2-(2-methoxyethoxy)ethoxy)ethyl)pyridin-4-amine (3) ... 5.4.1.3 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN 2 ]pyridinato

Résumé

Il est dit ue l' tre humai se fie à la visio pour approximativeme t 8 % de l'i formatio u'il reçoit du mo de exter e. Do c, comme le dit le prover e « voir, c'est croire », porter u i tér t à ce ue l'o voit devrait tre tr s utile, y compris dans le monde de la science. 1 Malheureusement plusieurs systèmes, incluant les syst mes viva ts, e four isse t pas assez d'i formatio s visuelles détecta les à l'oeil u pour ous permettre de compre dre des évé eme ts spécifi ues tels ue la formation/cassure de liaisons covalentes/non-covalentes ainsi que certains procédés iologi ues tels ue la sig alisatio cellulaire et l'expressio des protéi es.

C'est la raiso pour la uelle les outils ous permetta t de voir des procédés à l'i térieur de systèmes possédant des complexités diverses sont essentielles non seulement pour la recherche basique, mais également pour révéler la formation de structures particulières ayant différentes propriétés ou fonctions, pour diagnostiquer, traiter ou identifier des anormalités.

L'utilisatio de la fluoresce ce est u e méthodologie idéale, comparée à la radioactivité, l'électromag étisme et l'électrochimie.

La sensibilité élevée (puisque la concentration nécessaire pour détecter l'émission dans la plupart des cas est de l'ordre du a oou micro molaire), l'accès facile à la technique et la résolution spatiale et temporelle sans perturber les systèmes sont quelques-unes des caractéristiques intéressantes de la fluorescence. D'autre part, certains inconvénients comme la courte durée de vie de l'état excité et un petit xii déplaceme t de "tokes e tre l'excitatio et l'émissio o t poussé les scie tifi ues à se tourner vers la phosphorescence.

Parmi les complexes métalliques qui affichent un état triplet à propriétés luminescentes, les complexes organométalliques de platine(II) ont attiré notre attention en raison de leur géométrie carrée plan qui favorise la formation d'agrégats qui, dans certains cas, sont stabilisés à travers les interactions des orbitales 5d z 2 qui peuvent fournir une liaison métal-métal. [2][3][4][5][6][7][8][9] Si les interactions électroniques entre le Pt (II) sont fortes (généralement lorsque la distance PtPt est inférieure à 3,5 Å), de nouveaux états excités sont générés, cela peut conduire à un changement vers l'é ergie i férieure de l'émissio et à d'i téressa ts re deme ts ua ti ues d'émissio .

Les transitions résultant sont appelés soit transfert de charges métal-métal-ligand (MMLCT) ou transfert de charges excimérique ligand à ligand. La transition MMLCT implique le transfert de charges entre une orbitale antiliante PtPt pleine et une or itale π* vaca te (Figure 1 . La différe ce é ergéti ue e tre l'HOMO et la LUMO de cet état excité montre une forte dépendance de la distance métal-métal: il diminue en effet avec la distance PtPt. 10,11 Figure

(a) S h a si plifi d'OM pou u o plexe de tal de t a sitio g i ue et transitions relatives et spectroscopiques d'excitation. ( S h a si plifi d'OM de deux o plexes pla a de plati e II i te agissa t, o t a t le hevau he e t d'o itales d z2 i te ol ulai es à l' tat fo da e tal et so i flue e su l' e gie des iveaux de l'OM.

xiii Notre groupe a reporté une classe de complexes de Pt(II) neutres très émissifs portant un ligand tridentate dianionique de type N^N^N et une pyridine comme ligand auxilliaire. Un contrôl rationnel de la conception de ces molécules permet le contrôle de la tendance d'empilement, qui peut être complètement évitée en faveur de la pureté de la couleur; 12 ce qui est important pour la technologie OLED. Elle peut être également fortement favorisée pour former une structure auto-assemblée. [6][7][8] Apr s l'agrégatio , de tels matériaux affiche t o seuleme t u effet athochrome pour les spectres d'a sorptio et d'émissio dû à la formatio d'u ouvel état excité de caractère 3 MMLCT, mais également une émission induite par l'agrégation (AIE) / une émission induite par l'agrégation améliorée (AIEE) avec un rendement quantique de photoluminescence (PLQY) allant jusqu'à 87% 6 et ce même sous air, ce qui suggère ue le chromophore est protégé co tre le dioxyg e ou co tre l'exti ctio due à l'environnement.

L'objectif de cette th se est de co cevoir, de sy thétiser et d'étudier de ouveaux complexes de platine et ainsi de comprendre comment la structure chimique peut dicter la formation d'agrégats luminescents. Un intérêt particulier est consacré à la compréhension et à la maîtrise des procédés d'assemblage, avec pour dernier défi de passer de la solution à un environnement plus concurrentiel tel que les systèmes vivants afin de concevoir une nouvelle génération de sondes dans la bio-imagerie.

Certaines applications possibles sont également examinées dans les matériaux méchanochromiques.

Complexes de platine et leurs assemblages en solution

Ces travaux de th se porte t sur du l'étude de complexes de Pt II posséda t u ligand tridentate portant différents dérivés de pyridine pour compléter la sphère de coordination. Le premier composé à étudier est Pt-CF 3 tz-pyC 5 (figure 2). La Plus intéressant encore, les spectres d'excitation obtenus en utilisant l'excitation polarisée li éaireme t mo tre claireme t u'u tel mome t dipolaire émissif correspond à la bande de basse énergie qui est absente lorsque le complexe est dissous dans un solvant pur (Figure 2b). Nous avons constaté que le moment dipolaire d'u e telle tra sitio est orthogo al au mome t dipolaire de tra sitio des bandes dans la région UV.

Afin de corréler la structure chimique du complexe avec le comportement d'autoassem lage, ous avo s décidé d'étudier des composés posséda t le m me liga d tride tate mais u su stitua t pyridi e différe t. Nous avo s exami é l'effet de l'i troductio d'u seul ce tre chiral da s la co ceptio moléculaire puis ue ces structures auto-assemblées luminescentes sont susceptibles de présenter des propriétés chiro-optiques très intéressantes [14][15][16] et d'éve tuelles applicatio s e interrupteurs chiro-optiques 17 et appareils électroluminescents tels que les diodes électroluminescentes organiques 3D (OLED 3D). 18 Nous avons synthétisé deux complexes énantiomères de Pt(II) en utilisant un motif chiral comme ligand ancillaire. Comme attendu, les deux complexes énantiomères en solution diluée (c = 5x10 -5 M) présentent les mêmes propriétés photophysiques caractérisées par u e forte a sorptio da s la régio de l'UV et u e tr s fai le PLQY < 1 %) émission de structure bleue qui ressemble bien au complexe discuté ci-dessus (Figure 3a).

En déposant des gouttes de solution à 1,03 mg.mL -1 dans le THF des énantiomères soit S soit R sur des substrats en verre, nous avons observé la formation de fibres claires émissives (Figure 3d). Da s ce cas aussi, la formatio d'u e fai le a de d'a sorptio et la formatio d'u e large émissio déplacée par effet atochrome est due à l'éta lisseme t d'i teractio s métallophiles PtPt à l'état fo dame tal ui donne une hausse à la bande MMLCT (Figure 3a). fi reuses sem le t tre les résultats d'u auto-assemblage de nanostructures plus fines telles que des nanofibrilles.

La formation de telles structures supramoléculaires chirales est en effet responsible de l'amplificatio du sig al de CD ui 'a pas lieu lors ue les complexes so t dissous à l'état moléculaire à cause de l'écrasa te a sorptio du complexe par rapport à la force du sig al de CD do é par l'u i ue ce tre chiral. Afi d'étudier l'effet de différe tes chaî es et d'améliorer la solu ilité du matériau da s des solva ts plus polaires tels ue l'eau, e do a t u caract re amphiphile à la molécule, en la maintenant toujours non chargée, nous avons préparé des dérivés de polyéthylène glycol.

Dans le chapitre 5 sont décrites la synthèse, la caractérisation et le comportement photophysique du complexe Pt-CF3tz-pyPEG (Figure 4a) dans lequel la pyridine ancillaire a été fonctionnalisée avec un triéthylène glycol hydrophile à travers un motif capa le d'e gendrer des liaisons hydrogène directionnelles telles que N-H.

Lors ue le complexe est dissous à l'état moléculaire dans le 1,4-dioxane «airequilibrated» (c = 0.1-200x10 -5 M), seulement une faible émission bleue est détectée avec un rendement quantique de photolumi esce ce PLQY d'e viro 1 %.

"ous l'i jectio éclair d'u e solutio de dioxa e de Pt-CF3tz-pyPEG (c = 2x10 -3 M) da s l'eau, agissa t comme le o -solvant, nous sommes parvenus à cinétiquement piéger ce composé dans un état métastable (assemblage A).

Un tel assemblage, constitué de nanoparticules molles, présente une forte phosphorescence orange (PLQY = 84 %), malgré la condition «air-equilibrated», et, par co sé ue t, la prése ce de dioxyg e ui devrait i hi er l'état excité triplet à longue vie. La raiso du ma ue d'i hi itio peut tre attri uée à la formatio de a ostructures compactes da s les uelles l'éta lisseme t d'i teractio s métallophiles 4,6,10,[19][20][21] emp che u e diffusio efficace de l'i hi iteur da s la structure.

Nous avo s co staté u'e joua t avec le ratio solva t/ o solva t et e utilisa t 

(b) Image au microscope confocale des assemblages supramoléculaires A (rouge), B (vert) et C (bleu) démontrant leurs vrais ouleu d' issio e utilisa t l'optio la da-mode et ( leu s spe t es d' issio s o alis s espe tifs à λ exc = 405 nm.

A 5% de co te u e eau, l'assem lage A est stable pendant plus de 10 heures sans changements détectables des propriétés photophysiques, mais si on diminue la ua tité d'eau e ajouta t le complexe moléculaire dissout da s du 1, -dioxane pure, ui dimi ue la arri re d'é ergie d'i terco versio , le syst me évolue vers l'isoforme favora le thermody ami uement (assemblage C) rendant la visualisation en temps réel de tous les processus montrant la cinétique dépendante du solvant.

L'assem lage C co siste e u e structure e ru a lo gue de l'ordre du microm tre, comme détermi é par l'a alyse au MEB, ui poss de la m me é ergie d'émissio et profil ue le profil de l'esp ce mo oméri ue Figure 4), mais avec un PLQY beaucoup plus élevé jus u'à % suggéra t ue les i teractio s PtPt sont effectivement perdues, ou très faibles.

Une analyse photophysique beaucoup plus précise révèle une « off-pathway » qui am e à la formatio d'u e seco de structure metasta le tra sitoire assem lage B) caractérisée en forme de bâtonnets avec une émission verte/jaune (Figure 4). Une étude thermodynamique a clairement démo trée ue l'assem lage de C (c = 6x10 -5 M dans un mélange 60:40 eau:dioxane) se produit via un mécanisme de coopération xix entre nucléation-élongation caractérisé par une étape de nucléation défavorable et suiva t u processus d'élo gatio favora le.

Avec la compositio e solva t 5:5 d'eau:dioxa e, le processus tr s le t de nucléation-élongation de B et de C est piégé, re da t possi le l'étude du co trôle de l'expa sio coopérative de C e utilisa t l'e seme ceme t viva te de la polymérisation supramoléculaire. 22 Da s ce ut, e parta t de l'assem lage pure A à 5% da s l'eau c = 5x1 -5 M, Dh = 114.4 nm, IPD = 0.188) nous obtenons sélectivement les semences C avec une plutôt bonne distributivité en taille (Dh, = 5.3 m, IPD = .15 apr s so icatio . L'addition de différe ts ali uotes d'u e telle suspe sio de seeds C à un excès du métastable A pure (95% H 2 O am e à u cha geme t da s le spectre d'émissio électro i ue e respecta t le temps de réactio avec u e ci éti ue d'ordre 1 co corda t à u ordre typique (seeds C de l'expa sio de la polymérisatio e chaî e. 23 Les analyses au microscope confocale montres la formation de bâtonnets émettant dans le bleu de longueur uniforme qui augmente en diminuant la quantité en C (Figure 5 à gauche . Le co trôle de la taille de l'assem lage C a aussi été faite, cependant, un succès total pour o te ir l'assem lage B par «off-pathway» comme une isoforme pure semble toujours être écarté.

Cela est dû à la nature transitoire intrinsèque de B aussi bien u'à la formatio concomitante de C. Mai te a t, ous découvro s u'il est possi le de produire u e rapide interconversion C→B dans 95:5% H 2 O:dioxane avec une bonne résolution spatiale, en gardant les caractéristiques structurales intactes, en irradiant ce premier avec u laser plus puissa t ue celui utilisé pour l'imagerie (Figure 5 à droite).

Figure 5. Images au microscope confocaldes fibres obtenues à partir de ploymérisations sous différentes conditions and photoconversions[A]/[C].

xx Ces résultats i di ue t claireme t comme t u e co ceptio ratio elle d'u e molécule peut amener à une nouvelle classe de sonde luminescente dans laquelle un e viro eme t spécifi ue peut décle cher u processus d'auto assem lage.

L'auto-assemblage comme outil pour la bio-imagerie

Les interactions métallophiles qui mènent à la formation de bandes MMLCT peuvent tre utilisées à otre ava tage afi d'i duire u déplaceme t athochrome de l'émissio et de l'excitatio tout e augme ta t le re deme t ua ti ue de photoluminescence (PLQY). De telles recherches pourraient mener au développeme t de ouvelles so des opti ue pour l'imagerie in vitro possédant une forte luminescence ainsi que des temps de vie de luminescence très long. 24 Néanmoins, plusieurs conditio s so t re uises pour u'u lumi ophore soit utilisable en bio-imagerie. En effet, la stabilité et la solubilité dans des tampons aqueux et des milieux de cultures, la fai le toxicité da s l'orga isme et l'assimilatio rapide par les cellules sont indispe sa les. Il est égaleme t préféra le d'éviter l'ajout d'age ts chimi ues et d'i duire u e localisatio préfére tielle da s certai s orga ites. 25,26 Il est facile de compre dre ue certai es propriétés e tre e co flit avec d'autres. Par exemple, l'i ternalisation rapide du luminophore dans les cellules requière un caractère lipophile afin de passer la barrière phospholipidique des cellules, ce qui rentre en contradiction avec la solubilité aqueuse voulue. Beaucoup de ces caractéristiques telles que la localisation ou les propriétés photophysiques dans des conditions physiologiques ne peuvent être prédites a priori.

De fait, la plupart des molécules luminescentes ont été découvertes de manière fortuite ou en criblant une série de composés. [27][28][29] Afi d'étudier l'auto-assemblage da s u e viro eme t aussi complexe u'u e cellule viva te, deux ouveaux complexes ont été imaginé, synthétisé et étudié dans un milieu cellulaire. Nous avons découvert que les complexes Tol-Pt-4OHpy et CF3-Pt-4OHpy (Figure 6) sont internalisées dans les cellules cancéreuses cervicales, HeLa, sous certaines conditions. Noto s ue le composé fluoré s'accumule pri cipaleme t da s le oyau des cellules xxiii conduit à un changement réversible de couleur par vapochromisme 34,35 ou méchanochromisme.

De tells propriétés ont attiré un intérêt grandissant pour la création de nouveaux matériaux et le changement de couleur par agrégation peut être utilisable pour des diodes blanche organiques électroluminescentes (WOLED) 36,37 ou encore pour le développement de «nez électriques» qui peuvent détecter de petite molécules organiques volatiles.

Dans le chapitre 7, nous avons étudié les propriétés du complexe Pt-CF 3 tz-pyPEG à l'état solide. Le complexe prése te u e émissio da s le bleu (Figure 8b) avec des maximums à λ em = 465 et 495 nm et un PLQY de 20%. Après broyage, le complexe devie t émissif da s le jau e avec u PLQY de 51% et u spectre d'émissio contenant une bande large à λ max = 598 nm (Figure 8b). Après ajout de quelques gouttes d'acéto e, le complexe redevie t émissif dans le bleu après séchage (Figure 8e). La réversibilité de ce système et la résistance à la fatigue du matériau sont une co firmatio ue ces cha geme ts so t dus à u e différe ce d'empileme t des complexes. Le complexe Pt-Toltz-pyPEG (Figure 8d) présente également une réponse méchanochrome similaire. Avant broyage, le complexe présente une émission dans le vert (λ max = 5 m avec u PLQY de % alors u'apr s royage, l'émissio su it u déplacement bathochrome (λ max = 582 nm) et le PLQY passe à 35% (Figure 8d).

Quel ues gouttes d'acéto e permette t de retrouver l'émissio i itiale apr s séchage (Figure 8g).

Chapter 1 Introduction

Abstract: This chapter introduces the basic concepts regarding the interactions between light and matter in terms of electronic states and transitions, providing also some fundamentals of fluorescence polarization and anisotropy measurements. We will focus on the photophysical properties of d 6 and d 8 transition metal complexes, in particular Pt(II) complexes. Moreover, the self-assembly of Pt(II) complexes into supramolecular architectures and the application of such materials will be briefly introduced.

Interaction between light and matter

Light consists of electromagnetic waves, which are synchronized oscillations of electric and magnetic fields. The oscillations of the two fields are perpendicular to each other, and perpendicular to the direction the wave. They are characterized by either the frequency or wavelength of their oscillations, which determines their energies (E=h). The resulting electromagnetic spectrum and the corresponding interactions with matter are depicted in Figure 1.1.

Figure 1.1. The electromagnetic spectrum showing the boundaries between different regions and the type of atomic or molecular transition responsible for the change in energy. The UVvis region is where photochemistry takes place. 1 The colored inset shows the visible spectrum.

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. 2,3 For instance, our life depends on photosynthesis, a photochemical process taking place in nature. Vision process is due to a photochemical process occurring in our eyes. In addition, many of the most common functions exploited in our technological environment, from signal processing, storage, display to the use of pigments, sensors and sensitizers are based on the interaction of light with matter. Solar energy, the most important resource on which humanity can rely, is artificially converted into useful energy forms by photophysical and photochemical processes. 1 As regards the interaction of light with molecular systems, on which this entire work is based, can be simply defined as an interaction between one molecule and one The various transitions involving electronic states of similar or different spin multiplicities, as well as vibrational manifold associated with electronic states, are conveniently represented in the so-called Jablonski diagram (Figure 1.2).

Upon light absorption, a molecule can be quickly (10 -15 s) promoted from ground state (usually singlet, S 0 ) to an excited electronic state. Due to spin selection rules, the excited state has the same spin multiplicity as the initial state. The electron cloud can quickly rearrange upon external perturbation, whereas the heavier nuclei can be considered stationary (Born-Oppenheimer approximation) and the electronic transition vertical (Frank-Condon principle).

Absorption of a photon leads to the population of a matching vibronic state which is followed by a fast (typically with 10 -14 -10 -11 s) vibrational relaxation to the lowest vibrational state followed by internal conversion (IC) to the lowest singlet state (S 1 ).

Due to the time scale, the most relevant photophysical and photochemical processes occur from lo est excited si glet state Kasha's rule . 4 Depending on the molecular rigidity radiative and non-radiative deactivation can take place. However, the IC decreases exponentially with the increase of the energy gap between states (energy gap law). The radiative deactivation between lowest excited state and ground state is called fluorescence if it occurs with conservation of electronic spin (10 -7 -10 -9 s). Generally the emitted light possesses lower energy compared to the absorbed light (Stokes shift) due to the loss of heat and reorganization energy. Intersystem crossing (ISC) between singlet and triplet state can also occur. Due to its spin-forbidden nature it is generally negligible (conservation of electronic spin) and characterized by long lifetimes (10 -6 -1 s). Nonetheless, spin orbit coupling (SOC) can overcome the selection rule as the flip of the electronic spin is coupled to a change of orbital angular momentum (El-Sayed's rules). Heavy atoms favor ISC, for instance, by collision (external heavy atom effect). The effect is much more pronounced if they are part of the molecule and involved in the electronic transitions.

In particular, transition metals such as Cu, Ru, Os, Re, Ir, Pt and Au can induce SOC very efficiently, as the SOC constant scales with the fourth power of atomic number.

Singlet and triplet states can be mixed leading to excited states with partial singlet and triplet character. Thus, the otherwise strictly forbidden radiative transition from the lowest triplet state can be partially allowed. Provided that the rigidity of molecule hinders the non-radiative deactivation of the lowest triplet state, a phosphor is obtained (phosphorescence). The deactivation of the excited states follows first order kinetics and the lifetime of the excited states (S 1 or T 1 ) can be represented with the equations shown below.
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The ratio between the emitted and the absorbed photons is defined photoluminescent quantum yield (). This parameter is particularly useful to understand both the nature of the excited state of a molecule and, as it will be further discussed, to probe the self-assembly processes. In fact, it is directly related to the radiative and non-radiative rate constants, as shown below, and to the inter system crossing efficiency (ɳ isc ).
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eq. ( 3)
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eq. ( 4)
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eq. (5) The value of Ф and ɳ isc can vary from 0 to 1. Known the excited state life time and the quantum yield, the radiative and non-radiative decay constants can be calculated. eq. ( 6)

1 nr k    ; ' nr IC IC ISC k k k k    (fluorescence); ' ' nr IC ISC k k k 
(phosphorescence) eq. (7) As already discussed, light is an electromagnetic wave consisting of an electric field E and a magnetic field B perpendicular both to each other and to the direction of propagation, and oscillating in phase. For natural light, these fields have no preferential orientation, but for linearly polarized light, the electric field oscillates along a given direction; the intermediate case corresponds to partially polarized light (Figure 1.3) 4 .

Figure 1.3. Natural light and polarized light. 4 Most chromophores absorb and emit light along a preferred direction depending on the electronic state. If the incident light is linearly polarized, the probability of excitation of a chromophore is proportional to cos 2  A ,  A being the angle between the electric vector E of the incident light and the absorption transition moment M A . This probability is the maximum when E is parallel to M A of the molecule while it is zero when the E is perpendicular, as shown in Figure 1.4. Thus, when a population of fluorophores is illuminated by a linearly polarized incident light, those M A oriented in a direction close to that of the E of the incident beam are preferentially excited. This phenomenon is called photoselection and since the distribution of excited fluorophores is anisotropic, the emitted fluorescence is also anisotropic. Any change in direction of M A during the lifetime of the excited state will cause this anisotropy to decrease. This can be caused for example by non-parallel absorption and emission transition moments, torsional vibrations, Brownian motion or transfer of the excitation energy to another molecule with different orientation. It follows that fluorescence polarization measurements can provide useful information on molecular mobility, size, shape and flexibility, fluidity of a medium, and order parameters (e.g. in a lipid bilayer). In addition, in the case of rigid system characterized by a high level of order (i.e. crystals), it can provide useful information on the spatial orientation of the transition dipole moments which can be also correlated to the molecular packing. . When the incident light is horizontally polarized, the fluorescence intensity I y = I z . This configuration is of practical interest in checking the possible residual polarization, due to imperfect optical tuning. When a monochromator is used, the observed polarization is due to the dependence of its transmission efficiency on the polarization of light. The corrected emission anisotropy is then obtained measuring the polarization with a horizontally polarized incident beam.

In the case in which unpolarized light is used to excite the sample, since the light can be decomposed into two perpendicular components, the effects on the excitation of a population of fluorophores are additive. Therefore, the emission anisotropy is the half of that occurring upon excitation by vertically polarized light.

Transition metal complexes

In the last few decades, photoactive transition metal complexes (TMCs) have received a great deal of attention because of their rich and peculiar physico-chemical and redox properties. Particular interest has been devoted to second and third row transition metals with d 6 , d 8 and d 10 electronic configuration, such as Ir(III), Ru(II), Os(II), Re(I), Pt(II), Pd(II), Ag(I) and Au(I), 5 as well as to the first row ones , e.g. Cu(I) [6][7][8][9] and Zn(II).

The presence of heavy metal atoms in TMCs introduces much more complicated, yet fascinating and unique, photochemical and photophysical attributes, when compared to a general fluorescent organic molecule. Amongst all, the judicious choice of metal ions and ligands leads to luminescent compounds, which show great photo-and electro-chemical stability, high photoluminescence quantum yield (PLQY), tunable emission color across the visible electromagnetic spectrum, from ultra-violet (UV) to near infra-red (NIR), 10,11 as well as long-lived emissive excited states. Indeed, as a consequence of the strong spin-orbit coupling (SOC) exerted by the heavy atom, intersystem crossing (ISC) processes lead to the population of energetically low-lying triplet excited states allowing the harvesting of both singlet and triplet excitons in electroluminescent devices, and leading to an efficient radiative decay to the singlet ground state. The photoluminescent quantum yield (PLQY) can, in some cases, approach 100%. 12 Nowadays, growing interest in such photoactive TMCs is currently driven by their potential and real-market applications in optoelectronics, 13,14 photo-catalysis, [15][16][17] electrochemiluminescence (ECL), 18,19 metallogelators, 20 molecular devices, 21 nonlinear optical (NLO) materials, 22 spin-cross over (SCO), 23 components for electron and energy transfer systems, 1 bio-sensing, 24 and bio-imaging. 25 In very recent years, they emerged indeed as promising candidates as active species in photonic devices which are attractive and powerful alternatives to conventional lighting, such as energysaving organic light-emitting diodes (OLEDs) and light-emitting electrochemical cells (LEECs), [26][27][28][29][30][31][32] as well as solar light harvesting materials for photovoltaic technology, such as in dye-sensitized solar cells (DSSCs). [33][34][35] 1.2.1 Crystal Field Theory and Ligand Field Theory 36 In order to rationalize and correlate the optical spectra, thermodynamic stability, and magnetic properties of complexes, the physicists Hans Bethe and John Hasbrouck van Vleck 37 developed the so-called Crystal-Field Theory (CFT).

According to CFT, a ligand lone pair is modelled as a point negative charge (or as the partial negative charge of an electric dipole) that repels electrons in the d orbitals of the central metal ion. The theory concentrates on the resulting splitting of the d orbitals depending on the electronic configuration as shown in Figure 1.6. The separation of the two sets of orbitals is called the ligand-field splitting parameter  0 (where the subscript O signifies an octahedral crystal field). Generally, metal ions with d 6 electronic configuration, such as Fe(II) (3d 6 ), Ru(II) (4d 6 ), Os(II) (5d 6 ) and Ir(III) (5d 6 ), adopt octahedral geometries. Instead, metal ions with d 8 electronic configuration, such as Pt(II), Pd(II), Au(III), Ir(I) and Rh(I) tend to adopt square planar geometries. 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 complete approach is given by the Ligand-Field Theory (LFT), 38 which is an application of Molecular Orbital Theory. In fact, the LFT describes the molecular orbitals of a d-metal complex similarly to polyatomic molecules. It means that the metal and ligand valence orbitals are used to form symmetry-adapted linear combinations and to estimate the relative energies of the molecular orbitals by using empirical energy and overlap considerations.

In the light of this, in order to better understand the photochemical processes that involve both d 6 and d 8 it is important to briefly describe what happens upon excitation of the system. As shown in Figure 1.7, 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 optical excitation, electronic transitions between the different orbitals can occur and such processes can be described as electron density redistributions between part of the molecules, where filled and virtual orbitals with a certain nature are located. ii) ligand centered (LC) involving mainly occupied bonding orbital  L and unoccupied anti-bonding  L * orbital located on the ligands. These states are also known as intra-ligand states, and can have also charge transfer character such as interligand or ligand-to-ligand charge transfer (ILCT or LLCT).

iii) Metal to ligand charge transfer (MLCT) involving mainly occupied metal centered bonding orbitals  M and unoccupied ligand centered anti-bonding orbitals  L *. Also LMCT (ligand to metal charge transfer) can occur from occupied ligand centered bonding orbitals  L * and unoccupied metal centered anti-bonding orbitals  M *.

The relative energies of these states depend on many factors. For instance, 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 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).

Photophysical properties of platinum(II) complexes

Most of the work herein reported is based on Pt(II) complexes so an overview on the photophysical properties of such systems is therefore given in this paragraph. As mentioned above, Pt(II) usually forms square planar complexes irrespectively of the strength of the ligands and the typical splitting of the degenerate d-orbitals in the presence of a square planar ligand field is shown in Figure 1.8. Furthermore, the square-planar geometry leads to a high stacking tendency, through establishment of ground-state intermolecular non-covalent weak metal•••metal and/or ligand-ligand interactions through the -electron cloud of the aromatic rings. [39][40][41][42][43][44][45][46][47][48] The diagram of the molecular orbital closer to the frontier region for two axially interacting platinum complexes is also shown in Figure 1.8. Typical luminescent platinum compounds bearing strong field cyclometalating ligands as well as good -accepting moieties possess highest occupied and lowest unoccupied molecular orbitals, namely HOMO and LUMO, with d and * character, respectively. Generally, for the monomeric form of the complex, the HOMO is mainly constituted by boding orbitals of the ligands  L . The LUMO is also mainly centered on the ligands with main contributions from the anti-bonding orbitals  L *. The relative energy levels of MLCT and LC states depend on the energy of the orbitals,  L and d z2 , involved in the electronic configuration of the excited state.

On the basis of the LFT, for a metal center set in a square planar arrangement of the coordinating ligands, relaxation of degeneracy of the d orbitals leads to a filled d z2 orbital normal to the plane of the molecule, which does not (or only weakly) interact with the ligands coordination sphere, and energetically lies below the HOMO level.

The d z2 occupied orbital is thus prone to interact with surrounding species, as for instance solvent molecules or neighboring platinum complexes. In the latter case, the formation of such ground-state metallophilic interaction, through the free axial position, destabilizes the filled d z2 orbitals, leading to a switch of the character of the HOMO level from d to *(i.e.,d z2 •••d z2 ). Owing to the Pt•••Pt interaction, new excitedstates are formed such as metal-metal-to-ligand charge transfer, namely MMLCT 5 (d*-*), and ligand-to-metal-metal charge-transfer (LMMCT). Interestingly, these charge transfer (CT) states typically show absorption and luminescence that are sizably bathochromically shifted compared to the parental non-interacting platinum complexes. Moreover, it is important to note that the energy of such CT transitions strongly depends on the metal-metal distance, since the electronic interaction starts to occur at a distance typically below 3.5 Å (red arrow of Figure 1.8). 49 The strong preference of Pt(II) complexes to be square planar, owing to ligand field stabilization, results in the unoccupied d x2-y2 orbital being strongly antibonding.

Population of this orbital will be accompanied by elongation of Pt-L bonds and severe distortion, promoting non-radiative decay from the MC (d-d) excited states to the ground state at the isoenergetic crossing point of the potential energy surfaces. Even if excited states of different character, such as MLCT (d-*) or LC (-*) states, lie at lower energies than the d-d states, the latter can still exert a deleterious influence if they are thermally accessible, i.e. if E is comparable to kT (Figure 1.9). 49,50 Even if two closed-shell metal cations (such as Pt(II)) would normally be expected to repel each other, evidence of the presence of attractive interactions between closed shell metal ions have been increasingly studied in the last few years and are generally designated as metallophilic 51 .The best evidences has been found in the solid state where structural data obtained by X-ray diffraction provide precise information about the distance between the metals involved. Metallophilic interactions involving d 10 ions, 52-55 d 8 ions, [56][57][58][59] or the combination of both in heterometallic systems [60][61][62][63] have been reported in the last decade. Numerous theoretical studies on metallophilic interactions continue to be carried out at various levels of sophistication which take into account relativistic and correlation effects to describe these van der Waals-type interactions. 64,65 The strength of such metal-metal interactions has been compared to that of hydrogen bonding (ca. 29-46 kcal mol -1 ) 53 which is sufficient to be employed in the preparation of novel structures in the supramolecular chemistry world.

Self-assembly

Supramolecular chemistry, an expression introduced by Jean-Marie Lehn and often defi ed as chemistry eyo d the molecule , is the chemistry of complex, orga ized assemblies formed by the association of single molecules through the interplay of noncovalent interactions. 66 While a covalent bond normally has a homolytic bond dissociation energy that ranges between 100 and 400 kJ mol -1 , noncovalent interactions are generally weak and vary from less than 5 kJ mol -1 for van der Waals forces, through approximately 50 kJ mol -1 for hydrogen bonds, to 250 kJ mol -1 for Coulomb interactions (see Table 1). 67 Deep understanding of such interactions is of paramount importance, as they affect the properties of the final aggregate. [START_REF]Supramolecular Chemistry: Concepts and Perspectives[END_REF][START_REF] Lehn | [END_REF] The chemical self-assembly of relative small and simple molecules into macroscopic, hierarchically organized, complex structures is known as supramolecular polymerization. 67,70,71 type of interaction or bonding strength (kJ mol 

Supramolecular polymerization

Supramolecular polymerizations can be classified in different ways: i) on the basis of the physical nature of the noncovalent forces (physical origin classification) ii)

according to the type of monomer (structural monomer classification) or iii) in terms of the Gibbs free energy evolution of the self-assembling system (thermodynamic classification).

The thermodynamic approach is directly correlated to the mechanism according to which the polymer grows from the monomeric components, upon variation of concentration or temperature. The two main mechanisms of growth, which are briefly described here below, are the isodesmic and the cooperative polymerization.

The isodesmic polymerization is characterized by the fact that at all steps of the process the association constant K of the linking supramolecular units is identical and its value determines the degree of polymerization. In other terms, the reactivity of the monomers and the growing polymer is the same. The supramolecular polymerization process is not affected by any neighboring-group effects (Figure 1.10). 71 Indeed, the successive addition of monomers to the growing chain leads to a constant decrease in the free energy, meaning that the affinity of a subunit for a polymer end is independent of the length of the polymer. In addition, due to the equivalence of each step during the polymerization, isodesmic supramolecular polymerization is characterized by the absence of a critical concentration (Figure 1.10a) or critical temperature (Figure 1.10b). [72][START_REF]Supramolecular Polymers[END_REF][START_REF] Martin | [END_REF][75][76][START_REF]Binding constants: the measurement of molecular complex stability[END_REF][START_REF] Zhao | [END_REF] As regards the effect of the concentration, a high degree of polymerization can be obtained only for high values of the dimensionless concentration KC t , it means that high concentration C t or high value of the equilibrium constant K are therefore required (Figure 1.10a). Instead, upon variation of the temperature the system evolves in such a way that the degree of polymerization (DPN) gradually increases when the temperature is lowered. To better understand this point, Figure 1.10b sho s the fractio of polymerized material φ as a fu ctio of the dime sio less temperature T/T m , where T m is defined as the temperature at which the fraction of monomer equals 0.5. The behavior is described for a supramolecular polymer that polymerizes upon cooling, taking into account three realistic values of ∆H p (temperature independent polymerization enthalpy).

As it can be observed, the shape of the curve is clearly sigmoidal, whereas the steepness of the transition depends on the value of the polymerization enthalpy ∆H p and is not related to any degree of cooperativity. ). [START_REF]Supramolecular Polymers[END_REF] As regards the cooperative mechanism (Figure 1.11), the growth of the supramolecular polymer occurs in at least two distinct stages. The first step consists of linear isodesmic polymerization process (nucleation phase) with an association constant K n for the addition of each monomer. During such a process the Gibbs free energy of the system increases until a nucleus of a certain degree of polymerization is formed. Then the polymerization becomes energetically favorable and the addition of a monomer occurs with an association constant K e that is higher than K n . (elongation phase).

In this nucleated supramolecular polymerization, the nucleus is the least stable and hence least prevalent species in the reaction and acts as a bottleneck against the formation of new supramolecular polymers. This mechanism can be distinguished from the isodesmic by the presence of a time-dependent lag in the formation of the supramolecular polymer. Such a lag can be abolished by the addition of a preformed nucleus (seeding) and by reaching a critical concentration and a critical temperature, which for this kind of process do exist.

To illustrate the concentration-dependent properties of cooperative supramolecular polymerizations in ideal solutions Zhao and Moore [START_REF] Zhao | [END_REF] have modified the isodesmic model assuming that the dimerization step has a different equilibrium constant from that of the elongation constant, defining the degree of cooperativity (σ) as the ratio of K n /K e , which is smaller than unity for a cooperative process and larger than a unity for an anticooperative process. Only when the concentration is raised above the critical concentration the chain growth occurs and all monomers are converted into high molecular weight polymers over a relatively small concentration range. Furthermore, in sharp contrast to isodesmic supramolecular polymerizations, higher DP values can be obtained not only y i creasi g K ut also y decreasi g σ. The temperature-dependent properties of cooperative supramolecular polymers can be described as thermally activated equilibrium polymerizations. 79 Such a polymerization is described by the reaction shown in Figure 1.11b, where the activated species M1* react only with nonactivated monomers M1 to form dimers, but M1* does not participate in the successive chain elongation steps.

The monomeric activation step is described by a dimensionless activation constant K a , whereas subsequent elongation of the polymers is described by a temperaturei depe de t elo gatio e thalpy ∆H e ) and a critical concentration-dependent elongation temperature (T e ). For supramolecular polymers that polymerize upon cooling, the elongation e thalpy is egative ∆H e < 0). Above the critical elongation temperature, most of the molecules in the system are in an inactive state (nucleation regime), which means that the activation step between inactive and active monomer lies almost completely to the left.

At the critical elongation temperature activation occurs, meaning that the equilibrium describing the elongation steps is shifted to the right. As a result, below the critical elongation temperature, the small fraction of activated monomer can readily elongate to form supramolecular polymers with a high DP. The fraction of polymerized material increases abruptly (Figure 1.11b) and the transition becomes sharper as K a becomes smaller. Hardly any polymeric species are present at temperatures above the critical T e . Hence, the dimensionless activation constant K a in this model has a role identical to that of the cooperativity parameter σ described before. In contrast to isodesmic supramolecular polymerizations, the shape of the curves that describe the fraction of aggregated material as a function of temperature is clearly nonsigmoidal.

Very recently, examples of cooperative supramolecular polymerization driven by metallophilic interaction has been reported by Fer ́ dez group 

Self-assembly and chirality

It's importa t to u derli e ho supramolecular polymerizatio is i deed i timately related with chirality. The term chirality is used to describe the structural property of an object that lacks in symmetry elements. Chiral phenomena are ubiquitous in nature from the macroscopic to the molecular level. [85][86][87] For example, right-handed shells are popular, whereas the left handed are rare and expensive; and most vine plants also tend to grow along the right-handed direction. The origin of such consistent chirality is mysterious and probably closely related to the beginning of life. [START_REF] Breslow | Origins of life and evolution of the biosphere : the journal of the International Society for the Study of the Origin of Life[END_REF] At a macroscopic level chiral components are necessary to couple rotational motions to axial thrust, and vice versa (e.g. screws, bolts, gears, fans, and propellers are all chiral).

By taking a helical shape the packing can be maximized while minimizing the formation of sharp kinks, as well as to reversibly store energy in the form of elastic deformation since the induced strain can be evenly distributed along the entire wire without the formation of sharp kinks. From a biochemical point of view, such macroscopic phenomena originate from the chirality of natural small biomolecules (e.g. L-amino acids, D-sugars, L-phospholipids, etc.), which usually show high preference toward specific enantiomers.

Even if the two enantiomers of a chiral molecule have identical chemical properties and differ only in the ability to rotate the plane of polarization of light, [START_REF] Wang | [END_REF] the chiral recognition has been proven to be a fundamental process in life activities and of primary importance in pharmacology. 90 DNA helices and amyloid or cellulose fibrils are examples of natural helical structures with specific functions. The helical morphology of such biomolecules expresses the chirality of their components and demonstrates the direct relationship between the molecular and the supramolecular chirality. [91][START_REF]Topics in Stereochemistry, Materials-Chirality[END_REF][START_REF] Aparicio | [END_REF] The first chiral helical supramolecular polymer was prepared by Lehn and co-workers via molecular-recognition-directed self-assembly from complementary chiral components. 94,95 The synthesis of chiral structures between the molecular level and the macroscopic world (nano and micro scale) is still a great challenge due to the fact that they are too big to be made by well-established molecular synthesis, and too small to be made individually by top-down methods. [96][97][98][99][100][101][102][103][104][105] From a synthetic point view the breaking of symmetry by imparting chirality in nanostructures can help in designing multiple functionalities with more controllable assembly methods which has been already shown with Janus (two-sided) particles [106][107][108][109][110][111] The physical and photophysical properties of chiral nanostructures could be of interest, for example, an electric current flowing through a helical wire can induce a magnetic field, 112 chiral plasmonic nanostructures have been shown to rotate the plane of the polarization of light like molecules [113][114][115][116] and can, in principle, provide new platforms for asymmetric catalysis. Self-assembly is indeed the most efficient way in the bottom-up approach in nanotechnology for the fabrication of complex supermolecules' a d structures. 117,118 In this approach the chirality at the molecular level, displayed when the atoms of a molecule are arranged in one unique manner in space, is transferred to the supramolecular level which involves the nonsymmetric arrangement of molecules in a noncovalent assembly and consequently to the macroscopic dimension. 91,67

Self-assembly of platinum(II) complexes

The self-assembly of phosphorescent platinum(II) complexes containing -conjugated ligands through Pt••••Pt and/or ligand-ligand interactions has been employed in the last decades as an efficient bottom-up approach towards the preparation of both chiral and achiral supramolecular materials up to the micrometer scale. [START_REF] Yu | Proc. Natl. Acad. Sci. U.S.A[END_REF][START_REF] Moussa | [END_REF][121][122][123] Furthermore, the anisotropic growth of ordered supramolecular structures often observed in such systems suggests that molecular propagation is faster along the axis of the Pt•••Pt interaction than in the lateral directions 124,125 . Nevertheless, the cooperative growth mechanism, which has been demonstrated recently for Pt(II) complexes 84,126 , can be considered as a milestone to find reasonable explanation for the formation of highly organized aggregates with well-defined size, shapes and properties.

Due to the weak and non-covalent nature of the Pt•••Pt interaction, the so-formed self-assembled architectures are generally very much affected by changes in the microenvironment such as temperature, solvent compositions and counterions.

Furthermore, when stimuli-responsive groups are incorporated into these building blocks, the assembling and disassembling behavior can be controlled by application of external stimuli like pH, temperature, redox, and light, amongst all 127,128 . As already discussed, distinctive spectroscopic properties, such as both lower-energy absorption and/or emission bands, have often been observed and considered as a fingerprint of the establishment of Pt•••Pt interactions. Change of such properties can be hence used to probe dynamic transformation of the supramolecular assemblies. 42,125,129 As a result, a rich variety of supramolecular functional architectures has been reported which range from pseudo-0D structures such as micelles, to 1D arrays, to 2D layers and up to 3D networks. As consequence of their square-planar molecular geometry, the most commonly observed self-assembly form is certainly fibrils (1D) that often tend to bundle into entangled 3D networks leading, in some cases, to the formation of supramolecular gels. 121,130,131 In this respect, terpyridine-alkynyl Pt(II) complexes have received considerable attention in recent years due to their photoluminescence properties. 132 An example of how color changes can be used to probe the self-assembly process has been reported by Chan et al. 133 Interestingly, such compounds are not only sensitive to the changes in the microenvironment, upon variations of solvent compositions, counterions, and pH, but positively charged alkynylplatinum(II) terpyridyl complexes can interact with several (bio-)polymers carrying multiple negatively charged functional groups 134 or biologically relevant biomolecules, such as citrate, thus allowing the monitoring of enzymatic activities 135 . Also oligonucleotides [START_REF] Yu | Proc. Natl. Acad. Sci. U.S.A[END_REF] Among all the reported alkynylplatinum(II) complexes, those bearing an amphiphilic anionic bzimpy moiety as terdentate ligand, where bzimpy is 2,6-bis(N-alkylbenzimidazol-'-yl)pyridine (1), have shown very interesting properties in terms of morphological transformation associated with spectroscopical changes both in terms of photoluminescence and electronic absorption. 136 At high water content, pseudo-0D micellar structures have been observed, characterized by a broad featureless emission band ( em = 675-683 nm), attributed to a 3 MMLCT band due to ground-state Pt•••Pt interactions. Interestingly, upon the addition of acetone to the aqueous solution of compound 1, the color of the solution changed from red to yellow to blue moving from 100% water to 1:1 and finally 9:1 acetone:water, respectively, as shown in Figure 1.12. Such spectroscopic changes were attributed to variation of the low-lying 1 MMLCT absorption bands. As demonstrated by scanning electron micrography (SEM) and transmission electron micrography (TEM) images, the change of the spectroscopic properties for 1 was accompanied by a neat variation of the morphological features of the aggregates in aqueous solutions from vesicular, at high water content, to long nanofibers at higher acetone content. It is likely that, in water, the charged sulfonate groups would point toward solvent molecules; while, the hydrophobic Pt(bzimpy) moieties would be forced to pack together through Pt•••Pt a d π-π stacki g i teractio s i order to avoid unfavorable contact with water, forming the bilayered structures of the vesicles.

Upon addition of acetone, expected to well solvate Pt(bzimpy) moieties, the complex molecules would be more well dispersed, resulting in the drop of the 1 MMLCT absorption band. Finally, as the acetone content was further increased, the sulfonate groups are no longer well solvated by the organic solvent; thus, the sulfonate ionic heads would start to aggregate and pull the complexes into close proximity, leading to their aggregation into nanofibers or nanorods.

In a more systematic study, the same group 137 reported on how the alkynyl functionalization, in particular, the alkyl chain lengths affects the self-assembly process in terms of both morphologic and spectroscopic properties.

The different morphology was rationalized in terms of the packing parameter (P), which correlates molecular structure with shape of amphiphiles and help to define 138 The observed enhancement of the 1 MMLCT absorption and 3 MMLCT emission band at higher temperature is contradictory to the commonly observed findings, i.e. that Pt•••Pt interactions would usually be disrupted at elevated temperatures due to the molecular dissolution of the complex. Such finding along with electron microscopy analysis pointed towards formation of distinct assemblies at lower and higher temperature, namely micellar vs. bilayered structure, respectively.

Interestingly also polyhedral oligomeric silsesquioxanes (POSS) moieties can be incorporated onto such class of Pt(II) complexes resulting into organosilane hybrids that still exhibit self-association behavior. 139 Incorporation of chiral moieties onto the molecular structures can lead to the formation of chiral supramolecular architectures such as helicoidal fibers 141,[START_REF] Leung | Proc. Natl. Acad. Sci. U.S.A[END_REF] and metallogels. [START_REF] Po | [END_REF] In this respect, a recent example of the formation of chiral supramolecular structures has been reported by Yi and coworkers 144 A series of cationic Pt(II) complexes bearing monoanionic ancillary ligands (either Cl - or CN -) has been reported by De Cola and co-workers and are displayed in Figure 1.15. 147 They found out that in such derivatives variation of the substitution pattern on either tridentate 1,2,3-triazole moieties and ancillary ligand affects the intermolecular interactions between neighbor complexes and, therefore, the degree of electronic overlap between the platinum centers. Interestingly, all the compounds possessing Cl -as the ancillary ligand were not photoluminescent at room temperature and did not display any self-assembly property; hile, the prese ce of more π-accepting ancillary ligand, such as CN -, induces assembly upon establishment of Pt(II)•••Pt(II) interactions and led to emissive Pt aggregates when bulky adamantyl groups were replaced with more planar phenyl moieties.

The replacement of 1,2,3-triazolyl moieties with 1,2,3,4-tetrazolyl rings leads to dianonic terdentate ligand that combined with a neutral ancillary moiety, such as substituted pyridines, results in neutral Pt(II) complexes with high stacking tendency toward formation of 1D fibrils. Such fibers often bundle into entangled 3D networks leading to the formation of highly emissive supramolecular gels as reported by Strassert et al. 148 In their recent communication, the authors have shown that while molecularly dissolved Pt(II) complex displayed no luminescence at room temperature;

using the compound as low molecular weight gelating agent, a metallogel that can reach PLQY up to 90% can be prepared. They also demonstrated that gelation, morphological as well as photoluminescence properties of the resulting 3D network could be tuned by further functionalization of the ancillary pyridine. As an example, introduction of tetraethylene glycol chain 149 Indeed, the Pt(II) centers are expected to interact more strongly with the apolar CH 2 Cl 2 , whereas the polar chains entangle in order to reduce their exposure to the solvent, thus bundling on the same side. On the other hand, in DMF, the Pt•••Pt interactions are less pronounced due to the solvation of the polar PEG chains, thus preventing a closer approach of the metal centers. Consequently, the PEG chains could adopt an alternating configuration that favors a longer-range order and therefore increase emission quantum yield. The addition of a second tetraethylene glycol chain to the ancillary pyridine increased further the amphiphilic character of the molecule allowing the preparation of phosphorescent hydrogels through hostguest interactions between cyclodextrins and the tetraethylene glycol tails of the Pt(II) complex. 150 In summary, several classes of square planar Pt(II) complexes yield highly luminescent supramolecular self-assembled structures. The proper design of the chelating ligands in terms of both bulkiness and electronic properties allows the formation of architectures with different morphologies, shapes and interesting functions as well as the modulation of the photophysical features. As hereafter discussed, these investigations paved the way for their use as active materials in different field of applications.

Mechanochromic properties of platinum(II) complexes

Interest on stimuli-responsive materials has been largely increasing in the last decade, in the ongoing effort of developing artificial systems that can dynamically interact with their environment. The specific input and output of a responsive system, i.e. the stimulus and the material property subject to change, determine the field of application of the responsive material.

Pt(II) complexes have been found to change either (or both) absorption and emission colors as a result of a variety of stimuli, including vapors of volatile organic compounds (VOCs) as recently reviewed by Wenger 151 and Kato, 152 as well as mechanical stresses such as grinding, scraping, or compression. 153 In a recent contribution, 154 Ni and coworkers were able to prepare a diimineplatinum(II) complex with 4-bromo-, '-bipyridine (5) that exhibits mechanoresponsive luminescence, with the typical spectral transition from a structured band to unstructured broad emission, and corresponding shift in peak emission wavelength of 165 nm upon grinding. X-ray diffraction studies (XRD) revealed that such spectral variation corresponds to a crystalline-to-amorphous state transition. Interestingly, an analogous crystalline-to-amorphous transition was observed upon heating the Pt complex, apart from the fact that the broad emission band was in this case shifted by only about 100 nm. This result suggests that the final amorphous aggregation state, and in particular the metal-to-metal distance, can strongly depend on the way energy is delivered to the Pt complex crystals.

Mechanical grinding is hence able to bring metals closer while exposure to solvent vapors, such as DCM, can restore the original crystalline state (Figure 1.17). showing the color changes from yellow-green to red upon grinding and in the reverse process from red to yellow-green on addition of CH 2 Cl 2 . 155 The same researchers found out that the final emission wavelength of the broad band corresponding to the ground aggregates can be tuned with the bulkiness of ligand substitutions. They ascribe the much smaller bathochromic shift of a tert-butylsubstituted derivative, 89 nm vs. 155 nm, the latter observed in absence of tert-butyl pendantto the longer Pt•••Pt distance induced by the hindrance of this bulky lateral group. The effect of spatially encumbered ligands was also explored by Tsai and coworkers. Similarly, they concluded that bulky substituents favor the formation of monomer-like emitting crystals, which can then show mechanoresponsive properties if the substituents allow the crystalline structure to have enough sliding freedom. 156 A recent paper reports the synthesis of a series of imidoylamidinato platinum(II) complexes featuring bright luminescence in solid state and mechanochromic behavior. 157 Even though the ground state of Pt complexes has always been found to be an amorphous aggregate state, Eisenberg and coworkers were able to record X-ray structures of a red-emitting polymorph of a terpyridyl Pt complex, analogous to the red-emitting ground aggregate. Their findings allowed them to conclude that mechanical stresses induce slipping of layers in the crystalline structure, resulting in a less dense aggregation state featuring Pt•••Pt distances shorter than 3.5 Å. 158 Remarkably, not all reports on mechanoresponsive Pt(II) complex agree on the fact that red-shifted emission arise from the formation of aggregates where strong metallophilic interactions take place as consequence of the establishment of short Pt•••Pt distances. Early studies reported that the red-shifted emission of Pt(5dpb)Cl, where 5dpbH is 1,3-di(5-methyl-2-pyridyl)benzene, was the result of an interaction only taking place at the excited state, i.e. an excimer emission, as observed by time resolved spectroscopy. 159 Very recently, Swager and coworkers prepared a cationic cyclometalated Pt(II) complex ( 6) which form columnar liquid crystal phases owing to the Pt•••Pt interactions, acting as the dominant attractive force. 160 Interestingly, the complex (Figure 1.18a) did not display emission properties in the liquid crystalline state in which the observed Pt•••Pt distance (d =3.65 Å) is at the threshold to trigger formation of 3 MMLCT band.

Whereas the solid state crystals showed a broad intense (PLQY up to 86%) luminescence band and exhibited mechanochromism as demonstrated by the bathochromic shift upon grinding. This was not the first report of Pt complexes forming liquid phase crystals responsive to tribological stimulation. 161 Furthermore, the complex showed strong dependence on environmental factors such as nature of polymer matrix in which it is embedded and doping level. Indeed, a bathochromic shift in the emission maximum was observed upon varying the polymer matrix, suggesting the possibility of tuning of the Pt•••Pt distance in aggregated phases.

Embedment in polymer matrix is a key step for application of Pt complexes as responsive materials, in particular as sensors for pressure or mechanical stresses, or as memories. Methacrylate polymers have been identified as good candidates to obtain mechanically stable, responsive films. In addition, the possibility of changing the glass transition of the polymer matrix (T g ) with the length of the methacrylate chain allowed to investigate the role of T g in the response of the luminescent Pt complexes embedded in polymers. 162 It was found that mechanical as well as vapochromic response was detectable and stable for high T g polymers (polymethyl methacrylate, T g = 90 ºC), while the same response was only temporary when T g approached room temperature (polybutyl methacrylate, T g = 30 ºC). Furthermore, as soon as each polymer mixture was heated above its T g , the luminescence could be reset to the initialnon groundstate, while attempts to stress the films above T g gave no observable response, due to the tendency of the polymer to flow, and thus to absorb the mechanical energy conveyed for structural rearrangement of the Pt(II) complex crystals.

PMMA was also employed by Chen 163 and coworkers to obtain a device acting as a logic gate with mechanical and vapor based stimuli. By using platinum complexes, and 574 nm, respectively). Such metal distances could be further shortened upon grinding as demonstrated by the red-shifted of the emission peak of the ground aggregate down to 635 nm. 164 An interesting development in terms of mechanoresponsive materials with optical reading was achieved by You and coworkers. They designed chiral Pt complex, which resulted responsive to mechanical stimuli. For such complex, not only the luminescence spectrum changes upon grinding, but even more interestingly the CD signal is completely depleted, which gives the opportunity to couple optical activity and luminescence color as the read-on signals. 165 Overall, the reversible and dynamic establishment of metallophilic interactions upon application of mechanical stimuli in platinum complexes as condensed phases represents a valuable and interesting manner to prepare luminescent stimuliresponsive materials with optical read-outs.

Bioimaging

Compounds able to dynamically change the emission colors upon external stimuli or modification of the microenvironment (e.g. pH, polarity of the environment, oxygen content, formation of redox species etc..) are particular important in biology as well as in the whole world of science. 166 In fact, it is said that humans rely on vision for approximately 80% of all the information they receive from the external world as the prover seei g is elievi g suggests. U fortu ately, livi g systems ge erally do ot supply enough visual information detectable with the naked eye to allow us to understand specific biological events, such as cell signaling and protein expression.

Therefore, tools that allow us to see inside biological systems from cells to whole body are essential not only for basic research, but also for revealing internal structures hidden by the skin and bones, as well as to diagnose, treat or to identify abnormalities. However to the sensitivity required to visualize biological compounds at physiological concentrations, which in most cases range from nano-to micromolars, a spatial and temporal resolution to analyze dynamic cell signaling processes is also necessary. Since invasive technique should be avoided for medical application, fluorescence imaging is an ideal methodology, compared with other technologies based on radioactivity, bioluminescence, electromagnetism, and electrochemistry. This is the reason why fluorescence live imaging is probably becoming more and more diffused in cell biology.

Several efforts has been made to overcome some limitations of traditional wide-field fluorescence microscopes from the invention of the confocal microscopy 167 to the more recent super-resolution microscopy 168,169 which enables the capture of images with a higher resolution than the diffraction limit as well as by the development of a new method (termed CLARITY) able to transform intact tissue into a nanoporous hydrogel-hybridized form that is fully assembled but optically transparent 170 .

Although internal or endogenous fluorescent molecules in cells [171][172][173] including tryptophan, NAD(P)H, and flavins can be imaged, in the most cases, an external chemically or genetically synthetized fluorophore is used. Before the middle of the 1990s, when Shimomura 174 discovered the green fluorescent protein which is now widely used as a marker for gene expression 175,176 and to label proteins in general, organic fluorescent molecules were the only choices. Even if organic fluorescent compounds are still important and widely used for both labeling and sensing due to the fact they are relatively inexpensive and versatile, nowadays many different probes using fluorescent proteins, quantum dots (QDs), lanthanide ions and transition metal complexes (TMCs) have been developed and successfully employed.

In order to be suitable for in vivo application compounds that emits with high quantum yield in the NIR wavelength range are required due to the fact that hemoglobin (the principal absorber of visible light) and water and lipids (the principal absorbers of infrared light) have their lowest absorption coefficient in the NIR region from around 650 nm to 900 nm (Figure 1.20, i set ofte called iological i do . 177 .

Figure 1.20. Interaction of light with tissue. 177 Imaging in the NIR region has also the advantage of minimizing the intrinsic fluorescence of tissue, 178 which can further improve target/background ratios. At the same time the possibility to use NIR light to excite the molecule through a multiphoton process 179,180 allow the imaging of small animals. Several attributes are indeed required for a generic lumophore to be used as a label for biological application such as stability and solubility in aqueous buffers and growth media, low toxicity in the organism, fast uptake kinetic into the cells, preferably without the addition of chemical agents, a preferential localization for example in a certain orga elle a d fi ally they should e a le to operate i the iological i do .

However some of these properties are in conflict which each other like the water solubility and the fast internalization which generally requires, instead, a lipophilic character in order to cross the phospholipidic membrane of the cells. Many of these features such as localization as well as the photophysical properties under physiological conditions, cannot be predicted a priori so most of the novel luminescent molecules were discovered serendipitously or by screening library of compounds [181][182][183] .

While several lumophores especially small organic fluorescent molecules and TMCs display an intrinsic localization, a specific targeting can be achieved by bioconiugation or using genetically encoded fluorescent fusion tags 184 . The covalently labeled antibodies with fluorescein isocyanate in 1942 by Coons, was the beginning of immunofluorescence, which is still widely used today 185 .In the last decade, the use of labelled antibodies 186,187 and peptides 188,189 allow to visualize mouse tumors in vivo.

Another important class of luminescent compounds is made up by molecules whose own optical properties are altered in response to the target chemical species or specific environments and is defined as luminescent probes (Figure 1.21). example with metal ions in order to visualize metal accumulation, trafficking, and function or toxicity in living systems 190 , reactive oxygen species 191 , membrane potential changes 192 , enzyme activity 193 and pH 194 . To trigger specific signal, photoinduced processes has been successfully applied such as photoinduced electron transfer (PeT) [195][196][197] and Föster resonance energy transfer (FRET) 198,199 . Intramolecular reaction such as spirocyclization 200 and bioconversion can also be used, for example Uesugi 183 reported a fluorescent probe that, upon bioconversion, specifically stains mitochondrial surfaces. Fluorescent molecules that undergo reversible or irreversible photoswitching or photoactivation have become of particular interest for super-resolution imaging 204 , including stochastic optical reconstruction microscopy (STORM) 205 and photoactivated localization microscopy (PALM) 206 .

A classical application of organic fluorophores is probably as probe for metal ions since they are required for the proper function of all cells within every living organism and interesting reviews has indeed been published on this topic 166,190 . For sure the main advantage of this class of molecules is their easy functionalization: dyes with reactive groups such as Isothiocyanate or succinimidyl esters, which are reactive towards amino groups to form a thioureido or amide linkage respectively, are also commercial available and their application to tag molecules range from biology to material chemistry.

Generally this fluorescent tags display strong and tunable absorption with molar extinction coefficient () up to 10 5 in magnitude as well as high photo luminescent quantum yield (PLQY) up to 100% across the all visible region. However they suffer from small Stokes shifts, short luminescence lifetimes and high susceptibility to photobleaching.

Quantum dots

A quantum dot (QD) is a nanocrystal made of semiconductor materials that, due to its size, exhibit quantum mechanical properties. It was first discovered by Brus in 1983 207 . The photophysical and electronic properties of QDs are determined by the physical confinement of excitons, which occurs when the dimensions of the nanocrystal approaches that of the exciton. The bandgap of the QD widens with decreasing size, giving rise to unique, size-dependent optical and spectroscopic properties.

Respects to organic fluorophores, QDs have broader absorption spectra, which can be actually seen as both a positive or negative feature depending on the application.

For instance different colored QDs can be simultaneously excited using a single wavelength, but, for other application, a selective excitation of a single label may be required and a narrow excitation band is indeed preferred (Figure 1.24) 208 .

Figure 1.24. Emission maxima and sizes of QD of different composition. 209 However QDs have narrow emission spectra, which can be controlled in a relatively simple manner by variation of core size and composition, and through variation of surface coatings allowing a relatively easy separation of the different signals making them well suited to multiplexed imaging. For example Gao and coworkers showed the possibility to combine multiple colors and intensities to encode genes, proteins and small-molecule libraries [210][211][212] .

Another important feature of QD is their good photostability, which is fundamental to monitor the long-term interactions of labelled biological molecules in cells; QDs can actually undergo repeated cycles of excitation and fluorescence for hours with a high level of brightness and photobleaching threshold. Dihydrolipoic acid (DHLA)capped cadmium selenide-zinc sulfide (CdSe-ZnS) QDs showed no loss in intensity after 14 h, and were nearly 100 times as stable as, and also 20 times as bright as, rhodamine 213 .

QDs also have a longer fluorescent lifetime respect to organic fluorophores up to 100 ns and allow some application in time-gated imaging since endogenous fluorescent molecules as well as commercial organic dyes own excited state lifetimes of few nanoseconds.

Even if QDs display many advantages including the possibility to image small animals 209 there are also several drawbacks. While size and shape can be controlled within using precise growth techniques, the surface defects in the crystal structure and the poor surface passivation reduce the overall quantum yield 214 . The cores are highly reactive due to their large surface area:volume ratio, resulting in a very unstable structure which is particularly prone to (photo)chemical degradation which include desorption of highly toxic free Cd ions The extent of cytotoxicity has been found to be dependent upon a number of factors including size, capping materials, color, dose of QDs, surface chemistry, coating bioactivity and processing parameters 215 . In addition QDs are mostly synthesized in nonpolar organic solvents. If they are to be solubilized in aqueous buffers, their hydrophobic surface must be covered with amphiphilic ones. In conclusion a coating of the QD core is necessary in order to render them soluble and biocompatible. Keeping into account the possibility of the breakdown of the shell and the requirement for such refinements, the production of suitable quantum dots for particular applications can be very complex and expensive.

Lanthanide complexes

As an alternative to classical organic fluorescent labels, lanthanide complexes emerged in the last decade 216 due to their peculiar luminescent properties. Europium was the first lanthanide to be studied in solution by Freed et al 217 This characteristic, combined with the extremely long luminescence lifetimes (up to ms) and, in some cases, with the photoluminescence in the NIR region 218 , makes this class of compounds extremely attractive in bioimaging.

Trivalent lanthanides ions such as Sm, Tb, Eu and Yb can coordinate up to eight or nine ligands which generally are combinations of Lewis bases, such as amines and carboxylic groups, due to the hard characteristics of these metals. Since free lanthanide ions are toxic, very stable complexes are paramount to be viable in imaging applications and cage-like ligands are preferred to improve their stability such as DOTA 219 or EDTA.

Lanthanide complexes can be distinguished by their characteristic wavelengths of emission which are wholly due to the metal centered f-f transitions. Due to the fact that f-f transitions are symmetry forbidden (Laporte rule) the direct excitation of the metal center is inefficient (very small molar absorption coefficients) and an antenna (commonly an organic chromophore) is required to pump energy in the lanthanide acceptor states. For this reason the resulting complexes show large Stokes shifts upon ligand excitation up to several hundred of nanometers with gaps of zero absorption. In addition they display very small sensitivity to photobleaching in view of their ability to efficiently harvest energy from triplet states. Perhaps the most interesting applications rise from their long excited state lifetimes which enable their use as probes in time resolved techniques such as time-resolved fluoroimmunoassays (TR-FIA), DNA hybridization assays 220 and time-resolved luminescence microscopy (TRLM) 221 .

About the biological applications of lanthanide complexes several interesting reviews has been published on this topic [222][223][224] . An interesting example of the use of lanthanide coordination complexes as emissive optical probes is given by Montgomery et al. 225 by systematically studying more than 60 emissive complexes, examining the time dependence of cellular uptake and compartmentalization, cellular toxicity, protein affinity, and quenching sensitivity they were able to identify certain structure-activity relationships (Figure 1.25). The judicious choice of metal ions and ligands leads to luminescent compounds, which show great photo-and electro-chemical stability, high photoluminescence quantum yield (PLQY), tunable emission color across the visible electromagnetic spectrum, from ultra-violet (UV) to near infrared (NIR) 10,11 .

Several interesting reviews have been reported 25,[226][227][228] trying to rationalize the relationship among the structure, the cellular uptake kinetics and the compartmentalization. Many TMCs show indeed an intrinsic specific localization as can be as can be observed in Figure 1.26. However, as for the organic fluorophores, there are not general rules able to predict localization depending on the chemical structure.

Figure 1.26. Localization of some d 6 TMCs in cells. 25 For example triphenylphosphonium ion is known to bind to mitochondria 229 , however Chi-Kin Koo et al. 230 reported a triphenylphosphonium-functionalised cyclometalated Platinum(II) complex that, instead, is selective for the nucleus while a Zhengqing Guo et al. 231 reported oligo(ethylene glycol)-functionalized cyclometalated platinum(II) complexes bearing a triphenylphosphine as ancillary ligand that is, indeed, mitochondria-specific. The charge of heavy-metal complexes significantly affects their cellular uptake.

Generally when complexes own positive charges they can easily interact with the negative surface of the membrane and enter living cells.

This class of molecules displays several advantages respect to the classes discussed previously: ligands can be rationally designed and synthetized to modulate photophysical properties and easily functionalized like the small organic fluorescent dyes. The coordination to a transition metal ion leads to an increase of the lifetimes due to the population of triplet states that allow time resolved techniques, followed by an increase of the stokes shift and a bathochromic shift of both excitation and emission spectra generally due to the formation of new 3 MLCT transition at lower energy. However this bands have smaller molar absorption coefficient compared to the spin allowed -* transition of the isolated ligand, but still easier to excite if compared with lanthanides. Even if PLQY are very high and close to the unit in some cases, the excited state lifetimes are subject to shortening by triplet quenchers (e.g. 3 O 2 ). On the hand this property can be exploited to map 3 O 2 concentration, on the other reactive toxic species can be formed such as 1 O 2.

Platinum(II) complexes

Even though Pt(II) complexes have been extensively studied for cancer therapy 232 due to their high toxicity, much less work has been done for their application as bioimaging probes compared to the compounds discussed previously. Organometallic complexes of Pt(II) possess attractive properties and several groups has reported luminescent Pt(II) complexes able to enter living cells and, in some cases, to selectively stain specific compartments 233 .

An important contribution to the bioimaging field comes from Williams group 234,235 who show how highly emissive and photostable Pt(II) complexes can be used in 

(a) TP-TREM intensity image under 760 nm two-photon excitation, reconstructed by integrating total emission intensity pixel-per-pixel; (b) lifetime distribution map corresponding to image (a)

. 235 The emission lifetime varies by more than a factor of 20 depending on the location, in particular they found it to be shorter (around 300 ns) in the membrane, longer in the cytoplasm (around 2 s) up to 4 s in the nucleus with, discrete zones of almost 6 s, value similar to that obtained in fully deoxygenated solution. Such differences where tentatively assigned to a variable degree of protection from quenching by oxygen since this complex, as well as TMCs in general, are strongly quenched by oxygen. Selfquenching via interactions with another Pt(II) molecule and even binding to proteins or intercalating into DNA was also not excluded. Although these probes can comfortably sense oxygen to sub-micromolar level, the formation of 1 O 2 can represent a drawback due to the intrinsic toxicity.

The use of the self-assembly properties of Pt(II) complexes to obtain dynamic labels for cell imaging has been recently reported by Yam and coworkers. 237 The authors reported a water-soluble alkynylplatinum(II) terpyridine complex 8 (Figure 1. The trigger for the changes in the aggregation properties is the acidity of the phenolic proton which at high pH increases the hydrophilicity of the complex and hence its deaggregation in aqueous medium. The emission of the complex is present only when the compound is in the aggregate format pH between 3.5 and 5.6. Above 5.6 in pH the NIR emission shows a significant drop in intensity and becomes completely tur ed-off'' at or a ove pH . 

Scope of the thesis

The work described in this thesis is focused on the synthesis and characterization of luminescent Pt(II) complexes. Particular attention is paid to their self-assembly properties, exploited to create new functional in-and out-of-equilibrium architectures, such as polarized emitting fibers and (chiral) micro/nanostructures.

Moreover, the dramatic changes in the photophysical properties, shown by such materials upon self-assembly, are used to probe in real time the evolution of a system with complex pathway dynamics. Finally, some possible applications are reported, in particular these assemblies have been used as new phosphorescent labels for bioimaging and as devices for data storage and security.

After a short description of the instruments and the techniques used in this work Chapter 5 is dedicated to the understanding and control of the self-assembly mechanism underlying the formation of the above mentioned highly organized structures. We describe indeed how interlocked dynamic pathways comprising more than two assemblies can be characterized and kinetically controlled. This has allowed us to visualize in real-time the events involved and to fine tune the size of the assemblies.

In addition, the self-assembled architectures show bright emission and enhanced stability. Since the emission can be easily modulated and the long-lived emissions easily detected, such materials can be applied as labels in biomedicine, as reported in Chapters 6 and 7.

Finally, Chapter 8 focuses on the solid state properties of such materials and, in particular, on the changes in the photophysical properties upon mechanical stimulus.

We show that luminescent mechanochromism, a phenomenon generally observed in bulk materials, can be brought on the microscopic level and used to achieve highdensity information writing with AFM nanolithography.

Absorption spectroscopy 1

In order to measure such quantity with no influences exerted by other phenomena 
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where  is the molar extinction coefficient (in M -1 cm -1 ) and c is the concentration in moles/liter. Also the transmittance (T) is frequently used and it is defined as the ratio between the intensity of light that passes through a medium (transmitted light, I) and the intensity of the incident light (I 0 ). In other words, it is defined as the negative logarithm of the absorbance. Beer's Law predicts that the optical density is directly proportional to the concentration of the absorbing species.

However deviations from Beer's law can result from both instrumental and intrinsic causes. Biological and/or supramolecular systems that contain macromolecules or other large aggregates, can lead to turbid samples that scatter light. The optical density resulting from scatter will be proportional to 1/ 4 (Rayleigh scattering), and may thus be easily recognized as a background absorption that increases rapidly with decreasing wavelength.

If the optical density of the sample is high, and the absorbing species fluorescent, the emitted light cannot reach the detector. However this effect can be minimized by keeping the detector distant from the sample, decreasing the efficiency with which the fluorescence emission is collected or with cuvettes having reduced optical path or a different geometry.

Aggregation processes can also take place and the resulting supramolecular systems may possess distinct features from the monomers. Depending upon the wavelength chosen for observation, the deviations from Beer's law may be positive or negative. In our experiments the electronic absorption spectra were recorded on a Shimadzu UV-3600 double-beam UV-VIS-NIR spectrophotometer and baseline corrected. Timeand temperature-dependent absorption spectra were recorded on a JASCO V-650 UV-VIS spectrophotometer equipped with cell holder and temperature control. The quartz cuvettes (from Hellma) have an optical path of 1 cm.

Fluorescence spectroscopy

An emission spectrum is the wavelength distribution of an emission measured at a single constant excitation wavelength. Conversely, an excitation spectrum is the dependence of emission intensity, measured at a single emission wavelength, upon scanning the excitation wavelength. Such spectra can be presented on either a wavelength scale or a wavenumber scale. Light of a given energy can be described in terms of its wavelength , frequency , or wavenumber. The usual units for wavelength are nanometers, and wavenumbers are given in units of cm -1 .

Wavelengths and wavenumbers are easily interconverted by taking the reciprocal of each value. For example, 400 nm corresponds to (400 x 10 -7 cm) -1 = 25,000 cm -1 . On the contrary of absorption spectroscopy in which a double-beam configuration can get right of many artefacts, there is no ideal spectrofluorometer. The available instruments do not yield true excitation or emission spectra. This is because of the spectral output of the light sources and the wavelength-dependent efficiency of the 

Luminescence quantum yields

The photoluminescence quantum yield (PLQY) of a molecule in solution varies depending on the experimental conditions, including the type of solvent, the concentrations of sample and dissolved oxygen in the solution, temperature, and excitation wavelength. When the physical conditions are fully specified, the absolute quantum yield can, in principle, be precisely determined. However, even if these parameters are specified, a number of pitfalls exist. It must be considered explicitly to determine reliable quantum yields. These include polarization effects, refractive index effects, reabsorption/ reemission effects, internal reflection effects, and the spectral sensitivity of the detection system. 2,3 They can be classified into relative (or secondary) methods and absolute (or primary) methods. 4 The absolute methods require performing various complex corrections to obtain accurate quantum yields. Therefore, in most laboratories relative (secondary) methods are used to determine quantum yields.

In secondary methods, the quantum yield of a sample solution is determined by comparing the integrated fluorescence intensity with a standard solution under identical conditions of incident irradiance. Thus, it is critical to correct for the spectral sensitivity of the instrument, and the measured quantum yield is only as accurate as the certainty of the quantum yield of the fluorescence standard according to the equation:
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where  is the photoluminescence quantum yield (PLQY); I is the integrated emission intensity; OD is the optical density, and n is the refractive index. The subscripts S and R refer to the sample and reference fluorophore the latter must have a known quantum yield. In this expression it is assumed that the sample and reference are excited at the same wavelength, so that it is not necessary to correct for the different excitation intensities of different wavelengths. 1 Many different absolute (or primary) methods for determining PLQY have been developed such as the Vavilov method 5 (using magnesium oxide as a standard), the Weber and Teale method 6 (using scattering solution as standard), Calorimetric methods [7][8][9] and photoacoustic (optoacoustic) methods 10,11 detect the fraction of the energy which is lost by nonradiative processes in a luminescent sample, i.e., the complement of the luminescence energy yield. These photothermal methods generally require making the assumption that the relaxation processes of excited molecules involve no photochemical reactions. The number of photons absorbed is proportional to the difference of the integrated excitation light profiles, while the number of photons emitted is proportional to the area under its fluorescence spectrum. 4 Another approach consists in the use of an integrating sphere (Figure 2.3) which collects all the emitted photons with a calibrated photodiode and sets them into relation with the number of absorbed photons. In this way the effects of polarization, scattering and refractive index are eliminated from the measurements.

Light from a xenon lamp is monochromatized at the selected wavelength and guided by an optical fiber into the integrating sphere. The emitted light from the sample is collected by a detector after passing through another optical fiber and a second monochromator. The PLQY (  ) is then calculated from the number of photons absorbed (difference of the integrated excitation light profiles) and the number of photons emitted (integrated fluorescence spectrum) according to the equation: 
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Scanning electron microscope (SEM)

The schematic diagram of a simplified SEM setup is shown in Figure 2.5. The beam of electrons, generated at the top by the electron gun, is accelerated by the anode, which is biased +1 to +50 kV respect to the electron gun, down into the electron column. After being collimated through condenser lens the beam passes through pairs of scanning coils in the electron column, which deflect the beam in the x and y axes so that it scans in a raster fashion over a rectangular area of the sample surface. For conventional imaging in the SEM, specimens must be electrically conductive, at least on the surface, and electrically grounded to prevent the accumulation of electrostatic charge on the surface. Therefore they are usually coated with an ultrathin coating of electrically conducting material, deposited on the sample either by low-vacuum sputter coating or by high-vacuum evaporation.

In this thesis, the samples were covered by a 5 nm thick gold layer, and finally investigated using a FEI Dual Beam 235: FIB-SEM-STEM with an ion beam (FIB, 5 nm) and electron beam (SEM, 1 nm). The key to the confocal approach is the usage of spatial filtering to eliminate out-offocus light or flare in specimens that are thicker than the plane of focus by illuminating the objective through a pinhole. Only if the specimen is in focus, the light can pass through the pinhole and reach a detector (usually a PMT).

Fluorescence microscopy

As drawback total signal level is lower even if the specific signal-to-noise ratio for the features of interest is increased.

Magnification can be electronically adjusted by altering the scanning laser sampling period which varies the area scanned by the laser without having to change objectives (zoom factor). Increasing the zoom factor reduces the specimen area scanned and simultaneously reduces the scanning rate. However high zoom factor may lead to increase photobleaching.

In this thesis fluorescence microscopy was performed with an Olympus BX51 microscope using a 20x objective and an Olympus U-MWBV. Images and movies were recorded with an Olympus XC-10 color camera. Fluorescence confocal microscopy

Introduction

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. In particular, square-planar Pt(II)and Pd(II) complexes with protruding filled d z 2 orbitals have been known for a long time to show a high tendency towards stacking through weak non-covalent metal•••metal and/or - ligand-ligand interactions [1][2][3] .

By means of bottom-up approaches, it has been shown that luminescent Pt(II) complexes are able to form either homo-4 or hetero-metallic 5,6 supramolecular architectures such as liquid crystals 7,8 , nanowires 9 , nanotubes 10 , nanosheets 11 , and metallo-gelators 12,13 , with very appealing (electro)optical, 11,13-15 sensing 14 , and semiconducting properties [15][16][17][18] . To date, metal complexes forming long-range ordered soft structures showing polarized light emission and photoluminescence quantum yield (PLQY) exceeding 0.5 are very rare and typically require the aid of orienting scaffolds and special techniques 19 .

Self-assembled functional architectures might have great potential applications in optoelectronic devices such as organic light emitting diodes (OLEDs), 13,15 field effect transistors (FETs), 11,18 and organic light-emitting FETs (OLEFETs) 9 . Noteworthy, linearly polarized materials with uniaxial molecular orientation find great application for improving light extraction in such devices, 15 and as active materials in 3D OLED displays 19 .

In this chapter, the synthesis and chemical characterization of the 3-trifluoromethyl The synthesis of such type of ligands has been already reported by our group 20 In this modified synthetic strategy the yield of the intermediate pyridine-2,6bis(carboximidhydrazide) 1 is almost quantitative upon optimization of the solvent and reagents ratio as well as reaction time when compared to the previously used procedure 20 . Further details can be found in the experimental section. By using this precursor, condensation reaction can be carried out by simply mixing the building block 1 with 2 equivalents of the desired anhydride followed by thermal treatment leading to acylation and ring closure without the need to isolate any intermediate. In particular, improvement in the condensation step was found when a water miscible and high boiling point solvent such as diethylene glycol dimethyl ether was used. The addition of water further induces precipitation of the desired product. However we have found that an acidic hydrolysis leads to an increase of both yield and purity which is probably due to the fact that a third condensation process can take place yielding to acylation of the triazole rings. A proof of this mechanism, which also allows an easy and straightforward synthesis of the methyl derivative, is depicted in Scheme 3.4. 

Synthesis of the platinum complexes

The general methodology to synthesize the complexes is described hereafter and it is in accordance to literature procedure previously reported by our group 20 . The general procedure for the complexation of this class of ligands consists in a one-pot reaction in which the tridentate ligand, a platinum precursor and an ancillary ligand,the latter is generally a pyridine derivateare partially dissolved in 2-methoxyethanol in The choice of the Pt(II) source takes into account both solubility and reactivity and PtCl 2 (DMSO) 2 was employed according to literature 13 . At higher temperature and in presence of alcohol/water mixtures and/or strong bases such as alkoxide or hydroxyde salts, the formation of a black precipitate has been observed which is attributed due to the formation of metallic platinum. Upon reaction condition optimization, it turned out MeOH, ACN and CHCl 3 to be the better solvents than 2methoxyethanol. Also, even if any mild base such as amines can be used, triethylamine (TEA) and N,N-diisopropylethylamine (DIPEA) were found to be the best choices. However, we have found that TEA can coordinate the metal center (Scheme 3.6) as demonstrated by single-cristal X-ray diffractometric analysis (Figure 3.3). 

Photophysical properties

The photophysical properties of complex Pt-CF 3 tz-pyC 5 M -1 cm -1 ; and  = 337 nm,  = 2.6 × 10 3 M -1 cm -1 ). These transitions are mainly attributed to the intraligand ( 1 IL) and metal-perturbed interligand charge transfer ( 1 ILCT) states. At lower energy, a broad band in the region 350-450 nm ( ca. 0.7 × 10 3 M -1 cm -1 ) is ascribed to the admixture of spin-allowed metal-to-ligand charge transfer ( 1 MLCT) and intra-ligand ( 1 IL) transitions corresponding to the HOMO-LUMO excitation process, as supported by density functional calculations (data not shown).

These assignments are further corroborated by the similarity with already reported Pt(II) complexes. Interestingly, the complex exhibits very different photo-physical behaviour in the solid state. In an attempt to crystallize the compound to obtain good quality singlecrystals suitable for X-ray analysis, we have isolated yellow bright emissive microcrystalline fibers. The luminescent fibers, Figure 3.5, can be easily obtained when an acetone solution of Pt-CF 3 tz-pyC 5 is slowly concentrated by evaporation by drop-casting onto a quartz or glass substrate. The presence of such ground-state interaction through a strong coupling between the two platinum units is confirmed by the appearance of a lower energy band in the excitation spectrum of the fiber ( = 501 nm), as displayed in Figure 3.5a. The electronic excitation transition involved has been ascribed as 1 MMLCT. Excitation on this band, as well as in any other absorption band, leads to the yellow emission attributed to the radiative de-excitation of the triplet-manifold 3 MMLCT.

Furthermore, such metallophilic interactions are accounted to play a major role in the nanoscale organization and molecular propagation for the self-assembly of the Pt-CF 3 tz-pyC 5 complex, and in particular imparting the high directionality to the organization. Noteworthy, by investigating the emission with a fluorescence microscope equipped with a polarizer in the emission arm, it has been found that the intensity of the photoluminescence depends on the emission polarization angle. As shown in the SEM images, the sample of the emissive soft-structures prepared from acetone (concentration 4 mg mL -1 ) is comprised of hundreds of micrometer long one-dimensional (1D) fibers. We hypothesize that such fibrous nanostructures is the result of a self-assembly process of thinner nanostructures such as nanofibrils. SEM analysis, however, could not give us any information on the packing and crystallinity of the assembly.

Morphological characterization of the self-assembled fibers

To explore the crystal structure of the Pt(II) aggregates prepared from acetone, selected area electron diffraction (SAED) patterns were acquired corresponding to a local region with a few fibers present. In order to avoid damage of the crystal structure as a consequence of the electron beam, a very low dose rate was employed for the analysis (see experimental section for further details).

The morphology and orientation of the fibers contributing to electron diffraction were obtained by looking at the shadow image in the central disk of a strongly defocused diffraction pattern. The diffraction vectors are perpendicular to the two groups of fibers numbered in the shadow image, respectively. This indicates a periodic arrangement of the Pt complex alkyl chains perpendicular to the fiber long axis. In addition, strongly streaked diffraction spots corresponding to a lattice period of 3.44 Å were observed parallel to the fiber long axis. This lattice period is different from that obtained by X-ray scattering analysis and is most likely due to different sample preparation conditions required for the TEM analysis (lower concentration and fast evaporation rate).

However, this periodicity can be attributed to the long-range order of the complex along the fiber axis. Interestingly, it is possible to detect a scattering peak at 3.28 Å that can be most likely ascribed to the distance corresponding to d z 2 •••d z 2  intermolecular interaction leading to the strong bathochromic shift of the emission into the self-assembled fibers. As a result of this long-range order, light emission polarized parallel to the fiber growth axis is unambiguously observed.

Fluorescence anisotropy

In order to further characterize the properties of such luminescent fibers, several attempts to obtain fibers in an aligned fashion onto a substrate were carried out. This indeed represents a key-step for the characterization of the anisotropic features of the fibers as bulk material. In particular, alignment of the fibers has been successfully

achieved by immerging a glass microscope slide into an acetone solution of CF 3 tz-pyC 5 complex and the solvent evaporated at room temperature. In this way, the platinum(II) fibers tend to grow aligned onto the glass surface following the direction of the air-solvent interface during solvent evaporation as shown in Figure 3.8a. In this way anisotropy studies can be performed on the oriented fibers in order to elucidate the origin of such polarized emission and its correlation with the molecular packing and orientation within the fiber structure (Figure 3.8b). We found that the emitted light is maximized when the emission polarization is set parallel to the fiber long axis independently from wavelength and polarization angle of the excitation source (Figure 3.8c). Such finding, along with the fact that the emission has a 3 MMLCT nature, indicates that the radiative de-excitation process arises from a transition that is aligned along the fiber long axis on which also lies the Pt It is possible to observe that at = 300 nm the maximum of the intensity is recorded when the polarizer is set at 90°i.e., perpendicularly to the fiber growth axiswhile the minimum is recorded at 0°i.e., parallel to the fiber growth direction. On the other hand, an opposite result is obtained by moving the excitation at 450 nm with maximum and minimum of the intensity recorded at 0° and 90°, respectively.

One should keep in mind that the MMLCT band is not present when the complex is molecularly dissolved, but it is formed upon self-assembly into fibers (Figure 3.5a)

owing to d z 2 •••d z 2
 intermolecular interactions between neighboring complexes.

On the basis of such findings and consideration, it is possible to conclude that the dipole moment of the MMLCT transition is thus oriented in such a way that lies onto the plane that contains the axial d z2 •••d z2  intermolecular interactions (the fiber growth axis). On the other hand, if we consider the transition at  exc = 300 nm, also observed when the complex is molecularly dissolved, the associated transition dipole moment lies onto the molecular plane, which is oriented orthogonally with respect to the long fiber axis (Figure 3.9c). 25,26 The MMLCT band is indeed perpendicular to such plane and it follows that the square planar Pt(II) complexes pile on top of each other so the establishment of Pt•••Pt metallophilic interaction provides high directionality to the fiber growth (Figure 3.9d).

Conclusion

The synthesis and characterization of a novel blue-emitting platinum(II) complex 

Pyridine-2,6-biscarboxamidine dihydrochloride (2)

In a 500 mL round bottom flask 2,6-dicarbonitrile (20.0 g, 154.9 mmol, 1.0 eq.) and

MeONa (1.67 g, 30.98 mmol, 0.2 eq) were dissolved in In a 500 mL round-bottom flask, ethyltrifluoroacetate (13.7 mL, 114.4 mmol, 1.8 eq.)

was dissolved in 150 mL of THF and hydrazine monohydrate (6.15 mL, 126.7 mmol, 2.0 eq.) was added. The reaction mixture was refluxed for 2 h, followed by the addition of pyridine-2,6-biscarboxamidine dihydrochloride (15.0 g, 63.5 mmol, 1 eq.)

and sodium hydroxide (2.54 g, 63.5 mmol, 1 eq.). The reaction mixture was kept overnight refluxing under N 2 . After cooling, the desired product, pyC5-CF3-tzH2, was purified from the crude on column chromatography by using silica gel as stationary phase and dichloromethane and acetone 9: In a 50 mL round-bottom flask, compound pyC 5 -CF 3 -tzH 2 (200.0 mg, 0.573 mmol, 1.5 eq.), PtCl 2 (DMSO) 2 (230.0 mg, 0.546 mmol, 1 eq.), 4-pentylpyridine (90.5 L, 0.546 mmol, 1.0 eq.) and 100 L of DIPEA were suspended in 20 mL of a 3:1 2methoxyethanol:water. The reaction mixture was heated overnight at 83 °C under nitrogen atmosphere. A yellowish-green precipitate appeared few minutes after the heating. The desired compound (Pt-CF3tz-pyC5) was purified on column chromatography using silica gel as stationary phase and 1:1 THF:cyclohexane mixture as eluent, and obtained as greenish-yellow solid (285 mg, 0.412 mmol, yield 75.5%). 
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Fluorescence microscopy

Fluorescence microscopy was performed with an Olympus BX51 microscope using a 20x objective and an Olympus U-MWBV BP 400-440 nm, dichroic 455 nm, and LP 475 nm as excitation and emission filter cubes, respectively; images and movies were recorded with a Olympus XC-10 color camera.

Small-angle/Wide-angle X-ray Scattering (SAXS/WAXS)

SAXS/WAXS measurements of samples were performed with SAXSess Small-angle X-Ray Scattering instrument (Anton Paar GmbH, Austria). The Kratky type camera is attached to a laboratory X-Ray generator (PW3830, PANalytical), and was operated with a fine focus glass sealed X-Ray tube at 40 kV and 50 mA (Cu K,  = 0.1542 nm).

Detection was performed with the 2D imaging plate and analyzed by an imaging plate reader Cyclone® (Perkin Elmer). Measurements were performed with standard solid sample holder for 30 min. The two-dimensiosal intensity data were converted to onedimensional data with SASXQuant software (Anton Paar GmbH, Austria) The scattering intensities were corrected for background noise, detector efficiency, empty cell scattering and sample transmission, and were placed on an absolute scale using bean flux measurements. The samples were prepared by drop-cast technique of an acetone solution of the complex at concentration of 4 mg mL -1 onto the sample holder. The solution was left aging overnight in order to allow the formation of the self-assembled fibers.

Scanning electron microscopy (SEM)

The SEM images on the fibers were recorder using a Zeiss 1540 EsB dual beam/field emission SEM with a working distance of 8 mm and an electronic high tension (EHT) of 3kV.

Transmission electron microscopy (TEM)

The TEM analyses were performed using an aberration (image) corrected FEI Titan 80-300 electron microscope at an accelerating voltage of 300 kV, with 50 m C2 condenser aperture and spot size 11 to reach a very low current density (150 e nm -2 s - 1 ). TEM and SAED patterns were acquired using a Gatan US1000 slowscan CCD camera. Samples for TEM analysis were prepared by deposition of the needles from organic suspension onto Quantifoil copper grids coated with holey carbon film and removing of the residual solvent after 30 sec. A series of 28 pairs of diffraction spots were also acquired on fibers prepared by using the same method employed for the photophysically characterized samples, and an average lattice spacing of 3.44 ± 0.02 Å has been found.

Introduction

The use of self-assembly in chemistry is a very powerful tool for the bottom-up preparation of systems and architectures that can mimic biological functions as well as to create nano-organized materials with superior properties than the single components or the bulk materials, with controlled spatial disposition and organization of molecules. [1][2][3] The concept of self-assembly is tightly engaged with biology and in particular with biological structures such as membranes, proteins, enzymes, and DNA, just to cite some.

It is possible to distinguish two levels of chirality. The first, at the molecular scale, which concerns atoms arranged in one unique fashion in the space due to the presence of a chiral center. The second, at the supramolecular level, which involves the nonsymmetric arrangement of molecules in a non-covalent assembly. 4 Hence, there is currently growing interest towards the preparation of synthetic chiral functional structures for application in asymmetric catalysis, molecular recognition, chiro-optical switches, optoelectronics, and sensing. Some examples of platinum complexes showing chiro-optical properties in solution have been reported, mostly focused on cycloplatinated helicenes 5,6 In this chapter we describe the preparation of long-range, ordered, functional supramolecular chiral assemblies onto surfaces using the already described noncovalent - and platinum•••platinum interactions. The self-assembly properties of a series of charge-neutral platinum complexes forming highly luminescent, chiral supramolecular aggregates were investigated. They display very interesting chirooptical properties, [7][8][9] making them very interesting for applications in chiro-optical switches 10 and polarized light-emitting devices such as 3D organic light-emitting diodes (3D OLEDs). 11 To this purpose, we have synthetized two enantiomeric Pt(II) complexes in which the ancillary pyridine ligand has been functionalized with a chiral moiety to introduce just one asymmetric carbon atom.

The characterization of the formed chiral self-assembled solid-state structures has been performed using different steady-state and time-resolved photophysical techniques, such as electronic absorption, steady-state and time-resolved luminescence, circular dichroism (CD), electron scanning microscopy (SEM) and fluorescent microscopy.

As it will be here described, the self-assembly of the luminescent complexes onto surfaces, driven by Pt•••Pt interactions, led to the formation of a chiral supramolecular structure with enhanced chiro-optical properties. 12 

Result and discussion

Synthesis and characterization

The synthetic strategy employed for the preparation of two chiral pyridine derivatives is shown in Scheme 4.1. The procedure we have used in this study starts from the synthesis of the chiral ancillary ligands, which is a derivate of the mandelic acid. We have decided to use mandelic acid because both enantiomers are commercially available as optically pure compounds, as well as to introduce moieties able to engage hydrogen bonding (C=ONH and OH) and - stacking (benzyl ring). We expect that such interactions will provide a driving force for the chiral amplification at the supramolecular level.

Mandelic acid either S(-) or R(+), 1a and 1b, was priory activated by esterification with N-hydroxysucci imide NH" i the prese ce of N,N'-dicyclohexylcarbondiimide (DCC) in 1,4-dioxane to give the corresponding succinimidyl esters 2a and 2b. 13 The reactio mixture as filtered i order to remove N,N'-dicyclohexylurea (DCU) and the obtained filtrate, 2a and 2b, was directly condensed with 4-picolylamine. The platinum(II) complexes were prepared, according to the general procedure discussed in chapter 3 by reacting pyC 5 -CF 3 -tzH 2 with the prepared ancillary ligands (either 3a or 3b), PtCl 2 (DMSO) 2 in refluxing methanol for 8 hours in presence of TEA as the base. A plentiful solid precipitated during the reaction which was washed several times with methanol to purify, finally isolating the complexes as yellow solids.

All the prepared ligands and final complexes have been characterized by highresolution mass spectrometry (HR-MS) and NMR spectroscopy. For both complexes the elemental analysis has been carried out as prove of purity. The complexes resulted to be poorly soluble in various organic solvents such as ethyl acetate, dichloromethane or chloroform. On the other hand, the complexes resulted to be slightly soluble in THF, thus this solvent has been used for NMR spectroscopy. Also, DMSO seemed to solubilize the compounds, yet giving badly resolved NMR spectra.

Photophysical properties

The absorption spectra of both complexes 4a and 4b in THF solution at a 5.1 × 10 -5 M concentration are presented in Figure 4.1. Upon irradiation with unpolarized light, these two enantiomers have as expected, the same spectroscopic properties due to the fact that their different chirality (being enantiomers) has no effect on the absorption and the emission spectra. and intraligand ( 1 IL) transition on the basis of other achiral and closely related reported complexes. 14,15 Photoexcitation of 4a and 4b in THF solution (5.1 × 10 -5 M) at room temperature at any absorption band gave a structured blue emission with maximum at 462, 490 and 527 nm, with low intensity due to the fact that the measured PLQY was only 0.2%.

Such low emission intensity was also accompanied by very short excited state lifetimes. Lifetime measurements showed a multi-exponential decay with  1 = 2.8 ns (54%) and  2 = 1.4 ns (43%) for complex 4a. Similar results have been obtained for the other enantiomer 4b. give a clear signal and the resulting spectra are the mirror image of each other (Figure 4.2a). This finding demonstrates that the two ligands are enantiomers, confirming that the chirality, priory present in the starting corresponding mandelic acid (1a and 1b) has been preserved during the synthesis process. We can thus expect that the chirality is also maintained for the complexes 4a and 4b.

The CD spectra of 4a and 4b have been recorded in THF solution. Surprisingly no CD signal was detected at any concentration in the range 2.78 × 10 -6 -4.00 × 10 -4 M (Figure 4.2b). The absence of CD signal in solution can be explained by the origin of the transitions observed in the unpolarized absorption spectra of the two enantiomeric complexes (Figure 4.1). In the same region of the recorded CD spectra, the UV-Vis transitions are mainly due to the 1 LC bands of the terdentate ligand, as well as, the MLCT and ILCT bands involving both the terdentate ligand and the heavy metal center. On such moieties there is no chirality present. In the same spectral region, only little contribution of the ancillary ligand to the absorption spectra can be expected. As a result the strength of the CD signal, which can be only caused by the single asymmetric carbon of the mandelic acid moiety, is too weak if compared to the overall light absorption of the complex. The increase of the concentration is expected to increase the strength of the CD signal. However, the saturation of the detector occurs before detecting the CD signal.

Upon drop-casting a 1.03 mg mL -1 THF solution of either 4a or 4b onto quartz substrates, the compounds tend to aggregate into highly luminescent fibers (Figure 4.3b). Photoexcitation of such fibers yield an intense featureless emission broad band, which is now strongly bathochromically-shifted with a maximum at 560 nm with PLQY as high as 57% for 4a and 37% for 4b (Figure 4.3a).

In contrast with the THF solutions, samples of the self-organized fibers showed much longer excited state lifetimes with multi-exponential decays, where the longest components are 582 and 631 ns for 4a and 4b, respectively. The multi-exponential decay, as well as the different PLQY can be attributed to the absence of homogeneity of the samples. 

Morphological characterization of the self-assembled fibers

To deeper explore the formation of these fibers, scanning electron microscopy (SEM) was performed on the self-assembled structures ( In particular, complexes 4a and 4b aggregate in a clockwise and counterclockwise arrangement, respectively, yielding self-assembled aggregates with right-handed (P) and left-handed (M) helical configuration, respectively. We hypothesize that in both cases, the fibrous nanostructures is the result of the self-assembly of thinner nanostructures such as nanofibrils.

This observation clearly proofs the formation of chiral supramolecular structures onto a substrate starting from the enantiomerically pure complexes prepared.

Conclusion

The synthesis and the characterizations of two novel enantiomerically pure Pt(II) complexes and their corresponding chiral ligands has been presented, and the compounds characterized by different morphological and photophysical techniques.

The two enantiomeric complexes, 4a and 4b, show a tendency to self-assemble into chiral supramolecular aggregates with right (P) and left-handed (M) helical configuration, respectively, as proved by SEM and CD. Surprisingly, both complexes 4a and 4b did not show any detectable CD signal in solution at any concentration investigated, while a huge enhancement of the CD signal was observed upon formation of self-assembled long-range organized fibers in the solid state.

Photoluminescence investigation helped to demonstrate that the formation of such organized structures is driven by the formation of metallophilic and - interactions among spatially close platinum complexes. These results represent the first examples of enhancement of the chiro-optical properties driven by metallophilic interactions in the solid state and can pave the way to design supramolecular chiral functional materials.

Experimental section

Synthesis and characterization

All chemicals were obtained from Sigma-Aldrich except for pyC 5 -CF 3 -tzH 2 , which was synthesized as described in chapter 3.

S(+)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide (3a)

S(+)-mandelic acid (1 eq., 1.011 g, 6.64 mmol) and NHS (1 eq., 757 mg, 6.58 mmol)

were dissolved in 1,4-dioxane (20 ml) under nitrogen. DCC (1.358 g, 6.58 mmol) was added to the mixture at room temperature, and the mixture was stirred for 22 hours, then filtered. The filtrate was added on a two neck round bottom flask, then 1 eq. of 4-(aminomethyl)-pyridine (714 mg, 6.60 mmol) was added and the solution was stirred for 1.5 hours under nitrogen at 50 °C. Then the solvent was evaporated and then the crude product was purified by column chromatography over silica gel (SiO 

κN][S(+)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide-kN] (4a)

In a 50 ml two necks round-bottom flask were added pyC 5 -CF 3 -tzH 2 (201 

κN][R(-)-hydroxy-N-(4-pyridinylmethyl)-benzeneacetamide-kN] (4b)

In a 50 ml two necks round-bottom flask were added pyC 5 -CF 3 -tzH 2 (201 

SEM analysis

SEM characterization was performed employing a FEI scanning electron microscope Quanta FEG 250, at an acceleration voltage of 10 kV. Samples were prepared by dropcasting a THF solution onto a glass slide, and subsequent plasma-induced deposition of a 5 nm thick layer of Au.

Emission microscopy

Fluorescence microscopy was performed with an Olympus BX51 microscope using a 20x objective and an Olympus U-MWBV BP 400-440 nm, dichroic 455 nm, and LP 475 nm as excitation and emission filter cubes, respectively; images and movies were recorded with a Olympus XC-10 color camera.

Photophysical measurements

Absorption spectra were measured on a Shimadzu UV-3600 spectrophotometer double-beam UV-VIS-NIR spectrometer and baseline corrected. Steady-state emissio spectra ere recorded o a Hori a Jo i -Yvo IBH FL-322 Fluorolog 3

Introduction

Supramolecular chemistry represents a powerful tool for the creation of large functional complex architectures. [1][2][3][4][5][6][7] The driving force for creating self-assembled objects stems from the ability of small and discrete entities to spontaneously arrange into more organized systems by establishing reversible dynamic interactions and using chemically-encoded information. 8,9 Such approach is ubiquitous in nature, where it allows efficient synthesis of complex biological structures out of their thermodynamic equilibrium. Initial studies on self-assembly focused on thermodynamic control of the reversible bonds formation to create defined supramolecular architectures with possibility of inherent error correction. [1][2][3][4][5][6][7][8][9] However, organic and biological chemistry has clearly shown that both thermodynamic and kinetic controls are essential for accessing a wider range of chemical species. 10 The ability of managing such complex pathways in supramolecular chemistry opens the possibilities to prepare out-of-equilibrium self-assembled functional nanostructures with different morphologies and properties. [11][12][13][14][15][16] In this respect, Meijer and co-workers 16 recently reported on the control of helicity of synthetic supramolecular polymers by controlling both thermodynamic and kinetic aggregation pathway. Remarkably, the conversion of kinetic structures into the thermodynamic assembly mimics biological infection processes, it resemble. It resemble, indeed, the nucleation-elongation mechanisms observed in misfolded proteins, such as amyloid-, responsible of several neurodegenerative diseases. 17 Such findings inspired the work of Takeuchi et al. 18 that reported an example of living supramolecular polymerization. By studying the assembly phenomenon involving the monomers and the analogies with conventional chain growth polymerization, they were able to synthesize supramolecular polymers with controlled length and narrow polydispersity.

However, unravelling complex dynamics involving more than two different assemblies is still a challenge to date. Furthermore, real-time visualization of these interlocked events has never been reported.

Herein, we demonstrate the possibility of comprehensively control the selfassembling processes of a platinum(II) complex in a complex supramolecular system.

Recently, we have reported a class of luminescent neutral platinum(II) complexes able to self-assemble into highly emissive species. 19,20 In these compounds, establishment of highly directional metallophilic interactions between neighbor molecules, also supported by face-to-face - stacking, induces dramatic changes in the electronic spectroscopic properties. [19][20][21][22][23][24][25] As a consequence of the d z 2 interaction new molecular orbitals are formed leading to metal-metal-to-ligand charge transfer (MMLCT) states. In particular, the larger is the Pt•••Pt interaction (distances in the range 3.0-3.5 Å) the more bathochromically shifted is the MMLCT bands. We use the modulation of such metallophilic interaction, and therefore of the emitting 3 MMLCT state energy, to probe the evolution of complex supramolecular processes.

In this work, the studied complex is an amphiphilic luminescent square-planar platinum(II) complex able to self-assemble trough different aggregation pathways leading to the formation of two distinct metastable assemblies, A and B, and a stable isoform C (Figure 5.1).

Taking advantage of its luminescent properties, we unravel the self-assembling processes visualizing them in real-time, by following the concomitant changes of photophysical properties with the associated self-assembled arrangements.

Noteworthy, deep understanding of the system allows us to selectively entrap each of the kinetic species A and B. Moreover, we achieve size control of the aggregates by seeded growth under living supramolecular polymerization condition. It is important to note that the Pt-Pt interaction decreases going from A to B and it is not present in C. A schematic representation of the assemblies is also shown to summarize the processes.

Result and discussion

Synthesis and characterization

Pt(II) complexes with tridentate ligand bearing two triazole or tetrazole have been deeply studied in the literature thanks to their very interesting photophysical properties. 19 However they suffer of the drawback of poor solubilities. In order to overcome this issue without influencing the photophysical porperties the only possible strategy is to modify the ancillary ligand. Aiming to maintain the pyridine motifs for stability issues, we have designed a straightforward way to introduce linear or branched glycol chains in the system. A judicious design of these moieties allowed us to prepare systems able to engage directional hydrogen bonds (such as NH).

In particular, we chose the 4-amino pyridine as substrate and a hydrophilic triethylene glycol pendant as chain. Also this is useful to increase the amphiphilic character of the molecule and play an important role in the self-assembly. Depending on the experimental condition (solvent, temperature, ionic strength, etc.) the interplay between the hydrophobic and hydrophilic is expected to lead different selfassembly behaviors.

The synthesis of the ancillary ligand is depicted in Scheme 5. In order to investigate the correlation between the molecular design and the selfassembly properties, we have synthetized a series of platinum complexes with slightly modifications in the ancillary or in the terdentate ligand (Figure 5.2).

Figure 5.2. Chemical structures of the prepared Pt(II) complexes in order to investigate the structureself-assembly properties relationship.

In particular, we investigated the role of the functional group (amide versus amine), the effect of its position along the chain (complexes 7 and 8) as well as the influence of changes in the main ligand (complex 9).

We tried to replace the coupling agent (DCC), previously employed for the synthesis of 2, with the in situ formation of the acyl chloride. Even though yield of the amide derivatives was not exceeding 40-50%, the procedure turned out to be very easy to carry on and highly versatile. To get the ancillary ligands, 4-picolylamine and 4aminopyridine were used as nucleophiles in a nucleophilic acyl substitution to get related amides (2 and 4) that were used as obtained for complexes 6 and 7, while reduced to amine in 8, by using LiAlH 4 on ancillary ligand 4. The complexation reaction was performed in a one pot reaction by mixing stechiometric amount of PtCl 2 (DMSO) 2 , the terdentate ligand (either pyC 5 -CF 3 -tzH 2 or pyC 5 -tolyl-tzH 2 ), 19 the ancillary ligand and 2 equivalents of TEA in refluxing MeOH overnight under inert atmosphere (see experimental section).

Photohysical properties

In order to gain deeper insights onto the self-assembling properties of such derivative in solvent/non-solvent mixtures we undertook a systematic study and chose 1,4dioxane:H 2 O as solvent mixtures due to the following considerations:

i) monomer 1 is well solubilized by 1,4-dioxane, thus allowing us to study the system over a larger range of concentrations;

ii) the miscibility of the two solvents is complete at any desired ratio;

iii) the steady variation of the dioxane:H 2 Othe latter acting as the non-solvent for compound 1composition mirrors the linear modulation of the dielectric constant within a wide range of solvent ratios, thus prompting for easy and precise control over polarity of the media. [20][21][22] It should be also noticed that all the photophysical properties hereafter presented and investigated are carried out in air-equilibrated conditions.

As shown in Figure 5. On the basis of the large changes in terms of emission spectra (Figure 5.3 and Figure 5.5b) and quantum yields observed for the different assemblies, we have undertook studies of the system evolution with an innovative approach, by using an integrating sphere setup equipped with an EM-CCD camera. The monitoring of the excited state properties with this equipment turned out to be a successful way for unraveling the assembly processes, different from the commonly used techniques such as electronic absorption and/or circular dichroism. 30,31 While performi g these studies, it's importa t to keep i mi d that factors that control the self-assembly process are expected to be manifold. In particular, environment (such as solvent and solvent polarity), temperature, concentration and time are expected to play an important role and to have an impact on the final properties of the self-assembled structure. Therefore, we decided to carry out a series of systematic experiments in which all these parameters have been varied to a certain extent one by one.

Depolymerization curves

We started by examining the evolution of the system upon changing solvent mixture composition, in particular the H 2 O:dioxane ratio. We thus studied the corresponding changes in emission profile and intensities, upon normalization for the total number of absorbed photons by the system, as well as PLQY upon excitation in the isoabsorptive point observed at  abs = 362 nm). This is the wavelength where molecularly dissolved 1 and assembly A have the same molar absorptivity at the concentration used for the experiments (Figure 5.3). The method simply consists of titrating a known volume of a 95:5 water:dioxane mixture of the pure kineticallytrapped aggregate A (c = 110 -4 M) with a dioxane solution of molecularly dissolved 1 at the same concentration. 32 This was important in order to keep the concentration constant during the experiment. Upon aliquots addition, spectra were recorded after 10 seconds of stirring and 50 seconds of equilibration in order to keep the time constant (see experimental section). The experiments were conducted at room temperature. The variation of the emission profile of the system is displayed in Figure 5.6a. In Figure 5.6b instead is shown the solvent-dependent changes of the luminescence intensity of assembly C at  em = 464 nm (I em ,C, blue line), assembly A at 720 nm (I em ,A, red line) and of the overall system (black line). These different traces can be considered as depolymerization curves. 32 

Thermodynamic studies

Afterwards, we carried out thermodynamic investigations on pure isoform assemblies reducing the concentration of dissolved monomer 1. On the basis of the tentative fit of the experimental data (Figure 5.8) and also from the shape of the depolymerization curve, obtained 32 (Figure 5.6b), we could describe that the Furthermore, we can assume that at the first instant, t 0 , only A is present, while at thermodynamic equilibrium, t ∞ , C is the only existing species and contributing to the overall luminescence of the system. Moreover, we can consider that at  em = 464 and 750 nm the contribution to the emitted photons arises from A and C only, respectively. On this basis, we were able to estimate the contribution of each of the two species to the total amount of emitted photons (Figure 5. it reaches a maximum after a certain time, then a gradual decrement is observed when approaching the thermodynamic equilibrium (t ∞ ). Such findings strongly pointed towards the presence of a transient species (assembly B) that represents a second off-pathway isoform. At this stage, the emission of such novel assembly could not be resolved in a clear manner due to large spectral overlap.

It is worth to notice that the time-dependent evolution of the emitted photons I B and I C is not linear (Figure 5.9b and c). Indeed, the profiles display an initial lag time whose duration depends on solvent composition, being the longer observed for higher water content, and corresponds to the nucleation step. After such period of time, rapid growthelongation stepof the emission intensity, with an ascending sigmoidal profile, indicates that the formation of the assemblies B and C follows an autocatalytic process. [32][33][34] This is mirrored by the descending sigmoidal profile of I A recorded for the metastable A that is being consumed, which acts as feedstock reservoir.

In order to deeply understand the mechanism of the described complex pathway Upon increasing the initial concentration of A, obtained by increasing the overall concentration of 1, we observed a higher PLQY at t 0. This indicates that higher concentrations of 1 affects the equilibria between A and 1 in such way that formation of A is now favored (Figure 5.10a). Interestingly, this is followed by a slower kinetic of 

Real-time imaging of the self-assembly process

The comprehensive kinetic control of the system jointly with the unique photophysical properties of each of the assemblies allowed real-time imaging of the system evolution by fluorescence confocal microscopy. To this end, we drop-casted freshly prepared samples of A at 79% and 83% H 2 O content onto a closed quartz petri dish, in similar conditions employed for the kinetic experiments, and monitored the samples over time at room temperature upon excitation at  exc = 405 nm. In this way 

Seeded living supramolecular polymerization

At solvent composition of 95:5 water:dioxane, the very slow nucleation-elongation processes of B and C, while A is trapped, prompted us to investigate about the possibility to control the cooperative growth of C using the seeded living supramolecular polymerization. 15,18,[37][38][39] To this end, we started with pure assembly A Confocal microscopy investigation showed the formation of blue-emissive rods with uniform length that increases upon decreasing the amount of seeds (Figure 5.16b).

Photoconversion

The size control of assembly C is achieved, however full management for obtaining off-pathway assembly B as pure isoform seems to be still precluded. This is due to the intrinsically transient nature of B as well as to the concomitant formation of C.

Therefore we decide to try using an external stimulus such as light to locally induce CB transformation. We found out that it was possible to perform a fast CB interconversion in 95:5% H 2 O:dioxane with good spatial resolution, while keeping the structural features intact, upon irradiating C with a laser power higher than that used for imaging (Figure 5.17b). The externally triggered and spatiotemporally controlled interconversion of a thermodynamic assembly back to one of the kinetic intermediate, C  B, is unprecedented to the best of our knowledge. We believe that the mechanism responsible for such structural rearrangement of the platinum complexes within the fibers is due to a photoinduced effect (i.e., radiationless deactivation pathways) either through a photochemical or a local thermal process. The conversion of the blue emitting fibers in green emissive assemblies is completed in ca. 5 minutes and the emission spectrum recorded for the obtained fibers traces out the profile obtained from the abovementioned confocal imaging experiments (Figure 5.17) confirming that the photochemical product is indeed the transient species B.

Effect of the molecular design on the self-assembly process

At this stage, it was not possible to identify secondary supramolecular interactions involved in our system in addition to the PtPt bond formation, which are taking place within the different assemblies A, B and C. Nonetheless, the main interactions that can be at play between spatially-closed complexes are the following:

i) hydrophobic interactions, in which CF 3 moieties are expected to play an important role;

ii) -stacking between the extended -conjugated ligands;

iii) strength of the H-bonding (amine vs. amide);

To answer these questions, we started to investigate the correlation between the molecular design, the self-assembly properties and the features of the resulting assemblies. The corresponding structures of the prepared complexes are depicted in Figure 5.2.

Photophysical properties

The photophysical properties of complexes 6-9 have been investigated similarly as complex 1 in 1,4-dioxane/water mixture. M) is rather similar to complex 1, with typical features for the monomeric form in pure dioxane, and the formation of a new absorption band at lower energy ( 1 MMLCT) after flash injection in water, revealing the formation Pt•••Pt metallophilic interactions. In the case of 9, in which the CF 3 moieties on the chromophoric terdentate ligand has been replaced with tolyl groups, the absorption spectrum in pure dioxane (Figure 5.18d) displays a clear bathochromic shift being the onset of the 1 MMLCT at lower energy (500 nm). Upon flash injection of 6-8 into water we observed a change in the absorption spectrum with a shift of the onset at 550 nm.

Depolymerization curves

Then we have examined the changes in emission profile and intensities (normalized for the total number of absorbed photons by the system) and in PLQY as a function of the solvents mixture composition (H 2 O:dioxane ratio). As excitation wavelength, we have chosen as excitation point the isoabsorptive point of molecularly dissolved complexes (6-9) in pure dioxane and the assembled systems in 95% water at the same concentration in Pt(II) complex (c = 510 -5 M).

As already described, the method consists in a titration of a known volume of a 95:5

water:dioxane mixture of the aggregate (c = 510 -5 M) with a dioxane solution containing Pt(II) complex at identical concentration, 32 in order to keep the concentration variable fixed and constant during the experiment. Spectra were recorded after 10 seconds of stirring and 50 seconds of equilibration in order to fix the time variable and the experiment were conducted at room temperature.

Interestingly, only complex 6 seems to behave similarly to 1, forming two different assemblies, namely A 6 and C 6 ., A 6 , is characterized by a bathochromically shifted emission ( em,max = 574 nm, PLQY = 80%) arising from the establishment of strong metallophilic interactions amongst closely-packed platinum complexes. Similarly to what found for complex 1, the second assembly, named C 6 , possesses an emission energy and profile, which resemble that of the monomeric species (Figure 5.19a), yet with higher PLQY (up to 20%). As far as compound 6 is concerned, it is possible to notice the presence of three welldefined regions. The first region, between 95 and 70% water content, with constant PLQY around 80%; a second region between 60% and 30% water content, with PLQY around 20% and a third region below 30% water content in which 6 is molecularly dissolved (constant PLQY of 1%).

On the other hand, depolymerization curve for complex 7 is characterized by the presence of only two regions. At 95% the value of the PLQY (41%) is rather constant until the water content is above 70%, then it quickly drops to a constant value of 1%, which is attributed to the molecular dissolution of the compound.

In the case of complex 8, which differs from 7 only for the nature of the hydrogenbonding moiety (amine vs. amide for 8 and 7, respectively), the depolymerization curve displays the absence of a critical solvent composition since no sharp transition is observed (see red trace in Figure 5.20). For this complex, a gradual decrease of the PLQY upon increasing the amount of good solvent is recorded till the PLQY reaches the constant value of 1% at about 50% water content, which indicates dissolution into molecular species.

Finally, upon changing the substituent group on the terdentate ligand from trifluorometyl to tolyl, namely complex 9, a depolymerization curve characterized by only one abrupt variation of the PLQY is recorded. In particular, the curve is characterized by an overall lower PLQY, being 20% at water content as high as 95%.

Such PLQY values were found rather constant until approximatively 75% water content. Then, an initial abrupt decrease of the PLQY followed by a more gradual variation is observed, similarly to what observed for complex 8, till the constant value of 2% is reached as characteristic of the platinum complex 9 in the molecularly dissolved state in air-equilibrated condition.

It seems that the presence of both the CF 3 groups on the terdentate ligand as well as the absence of a methylene spacer in the ancillary pyridine (Figure 5.2) are both required to observe the formation of the blue emitting fibers. Furthermore, the shape of the depolymerization curve is appear to be affected by the nature of the hydrogen-bonding motif showing sharp transition for the amide and more gradual changes in the presence of the amine. As already discussed, sharp transitions in the depolymerization curve suggest the presence of cooperativity, however thermodynamic studies must be carry out to confirm such hypothesis.

Real-time imaging of the self-assembly process

As above described, the dramatic change in the photophysical properties of these materials upon self-assembly allows confocal imaging of the supramolecular polymerization processes in real-time. The experiments were carried in a similar manner to what above described for complex 1 at a solvent composition of 74:26 water:dioxane. At this stage, it was not possible to detect any microscopic self-assembled structures for complexes 8 and 9.

Nonetheless, for better elucidating the energetic landscape and equilibria at play between the different assembled species and monomer, a deeper investigation of the thermodynamics and kinetics of formation of such assemblies is required for each of the complexes 6-9. Such investigation will be subject of future works.

Conclusion

Our results showed that it is possible to manage with interlocked dynamic pathways comprising more than two assemblies by judiciously playing with different stimuli such as solvents composition and light, allowing a real-time visualization of the events involved. In particular, environment and environmental condition play fundamental roles in the self-assembly processes and in presence of cooperativity this is reflected by the presence of critical points in the depolymerization curve 32 .

Such findings open the possibility not only to tune the size of the assemblies but also to prepare out-of-equilibrium supramolecular functional structures able to respond to specific stimuli such as environmental changes, which are important in biological systems.

Experimental section

Synthesis and characterization

All the reactions were carried out under an inert atmosphere of nitrogen (Schlenk technique). All the solvents and chemicals were used as received from Aldrich or Fluka without any further purification. The compounds were purified by column chromatography by using either silica gel 60 (70-230 mesh) or neutral alumina as stationary phase. 1 H, 13 C, and 19 

N-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)pyridin-4-amine (3)

Under strong nitrogen flux, a solution of 4 (5.5 gr, 21.62 mmol) in anhydrous THF (5 mL) was dropwise added to 30 mL suspension of LiAlH 4 in THF 1 M at 0 °C. After the addition the ice bath was removed and the mixture was stirred overnight. Then the solution was cooled down at 0 °C and methanol was added slowly (30 mL) under strong flux of nitrogen. The resulting suspension was filtered through a pad of neutral alumina and the filtrate was evaporated under reduced pressure. The product was obtained as yellowish oil purifying the crude by column chromatography on neutral alumina using acetone/10%MeOH as eluent. Yield 2.5 g (48%) as. 

2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)acetamide (4)

The amide was synthesized through acyl chloride coupling. In a typical experiment, to a toluene solution (80 ml) of 22-[2-(2-methoxyethoxy)ethoxy]acetic acid (1 g, 1 eq, 0.0056 mol), oxalyl chloride (0.95 ml, 2 eq, 0.011 mol, d= 1.5 g/ml) was added dropwise under N 2 at r.t. After 15 minutes, 6 drops of DMF on molecular sieves were added and a slight effervescence was noted. The solution was stirred for 6 hours at r.t. Then the solvent was evaporated and the residue was dissolved in 30ml of dry THF and added to a solution of 4-picolylamine (0.606 g, 1 eq, 0.0056 mol of amine in 100 ml of dry THF) and TEA (1.56 ml, 2 eq, 0.011 mol, d = 0.725 g/ml) under N 2 at 0°C.

The mixture was stirred overnight, thus the solvent was evaporated to yield a yellowish waxy solid (TLC in AcOEt/MeOH 95:5: amide Rf = 0.52), which was purified by solvent extraction (DCM/water) and then by column chromatography (Al 2 O 3 :

AcOEt/MeOH from 97:3 to 95:5). Collected: 859mg; yield = 57%. (dd, 2H, Ar-H).

2-(2-(2-methoxyethoxy)ethoxy)-N-(pyridin-4-ylmethyl)ethan-1-amine (5)

To a 2 necks round-bottom 100 ml flask LiAlH 4 (2ml of a solution 1M in THF, 1 eq) were added and stirred at 0°C under nitrogen. 4 in dry THF was added dropwise. The suspension was stirred overnight. Afterwards LiAlH 4 was quenched with few drops of water and AcOEt and stirred for 1h; the mixture was filtered over porous septum filter and the organic phase was evaporated. The product was purified through column chromatography (SiO 2 : AcOEt/MeOH 8:2, then Me 2 CO/MeOH 8:2).

1 H NMR (CD 2 Cl 2 , MHz, ppm δ: . t, J = 5.1Hz, H, CH 2 N), pyC 5 -CF 3 -tzH 2 (0.3 g, 1 eq, 0.86 mmol) and PtCl 2 DMSO 2 (0.362 g, 1 eq, 0.86 mmol)

were suspended and stirred in MeOH under N 2 and a yellow suspension was obtained; then TEA (0.25 ml, 2 eq, 1.72 mmol) was added and the suspension became a yellow solution after 10 minutes. Afterwards 2 (0.22 g, 1 eq, 0.86 mmol) was added dropwise and the mixture was heated up at 60°C overnight. A yellow precipitate was isolated through decantation and purified through column chromatography (SiO 2 :

Cyclohexane/AcOEt 2:8, then AcOEt/Me 2 CO 7:3). 

pyC 5 -CF 3 -tzH 2 (0.250 g, 1 eq, 0.72 mmol) and PtCl 2 DMSO 2 (0.302 g, 1 eq, 0.72 mmol)

were dissolved and stirred in MeOH under N 2 and a yellow suspension was obtained;

then TEA (0.2 ml, 2 eq, 1.4 mmol) was added and the suspension became a yellow solution after 10 minutes. Afterwards 4 (0.193 g, 1 eq, 0.72 mmol) was added dropwise and the mixture was heated up at 60°C overnight. Hence, the solvent was evaporated and an orange waxy luminescent solid was obtained (TLC in DCM/MeOH: Rf = 0.73). It was then purified through column chromatography (SiO 2 : DCM/MeOH from 95:5 to 90:10).

1 H NMR (CD 2 Cl 2 , MHz, ppm δ: 3. 5 s, 3H, CH pyC 5 -CF 3 -tzH 2 (0.229 g, 1 eq, 0.66 mmol) and PtCl 2 DMSO 2 (0.277g, 1 eq, 0.66 mmol)

were suspended and stirred in MeOH under N 2 and a yellow suspension was obtained; then TEA (0.18 ml, 2 eq, 1.3 mmol) was added and the suspension became a yellow solution after 10 minutes. Afterwards, 5 (0.167 g, 1 eq, 0.66 mmol) was added dropwise and the mixture was heated up at 60°C overnight. Hence, the solvent was evaporated and an orange waxy luminescent solid was obtained (TLC in AcOEt/Me 2 CO 1:1: Rf = 0.45). It was then purified through column chromatography (SiO2: AcOEt/Me2CO 1:1). Quantaurus-QY integrating sphere in air-equilibrated condition using an empty quartz tube as a reference. The following procedures have been described for complex 1 as example of the class.

Samples preparation

Compound 1 was dissolved in 2 mL of 1,4-dioxane in order to obtain a solution at concentration of 210 -3 M. 250 L of the solution were taken and poured into a volumetric flask (5 mL) which was brought to volume with 1,4-dioxane (solution of monomeric 1) or flash injected into 4750 L of pure distilled water (solution of metastable assembly A) in order to achieve a final concentration of 110 -4 M.

Depolymerization curves and kinetic experiments

For the depolymerization curves 1 mL of solution of metastable assembly A (95% water content, c = 110 -4 M) was poured into a quartz tube and PLQY values were measured at  exc = 362 nm. Aliquots of 1,4-dioxane solution containing molecularly dissolved 1 (c = 110 -4 M) were then added and stirred 10 sec using an analog vortex mixer at 1600 rpm and measured after 50 seconds of equilibration at  exc = 362 nm (isoabsorptive point). Kinetic experiments were carried out in a similar manner by using freshly prepared solutions of assembly A from the same stock solution. The measurements were carried out at single scan mode of the integrating sphere using as reference an empty quartz tube before the first measurement. Then, the sample was monitored for 450 minutes upon  exc = 362 nm by measuring every 90 seconds. A single point measurement was performed after 10 hours aging (t ∞ ) when the thermodynamic equilibrium was reached.

Thermodynamic studies

Assembly A was prepared in a similar manner as described above. The sample was placed in a quartz cuvette equipped with a magnetic stirrer and a temperature control. The solution was then stirred at 500 rpm and the absorption spectra were recorded in the range 250-600 nm with a heating step of 1 K and heating rate of 1 K min -1 after 30 seconds of equilibration. Assembly C was directly prepared inside a quartz cuvette equipped with a magnetic stirrer by mixing the solution of assembly A (95% water content, c = 110 -4 M) and the solution of 1,4-dioxane containing molecularly dissolved 1 (c = 110 -4 M) in order to obtain a final mixture at 60% water according to the depolymerization curve, where assembly C is present at room temperature as pure isoform. The solution was further diluted with H 2 O:1,4-dioxane 60:40 to obtain 610 -5 M as the final concentration. The solution was then stirred at 500 rpm and heated up to 343 K. The solution was left at this temperature for 10 minutes and the absorption spectra were recorded with a heating step of 1 K and heating rate of 1 K min -1 with 30 seconds of equilibration time. T e _STD (K) 0.14 1.29

Parameters

Introduction

Even though Pt(II) complexes have been extensively studied for cancer therapy 1 due to their high toxicity, much less work has been done for their application as bioimaging probes compared to the compounds discussed previously. Organometallic complexes of Pt(II) possess attractive properties and several groups have reported luminescent Pt(II) complexes able to enter into living cells and, in some cases, to selectively stain specific compartments 2 . Williams group 3,4 shows how highly emissive and photostable Pt(II) complexes can be used in bioimaging using a combination of confocal one-photon excitation or nonlinear two photon excitation (TPE) with timeresolved emission imaging microscopy (TREM) on a hitherto uncharted microsecond time scale. The long lifetime up to s allows an easy separation of the signal coming from the phosphorescent complex from fluorescent signals such as from a solution of fluorescein in 1M concentration, 3 in addition lifetime mapping can be used to image live cells and tissue section with a wealth of detail within the cell, illuminating, in particular, nuclear and cell membranes. The general trend observed is the increase of the excited state lifetimes when moving from the cell membrane, through the cytoplasm and into the nucleolus, which has been assigned to a variable degree of protection from quenching. The self-assembly of Pt(II) complexes into supramolecular structures with enhanced photochemical properties, induced by the establishment of metallophilic interactions (MMLCT band), can be advantageously used for shifting both the excitation and the emission in more biologically interesting spectral windows, such as red and NIR regions. Furthermore the dynamic formation of such assemblies, often followed by an increase of the PLQY, as well as, a prolongation of the excited state lifetime, may results in the creation of a new class of bright dynamic probes.

Results and discussion

The cell is the basic functional unit of life. All cells have a membrane that envelops the cell and separates its interior from the surrounding environment. This membrane is made mostly from the amphiphilic phospholipid bilayer. A variety of protein molecules are embedded in this membrane. They act as channels and pump for different molecules to move into and out of the cell. In addition, the membrane maintains the electric potential of the cell. As a result, for small-molecule-based heavy-metal complexes, the cellular uptake and compartmentalization behaviors are usually related to their charge, size, substitute group and hydrophobicity/ hydrophilicity. 5 Before discussing the effect of chemical structures on cellular uptake of phosphorescent heavy-metal complexes, it is necessary to understand the role of incubated media with permeabilizing organic solvent in cell imaging experiments.

DMSO and short chain alcohols have been for long time in biochemistry as the cell permeabilization agents at a concentration of approximately 1% v/v. In fact, DMSO makes the membrane significantly floppy, even induces the formation of water pores in the membrane for high concentration of DMSO, and permeabilizes the phospholipid membrane, corresponding to membrane permeability enhancement particularly for hydrophilic molecules. In order to be usefully applied in fluorescence microscopy these complexes must have certain attributes in particular:

i. Stability and solubility in aqueous buffers or growth media.

ii. Low Toxicity. Must be non-toxic to the organism at least over the course of the experiment; should not show phototoxicity (i.e. generate fatal levels of toxic species such as 1 O 2 ).

iii. Fast uptake. Must be readily taken up into the cells, preferably without the addition of chemical agents to assist membrane permeability (DMSO). Often this requires high lipophilicity in the lumophore. iv. Localisation. Either show preferential localisation in a certain organelle of the cell, or be easily adaptable by bioconjugation to endow this property upon a basic structure. 6 As previously described in chapter 1, some of these properties are in conflict with each other like the water solubility and the fast internalization, which generally requires, instead, a lipophilic character in order to cross the phospholipidic membrane of the cells. Many of these features such as localization as well as the photophysical properties under physiological conditions cannot be predicted a priori so most of the novel luminescent molecules were discovered serendipitously or by screening library of compounds. [7][8][9] However all the Pt(II) complexes described so far were not water soluble at all, even the complexes described in chapter 5, that possess an hydrophilic PEG chain, were not uptake by the cells in the typical experimental conditions (see experimental part).

Synthesis of the platinum complexes

Initially, 4-hydroxypyridine has been chosen as the ancillary ligand to provide an amphiphilic character to the complexes while keeping the overall charge neutral in nature and the size small. Neutral square-planar platinum complexes are indeed expected to show higher aggregation tendency than charged counterparts, due to the fact that the latters might experience much higher repulsive electrostatic interactions when spatially near. 10 around 390 nm, which can be attributed to spin-allowed metal-to-ligand chargetransfer ( 1 MLCT) transitions, as already reported for closely related complexes 2,11,13 , that mainly involve the platinum d orbitals partially mixed with the terdentate-ligandcentered  and * orbitals. Complex Tol-Pt-4OHpy presents a strong featureless band at about 320 nm attributed to ligand-centered ( 1 LC)  → * transitions involve the tolyl groups. However only Tol-Pt-4OHpy shows an emission at room temperature when excited at any of the absorption bands, with a maximum at 534 nm, while the trifluoro-methyl derivative is not emissive in this condition (Figure 6. The excitation spectrum, also depicted in Figure 6. 

Bioimaging

The platinum complexes were dissolved in a minimum amount of DMSO and the respective solutions were diluted into phosphate buffer saline, PBS, resulting in a 50

M solution with less than 1% content in DMSO. HeLa cells were incubated for 4 hours at 37 °C under 5% CO 2 atmosphere with the complexes, washed with complex- As depicted in Figure 6.6a,b, CF 3 -Pt-4OHpy is able to localize into cytoplasm and also inside the nucleus. The perfect overlap of the emission of the complex and the SYTO® RNA"elect™ gree fluoresce ce i dicates that the assem lies are prese t i the nucleoli (Figure 6.6b). To prove that the complex is really inside the cell we have also done z-scan acquisitions by means of a confocal microscope and the results are displayed in Figure 6.6c. The aggregation process is not only leading to the protection of the platinum complexes and prevents oxygen quenching, as already discussed above, but also to reduced photobleaching. In order to estimate, to a certain extent, the degree of photostability of the investigated systems inside the nucleus of cells, we have compared the photobleaching time of DAPI, used to stain nuclear region, with our platinum complexes upon excitation at the same wavelength, 405 nm. The results are displayed in Figure 6.8 and clearly suggest that our label is more photostable than the organic dye. It's importa t to poi t out that the uptake of the plati um complexes a d their internalization in HeLa cells occur only when PBS is used as incubation media. Indeed, the replacement of PBS with cell culture media prevented the complexes to be internalized by the cells. Figure 6.9 shows the experiments carried out for the complex CF 3 -Pt-4OHpy. The data obtained suggest that the platinum complex is somehow sequestered by the culture media, most likely because of an interaction with one of the proteins, and therefore is not uptaken by the cells even if the incubation time is extended to 24 hours. Furthermore, to confirm this hypothesis, the complex was incubated for 20 minutes in PBS solution with cells and, as expected, internalization occurred (Figure 6.10). At this point, the cells were washed several times with PBS to eliminate the excess of the complex and the PBS was replaced by normal culture media. After several minutes (Figure 6.10b and c), the luminescence slowly disappears from inside the cells and surprisingly it has been detected in bright small spots surrounding the cells, but clearly in the cell culture media. In addition, the emission profile collected from several of these aggregates confirms that photoluminescence is coming from the platinum compounds, but the wavelength ( em = 550 nm) is hypsochromically shifted compared to the platinum aggregates inside the cells. This observation supports the hypothesis that the platinum complexes experience a different environment and therefore change their emission properties. However, internalization of the platinum complexes using cell culture media as the incubating media can occur if the cells are dying or cell membrane is partly damaged. Live cell imaging was performed on HeLa cells incubated with CF 3 -Pt-4OHpy in cell culture media using time-lapse acquisition mode.

The complex was excited at 405 nm and the emission signal was collected with oneminute acquisition time for a total duration of 75 minutes. The slices of time-lapse images for 0 to 75 minutes can be seen in Figure 6.11. Our findings reveal that there was no uptake occurring before the first 30 minutes, but surprisingly the uptake of the complex starts very rapidly only when the cells were dying due to the long exposure to UV light (see formation of apoptotic sign in brightfield image, after one hour). This is not surprising since, as already reported, long exposure to UV light can harm the cell, break cell membrane, damage DNA and damage other cellular organelles and later induce cell death 15 . In fact, this specific uptake phenomenon has been observed especially in the development of dead cell labelling molecules. As shown in Figure 6.11d, this observation is also strongly supported by the fact that only area irradiated with UV light shows cellular uptake of the complex while cells in the surrounding do not exhibit any internalization since they have not been damaged. A control experiment to proving that the platinum complex is not responsible for the cell damage, due to the formation of singlet oxygen or other reactive species, was performed by irradiating the system, in the same conditions, at 455 and 488 nm, where the platinum complexes absorb light.

Role of the ancillary ligand

The investigated complexes suffer of several drawbacks such as no uptake in healthy HeLa cells (in cell culture media), the absence of specific localization and water solubility. Unfortunately such aspects are crucial in the application of metal-based fluorophores as imaging agents, thus bioconjugation is probably the easiest and straightforward strategy to improve these properties (chapter 7). 16,17 However we have prelimi ary tested if it's possi le to improve the solu ility a d the internalization of the compounds by changing of the ancillary ligand (Figure 6.12). In particular, vitamin B 6 is expected to increase the hydrophilic character while keeping the size of the molecule small. A biologically active ancillary ligand could also provide a better uptake and localization due to its intrinsic activity. We have also tested the effect of the change of the nature of the ancillary ligand from pyridine to aliphatic amine; in particular, we have chosen diethanolamine (DEA). The replacement of the pyridine moiety with DEA should decrease the - interaction in favor of the solubility still keeping the overall charge neutral. At this stage we have decided to employ pyC 5 -CF 3 -tzH 2 as terdentate ligand since the resulting complexes have possessed the best known photophysical properties. Figure 6.12. Chemical structures of the platinum complexes.

The complex CF 3 -Pt-vitB 6 and CF 3 -Pt-DEA were synthetized as described above for CF 3 -Pt-4OHpy and fully characterized by NMR techniques ( 1 H, 13 C, 19 F), HR mass and elemental analysis (see experimental part). Interestingly, CF 3 -Pt-DEA displays a higher solubility than CF 3 -Pt-4OHpy which is soluble even in rather polar media such methanol and ethanol as well as halogenated solvents, while the change in solubility is less pronounced for CF 3 -Pt-vitB 6 . However the newly synthetized complexes require the addition of a solubilizing agent (DMSO) due to their negligible solubility in water.

Bioimaging

CF 3 -Pt-vitB 6 seems to behave similarly to CF 3 -Pt-4OHpy, with no internalization in cell culture media. However, if the platinum complex is incubated in DMSO/PBS (c = 50 M, < 1% DMSO v/v), after 4 hours of incubation (37 °C, 5% CO 2 ), an emission attributable to aggregates formed upon establishment of PtPt interaction has been observed inside HeLa cells (Figure 6.13). As shown in Figure 6.13, the maximum of the emission in the nuclear region is detected at 600 nm and the emission profile in such region traces out the emission of the CF 3 -Pt-4OHpy aggregates in similar conditions (Figure 6.13b); indeed an emission at these wavelengths can only be ascribed to the formation of luminescent aggregates of Pt(II) complexes. Moving to the cytoplasmic region, the emission maximum shifts to 485 nm and this emission band, which is also observed in the nuclear region, can be attributed to endogenous fluorophores. The use of vitamin B 6 as ancillary ligand has somehow improved the nuclear localization already present in CF 3 -Pt-4OHpy without changing dramatically the uptake kinetics. As already mentioned, internalization of the complex has been observed only in the absence of cell culture media which makes such compound not suitable for biological application. CF 3 -Pt-DEA the first compound which is internalized in the presence of cell culture media (<1% DMSO) as shown in Figure 6.14. Indeed an emission spectrum, attributable to the formation of luminescent aggregates of Pt(II), is detected inside the cells ( max = 610 nm) after only 25 minutes of incubation in the cell culture media which is extraordinary fast if compared with the previous investigated compounds, but no preferential localization has been observed (Figure 6.14a). These results suggest that decrease of the - interaction obtained by replacing the ancillary pyridine with an aliphatic amine has a positive effect not only on the solubility of the complex but also on the cellular uptake.

Conclusion

We have demonstrated the use of metal complexes and in particular of luminescent Pt(II) systems for bio-imaging. Their square planar geometry can induce self-assembly into supramolecular architectures possessing interesting photo-physical properties together with an enhanced stability. Such aggregates can be indeed considered a new class of dynamic probes, since the emission can be easily modulated and their longlive emission easily detected. The investigated complexes have shown uptake only when specific incubation conditions were used. By designing the coordinating ligands it is possible to internalize and localize the complexes in specific parts of the cells. The investigated complexes are internalized only when specific incubation conditions are used (e.g. PBS), in fact the presence of proteins or other biomolecules can inhibit or even sequester the platinum complexes forcing expulsion from cells after their internalization (culture media). Irradiation of the cells with 405 nm light causes fast uptake of the compounds due to cell damage. Preliminary results have shown that the use of an aliphatic amine (DEA) as ancillary ligand significantly improves the cellular uptake, which occurs even in cell culture media.

Experimental Section

Synthesis and characterization

All the reactions were carried out under an inert atmosphere of nitrogen(Schlenk technique). All the solvents and chemicals were used from Aldrich or Fluka without any further purification. The compounds were purified by column chromatography by using silica gel 60 (70-230 mesh) as stationary phase. 1 H, 13 C and 19 Ligand py-CF 3 -trzH 2 (230.0 mg, 0.660 mmol, 1.0 eq.), PtCl 2 (DMSO) 2 (306.0 mg, 0.73 mmol, 1.1 eq.), 4-hydroxypyridine (63 mg, 0.660 mmol, 1.0 eq.) and 200 L of Et 3 N were suspended in 20 mL of a 3 : 1 2-methoxyethanol and water. The reaction mixture was heated overnight at 85 °C. A yellowish-green precipitate appeared few minutes after the heating. The desired compound was purified on column chromatography using silica gel as stationary phase and 3 : 1 THF-n-hexane mixture as eluent, and obtained as greenish-yellow solid (66.1 mg, 0.104 mmol, yield 15.7%).

Incubation with cell culture media

The cell culture media was removed and 50 M of the corresponding platinum complex (in less than 1% DMSO containing culture media) was added to the cells grown onto glass bottom dishes. After incubation at 37 °C for either 4 or 24 hours, the media was removed and the cell layer on glass cover slips was gently washed (3 ×) with PBS and 2 mL of fresh culture media was added.

Organelle staining

The cell layer was washed twice with PBS and kept in 0.1% Triton X-100 in PBS for 10 minutes, afterwards in 1% bovine serum albumin, BSA (Sigma Aldrich), and finally in PBS for 20 min. The cell layer on glass cover slip was stained with Phalloidin Alexa Fluor® 568 (Invitrogen), for F-actin/membrane staining, for 20 min, in the dark at room temperature, and washed twice with PBS. For nucleoli staining purpose, 500 M of "YTO® RNA"elect™Gree Fluoresce t Cell Stain (Invitrogen) solution were added on the top of cells for 20 minutes followed by PBS washing. For visualizing nuclear region, cell nucleus was stained with 40,6-diamidino-2-phenylindole carboxamidine (DAPI) and washed twice with PBS. The cover slips were mounted onto glass slides for microscopy measurements.

Photobleaching experiments

Photobleaching experiments were carried out on fixed cells stained with CF 3 -Pt-4OHpy and DAPI. The sample was continuously excited with high power 405 nm laser (32 mW) for 5 minutes and subsequently imaged at low power acquisition (1.2 mW) every 5 minutes for a total time of 25 minutes.

Kinetic of internalization of the complex in cell culture media

The cell culture media of living cells grown onto glass bottom dish was removed and 2mL of CF 3 -Pt-4OHpy staining solution (50 M in less than 1% DMSO containing 

Introduction

β-Lactam compounds are historically well-known as one of the most important class of antimicrobial agents since the discovery of the naturally occurring bicyclic penicillin and cephalosporin compounds. 1 It was recognized early on that the four-membered azetidi o e ri g represe ts the pharmacophoric core of β-lactams, as attested by the discovery of the monocyclic and potent Aztreonam antibiotic. 2 However, the treatment of bacterial infections has been hindered by the increasing emergence of multidrug-resistant microorganisms, which is one of the greatest challenges in the clinical management of infectious diseases. 3 Resistance is an inevitable side effect of antibiotic use and requires a continuous search for new bacterial targets and novel therapeutic agents to treat drug-resistant microorganisms. 4,5 Research in this field remai s active, a d reports of e β-lactam derivatives against resistant bacteria continue to appear. 6 In a recent contribution from our group, a series of new azetidinones were tested in vitro against Gram-positive and Gram-negative clinical isolates. In particular, the new β-lactams were found to be active against methicillin-resistant and methicillinsusceptible Staphylococcus Aureus strains, MRSA and MSSA respectively, isolated from patients with cystic fibrosis. [7][8][9] The iological activity of mo ocyclic β-lactams is not limited to their antibacterial properties, and specific activities are continuously emerging from new azetidinone derivative. The design and synthesis of new azetidinones thus has resulted in the discovery of valuable inhibitors of serine proteases in-cludi g elastase, β-lactamase, phospholipase A2, and bacterial signal peptidase, inhibitors of HFAAH, HDAC, Cathepsin K, and vasopressin, anticancer, antitubercular, and anti-inflammatory agents. 10,11 The study of transition-metal-bioconjugates is an active field of research that has led to potential therapeutics. Such compounds can function as tracers in immunological analysis based on several analytical methods. 12 Furthermore, the possibility of combining therapeutic properties with diagnostics tools making compounds with dual functionality (i.e., theranostic agents) has recently blossomed. These compounds can

The β-lactams have seldom been studied as ligands for metal complexes, [39][40][41] 43 However, specifically designed metal complex bioconjugates should allo the possi ility to couple the multifaceted iological activities of βlactams with photoactive metal complexes. This could represent an interesting combination because among the new strategies to combat antibiotic-resistant infections, antimicrobial photodynamic therapy appears promising for the treatment of local infections caused by both Gram-positive and Gram-negative bacteria. 44,45 In this chapter we propose the first step towards the development of bioconjugates between azetidinones and luminescent platinum complexes. We have chosen platinum compounds because of their interesting photophysics, which can be tuned upon the formation of aggregates. Furthermore, platinum complexes are widely used in biomedical applications due to their anticancer activity, [46][47][48][49][50] and their ability to recognize proteins. [51][52][53][54] We can envisage that the molecules reported and here characterized here could therefore be parent compounds of a novel set of bioimaging probes with self-assembling properties for particular biological targets, such as bacteria, proteins, or receptors.

Results and discussion

Synthesis and characterization

Starting from the commercially available (3R,4R)-4-acetoxy-3-[(1R)-1-(tertbutyldimethylsilyloxy)ethyl]azetidin-2-one (A), a nucleophilic substitution reaction was performed to insert on the C-positio of the β-lactam ring a pyridine residue that would act as ancillary ligand. As a first attempt, 4-OH-pyridine was chosen as a nucleophile and the corresponding azetidinone 1 was obtained in quantitative yields.

On attempting the complexation of 1 with Pt(II)Cl 2 (DMSO) 2 as the platinum precursor, and py-CF 3 -trzH 2 as the tridentate ligand in CHCl 3 , and in the presence of DIPEA at 50 °C, only the CF 3 -Pt-4OHpy was obtained. A tentative explanation is that the C positio of the expected β-lactam B could become activated by the direct conjugation of the phenolic moiety with the pyridine coordinated to platinum. Thus, in the aqueous work-up, displacement of the ligand from the azetidinone intermediate B occurred and only CF 3 -Pt-4OHpy was isolated (Scheme 7.1).

Scheme 7.1. Synthetic strategy used to access the new β-lactam platinum conjugate.

To avoid the electronic coupling between the pyridine and the azetidinone moiety, a short alkyl chain was introduced as a spacer. Thus, 3-pyridylpropanol and the 4acetoxy-azetidinone A were coupled (Scheme 7.2) to give azetidinone 2. Compound 2 was then treated with the platinum(II) precursor and py-CF 3 -trzH 2 , in the presence of DIPEA in CHCl 3 at 5 °C, leadi g to the β-lactam complex 3 (Scheme 7.2). The new platinum-based bioconjugate was purified by column chromatography and fully characterized. M -1 cm -1 at λ abs = 403 nm) for compound 3 and 7, respectively, is attributable to the overlap of energetically lower-lying spin-allowed singlet-manifold metal-to-ligand charge transfer, 1 MLCT, and ligand-centered, 1 LC, excitation processes as typical of similar reported cyclometalated platinum(II) complexes. 30,37,[55][56][57][58][59] O the other ha d, the more i te se = . -2.44×10 4 M -1 cm -1 ) and structured a sorptio features prese t at higher e ergy λ abs = 250-340 nm) can be attributed to 1 LC bands. Unfortunately, the low solubility of the complexes in solvents with a wide range of polarity hampered studies on solvent dependence.

As shown in Figure 7.2, upon photoexcitation in the range of 300-400 nm, diluted fluid air-equilibrated solutions in CHCl 3 of both complexes display moderate (PLQY = 2%) and structured emission in the blue region of the visible spectrum with a maximum at 464, and vibrational bands at 492, 525, and a shoulder at 567 nm. The observed emission band with vibronic progression is similar to other reported platinum(II) derivatives bearing N∧N∧N tridentate chelating motifs and is attributed to π-π* tra sitio s i volvi g the tridentate ligand. 30,58 All the complexes possess biexpo e tial radiative deactivatio ki etics: τ 1 = 8 s a d τ 2 = 13 ns for compound 4 a d τ 1 = 3 s a d τ 2 = 14 ns for compound 7 (see Table 7.1 for more details). ns] PLQY (%)

 em [nm] [a]
τ <τ>

[b]

[µs]

 em [nm] ns] PLQY (%) This effect is even stronger for compound 7, indicating that the emissive excited state is generated by aggregation, with the formation of the luminescent 3 MMLCT state. To further support the assignment of the nature of the emitting excited states, a concentration-dependent emission study was conducted in the range 0.1-5×10 -5 M at low temperature (77 K) for the derivative that showed higher tendency toward aggregation, i.e., compound 7. The resulting emission and excitation spectra are displayed in Figure 7.4, respectively, and the corresponding lifetimes are listed in As expected from radiative transition attributed to a 3 MMLCT emission of the ground state aggregated platinum complexes, we observed that, upon increasing the concentration, both low-e ergy emissio a d excitatio recorded at λ em = 585 nm) bands increase their relative intensity. On the other hand, the excitation spectra recorded at higher energy (i.e., 450 nm) show a negligible concentration dependency.

Concomitantly, in the time-resolved emission decay recorded at 585 nm, the shorter lifetime component (i.e., 4.0 µs) attributed to 3 MMLCT increases its relative weight. A mirrored trend is obtained upon monitoring the lifetime at the higher energy band λ em = 450 nm), for which the longer lifetime component (i.e., 10.0 µs) attributed to the 3 LC/ 3 MLCT excited state of the monomeric species increases its weight upon dilution. Similar consideration can be made for complex 3. Therefore, we can conclude that at 77 K and even at room temperature in dilute solution the multiexponential decays are due to the formation of small aggregates. For the latter case, i.e., in dilute CHCl 3 solution, we attribute the short component to the monomeric species and to the longer excited-state lifetime to the aggregates. The assem li g formatio for the β-lactam-platinum conjugates 3 and 7 have also been investigated in the solid state, and the corresponding normalized excitation and emission spectra are reported in Figure 7.5. Interestingly, upon photoexcitation between 300 and 400 nm, the solid-state samples display a very intense emission band centered at 596 and 589 nm with PLQY as high as 55 and 56% for compound 3 and 7, respectively. The excited-state lifetimes decay with monoexponential kinetics and are 321 and 341 ns for complex 3 and 7, respectively. Similar to the 77 K spectra, such bright emission is attributable to the 3MMLCT emitting excited-state established upon aggregation of the complex in the solid state. Even more interestingly, the excitation spectra recorded at the maximum of emission wavelength display a typical 1 MMLCT band with onset wavelength as long as 580 nm for compound 3, allowing the possibility to excite such luminescent probes in their aggregated form with visible light with a wavelength that approaches the so-called biological window (600-1300 nm). Overall, the several nanosecond lifetime scale, the very bright emission in air-equilibrated conditions of the aggregated compounds, as well as the excellent stability of the compounds, are valuable properties that should facilitate further exploration of the behavior of such species for bioapplications and as theranostic agents.

Conclusions

New luminescent Pt(II complexes eari g a β-lactam unit were successfully sy thesized a d the e β-lactam platinum conjugates showed interesting photophysical properties. Furthermore, the formation of aggregates, due to the square-planar geometry of the Pt(II) species, leads to new excited states that allow excitatio i the visi le regio . The com i atio of a iologically active age t the βlactam unit) and an intense and long-lived emission (platinum complex) are of particular interest for the development of biomedical systems in which imaging and antimicrobial properties are combined in a single compound.

Experimental Section

Synthesis and characterization

Commercial reagents were used as received without additional purification. 1 H, 13 The mixture was heated at 50 °C, stirred overnight and then analyzed by TLC (EtOAc/acetone, 8:2). Direct evaporation afforded a crude reaction mixture that was purified by flash-chromatography (EtOAc/acetone, 9:1 to acetone) to give complex by flash-chromatography with CH 2 Cl 2 /AcOEt 3/7, to obtain the compound 3 as a yellow to orange fluorescent waxy solid in a 39% yield (58 mg).

[α] D = -2.8 (c = 0.87, DCM). AcOEt/MeOH 95/5, product 6 was obtained as a colorless oil in a 35% yield (90 mg).

[α] D = 4.4 (c = 1.00, DCM). 

Introduction

Luminescence mechanochromism [1][2][3][4] is defined as a change of emission spectrum upon mechanical stresses. Depending on the nature of the mechanical means, the terms piezochromism and tribochromism are often used to distinguish respectively the effect of pressure from friction or grinding. 5 The phenomenon of mechanochromism has recently emerged as a powerful new tool for a variety of applications, ranging from sensing 6 and tracking of mechanical stresses to data storage 7 and security 8 . In particular, data storage and data encryption 9 based on optical reading have attracted enormous interest, because miniaturization of memory units, eventually down to a single molecule, can lead to massive increase in information density and capacity. 10 The race for miniaturization and read-out speed demands high brightness and large signal difference between two or more states. In the most desirable case, a switchable system should feature two forms both providing bright signals, which should be clearly distinguishable from one another and could be possibly probed separately. 11,12 As a consequence, an ideal mechanochromic system would thus feature high ua tum yield of oth relaxed R a d mecha ically stressed M" forms, large differences between their emission spectra, and large differences in excitation spectra, so that each form can be selectively excited and efficiently detected. 13,14 In recent years, quite a broad selection of Pt(II) complexes has been prepared showing mechanochromism, and responding to some of these requirements. 4,15,16 Conversely, the possibility of using them in novel high density memory was never explored. The use of microcrystalline mechanochromic powders for operations such as exposure, writing and reading at the submicron scale poses indeed serious problems in terms of obtaining a microscopically homogeneous memory substrate. 17,18 However the possibility to prepare ultra-long ribbons of controlled size (see chapter 5) prone us to investigate on the possibility to directly employ them as microdevices for data storage and security.

In this chapter we correlate the mechanochromic properties of the bulk materials with single fibers at the nanoscale. In particular we have monitored the change in the photoluminescent properties upon mechanical grinding (tribochromism) and by pressure dependent studies (piezochromism). At the nanoscale we have used an AFM tip to modulate the mechanical stress from pure pressure to high friction in a single self-assembled fiber. Moreover, we have found that an AFM tip can be used to write submicron features with high fidelity on individual ribbons, which are individually used as homogeneous memory substrates. The information written by AFM can also be hidden upon irradiation. The photoconversion of the fiber (in R form) into a yellow emitting form (PC), featuring similar luminescence as MS, reduces the luminescence contrast with the unwritten region of the ribbon.

Result and discussion

Mechanochromic properties of the bulk materials

The synthesis of the compounds, their self-assembly properties, as well as the photophysical property in solution have been discussed in details in chapter 5. In this chapter we will focus on the solid state properties and on their responsiveness to Both complexes a d sho a decrease of the excited state lifetime he the R form is mecha ically co verted i to the M" form. Ho ever the PLQY i creases he co verti g R i to M" for complex , ut it decreases for complex Ta le 8.1 . hich has ee performed y ha d, these prelimi ary results suggest that frictio exerted y gri di g is more effective tha simple pressure i triggeri g the mecha ochromic respo se, allo i g a ua titative co versio from the R form to the M" form.

 em m PLQY % t s K r 1 s -1 K r 1 s -1 R form 5, , 5 1. 
assessed by means of SEM directly after use of the tip: we observe different degrees of wear and of contamination of the tip, but we can estimate an average contact surface with diameter ranging between 80 and 150 nm. We observe first occurrence of mechanochromism at ca. 15 N force, which corresponds to a pressure in the range 2-7 kbar according to the actual contact surface. Fiber breaking occurs at force > 40 N. At such loading, the AFM tip enters deep into the fiber and originates a sudden burst of newly scratched luminescent material.

In the case of scanning force (Figure 8.6b) the tip is scanned over the ribbon with constant applied force, the dominating mechanical stress shifts from pressure to friction. At low scan rates (<10 m/s) we observe a similar trend as for the simple pressure experiment, except that an earlier onset of mechanochromism can be detected, with MS emission first occurring at 4 N applied force, as well as an earlier damage of the fiber (15 N). At high scan rates (>100 m/s) or on particularly rough surface regions, ribbons can be heavily scratched even at very low forces (ca 1 N, not shown), while ribbon wear and debris scattering increase due to high friction and to increased lateral forces.

Very importantly, no propagation of mechanochromism is observed. When tip approaches the surface and presses the ribbon, mechanochromism is observed only closer to the tip, within the resolution limit of fluorescence microscopy (ca 500 nm in the setup here used). Even when the tip enters deep into the material and destroys the fiber, the fracture and the consequent mechanochromism occur in a relatively small and confined region, ascribable to the size of the whole tip cone (see experimental part).

This observation led us to test the effective potential of the ultra-long mechanochromic ribbons as memory micro-devices, by using the tip of an AFM as a lithographic tool to write information on individual ribbons, following an approach similar to nanoshaving 19,20 or nanoscratching. [21][22][23] During the writing process, we can monitor the ribbon luminescence with UV light, or visualize what is being written by selectively exciting the MS form with visible light. The information stored can indeed be read with two different excitation wavelengths: UV excitation (355 nm) excites both native and mechanically stressed forms, and provides an average vision of the emission properties of the ribbons; blue excitation (488 nm) excites selectively the mechanically stressed form (MMLCT), and is thus able to report even very small mechanochromic effects.

nanolithography

We use software controlled nanolithography in contact mode to write information with submicron resolution. 

Photochromism

Finally, we find out that the ribbons are responsive not only to mechanical stresses, but also to light stimuli. Photoconversion of native R form occurs indeed upon excitation with UV or blue light: using focused laser excitation (405 nm or 473 nm) in a confocal microscope setup, prolonged irradiation results in photoconversion of the native blue emitting ribbons in yellow emitting ribbons (PC form), showing very similar luminescence spectrum as the mechanically stressed form. In particular, normalized spectra in Figure 8.8a reveal that photoconversion is a continuous, gradual process, which causes a progressive bathochromic shift of the emission until it reaches a state (PC) with a similar emission spectrum as MS, even though broader.

Photoconversion is particularly efficient at relatively low irradiation rates, since at high excitation power leads to photodegradation of the Pt(II) complex. The prolonged exposure time needed to reach the maximum photoconversion efficiency (several source tur s completely to a yello lumi esce t form ithi hours. The i formatio ritte y mecha ical a olithography is he ce disguised a d ot a y lo ger reada le.

Conclusion

We investigate the change of the photophysical properties of pegylated Pt(II) complexes in the bulk solid using mechanical grinding till the nanoscale using atomic force microscopy (AFM) on individual self-assembled ribbons. Confocal spectroscopy, used as a highly sensitive detection system, reveals that friction related mechanisms are more efficient triggering mechanochromic response than simple pressure. Data can be written with AFM nanolithography on individual self-assembled ribbons, which hence behave as micro-devices for data storage. The luminescence of written information has high contrast respect to native luminescence due to the establishment of PtPt interaction (MMLCT band). Also photochromism, emission spectrum changes upon exposure to light, has been observed and conveniently used to conceal information previously written with nanolithography, since the region of the ribbon surrounding the stored information is homogeneously converted with irradiation.

Experimental section

The sy thesis of the compou ds a d their self-assem ly properties are descri ed i As far as a sample of aligned fibers is concerned, we found that the emitted light is maximized when the emission polarization is set parallel to the fiber long axis independently from wavelength and polarization angle of the excitation source (Figure 1d). Such finding, along with the fact that the emission has a 3 MMLCT nature, indicates that the radiative de-excitation process arises from a transition that is aligned along the fiber long axis on which also Pt•••Pt interactions are expected to lie.

More interestingly, anisotropy excitation spectra suggest that the transition dipole moment of the highest energy excitation band ( 1 IL/ 1 ILCT,  exc = 250-350 nm) is orthogonal with respect to the low energy lying excitation band ( 1 MMLCT,  exc = 350-530 nm), as shown in Figure 1c.

On the basis of such findings and considerations, it is possible to conclude that the dipole moment of the MMLCT transition is thus oriented along the long fiber axis, [6][7][8][9][10][11] It was found that by playing with the solvent/non solvent ratio and using an integrating sphere setup to investigate the overall changes in the photophysical properties, it was possible to characterized and control a highly complex supramolecular landscape comprising two kinetic assemblies (namely A and B) and the thermodynamic isoform (namely, assembly C) as shown in figure 3.

At 95% water content, assembly A is stable for more than 10 hours without any detectable change in the photophysical properties. On the other hand, upon decreasing the amount of water by adding molecularly dissolved complex in pure 1,4dioxane, which lowers the interconversion energy barrier, the system evolves to the thermodynamically favored isoform (assembly C). The kinetic control as well as the large spectral changes over the different assemblies allowed an unprecedented realtime visualization of the self-assembly processes which showed solvent dependent kinetics (Figure 3b-c). As already described the photoluminescent properties of this class of compounds strongly depends not only on the ligand-field splitting, but also on the intermolecular distance between the Pt(II) ions. It has been already demonstrated that Pt•••Pt separation can be modulated also in solid state upon exposure to volatile organic compounds (VOCs) 17 and mechanical stimuli 18,19 which often results in a reversible change in the color of the materials upon grinding (mechanochromism) and exposure to solvents vapors (vapochromism) 20,21 . Such properties have attracted increasing attention for the creation of new materials and the change in color upon aggregation has application in white light organic emitting diodes (WOLEDs) 22,23 as well sensing, in particular the developme t of electro ic oses 24 that can detect harmful volatile organic (and inorganic) chemicals in the environment.

In this respect, in Chapter 8 the mechanochromic properties of bulk materials were correlated with those at the nanoscale (single fibers) comprising a highly luminescent platinum complexes, namely Pt-CF 3 tz-pyPEG and Pt-Toltz-pyPEG.

Different complementary techniques at bulk and nanoscopic level were employed to monitor changes in the photoluminescent properties upon mechanical grinding (tribochromism) and by pressure-dependent studies (piezochromism). In particular, an AFM tip was employed to modulate the mechanical stress from pure pressure to high friction in a single self-assembled fiber at the nanoscale. Moreover, it was found that an AFM tip can be used to write submicron features with high fidelity on individual ribbons, which are individually used as homogeneous memory substrates.

The information written by AFM can also be hidden upon irradiation. The photoconversion of the fiber in the relaxed form (R) into a yellow emitting form (PC), I would like to thank my supervisor, Prof Luisa De Cola, for the great opportunity to carry on a PhD in her wonderful group. She has opened my eyes on the world of research, giving me the possibility to travel and to have discussions with the top world scientists. I really appreciate the freedom and the trust you have given me during the last 3.5 years. I have never missed anything especially in terms of materials and instruments; the only limits that I had were my skills and my imagination and I believe that a PhD student cannot dream of anything better.

I would like to thank Dr. Matteo Mauro that has always followed my research with interest and has always supported and encouraged me to continue on my way; we have always discussed the results (not always peacefully), but I am sure this has greatly contributed to the success of the work. We have published together all the content of this thesis.

I would like to thank Dr. Nadia and Dr. Chien-Wei (John Wayne), we basically started this adventure together since Münster, passing for the move here in Strasbourg (I hope I never have to move a lab of this size again). You reached the finish line before me and I hope to get there soon too. I could not wish for better friends and colleagues. Elena (Longhi Longhi Longhi) who lived our same adventure as post doc. Your joy and your passion for this job helped me not to break down in difficult times during these years. You have also taught me the profound meaning of the term entropy. I have enjoyed a lot your company, especially outside the university. For this I have to thank also Laura, Giacomo, Leana, Federica, Valentina and Ingrid who managed to drag me out of the laboratory remembering what is really important in life. I would also like to thank Amparo, always nice and kind and Veronika both of them helped me a lot in the writing of this thesis, which is when I really needed help. For this I would like to thank the whole group, in time of need, you were there to help me. Special thanks go to Federica (Fede), Claire and Ines who have always helped me to juggle within the French bureaucracy and technical problems. Without you I would probably be still trying to enroll in the first year. Thanks also to Ricardo, Youssef and Etienne, my official French translators and Loic, always dreaming Hello Kitty. Finally I would like to thank all the people that have worked with me during this PhD in particular Dedy, Roberto and Damiano.

  Résumé .......................................................................................................................... xi 1 Chapter 1: Introduction ................................................................................................ 1.1 Interaction between light and matter ................................................................. 1.2 Transition metal complexes ................................................................................. 1.2.1 Crystal Field Theory and Ligand field Theory.......................................... 1.2.2 Photophysical properties of platinum(II) complexes ............................. 1.3 Self-assembly ....................................................................................................... 1.3.1 Supramolecular polymerization .............................................................. 1.3.2 Self-assembly and chirality ..................................................................... 1.3.3 Self-assembly of platinum(II) complexes ................................................ 1.4 Mechanochromic properties of platinum(II) complexes ..................................... 1.5 Bioimaging ............................................................................................................ 1.5.1 Organic fluorophores .............................................................................. 1.5.2 Quantum dots ......................................................................................... 1.5.3 Lanthanide complexes ............................................................................ 1.5.4 Transition metal complexes .................................................................... 1.5.5 Platinum(II) complexes ........................................................................... 1.6 Scope of the thesis ............................................................................................... 1.7 References ............................................................................................................

  coordination d'un groupement alkyle auxiliaire pyridine à des 2,6-bis (3-(trifluorométhyl)-1H-1,2,4-triazol-5-yl) pyridine a permis d'améliorer la solubilité et ainsi la processabilité. L'approche synthétique implique une réaction « one-pot » xv état excité ( 3 MMLCT) qui possède un moment de transition dipolaire orienté le long des fibres.

  photophysiques, nous sommes parvenus à caractériser et controller un paysage

Figure 4 .

 4 Figure 4. (a) Formule chimique du complexe de platine. (b) Image au microscope confocale des assemblages supramoléculaires A (rouge), B (vert) et C (bleu) démontrant leurs vrais ouleu d' issio e utilisa t l'optio la da-mode et ( leu s spe t es d' issio s o alis s espe tifs à λ exc = 405 nm.

  photon. It can be written in the general form A + h→A* where A denotes the ground state molecule, h the absorbed photon, and A* the molecule in an electronically excited state. As the equation implies, the excited molecule A is the molecule A with an extra energy h. It is important to notice that, because of the availability of such an extra amount of energy, an excited molecule has to be considered as new chemical species. It has indeed its own chemical and physical properties, often quite different from the properties of the ground state molecule.

Figure 1 . 2 .

 12 Figure 1.2. Perrin-Jablonski diagram. The vibrational manifold associated with electronic states is also depicted. Straight lines indicate radiative processes, whereas wavy lines denote non-radiative transitions.4 

(

  For fluorescence k r = k F and for phosphorescence k r = k P )

Figure 1 . 4 .

 14 Figure 1.4. Transition moments (e.g. anthracene) and photoselection.

Figure 1 . 5 ..

 15 Figure 1.5. Relations between the fluorescence intensity components resulting from symmetry principle. The fluorescent sample is placed at the origin of the system of coordinates.

Figure 1 . 6 .

 16 Figure 1.6. Splitting of five degenerate d-orbitals of a transition metal ion in the presence of a crystal field.

Figure 1 . 7 .

 17 Figure 1.7. Simplified MO diagram for a generic transition metal complex and relative spectroscopic excitation transitions.

Figure 1 . 8 .

 18 Figure 1.8. Simplified MO diagram of two interacting square-planar Pt(II) complexes, showing the intermolecular dz2 orbital overlap in the ground-state and its influence on the energy of the MO levels. Red arrows show the correlation between the distance of the Pt(II) ions and the HOMO-LUMO gap.

Figure 1 . 9 .

 19 Figure 1.9. The potential energy surface of the d-d excited state in Pt(II) complexes is displaced relative to the ground state, owing to the strongly antibonding character of the d x2- y2 orbital that is populated. Although other states (e.g. d-*or -*) may lie at lower energies, the d-d state can provide a thermally activated pathway of non-radiative decay. Thick arrow represents absorption of light; thin ones indicate vibrational relaxation and nonradiative decay.49 

Figure 1 .

 1 Figure 1.10. Concentration(a) and temperature (b) dependent properties of a isodesmic supramolecular polymer in ideal solution where φ, the fraction of polymerized material, is plotted as a function of the dimensionless concentration KC t(a) or the dimensionless temperature T/T m b .The latter is gi e for arious alues of ∆H p (-30, -40, and -50 kJ mol -1 , respectively). (c) Schematic representation of isodesmic supramolecular polymerizations.71 

Figure 1 .

 1 Figure 1.11. Concentration(a) and temperature (b) dependent properties of a cooperative supramolecular polymer where φ, the fraction of polymerized material, is plotted as a function of the dimensionless concentration KC t a for se eral alues of σ defi ed as K e /K n ) or the dimensionless temperature T/T e (b) for four values of K a , ith ∆H e = 60 kJ mol -1 ).[START_REF]Supramolecular Polymers[END_REF] 

Figure 1 .

 1 Figure 1.11a displays the mole fraction of self-assem led material φ as a function of the dimensionless concentration KC t for three different values of σ (with C t defined as the total co ce tratio of mo omer a d φ defi ed as C t -M)/C t ). Increasing the cooperativity i.e., smaller values of σ has a clear i flue ce o the gro th profile of the polymeric species. Whereas for the isodesmic gro th σ = 1 a gradual i crease i polymeric species is observed with increasing concentration, for the cooperative systems, below a critical KC t of 1, hardly any polymeric species are formed.

  were found to interact with such class of Pt(II) complexes, resulting into a stabilization of the helical conformation through Pt•••Pt and π•••π interactions as revealed by significant enhancement of circular dichroism (CD) signal.

Figure 1 .

 1 Figure 1.12. (a) Structure of complex 1 and (b) the correlation of the morphology with the spectroscopic properties obtained by varying the solvent composition for solution of complex 1.136 

  molecular geometrical criteria needed to pack molecules in a defined shape. The incorporation of neutral triethylene glycol units into platinum(II) bzimpy scaffold (2), led to an unusual thermo-responsive behavior as demonstrated by temperaturedependent UV-visible absorption studies and heating-cooling cycles (Figure1.13).138 

Figure 1 .

 1 Figure 1.13 (a) Structure of complex 2 and (b) Schematic diagram showing the temperature dependent formation of the bilayered sheet and micelle of compound 2.138 

Figure 1 .

 1 Figure 1.14 (a) Molecular structure of the Pt(II) complex 3; (b) SEM micrograph and its corresponding fast Fourier transform image (c) of the honeycomb mesostructured onto the surface of a silicon wafer; (d) amplified SEM micrograph; (e) proposed molecular packing.140 

Figure 1 . 15 .

 115 Figure 1.15. Schematic representation of the effects of the different functionalization of the triazole moieties on the luminescent and morphological properties of the resulting selfassembled structures.147 

  (4) led to a reversible formation of highly luminescent gels in both CH 2 Cl 2 and DMF with solvent-dependent photophysical properties and morphology (Figure 1.16).

Figure 1 .

 1 Figure 1.16. (a) Molecular structure of the Pt(II) complex 4; (b) Fluorescence microscope images (top) and SEM images (bottom) of CH 2 Cl 2 gel. (c) Excitation (left) and emission (right) spectra of the CH 2 Cl 2 gel (solid line) and DMF gel (dotted line).149 

Figure 1 .

 1 Figure 1.17. (a) Chemical structure of the complex 5. (b) the solid-state emission spectral changes of the complex in response to dichloromethane vapor, showing a gradual emission attenuation of the broad unstructured band centered at ca. 690 nm and a progressive emission growing vibronic-structured bands at ca. 525 and 549 nm. (c) Photographic images of the complex in response to mechanical grinding under ambient light and UV light irradiation (365 nm), showing the color changes from yellow-green to red upon grinding and in the reverse process from red to yellow-green on addition of CH 2 Cl 2 .155 

Figure 1 .

 1 Figure 1.18. (a) Chemical structure of the complex (6). (b) Crystal structure packing and representation of stacking orientation by the green and orange colors representing a set of ligands on the molecule and dotted lines representing Pt•••Pt interactions. (c) Polarized opti al mi ros opy images of the Colh phase. A-C 90° polarized a d D o polarized generated by cooling from the isotropic phase (2 °C/min) between glass substrates.
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 4 trifluoromethylacetylide ligands (7) (Figure 1.19a), they were able to fabricate a proof-of-principle device that can be considered as an example of multistate logic gate (Figure 1.19c). The device relies on the ability of Pt complexes to undergo not only the transition from absence to presence of metallophilic interactions, but also other transitions among structures showing different Pt•••Pt distances. In their system, such different and well-defined Pt•••Pt distances were induced by the inclusion of different volatile organic molecules in the crystal structure, while the ground powder exhibited the most red-shifted luminescence corresponding to an amorphous aggregate.

Figure 1 .

 1 Figure 1.19. (a) Chemical structure of the Pt(II) complex. (b) Solid state emission spectra upon different stimuli (CH 2 Cl 2 vapor, grinding, heat and THF vapor and (c) the PMMA based device doped with the complex acting as a logic gate with mechanical and vapor based stimuli.163 

Figure 1 . 21 .

 121 Figure 1.21. Concept of luminescent probes.166
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 51 Organic fluorophores From the discover of the first fluorescent organic molecule by Sir John Herschel in 1845 201 , many other organic compounds have been found or created with strong fluorescence across all the visible spectra and beyond. As representative platforms fluorescein and rhodamine derivatives (Figure 1.22a and b) must be mentioned, which are currently largely employed as fluorescent labels together with BODIPY dyes (Figure 1.22c) and cyanine dyes (Figure 1.22d).

Figure 1 . 22 .

 122 Figure 1.22. Chemical structures of representative organic fluorescent molecules. (a) fluorescein,( b) rhodamine B, (c) BODIPY, (d) cyanine 3.

Figure 1 . 23 .

 123 Figure 1.23. Chemical structure of representative commercial fluorescent dyes for nucleus staining. a) Hoechst b) DAPI

  in the 1939. They discover that the relative intensity of the line-like emission spectra (almost atomic spectral characteristics) is affected by the solvents in which they are studied making this class of compounds potential probes for sensing local environmental changes.

Figure 1 . 25 . 1 . 5 . 4

 125154 Figure 1.25. Schematic illustration of the dominant intracellular localization profiles of the emissive Eu and Tb macrocyclic complexes.225 

Octahedral d 6

 6 transition metal complexes such as Ru(II), Ir(III) and Re(I), probably the most studied so far, display high kinetic inertness due their low rates of ligand exchange. The most common structure of luminescent Ru(II) species entails three neutral N^N ligands, mainly derivatives of 2,2'-Bipyridine (bpy) and Phenanthroline (phen), coordinated to the metal center. The most applied family of luminescent Ir(III) complexes are bis-cyclometallated of general formulation [(C^N) 2 Ir(L^L)] where the C^N belongs to the phenylpyridine (ppy) family and the L^L chelating ligand can be a neutral N^N ligand such as a bpy or an anionic C^N ligand giving monocationic and neutral complexes respectively. Re complexes instead are based around factricarbonyl Re(I) with a N^N ligand and typical formulas are [ReX(bipy)(CO) 3 ] (X = halogen) for neutral complexes or [Re(bipy)(CO) 3 (L)] + for cationic compounds where L is generally a pyridine derivative.

  photon excitation (TPE) with time-resolved emission imaging microscopy (TREM) on a hitherto uncharted microsecond time scale.TPE is emerging as a powerful tool for noninvasive imaging of live cells and tissues. It excites chromophores in the range of 600-1000 nm (biological window) by using simultaneous absorption of two photons which enables a deeper analysis of the sample up to hundreds of micrometers due to the higher transparency of the tissue in this optical region. The high photon flux also provides a better spatial resolution but demands exceptional photostability of the chromophores used. The long lifetime up to s allows an easy separation of the signal coming from the phosphorescent complex from fluorescent signals such as from a solution of fluorescein in 1M concentration. The general formula of the Pt(II) complex, the concept of time gating and its ability to eliminate short-lived background fluorescence are depicted in Figure 1.27.

Figure 1 .

 1 Figure 1.27. a) general structure of the Pt(II) complexes investigated by Williams and coworkers234,235 ; b) diagrammatic illustration of the concept of time gated imaging234 .Timegated cellular imaging of live CHO cells preincubated with a Pt(II) complex and imaged in the presence of a solution of fluorescein. The images were taken at 0 ns (c) and at 10 ns (b) delays after the 355-nm laser pulse. (Scale bar 10 m).234,236 

Figure 1 .

 1 Figure 1.28. Live CHO-K1 cells labelled with a Pt(II) complex. (a) TP-TREM intensity image under 760 nm two-photon excitation, reconstructed by integrating total emission intensity pixel-per-pixel; (b) lifetime distribution map corresponding to image(a).235 

  29a) that can reversibly form aggregates upon changes in pH which are in the physiological range. Formation of the aggregates upon establishment of PtPt metallophilic interactio s result i a s itch o of the emissio i the NIR regio Figure 1.29b).

Figure 1 .

 1 Figure 1.29. (a) Chemical structure of complex 8. (b) Emission spectra of 8 (200 M) in aqueous solution (50 M NaCl) at various pH values ( ex = 480 nm). (c-e) Confocal microscopy images of fixed MDCK cells incubated with 20 M of complex 8 for 1 hour followed by incubation with buffer solutions at different pH: pH 5.72 (c), pH 6.75 (d) and pH 7.80 (e).  ex = 488 nm.
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Figure 1 .

 1 29b). Confocal microscopy images of fixed MDCK cells incubated with the complex in serum a d phe ol red free Dul ecco's modified Eagle's medium DMEM revealed a strong NIR emission band in vesicular distribution (Figure 1.29c). The MDCK cells remained viable after the incubation (MTT assay results ca. 97% viability as compared to untreated MDCK cells) and showed good co-localization, with the green emission of LysoSensor Green DND-189, in acidic organelles such as lysosomes. The relationship between their chemical structures and cell uptake, localization and toxicity remains elusive.

(chapter 2 )

 2 photophysically and morphologically. Noteworthy, these assemblies represent the first examples of enhancement of the chiro-optical properties driven by metallophilic interactions in the solid state.

(

  mainly related to short-term changes in source intensity), a double-beam UV-Vis spectrophotometer is used. A schematic diagram of a double-beam UV-Vis spectrophotometer is shown in Figure2.1. The monochromator selects a particular wavelength from the light source, which is split into two separate beams. These two beams (I 0 ) are guided through the sample containing and through the pure solvent (reference) using optically transparent cells (generally quartz cuvettes). The intensity of two beams is compared to give respective absorbances.

Figure 2 . 1 .

 21 Figure 2.1. Schematic description of a double beam spectrophotometer.

  monochromators and detector tubes are not uniform. The polarization or anisotropy of the emitted light can also affect the measured fluorescence intensities because the efficiency of gratings depends on polarization. Emission spectra recorded on different instruments can be different because of the wavelength-dependent sensitivities of the instruments. In this thesis, steady-state emission spectra were recorded on a HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp as a source of exciting light which passes through a monochromator (2.1 nm/mm dispersion; 1200 grooves/mm) and is directed to a reference detector and to the sample. Emission of the sample, collected at 90° with respect to the incident light, passes through another monochromator (2.1 nm/mm dispersion; 1200 grooves/mm)) before reaching the detector. Different detectors were used depending on the considered region of the light spectrum: for the UV-Vis range, a TBX-04 single photon-counting detector was used whereas for the NIR a Hamamatsu R2658P photomultiplier was used. The excitation spectra are corrected for source intensity (lamp and excitation grating) and for detector spectral response and emission grating by standard correction curves. Optical Filters are used, to remove unwanted wavelengths in the excitation beam, or to remove scattered light from the emission channel in particular a 400 nm long pass filter was employed. For anisotropy measurements a PicoQuant FluoTime 300 (PicoQuant GmbH, Germany) equipped with the Multi-Channel Scaling (MCS) electronics NanoHarp 250 and a xenon lamp as a source of exciting light was used. Figure2.2 shows a schematic diagram of a Fluorolog 3 spectrometer.

Figure2. 2 .

 2 Figure2.2. Schematic representation of the fluorescence spectrophotometer Fluorolog 3 model FL3-12 from Horiba Scientific (source: www.horiba.com).

Figure 2 . 3 .

 23 Figure 2.3. Schematic representation of an integrating sphere for measuring absolute luminescence quantum yields. MC stands for monochromator, and BT-CCD is a back thinned CCD.The number of photons absorbed is proportional to the difference of the integrated excitation light profiles, while the number of photons emitted is proportional to the area under its fluorescence spectrum.4 

2 . 4

 24 photons absorbed by a sample and PN(Em) is the number of photons emitted from a sample, λ is the wavele gth, h is Pla ck's co sta t, c is the velocity of light, sample exc I

Figure 2 . 4

 24 Figure 2.4 Electronic schematic for TCSPC. 1

Figure 2 . 5

 25 Figure 2.5 Schematic representation of a SEM setup.

Figure 2 .

 2 Figure 2.6 shows a simplified setup of a widefield fluorescence microscope (left) and a laser scanning confocal microscope (right).

Figure 2 . 6 .

 26 Figure 2.6. Simplified setup of a widefield fluorescence microscope (left) and schematic representation of a Laser Scanning Confocal Microscope (right) adapted from www.zeiss.com.
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 61 bis(1H-1,2,4-triazol-5-yl)pyridine tridentate ligand and its methyl-subsituted counterpart are described along with the corresponding neutral Pt(II) complexes. In particular, the Pt(II) derivative containing a formally dianionic N-donor tridentate and trifluoromethyl-substituted chromophoric ligand (pyC 5 -CF 3 -tzH 2 , see Figure 3.1) and 4-amyl pyridine as ancillary ligand, namely Pt-CF 3 tz-pyC 5 , is able to self-assemble into micrometer-long and highly crystalline fibers with solvent-dependent morphological features. As a consequence of high degree of order imparted by weak non-covalent intermolecular (metal•••metal and -) interactions within the supramolecular structures, the resulting self-assembled fibers have shown both polarized absorption and emission with highly efficient photoluminescence quantum yield (up to 74%). Synthesis of the tridentate ligands The general chemical structure of the 3-substituted tridentate ligands 2,6-bis(1H-1,2,4-triazol-5-yl)pyridine employed in this chapter is shown in Figure 3.1.

Figure 3 . 1 .

 31 Figure 3.1. General chemical structure of the tridentate ligands studied in this chapter. R = CH 3 , CF 3 . When R = CF 3 the ligand is named pyC 5 -CF 3 -tzH 2.

Scheme 3 . 2 .

 32 Scheme 3.2. Synthetic pathway employed for ligand pyC 5 -CF 3 -tzH 2 . a) MeOH/MeONa, reflux, NH 4 Cl b) CF 3 COOEt, NH 2 NH 2 ×H 2 O, THF, reflux.

Scheme 3 . 4 .

 34 Scheme 3.4. Synthesis of the methyl derivate pyC 5 -CH 3 -trzH 2 . a) acetic anhydride, room temperature to 100 °C, overnight; b) H 2 O, aqueous HCl, 80 °C, overnight.

Figure 3 . 2 .

 32 Figure 3.2. Comparison of the 1 H NMR spectra of 3 (top), and pyC 5 -CH 3 -trzH 2 (bottom) in DMSO-d 6 and D 2 O respectively.

a 1 : 5 . 3 . 5 .

 1535 Scheme 3.5. Synthesis of complex Pt-CF 3 tz-pyC 5 . a) 2-methoxyethanol:H 2 O 3:1, diisopropylethylamine, 83 °C overnight, 75.5% yield.

Scheme 3 . 6 .

 36 Scheme 3.6. Synthesis of CF 3 -Pt-TEA. a) Pt(DMSO) 2 Cl 2 , TEA ,CHCl 3 , reflux.

Figure 3 . 3 .

 33 Figure 3.3. ORTEP diagram of complex CF 3 -Pt-TEA with thermal ellipsoids shown at 30% probability level with corresponding atom labelling. Selected bond lengths (Å) and angles (°): N(1)-Pt = 1.998(5), N(2)-Pt = 2.(6), N(5)-Pt = 2.025(6), N(8)-Pt = 2.107(5), N(1)-Pt-N(2) = 79.0(2), N(1)-Pt-N(5) = 79.1(2), N(2)-Pt-N(5) = 158.1(2), N(1)-Pt-N(8) = 178.4(2),. N(2)-Pt-N(8) = 102.5(2), N(5)-Pt-N(8) = 99.4(2).

  have been investigate in both solution and solid state by means of steady-state and time-resolved techniques and the results are shown in Figure 3.4. In dilute (concentration 5 × 10 -5 M) CHCl 3 solution at room temperature, the absorption spectrum of Pt-CF 3 tz-pyC 5 displays intense bands in the UV region ( = 254 nm,  = 2.3 × 10 4 M -1 cm -1 ;  = 302 nm,  = 1.5 × 10 4

Figure 3 . 4 .

 34 Figure 3.4. Absorption and emission spectra obtained for complex Pt-CF 3 tz-pyC 5 in CHCl 3 at room temperature (black traces) and at 77 K in 2-MeTHF glassy matrix (red trace).

Figure 3 . 5 .

 35 Figure 3.5. (a) Absorption and emission spectra obtained for complex Pt-CF 3 tz-pyC 5 in CHCl 3 at room temperature (black trace), excitation and emission ( exc = 300 nm) spectra of the self-assembled fibers obtained from acetone at a concentration of 4 mg mL -1 (red traces). Excitation spectrum was recorded at the maximum of the emission band. (b) The fluorescence microscopy image of the fibers obtained from acetone under irradiation at  = 400-440 nm. Scale bar = 100 m.

  Morphological and structural characterization of these Pt(II) aggregates has been performed by both scanning (SEM) and transmission electron microscopy (TEM) techniques and the results are shown in Figure 3.6.

Figure 3 . 6 .

 36 Figure 3.6. SEM images taken on a sample of fibers of complex Pt-CF 3 tz-pyC 5 obtained from acetone at a concentration of 4 mg mL -1 (a) and a zoom-in image (b); (c) the SAED pattern of a few fibers as shown in the corresponding shadow image (d).

Figure 3 .

 3 6c-d show a representative diffraction pattern and the corresponding shadow image. In the diffraction pattern, two pairs of spots close to the central beam correspond to a lattice period of 1.33 nm.

  The scattering pattern, obtained by SAXS/WAXS experiments, displays sharp peaks which confirms the high degree of long-range order within the self-assembled structures, as shown in Figure3.7.

Figure 3 . 7 .

 37 Figure 3.7. SAXS/WAXS pattern recorded as intensity [cps] vs. scattering angle 2 [°] (a) and vs. Bragg spacing [Å] (b) on a drop-cast sample of fibers of complex Pt-CF 3 tz-pyC5 obtained from acetone solution at concentration of 4 mg mL -1 .

Figure 3 . 8 .

 38 Figure 3.8. (a) The fluorescence microscopy image of the aligned fibers on the glass microscope slide under irradiation at  = 400-440 nm. Scale bar = 100 m. (b) Schematic representation of the fluorescence anisotropy experiment performed on the aligned fibers. (c) Emission intensity recorded at em = 555 nm upon variation of the emission polarization angle. The sample was excited by isotropic light source at exc = 450 nm.

  •••Pt interactions. More interestingly, anisotropy excitation spectra suggest that the transition dipole moment of the highest energy excitation band ( 1 IL/ 1 ILCT, 250-350 nm) is orthogonal with respect to the low energy lying excitation band ( 1 MMLCT, 350-530 nm), as shown in Figure 3.9b (I VV and I HV ). Such orthogonal orientation of the lowest and highest energy band is further demonstrated by measuring the emission intensity profile upon variation of the excitation polarization angle at two different wavelengths, namely at  exc = 300 nm for the IL/ILCT band and at  exc = 450 nm for the MMLCT. The corresponding results are shown in Figure 3.9c.

Figure 3 . 9 .

 39 Figure 3.9. (a) Schematic representation of the fluorescence anisotropy experiment performed on the aligned fibers. (b) Excitation spectra (em = 555 nm), I VV (black trace), I HV (red trace), I HH (blue trace), I VH (green trace). (b) Normalized emission intensity profile recorded at em = 555 nm as a function of the excitation polarization angle upon irradiation at exc = 450 nm (black trace) and exc = 300 nm (red trace). (c) Schematic representation of the main electronic transition before and after self-assembly.
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 34341 bearing a N^N^N pyridil-triazolate chromophoric ligand is reported. The compound shows a remarkable tendency to spontaneously assemble into highly ordered structures, such as fibers, through metal•••metal and - interactions. The assemblies efficiently emit polarized yellow light with a remarkably high PLQY value of 74%, which might find application in polarized light-emitting devices and 3D OLED displays. To gain insight onto the structural properties of the self-assembled structures SAED and SAXS/WAXS experiments were performed, which displayed an intermolecular distance of 3.44 and 3.28 Å, respectively, attributable to the d z 2 •••d z 2 interactions along the growth axis of the fibers. Comprehensive steady-state fluorescence anisotropic measurements were carried out to elucidate the nature and orientation of the transition responsible of the emission of the aligned fibers. Anisotropy measurements have clearly shown, for the first time, that the new electronic transition dipole moment, originated from the d z 2 •••d z 2 interactions, is indeed oriented along the fiber growth axis, while both wavelength-and polarization-dependent excitation and emission properties are observed and elucidated. Experimental Synthesis and characterization All the reactions were carried out under inert atmosphere (Schlenk technique). All the solvents were used as received from Aldrich or Fluka without any further purification. 4-pentylpyridine was bought from TCI Europe. All the chemicals were purchased and used as received. The compounds were purified by column chromatography by using silica gel 60 (230-400 mesh) as stationary phase. 1 H, 13 C and 19 F NMR spectra were recorded on a Bruker Avance 400 spectrometer. The 1 H NMR chemical shifts δ are given in ppm and referred to residual protons on the corresponding deuterated solvent. All deuterated solvents were used as received without any further purification. All coupling constants (J) are given in Hertz (Hz). Electrospray ionization mass (ESI-MS) spectra were recorded on a Bruker Daltonics (Bremen, Germany) MicroTof with loop injection. Elemental analyses were recorded by the analytical service of physical measurements and optical spectroscopy at the University of Strasbourg.

3. 4 . 1 . 3 Pyridine- 2 , 6 -bis(carboximidhydrazide) ( 1 )Compound 1 ( 2 .

 41326112 In a 500 mL round bottom flask 2,6-pyridinedicarbonitrile (10.0 g, 77.45 mmol) was dissolved in 200 mL of ethanol then 80 mL of hydrazine monohydrate were added and the flask closed with a rub septum. The resulting solution was stirred for three days at room temperature. The solution was then filtered and the slightly yellowish solid washed with ethanol (50 mL) and dried. The compound was used without further purification. Yield 14.6 g (97.5%). 28 g, 11.8 mmol) was suspended in 25 mL of diethylene glycol dimethyl ether and sonicated until a fine white suspension was formed.Trifluoroacetic anhydride (3.6 mL, 26 mmol) was slowly added to the mixture at room temperature. Upon addition, the suspension dissolves and the solution turns yellow in color. The solution was stirred for ten minutes at room temperature then slowly heated up using a silicon oil bath until reflux. The progress of the reaction was followed by TLC using acetone as the eluent and was complete within one hour from reflux. After cooling down to room temperature, 70 mL of distilled water followed by 2 mL of concentrated HCl were added and the mixture overnight heated at 90 °C. The solution was then cooled down to room temperature and stirred for additional two hours. The white precipitate was filtered and abundantly washed with water and petroleum ether, then dried overnight at 70 °C. The compound was used without further purification. Yield (3.0 g, 74.5%).

Scheme 4 . 1 .

 41 Scheme 4.1. Synthesis of the chiral pyridine derivatives. (a) NHS, DCC, 1,4-dioxane, r.t, N 2 , overnight. (b) 4-Picolylamine, 1,4-dioxane, 50 °C, N 2 , overnight.

Figure 4 . 1 .

 41 Figure 4.1. Absorption and emission spectra ( exc = 300 nm) of 4a (black line) and 4b (red line) in THF at concentration 5.1 × 10 -5 M.

Figure 4 .

 4 Figure 4.2. (a) CD spectra obtained for the ligands 3a (black trace) and 3b (red trace) in methanol solution at concentration of 1.03 × 10 -3 M at room temperature; (b) CD spectra for the complex 4a in THF solution (concentration range: 2.78 × 10 -6 -4.00 × 10 -4 M) showing the absence of circular polarization of the light.

Figure 4 . 3 .

 43 Figure 4.3. (a) Emission and excitation spectra obtained for the self-assembled fibers of 4a (black trace) and 4b (red trace) prepared by drop-casting onto a quartz substrate a 1.03 mg mL -1 THF solution.  exc and  em were 560 and 400 nm, for emission and excitation spectra, respectively. (b) Fluorescence microscopy images of the fibers obtained from 4b as example upon irradiation at 400 -440 nm and imaged with a long-pass emission filter at 455 nm. " ale bar = 20 μm. (c) CD spectra obtained for the fibers made by complex 4a (black line) and 4b (red line).

Figure 4 . 4 .

 44 Figure 4.4. Schematic representation of the supramolecular self-assembly of the chiral Pt(II) complex.

Figure 4 . 5 )

 45 . The SEM analyses were performed on samples prepared from the same solution used for the other characterizations (1.03 mg mL -1 THF solution) onto a glass substrate sputtered with Au/Ag. As show on the images of the fibers for both complexes 4a (Figure 4.5a-b) and 4b (Figure 4.5c-d), the samples showed interconnected fibers with a clear helicity as consequence of the supramolecular chiral organization of the complexes in the assemblies.

Figure 4 . 5 .

 45 Figure 4.5. SEM images taken on samples of fibers of complex 4a showing P configuration (a) scale bar = 4 μm (b) scale bar = 1 μm and 4b complex showing M configuration (c) scale bar = 4 μm (d) scale bar = 500 nm. All the samples were prepared from THF at concentration of 1.03 mg mL -1 .

Figure 5 . 1 .

 51 Figure 5.1. Chemical formula of the platinum(II) complex 1 and landscape of its supramolecular self-assemblies A, B, and C in dynamic equilibrium with the monomeric form. It is important to note that the Pt-Pt interaction decreases going from A to B and it is not present in C. A schematic representation of the assemblies is also shown to summarize the processes.

1 .

 1 Scheme 5.1. Synthesis of the ancillary ligand. a) 2-[2-(2-methoxyethoxy)ethoxy]acetic acid, DCC, CHCl 3 , reflux overnight. b) LiAlH 4 , THF, 0°C to room temperature overnight.

Figure 5 . 3 .

 53 Figure 5.3. Electronic absorption (dotted trace) and emission (solid trace) spectra of complex 1 in pure 1,4 dioxane (c = 110 -4 M, black), after flash-injection into water to form assembly A (c = 110 -4 M, 95% water content, red trace) and assembly C (blue trace).
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 1 photoluminescence properties up to 10 hours (Figure5.4a) even if a slight increase of hydrodynamic diameter and its distribution was observed (Figure5.4b).

Figure 5 . 4 .

 54 Figure 5.4. (a) Normalized emission spectra recorded at t 0 and after 10 hours aging showing no detectable changes ( exc = 405 nm). (b) DLS analysis of the solution of metastable assembly A (c = 110 -4 M, 95% water content) at t 0 (black trace), and after one hour (red trace) and 8 hours (green trace) of aging. (c) SEM images obtained for drop-casted samples onto glass of samples of assembly A.

Figure 5 .

 5 Figure 5.5. (a) SEM images obtained for drop-casted samples onto glass of samples of assembly C (scale bar = 50 m). (b) Digital camera photograph of the solution of assembly A (left) and C (right) under top-bench UV lamp irradiation ( exc = 365 nm).

Figure 5 . 6 .

 56 Figure 5.6.(a) Emission spectra normalized by the number of absorbed photons recorded for samples at different solvents composition (grey line) showing the evolution from assembly A into C and molecularly dissolved 1 (red, blue and black trace, respectively). Black arrows show the emission changes upon increasing dioxane content. The curved arrow indicates an increase followed by a decrease of the emission. b) PLQY (black line) and normalized emissionintensity profile at  em = 720 nm (I em ,A, red line) and  em = 464 nm (I em ,C, blue trace) characteristics of assembly A and C as function of the solvent composition.

A

  and C at fixed concentration and solvent composition. In particular we used 95% water content for assembly A and 60% water content for assembly C and we run UVvis experiments under thermodynamic control (cooling rate 1 K min -1 , temperature region 288.9-358.29 K, 30 seconds of equilibration) as shown in Figure5.7.

Figure 5 . 7 . 123 Figure 5 . 8 . 6 10 - 5 .

 571235865 Figure 5.7. Temperature-dependent absorption spectra. of samples of assembly C (box a) at 60% water content (c = 6  10 -5 M of 1) and assembly A (box b) at 95% water content (c = 110 -4 M of 1) showing the change in the absorption (black arrows) upon cooling and heating, respectively.

  9b-c) and follow the kinetics of the two assemblies. In principle, we expect that the sum of the two intensity components, namely I A and I C , will traces out the overall PLQY recorded. As a matter of fact, a time-dependent number of residual photons, I B , were surprisingly observed for both the investigated solvent mixtures (Figure5.9b-c). The kinetics of I B shows a solvent-dependent profile. As shown in Figure5.9b-c, I B is not detected at t 0 ;

  dynamics and how the equilibria here at work are interplayed by common species, we carried out similar kinetic experiments at different initial concentrations of the metastable A, whereas the solvent composition has been kept constant at the value of 83:17 water:dioxane ratio (Figure5.10a).

Figure 5 .

 5 Figure 5.10. Time-dependent evolution of the metastable assembly A at different initial concentration in 83:17 H 2 O:dioxane ratio upon excitation at 362 nm. (a) Overall PLQY profile at c = 110 -4 M (black line), 2.510 -4 M (red line) and 3.510 -4 M (blue line); (b) Intensity profile of assembly A ( em = 750 nm) at c = 110 -4 M (black line), 2.510 -4 M (red line) and 3.510 -4 M (blue line); (c) Intensity profile of assembly C ( em = 464 nm) at c = 110 -4 M (black line), 2.510 -4 M (red line) and 3.510 -4 M (blue line).

disappearance of A (Figure 5 .

 5 10b) mirrored by a slower appearance of the thermodynamic product C (Figure5.10c). These findings confirm the fact that the formation of C occurs through the nucleation of the monomeric compound 1 instead of structural reorganization of C. The molecularly dissolved 1 is the chemical node of the interplayed equilibria network between the different assemblies, i.e. the common feedstock.16 

Figure 5 . 13 .

 513 Figure 5.13. Magnification of some pictures taken from our movie at 79% water content showing assembly B (green) slowly eaten by assembly C (blue) after a) 13 min, b) 23 min, c) 56 min and d) 63 min.

Figure 5 . 14 .

 514 Figure 5.14. Snapshots taken from the movies at 95% water at a) 0 min b) 6 h 10min and c) 12h 25 min showing no significant changes.  exc = 405 nm, scale bar 100 m.

  at 95% water (c = 510 -5 M, D h = 114.4 nm, PDI = 0.188) and we sonicated for 3 hours, selectively obtaining seeds of C in a rather good size distribution (D h , = 265.3 nm, PDI = 0.150) (Figure 5.15).

Figure 5 .

 5 Figure 5.15. a) Dynamic light scattering (DLS) data showing the intensity-averaged hydrodynamic diameter (D h ) of the assembly A (red trace, c = 510 -5 M) and assembly C (blue trace) obtained after sonication of the sample. b) SEM images obtained for samples of seeds of assembly C obtained after sonication of assembly A. Samples were drop-cased onto glass. Scale bar = 1m.

Figure 5 .

 5 Figure 5.16. (a) Time course of supramolecular polymerization of assembly A initiated by the addition of seeds of C under conditions of [A]/[C] = 200:1, (-), 200:2 (-), 200:3 (-), 200:4 (-), 200:5 (-) and 200:6 (-). The overall concentration of 1 is 510 -5 M. Inset: Log-log plot of the initial increase of   (s -1 ) as function of seed concentration ([M]), showing a linear relationship (correlation coefficient 0.980) with a slope of 0.94. b) Confocal images of fibers obtained from seeded polymerization as from box a exc = 405 nm. Scale bar 20 m.

Figure 5 .

 5 Figure 5.17. a) Emission spectra of the assembly obtained upon irradiating assembly C ( exc = 405 nm) with higher laser power (green, solid line). The emission spectra of assembly A (red), B (green) and C (blue) obtained during confocal imaging experiments at lower laser power ( exc = 405 nm) are displayed as dotted traces (see Figure 5.11). b) Confocal pictures of fibers before (left) and after (right) 5 minutes of irradiation at  exc = 405 nm. Scale bar 20 m.

Figure 5 . 18 .

 518 Figure 5.18. Absorption spectra of complex 6 (a), 7 (b), 8 (c) and 9 (d) in pure 1,4-dioxane (blue trace) and after flash-injection into water (95% water content, red trace). The concentration of the complexes 6-8 is 5 10 -5 M while for complex 9 is 1 10 -4 M.

Figure 5 . 19 .

 519 Figure 5.19. Emission spectra normalized by the number of absorbed photons recorded for samples at different solvents composition (grey line) showing the spectral change from 95% water content (red trace) till the molecularly dissolved complex (black trace) for complex 6 (a), 7 (b), 8 (c) and 9 (d.) In the case of 7 blue fibers are formed (blue trace) . Black arrows show the emission changes upon increasing dioxane content. The curved arrow indicates an increase followed by a decrease of the emission. The concentration of the complexes 6-9 is 510 -5 M.

Figure 5 . 20 .

 520 Figure 5.20. Depolymerization curve 32 showing the PLQY as a function of the solvent composition for complexes 6 (black line), 7 (blue line), 8 (red line) and 9 (green line).

Figure 5 . 21 .

 521 Figure 5.21. Confocal microscopy snapshots taken from the movies recorded at 74% water content. The images show the supramolecular polymerization of complex 7 after (a) 0 min (b) 80 min(c) 160 min.  exc = 405 nm, scale bar = 100 m.

Figure 5 . 22 .

 522 Figure 5.22. Confocal microscopy snapshots taken from the movies recorded at 74% water content. The images show the supramolecular polymerization of complex 8 after a) 0 min b) 15 min c) 30 min.  exc = 405 nm, scale bar = 100 m.

F

  NMR spectra were recorded on a Bruker Avance 400 spectrometer. The 1 H NMR chemical shifts δ are give i ppm a d referred to residual protons on the corresponding deuterated solvent. All deuterated solvents were used as received without any further purification. All coupling constants (J) are given in Hertz (Hz). Electrospray ionization mass spectrometry (ESI-MS) was recorded on a MicroTOF (Bruker) mass spectrometer equipped with an electrospray source by the mass spectrometry service of the Institut de Chemie at the University of Strasbourg. Elemental analyses were recorded by the analytical service of physical measurements and optical spectroscopy at the University of Strasbourg. methoxyethoxy)ethoxy]acetic acid (19.88 g, 111.57 mmol) and 4aminopyridine (7.0 g, 74.38 mmol) were dissolved in 150 mL of CHCl 3 , then N,N'dicyclohexylcarbodiimide (DCC), 23.0 g, 111.57 mmol) was added in consecutive little aliquots. During the addition the solution warmed up and a white precipitate was formed. The solution was stirred for one hour at room temperature then refluxed for four hours. After cooling down to room temperature, the solution was filtered and the filtrate concentrated in vacuo. The crude yellow oil was purified by column chromatography on silica gel using AcOEt to AcOEt:MeOH 9:1 obtaining the pure product as light yellow oil. Yield 12.0 g, 63%.

1 )

 1 1 H NMR (CD 2 Cl 2 , MHz, ppm δ: 8.1 d, J = 8 Hz, 2H), 6.45 (d, J = 8 Hz, 2H), 4.74 (s, broad, 1H), 3.65-3.70 (m, 2H), 3.64-3.58 (m, 6H), 3.52-3.50 (m, 2H), 3.34-3.28 (m, 5H); 13 C NMR (CD 2 Cl 2 , 100 MHz, ppm δ: 15 . 1, 15 .53, 1 8.1 , .5 , 1. , . , . 1, 5 .18, 42.86. HR-ESI-MS (m/z): C 12 H 20 N 2 O 3 [M+H] + , calcd. 241.154, found 241.115. In a 100 mL round bottom flask compound 3 (400 mg, 1.145 mmol) and PtCl 2 (DMSO) 2 (483.7 mg, 1.145 mmol) was dissolved in 20 mL of acetonitrile then N,Ndiisopropylethylamine (DIPEA) (400 L, 2.29 mmol) was added and the resulting suspension stirred for 10 minutes. Compound 5 (357.8 mg, 1.489 mmol) dissolved in a minimum amount of MeCN was added to the solution and the resulting mixture stirred overnight at 60 °C under nitrogen. A yellow precipitate was formed during the course of the reaction. The crude was purified by column chromatography using cyclohexane:AcOEt 1:4 and then AcOEt:acetone 4:1. The product was then recrystallized by dissolving it in the minimum amount of hot MeCN upon cooling it down to room temperature overnight. A yellow cotton-like solid was formed and filtered. Yield 370 mg, 37%. 1 H NMR (CD 2 Cl 2 , MHz, ppm δ: . 3 d, J = 8 Hz, 2H), 8.05 (t, J = 8Hz, 1H), 7.79 (d, J = 8Hz, 2H),

  , 10H, CH 2 CH 2 -O-CH 2 CH 2 -O-CH 2 ), 3.81 (s, 2H, pyCH 2 ), 7.27 (d, J =5.3Hz, 2H, Ar-H), 8.49 (d, J = 5.8Hz, 2H, Ar-H). methoxyethoxy)ethoxy]acetic acid amide-κN] (6)
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 4199 Platinum [2,6-bis[3-(4-methylphenyl)-1,2,4-triazol-5-yl-κN 2 ]pyridinato(2-)-κN][N-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]-4-pyridinamine-κN] (In a 100 mL round bottom flask pyC 5 -tol-tzH 2 (200 mg, 0.508 mmol) and PtCl 2 (DMSO) 2 (214.7 mg, 0.508 mmol) were dissolved in 20 mL of acetonitrile (ACN) then N,N-Diisopropylethylamine (DIPEA) (177 uL, 1.016 mmol) was added and the resulting suspension stirred for 10 minutes. 3 (158 mg, 0.660 mmol) dissolved in a minimum amount of ACN was added and the solution refluxed overnight under nitrogen. The mixture was then dried under vacuum at 45°C and the crude purified by column chromatography on SiO
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 42 photoluminescence quantum yields (PLQY) were measured on a Hamamatsu

Figure 6 . 1 .

 61 Figure 6.1. Structure of the platinum complexes.

3 )Figure 6 . 3 .

 363 Figure 6.3. Emission (solid traces) and excitation (•-•) spectra for complexes Tol-Pt-4OHpy and CF 3 -Pt-4OHpy in different conditions. Emission and excitation for Tol-Pt-4OHpy in pure DMSO (green traces) and in DMSO:H 2 O solutions (1 : 99 v/v) (orange trace); CF 3 -Pt-4OHpy at 77 K in 2-MeTHF glassy matrix (black trace) and in DMSO: H 2 O(1 : 99 v/v) (red trace). The samples were excited at  exc =330 nm.

  3, is very similar to the absorption spectrum recorded in the same conditions. Interestingly, the addition of water in the DMSO solution, DMSO:H2O (1 : 99 v/v), causes the formation of aggregates for both complexes. For the Tol-Pt-4OHpy the emission shifts to lower energy reaching a maximum at 562 nm, while the CF 3 -Pt-4OHpy displays now an emission at 587 nm.The fact that aggregates are formed is also visible looking at the excitation spectra as clearly demonstrated by the formation of a new broad band around 450 nm for Tol-Pt-4OHpy while for the CF 3 -Pt-4OHpy the onset shifts to very low energy reaching 520 nm. These low energy bands, which are absent in pure DMSO solutions, are attributed to the transitions involving a new excited state, namely3 MMLCT, which is promoted by metallophilic interactions between platinum centers. The emission of the molecularly dissolved complex CF 3 -Pt-4OHpy, can be detected only at 77 K in 2-MeTHF glassy matrix. The structured emission presents vibrational sharp peaks at 452, 482 and 515 nm, it is attributed mainly to the ligand centered (LC) transitions. At room temperature, the excited state lifetimes of the complexes show multiexponential kinetics and, for Tol-Pt-4OHpy, they become longer going from pure DMSO to DMSO/H 2 O solutions (

  free PBS, followed by cell fixation using 4% paraformaldehyde (PFA) solution. The two complexes show bright emission coming from different cellular compartments indicating cell internalization. The emission of Tol-Pt-4OHpy was mainly observed from cytoplasmic region while CF 3 -Pt-4OHpy, was partially distributed in the cytoplasmic region but bright aggregates were observed inside the nucleus. At this stage we have no evidence if the metal complexes are internalized as monomeric species and then aggregate inside cells or they are uptaken as small aggregates. The emission spectra taken from the highly emissive spots clearly demonstrate that for both complexes the emission energy and shape correspond to the assembled systems in DMSO:water solution (Figure6.4 and Figure6.5).

Figure 6 . 4 .

 64 Figure 6.4. (a) Luminescence confocal microscopy images show the distribution of CF 3 -Pt-4OHpy inside HeLa cells; (b) emission spectra recorded in DMSO:H 2 O solution (black solid trace) and from the bright aggregate inside the nuclear region (dashed red trace). The samples were excited at  exc = 330 and 405 nm for solvents and cell experiments, respectively.

Figure 6 . 5 .

 65 Figure 6.5. (a) Luminescence confocal microscopy images show the distribution of complex Tol-Pt-4OHpy inside HeLa cells; (b) emission spectra recorded for DMSO:H 2 O solution (solid black trace) and collected from the cytoplasmic region of the cells (dashed red trace). The samples were excited at  exc = 330 and 405 nm for solvents and cell experiments, respectively.

Figure 6 . 6 .

 66 Figure 6.6. Confocal microscopy images of the distribution of CF 3 -Pt-4OHpy inside HeLa cells. (a) DAPI staining of nucleus, complex CF 3 -Pt-4OHpy, Phalloidin Alexa Fluor® 568 stains Factin inside cytoplasmic region, overlay of three images. The excitation wavelength for DAPI and CF 3 -Pt-4OHpy was 405 nm, while Phalloidin Alexa Fluor® 568 was excited at 594 nm. Lo alizatio experi e ts show DAPI stai i g the u leus, SYTO® RNASele t™ Gree Fluorescent Cell Stain labels the nucleoli ( exc = 488 nm), and in yellow the emission of CF 3 -Pt-4OHpy. The overlay image suggests that the aggregates are confined in the nucleoli. (c) Orthogonal view of the image show a very bright signal (yellow) due to CF 3 -Pt-4OHpy aggregates coming from inside the nuclear region and co-localized into the nucleoli. Blue color is due to the DAPI staining.

Figure 6 . 7 .

 67 Figure 6.7. Fluorescence confocal microscopy images of CF 3 -Pt-4OHpy internalized in HeLa cells after 4 hours incubation in PBS. The samples were excited at 355 nm (a), 405 nm (b), 458 nm (c), 488 nm (d), 514 nm (e), and 543 nm (f).

Figure 6 . 8 .

 68 Figure 6.8. Fluorescence confocal microscopy images show the photostability of CF 3 -Pt-4OHpy towards photobleaching relative to DAPI. Panels (c-e) show that DAPI (blue) has been already photobleached meanwhile CF 3 -Pt-4OHpy (yellow) still maintains its emission even after 20 minutes of continuous UV irradiation at 405 nm. The sample was continuously excited with high power laser (32 mW) for 5 minutes and subsequently imaged at low power acquisition (1.2 mW) every 5 minutes for a total time of 25 minutes.

Figure 6 . 9 .

 69 Figure 6.9. Fluorescence confocal microscopy images show no uptake of CF 3 -Pt-4OHpy in HeLa cells even after (a) 4 and (b) 24 hours incubation time in culture media. Cells were excited at 405 nm.

Figure 6 . 10 .

 610 Figure 6.10. The complex CF 3 -Pt-4OHpy is aggregated inside the nucleus after 20 min incubation in PBS and replacement of the PBS with cell culture media causes its externalization in few minutes: (a) 0 minute, (b) 10 minutes, and (c) 30 minutes. (d) Emission spectrum recorded from the small aggregates in the white circle region, showing a maximum centered at 550 nm.

Figure 6 .

 6 Figure 6.11. Time-lapse images show the light-induced internalization of CF 3 -Pt-4OHpy in culture media after different irradiation times: (a) 0 minute, (b) 30 minutes, and (c) 60

Figure 6 .

 6 Figure 6.13. (a) Confocal microscopy image of HeLa cells after incubation with CF 3 -Pt-vitB 6 shows true-color emission of the cell compartments by using lambda-mode option. (b) Corresponding normalized emission spectra recorded from the cytoplasmic region (blue line) and the nuclear region (red trace) as indicated by the arrows. The emission of CF 3 -Pt-4OHpy in the nuclear region (Figure 6.4b) is also depicted as red dashed trace. The samples were excited at  exc = 405 nm.

Figure 6 .

 6 Figure 6.14. (a) Confocal microscopy image of HeLa cells after incubation with CF 3 -Pt-DEA shows true-color emission by using lambda-mode option. (b) Corresponding normalized emission spectra. The sample was excited at  exc = 405 nm.

  F NMR spectra were recorded on a Bruker Advance 400 spectrometer. The 1 H NMR chemical shifts δ are give i ppm a d referred to residual proto s o the correspo di g deuterated solvent. All deuterated solvents were used without any further purification). All coupling constants (J) are given in Hertz (Hz). Electrospray ionization mass (ESI-MS) spectra were recorded on a Bruker Daltonics (Bremen, Germany) MicroTof with loop injection. Elemental analysis was realized by the Service d'a alyses, de mesures physiques et de spectroscopie optique at the université de Strasbourg 6.4.1.1 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN 2 ]pyridinato(2-)-κN](4-pyridinol-κN (CF 3 -Pt-4OHpy)

  Two novel neutral Pt(II complexes eari g a β-lactam unit on the ancillary pyridine ligand have been synthesized and their photophysical properties investigated. The complexes show interesting emission properties that, in the solid state, are dominated by the formation of aggregates due to the square-planar geometry of the Pt(II) species. Interestingly, the formation of closed-shell metal•••metal interactions in such aggregates lead to new excited states that conveniently allow excitation in the visible region. The combination of the biologically active azetidinone agent and the intense and long-lived emission are of particular interest for developing efficient multifunctional biomedical systems.

Scheme 7 . 2 .

 72 Scheme 7.2. Synthetic strategy used to access the new β-lactam platinum conjugate 3.

  Such excitation can be mainly described as a shift of electron density from the filled d metal-based molecular orbitals to the empty MOs of the tridentate ligand ith π* character, dπ Pt →π*.

Figure 7 . 2 .

 72 Figure 7.2. Room temperature (solid traces) absorption and normalized emission spectra for samples of compound 3 (black) and 7 (red) at 1×10 -5 M in CHCl 3 and low temperature (77 K) emission spectra (dashed traces) at 5×10 -5 M in 2-MeTHF glassy matrix. Emission spectra were collected upon λ exc at = 300 nm.

[ a ]

 a sh de otes shoulder. [b] Amplitude-weighted lifetimes.[c] Recorded at 450 nm.[d] Recorded at 585 nm.Such bi-exponential de-excitation kinetics can be attributed either to the formation of aggregates, even in diluted solution, meaning the coexistence of different species in solution, or to the presence of two close-lying excited states, an emissive state with the emission spectra display a slight hypsochromic shift of only 621 cm -1 with an enhancement of the band structure, featuring maxima at 451, 480, 517 and a shoulder at 554 nm for compound 3, whereas an additional band is clearly visible for compound 7 at approximately 571 nm. The emission at higher energy (ca. 450 nm) has an amplitude-weighted lifetime of 6.2 and 5.6 µs (for 3 and 7, respectively). On the other ha d, at lo ger avele gths λ em = 585 nm), the amplitude-weighted lifetime reduces to 3.8 and 3.6 µs, for 3 and 7, respectively. As shown by the excitation spectra at 585 nm for both compounds (Figure7.3), the presence of a lower-energy excitation band extending towards 500 nm suggests partial aggregation through formation of closed-shell metallophilic Pt•••Pt interactions.

Figure 7 . 3 .

 73 Figure 7.3. Normalized excitation spectra recorded at 77 K for samples of compound 3 (black) and 7 (red) at 5×10 -5 M in in 2-MeTHF glassy matrix. Spectra were recorded at 445 (solid lines) and 585 (dashed lines) nm.

Figure 7 . 4 .

 74 Figure 7.4. Normalized emission (a) and excitation (b) spectra for samples of compound 7 at concentration of 0.1×10 -5 (squares), 1×10 -5 (circles) and 5×10 -5 M (triangles) in 2-MeTHF glassy matrix. Emission spectra were recorded at  exc = 300 nm while excitation spectra were recorded at  em = 450 (filled symbols) and 585 nm (empty symbols).

Figure 7 . 5 .

 75 Figure 7.5. Normalized excitation (dotted traces) and emission (solid traces) spectra for solidstate samples of 3 (black) and 7 (red). Excitation and emission spectra were collected at the λ em maximum and upon λ exc at 350 nm, respectively.

  In a 25 mL two-neck flask with a Liebig condensor under a nitrogen atmosphere, to a stirred solution of 2 (84 mg, 0.23 mmol) in CHCl 3 (10.0 mL) were added py-CF 3 -trzH 2 (80 mg, 0.23 mmol), PtCl 2 (DMSO) 2 (97 mg, 0.23 mmol), and DIPEA (80 µL, 0.46 mmol).

4 )

 4 In a 100 mL two-neck flask under nitrogen atmosphere, to a stirred solution of 4chloromethyl-pyridine hydrochloride (820 mg, 5.0 mmol) in 40.0 mL of ACN were added tetraethylene glycole (949 µL, 6.5 mmol) and TEA (1.4 mL, 10.0 mmol). After 1 hour stirring NaH 60% in mineral oil (400 mg, 10.0 mmol) was added and the mixture was stirred overnight at room temperature. The progress of the reaction was monitored by TLC (AcOEt/cyclohexane 8/2) and the reaction mixture was concentrated under vacuum. The obtained crude was then purified by flashchromatography with acetone/MeOH 95/5, obtaining the alcohol 4 as a colorless oil in a 76% yield (217 mg).

7. 4 . 1 . 7 ( 6 )

 4176 3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-((1-(pyridin-4-yl)-2,5,8,11-tetraoxatridecan-13-yl)oxy)azetidin-2-one (In a 25mL two-necked flask equipped with a Liebig refrigerator, dried and under nitrogen atmosphere, to a stirred solution of A (143 mg, 0.5 mmol) in 4.0 mL of dioxane, 5 (142 mg, 0.5 mmol) and ZnBr 2 (112 mg, 0.5 mmol) were added. The reaction was warm to 50°C and monitored by TLC (AcOEt). After 30 hours stirring the reaction was quenched with a NaHCO 3 saturated aqueous solution (5 mL) and evaporated under vacuum. The solid mixture was treated with 10 mL of ACN/MeOH 1/1, filtered and the liquid phase concentrated under vacuum. After a flashchromatography purification with a polarity gradient eluent from AcOEt to

  mechanical and photochemical stimuli. Molecular structures of the complexes investigated in this chapter are depicted in Figure 8.1.

Figure 8 . 1 .

 81 Figure 8.1. Molecular structures of the investigated platinum complexes.

Figure 8 . 2 .Figure 8 . 3 .

 8283 Figure 8.2. (a) Solid state emission (line) and excitation (dashed line) spectra of complex 1 before (blue) and after grinding (red) with a pestle. Photographs showing 1 on an agate mortar under UV irradiation ( exc =365 nm) before (b) and after (c) grinding.

Figure 8 . 3 .

 83 Figure 8.3. (a) Solid state emission (line) and excitation (dashed line) spectra of complex 2 before (blue) and after grinding (red) with a pestle. Photographs showing 2 on an agate mortar under UV irradiation ( exc =365 nm) before (b) and after (c) grinding.
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  i ce complex displays the largest shift of the emissio maximum et ee the R a d the M" form see Ta le 8.1 e have performed pressure depe de t emissio o complex y usi g a diamo d a vil cell DAC hich allo s pressures up to ~3 k ar. The pressure has ee calculated usi g a ru y microcrystal as i ter al refere ce Rli e emissio at ~ m . The resulti g spectra are depicted i Figure 8. .

Figure 8 . 4 .Figure 8 .Figure 8 .

 8488 Figure 8.4. Pressure dependent emission spectra recorder for 1 at 0 kbar (blue line), 4.5 kbar (green line), 8.7 kbar (magenta line), 14.3 kbar (brown line), 24.2 kbar (orange line), 30.5 kbar (red line) and after release of the pressure (black line).

A 7 -

 7 letters ord Mecha o or Chromic is ritte with high resolution, with each line composing the letters featuring FWHM in the range 400-700 nm, approaching the limit of resolution of confocal detection with a 63x objective (Figure 8.7). The high color contrast allows for easy detection and reading of the stored information, as apparent from the real-color coded confocal spectral images in Figure 8.7a-b. Similarly to what previously discussed for static or dynamic mechanical stresses, also in the writing process friction plays a key-role. At low writing speed (<10m/s, Figure 8.7a) the ribbons are engraved with low trenches and the resulting information is detectable and clearly distinguished from the cyan background. When speed is increased to maximum 100 m/s, with the same applied force (24 N), deeper trenches are engraved, yielding more intense signal but also scattered debris which vitiates the readability of the stored information (Figure 8.7b).

Figure 8 . 7 .

 87 Figure 8.7. Nanolithography on ultra-long ribbons. Confocal spectral images of ribbons engraved with a 7-letters ord Me ha o by mea s of AFM a olithography o du ted at 10 m/s maximum scan rate (a) or 100 m/s maximum scan rate (b), with constant force = 24 N. Excitation laser used is 488nm and spectral window 490-700 nm with resolution 9nm, objective 63x. (c) and (d) Intensity profiles in correspondence of written letters showing the resolution of data storage through FWHM of single lines and peak-to-peak distance of adjacent resolved lines (black lines and dots denote the experimental intensity profiles, red dotted lines are Gaussian fits).

chapter 5 .

 5 photolumi esce ce ua tum yields PLQY ere measured o a Hamamatsu Qua taurus-QY i tegrati g sphere i air-e uili rated co ditio usi g a empty uartz tu e as a refere ce.

Figure 1 .

 1 Figure 1. (a) Fluorescence microscopy image of the aligned fibers obtained from acetone under irradiation at  = 400-440 nm. Scale bar = 100 m. (b) Absorption spectra and emission spectra ( exc =300 nm) obtained in CHCl 3 (5x10 -5 M) at room temperature (black trace) and for the fibers obtained from 4 mg mL -1 acetone solution at  em = 630 nm and  exc = 300 nm (red trace). (c) Excitation spectra ( em = 555 nm) using linearly polarized light to excite the fibers parallel (black traces) and perpendicular (red trace) to the growth direction. (c) Emission polarization ( exc = 300 nm,  em = 555 nm). (e) The cartoon shows the molecular structure of the Pt(II) complex and the electronic transition before and after the selfassembly.

Figure 2 .

 2 Figure 2. (a) Absorption spectra and emission spectra ( exc = 300 nm) obtained in THF (5x10 -5 M) at room temperature (black trace) and for the fibers obtained from 1.03 mg mL -1 acetone solution at  em = 630 nm and upon excitation at  exc = 300 nm (red trace). (b) CD signal of the platinum complex (concentration range 10 -6 -10 -4M). (c) CD signal of the self-assembled fibers after drop-casting a THF solution containing S-enantiomer (black trace) and Renantiomer (red trace) onto glass. (d) SEM pictures of the chiral fibers of enantiomer R-(top) and S-(bottom) showing the different helicity. (e) Structure of the Pt(II) complex and schematic representation of the supramolecular self-assembly of the chiral Pt(II) complex 4a (S) and 4b (R).

Figure 3 .

 3 Figure 3. (a) Illustration of the landscape of the supramolecular self-assemblies of complex 1. Left, chemical formula of the platinum(II) complex 1. Middle, schematic illustration of the assemblies A (top), B (middle), and C (bottom) in dynamic equilibrium with the monomeric species. Right, the extent of the Pt•••Pt interaction corresponding to each assembly are shown. The strength of the interactions decreases from A to B and is not present in C. (b) Confocal microscopy image of the supramolecular assemblies A (red), B (green) and C (blue) showing their true-color emission obtained by using lambda-mode option and (c) their respective normalized emission spectra upon  exc = 405 nm.

Figure 4 .

 4 Figure 4. Confocal images of fibers obtained from seeded polymerization under different [A]/[C] condition and photoconversion.
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 1 Strength of several noncovalent forces.67 

	-1 )

  The corresponding self-assembled fibers can be prepared by either pouring a CH 2 Cl 2

	sols are not emissive in the same condition. The luminescence of the gel states was
	attributed as arising from and excited state with 3 MMLCT character and displayed
	intense broad emission maximum centered at  em = 550 and 515 nm for CH 2 Cl 2 and
	DMF as solvent, respectively. SEM and fluorescence microscopy images of xerogel
	and gel, respectively, showed that the latter is constituted by a dense entanglement
	of fibers leading to a 3D network. The different PLQY values of 7.5 and 60% recorded
	for the gel prepared from CH 2 Cl 2 and DMF respectively was attributed to the different
	solvation of the polar PEG tail and the apolar chromophoric part in the two solvents.
	solution of the complex into cyclohexane or drop-casting the CH 2 Cl 2 solution directly
	onto a glass slide leading to bundled filaments. Furthermore, if the critical gelating
	concentration was reached, supramolecular metallogel formation took place and the
	so-formed gel collapsed into sol by shaking or sonication. In a different manner, the
	gel can be reversibly obtained upon thermal treatment when DMF is employed. Both
	gels were photoluminescent under UV light excitation, whereas the corresponding

  This intermediate is first condensed with the corresponding acyl chloride, either adamantanecarbonyl chloride or p-tolylcarbonyl chloride, directly leading to the 3-substituted 1,2,4-triazole precursors. The desired product is obtained through condensation reaction in ethylene glycol at 180 °C. This synthetic strategy is easy and straightforward and does not require any purification by chromatographic techniques leading to the final product in very good yield upon re-crystallization. Unfortunately, such strategy has not been found successful for the introduction of different moieties of interest such as CF 3 groups to yield ligand pyC 5 -CF 3 -tzH 2 . For this reason, a different synthetic strategy was employed and developed to achieve this purpose as shown in Scheme 3.2.21 

	Scheme 3.1. General synthetic procedure for the tridentate ligands reported in literature 20 . a)
	NH 2 NH 2 •H 2 O, EtOH, room temperature, overnight; b) RC(=O)Cl, Na 2 CO 3 , DMF, 0 °C to room
	temperature, overnight; c) ethylene glycol ,180 °C, 2 hours.
	This synthetic strategy starts from the commercially available 2,6-

and a general overview of this synthetic strategy is depicted in Scheme 3.1. pyridinebiscarbonitrile, pyridine-2,6-bis(carboximidhydrazide) (1) is then obtained upon reaction with hydrazine monohydrate in ethanol.

  20,24 Upon photoirradiation a structured blue luminescence is observed, peaking at  em = 463, 493, 525 and 570 (shoulder) nm, with a vibronical progression of 1236-1504 cm -1 attributable to the tridentate intraligand vibrational modes. Such moderate (PLQY = 2%) luminescence is characterized by a very fast radiative decay, with a multi-exponential excited-state lifetime, being t 1 = 10 ns (48%) and t 2 = 309 ns (52%), that can be attributed to the T 1 -S 0 radiative transition with mainly metal-perturbed 3 LC character.

,6-bis(3-methyl-1H-1,2,4-triazol-5-yl)pyridine (pyC 5 -CH 3 -tzH 2 ) To

  Found: C, 45.41; H, 4.84; N, 33.58. (3) 1 H NMR (400 MHz, DMSO-d 6 ) δ 8.22 (d, 2H, J = 6 Hz), 8.10 (t, 1H, J = 7.8 Hz), 2.75 (d, 12H) ppm.

		1 H NMR (acetone-d 6 ,	MHz, ppm δ: 8.33-
	8.40 (m); 19 F NMR (acetone-d 6 , 3 MHz, ppm δ: 5.8 s, CF 3 ); 13 C NMR (acetone-d 6 ,
	1 MHz, ppm δ: 15 .	s , 15 . -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.
	3.4.1.5 2The solvent was removed completely under vacuum. The residue was dissolved in a
	minimum amount of EtOH (few ml) and diethyl ether (excess) was added to
	precipitate the product. The solid formed was filtered off, washed with diethyl ether
	and dried in vacuo. The product was obtained as a white solid. Yield: 3.05 g; 12.6
	mmol; 81.4 %. 1 H NMR (400 MHz, D 2 O) δ 7.47 (t, 1H, J = 7.6 Hz), 7.18 (d, 2H, J = 6.8
	Hz), 2.25 (s, 6H) ppm. 13 C NMR (100 MHz, D 2 O): δ 155.01, 154.80, 143.98, 138.60,

a stirred solution of acetic anhydride (30 ml) in a 50 mL one neck round bottom flask, 2,6-bis(carboximidhydrazide)-pyridine (3 g; 15.5 mmol) was added slowly at room temperature. The resulting suspension was heated up to 100°C overnight and subsequently stirred for 24 hours at room temperature. The resulting precipitate was filtered and washed with water (20 ml). The filtrate was filtered again since more precipitate is formed and washed again until no more precipitate was formed (3). The resulting solid (3) was suspended in a mixture of EtOH/Water 1:1 (v/v; 100 mL) and few drops of HCl (37%) were added. The mixture was heated at 80°C overnight. Upon heating, the precipitate dissolved fully and the reaction mixture became transparent. 120.88, 10.30. MS (m/z-ESI-MS): Found: 264.0957 [M+Na] + , calculated for [C 11 H 11 N 7 Na] + : 264.0968. Anal. Calcd for C 11 H 11 N 7 .2/3(H 2 O).HCl: C, 45.60; H, 4.64; N, 33.84.

  1 H NMR (CD 2 Cl 2 , MHz, ppm δ: . Cl 2 , 1 MHz, ppm δ: 1 . , 151.18, 145.10, 114.28, 72.27, 72.00, 71.24, 70.94, 70.52, 59.15. HR-ESI-MS (m/z): C 12 H 18 N 2 O 4 [M+Na] + , calcd. 277.115, found 277.115.

	(s, broad, 1H), 8.51 (d, J = 8 Hz, 2H), 7.62 (d, J = 8Hz, 2H), 4.14 (s, 2H), 3.72-3.80 (m,
	6H), 3.60-3.62 (m, 2H), 3.38 (s, 3H); 13 C NMR (CD 2

  , 3H); 19 F NMR (CD 2 Cl 2 , 376

	MHz, ppm δ: .5 s . HR-ESI-MS (m/z): C 23 H 23 F 6 N 9 NaO 3 Pt [M+Na] + , calcd. 805.137,
	found: 805.136. Elemental analysis: calcd. C 35.30 %; H 2.96%; N 16.11%; found C
	35.14%; H 3.04%; N 15.78%.

  H NMR (CD 2 Cl 2 MHz, ppm δ: 3. 1 s, 3H, CH 3 O), 3.42 (m, 8H, CH 2 CH 2 -O-CH 2 CH 2 -

	O), 4.04 (s, 2H, CH 2 CO), 4.46 (d, J = 6.3Hz, 2H, CH 2 ), 7.22 (d, J = 5.6 Hz, 2H, Ar-H), 8.51

1 

  Elemental analysis C, H, N for C 23 H 21 F 6 N 9 O 4 Ptcalculated: C, 34.68; H, 2.66; F, 14.31; N, 15.83;; found: C, 34.57; H, 2.41; N, 15.50.

	1 H NMR (CD 2 Cl 2 ,	MHz, ppm δ: 3.	s, 3H, CH 3 ), 3.63-3.80 (m, CH 2 CH 2 -O-CH 2 CH 2 -

O), 4.18 (s, 2H, CH 2 CO), 7.86 (d, J = 8.0Hz, 2H, Ar-H), 8.02 (d, J = 7.1Hz, 2H, Ar-H), 8.09 (t, J = 8.1Hz, 1H, Ar-H), 9.58 (d, J = 7.1Hz, 3H, Ar-H and N-H). m/z: 819.1175 [M+Na] +

  30.30, 42.17, 59.05, 70.63, 70.85, 70.98, 72.12, 72.33, 118.92, 125.34, 130.20, 143.87, 144.68, 149.63, 153.81, 164.72, 171.52. 19 F NMR (CD 2 Cl 2 , 3 MHz, ppm δ: . .

	, 2H, CH 2 CO), 4.60 (d, J = 6.3Hz, 2H,
	CH 2 N), 7.54 (d, J = 6.7Hz, 2H, Ar-H), 7.79 (d, J = 7.9Hz, 2H, Ar-H), 8.04-8.07 (t, J =
	7.9Hz, 1H, Ar-H), 9.52 (d, J = 6.7Hz, 2H, Ar-H). 13 C NMR (CD 2 Cl 2 , 1 MHz, ppm δ:

m/z: 833.

13 

[M+Na] + Elemental analysis C, H, N for C 24 H 23 F 6 N 9 O 4 Ptcalculated: C, 35.56; H, 2.86; N, 15.55; found: C, 36.76; H, 3.21; N, 14.53.

  Cl 2 , 1 MHz, ppm δ: 153. 1, 1 . 5, 1 3. , 1 5.8 , 11 .51, .51, 1. 5, 71.00, 70.94, 59.19, 50.50, 49.44. m/z: 797.17 [M+H] + Elementar analysis C, H, N for C 24 H 25 F 6 N 9 O 3 Ptcalcd: C, 36.19; H, 3.16; N, 15.83; found: C, 35.26; H, 2.96; N, 15.67.

	1 H NMR (CD 2 Cl 2	MHz, ppm δ: .85 t, H, CH 2 ), 2.85 (s, 3H, CH 3 ), 3.33-3.62 (m,
	10H, CH 2 CH 2 -O-CH 2 CH 2 -O-CH 2 ), 4.00 (s, 2H, CH 2 CO), 7.63 (d, J = 6.2Hz, 2H, Ar-H), 7.76
	(d, J = 7.9Hz, 2H, Ar-H), 8.04 (t, J = 8.0, 1H, Ar-H), 9.45 (d, J = 6.6Hz, 2H, Ar-H). 13 C
	NMR (CD 2	

  =163.91, 161.05, 154.40, 152.93, 149.55, 141.61, 138.43, 130.80, 129.58, 126.46, 116.30, 72.54, 71.05, 71.02, 70.93, 69.11, 59.23, 42.67, 21.73. HR-ESI-

	2 , using cyclohexane/ethylacetate 2/1 to pure ethylacetate
	then ethylacetate/acetone to pure acetone. Yield 100 mg (23.7%) as yellow solid. 1 H
	NMR (CD 2 Cl 2 , 400 MHz, ppm) δ = 9.57 (2H), 8.07 (4H), 7.86 (1H), 7.66 (2H), 7.26 (4H),
	6.70 (2H), 5.68 (1H), 3.75-3.39 (10H), 3.44-3.39 (5H), 2.41 (6H). 13 C NMR (CD 2 Cl 2 , 100
	MHz, ppm) δ MS: C 23 H 23 F 6 N 9 NaO 3 Pt (M+Na) + , Calcd: 805.137; Found: 805.136. CHN Analysis -
	calcd. C 35.30 %; H 2.96%; N 16.11%; found C 35.14%; H 3.04%; N 15.78%.

Table 6

 6 .1). The elongation of the lifetimes is due to a synergic effect between the establishment of metallophilic interactions that lead to the formation of a new excited state with3 MMLCT character and rigidochromic effect due to the high packing of the molecule which decreases non radiative pathways and protects the lumophore from quenching. In fact the emission quantum yield for CF 3 -

	Pt-4OHpy reaches a value as high as 36% in the aggregate form in air-equilibrated
	DMSO:H 2 O (1 : 99 v/v) condition.						
	Compound	 abs () [nm, 10 3 M -1 cm -1 ]	 em [nm]	 [ns]	PLQY (%)	 em [nm]	DMSO:H 2 O 1:99  [ns] PLQY (%)
	CF 3 -Pt-4OHpy	392 (3.4) a	515 b 452, 482,	-	-	587	365 (14%) 22 (28%) 163 (57%)	36
				5.1 (26%)	1.2 a		662 (55%)	2.8
	Tol-Pt-4OHpy	322 (14.9), 390 (2.0) a	534 a	205 (67%)		562	139 (27%) 1772	
				476 (7%)			(19%)	

Table 6 .
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	1. Most meaningful photophysical data for complexes Tol-Pt-4OHpy and CF 3 -Pt-
	4OHpy in DMSO and DMSO:H 2 O (1 : 99 v/v) solutions.

  and most of the examples deal with metallocene derivatives. Recently, examples of Pd and Pt complexes with azetidinones 42 and bio-orga ometallic Ir a d Rh ith β-lactam ligands were reported.

Table 7 .

 7 

	Room temperature	77 K	Solid state
	CHCl 3				2MeTHF glassy matrix
	λ abs [nm, (×10 )] 1	3 M	-1 cm -	 em [nm] [a]

1. Photophysical data for 3 and 7 in fluid solution at room temperature, 77 K glassy matrix, and solid state.

Table 7

 7 

		.2.	
		450 nm	585 nm
	Sample concentration		
	[M]	[s]	[s]
	1	3.7 (24%) 10.0 (76%)	Not detectable
	10	4.0 (40%) 10.0 (60%)	3.2 (84%) 5.8 (16%)
	50	4.0 (71%) 9.6 (29%)	3.5 (97%) 7.4 (3%)

Table 7 . 2
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. Lifetime data for compound 7 at 77 K in 2-MeTHF glassy matrix at different concentration in the range 0.1-5×10 -5 M recorded at  em = 450 and 585 nm, upon  exc = 375 nm.

  Agilent Technologies MSD1100 single-quadrupole mass spectrometer, full scan mode from m/z 50 to 2600, scan time 0.1 s in positive ion mode, ESI spray voltage 4500 V, nitrogen gas 35 psi, drying gas flow 11.5 mL/min, fragmentor voltage 20 V.Elemental analysis were performed with a Thermo Flash 2000 CHNS/O Analyzer.

	7.4.1.1 (3R,4R)-3-{(R)-1-[(tert-Butyldimethylsilyl)oxy]ethyl}-4-(pyridin-4-
	yloxy)azetidin-2-one (1)
	In a 25 mL flask, to a stirred solution of A (143 mg, 0.5 mmol) in acetonitrile (1.0 mL)
	were slowly added H 2 O (4.0 mL), then 4-hydroxypyridine (95 mg, 1.0 mmol) and
	finally TEA (154 µL, 1.1 mmol). The reaction was followed by TLC (EtOAc/cyclohexane,
	8:2) and after 1 h stirring, the mixture was extracted with CH 2 Cl 2 (3×10 mL), dried
	with Na 2 SO 4 , and evaporated in vacuo. After flash-chromatography purification
	(acetone to acetone/MeOH, 95:5), the desired product 1 (144 mg, 100%) was
	6.37 (d, J = 7.6 Hz, 2 H, ArH), 7.55 (d, J = 7.6 Hz, 2H, ArH), 7.88 (s, 1 H, NH) ppm. 13 C
	NMR(100.6 MHz, CDCl 3 : δ = -5.0, -4.3, 17.9, 22.5, 25.7, 64.4, 68.1, 68.5, 118.9,
	136.3, 165.7, 179.6 ppm. IR (neat): ṽ = 3391, 2956, 2929, 2857, 1784, 1634, 1549,
	1386, 1257, 1174, 1099, 982, 836, 776 cm -1 . HPLC-MS (ESI+): R t = 6.70 min; m/z = 323
	(100) [M+H] + , 645 (59) [2M+H] + , 667 (23) [2M+Na] + .
	C,
	and 19 F NMR spectra were recorded with an INOVA 400 or a Bruker Avance 400
	instrument with a 5 mm probe. All chemical shifts are quoted relative to deuterated
	solvent signals (δ in ppm and J in Hz). TLC was performed with Merck 60 F254 plates.
	Column chromatography was performed with Merck silica gel 200-300 mesh. HPLC-

MS were recorded with an Agilent Technologies HP1100 instrument, equipped with a ZOB-RAX-Eclipse XDB-C8 Agilent Technologies column (mobile phase: H 2 O/ACN, 0.4 mL/min, gradient from 30 to 80% ACN in 8 min, 80% ACN until 25 min), coupled with an o tai ed as a hite solid; [α]D = .8 c = . , CH 2 Cl 2 ). 1 H NMR (400 MHz, CDCl 3 : δ = 0.10 (s, 3 H, MeSi), 0.12 (s, 3 H, MeSi), 0.89 (s, 9 H, tBuSi), 1.25 (d, J = 7.4 Hz, 3 H, Me), 3.20 (dd, J = 1.5, 4.2 Hz, 1 H, CHCONH), 4.28 (m, 1 H, CHOTBS), 5.43 (s, 1 H, CHOPyr),

4.1.6 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN 2 ]pyridinato(2-)- κN] [1-(pyridin-4-yl)-2,5,8,11-tetraoxatridecan-13-ol-kN] (5)

  

	In a 25 mL two-neck flask equipped with a Liebig refrigerator under nitrogen
	atmosphere, to a stirred solution of 4 (48 mg, 0.17 mmol) in 7.4 mL of CHCL 3 , py-CF 3 -
	trzH 2 (59 mg, 0.17 mmol), PtCl 2 DMSO 2 (72 mg, 0.17 mmol) and DIPEA (71 µL, 0.408
	mmol) were added. The mixture was heated at 50°C, left stirring overnight and then
	monitored by TLC (acetone/AcOEt 8/2).The crude was purified by CombiFlash using
	silica as stationary phase with CH 2 Cl 2 /MeOH 98/2 to obtained 5 as a yellow to orange
	fluorescent waxy solid in a 32% yield (45 mg).
	1 H NMR (400 MHz, CDCl 3 : δ 3.5 -3.87 (m, 16H, OCH 2 CH 2 O), 4.76 (s, 2H, OCH 2 Arom),
	7.68 (d, J = 6.0 Hz, 2H, Arom), 7.89 (d, J = 8.0 Hz, 2H, Arom), 8.08 (t, J = 8.0 Hz, 1H,
	Arom), 9.62 (d, J = 6.0 Hz, 2H, Arom). 13 C NMR (100.6 MHz, CDCl 3 : δ 1. , .3, . ,
	70.5, 70.6, 70.6, 70.7, 70.7, 72.5, 117.8, 119.4 (q, 1 J C-F = 269 Hz), 123.5, 142.7, 147.7,
	152.0, 152.1 (q, 2 J C-F = 38 Hz), 152.6, 163.0 ppm. 19 F NMR (376 MHz, CDCl 3 : δ -64.3
	ppm. IR [ν˜]: 3 3, 3	,	, 3 3, 1	, 1 8 , 1463, 1132 cm-1. MS (ESI+): m/z
	850 [M+Na]+, 1677 [2M+Na]+. Found C, 35.99; H, 3.52; N, 11.90 %; C25H26F6N8O5Pt
	requires C, 36.28; H, 3.17; N, 13.54 %.	
	1 H NMR (400 MHz, CDCl 3 : δ 3. -3.73 (m, 16H, OCH 2 CH 2 O), 4.61 (s, 2H, OCH 2 Arom),
	7.36 (d, J = 5.2 Hz, 2H, Arom), 8.60 (d, J = 5.2 Hz, 2H, Arom) ppm. 13 C NMR (100.6
	MHz, CDCl 3 : δ .8, .5, . , . , . , . , .8, . , .3, 1 1.3, 1 . , 1 8.

ppm. IR: ṽ = 3375, 2969, 2925, 2879, 1465, 1419, 1378, 1301, 1127, 1106, 952 cm -1 . HPLC-MS (ESI + ): R t = 1.28 min; m/z 286 [M+H] + .

7.

pyridin-4-yl)- 2,5,8,11-tetraoxatridecan-13-yl)oxy)azetidin-2-one-kN] (7)

  In a 25mL two-neck flask with a Liebig refrigerator under nitrogen atmosphere, to a stirred solution of 6 (44 mg, 0.086 mmol) in 7.2 mL of CHCl 3 , py-CF 3 -trzH 2 (30 mg, 0.086 mmol), PtCl 2 DMSO 2 (36 mg, 0.086 mmol) and DIPEA (36 µL, 0.206 mmol) were added. The mixture was heated at 50°C overnight and then monitored by TLC with

	1 H NMR (400 MHz, CDCl 3 : δ .	s, 3H, Me"i , .	s, 3H,
	MeSi), 0.88 (s, 9H, tBuSi), 1.25 (d, J = 6.4 Hz, 3H, Me), 2.94 (dd, J = 1.2, 4.0 Hz, 1H,
	CHCONH), 3.44-3.96 (m, 16H, OCH 2 CH 2 O), 4.11-4.18 (m, 1H, CHOTBS), 4.60 (s, 2H,
	OCH 2 Arom), 5.00 (d, J = 1.2 Hz, 1H, CHNH), 7.29 (d, J = 5.6 Hz, 2H, Arom), 7.51 (s, 1H,
	NH), 8.57 (d, J = 5.6 Hz, 2H, Arom) ppm. 13 C NMR (100 MHz, CDCl 3 δ -5.1, -4.2, 17.9,
	22.4, 25.7, 26.5, 64.5, 65.4, 69.9, 70.2, 70.3, 70.4, 70.5, 70.7, 71.2, 71.5, 82.8, 122.2,
	148.1, 149.9, 167.6 ppm. IR: ṽ = 3330, 2955, 2928, 2858, 1764, 1462, 1375, 1253,
	1103, 949, 778, 732 cm -1 . HPLC-MS (ESI + ): R t = 1.45 min; m/z 513 [M + H] + .	
	7.4.1.8 Platinum [2,6-bis[5-(trifluoromethyl)-1,2,4-triazol-3-yl-κN 2 ]pyridinato(2-)-
	AcOEt/acetone (8/2). The crude, obtained after evaporation of the reaction solvent
	was purified by flash-chromatography with AcOEt/acetone 95/5 to obtained 7 as a
	yellow to orange luminescent waxy solid in a 59% yield (54 mg).	
	[α] D = -0.4 (c = 0.91, THF). 1 H NMR (400 MHz, CDCl 3 : δ -0.01 (s, 3H, MeSi), 0.00 (s,
	3H, MeSi), 0.80 (s, 9H, tBuSi), 1.17 (d, J = 6.4 Hz, 3H, Me), 2.88 (d, J = 4.4 Hz, 1H,
	CHCONH), 3.46-3.85 (m, 16H, OCH 2 CH 2 O), 4.02-4.14 (m, 1H, CHOTBS), 4.68 (s, 2H,
	OCH 2 Arom), 4.91 (s, 1H, CHNH), 7.46 (s, 1H, NH), 7.53 (d, J = 6.0 Hz, 2H, Arom), 7.72
	(d, J = 8.0 Hz, 2H, Arom), 7.95 (t, J = 8.0 Hz, 1H, Arom), 9.48 (d, J = 6.0 Hz, 2H, Arom).
	13 C NMR (50.3 MHz, CDCl 3 : δ -3.7, -3.6, 14.0, 22.6, 23.8, 25.6, 61.7, 66.3, 66.9, 67.4,
	67.6, 70.4, 70.7, 70.8, 72.5, 82.5, 118.0, 120.8 (q, 1 J C-F = 265 Hz), 123.7, 142.9, 148.4,
	152.6, 152.7 (q, 2 J C-F = 40 Hz), 152.8, 160.9, 163.5 ppm. 19 F NMR (376 MHz, CDCl 3 : δ -
	64.2 ppm. MS (ESI + ): m/z 1077 [M+Na] + . Found C, 40.88; H, 4.20; N, 12.30%;
	C 36 H 47 F 6 N 9 O		

κN] [(3R,4R)-3-((R)-1-((t-butyldimethylsilyl)oxy)ethyl)-4-((1-(

7 SiPt requires C, 40.99; H, 4.49; N, 11.95 %.

Table 8 .
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1. Photophysical properties of compounds 1 and 2 before (R form) and after grinding (MS form).

MLCT/3 LC nature, and an energetically close-lying nonemitting (quenching) state.30,58 To clarify the photophysical behavior, low-temperature and solid-state measurements have been performed. At 77K in 2-MeTHF glassy matrix (c =5×10 -5 M),

Acknowledgements

seconds and monitored through absorption spectroscopy at room temperature at  abs = 362 nm. An aliquot of the resulting solution was drop casted onto a glass cover slip and the drop removed with a syringe. The luminescent assemblies deposited onto glass were easily imaged by using the confocal microscopy.

Photoconversion experiments

Few drops of a solution obtained from living supramolecular polymerization (95 % water content) were casted onto a glass substrate and irradiated at  exc = 405 nm with high power. The images were taken every second for 5 minutes by time-series experiment. The raw data recorded by means of the lambda-mode were preceded by using linear un-mixing tool option available in the ZEN 2011 software package (Zeiss GmbH, Germany). False colors were used to better distinguish the different assemblies, in particular, green and blue were used for assembly B and C, respectively.

Chapter 2 Experimental techniques

Abstract: This chapter briefly describes the major instrumental methods employed in the thesis for the characterization of the compounds both theoretically and practically. UV-Vis absorption, Steady state and time resolved emission techniques are described as well as quantum yield measurements and cyclic voltammetry.

Microscopy techniques such as scanning electron microscopy and fluorescence microscopy are discussed. The conditions for all other commonly used characterizations and experimental techniques (i.e. NMR, mass spectroscopy, sample preparation) are given in the experimental sections of the individual chapters.

Chapter 3

Self-assembly of a neutral platinum(II) complex into highly emitting microcrystalline fibers through metallophilic interactions Abstract: This chapter describes the synthesis of tridentate N^N^N ligands and the corresponding Pt(II) complexes with different ancillary ligands. In particular, 3trifluoromethyl 2,6-bis(1H-1,2,4-triazol-5-yl)pyridine has been employed as coordinating ligand to afford neutral platinum complexes. For one of the derivatives, the self-assembly properties have been investigated by using photophysical and morphological techniques. The resulting self-assembled fibers have shown both polarized absorption and emission with highly efficient photoluminescence quantum yield (up to 74%).

Chapter 4 Chiral amplification by self-assembly of neutral platinum(II) complexes

Abstract: This chapter describes the synthesis and the characterizations of two novel enantiomerically pure chiral ligands and the corresponding Pt(II) complexes. The selfassembly properties have been characterized by different morphological and photophysical techniques. The two enantiomeric complexes show a tendency to selfassemble into chiral supramolecular aggregates with right (P) and left-handed (M) helical configuration, respectively, as proved by SEM and CD. The formation of such organized structures is driven by the formation of metallophilic and - interactions between spatially close platinum complexes with an enhancement of the chirooptical properties.

Chapter 5 Controlling and imaging biomimetic selfassembly processes

Abstract: This chapter describes the synthesis of an amphiphilic Pt(II) compound and its self-assembly properties in different solvent mixtures. We have found a complex system comprising with three different self-assembly process. The full chemical management of such complex landscape is successfully achieved by the proper use of supramolecular and photochemical approaches. The monitoring of the different emission properties, used as fingerprint for each of the assembled species, allowed an unprecedented real-time visualization of the evolving self-assemblies. Finally, preliminary results on the role of the molecular design on the self-assembly processes are shown. formation of assembly A is arising from a non-cooperative mechanism characterized by a single equilibrium constant (i.e. isodesmic mechanism).

Kinetic studies

We also monitored the evolution in time of the systems keeping fixed all the other parameters (such as concentration, solvent mixture and temperature) fixed. We expect that the solvent/non-solvent ratio, which affects the kinetic interconversion energy barrier, allow us to kinetically control the A  C transformation. Hence, we prepared a fresh suspensions of metastable A (c = 1 10 -4 M, 95% water) and we added molecularly dissolved 1 in pure dioxane (c = 1 10 -4 M) in order to slightly lower the water content ratio and thus decrease the trapping barrier for A.

We chose 83:17 and 79:21 as the ratio for the water:1,4-dioxane mixture and we recorded the photoluminescence propertiesemission spectra and PLQYas function of time with an integrating sphere setup ( exc = 362 nm, Figure 5.9a for sample at 79% water). These two solvent/non solvent ratios have been judiciously chosen in order to slow down the process to such an extent to be able to observe the system evolution. The resulting spectra show clearly how the solvent composition affects A  C transformation, which expectantly becomes faster upon lowering the water content (Figure 5.9).

we were able to clearly observe the presence of three different self-assembled isoforms with three different emission spectra. Figure 5.11 As it can be seen in figure 5.11, at t 0 the scenario is dominated by the diffusion of redemitting nanoparticles corresponding to assembly A. After few minutes, confocal images typically show appearance of both assemblies B and C (Figure 5.12).

Table 5.1. Thermodynamic parameters obtained by fitting the curves in Fig. 5.8 with the Eikelder-Markoort-Meijer model 33 .

Real-time confocal imaging

Fluorescence confocal images were recorded by using a Zeiss LSM 710 confocal microscope system with a 10 magnification objective. The samples were excited by continuous wave laser at  exc = 405 nm. The emission of the assemblies was collected in the range from 414 to 721 nm with 9.7 nm resolution by using the lambda-mode option. Images were taken every 10 sec over a total five-hour time window by timeseries experiment. The emission profiles of the three assemblies were recorded at a resolution of 3.2 nm. The raw data recorded by means of the lambda-mode were processed by using linear un-mixing tool option available in the ZEN 2011 software package (Zeiss GmbH, Germany). False colors were used to better distinguish the different assemblies, in particular, red, green and blue was used for assembly A, B and C, respectively.

The sample was prepared by mixing appropriate volumes of a freshly prepared solution of metastable A with 1-4,dioxane solution containing molecularly dissolved 1 at identical concentration (c = 110 -4 M) in a glass vial and then mixed gently using a syringe. A couple of drops were casted on a quartz petri dish and closed with a quartz cap for time-dependent experiments.

Living supramolecular polymerization

Compound 1 was dissolved in 2 mL of 1,4-dioxane in order to obtain a solution at c = 110 -3 M then 250 L of the solution were flash-injected into 4750 L of pure distilled water (solution of metastable A, 95% water content) in order to achieve a final concentration of 510 -5 M. Size distribution was then measured by DLS. The solution was sonicated for 3 hours (45 kHz, 120 W). The total conversion of assembly A into assembly C was confirmed by recording emission and excitation spectra, while size distribution was measured by DLS. To 2 mL of freshly prepared assembly A (c = 510 - 5 M), aliquots of solution containing seeds of assembly C (10, 20, 30, 40, 50 and 60 L, c = 510 -5 M) was added, and the resulting mixture was manually shaked for few

Chapter 6

Bioimaging by self-assembling Pt(II) complexes Abstract: This chapter describes how the establishment of PtPt interactions between neighboring Pt(II) complexes can be advantageously used to obtain dynamic labels for imaging application. The assemblies possess enhanced and tunable properties with distinct features respect to the molecularly dissolved Pt(II) complexes. Such assemblies have been internalized inside HeLa cells giving Stable, highly emissive and long-lived aggregates and the assembly and disassembly process can be explored as a tool to obtain dynamic labels for imaging application. We have found that the molecular design and the conditions used for the incubation determine cell internalization of the platinum complexes, as well as, their eventual expulsion in the media. The complex Tol-Pt-4OHpy was prepared in similar conditions described above, by employing pyC 5 -tol-tzH 2 11 as tridentate ligand (see experimental part for details).

Unfortunately, due to the absence of solubilizing chains in the ancillary pyridine, both complexes display very low solubility in organic solvents [11][12][13][14] and no solubility in polar media such as water.

Photophysical properties

The absorption spectra of both complexes in DMSO solution are shown in Figure 6.2. Ligand py-CF 3 -trzH 2 (178 mg, 0.51 mmol, 1 eq.), PtCl 2 (DMSO) 2 (215 mg, 0.51 mmol, 1 eq.), DEA (160 mg, 1.53 mmol, 3 eq.) in 20 mL of methanol and water. The reaction mixture was refluxed 4 hours. The desired compound was purified on column chromatography using silica gel as stationary phase and cyclohexane:ethylacetate 2:1 mixture as eluent and obtained as greenish-yellow solid (245 mg, 0.38 mmol, yield 74.5%). 

Cell culture media

All materials for cell tests were purchased from Gibco. HeLa cells were cultured inside media which contains 88% Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine Serum (FBS), 1% penicillin-streptomycin and 1% L-glutamine 200mM under 37°C and5%of CO 2 condition for 48 hours until reaching 70 to 80% cell confluence.

Subsequently, the cells were washed twice with Phosphate Buffer Solution (PBS), trypsinated and approximately 50 000 cells were reseeded on the monolayer glass cover slip inside six-well plate culture dish and glass bottom dishes (MatTek). Fresh culture media (2 mL) was added gently and cells were grown overnight.

Platinum complexes incubation with PBS

The culture media was removed and 2 mL of new staining solution containing the corresponding platinum complex (50 M in less than 1% DMSO containing PBS) were gently added onto cells. After incubation at 37 °C for 4 hours, the incubating media was removed and the cell layer on glass cover slips was gently washed (3 ×) with PBS and fixed with 4% paraformaldehyde (PFA) solution for 10 min.

culture media) was added. The cells were subsequently imaged by confocal microscopy setup or one minute acquisition time for a total duration of 75 minutes.

Kinetic of cellular expulsion of the complex after cell culture media addition

Cells growing on glass bottom dish were incubated with 2 mL of CF 3 -Pt-4OHpy staining solution (50 M in less than 1% DMSO containing PBS) for 20 minutes.

Subsequently, cells were quickly washed three times with PBS to eliminate the excess of the complex and PBS media was replaced by normal cell culture media. Confocal microscopy experiments were directly per-formed for 2 minutes acquisition time for a total duration of 40 minutes.

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 500 to 620 nm. In addition, the lambda-mode acquisition technique was performed to observe the emission spectra of the two complexes after cell internalization. In this case, the complexes were excited at 405 nm and emission spectra were collected from 412 to 723 nm. For co-localization experiments, the samples priorly co-stained with different dyes, DAPI (excitation/emission wavelength: 358 m/ 1 m , "YTO® RNA"elect™ Gree Fluoresce t Cell "tai (excitation/emission wavelength: 490 nm/ 530 nm) and Alexa Fluor® 568 Phalloidin (excitation/emission wavelength: 578 nm/600 nm) were excited at 405 nm and 594 nm, respectively. The emission spectra of the complexes together with the different dyes employed were also collected by using lambda-mode acquisition of the confocal setup. The raw data, taken by the lambda-mode, were processed by using linear unmixing tool available in ZEN 2011 software package (Zeiss GmbH). All images were performed by using the same software. False colour images were adjusted to better be simultaneously used as powerful imaging tools to unveil real-time biochemical processes, compound accumulation, drug activity and interaction, and to gather information about the fate of the compounds. [13][14][15][16][17][18][19] In this respect, much effort is currently devoted to the preparation of luminescent complexes based on secondand third-row transition metals such as iridium(III), rhenium(I), ruthenium(II), and platinum(II), for applications in bioimaging in vitro, in cellulo and in vivo. [20][21][22][23][24] Such increasing scientific interest is driven by the fact that the judicious choice of coordinating ligands together with the presence of the heavy metals might provide enhanced physicochemical properties, such as photostability, large Stokes shifts, tunable emission colors, and high photoluminescence quantum yield. [20][21][22][23][24] Furthermore, as a consequence of the formally spin-forbidden nature of the radiative processes, such transition-metal complexes (TMCs) possess long-lived excited states with lifetimes that span over greater orders of magnitude when ompared to widely used organic fluorophores, [25][26][27] allowing the successful employment of time-gated microscopy techniques for imaging purposes. 28,29 However, TMCs typically show excitation bands in the deep-blue and ultraviolet region, which severely hampers their use in real applications for in cellulo and in vivo experiments.

Among all the investigated complexes, luminescent platinum(II) derivatives possess the tendency to aggregate into self-assem led a ostructures y mea s of eak π-π and closed-shell metallophilic (d z2 ••d z2 ) interactions. [30][31][32][33][34][35][36] The establishment of such intermolecular interactions leads to the formation of lower-lying excited states, namely metal-metal-to-ligand charge transfer (MMLCT).

We have very recently demonstrated that it is possible to take advantage of the formation of such aggregates to obtain luminescent TMC-based labels that are able to self-assemble in cellular compartments, forming highly emitting aggregates as a consequence of their protection from quenchers (e.g., dioxygen) in biologically relevant environments. 20,37 More interestingly, the formation of MMLCT bands leads to sizeable bathochromic shift of both excitation and emission, allowing easy excitation of the probe with visible light. 37,38 pathway is depicted in Scheme 7. 

Chapter 8

Mechanochromism: from bulk material to the nanoscale Abstract: Luminescence mechanochromism is a phenomenon in which a mechanical action on solids leads to a change in the photoluminescent properties. Such phenomenon is studied from bulk materials for a family of pegylated Pt(II) to the nanoscale for a Pt(II) complex self-assembling in ultra-long ribbons. At the nanoscale, atomic force microscopy (AFM) is used to modulate the mechanical stress from pure pressure (piezochromism) to high friction (tribochromism), while confocal spectral imaging is used as the detection system. We design and achieve high-density information writing with AFM nanolithography on individual self-assembled ribbons.

Moreover, we report that ribbons show changes in the emission spectrum upon exposure to light (photochromism) that can be used to conceal information previously written with nanolithography.

Pressure dependent emission

High pressure emission spectra were performed at ambient temperature using a screw-driven diamond anvil cell (DAC) from Diacell designed for pressures up to ~30 kbar. Because of relatively modest pressures probed, the standard tedious procedure of preindentation and subsequent drilling of gaskets was not applied. Instead, readyto-use laser-machined gaskets out of stainless steel were used. Low-viscosity silicon oil served as a pressure transmitting medium. Ruby microcrystals were added to a sample in the DAC as a standard pressure sensor (via detection of the shift in ruby Rline emission at ~694 nm). Photoluminescence spectra were measured with a a Witec CMA200 Raman microscope at a laser excitation wavelength of 405 nm. The emission was separated from the laser line with a 450 nm longpass filter.

Wide-field imaging

Local 

Confocal Imaging

Confocal Imaging was performed on a Zeiss LSM 710 confocal microscope system equipped with built-in spectral module, 375nm, 405nm and 488nm excitation lasers, and 10x or 63x magnification objectives (Zeiss GmbH, Germany).

Sample preparation

Samples were prepared by depositing self-assembled ribbons onto adhesive glass slides, to obtain ribbons directly accessible (not embedded in a matrix) but also fixed on a substrate, not moving during mechanical stimulation. Glass slides were coated with a thin layer of partially photocured optical glue (NOA 81, Norland Products Inc.), obtained by spin coating (3000 rpm, 30 s) followed by exposure to UV light (365 nm, 30 s).

AFM studies and nanolithography

All nanomechanical assays and lithographic patterns were performed with silicon tapping-mode cantilevers (k = 42 N m -1 ) on a commercial AFM (Asylum Research, MFP-3D AFM) in contact mode. The loading force was varied in the range 0-45 microN (set-point 0-10 V) as determined through calibration of cantilever deflection and measurement of its spring constant by thermal noise method.

Static pressure was applied with an AFM tip operated in contact mode, engaged without scanning at increasing deflection voltages. A movie was recorded during loading, then intensity data was extracted with image analysis from signal integration in the green channel of the color CCD, on an area of 9 pixels centered on the tip (where the maximum luminescence intensity is recorded), and finally plotted versus applied force. Friction experiments were performed by writing squares of 20 m side at scan rate 10m s -1 (0.5 Hz) or larger. Nanolithography was performed by using built-in software (Asylum Research).

Summary

This thesis titled Plati um complexes a d their lumi esce t assem lies focuses o the synthesis and characterization of square planar Pt(II) complexes. Such complexes display large changes of their photophysical properties, upon self-assembly. The manuscript starts with a short introduction that focuses on the general photophysical and self-assembly properties of Pt(II) complexes (Chapter1) and the experimental techniques employed for carrying out the work herein described (Chapter 2).

First, Chapter 3 describes the synthetic protocols for the preparation of ligands and the corresponding Pt(II) compounds. In particular, the complex bearing a tridentate ligand 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl)pyridine and 4amylpyridine as the ancillary moiety (Pt-CF 3 tz-pyC 5 ) has been prepared and characterized, and the photophysical properties comprehensively investigated (Figure 1). In dilute chloroform (CHCl 3 ) solution (5x10 -5 M) at room temperature, the absorption spectrum displays intense bands in the UV region mainly attributed to the intraligand ( 1 IL) and metal-perturbed interligand charge transfer ( 1 ILCT) states (Figure 1b); whilst, upon photoexcitation the sample display a weak blue luminescence attributed to an emissive excited state with mainly 3 LC character.

The self-assembly properties of complex Pt-CF 3 tz-pyC 5 were investigated and a solvent-assisted organization into micrometer-long and highly crystalline fibers was observed (Figure 1a). Interestingly, slow evaporation of the solvent leads to the formation of yellow bright emissive microcrystalline fibers onto a substrate such as quartz, display an intense and featureless emission centered at  em,max = 559 nm with PLQY of 0.74 (Figure 1b) and a new band at lower energy ( = 501 nm) in the excitation spectra due to the establishment of highly directional metallophilic which also contains the axial d z 2 •••d z 2  intermolecular interactions. On the other hand, if one considers the transition at  exc = 300 nm, also observed when the complex is molecularly dissolved, the associated transition dipole moment lies onto the molecular plane that is oriented orthogonally with respect to the long fiber axis.

The MMLCT band is indeed perpendicular to such plane and it follows that the Pt•••Pt metallophilic interaction provides high directionality to the fiber growth (Figure 1e).

In Chapter 4 the effects of the introduction of a single chiral center into the molecular structure onto the photophysical properties in both solution and solid state were investigated. This is because these luminescent self-assembled structures might display very interesting chiro-optical properties [1][2][3] with possible application in chiro-optical switches 4 and polarized light-emitting devices such as 3D organic lightemitting diodes (3D OLEDs). 5 Thus, two enantiomeric Pt(II) complexes bearing a chiral ancillary moiety ((S or R)-2-hydroxy-2-phenyl-N-(pyridin-4-ylmethyl)acetamide)) were synthetized and chemically characterized (complex 4a-b). As a result, in diluted CHCl 3 solution (5x10 -5 M) the two enantiomeric complexes displayed identical photophysical properties and very much similar to those above mentioned for the parental complex Pt-CF 3 tz-pyC 5 (Figure 2a).

When the complexes were molecularly dissolved it was not possible to detect any circular dichroic signal (CD) (concentration range 10 -6 -10 -4 M) even if the ancillary chiral pyridine presents a clear CD signal.

Upon drop-casting a 1.03 mg mL -1 THF solution of either the S-or the R-enantiomer onto a quartz substrate, formation of bright emissive fibers was observed. Also in this case, the formation of a low-lying absorption band and the formation of a bathochromically-shifted broad emission is due to the establishment of ground state Pt•••Pt metallophilic interactions, and can be attributed to a 1,3 MMLCT band (Figure 2a).

section of aspect ratio about 1:10 and featuring thickness in the range 2:5 m and width in the range 15:50 m. It was found that is possible to use the AFM as lithographic tool (Figure 7f) to record data with sub-micrometer resolution based on the mechanochromic properties of the ribbons. Furthermore, the high control on applied force and its ability to follow surface profile guarantee the lithography of patterns with high fidelity. Also photochromism, i.e. emission spectrum changes upon exposure to light, has been observed on these materials. Such property can be conveniently used to conceal information previously written with nanolithography, when the region of the ribbon surrounding the stored information is homogeneously converted with irradiation.

In conclusion, in these Ph.D. thesis is reported the design, synthesis and comprehensive characterization of a set of novel luminescent platinum complexes which display fascinating self-assembly properties. It was demonstrated how such Pt(II) complexes can be self-assembled in a controlled manner managing with kinetics and thermodynamic pathways. This chemical management led to supramolecular architectures with enhanced and unique properties useful for the development of new functional materials in and out of the thermodynamic equilibrium. The prepared materials can be useful mechanochromic and data storage devices as well as to be used as novel long-lived luminescent tags in biomedical field. Finally, some of the possible applications envisaged for such compounds were also demonstrated.
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