figure 4.24. a) absorption b) emission and c) excitation spectra of the platinum(II) complex in different dioxane/water mixture. λ exc = 300 nm, λ exc = 570 or 590 nm.

Figure 4 . 25 . 4 . 26 .

 425426 Figure 4.25. SEM images of the platinum (II) aggregates formed after evaporation of dropcasted solution at different dioxane/water ratios.

Figure 4 .

 4 Figure 4.26. a) Absorption b) emission and c) excitation spectra of the platinum (II) complex in different dioxane/water mixtures. λ exc = 300 nm, λ em = 570 or 590 nm.

Figure 4 . 27 .

 427 Figure 4.27. SEM images of the platinum (II) aggregates formed after evaporation of dropcasted solution at different dioxane/water ratio.

Figure 4 . 28 .

 428 Figure 4.28. Wavelength of maximum emission intensity as a function of the water content in various solvents. The morphologies observed at different emission wavelengths are also reported.

  Platinum fibers were the simplest morphological structures to characterize by EDS due to their size and the density. Carbon (0.277 keV), nitrogen (0.392 keV), oxygen (0.525 keV), fluorine (0.677) and platinum (2.048 keV) peaks were observed on the EDS. Also, sodium (1.041 keV)), aluminum (1.486 keV), silicon (1.739 keV), and potassium (3.312 keV) were consistently present. The substrates were sputtered with silver (2.984 keV) instead of gold (2.12 keV) to prevent the overlapping between the platinum and gold signals.
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 429430 Figure 4.29. SEM and corresponding EDS spectra of the aggregates. The red cross marks the point where the EDS measurement was performed.
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 431432433434 Figure 4.31. SEM and corresponding EDS spectra of the aggregates. The red cross marks the point where the EDS measurement was performed.

Figure 4 . 35 .

 435 Figure 4.35. STEM (BF) and corresponding EDS spectra of the aggregates. The red, orange and green crosses mark the points where the EDS measurement was performed.

  Supramolecular fibers are one dimensional (1D) aggregates, in which units are connected through noncovalent interactions. These aggregates play an integral role in material chemistry, medicine and molecular electronics1 . The vested interest to study one dimensional materials is due to their unusual properties compared to the bulk material in the field of electrical conductivity 2 , low-dimensional magnetism3 and non linear optics4 . 1D aggregates of square-planar platinum (II) complexes showed intriguing spectroscopic and luminescence properties.For several years, numerous reports were published on the synthesis and properties of materials composed of interacting metal ions along the backbone of a chain5 . One of the oldest one-dimensional structures based on platinum which was correctly synthesized and analysed almost 200 years ago, was the Magnus' green salt [Pt(NH 3 ) 4 ][PtCl 4 ] 6 . It was discovered that the structure of of the Magnus's green salt involved a backbone of linearly arranged platinum atoms separated by 3.23-3.25 Å 7 . The relatively short Pt-Pt distances arethe origin of the semiconducting properties of the Magnus' green salt8 . The main disadvantage of such structures was their insolubility in water or common organic solvents which was restrictive for further applications9 . In order to increase the solubility of these salts, [Pt(NH 2 R) 4 ][PtCl 4 ] complexes (R is long alkyl chain) were prepared. These complexes were pink due to the increase of the Pt-Pt spacing and generally resulted in a loss of conductivity of the wire10 , with a few exceptions11 .One of the most studied classes of materials is the family of partially oxidized tetracyanoplatinate slats, commonly referred to as Krogmann salts12 . The square-planar [Pt(CN) 4 ] n-anions in these materials form infinite stacks in the solid state based on the overlap of the d z 2 orbitals normal to the plane of the molecule. These materials represent the first synthetically designed « wires » based on inorganic and were extensively studied for their conductivity properties. A new class of platinum chains based on alternating cations and anions of the types [Pt(CNR) 4 ] 2+ (R = iPr, c-C 12 H 23 , p-(C 2 H 5 )C 6 H 4 ) and [Pt(CN) 4 ] 2-has been

Scheme 5 . 1 .

 51 Scheme 5.1. Chemical structure of the two platinum (II) complexes

3

  LC/MLCT nature of the transition. When complex 25/dioxane solution was flash-injected into distilled water, blue-emissive fibers were formed as shown in Figure 5.1. When complex 7/dioxane solution was flash-injected in water, green-yellow emissive fibers were formed as shown in Figure 5.2.

Figure 5 . 1 .

 51 Figure 5.1. a) SEM and b) fluorescence confocal images of the fibers formed from complex 25 in water. The solution was drop-casted on a glass slide and dried under standard conditions. λ exc = 405 nm in lambda mode.

Figure 5 . 2 .

 52 Figure 5.2. a) SEM and b) fluorescence confocal images of the fibers formed from complex 7 in water. The solution was drop-casted on a glass slide and dried under standard conditions. λ exc = 405 nm in lambda mode.

complex 25

 25 

Figure 5 . 2 .

 52 Figure 5.2. Photographs of the complex 25/complex 7 dioxane/water solutions at 70% water content under standard light (to) and UV lamp (top, 365 nm). The values represent the complex 25: complex 7 feed ratio for each solution.

Figure 5 . 3 ,

 53 A, blue curve). As the concentration of complex 7 in solution was increased, the 3 LC/MLCT bands at 465 and 495 nm decreased in intensity while the peak at 570 nm increased in intensity (Figure 5.3, B) When complex 25 and 7 were equimolarly present in dioxane/water mixture, a broad single band centered at approximately 595 nm was observed (Figure 5.3, B, red curve).

Figure 5 . 3 .Figure 5 . 4 .

 5354 Figure 5.3. Normalized emission spectra of the complex 25/complex 7 mixture in a 70% water content dioxane/water mixture. The arrows represent the trends of the emission spectra upon variation of the ratio between the two platinum (II) complexes. λ exc = 300 nm.

Figure 5 . 7 .

 57 Figure 5.7. The evaporation of the solvent mixture during the drying of the drop-casted solution on the glass slide is suspected to have caused the formation of a new type of aggregates.

Figure 5 . 6 .

 56 Figure 5.6. Confocal imaging of the complex 25: complex 7 dioxane/water solution (70% water content) dried on a glass slide. λ exc = 405 nm in lambda mode (real emission).

Figure 5 . 7 .

 57 Figure 5.7. a) Photograph of the complex 25: complex 7 (1:0.2) dioxane/water solution and c) confocal imaging on the solution dried on a glass slide and b) their corresponding normalized emission intensity. λ exc = 300 nm for the solution and λ exc = 405 nm for the confocal imaging (real color).

Figure 5 . 8 .

 58 Figure 5.8. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.2) dioxane/water mixture (70% water content). λ exc = 405 nm (real colors). Scale bar: 200 µm. The values indicate the number of minutes from the beginning of the recording.

Figure 5 . 9 .

 59 Figure 5.9. A) Photograph of the solution containing complex 25 and complex 7 (1 :0.2 feed ratio) before and after dialysis against water and b) corresponding normalized emission spectra. λ exc = 300 nm. C) SEM and d) confocal images of the platinum aggregates after dialysis. λ exc = 405 nm in lambda mode (real colors).
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 510511 Figure 5.10. Photographs of the complex 25/complex 7 dioxane/water solutions at 80% water content under normal light (to) and UV lamp (top, 365 nm). The values represent the complex 25: complex 7 molar feed ratios for each solution.

Figure 5 .Figure 5 . 13 .

 5513 Figure 5.11. a), b) Normalized emission spectra and c) excitation spectra of the complex 25/complex 7 mixture in a 80% water content dioxane/water mixture. The arrows represent the trend of the emission spectra upon variation of the ratio between the two platinum (II) complexes. λ exc = 300, λ em = 570-600 nm (maximum of intensity of the corresponding emission spectra).
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 514 Figure 5.14. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.2) dioxane/water mixture (70% water content). λ exc = 405 nm (real colors). Scale bar: 100 µm.

Figure 5 . 17 .

 517 Figure 5.17. SEM images of complex 25: complex 7 dioxane/water mixture. The solutions were drop-casted on a glass slide and evaporated under standard conditions.

Figure 5 . 18 .

 518 Figure 5.18. Confocal imaging of the complex 25 : complex 7 dioxane/water solution (60% water content) dried on a glass slide. λ exc = 405 nm in lambda mode (real emission).

  Complex 7 alone formed green emissive fibers. Real time confocal imaging of the droplet of the 60% water content solution and feed ratios of 1 :0.15 and 1 :0.2 were performed and are displayed in Figures 5.19 and 5.20 respectively. A few long blue emissive fibers were observed at t = 0 min. Upon evaporation of the droplet and modification of the water content, the luminescence of the fibers was shifted from blue to orange within 5 minutes. The confocal images at 39 min displayed rigid orange emissive fibers and the same fibers at 50 min and 64 mn were still orange emisisve but were bent shaped. Interestingly, when the luminescent transition was complete, the fibers rigidity was broken. It is noteworthy that at t = 64 min the droplet was almost evaporated resulting in a high concentration of amorphous visilble on the background. At t = 70 min, the droplet was dried and the same yellow-green emissive fibers surrounded by orange emissive amorphous material was observed. The difference in emission was explained by the difference of the surrounding environment (solution vs solid). The orange emission of the fibers is deduced to be due to the orange emission of the amorphous material in the background. Another possible explanation is that the emission observed under the confocal microscope was affected by the microscope settings. The droplet is spherical and it was almost impossible to maintain the fibers in the same focal plane during the course of the recording. In order to follow the propagation of the luminescence switch in the fibers, detailed real time imaging was displayed in Figure5.20. At t = 0 mim, three rigid blue emissive fibers were present. At t = 30 min, the beginning of the luminescence change was observed at the extremities of the fibers. The switch was complete within 5 minutes from the extremities to the center of the fibers. A small curvature at the tip of the fibers were observed just before the complete evaporation of the fibers at t = 67 minutes. At 60% water content, a positive solvatochromism from blue to yellow green emissive fibers was observed upon evaporation of the dioxane/water droplet. Remarkably, this solvatochromism triggered a change in the morphology of the fibers. After the luminescence transition was complete, the fibers became more flexible. To further understand the change in rigidity, X-ray diffraction measurements were performed on the fibers formed from the two platinum (II) complexes separately and from the co-assembled fibers.

Figure 5 . 19 .

 519 Figure 5.19. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.15 feed ratio) dioxane/water mixture (60% water content). λ exc = 405 nm (real colors). Scale bar: 200 µm.

Figure 5 . 20 .

 520 Figure 5.20. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.2 feed ratio) dioxane/water mixture (60% water content). λ exc = 405 nm (real colors). Scale bar: 50 µm.

a = 23 .Figure 5 . 13 )

 23513 09 Å, b = 2.55 Å, c = 12.81 Å, beta=88.55°. Those values were similar to the ones observed for the blue emissive ribbons formed by complex 25. The confocal image (shows blue emissive ribbons coated with an orange emissive layer and accounts for the similar XRD pattern for complex 25 and 1 :0.2 feed ratio aggregates at 80% water. The XRD pattern confirmed the formation of new platinum-platinum interactions for the fibers formed from the co-assembly of the two complexes when dried and orange emissive. The XRD patterns of the initial blue emissive fibers were not measurable because they were only present in solution.

Figure 5 . 21 .

 521 Figure 5.21. Measured XRD graphs of complex 25 aggregates formed from a 60%, 70% and 80% water content dioxane/water mixture and corresponding zoom on the 2.5-5.0 Å region of the XRD patterns where typical platinum-platinum distances are expected.

Figure 5 . 22 .

 522 Figure 5.22. Measured XRD graphs of complex 7 fibers formed from a 60%, 70% and 80% water content dioxane/water mixture and corresponding zoom on the 2.5-5.0 Å region of the XRD patterns where typical platinum-platinum distances are expected.

Figure 5 . 24 .

 524 Figure 5.24. SAED patterns and corresponding shadow images of the fibers formed by complex 25 (A), complex 7 (B) and the platinum (II) complexes mixture (1:0.2 feed ratio) (C) in a dioxane/water (70% water content). The numerical values in (B) and (C) indicates the d spacing.

Figure 5 .

 5 Figure 5.25. a) Normalized emission spectra and photograph of the solution under UV lamp. λ exc = 300 nm.

Finally, real time

  confocal imaging of the fibers obtained after 4 days at 70% water content are shown in Figure 5.27.

Figure 5 . 28 .

 528 Figure 5.28. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.2 feed ratio) dioxane/water mixture (70% water content-for 4 days). λ exc = 405 nm (real colors). Scale bar: 100 µm.

5 . 29 .

 529 60% after a month, for example. Real time confocal imaging of the longer fibers is displayed in Figure Micrometer sized fibers were observed under the microscope and displayed a luminescence transition upon evaporation of the droplet.

Figure 5 . 29 .

 529 Figure 5.29. Real-time confocal imaging of the drop-casted solution of complex 25: complex 7 (1 :0.15 feed ratio) dioxane/water mixture (60% water content) after a month. λ exc = 405 nm (real colors). Scale bar: 100 µm.
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 363 Scheme 6.3. Schematic representation of the integrating sphere. BT-CDD refers to the Back Thinned-Charge Coupled Device.

  Scheme 6.10. Schematic representation of the X-ray diffraction setup.
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  mélange DMF/H 2 O. L'eau peut aussi être ajouté en une fois et l'ordre d'addition dans le solvant organique inversé. En variant les différents paramètres, au moins 6 différentes structures ont été clairement observés par microscopie électronique comme montré en figure7D; fibres, tiges, tores, feuillets, cercles et cylindres. La plupart de ces morphologies ont déjà été rapportés pour différents complexes de platine(II). Cependant, c'est la première fois qu'une telle diversité de morphologies est reportée pour un unique complexe. Les fibres sont facilement obtenues quand la teneur en eau est située entre 60% et 80% dans un mélange H 2 O/THF. Tores de différentes tailles sont obtenus quand la teneur en eau est au-dessus de 90. Tiges et cylindres sont obtenues quand l'eau est rapidement ajoutée et que la teneur en eau est au-dessus de 90%. Ces deux morphologies coexistent en solution et sont difficilement
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MMLCT band centré approximativement autour de 580 nm dans les spectres d'émission. La teneur critique en eau dans un mélange H 2 O/THF est d'environ 65%, 40% pour un mélange dioxane/H 2 O et xxvi 30% pour un séparable. Des agrégats en forme d'éventail peuvent également être observé à côté de cylindres et tiges. Des feuillets et des cercles sont obtenus quand le complexe de platine(II) dans le THF est ajouté lentement à l'eau et la teneur en eau supérieur à 90%. Ces deux morphologies coexistent également en solution. Chaque agrégat possède des propriétés photophysiques spécifiques ce qui les rend uniques. Cette étude est essentielle pour comprendre le comportement de complexe de platine(II) dans un mélange de solvant et permet le contrôle des morphologies et leurs propriétés.

  radiative pathway, as the equilibrium geometry of the excited state strongly differs from the ground state due to the placement of electron density in the anti-bonding orbitals.

	LC: Ligand Centered mainly involving occupied bonding orbital (𝜋 l ) and unoccupied anti-
	bonding orbital (𝜋 l * ) located on the ligands. These states are also known as intra-ligand states,
	and can have also charge transfer character such as inter-ligand or ligand-to-ligand charge
	transfer (ILCT or LLCT).
	MLCT: Metal to Ligand Charge Transfer state, mainly involving occupied metal centered
	bonding orbitals (𝜋 n ) and unoccupied ligand centered anti-bonding orbitals (𝜋 l * ).

electronic configuration with the one of the ground state: MC: Metal Centered states, mainly involving d-orbitals, occupied non-bonding orbital 𝜋 n (t 2g ) and anti-bonding unoccupied 𝜎 n * (e g ) orbitals. Deactivation to the ground state occurs through a non-LMCT: Ligand to Metal Charge Transfer, mainly involving occupied ligand centered bonding orbitals (𝜋 l ) and unoccupied metal centered anti-bonding orbitals (𝜎 n * ).

.11.

  Examples of the different types of interactions in chemistry.

	chemistry has been defined as "Chemistry beyond the molecules", based on covalent and non-
	covalent interactions leading to the association between two or several chemical species, and
	of intermolecular bonds. It involves the selective recognition of molecules through non-
	covalent interactions such as hydrogen bonding, Van der Waals interactions, hydrophobic
	interactions, metallophilic interactions, p-p stacking, electrostatic interactions, halogen
	bonding and coordination bonding. While a covalent bond normally has a homolytic bond
	dissociation energy that ranges between 100 and 400 kJ.mol _1 , non-covalent interactions are
	generally weak. These interactions can vary from less than 5 kJ.mol -1 for Van der Waals forces
	through hydrogen bonding (50 kJ.mol -1 ) or coulombic interaction (250 kJ.mol -1 ) aggregates
	(see Figure 1.11)
	Supramolecular chemistry is a term introduced by the 1987 Chemistry Nobel Prize winners
	Profs. Jean-Marie Lehn, Charles John Pedersen and Donald James Cram. This branch of
	chemistry concerns the development of organized assemblies formed by the association of
	single molecules through the interplay of non-covalent interactions 82 . Supramolecular

. Introduction to copolymer and their self-assembly 1.6.1. Genarality

  

	ligands in terms of both bulkiness and electronic properties allows the formation of
	architectures with different morphologies and tunable and enhanced photophysical
	properties compared to the monomeric platinum(II) complex.
	1.6A polymer (from greek poly-, "many" + -mer "parts") consists of repeated subunits
	(monomers) chemically bonded into long chains. A polymer is a large molecule, or a
	macromolecule with a high relative molecular mass and various properties. Polymers that
	contain only a single type of repeat unit are known as homopolymers, while polymers
	containing a mixture of repeat units are known as copolymers. The microstructure of a
	polymer relates to the physical arrangement of the monomer unit along the backbone of the
	chain. The polydispersity is a measure of the heterogeneity of sizes of of polymer. The
	dispersive index as a measure of the distribution of molecular mass of a polymer is defined
	as :
	observed, where the longer ethylene glycol chains form regular left-handed helical structures in aqueous ethanolic solution at H 2 O content < vol 5%. As the H 2 O ratio was increased, the 𝑃𝐷𝐼 = n x n[ (eq. 1.15)
	chirality changed from left-to right-handed helix as shown by circular dichroic (CD)
	spectroscopy, with concomitant alteration of the packing mode from monolayer to hexagonal Where,
	motifs. At water content greater than 50 vol% the structure finally transforms into bilayer 𝑀 y is the weight average molecular weight ( sensitive to molecules of high molecular mass)
	vesicles with the loss of CD signal. The observed morphological changes were ascribed as due 𝑀 [ is the number average molecular weight (sensitive to molecules of low molecular mass)
	to a delicate balance between hydrophobic and hydrophilic interactions. Another example of
	supramolecular self-assembly of chiral structures has been reported by Yam and coworkers 102 The glass-transition temperature 𝑇 z of a polymer characterize the range of temperatures over
	who have shown how achiral alkynylplatinum(II) complexes can interact with carboxylic 𝛽-1,3-which the glass transition occurs. Below 𝑇 z , the polymer is hard, brittle, rigid and glassy. Above
	glucan motifs leading to chiral helicoidal structures. Interestingly, the distribution of this two-𝑇 z , the polymer is rubbery and leathery.
	component helical assembly is affected by different parameters such as temperature, aging, A polymer architecture is a critically important chain parameter that affects many of its
	components ratios and mode of preparation and was tentatively rationalized in terms of physical properties including viscosity, solubility, glass transition temperature, size and
	kinetic vs. thermodynamic control. morphology in solution. A great variety of complex but well-defined chain architectures, such
	In summary, square planar Pt(II) complexes that yield highly luminescent supramolecular self-as dendritic 103 , hyperbranched 104 , block 105 , star 106 or comb 107 and many others have been
	assembled structures have been introduced. The design of both chelating ligand and ancillary synthesized (see Figure 1

.19).

  

  .

	Single crystal silicon wafers of high purity are currently relatively cheap due to their use in a
	lot of different fields. The most common surface orientations are Si (111) and Si(100) 139 . Silicon
	crystals have a diamond structure, i.e the atoms are sp 3 hybridized and bonded to the four
	nearest neighbors in a tetrahedral coordination. The covalent bonds are 2.35Å long and each
	has a bond strength of 226 KJ.mol -1 140 . Silicon wafers are grown from crystal and have a
	regular crystal structure. When cut into wafers, the surface can be aligned in one of several
	relative directions known as crystal orientations. The (100) planes have a square unit cell, and

Table 2 .

 2 the Pt bands was higher in energy compared to the elemental platinum (71.2 eV) because of its oxidative state of +2 due to the platinum atom in the complex. The platinum atom in the platinum (II) complex is surrounded by four nitrogen atoms which stabilizes the binding energy of the electron of the platinum ion. The chemical composition of the Si-4VP-Pt substrate is reported in Table2.3. The atomic percentage of platinum on the substrate was measured to be 1.61%. It is possible to determine the density of platinum (II) complexes on the surface by comparing the signals of the Si 2s, Pt 4d 5/2 , and the Pt 4d 3/2 peaks reported in 446 . The chemical compositions of the silicon substrates are reported in Tables 2.1, 2.2 and 2.3. The XPS spectra were calibrated using the C 1s binding energy (284.80 eV) as standard.

7/2 , Pt4f 5/2 , Pt4d 5/2 , Pt4p 3/2 , and Pt4p at 73.13 eV, 76.24 eV, 315.45 eV, 332.41 eV and 520.63 eV were observed, along with an intense F1s band at 682.22 eV. The binding energy of

Table 2 .

 2 

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	100.09	2.27	776906.19	64.13
	C 1s	285.41	1.81	281115.83	23.34
	O 1s	533.06	2.87	315404.83	10.84
	F 1s	687.83	3.19	61714.06	1.69

1. Chemical composition of the Si-H substrate.

Table 2 .

 2 

	Name	Peak BE FWHM eV Area (P) CPS.eV	Atomic %
	C 1s	286.29	2.69	671781.07	43.82
	Si 2p	100.18	2.38	559370.87	36.26
	O 1s	533.36	2.76	537281.95	14.50
	N 1s	400.38	1.66	128996.21	5.42

2. Chemical composition of the Si-4VP modified substrate.

Table 2

 2 

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	C 1s	285.99	3.16	859805.21	50.49
	Si 2p	100.05	2.43	345366.23	20.16
	O 1s	532.95	2.95	422894.63	10.27
	N 1s	400.68	2.06	263540.61	9.97
	F 1s	688.41	2.87	334815.93	6.50
	Pt 4f	74.32	2.82	519164.63	1.61
	Cl 2p	199.34	3.61	48942.19	0.99

3. Chemical composition of the Si-4VP-Pt modified substrate.

Table 2 .

 2 

	Si 2s	Pt 4d 5/2	Pt 4d 3/2	Si 2s/ Pt 4d 5/2	Si 2s/ Pt 4d 3/2
	Si-4VP-Pt 352097 266282	178428	0.76	0.51

4. Area ratios of the Pt 4d and Si 2s XPS signals in the survey spectra

Table 2 . 5 .

 25 Water contact angle of the different substrates.

	(A)	(B)		(C)	
	Native Si	Si-OH	Si-H	Si-4VP	Si-4VP-Pt
	40.3 ± 0.25 °	27.3 ± 1.60 °	82.9 ± 0.77°	58.6 ± 0.36°	62.4 ± 0.55°
	41.8 ± 1.60°	25.5 ± 1.65°	83.0 ± 0.73°	56.3 ± 0.32°	60.6 ± 0.52°

Table 2 . 5 .

 25 Chemical composition on the Si-H substrate

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	100.09	2.27	776906.19	64.13
	C 1s	285.41	1.81	281115.83	23.34
	O 1s	533.06	2.87	315404.83	10.84
	F 1s	687.83	3.19	61714.06	1.69

Table 2 . 6 .

 26 Chemical composition of the Si-Cl substrate

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	100.85	1.48	173540.57	63.06
	C 1s	286.28	3.25	49490.53	18.09
	O 1s	533.19	2.77	91659.84	13.86
	Cl 2p	201.40	3.36	22489.71	2.84
	N 1s	402.13	3.50	9108.39	2.15

Table 2 . 7

 27 

	Name	Peak BE	FWHM eV Area (P) CPS.eV	Atomic %
	Si 2p	100.20	2.32	498951.90	47.88
	C 1s	286.01	2.93	345807.74	33.38
	O 1s	533.35	2.93	380409.88	15.20
	Cl 2p	201.34	3.88	67144.09	2.24
	N 1s	399.97	4.60	20940.80	1.30

. Chemical composition of the Si-III substrate.

Table 2 . 8 .

 28 Chemical composition of the Si-Ligand substrate

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	C 1s	285.43	2.96	623693.50	39.74
	Si 2p	100.05	2.42	538534.93	34.12
	O 1s	532.38	2.83	757725.77	19.97
	N 1s	400.04	2.89	93780.09	3.85
	Cu 2p 3/2	934.10	4.16	341031.47	2.13
	I 3d	619.95	2.99	97946.49	0.19

Table 2 . 9 .

 29 Chemical composition of the Si-L-Pt substrate

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	100.13	2.50	598898.41	36.37
	C 1s	285.86	3.18	523752.19	32.00
	O 1s	533.02	2.88	1036457.41	26.20
	N 1s	400.96	3.27	71109.92	2.80
	F 1s	689.18	3.18	119950.73	2.43
	Pt 4f	75.18	3.63	64595.67	0.21

Table 2 .

 2 10. Area ratios of the Pt 4d and Si 2s XPS signals in the survey spectra.

		Si 2s	Pt 4d 5/2 Pt 4d 3/2 Si Pt 4d 5/2 / Si 2s Si Pt 4d 3/2 / Si 2s
	Si-L-Pt	556951	27434	16145	0.049	0.029
	Platinum only represented 0.35% atomic of the overall substrate. The (Si 2s/ Pt 4d 5/2) and (Si
	2s/ Pt 4d 3/2 ) ratio reported in				

Table 2

 2 

.10 were extremely low compared to the method studied previously via UV induced polycondensation and the literature

Table 2 .14.Table 2 .

 22 .8. Upon increasing the concentration of complex 6 in solution, the intensity of the Pt 4f peak at 74.0 eV and 77.4 eV was clearly increased in the survey spectra and better resolved in the high resolution XPS spectra of Pt 4f signal (Figure2.8c). Moreover, there was no peak at 404 eV (previously attributed to the central nitrogen of the azide functional group) on the highresolution XPS spectra of the N 1s signal on the substrates (Figure2.8b). Consequently, most of the azide groups reacted with the surface and transformed into triazole groups. Additional peaks at 932 eV and 952 eV were attributed to the Cu 2p 3 signal, which confirmed the presence of remaining Cu (I) iodide on the surface despite being washed several times. The traces of copper were removed by immersion of the substrates in a 0.05% EDTA aqueous solution57 and checked by XPS. Chemical compositions on the surfaces of the modified silicon surfaces are reported in Tables 2.11-2.13 and the area of Pt 4d and Si 2s XPS signals in

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	99.94	2.42	703678.23	45.83
	C 1s	285.25	2.93	441497.70	28.92
	O 1s	532.26	2.81	749101.50	20.30
	Cu 2p 3/2	933.91	3.44	353099.27	2.27
	N1s	400.29	3.55	40682.22	1.72
	F 1s	688.77	2.79	31004.77	0.67
	Pt 4f	76.82	4.92	38345.11	0.30

11. Chemical composition on the Si-Pt substrate immersed in 0.1 mM solution.

Table 2 .12. Chemical

 2 

	Name	Peak BE	FWHM eV Area (P) CPS.eV Atomic %
	Si 2p	99.91	2.44	598477.76	38.15
	C 1s	285.37	3.09	501162.35	32.13
	O 1s	532.21	2.89	712790.64	18.90
	N 1s	400.27	2.98	100939.45	4.17
	F 1s	688.37	2.84	150664.28	3.20
	Cu 2p 3/2	934.18	4.00	445254.23	2.80
	Pt 4f	74.51	2.36	106019.95	0.64

composition on the Si-Pt substrate immersed in 1 mM solution.

Table 2 .

 2 13. Chemical composition on the Si-Pt substrate immersed in 10 mM solution.

	Name	Peak BE	FWHM eV	Area (P) CPS.eV	Atomic %
	C 1s	286.07	3.47	669173.33	39.68
	Si 2p	99.93	2.44	396665.15	23.37
	O 1s	532.38	2.91	509858.94	12.50
	N 1s	400.37	2.94	312285.67	11.93
	F 1s	688.40	2.82	519190.76	10.18
	Cu 2p 3/2	934.10	3.80	235868.82	1.37
	Pt 4f	74.35	2.79	310239.41	0.97

Table 2 .

 2 14. Area ratios of the Pt 4d and Si 2s XPS signals in the survey spectra.

		Si 2s	Pt 4d 5/2	Pt 4d 3/2	Pt 4d 5/2 / Si 2s	Pt 4d 3/2 / Si 2s
	0.1 M	770793	7638	5519	0.010	0.007
	1.0 M	692701	36975	24951	0.053	0.036
	10 mM	421920	163102	110049	0.39	0.261

Table 2 .

 2 15. Photophysical properties of the three platinum(II) complexes

	Sample Medium	λmax,em (nm)	PLQY	t (ns)
	L1-Pt	DMF Solid	587 567	< 0.01 0.22	7 (55%), 95(15%), 400 (31%) 70 (49%), 260 (50%), 975 (1%)
	L3-Pt	DMF solid	587 565	0.02 0.21	130 (21%) 395 (79%) 135 (76%), 310 (24%)
	L7-Pt	DMF solid	591 576	0.03 0.30	130 (9%), 420 (91%) 35 (49%), 265 (9%), 120 (42%)

  Au 4d 5/2 ) and (Pt 4f 5/2 /Au 4d 3/2 ) were calculated to be around 0.01 confirming the low density of

high resolution XPS spectra were calibrated on the C-C component of the C 1s peak at 284.8 eV. The XPS survey scan and high resolution XPS spectra of C 1s, N 1sn O 1s, S 2p and Pt 4f signals for the three platinum (II) complexes L1-Pt, L3-Pt and L7-Pt are displayed in Figures 2.11, 2.12 and 2.13 respectively. The survey scans of the three complexes on gold indicated the presence of F 1s, O 1s, N 1s, C 1s, S 2p and Pt 4f, corresponding to all of the elements of the platinum (II) complexes (Figures 2.11

-2.13, a). The chemical compositions on the surfaces of the functionalised gold substrates are reported in Tables 2.16-2.18. The atomic percentage of the platinum was approximately 1% for the three platinum (II) complexes on gold. The density of the platinum (II) complexes on the gold substrate was estimated by comparing the Au 4d and Pt 4f peaks intensities as reported in

Table 2.19. The (Pt 4f 7/2 /

Table 2 .

 2 16. Chemical composition of L1-Pt on gold substrate

	Name	Peak BE	FWHM eV	Area (P) CPS.eV	Atomic %
	Au 4f	84.33	2.57	10142388.86	34.76
	C 1s	286.09	3.49	431673.97	34.60
	N 1s	400.44	3.60	218868.91	11.30
	F 1s	688.76	2.88	398149.51	10.55
	O 1s	532.95	3.03	134923.71	4.47
	S 2p	162.71	3.28	88031.88	3.48
	Pt 4f	73.88	2.94	197712.26	0.84

Table 2 . 17 .

 217 Chemical composition of L3-Pt on gold substrate

	Name	Peak BE	FWHM eV	Area (P) CPS.eV	Atomic %
	C 1s	286.06	3.29	522905.75	40.76
	Au 4f	84.35	1.65	8731455.93	29.11
	F 1s	688.82	2.81	477262.66	12.31
	N 1s	400.71	1.93	220386.08	11.07
	O 1s	533.05	3.05	96091.63	3.10
	S 2p	163.02	2.91	69228.20	2.66
	Pt 4f	73.95	2.93	241491.06	1.00

Table 2 .

 2 

	Name	Peak BE	FWHM eV	Area (P) CPS.eV	Atomic %
	C 1s	285.95	3.41	617386.95	42.97
	Au 4f	84.27	2.56	9047251.72	26.93
	F 1s	688.82	2.88	515891.49	11.88
	N 1s	400.74	3.21	260273.83	11.67
	S 2p	162.89	2.96	83638.50	2.87
	O 1s	532.91	2.87	96346.59	2.77
	Pt 4f	73.93	2.90	246507.61	0.91

18. Chemical composition of L7-Pt on gold substrate

Table 2 . 19 .

 219 Area ratios of the Pt 4f and Au 4d XPS signals in the survey spectra.The high-resolution spectra of the O 1s signal was deconvoluted into two peaks with similar areas under the curve, both from the ester functional group of the complexes and the adventitous oxygen (Figures 2.11-2.13, e). The high-resolution XPS spectra of the N 1s signal were also similar for the three platinum (II) complexes. Indeed, the nitrogen atoms are located on the triazole and pyridine moieties of the CF 3 triazole ligands of the complex. The broad band of the N 1s signal was deconvoluted into 4 smaller peaks of equal area under the curves

	Au 4d 5/2 Au 4d 3/2 Pt 4f 7/2 Pt 4f 5/2 Pt 4f 7/2 / Au 4d 5/2 Pt 4f 5/2 /Au 4d 3/2
	Au-L1-Pt 4619235 2880023 37117	26746	0,008	0,009
	Au-L3-Pt 3787537 2460811 39192	27443	0,010	0,011
	Au-L7-Pt 3716238 2500196 44701	29629	0,012	0,012

(Figures 2.11-2.13

Table 2 . 20 .

 220 Water contact angle of the modified gold substrates.

	Au	Au-L1-Pt	Au-L3-Pt	Au-L7-Pt
	52 ± 1°	62 ± 2°	62 ± 2°	62 ± 2°

  1 Hz, 2H), 6.78 (dd, J= 17.5, 10.8 Hz, 1H), 6.23 (d, J= 17.5 Hz, 1H), 5.80 (d, J= 10.9 Hz, 1H); 19 F NMR (CDCl 3 , 376 MHz, ppm) δ: -64.26 (s, 6H); HR-MS (ESI) m/z: C 18 H 11 F 6 N 8 Pt [M+H] + , calcd. 648.065, found 648.062. , 26.2 mmol) dissolved in tetrahydrofuran(30 mL), was added dropwise to the mixture at 0 ºC and stirred while maintaining this temperature for 3 hr. The reaction was diluted with ice-cold water (150 mL) and extracted into dichloromethane (3 x 100 mL). The combined organic layers were rinsed with water (2 x 300 mL), dried over MgSO 4 , filtered, and concentrated to yield a clear oil product (6.9 g, 19.7 mmol, 75%). Sodium azide (4.3 g, 65.5 ) to give an oil weighing 1.8 g (75% yield).1 H NMR (400 MHz, CDCl 3 , ppm) δ: 4.17 (s, 2H), 3.77 (m, 2H), 3.72 -3.68 (m, 8H), 3.40 (m, J = 5.0 Hz, 2H);13 C NMR (100 MHz, CDCl 3 , ppm) δ: 172.07, 71.78, 70.91, 70.61, 70.33, 70.26, 69.03, 50.83 HR-MS (ESI): calculated for C 8 H 15 N 3 NaO 5 , calc. 256.0904; found 256.0885. (950 mg, 3.74 mmol, 1 eq), 4-aminopyridine (382 mg, 4.11 mmol, 1.1 eq) and DCC (847 mg, 4.11 mmol, 1.1 eq) were dissolved in THF (40 mL) and stirred at room temperature overnight. A white precipitate was formed during the course of the reaction. The solution was then filtered off and concentrated under vaccum. The crude was purified by column chromatography using ethylacetate as an eluent. 1 H NMR (400 MHz, CDCl 3 ,

	2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (4) 42 . A 250-mL round bottom flask equipped with an oval-shaped magnetic stir bar was charged with tetraethylene glycol (50.9 g, 262 mmol, 10 eq) in tetrahydrofuran (10 mL). An aqueous solution (10 mL) containing sodium hydroxide (1.68 g, 42 mmol, 1.6 eq) was added to the flask, and p-toluenesulfonyl chloride N 3 O O O OH dichloromethane/methanol (9:12-(2-(2-(2-azidoethoxy) ethoxy) ethoxy)-N-(pyridin-4-yl) acetamide (6). In a 250 mL round
	N Pt N (5 g2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)acetic acid (5). A solution of azido alcohol 1 (3.822 g, N N N N N N CF 3 F 3 C 17.4 mmol) in acetone (100 mL) was cooled to 0.C. Freshly prepared Jones reagent (44 mL) was then added. The reaction mixture was then left to warm to room temperature and stirred N 3 O O O OH O bottom flask, azido acid 2 Complex 7. In a 50 mL two-neck round-bottom flask, compound 3 (350 mg, 1.0 mmol, 1.05 eq)
	vigorously overnight. Propan-2-ol was added dropwise to the orange suspension until a green

mmol, 2.5 eq) was added to the tosylate intermediate, and the mixture was dissolved in absolute ethanol (200 mL). The reaction was stirred under reflux overnight, cooled to room temperature, and then diluted with water (150 mL). The mixture was concentrated by rotary evaporation to approximately 150 mL, and the product was extracted into ethyl acetate (3 x 150 mL), dried with MgSO 4 , filtered, and concentrated to yield a pale yellow liquid (3.822 g, 17.4 mmol, 66% yield over two steps).

1 

H NMR (400 MHz, CDCl 3 , ppm) δ: 3.70 (m, 2H), 3.65 (m, 10H), 3.62 (m, 2H), 3.40 (t, J = 5.0 Hz, 2H); 13 C NMR (100 MHz, CDCl 3 , ppm) δ: 72.61, 70.88, 70.85, 70.78, 70.55, 70.22, 61.95, 50.84; HR-MS (ESI): calculated for C 8 H 17 N 3 NaO 4 , 242.1111; found 242.1115. colour was observed, and then the reaction mixture was filtered over Celite to remove chromium (IV) oxide. The mixture was then concentrated in vacuum to obtain the crude product. The oil residue was purified by flash column chromatography, and eluted with ppm) δ: 8,95 (s, 1H), 8.51 (d, J = 6.2 Hz, 2H), 7.58 (d, J = 6.5 Hz, 2H), 4.13 (s, 2H), 3.76 (m, 6H), 3.71 (m, 2H), 3.66 (m,2H) 3.35 (m, J = 5.0 Hz, 2H); 13 C NMR (100 MHz, CDCl 3 , ppm) δ: 169.38, 150.89, 144.51, 113.95, 71.48, 70.86, 70.72, 70.58, 70.36, 70.23, 50.80 HR-MS (ESI): calculated for C 13 H 20 N 5 O 4 , calcd. 310.1510; found 310.1504.

  16, 170.26, 155.63, 154.15, 149.09, 147.41, 143.00, 118.34, 115.75, 71.57, 71.06, 70.44, 70.23, 50.80, 29.86, 14.24; HR-MS (ESI) m/z: C 24 H 23 F 6 N 12 O 4 Pt [M+H] + , calcd. 852.1513, found 852.1501. Elemental analysis: calcd. C 33.85%, N 19.74%, H

	2.60%, found C 33.74%, N 19.60%, H 2.63%
	6-bromohexan-1-ol

  temperature overnight. A white solid instanteanously formed and dissolved after stirring. The solution turned orange due to the atmosphere. The organic phase was rinsed with 8% NaHCO 3 solution (8 mg in 100 mL water) (3 x 100 mL) and water (2 x 50 mL). Then the CH 2 Cl 2 fraction was dried with Na 2 SO 4 , filtered off and evaporated until dry. The residue was purified by

	1.203 g, 6.22 mmol, yield 23.6%). 1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ : 8.46 (d, J = 6.0 Hz, 2H), 7.12 (d, J = 6.0 Hz, 2H), 4.07 (t, J = 6.4 Hz, 2H), 3.57 (m, 1H), 3.16 (m, 1H), 3.12 (m,1H), 2.69 (t, J =7.3 Hz, 2H), 2.46 (m, 1H), 2.30 (t, J = 7.4 Hz , 2H), 1.98 (m, 1H), 1.68 (m, 4H), 1.45 (m, 2H) C 12 H 19 NO [M+H] + , calcd. 194.15, found 194.16. Pyridin-4-ylmethyl 5-(1,2-dithiolan-3-yl)pentanoate (11). 4-pyridine carbinol (570 mg, 5.22 mmol, 1.9 eq) and EDC.HCl (615 mg, 3.2 mmol, 1.16 eq) were dissolved in 100 mL of dried HO N O O S S column chromatography with silica gel using a mixture of Ethyl acetate/ cyclohexane (2:1) as an eluent to obtain a viscous yellow oil product (536 mg, 1.8 mmol, yield 65.5%). 1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ: 8.46 (d, J = 6.0 Hz, 2H), 7.12 (d, J = 6.0 Hz, 2H), 5.52 (s, 2H), 3.62 (m, 1H), 3.17 (m, 1H), 3.13 (m,1H), 2.60 (t, J= 7.5 Hz, 2H), 2.49 (m, 1H), 1.92 (m, 1H), 1.77 (m, 4H), 1.52 (m, 2H); C 14 H 19 NO 2 S 2 [M+H] + , calcd. 298.0930, found 298.0953; Elemental analysis: calcd. CH N C 56.54%, N 4.71%, H 6.44%, found C 56.34%, N 4.74%, H 6.55%.

2 Cl 2 then TEA (445 μL, 3.2 mmol, 1.16 eq) was added under a nitrogen atmosphere. After the mixture was stirred for 10 minutes, α-lipoic acid (570 mg, 2.75 mmol, 1 eq) and DMAP (130 mg, 1.06 mmol, 0.4 eq) were added and the reactional mixture was stirred at room

  Cl 2 , 100 MHz, ppm) δ: 173.88, 152.16, 150.19, 124.40, 64.82, 57.03, 40.82, 39.10, 35.68, 35.18, 29.20, 26.40, 25.32; C 16 H 23 NO 2 S 2 [M+Na] + , calcd. 348.1062, found 348.1068. Elemental -dithiolan-3-yl) pentanoate(13). Α-lipoic acid (0.825g, 4.0 mmol, 1 eq) and EDC.HCl (0.9 g, 4.68 mmol, 1.16 eq) were dissolved in 100 mL of dried CH 2 Cl 2 then TEA (637 μL, 4.68 mmol, 1.16 eq) was added under a nitrogen atmosphere. After the mixture was stirred for 10 minutes, 7-(pyridin-4-yl) heptan-1-ol(10) (1.17 g, 6.05 mmol, 1.5 eq) and DMAP (196 mg, 1.61 mmol, 0.4 eq) were added and the reactional mixture was stirred at room temperature for 2 days. The organic phase was rinsed with 8% NaHCO 3 solution (8 mg in 100 mL water) (3 x 100 mL) and water (2 x 50 mL). Then the CH 2 Cl 2 fractions were dried with Na 2 SO 4 , filtered off and evaporated until dry. Column chromatography was performed on the residue with silica gel using a mixture of Ethyl acetate/ acetone (2:1) as an eluent to yield a viscous yellow oil product. (537 mg, 1.41 mmol, 35.2%).1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ : Cl 2 , 100 MHz, ppm) δ: 173.88, 152.16, 150.19, 124.40, 64.82, 57.03, 40.82, 39.10, 35.68, 35.18, 34.61, 30.82, 29.60, 29.20, 26.40, 25.32; C 20 H 31 NO 2 S 2

	7-(pyridin-4-yl)heptyl 5-(1,28.43 (d, J = 6.0 Hz, 2H), 7.11 (d, J = 6.0 Hz, 2H), 4.03 (t, J = 6.7 Hz, 2H), 3.57 (m, 1H), 3.17 (m, N S O S 1H), 3.12 (m,1H), 2.60 (t, J =7.3 Hz, 2H), 2.45 (m, 1H), 2.29 (t, J = 7.3 Hz , 2H), 1.90 (m, 1H),
	1.68 (m, 10H), 1.45 (m, 2H); 13 C (CD 2	O
	J = 6.0 Hz, 2H), 4.07 (t, J = 6.4 Hz, 2H), 3.57 (m, 1H), 3.16 (m, 1H), 3.12 (m,1H), 2.69 (t, J =7.3
	Hz, 2H), 2.46 (m, 1H), 2.30 (t, J = 7.4 Hz , 2H), 1.98 (m, 1H), 1.68 (m, 4H), 1.45 (m, 2H); 13 C
	(CD 2 analysis: calcd. C 59.04%, N 4.30%, H 7.12%, found C 59.15%, N 4.30%, H 7.16%.
	N	S S
		O
		O

1 H NMR (CD 2 Cl 2 , 400 MHz, ppm) δ : 8.46 (d, J = 6.0 Hz, 2H), 7.12 (d, [M+H] + , calcd. 382.19, found 382.18. Elemental analysis: calcd. C 62.95%, N 3.67%, H 8.19%, found C 62.57%, N 3.77%, H 8.11%.

  (CDCl 3 , 376 MHz, ppm) δ: -64.69; C 27 H 27 F 6 N 8 O 2 PtS 2 [M+H] + , calcd. 868.1246, found 868.124. Elemental analysis: calcd. C 37.37%, N 12.91%, H 3.02%, found C 36.67%, N 12.56%, H 3.11%.

				CF 3	
			N	N	
			N		
		N	Pt	N	
	N	N N		O	S	S
	F 3 C			O	
				1 H NMR (acetone d 6 , 400 MHz, ppm) δ :
	9.33 (d, J = 6.5 Hz, 2H), 8.24 (t, J = 7.9 Hz, 1H), 7.72 (d, J = 7.9 Hz, 2H), 7.53 (d, J = 6.6 Hz, 2H),

4.18 (t, J = 6.2 Hz, 2H), 3.56 (m, 1H), 3.14 (m, 1H), 3.06 (m,1H), 2.95 (t, J =7.9 Hz, 2H), 2.44 (m, 1H), 2.30 (t, J=7.3 Hz ,2H), 2.15 (m, 2H), 1.87 (m, 1H), 1.69 (m, 4H), 1.61 (m, 2H);

19 

F NMR

  1 H NMR (CD 2 Cl 2 , 400 MHz,

	ppm) δ : 9.31 (d, J = 6.5 Hz, 2H), 7.95 (t, J = 7.62 Hz, 1H), 7.62 (d, J = 7.9 Hz, 2H), 7.31 (d, J = 6.6
	Hz, 2H), 4.06 (t, J = 6.7 Hz, 2H), 3.56 (m, 1H), 3.15 (m, 1H), 3.11 (m,1H), 2.76 (t, J =7.3 Hz, 2H),
	2.45 (m, 1H), 2.30 (t, J = 7.3 Hz , 2H), 1.89 (m, 1H), 1.63 (m, 10H), 1.46 (m, 2H); 19 F NMR (CDCl 3 ,
	376 MHz, ppm) δ: -64.55; [M+H] + , calcd. 924.1873, found 924.1879. Elemental analysis: calcd.
	C 40.30%, N 12.13%, H 3.71%, found C 40.19%, N 11.97%, H 3.69%.

  CDCl 3 , 100 MHz, ppm) δ: 172.09, 150.21, 145.72, 113.78, 56.48, 40.39, 38.63, 37.54, 34.72, 28.91, 25.03 ; HR-ESI-MS (m/z) : C 13 H 19 N 2 OS 2[M+H] + , calcd. 283.0933, found 283.0946. added and the mixture heated at 65°C overnight under N 2 atmosphere. An orange precipitate rapidly formed. The crude was purified by column chromatography using ethylacetate / cyclohexane 1: 1 as the mobile phase. The final product was rinsed with a minimal amount of methanol and filtered. The orange solid was dried under vacuum for two

	1 H NMR (CDCl 3 , 400 MHz, ppm) δ : 8.47 (d, J = 5.3 Hz,
	2H, 7.5 (d, J = 6.3 Hz, 2H), 3.57 (m, 1H), 3.18 (m, 2H), 3.12 (m,1H), 2.46 (m, 1H), 2.40 (m, 2H),
	1.91 (m, 1H), 1.71 (m, 4H), 1.51 (m, 2H) ; 13 C NMR (days. (m= 80mg, 0.097 mmol, yield 41%). 1 H NMR (CDCl 3 , 400 MHz, ppm) δ : 9.41 (d, J = 6.5
	Hz, 2H), 7.98 (t, J = 7.9 Hz, 1H), 7.73 (d, J = 7.9 Hz, 2H), 7.66 (d, J = 6.6 Hz, 2H), 3.63 (m, 1H),
	3.17 (m, 2H), 3.12 (m,1H), 2.50 (m, 3H), 1.98 (m, 1H), 1.81 (m, 4H), 1.53 (m, 2H); 19 F NMR

Complex 18. In a 50 mL two-neck round-bottom flask, the tridentate ligand CF 3 -trz-py (2) (86 mg, 0.248 mmol, 1.05 eq) and PtCl 2 (DMSO) 2 (100 mg, 0.236 mmol, 1.0 eq) were suspended in 15 mL of ethanol. After the addition of triethylamine (66 μL, 0.472 mmol, 2.0 eq) to the suspension, 5-(1,2-dithiolan-3-yl)-N-(pyridin-4-yl) pentanamide

(17) 

(47.8 mg, 0.236 mmol, 1.0 eq) was then (CDCl 3 , 376 MHz, ppm) δ: -64.23; HR-MS (ESI) m/z: C 24 H 22 F 6 N 9 O 1 S 2 Pt [M+H] + , calcd. 825.094, found 825.082; Elemental analysis: calcd. C 34.95%, N 15.29%, H 2.57%, found C 34.95%, N 14.50%, H 2.84%.
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 31 Solubility parameters and dielectric constants of some common solvents.

	Solvents	Solubility parameter (∂)	Dielectric constant
	Cyclohexane	16.8	2.02
	Ethyl acetate	18.2	6.02
	THF	18.5	7.5
	Acetone	19.7	20.7
	Dichloromethane	20.2	8.93
	Dioxane	20.5	2.2
	DMF	24.7	36.7
	Methanol	29.7	32.7
	Water	48.0	80.1
	PMMA	18.0	

Table 3 . 3

 33 

. Photophysical properties of the platinum(II) complex 20 in different mediums.

Table 3 . 4 .

 34 Photophysical properties of the PMMA-PMAA/platinum(II) 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	Water	572	75 (12%), 310 (42%), 600 (46%)	410
	1	Water	584	40 (17%), 250 (64%), 680 (18%)	300
	5	Water	575	40 (17%), 240 (68%), 670 (14%)	280
	10	Water	575	60 (15%), 290 (69%), 1030 (15%)	390
	20	Water	463, 574	60 (19%), 300 (70%) 1290 (11%)	400
	50	Water	463, 571	480 (37%), 1380 (61%), 6650 (2%)	1150
	100	Water	463, 492, 554	450 (40%), 1460 (56%), 7730 (3%)	1260
	150	Water	463, 492, 552	470 (41%), 1610 (55%), 8520 (4%)	1420
	200	Water	462, 488, 524, 553(sh)	400 (42%), 1600 (52%), 8520 (7%)	1550
	250	Water	461, 491, 524, 555 (sh)	460 (44%), 1720 (49%), 8840 (8%)	1720
	300	Water	460, 490, 520 (sh)	350 (37%), 1580 (52%), 8300 (11%)	1900
	350	Water	460, 490, 520 (sh)	460 (44%), 1870 (45%) 9150 (11%)	2065
	400	Water	460, 490, 520 (sh)	400 (42%), 1820 (46%) 9020 (13%)	2150
	500	Water	460, 490, 520 (sh)	405 (40%), 1940 (43%) 9160 (17%)	2550
	600	Water	460, 490, 520 (sh)	1150 (74%), 7940 (26%)	2920
	700	Water	460, 490, 520 (sh)	1180 (71%), 8200 (29%)	3250
	800	Water	460, 490, 520 (sh)	1180 (70%), 8300 (30%)	3300
	900	Water	460, 490, 520 (sh)	1110 (66%), 8150 (34%)	3520
	1000	Water	460, 490, 520 (sh)	1100 (66%), 8070 (34%)	3500

Table 3 .

 3 

	concentration																		
	Pt(II) complex	100 100 100 100 100 100 100	100	100	100	100	100	100	100	100	100	100	100
	[ppm]																		
	concentration																		
	PMMA-PMAA	0	100 500 1000 2000 5000 10000 15000 20000 25000 30000 40000 50000 60000 70000 80000 90000 100000
	[ppm]																		
	PMMA-PMAA/																		
	Pt(II) complex	0	1	5	10	20	50	100	150	200	250	300	400	500	600	700	800	900	1000
	(R)																		
	5. Concentration of platinm(II) complex 20 and PMMA-PMAA diblock copolymer in
	each solution and corresponding ratio R.											

Photographs of the solutions under normal light and UV lamp (365 nm) are displayed in Figure

3

.13. At the lowest R, the solution was transparent and clear. Upon increasing the concentration of the PMMA-PMAA, the solutions became more turpid due to the formation
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 36 Photophysical properties of the PMMA-PMAA/platinum(II) complex 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	PLQY	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	0.45	569	90 (29%), 260 (52%), 550 (19%)	270
	1	0.46	575	160 (31%), 340 (68%), 1310 (1%)	290
	5	0.50	575	95 (15%), 280 (68%), 910 (15%), 2000 (2%)	375
	10	0.49	570	160 (15%), 570 (54%) 1180 (31%), 3770 (1%)	710
	20	0.43	570	120 (15%), 650 (40%) 1180 44%), 5150 (1%)	880
	50	0.41	561	460 (39%), 1360 (59%), 6630 (2%)	1100
	100	0.36	460, 490, 550	540 (45%), 1550 (51%), 8040 (3%)	1320
	150	0.33	530	720 (55%), 1850 (40%), 8620 (5%)	1570
	200	0.27	460, 490, 520, 553(sh)	600 (47%), 1810 (46%), 8830 (7%)	1700
	300	0.26	460, 490, 520, 560 (sh)	200 (16%), 1020 (54%), 2760 (16%), 9270 (6%)	1550
	350	0.23	460, 490, 520, 560 (sh)	140 (20%), 760 (44%) 2040 (28%), 8500 (8%)	1600
	400	0.22	460, 490, 520, 560 (sh)	460 (45%), 1690 (46%) 8430 (8%)	1700
	500	0.25	460, 490, 520, 560 (sh)	410 (43%), 1570 (49%) 8150 (18%)	1590
	600	-	460, 490, 520, 560 (sh)	440 (42%), 1620 (50%), 8340 (8%)	1640
	700	-	460, 490, 520 (sh), 548	400 (40%), 1420 (55%), 7750 (5%)	1340
	800	-	460, 490, 520, 560 (sh)	430 (40%), 1370 (56%), 7460 (4%)	1220
	900	-	460, 490, 520, 560 (sh)	480 (37%), 1470 (61%), 7660 (2%)	1240
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 37 Photophysical properties of the PMMA-PMAA/platinum(II )complex 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	Water	573	275 (27%), 580 (73%)	500
	1	Water	585	190 (22%), 500 (78%), 1730 (0.5%)	440
	5	Water	585	150 (29%), 480 (70%), 2390 (1%)	400
	10	Water	580	115 (26%), 455 (64%), 1180 (10%), 6110 (0.3%)	450
	20	Water	579	280 (54%), 1080 (37%) 5430 (9%)	670
	50	Water	460, 573	420 (75%), 1250 (23%), 7630 (1%)	670
	100	Water	460, 490, 561	470 (43%), 1450 (54%), 8670 (3%)	1210
	150	Water	460, 490, 559	460 (42%), 1540 (54%), 9200 (4%)	1415
	200	Water	460, 490, 520, 557	470 (43%), 1650 (51%), 9690 (6%)	1600
	250	Water	460, 490, 520,553	460 (43%), 1690 (52%), 9750 (6%)	1650
	300	Water	460, 490, 520 (sh)	440 (43%), 1730 (49%), 9830 (8%)	1800
	350	Water	460, 490, 520 (sh)	500 (42%), 1800 (51%) 9920 (7%)	1840
	400	Water	460, 490, 520 (sh)	460 (43%), 1890 (47%) 10100 (11%)	2150
	500	Water	460, 490, 520 (sh)	450 (42%), 1990 (45%) 10330 (13%)	2410
	600	Water	460, 490, 520 (sh)	470 (44%), 2150 (42%), 10500 (14%)	2590
	700	Water	460, 490, 520 (sh)	410 (40%), 2030 (43%), 10220 (17%)	2740
	800	Water	460, 490, 520 (sh)	390 (40%), 2070 (42%), 10230 (17%)	2820
	900	Water	460, 490, 520 (sh)	390 (40%), 2090 (42%), 10240 (18%)	2870
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 39 Photophysical properties of the PMMA-PMAA/platinum(II) complex 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	Water	566	325 (47%), 580 (53%)	460
	5	Water	568	115 (17%), 420 (78%), 850 (5%)	390
	10	Water	565	160 (15%), 500 (83%), 1450 (1%)	460
	20	Water	571	320 (73%), 730 (26%) 5440 (1%)	470
	50	Water	460, 572	320 (74%), 780 (25%), 4920 (1%)	490
	100	Water	460, 490, 555	310 (72%), 1170 (25%), 6830 (3%)	720
	150	Water	463, 490, 554	260 (52%), 1350 (39%), 7175 (8%)	1250
	200	Water	460, 490, 520 (sh)	260 (49%), 1600 (41%), 8560 (10%)	1650
	250	Water	460, 490, 520 (sh)	290 (47%), 1720 (40%), 8740 (13%)	2000
	300	Water	460, 490, 520 (sh)	980 (73%), 7410 (27%),	2740
	400	Water	460, 490, 520 (sh)	950 (70%), 7410 (30%)	2880
	500	Water	460, 490, 520 (sh)	930 (69%), 7420 (31%)	2960
	600	Water	460, 490, 520 (sh)	1030 (69%), 7900 (31%)	3170
	700	Water	460, 490, 520 (sh)	1080 (65%), 8150 (35%)	3580
	800	Water	460, 490, 520 (sh)	860 (65%), 7710 (35%)	3250
	900	Water	460, 490, 520 (sh)	830 (61%), 7450 (39%)	3400
	1000	Water	460, 490, 520 (sh)	820 (63%), 7600 (37%)	3340

Table 3 .

 3 11. Photophysical properties of the PMMA-PMAA/platinum(II) complex 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)	PLQY
	50	80% Water	460, 560	275 (40%), 510 (60%), 2950 (0.5%)	420	0.52
	50	Water (evaporation)	460, 490, 561	260(38%), 1020 (59%), 3370 3%)	800	0.37
	50	Water (Dialysis)	460, 490, 558	380 (32%), 1180 (65%), 4970 (2%)	1000	0.43
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 3 13. Photophysical properties of the PMMA-PMAA/platinum(II) complex 20 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 515 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	Water	569	195 (51%), 440 (49%),	310
	1	Water	460, 490, 559	200 (41%), 410 (58%), 2260 (1%)	340
	5	Water	460, 490, 560	300 (84%), 700 (15%), 4900 (1%)	385
	10	Water	460, 490, 557	280 (66%), 620 (33%), 5020 (1%)	420
	20	Water	460, 490, 520, 554	320 (64%), 820 (34%), 6430 (1%)	570
	50	Water	460, 490, 520, 555	360 (33%), 1250 (33%), 6430 (3%)	1100
	100	Water	463, 490, 520	370 (38%), 1400 (56%), 7460 (6%)	1350
	150	Water	460, 490, 520 (sh)	860 (89%), 4940 (11%)	1315
	150	Water	460, 490, 520 (sh)	350 (39%), 1590 (49%), 8200 (13%)	1950
	200	Water	460, 490, 520 (sh)	350 (37%), 1470 (54%), 7890 (10%)	1690
	250	Water	460, 490, 520 (sh)	1050 (77%), 7130 (23%)	2460
	300	Water	460, 490, 520 (sh)	1070 (79%), 7200 (21%)	2330
	400	Water	460, 490, 520 (sh)	950 (69%), 7120 (31%)	2840
	500	Water	460, 490, 520 (sh)	1120(71%), 7750 (29%)	3070
	600	Water	460, 490, 520 (sh)	1080 (72%), 7610 (28%)	2930
	700	Water	460, 490, 520 (sh)	980 (64%), 7520 (36%)	3320
	800	Water	460, 490, 520 (sh)	940 (66%), 7500 (34%)	3200
	900	Water	460, 490, 520 (sh)	1040 (69%), 7500 (31%)	3050
	1000	Water	460, 490, 520 (sh)	910 (63%), 7300 (37%)	3310
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 314 Photophysical properties of the PMMA-PMAA/platinum(II) complex 7 system in water. a) λ exc = 400 nm, b) λ exc = 405 nm, λ em = 525 nm.

	R	Solvent	Emission max a)	Lifetime b) (ns)	Average lifetime (ns)
	0	Water	593	230 (46%), 530 (54%)	390
	1	Water	593	250 (34%), 810 (66%)	620
	5	Water	591	150 (17%), 740 (75%), 1520 (8%)	700
	10	Water	460, 585	210 (25%), 910 (71%), 2750 (4%)	800
	20	Water	460, 584	320 (33%), 1025 (65%) 2290 (2%)	870
	50	Water	460, 573	360 (38%), 1190 (59%), 6320 (3%)	1000
	100	Water	460, 490, 570	380 (40%), 1280 (57%), 7115 (3%)	1110
	150	Water	460, 490, 544	360 (39%), 1320 (57%), 7120 (4%)	1180
	200	Water	460, 490, 520, 560(sh)	380 (40%), 1380 (40%), 7450 (5%)	1300
	250	Water	460, 490, 520 (sh)	390 (41%), 1440 (52%), 7630 (6%)	1390
	300	Water	460, 490, 520 (sh)	1010 (87%), 6300 (13%)	1680
	400	Water	460, 490, 520 (sh)	400 (40%), 1650 (49%) 8240 (11%)	1850
	500	Water	460, 490, 520 (sh)	320 (37%), 1520 (50%) 7830 (13%)	1900
	600	Water	460, 490, 520 (sh)	1070 (78%), 7160 (22%)	2400
	700	Water	460, 490, 520 (sh)	1000 (76%), 6890 (24%)	2440
	800	Water	460, 490, 520 (sh)	990 (73%), 6970 (27%)	2590
	900	Water	460, 490, 520 (sh)	930 (71%), 6830 (29%)	2610
	1000	Water	460, 490, 520 (sh)	1100 (66%), 8070 (34%)	2630

  C NMR (CD 2 Cl 2 , 100 MHz, ppm) δ: 172.88, 151.25, 113.76, 72.28, 57.10, 56.61, 43.34-21.41, 18.80, 12.38 ; HR-ESI-MS (m/z) : C 29 H 44 N 2 O 2 [M+H] + , calcd. 453.3476, found 453.3439.
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	Solution	1	2	3	4	5	6	7	8	9	10 11
	Volume of platinum(II) complex 7/THF solution	0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
	Added volume of THF	9.7 8.7 7.7 6.7 5.7 4.7 3.7 2.7 1.7 0.7	0
	Added volume of H 2 O	0	1	2	3	4	5	6	7	8	9	9.7
	H 2 O content (%)	0	10 20 30 40 50 60 70 80 90 97

1. Volume of platinum(II) complex 7 solution, THF and water added to each solution in mL.
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 42 Photophysical properties of platinum (II) complex 7 in different THF/water mixture and morphology of aggregates observed by SEM. λ em = 300 nm. Excited state lifetime values were measured at the maximum of emission in each solution.

	At 70% and above water content, only the 3 MMLCT band was observed in the emission
	profiles, which was proof of the presence of the platinum (II) complex aggregates. It is also
	worth noting that this 3 MMLCT band is red-shifted upon increasing the water content from
	70% to 97% meaning possible change in the aggregation state of the platinum(II) complex. In
	order to complete the photophysical study, and to overcome the difficulty of obtaining
	information from the absorption spectra of the aggregates, excitation spectra of the different

Table 4 .

 4 2 summarises the morphologies and the photophysical properties of the platinum (II) complex aggregates formed in solutions in different H 2 O contents.
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 43 Photophysical properties of platinum (II) complex in diluted THF/water mixtures and the morphologies of the aggregates observed by SEM. λ em = 300 nm. Excited state lifetimes were measured at the maximum of emission of each solution.

	Solvent mixture	Morphology	𝝀 𝒆𝒎,𝒎𝒂𝒙 (nm)	𝝉 (ns)
	10% → 91% water	small tores	593	680
	20% → 92% water	small tores	592	630
	30% → 93% water	small tores	592	620
	40% → 94% water	small tores	593	480 (25%), 660 (75%)
	50% → 95% water	small tores small fibers	593	330 (11%), 615 (89%)
		small tores		
	60% → 96% water	cylinders	593	280 (12%), 600 (88%)
			rods		
	70% → 97% water	small tores fibers	590	330 (48%), 630 (52%)
	80% → 98% water	fibers	580	330 (83%), 540 (17%)
	90% → 99% water	fibers	toroids	574	345 (92%), 650 (8%)
	97% → 99.7% water	toroidal	589	350 (56%), 560 (44%)
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 44 Various platinum (II) complex aggregates observed upon dilution in water and their average dimensions.

	Morphology	Method	Outside diameter (nm)	Cross section diameter (nm)
	Large tores	SEM	729 ± 91	-
		SEM	225 ± 27	94 ± 14
	Small tores			
		STEM	233 ± 17	92 ± 11
		SEM	71 ± 7	-
	rods			
		STEM	51 ± 7	-
			485 ± 68 (length)
	cylinders	STEM		
			300 ± 50 (width)
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 45 Photophysical properties of platinum (II) complex in different THF/water mixtures and morphologies of the aggregates observed by SEM. λ em = 300 nm. Excited state lifetimes were measured at the maximum of emission of each solution.

	Solvent mixture	Morphology	𝝀 𝒆𝒎,𝒎𝒂𝒙 (nm)	𝝉 (ns)
	THF	amorphous	464, 490, 520 (sh)	3
	10% water	amorphous	460, 489, 520 (sh)	3
	20% water	amorphous	459, 490, 520 (sh)	3
	30% water	amorphous	461, 489, 520 (sh)	3
	40% water	amorphous	461, 490, 520 (sh)	3
	50% water	amorphous	460, 491, 520 (sh)	3
	60% water	amorphous	460, 490, 520 (sh)	3
	70% water	rigid fibers	570	380 (97%), 910 (3%)
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 46 Photophysical properties of platinum (II) complex in different THF/water mixtures and the morphologies of the aggregates observed by SEM. λ em = 300 nm. Excited state lifetime were measurements at the maximum of emission of each solution.

	Solvent mixture	Morphology	𝝀 𝒆𝒎,𝒎𝒂𝒙 (nm)	𝝉 (ns)	PLQY
	THF	amorphous	462, 490, 520 (sh)	3	< 0.01
	10% water	amorphous	462, 490, 520 (sh)	3	< 0.01
	20% water	amorphous	460, 490, 520 (sh)	3	< 0.01
	30% water	amorphous	461, 490, 520 (sh)	3	< 0.01
	40% water	amorphous	460, 490, 520 (sh)	3	< 0.01
	50% water	amorphous	459, 490, 520 (sh)	3	< 0.01
	60% water	amorphous	460, 490, 520 (sh), 574	3	< 0.01
	70% water	amorphous fibers	567	410	< 0.01
	80% water	fibers		568	380 (96%), 840 (4%)	0.68
	90% water	fibers	rods	569	380	0.64
	97% water	small rods	592	530	0.77

Table 4 . 7 .

 47 Photophysical properties of platinum(II) complex in different THF/water. λ em = 300 nm. Excited state lifetimes were measured at the maximum of emission of each solution.

	Solvent mixture	Morphology	λmax (nm)	average lifetime
	10% → 91% water	rods small tores	594	655
	20% → 92% water	small tores	595	630
	30% → 93% water	small tores	593	310 (9%), 640 (91%)
		small tores		
	40% → 94% water	cylinders	592	450 (13%), 660 (87%)
		rods		
		small tores		
	50% → 95% water	cylinders	593	305 (11%), 610 (89%)
		rods		
		small tores		
	60% → 96% water	cylinders	594	290 (8%), 640 (92%)
		rods		

Table 4 . 8 .

 48 Photophysical properties of the two solutions prepared from addition of water in the platinum(II) complex THF solution (top line) and the reversal (bottom line).

	Solvent mixture	Morphology	𝝀 𝒆𝒎,𝒎𝒂𝒙 (nm)	𝝉 (ns)	PLQY
	95% water (Water in THF)	Fibers	575	345 (88%), 630 (12%)	0.63
	95% water (THF in water)	Rings, sheets	593	385 (15%), 615 (85%)	0.81

Table 4 . 9 .

 49 Solubility and polarity properties of some common solvents.

	Solvents	Solubility parameter (∂)	Dielectric constant 𝜀
	Cyclohexane	16.8	2.02
	Ethyl acetate	18.2	6.02
	THF	18.5	7.5
	Acetone	19.7	20.7
	Dichloromethane	20.2	8.93
	Dioxane	20.5	2.2
	DMF	24.7	36.7
	Methanol	29.7	32.7
	Water	48.0	80.1
	4.2		

.7.1. Self-assembly of platinum(II) complex in dioxane/water mixture

  

Table 4 .

 4 10. When the platinum (II) complex was dissolved in dioxane/water mixture at water content below 40%, the average lifetime was measured at 5 ns and the PLQY below 1%. When the aggregation began at 40% water content, a bi-exponential decay was observed with a very short lifetime of around 3 ns and a longer lifetime measurement around 430 ns. This component was characteristic of platinum-platinum interactions and aggregation of platinum (II) complexes. The short lifetime component meant that the aggregation was not complete.

Table 4 .

 4 

	Solvent mixture	Morphology	𝝀 𝒆𝒎,𝒎𝒂𝒙 (nm)	𝝉 (ns)	PLQY
	Dioxane	amorphous	463, 490, 520 (sh)	5	< 0.01
	10% water	amorphous	462, 490, 520 (sh)	5	< 0.01
	20% water	amorphous	461, 490, 520 (sh)	5	< 0.01
	30% water	amorphous	461, 490, 520 (sh)	5	< 0.01
		amorphous			
	40% water		461, 490, 567	3 (57%), 430 (43%)	< 0.01
		rods			
		amorphous			
				3 (51%), 15 (28%),	
	50% water	rods	461, 490, 576		< 0.01
		toroidal		210 (6%), 510 (15%)	

10. Photophysical properties of the platinum (II) complex in dioxane/water mixture

Table 4 .11. 40 μm 0% water 30 μm 10% water 30 μm 20% water 30 μm 30% water 10 μm 40% water 55% water 2 μm 10 μm 60% water 10 μm 70% water 10 μm 80% water 90% water 5 μm 2 μm 97% water 50% water 2 μm

 4 

Table 4 .

 4 

	a)	b)
	c)	

11. Photophysical properties of the platinum (II) complex in DMF/water mixtures

Table 4 .11. At

 4 

	below 40% water content, the lifetime was 7 ns and the PLQY below 1%, similar to the values
	obtained when the platinum (II) complex was dissolved in DMF. From 40% to 90 % water
	content, the excited lifetime was measured around 400 ns and PLQY around 60%, which were
	constant and in accordance with the formation of fibers. At 97% water content the excited
	state lifetime was increased around 500 ns and the PLQY slightly decreased around 52%, due
	to the change in morphology. The morphology of the aggregates was studied by SEM and
	displayed in Figure 4.27.

1 

MMLCT bands decreased in intensity which signified a change in morphology. The excited state lifetime and photoluminescent quantum yield of each solution was reported in

Table 5 . 1 .

 51 Concentration of the two platinum (II) complexes in 10 mL dioxane/water mixture solutions and ratio between the two complexes.

Table 5 . 7 .

 57 Unit cell and lattice parameters of of the platinum aggregates determined by XRD.

		Water content	Crystal class	Space group	a(Å)	bÅ)	c(Å) α(°)	β(°)	γ(°) Rwp
	Complex 7	60% 70% 80%	Orthorombic P212121 69.77 25.17 8.95 Monoclinic P2 44.38 21.80 9.52 Cubic P-43n 32.95	93.94	9.2 9.1 7.2
	Complex 25	60% 70% 80%	Monoclinic Monoclinic Monoclinic	P2 P2 P2	22.95 2.50 12.99 22.95 2.50 12.99 22.95 2.50 12.99	87.91 87.91	8.2 8.9 6.4
	(1 :0.2) mixture	60% 70% 80%	Orthorombic Orthorombic Monoclinic	C222 Pna21 P2	60.19 3.34 26.90 30.30 27.13 30.82 23.09 2.55 12.81	88.55	6.4 7.5 7.3

Table 5 . 8 .

 58 Photophysical properties of the complex 25: complex 7 dioxane/water solution. λ exc = 405 nm, λ em was the wavelength of maximum intensity. The detection wavelength for the excited state lifetimes measurments was highlighted in bold in the emission max column

					Average
	Conditions	PLQY	Emission max	Lifetime (ns)	
					lifetime (ns)
				100 (24%), 370 (52%),	
	70% water	0.12	465, 495, 525		450
				850 (22%), 3310 (1%)	
	100% water	0.55	610	345 (13%), 575 (87%)	550
	70% water-24			1 (83%), 45 (5%), 370	
	hrs	0.01	465, 495, 603	(8%), 880 (4%)	65
	70% water-24			40 (41%), 520 (51%),	
		0.01	465, 495, 603		360
	hrs			1030 (8%)	
	70% water-48				
		0.04	465, 495, 525, 570	400 (61%), 790 (39%)	570
	hrs				
	70% water-48				
		0.04	465, 495, 525, 570	785 (98%), 3310 (2%)	840
	hrs				
	70% water-72			8 (22%), 140 (14%), 540	
		0.04	465, 495, 525, 570		410
	hrs			(52%), 970 (12%)	
	70% water-72				
		0.04	465, 495, 525, 570	720 (80%), 1470 (20%)	870
	hrs				
	70% water-96	0.04	465, 495, 525, 570(sh)	42 (14%), 330 (38%),	440
	hrs			640 (47%), 1860 (1%)	
	70% water-96	0.04	465, 495, 525, 570(sh) 770 (98%), 3230 (2%)	820
	hrs				

μm

μm

MMLCT bands in the excitation spectra in Figure 5.4, D. The broad band centered at approxmately 590 nm in emission was not yet attributed. The excitation spectra did not provide any other useful data

LC/MLCT signal originating from the blue-emissive fibers was observed. An increase of the peak at 570 nm was expected as the result of the formation of agggregates of complex 7.

Acknowledgements

Confocal fluorescence microscopy

All of the fluorescence images were taken by using the Zeiss LSM 710 confocal microscope system with 63 X magnification, numerical aperture, NA, 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were excited by continuous wave (cw) laser at 405 nm. The emission of the complexes was collected in the range from 400 to 750 nm. In addition, the lambda-mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. The raw data was processed by using a linear un-mixing tool available in the ZEN 2011 software package (Zeiss GmbH) and collected in lambda-mode. All images were performed by using the same software.

Chapter 2 Functionalization of silicon and gold substrates with platinum(II) complexes

Abstract: This chapter describes the different strategies developed for the functionalisation of gold and silicon substrates through silicon-carbon and sulfur-gold bonds. Several platinum (II) complexes with different anchoring groups were prepared and characterized. Surface modifications were carried out followed by measurements and the analysis of the XPS spectra.

The photophysical properties of the functionalised substrates were also studied by luminescence spectroscopy and fluorescence microscopy. A new method based on physical vapor deposition (PVD) by sublimation of the platinum (II) complexes enabled the growth of nanowires perpendicular to the surface. The morphological and photophotophysical properties of those ordered structures were studied by scanning electron microscopy (SEM) and fluorescence microscopy.

Chapter 3 Encapsulation of platinum(II) complexes by PMMA-PMAA diblock copolymer

Abstract: This chapter describes a method developed for the entrapment of platinum(II) complex in water. It was not only demonstrated that the platinum(II) complex was encapsulated inside the PMMA-PMAA particles, but also that the photoluminescence properties of the platinum-loaded particles were tunable by adjusting different parameters. Optimisation of the method in order to obtain monodisperse particles suitable for further applications was also discussed. shifted from green emissive particles (R = 100) to blue emissive particles (R = 300).

Remarkably, the luminescence observed from a single particle was a result of a mixture of green and blue emissive platinum(II) complex. The contribution of the green emissive species was decreasing whilst the contribution of the blue emissive species was increasing upon increasing R . Consequently, the confocal images showed particles emitting various shades between green and blue, e.g turquoise, cyan, azure, etc. For R > 300, the blue emissive species was dominant in the particles and resulted in a blue emission. It is also worth mentioning that the emission originating from a single particle was homogeneously distributed over the polymer particle and was not specifically located in the outer shell of the particles. Confocal images of PMMA-PMAA/ platinum (II) complex particles at R = 50, 200 and 1000 with their corresponding emission spectra recorded by the microscope are displayed in Figure 3.12. The encapsulation of complex 20 into the PMMA-PMAA particles was successful and displayed intriguing photophysical properties. The platinum fibers originally formed in the aqueous media was replaced by platinum(II)-loaded particles with tunable photophysical properties, The luminescence originating from the solution at the left of the photo (R = 0) was very weak compared to the other solutions. The platinum fibers were very emissive and such a low intensity meant that the amount of platinum(II) complex in solution was very low. It was concluded that the fibers diffused with the THF outside of the membrane pores during the dialysis (regenerated cellulose, 1000 Da). Upon addition of PMMA-PMAA to all of the solutions (R > 1), the luminescence was brighter, translating to a higher concentration of platinum(II) complex in the solutions. PMMA-PMAA prevented the diffusion of the platinum(II) complex out of the dialysis bag by either encapsulating it or aggregating around the platinum fibers, resulting in an larger and heavier aggregation that enabled it to pass through the membrane's pores. Normalized emission intensity of the dialysed solutions are displayed in Figure 3. 36 and the excited state lifetimes are reported in Table 3.13. There was a small amount of platinum fibers in solution when R = 0, which was confirmed by the fact that the emission spectra started relatively high at 420 nm. Upon increasing R, the intensity of the 3 LC/MLCT bands at 460 nm, 490 nm and 520 nm was quickly increasing while the 3 MMLCT band around 570 nm was initially blue-shifted to 560 nm and then decreased in intensity. It is worth noting that the rise of the 3 LC/MLCT bands were observed from R = 1 and above. The dialysis removed most of the platinum fibers and the intensity of the 3 MMLCT band was decreased compared to 3 LC/MLCT bands. The excited state lifetimes were also longer upon increasing R. A biexponential decay occurred when R = 200, indicating that all of the platinum(II) complex was encapsulated and were blue emissive inside the PMMA-PMAA particles. After the PMMA-PMAA/platinum(II) complex / THF was flash-injected in water and the organic solvent removed by evaporation, a bi-exponential decay was obtained for R = 600 (refer to Table 3

.4).

The encapsulation of the platinum(II) complex was more efficient when the water was added gradually to the PMMA-PMAA/platinum(II) complex / THF mixture and dialysed against water.

Chapter 4

Morphogenic effect of solvent mixture on aggregates of an amphiphilic

platinum(II) complex

Abstract: This chapter describes the different morphologies of a platinum(II) complex in different solvent mixture. Relationship between the nature of the solvent mixture and the morphology of the aggregates was studied in detail. The photophysical properties of each of the platinum aggregates was explored and rationalised.

In Figure 4.18, breaking points could be observed any point in time when those fibers were in contact with the robust fibers. It was then possible to manipulate not only the photophysical properties of the platinum (II) complex aggregates but also the mechanical properties of the fibers formed at 80% water content. 

Effect on the addition order of THF and water

Previously, the platinum (II) complex was firstly dissolved in THF, and then water was gradually added while stirring. The addition of water to the THF enabled the platinum (II) complex to organize itself to form the most thermodynamically stable morphology for any THF/ water mixture. If the platinum (II) complex in THF was added to water, it would result in a nonfavourable condition for crystal growth and it would adopt the most kinetically stable morphology. To verify this, two different experiments were conducted. In the first experiment, 9.5 mL of water was gradually added to a 0.5 mL of platinum (II) complex solution.

In the second experiment, 0.5 mL of the platinum (II) complex solution in THF was gradually added to 9.5mL of water. The rate of addition for both methods was set at 500 µL•h -1 . The two solutions had the same final concentration of platinum (II) complex, c = 5 x 10 -5 M in 10 

4.4.

Experimental Section

Preparation of the platinum aggregates

To prepare the platinum aggregates, deionized water (as a precipitant), was added at a rate of 1 drop/10 s or flash-injected with vigorous stirring into the into the organic solvent containing the platinum (II) complex 7 in the common solvent (THF, dioxane, or DMF). The final volume of the mixture of solvents was consistently 10 mL and the final concentration in complex 7 was 5x10 -5 or 5x10 -6 M for the diluted solutions. The solution was sealed to avoid the evaporation of solvents and stirred for 48 hours before analysis. 

Photophysics

All the absorption measurements in this report were recorded on a UV-3600 Shimadzu UV-Vis-NIR spectrophotometer, and were baseline and solvent corrected with UV Probe software.

Quartz cuvettes of path length xxx mm were used for this purpose. Steady-state measurements were recorded on a HORIBA Jobin-Yvon IBH FL-332 Fluorolog 3 spectrometer equipped with a 450 W Xenon arc lamp, double grating excitation and emission monochromators.

Time-resolved measurements up to 5 µs were performed using the TCSPC option on a FluoTime 300 (PicoQuant). The excitation source was mounted directly on the sample chamber at 90° to a double grating emission monochromator and collected by a PicoHarp 300 (PicoQuant) single-photon-counting detection module. Signals were collected using the software FluroFit, PicoQuant for excited state lifetimes > 10 µs, a different experimental setup was utilised, by equipping the FluoTime 300 with a FL-1040 phosphorescence module including a 70-W xenon flash tube. The signal was recorded on the PDL 820 single-photoncounting detector and collected with multichannel scalling (MCS).

Absolute quantum yield measurements were performed using a Hamamatsu Photonics absolute PL quantum yield measurement system. This setup is equipped with a L0799-001 CW Xenon light source (150 W), a monochromator, a C7473 photonic multi-channel analyzer and an integrating sphere.

Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)

SEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 KV. Samples were prepared by drop-casting a solution of platinum (II) complex onto a glass slide, followed by plasma-induced deposition of a 40 nm thick layer of silver.

STEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 20 kV. Samples were prepared by drop-casting a solution of platinum (II) complex onto a copper grid (400 mesh, Agar Scientific) coated with Formvar/carbon film.

Chapter 5 Supramolecular co-assembly of two luminescent platinum (II) complexes

Abstract: This chapter describes the co-assembly of two luminescent platinum (II) complexes.

The two platinum (II) complexes were chosen due to their tendancy to form fiber-like aggregates when placed individually in dioxane/water mixtures. The objective was to study the photophysical and morphological properties of the new aggregates from two different platinum (II) complexes added simulteanously to dioxane/water mixtures. 570 nm. When a small amount of complex 7 was added in solution (1 :0. 1), the lifetime at 570 ns was decreased from 2350 ns to 1240 ns. From 1 :0.2 to 1 :0.75 feed ratios, the excited state lifetime measured at 465 nm was approximately 950 ns, similar to the value previously reported in literature 29 . The values measured at 570 nm decreased from 1240 ns to 540 ns. This change was attributed to the formation of new platinum-platinum aggregates that were emitting at 595 ns. Those photophysical measurements were quite interesting and were evidence of some type of interaction between the two platinum (II) complexes in a dioxane/water mixture. A superimposition of the emission profile in the emission and excitation spectra with peak intensities dependant on the concentration of the platinum (II) complex should have been observed. Conversely, a red-shift was observed in emission when the complex 25: complex 7 ratio was between 1:1 and 0.4 :1. Surprisingly, there was a catalytic effect of complex 7 on the formation of blue-emissive fibers of complex 25. It was observed that a mixture of blue emissive fibers and yellow-orange emissive fibers were present when complex 25 was dissolved alone the dioxane/water mixture. Upon addition of a small amount of complex 7

(1 :0.1 and 1 :0.2 ratio), the emission peaks at 535 nm and 570 nm decreased and a pure formed a haystack of flexible and thin ribbon-like aggregates upon addition in water. When a small amount of complex 7 was added (1 :0.1), a mixture of sheet-like and fiber-like aggregates were observed. When the concentration in complex 7 was increased (1 :0.2 to 1 :0.5), thick

5.2.3.

Co-assembly at 80% water content in dioxane/water mixture.

Solutions containing complex 25 and 7 in a dioxane/water solution at 80% water content were prepared via the same method described previously. Complex 25 and complex 7 were separately dissolved in 1,4 dioxane (c ≈ 1.0 mM solution). A 2 mL dioxane solution containing the two platinum (II) complexes at different concentrations were prepared and 8 mL of distilled water was added drop-wise (1 drop/ 10 seconds) to the dioxane/platinum (II) complexes while stirrring. The final concentrations of the two platinum (II) complexes in the 10 mL dioxane/water mixture are reported in Table 5.3 along with the corresponding complex 25: complex 7 feed ratios. The solutions were sealed to prevent any evaporation of the solvents and left to stand for 4 days prior analysis.

Table

Concentrations of the two platinum (II) complexes in 10 mL dioxane/water mixture solutions and ratio between the two complexes.

Photographs of the solutions containing the two platinum (II) complexes are displayed in Figure 5.10. The four solutions on the left on the picture containing mainly complex 25 had a blueish luminescence. Upon increasing the concentration of complex 7, the luminescence of the solutions was red-shifted until a bright yellow-orange emission was obtained at a 1:1 ratio.

Complex 7 alone in solution had a yellow-green emission (cuvette on the right of the photograph).

complex 25

(mol.l - In order to investigate the morphology of the platinum aggregates, SEM images of different solutions dried on a glass slide were conducted and are displayed in Figure 5.12.

Complex 25 in a dioxane/water mixture at 80% water content also formed flexible ribbons.

Upon increasing the concentration in complex 7, the ribbons became almost transparent, sheet-like aggregates. Moreover, the presence of needle-like aggregates was also observed at 1 :0.2 and 1 :0.25 ratio. Further increase of the complex 25: complex 7 feed ratio led to the formation of the hexagonal particles along with needle and transparent ribbon-like aggregates

(1 :0.3 to 1 :0.5). At an equimolar 1 :1 ratio, only hexagonal particles were observed. When complex 7 was isolated in a dioxane/water mixture, fibers of different shapes and sizes were

The migration of the platinum aggregates to the outskirts of the droplet was observed for the first 45 minutes followed by the complete evaporation of the droplet at t = 80 min. Between the start and the completion of the experiment no emission shifts were observed on the platinum (II) aggregates. A mixture of yellow needles and blue emissive patches was observed at the start and at the end. Although the co-assembly of the two platinum (II) complexes resulted in the formation of new yellow-emissive fibers, any solvatochromic effect upon evaporation of the droplet was still also observed. At 80% water content in a dioxane/water mixture, the water content was too high to observe the solvatochromic effect.

5.2.4.

Co-assembly at 60% water content in dioxane/water mixture.

Solutions containing complex 25 and 7 in a dioxane/water solution at 60% water content were prepared via the same method described previously. Complex 25 and complex 7 were separately dissolved in 1,4 dioxane (c ≈ 1.0 mM solution). A 4 mL dioxane solution containing the two platinum (II) complexes at different concentrations were prepared and 6 mL of distilled water was added drop-wise (1 drop/ 10 seconds) to the dioxane/platinum(II) complexes while stirrring. The final concentration of the two platinum (II) complexes in the 10 mL dioxane/water mixture are reported in Table 5.5 with the corresponding complex 25:

complex 7 feed ratios. The solutions were sealed to prevent any evaporation of the solvents and left to stand for 4 days prior analysis. Photographs of the solutions containing the two platinum (II) complexes are shown in Figure 5.15. The three solutions on the left on the picture mainly consisted of complex 25 and had a bluish luminescence. Upon increasing the concentration of complex 7, the luminescence of the solutions was red-shifted until a yellow-orange emission was obtained at a 1:1 ratio. Complex 7 alone had a bright yellow emission. In the previous chapter, it was determined that the self-assembly of complex 25 initated at a water content of 55% in a dioxane/water mixture. As a result, only a small amount of fibers at 60% water content was expected and the luminescence of the solutions under UV light was less intense at 60% water content compared to the 70% or 80% water content solutions. 

Photophysical characterisation

Normalized emission and excitation spectra of the solutions are displayed in Figure 5.16. The emission spectra appeared to contain similar trends to those observed at the 70% and 80%

water content mixtures. Upon increasing the complex 25: complex 7 feed ratio, the structured 3 LC/MLCT bands at 465, 495 and 530 nm were decreasing in intensity while a broad 3 MMLCT band centered at approximately 605 nm was rapidly emerging. Complex 7 alone displayed the usual broad band centered at 565 nm attributed to the platinum-platinum interaction in the platinum fibers. The normalized excitation spectra did not show any 1 MMLCT bands between 400 and 500 nm except for the complex 7 alone, indicating the absence or the limited amount of platinum fibers in solution. PLQY and excited state lifetimes of the solutions are reported in Table 5.6. Two significant differences were observed compared to the photophysical properties at 70% and 80% water content solutions. Firstly, the PLQY of the solutions were very low when the two platinum (II) complexes were mixed together in solution. This was also observed for complex 7 alone, which showed a PLQY of 45% at 60% water content instead of a PLQY of 60%, which was previously measured. The excited state lifetimes of the solutions were also relatively short when measured at 600 nm for ratios between 1 :0.15 and 1 :1. Indeed, the signal was deconvoluted into 4 signals: 2 very short decays of 10 ns and 45 ns corresponding approximately at 85% of the overall decay, and two longer decays of 130 ns and 575 ns. The excited state lifetime of 575 ns was previously attributed at the mixed platinum aggregates. However, at 60% it was only representing 5% of the overall excited state lifetime. The shorter decays were attributed to the platinum (II) complexes monomers in solution. One reason attributed to the fact that the emission profile mainly consisted of a broad band around 600 ns rather than the structured bands at 465, 495 and 539 nm was that the PLQY of the aggregates was significantly higher than the PLQY of the monomers (40% against 1%). Consequently, the intensity of the 3 MMLCT band was significantly higher than the intensity of the 3 LC/MLCT bands. Also, the concentration of platinum monomers was significantly higher than the concentration of platinum aggregates. 

Electron microscopy

SEM images of the dried solutions are displayed in Figure 5.17. The images showed welldefined platinum ribbons for the complex 25 alone. A small addition of complex 7 caused the slight narrowing of the width of the ribbons (1 :0.05). When the concentration of complex 7 complexes could initiate a pathway to new sturctures with spectacular photophysical and stimuli-responsive properties. Another exciting challenge would be to co-assemble more than two different platinum (II) complexes in solution which could lead to even more intriguing photophysical and morphological properties.

Experimental part

General information

All the solvents and chemicals were used as received from Sigma-Aldrich or Fluka without any further purification. The synthesis of complex 7 was previously reported in chapter 2. Complex 25 was synthesized exactly as reported in the literature 28 Elemental analysis was performed by the analytical service of physical measurements and optical spectroscopy by the University of Strasbourg. g, 37.17 mmol) were dissolved in 50 mL of chloroform. N,N'-dicyclohexylcarbodiimide (DCC) (11.5 g, 55.13 mmol) was gradually added to the mixture and a white precipitate was formed.

Synthesis

2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin

The reactional mixture was stirred at room temperature for one hour and refluxed for 4 hours.

The solution was filtered off and concentrated under vacuum. The crude product was purified by column chromatography using ethylacetate/methanol 9:1 mixture as an eluent. The pure compound was obtained as a pale yellow oil product. (m = 5.8 g, Yield 61%). 

Photophysics

All the absorption measurements in this report were recorded on a UV-3600 Shimadzu UV-Vis-NIR spectrophotometer, and were baseline and solvent corrected with UV Probe software.

Quartz cuvettes were used for this purpose. Steady-state measurements were recorded on a HORIBA Jobin-Yvon IBH FL-332 Fluorolog 3 spectrometer equipped with a 450 W Xenon arc lamp, double grating excitation and emission monochromators.

Time-resolved measurements up to 5 µs were performed using the TCSPC option on a FluoTime 300 (PicoQuant). The excitation source was mounted directly on the sample

chamber at 90° to a double grating emission monochromator and collected by a PicoHarp 300 (PicoQuant) single-photon-counting detection module. Signals were collected using the software FluroFit, PicoQuant For excited state lifetimes > 10 µs, a different experimental setup was utilised, by equipping the FluoTime 300 with a FL-1040 phosphorescence module including a 70-W xenon flash tube. The signal was recorded on the PDL 820 single-photoncounting detector and collected with multichannel scalling (MCS).

Absolute quantum yield measurements were performed using a Hamamatsu Photonics absolute PL quantum yield measurement system. This setup is equipped with L0799-001 CW Xenon light source (150 W), a monochromator, a C7473 photonic multi-channel analyzer and an integrating sphere.

Scanning electron microscopy (SEM) and Scanning transmission electron microscopy (STEM)

SEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 KV. Samples were prepared by drop-casting a solution of platinum (II) complex onto a glass slide, and the subsequent plasma-induced deposition of a 40 nm thick layer of silver.

STEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 20 kV. Samples were prepared by drop-casting a solution of platinum (II) complex onto a copper grid (400 mesh, Agar Scientific) coated with a Formvar/carbon film.

Fluorescence confocal microscopy

All of the fluorescence images were taken by using Zeiss LSM 710 confocal microscope system with 63 × magnification, numerical aperture, NA, 1.3 of Zeiss LCI Plan-NEOFLUAR water immersion objective lens (Zeiss GmbH). The samples were excited by continuous wave (cw) laser at 405 nm. The emission of the complexes was collected in the range from 400 to 750 nm. In addition, the lambda-mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. All images were performed by using the same software.

X-ray diffraction (XRD) measurement

The XRD patterns of all the samples were obtained by Bruker AXS D2 Phaser (LYNXEYE detector) using Ni-filtrated Cu-Kα radiation (λ = 1.5406 Å) with 1 mm of air-scattering slit and 0.1 mm of equatorial slit. Solutions were drop-casted on the surface of single crystal Si wafer (cut of (911)) and dried at room temeprature. XRD patterns were collected with degree step of 0.016° and time step increments of 20 sec/step from 8 to 60°. The peak fitting was done using Bruker DIFFRACplus TOPAS (TOtal Pattern Analysis Solutions).

Chapter 6 Instrumental techniques

Abstract: This chapter briefly describes all the instruments and experimental techniques used for this thesis. These techniques include UV-Vis absorption, emission and excitation spectroscopy techniques. The methods of obtaining the excited state lifetimes and photoluminescence quantum yield measurements are also described. Electron microscopy and spectroscopy techniques including X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM) and transmission are also described. Additional instruments used such as confocal fluorescence microscopy or X-ray diffraction techniques were also described. 

Emission and excitation spectroscopy 2

An emission spectrum displays the intensity of the emitted light of the sample versus the emission wavelength at a constant excitation wavelength. The excitation spectrum displays the intensity of the excited light versus the scanned excitation wavelength at a selected emission wavelength. The emission and excitation spectra are not absolute measurements and depend on the instruments used and the selected experimental parameters. In this thesis, all the emission and excitation spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrofluorometer, illustrated in Scheme 6.2. A 450 W xenon arc lamp was mounted on the fluorolog and was the source of the exciting light. The radiation beam passed through a monochromator, which selected a specific excitation wavelength and then directed it to a reference detector and to the sample. The emission of the luminescent sample solution was collected at a 90° angle compared to the incident light, and then passed through another monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) before reaching the detector. Two different detectors were available for use in the laboratory, a TBX-04 single photoncounting detector, which was used in the UV-VIS region, and a Hamamatsu R2658P photomultiplier, which was used in the NIR (Near Infared) region. 375 nm long pass optical filters were regularly utilised to decrease the intensity of undesired wavelengths in the excitation beam. Scheme 6.2. Schematic representation of the fluorescence spectrophotometer.

Photuminescence quantum yield measurement 3

The photoluminescence quantum yield can be measured by using the integrating sphere instrument, which provides an absolute measurement or by using relative actinometry with a fluorescent reference.

Relative actinometry measurement

Ru(bpy) 3 Cl 2 .xH 2 O (tris(bipyridine) ruthenium(II) chloride hydrate) was used as a reference due to the fact that it has similar photophysical properties to those of platinum(II) complexes. The photoluminescence quantum yields were calculated using the following equation:

Φ is the luminescence quantum yield

A is the absorbance at the excitation wavelength (𝜆) I is the intensity of the excitation light at the excitation wavelength (𝜆) D is the integrated intensity of the luminescence n is the refractive index of the solvent The subscripts R and S refer to the reference and sample, respectively. on the TBX-4-X single photon counting detector and collected with a multichannel scaling (MCS) card in the IBH DataStation Hub photon-counting module. The data analysis was then performed using the aforementioned method. The multichannel analyzer consisted of a multichannel card. The peak amplitude is stored if the input pulse amplitude falls within the threshold of the lower level and upper level discriminators, which enables the control and logic circuits. The signal intensities were collected in different channels for the duration of a predetermined time. After this predetermined time, an intensity counter moves to the next channel. The acquisition time is then reached, and the collected total light intensities in all the channels are counted and correlated to the time frames of each channel. At the end of the measurements an intensity-time profile was constructed. The profile was then deconvoluted with one or several exponential decays and the optimal fit was selected by minimizing the reduced chi squared function (X 2 ) and visual inspection of the weighted residuals. Scheme 6.4: Schematic representation of a single photon counting setup.

Scanning electron microscopy

The schematic diagram of a simplified SEM setup is shown in Scheme 6.5. The electron source (gun) emits electrons, which then passes through a condenser lens to emit a thin electron beam. The magnetic field is produced by the scan coils, and deflects the electron beam back and forward. The electron beam is focused by the objective lens to a spot of 1 nm to 5 nm in size and then the beam scans the sample surface in a raster pattern. Primary electrons from the electron beam interact with the atoms of the sample surface, which results in the emission of the secondary electrons. The secondary electron detector detects these secondary electrons and an image of the sample is produced. The backscattered electrons of the electron beam can also be used to create contrasting images of specific regions in the sample.

The samples used in the SEM in this thesis were covered by a 40 nm thick silver or gold layer, and then investigated using a FEI Quanta FEG 250 instrument. Scheme 6.5. Schematic representation of the SEM setup.

Transmission electron microscopy

The schematic representation of the TEM setup is shown in Scheme 6.6. The electron gun emits electrons that travel through the vacuum column of the microscope. The electron beam is first condensed into a thinner beam by passing through electromagnetic lens, and then it reaches the sample. Depending on the density of the material present in the sample, some of the electrons are scattered and the remaining unscattered electrons pass through the sample.

These electrons are then focused by the electromagnetic lens and directed to the fluorescent screen at the bottom of the microscope. A shadow image of the sample with its different components is displayed in varying darkness depending on the density or thickness of the material.

Scheme 6.6. Schematic representation of the TEM setup

Transmission electron microscopy (TEM) characterization was performed using an image corrected FEI Titan 80-300 electron microscope. The microscope was operated at 300 kV in scanning TEM mode (STEM) with a selected spot size of 0.2 nm using a high-angle annular dark field (HAADF) detector. Energy dispersive X-ray (EDX) spectroscopy was performed with a nominal beam diameter of 0.3 nm using an EDAX s-UTW EDX detector. The sample was prepared by drop-casting from aqueous suspension onto carbon coated tungsten grids (Quantifoil). Laser scanning fluorescence confocal microscopy offers several advantages over conventional mainstream fluorescence microscopes. Two major advantages include the ability to control the depth of field and eliminate out-of-focus luminescence. The latter is known as spatial filtering, which eliminates out-of-focus light or flare in specimens that are thicker than the plane of focus by illuminating the objective through a pinhole. The specimen is focused and the light then passes through the pinhole and reaches a detector (usually a PMT). A disadvantage of this technique is that the total signal level is lower, despite increasing the specific signal-to-noise ratio for the features of interest. Magnification can be electronically adjusted by altering the scanning laser-sampling period without increasing the objective (zoom factor). Increasing the zoom factor reduces the specimen area scanned and The binding energy can therefore be determined from those three parameters, which are either known as constants, or are measurable.

In this thesis, the XPS measurements were performed using a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer with a monochromatic AlKα radiation (hν= 1486.6 eV; λ= 8.340113Å). Survey measurements were performed with a 200 eV analyzer pass energy and a 1 eV energy step size to calculate the atomic concentrations. Element scans were performed with 50 eV analyzer pass energy and a 0.1eV energy step size to obtain the chemical state information. All the obtained binding energies were referenced from the carbon 1s peak, originating from the residual CO2, at 284.80eV. Scheme 6.9. Schematic representation of the X-ray photoelectron spectroscopy (XPS). 
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