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Introduction

Les architectures supramoléculaires permettent de construire des matières complexes dans une approche ascendante en utilisant des blocs moléculaires bien définis. 1,2 Etant définie comme la chimie au-delà de la liaison covalente, 3 la chimie supramoléculaire met en oeuvre des forces intermoléculaires entraînent la formation d'assemblages présentant des propriétés non présentes dans les molécules elles-mêmes. Par conséquent, les motifs supramoléculaires permettent le contrôle de l'agrégation de la matière. Bien que chaque liaison supramoléculaire soit faible par rapport à une liaison covalente, 4, 5 l'addition des plusieurs forces peut résulter en des structures stables composées de liaisons intermoléculaires. Néanmoins, la faible énergie de dissociation pour chaque liaison permet de déclencher le désassemblage des agrégats par stimuli externes. La compréhension et la conception rationnelle des motifs supramoléculaires rendent donc la formation de structures complexes réactives vis-à-vis de stimuli. Ce comportement stimuli-réactif fournit des informations, de l'environnement aux structures complexes.

Par exemple, des changements chimiques peuvent conduire à une altération de la structure complexe, accompagnée de variations de ses propriétés photophysiques. Les phénomènes observés, à leur tour, peuvent être utilisés pour certaines applications, telles que des matériaux réactifs aux stimuli et / ou photoniques, des outils de bioimagerie ou des matériaux fonctionnels hybrides.

II

Les matériaux luminescents tels que les fluorophores sont très intéressants pour la recherche fondamentale et l'industrie, puisqu'ils sont les composants clés de la luminescence et des étiquettes pour la bio-imagerie. En raison de la relaxation émissive permise par le spin depuis le premier état excité du singulet vers l'état fondamental singulet, les fluorophores organiques possèdent habituellement une courte durée de vie à l'état excité, de quelques nanosecondes, et un petit déplacement de Stokes, de quelques nanomètres. Ces caractéristiques photophysiques des fluorophores organiques sont indésirables pour de nombreuses applications. Inversement, les complexes de métaux de transition utilisant par exemple Ru(II), [6][7][8][9][10][11][12] Os(II), 13 Ir(III), [14][15][16] Pt(II) 17 Les effets observés du prolongement de la durée de vie de l'état excité ainsi que d'une forte augmentation du rendement quantique en fonction de l'auto-assemblage des IV complexes peuvent être désignés sous le nom d'émission induite par agrégation (AIE, aggregation-induced emission). Il est important de noter que, même à des concentrations élevées, les propriétés photophysiques intéressantes telles que l'excitation et l'émission dans la région visible du spectre électromagnétique sont préservées. Des caractéristiques supplémentaires telles que de grands déplacements de Stokes, un rendement quantique élevé et une longue durée de vie à l'état excité, aident à une suppression facile de la fluorescence de fond possible provoquée par des matrices biologiques. De plus, un changement de la nature de l'émission de 3 LC basée sur 3 MMLCT se produit déjà à la formation de dimères et fournit ainsi une mesure spectroscopique pour de petits changements moléculaires et la perturbation des structures auto-assemblées.

But de la thèse

Le but de cette thèse est le développement de matériaux auto-assemblés à base de complexes de Pt (II), à géométrie plane carrée, neutres et phosphorescents, en exploitant une variété d'interactions supramoléculaires. Les changements dans les propriétés photophysiques peuvent être utiles à l'ouverture vers de nouvelles applications et permettre un aperçu profond de l'environnement des complexes, à savoir l'autoassemblage, l'encapsulation, l'organisation multidimensionnelle et la détection par émission. En combinaison avec des protéines de capside de virus, la création de matériaux fonctionnels hybrides luminescents est envisagée.

Résultats et discussions

Un complexe éther couronne dinucléaire de Pt(II)

Un capteur ratiométrique pour le potassium est rapporté, basé sur des complexes Nmétallocycliques phosphorescents Pt(II) présentant un éther couronne disubstitué cis comme unité de reconnaissance cationique (Figure 1). Les complexes métalliques sont luminescents de couleur bleue dans un état non agrégé mais deviennent émissifs dans la région de couleur orange lorsqu'ils sont dans une proximité physique étroite, comme c'est le cas lorsque le macrocycle est à l'état replié. forment facilement des adduits non covalents (dimères, agrégats, etc.) où les interactions métal … métal des centres Pt (II) augmentent fortement leurs propriétés d'émission. [21][22][23][24][25][26][27] Dans cette étude, je focalise sur les caractéristiques luminescentes distinctement différentes des monomères et dimères de complexes de Pt(II) pour la conception d'un capteur ratiométrique pour le potassium, émettant dans la région du visible et montrant des changements plus conséquents dans les propriétés d'émission lors de la liaison cationique que les chromophores pyrène. Le processus de changement de couleur 

Détection différentielle d'aza-hétérocycles

Une sonde phosphorescente réactive pour les médicaments et les toxines azahétérocycliques a été développée, offrant un test supramoléculaire de chemo-détection en solution aqueuse et dans les environnements biologiques en raison de leurs empreintes spectroscopiques. La formation des complexes de platine (II) avec des ligands hétérocycliques se déroule aisément dans des conditions ambiantes, ce qui permet un criblage facile de l'analyte. Cinquante-deux composés structurellement différents ont été VIII testés, dont 23 pyridines, imidazoles et triazoles, formant ainsi des agrégats complexes fortement émissifs (Figure 3). Le complexe précurseur L-Pt-DMSO développé peut réagir avec des fractions hétérocycliques sur des analytes, par exemple la pyridine (1), par échange du ligand DMSO labile conduisant à la formation d'une espèce émissive. Il est important de noter que la réaction peut se dérouler également dans l'eau ou dans un tampon aqueux à température ambiante et à pH neutre. L'addition de 1 à une solution de L-Pt-DMSO (schéma 3) dans de l'eau a donné en 1 h à 37 ° C un précipité rouge fortement émissif. A titre de comparaison, dans des protocoles de synthèse usuels, une source de Pt, L-2H, une base forte et un dérivé de pyridine réagissent dans un solvant organique polaire à 80 ° C pendant 12-18 h, 21,28 rendant la procédure incompatible en biologie. La précipitation des complexes hydrophobes est indésirable pour un protocole de détection basé sur une solution. Pour maintenir les agrégats en solution, nous avons utilisé le tensioactif Pluronic P123, 29 qui est connu pour former des micelles dans l'eau à une concentration plutôt faible (0,5% en masse, diamètre hydrodynamique ~ 15 nm).

L'addition du précurseur L-Pt-DMSO à une solution de pyridine et de P123 dans du tampon PBS a entraîné une forte augmentation (facteur 3x10 3 ) de l'intensité d'émission à 574 nm avec saturation du signal après 3 h à 37°C (Figure 1 & Tableau 1). Contrairement à la réaction dans l'eau, aucune précipitation des complexes n'a été observée. En comparaison avec d'autres tensioactifs (CTAB et SDS), P123 fournit le meilleur rapport signal / bruit et est biocompatible. [29][30][31] De plus, l'analyse peut également être effectuée dans l'urine, en montrant son applicabilité aux milieux biologiques.

Les bandes d'émission normalisées sont superposables à différents moments et l'intensité des émissions n'a pas notablement varié (≤ 4%) à la fin de la réaction. Pour L-Pt-1, l'absorption décalée vers le rouge (497 nm), la longueur d'onde d'émission maximale (571 nm), le PLQY élevé (45%) et la longue durée de vie à l'état excité (440 ns) sont toutes indicatives de l'agrégation du complexe de Pt par le biais d'interactions Pt•••Pt. Les résultats obtenus dans les cuvettes en quartz sont comparables à ceux obtenus X avec des cuvettes en plastique peu coûteuses (PMMA). Comme prévu, la détection par émission de l'analyte 1 après le marquage au Pt est plus sensible (linéarité jusqu'à 5 μM, détectabilité ≤ 1 μM) que la surveillance directe de l'absorbance, ceci indiquant le potentiel pour la détection de médicaments aza-hétérocycliques comme le clotrimazole (21, concentration plasmatique typique cp = 40 μM -440 mM), 32 le fluconazole (22, cp = 35 -100 μM) 33 et le miconazole (23, cp = 3 -94 μM) 34 , ainsi que les toxines comme la nicotine (2, concentration d'urine typique du fumeur cu = 6 -31 μM). 35 Il est important de noter que tous les analytes peuvent être distingués les uns des autres par leurs différences de couleur d'émission (grands changements du bleu au rouge) (Figure 3). De plus, les profils cinétiques de réaction et les caractéristiques d'émission résolues dans le temps peuvent fournir des informations précieuses pour la distinction des analytes. Les complexes de Pt(II) peuvent être appliqués comme marqueurs émissifs pour des médicaments et des biomolécules, en raison de leurs propriétés photophysiques avantageuses et de leur stabilité chimique dans des milieux biologiques tels que le sang.

Une stratégie de détection différentielle conceptuellement liée par l'agrégation induite par les analytes a été développée par Swager et al. pour la détection des amines. Au mieux de notre connaissance, ce travail est la première méthode générale de détection par émission pour les composés hétérocycliques.

Afin de fournir une différenciation quantitative des complexes de Pt et de montrer le potentiel de la méthode de marquage pour l'application de détection différentielle, une analyse en composantes principales (PCA, principal component analysis) [37][38][39] a été réalisée. La PCA de routine multivariée non supervisée est le meilleur choix pour démontrer l'utilité des paramètres d'entrée, car seule une variance plus petite des mesures de répliques que pour des analytes différents donne lieu à l'apparition d'un regroupement de résultats. 37 Cinq paramètres photophysiques ont été déterminés pour chaque marqueur Pt et l'algorithme PCA a cartographié ces données d'entrée en un résultat distinct pour chacun des 23 analytes testés. Leur partition correspondante 2D et 3D est présentée à la 

Architectures supramoléculaires polygonales

L'auto-assemblage moléculaire sur les surfaces est une approche polyvalente pour positionner des groupes fonctionnels avec une précision sous-nanométrique sur plusieurs centaines de μm 2 de surface et ainsi permettre le réglage fin de nombreuses propriétés physico-chimiques des nanostructures résultantes. [40][41][42][43][44][45] La conception de molécules comprenant des groupements actifs représente une voie prometteuse pour l'ingénierie de surfaces fonctionnelles et d'interfaces. Parmi les divers systèmes fonctionnels, les complexes Pt(II) ont attiré des intérêts considérables au cours de la dernière décennie en raison de leurs propriétés photophysiques et rédox attrayantes, y compris les fortes bandes d'absorption avec augmentation dans la région visible ainsi que l'émission à température XII ambiante accompagnée d'un grand déplacement Stokes. 46 Les complexes neutres Pt(II) portant des ligands tridentates à base d'azolate et un ligand auxiliaire à base de pyridine possèdent une géométrie planaire carrée rigide. La substitution définie avec des motifs supramoléculaires permet ainsi des interactions intermoléculaires prévisibles et intéressantes. L'auto-assemblage résultant structuré par une approche ascendante est potentiellement intéressant pour des applications en micro-et nanoélectronique. 47 Les systèmes supramoléculaires, où les ions Pt(II) sont directement coordonnés aux nucléobases, ont fait l'objet de nombreuses études. [48][49][50][51] Certains complexes de pyridine, de purine et de pyrimidine de platine présentent des propriétés prometteuses en tant que médicaments antitumoraux et dans divers milieux biomédicaux. [52][53][54][55][56] La liaison hydrogène a été énormément utilisée comme interaction intermoléculaire directionnelle non covalente pour concevoir et contrôler la formation d'architectures supramoléculaires complexes. Sur des surfaces solides, des structures sophistiquées peuvent résulter de la formation de divers motifs liés à l'hydrogène, y compris des motifs linéaires et cycliques avec différents appariements tels que O-H … O, N-H … O and N-H … N. [57][58][59][60][61] Les nucléobases ont été précédemment rapportés pour former des structures de quatuor cyclique et hexamères en surface, [61][62][63][64][65] et des pentamères en solution. 66 A notre connaissance, la formation d'autres types de motifs cycliques n'a jamais été rapportée. Sur la base d'études antérieures sur l'isocytosine substituée, 65 l'effet des complexes de Pt(II) volumineux présentant une application potentielle dans l'optronique a été étudié de manière exhaustive.

Il est prouvé que l'isocytosine peut être utilisée pour diriger l'assemblage 2D des complexes Pt(II) par des interactions de type liaison hydrogène entre les bases nucléiques (Figure 5). Les résultats expérimentaux sont supportés par des calculs de DFT, permettant d'analyser à la fois la force de la liaison hydrogène et les interactions avec le substrat de graphite. De plus, afin de mieux comprendre les caractéristiques électroniques des architectures moléculaires, des images STM sont simulées. Particulièrement, l'auto-assemblage du complexe L-Pt-Py-iCyt (Figure 5) en structures discrètes par liaisons hydrogène intermoléculaires entre différentes parties de l'isocytosine à l'interface solide-liquide est étudié. Il est montré que la formation de structures poly-cristallines composées de divers assemblages polygonaux comprenant des trimères, des tétramères, des pentamères et des hexamères est stabilisée par liaisons hydrogène distinctes.

Des études STM ont été réalisées sur la formation de différents motifs supramoléculaires cycliques discrets polygonaux formés par le complexe Pt(II) à base d'isocitosine L-Pt-Py-iCyt à l'interface solution / HOPG. Les résultats ont été appuyés par une analyse complète DFT incluant la simulation d'images STM. Les résultats du calcul concordent très bien avec les résultats acquis expérimentalement. Les résultats expérimentaux et théoriques ont fourni des preuves non équivoques que la formation de motifs hexamères et semi-hexamères de molécules L-Pt-Py-iCyt est thermodynamiquement favorisée (82% de toutes les molécules), comme en témoigne la force de l'association Énergie (Figure 6). Néanmoins, les pentamères, tétramères et trimères sont également observés à l'interface solide-liquide, bien que dans une moindre mesure (18% de toutes les molécules). L'approche décrite dans ce travail peut être exploitée pour contrôler la structure supramoléculaire des complexes de Pt(II) à la surface, et en général pour l'installation de plusieurs entités interagissant de manière intermoleculaire. Par conséquent, nous démontrons un moyen d'ajuster les propriétés photophysiques de tels matériaux organisés et des études actuelles visant à des structures multicouches permettant l'interaction Pt•••Pt sont en cours. 

Particules luminescentes pseudo-virales

La formation de complexes de Pt(II) solubles dans l'eau nano conjugués et de protéines 

Light-matter interactions

Light can be understood as an electromagnetic wave consisting of synchronized oscillations of electronic and magnetic fields are propagating through space. The amplitude vectors for the magnetic and electronic parts are perpendicular to one another as well as to the direction of propagation (transverse wave). Electromagnetic waves are characterized either by their wavelength (UV-Vis spectroscopy) or their frequency (NMR spectroscopy), which are both expressions for the energy of the wave (see Eq. 1.1 and 1.3).

𝐸 = ℎ𝑣

Eq. 1.1

Planck found a direct correlation (Eq. 1.1) between the energy (E) and the frequency (ν) of an electromagnetic wave with the constant of proportionality being the Planck constant h. 1 The frequency is linked to the wavelength via the de Broglie expression 2 (Eq. 1.2), in which c denotes the speed of light. Light as an oscillating field can interact with matter by means of an energetic perturbation of the ground state of the matter of concern (molecules, solid semiconductors). As a reasonable simplification, one can understand the interaction between light and matter as written in Eq. 1.4, where A denotes a molecule in the ground state, hν the energy of the incident light (photon) and A* the molecule in its excited state.

𝐴 + ℎ𝑣 → 𝐴 * Eq. 1.4

Commonly, one molecule is excited by one photon (exceptions such as two-photon excitation do exist, but are not considered here) to its excited state. 3 A molecule possesses several degrees of freedom, namely translational, vibrational and rotational motions as well as electronic degrees of freedom, which allows for an interaction with incident light.

Light of different energy (different wavelength) interacts in distinct manners with matter.

Therefore, microwave irradiation leads to an excitation of the rotational motion of molecule which renders higher friction and thus a heating effect (dipole excitation in the kitchen microwave). Vibrational motions are excited by Raman or Infrared spectroscopy, which are based on inelastic scattering or the absorption of light, respectively. 4,5 Light can be also absorbed in the visible region by the excitation of electronic states. An The extinction coefficient is a materials constant defining the probability for an electronic transition (excitation). From a theoretical point of view the probability for a transition from an initial state i to and final state f is given by the transition dipole moment Mif 3,6 :

𝑀 𝑖𝑓 = ⟨𝛹 𝑖 |𝜇|𝛹 𝑓 ⟩ ≠ 0 Eq. 1.6
where, 𝛹 𝑖 and 𝛹 𝑓 denote the electronic wavefunctions in their initial state and final state, respectively and  is the dipole moment operator. A transition is only possible, if the transition dipole moment does not vanish. Extensions of Eq. 1.6 enable a classification into allowed (Mif ≠ 0) and forbidden (Mif = 0) transitions, the so-called selection rules. A correlation with the aforementioned experimentally obtained extinction coefficient thus allows for a classification of transitions by means of the magnitude of the ε values. For instance, the two major selection rules symmetry and spin selection rule result in very low ε values of about 1 and 10 2 M -1 cm -1 , respectively. 3,7 Symmetry selection is determined by the geometry of the system and waveform of the incident light. 6 The spin has to be commonly preserved during an electronic transitions on account of the angular momentum conservation. Therefore, singlet-singlet as well as triplet-triplet transitions are allowed while singlet-triplet and triplet-singlet transitions are commonly forbidden (for exceptions, e.g., through spin-orbit couplings, vide infra).

After the absorption of a photon the molecule results in an electronic excited state (Eq. transition (Born-Oppenheimer approximation). 9 In most cases the molecule relaxes quickly to its first excited electronic state (S1) via internal conversion (IC, 10 -13 -10 -11 s)

and the lowest vibrational state (10 -12 -10 -10 s) via vibrational relaxation (Kasha's rule 10 , for exceptions: azulenes 11 and metalporphyrins 12 ). The system can now undergo several deactivation pathways in order to relax to its thermodynamic ground state. The process of the emission of a photon accompanied by a relaxation S1 → S0 is called fluorescence (10 - 10 -10 -7 s). This phenomenon competes with non-radiative deactivations either to the singlet ground state (S1 → S0) or to the lowest excited triplet state (S1 → T1) via internal conversion (IC, 10 -11 -10 -9 s) and intersystem crossing (ISC, 10 -10 -10 -8 s), respectively.

Noteworthy, the rate for the internal conversion process increases exponentially with a decreasing energy gap between the excited and the ground state (energy gap law). 13,14 From the T1 state, the excited molecule can relax to its singlet ground state (T1 → S0) either radiationless via intersystem crossing (ISC, 10 -10 -10 -8 s), or by the emission of a photon which is called phosphorescence (10 -6 -1 s).

The energy loss during the process of excitation of a luminophore and the subsequent emission (see Scheme 1.2) is called Stokes shift. The Stokes shift expresses the energy difference of the absorption (excitation) and the emission and is strongly dependent on the transition dipole moment (Lippert equation) and thus also on the polarity of the solvent. In order to determine the Stokes shift, the emission and absorption (excitation) spectra are depicted as functions of wavenumbers. The difference between the maximum of the first excitation (absorption) and the maximum of the emission renders then the Stokes shift. 7,15,16 𝜈 𝑆𝑆 = 𝜈 𝐸𝑚,𝑚𝑎𝑥 -ν 𝐸𝑚,𝑚𝑎𝑥 Eq. 1.7

In some cases such as imaging it is customary and more meaningful to display the obtained values in nm, since equal energetic differences can result in strongly varying spectral distinction depending on the region of the electromagnetic spectrum (𝜈 𝑆𝑆 = 242.8 cm -1 : 303 -300 nm = 3 nm, 764 -750 nm = 14 nm).

Usually, the spin-changing intersystem crossing from the lowest excited singlet state to the triplet manifold follows the spin selection rule and is considered as forbidden (low probability) which explains why commonly no phosphorescence is observed for organic molecules in solution at room temperature. Nevertheless, the present coupling of spin with orbital motions (spin-orbit coupling, SOC) can lead to a redirecting of the spinangular momentum of an electron and thus allow multiplicity changing transition.

El-Sayed concluded on the basis of the SOC that the probability (experimentally the rate)

for an intersystem crossing (ISC) accompanied by a change of the orbital type (e.g.

1 ππ* → 3 nπ*) is strongly increased in comparison to an ISC featuring an orbital type conservation (e.g. 1 ππ* → 3 ππ*). 17 The SOC is dependent on the nuclear charge and is therefore pronounced under the influence of heavy atoms. So, the fluorescence can be efficiently quenched by for instance the collision with Iodine which enables an ISC (due to the enhanced SOC) to a non-emissive triplet manifold. On the other hand, the introduction of a heavy metal into the molecular framework can enable ISCs to emissive triplet-states and thus allow room temperature phosphorescence.

The rate constants for processes described above are experimentally accessible by the excited-state lifetime and the emission quantum yield. It is assumed that decay rate for emission depends only on the concentration of excited molecules, which leads to a first order kinetic:

𝜕[𝐴 * ] 𝜕𝑡 = -(Г + 𝑘 𝑛𝑟 ) [𝐴 * ] [𝐴 * ] = [𝐴 0 * ] 𝑒 -(Г + 𝑘 𝑛𝑟 ) 𝑡 Eq. 1.8
where t denotes the time after excitation, [A*] and [A0*] denotes the concentration of excited molecules at time t and 0, respectively, Г the radiative decay rate and knr the nonradiative relaxation rate. The excited-state lifetime τ can be understood as the reciprocal of all decay rate:

𝜏 = 1 Г + 𝑘 𝑛𝑟 [𝐴 * ] [𝐴 0 * ] = I 𝐼 0 = 𝑒 -𝑡 𝜏
Eq. 1.9

The substitution of the concentrations terms by the detectable emission intensity (photon counts) enables a photophysical interpretation of τ. Therefore, the excited-state lifetime τ can be seen either as the average time for a photon being emitted from the excited-state, or as the time at which the intensity decreased (I) to 1/e (37%) of the initial onset intensity (I0).

Consideration of the Perrin-Jablonski term diagram (Scheme 1.2) allows for a splitting of τ into parts for the fluorescence and phosphorescence emission:

𝜏 𝐹 = 1 𝑘 𝐹 + 𝑘 𝐼𝑆𝐶 + 𝑘 𝐼𝐶 𝜏 𝑃 = 1 𝑘 𝑃 + 𝑘 𝐼𝑆𝐶 ′ Eq. 1.10
where, kF and kP denote the spin-conserving and spin-changing radiative decay rate, respectively, kISC refers to the intersystem crossing process rates and kIC to the internal conversion decay rate.

The photoluminescence quantum yield φ is defined as the ratio between the number of emitted and absorbed photons. 15 An alternative definition is based on the ratio between the radiative rate constant and the sum of all decay rate constants. This treatment in turn allows a sequestering of the terms into its fluorescence and phosphorescence describing parts: where φISC refers to the quantum efficiency for the singlet-to-triplet intersystem crossing. 7 Substitution with the equations Eq. 1.9 and 1.10 lead to the following relationship between excited-state lifetime and quantum yield:

𝜑 = 𝑘 𝑟 Г + 𝑘 𝑛𝑟
𝜑 = 𝑘 𝑟 𝜏 𝜑 𝐹 = 𝑘 𝐹 𝜏 𝐹 Eq. 1.
13

𝜑 𝐼𝑆𝐶 = 𝑘 𝐼𝑆𝐶 𝑘 𝐹 + 𝑘 𝐼𝑆𝐶 + 𝑘 𝐼𝐶 = 𝑘 𝐼𝑆𝐶 𝜏 𝐹 Eq. 1.
14

𝜑 𝑃 = 𝜑 𝐼𝑆𝐶 𝑘 𝑃 𝜏 𝑃 Eq. 1.15
Besides the calculation of the radiative decay rates, also the non-radiative decay rate are accessible by the quantum yield and excited-state lifetime measurements:

𝑘 𝑛𝑟 = 𝜑 -1 𝜏 Eq. 1.
16

Transition metal complexes

The d-block metals of the periodic table of elements provide certain peculiarities compared to main group elements. Firstly, the fact, that degenerated d states are not fully occupied allows for these metals additional light-matter interactions, namely d-d

transitions. Secondly, heavy atoms can promote the intersystem crossing towards emissive triplet-sates by enhancing the spin-orbit coupling. Coordination complexes featuring these d-block metals, also known as transition metals, not only enable additional electronic transitions (d-d) but can also render room temperature phosphorescence. 18 Thirdly, transition metals provide a variety of different coordination geometries, not only between the elements but also between different oxidation states and depending on the ligand-field strength (vide infra). Therefore, transition-metal complexes (TMCs) can serve as scaffolds for molecular and supramolecular architectures. 19 Significant attention was devoted to the d 6 , d 8 and d 10 transition metals of the second and third row, namely Ru(II) [20][21][22][23] , Os(II) 24 , Re(I) 25 , Ir(III) 26,27 , Pd(II) 28,29 , Pt(II) 30,31 , Ag(I) 32 and Au(I). [33][34][35][36] Nevertheless, complexes of Cu(I) [37][38][39][40][41] and Zn(II) [42][43][44] were also comprehensively studied on account of their appealing photophysical properties. In general, the mentioned TMCs can enable light absorption covering the entire visible region, tunable emission at room temperature, long-excited lifetimes, high photoluminescence quantum yields and oxidation/reduction potentials approachable in a variety of electrochemical windows.

The particular photophysical and electrochemical properties of TMCs make them suitable for a broad range of application in several fields such as photocatalysis, [45][46][47] artificial photosynthesis, 48,49 dye-sensitized solar cells, 23,[50][51][52][53] optoelectronics, 54,55 electrochemieluminescence (ECL), 56,57 non-linear optical materials, 58 metallogelators, 59 sensing [60][61][62] and bioimaging. 63,64 A peculiar interest is present in the area of illumination devices, namely highly efficient organic light emitting diodes (OLEDs) 54 and lightemitting electrochemical cells (LEECs). 18

Ligand-field theory

A first, qualitative and quantitative, insight into the photophysical and electrochemical properties of TMCs is given by ligand-field theory (LFT). 65 This theory is founded on the basis of the crystal-filed theory (CFT), 66 which interprets the ligands of a coordination compounds as point charges. Both theories use the term ligand field to describe the effect of the splitting of the originally degenerated d-orbitals. 67 In CFT, the lone pairs of the coordinating ligands are interpreted as negative point The extent of the splitting is determined by ligand-field strength and is formulated as the ligand-field splitting parameter Δi, where i denotes the adopted geometry. The geometry which is finally adopted for the resulting complexes is based on the most stable ambient conditions, which is usually regenerated at lower temperature (77 K). 70,71 The relative energetic position of the mentioned states is very important for the resulting photophysical and electrochemical properties. For instance, a strong ligand field strength destabilizes the eg* orbitals resulting in a strong energetic lifting of the MC states, which in turn enables luminescence at room temperature. 72 On the other hand, a destabilization of the t2g orbitals leads to a shift of the oxidation potential to more negative values allowing for a more facile oxidation. Thus, the features of interest can be tuned by the variation of the ligand system (e.g. substitution, extension of π-system) and the central metal (e.g. size of the ion, electron configuration).

Photophysics of Pt(II)-complexes

In each chapter of this thesis, the special photophysical properties of square-planar Pt(II) are exploited in several ways. Therefore, a deeper insight into the photophysics of the single molecule and the emerging properties upon aggregation is presented. As mentioned above, Pt(II)-complexes adopt in most cases a square-planar geometry with a coordination number of four. This geometry enables a stacking (the complexes can be considered as flat molecular sheets). The z-directional supramolecular self-assembly is In a molecularly dissolved condition and thus in a monomeric state, the lowest energetic transitions are ascribed to as metal-perturbed ligand centered (MP-LC) and metal-to-ligand charge transfer (MLCT). The highest-occupied molecular orbital (HOMO) is predominantly of ligand π character with partial metal contribution (see Scheme 1.5 top) whereas the lowest-unoccupied molecular orbital (LUMO) is prevalently of ligand π* character. Although in most cases the lowest energetic transition is a spin allowed MLCT, 73 the lowest excited-state is of ligand centered character featuring a multiplicity of three ( 3 LC). 74 The facile transition from singlet-to-triplet excited state (ISC) is based on the strong spin-orbit coupling (SOC) of the heavy metal platinum. From this state, an emission with a structured profile arises featuring a short lifetime of a few nanoseconds and a very low quantum yield. Oftentimes, no room temperature emission can be detected for the monomeric state, but 77K experiments enables the resolution of the emission and the measurement of then very long excited-state lifetimes (few s)

which is indicative of the phosphorescent character of the emission. 75,76 Upon aggregation, by for instance dimer formation, at higher concentrations or when covalently tied together by a molecular scaffold, the platinum centers interact with each other (close proximity of 3.5Å = van der Waals radius). The z-directional stacking event is directly correlated to an interaction of the d (d-d). These states, as mentioned before, are considered to be non-emissive and efficiently decay to the ground state by release of heat. A strong ligand-field and, in particular, a strong σ-donation enables a stronger destabilization of the MC states omitting any thermal accessibility from the other states (Figure 1.3). 

N-metallacycles

Chelating N-metalacyclic ligands provide certain advantages for the creation of photoactive metal complexes over their polypyridyl and N-heterocyclic carbene analogues. The strong and -donating abilities are commonly accompanied by a red shifted absorption enabling excitation over a broad spectrum in the visible region.

Furthermore, metal-centered orbitals, which are often responsible for a fast radiationless decay to the ground-state, are destabilized and no longer thermally excitable resulting in room-temperature emission and long excited-state lifetimes. 36,78,79 The formation of N-metallacycles is conceptually akin to a cyclometalation process, in which a C-M -bond formation (M = transition metal) is mediated by the coordination of an additional donor within a multidentate ligand. Firstly, the coordination of a donor towards the metal center leads to an activation of the C-H (N-H) bond on account of the electron density alteration on the metal center and steric constraints. The close proximity of cyclic intermediate is seen as the key feature for the reduction of the entropic and enthalphic costs. 80 Secondly, the deprotonation and M-C (M-N) bond formation render the ring closure. In general, various kinds of C-R and N-R groups have been utilized in cyclometallated complexes and N-metallacycles, respectively, but mostly sp 2 hybridized in aromatic ring systems are applied providing additional  accepting/donor abilities. 79 Throughout this thesis, a photophysically well understood coordination framework is used which enables an emission readout at room temperature not only for the aggregated but also for the disaggregated specimen. 81 The scaffold consists an N-metallacycling terdentate ligand (L-2H), a Pt(II) metal center and an ancillary ligand. L-2H is composed of a central pyridine substituted at position 2 and 6 with 1H-1,2,4 triazolyl groups. These flanking groups are substituted, remotely to the aza-proton, with electron-withdrawing trifluoromethyl groups. The deprotonation upon N-metallacyclation is often facilitated by addition of a base. The usage of pyridine as the ancillary ligand results in a thermodynamically stable and planar complex (π-system renders planarization). This complex, L-Pt-Py, exhibits a room temperature emission in organic solvents such as tetrahydrofuran (THF) or dichloromethane (DCM) featuring a structured emission profile ( 3 LC based) that peaks around 460 nm. Upon aggregation, the luminescence is strongly enhanced with a bathochromically shifted emission peak of now featureless emission profile ( 3 MMLCT based). For details about the photophysical properties the reader is referred to the remaining chapters of the thesis. The strong enhancement of the emission quantum yield can be understood as an aggregation-induced emission (AIE) which is contrary to most other luminophors. 82,83 High concentrations are accompanied by high optical density for the excitation wavelength (primary inner filter effects) and the emission wavelength (secondary inner filter effects). 15 For luminophores (fluorophores) with a small stokes shift, these inner filter effects typically result in an aggregation-cause quenching (ACQ). The change of the nature of emission ( 3 LC to 3 MLCT based) and the accompanied AIE behavior of the large Stokes shift Pt(II)-complexes overcome this problem and therefore yield highly luminescent materials also at higher concentrations.

Chelating ligands, namely bi-, ter-and tetradenate, with a π-conjugated system are frequently utilized for the construction of luminescent Pt(II)-complexes. 84 In comparison to bidentate ligands, terdentate ligands generally afford isomeric free Pt(II)-complex featuring higher thermodynamic and kinetic stability. Tetradentate ligands provide an even more rigid supramolecular building block their terdentate analogues lacking the fourth coordination side for substitution with an ancillary ligand. In this thesis, the exchange of the ancillary ligand was utilized to tune the self-assembly properties, while the chromophoric system defined by the terdendate dianioic ligand is preserved.

The ancillary ligand is often based on pyridine derivatives. Noteworthy, substitution of the ancillary ligand enables the control of the self-assembly process, namely by adjustment of solubility, bulkiness and the introduction of further supramolecular motifs.

Therefore, the properties of a photophysically understood framework can be adjusted towards the demands of the application by the exchange of a single ligand.

Self-assembly

Supramolecular chemistry as the "chemistry beyond the molecule" (Jean-Marie Lehn 85,86 ) investigates complex, organized assemblies, which are formed by the association of single molecules via non-covalent interactions. Self-assembly can be understood as the autonomous organization of components (covalently linked molecules) into structures or pattern without an external intervention. 87 Processes featuring a selfassembly step are wide-spread in technology and nature (Figure 1.4). For instance, the formation of liquid crystalline materials is based on the self-assembly of the distinct components to supramolecular aggregates which in turn renders novel properties, not

given by the individual components. 88 Self-assembly is based on intermolecular forces as seen in the natural example of folded, globular protein, in which several levels of molecular interplay (H-Bonds, dynamic S-S bonds, hydrophobicity effect) are necessary to realize the final active species. While a covalent bond, in which an electron pair is shared by two atoms, exhibits a dissociation energy between 100 and 400 kJ/mol, making this type of bond stable and in most cases irreversible at ambient conditions. Noncovalent interactions between molecular entities are considerably weaker with strongly varying strength. A coordinative bond can, for instance, be very weak and unstable (metal precursor) enabling the facile substitution of thermodynamically more ligands that might form bonds of the strength of a covalent bond (transition metal complexes). Hydrogen bonds with approximately 8.5 to 24.5 kJ/mol are the dominant bonding motifs in the base pairing with DNA strands. 92 The directionality of this bond and the synergetic effects of well-chosen donoracceptor pairs allows for the formation of stable organized matter, in solution and in solid state. 93 The unidirectional hydrophobicity effect plays a major role not only in enzyme substrate binding but also in the formation of artificial supramolecular aggregates. 94 Among the weakest interactions are those based on the London dispersion forces, namely van der Waals and closed-shell metal-metal interactions. 95

Self-assembly of Pt(II)-complexes

One commonly expects two closed-shell metal cations such as Pt(II) with 𝑑 𝑑 2 orbitals to repel each other. Nevertheless, when dispersive interaction 84 and relativistic effects are taken into account an attraction between heavy metal closed-shell ions was described (aurophily) and often denoted as metallophic interactions. 34,[96][97][98] In the last decades, metallophilic systems of d 10 , 99-102 d 8 103-106 and combination of them in heterometallic systems [107][108][109][110][111] have been reported. The strength of an intermetallic bond is assessed to be in the same region as a weak hydrogen bond (29 -46 kJ/mol) 99 , which makes this directional bounding suitable for supramolecular assembling studies.

However, the simplified MO Scheme (Scheme 1.5) may not cover the overall energetic stabilization by the aggregation process, but highlights the occupancy of an anti-bonding metal centered orbital. Spectroscopic analysis in solution and solid state accompanied by theoretical calculations in the excited state suggest the correctness of this scheme. A shortening of the Pt-Pt bond was observed upon excitation, which is in agreement with the depopulation of an anti-bonding molecular orbital. [112][113][114][115][116] Especially, the consideration of dispersive contributions to the overall energy is a promising approach to the thermodynamic stabilization upon aggregation. 84,[117][118][119][120] On account of the appealing photophysical changes upon self-assembly, a broad scope of Pt(II)-complexes were synthesized, characterized and investigated in various applications. 81,[121][122][123][124][125][126][127][128][129][130][131][132][133][134] Che and co-workers demonstrated that a cationic Pt(II)-complex can pack in an ordered manner with alternating Pt-Pt distances of 3.38 and 3.34 Å (Figure 1.5, left). The selfassembled nanowires showed semiconducting properties as well as phosphorescence enabling the fabrication of organic light-emitting field-effect transistors (OLEFETs). 124 Emissive allenylidene Pt(II)-complexes were reported to assemble into nanorods and nanorings dependent on the water content. 123 Luminescent neutral Pt(II)-complexes based on a terdentate dianionic bis(tetrazolate)pyridine ligand were reported by De Cola and co-workers. 126,135,136 The complex is non-emissive in dilute solution, but self-assembles at higher concentrations to form gelating nanowires accompanied by a luminescence quantum yield of 90%. When a dianionic bis(triazolate)-pyridine ligand was employed decorated with bulky electronwithdrawing trifluoromethyl groups, the complexes emit at room temperature in organic solutions (φ = 2%) that peaks in the blue. Self-assembly leads to strongly emissive fibers with highly anisotropic photophysical properties and an enhanced quantum yield (φ = 58%) (Figure 1.5, right).

Yam et. al. investigated extensively supramolecular soft materials on the basis of alkynyl platinum(II)-complexes. 59 For instance, metallo-gels with a low critical gelation concentration of 4.4 mg mL -1 in DMSO were obtained. 130 The gelation process is followed by a drastic change in the emission color indicating that Pt Very recently, the group of Chi-Ming Che presented the first example of a Pt(II)-complex coordinated by a tetradentate ligand (Figure 1.6, right). 84 Monoclinic and triclinic crystal polymorphs were obtained with a Pt-Pt distance larger than 4.8 Å, thus, no Pt•••Pt interactions are present. This arrangement is reflected in a structured emission peaking at 541 nm. Grinding of the crystals resulted in an emission-profile change which appears now broad and featureless around 681 nm. Furthermore, an interconversion of the crystalline forms was investigated by PXRD measurements. De Cola and co-workers recently investigated the mechanochromical responsiveness of a terdentate Pt(II)-complex similar to those reported in this thesis. A hydrostatic pressure experiment in a diamond anvil cell revealed the necessity of high pressure to induce spectral changes in the luminescence (24.2 kbar). A more facile induction of emission color changes was realized by an AFM tip, that served as writing pencil on a blue emissive fiber. Upon scratching with the tip, the emission color changes to yellow, while a written message can be erased by a photoconversion reaction induced by a 405 nm excitation. 143

Cowpea Chlorotic Mottle Virus (CCMV)

The formation of hybrid nanomaterials composed of Pt(II)-complexes and virus coat proteins is one of the topics of this thesis. Therefore, an introduction to the field of virus like particles (VLPs) and interactions between proteins and Pt(II)-complexes is given.

In general, a complete virus particle (virion) consists of infectious RNA covered by a protecting protein shell (capsid). The positively charged coat proteins (CPs) self-assemble around the negatively charged nucleic acid. This dynamic arrangement enables the virus to enter host cells followed by the release of the RNA upon outer stimulus. The virus RNA reprograms genetic code of the host cell leading to an expression of virus proteins and multiplication of the viral RNA. To spread to other host cells, the CPs encapsulate the RNA to serve as a nanocarrier.

After the development of a facile method to control the disassembly and reassembly of capsid virus proteins, various materials were encapsulated. [144][145][146][147][148][149] The confined space of the protein cages was exploited in particular for mineralization 150,151 , synthesis and encapsulation of nanoparticles, 145, 152-160 drug delivery, 161-172 creation of fluorescent probes [173][174][175][176][177] and MRI contrast agents 178, 179, 180 and in catalysis. 181,182,183 In practice the rigid shell of a capsid provides high local density of encapsulated compounds while a dynamic exchange with the environment is given by capsid pores and the responsiveness to the pH-value, ionic strength and defined stimuli. 149, 161, 184-189 190 

Coat proteins

Cowpea chlorotic mottle virus (CCMV) belongs to a family (Bromovididae) of plant virus and is composed of 180 identical proteins. These proteins commonly self-assemble first to dimers and subsequently to pentamers (pentamers of dimers, POD), which serve as nuclei for the formation icosahedral protein cages (capsid). In the presence of an anionic cargo template such as RNA, 90 dimeric subunits (180 monomers) assemble into The in vitro self-assembly of CCMV with and without a template can be controlled by the pH value and the ionic strength. Therefore, the removal of infectious RNA was realized and a reloading with other (templating) cargo molecules achieved. Two main strategies for the in vitro self-assembly exist: i) Virus like particles (VLPs) can be formed in their T = 3 structure in slightly acidic conditions (pH = 5.0) and high ionic strength (I > 1 M). This method is based on the protein-protein interaction (POD nucleation) and the loaded cargo molecule does not need to possess a surface charge (no template effect).

This method will lead to random encapsulation of present cargo molecules and thus a mixture of empty and filled VLPs is expected. 186,189,194 ii) In slightly basic conditions (pH = 7.5) and lowered ionic strength (I > 0.3) a templated assembly by electrostatic interactions with an anionic cargo forms VLPs. Due to the template effect and thus driven by ionic-charge compensation only filled VLPs are obtained. 153,181,186 The flexibility and size of the cargo defines the structure of the resulting VLPs. VLPs of T = 1 (60 CPs, 12 pentamers, dout = 18 nm, din = 10 nm), "T = 2" (120 CPs, 12 pentamers, 10 hexamers, dout = 25 nm, din = 15 nm), which is a pseudo-icosahedral shape (dodecahedral) and T = 1 are achievable. 189 Furthermore, even a complete rearrangement from a rather spherical to rod-like structure could be obtained by the usage of DNA as template cargo. 188,195 Additionally, the present pores in the VLPs enables substrate exchange by diffusion. 194

Platinum(II)-complex-protein interactions

The groups of Chi-Ming Che and Tunik developed several Pt(II)-complexes for protein staining aiming on selective binding towards certain proteins (Figure 1.9). [197][198][199][200][201][202][203] Therefore, not only bioimaging with specific labeling of organelles are possible, but also fluorescence enzyme assays.

Complex Che-1 is composed of the Pt(II) ion, chloride as ancillary ligand and a terdentate cyclometalating ligand substituted by poly ethylene glycol to ensure water solubility. The complex displays a broad featureless room-temperature emission peaking at 543 nm and 700 nm, which are ascribed to emanate from 3 MLCT and 3 MMCLT state, respectively, due to partial aggregation. 197 Addition of Bovine Serum Albumine (BSA) leads to a strong enhancement of the emission and the binding constant was determined from a Scatchard plot to be 2.7 10 4 M -1 . A 1:1 binding stoichiometry was utilized. 204 BSA possesses several hydrophobic cavities (pockets) in its folded state. 205 The addition of urea initially led to an enhancement of the emission intensity assigned to a helical twisting of the BSA accompanied by a tighter binding of the complex. A further increase of the urea concentration led to drastic decrease of the emission intensity, which is ascribed to the denaturation, unfolding, of BSA. The authors conclude that the developed complex binds to the hydrophobic pockets of BSA, explaining the enhancement and the decrease of the emission intensity upon urea concentration variations. A similar approach was followed by the group of Nair. 206 Figure 1.9: Complexes for protein labeling. The dominant complex-protein interaction is displayed in blue letter. 197,202,203 Complex Che-2 consists of the Pt(II) center, a bidentate cyclometalating ligand and a chelating amino acid. A weak structured emission peaking at 562 nm is observed in aqueous solution at ambient conditions. The addition of Human Serum Albumin (HAS) leads to a strong enhancement of the emission intensity and a binding constant of 1.0 10 6 M -1 with a binding stoichiometry of 1:1 was detected. The authors show in cell experiments and in vitro studies that the complex binds selectively to HAS over other proteins. The H-bond interactions between the protein and the coordinated amino acid are presumably responsible for the high binding constant and the selectivity of the employed complexes. 198,199 Che and coworkers followed a non-covalent/non-coordinative approach based on weaker intermolecular interactions. Tunik and colleagues designed a complex with a vacant coordination side for protein labeling in order to increase the selectivity and stability. Complex Tunik-1 contains the Pt(II) cation, a bidentate cyclometalating ligand, a monodentate triphenyl phosphine ligand and a labile bound chloride. The authors claim to have high selectivity for the coordination of imidazole and histidine, resulting in pronounced structured emission peaking at 477 nm. The complex was tested on the protein ubiquitin, which possesses only a single histidine, to show the regioselectivity. A labeled HSA was further applied in a live cell lifetime imaging experiments (FLIM-PLIM). Another example for platinum(II) complex protein interaction addressing amyloid inhibition is also based on the coordination of histidines to the metal center. 207,208,209 Therefore, for platinum(II) complex -protein interactions either a hydrophobic pocket need to be present at the protein or binding motifs such as a vacant coordination side or H-Bond donor/acceptors need to be present at the complex.

Supramolecular Sensing

Supramolecular analytical chemistry takes advantage of the rapid intermolecular interactions known from supramolecular chemistry. 62,210 Therefore, a detection and discrimination of analytes that exhibit sluggish reaction rates for covalent bond formation becomes feasible. [211][212][213] Optical sensing methods such as absorption or fluorescence spectroscopy provide certain advantage over other analytical methods like mass spectrometry or NMR spectroscopy, namely a facile and quick sample preparation, low instrument costs and scalability to high-through put measurements. 6,214,215 In particular fluorescence assays provide often an advantageous signal-to-noise ratio over other methods due to a strong suppression of background signal (non-fluorescent media such as deionized water or organic solvents). A general topology for fluorescence sensing regards the binding mode formulating two key concepts. On one hand, a direct sensing approach in which the receptor is linked (covalently) to a signaling unit, the so-called indicator (fluorophore, phosphor), and analyte binding towards the receptor is accompanied by a signal transduction such as quenching, fluorescence enhancement or spectral shifts. 62 On the other hand, in an indicator-displacement assay (IDA) the receptor carries the indicator which is displaced upon binding of the analyte due to its higher binding constants. The release of the indicator is accompanied by the signal transduction. 216 A prominent example for an IDA are enzyme assays based on fluorescence anisotropy measurements. 6 Furthermore, two types of fluorescence based sensing paradigms exist, which are denoted as single analyte and differential sensing. 

Single analyte sensing

The principle of single analyte sensing follows the idea derived from the selective interactions between enzymes and substrates defined by Emil Fischer as the "lock and key" principle. 62,217 In the perspective of an analytical assay, a specific receptor (lock) needs to be developed for an analyte of interest (key). This design principle receptorlinker-reporter is envisaged for the direct sensing approach. This strategy was of great success and a broad scope of chemosensors were developed and commercialized. 218 In particular, a prototype platform in supramolecular chemistry, the crown-ether scaffold, 219,220 enabled the detection of a broad scope of analytes, in particular cations. [221][222][223] The most common fluorescence technique applied in these system is the photoinduced electron transfer (PET), where an electron donation from the crown-ether scaffold (aza-crown) quenches the emission of the indicator in the initial state. Upon cation uptake, the coordination of the cation at the electron donating unit renders a fluorescence-on event.

The feasible synthesis of indicator tethered crown-ethers featuring different sizes and heteroatoms enables the selective addressing of a broad scope of cations. Nevertheless, to gain specification towards a certain key (analyte) the lock (receptor) design becomes often sophisticated accompanied by increasing synthetic effort. 223,224 Furthermore, a specification of the receptor cannot be probed to unknown substances that might be present in biological samples and disturb the signal transduction and thus the overall readout. ("array sensing"). Cross-reactivity is one of the most important features for a differentialsensing assays, namely that receptors possess low selectively for a certain analyte.

Therefore, the effort often decreases for the synthesis of the receptors and also unknown species can be detected. Nevertheless, the high cross-reactivity can lead to signal overexpression or blind states by undesired side reactions. Furthermore, the signal analysis is no longer straight forward based on a univariate interpretation, e.g. signal onoff. The signal output from an array of chemosensors renders a multivariate dataset, which needs to be processed and analyzed by adequate methods in order to find a pattern ascribed to the analyte of interest. 226 These multivariate data analytical tools are more and more accessibly on account of more powerful computers. However, the data mining and processing for a reliable analyte recognition can be challenging. Differential sensing can be realized by both sensing strategies indicator-displacement assays [227][228][229][230][231][232][233] and direct sensing. 62,210,234,235 As mentioned above, most differential sensing approaches are based on multiple receptor arrays, while single receptor approaches are scarcely described. 236, 237

Scope of the thesis

The work presented herein is focused on the synthesis and photophysical characterization of phosphorescent square-planar Pt(II)-complexes on the dependence of their environment. In particular, the self-assembly, stimuli-responsive behavior, multidimensional organization and encapsulation in confined biomaterial for the formation of functional hybrid materials are considered. Their solvatochromistic and solid-state behavior are investigated with distinct focus on applications in aqueous media.

Thus, the development of a potassium chemosensor on the basis the aggregation behavior of the Pt(II)-complexes is presented in Chapter II. For this purpose, a crownether scaffold was tethered with two neutral Pt(II)-complexes.

In Chapter III, a showcase for analyte induced aggregation is demonstrated on the fundament of a reactive metal precursor. The multiple photophysical read-outs were processed by multivariate analysis tools rendering a differentiation of selected drugs and toxins.

The decoration of a predominantly stacking Pt(II) scaffold with H-bond donor and acceptor pseudo nucleobases is shown in Chapter IV. The competitive supramolecular binding motifs lead to 2D organized nanopattern at the liquid/solid interface and interrupt the z-directional organization.

Finally, highly luminescent virus-like particles (VLPs) were prepared by the encapsulation of water soluble Pt(II) amphiphiles into CCMV coat proteins. The hybrid materials show the highest emission quantum yield for VLPs reported so far and an enhancement of the emission quantum yield upon encapsulation.

Introduction

Sensing metal cations by crown ethers

Sensing of first and second row metal cations has received wide interest because of the important role played by these ions in biological systems. [1][2][3][4][5][6] Crown ethers, in particular, are extensively used as cation-recognition scaffolds in supramolecular assemblies and sensor applications. [7][8][9][10] For the latter, mostly aza-crowns serve as the cation-binding units and photoinduced electron transfer (PET) of tethered organic fluorophores is used as reader of the cation binding event. Indeed, upon coordination of the ion an increase in the emission intensity is monitored which corresponds to the inhabitation of the PET. 5,6 Others, such as BODIPY-linked azacrown ethers enable ratiometric cation detection. 11 However, the substitution of oxo-by aza-moieties in crown ethers has the effect of significantly reducing the affinity for cations, 12 e.g., the binding constant for K + in acetonitrile is 5•10 5 M -1 with 18-crown-6 10 and only 2•10 3 M -1 with BODIPY-linked azacrowns. 11 Alternatively, a dye-disaggregation strategy can be used to allow for signal transduction with "native" crown ethers. [13][14][15][16][17][18][19][20] For example, two pyrene moieties linked through long flexible arms to an 18-crown-6 ether reside in close spatial proximity in the cation-free state, which is indicated by an excimer emission band (480 -490 nm). 13,14 In the cation-bound state, a larger fraction of the pyrene-monomer emission (370 -430 nm)

is observed because of a conformation change of the crown ether. This approach has the drawback that suitable dyes are rare that show a distinct monomer and excimer emission, and that can be excited in the visible wavelength range. Furthermore, with the known chromophores, large conformational changes may be needed to obtain suitable spectroscopic effects, e.g., pyrene molecules even at more than 10 Å spatial distance still show a marked excimer emission band. 21 Figure 2.2: Literature examples for crown-ether based cation sensors. Aza-crown based systems 11,22 suffer from lower binding constants than the entirely oxygenated crown-ethers 12 based on aggregation and disaggregation. 23,24 

Transition metal complexes as phosphorescent reporters

Taking advantage of the beneficial photophysical properties of many transition-metal complexes, several cation-chemosensors based on Ru(II), [25][26][27][28][29][30][31] Os(II), 32 Re(I), 33 Ir(III), [34][35][36] Au(I) 23,[37][38][39] complexes were developed. In the last few decades, luminescent Pt(II)-complexes have received growing attention on account of their appealing photophysical (e.g. absorbance and luminescence in the visible region, large Stokes shifts, high emission quantum yields) and redox properties. 24,[40][41][42][43][44][45][46][47] In particular, neutral Pt(II)-complexes bearing terdentate azolate-based ligands possess extraordinary high phosphorescence quantum yields and long excited-state lifetimes. 46,48 Reported cation sensors utilizing platinum-complex scaffolds were based on spectroscopic changes that were induced by alteration of the electron-density or orbital energies upon cation binding. 43,44 For instance, an aza-crown moiety in proximity to a Pt-complex caused emission quenching of the 3 MLCT state through photoelectron transfer (PET); as for their fluorescent organic analogues, the luminescence is then restored upon cation binding. 43 An alternative strategy takes advantage of strongly electron donating ligands (acetylide, aza-crowns) that render these Pt-complexes to be non-emissive because of the low lying 3 LLCT state. Upon cation binding a lowering of the donating strength of the ligand occurs, raising the energy of the 3 LLCT above the 3 MLCT state, such that phosphorescence can be observed. 41 .

Neutral Pt(II)-complexes with pronounced supramolecular features

Due to their square-planar geometry and large aromatic surface area, Pt(II)-complexes with terdentate cyclometalating ligands (e.g., 2,6-bis(3-(trifluoromethyl)-1H-1,2,4-triazol-5-yl) pyridine, CF3-tzH2 see Figure 2.3) readily form non-covalent adducts (dimers, aggregates, etc.) where emerging metal•••metal interactions of the Pt(II) centers strongly augment their emission properties. 24,45,[49][50][51][52][53] On account of its superior photophysical properties, when coordinated to Pt(II) together with a further ancillary ligand, this terdentate ligand will be frequently used throughout the entire thesis and abbreviated as L-2H and L for the free ligand and in a coordination complex, respectively. This chapter focuses on the distinctly different luminescent features of monomeric and dimerized Pt-complexes for the design of a ratiometric sensor for potassium, that and emits in the visible region and which shows stronger changes in the emission properties upon cation binding than pyrene chromophores. As depicted in Figure 2.1, the system is reversible since an extraction of the potassium is rendered by an unsubstituted crown ether.

Results and discussion

Crown ethers Py2-18C4 and Py2-18C6 carrying 4-aminopyridine units were prepared in two steps as summarized in Table 2.1. First, methyl 2-diazo-3-oxobutanoate was reacted with tetrahydropyran (THP) and 1,4-dioxane in presence of Rh2(Oct)4 to yield 18-membered conjugated polyether macrocycles. 54,55 These derivatives (Table 2.1, X = CH2 or O) were then treated with mixtures of 4-aminopyridine and potassium tertbutoxide (KO t Bu) to induce tandem amidation-transposition processes and form the cisdisubstituted Py2-18C4 and Py2-18C6 macrocycles as single racemic stereoisomers (d.r.

> 49:1, 55% and 50% combined yields respectively). 56 

Defined conformation of the crown ether scaffolds

Importantly, both Py2-18C4 and Py2-18C6 derivatives adopt well-defined conformations. In fact, allylic 1,3-strain interactions occur between the stereogenic centers and adjacent exocyclic double bonds. In order to minimize the strain, the amide groups are oriented essentially perpendicular to the mean plane of the macrocycles. This conformational bias induces a spatial proximity between the aromatic residues. 56,57 Hydrogen bonding interactions also occur between the amide N-H and neighboring oxygen atoms. Consequently, and in respect to the cavity, the N-H and C=O bonds of the amides are turned respectively inwards and outwards (see Figure 2.3). However, there are some differences which are essential for the following properties of the complexes. In the case of compound Py2-18C4, the N-H•••O interactions take place with the proximal oxygen atoms attached to the stereogenic centers while, with Py2-18C6, they occur with a guest water molecule. The described H-bond conditions were also found for other 18C6 and 18C4 derivatives irrespective to the nature of the aromatic ring. [54][55][56] Noteworthy, for Py2-18C4 intermolecular N-H•••O interactions between neighboring molecules were also observed in the solid state which can result in packing. Nevertheless, these bonds are most likely not preserved in a diluted THF solution. This condition modifies the orientation of the amide functional groups and the relative position of the aromatic residues. 58 This can be observed in the X-ray diffraction analyses depicted in Figure 2.4. As a consequence, in the solid state, the distances between the sp 2 -nitrogen atoms of the pyridine units are 7.50 and 6.84 Å within Py2-18C4

and Py2-18C6 respectively. Hence, a larger separation of the nitrogen atoms in the Py2-18C4 derivative can be observed. Detailed parameters of the X-ray structures are given in the Appendix. 

Pt(II)-complex installation onto the scaffold

With the pyridine substituted crown ether derivatives Py2-18C6 and Py2-18C4 in hand, two N-metalacycled Pt(II)-complexes were attached on the scaffold of Py2-18C6 through a complexation reaction with PtCl2(DMSO)2 and L-2H in CHCl3 for 18 h at 62°C (see Experimental section for more details). In the resulting L-Pt2-18C6, the coordinated Pt(II)-complexes can come into close proximity in the cation-free state, as confirmed by crystal structures of the macrocyclic ligands (see Figure 2.4) and similar structures. 59 The analogous 18-crown-4-based complex Pt2-18C4 serves as a control-substance, since its different H-bonding condition suggests as well a different aggregation of the Pt-complex chromophores (see Figure 2.3). A reference complex without a crown ether motif, L-Pt-PyA, with a 4-pyridyl acetamide ligand, was also prepared (see Scheme 2.1).

Photophysical analysis in solution and solid state

Photophysical properties of the complexes were investigated in solution and in solid state (Figure 2.5 and Table 2.1). The solution titration experiments were carried out in tetrahydrofuran (THF) because of the good solubility of the investigated Pt(II)-complexes in this solvent. The results are summarized in Table 2.1. All compounds display characteristic absorption bands in the UV region (270 -350 nm), related to ligand centered transitions, while at lower energy (350 -430 nm) metal-to-ligand charge transfer transitions (MLCT) are observed (Figure 2.5). The reference complex L-Pt-PyA displays a structured emission spectrum (464 -567 nm) attributable to arise from a ligand centered state 12 ( 3 LC). The relatively short excited-state lifetimes of a few nanoseconds in solution are typical for molecularly dissolved Pt(II)-complexes with L-2H as the N-metalacycling ligand (see Table 2.1). 24,45,46,48,50,60 Absence of intermolecular aggregate formation at the utilized concentration range (0.1 -0.01 mM) was confirmed by the observed Lambert-Beer behavior, i.e., the absorbance was linear proportional to the concentration. For L-Pt2-18C4 resembles qualitatively well the absorption spectrum of L-Pt-A indicating a non-aggregated ground state complex. The absorption spectrum of L-Pt2-18C4 shows higher extinction coefficients than determined for L-Pt-A which are attributed to the enlarged chromophoric system (two chromophoric moieties at one crown). In the emission spectrum of L-Pt2-18C4 a second intense unstructured emission band peaking at 575 nm, which is arising from a metal-metal ligand charge transfer state ( 3 MMLCT). 45,46,50 This emission is indicative of Pt•••Pt interactions (vide infra). In contrast to the aforementioned complexes, L-Pt2-18C6 exhibits strongly pronounced bands in the absorption from 350 to 450 nm attributed to allowed MMLCT transitions (see Chapter I Scheme I) suggesting the formation of ground-state aggregates. The emission spectrum (max = 595 nm, 3 MMLCT emission) shows as well features that are indicative of Pt•••Pt interactions. 51 The experimental data shows that for L-Pt2-18C4 and L-Pt2-18C6 the Pt(II) chromophores interact intramolecularly. Notably, the more redshifted 3 MMLCT emission of L-Pt2-18C6 is in agreement with the shorter distance of the sp 2 -nitrogen atoms found in the crystal structures of the pyridine analogues (vide supra).

Comparison of the spectroscopic features of the folded state adopted in solution by the platinum substituted crown ethers, and those of the aggregated Pt(II)-complexes in the solid state (neat film) provides further evidence for the proposed molecular conformations. L-Pt-PyA shows, in the solid state, a red shifted absorption onset in the excitation spectrum (Figure 2.11) and 3 MMLCT based emission. Thus, if the Pt(II) centers of L-Pt-PyA also came into close proximity in solution, similar spectroscopic features to its solid-state spectra would have been observed. 
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40% 278 i a measured in aerated THF (10 µM); b ex = 300 nm; c average of scanning ex = 280 -400 nm (10 nm interval), d ex = 375 nm; e em = 461 nm if not mentioned differently; f neat film; g em = 577 nm, h em = 594 nm; i em = 607 nm; j transitions in brackets appearing upon cation addition Noteworthy, the bathochromic shift within the solid state spectra from L-Pt-PyA (max = 577 nm) to L-Pt2-18C4 (max = 591 nm) to L-Pt2-18C6 (max = 607 nm) indicates a closer proximity of the Pt centers when linked by a crown ether, since the HOMO-LUMO gap is strongly dependent on the Pt-Pt distance. 50,51 The absorbance and emission spectra of L-Pt2-18C4 and L-Pt2-18C6 show similar features in solution. However, in solid state the absorption onset is 4781 cm -1 and 5084 cm -1 bathochromically-shifted and 556 cm -1 and 620 cm -1 red-shifted emission bands are detected, respectively. The fact that the emission energy is almost unchanged going from solution to solid state and it is lower than for the other complexes (in the solid state) suggest that for L-Pt2-18C4 and L-Pt2-18C6 the electronic interaction between the Pt units is intramolecular in solution and most likely, as for L-Pt-PyA, an intermolecular aggregation occurs in the solid state.

The presence of such a strong electronic coupling, when the crown ether is not coordinated to a cation, is the basis for the sensing behavior.

Sensing of potassium

The sensing and switching capabilities of L-Pt2-18C4 and L-Pt2-18C6 were studied using potassium ions as coordinating units. Based on previous studies with pyrenelabelled crown ethers, 59 it was expected that binding of potassium to L-Pt2-18C6 would lead to a conformational change by a perturbation of the favorable H-bond interaction (see Figure 2.6 for NMR experiments) of the crown-ether moiety resulting in a breakdown of the intramolecular electronic interaction between the Pt(II) centers.

In the 1 H-NMR spectrum of L-Pt2-18C6, the protons of the amide groups (see 

Determination of the binding constants

An isoemissive point was observed at 525 nm and the method of continuous variations 61 (Figure 2.9) revealed a 1:1 binding stoichiometry. Absorbance spectra also confirm the breaking-up of the Pt•••Pt contacts upon addition of K + , and the appearance of one isosbestic point at 343 nm is in line with the proposed 1:1 host:guest binding model (Figure 2.8). Fitting of the normalized emission titration data with a 1:1 binding model yielded a binding constant (lg Ka = 3.6), which is similar to that of other 18-crown-6 derivatives in polar aprotic solvents, 9, 10, 62 but markedly higher than for ratiometric aza-crown sensors. 11 The equation for the determination of the binding constant of L-Pt2-18C6 was used as follows 63,64 :

𝐼 = 𝐼 0 + (𝐼 𝑙𝑖𝑚 -𝐼 0 ) 2 [𝑃𝑡] {[𝑃𝑡] + [𝑀 + ] + 1 𝐾 𝑆 -(( [𝑃𝑡] + [𝑀 + ] + 1 𝐾 𝑆 ) 2 -4 [𝑃𝑡][𝑀 + ]) 1 2 } Eq. 2. 1
Conversely, the H-bond arrangement of complex L-Pt2-18C4 is assumed to remain unaffected in the presence of salt (vide supra). Control experiments carried out with L-Pt2-18C4 and L-Pt-PyA confirmed that their emission spectra were not affected by the presence of the salt (Figure 2.10). The use of Pt(II)-complexes as signaling units instead of previously reported pyrene chromophores provide significant practical advantages. 59 First of all, excitation is now possible in the visible wavelength range (see Figure 2.9 and Figure 2.12; for pyrene ex=346 nm) and the large Stokes shift of Pt(II)-complexes (monomer: 59 nm for [Pt], 38 nm for pyrene; dimer: 180 nm for [Pt], 143 nm for pyrene) 59 facilitates the experimental set-up. Also, the long excited-state lifetime of phosphorescent dyes can be used for background suppression through time-gated measurements. Secondly, the Pt(II)-complexes show much larger free to bound signal differences (factor ~ 21) than pyrene chromophores (factor ~ 5) in their ratiometric emission intensities. Unlike pyreneexcimer formation, Pt•••Pt interactions only occur when orbital-overlap is reached and thus cannot display perturbing signals at distances larger than 3-3.5 Å (vide supra). 51 Thus, a more accurate detection of small concentration changes could be possible when the more intramolecular-distance responsive Pt(II) chromophores are used instead of pyrene. On account of the facile distinguishability (vide supra) of the emission properties of the unfolded species and the folded one, the displayed system allows for direct insight into the actual molecular arrangement by emission spectroscopy.

Reversible switching of the luminescence

The reversibility of the nature of the luminescence enables the understanding of the working mechanism and the realization of a reversible supramolecular switch with a ratiometric emission read-out. Such emission-colorimetric switches are rare. 65,66 In the developed system L-Pt2-18C6 in THF, the long-lived and featureless emission around 585 nm is converted into a short-lived, structured emission at 464 nm upon a molecular deformation by a potassium salt (switch off @ 585 nm & switch on @ 464 nm: process I) when excited at its isosbestic point. Subsequent addition of 18-crown-6 (lg Ka > 4, determined by NMR titration, Figure 2.13), that competitively binds potassium ions reverses this process (switch on @ 585 nm & switch off @ 464 nm: process II), see A similar behavior was observed when the excitation wavelength was shifted to the visible light. (Figure 2.12) The emissive properties of the compounds in solid-state suggest that the switching capabilities might be improved if the L-Pt2-18C6 switch is surface-immobilized, and thus washable. This proof-of-concept demonstrates the oftenassumed reversibility of sensing systems based on crown ethers. 9,44,59 Furthermore, this system allows for direct insights into molecular arrangement and might help clarify more complex systems such as muscle-like rotaxanes or the bonding situation of selfassembling Pt-complexes. 51,67,68 Figure 2.12: Emission spectra of L-Pt2-18C6 in aerated THF (0.01 mM) without any additive (black), after addition of potassium trifluoromethanesulfonate (red) and after further addition of 18-crown-6 (green). Further additions are also depicted. (λex = 400 nm). The equation for the determination of the binding constant of unsubstituted 18C6 was used as follows 64 :

𝛿 -𝛿 𝑖 𝛿 𝑓 -𝛿 𝑖 = 𝑃 2[𝐻] {[𝐻] + [𝐺] + 1 𝐾𝑎 -(([𝐻] + [ 𝐺] + 1 𝐾𝑎 ) 2 -4[𝐻][𝐺]) 1 2 } Eq. 2. 2
Initially the reversibility of the system based on L-Pt2-18C6 was probed with [2,2,2]cryptand (abbreviated as [2,2,2]), which possesses a higher binding constant towards potassium than 18C6. An unexpected behavior was observed by the addition of [2,2,2] to a solution of L-Pt2-18C6 with potassium salt, exhibiting first an increase of the 3 MMLCT emission band, but at higher concentrations of [2,2,2] a decrease of that band. Thus, the cryptand was probed on its potential quenching behavior towards L-Pt2-18C6, revealing that only the 3 MMLCT seems to be quenched. The aza lone-pair electrons of [2,2,2] can possibly serve as electron donating units in a quenching oxidative intermolecular photoinduced electron transfer (PET). 5,69 This finding led to the exclusion of [2,2,2] to trigger the back-reaction in the switching cycle. 

Conclusion

In summary, the N-metalacyclic dinuclear Pt(II)-complexes L-Pt2-18C6 and L-Pt2-18C4, were successfully synthesized and their photophysical properties were probed. These crown ether derivatives display 3 MMLCT based emission in solution arising from intramolecular Pt•••Pt interactions. Only L-Pt2-18C6 exhibits a luminescence that is sensitive to potassium cations, which enables this architecture to serve for a luminescent ratiometric sensing of potassium cations with possible excitation in the visible light. The determined binding constant is larger than aza-crown analogues because native, fully oxyganted crown-ethers were used as binding motifs. The emission properties of the Pt-complexes are much more sensitive to the intra-molecular distance between two units, than that of widely used pyrene chromophores, causing larger spectroscopic signals. Upon cation uptake, not only a switch-off of the 3 MMLCT emission is observed, but also a rise of a blue-shifted 3 LC emission occurs, enabling the change of the nature of luminescence by simple cations. This process can be reversed by the addition of 18-crown-6, and cycled for several times. The intense absorption bands with an onset in the visible region, the large Stokes shift of the emission and the long excited-state lifetime of the phosphorescence in solution are promising features for cation sensing. Based on this model system, further adjustments of the compounds to increase the selectivity for cations and water solubility will be part of future investigations.

Experimental part

The synthesis of the organic building blocks Py2-18C4 and Py2-18C6 was performed by Mahesh Vishe in the group of Jérôme Lacour at the University of Geneva, who is gratefully acknowledged. The X-ray analysis was performed by Céline Besnard from the University of Geneva, who is gratefully acknowledged.

Synthesis of CF3-tzH2 (L-2H)

Following the literature in parts 45 , pyridine-2,6-dicarbonitrile (5 g, 39 mmol, 1 eq. )

was dissolved in EtOH (140 mL). To this, Hydrazine monohydrate (65%, 30 mL, 400 mmol, 10 eq.) was added, which led to an immediate precipitation. The reaction mixture was stirred for 24h at room temperature and subsequently the solvents were evaporated in vacuo to obtain a white solid, which in turn was dissolved in trifluoroacetic acid (50 mL).

This mixture was heated to 80°C for 18 h and afterwards concentrated in vacuo. Ethylene glycol (50 mL) was added and the mixture heated to 140 °C for 2h. After cooling down to room temperature, the product was precipitated in an excess of water and filtered. The subsequent recrystallization from acetone yielded pure crystals (5.18 g, 14.8 mmol, 38%). 

Synthesis of PtCl2(DMSO)2

Following the literature procedure 70 , K2PtCl4 (9.98 g, 24 mmol) was dissolved in distilled H2O (80 mL) and DMSO (35 mL) and stirred at room temperature for 2 h. The yellow solid was filtered, thoroughly washed with H2O, EtOH and eventually with diethyl ether and dried on air to yield PtCl2(DMSO)2 as a yellow solid (9.59 g, 0.023 mol, 96%).

Synthesis of L-Pt-PyA

PtCl2(DMSO)2 (65 mg, 0.19 mmol, 0.9 eq.), L-2H (51 mg, 0.15 mmol, 0.86 eq.) and

N-pyridin-4-yl acetamide (23 mg, 0.17 mmol, 1 eq.) were suspended in CHCl3 (4 mL).

Subsequently, iPr2NEt (40 μL, 0.23 mmol, 1.35 eq.) was added portion wise and the reaction mixture heated to 65°C for 18 h in round bottom flask equipped a reflux condenser. Subsequently, the volatiles were evaporated in vacuo and the crude product recrystallized from acetone. In order to increase the yield, the filtrate was concentrated in vacuo and eventually dried and subsequently the remaining solid recrystallized from MeOH and subsequently filtered to obtain a pale green solid (77. 

Synthesis of L-Pt2-18C4

PtCl2(DMSO)2 (23.3 mg, 0.06 mmol, 1 eq.) and L-2H (20 mg, 0.06 mmol, 1 eq.) were suspended in CHCl3 (2 mL). Subsequently, NEt3 (18.3 μL, 0.13 mmol, 2.2 eq.) was added portion wise and the reaction mixture heated to 62°C. Afterwards, Py2-18C4 (11 mg, 0.02 mmol, 0.3 eq.) was added and the reaction mixture was held at 62°C for 18 h. The reaction mixture was allowed to cool to room temperature. All volatiles were evaporated in vacuo and the crude product subjected to column chromatography (SiO2, EtAc).

Subsequently, the dried product was subjected to a second column chromatography (SiO2, THF/CH2Cl2, 3:2) to obtain 11.3 mg (0.007 mmol, 35%) of a pure yellow solid. 

Introduction

Emission-based sensing is a widely used method because of its high sensitivity, its applicability to in vitro and in vivo systems, its low cost of instrumentation and ease of sample preparation. [1][2][3][4][5] Most naturally occurring analytes are not emissive so synthetic reporter dyes are widely used labels, in particular through a covalent functionalization of the analytes. [6][7][8][9][10] Preferably, the dye-labelled analyte exhibit a distinct emission profile from the (ideally non-emissive) label-precursor and matrix components. 11 Moreover, the functionalization should be feasible in aqueous media to enable the detection/labelling of analytes in biological samples. 12 Figure 3.2: Representative examples for photochemical sensors. left: organic label to demonstrate typical binding motifs: boron-diol reaction and imine formation from aldehydes. 13 right: metalorganic label based on [Ru(bpy)3] 2+ featuring a covalent amide bond formation towards proteins. 14 The analytes are depicted in blue.

Metal complexes as luminescent labels

Phosphorescent metal-complexes are widely employed as emissive labels due to their excellent photophysical properties, e.g., excitation/emission in the visible region, high brightness, good photostability, and long excited-state lifetime. 6,9,15 Thus, they are well suited for sensing applications in inherently chromophoric and fluorescent media, e.g. in biological matrices that contain proteins, vitamins or cofactors. Labels based on kinetically "inert" Ruand Ir-complexes have been commercialized, 14,16 however, their conjugation to analytes is limited to organic reactions in the periphery of the preformed complex. Fluorescent organic probes are therefore still predominantly used to detect reactive amine-, thiol-, or carboxyl-containing analytes through in situ formation of fluorescent species. Heterocycles such as pyridines and imidazoles are omnipresent in synthetic drugs (e.g., clotrimazole) and toxins (e.g., nicotine) displaying plasma and urine concentrations, respectively, in the M range (vide infra). They are therefore an attractive target for molecular sensors. [17][18][19] Figure 3.3: Example for a supramolecular approach for analyte detection utilizing multiple intermolecular interactions, namely cation-binding in an crown ether and metal coordination. 20 The analyte is depicted in blue.

Recently, indicator-displacement as well as coordinative labelling assays for histidine and histamine were reported, taking advantage of its specific binding towards certain metal cations such as Cu + ,Zn 2+ or Ni 2+ . [20][21][22][23][24][25][26][27][28] However, spectrometric sensing of nonchelating imidazole-or pyridine-type drugs remains a challenge. 29 A luminescent-based assay for the in situ labelling, detection and differentiation of pyridines, imidazoles and related species in aqueous solution and biological environments owing to their spectroscopic fingerprints was developed (see Figure 3.4). A conceptually related differential sensing strategy through analyte-induced aggregation was developed by Swager et al. for the detection of amines. 30 To the best of my knowledge, this work is the first general emission-based detection method for heterocyclic compounds. 

Results and discussion

Heterocycles are known ligands for transition metals (vide supra) but often their complexes are non-or only weakly emissive in aerated solutions and their formation requires harsh conditions (vide infra). 15,31 Square-planar Pt(II)-complexes display a high tendency to self-assemble; [32][33][34][35][36][37] and those based on the terdentate N-metallacycling ligand L-2H (see Scheme 3.1 & the other chapters) bearing a pyridine derivative as ancillary ligand are highly emissive in their aggregated state as well as exhibit aggregation dependent photophysical properties. 38,39 Scheme 3.1: Schematic representation of the general concept of the developed strategy for sensing aza-heterocycles. As an example, the assay accompanied by the formed emissive aggregates of the resulting L-Pt-1 is depicted.

In order to exemplify the luminescent features of these kind of Pt(II)-complexes, L-Pt-1

was synthesized and characterized. For this, L-Pt-DMSO was reacted together with pyridine (1) in PBS (pH=7.4) for 3 h. After centrifugation and washing a pure product could be obtained (see Experimental part for details and NMR/MS analysis). The different natures of the luminescence of L-Pt-1 were investigated by solvatochromic experiments. In the nonpolar solvent THF, where the complex is molecularly dissolved, the absorption onset occurs around 450 nm featuring a broad band in the visible range (400 nm, ε = 875 M -1 cm -1 ) attributed to a metal-to-ligand charge transfer. The stronger bands in the ultra violet region, namely at 328 (ε = 3537 M -1 cm -1 ), 312 (sh, ε = 12875 M -1 cm -1 ), 300 (ε = 18837 M -1 cm -1 ), 264 (sh, ε = 24637 M -1 cm -1 ) and 254 nm (ε = 27500 M -1 cm -1 ), are all ascribed to π-π* transitions. A structured emission profile structured peaking at 461, 487 and 520 nm was detected (λex = 375 nm) (Figure 3.5), which is ascribed to a ligand-centered ( 3 LC) based emission. 40 The short excited-state lifetimes of a few ns (see other Chapters for comparable structures) and a low quantum yield below 1% together with the aforementioned absorption and emission spectra are typical features of disaggregated (no Pt•••Pt interactions) Pt(II)-complexes. 37,[40][41][42] Oftentimes Pt(II)-complexes are even less emissive at room temperature and aerated solvents, when present in a molecularly dissolved state, but the installation of L-2H

allows for a detection of the blue emission at ambient conditions. [43][44][45] ii) The inhomogeneity of the system becomes rather high, so that homogenic-media-probing spectroscopy techniques, as a fluorimeter is, are not appropriate (Figure 3.7). The important photophysical parameters can be summarized as follows: In the monomeric form a blue, relatively weak and structured 3 LC based emission is observed while in the aggregated state Pt•••Pt interactions lead to a red-shifted, strongly enhanced and featureless 3 MMLCT based luminescence. 37,40,42,47 The complexes are photostable, can be excited in the visible region, anddue to the packingretain their high photoluminescence quantum yield (PLQY) in the presence of oxygen. 48

L-Pt-DMSO as reactive luminescent probe for aza-heterocycles

A Pt-DMSO precursor complex was developed, which can react with heterocyclic moieties on analytes, e.g., pyridine (1), through exchange of the labile DMSO-ligand resulting in the formation of an emissive species. Importantly, the reaction can proceed also in water or in aqueous buffer at ambient temperature and neutral pH. The addition of 1 to a solution of L-Pt-DMSO in water yielded in 1 h at 37°C a red precipitate that is highly emissive, see Figure 3. The new strategy for final complex formation can be understood as a pre-activation of the Pt(II) species by a preceding N-metallacyclation allowing for a smaller activation energy.

Therefore, reactions at mild conditions, which are necessarily needed for a fluorescence assay, can be accomplished. The physical parameters are summarized in Table 3.1. The critical micelle concentration of the neutral P123 (CMC = 0.01 %wt; 0.017 mM) 49 is remarkably low in comparison to the charged surfactants SDS (3.42 mM) 50 and CTAB (0.074 mM) 51 This low CMC allows for less detergent within the assay mixture. The hydrodynamic diameter (Dhyd), determined by dynamic light scattering (DLS), shows an increasing spherical micelle size from CTAB (Dhyd ~ 3 nm) to SDS (~4 nm) to P123 (~17 nm) at the measured concentration (see Table 3.1). A relatively large hydrodynamic diameter is preferable for the purpose of stabilizing Pt(II)-aggregates, which are known to form extended fibril systems. 40 Furthermore, the surfactants were probed on their performance for the aimed assay.

Therefore, the precursor L-Pt-DMSO (10 L, 10 mM in DMSO) was added to a solution of pyridine (100 M) either in pure saline PBS buffer or buffered solutions with each surfactant (at the same concentration as used for DLS measurements) in disposable PMMA cuvettes. After 3 h reaction time at a shaking speed of 100 rpm and 37°C the samples were analyzed with a fluorescence spectrometer with ex = 375 nm and em = em,max for excitation spectra.

Unlike the reaction in water, no precipitation of the complex was observed (Figure 3.12) and the emission profiles resembles the freshly flash-injected L-Pt-1 (vide supra). As reference the assay was also performed only with L-Pt-DMSO avoiding pyridine. The signal-to-noise ratios were calculated by using the water Raman band as reference at fixed bandwidths (see Table 3.1 for details). In contrast to P123, CTAB and SDS strongly stabilize the reactive precursor leading to a pronounced structured emission after 3 h reaction time. In the case of P123, most likely a non-emissive aquo complex is formed, when no aza-heterocycle is present. The aquo complex is more inert than the DMSO complex rendering a sluggishly reactive Pt(II)-complex-This explanation is supported by the finding, that a prepared stock solution of L-Pt-DMSO in water became non-emissive after several days stored. Furthermore, this aqueous stock solution underwent no reaction with pyridine within the given conditions of the assay. In comparison to the other surfactants (CTAB & SDS), P123 provided the best signal-to-noise ratio and is biocompatible. 49,52,53 Furthermore, it forms micelles at rather low concentration 49 while providing the largest hydrodynamic radius of the spherical micelles. Thus, the assay was performed featuring P123 in saline buffer PBS at a concentration of 0.5 %wt.

Addition of the precursor L-Pt-DMSO to a solution of pyridine and P123 in saline PBS buffer resulted in a strong increase (factor of 1.5x10 3 ) of the emission intensity at 574 nm with signal saturation after 3 h at 37°C (low steepness see Figure 3. For L-Pt-1 the red-shifted absorption onset (497 nm), emission wavelength maximum (571 nm) (Figure 3.14), high PLQY (45%) and long excited-state lifetime (440 ns) are all indicative of the Pt-complex aggregation (Table 3.3) accompanied by Pt•••Pt interactions.

The photophysical spectra resemble those of the flash-injected in PBS (fresh) and PBS with 0.5% P123 suggesting that the analyzed compounds are of the same chemical structure. The assay can also be performed in urine, displaying its applicability to biologically relevant media (Figure S8). For this experiment, a highly-concentrated stock solution of P123 in PBS (pH = 7.4, 10%wt, 30 L) was added to the pyridine solution (30 M) in Surine Negative Urine Control (2960 L). Subsequently, the phosphorescence probe L-Pt-DMSO (10 L, 10 mM in DMSO) was added and the assay performed for 3 h at 37°C. The assay was also performed in blood serum (Bovine Albumin Serum) yielding no luminescent L-Pt-1 complex, most likely due to the high number of possible coordinative compounds within the serum. Nevertheless, tracing of an already labeled analyte, and thus using the precursor as tag, is possible in blood (vide infra). 

Analyte discrimination by their unique emission spectra

The generality of the described protocol for aza-heterocyclic components was probed with a library of 52 representative compounds, including toxins such as nicotine (2) and commonly used antifungal drugs (Scheme 3.2 & Scheme 3.3).

Scheme 3.2: Aza-heterocyclic analytes that form strongly emissive Pt(II)-complex aggregates with the Pt-precursor SiNo > 3.

The fluorescence analysis revealed a strong enhancement of emission intensity for 24 analytes, while the other 28 analytes exhibited only weak emission intensities. The measure for 'weak' and 'strong' emission-intensity enhancement is the calculated signalto-noise ratio given by

𝑆𝑖𝑁𝑜 = √ 𝑆𝑖𝑔𝑛𝑎𝑙-𝑁𝑜𝑖𝑠𝑒 𝑁𝑜𝑖𝑠𝑒 Eq. 3.1
where "Signal" denotes the integrated intensity over the entire emission spectrum (410 -735 nm, exc = 375 nm) of the analyte reacted with the Pt-DMSO, and "Noise" denotes the integrated intensity over the entire emission spectrum (410 -735 nm, exc = 375 nm) of L-Pt-DMSO in the absence of analyte (blank) subjected to the same assay conditions (37°C, 3 h). If the signal-to-noise ratio (SiNo) was greater than 3, the analyte was assigned as significantly emissive. Histamine served as a show case example, demonstrating that also a lower SiNo still enables processability for the analyte detection and discrimination (see multivariate data analysis). The SiNo values for all tested analytes are listed in Table 3.2. The weakly emissive compounds are depicted in Scheme 3.3.

Amongst the strongly emissive analyte, 13 were chosen as representative analytes and their photophysical data summarized in Table 3.3. Photographs of selected vials are depicted in Figure 3.4. The spectroscopic features of several analytes after reacted with the precursor L-Pt-DMSO are discussed in the following section. The spectroscopic distinction of structurally similar analytes is a major challenge for direct sensing methods with both reactive organic probes and indicator-displacement assays. 7,[58][59][60] This limitation is overcome in the developed system, where several analytes could be already distinguished from each other by their emission color observed by the naked eye. Furthermore, when the emission spectra are recorded, then most Pt-complexes of aza-heterocyclic analytes could be readily distinguished from each other by visual inspection of the spectra features. For instance, complexes of 1 and 2 differ by 835 cm -1 (24 nm) in their emission wavelength maxima and a factor of nine in their PLQYs (Table 3.3). The structure of the absorption and excitation spectra (Figure 3.16) strongly differ from each other displaying a bathochromically shifted onset for 1 (375 cm -1 , 8 nm).

The excited-state lifetime, detected for 1 is 4.8 times higher than for 2. Additionally, the measured excited-state lifetimes and quantum yields significantly differ from each other with 199, 175 and 542 ns as well as 27, 17 and 54% for 9,10 and 11, respectively. These findings demonstrate that electron density changes at the same substitution position lead to different photophysical read-outs. 3.3). Also, the quantum yields display no significant differences with 20 and 21% for 3 and 4, respectively. A stronger distinction is in that specific comparison only feasible by the excited-state lifetimes, which diverge by a factor of almost 2. Nevertheless, also small differences can lead to a clear distinction, when bearing orthogonal information (vide infra). Noteworthy, some o-substituted pyridines also react with L-Pt-DMSO, but the reaction is slower and the products are only weakly emissive. Thereby, o-pyridine methanol (25) is directly distinguishable from its regioisomers 3 and 4 in the assay. In order to assess the reactivity of L-Pt-DMSO towards differently substituted pyridines, the geometries of the complexes regioisomers L-Pt-3, L-Pt-4 and L-Pt-25 were optimized at their ground states.

For this purpose, density functional theory calculations were carried out utilizing the paramter-free hybrid functional Perdew-Burke-Ernzerhof PBE0. [62][63][64] The standard valence basis set 6-31G(d,p) for C,H,N and F was employed. 65 The Stuttgart-Dresden effective core potential 66,67 along with its corresponding basis set was employed for Pt. The found stationary points possess no imaganiry frequencies (checked by frequency analysis) and therefore assumed to be true minima. All calculations were performed and visulaized with the Gaussian09 programm package. 68 The resultant energies of the complexes were compared by means of the following approach and equations guessing an isodesmic In order to gain further insights into the coordination of differently substituted pyridines in the conditions of the assay, two assays were performed in pure PBS (33 M L-Pt-DMSO, 100 M analyte). One assay with 25 and the other with its regioisomer 4.

After the assay the suspensions were centrifuged, the supernatants removed and subsequently washed with PBS and again centrifuged. After that the precipitates were washed with deionized water and centrifuged including the subsequent removal of the supernatant. The latter procedure was repeated one further time and the solids were The impact of sterical hindrance displays a greater effect, when the regioisomers 3,5 (9) and 2,6 dimethyl pyridine (26) are examined. Similar to the findings for the methanol pyridine derivatives, the doubly meta substituted 9 exhibits a strong emission intensity after the performed assay with L-Pt-DMSO, but the doubly ortho substituted 26 did not yield an emissive product (Figure 3.17).

Thus, the separated reactions were performed as described above for 4 and 25. The formed complex L-Pt-9 was characterized by mass spectrometry (L-Pt-9, m/z: [M+Na] + calcd. 672.0629; found 672.0668) and NMR spectroscopy (Figure 3.22) featuring a straight forward peak assignment. Although the energetic penalty (𝛥𝐸 3,5→2,6 = 7.82 RT), that must be paid for the isodesmic exchange reaction, is in the same range as for 25 (vide supra), the resulting complex of L-Pt-26 could not be detected in ESI-ToF MS or NMR.

Therefore, most likely no formation of the complex takes place at the ambient assay conditions. Halogenated pyridines (13-14) display unique emission features, i.e., a shoulder at short wavelengths. Interestingly, when an iodine (15) substitution is present, this shoulder is not observed (Figure 3.24). The absorption spectra of 13 and 14 show pronounced bands around 400 -480 nm and excitation spectra (resembling the absorption spectrum well) that peak at 378 and 417 nm as well as 378 and 420 nm, respectively. These bands can be assigned as π-π* transitions. This observation strongly differs from the excitation and absorption spectra of 15, which rather resembles the shape and intensity of the parent complex of 1. Here, weaker MLCT and π-π* transitions are observed with a pronounced excitation transition at 473 nm. The excited-state lifetimes measured for 13 and 14 are 228 and 260 ns, respectively, which are significantly shorter than for 15 (453 ns) and 1

(440 ns). Similar photophysical features as determined for 13 and 14 are observed for the complex of the strongly electron withdrawing (π-accepting) 4-cyano pyridine 10 (vide supra) featuring an excited-state lifetime of 200 ns. The electron-withdrawing abilities of halides are based on a negative (electron-withdrawing) inductive effect. The inductive effect is affecting the σ-system and the π-system. 69 Furthermore, the reduction potential of the ligand is shifted to more positive values enabling a more facile reduction of the ancillary ligand with increasing electron-withdrawing inductive effect. 70,71 The electronegativity (χ) after Pauling 72 can serve as a measure for the extent of the electronwithdrawing inductive effect. This reveals a series with declining χ from chlorine (χ = 3.16) to bromine (χ = 2.96) to iodine (χ = 2.66). Additionally, poly-aza-heterocycles (31-34) are also linked to a weak emission intensity of the corresponding Pt-complexes (Table 3.2). The series of varying positioning of the aza moiety demonstrates another type sterical hindrance. Hereby, the adjacent nitrogen atoms in pyridazine (31, SiNo = 1.2) prevent a double coordination featuring a planar geometry of the resulting complex and thus only a singly coordinated species or tilted doubly coordinated can be formed. In any of the possible ways for coordination, the activation energy will be rather high. A similar observation is present for pyrimidine (32, In general, the poly aza-heterocycles are less electron-rich than the single aza-heterocycles with the parent pyridine. The lowered basicity renders a lower affinity for metal coordination. Therefore, a double coordination is most likely not only sterical hindered (31, 32 & 34) but also electronically and needs higher activation energy (higher reaction temperature). The reduced electron-density of the poly aza-heterocycles might have similar effects as described for analytes bearing electron-withdrawing group (vide supra). The resulting lowest charge-transfer (CT) states might be dark states competing with the emissive states and thus leading to a low quantum yield. Furthermore, the free nitrogen of a singly coordinating poly aza-heterocycle can form H-bonds towards the surrounding solvent molecules enabling a quenching by low lying CT states. 77 Although the lone-pair energy of an sp 2 hybridized nitrogen is lower than the one of an sp 3 -nitrogen, it cannot be excluded that the aggregated emissive state is quenched by the uncoordinated aza-moieties (In Chapter II it is shown that [2,2,2] cryptand renders the quenching of the 3 MMLCT based emission)

SiNo
However, the signals were still detectable conditions for strongly emissive compounds at the fluorescence spectrometer. Therefore, the assay can be further tailored to multi-aza compounds. S1). Here, the typical structural characteristic is either a lone pair (36) or even a full negative charge (30), which presumably quenches the phosphorescence by PET.

The Pt-complex of imidazole ( 16 Consideration of the photophysical data arising from a reaction with miconazole (23), which is also a derivative of N-methyl imidazole a different picture than for 21 is drawn. Now, the emission profile is peaking at 570 nm with a small peak at 461 nm indicating of partially aggregated and disaggregated Pt(II) species. The excited-state lifetime of 338 ns suggests an 3 MMCLT based emission, which is as well supported by the broad emission profile. Nevertheless, the absorption and the excitation spectra rather resemble the profiles of a monomeric species with λmax = 451 nm. That the excitation spectrum, measured at 570 nm (aggregation) is similar to the absorption spectra of the monomer suggests the formation of excited state dimers (excimer). 80 It is not uncommon to observe excimer emission from Pt(II)-complexes accompanied by a decrease of the Pt-Pt distance, due to the depopulation of the anti-bonding HOMO. 42,47,[81][82][83] Concluding the results of 17, 21 and 23, the substitution pattern on the aza-bound carbon probably plays a major role. From 17 to 23 to 21, the bulkiness of the substituents increases accompanied by a hypsochromic shift of the emission and a change in its profile.

The Pt(II)-complex of the 1,2,4 triazole based anti-fungal drug fluconazole (22) exhibits an absorption spectrum featuring λmax = 465 nm and an excitation onset of 488 nm. Together with the featureless emission profile peaking at 587 nm and an excitedstate lifetime of 296 ns the emission is ascribed to by 3 

Analyte differentiation and deconvolution by TRES

Analyte detection by means of time-resolved emission spectroscopy, e.g., through measurement of the excited state lifetime, can be superior to steady-state emission detection if the samples of interest are highly scattering or show sizeable inner filter effects. 84,85 Moreover, the time domain can offer some additional useful information to assist analyte differentiation. For instance, the Pt-complexes of analyte 2 and 10 coincidentally show very similar values for their emission maxima (545 and 546 nm for 2 and 10, respectively) and absorption onsets (470 and 471 nm), see Table 3.3. However, their excited-state lifetime (91 and 175 ns, respectively) differ by a factor of almost 2, which can be routinely determined 73 such that analyte 2 and 10 can be readily distinguished with high confidence. It is important to note that the self-aggregation of the Pt-analyte complexes renders the phosphorescence insensitive to dynamic quenching by dissolved oxygen, such that the excited state lifetimes are similar under aerated and deaerated conditions. 48 The comparably long and analyte-dependent excited-state lifetimes of the Pt(II)-analyte complexes can also be exploited for spectral deconvolution of mixtures of the labelled analytes by means of time-resolved emission spectroscopy (TRES). 1,86 For example, an 

Mathematical models for analyte differentiation

In order to provide a more quantitative differentiation of the Pt-complexes and to show the potential of the tagging method for differential sensing application, a principal component analysis (PCA) [87][88][89] was performed. The unsupervised multivariate routine PCA is the best choice to demonstrate the utility of input parameters, because only a smaller variance of the replica measurements than for different analytes results in the appearance of a score clustering. 87 Five photophysical parameters were determined (for all values please see table in Appendix) for each Pt-labelled analyte and the PCA algorithm mapped this input data into a distinct score for each of the 23 tested analytes:

the emission wavelength maximum in cm -1 (max), the excitation onset in cm -1 (exc,onset), the reference weighted integral of the emission spectrum (Int), the amplitude weighted excited-state lifetime () and the signal-to-noise ratio (S/N) (see Appendix for data table ).

Since the input variables differ strongly in their numerical magnitude, the eigenvalue problem for the PCA was solved for the correlation matrix, instead of the covariance matrix. Not all samples revealed clearly defined excitation bands, therefore the excitation onset was determined as the inflection point of the longest-wavelength band in the excitation spectrum. The inflection point was determined through fitting of a Gaussian peak. 46 In order to facilitate the instrumental effort as well as allowing reproducibility in other laboratories without an integrating sphere setup, reference weighted integral of the emission spectrum instead of the quantum yield was utilized in the PCA. 90 The amplitude weighted excited-state lifetime was detected by time-correlated single photon counting measurements with the FT300 setup from PicoQuant, utilizing the most likelihood estimation method.

In order to give a general picture about the applied mathematical model, the discussion is initially limited to representative analytestheir corresponding score 2D and 3D scores plots are shown in Figure 3.33. A reasonable representation of three dimensionality data as inherently two dimensional images is difficult, therefore the reader is referred to the attached video files for a detailed review. Although the scores are well separated and cluster for each analyte, the input parameters possess certain errors, namely the standard deviation given by sampling and the instruments as well as assay uncertainties (Table 3.4). The estimated parameter uncertainties of the assay were also computed, demonstrating that even large measuring errors (15%) are tolerable. The certainty of the given data can be assessed by 95% confidence ellipses, which present very well the clear separation in the 2D space. The error estimation for 3D data can be conducted by using the same principle as for 2D data, namely the calculation of 95% confidence ellipsoids. For both cases, ellipses and ellipsoids, the calculation is fundamentally akin to a PCA. If a square matrix (n X n)

possesses any eigenvector, it possesses n eigenvectors. The eigenvector v of a dataset matrix A can be used to describe the matrix A via the eigenvalue λ:

𝐴𝑣 = 𝜆𝑣 Eq. 3.2
Therefore, a linear combination with the eigenvectors and eigenvalues allows for a projection of the data onto space of lower dimension (e.g., 4D → 3D). This projection can then be used as a description of the data of higher dimension and its distribution. The later one is used to visualize the spreading of the scores within the 2D (ellipses) or 3D On the other hand, wide spreading as observed for 18, 20 and 15 is most likely due to the big standard deviation arising from the small sample size. Therefore, a transfer of the system towards an instrumentation such as a micro-well plate reader enabling a higher through put and thus a bigger sample size is desirable. Consequently, the system was tested on the omission of the excited-state lifetime as factor being the most sophisticated to be determined. The principle applicability of a plate reader was shown in Figure 3 Furthermore, in a blind study, an unknown sample (Sample X) from a selection of the drugs (2, 21-23) was chosen and correctly identified as 21 through the assay and PCA (Figure 3.33). For this experiment, triple replica of the unknown compound were subjected to the assay as described above and the average values were taken as inputs for the PCA.

Beyond the aforementioned "end-point" detection approach, the time domain can also be used for analyte identification. Exploratory kinetic studies yielded remarkably different reaction profiles even for the structurally similar analytes 1 and 9 (Figure 3.39).

The chosen representative analytes display all different kinetic profiles, and thus distinguishable reaction rates. Furthermore, all kinetic profiles have a certain delay time in the beginning in common and an abrupt increase rendering a sigmodal function. This finding is in agreement with the currently investigated cooperative supramolecular growth mechanism of these types of Pt(II)-complexes in aqueous medium. 39,93 First seeds are formed reacting at a critical concentration as initiators for the supramolecular polymerization. 

L-Pt-DMSO as reactive luminescent tag for aza-heterocycles

Emissive labels for the medically relevant imidazole-and triazole-type drugs are rare;

the presented Pt-labels may close this gap. Importantly, Pt-complexes of the biologically omnipresent amino acid histidine (38) and its derived neurotransmitter histamine (20) Notably, the Pt-complex labelled products are photostable 48 and kinetically inert, as was confirmed for L-Pt-11 and L-Pt-13 in the presence of competitive ligands (vide supra). Finally, the Pt(II)-phosphors possess large Stokes shifts (Table 3.3), which is also favorable for imaging applications. 9 Time-resolved emission spectroscopy as applied for the deconvolution of the emission spectra of two analytes reacted in the assay (vide supra) is also valuable for the monitoring of Pt(II)-analyte complexes in autofluorescent matrices, such as blood serum (Figure 3.41). Bovine Serum was tested as substrate for the assay and as blood analogue to probe a trackability of the labeled analytes. The protein Bovine serum albumin (BSA) is known to provide several reactive sides enabling this protein on one hand for applications in differential sensing. 7 On the other hand, these reactive sides are most likely responsible for the deactivation of L-Pt-DMSO preventing a successful assay in blood. The strong background signal of autofluorescent amino acids, predominantly tryptophan, is a common problem in bioimaging. The utilized Bovine Serum possesses such a strong fluorescent background signal. Typically, fluorescent excited states exhibit a short lifetime around 1-10 ns, whereas the phosphorescent Pt-labeled aza-heterocycles show excited-state lifetimes of hundreds of nanoseconds (see Table 3.3). With gated emission detection, the convoluted spectra of L-Pt-1 (pre-reacted in a separate assay and then injected into the blood sample) and the background signal (black curve, Figure 3.41) can be deconvoluted into each separate emission profile (redblood, green -L-Pt-1, Figure 3.41). Studies that exploit the herein presented phosphorescent Pt(II)-tags for spatiotemporal-resolved imaging are currently underway.

Conclusion

In conclusion, in this chapter a novel, highly reactive platinum precursor is presented that enables facile labelling of aza-heterocyclic compounds (e.g., pyridines, imidazoles) in aqueous media through the formation of highly emissive Pt(II)-complex aggregates.

The labeled analytes are also detectable when a strongly autofluorescent background signal is present enabling tracking in biological relevant media such as blood. The This study provides a showcase for the superior analyte discrimination capabilities of a combined reactive-probe and supramolecular assay. The simplicity of the method relies on the unique spectroscopic properties that each analyte induces.

This work was developed in collaboration with Frank Biedermann from the Karlsruhe Institute of Technology (KIT), who is kindly acknowledged. 

Experimental part

Synthesis of L-

Synthesis of L-Pt-1

100 L of a L-Pt-DMSO solution in DMSO (10mM) was dropped into 300 L of a solution of pyridine (1) in PBS (pH=7.4, 10 mM) and sonicated for 3 h. Subsequently, the crude product was centrifuged and the supernatant removed. This procedure was three times repeated with Water, one time with ethanol and once with CHCl3 yielding the green solid. 

Introduction

Molecular self-assembly at surfaces is a versatile approach to position functional groups with sub-nanometer precision over several hundreds of µm 2 areas and thereby it allows the fine-tuning of numerous physico-chemical properties of the resulting nanostructures. [1][2][3][4][5][6] The design of molecules comprising active groups represents a promising route for engineering functional surfaces and interfaces. Among various functional systems, luminescent Pt(II)-complexes have attracted a great interest during the last decade due to their appealing photophysical and redox properties, including strong absorption bands featuring onsets in the visible region as well as room temperature emission accompanied by a large Stokes shift. 7 Neutral Pt(II)-complexes bearing tridentate azolate-based ligands possess extraordinary high phosphorescence quantum yields and a long excited state lifetimes. 8,9 Furthermore, due to their square-planar geometry such complexes display high propensity to undergo aggregation by means of the solvatophobic effects, π-π and dispersive interactions. These properties can lead to supramolecular assemblies holding attractive features, because closed-shell metal-metal interactions of the Pt(II) centers strongly augment the emission properties. [10][11][12][13] Supramolecular systems, where Pt(II) ions have been directly coordinated to nucleobases are the subject of numerous studies. [14][15][16][17] Certain platinum complexes of pyridine, purine and pyrimidine derivatives (Figure 4.1) were found to present promising properties as antitumor drugs and in a variety of biomedical applications. [18][19][20][21][22] Figure 4.1: Examples for Pt(II)-complexes coordinated with nucleobases 14,16 and for biomedical applications bearing pyridine 20 and pyrimidine 22,23 derivatives.

Scanning tunnelling microscopy (STM) is an extremely powerful tool to investigate supramolecular materials featuring atomic resolution. In particular, it is the method of choice for imaging structures and dynamics in molecular self-assembly on surfaces. [24][25][26][27][28] Furthermore a direct insight into the frontier allows for the investigation of structureproperty relations and thus the tuning of photophysical properties. 29 Hydrogen bonding has been extensively used as a directional, non-covalent intermolecular interaction for designing and controlling the formation of complex supramolecular architectures. On solid surfaces, sophisticated structures can result from the formation of various hydrogen bonded patterns, including linear and cyclic motifs with different pairing such as O-H … O, N-H … O and N-H … N. [30][31][32][33][34] Nucleobases have been previously reported to form cyclic quartet and hexameric structures on the surface [34][35][36][37][38] and pentamers in the solution. 39 To the best of my knowledge, the formation of other types of cyclic motifs has not been discussed. On the basis of previous investigations on substituted isocytosine, 38 the effect of bulky Pt(II)-complexes featuring potential application in optotronics was comprehensively studied.

In this chapter, it is demonstrated that in particular isocytosine can be used to steer the 2D assembly of Pt(II)-complexes through hydrogen bonding interactions between nucleobases. The experimental findings are supported by density functional theory (DFT) calculations, enabling the analysis of both the strength of hydrogen bonding and the interactions with the graphite substrate. Additionally, STM images are simulated in order to get an in-depth understanding of the electronic features of the molecular architectures.

Specifically, the self-assembly of the Pt(II)-complex L-Pt-Py-iCyt (Scheme 4.1) into discrete supramolecular architectures held together via intermolecular hydrogen bonds between isocytosine moieties at the solid/liquid interface is investigated. It is particularly shown that the formation of polycrystalline structures composed of various polygonal assemblies including trimers, tetramers, pentamers and hexamers is stabilized by distinct hydrogen bond pairing. 

Results and discussion

Design and synthesis of the H-bond scaffolds

As known from literature and shown in the previous chapters, the Pt(II)-complexes bearing the N-metalacycling ligand L-2H and a pyridine derivative exhibit a square planar geometry, if bulky substituents at the ancillary ligand are absent. Due to this geometry, these complexes display a high tendency to assemble in z-directional fashion, also known as "stacking". 40 The photophysical consequences of this stacking are comprehensively discussed in the previous chapter. This aggregate formation is most likely driven by π-π, dipole, dispersive interactions (Pt•••Pt) and the hydrophobicity/solvatophobiticy effect.

In order to organize the system in a 2-dimensional fashion via hydrogen interactions, isocytosine (iCyt) was chosen as a platform bearing H-bond acceptor and donor moieties (vide supra for schematic representations of the interactions & Figure 4.4). On account of the arising competition between the supramolecular interactions, z-directional (stacking)

The solid-state (powder) analysis revealed a broad luminescence spectrum centered at 578 nm (Figure 4.3) arising from a metal-metal-to-ligand-charge-transfer state Unexpectedly, the quantum yield remained very low, which is indicative of a perturbation of the z-directional stacking. The additional rotational axis between the pyridine and the isocytosine moieties as well as the strong intermolecular H-Bond interactions of the latter one may impede the formation of long Pt(II) stacks, namely fibers. 13 This constitution in turn decreases the ridigochromic effect and the shielding from O2 rendering an efficient quenching of the emissive state.

Another possible explanation is the formation of a strong H-bond network rendering the dissipation of the absorbed light and thus a fast radiationless deactivation of the excited state. 

Self-assembly of 4-isoCytosinyl-pyridine (Py-iCyt)

The self-assembly of the ligand Py-iCyt was probed at the solid-liquid interface. A drop of a (500  2) M solution of Py-iCyt (Figure 4.4) in 1-phenyloctane was applied to a freshly cleaved graphite surface. The STM characterization revealed that Py-iCyt forms a supramolecular ribbon-like motif at the interface between the solution of Py-iCyt in 1-phenyloctane and highly oriented pyrolitic graphite (HOPG) (see Figure 4.5). As shown in Figure 4.6, the network consists of a lamellar pattern that is stable for several hours. The different contrast shown on the STM image of the Py-iCyt monolayer is a moiré pattern that is caused by electronic mismatch/interferences of the supramolecular adsorbed lattice and the underlying graphite surface. 44 The pattern reveals 2D polycrystalline structure appearing as a ribbon-like architecture ( The observed motif is in a good agreement with previous observations on supramolecular structures of 6-methylisocytosine derivatives, 45,46 and 6-[4-(octyloxy)phenyl] isocytosine. 38 This finding means that the functionalization of isocytosine with a pyridine unit does not influences its self-assembly behavior at the solid/liquid interface.

Self-assembly of L-Pt-Py-iCyt

The studies were extended to the self-assembly of L-Pt-Py-iCyt at surfaces by applying a 4 L drop of 100  2 M solution in 1-phenyloctane on a freshly cleaved HOPG substrate. The incorporation of the sterically demanding L-Pt moiety (see Statistical analysis on these experimentally observed cyclic arrangements was performed on ten independent STM experiments, also by exploring different regions of the samples. Figure 4.9 summarizes the occurrence of each self-assembled discrete motif, which has been monitored and identified. Such an analysis revealed that two supramolecular species dominate, i.e. ½iC6 (45%) and iC6 (35%), suggesting that they are both energetically favoured over the others cyclic motifs, i.e. iC5, iC4 and iC3

assemblies. The analysis of the number of monomers involved in various motifs further supports this finding. Figure 4.9 shows that > 80% of the adsorbed molecules are involved in the formation of either iC6 (50%) or ½iC6 (32%) structures. In order to investigate the mechanical stability of the different motifs, the dissociation energy for each suggested molecular motif was calculated and all are depicted in the middle panel of Figure 4.15. The dissociation energy was defined as follows:

𝐸 𝑑𝑖𝑠𝑠 = 𝐸 𝑁 -𝐸 𝑁-1 -𝐸 𝑆𝑀 Eq. 4.1

where N denotes the number of molecular units within a given motif, 𝐸 𝑁 and 𝐸 𝑁-1 are the total energies of a given molecular motif containing N and N-1 molecular units (monomers), respectively, and 𝐸 𝑆𝑀 is the energy of a single isolated monomer. The energy 𝐸 𝑁-1 is computed by first removing a monomer from the motif and subsequently performing a structural relaxation of the system. 

Re-arrangement energies

No structural rearrangement of the motif can take placesuch as the transition from the conformation of iC6 to iC5when only the calculation of the dissociation energies of single supramolecular motifs is considered. The reason for this observation is that structural rearrangement usually occurs through energetic barriers that cannot be overcome by a zero-temperature conjugate gradient relaxation algorithm. Thus, an additional quantity was defined, the rearrangement energy 𝐸 𝑟𝑒𝑎𝑟𝑟 , given by the relation:

𝐸 𝑟𝑒𝑎𝑟𝑟 = 𝐸 𝑁 -𝐸 𝑁-1 ′ -𝐸 𝑆𝑀 Eq. 4.2
In this expression, 𝐸 𝑁 refers to the total energy of a motif containing N monomers, while the quantity 𝐸 𝑁-1 ′ is the total energy of a motif with one monomer less, but also with a different spatial symmetry (compare e.g. iC5 and iC6 in Figure 4.17 Rather weak yet comparable interaction energies of L-Pt-Py-iCyt with the graphene substrate were found for all molecular structures (below 30 meV per atom). The STM analysis of films prepared from L-Pt-Py-iCyt solutions revealed the formation of polycrystalline structures dominated by iC6 and ½iC6 assemblies (ca. 80%; Figure 4.9), which is in a good agreement with the results of the theoretical studies. In particular, both iC6 and ½iC6 assemblies are being favoured among all L-Pt-Py-iCyt structures, a finding, which can be directly correlated to the largest energies of dissociation. While the strength of intermolecular interactions plays a major role in the L-Pt-Py-iCyt self-assembly, the impact of the adsorption energies can be neglected, as Ead were found to be comparable among all L-Pt-Py-iCyt assemblies.

Conclusion

In summary, STM studies were performed on the formation of different polygonal discrete cyclic supramolecular motifs formed by the isocytosine based Pt(II)-complex L-Pt-Py-iCyt at solution/HOPG interface. The results were supported by a comprehensive DFT analysis including the simulation of STM images. The calculation results were in a very good agreement with the experimentally acquired results. Both, the experimental and the theoretical findings, provided unambiguous evidence that the formation of hexameric and half-hexameric motifs of L-Pt-Py-iCyt molecules is thermodynamically favoured (82% of all molecules), as ruled by the strength of the association energy. Nevertheless, pentamers, tetramers and trimers are also observed at the solid/liquid interface, but to a minor extent (18% of all molecules). The approach described in this work can be exploited to control the supramolecular structure of Pt(II)-complexes at the surface, and in general for the installation of several entities that can interact intermolecularly. Consequently, a way is demonstrated for tuning the photophysical properties of such organized materials and current studies aiming on multilayered structures enabling Pt•••Pt interaction are on the way.

Computational details

The calculations were carried out by the group of Gianaurelio Cuniberti including Arezoo Dianat, Alejandro Santana-Bonilla and Rafael Gutierrez at the Technische Universität Dresden who are kindly acknowledged.

The computation of stable molecular conformations and the corresponding electronic structure was carried out at the density functional theory (DFT) level of theory with the standard implementation in the CP2K package. A mixed basis-set approach is used, where the Kohn-Sham orbitals are expanded into linear combinations of contracted Gaussian type orbitals (GTO) and complemented by a plane-wave basis set in order to compute the electronic charge density. In all calculations, the BLYP exchange-correlation functional was used, and its corresponding norm-conserving pseudo-potential GTH 

Experimental part

The scanning tunneling microscope (STM) experiments were conducted in collaboration with Mohamed El Garah and Artur Ciesielski of the group of Paolo Samorí at the Université de Strasbourg who are kindly acknowledged.

Synthesis of 4-isoCytosinyl-pyridine (Py-iCyt)

Following the literature in parts, 38,41,42 ethyl 3-oxo-3-(pyridin-4-yl)propanoate (707 mg, 3.66 mmol) and guanidinium carbonate (2.4 g, 5.49 mmol) were suspended in absolute ethanol (10 mL) in an inert atmosphere. Subsequently, aqueous HCl (12 M, 110 μL) were added and the reaction mixture heated to reflux for 18 h. The reaction mixture was allowed to cool to room temperature and the precipitate filtered through Buchner filtration. The solid was thoroughly washed with ethanol and diethylether and afterwards transferred to a round bottom flask and dissolved in aqueous NaOH (1 M, 12 mL). This solution was heated to reflux for 2h and subsequently acidified with glacial acetic acid (3 mL). The resulting precipitate was filtered through a Buchner filtration, washed with distilled water, ethanol, diethylether and subsequently dried under ambient condition to yield a white solid (54 mg, 0.28 mmol, 8%). 

Synthesis of L-Pt-Py-iCyt

L-Pt-DMSO (6.7 mg, 0.01 mmol) and Py-iCyt (2 mg, 0.01 mmol) were dissolved in a mixture of MeOH/DMSO (2 mL, 10:1, v,v) and sonicated for 1 h in a closed Eppendorf vial leading to the formation of a yellow emissive precipitate. Subsequently, the crude product mixture was centrifuged and the supernatant taken off. The solid was afterwards treated with THF and subsequently again centrifuged to receive the solid. This procedure was repeated with MeOH two times and one time with THF to obtain an orange solid product (8 mg, 0.01 mmol, 82%). Transition metal complexes utilizing for instance Ru(II), [1][2][3][4][5][6][7] Os(II), 8 Ir(III), [9][10][11] Pt(II) 12 show an effective intersystem crossing towards a triplet excited state on account of a strong spin-orbit coupling induced by the heavy atom. In virtue of the spin-conservation rule, the excited state lifetime for these phosphors will be strongly prolonged in contrast to fluorophores up to seconds, resulting in spin-changing emissive relaxation, namely phosphorescence, which is accompanied by a large Stokes shift.

On account of increasing primary and secondary inner filter effects, luminophores in general suffer from self-quenching at higher concentrations, the so-called aggregationcaused quenching (ACQ), 13 resulting in strongly decreasing quantum yields (φ) at high concentrations. Phosphorescent neutral square-planer Pt(II)-complexes, appropriately decorated with chromophoric ligands, exhibit the geometric prerequisite to overcome this problem. In a monomeric form a structured emission peaking in the blue region of the electromagnetic spectrum is observed with a short excited-state lifetime (few nanoseconds) and low quantum yield (φ < 1%), while in the aggregated state a featureless bathochromically shifted luminescence occurs exhibiting a prolonged excitedstate lifetime (hundreds of nanoseconds) and a strongly increased quantum yield (φ = 65%).

The observed effects of prolongation of the excited-state lifetime as well as a strong increase of the quantum yield depending on the self-assembling of the complexes can be assigned as aggregation-induced emission (AIE). Therefore, also high concentrations, global or local, lead to attractive photophysical properties such as excitation and emission in the visible region of the solar spectrum, large Stokes shifts high quantum yield and long excited-state lifetime aiding a facile suppression of possible background fluorescence caused by biological matrices. Furthermore, a change of the nature of the emission from 3 LC based to 3 MMLCT based occurs already at the formation of dimers rather than supramolecular polymer (see Chapter II, K + -sensing) and thus possesses a high sensitivity for small molecular changes and the perturbation of the self-assembled structures.

The natively icosahedral virus cowpea chlorotic mottle virus (CCMV) is a potentially interesting natural carrier for a variety of cargos. Due to the facile control of the selfassembly of the virus coat proteins (CPs) via pH modulation, not only negatively charged cargos but also neutral ones can be encapsulated. An overview of CCMV in general and encapsulated cargos is given in Chapter I (General Introduction). In this chapter, a more specified literature review is given for the envisaged encapsulation of Pt(II)-assemblies into CCMV capsids.

The DNA-templated rearrangement of CCMV capsids was achieved by single-stranded (ssDNA) and double-stranded (dsDNA) nucleic acids. 14,15 Assemblies of chromophors to dsDNA and subsequently templated capsid formation yielded elongated (17 nm diameter) colored VLPs featuring pronounced CD signals. 15 The encapsulation of metals into confined space is not only of interest for the synthesis of defined nanoparticles [16][17][18] or mineralization processes, but also for the formation of core-shell nanoconjugates Gold nanoparticles decorated with polyethylene glycol chains enabled the templating of capsid formation of bromo mosaic proteins. 19 Furthermore, gold nanoparticles were successfully used for fluorescence enhancement in spherical

VLPs of bacteriophage MS2. 20 The capsid shell was covalently decorated with Alexa resulting in an negatively charged assembly above the critical aggregation concentration in buffered solution. 23 The obtained VLPs displayed a broad size distribution, indicating the formation of T = 2 and T = 3 particles.

An encapsulation of drugs into a natural carrier such as a protein cage is a rational approach for targeted anti-cancer therapy. [24][25][26][27][28][29] The Pt(II)-complexes cisplatin and carboplatin as efficient cytostatic drugs, which intercalate into the backbone of DNA, were successfully encapsulated into apoferritin. 30 Apoferritin 31 (ferritin lacking Fe) proteins form cages of 12 nm size controlled by pH modulation, 32 which enable the transport of the cytostatic drugs towards cancer cells. Cell viability tests with PC12 cells a significant lowered concentration of the hybrid materials in comparison to other drugs.

Preliminary data for the encapsulation of Pt(II)-assemblies into CCMV capsid were obtained in a collaboration between the De Cola and Cornelissen labs. 33,34 Water soluble zinc phthalocyanines (ZnPCs) were successfully encapsulated into CCMV capsid by the random and templated encapsulation methods (Figure 5.3). 35 The into CCMV capsid enables the prediction of the loading through a homo-FRET assay. 37 As described in Chapter I, for Pt(II)-complex-protein interactions either hydrophobic pockets at the protein are necessary or certain binding motifs such H-bond donor/acceptors or a vacant coordination side are needed. Hydrophobic cavities were so far neither reported for assembled nor for disassembled CCMV coat proteins. The synthesized Pt(II)-amphiphiles are coordinated by a terdentate N-metallacycling ligand and an pyridine, resulting in stable and inert complexes (see Chapter III, exchange reaction experiment). 38 The complexes are decorated with tetra ethylene glycol branches are neutral or negatively charged (Scheme 5.1). Therefore, the predominant supramolecular binding motif will be the electrostatic interactions of the negative cargo and the positive proteins. Furthermore, protein interactions with polyethylene glycol chains were observed for gold nanoparticles in encapsulation experiments with bromomosaic virus (BMV). 19,39 Scheme 5.1: Schematic representation of the synthesized Pt(II)-complexes with two (top) or three (bottom) tetra-ethylene-glycol branches. On the left side of the panels neutral complexes featuring -OMe and -OH end group are depicted. On the right side of the panel the negatively charged complexes carrying sulfite-ester end groups are displayed.

high
The aim of this work is to combine the beneficial aggregation-induced emission properties of Pt(II)-amphiphiles with the spatial confinement induced by encapsulation into CCMV capsids in order to create novel highly luminescent hybrid functional materials.

Results and discussion

Synthesis of the Pt(II)-amphiphiles

As mentioned before, the Pt(II)-amphiphiles are based on the L-Pt-Py framework (hydrophobic part), on account of its advantageous photophysical properties over the bis(tetrazole)-Pt-Py scaffold. The solubility properties were tuned by the ancillary ligand, namely pyridine derivatives featuring a benzene moiety with branches of tetra ethylene glycol (hydrophilic part). The organic building blocks possess the coordinating pyridine which is amide substituted at position 4. The amide bond links either 3,5-bis(tetraethylene glycolyl) phenyl or 3,4,5-tris (tetraethylene glycolyl) to the pyridine. The terminal oxygens of the ethylene glycol chains are either present as hydroxy groups or substituted with methyl groups or sulfite groups.

First of all, the terminally benzyl (Bnz) or methyl (Me) protected tetra ethylene glycol (TEG) were tosylated with Tosyl chloride (toluenesulfonyl chloride TsCl) by a nucleophilic substitution under basic conditions. The activated glycol chains are then transferred to a methyl hydroxy benzoate (MHB) moiety under basic conditions. The Tosyl moiety is a much better leaving group than the hydroxy group. Either methyl-3,4,5trihydroxybenzoate (MTB) or methyl-3,5-dihydroxybenzoate (DTB) serve as MHBs to allow either the formation of three arms and two arms branched system, respectively (Scheme 5.2).

Scheme 5.2: Synthetic route for the activation of the tetra ethylene glycol chains via tosylation (top) and the transfer toward the methyl hydroxybenzoate (MHB) moiety to enable a branched system. The average yields for the products are depicted, for synthetic details see Experimental part.

The branched MHB moieties are in a subsequent reaction linked to the coordinative pyridine. The amide formation was performed either in a two or one step synthesis: i) a preceding basic saponification of the methyl ester is followed by the amide formation via DCC activation (see Experimental part for details). ii) direct conversion of the methyl ester into the amide in technical THF by potassium tertiary butoxide (Scheme 5.3). 40 The latter synthetic route is preferable on account of its velocity, use of ambient condition and high yields observed (see Experimental part for details). For either reaction pathway, the terminal hydroxy groups of the glycol chains need to be protected (Bnz or Me) to avoid undesired side reactions.

Scheme 5.3: Synthetic route for the formation of the amide bond between the coordinative pyridine and the branching MHB moiety. The average yields for the products are depicted, for synthetic details see Experimental part.

In order to form the ancillary ligands carrying terminal hydroxy (A-2xOH, A-3xOH)

or sulfate groups (A-2xSO4, A-3xSO4), the benzyl protection group was removed by hydrogenation in the presence of a palladium catalyst (see Experimental part for details).

The final complexation reaction was performed under mild conditions by utilizing the formally introduced highly reactive Pt-precursor L-Pt-DMSO (Scheme 5.4). Due to the preceding N-metallacyclation, bases are omitted and the labile DMSO is rapidly substituted even at room temperature. On account of the high solubility of the obtained complexes, the usually performed separation by filtration was not successful and thus the crude compounds were subjected to a column chromatography for purification. In the subsequent sections, the photophysical properties and the self-assembly of the prepared Pt(II)-amphiphiles are comprehensively investigated. From hereafter, the following nomenclature is used. L-Pt-2xOMe and L-Pt-3xOMe denote the platinum complexes featuring a terminal methoxy group at the two and three ethylene glycol branches, respectively. L-Pt-2xOH and L-Pt-3xOH denote the platinum complexes featuring a terminal hydroxy group at the two and three ethylene glycol branches, respectively. L-Pt-2xSO4 and L-Pt-3xSO4 denote the platinum complexes featuring a terminal sulfate group at the two and three ethylene glycol branches, respectively. L-Pt-R refers to a reference compound for initially photophysical investigations in organic solvents and the solid state. L-Pt-Alkyl-2xSO4 denotes the platinum complex with two alkyl branches and terminal sulfate groups. The reader is referred to the Experimental part for synthesis details of L-Pt-R and L-Pt-Alkyl-2xSO4.

Photophysics of the Pt-R in organic solvent and the solid state

In Chapter III, it was demonstrated that different ancillary ligands (A) at the L-Pt-A framework induced distinguishable photophysical properties. The differential photophysics are not only based on the ligands basicity, stereoelectronics, electrondonating and electron-withdrawing abilities, but also their stereochemistry and thus the resulting packing of the Pt(II)-complex. Therefore, prior to the formation of the described amphiphiles a reference compound L-Pt-R was synthesized and photophysically investigated. This proceeding allowed the assessment if Pt•••Pt interactions take place upon aggregation and provided an estimate if desired photophysical properties are achievable. The reference ligand R resembles the core structure of the other complexes while avoiding long ethylene glycol branches. The long ethylene glycol branches are expected to adopt a chain-extended conformation in aqueous and organic solution at room temperature and therefore will not contribute to the bulkiness at the L-Pt-Py core. 41,42 Figure 5.4: Schematic representation of the reference complex L-Pt-R without any ethylene glycol branch.

The absorption spectrum in aerated tetrahydrofuran (THF) of the reference complex L-Pt-R resembles the one of the parent L-Pt-Py complex (see Chapter III for details).

The lowest energetic absorption band (ε = 800 M -1 cm -1 ) in the visible region (450 -375 nm) is attributable to a metal-to-ligand charge transfer (MLCT) transition (Figure 5.5 left). The absorption bands in the UV region are ascribed as π-π* transitions (335 nm sh, ε = 15097 M -1 cm -1 , 303 nm, 49293 M -1 cm -1 , 277 sh, 33406 M -1 cm -1 ). On account of the efficient intersystem crossing due to the strong spin orbit, the lowest singlet excited state ( 1 MLCT) 43 is depopulated while the energetic lowest triplet state ( 3 LC) is populated. 44 From this state, a structured emission arises peaking at 462, 489, 519 and 563 nm accompanied by a vibronic progression of 1182 -1442 cm -1 which is attributable to the vibrational modes of the aromatic system of the ligand (C=C, C=N stretch). 45,46 The excitation spectrum resembles the absorption spectrum. The emission profile and wavelength remain unaffected by the energy of excitation and thus following Kasha's rule. 47 The emission quantum yield (<1%) is very low accompanied by the short lifetime of 1.3 ns (monoexponential decay) at ambient conditions. All detected photophysical parameters and assignments are in agreement with similar complexes described in this thesis and the literature. 43,48,49 The photophysical analysis in solution exhibits the absence of Pt•••Pt interactions. emerge from arbitrary arrangements of the complexes in solid-state (manifold of polymorphs). For the remainder of the text, the amplitude weighted lifetime (see Instrumentation part for details) are utilized as measure for the average excited-state lifetime, which is recommended on account of the inherent mathematic problem for amplitude weighted lifetime measurements. 50 However, the average excited-state lifetime is a useful measure for the envisaged purpose of the exclusion of auto fluorescence signals and assessment of lifetime prolongation.

Photophysics of the Pt(II)-amphiphiles in organic and aqueous solution

The results obtained for L-Pt-R and the insights from the former chapters suggested that the fundamental scaffold L-Pt-R allows for Pt•••Pt interactions to occur. Therefore, upon aggregation an alteration of the nature of the emission, from 3 LC to 3 MMCLT, is expected. This arrangement allows to utilize the beneficial properties of aggregated Pt(II)-complexes, namely the excitation in the visible region, large Stokes shift, long excited-state lifetime and high quantum yield at ambient conditions. The installation of water soluble TEG branches on the benzene ring follows the principles of phase separation between hydrophobic and hydrophilic entities. When these entities are covalently linked together the phase separation, namely the aggregation of the hydrophobic part (L-Pt-Py core) while the hydrophilic part (TEG) are pointing into the surrounding solvent, leads to the formation of supramolecular structures. With this strategy, self-assembled structures such as micelles, bilayers, lamellas or vesicles are formed which realize stable dispersions of supermolecules in an aqueous medium. 51 The amphiphilic Pt(II)-complexes were therefore analyzed in the organic solvent THF, which serves as solubilizing agent for the hydrophobic and hydrophilic parts and thus avoid a phase separation (no aggregation of the L-Pt-Py core). Further analysis took place in the aqueous buffer solution, in which the water molecules expectedly only solubilize the hydrophilic TEG branches whilst the hydrophobic parts aggregate rendering the formation of self-assembled Pt(II)-complexes. The solutions were subsequently dropcasted onto quartz surfaces for solid-state analysis. As also observed for L-Pt-R, the nature of the emission changes from 3 LC based to 3 MMLCT based upon aggregation on the basis of Pt•••Pt interactions. This is reflected by the broad featureless emission profiles peaking at 568 nm and 584 nm of the complexes L-Pt-2xOMe and L-Pt-3xOMe, respectively. The bathochromic shifts are not only observable in the emission but also in the excitation spectra. The absorption onset for bother complexes appear around 475 nm and intense MMLCT band in the visible region are observed. In comparison to the findings in organic solution, the excited-state lifetime measurements revealed strongly prolongated values of 554 ns (L-Pt-2xOMe, monoexponential decay) and 350 ns (L-Pt-3xOMe, amplitude weighted lifetime).

Furthermore, the photoluminescence quantum yields are enhanced to 59% and 18% for L-Pt-2xOMe and L-Pt-3xOMe, respectively. The difference in the resulting radiative decay rate of 1.06 10 6 s (L-Pt-2xOMe) and 5.14 10 5 s (L-Pt-3xOMe) are most likely due to the relatively inhomogeneous dropcasting preparation method. The photophysical parameters are strongly dependent on the arrangement of the complexes, which is hardly controllable in an evaporation process. However, the photophysical results are akin to the Therefore, the complexes were probed in deionized water. In contrast to complex L-Pt-3xOMe which showed very good solubility, complex L-Pt-2xOMe was not soluble in water. Therefore, a THF stock solution of L-Pt-2xOMe was flash injected into deionized water to enable an analysis.

The absorption spectra of L-Pt-2xOMe and L-Pt-3xOMe in deionized water display pronounced MMLCT transitions in the visible region (478 -400 nm, ε = 2872 M -1 cm -1 and 6864 M -1 cm -1 for L-Pt-2xOMe and L-Pt-3xOMe, respectively). In the UV region, an intense band is observed which is assigned to a ligand centered π-π* transition (277 nm, ε = 21132 M -1 cm -1 and 296 nm, 98887 M -1 cm -1 for L-Pt-2xOMe and L-Pt-3xOMe, respectively). The emission and the excitation spectra for both complexes resemble their Noteworthy, on account of the low stability of the formed dispersion formed by L-Pt-2xOMe and its large particle size and broad size distribution, L-Pt-2xOMe was disregarded in the following sections.

The desired nanoconjugate formation with coat proteins is bound to an encapsulation process under pH controlled conditions. Therefore, the complexes were also analysed in buffered media, namely tris(hydroxymethyl)aminomethane (TRIS, pH=7.2) buffer.

Specifically, the utilized buffer solution contained 50 mM TRIS and 10 mM MgCl2, which resembles the conditions as applied for the capsid virus proteins. While the complexes remain molecularly dissolved in organic solvents, all compounds aggregate in (buffered) aqueous solution where all complexes show similar features, that are all indicative of Pt•••Pt interactions. The obtained spectra are depicted in Figure 5.11 and the photophysical data is summarized in Table 5.2. L-Pt-2xOH displayed the same low solubility such as L-Pt-2xOMe and was therefore also excluded from further studies.

Nevertheless, a flash injection experiment yielded similar results as obtained for the analogous methylated complex. Therefore, for entirely neutral complexes at least three tetraethylene glycol branches are necessary to ensure sufficient solubility in water for encapsulation experiments. Presumably, similar effects are present for the negatively charged amphiphiles as well, but to a lesser extent on account of the remote positioning of the negatively charged sulfate groups. All spectra depicted above as well as the obtained photophysical data, summarized in Table 5.1 and Table 5.2, were determined in solution at low concentrations (10 -4 -10 -5 M) that follow the lambert beer law. Nevertheless, some photophysical parameters strongly depend on the concentration, namely the excited-state lifetime (τ) and the quantum yield (φ). So, the quantum yields are strongly enhanced at higher concentration accompanied by long excited-state lifetimes. However, the emission profiles and maxima remained unaffected as exemplified for L-Pt-3xOMe in Figure 5.12. In the following part, a detailed analysis of the self-assembly of the amphiphiles in TRIS buffer solution is given, also on the basis of τ and φ data. 

Material characterization of the Pt(II)-complexes

A size analysis of the formed supermolecules by dynamic light scattering (DLS) was performed to probe the envisaged interaction with the coat proteins. Typically, a critical concentration is necessary to form stable self-assembled structures such as micelles. This critical micelle concentration (CMC) or more accurate critical aggregation concentration (CAC, because the shape is initially unknown) can be determined by various methods. An established and accessible technique is the determination of the count rate in a DLS measurement by fixed angle and attenuation with varying concentration. 55 Below the CMC, an increase of the amphiphile concentration has only a minor impact on the count rate. Above the CMC, the count rate linearly correlates with the concentration. At the CMC the slope of the plot (count rate vs. concentration) changes drastically its steepness, which can be used to identify the CMC. 55 Further methods were developed in this thesis taking advantageous of the intrinsic luminescence of the amphiphiles. As can be seen from Figure 5.13, a linear plot of the DLC intensity and excited-state lifetime against the concentration shows a strong accumulation of data points for low concentrations. This accumulation complicates an assessment of the CAC. In order to spread the data points, a semi-logarithmic plot was chosen. For L-Pt-3xOMe, only a minor decrease of the excited-state lifetime (τ) is observed from 1 10 -3 M to 3 10 -5 M, while from 1.5 10 -5 M to 1 10 -6 M a stronger decline is obtained. Above the CAC, all added molecules (increase of concentration) will form more assemblies with similar photophysical properties, therefore τ does not vary strongly and the DLS count rate increases linearly. These larger assemblies above the CAC most likely preserve their photophysical properties on account of rigidochromic effects. Below the CAC, the DLS count rate remains low independent on the concentration while τ is strongly affected, since only smaller assemblies can be formed (e.g. dimers) which are prone to faster deactivation of the excited state.

Linear approximations of the determined data points from 1 10 -3 M to 3 10 -5 M and from 1. Therefore, even at low concentrations small assemblies are present, presumably dimers. The size of the assemblies above the CAC was determined by DLS, which enables the estimation of the hydrodynamic diameter on the basis of the Stokes-Einstein equation approximating a spherical hard particle. 56 Supramolecular assemblies and other materials appear in solution oftentimes non-spherical, dynamic and solvated. Therefore, the diameter derived from the diffusional properties of the sample is indicative of the apparent size of dynamic hydrated particles. 57 The obtained hydrodynamic or Stokes diameter is that of a sphere, which exhibits the same translational diffusion coefficient as the measured particle featuring a surrounding hydration layer. The Stokes diameters of the self-assembled Pt(II)-complexes in TRIS buffer solution (pH = 7.2) are listed in Table 5.3.

The hydrodynamic diameter is around 23 nm for the neutral complexes, while the negatively charged complexes appear smaller featuring a size around 7 nm. Notably, all assemblies are of a similar or smaller size as the interior of a virus coat protein cage being around 10, 15 and 21 nm for T = 1, 2 and 3, respectively.

In order to determine the morphology on the investigated assemblies small-angle X-ray scattering (SAXS) experiments are ongoing. Preliminary Cryo-TEM measurements were carried out as well but did not allow a clear determination of the size and the shape of the assemblies. A current collaboration with Pablo Castro-Hartmann focuses on the assessment of the size and shape of the assemblies by Cryo-TEM measurement.

Encapsulation into CCMV capsids

The growth and purification of the native CCMV virus, the RNA removal and isolation of the coat proteins (CP) were performed by following the literature. 58,59 The encapsulation into virus coat proteins can be performed in two ways: i) tuning the pH value from basic (7.2) to acid (5.1), which allows the CPs to self-assemble and result in a random encapsulation of cargos. This method is based on the protein-protein interactions and yield domains of filled and empty protein cages of native T = 3 state. ii) preserving the pH value at basic conditions (7.2) while a negative cargo induces the formation of protein shells. This templating procedure is based on the charge compensation between the positively charged CPs and the negative cargo and result in mostly filled VLPs of a shape also dependent on the cargo.

For the encapsulation of the herein presented Pt(II)-amphiphiles, the method was optimized from literature protocols. 15,21,35 A stock solution of CP ( 1 

Material characterization of VLPs

The FLPC not only serves as a preparative method to obtain pure VLPs, but also as an analytical tool. The elution volume provides a measure of the size of the particles and therefore gives insights into the shape if the interactions between particle and column are known (references). FPLC chromatograms of the obtained VLPs, utilizing a standard elution procedure established in the Cornelissen labs, are depicted in Figure 5.15.

Random assemblies of CPs to large, undefined aggregates commonly peak at 7.5 mL.

The native CCMV protein cages with T = 3 and an outer diameter of 28 nm and typically eluent at a volume of 9.5 mL. A shape change, induced for instance by a negative cargo template, to the smaller protein cage with T = 1 is oftentimes observed at 11.5 mL.

Smaller particles appear at higher elution volumes e.g., Pt(II)-assemblies (~21 mL) or CP dimers (~17.5 mL). The shape, broadness and position of the peaks depend on the encapsulation method and the cargos. The size differences between the possible icosahedral shapes are minor, namely T = 1 (~27 nm), T = 2 (~25 nm), T = 3 (~18 nm). These variations are challenging to estimate from the measurement of the measurement of the hydrodynamic diameter and is should not be over interpreted for the estimation of the shape. For the neutral amphiphile VLPs, subsets of filled and empty cages are obtained with a diameter around 28 nm (T = 3). Thus, the random encapsulation method yielded the natively shaped particles. Contrarily, the VLPs templated by the negatively charged amphiphiles display predominantly filled spherical particles with a slightly smaller diameter around 22 nm (T = 2). In all cases, only spherical particles were obtained indicating no disruption of the icosahedral protein arrangement.

For further assessment of the platinum content, high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) experiments were performed. In such a case, no contrast agent was added, but the heavy metal Pt displays a bright contrast within a low contrast protein (carbon) shell on carbon grids. The presence of Pt was further confirmed by energy dispersive X-ray spectroscopy (EDX). 

Photophysics of the VLPs

The obtained VLPs with either neutral or negative Pt(II)-assemblies as cargos display a strong room temperature emission. The VLPs were therefore photophysically investigated, the absorption, excitation and emission spectra for the individual Pt-VLP at different concentration of Pt-amphiphile are depicted in Figure 5.21 and the photophysical information are summarized in Table 5.4. The shape of the absorption, excitation and emission spectra resemble the ones of the Pt amphiphiles in buffered solution. A strong MMLCT transition is observed at 475 nm and the broad emission profiles peak around 600 nm. The emission profiles are independent on the excitation wavelength.

Remarkable quantum yields for all Pt-VLPs of 47 -59% were obtained. The encapsulation into virus cages enhances the quantum yield (φ, exc = 300 -500 nm) of the Pt(II)-amphiphiles most likely due to rigidochromic effects in the confined space. The enhancement is expressed as the enhancement factor (EF), which is calculated from the ratio of φ of the VLP and φ of the sole Pt(II)-amphiphile at a comparable concentration.

As discussed in the previous part, the photophysical properties depend on the aggregation (DTT), which is a reducing agent and prevents the oxidization of protein sulfides. 60 This is a common method to preserve proteins over a long time span.

VLPs were obtained with these stock solutions lacking any emission. DTT is a quenching agent not only for fluorescence but also for phosphorescence, presumably by an electron-transfer to the disulfide (after oxidation). [61][62][63] The omission of DTT enabled the achievement of the phosphorescent VLPs.

Induced Shape Change

From the results obtained so far, it is concluded that a negative charge is necessary to induce a template effect. No template effect was observed for amphiphiles decorated only with TEG branches. The size of the assemblies is in the same range as the interior of the protein cages. Examples, that induced a shape change of the capsids from icosahedral to cylindric structures are based on larger cargo, that are negatively charged.

Therefore, the Pt(II)-complex, L-Pt-Alkyl-2xSO4, was synthesized on the basis of preliminary reports 33,34 that is coordinated by a pyridine ligand with two alkyl branched pyridine featuring sulfate end groups (Scheme 5.5). On account of the increased hydrophobic area, it was supposed that this complex forms larger assemblies. The synthesis is described in detail in the experimental part. Complex L-Pt-Alkyl-2xSO4 was subjected to the encapsulation method as described for the other complexes. The pH value was not tuned, on account of the templating effect of the negatively charged assemblies. The TEM images of the resultant VLP display subsets of spherical and cylindrical (non-icosahedral) particles. Furthermore, the obtained VLP displays room temperature emission peaking at 600 nm with a quantum yield of 23% and an excited-state lifetime of 462 ns, and is excitable in the visible region (Figure The small molecule stacks were encapsulated into CCMV protein cages, yielding luminescent virus like particles. A remarkable enhancement of a factor of 13 was observed for the negatively charged amphiphiles rendering a VLP quantum yield of 59%.

Such a strong enhancement upon encapsulation as well as such a high quantum yield for VLPs was so far not reported in the literature.

Furthermore, a Pt(II)-complex was synthesized tethered with sulfated alkyl chains, which rendered the perturbation of the icosahedral capsid structure. This is one of the first examples for the formation of luminescent cylindric VLPs by self-assembled Pt(II)-complexes.

were evaporated in vacuo. Subsequently, the crude product was subjected to a column chromatography (Silica, EtAc) yielding to a pure colorless viscous liquid (6.4 g, 21 mmol, 72%). HR-ESI-ToF-MS (positive scan, m/z): [M+Na] + calcd. 307.1516; found 307.1523. HPLC-MS: tR = 0.99 min.

Synthesis of Ts-O-TEG-O-Bnz

NaOH (1.4 g, 36 mmol) was dissolved in water (10 mL) and cooled to 0°C 

Synthesis of Py-Alkyl-Br

The synthesis was performed as described in the literature. 34 A colorless liquid was obtained (750 mg, 2.23 mmol, 56%). 

Synthesis of PA-2xOMe

Following the literature in parts, 64 

Synthesis of PA-3xOMe

Following the literature in parts, 64 was dropwise added and the reaction mixture stirred for 1h at -45°C. Then, a solution of Py-Alkyl-Br (480 mg, 1.43 mmoL) in dry THF (5 mL) was added slowly and then the mixture was kept at -45°C for 1 h. Afterwards, the reaction mixture was allowed to equilibrate to room temperature and stirred for 18 h. Water was added and the product three times extracted with DCM and the combined organic layers one time washed with brine. The solvents were evaporated in vacuo and the resulting crude product dissolved in ethanol.

The pH value was adjusted by concentrated aq. HCl (37%) to 1-2 and the mixture stirred overnight. Na2CO3 to neutralize the mixture and the product was extracted three time with DCM and the combined organic layers one time washed with brine. After drying over Na2SO4 the volatiles were evaporated in vacuo and the crude product subjected to column chromatography (SiO2, EtAc/MeOH (2%)) yielding a white solid (150 mg, 0.346, 51%). 

Synthesis of P-3

Following the literature in parts, 64 

Synthesis of A-3xOMe

Following the literature in parts, HPLC-MS: tR = 1.18 min.

Synthesis of A-3xOH

Standard Schlenk techniques were applied for the deprotection of PA-3. Compound PA-3 (250 mg, 0.25 mmol) was dissolved in EtOH (10 mL) with a drop of TFA in a nitrogen atmosphere. Pd@C (10 mg) was added portion-wise in an N2 stream and the vessel closed. Afterwards, N2 was exchanged for H2 and the reaction mixture stirred at room temperature for 18 h. Full conversion was proven by HPLC-MS analysis. The crude mixture was filtered through a celite plug and rinsed with EtOH. After evaporation of the solvent in vacuo, the product was subjected to a column chromatography (Alox, DCM/MeOH (5%) yielding a colorless viscous liquid (128 mg, 0.17 mmol, 65%). 

Synthesis of A-2xSO4

Following the literature in parts, 

Synthesis of A-3xSO4

Following the literature in parts, 

Synthesis of A-Alkyl-2xSO4

Following the literature in parts, 

Synthesis of L-Pt-3xOH

L-Pt-DMSO (15 mg, 0.024 mmol) and A-3xOH (17 mg, 0.021 mmol) were dissolved in MeCN (3 mL) and DCM (3 mL) and stirred for 18 h at room temperature. The volatiles were evaporated in vacuo and the crude product suspended in DCM. Subsequently, the suspension was subjected to centrifugation and the supernatant was separated. The remaining precipitant was treated two more times with DCM in the same way. The combined organic layers were evaporated and the procedure was twice repeated. After evaporation of all volatiles, a column chromatography (Alox, DCM, 2%MeOH) was conducted to obtain a pure product (10 mg, 0.0075 mmol, 34%). was not observed, although relaxation times were strongly prolongated.

Synthesis of L-Pt

Instrumentation

The experimental part of this work was executed at the Université de Strasbourg, France and in parts at the University of Twente, Netherlands.

All solvents were used as received from Aldrich or Fluka without any further purification. All chemicals were purchased and used as received. The compounds were purified by column chromatography using silica gel 60 (230-400 mesh, Merck Millipore)

as the stationary phase.

1 H, 13 C and 19 F NMR spectra were recorded on a Bruker Avance 400 spectrometer. The For the labelling process (Chapter III), a New Brunswick Scientific Excella E24

Incubator Shaker Series was utilized enabling control over temperature, time and rotations per minute (rpm). A filter based PerkinElmer VICTOR X5 multilabel plater reader was used for micro-well analysis in 96 standard micro-well plates using the bandpass filters 355 nm and 535 nm for excitation and emission, respectively.

Analyte stock solutions either in an aqueous PBS (pH=7.4) or ethanol were prepared.

These solutions were mixed with the Pt-DMSO stock solution in a 3 mL PBS P123 (0.5 wt%) solution to result a concentration of 33.4 M and 100 M concentration of the L-Pt-DMSO and the analyte, respectively. In order to also enable a sufficient complex formation within 3 h of shaking (100 rpm) of analytes with sluggish kinetics, the temperature was raised to 37°C. In order to show this proof-of-principle for a broad scope of analytes, the optimized conditions for pyridine were kept for all analytes. All spectra Scanning Tunneling Microscopy (STM) measurements were carried out by using a Veeco scanning Tunneling microscope (multimode Nanoscope III, Veeco) at the interface between a highly oriented pyrolitic graphite (HOPG) substrate and a supernatant solution, thereby mapping a maximum area of 1 µm × 1 µm. Solution of molecules were applied to the basal plane of the surface. For STM measurements, the substrates were glued to a magnetic disk and an electric contact was made with silver paint (Aldrich Chemicals).

The STM tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm). The raw STM data were processed through the application of background flattening and the drift was corrected using the underlying graphite lattice as a reference. The lattice was visualized by lowering the bias voltage to 20 mV and raising the current up to 65 pA.

STM imaging was carried out in constant height mode without turning off the feedback loop, to avoid tip crashes.

Fast-protein liquid chromatography (FPLC) was performed using the following buffers: 100 mM NaOAc, 150 mM NaCl (pH 5.0) and the GE Healthcare FPLC Akta purifier 900 combined with fraction collector Frac-950. Samples were injected into a 500 μL injection loop and purified over a column Superose 6 10/300 GL (GE Healthecare Life Sciences) with a 24 mL bed volume.

Transmission electron microscopy (TEM) samples were examined using an analytical FEG-TEM (Philips CM3000ST) operated at 300 kV acceleration voltage. For sample preparation, 5 μL of sample solution was applied onto carbon coated grids. The sample was left to incubate for 1 min before removing the excess liquid using a piece of filter paper. The sample was then stained by Uranyl acetate solution (5 μL, 0.5% w/v) for 30 s, then the excess liquid was removed. The grid was left to dry for 2 h at room temperature.

If not stated differently in the respective chapters, density functional theory (DFT) calculations were carried out utilizing the parameter-free hybrid functional Perdew-Burke-Ernzerhof PBE0 [1][2][3] with the standard valence basis set 6-31G(d,p) for C,H,N,O and F. 4 The Stuttgart-Dresden effective core potential 5,6 along with its corresponding basis set was employed for Pt. The found stationary points possessed no imaginary frequencies (checked by frequency analysis) and therefore assumed to be true minima. All calculations were performed and visualized with the Gaussian09 program package. 7

Electronic absorption spectroscopy

In order to measure the electronic absorption behavior of sample, a double-beam UV-Vis spectrophotometer was used. A monochromator selects a certain wavelength from the polychromatic light source and a beam splitter render two parallel beams of the same wavelength. One beam is guided through a reference cell (I0), while the other is transmitted through the sample (IS). The relationship between I0 and IS reveals the absorbance by the following equation:

𝐴 = log ( 𝐼 0 𝐼 𝑆 )
Usually sample holders made of transparent and chemical inert material are used such as quartz cuvettes. Together with the conditions limitations I = I0 at x = 0, integration leads to the Bouguer-Lambert-Beer law [9][10][11] , which is often depicted as follows:

𝐴 = -log(𝑇) = 𝜀𝑐𝑑
where T denotes the transmittance as the ratio between IS and I0, ε the molar extinction coefficient in L mol cm -1 , c the concentration of the sample in mol L -1 and d the thickness of the cell in cm. The equation displays a direct correlation between the absorbance and the concentration of the sample. This relationship remains valid, when no interactions between the molecules are present, and thus only at diluted conditions. Supramolecular interactions can therefore lead to a perturbation of the linearity between absorbance and concentration. Furthermore, larger aggregates, large particles or dust scatter light stronger than molecular dissolved species. The effects observed in an absorption spectrum caused by the Rayleigh scattering, 12,13 which is dependent on the wavelength of the incident light (IR ~ λ -4 ). Therefore, Rayleigh scattering is reflected as an increasing absorbance upon decreasing wavelength (often hyperbolic shape with large particles). A synonym for the absorbance is the optical density. The obtained excited-state lifetime (τi) can be correlated with their amplitudes (Ai) to identify several emissive deactivation processes. 16 Nevertheless, the mathematical fundament of this equation easily represents inaccurate percentages (amplitudes) for each lifetime. Therefore, in many cases is more reasonable to use the amplitude weighted excite-state lifetime which allows an estimation of the average excite-state lifetime:

< 𝜏 > = ∑ 𝐴 𝑖 𝜏 𝑖 𝑛 𝑖 ∑ 𝐴 𝑖 𝑛 𝑖

Photoluminescence quantum yield

The photoluminescence quantum yield is defined as the ratio between emitted and absorbed photons and is thus a measure for the efficiency of the radiative decay. The quantum yield of a compound in solution is dependent on the experimental conditions, namely the solvent, concentration of the sample, oxygen concentration, temperature and excitation wavelength (rare cases). Furthermore, certain experimental specification regarding effect referred to the refractive indices, polarization, inter reflection, reabsorption/reemission and the spectral sensitivity of the detection system. [17][18][19] The quantum yield can be determined via relative or absolute methods.

In the relative method, the quantum yield of a sample solution is obtained by a comparison of its integrated fluorescence intensity with the integrated fluorescence intensity of a standard solution of known quantum yield at identical conditions. There, it is crucial to correct for the spectral sensitivity of the instrument, namely for the excitation and emission wavelength. The quantum yield of the sample (φs) can be obtained from the following equation 16 : where φR denotes the known quantum yield of the reference, IS(λ) and IR(λ) the emission intensity at wavelength λ, ODS and ODR the optical densities at excitation wavelength and nS and nR the refractive indices of the sample and the reference, respectively.

𝜑 𝑆 =
Various methods for the determination of absolute quantum yields were developed such as the Teale and Weber technique (scattering solution as standard) 20 . Calorimetric methods or photoacoustic (optoacoustic) techniques determine the fractional energetic loss by non-radiative processes. An integrating sphere equipped with a calibrated photodiode was used in this thesis for the detection of absolute photoluminescence quantum yields in solution and solid state (Figure Instr.4). 19 With this measurement method, effects of polarization, scattering and refractive indices are directly eliminated. Due to random collisions with solvent molecules, suspended particles follow the Brownian motion. 21 The Stokes-Einstein equation describes the solvent viscosity (η0), the hydrodynamic diameter (Dhyd, corresponding to the particle size in a solvent) and the diffusion coefficient (D) of these randomly moving particles: 𝐷 = 𝑘 𝐵 𝑇 3𝜋𝜂 0 𝐷 ℎ𝑦𝑑 In the Stokes-Einstein equation, kB refers to the Boltzmann constant and T denotes the temperature. Therefore, the diffusion decreases for increasing particle size (hydrodynamic diameter), which in turn mean that larger particle move slower than smaller ones. Therefore, the observation of the motion of the particles in a liquid medium can be utilized to derive information about the particle size. The Stokes-Einstein equation takes only spherical particle into account, and thus the derived information about size and distribution are strictly speaking only valid for spherical particles. 21 Particles in solution scatter the monochromatic beam from the light source (often a laser). The observed scattered light at a charge-coupled device (CCD) detector is emanated from a collection of scattering elements. Therefore, the observed intensity of scattered light at any instant is a result of the interference of scattered light by each element. Thus, the observed intensity depends on the relative positions of the elements. autocorrelation function that decays rapidly as an exponential function with a large decay constant. For larger particles, the decay constant will be smaller. Therefore, a fitting of the ACF enables the calculation of the diffusion coefficient and particle size/distribution. The particle size is usually shown as a statistical (Gauss profile) distribution of scattering intensity, volume or number of particles. The intensity distribution is the directly measured result and is the most common way to depict DLS plots. Volume and number distributions are calculated on the basis of the intensity distribution by the usage of the Mie theory. 24 The volume distribution describes the relative proportion of several components within the sample based on their volume. The number distribution assigns a size value to each inspected particle. In general, volume and number distributions, which are deduced from the intensity distribution, are best used for comparative purposes.

Scanning tunneling microscopy

The quantum tunneling effect describes the phenomenon that a quantum mechanical particle such as an electron or an atom is able to surmount a finite potential barrier, which it could not overcome in classical physics. Therefore, although the potential energy of an electron is not high enough to surmount a potential barrier between two electrodes, a low probability exists that the electron can tunnel through the barrier. [25][26][27] This phenomenon is exploited in scanning tunneling microscopy, in which a fine metal tip moves over a conductive surface covered with a few layers of atoms (Figure Instr.6). 28,29 A bias is applied between the surface and the metal tip, which are brought to close proximity (3 -10 Å). At a certain distance the electrons start to tunnel through the adsorbed material on the surface to the tip, which is reflected in the appearance of a tunneling current. The movement of the tip (controlled by piezoelectronics) can be performed in two methods: i) constant current mode: The tip is vertically adjusted to ensure a constant tunneling current. The current is dependent on the local density of states and thus a topographic image of the sample is recorded. ii) constant height mode: The vertical position of the tip is kept constant and the obtained contrast of the surface images are caused by changes in the electron density. The latter mode can be performed at high scanning frequencies (10 kHz), but is limited to monolayers to avoid collisions between the tip and the surface. I wish to thank Frank Biedermann, who did not only support me at any stage of my thesis, but also became a friend. I am betting on more scientific bets in the future.
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Résumé

Cette thèse se concentre sur la synthèse et l'analyse photophysique de complexes de Pt(II) luminescents and leur assemblage après agrégation. Multiples motifs supramoléculaires ont été utilisé pour acquérir un contrôle sur l'assemblage de ces complexes plan-carrés.

Des ossatures de type couronne-éther furent attachés à des complexes métalliques phosphorescents pour donner un bouton supramoléculaire qui peut être actionné par des cations potassium. De plus, l'altération de l'arrangement de l'empilage des Pt(II) après coordination d'un ligand fut exploité pour la réalisation d'un senseur chimique qui peut être utilisé pour la détection différentielle d'aza-hétérocylces. L'agrégation induite par l'analyte a permis non seulement la détection à base concentration mais aussi la discrimination de drogues et toxines en appliquant une analyse de données multivariée. Par ailleurs, l'installation d'un motif pont hydrogène, isocytosine, à un complexe de Pt(II) luminescent fut établie, donnant un composé ayant un organisation 2D sur graphène. Les motifs pont hydrogène et les superstructures résultantes furent résolues par microscopie à effet tunnel and simulées par DFT. Finalement, des complexes de Pt(II) amphiphiles qui s'auto-assemblent en solution aqueuse dans des agrégats hautement luminescents furent synthétisés. La série de complexes soluble dans l'eau, chargés négativement ou neutres furent caractérisés par rapport à leurs paramètres photophysiques et leurs interactions avec des protéines capsides virales. L'encapsulation dans des capsides CCMV via contrôle du pH donna des particules pseudo-virales hautement luminescentes, prouvant la formation de matériaux hybrides fonctionnels basés sur des protéines naturelles.

Mots-clés : Complexes de Pt(II); senseurs chimiques; phosphorescence; particules pseudovirales; matériaux hybrides fonctionnels

Résumé en anglais

The presented thesis focused on the synthesis and photophysical investigation of luminescent Pt(II)-complexes and their resulting assemblies that form upon aggregation. Multiple supramolecular motifs were utilized in order to gain control over the assembling behavior of the square-planar complexes.

Crown-ether scaffolds were tethered with the phosphorescent metal complexes rendering a supramolecular switch that can be triggered by potassium cations. Moreover, alteration of the Pt(II)-stacking arrangement upon ligand coordination was exploited to realize a chemosensor that can be employed for of differential detection of aza-heterocycles. The analyte-induced aggregation allowed for both low concentration detection and discrimination of drugs and toxins by applying multivariate data analyses. Furthermore, the installation of the H-bond motif, isocytosine, to a luminescent Pt(II)-complex was established, which resulted in a compound forming a two-dimensional organization on graphene. The H-bonding motifs and the resulting superstructures were resolved by scanning tunneling microscopy and simulated by density functional theory. Finally, amphiphilic Pt(II)-complexes were synthesized that self-assemble into highly luminescent aggregates in aqueous solutions. The series of water soluble neutral and negatively charged metal complexes were characterized with respect to their photophysical parameters and their interactions with virus coat proteins. The encapsulation into CCMV capsids via pH control yielded highly luminescent virus like particles, demonstrating the formation of hybrid functional materials based on natural proteins. Keywords: Pt(II) complexes; chemosensors; phosphorescence; virus like particles; hybrid functional materials

Stephan Sinn

Complexes de platine (II) comme ossatures dans les assemblages supramoléculaires

  montrent un croisement intersystème efficace vers un état excité triplet en raison d'un fort couplage spin-orbite induit par l'atome lourd. En vertu de la règle de conservation de spin, la durée de vie de l'état excité de ces luminophores sera fortement prolongée (jusqu'à quelques secondes), ce qui entraînera une désintégration radiative changeante de spin, à savoir une phosphorescence qui s'accompagne d'un grand déplacement de Stokes. En général, les luminophores souffrent souvent d'une auto-extinction à des concentrations plus élevées, appelée extinction induite par l'agrégation (ACQ, aggregation-caused quenching), ce qui entraîne une diminution importante des rendements quantiques (φ). Les complexes Pt(II), à géométrie plane carrée, neutres et phosphorescents, convenablement décorés de ligands chromophores, présentent la condition géométrique nécessaire pour surmonter ce problème. Dans la forme monomère, nous observons une bande d'émission structurée dans la région bleue du spectre électromagnétique avec une courte durée de vie à l'état excité (τ ~ 2 ns) et un faible rendement quantique (φ <1%). A l'état agrégé, cependant, nous observons une luminescence décalée à effet bathochromique et une bande large, présentant une durée de vie à l'état excité prolongé (τ ~ 450 ns) et un rendement quantique fortement augmenté (φ ~ 65%). Lors de l'agrégation, les complexes Pt(II) carrés plans possèdent une forte tendance à un empilement z-directionnel (où z désigne l'axe Pt-Pt), du fait des interactions hydrophobes, π-π, dipôle-dipôle et dispersifs. Lorsque deux ions Pt(II) sont suffisamment proches l'un de l'autre, (3,5 Å, à savoir le rayon de Van der Waals du platine), les orbitales complexes sont affectées d'une manière telle que les orbitales dz 2 sont fortement déstabilisées en raison d'une interaction répulsive de ces orbitales remplies, de sorte qu'elles forment la plus haute orbitale moléculaire occupée (HOMO) du dimère. De plus, RÉSUMÉ III l'orbitale moléculaire inoccupée la plus basse (LUMO), qui consiste principalement en orbitales π, est légèrement stabilisée par des interactions π-π attractives. Le Schéma 1 illustre les effets d'agrégation simplifiés sur l'exemple d'une formation de dimères, révélant ainsi le rétrécissement de l'intervalle d'énergie entre les orbitales frontières. Dans l'état monomère, l'émission du complexe Pt(II) se produit principalement à partir d'un état centré sur le ligand ( 3 LC), alors que dans la forme agrégée se produisent de nouvelles transitions sur les interactions électroniques, à savoir le transfert de charges métal-métalligand (MMLCT) conduisant à une émission 3 MMLCT. Schéma 1: Diagramme d'orbitale moléculaire d'un complexe de Pt(II) carré plan monomère présentant des ligands avec un système π. Après agrégation des complexes, les orbitales 𝑑 𝑧 2 intéragissent fortement entre elles, résultant en une nouvelle transition (MMLCT), plus basse en énergie que celle du monomère (MP-LC, MLCT). Les orbitales frontières pour la partie principale des complexes utilisés dans cette thèse, L-Pt-Py, ont été calculées et représentées comme orbitales Kohn-Sham. gauche: HOMO du monomère; centre: HOMO du dimère; droite: LUMO du monomère (similaire pour le dimère)

Figure 1 : 20 Schéma 2 :

 1202 Figure 1: Changement réversible de la couleur d'émission du colorant platine-éther couronne après addition de sels de potassium et extraction de l'ion potassium par l'éther couronne « 18crown-6 » non substitué. L'excitation peut-être réalisée dans la région aromatique.

  Figure 2.

Figure 2 :

 2 Figure 2: gauche: spectre d'émission de Pt2-18C6 seul (solvent: THF aéré, 0.1mM, ligne discontinue), après addition de trifluoromethanesulfonate de potassium (ligne continue), et après addition de l'éther couronne 18-C-6 (ex = 343 nm). droite: cycles d'intensité d'émission après ajout de sel de potassium et de l'éther couronne 18-C-6.

Figure 3 :

 3 Figure 3: a) représentation schématique de la réaction entre les analytes aza-hétérocycliques et L-Pt-DMSO, dans de l'eau contenant le surfactant P123. Les complexes formés s'auto-assemblent et forment des espèces hautement émissives. b) Photographies de différents types de complexes luminescents étudiés dans ce chapitre sous excitation UV. De gauche à droite : 21, 9, 1, 6, 13, 17 (voir Schéma 3).

Schéma 3 :

 3 a) Synthèse de la sonde réactive L-Pt-DMSO et un exemple de réaction avec la pyridine est décrit. Représentation schématique des agrégats émissifs formés à partir de L-Pt-1. b) Analytes aza-hétérocycliques formant des agrégats de complexes de Pt(II) hautement émissifs avec le précurseur de platine. c) Autres analytes étudiés et formant des complexes peu et non émissifs.

Figure 4 .

 4 Figure 4. Nous avons obtenu une clarification pertinente des résultats -indiqués par des ellipses environnantes -pour les mesures de répliques avec le même analyte, tandis que les résultats pour différents analytes ont rempli des zones clairement distinctes dans les graphiques 2D et 3D. Avant l'étiquetage par L-Pt-DMSO, pratiquement aucun analyte se distinguait l'un de l'autre par des moyens spectroscopiques (absorption, émission).

Figure 4 :

 4 Figure 4: PCA des analytes sélectionés. gauche: résultats des deux principales composantes, PC1 = 59.61% et PC2 = 22.75%, somme = 82.36% ; droite : résultats des trois premières composantes principales, somme = 97.24%. L'essai réalisé sans analyte ajouté est nommé « blank ». Chaque ellipse indique un analyte étudié.

Figure 5 :

 5 Figure 5: The complex is schematically depicted as well. a) image STM de Pt-Py-iCyt à l'interface de la solution de HOPG. Paramètres du balayage à effet tunnel: courant moyen (It) = 25 pA, tension à l'extémité (Vt) = 450 mV. b) Modèles de différents motifs d'auto-assemblages moléculaires.

Figure 1 :

 1 Figure 1: gauche: image STM des différents motifs Pt-Py-iCyt, structures simulées sur du graphène, Images STM simulées des différents motifs. Droite : énergie d'adsorption (Ead, rouge), énergie de dissociation (Ediss, vert), et énergie totale (Etot = Ead + Ediss, bleu) calculées pour les différents motifs d'auto-assemblage moléculaire par le complexe L-Pt-Py-iCyt.

Schéma 4 :Figure 2 :

 42 photophysiques, qui définit le noyau hydrophobe et un benzène substitué par un groupement tétraéthylèneglycol attaché par une liaison amide à l'unité coordinante pyridyle, ce qui constitue la partie hydrophile du système. Les blocs de construction organiques possèdent la pyridine qui est substituée par un amide en position 4. La liaison amide lie soit la 3,5-bis(tétraéthylène glycolyl) phényle soit la 3,4,5-tris(tétraéthylène glycolyl) à la pyridine. Les oxygènes terminaux des chaînes éthylèneglycol sont soit présents sous forme de groupes hydroxyle, soit substitués par des groupes méthyle ou des groupes ester sulfite.

Figure 3 :

 3 Figure 3: L'illustration de la formation des particules luminescentes pseudo-virales par encapsulation des agrégats de Pt(II) dans les protéine d'enveloppe, qui sont formés par autoassemblage.

3 A

 3 frequency in Eq. 1.1 leads to Eq. 1.3 displaying the correlation between the wavelength and the energy of the electromagnetic wave. general deduction from these equations is: the longer the wavelength, the smaller the frequency, the lower the energy of the wave. Consideration of a small part of the electromagnetic spectrum being accessible to the human eye, namely the visible region (380 -750 nm), allows a direct correlation between color and energy (Figure1.1). The blue part indicates waves (short wavelength) of higher energy, whereas the red part is ascribed to waves (long wavelength) of lower energy within the visible region.

Figure 1 . 1 :

 11 Figure 1.1: Electromagnetic spectrum of light with a closer insight into the visible region (380 -750 nm).

5 ,

 5 Scheme 1.1: Molecular orbital diagram of formaldehyde and possible interactions with light, namely the transitions n → π* and π → π*. 3 © 2012 Springer

1. 4 ) 8 Scheme 1 . 2 :

 4812 Scheme 1.2: Perrin-Jablonski term Scheme illustrating the absorption of light and resultant photophysical processes. Typical process times (in s) for each transition are depicted in red. Photochemical processes are omitted for simplicity. 7 © 2012 Wiley

  charges which repel the d-orbitals of the central metal. The result of this repulsion is a splitting of the degenerated d-orbitals into sets of different energy, which in turn is determined by the electronic configuration. Each d-orbital is repelled to an individual extent due to its shape and orientation along the coordination axes (Figure 1.2).

Figure 1 . 2 :

 12 Figure 1.2: 3D representation of the d-orbitals of a transition metal.

  Scheme 1.3: Overview over the common coordination geometries for transition metal complexes (TMCs). The energetic diagrams are based on the crystal-field theory.

  Scheme 1.5: Simplified MO diagram of a monomeric square-planar Pt(II)-complex featuring ligands with a π-system. Upon dimer formation/aggregation of Pt(II)-complexes, their 𝑑 𝑧 2 orbitals strongly interact with each other, resulting in novel transition (MMLCT) that are of lower energy than the ones of the monomeric species (MP-LC, MLCT). The frontier orbitals for the typical framework L-Pt-Py utilized in this thesis are calculated and depicted as Kohn-Sham orbitals (isovalue=0.04). Left: HOMO of the monomer, Center: HOMO of the dimer, Right: LUMO of the monomer (similar for dimer).

Figure 1 . 3 :

 13 Figure 1.3: Harmonic potentials illustrating the ground and excited states of a Pt(II)-complex. The non-emissive d-d states are thermally accessible from other (emissive) states such as MLCT or LC. 77 © 2008 Elsevier

Figure 1 . 4 :

 14 Figure 1.4: Examples for self-assembly utilized in science. Left: Nematic phase of liquid crystalline molecules. 88 © 2010 Wiley; Right: Ordered supramolecular polymer, that forms a twisted nanoribbon. 89 © 2012 Science

Figure 1 . 5 :

 15 Figure 1.5: left: Crystal packing diagram of a cationic Pt(II)-complex with alternating Pt-Pt distance. 124 © 2008 Wiley; right: Luminescent fibers formed from a self-assembled neutral Pt(II)-complex. 81 © 2014 Royal Chemical Society

Figure 1 . 6 :

 16 Figure 1.6: Examples of luminescent Pt(II) with chelating ligands for mechanoluminescent applications. left: Uniform packing of the blue emissive crystals (below) that allows for sideways sliding and back-and-forth movement of the complexes upon grinding (ground green emissive solid depicted below). 140 © 2013 Royal Chemical Society; center: Photomicrographs of the spin coated Pt(II)-complex taken between crossed polarizers together with the corresponding emission spectra. a) fast cooled from the liquid crystalline phase; b) fast cooled from isotropic pahse. 128 © 2008 Wiley; right: Crystal packing of the monoclinic (a) and triclinic (b) polymorph of the Pt(II)-complex. c) Photographs of the crystalline solid before and after grinding under ambient and UV irradiation. 84 © 2016 Royal Chemical Society

Figure 1 . 7 :

 17 Figure 1.7: Cryo-EM reconstruction of the three possible structures (T = 1, "T = 2", T = 3) of CCMV (left) and corresponding electron-density models (right). 189 © 2006 Elsevier

  virus particle which is composed of 12 pentamer and 20 hexamers (T = 3)191, 192 featuring an outer diameter of dout = 29 nm (inner diameter of din = 21 nm), and 60 pores (1 -2 nm pore size).193 

Figure 1 . 8 :

 18 Figure 1.8: Top: Native cowpea chlorotic mottle virus (CCMV) extracted from cowpea plants and disassembled to remove the RNA. Bottom: The coat proteins (CPs) can be reassembled either driven by protein-protein interaction at pH = 5.0 or templated by an anionic cargo molecule at pH = 7.5 to form loaded virus like particles (VLPs). 196 © 2013 Melanie Brasch

Figure 1 . 10 :

 110 Figure 1.10: Illustrations of the receptor-spacer-reporter (direct sensing, left) and indicator displacement (IDA, right) approaches for fluorescence sensing. 62 © 2015 American Chemical Society

Figure 1 . 11 :

 111 Figure 1.11: Illustration of the two sensing paradigms: single-analyte sensing (Lock and Key Sensor, top) and differential sensing (Differential Receptors, bottom). 225 © 2001 Wiley

Scheme 2 . 1 :

 21 Scheme 2.1: Synthetic Scheme for of the molecules investigated Pt2-18C6, Pt2-18C4 and the reference compound L-Pt-PyA. L-Pt-PyA: PtCl2DMSO2, N-(pyridin-4-yl) acetamide, CF3-tzH2 (L-2H), CHCl3, 70°C, 18h, 72%. L-Pt2-18C4: PtCl2DMSO2, L-2H, Py2-18C4, CHCl3, 70°C, 18h, 37%. L-Pt2-18C6: L-2H, Py2-18C6, CHCl3, 70°C, 18h, 39%.

Figure 2 . 3 :

 23 Figure 2.3: Schematic representation of the solid state "diaxial" conformations (left) and the corresponding X-ray structures (right) of Py2-18C4 and Py2-18C6.

Figure 2 . 4 :

 24 Figure 2.4: Solid-state structures determined by X-ray diffraction analysis of Py2-18C4 (left) and Py2-18C6 (right) featuring an ellipsoid probability of 50%. Solvent molecules are omitted for clarity.

Figure 2 . 5 :

 25 Figure 2.5: left: UV/Vis absorption (solid) and normalized emission (dashed, ex = 300 nm) spectra in aerated THF (10 µM) at ambient conditions. right: Normalized excitation (solid) and emission(dashed) spectra (ex = 300 nm) in the solid state. Color code: L-Pt-PyA (black), L-Pt2-18C4 (red) and L-Pt2-18C6 (blue).

Figure 2 . 3 )

 23 Figure 2.3) are assigned to the singlet peak at a chemical shift of 10.37 ppm. This peak is low-field shifted (10.21 ppm) upon potassium uptake. The other peaks assigned to the aromatic part of the Pt complexes (9.26, 8.04, 7.59, 7.48 ppm) as well as the peaks assigned to the protons of the methanetriyl (CH) and ethenyl (CH2) groups (4.55, 4.49, 4.41 ppm) are all high-field shifted, which is indicative of a disaggregation of the system.

Figure 2 .

 2 Figure 2.6: 1 H-NMR (400 MHz, THF-d8) of L-Pt2-18C6 at a concentration of 0.1 mM without potassium salt (top, red) and with an excess of potassium trifluoromethanesulfonate (23 mM, bottom, green).

Figure 2 . 7 :

 27 Figure 2.7: left, top: Emission spectra for the titration of L-Pt2-18C6 (0.01 mM) with potassium trifluoromethanesulfonate (10 mM) in THF at ambient conditions (ex = 343 nm). right, bottom: emission spectra for the titration of L-Pt2-18C6 (0.01 mM) with potassium trifluoromethanesulfonate (10 mM) in methanol at ambient conditions (ex = 343 nm).

Figure 2 . 8 :

 28 Figure 2.8: Zoom in to the absorption band between 350 -450 nm of L-Pt2-18C6 (0.1 mM) at [CF3SO3K]0 = 0 M (black solid line), at [CF3SO3K]limit = 10 mM (red dashed line) and the reference compound L-Pt-PyA (green dotted line).

Figure 2 .

 2 Figure 2.9: left: Job's plot of L-Pt2-18C6 featuring KCF3SO3 in aerated THF with a constant overall concentration of 0.01 mM at ambient conditions. The black lines are inserted for visual guidance. right: least-square fit of the normalized emission intensity at 585 nm to a 1:1 host-guest binding model.

Figure 2 .

 2 Figure 2.10: left: Emission spectrum of L-Pt-PyA (1 mM) in aerated THF before (black solid line) and after the addition of CF3SO3K (10 mM, red dashed line). right: Emission spectra of L-Pt2-18C4 (0.01 mM) in aerated THF (black solid line) and with additional CF3SO3K salt (0.04 mM, red, 0.23 mM, green, 0.60 mM blue).

Figure 2 .

 2 Figure 2.11. The process can be cycled at least three times, before the effect of the increasing salt-load affects the functionality of the switch.

Figure 2 .

 2 Figure 2.11: left. Emission spectra of L-Pt2-18C6 in aerated THF (0.01 mM) without any additive (dashed), after addition of potassium trifluoromethanesulfonate (solid) and after further addition of 18-crown-6 (ex = 343 nm). right: Cycling of emission intensities for subsequent additions of potassium trifluoromethanesulfonate and 18-crown-6 in each switching cycle.

Figure 2 .

 2 Figure 2.13: left: 1 H-NMR (400 MHz, d8-THF) Titration at 25 °C of potassium trifluoromethanesulfonate (100 mM) to 18C6 (10mM). right: Least-square fit of the change of the chemical shift of 18C6 upon potassium titration.

Figure 2 . 14 :

 214 Figure 2.14: Emission spectra for the titration of L-Pt2-18C6 (0.01 mM) with [2,2,2] (10 mM) in THF at ambient conditions (ex = 343 nm).

Figure 2 .

 2 Figure 2.15: Solid-state structures determined by X-ray diffraction analysis of L-2H featuring an ellipsoid probability of 50%. Solvent molecules are omitted for clarity.

Figure 3 .

 3 Figure 3.4: a) Schematic representation of the reaction of aza-heterocyclic analytes with a L-Pt-DMSO, in water containing P123 surfactant (Figure 3.10). The formed complexes selfassemble into highly luminescent species. b) Photographs of the different luminescence (UV excitation) of the Pt(II)-complexes, in the reaction medium, generated by the coordination of the different analytes. From left to right: 21, 9, 1, 6, 13, 17 (see Scheme 1.4 in Chapter I).

Figure 3 . 5 :

 35 Figure 3.5: Absorbance spectrum (solid, black), normalized excitation spectrum (dashed, blue, em = 461 nm) and emission spectrum (solid, red, exc = 375 nm) of L-Pt-1 in THF (80 M) at ambient conditions. The asterisk marks an instrumental artefact due to the emission wavelength.

Figure 3 . 6 :

 36 Figure 3.6: Normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the complex L-Pt-1 flash injected from a 0.4 mM THF solution (250 L) into 3000 L of PBS (pH = 7.4). left: directly after the flash injection; right: after one day leaving the cuvette untouched.

Figure 3 . 7 :

 37 Figure 3.7: Visual snapshots of quartz cuvettes under UV irradiation of L-Pt-1 flash injected from a THF solution in PBS after 1 day "ripening".

8 .

 8 Structural characterization by NMR & MS reveal the identity between the pre-synthesized (vide supra) flash injected compound and this red precipitate, namely L-Pt-1. Nonetheless, the emission spectrum reveals several peaks, most likely owing to the same reasons as described above for the ripened flash-injected one, which does not resemble the spectrum of L-Pt-1 freshly flash-injected.

Figure 3 . 8 :

 38 Figure 3.8: left: Visual snapshots of PMMA cuvettes under UV irradiation of L-Pt-DMSO reacted with 1 (33.3 M) in PBS. right: Normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the formed complex in PBS.

Figure 3 . 9 :

 39 Figure 3.9: Classical literature pathway in comparison to the new pre-activation pathway for the formation of aza-coordinated N-metallacycles.

Figure 3 . 10 :

 310 Figure 3.10: Schematic representation of the discussed surfactants.

  hydrodynamic radius measured in water by dynamic light scattering (DLS, Delsauer) c signal-tonoise ratio, determined by dividing the phosphorescence band intensity at em,max by the intensity of the water Raman peak at 430 nm  ex = 375 nm. d ratio of S/N L-Pt-1 and S/N L-Pt-DMSO.

Figure 3 .

 3 Figure 3.11: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the complex L-Pt-1 (left) and L-Pt-DMSO (right, no analyte added) after a performed assay in PBS (pH = 7.4) with 0.9 mM CTAB (top), with 43 mM SDS (middle) and 0.5 %wt P123 (bottom).

Figure 3 . 12 :

 312 Figure 3.12: Visual snapshots of PMMA cuvettes containing different surfactants; from left to right: pure PBS, P123, CTAB, SDS. Assay performed in different media with equally concentrated 1 and L-Pt-DMSO. Visual snapshots of quartz cuvettes under UV irradiation of L-Pt-1 flash injected from a THF solution. left: in PBS, right: in PBS with 0.5 %wt P123.

  13). In order to assess the temperature dependency of the assay, kinetic studies of L-Pt-DMSO (33.3 M) with pyridine (1, 100 M) in PBS (pH = 7.4) with 0.5 wt% of P123 were carried out at different temperatures and probed by emission spectroscopy. The assay is in principle also performable at 25°C but suffers from more sluggish kinetics in comparison to the 12°C warmer conditions. The normalized emission bands were superimposable at different points in time, and the emission intensity did not notably vary (≤4% over 3 h) after the reaction reached completion (Figure3.13).

Figure 3 .

 3 Figure 3.13: left: Emission based kinetic study of L-Pt-1 at 37°C (black squares) and 25°C (red dots) with constant stirring. right: Long term stability test of L-Pt-1, which was formed in the assay conditions. Inset: development of the emission intensity (%) at em,max over 7 hours (ex=375 nm).

Figure 3 .

 3 Figure 3.14: left: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm; black, dashed, ex = 410 nm) and excitation (blue, dashed, em = em,max) spectra of the complex L-Pt-1 after a performed assay in saline buffer PBS (pH = 7.4) with 0.5% P123.  = 440 ns, φ = 45 %. right: Concentration linearity test utilizing a micro-well plate reader featuring filter-based emission spectroscopy. ex = 355 nm; em = 535 nm.

Figure 3 . 15 :

 315 Figure 3.15: Normalized emission (red, solid, ex = 375 nm; black, dotted, ex = 410 nm) and excitation (blue, dashed, em = em,max) spectra of the complex L-Pt-1 after a performed assay in Surine Negative Urine Control.  = 317 ns, φ = 20.6 %.

Figure 3 . 16 :

 316 Figure 3.16: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 1 (pyridine, left) and 2 (L-nicotine, right) after the assay at ambient conditions.

Figure 3 . 17 : 4 Scheme 3 . 2 ,

 317432 Figure 3.17: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the analytes 9 (3,5-lutidine, top left), 10 (4-cyano pyridine, top right) and 11 (4-methoxy pyridine, bottom) after the assay at ambient conditions.

Figure 3 . 18 :

 318 Figure 3.18: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 3 (pyridine-3-yl methanol, left) and 4 (pyridine-4-yl methanol, right) after the assay at ambient conditions.

  𝐸(𝐻𝐵) + 𝐸(𝐴)) -(𝐸(𝐻𝐴) + 𝐸(𝐵)) 𝛥𝐸 4→3 = (𝐸([𝑃𝑡 3 ]) + 𝐸(𝑃𝑦 4 )) -(𝐸([𝑃𝑡 4 ]) + 𝐸(𝑃𝑦 3 )) = -2.614 𝑘𝐽 𝑚𝑜𝑙 = -1.05 𝑅𝑇 𝛥𝐸 4→2 = (𝐸([𝑃𝑡 2 ]) + 𝐸(𝑃𝑦 4 )) -(𝐸([𝑃𝑡 4 ]) + 𝐸(𝑃𝑦 2 )) = 19.597 𝑘𝐽 𝑚𝑜𝑙 = 7.905 𝑅𝑇 The DFT calculations reveal that the coordination of an ortho-substituted pyridine towards the Pt center is strongly unfavored in comparison to its meta and para regioisomers. The calculated exchange energies are considerably low for a substitution reaction from para to meta (4→3; 𝛥𝐸 4→3 = 1.05 RT, with T = 25°C) and rather high for para to ortho (𝛥𝐸 4→2 = 7.91 RT). Consideration of the molecular geometries of the Pt-complexes display a tilted-out condition for the o-Py-MeOH (25), while the other isomers show flattened complexes, which is favored for a z-directional aggregation.

Figure 3 . 19 :

 319 Figure 3.19: Ground-state (S0) geometries of the complexes L-Pt-3 (left), L-Pt-4 (center) and L-Pt-25 (right).

  subjected to lyophilization. The resultant solids were analyzed in ESI-ToF MS and NMR spectroscopy revealing that both complexes are formed (L-Pt-4, m/z: [M-H] -calcd. 650.0446; found 650.0318. L-Pt-25, m/z: [M-H] -calcd. 650.0446; found 650.0354). In the NMR spectra shown in Figure 3.20 a peak assignment has been done for both complexes.In contrast to L-Pt-4, the spectrum of L-Pt-25 still displayed unconverted precursor (triplet at 8.34 ppm, doublet at 8.00 ppm). The sluggish kinetics due to the sterical hindrance of 25 as well as the constraints within the resulting complex (vide supra) explain why a full conversion of L-Pt-DMSO when reacted with 4, and an incomplete conversion when reacted with 25 was observed. Consideration of the torsion angles of the resulting complexes further shows that a z-directional stacking is favored (planar arrangement) by the meta (∡C3N3PtNtrz = 0.3°) and para (∡C4N4PtNtrz = 0.4°) regioisomers but not by the ortho (∡C25N25PtNtrz = 57°) substituted one.

Figure 3 .

 3 Figure 3.20: 1 H NMR (400 MHz, THF-d8) spectrum of L-Pt-4 and L-Pt-25 after the synthesis described (see text).

Figure 3 . 21 :

 321 Figure 3.21: Isodesmic exchange reaction for L-Pt-9 towards L-Pt-26.

Figure 3 .

 3 Figure 3.22: 1 H NMR (400 MHz, THF-d8) spectrum of L-Pt-9 and L-Pt-26 after the described synthesis (see text).

Figure 3 . 23 :

 323 Figure 3.23: Ground-state (S0) geometries of the complexes L-Pt-9 (left) and L-Pt-26 (right).

Figure 3 . 24 :

 324 Figure 3.24: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 13 (4-chloro pyridine, top left), 14 (4-bromo pyridine, top right) and 15 (4-iodo pyridine, bottom) after the assay at ambient conditions.

Figure 3 . 25 :

 325 Figure 3.25: Kohn-Sham plots of the frontier orbitals of L-Pt-1 (top) and L-Pt-10 (bottom). left: Highest occupied molecular orbitals (HOMOs) right: Lowest unoccupied molecular orbitals (LUMOs). Hybrid functional Perdew-Burke-Ernzerhof with split basis sets 6-31G(d,p) for C,H,N and F and SSD (including pseudo core potential) for Pt.

  = 1.88), where one carbon atom spaces the two nitrogen atoms within the aromatic ring system. The emission spectra of 31 and 32 are structured and peaking at 456 and 465 nm, respectively. This finding indicates for no conversion in the case of 31 (resembles the emission profile of L-Pt-DMSO, see Figure 3.11) and a coordinated species that prevents z-directional stacking, and thus Pt•••Pt interactions.

Figure 3 . 26 : 33 (

 32633 Figure 3.26: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 31 (pyridazine, left) and 32 (pyrimidine, right) after the assay at ambient conditions.

Figure 3 . 27 :

 327 Figure 3.27: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 33 (left) and 34 (right) after the assay at ambient conditions.

  ) shows a structured emission profile peaking at 465 nm, (Figure3.28), which fundamentally differs from those of pyridine derivative complexes. The structured emission of 16, which is accompanied by a relatively short excited-state lifetime of 140 ns and a low quantum yield (φ = 2%), can be ascribed to a different nature of the emitting state, namely a triplet ligand centered state ( 3 LC).40, 78 A minor molecular change, namely the substitution to a methyl group at the protonated nitrogen atom(17), causes a major change in the photophysical properties. The observed featureless emission appears at strongly lowered energies (ΔE = 0.57 eV) featuring a prolonged excited-state lifetime (τ = 278 ns) and an enhanced quantum yield of 8%.Therefore, the emission can be described as3 MMLCT based evolving from Pt•••Pt interactions. Out of all analyzed compounds the Pt(II)-complex of 17 displays the most bathochromically shifted absorption profile with abs = 494 nm and an excitation onset of 519 nm.

Figure 3 . 28 :

 328 Figure 3.28: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 16 (imidazole, left) and 17 (N-methyl imidazole, right) after the assay at ambient conditions.

Figure 3 . 29 :

 329 Figure 3.29: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 18 (benzimidazole, left) and 19 (N-methyl benzimidazole, right) after the assay at ambient conditions.

Figure 3 . 30 :

 330 Figure 3.30: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 21 (top, left), 22 (top, right) and 23 (bottom) after the assay at ambient conditions.

  MMLCT based, which arises from Pt•••Pt interactions.The significant spectral difference between 11 and 13 was exploited to analyze the stability of the formed platinum complexes against substitution reactions. For the experiments, an excess (20 times) of the competing ligand was added to an already completed assay sample and the emission spectra was determined over a duration of 140 min. The experiments revealed that no exchange reaction takes place, in either direction, even after 4 h duration time.

Figure 3 . 31 :

 331 Figure 3.31: Emission spectra collected during competitive reactions (duration: 4 h); left: L-Pt-13 with addition of 11; right: L-Pt-11 with addition of 13. Insets: development of the emission intensity (%) at em,max over 140 min. The appropriate reactions are depicted above the graphs.

1: 1

 1 mixture of the drugs 21 and 22 that was subjected to the assay, gave clearly different TRES spectra (Figure 3.32). Here the time gates are set to be 2 -60 ns for the relatively short excited-state lifetime of L-Pt-22 (τ = 296 ns) and 4 -8 ms for the strongly delayed emission event of L-Pt-21 (τ = 2740 ns). The resultant TRES spectra clearly resemble the emission spectra of the compounds subjected to separate assays (Figure 3.30).

Figure 3 . 32 :

 332 Figure 3.32: Emission spectrum featuring an excitation with a continuous wave (CW) of the assay-reaction mixture with equimolar 21 and 22, and analyte-mixture deconvolution through TRES.

Figure 3 . 33 :

 333 Figure 3.33: Principal component analysis (PCA) of selected analytes. left: Scores plot of the first two principal components, PC1 = 59.61% and PC2 = 22.75%, together 82.36 %; right: Scores plot of the first three principal components, together 97.24 %. The assay performed without added analyte is denoted as "blank". The arbitrary ellipses indicate the clustering of each analyte (Figure 3.35 for 95% confidence ellipses, see Video S1 for 3D animation).

Figure 3 . 34 :

 334 Figure 3.34: Principal component analysis (PCA) of the 23 analytes yielding strongly emissive Pt(II) derivative (SiNo > 3) after subjected to the assay (Video S2 for animation). The big cuboid frames subset-1 (Figure 3.37, left & Video S3) and the small cuboid subset-2 (Figure 3.37, right & Video S4). PC1 = 59.61% and PC2 = 22.75% & PC3 = 14.88%, together 97.24 %.

Figure 3 . 35 :

 335 Figure 3.35: 2D Scores plots including 95% confidence ellipses resulted from the principal component analysis of the photophysical data of representative compounds. left: The excitedstate lifetime () was included as input factor for the PCA (see also Video S1), PC1 = 59.61% and PC2 = 22.75%, together 82.36 %; right: The excited-state lifetime () was excluded from the input matrix for the PCA (see also Video S5), PC1 = 74.39% and PC2 = 20.73%, together 95.12%.
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 40 ellipsoids) space by solving the eigenvalue problem on the covariance matrix of each score cluster, namely the colored groups in the score plots. For visualization, the ellipses were calculated as follows: 𝑋 = 𝑋 0 + 𝑎 * cos 𝛼 * cos 𝜃 -𝑏 * sin 𝛼 * sin 𝜃 Eq. 3.3 𝑌 = 𝑌 0 + 𝑎 * sin 𝛼 * cos 𝜃 -𝑏 * cos 𝛼 * sin 𝜃 Eq. 3.𝜃 < 2π; X0 and Y0 denoting the center of the ellipse, and α being the angle between the major axis of the ellipse and the X-axis; a and b are factors defining the spreading of the ellipse. The values can be obtained using the following equations: Xi and Yi denote the individual score coordinates, λmax and λmin being the eigenvalues to the corresponding largest and smallest eigenvector vmax and vmin, respectively. For the ellipsoids, the build function of Matlab was utilized and a matrix based visualization realized in Origin. The ellipsoids (see Figure 3.36) were exemplary calculated for the selection depicted in Figure 3.33.

Figure 3 . 36 :

 336 Figure 3.36: 2D Scores plots including 95% confidence ellipsoids resulted from the principal component analysis of the photophysical data of representative compounds, PC1 = 59.61% and PC2 = 22.75% & PC3 = 14.88%, together 97.24 %.

Figure 3 . 37 :

 337 Figure 3.37: Simulated data spreading by error-clouds of the scores resultant from principal component analysis (PCA) of the subsets arising from the PCA of 23 analytes described in Figure 3.34. left: Subset-1 with PC1 = 40.26% and PC2 = 38.81% & PC3 = 12.29%, together 91.36%. right: Subset-2 with PC1 = 59.23% and PC2 = 22.32% & PC3 = 8.63%, together 90.18%.

. 14 and

 14 PCAs were conducted either with τ as an input factor and without (Figure3.35 & Video S1 & S5). These analyses demonstrate that the differentiation of aza-heterocyclic analytes is also feasible even with high-throughput plate-reader-based measurements and omission of time-resolved measurements.Additionally, a Fisherface-type linear discriminant analysis (LDA) on the selected dataset of Figure3.33 displays a high classification rate (94.44%) of the applied system (seeFigure 3.38). The classification errors are rather low in consideration of the small sample size and are higher for the eigenvector system covering less data. Commonly, LDAs are a well-established tool for classification utilizing large sample sizes. At a small sample size (number of variables being lower than factors) the singularity of the within-scatter matrix leads to a failure for the calculation. Thus, again a bigger sample size is preferable for classification algorithms such as LDA and support vector machines.Nevertheless, the unsupervised PCA outperforms the supervised LDA methods in terms of direct assessment of the chosen factors, since a clustering is directly dependent on the variance differences between and within the score groups.87 

Figure 3 . 38 :

 338 Figure 3.38: Fisherface-type 91, 92 linear discriminant analysis of the compounds discussed in the main text either with (left, 11.11% classification error) or without (right, 5.56 % classification error) the excited-state lifetime taken as input.

Figure 3 . 39 :

 339 Figure 3.39: Kinetic study for reaction of L-Pt-DMSO with 1 (pyridine), 2 (L-nicotine), 9 (3,5-lutidine) and 16 (imidazole) under the assay conditions.

Figure 3 . 40 :

 340 Figure 3.40: Absorption (black, solid), normalized emission (red, solid, ex = 375 nm) and excitation (blue, dashed, em = em,max) spectra of the 20 (left) and 24 (right) after the assay at ambient conditions.

Figure 3 . 41 :

 341 Figure 3.41: Time-resolved emission spectra (TRES) of the preformed L-Pt-1 complex in Bovine Serum Albumin at 25°C. ex=375 nm, fpulse=150 kHz. First time gate was set to 5 -20 ns (red line), second time gate to 400 -800 ns (green line) leading to the deconvolution of the overlapping emission spectra at continuous excitation (CW).

  photophysical fingerprints of their labelled complexes. The developed method exhibits stability towards competing substitution reactions and is performable in urine. Moreover, the concentration calibration is linear down to 5 M enabling the facile detection of toxins and drugs. Differentiation can be achieved either by visual inspection of the obtained datasets or by multivariate analyses such as PCA and LDA.

Figure 4 . 2 :

 42 Figure 4.2: Schematic and corresponding 3D representations of the investigated molecules. left: Ligand Py-iCyt with highlighted rotatable C-C bond (green) right: Complex L-Pt-Py-iCyt. 3D color code: C-grey, H-white, N-blue, O-red, F-rose, Pt-yellow.

( 3

 3 MMLCT) with a prolonged excited-state lifetime (Table4.1). The new lowest excited state emerges from aggregation induced closed-shell Pt•••Pt interactions, which is accompanied by a bathochromically shifted excitation onset of 510 nm.

Figure 4 . 3 :

 43 Figure 4.3: left: UV/Vis absorption (solid, black), normalized emission (solid, red, λex = 300 nm) and excitation (dashed, blue, λem = 460 nm) spectra of L-Pt-Py-iCyt in aerated THF (10 -4 M) at ambient conditions. right: Normalized excitation (dashed, blue, λem = 600 nm) and emission (solid, red, λex = 300 nm) spectra of L-Pt-Py-iCyt, in solid state (neat film) at ambient conditions.

Figure 4 . 4 :

 44 Figure 4.4: Chemical structure of Pyridine-isocytosine (Py-iCyt). Hydrogen-bonding donor and acceptor sites are indicated in blue and red, respectively.

Figure 4 . 5 :

 45 Figure 4.5: Height (a) and current (b) STM image of Py-iCyt monolayer at the 1phenyloctane/HOPG interface. Scanning parameters, average tunneling current (It) = 20 pA, tip bias voltage (Vt) = 500 mV.

Figure 4 . 6 )

 46 . The unit cell parameters are a = 1.24  0.1 nm, b = 1.68  0.1 nm and  = (60  2) leading to a surface of A = 1.80  0.11 nm 2 . The model of the packing within the monolayer is displayed in the Figure 4.6 (center). The structure is stabilized by weak hydrogen bonds occurring between N(4) … H(5) and weak electrostatic interaction formed between O(3), H(5) and H(6) of adjacent molecules (see Figure 4.4 and Figure 4.6 (right)).

Figure 4 . 6 :

 46 Figure 4.6: left: Zoom-in of STM image showing the structure of Py-iCyt self-assembly at the 1-phenyloctane/HOPG interface. Scanning parameters, average tunneling current (It) = 20 pA, tip bias voltage (Vt) = 500 mV. center: packing model. right: Schematic representation of the selfassembly motif of Py-iCyt.

Figure 4 . 7 )

 47 Figure 4.7) in the scaffold led to a dramatic change in the self-assembly behaviour.

Figure 4 . 7 :

 47 Figure 4.7: Chemical structure of L-Pt-Py-iCyt. Hydrogen-bonding donor and acceptor sites are indicated in blue and red, respectively.

Figure 4 . 8 (

 48 Figure 4.8 (center): trimers (iC3, white), tetramers (iC4, blue), pentamers (iC5, green), half of hexamer (½iC6, red) and hexamers (iC6, yellow).

Figure 4 . 8 :

 48 Figure 4.8: left: Height STM image of L-Pt-Py-iCyt at solution/HOPG interface. Scanning tunneling parameters: Average tunneling current (It)=25 pA, Tip bias voltage (Vt)=-450 mV. center: Model of different self-assembled molecular motifs. right: merged picture; overlay of models and experimental STM image.

Figure 4 . 9 :

 49 Figure 4.9: The percentage of the different molecular motifs identified on HOPG surface as well as percentage of molecules involved in formation of a given pattern.

Figure 4 . 10 :

 410 Figure 4.10: Simulated models overlapping the molecular motifs on the STM images. These models fit well the observed motifs.

Figure 4 . 11 :

 411 Figure 4.11: Schematic representation of the hydrogen bond network present for iC6 (left) and ½iC6 as well as present for the self-assemblies of iC3 (right), iC4 and iC5.

Figure 4 .

 4 Figure 4.12: far-left: Schematic representation of complex L-Pt-Py-iCyt. Ground-state optimized superimposed with particular orbitals. From left to far-right: HOMO-1, HOMO and LUMO orbitals of the iC molecule. The gap between the HOMO and HOMO-1 states was computed to be 45 meV.

Figure 4 . 13 :

 413 Figure 4.13: Spatial distribution of the HOMO orbitals of different suggested molecular motifs of L-Pt-Py-iCyt and a simulation of the ribbon of the ligand Py-iCyt (bottom right).

Figure 4 .

 4 Figure 4.14: top panel: STM images of different L-Pt-Py-iCyt motifs. middle panel: simulated structures on graphene. bottom panel: simulated STM images of different motifs.

Figure 4 . 15 :

 415 Figure 4.15: Calculated adsorption (Ead, red), dissociation (Ediss, green) and the total (Etot = Ead + Ediss, blue) energies of the different molecular motifs self-assembled by L-Pt-Py-iCyt complex.

Figure 4 .

 4 Figure 4.15 shows the computed dissociation energies of the molecular motifs. The number of hydrogen bonds, their nature and the degree of molecular packing play a crucial role for the dissociation energy of the molecular motifs. The highest dissociation energies were observed for iC6 and ½iC6 motifs, both formed through O(3) … H-N(6) and N(4) … H-N(5) hydrogen bonding. Lower Ediss was monitored for iC3-iC5 structures, which are stabilized via weaker type of H-bonding, i.e. O(3) … H-N(6). The reduction of the total number of H-bonds in the motifs leads to a thermodynamic and kinetic destabilization from iC5 to iC3, which is reflected in the slight decrease of the dissociation energy.

  ) differing by one in the number of molecular units. In this sense, 𝐸 𝑟𝑒𝑎𝑟𝑟 is a measure of the energy required to reorganize the molecular network, while Ediss considers the energy necessary to remove a single monomer without involving a collective rearrangement of the motif, i.e. a change of symmetry.

Figure 4 . 16 :

 416 Figure 4.16: Re-arrangement energy of different molecular motifs formed by the Pt(II)-complex. The structures are ranged from iC6 to iC3.

(

  Goedecker, Teter and Hutter). A DZVP (double zeta for valence electrons plus polarization functions) basis set complemented with a plane-wave basis set energy cut-off of 350 Ry. Dispersion corrections were included through the standard D3 Grimme parameterization. The convergence criteria for both geometry and energy calculations were set to 1 x 10 -7 Hartree for the SCF energy and 9 x 10 -4 (Hartree per Radian). In the case of isolated molecular motifs, calculations were performed with a supercell with box size of 50 × 50 × 20 Å 3 . These dimensions ensure the avoidance of spurious interactions between neighboring cells when implementing periodic boundary conditions. The different molecular motifs have been constructed partly based on the experimentally observed assemblies visualized with STM, and partly on structural optimization of several additional motifs. In such way, the motifs converged to the supramolecular structures displayed in Figure4.17.

Figure 4 . 17 :

 417 Figure 4.17: Cyclic molecular motifs of L-Pt-Py-iCyt and the ligand (Py-iCyt) showing the intermolecular interactions.

1 H

 1 NMR (400 MHz, DMSO) δ 10.89 (s, 1H), 8.50 (d, J = 6.1 Hz, 2H), 7.72 (d, J = 6.1 Hz, 2H), 6.59 (s, 2H), 6.12 (s, 1H). HR-ESI-MS (positive scan, m/z): [M+H] + calcd. 189.0771; found 189.0765.

1 H

 1 NMR (400 MHz, THF, ppm) δ 10.38 (s, 1H), 9.79 (d, J = 6.3 Hz, 2H), 8.30 (d, J = 6.3 Hz, 2H), 8.25 (t, J = 7.6 Hz, 1H), 7.94 (d, J = 8.1 Hz, 2H), 6.54 (s, 1H), 6.31 (s, 2H).19 F{ 1 H} NMR (377 MHz, THF, ppm) δ -67.07. HR-ESI-MS (positive scan, m/z): [M+H] + calcd. 731.0773; found 731.1103.

Fluor

  488 labelled DNA strands (Figure5.2). With a surfactant support, gold nanoparticles were recently successfully encapsulated into CCMV capsids featuring a high encapsulation efficiency of 99%.21 

Figure 5 . 2 :

 52 Figure 5.2: Fluorescence enhancement by gold-nanoparticle encapsulation. 20 © 2011 American Chemical Society

  local concentration inside the spatially confined protein cage led to the stacking of the ZnPCs inside the VLPs. The obtained icosahedral particles were successfully deployed as photosensitizer in photo dynamic therapy (PDT) due to their efficient singleoxygen production. Fraction of killed cells near unity was reached after only 20 min irradiation.

Figure 5 . 3 :

 53 Figure 5.3: Encapsulation of zinc phthalocyanines (ZnPCs) into CCMV. 35 © 2011 American Chemical Society

Scheme 5 . 4 :

 54 Scheme 5.4: Complexation reaction to obtain the desired Pt(II)-amphiphiles by reacting the ancillary ligand (A) with L-Pt-DMSO. The average yields for the products are depicted, for synthetic details see the Experimental part.

Figure 5 . 5 :

 55 Figure 5.5: left: Absorption (black, solid), normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = em,max) spectra of complex L-Pt-R in aerated THF solution (10 -4 -10 -5 M). right: Normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = em,max) spectra of complex L-Pt-R in solid state (neat film).

Firstly, the 49 Figure 5 . 6 :

 4956 Figure 5.6: Absorption (black, solid), normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = 500 nm) spectra of the complexes L-Pt-2xOMe (left) and L-Pt-3xOMe (right) in aerated THF solution (10 -4 -10 -5 M).

54 Figure 5 . 7 :

 5457 Figure 5.7: Normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = em,max) spectra of the complexes L-Pt-2xOMe (left) and L-Pt-3xOMe (right) in solid state (neat film).

  profiles of the solid-state analysis, which is indicative of Pt•••Pt interaction and thus aggregation formation. The emission profiles are featureless with maxima at 575 nm (L-Pt-2xOMe) and 602 nm (L-Pt-3xOMe), appearing bathochromically shifted in comparison to the THF solutions. The lower energy of the emission of L-Pt-3xOMe is indicative of a shorter Pt-Pt distance (stronger destabilized HOMO, narrower energy gap) than for L-Pt-2xOMe. Although the ethylene glycol chains are remotely attached to the chromophoric system substitution of electron-donating groups such as -OMe may also lead to a bathochromically-shifted emission (see Chapter III). Both excitation spectra resemble the absorption spectra and display a pronounced lowest energy transition at 476 nm ascribed to a MMLCT. In comparison to the organic solvent, in aqueous medium the emission quantum yields are strongly enhanced to 26% (L-Pt-2xOMe) and 40% (L-Pt-3xOMe). The excited-state lifetime measurements revealed the values of 460 ns for L-Pt-2xOMe and 219 ns for L-Pt-3xOMe. Although these values strongly differ from each other, which is most likely on account of the differential packing and the concentration dependencies of these parameters (vide infra), all measurements are indicative of Pt•••Pt interactions. Thus, the first objective of the transfer of the advantageous (solid-state) photophysical properties into the aqueous phase was fulfilled.

Figure 5 . 8 :

 58 Figure 5.8: Absorption (black, solid), normalized emission (red, solid, ex = 405 nm) and excitation (blue, dashed, em = em,max) spectra of the complexes L-Pt-2xOMe (left) and L-Pt-3xOMe (right) in aerated water solution (10 -4 -10 -5 M). On account of the insolubility of L-Pt-2xOMe, the complex was flash injected from a THF stock solution.

Figure 5 . 9 :

 59 Figure 5.9: Absorption (black, solid), normalized emission (red, solid, ex = 405 nm) and excitation (blue, dashed, em = em,max) spectra of L-Pt-3xOMe in aerated buffered TRIS solution (pH=7.2, 10 -4 -10 -5 M). The dotted black line represents the emission spectrum of L-Pt-3xOMe in water (see Figure 5.8).

Figure 5 . 10 :

 510 Figure 5.10: Absorption (black, solid), normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = 500 nm) spectra of the complexes L-Pt-2xOH (top, left), L-Pt-3xOH (top, right), L-Pt-2xSO4 (bottom, left) and L-Pt-3xSO4 (bottom, right) in aerated THF solution (10 -4 -10 -5 M). A solution of THF/MeOH (30%) was utilized for the negatively charged complexes.

Figure 5 . 11 :

 511 Figure 5.11: Absorption (black, solid), normalized emission (red, solid, ex = 300 nm) and excitation (blue, dashed, em = em,max) spectra of the complexes L-Pt-3xOH (top), L-Pt-3xSO4 (bottom, left)and L-Pt-2xSO4 (bottom, right) in aerated TRIS buffer solution (pH = 7.2,10 -4 -10 -5 M).

  diluted conditions within the Lambert-Beer regime (pH=7.2, 10 -4 -10 -5 M). b λex = 300 nm, aerated ambient conditions. c amplitude weighted average lifetime determined at low concentration (below CAC), error ~ 1%. d determined at low concentration (below CAC), error ~ 5% e flash-injected from THF solution into deionized water (10 -5 M). f measured at high concentration (1 10 -3 M, above CAC)

Figure 5 . 12 :

 512 Figure 5.12: Normalized emission spectra of L-Pt-3xOMe for different concentrations from 1 10 -3 -5 10 -6 M in TRIS buffer (pH=7.2) at ambient conditions.

  Methods for the determination of the CMC utilizing a fluorescence probe are established and taking advantage of the fact that the emission properties, namely, the excited-state lifetime and the quantum yield, can be strongly affected by the environment around the fluorophore. Therefore, with a fixed low fluorophore concentration (avoidance of inner filter effects) and upon increasing amphiphile concentration, the increase of the fluorescence intensity follows two linear functions of different steepness. The crossing point of both linearly approximated functions identifies the CMC.The necessity of concentration variations of the amphiphile to determine the CAC of the Pt(II)-amphiphiles excludes the above-mentioned technique on the basis of fluorescence spectroscopy, on account of inner filter effect. Primary inner filter effects are defined by the optical density at the excitation wavelength, whereas the secondary inner filter effects are determined by the optical density at the emission wavelength. Due to the large Stokes shift of the assembled Pt(II)-complexes (no reabsorption of emitted light) the secondary inner filter effects are negligible in the investigated system. Nevertheless, the primary inner filter effect would cause a perturbation of the linear dependence between the fluorescence intensity and the concentration, which is basis for the technique described above.However, the quantum yield and excited-state lifetime of the Pt(II)-amphiphiles are strongly dependent on the environment of the phosphor and therefore can also serve as a read-out for the determination of the CAC. Whereas, the relative quantum yield determination method is limited to systems lacking inner filter effects (low concentration A<0.1), an integrating sphere setup can overcome this problem by scanning through several excitation wavelengths. On account of high absorption cross section values for accurate determination of the quantum yield with the integrating sphere, a reliable detection at lower concentrations is critical. Alternatively, excited-state lifetime measurements are known to show a dependency only on secondary inner filter effects, which are negligible for large Stokes shift phosphors such as the Pt(II)-amphiphiles. Thus, excited-state lifetimes and DLS count rates were determined for a concentration series of each Pt(II)-amphiphile envisaged for the encapsulation into virus capsids, namely L-Pt-3xOMe, L-Pt-3xOH, L-Pt-3xSO4, L-Pt-2x-SO4. Noteworthy, although the complexes were thoroughly dried in vacuo the water might be not entirely removable due to the high ethylene glycol content. Thus, an uncertainty for the weighting and in turn for the actual concentration can arise.

Figure 5 . 13 :

 513 Figure 5.13: Plot of DLS intensity (black squares)/excited state lifetime (red dots) versus concentration of L-Pt-3xOMe in aqueous TRIS buffer solution (pH = 7.2). left: linear plots; right: semi-logarithmic plot.

  5 10 -5 M to1 10 -6 M display an apparent difference in steepness. The intercept of the two lines represent the CAC (2.2 10 -5 M). The analysis for the other complexes are depicted in Figure5.14 and summarized in Figure5.14.

Figure 5 . 14 :

 514 Figure 5.14: Semi-logarithmic plots of DLS intensity (black squares)/excited state lifetime (red dots) versus concentration of the Pt complexes in aqueous TRIS buffer solution (pH = 7.2). top: L-Pt-3xOH; bottom-left: L-Pt-3xSO4; bottom, right: L-Pt-2x-SO4.

  10 -4 M) in TRIS buffer (50 mM tris, 300 mM NaCl, 10 mM MgCl2) was mixed in a molar ratio of 1:5 with a stock solution of Pt(II)-amphiphile (1 10 -3 M) in TRIS buffer (50 mM tris, 10 mM MgCl2). For the neutral complexes, L-Pt-3xOMe and L-Pt-3xOH, the pH value was tuned to 5.1 shortly after mixing with a concentrated solution of NaOAc buffer (0.2 M, pH = 5.0). The charged complexes, L-Pt-3xSO4, L-Pt-2xSO4, templated shortly after the mixing the formation of the virus like particles, and thus no additional buffer was necessary. Experiments with a Pt(II)-complex concentration of 1, 2 and 4 10 -3 M were conducted. The formed VLPs were subsequently purified by fast protein liquid chromatography by using NaOAc buffer (100 mM NaAc, 150 mM NaCl, pH = 5.0) as eluent.

Figure 5 . 15 :

 515 Figure 5.15: FPLC chromatograms of VLP@3xOMe (left) and VLP@3xOH (right). From top to bottom: 1 10 -3 M, 2 10 -3 M, 4 10 -3 M initial Pt concentrations, and pure complex without capsid at 1 10 -3 M at the bottom: L-Pt-3xOMe (left), L-Pt-3xOH (right). The vertical dashed lines indicate the isolated fractions for analysis. The colors assign different absorbance wavelength: 260 (black), 280 (red) and 340 nm (green).

Figure 5 . 16 :

 516 Figure 5.16: FPLC chromatograms of VLP@3xSO4 (left) and VLP@2xSO4 (right). From Top to bottom: 1 10 -3 M, 2 10 -3 M, 4 10 -3 M initial Pt concentrations, and pure complexes without capsid at 1 10 -3 M at the bottom: L-Pt-3xSO4 (left), L-Pt-2xSO4 (right) The dashed lines indicate the isolated fractions for analysis. The colors assign different absorbance wavelength: 260 (black), 280 (red) and 340 nm (green).

Figure 5 .

 5 Figure 5.18: Representative TEM images of the VLPs of VLP@3xOMe (left) VLP@3xOH (right), stained with uranyl acetate. Scale bar: 100 nm.

Figure 5 . 19 :

 519 Figure 5.19: Representative TEM images of the VLPs of VLP@3xSO4 (left) and VLP@2x-SO4 (right), stained with uranyl acetate. Scale bar: 50 nm.

Figure 5 .

 5 20 depicts the STEM experiments exemplified for L-Pt-3xOH.

Figure 5 .

 5 Figure 5.20: left: High-angle annular dark-field imaging scanning transmission electron microscope (HAADF-STEM) image of L-Pt-3xOH. right: energy dispersive X-ray spectroscopy (EDX) diagram of the sample.

Figure 5 . 21 :

 521 Figure 5.21: Absorption spectra (solid), normalized emission (dotted, exc = 405 nm) and excitation (dashed, em = em,max) spectra of the VLPs containing the Pt(II)-complexes. The color of the spectrum indicates the applied encapsulation concentration: 1 10 -3 M (black), 2 10 -3 ( red), 4 10 -3 (green). top, left: VLP-3xOMe; top, right: VLP-3xOH; bottom, left: VLP-3xSO4; bottom, right: VLP-2xSO4;

Scheme 5 . 5 :

 55 Scheme 5.5: Schematic representation of complex L-Pt-Alkyl-2xSO4, which was synthesized on the basis of the obtained results.

Figure 5 . 22 :

 522 Figure 5.22: Absorption (black, solid), normalized emission (red, solid, ex = 405 nm) and excitation (blue, dashed, em = em,max) spectra of VLP@Alkyl-2xSO4. For encapsulation, the utilized concentration of L-Pt-Alkyl-2xSO4 was adjusted to 0.5 10 -3 M due to its low solubility. The molar ratio 5:1 between complex and CPs was preserved.

5. 22 )

 22 . The reason for the relatively low quantum yield (compared to the other VLPs) is under current investigation.

Figure 5 .

 5 Figure 5.23: TEM images with uranyl acetate staining of VLP@Alkyl-2xSO4.

  , and subsequently added to a solution of HO-TEG-O-Bnz (6.4 g, 21 mmol) in THF (50 mL) under constant stirring. The reaction mixture was kept at 0°C and p-toluenesulfonyl chloride (TsCl, 5.2 g, 27 mmol) dissolved in THF, was carefully added. The reaction mixture was allowed to heat to room temperature and stirred overnight. The crude reaction mixture was concentrated in vacuo featuring a water-bath temperature of 30°C and subsequently two times extracted with DCM. The combined organic layers were dried over Na2SO4 and all volatiles were evaporated in vacuo accomplishing a colorless viscous liquid (7 g, 16 mmol, 76%). HR-ESI-ToF-MS (positive scan, m/z): [M+Na] + calcd. 461.1537; found 461.1570. HPLC-MS: tR = 1.76 min.

  -R L-Pt-DMSO (19 mg, 0.031 mmol) and AR (10 mg, 0.035 mmol) were dissolved in MeOH (3 mL) and sonicated for 30 min. The volatiles were evaporated in vacuo and the crude product suspended in DCM. Subsequently, the suspension was subjected to centrifugation and the supernatant was separated. The remaining precipitant was treated twice with DCM in the same way. The combined organic layers were evaporated and the procedure two times repeated. After evaporation of all volatiles, a pure orange solid was obtained (21 mg, 0.025 mmol, 84%).1 H NMR (400 MHz, THF) δ 10.24 (s, 1H), 9.50 (d, J = 6.5 Hz, 2H), 8.21 (t, J = 8.0 Hz, 1H), 8.03 (d, J = 6.5 Hz, 2H), 7.87 (d, J = 8.0 Hz, 2H), 7.31 (s, 2H), 3.90 (s, 6H), 3.80 (s, 3H). 19 F { 1 H} NMR (377 MHz, THF, ppm) δ -65.09. HR-ESI-ToF-MS (positive scan, m/z): [M+H] + calcd. 831.1186; found 831.1172. Comment on NMR data: The expected coupling between carbon ( 13 C) and fluorine ( 19 F) is observed for the terdentate ligand L in CD2Cl2 featuring a quadruplet centered at 119.93 ppm and coupling constants of JCF = 811 Hz and 269 Hz (1:3:3:1). While, for Ptcomplexes exhibiting a decent solubility (TEG decorated ones in CDCl3) the coupling is still visible by a splitting into two peaks JCF = 268 Hz, the coupling was not observed for relatively insoluble complexes. The coupling between hydrogen ( 1 H) and platinum ( 195 Pt)

1 H

 1 photon counting (TCSPC) electronics PicoHarp300 or the Multi-Channel Scaling (MCS) electronics NanoHarp 250 of the PicoQuant FluoTime 300 (PicoQuant GmbH, Germany), equipped with a PDL 820 laser pulse driver. Pulsed laser diodes LDH-P-C-375 ( = 375 nm, pulse FWHM <70 ps, repetition rate 50 kHz -40 MHz) and LDH-P-C-405 ( = 405 nm, pulse FWHM <70 ps, repetition rate 50 kHz -40 MHz) were used to excite the sample and mounted directly on the sample chamber at 90°. The photons were collected by a PMA-C-192 photomultiplier (PMT) single-photon-counting detector. The data was acquired by using the commercially available software EasyTau (PicoQuant GmbH, Germany), while data analysis was performed using the commercially available software FluoFit (PicoQuant GmbH, Germany).

Figure Instr. 1 :

 1 Figure Instr.1: Schematic representation of a double-beam spectrophotometer. 8 © 2014 Scientific Research

16 Figure Instr. 3 :

 163 Figure Instr.3: Schematic representation of the setup the PicoQuant FluoTime 300 together with the principle for TCSPC. © PicoQuant GmbH, Germany

Figure Instr. 4 :

 4 Figure Instr.4: Schematic representation of the setup of fluorescence spectrometer (A) and an integrating sphere (B) for the determination of the photoluminescence quantum yield. 19 © 2013 Nature

  On account of the Brownian motion of the particles, the relative positions of the particles change in time resulting in random intensity fluctuations of the scattered light (Figure Instr.5). The smaller the particle size, the faster the fluctuations.

Figure Instr. 5 :

 5 Figure Instr.5: Schematic representation of the measurement principle of a dynamic light scattering (DLS) instrument. 22 © LS instruments; The inset displays the random intensity fluctuations of scattered light over time either for smaller or larger particles. 23 © Quantachrome

  Scanning tunneling microscopes are able to render a lateral resolution of 0.1 nm and a depth resolution of 0.01 nm.

Figure Instr. 6 :

 6 Figure Instr.6: Illustration of the principle of a scanning tunneling microscope. Black spheres represent the atoms of the tip, sky-blue sphere represent the atoms of the scanned layer and red spheres represent the electrons tunneling from the surface to the tip. © 2012 Johanneum
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Table 2 .

 2 1: Summary of the photophysical properties of the complexes.

			solution				solid state
		 / nm a	em a,b /	φ a,c	τ / ns a,d,e	em b,f /	φ c,f	τ / ns f
		(ε / M -1 cm -1 )	nm			nm	
	L-Pt-PyA	273 (17525),	463, 490,	<1%	2.1	577	65% 226 (22%)
		299 sh	527, 567				436 (78%) g
		(13565), 335					
		(3991), 397					
		(434)					
	L-Pt2-18C4	270 (23363),	463, 490,	<1%	3.3 (31%)	594	69% 609 (45%)
		303 sh	575		1.2 (69%)		439 (55%) h
		(17690), 337					
		(5054), 397					
		(570)					
	L-Pt2-18C6	280 (25054),	585 (464,	<1% 464 nm: 3.6		
		337 (5054),	489) j		585 nm:		
		368			121.9 (40%)		
		(2273), 405			21.3 (45%)		
		(891)			3.8 (15%)		

  2 mg, 0.113 mmol, 78%).1 H NMR (400 MHz, THF) δ 10.13 (s, 1H), 9.49 (d, 3 J = 7.2 Hz, 2H), 8.22 (d, 3 J = 7.9 Hz, 1H), 7.88 (d, 3 J = 8.0 Hz, 2H), 7.85 (d, 3 J = 7.5 Hz, 2H), 2.18 (s, 3H).19 F { 1 H} NMR (377 MHz, THF) δ -66.95 (s). HR-ESI-MS (negative scan, m/z): [M-H] -calcd.

	677.0566; found 677.0559.

Table 3 .

 3 

	Surfactant	CMC a	Dhyd / nm b	S/N L-Pt-DMSO c	S/N L-Pt-1 c S/N d
	SDS	3.42 mM	2.8 ± 1.3	4.77	112.11	23.5
			(0.86 mM)			
	CTAB	0.074 mM	3.7 ± 2.2	11.31	108.26	9.6
			(43 mM)			
	P123	0.01 %wt	17.5 ± 3.6	0.76	133.24	175.3
			(0.5 %wt)			

1: Summary of the physical properties of the surfactants. a critical micelle concentration determined in water, take from literature values (see text) b

Table 3 .

 3 2: Signal-to-noise ratio (SiNo) for all analyzed compounds.

	Analyte a	SiNo	Analyte a	SiNo
		20.41	28	0.54
		8.95	29	0.03
		15.61	30	0.02
		15.38	31	1.20
		19.83	32	1.88
		13.39	33	1.72
		20.33	34	0.59
		13.37	35 *	0.22
		20.56	36	0.73
		15.59	37	0.62
		24.22	38	1.37
		3.98	39	0.09
		19.95	40	0.02
		20.07	41	0.03
		20.60	42	AFBA b
		5.55	43 *	0.92
		9.11	44 *	0.01
		2.92	45	0.02
		29.80	46	AFBA b
		4.30	47	0.02
		7.90	48 *	0.47
		9.20	49 *	0.68
		7.40	50 *	0.66
		0.13	51 *	0.81
		0.01	52	0.02
		0.01	blank	1.00
		0.78	unknown c	7.57

a See Scheme 3.2 for chemical structures. b AFBAautofluorescence by analyte. c Unknown sample in blind study (vide infra). SiNo was calculated with constant bandpasses of 2 nm for excitation and emission. The asterisk indicates the samples, for which the calculation has been carried out for bandpasses of 5 nm.

Table 3 .

 3 3: Summary of the photophysical properties of the complexes.

	Analyte a	abs b / nm	em,max c / nm	ῦ d / cm -1	ns	 e /	%	φ f /
	1	478	571	3407				45
	2	470	545	2928				5
	3	483	571	3190				20
	4	476	570	3464				21
	9	473	555	3123				27
	10	471	546	2916				17
	11	479	578	3576				54
	16	413	467,494,526,579	2800				2
	17	494	601	3604				8
	18	425	469, 497, 526, 571	2208				0.6
	19	467	559	3525				50
	20	364	468, 490	6105				1
	21	403	464,494,527,570	3262				13
	22	465	587	4470				7
	23	451	570	4195				4

a Assays (triple replica), were carried out with 100 M analyte and 33.3 M L-Pt-DMSO at 37°C in PBS buffer (pH = 7.4) with 0.5 %wt P123 for 3 h reaction time (see Table

3

.4 & estimated errors) b maximum of energetically lowest absorption band. c emission wavelength at peak maximum; ex = 375 nm. d Stokes shift. 61 e amplitude average of multiexponential decay calculated by most likelihood estimation (MLE). f absolute PLQY from integrating sphere

Table 3 .

 3 4: Errors for all analyzed compounds.

	Index	Analyte	max /	exc,onset /	Int	/ ns SiNo
			cm -1	cm -1		
	1	pyridine	71	22	64	14
	2	L-nicotine	155	37	65	5
	3	3-pyridinemethanol	62	75	96	31
	4	4-pyridinemethanol	18	14	47	13
	5	4-picoline	18	31	85	14
	6	4-pentylpyridine	48	28	77	82
	7	4-bromomethylpyridine	19	62	78	7
	8	4-aminomethylpyridine	19	2	15	33
	9	3,5-lutidine	68	7	25	7
	10	4-cyanopyridine	174	7	23	17
	11	4-methoxypyridine	30	27	125	20
	12	dimethylaminopyridine	55	193	3	2
	13	4-chloropyridine	95	9	25	9
	14	4-bromopyridine	89	47	56	17
	15	4-iodopyridine	354	38	138	43
	16	imidazole	27	2	7	18
	17	N-methylimidazole	70	36	13	83
	18	benzimidazole	53	1455	5	10
	19	N-methylbenzimidazole	116	73	26	27
	20	methylbenzimidazole histamine	428	268	1	9
	21	clotrimazole	0	11	12	55
	22	fluconazole	138	7	9	9 9
	23	miconazole	36	14	4	3
	blank	L-Pt-DMSO	0	29	0	1

  The reaction mixture was allowed to cool to room temperature and the volatiles removed in vacuo. The crude product was subsequently distributed in DCM, sonicated and afterwards centrifuged. The supernatant was taken off the solid and this procedure was repeated once with DCM and another time with MeOH to obtain a pure red solid (390 mg, 0.629 mmol, 64 %).

	Pt-DMSO
	PtCl2(DMSO)2 (419 mg, 0.99 mmol) and L-2H (213 mg, 0.99 mmol) were dissolved
	in DMF and heated to 75 °C in a round bottom equipped with a reflux condenser
	overnight.

1 

H NMR (400 MHz, MeOD, ppm) δ 8.26 (s, 1H), 7.89 (d, J = 7.9 Hz, 2H), 2.71 (s, 6H).

19 

F { 1 H} NMR (377 MHz, MeOD, ppm) δ -65.66 (s). HR-ESI-MS (positive scan, m/z): [M+Na] + calcd. 643.0071; found 643.0034.

Table 4 .

 4 1: Summary of the photophysical properties of the complex L-Pt-Py-iCyt. Average of scanning ex = 300 -400 nm (10 nm interval), c ex = 375 nm. d em = 462 nm, e em = 578 nm

					solution			solid state
	 / nm a (ε / M -1 cm -1 )	em a,b / nm	φ a,c	τ / ns a,d,e em b,f / nm	φ c,f	τ / ns f
	216	(35835),	252	462, 489, 517 <1%	2.3	578	<1% 795 (22%),
	(29758),	267	sh				265 (45%),
	(27243), 300 (18913),				46 (33%) g
	335 (7806), 368 (5714),			
	415 (785)					
	a ex=300 nm.				

b 

Table 5 .

 5 1: Summary of the photophysical properties of the Pt(II)-amphiphiles in THF. determined at diluted conditions within the Lambert-Beer regime (pH=7.2, 10 -4 -10 -5 M). b λex = 300 nm, aerated ambient conditions. c λex = 375 nm, amplitude weighted average lifetime determined at low concentration, error ~ 1%. d determined at low concentration (below CAC), error ~ 5% e measured in a mixture of THF/MeOH (30%).

	Complex	λabs / nm (ε / M -1 cm -1 ) a	λem / nm b	τ / ns c	φ / % c
	L-Pt-2xOMe 400 (851), 336 (sh, 10229),	461, 488, 520	1.5	<1
		294 (38740), 271 (sh, 29640)			
	L-Pt-3xOMe 400 (2347), 338 (sh, 33607),	462, 486, 518	1.6	<1
		303 (106575), 278 (sh, 75445)			
	L-Pt-2xOH	400 (127), 336 (sh, 2323),	464, 490, 522	1.3	<1
		304 (6894), 277 (sh, 4851)			
	L-Pt-3xOH	400 (127), 338 (sh, 2252),	461, 488, 519	1.7	<1
		304 (6894), 279 (sh, 4928)			
	L-Pt-2xSO4	400 (530), 335 (sh, 7696),	460, 490, 519	2.2	<1
		299 (15413)			
	L-Pt-3xSO4	400 (764), 336 (13532),	462, 488, 521	1.5	<1
		302 (43479), 276 (sh, 27980)			

a

Table 5 .

 5 2: Summary of the photophysical properties of the Pt(II)-amphiphiles in TRIS buffer

	Complex			λabs / nm			λem /	τ /	φ /
			(ε / M -1 cm -1 ) a		nm b	ns c	% d
	L-Pt-2xOMe	477	(2892),	339	(sh,	4928),	575	460	26 e
		276 (21162) e						
	L-Pt-3xOMe	475 (1123), 398 (750), 345 (sh, 3445),	600	367 (443) f 36 (52) f
		290 (13873)						
	L-Pt-2xOH	476 (2642), 339 (sh, 4502), 276 (19332)	592	719	58
		e							
	L-Pt-3xOH	475 (416), 389 (437), 338 (sh, 1338),	605	332 (552) f 33 (60) f
		291 (3522)						
	L-Pt-2xSO4	476 (624), 393 (813), 335 (sh, 2807),	607	139 (304) f	7 (32) f
		283 (8207)						
	L-Pt-3xSO4	477 (1099), 402 (1535), 343 (sh, 6368),			
		294							

Table 5 .

 5 3: Summary of the physical properties of the Pt(II)-amphiphiles in TRIS buffer

	Complex	Dhyd / nm a	CAC-DLS / M b	CAC- / M c
	L-Pt-3xOMe	24.2 ± 3.6	5.3 10 -5	2.2 10 -5
	L-Pt-3xOH	21.9 ± 3.3	2.4 10 -5	2.8 10 -5
	L-Pt-3xSO4	5.6 ± 1.5	1.8 10 -5	3.2 10 -5
	L-Pt-2xSO4	8.7 ± 2.2	9.7 10 -6	1.1 10 -5
	a hydrodynamic diameter determined by DLS in aqueous TRIS buffer solution
	(pH = 7.2) after filtration (syringe filter with pore size ~ 220 nm) b determined
	with DLS at fixed angle and attenuation, CAC error ~ 10%. c determined by
	excited-state lifetime measurements CAC error ~ 10%, ex = 405 nm.

  of product). HR-ESI-ToF-MS (positive scan, m/z): [M+Na] + calcd. 777.3879; found 777.3871. HPLC-MS: tR = 1.23 min.

	Synthesis of P-Alkyl-2
	Standard Schlenk techniques were applied for the synthesis of P-Alkyl-2.
	4-methylpyridine (4-MePy, 66 L, 0.68 mmol) was dissolved in dry THF (5 mL) and the
	solution was subsequently cooled to -45°C (CO2 in MeCN) under stirring. A solution of
	lithium diisoproylamide (LDA) in dry THF/Benzene/Hexane (2 M, 0.99 mL, 1.98 mmol)
	Ts-O-TEG-O-Me (1135 mg, 3.26 mmol) was
	dissolved together with methyl 3,4,5-trihydroxybenzoate (MTB, 200 mg, 1.09 mmol) and
	K2CO3 (811 mg, 5.9 mmol) in dry DMF (20 mL) and heated to 70°C for 18 h in an
	nitrogen atmosphere. The solution displayed an intense brownish color shortly after
	launch. Water was added and the crude reaction mixture was four times extracted with

DCM. The organic layers were combined and washed with water as well as brine and subsequently dried over Na2SO4. After evaporation of the solvents, the brown product was used without further purification (540 mg, 0.71 mmol, 65%) (HPLC-MS analysis confirmed majority

  65 

  65 

  DMSO (15 mg, 0.024 mmol) and A-2xOH (17 mg, 0.021 mmol) were dissolved in MeCN (3 mL) and DCM (3 mL) and stirred for 18 h at room temperature. The volatiles were evaporated in vacuo and the crude product suspended in DCM. Subsequently, the suspension was subjected to centrifugation and the supernatant was separated. The remaining precipitant was treated two more times with DCM in the same way. The combined organic layers were evaporated and the procedure two times repeated. After

	evaporation of all volatiles, a column chromatography (Alox, DCM, 2%MeOH) was
	conducted to obtain a pure product (10 mg, 0.0075 mmol, 34%). 1 H NMR (400 MHz,
	CDCl3, ppm) δ 9.9 (s, 1H), 9.4 (d, J = 7.3 Hz, 2H), 8.0 (m, 3H), 7.7 (d, J = 7.9 Hz, 2H),
	7.1 (d, J = 2.1 Hz, 2H), 6.7 (t, J = 2.1 Hz, 1H), 4.2 (m, 4H), 3.9 (m, 4H), 3.7 (m, 16H),
	3.6 (m, 4H). 13 C { 1 H} NMR (101 MHz, CDCl3, ppm) δ 166.8, 163.7, 160.0, 153.6, 148.9,
	148.7, 142.9, 135.7, 129.9, 118.3, 116.0, 107.0, 105.8, 72.6, 70.7, 70.6, 70.3, 69.6, 67.9,
	61.7. 19 F { 1 H} NMR (377 MHz, CDCl3, ppm) δ -64.2. HR-ESI-ToF-MS (positive scan,
	m/z): [M+H] + calcd. 1339.3684; found 1339.3802.
	P-Alkyl-2 (36 mg, 0.083 mmol) was dissolved
	together with pyridine:trisulfoxide (79 mg, 0.4960 mmol) and triethyl amine (NEt3,
	120 L, 0.858 mmol) in DCM (10 mL) and stirred at room temperature for 18 h. The

crude mixture tested on complete conversion of P-Alkyl-2 by TLC and subsequently all volatiles evaporated in vacuo. The crude mixture was subjected to column chromatography (SiO2, DCM, 10% MeOH, 1% NEt3) yielding a colorless viscous liquid L-Pt-

  Hz, 2H), 6.76 (d, J = 4.7 Hz, 2H), 3.99 (m, 4H), 3.52 (q, J = 7.3 Hz, 6H), 3.33 (p, J = 1.6 Hz, 8H), 1.67 (m, 5H).19 F { 1 H} NMR (377 MHz, MeOD, ppm) δ -65.27. HR-ESI-ToF-MS (negative scan, m/z): [M] 2-calcd. 566.6457; found 566.6470.

1 

H NMR (400 MHz, CDCl3, ppm) δ 9.88 (s, 1H), 9.06 (m, 2H), 7.78 (t, J = 7.9 Hz, 1H), 7.74 (d, J = 7.0 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H), 7.35 (s, 2H), 4.27 (q, J = 4.9, 4.9, 4.9 Hz, 7H),

3.84 (m, 7.8 

  were recorded by utilizing disposable PMMA cuvettes, if not mentioned otherwise. Zetasizer Nano S (Malvern Instruments, He-Ne laser 633nm, Chapter IV). All DLS measurements of the were conducted in aqueous buffer solutions; PBS (pH = 7.4, Chapter III) or TRIS (50 mM, 20 mM MgCl2, pH = 7.2). The Contin algorithm was used to supply the hydrodynamic diameters as intensity and volume distributions.

Dynamic light scattering measurements were conducted on a Delsa Nano C Particle Analyzer (Beckman Coulter, Brea, CA, USA; operative wavelength 655 nm, Chapter III) and on a

  𝜑 𝑅 ∫ 𝐼 𝑠 (𝜆)𝑑𝜆 𝑂𝐷 𝑅 𝑛 𝑆

	𝜆 𝑚	2
	𝜆 𝑖	
	2 ∫ 𝐼 𝑅 (𝜆)𝑑𝜆 𝑂𝐷 𝑆 𝑛 𝑅 𝜆 𝑚 𝜆 𝑖

Table Appendix 2

 Appendix : Crystal data and structure refinement for Py2-18C6

	Empirical formula	C33H42N4O9
	Formula weight	638.70
	Temperature/K	180.15
	Crystal system	monoclinic
	Space group	P21/n
	a/Å	10.43180(15)
	b/Å	18.5656(3)
	c/Å	17.6555(3)
	α/°	90
	β/°	90.8170(13)
	γ/°	90
	Volume/Å3	3419.05(8)
	Z	4
	ρcalcmg/mm3	1.241
	m/mm-1	0.751
	F(000)	1360.0
	Crystal size/mm3	0.8092 × 0.4242 × 0.1313
	Radiation	CuKα (λ = 1.54184)
	2Θ range for data	6.91 to 145.074°
	collection Index ranges	-12 ≤ h ≤ 8, -15 ≤ k ≤ 22, -21 ≤ l ≤
	Reflections collected	21 13891
	Independent reflections	6622 [Rint = 0.0162, Rsigma =
	Data/restraints/parameters	0.0201] 6622/299/521
	Goodness-of-fit on F2	1.106
	Final R indexes [I>=2σ (I)]	R1 = 0.0377, wR2 = 0.1295
	Final R indexes [all data]	R1 = 0.0426, wR2 = 0.1370
	Largest diff. peak/hole / e	0.23/-0.17
	Å-3	

Table Appendix 3

 Appendix : Crystal data and structure refinement for L-2H

	Empirical formula	C14H11F6N7O
	Formula weight	407.30
	Temperature/K	173(2)
	Crystal system	monoclinic
	Space group	P21/c
	a/Å	9.8584(4)
	b/Å	11.7351(5)
	c/Å	15.5995(6)
	α/°	90
	β/°	106.0420(10)
	γ/°	90
	Volume/Å 3	1734.42(12)
	Z	4
	ρcalcg/cm 3	1.560
	μ/mm -1	0.149
	F(000)	824.0
	Crystal size/mm 3	0.350 × 0.300 × 0.250
	Radiation	MoKα (λ = 0.71073)
	2Θ range for data	4.3 to 60.034
	collection/° Index ranges	-13 ≤ h ≤ 13, -16 ≤ k ≤ 16, -21 ≤ l ≤
	Reflections collected	21 20636
	Independent reflections	5050 [Rint = 0.0251, Rsigma =
	Data/restraints/parameters	0.0213] 5050/0/263
	Goodness-of-fit on F 2	1.038
	Final R indexes [I>=2σ (I)]	R1 = 0.0419, wR2 = 0.1042
	Final R indexes [all data]	R1 = 0.0576, wR2 = 0.1140
	Largest diff. peak/hole / e	0.39/-0.22
	Å -3	

Table 3 .

 3 4: Summary of the photophysical data collected for all analyzed compounds.

	Index	max /cm -1	exc,onset / cm -1	Int	/ns	SiNo
	1	17421.60279	20428.23880	478.23317		21.84567
	1	17543.85965	20419.00159	427.11935		20.64266
	1	17543.85965	20386.84861	352.08994		18.73739
	2	18315.01832	20761.19812	60.73321	95	7.72873
	2	18518.51852	20770.33992	161.3627	86	12.66344
	2	18214.93625	20828.63431	42.53858	93	6.44504
	3	17452.00698	20034.16707	360.09823		18.94989
	3					

Table 3 .
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Scheme 3.3: Analytes that form only weakly or non-emissive complexes (SiNo < 3).
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Chapter III Differential Sensing of Aza-heterocyclic Drugs and Toxins in Water by Specific Emission Colors of Platinum Complexes Abstract

A reactive phosphorescent probe for aza-heterocyclic drugs and toxins was developed, affording a supramolecular emission-switch-on chemosensor in water. Complex formation of the heterocycles with a platinum(II) precursor proceeds readily at ambient conditions, allowing for facile analyte screening. 52 structurally diverse compounds were tested, out of which 23 pyridines, imidazole, and triazoles formed strongly emissive complex aggregates. Importantly, they all can be clearly distinguished from each other through a principal component analysis, but often already by simple visual inspection, e.g., by their emission-color differences (large shifts from blue to red, see Figure 3.1). Also, kinetic reaction profiles and time-resolved emission features can provide valuable information for analyte distinction. The Pt(II)-complexes can be applied as emissive labels for drugs and biomolecules, owing to their advantageous photophysical properties and chemical stability in biological media such as blood. vs. xy-organization (H-bonds), the degree of rotational freedom within the molecule was increased by linking iCyt via a rotatable C-C bond (Figure 4.2) to the coordinative pyridine at the para position of the sp 2 hybridized nitrogen (Py-iCyt). With this arrangement, the strong tendency for stacking is lowered allowing for a more facile organization in a 2-dimensional monolayer on graphene.

In order to obtain the ligand Py-iCyt, ethyl 3-oxo-3-(pyridin-4-yl)propanoate was reacted with guanidinium carbonate and hydrochloric acid rendering the ring closure reaction to isocytosinyl. 38,41,42 The ligand was subsequently coordinated to the already N-metallacycled precursor L-Pt-DMSO in polar organic solvents yielding the desired Pt(II)-complex L-Pt-Py-iCyt. 

Photophysical investigations on L-Pt-Py-iCyt

The photophysical properties of the N-metalacyclic Pt(II)-complex L-Pt-Py-iCyt were analyzed in solution and solid state. In a non-polar solvent, i.e. THF, in which the compound appears molecularly dissolved, strong absorption bands appear in the UV region (216-300 nm) ascribed to ligand centered transitions (π-π*). The appearance of a weak MLCT band at 415 nm and an absorption onset of 450 nm the UV-Vis absorption spectrum resembles the typical fingerprint of the L-Pt-Py-scaffold 13,43 accompanied by a pronounced band ranging from 335 -368 nm ascribed to * transitions of the pyridineisocytosine part. (Figure 4 The intensity distributions display clear peaks centered at the hydrodynamic diameter, while no smaller assemblies are detected (Figure 5.13). The FPLC chromatograms and the DLS data confirm the absence of small Pt(II)-assemblies in isolated fractions. and thus the concentration of the Pt(II)-complex. The global concentration of Pt(II)-amphiphile in the isolated VLP fraction was estimated from the UV-Vis spectra and listed in Table 5.4. The quantum yield of a comparable concentration in buffered solution was then used to calculate EF. While the enhancement remains modest for the neutral complexes, the negatively charged VLPs reveal superior EFs of up to 13. The confined cargo interior leads to a high local concentration in the mM range (estimated from UV-Vis) 33,35 , which leads to the strong enhancement of the emission quantum yield. Furthermore, the charge compensation between the negative cargos and the proteins guiding the formation of the cages probably also reduces possible quenching effect from the sulfate groups (vide supra and Chapter III).

Initial approaches either with induced pH change (self-assembly of CPs) or in constant low basic conditions (charge compensation between CP and cargo) where conducted following literature procedures. 33,35 There, the CP stock solutions contained dithiothreitol

Experimental part

The encapsulation of the Pt(II)-amphiphiles into CCMV coat proteins was performed at the University of Twente under the supervision of Liulin Yang of the group of Prof.

Jeroen Cornelissen, who are kindly acknowledged. The STEM experiments were conducted together with Di Wang from the group of Christian Kübel at the Karlsruhe Institute of Technology, who are kindly acknowledged.

The terdentate ligand L-2H and the corresponding Pt(II) precursor L-Pt-DMSO were synthesized as described in the previous chapters.

Synthesis of Ts-O-TEG-O-Me

NaOH (3.4 g, 85 mmol) was dissolved in water (10 mL) and cooled to 0°C, and subsequently added to a solution of tetraethylene glycol mono methyl ether (10.4 g, 50 mmol) in THF (50 mL) under constant stirring. The reaction mixture was kept at 0 °C and p-toluenesulfonyl chloride (TsCl, 12 g, 62 mmol) dissolved in THF, was carefully added.

The reaction mixture was allowed to heat to room temperature and stirred overnight. The crude reaction mixture was concentrated in vacuo featuring a water-bath temperature of 30°C and subsequently two times extracted with DCM. The combined organic layers were dried over Na2SO4 and all volatiles were evaporated in vacuo yielding a pure colorless viscous liquid (15 g, 0.041 mol, 82%).

Synthesis of HO-TEG-O-Bnz

Benzyl bromide (3.47 mL, 5 g, 29 mmol) was added to a mixture of tetraethylene glycol (45 g, 233 mmol) and THF (15 mL). Afterwards, NaH (772 mg, 32 mmol) was added portion-wise and the reaction mixture stirred at ambient temperature overnight. The residual of NaH was quenched with brine and the crude product three times extracted with DCM/brine. The combined organic layers were dried over Na2SO4 and all volatiles

Synthesis of L-Pt-3xOMe

L-Pt-DMSO (7.8 mg, 0.012 mmol) and A-3xOMe (10 mg, 0.012 mmol) were dissolved in MeCN (1 mL) and DCM (1 mL) and stirred for 18 h at room temperature.

The volatiles were evaporated in vacuo and the crude product suspended in DCM.

Subsequently, the suspension was subjected to centrifugation and the supernatant was separated. The remaining precipitant was treated two more times with DCM in the same way. The combined organic layers were evaporated and the procedure two times repeated.

After evaporation of all volatiles, a pure orange solid was obtained (13 mg, 0.01 mmol, 78%). 1 H NMR (400 MHz, CDCl3, ppm) δ 10.47 (s, 1H), 9.37 (d, J = 7.1 Hz, 2H), 

Synthesis of L-Pt-2xOH

monochromatic light beam excites the sample, solid or solution (quartz cuvettes), in the sample compartment. The polychromatic (spectrum) emitted light from the luminescent sample is guided through the emission monochromator after which a detector converts the photons into electrical signals. For high sensitivity, usually a photomultiplier tube (PMT) is used, which is commonly color-blind. In the utilized fluorescence spectrometer, the monochromator are gratings based in a Czerny-Turner arrangement. 15 In contrast to the double-beam spectrophotometer described above, which avoid many artefacts, up-to-date fluorescence spectrometer do not yield true excitation and emission spectra. The spectral output of the light sources and the wavelength dependent efficiency of the monochromators as well as the detectors are sourced, that need to be corrected by reasonable calibrations. Furthermore, polarization of the emitted light from the sample is accompanied by errors due to anisotropic efficiencies of the monochromators. Thus, emission spectra can differ from one instrument to another.

In this thesis, all presented steady-state emission and excitation spectra are measured on the Horiba Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer, if not stated 

Appendix