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Considering the novelty of the field, the obtained findings lay a solid foundation for future studies. These may range from fundamental supramolecular polymerization to the development of smart materials.

Résumé

Cette thèse résumée ci-dessous s'intitule « Contrôle Magnétique sur la Polymérisation Supramoléculaire ». Elle fournit un aperçu général sur les possibilités qu'un stimulus magnétique peut offrir pour le contrôle de systèmes supramoléculaires. L'objectif final est de savoir si des modes d'action magnétiques peuvent venir enrichir l'ensemble d'interactions noncovalentes de la chimie supramoléculaire.

Les polymères supramoléculaires sont des structures polymériques composées de motifs moléculaires répétés qui sont liés par des interactions secondaires non-covalentes. Grâce à la nature réversible de ces liaisons, les matériaux supramoléculaires sont intrinsèquement dynamiques, ce qui les rend réactifs vis-à-vis de stimuli externes et capables de s'auto-guérir. Leur capacité à s'adapter aux conditions de leur environnement est habituellement exploitée pour contrôler leurs propriétés par des stimuli externes 1 comme la température, le pH, la lumière, le potentiel redox, la force mécanique, ou encore les enzymes. L'utilisation du magnétisme comme stimulus est rare, alors qu'il offre de nombreux avantages qui ne sont pas permis par ces alternatives plus conventionnelles. Il s'agit d'une méthode non-invasive et nondestructive, qui est facilement modulable en termes d'intensité, de portée spatiale et temporelle. Elle tolère également une large gamme de matériaux et d'environnements. Ces avantages sont couramment exploités dans des systèmes de nanoparticules et de colloïdes. À cette échelle, il suffit d'appliquer un champ magnétique faible, inférieur ou égal à 2 T, pour contrôler leur autoassemblage. Au niveau (supra-)moléculaire, en revanche, des champs forts de l'ordre de 10 à 30 T sont nécessaires pour atteindre des effets observables en conditions douces, c'est-à-dire à faibles concentrations et à pression et température ambiantes. 2 La raison en est que dans ces conditions, l'énergie magnétique Emag = -1 ∕2 mB rentre en compétition avec les fluctuations thermiques, autrement dit l'énergie du mouvement Brownien Etherm = -3 ∕2 kBT, où m est le moment magnétique de la particule, B la densité de flux magnétique, kB la constante de Boltzmann et T la température absolue. 3,4 Néanmoins, plusieurs études récentes rapportent des observations inattendues dans ce contexte. La plupart de ces phénomènes non-triviaux manquent d'une compréhension satisfaisante. [5][6][7][8][9] Polarz et ses collaborateurs ont observé un assemblage complexe d'un tensioactif chélatant des ions de Dy 3+ , en forme d'haltères de plusieurs micromètres. Cet assemblage n'a pas été formé quand un analogue diamagnétique avec du Lu 3+ a été utilisé à la place du Dy 3+ . 5 Zhu et ses collaborateurs ont réussi à diriger l'auto-assemblage de copolymères à blocs contenant des tétrabromoferrates vers la formation de nanostructures à microphases séparées dans un champ de seulement 0,35 T. 10 Dans un système de polysaccharides enrichis en ions ferriques, Mezzenga et ses collaborateurs ont montré un changement de conformation, passant de pelotes aléatoires à des hélices dans un champ constant de 1,1 T. 11 Inspirés par ces rapports récents, nous avons cherché à mieux comprendre comment s'effectue l'incorporation d'ions magnétiques dans les systèmes supramoléculaires, et comment ces matériaux répondent aux champs magnétiques faibles. Pour cela, quatre systèmes ont été étudiés, chacun se focalisant sur un aspect différent du domaine. Afin de fournir une mise en oeuvre simple et un montage expérimental accessible, nous nous limitons à l'utilisation de champs magnétiques de faible intensité (≤ 2 T).

Dans un premier temps (Chapitre 2), nous avons étudié si l'incorporation d'ions paramagnétiques de terres rares dans des dérivés de naphtalène diimide (NDI) était susceptible d'influencer leur auto-assemblage. Afin d'effectuer une étude systématique, une bibliothèque de complexes de coordination (M-NDI) à base d'un dérivé de NDI et de différents ions magnétiques (M 3+ = Tb 3+ , Dy 3+ , Gd 3+ , Ho 3+ , Er 3+ ) ou diamagnétiques (M 3+ = Y 3+ , La 3+ , Lu 3+ ) a été préparée. Les cinq ions magnétiques ont été choisis pour leur moment magnétique élevé ainsi que leurs distributions variées de densité électronique. Il a été démontré que cette dernière est décisive pour les propriétés magnétiques de complexes de lanthanides en état cristallin. 12 L'unité centrale de NDI, dont les dérivés sont très utilisés et bien étudiés, induit l'autoassemblage par effet hydrophobique et par interactions π-π. Elle a été sélectionnée dans cette étude pour sa faible enthalpie de polymérisation comparée aux alternatives connues (perylène diimides, benzènetricarboxamides, porphyrines, ou pyridines). Cela permettrait d'assurer que de possibles interactions magnétiques ne soient pas supplantées par un assemblage trop dominant du ligand.

L'auto-assemblage de M-NDI dans l'eau a été analysé par spectroscopie UV-visible en suivant les absorptions spécifiques du noyau aromatique. Grâce à un modèle théorique pour un mécanisme de polymérisation isodesmique, l'énergie libre de Gibbs ΔG et ses composantes, l'enthalpie ΔH et la contribution entropique TΔS de polymérisation supramoléculaire ont été déterminées pour tous les membres de la famille M-NDI. Les énergies libres ont été obtenues avec une haute précision et ont des valeurs comprises entre -14 et -12 kJ•mol -1 pour tous les composés étudiés. Cependant, la balance entre les contributions enthalpiques et entropiques à cette énergie libre identique subit un changement en fonction de la nature de l'ion M. Ainsi, les valeurs de l'enthalpie négative sont jusqu'à 60 % plus élevées pour Dy-NDI par rapport au Y-NDI diamagnétique. La croissance de l'enthalpie négative suit le moment magnétique des ions pour nos huit monomères. Des mesures magnétométriques au SQUID révèlent un couplage antiferromagnétique considérable entre les ions magnétiques de lanthanides dans le M-NDI à l'état solide. Ces résultats nous mènent à la conclusion qu'il y a en effet des interactions significatives entre les ions magnétiques incorporés dans les monomères. Par conséquent, l'état polymérique est stabilisé ce qui s'exprime par une enthalpie de polymérisation supramoléculaire plus importante. Comme on observe une compensation de l'enthalpie par la contribution entropique, la constante d'équilibre et l'énergie libre de Gibbs globales ne sont pas affectées.

Le Chapitre 3 présente l'auto-assemblage du monomère M-NDI dans un système binaire eau/THF. Dans ce milieu, la formation de colloïdes de plusieurs micromètres est observée à des fractions volumiques élevées de THF φTHF. Ce deuxième type de polymérisation a ainsi été suivi par spectroscopie UV-visible pour des proportions volumiques φTHF de THF allant de 0,65 à 0,95, révélant un mécanisme de polymérisation isodesmique. Les tailles des colloïdes obtenus ont été estimées par diffusion de la lumière dynamique. Les mesures exposent que le rayon hydrodynamique des colloïdes augmente de 1 à 5 µm avec une proportion de THF φTHF croissante.

Lorsqu'on applique un gradient de champ magnétique à l'aide d'un aimant commercial de NdFeB cubique de 0,5 cm à des dispersions de Dy-NDI à φTHF ≥ 0,80, on observe en 4 h la formation d'une couche organique sur la surface le long des bords de l'aimant. La couche est d'une centaine de micromètres d'épaisseur et de la couleur orange caractéristique du NDI et de ses dérivés. Le mouvement dirigé des colloïdes a pu être visualisé par microscopie confocale.

Selon la théorie, la force magnétique surpasse la force thermique du mouvement Brownien à partir d'une certaine taille de colloïdes. En effet, à susceptibilité magnétique et viscosité dynamique constantes, le volume des particules est directement lié à leur moment magnétique. 13 La prédominance de la force magnétique sur la force thermique mène au transport de matière à travers l'espace. Ce phénomène est appelé magnétophorèse. Suivant ce raisonnement, la formation de couche observée peut être corrélée à la taille des colloïdes et au degré de polymérisation des dispersions respectives de Dy-NDI à différentes fractions volumiques. Tous les composés M-NDI à base d'ions magnétiques (M 3+ = Gd 3+ , Dy 3+ , Tb 3+ , Ho 3+ , Er 3+ ) forment une couche à φTHF = 0,95. Aucune accumulation de colloïdes près de l'aimant n'est observée pour les contrôles diamagnétiques (M 3+ = Y 3+ , La 3+ , Lu 3+ ). Une fois formée, la couche peut être enlevée facilement en ajoutant de l'eau pour réduire le pourcentage de THF.

À notre connaissance, ceci est le premier exemple de magnétophorèse dans un système supramoléculaire. La simplicité et la réversibilité du système offre un nouveau degré de contrôle spatiotemporel magnétique sur la matière molle.

Le Chapitre 4 présente l'auto-assemblage d'un réseau supramoléculaire en solution, ayant comme base un dérivé de 1,3,5-benzènetricraboxamide (BTA) incorporant des ions magnétiques de Gd 3+ . Des expériences de diffusion de lumière dynamique et statique nous ont permis d'analyser la topologie de l'assemblage. La fonction de relaxation enregistrée est bimodale, ce qui indique la présence de deux populations différentes P1 et P2. On suppose donc une polymérisation en deux étapes : un premier assemblage du monomère en bâtons (P1) puis un assemblage de ces derniers en réseau supramoléculaire (P2). Les rayons hydrodynamiques correspondants sont d'environ 30 nm pour P1 et 350 nm pour P2. Un équivalent diamagnétique, où le Gd 3+ est remplacé par l'Y 3+ diamagnétique (Y-BTA), montre un comportement similaire.

Ayant cette nouvelle perception de la structure du réseau, la réponse d'une solution de Gd-BTA soumise à un champ magnétique uniforme de 1 ou 2 T a été analysée. Pour cela, l'échantillon a été placé dans le champ pendant une heure, puis analysé par diffusion de la lumière statique pendant une heure. Ce cycle expérimental a été répété 6 ou 7 fois par échantillon pour une durée totale d'expérience de 12 à 14 heures. Après 14 h d'exposition du Gd-BTA, des augmentations de 20 % et 35 % du ratio de Rayleigh R(q) (qui est dérivé de l'intensité de la lumière diffusée) ont été respectivement observées pour le processus P2 dans 1 et 2 T. Ces résultats impliquent qu'il s'agit d'une densification du réseau avec le temps. Pour P1, il n'y a pas de changement du ratio de Rayleigh avec le temps. De plus, le facteur de forme des structures dF a été déterminé, mettant notamment en lumière un changement spontané de la morphologie de type bâtonnet (dF = 1,7) pour une structure aléatoirement ramifiée (dF = 2,6 pour 2 T) en moins d'une heure. Quand le champ magnétique est supprimé, le système revient à son état initial. Une étude analogue du Y-BTA ne montre aucun changement de topologie.

Des mesures au SQUID montrent que la susceptibilité magnétique d'une solution de Gd-BTA diminue de 2 % par rapport à la valeur initiale après 12 heures. L'échelle de temps correspond bien au changement de topologie trouvé par diffusion de la lumière. Des calculs de l'état fondamental magnétique mettent en évidence que l'énergie libre anisotropique du système est la force motrice du phénomène observé.

On peut donc en conclure que, réversiblement, l'application d'un champ magnétique perturbe l'équilibre thermodynamique du système. Il apparait que le stimulus magnétique favorise l'auto-assemblage entropiquement par un alignement (partiel) des bâtons. La dépendance mutuelle de l'alignement et l'élongation du polymère fournit une boucle de rétroaction positive.

Le Chapitre 5 décrit nos efforts pour le développement de matériaux magnéto-réactifs. Nous introduisons un hydrogel à base de N,N'-bis(5-acide isophthalique)naphthalène diimide (BINDI) et d'ions magnétiques de Dy 3+ . La gélification s'effectue par coordination des carboxylates libres du BINDI aux ions de lanthanides et par une baisse de pH contrôlée déclenchée par l'hydrolyse de glucono-δ-lactone (GdL). L'impact d'un champ magnétique uniforme sur la gélification et les propriétés mécaniques des gels formés ont été étudiés par magnéto-rhéologie. Les mesures cinétiques montrent que la gélification se déroule environ deux fois plus vite sous un champ magnétique de 0,78 T qu'en absence de champ magnétique. Le temps de gélification diminue de 650 à 340 min. Dans les deux cas, la rigidité mécanique finale est d'environ 1,3 kPa. Sous un champ plus faible de 0,13 T, le temps de gélification est réduit de 14 %. En déclenchant le champ magnétique à différents moments de la gélification, le profil cinétique peut être adapté à mesure. La microscopie électronique à balayage en transmission (STEM) sur les gels de Dy-BINDI révèle une microstructure de fibrilles d'une épaisseur d'environ 10 nm.

En se basant sur ces résultats, nous supposons qu'un alignement partiel des fibres, soit paramagnétique ou diamagnétique, favorise la polymérisation supramoléculaire entropiquement. C'est-à-dire qu'un alignement d'unités, même partiel, réduirait le nombre de leurs degrés de liberté, ce qui modérerait la perte d'entropie lors de leur assemblage. Cependant, nous n'avons pas encore pu prouver l'alignement supposé des fibres par microscopie ou par biréfringence du matériau.

Même si le mécanisme de gélification reste à éclaircir pour les deux systèmes, ces résultats sont prometteurs en vue de la conception de matériaux magnétiquement contrôlables. Considérant la faible intensité du champ magnétique et les susceptibilités magnétiques basses des composantes du système, il est surprenant d'observer des changements si importants et contrôlables avec autant de précision.

Le Chapitre 6 conclut finalement sur les connaissances acquises et les intègre dans un contexte plus général.

Globalement, le travail présenté montre nos efforts pour esquisser l'impact qu'un stimulus magnétique peut exercer sur les systèmes supramoléculaires, ce qui reste un domaine très peu étudié à ce jour. Dans quatre systèmes différents, à savoir, un polymère unidimensionnel solubilisé (Chapitre 2), un système colloïdal en dispersion (Chapitre 3), un réseau de fibres en solution (Chapitre 4) et un hydrogel (Chapitres 5), les possibilités et les limites du contrôle magnétique ont été démontrées. Nous dévoilons la thermodynamique d'un auto-assemblage magnétique et présentons de nouvelles approches pour guider la formation de structures supramoléculaires. En tenant compte de la nouveauté du sujet de recherche, les connaissances acquises peuvent servir de base solide pour de futurs études. Celles-ci peuvent s'étendre de la chimie supramoléculaire aux matériaux intelligents.

Summary

This thesis, entitled "Magnetic control over supramolecular polymerization", provides a general overview over the possibilities a magnetic stimulus can offer to control supramolecular systems. The final goal is to identify whether magnetic effects can complete the toolbox of non-covalent interactions in supramolecular self-assembly. Supramolecular polymers are composed of non-covalently linked repeating units. These reversible interactions make supramolecular materials inherently dynamic, enabling self-repair and stimuli-responsiveness. 1 Their ability to adapt to their environment is commonly exploited to control their properties by external stimuli 1 such as temperature, pH, light, redox potential, mechanical force, or enzymes. Magnetism is rarely used as a trigger, even though it offers many benefits, that cannot be provided by the more conventional alternatives. It is non-invasive and non-destructive, easily tunable in intensity, spatial range, and time, and compatible with most types of materials and atmospheres. In colloidal systems, weak magnetic fields of ≤ 2 T are sufficient to control and direct self-assembly. On a (supra-) molecular scale, in contrast, strong fields in the order of 10 to 30 T are required to achieve observable effects in mild conditionsthat is at low concentration, atmospheric pressure, and room temperature. 2 This is because the magnetic energy Emag = -1 ∕2 mB is in competition with the thermal energy of Brownian motion Etherm = -3 ∕2 kBT, where m is the magnetic moment of the particle, B the magnetic flux density, kB Boltzmann's constant, and T the absolute temperature. 3,4 Nevertheless, several recent studies report observations that are unexpected in this context. Most of these non-trivial phenomena lack a satisfactory understanding. [5][6][7][8][9] Polarz and coworkers observed a complex, multi-step supramolecular assembly of a Dy 3+ -chelating surfactant to mmsized dumbbells, which did not form when using a diamagnetic analog with Lu 3+ . 5 Zhu and coworkers were able to direct the self-assembly of tetrabromoferrate containing blockcopolymers to microphase-segregated nanostructures in low-intensity fields of only 0.35 T. 10 For a polysaccharide enriched with ferric ions, Mezzenga and coworkers have shown a magnetically triggered change of the polymer chain conformation from random coils to helices in a 1.1 T constant field. 11 Inspired by these recent reports, we aimed to get a deeper understanding of how the incorporation of magnetic ions influences supramolecular systems, and how these materials respond to weak magnetic fields. To this end, four systems have been studied, which all concentrate on a separate aspect of the field. With a special focus on a simple and accessible experimental setup, the use of magnetic fields will be restricted to weak fields of ≤ 2 T. Firstly (Chapter 2), and most fundamentally, we have studied whether the incorporation of paramagnetic lanthanide ions into naphthalene diimide (NDI) derivatives influences their selfassembly. Therefore, a library of isostructural coordination complexes M-NDI was prepared using five different paramagnetic (M 3+ = Tb 3+ , Dy 3+ , Gd 3+ , Ho 3+ , Er 3+ ) and three diamagnetic (M 3+ = Y 3+ , La 3+ , Lu 3+ ) lanthanide ions. The five paramagnetic ions were selected for to their elevated magnetic moments, and their different electron density distributions. The latter has been shown to be decisive for the magnetic properties of lanthanide complexes in the crystal state. 12 The NDI core unit induces supramolecular polymerization through π-π stacking and the hydrophobic effect. As NDI derivatives are typically weak assemblers-with enthalpies of supramolecular polymerization inferior to those of common alternatives such as perylene diimides, benzenetricaboxamides, porphyrines, or pyridines-it was chosen for this study to ensure that possible magnetic effects are not outcompeted by an overly dominant selforganization process.

The self-assembly of M-NDI in water was analyzed by UV-Vis spectroscopy, following the characteristic absorption bands of the aromatic core. By applying described theoretical models for an isodesmic polymerization mechanism, the Gibbs free energy of supramolecular polymerization ΔG and its components, the enthalpy ΔH and the entropic contribution TΔS, could be determined. The free energies were obtained with high precision, with values between -14 and -12 kJ•mol -1 for all members of the family M-NDI. The enthalpy/entropy balance, however, shifts significantly depending on the incorporated ion M. Namely, the negative enthalpy increases by up to 60 % for Dy-NDI as compared to the diamagnetic control Y-NDI. The trend of the enthalpy follows the magnetic moment of the respective ions over the whole scope of eight monomers. SQUID measurements of the bulk compounds reveal a sizeable antiferromagnetic coupling between the magnetic lanthanide ions in M-NDI. These results lead to the conclusion that there are in fact significant magnetic interactions between the ions. These stabilize the assembled state of M-NDI, which reflects in larger negative enthalpies of supramolecular polymerization. Owing to enthalpy-entropy compensation, the overall equilibrium constant and the free Gibbs energy remain unaffected.

Chapter 3 presents the self-assembly of the same monomer M-NDI in a binary water/THF system. At elevated volume fractions φTHF of THF, the monomers assemble to micrometersized spherical colloids, as evidenced by atomic force microscopy. The strong solvent dependence indicates that this second type of self-assembly is driven by solvophobic interactions. The polymerization was equally followed by UV-Vis spectroscopy. Therefore, the THF volume fraction was screened from 0.60 to 0.95 for 0.1 mM Dy-NDI. A sigmoidal increase of the absorbance at 395 nm suggests an isodesmic polymerization mechanism. The corresponding colloid sizes were measured by dynamic light scattering (DLS), which reveal an increase of the average hydrodynamic particle radius from 1 to 5 µm with increasing values of φTHF.

When applying the gradient magnetic field of a commercial, 0.5 cm NdFeB cube magnet to dispersions of Dy-NDI at φTHF ≥ 0.80 for 4 h, an organic layer is formed at the surface of the magnet. It is around 100 µm thick and exhibits the characteristic orange NDI color. The magnetically directed movement of the colloids towards the magnet surface could be visualized by confocal microscopy.

Theory predicts that the magnetic force surpasses the thermal force of Brownian motion at a certain critical colloid size, as the particle volume correlates directly with its magnetic moment at constant magnetic susceptibility and dynamic viscosity. 13 If the magnetic force is predominant, matter can be transported through space. This phenomenon is known as magnetophoresis.

Following this reasoning, we can correlate the observed layer formation with the colloid size and the degree of polymerization of the respective Dy-NDI dispersions at different THF volume fractions. All compounds M-NDI incorporating magnetic ions (M 3+ = Gd 3+ , Dy 3+ , Tb 3+ , Ho 3+ , Er 3+ ) form a layer at φTHF = 0.95, whereas diamagnetic control molecules (M 3+ = Y 3+ , La 3+ , Lu 3+ ) do not. Once the layer is formed, it can be removed fast and easily by adding water to decrease φTHF.

To our knowledge, this is the first report of magnetophoresis in a supramolecular system. The simplicity and reversibility of this approach offers a new degree of spatiotemporal control over soft matter.

Chapter 4 presents the self-assembly of a 1,3,5-benzenetricarboxamide (BTA) derivative, decorated with paramagnetic Gd 3+ ions in solution. Using dynamic and static light scattering, we could analyze the topology of the system. The recorded correlation function is bimodal, which indicates the coexistence of two different populations P1 and P2. Thus, we assume that Gd-BTA assembles in a two-step process: a first assembly of the monomers into rods (P1), which then assemble further into networks of rods (P2). The corresponding hydrodynamic radii are of around 30 nm for P1, and 350 nm for P2. The diamagnetic analog Y-BTA, where Gd 3+ is replaced by Y 3+ , shows similar behavior.

With this new insight into the network structure, the response of a Gd-BTA solution to a uniform magnetic field of 1 or 2 T was investigated. Therefore, the sample was placed in the field for one hour, then removed from the field and analyzed by static light scattering for one hour. This cycle was repeated 6 to 7 times, adding up to a total measuring time of 12 to 14 h per experiment. Upon 14 h of exposure to a magnetic field, the Rayleigh ratio R(q) (which is derived from the scattering intensity) of the Gd-BTA rod network (P2) increases by 20 and 35 % for 1 and 2 T, respectively. These results imply a densification of the rod network over time. The Rayleigh ratio of the P1 process remains unchanged. Moreover, the evolution of the fractal dimension dF was followed over time, revealing a spontaneous transformation of the network morphology from rod-like (dF = 1.7) to randomly branched structures (dF = 2.6 for 2 T) within one hour. If the magnetic field is removed, the system relaxes back to its initial state. A control experiment with diamagnetic Y-BTA shows that the assembly of the latter does not undergo any topological change.

SQUID measurements show that the magnetic susceptibility of the Gd-BTA solution decreases by around 2 % over 12 h. The time scale is in good agreement with the densification process we observe by static light scattering. Magnetic ground state calculations demonstrate that the anisotropic free energy of the system is the driving force of the observed phenomenon.

We can thus conclude that the application of a magnetic field perturbs the thermodynamic equilibrium of the system reversibly. It appears that the magnetic stimulus drives the selfassembly entropically through (partial) alignment of the rods. Thereby, the mutual dependence of alignment and polymer growth provides positive feedback.

Chapter 5 describes our efforts towards the development of magneto-responsive materials. We introduce a hydrogel based on N,N'-bis (5-aminoisophthalic acid)naphthalene diimide (BINDI) and magnetic Dy 3+ ions. The gel network emerges from coordination of the free carboxylates of BINDI to the lanthanide ions, and a controlled pH decrease triggered by glucono-δ-lactone (GdL). We studied the impact of a uniform magnetic field on the gelation process and the mechanical properties of the formed gels using magnetorheology. Kinetic measurements show that the gelation of Dy-BINDI proceeds almost twice as fast in a 0.78 T field than in the absence of a magnetic field. The gelation time is reduced from 650 to 340 min. In both cases, the final mechanical stiffness of the gel is of around 1.3 kPa. In a weaker field of 0.13 T, the gelation is still significantly reduced, by 14 %. Switching the field on at different times during gelation allows to fine-tune the kinetic profile. Scanning transmission electron microscopy (STEM) of Dy-BINDI gels reveals a fibrillar microstructure with an average fiber thickness of around 10 nm.

If Dy 3+ is replaced by other magnetic lanthanides (Gd 3+ , Er 3+ ), we find similar trends. In the case of diamagnetic La 3+ , the gelation is accelerated by 48 %, which is surprising considering the purely diamagnetic nature of the system. Hence, we assume a diamagnetic contribution stemming from the diamagnetic anisotropy of the large π-system in assembled BINDI. To verify this hypothesis, a lanthanide-free BINDI gel was prepared, which required increasing the GdL concentration. This adjustment of the gelation conditions suggests that the gel structures of the two systems differ significantly. Indeed, STEM imaging of the lanthanide-free BINDI gel shows thicker fibers of around 50 nm in diameter. Surprisingly, the application of a 0.78 T field to this second system prevents gelation entirely. The system collapses after having reached around half of the final stiffness of the gel formed in 0 T.

Based on these results, we suppose that partial alignment, diamagnetic or paramagnetic, of the fibers favors supramolecular polymerization entropically. Even partially aligned building blocks would possess a reduced number of degrees of freedom, which would moderate the entropy loss upon their assembly. So far, we have not been able to confirm fiber alignment by microscopy or birefringence of the material.

Even though the gelation mechanisms of both systems remain to be elucidated in more detail, these results are promising regarding the conception of magnetically controllable materials. Considering the low intensity of the applied magnetic fields as well as the small magnetic susceptibilities of the components, the extent and precision of control over the bulk material is striking.

Chapter 6 concludes the main findings and integrates these in the larger picture.

Overall, the presented work shows our efforts to sketch the impact of a magnetic stimulus on supramolecular systems. The possibilities and limits are demonstrated in four different scenarios, namely a 1D polymer in solution (Chapter 2), a colloidal polymer in dispersion (Chapter 3), a fiber network in solution (Chapter 4), and a hydrogel (Chapter 5). We give insight into the thermodynamics of magnetic self-assembly and present new approaches to guide structure formation. Considering the novelty of the field, the obtained findings lay a solid foundation for future studies, which can range from fundamental supramolecular polymerization to the development of smart materials. 
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Chapter 1. General introduction Abstract Supramolecular polymers are inherently dynamic and reversible, enabling stimuliresponsiveness, and self-healing. 1 Controlling them by external stimuli has been in the focus of research ever since they were first developed in the late 1980s, envisioning the application of these smart materials in electronics, biomedical applications, and a more sustainable use of polymers. 2 So far, magnetism is rather rarely utilized as a stimulus, because in standard conditions the magnetic energies and forces are often insignificant as compared to thermal fluctuations. It withholds, however, many opportunities considering that magnetic fields are non-invasive, easily tunable in field strength and direction, and tolerate many conditions and atmospheres. Starting with the basic principles of supramolecular polymerization and magnetism, this chapter will lay out the state of the art of magnetic control over soft matter, with a special focus on self-assembled materials.

1.1. Controlling supramolecular polymerization 1.1.1 Supramolecular chemistry: self-organization and self-assembly Described as "chemistry beyond the molecule" by Nobel laureate Jean-Marie Lehn, supramolecular chemistry studies non-covalent interactions between building blocks of variable structures and sizes, forming multi-component assembled structures. 3 With impressive precision, supramolecular interactions guide the self-assembly of natural compounds to specific arrangements and conformations. As the interactions are non-covalent, the assembly processes are dynamic and reversible, which allows biological systems to perform vital functions such as reproduction, growth, self-repair, biosynthesis, and homeostasis. 4 Famous examples of natural, self-assembled structures are proteins, the DNA double helix, cell walls, or viruses. As illustrated in Figure 1.2 for collagen (a) and the human DNA (b), selfassembly can occur hierarchically at many different scales. For instance, the polypeptide chains of omnipresent collagen self-assemble into α-chains, which in turn assemble into triple helices (collagen fibrils), and those finally form macro-sized collagen fibers. Similarly, the DNA strains first assemble to a double helix, and further to chromosomes in three more steps.

The self-assembly of molecules can be driven by various interactions: van der Waals forces (London forces), H-bonding, π-π interactions, electrostatic interactions (charge-charge, chargedipole, dipole-dipole, charge-induced dipole, dipole-induced dipole), and coordination bonding, to name only the most common ones. All of these are unique in their binding energies, spatial range, and directionality. An interplay of different types of interactions can lead to the formation of well-ordered and highly complex structures.

The first synthetic examples of molecular recognition are cryptands 5 , spherands 6 , clathrates 7 , and crown ethers (1973-1979). The pioneering work of Lehn 8 , Pedersen 9 , and Cram 10 was awarded the Nobel prize in 1987. Since then, a vast number of increasingly diverse and complex supramolecular systems have been developed, such as well-defined nanostructures 11 , crystalline networks 12 , or monolayers 13 . 1

Supramolecular polymerization

Supramolecular polymers are one class of self-assembled structures. They are polymeric arrays composed of non-covalently and reversibly bound repeating units. 14 16 (b) Illustration of the hierarchical self-assembly of the human DNA strains to a chromosome. 17 (c) Self-assembled supramolecular fibers of a polypeptide, reported by Stupp and coworkers. 15 The supramolecular polymerization is driven by hydrogen bonding. (d) Self-assembly of a perylene diimide-derivatives into fiber networks, reported by Würthner and coworkers. 18 The polymerization is driven by π-π stacking and hydrophobic interactions. Figure adapted from references [16-18] with permission from Wiley.

The interactions between the monomers determine the arrangement of the monomers with respect to each other, and the final structure of the polymer. Generally, the formed structure will be more regular and ordered, the more the interactions are directional. For regular onedimensional molecular arrangements, we can find J-or H-type aggregation. In so-called J-aggregates, after Edwin Jelley 19 , the monomers are aligned end-to-end. The absorption spectra of J-aggregates exhibit a characteristic, narrow J-band with a bathochromic shift (redshift) with respect to the monomer absorption, and a nearly resonant fluorescence with small Stokes-shifts. Possible constellations are brick-wall like, ladder-like, or staircase-like. In an H-aggregate, on the other hand, they are joined face-to-face, showing a broader, hypsochromic shift (blue shift), and in most cases low or no fluorescence. The characteristic hypsochromic shift gave the aggregates their name. The observed energy shifts can be explained by excitation theory. If the monomers are considered as dipoles, their interaction leads to a splitting of the excitonic states in two levels. In an end-to-end arrangement, the parallelly aligned dipoles are stabilized at the lower energy state. Opposed dipoles repel each other, destabilizing the assembly. In the case of face-to-face assemblies (H-aggregate), the opposite is the case. Parallel dipoles repel each other, and antiparallel dipoles attract each other, favoring the latter state energetically. For both cases, only the excitation to parallel alignment is allowed according to selection rules, as the transition dipole moment is zero, and thus forbidden, for antiparallel arrangement. For monomers with a flat structure, as typically found in aromatic moieties, absorbance (and emission) is often weakened or quenched upon aggregation (ACQ, aggregation caused quenching), which leads to a deviation from the Lambert-Beer law. Different polymerization mechanisms can be distinguished by means of the thermodynamics and kinetics of the assembly process (Figure 1.3). In the simplest case, every addition of a monomer to a single or already assembled species is energetically equivalent, with a single equilibrium constant Keq. Such a polymerization is called isodesmic. Cooperative polymerization, in contrast, follows a nucleation-elongation mechanism. First, few monomers assemble to a nucleus, which triggers the elongation of the nucleus to a polymer. Thereby, the nucleation process is thermodynamically less favorable and slower than the elongation process (Knuc < Ke). If the nucleation step is favored (Knuc < Ke), the polymerization is called anticooperative. 23,25 1.1.3 Stimuli-responsive supramolecular polymers

Their dynamic nature and reversibility represent the main advantage of supramolecular polymers as compared to their covalent counterparts. External stimuli to direct and control the mechanism, size, and shape of the assembly are thus important tools to exploit the potential of supramolecular polymers. The thermodynamics and kinetics of the assembly have been successfully controlled by a number of physical and chemical stimuli, allowing for the formation of diverse topologies using different pathways. 26 To present an overview over the vast possibilities, few selected examples will be discussed for the different triggers.

Temperature. Supramolecular polymers at their thermodynamic equilibrium are inherently temperature dependent. In the Gibbs free energy ΔG = ΔH-TΔS, the temperature is considered in the entropic term TΔS alongside the enthalpy ΔH. The assembly of most supramolecular polymers is enthalpy-driven (ΔH < 0), leading to disassembly upon heating, and assembly upon cooling. One example is the assembly of perylene diimide (PDI) derivatives reported by, among others, the group of Meijer 27 . Even though supramolecular assembly is in principle entropically disfavored, as the number of (supra)molecules is reduced in the process, this trend can be reversed, if the assembly induces a release of a large number of molecules from the solvation sphere of a monomer. One example of this kind has been reported for naphthalene diimides (NDIs) functionalized with ethylene glycol chains. 28 These general trends can be evaded to achieve more precise control, as shown by Aida and coworkers. 29 Starting from a metalloporphyrin bearing amide-containing side chains, the authors observe a what they call "thermally bisignate" assembly behavior (Figure 1.4). The monomer assembles in dodecane and depolymerizes upon heating to 110 °C at a concentration of 10 µM. When 1-hexanol is used as a scavenger, the monomer is locked in a non-assembling form at around 50 °C (Phase 2), because the hydrogen bonding between the amide bond and the scavenger is favored as compared to amide-amide H-bonding. Cooling, on the other hand, favors self-aggregation of the scavenger (Phase 1), and further heating disrupts the alcoholamide interactions, unlocking the monomers for polymerization (Phase 3).

The groups of Lee and Stupp have developed temperature-responsive liquid crystalline gels, which degenerate upon cooling. 1,30 These systems are specifically interesting, because cells can be encapsulated and aligned in a gel matrix under physiological conditions. Concentration. Alongside temperature, a concentration increase of the monomer is one of the most common factors to favor assembly. As the molecules are more likely to come in closer contact, short-range supramolecular interactions are more likely to be developed and stabilized.

Let us revisit the temperature-controlled system of Meijer and collaborators as one of many possible examples. The N-tridodecyloxybenzyl functionalized PDI assembles to J-aggregates upon a concentration increase of 100 nM to 3 mM in methylcyclohexane. 27 Zhao and coworkers reported multi-dimensional morphology changes of supramolecular assemblies based on a host-guest complex between a star-shaped pillar [5]arene trimer and a biviologen guest upon a change of concentration (Figure 1.5). 31 The assembly undergoes reversible transformation from spherical structures of about 400 nm at a concentration of 1 mM, to around 50 nm thick dendritic tubular fibers at 2 mM, and microscopic, regularly stacked layers at 5 mM. In the context of micellar self-assembly, the critical micelle concentration (CMC) is one of the main characteristics of a system. It refers to the concentration above which an amphiphile starts to from micelles. As pointed out by Hui and coworkers, this parameter is particularly important when it comes to drug delivery, as micellar assemblies dissociate upon dilution in in vivo conditions. 32 While this disassembly can be exploited for intended, therapeutic release, degradation or premature drug release can occur if the system is not adapted to the altered concentration.

Solvent. The molecular structure and polarity of the solvent system influences supramolecular assembly. Thereby it is decisive, whether the interactions of a building block are more favorable with the solvent molecule (good solvent) or with another building block (bad solvent).

Increasing the fraction of good solvent in a system will thus lead to disassembly of a polymer, and vice versa, polymerization will be favored upon the addition of bad solvent. Testing the assembly behavior of a certain building block in different solvents often represents one of the initial experiments with a new system. De Greef, Meijer, and coworkers have studied the influence of a variable proportion of good (chloroform) and bad solvent (methylcyclohexane) for a range of different monomers and mechanisms. 33 For examples following a cooperative mechanism, complete disassembly is reached upon the addition of good solvent to a polymer in bad solvent from a critical solvent composition on. In the case of an isodesmic mechanism, the disassembly happens more gradually.

The influence of the solvent on the assembly can go so far as to allow the transition from solution to gel, which is commonly exploited to induce and reinforce supramolecular gelation. 34 One example is reported by the group of Ghosh, who studied the assembly of a core-and bay substituted naphthalene diimide (NDI, Figure 1.6). 35 Atomic force microscopy shows micrometer-scale entangled fibers of the polymer in linear hydrocarbons, of what is macroscopically a free standing gel. In the cyclic methylcyclohexane, in contrast, there is no gelation and the NDI forms spherical aggregates. UV-Vis spectroscopy confirms that the monomer assembles into well-ordered J-aggregates in hexane, with a typical bathochromic shift in absorbance. The UV-Vis spectrum in methylcyclohexane is broad and exhibits no significant shifts in wavelength, indicating another, less ordered state. Besides guiding assembly and disassembly, interactions between specific building blocks and solvent molecules can be used to switch the supramolecular chirality of helical assemblies. 36,37 Ionic strength. Changing the ionic strength of a system often reflects on supramolecular polymerization, either through electrostatic interactions, coordination, or overall solubility of the building blocks in the solvent. A very illustrative example has been reported by the group of Meijer. 38 A C3-symmetrical benzene-tricarboxamide (BTA), decorated with Gd-DTPA units (cf. section 1.2.3.3) at its three extremities, is six-fold negatively charged. In citrate buffer (100 mM, pH 6), it aggregates weakly to globular assemblies in an anti-cooperative mechanism.

A more favorable assembly to larger, fiber-like structures, as it is found for a charge neutral analog, is inhibited by the electrostatic repulsion of the charged moieties. When sodium chloride is added to the solution of the Gd-containing BTA to balance out the electrostatic repulsive interactions, the latter assembles to fibers in a cooperative mechanism.

Lee and coworkers have shown reversible switching between sheet-like and tubular structures of aromatic amphiphiles through reversible coordination to Ag + . 39 Bent amphiphiles based on m-pyridine units assemble through π-π stacking to flat sheets in a zig-zag motif. When Ag + is added as a triflate salt, the pyridines reversibly coordinate to the cation disturbing the initial, π-π stacked arrangement. Instead, discrete dimeric rings are formed, which assemble to helical tubules if the concentration is increased from 0.01 to 0.03 wt%. Adding tetrabutylammonium fluoride leads to an instant decomplexation, whereby the initial sheet structures can be recovered from either the assembled or dimeric species.

pH. In a similar way, pH changes can direct supramolecular assembly. This trigger is well suitable and often used in peptide building blocks containing pH sensitive amino acids. Besenius and coworkers, for example, have shown that it is possible to switch between homoand copolymers in a two-component system of BTA derivatives. 40 Both monomers contain a heptapeptide with a sequence of alternating phenylalanine (F) and Lysine (K, positively charged at neutral pH) in Monomer 1, or Glutamate (E, negatively charged at neutral pH) in monomer 2.

A tetraethylene glycol dendron unit was coupled to the BTA-pentapeptide to improve solubility. By spectroscopy and microscopy, a copolymer of the monomers 1 and 2 is found, as attractive electrostatic interactions between the opposite charges dominate. Upon a pH switch to acidic pH, E moieties are protonated. The now charge-neutral monomer 2 forms a homopolymer, while monomer 1 remains monomeric in solution. In the opposite case, at basic pH, the K moiety is deprotonated, and the then charge neutral monomer 1 forms homopolymers.

Moreover, a pH trigger is often used to induce supramolecular gelation. 34 Tirrell and coworkers have developed a pH-responsive hydrogel based on branched peptide amphiphiles. The peptide backbones are end-capped with three histidine (H) and three Serine (S) residues and crosslinked via a fatty acid, which is conjugated through a lysine (K). The histidine units are used as the pH switch, which gets deprotonated above pH 6. In mildly acidic pH, it is protonated, and the amphiphile forms a viscoelastic liquid, which transitions to a self-supporting hydrogel upon a pH increase, as electrostatic repulsions are reduced through deprotonation. Depending on the concentration, stiffnesses of up to 10 kPa can be reached at a gelator concentration of 10 mg•mL -1 . 41 Redox potential. Redox chemistry is another powerful way to manipulate supramolecular assembly. Oxidizing or reducing agents can be used in variable ways, as physical compounds like sodium dithionite or dithiothreitol, as gases like oxygen in air, by light irradiation (photoreduction / photooxidation), or electrochemically. Aida and collaborators have shown redox-response of an o-phenylene oligomer end-capped with nitro groups, which assembles into a single handed 31 helical conformation due to the straining angles between the phenyl groups along the chain. 42 In solution, the helices undergo spontaneous and fast chiral inversion, which the authors found out could be blocked by a one-electron oxidation. The half-life of helical inversion could be extended drastically from around 6 minutes to 44 hours at -10 °C in acetonitrile. X-ray scattering elucidated that the 31 helical conformation is maintained after oxidation, however the interplanar distances are significantly reduced, indicating that the generated electron hole is widely delocalized over the π-system of the helix.

Two examples of redox-driven systems are subject to previous work of our group. Reversible, chemical reduction of a perylene diimide (PDI) derivative mediated by dithionite and oxygen has allowed Leira-Iglesias et al. to develop a dynamic reaction cycle, in which assemblies of neutral PDI disassemble upon reduction to the PDI dianion. 43 The neutral PDI assembles by a nucleation-elongation mechanism, and the redox cycle adds two more kinetic contributions (reduction and oxidation) to the system. If the rate constants of all the participating steps are well adjusted, the system can be driven away from the thermodynamic equilibrium, showing non-linear dynamic processes like oscillations, travelling fronts, and patterns. 44 Similarly, Singh et al. have developed a sol-gel reaction cycle based on an aldehyde saccharide hydrogelator, which disassembles upon the addition of dithionite under the formation of the corresponding α-hydroxy sulfonate. 45 44 (c) Sol-gel reaction cycle of the aldehyde saccharide hydrogelator SachCHO, which is reduced to the soluble α-hydroxy sulfonate SachSO3 -. 45 Reproduced from references [44,45] with permission from Springer Nature and the American Chemical Society.

Enzymes. Such non equilibrium reaction cycles have equally been developed on the basis of enzymatic reactions, as reported by Sorrenti et al. 46 In this case, a PDI is functionalized with a LRRASL peptide sequence, which is recognized by a protein kinase. Said kinase catalyzes the phosphorylation of the serine residue in the presence of adenosine triphosphate (ATP), which is thereby transformed to adenosine diphosphate (ADP). The phosphorylation introduces four negative charges in the molecule, which compensate four positive charges of the arginine residues, causing further assembly. Interestingly, the handedness of the helical assemblies inverts upon phosphorylation. The backward reaction is catalyzed by another enzyme, a λ-protein phosphatase, which can dephosphorylate the serine residue, releasing inorganic phosphate.

The phosphorylation/dephosphorylation reaction mechanism is analogous to previous work presented by the group of Stupp, who have shown the reversible assembly of peptide amphiphiles through enzymatic catalysis, switching from the monomeric (sol) to the polymeric (gel) state. 47 Ulijn and coworkers have reported a similar sol-gel system based on a Fmocdipeptide methyl ester. The enzyme subtilisin hydrolyzes the methyl ester, inducing selfassembly of the "deprotected" Fmoc dipeptide to a hydrogel. 48 Light is a well-studied and non-invasive stimulus of supramolecular polymerization. 49 By including molecular photoswitches like azobenzenes or diarylethenes in the monomers, their conformation can be switched by light irradiation with a specific wavelength, which will depend on the selected photo-sensitive moiety. Stupp and collaborators have shown that the pitch of helical nanostructures based on azobenzene end-capped peptide-amphiphiles can be adapted by UV-light irradiation. 50 The amphiphiles assemble to self-supporting gels in cyclohexyl-chloride exhibiting a helical fiber nanostructure. When irradiated with 360 nm UV-light, triggering trans-to-cis isomerization of the azobenzene moiety, the average pitch of the helix was reduced from 78 nm to 40-70 nm, as determined from AFM imaging. The cis-isomer exhibits a more planar structure, which is expected to induce a stronger torque, thus reducing the pitch of the helix.

Yagai and coworkers have shown the light-induced formation of a unique internal order of a one-dimensional supramolecular polymer, leading to spontaneous curvature of the system. 51 An azobenzene photoswitch was incorporated in a known foldamer, based on a barbiturated naphthalene. In methylcyclohexane these monomers assemble into star-like hexamers when in trans-conformation, which further assemble to spirally folded fibers upon slow cooling. If the solution is cooled abruptly, long linear fibers are formed. If the spirals are irradiated with UV light for 20 minutes, they undergo a transition to linear fibers. If further exposed to Vis light, they transition to randomly folded fibers. The latter process is reversible by applying, once again, UV light for 20 minutes. The randomly folded fibers relax back to the spiral confirmation over 24 h. This example shows nicely, how different triggers can be used to interconvert various nano-conformations.

Mechanical force has been used by Feringa and coworkers to induce supramolecular gelation of a carbazole-derived organogelator. 52 At relatively large concentrations (10-40 mg•mL -1 ) in DMSO, gels are formed upon ultrasonication, shaking or spontaneously. Upon heating to > 75 °C, all gels solubilize and remain dissolved in supersaturation. If a vertical oscillation (0.8 cm amplitude, 9.6 Hz) is applied to these supersaturated solutions for 1 to 10 s, a gel is formed almost immediately. Clear morphological differences between thermally annealed and mechanically induced gels can be visualized by TEM imaging, showing shorter, fragmented fibers for the mechanically triggered gels. Upon mechanical induction, the chain growth is accelerated, so consequently the nanostructure of the gel occurs more spontaneously, inhibiting the formation of higher ordered fibers over time.

Shaking and stirring of a self-assembling system has shown to influence the self-replication of peptide-macrocycles, as reported by Otto and coworkers. 53 In a system of two competing selfreplicators, mechanical force is decisive to select which one of the oligomers will be the main species. Surprisingly, the formation of a hexamer is predominant under mechanical stirring, while shaking promotes the formation of heptamers. Without agitation, a mixture of trimers and tetramers is obtained. The selectivity remains unchanged over three months without agitation, showing no signs of relaxation to a possibly thermodynamically more favored state. In an approach to explain these selectivities, it comes down to the elongation and fragmentation rates of the respective species. The mechanically induced breaking of fibers frees more active, growing ends for fiber elongation. The heptamer exhibits faster elongation and will thus dominate if all fiber species are destroyed at a similar extent (under stirring). Instead, shaking is more favorable for the fragmentation of hexamer fibers, leading to an increased propagation of this species.

More exotic stimuli to control supramolecular polymerization include strong centrifugal gravity, shear-flow, and strong electric or magnetic fields. 54 The latter is the central interest of this work and will be introduced more thoroughly in the following.

1.2. Magnetism

History and global impact

From early stages of human civilization, marked by the first use of a navigational compass in the early 11 th century by Chinese scientist Shen Kuo (沈括) during the Song dynasty [START_REF] Guarnieri | The Compass [Historical[END_REF] , magnetism has not ceased to play a central role in the development and technological progress of human life. In today's advanced technology, we exploit magnetic effects for modern medical imaging [START_REF] Maniam | Magnetic Resonance Imaging: Review of Imaging Techniques and Overview of Liver Imaging[END_REF] , robotics [START_REF] Bira | A Review of Magnetic Elastomers and Their Role in Soft Robotics[END_REF] , data storage [START_REF] Coufal | Materials for Magnetic Data Storage: The Ongoing Quest for Superior Magnetic Materials[END_REF] , spintronics [START_REF] Yakout | Spintronics: Future Technology for New Data Storage and Communication Devices[END_REF] , engineering [START_REF] Sethulakshmi | Magnetism in Two-Dimensional Materials Beyond Graphene[END_REF] , and catalysis [START_REF] Kharzeev | Strongly Interacting Matter in Magnetic Fields[END_REF] , to name only few of many more fields of applications. [START_REF] Coey | Magnetism and Magnetic Materials[END_REF][START_REF] Gutfleisch | Magnetic Materials and Devices for the 21st Century: Stronger, Lighter, and More Energy Efficient[END_REF] With an increasing knowledge and understanding of magnetism, it has become more and more apparent how fundamental it is for life on Earth. The Earth's magnetic field is, for instance, protecting the planet from solar winds [START_REF] Coey | Magnetism in Future[END_REF][START_REF] Nisticò | Magnetic Materials and Water Treatments for a Sustainable Future[END_REF] , making it habitable in the first place, and providing several animal species (such as migratory species of birds, pigeons, fish, insects, sea turtles, lobsters, and bats) with orientation to navigate. 66,67 

Magnetic fields

When discussing magnetic field effects, different types of magnetic fields have to be distinguished. [START_REF] Rikken | Manipulation of Micro-and Nanostructure Motion with Magnetic Fields[END_REF] First, we can define an applied field by its variation in time, where we discriminate between dynamic fields, which can be rotating or oscillatory, with a timedependent field strength or direction. On the other hand, there are static fields, for which -at any given point in space -the field strength and direction are constant over time. In analogy, magnetic fields can be dynamic or static in space, differentiating homogeneous fields, where the magnetic field strength and direction are constant over a certain space unit, and inhomogeneous fields, where the magnetic field strength varies in space. [START_REF] Coey | Magnetism and Magnetic Materials[END_REF][START_REF] Rikken | Manipulation of Micro-and Nanostructure Motion with Magnetic Fields[END_REF] A single permanent cube magnet generates an inhomogeneous, gradient field exhibiting higher intensities and gradients at its edges (Figure 1.9a-c). Homogeneous magnetic fields over significant space units, in contrast, are obtained from electromagnets (Figure 1.9p-r) or in specific magnetic arrays (Figure 1.9j-l). Custom fields can be achieved by a targeted arrangement of several permanent magnets (Figure 1.9d-I and m-o). In routine and widely available laboratory conditions, magnetic flux densities of up to 2 T can be reached. For stronger fields, advanced experimental setups including elaborate resistive or superconducting magnets with adapted cooling systems are needed. The machinery becomes larger, more expensive, rarer, and therefore less accessible (Figure 1.10). Fields of around 12 T can be achieved by superconducting magnets of 500 MHz NMR spectrometers, which are commonly found in research institutions. For fields exceeding this range, highly specialized research facilities are required, as for example the Nijmegen High Field Magnet Laboratory (Netherlands), where a field of 38 T can be generated in a resistive Bitter magnet. [START_REF] Wiegers | Design and Construction of a 38 T Resistive Magnet at the Nijmegen High Field Magnet Laboratory[END_REF] The strongest non-destructive field that is known up to date is of 100 T (=1 MGs). This record value can only be reached in pulses of few milliseconds by a multi-shot magnet located in the Los Alamos National Laboratory (USA). 73 The magnetic properties of materials are described by few key parameters, which will be used in the following to classify and quantify their magneto-response. For isotropic materials (without domains, see below in section 1.2.3.2), the magnetic susceptibility χ relates the magnetization M of a material to the H field. In other words, it expresses the density of the magnetic moment per unit volume at a given field strength. It can be expressed per mass (χm), volume (χV), or number of moles (χn). The magnetic permeability μ (in H•m -1 or N•A -2 ), on the other hand, relates the magnetic field strength H (in A•m -1 ) with the magnetic flux density B (in T). Hereby the H and B field are not to be confused. In simple terms, the H field is the magnetic field strength, which is the amount of magnetizing force of a field. The B field, instead, describes the induced magnetization in a certain material by the magnetizing force H. μ0, the vacuum permeability, is so to say the magnetic counterpart to the more widely known dielectric constant ε0.

The magnetic parameters describing the response of a material to a magnetic field are commonly determined by SQUID magnetometry, which is an acronym for Superconducting Quantum Interference Device. This technique relies on measuring the phases of an oscillating voltage between two so-called Josephson junctions connecting two superconductors. The phase changes can be correlated to flux changes. SQUID magnetometers can detect very small magnetizations as of 10 -11 A•m 2 = 10 -8 emu, which are measured as a function of temperature (zero field cooling -field cooling, ZFC-FC) of magnetic field strength in conventional experiments.

Classification

Magnetic materials are classified according to the orientation and arrangement of their electron spins, which lead to a characteristic response of the material to a magnetic field. [START_REF] Coey | Magnetism and Magnetic Materials[END_REF][START_REF] Benenson | Handbook of Physics[END_REF] In general, five categories of magnetic materials are distinguished (Figure 1.12).

Diamagnetism arises from orbitals containing lone or bound electron pairs, where the opposite spins of the electron pair compensate each other to an overall apolarity. By this definition, all materials are diamagnetic, but they will only show observable diamagnetic properties if there are no other types of magnetism outpowering it. When a magnetic field is aligned, the electrons will orbit around the field axis, in a so-called Larmor precession. According to Lenz' law, a current induced by a magnetic field gives rives to a magnetic field opposed to the initial field.

The electrons "flowing" in an atom due to Larmor precession can be regarded as a current in the sense of Lenz' law, creating said opposite field. Thus, diamagnetic species weaken the initial field, and are therefore repelled by the field and will move to low-intensity regions in gradient fields. The magnetic susceptibility of diamagnetic materials is negative (χ < 0). Aromatic molecules exhibit an anisotropic diamagnetic susceptibility, which refers to the difference of the diamagnetic susceptibility in the planes that are parallel and perpendicular to the planar molecule. The diamagnetic anisotropy increases with a larger aromatic system due to an increased conjugation of the π-system, as of 5.6 to 22.2•10 -5 for benzene and pyrene. Bismuth (see Figure 1.11, χV = -2•10 -4 ) and pyrolytic graphite (χV ≥ -4•10 -4 ) are examples for strongly diamagnetic materials.

Paramagnetism, on the other hand, presents itself in materials with permanent magnetic dipole moments, as in non-compensated, localized single electrons, which will align with an external magnetic field. They stabilize the field and will therefore move to high-field regions in a gradient field. They exhibit positive magnetic susceptibilities (χ > 0). The magnetization of paramagnetic materials follows the Curie-law, with the material-specific Curie constant C and the absolute temperature T.

𝜒 = 𝐶𝑇 (1.i)
Paramagnetism is typically found in elemental Aluminum, Sodium, and Oxygen, many transition-metal complexes such as myoglobin, and radicals.

Isolated, single atoms or ions are either diamagnetic (all paired electrons) or paramagnetic (unpaired electrons). The magnetic susceptibilities of the elements are shown in Figure 1.11. Further types of magnetism derive from a collective spin constellation of co-operating magnetic moments of a group of atoms or ions.

Ferromagnetism appears in materials exhibiting Weiss domains, which are 10 µm to 1 mm large crystal regions of equal magnetization. The changeover region between Weiss domains, where the magnetization is transitioning, are called Bloch walls. Alignment of such domains leads to ferromagnetism. Ferromagnetic materials typically exhibit a strong response to a magnetic field. Thereby, their magnetization curve is non-linear, as Bloch walls are displaced either reversibly or irreversibly with a progressing magnetization. The magnetization energy required to align Weiss domains corresponds to the area enclosed by the hysteresis curve of magnetization. If the hysteresis curve is wide, a material is referred to as magnetically 'hard'. Vice versa, the magnetization of a magnetically 'soft' ferromagnet is more reversible and shows a narrow hysteresis curve.

Once saturation induction is reached, meaning that all magnetic moments are aligned with the magnetic field, the flux density B varies linearly with the field strength H if the field strength is further increased (paramagnetic behavior). For ferromagnetic materials, the temperature dependence of the susceptibility χ follows the Curie-Weiss law, with the material specific constant C, the temperature T, and the Curie-temperature TC. Above the Curie temperature, the spins of the material become disordered, and the ferromagnet transitions to a paramagnet.

𝜒 = 𝐶 𝑇 -𝑇 (1.ii)
Typical ferromagnetic materials are Fe, Co, and Ni in their elemental state or as alloys.

Superparamagnetism refers to single-domain ferromagnetic particles in the nanoparticle size range. Their volume is so small that the related anisotropy energy can be compensated by thermal energy. Consequently, the overall magnetic moment fluctuates, and the particle behaves like a large paramagnet, or macrospin. Its susceptibility χ follows the Curie law (paramagnetic behavior). [START_REF] Jeong | Superparamagnetic Colloids: Controlled Synthesis and Niche Applications[END_REF] Antiferromagnetism and Ferrimagnetism appear in materials with two or more sublattices of different magnetization. In antiferromagnetic materials, the magnetic moments of the structure components are of equal magnitude and aligned in anti-parallel, compensating each other. The overall magnetization is zero, and the material shows macroscopically diamagnetic behavior. The susceptibility of antiferromagnetic materials depends on the material specific constant C, the absolute temperature T, and the Néel temperature TN.

𝜒 = 𝐶 𝑇 + 𝑇 (1.iii)
If the magnetic moments of the structure components are not equal, i.e., they are only partly compensating, the material is ferrimagnetic, and behaves like a weak ferromagnet on the macroscopic level. Most oxides with net ordered magnetic moments are ferrimagnetic, such as Fe3O4 (magnetite), or Y3Fe5O12 (yttrium-iron garnet, IOG).

Helimagnetism occurs if ferromagnetic and antiferromagnetic couplings are in conflict. This can occur in a layer structure, for instance, and a helical spin structure emerges. The material is therefore called helimagnetic.

As magnets are defined solely by their spin configuration, the physical appearance of magnetic materials is diverse: from (mechanically) hard cm-sized permanent magnets, to gels and ionic liquids, to nanoparticles and single molecule nm-sized magnets. 

Lanthanides

As highlighted in Figure 1.11, lanthanides are the elements with the highest molecular susceptibility in the elemental state. According to IUPAC, the correct terminology for the 15 elements from 57La to 71Lu, commonly referred to as "lanthanides", is "lanthanoids" (lanthanum-like elements). Along with Sc and Y, these elements are collectively known as rare earths. Not only because of their large magnetic moments, but also their magnetic anisotropy, they are indispensable in the global technological sector and deserve a closer look.

Up to the 1970s, lanthanides have not received much attention from the scientific community, as their redox-and molecular chemistry is very limited. [START_REF] Murugesu | The Orientation is in the Details[END_REF] Notably, Pimentel and Spratley 87 assessed that "Lanthanum has only one important oxidation state in aqueous solution, the +3 state. With few exceptions, this tells the whole boring story about the other 14 lanthanides." Although their chemistry is indeed very limited, lanthanides are nowadays used in a vast range of fields, due to their magnetic, physical, electro-, and photochemical properties. Their applications range from performance enhancement of alloys, ceramics, and coatings, over lasing and fiber optics, the production of permanent magnets, to diagnostic and therapeutic medicine, where lanthanides are essential in radionucleotide therapy and as contrast agents for magnetic resonance imaging (see Figure 1.8c). [START_REF] Sastri | Modern Aspects of Rare Earths and their Complexes[END_REF] The latter is probably the most prominent example of commercial use of lanthanide complexes. As of today, eight Gadolinium-based contrast agents are FDA-approved. All of them are derivatives of Gd(DTPA) or Gd(DOTA), commercialized under tradenames such as Magnevist®, Ablavar®, or Eovist® (Figure 1.13). [START_REF] Xiao | MRI Contrast Agents: Classification and Application (Review)[END_REF][START_REF]Information on Gadolinium-Based Contrast Agents[END_REF] Unlike other imaging techniques such as radio imaging, in MRI the contrast agent is not detected directly. It is the magnetism of the unpaired electrons of the lanthanide that affects the longitudinal relaxation of the bound water molecules, creating a contrast between the water molecules that are bound to the contrast agent and those that are not. 88 The particularity of lanthanides arises from their unpaired 4f electrons, which are well-shielded from their direct environment by the surrounding, full 5s and 5p orbitals. Due to this steric limitation, the formation of dative covalent bonds with donor atoms of ligands is rendered impossible, which is in sharp contrast with transition-metal based complexation. The nature of the ion-ligand interaction in lanthanide complexes is thus predominantly electrostatic, and the coordination numbers and geometries depend to a large extent on steric, and not electronic factors, often imposed by the ligand. Complexes of a same ligand are thus often isostructural over the lanthanide series.

If deviations from isostructural geometries appear, they are most likely to originate from lanthanide contraction, a trend that describes a decreasing ionic radius with an increasing nuclear charge. The changes are greater than expected with respect to other periods of the elements. Owing to the geometry of the 4f shell, the f-electrons do not shield the nuclear charge well from the outer 5s and 5p shells, resulting in enhanced contraction and charge density of the ions with an increasing atomic number. [START_REF] Peters | The Chemical Consequences of the Gradual Decrease of the Ionic Radius along the Ln-Series[END_REF] The average coordination geometry of lanthanides switches from tricapped trigonal prismatic (CN = 9) to square antiprismatic (CN = 8) over the series. [START_REF] King | Encyclopedia of Inorganic Chemistry[END_REF] Due to their high coordination numbers, they form stable chelate complexes with octadentate ligands, such as DOTA, diethylenetriamine-pentaacetic acid (DTPA), or other functionalized tetra-or pentaacetic acids with stability constants logK of over 20. [START_REF] Sastri | Modern Aspects of Rare Earths and their Complexes[END_REF][START_REF] Byegård | The Stability of Some Metal EDTA, DTPA and DOTA Complexes: Application as Tracers in Groundwater Studies[END_REF] The poor interaction of the 4f electrons with their environment allows for the preservation of their magnetism. [START_REF] Murugesu | The Orientation is in the Details[END_REF] As orbital momenta and the corresponding spin-orbit coupling remain largely unquenched, many elements exhibit a well-pronounced anisotropy in crystal fields. For this reason, they qualify for the production of (mononuclear) single-molecule magnets. [START_REF] Woodru | Lanthanide Single-Molecule Magnets[END_REF] Depending on their magnetic anisotropy Δχ, the paramagnetic lanthanides can be classified in prolate (Δχ < 0; Pm, Sm, Er, Tm, Yb), oblate (Δχ > 0; Ce, Pr, Nd, Sm, Tb, Dy, Ho), and isotropic (Δχ = 0; Eu, Gd, Lu). [START_REF] Beck | Magnetic Field Alignable Domains in Phospholipid Vesicle Membranes Containing Lanthanides[END_REF] Simulated electron density distributions for the elements of the lanthanide series are shown in Figure 1.14. Analytical simulations of the 4f electron density, which is perturbed by the crystal field effect. Ce 3+ , Pr 3+ , Nd 3+ , Tb 3+ , Dy 3+ and Ho 3+ are oblate ions (axially pressed); Pm 3+ , Sm 3+ , Er 3+ , Tm 3+ and Yb 3+ are prolate ions (axially elongated); Eu 3+ , Gd 3+ and Lu 3+ are isotropic ion (spherical). Figure reproduced from reference [96] with permission from the Royal Society of Chemistry.

The ensemble of the relatively recently discovered applications led to a drastic increase in the demand of rare earths over the last years, whereas the amount of extractable raw material from the earth crust is limited. As a result, the prices of many rare earth elements have experienced a dramatic increase, with fluctuations of up to a factor 10. [START_REF] De Boer | Scarcity of Rare Earth Elements[END_REF] Considering the increasing scarcity and their key role in wind-and solar energy, the European Commission declared Dysprosium and Neodymium so-called critical metals, mentioning risks on a political level by international competition. According to Global Market Insights [START_REF] Pulidindi | Rare Earth Metals Market Size By Metal (Cerium, Dysprosium, Erbium, Europium[END_REF] , the global rare earth market was of 9.4 billion US-dollars in 2016 and is predicted to rise to over 20 billion by the year 2024. Up to date, recycling of rare earths is restricted to few elements (La, Ce, Ne, Pr) and products containing large amounts of these. [START_REF] Sastri | Modern Aspects of Rare Earths and their Complexes[END_REF] Unraveling and understanding how magnetic properties of lanthanide-containing materials are influencing their environment can be a crucial step in developing new technologies for recycling, separation, and purification of these precious and "critical" elements.

Magnetic control over soft matter 1.3.1 Magnetic energies and forces

Effects of a magnetic field on a particle will depend on the magnetic field (uniform or gradient) and the magnetism of the particle. [START_REF] Rikken | Manipulation of Micro-and Nanostructure Motion with Magnetic Fields[END_REF] The nature of the latter can range from a single ion to nanoor microparticles. Here, we will estimate magnetic contributions for three cases: magnetic energies in static fields, magnetic forces in gradient fields, and dipolar coupling between two magnetic moments in the absence of an external field.

Magnetic energy in constant fields

In uniform fields, magnetic effects can be quantified by the magnetic energy Emag acting on a particle, which depends on the magnetic dipole moment m and the magnetic flux density B. 71

𝐸 = - 1 2 𝑚𝐵 (1.iv)
The magnetic moment m is the magnetization M of the particle multiplied by its volume V. In other words, the magnetization expresses the magnetic moment per volume unit.

𝑚 = 𝑀 • 𝑉 (1.v)
In ferromagnets, the magnetization is constant within one domain. Ferromagnetic materials are characterized by their so-called saturation magnetization MS.

In dia-and paramagnetic materials, the magnetization is induced by a magnetic field, and their linear dependence is described by the volumetric magnetic susceptibility χ.

𝑀 = 𝜒𝐻 (1.vi)

H represents the magnetic field strength, or magnetizing force. The magnetic field strength (H-field) and the magnetic flux density (B-field) are related by equation (1.vii), including the vacuum permeability µ0 = 4π

•10 -7 H•m -1 = 1.256•10 -6 N•A -2 . 𝐵 = µ (𝑀 + 𝐻) = µ 𝐻 (1 + 𝜒) (1.vii)
If the magnetic susceptibility |χ| is much smaller than 1, as it is the case for dia-and paramagnetic materials, this term can be simplified to equation (1.viii).

𝐵 = µ 𝐻 (1.viii)

All equations (1.iv-viii) can be combined to an expression for the magnetic energy of paramagnetic and diamagnetic materials.

𝐸 = - 1 2µ 𝜒𝑉𝐵 (1.ix)
The magnetic energy is proportional to the squared magnetic field, making the latter an important parameter for the manipulation of particles in the field. In common laboratory conditions, fields of up to 2 T are typically accessible, limiting particles which are suitable for magnetic manipulation to large nano-or micrometer range. For smaller particles, more advanced and expensive magnets and setups are required (see section 1.2.2).

Magnetic forces in gradient fields

In gradient fields, the field inhomogeneity gives rise to the magnetic force Fmag. 71

𝐹 ⃑ = -∇ ⃑ 𝐸 = 1 2 𝑚∇ ⃑ 𝐵 = 1 2 𝑀𝑉∇ ⃑ 𝐵 (1.x)
Considering equations (1.iv) and (1.viii) for dia-and paramagnetic materials, we obtain equation (1.xi).

𝐹 ⃑ = 1 2µ 𝜒𝑉 𝐵 • ∇ ⃑ 𝐵 (1.xi)
Unlike the magnetic energy, discussed in section 0, the magnetic force scales linearly with both the magnetic field and its gradient. In common laboratory conditions, field gradients of up to 1 kT•m -1 can be achieved in spatially small fields. [START_REF] Lim | Magnetophoresis of Nanoparticles[END_REF]100 Little, sub-micrometer particles are thus more suitable to be controlled by gradient fields than by homogeneous fields.

In biphasic systems, as for example dispersions of nanoparticles, the susceptibility term is split into the respective contributions of the particle (χp) and the liquid medium (χm). 99

𝐹 ⃑ = 1 2µ • 𝜒 -𝜒 • 𝑉 𝐵 • ∇ ⃑ 𝐵 (1.xii) 1.3.1.

Dipolar coupling

Even in the absence of external magnetic fields, soft matter can be dominated magnetically, by the so-called dipolar coupling. It is the energy arising from the interaction between two magnetic dipoles i and j, following equation (1.xiii) including the magnetic moments mi and mj of i and j, the inter-dipolar distance rij, and their respective unit space vectors. 101

𝐸 , = - µ • 𝑚 𝑚 4𝜋𝑟 3 𝑚 ⃑ • 𝑟 ⃑ 𝑚 ⃑ • 𝑟 ⃑ -𝑚 ⃑ • 𝑚 ⃑ (1.xiii)
The energy is inversely proportional to the cubic inter-dipolar distance rij and is thus most significant when the two dipoles i and j are in close proximity. Equation (1.xiii) represents a simple way to calculate the dipolar coupling for two specific dipoles in a specific spatial arrangement with respect to each other, which is considered by the two unit space vectors mi and mj. In an isotropic solution, however, the overall magnetic energy will be averaged to zero due to rotational diffusion. 102

Energetic significance

The energies and forces described in sections 0 -1.3.1.3 are well pronounced in "extreme" conditions using concentrated, strongly magnetic materials 103 , strong fields 104 , or immobilization by cooling to temperatures below 70 K 105 . In contrast, if we want to apply magnetic control on a (supra-) molecular level and in "soft" conditions -meaning in solution, dispersion, or gel state, at room temperature and atmospheric pressure -we expect these contributions to be rather small, and thus to be in competition with thermal fluctuations (Brownian motion). The proportion of thermal and magnetic contributions, may it be energy (Emag/Etherm) or force (Fmag/Ftherm), will be represented by the merit number β. Its magnitude gives an indication as to whether magnetic effects can be expected to be significant in a respective scenario.

The counterparts to Emag and Fmag will be thermal energy Etherm and the thermal force and Ftherm

𝐸 = - 3 2 k 𝑇 (1.xiv) 𝐹 ⃑ = 2𝑘 𝑇(6𝜋𝜂𝑅) • 𝜔(𝑡) ⃑ (1.xv)
with Boltzmann's constant kB, the temperature T, the dynamic viscosity η of the surrounding fluid, the particle radius R, and a Gaussian white noise operator 0 < ω(t) < 1. 106 For simplification, the latter will be maxed to 1 in the following calculations.

To illustrate these estimations, let us look at three different scenarios, and compare the magnetic and thermal contributions for a 36 nm iron oxide nanoparticle (IO-NP, with a saturation magnetization M = 396 emu•cm -3 = 3.96•10 5 A•m -1 ) with a single Ho 3+ ion (χn = 5.702•10 -7 m 3 •mol -1 , R = 0.901 Å). Using the respective equations to determine the magnetic energies and forces and their thermal equivalents, we can estimate the β values for all three scenarios. The numerical results are given in the following tables. Detailed calculations for all values are given in the appendix (section 1.5).

Scenario I: 1 T uniform magnetic field, at room temperature (298 K).

species In all three examples, β > 1 for the IO-NP, meaning that the magnetic contributions can dominate the thermal ones, whereas they are expected to be insignificant for the Ho 3+ ion (β < 1). Estimations of β will be used as a reference in the later chapters of this thesis.

Emag (J) Etherm (J) β (-) IO-NP 3.

Effects in constant fields

Diamagnetic alignment

Exploiting diamagnetic anisotropy, even nm-scale assemblies of diamagnetic, organic molecules can be aligned in strong fields of 10 T or more. 107 Maan and coworkers reported the deformation of spherical nanocapsules, composed of self-assembled sexithiophene, in a 20 T constant field (Figure 1.15). The sexithiophene is a bolaamphiphile, consisting of a rigid, apolar sexithiophene backbone and polar ethylene oxide chains at both ends. In 2-propanol, it forms spherical capsules with an average radius of 55 nm at 20 °C. Due to the large diamagnetic susceptibility anisotropy (Δχ = 8.0•10 -6 ) of the thiophene chains, exposure to a strong magnetic field leads to an alignment of the axis of lowest susceptibility (along the long axis of the sexithiophene) with the field to minimize the magnetic energy (see equation 1.ix). As a result, the nanocapsules are axially pressed along the field direction. Unlike the sexithiophene molecules, the capsule is overall isotropic in its susceptibility, so there is no alignment of the capsule itself. The diamagnetic anisotropy of conjugated π-systems is utilized in several other examples, as for instance the diamagnetic alignment of diphenylalanine(FF)-based nanotubes reported by Tendler and coworkers (see Figure 1.16). 108 In fields of 3 to 12 T, they exhibit an increasing alignment along the magnetic field direction. The observed alignment raises the question about the molecular packing of the nanotubes: If the phenyl rings were to π-π stack along the tube length, we would expect an alignment perpendicular to the field direction. In this case, however, the alignment along the field direction suggests that phenylalanine stacks perpendicular to the long axis of the nanotube. Similarly, Adams and coworkers were able to align the fibers of a naphthalene-FF dipeptide based supramolecular hydrogel when gelled in a 9.4 T field. 109 Moreover, a magnetic orientation perpendicular to the magnetic field has been shown for phospholipid bilayers in solution. Due to the parallel arrangement of the molecules, their molecular diamagnetic anisotropies combine, and this amplification enables the observed magneto-response. [START_REF] Beck | Magnetic Field Alignable Domains in Phospholipid Vesicle Membranes Containing Lanthanides[END_REF]110,111 Chan, Ishida and coworkers have reported field alignment for metallo-supramolecular polymers. 112 The supramolecular block-copolymer in question is based on a polythiophene (anisotropic diamagnetic susceptibility), and an ethylene oxide chain, both functionalized with terpyridine moieties which allow reversible cross-linking via coordination to Zn 2+ (µ = 0) ions. Field-aligned films were obtained when a Zn-containing solution of the copolymer was dried in a 9 T field. Their alignment has been shown to be highly dependent on the ratio of the components, and thus their assembly prior to drying.

If the molecular structures are selected carefully, diamagnetic alignment can be achieved at weaker fields, namely when the monomers assemble to structures with large domains of anisotropic diamagnetic susceptibility. Osuji and coworkers showed that fields of less than 1 T are sufficient to reach highly aligned states for an organic, liquid crystalline block copolymer system (Figure 1.17). 113 Specifically, a block-copolymer of ethylene oxide and liquid crystalline methacrylate (PEO-b-PMA/LC) is used. At room temperature, hexagonally packed PEO microdomains are formed in a Smectic A mesophase (molecules are oriented liquid-like in layers, parallel to each other along the so-called LC director) of the PMA mesogen. Like the thiophene chain in the sexithiophene, the mesogens have a positive diamagnetic susceptibility anisotropy. Therefore, the application of a magnetic field leads to an alignment of the PEO cylinders and the LC director (axis of the lowest diamagnetic susceptibility) along the magnetic field. For neat PEO-b-PMA/LC, a field of 5 T or more is required for alignment (Figure 1.17b and d), and there is no response of the system at fields of 1.5 T or less. If a commercial mesogen, a phenylene ester diacrylate species (RM257) is added to the system at a molar ratio of 0.18, the grain sizes of the neat diblocks are increased (Figure 1.17c and e), and so is their magnetostatic energy. As a result, subjection to a 1 T field leads to pronounced alignment. In a similar manner, self-assembly of aromatic, cationic peptides with hyaluronic acid shows nanofiber alignment within 24 h in a magnetic field of 1 T, as reported by Azevedo and coworkers. 114 The peptide sequences were specifically designed to drive their self-assembly to the formation of domains by positioning four hydrophobic phenylalanines at the C-terminus of the oligopeptides. Through various linkers composed of 3 to 5 amino acids, the F4 moiety is connected to two charged lysines at the N-terminus. The latter allow the peptide to electrostatically interact with hyaluronic acid, leading to co-assembly into hydrogels or flat membranes. The diamagnetic anisotropy of the aromatic domain enables diamagnetic alignment in a 1 T field. The incorporation of hyaluronic acid allows for stem cell cultivation on the co-assemblies along the magnetically aligned fibers.

Jung and coworkers investigated the alignment of perfluorinated supramolecular dendrimers. 115 By Small Angle Neutron Scattering (SANS), the changes in their geometric orientation could be followed. The obtained patterns show that the dendrimers are isotropic above 245 °C and develop a highly ordered cylindrical phase upon cooling. The authors analyzed the degree of orientation of the ordered structures when cooled in different field strengths of up to 2 T. The threshold for alignment turned out to be 0.7 T. Upon further increase of the field strength to 2 T, no significant additional alignment was found. Long-range alignment on the µm-scale was confirmed by TEM.

In 2018, Adams and coworkers reported the alignment of self-assembled, worm-like micelles of perylenediimides(PDI)-derivatives in a magnetic field of 9.4 T. 116 Upon exposure to the field, the assemblies of the sodium salt of PDI-alanine align perpendicular to the field. This process can be followed by 23 Na-NMR, which shows quadrupolar splitting of the 23 Na + ion. The splitting does not stem from the anisotropy of the sodium ions themselves, but from the associated, anisotropic PDIs. The spectroscopic measurements are confirmed by the corresponding SANS patterns. The alignment happens spontaneously and is proportional to the field strength. Isotropy is restored when the magnetic field is removed. The process is reversible and was repeated three times without any signs of fatigue.

Paramagnetic alignment

As compared to diamagnetic materials, magnetic alignment is significantly facilitated for paramagnetic and ferrimagnetic materials. Owing to a strong positive magnetic susceptibility (see section 1.2.3.2), the material is attracted by a magnetic field, and the lone or parallel spins align along the field direction.

For instance, macro-sized, Dy-containing supramolecular assemblies in the shape of dumbbells can be oriented along the field direction at less than 1 T field strength, which can be easily obtained using commercial permanent magnets (Figure 1.18). 117 The structure and formation of the assemblies will be discussed in further detail in section 1.3.6. Yue and coworkers reported the magnetically directed self-assembly of block copolymers (BCP), in which paramagnetic ions are electrostatically coupled to the polymer side chains. 118 Using a commercial magnet of less than 0.35 T, they reach control with high precision (see Figure 1.19). Upon application of the field, the polymer forms microphase-segregated nanostructures in alignment with the field direction. As by rinsing with water the magnetic ions can be easily removed from the BCP under preservation of its nano-pattern, the BCP can serve as a template for further functionalization. The field alignment of paramagnetic species is routinely exploited for protein structure determination in NMR spectroscopy. The orientation-dependent parameters can be extracted from residual dipolar couplings. 120-122

Magneto-crystalline anisotropy in paramagnetic alignment

As discussed in section 1.2.3.3, paramagnetic lanthanide ions can exhibit an anisotropic electron density distribution, which is stable as the unpaired electrons of the f-shell are well shielded from the environment by the surrounding, full 5s and 5p shells. In the crystal state, this property is decisive for the overall magnetic properties of isostructural DOTA-complexes of Gd 3+ and Dy 3+ . [START_REF] Murugesu | The Orientation is in the Details[END_REF]123 While the crystal incorporating anisotropic, oblate Dy 3+ acts as a single molecule magnet (crystal structure shown in Figure 1.21), the isotropic Gd 3+ containing crystal does not. 123 Single molecule magnets are defined by their characteristic of maintaining their magnetization, induced by an external field, below a certain so-called blocking temperature. 124 Advanced angle-dependent SQUID measurements allowed for the determination of the anisotropy axis (green line in Figure 1.21), which is surprisingly neither along a Dy-N or Dy-O coordination bond, nor linked to the symmetry axis of the tetragonal coordination geometry around the Dy ion. These measurements accentuate that anisotropy axes and their effects are complex and not simply dependent on the coordination geometry. The green rod represents the orientation of the magnetic anisotropy axis. Figure reprinted from reference [86] with permission from Springer Nature.

In a system of phospholipid-based vesicles, reported by Liebi and coworkers, the direction of magnetic alignment switches upon the incorporation of prolate Tm 3+ ions, and oblate Dy 3+ ions in a system based on the phospholipid POPC (1-palmitoyl-2-oleyl-sn-glycero-3phosphocholine) and the chelator lipid DMPE-DTPA (1,2-dimyristoyl-sn-glycero-3phosphoethanolamine-diethylenetriaminepenaacetate, Figure 1.22). [START_REF] Beck | Magnetic Field Alignable Domains in Phospholipid Vesicle Membranes Containing Lanthanides[END_REF] The around 100 nm sized vesicles containing paramagnetic ions (Tm 3+ and Dy 3+ ) showed a temperature-dependent response to magnetic fields of up to 8 T. A decrease of temperature leads to an increasing formation of lipid domains, which become alignable upon reaching a certain critical size at 2.5 °C. The orientation of the alignment, however, depends on the lanthanide, and its magnetic anisotropy. The lipid domains orient in parallel to the magnetic field for prolate Tm 3+ (Figure Arrows indicate the magnetic field direction. Figure adapted from reference [95] with permission from the American Chemical Society.

Effects in gradient fields

Deformation of fluids

In gradient fields, a typical reported phenomenon is the attraction of (super)paramagnetic matter by the field gradient, which can occur in one or multiple phases, in liquid or in solid state. Well established liquid systems are paramagnetic ionic liquids (ILs). ILs are commonly defined as salts with a melting point below an arbitrarily chosen temperature of 100 °C. 127 More accurately, they can be called molten salts with organic moieties. 128 A range of magnetic ILs have been developed over the last years, such as 1-butyl-3-methyl-imidazolium tetrachloroferrate ([bmim][FeCl4]) by Hamaguchi and coworkers 129 , and libraries of ILs based on methyl-imidazolium (bmim + )-and tetraalkylphosphonium (PR4 + ) by Del Sesto and coworkers 130 , dodecyltriammonium (DTA + ) by Eastoe and coworkers 131 , or pyrrolidinium by Castner and coworkers 132 , with Fe 3+ , Co 2+ , Ho 3+ , Gd 3+ , or Ce 3+ containing counterions.

Drops of magnetic ILs respond to NdFeB cube magnet of 0.4 T or 0.55 T by a deformation directed toward the high field region of the gradient field (Figure 1.23a). 129,133 Similarly, microemulsions can be deformed. 134 This phenomenon is typically accompanied by a decrease in the surface tension of the IL, which can be by up to -12 % for a 0.1 M [C14mim][HoCl4]. In biphasic systems, the magneto-attraction can be used for phase inversion in liquid-liquid emulsions (Figure 1.23b) 133,135 , or emulsion droplets (Figure 1.23c) 135 .

The magneto-response of ionic liquids can be exploited for magnetic direction of biomacromolecules like DNA and proteins 131 , and reversible recovery of graphene oxide. 136 Ferrofluids are stable colloidal liquids of single-domain magnetite (Fe3O4) in a carrier liquid with typically large magnetic susceptibilities. 137 Not to be confused by their name, ferrofluids show paramagnetic behavior. They contain superparamagnetic nanoparticles, which are stabilized with surfactants to avoid agglomeration through van der Waals interactions. When an external field is applied, the fluid reversibly aligns with the field direction, forming spikes following the shape of the respective field (Figure 1.24). As they are easily manipulated into a variety of geometries, they are attractive components in advanced technical applications such as acoustics, lubrification and sealing, micro-fluidics, and pumping. Their applications in biomedicine include magnetic resonance imaging, magnetically targeted or triggered drug delivery, and hypothermia treatment of cancer. 138 Various types of ferrofluids are commercialized. Recently, ferromagnetic ferrofluids have been developed in shape of ironbased liquid crystals. 139,140 

Magnetophoresis

In biphasic solid-liquid dispersions of micro-or nanoparticles, the field-directed movement of magnetic particles through viscous medium is called magnetophoresis. Thereby, magnetic particles migrate in an advection stream through the solvent towards a high field region, where they accumulate. This technique of magnetic separation is rather old, and is employed to enrich minerals in iron, and to separate heavy metal ions from liquid waste in chemical plants or laboratories. So-called high gradient magnetic field separation (HGMS) uses columns packed with iron fibers under high field as of 10 T, and finds application in a wide range of fields from atomic power industry to tap-water treatment. 142 Practically, magnetic separation is commonly performed by field-flow fractionation, split-flow thin fractionation, continuous flow particle sorting, or in micro-channels. 143 In moderate, and easily accessible fields and gradients, micro-sized magnetic particles can be well manipulated and guided. The simply implementable trigger has been used to direct matter of different types. For instance, magnetic microspheres, which can be functionalized chemically, biologically, or immunologically, can be used to separate and purify antibodies, which has become an essential technique in biology. 143 Dreyfus et al. successfully manipulated functionalized particles mimicking flagellum (hair-like structure of a cell, locomotes a cell), and their oscillatory or cork-screw-like motion. 144 In 2019, Cui and coworkers have shown magneto-attractive movement in the field of magnetogenetics. 145 A genetically encoded ferritinbased protein crystal, growing inside mammalian cells, was engineered. Each crystal containing more than 10 10 ferritin subunits, they are attracted by an applied magnetic field (B∇B ≈ 210 T 2 •m -1 ) even when internalized into cells. Feringa and coworkers reported the magnetically guided movement of molecular motors decorated with magnetite nanoparticles, which allows cargo transport on the micro-scale. 26 This study will be discussed in more detail in section 1.3.5.

As the magnetic force Fmag scales linearly with the particle volume (i.e., the cubic particle radius), magnetic separation and magnetophoresis become more challenging for particles on the nm-scale. The competing forces, in contrast, being the viscous drag force and the Brownian (thermal) force, change less drastically. They are proportional to the particle radius and its square root, respectively. Majetich and coworkers have analyzed magnetophoretic effects on polymer-and gold-coated, superparamagnetic iron-oxide nanoparticles in aqueous dispersion. [START_REF] Lim | Magnetophoresis of Nanoparticles[END_REF] The nanoparticle cores are 35 nm in size, and exhibit a saturation magnetization of 76 emu•g -1 .

The hydrodynamic radius of the coated nanoparticles is about 85 nm. A triangular piece of mu metal (magnetically soft Ni Fe alloy) was used to generate the magnetic field gradient of 3000 T•m -1 . The sharp end of the tip was placed in the nanoparticle dispersion with the blunt end connected to a solenoid (coil), magnetizing the tip when electric current is applied. A single magnetic tip was used to collect the particles and release them in a controlled way when the current was turned off. The authors find that particles within a radius of around 140 µm from the tip migrate towards it, whereas particles at a larger distance showed no obvious drift. The trajectory of individual particles was tracked in real-time by optical microscopy, and the forces were deconvoluted into the different contributing forces with a scrupulous effort. At this scale, the quantitative analysis is tricky, because the magnetic drag force, the viscous drag force, and the Brownian force interplay.

Dipolar coupling

Dipolar coupling (see section 1.3.1.3) is a major driving force in the self-assembly of magnetic nanoparticles. The self-assembly of nanoparticles is generally interesting from a magnetic point of view, because their magnetic moments are large enough to experience both mutual magnetic interactions (dipolar coupling) as also interactions with an external field. Particles in the two digit nanometer range provoke a special interest, as they are applied in high-density magnetic storage devices, hypothermal cancer therapy, and magnetic resonance imaging 146 . 147 As the magnetic moment of nanoparticles is volume dependent, sub-10 nm particles are too small to be considered for these applications, and thus more rarely studied.

Luis et al. have studied the dipolar interactions in nanometer-sized Co-clusters and reported a slower spin relaxation with an increasing number of neighboring particles. 148 To be able to draw valid conclusions without changing several other factors, the measurements are performed on clusters growing in quasi-ordered layer structures, where the relevant parameters can be finetuned and measured separately. The clusters are obtained in a layer-by-layer deposition of Al2O3 and Co. In this multilayer system, varying the number of Co-Al2O3 bilayers or the layer thickness of the alumina layers allows to tailor the number of neighbors to a given cluster and the distance between Co-layers (0.7-10 nm). The found results show that the dipole-dipole interactions between superparamagnetic Co-nanoparticles slow down their reversal of magnetic moments, increasing their blocking temperatures by almost 40 % going from 1 to 15 bilayers at an Al2O3 layer thickness of 3 nm. At an Al2O3 layer thickness of 10 nm, the blocking temperature is only 2 % higher for 20 Co layers than for a single Co layer, confirming that the effect is caused by interparticle distance-dependent dipole-dipole interactions. Similar observations were made by Park and coworkers for monodisperse Fe3O4 particles. 149 Klajn and coworkers have shown the self-assembly of 13 nm sized cubic magnetite nanoparticles to single, double, and triple helical superstructures (Figure 1.25). 150 What usually requires templating, can be achieved in a single step with a yield of > 99 %. The formation of these assemblies is a result of the interplay of van der Waals and magnetic dipole-dipole interactions, Zeeman coupling, and entropic forces.

In cubic nanoparticles, the axes of preferential magnetization (easy axes, in this case the second diagonal of the cube) are incompatible with any configuration that allow close packing. Therefore, a competition arises between shape anisotropy, favoring face-to-face assembly, and magnetocrystalline anisotropy, favoring corner-to-corner assembly. The helical assemblies were obtained at the diethylene glycol-air interface, when a solution of the superparamagnetic nanocubes in hexane was placed there under a field of 0-0.07 T, and the solvent was allowed to evaporate. First, dipole-dipole coupling between the cubes leads to belt formation, which further aggregate to higher-ordered superstructures as the solvent evaporates. Förster and coworkers have studied the self-assembly of sub-15 nm sized iron oxide nanoparticles, which spontaneously assemble to into chains (1D assembly), sheets (2D assembly), and cuboids (3D assembly) under exposure to a magnetic field. 147 More specifically, the assemblies were observed by SEM and cryo-TEM, where 0.2-3 wt% solutions of 8.2 nm sized nanoparticles, which are sterically stabilized by oleic acid, in toluene were drop-casted at room temperature and 253 K (-20 °C), respectively, under a constant field of 0.13 T (Figure 1.26). To analyze the assembly in solution, the aggregate sizes were obtained by dynamic light scattering at different temperatures and in the presence or absence of a magnetic field. At room temperature (25 °C), the nanocubes remain singly dispersed over several days, regardless of the magnetic field. At 253 K (-20 °C) at 0.13 T, large aggregates were obtained, and a second population with hydrodynamic diameters in the range of a few hundreds of nanometers are found. In the absence of a magnetic field, only slight changes are observed upon decreasing the temperature to 253 K. At room temperature, larger assemblies are only obtained at higher concentrations (11 or 18 wt%). The cubic shape of the nanoparticles seems to be decisive, as spherical analogs of roughly the same size do not show this kind of highly ordered structures.

According to a proposed theoretical model, the first step of the assembly from cubes to chains in a head-to-tail arrangement is energetically favored and becomes more favorable with an increasing chain length. Single chains will then attract each other or single cubes, arranging in a brick wall constellation, with their spins aligned in parallel. The face-to-face assembly of the cubes (as opposed to corner-to-corner assembly following their magnetic easy axis) is believed to be caused by van der Waals interactions. In this size range of particles, the magnetic energy is in the same order of magnitude as thermal energy and van der Waals forces. For spherical particles, no such assembly was found, which can be because the contact area is significantly reduced as compared to cubic nanoparticles, reducing the short-range attractive interactions. Cubes below a particle size of 7.5 nm do not show any magnetic-field induced assembly either, even though the surface to volume ratio is increased as compared to the larger cubes.

Presumably, the magnetic moments are too small to achieve significant forces or energies. Even though the directing dipolar interactions and the stabilizing van der Waals forces seem to be the most important contributions in this case, the external field is indispensable for the assembly. It causes alignment of the nanoparticles in the first place, paving the path for short range interactions, which stabilize the arrangement to assemblies even after removal of the magnetic field. Recently, Macfarlane and coworkers have shown that supramolecular bonding between polymer-brushes can be reinforced by dipolar coupling of iron oxide nanoparticles, if the polymer is coated on the latter. 151 The polymer chains are end-capped with complementary, triple hydrogen bonding diamino pyridine-and thymine groups. The strengthening of triple hydrogen bonding upon simultaneous dipolar coupling can be identified by an increased melting-and blocking temperature of the polymers. Notably, the melting temperature of the polymer is increased by 10 K. The authors are able to control the dipole-dipole coupling between the nanoparticles, as well as the strength of the ligand-ligand interaction by varying the polymer spacer between the hydrogen bonding groups and the surface of the nanoparticle. A unique superlattice structure can be stabilized, which only occurs if the nanoparticles couple magnetically.

Dually controlled systems

Evidently, the magnetic stimulus can be combined-synergistically or orthogonally-with other stimuli (section 1.1.3), allowing for unique structures formed with impressive precision, directionality, and symmetry. Among sheerly endless possibilities, two examples will be discussed to sketch the scope.

Maan and coworkers have combined magnetic with rotational forces, and are able to select supramolecular chirality in helical assemblies of an achiral monomer, tris-(4-sulfonatophenyl)phenylporphyrin (TPPS3, see Figure 1.27a). 152 Driven by electrostatic and π-π interactions, TPPS3 assembles to J-aggregates over a time span of three days following a nucleation-elongation mechanism, forming nano-sized aggregates (RH ≤ 0.8 mm). Their small size prevents the aggregates from sedimentation. Therefore, they do not align under normal gravity.

Inside a magnet of 18 or 25 T with the field direction along z, samples were rotated clockwise (CW) or counterclockwise (CCW) in cylindrical vessels at 15 Hz, 23 °C, and over time periods from 30 to 120 minutes, at different z positions. Afterwards, the solutions were removed from the magnet and allowed to sit for three days at 23 °C, and then analyzed by UV-Vis and CD spectroscopy (Figure 1.27b,c).

In this system, two magnetic phenomena play a role, being the alignment force, which originates from the anisotropy of the diamagnetic susceptibility of the porphyrin (see section 1.2.3.2), and which is proportional to the field strength B(z), and a magnetic levitation force. The latter is proportional to the product of the magnetic susceptibility and the field gradient χB(z)B'(z). Moreover, the field gradient contributes to a z-dependent effective gravity

Geff = Gn(1+ B(z)B'(z) |χ|•(µ0ρ) -1
), with the normal gravitation Gn, the density of the material ρ, and the vacuum permeability µ0. Depending on their z position, the solutions experience different field strengths B(z) and field gradients B(z)'B(z), so the forces act in different proportions.

The CD measurements show that for Geff > 0 and clockwise rotation in a magnetic field, the signal increased significantly. The observed handedness is determined by how spinning and effective gravity are oriented with respect to each other. So is the dissymmetry factor Δg negative for clockwise rotation with Geff > 0 and counterclockwise rotation with Geff < 0. By inverting either the rotation direction or the Geff, Δg becomes positive. Without exposure to a magnetic field, CD spectra exhibit low-intensity signals for either direction of rotation.

The authors hypothesize that the generated hydrodynamic flow gives a chiral twist to the nanoaggregates, which are formed in the nucleation step of the polymerization. The magnetic field then orients the nuclei along the rotation axis, damping the influence of Brownian motion.

During the elongation phase, the nanoaggregates act as chiral seeds promoting the amplification of their own handedness. Feringa and coworkers, for their part, have shown an orthogonal dual-control of molecular motors by light and magnetism in a hybrid assembly of molecular motor amphiphiles decorated with iron nanoparticles (NP). 26 The system provides fast photo-triggered movements and magnetically induced movements, which allow precisely controlled cargo transport (Figure

1.28).
Magnetite nanoparticles were attached to macroscopic length-scale supramolecular nanofibers of motor amphiphiles (MA) through electrostatic interactions between the nanoparticles and the histidine groups of the MA. Upon photoirradiation at 365 nm, the MA/NP fibers bend towards the light source, increasing the bending angle from 0° to 90° within 25 s. When a magnet was placed close to a MA/NP fiber, it moved towards the magnet within 2 s. The two responses were combined in a dual-controlled process in a cargo transport experiment.

In an aqueous CaCl2 solution, a MA/NP string was placed in position A, and a piece of paper in position B. Using a magnet, the MA/NP string was moved from position A to B, where it was photo-irradiated for 60 s, transitioning from a linear to a curved shape. Upon the conformation change, curved MA/NP can grab the paper clip, and transport it to a new position C guided by the magnet. In position C, the convex side of the of the MA/NP string was irradiated to reverse the conformation to a linear shape, unloading the paper cargo. The linear MA/NP was finally guided to position D, leaving behind the cargo in position C. This experiment shows how dual stimuli responsive supramolecular materials can imitate musclelike functions and can be used to generate soft robotic materials. 

Non-trivial observations

Recently, some so-far not well understood phenomena including magnetic species have been reported in different contexts. They are non-trivial in a sense that current theoretical models fail to explain the observed effects. First, Polarz and coworkers have shown a remarkable multistep self-assembly of Dy 3+ containing surfactant to anisotropic macro-sized dumbbells, after a solution of the surfactant was heated to 80 °C and cooled down to room temperature (Figure 1.29, cf. Figure 1.18). 117 From the nanometer to the micrometer scale, an extraordinary hierarchy of self-assembled structures has been elucidated using various microscopic, spectroscopic and scattering techniques. When an analogous surfactant containing diamagnetic Lu 3+ instead of Dy 3+ was subjected to the same procedure, no similar structures were formed. This leads to the assumption that interactions between the paramagnetic head groups (intermetallic crystal field interactions) cause the highly complex self-assembly. SQUID measurements of the species show ordinary paramagnetic behavior of the Dy 3+ species, leaving behind a number of unanswered questions. A similar conclusion was drawn by Meijer and coworkers, who have investigated Gd 3+containing dendrimers of different generations as MRI contrast agents. 16 Surprisingly, they found that the largest dendrimer of their library (5 th generation) exhibits unproportionally large ionic relaxivities as compared to lower generations. Without going into further detail, they hypothesize magnetic interactions between the paramagnetic Gd 3+ ions, which are forced into a high density and short ion-ion distances by the molecular structure of the dendrimer.

As discussed in section 1.3.1.4, the dipolar coupling energy between two paramagnetic ions at room temperature is around three orders of magnitude weaker than the thermal fluctuations, even at 4 Å, which is roughly π-π stacking distance. In this context, these observations are very surprising. The energy of Brownian motion might be reduced due to supramolecular assembly, forcing the ions in a certain configuration, and thereby reducing their degrees of freedom.

Another astounding example was reported by Fujiwara and coworkers in 2004. 153 In a gradient field of (B•∇)B = 410 kOe 2 cm -1 = 410 T 2 m -1 , different magnetic transition metal salts, placed on silica gel as 2-3 M solutions at 100 mm from the field center, migrate towards the field center within 14 h. As a function of their magnetic susceptibility, their concentration, and the grain size of the silica gel, they cover distances of up to the full 100 mm to the field center (Figure 1.30, Mn 2+ ). Since the ion movement is enhanced for larger concentrations, the authors assume that the ions do not move as single ions, but that groups of ions and water molecules travel collectively as one unit. If a diamagnetic Ag + is co-spotted with paramagnetic Cu 2+ , the two species can be separated, since only Cu 2+ migrates towards the field center, as shown in precedent work. 154 Eckert and coworkers showed a concentration gradient of initially homogeneous 1 M solutions of the paramagnetic ions Mn 2+ , Gd 3+ , and Dy 3+ after the solutions had been exposed to a cylindrical NdFeB permanent magnet. 155,156 After around 100 s, the ion concentration starts to increase in proximity of the magnet and a simultaneously decrease slightly at larger distance.

The ion concentration was enriched by up to 2 %, in a convex layer reproducing the gradient field force, as they determined by interferometry. Upon removal of the magnet, the enriched layer drops down to the bottom as a convection flow.

The group of Fransaer reported a similar study in a gel matrix. 157 3 mM solutions of Y 3+ , Gd 3+ , and Y 3+ were incorporated in gelatin gels, and exposed to a gradient either on top of an NdFeB magnet, or a 5 T superconducting magnet. When the gel was sliced in 2 mm thick layers perpendicular to the field direction, so that all sliced experienced different field strength, and the concentrations were determined by atom emission spectroscopy. For Dy 3+ , the authors report a concentration increase of about 0.8 % using the commercial magnet, and up to 10 % using the superconducting magnet for the slice in the strongest field after 24 hours. Moreover, porous glass disks were immersed in solutions of Dy 3+ (4 mM) and Y 3+ (10 mM). Again, samples of 3 mm thickness were analyzed for their ion concentration, showing a 6% increase for paramagnetic Dy 3+ and a 7 % decrease for diamagnetic Y 3+ , which is repelled by the field, after 6 hours.

According to our estimations, the thermal forces defeat the magnetic forces on single ions by a factor of 10 8 in these conditions. On this account, Gorobets and coworkers have hypothesized that the magnetic field force does not act on single ions, but on clusters, composed of several ions acting as a unit, which they named "magnions". 158 These magnions would then have an effective susceptibility, combining the individual magnetic moments in one. This assumption is congruent with the claim of Fujiwara 153 , could however not be evidenced up until now. Coey and coworkers have looked into whether or not there is a concentration gradient force 159 -a force arising from a uniform magnetic field on an already existing concentration gradient of single ions. In conclusion, they state that there is no such force in a uniform field, neither acting on diamagnetic nor on paramagnetic species. There seems to be a small effect due to the inhomogeneity of the demagnetizing field, which gives rise to a concentration gradient force perpendicular to the electrode surface. It remains, however, negligible being 10 8 times inferior to diffusion for a 1 M solution in a 1 T field. The concentration gradient field force is, in contrast, confirmed for gradient fields. 160 It is thus imaginable that in some of the reported studies a concentration inhomogeneity was unknowingly induced by solvent evaporation or other unexpected side phenomena. The gradient could then be subjected to the concentration gradient force from an inhomogeneous magnetic field. A final explanation remains to be presented.

Mezzenga and coworkers reported a conformation change of single Fe containing polysaccharide chains in a constant field of 1.1 T. 161 Polymer solutions of an Fe(II) and Fe(III)-enriched anionic carrageenan polysaccharide were deposited on a functionalized silica wafer in a Halbach array. The chains typically appear as coexisting random coils and single helices. When comparing AFM images, an overall 1.5-fold stiffening and a 1.1-fold stretching is observed for the sample prepared in the field as compared to the control experiment in the absence of a magnetic field. In both cases, the bimodal distribution in random coils and single helices is preserved. If we consider the magnetic energy in this case of a 1.1 T field and single iron ions, the approximated merit number β = Emag•Etherm -1 is below 0.03, so we do not expect significant magnetic effects. The authors suggest that the distribution of the iron ions along the chains may not be homogeneous, inducing a sort of anisotropy in the system.

Aim and contents of this thesis

Controlling supramolecular assembly offers vast possibilities for the development of new smart materials, and still leaves room for improvement and new approaches. A magnetic stimulus can offer many benefits compared to the more conventional alternatives, as it is non-invasive, nondestructive, easily tunable in intensity, direction, space, and time. Moreover, it tolerates a wide range of materials, conditions, and atmospheres. In awareness of these advantages, magnetic control is well established in the field of micro-and nanoparticles. On the (supra-) molecular level, however, the possibilities are so far limited, as the magnetic energies and forces decrease with the size of the magnetic species. Consequently, the magnetic forces and energies tend to be small as compared to the competing thermal contributions in standard conditions. Few examples have been reported in the field of magnetic control over supramolecular polymers, and many of these reports describe non-trivial observations, which lack a clear explanation and understanding.

In the context of this poorly explored field of research, this thesis aims to obtain a general overview over the possibilities a magnetic stimulus can offer to control supramolecular systems. The final goal is to understand how magnetic stimuli and impulses can complete the toolbox of non-covalent interactions in supramolecular self-assembly.

Chapter 2 is focused on the thermodynamics of supramolecular self-assembly of a family of lanthanide-containing, symmetric naphthalenediimide (NDI) derivatives in water. When comparing dia-and paramagnetic species, we find that the incorporation of paramagnetic lanthanide ions leads to a decrease of the enthalpy of supramolecular polymerization as compared to diamagnetic ions. The overall Gibbs free energy, however, is identical for all species, indicating a reverse action of the entropy.

The self-assembly of the same monomers in a water/THF system leads to the formation of micro-sized colloids, which are described in Chapter 3. When a commercial, permanent cube magnet is placed in a dispersion to the colloidal assemblies, the formation of an organic layer is observed on the surface of the magnet. The reversible assembly to colloids allows for preprogramming of this magnetophoretic effect.

Chapter 4 presents the self-assembly of a benzenetricarboxamide (BTA) derivative decorated with paramagnetic Gd 3+ ions into rod networks in solution. A fast change of the rod network to more randomly branched structures, and a reversible densification of the rod network over 10 to 12 h indicate that the equilibrium is shifted by the magnetic field.

Finally, Chapter 5 is oriented towards the development of magneto-responsive materials. An NDI-based supramolecular hydrogel containing paramagnetic Dy 3+ ions and its response to uniform fields of up to 0.8 T is presented. By magneto-rheology we find a significant acceleration of the gelation kinetics upon application of a magnetic field.

Chapter 6 finally concludes this work with a summary of the main findings and integrates these in the larger picture. Scenario II: gradient magnetic field with B = 1 T and ∇B = 2000 T•m -1 at 298 K in water. Scenario III: two individuals of each species at ππ-stacking distance (~ 4 Å) at 298 K, forming an equilateral triangle with the coordinate origin (all angles 60°). Chapter 2. Thermodynamics of the supramolecular assembly of lanthanide containing NDI derivatives
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Abstract

In this chapter we show the preparation, characterization, and thermodynamic self-assembly studies of a family of naphthalene diimide derivatives incorporating various paramagnetic and diamagnetic lanthanide ions. The supramolecular polymerization is analyzed quantitatively by UV-Vis spectroscopy and the experimental data is interpreted by fitting isodesmic models. The developed synthetic methodology allows for a reliable preparation and characterization of this new class of magnetic coordination complexes. The Gibbs free energy of supramolecular polymerization in water was determined with high precision using a combination of temperature-and concentration dependent studies. Whereas the Gibbs free energy of all monomers is identical irrespective of the chelated ion, the enthalpy/entropy balance shifts significantly as a function of the magnetic moment of the ion. The enthalpic contribution is up to 60 % greater for the paramagnetic ions as compared to the diamagnetic controls. This surprising finding helps to narrow down the origin of several non-trivial observations in the supramolecular assembly of magnetic monomers.

Parts of this chapter contribute to a manuscript in preparation:

Schicho, Michaela K.; Formon, Georges J.M., Hermans, Thomas M. "Assembly and magnetophoresis of lanthanide-containing naphthalene diimide derivatives" Manuscript in preparation

Introduction

Magnetic materials are essential for a wide range of present and future technologies, such as modern medical imaging 1,2 , robotics 3,4 , data storage 5 , spintronics 6 , engineering 7,8 , and catalysis 9 , to name only a few. [10][11][12] The vast majority of magnetically ordered materials involve 3d of 4f elements, where the large magneto-crystalline anisotropy, mainly from lanthanides, is exploited. This anisotropy of the electron density distribution arises from their unpaired 4f electrons, which are well screened from their direct environment by the filled 5s and 5p shell.

The shielding leads to a typically weak interaction of the f electrons with ligands, while they are contributing significantly to the magnetic properties of the material. 13 For the crystal state, it has been shown diligently that the anisotropy of the magnetic ions is decisive for the magnetic properties of lanthanide-based complexes. More precisely, Sessoli and coworkers have reported that the isostructural sodium salts of Dy-DOTA and Gd-DOTA vary drastically in their magnetic properties, even though their magnetic moments are in the same order of magnitude (11 and 8 µB, respectively 10 ). The crystal containing anisotropic Dy 3+ behaves as a single molecule magnet (SMM), yet the analogous containing isotropic Gd 3+ does not. SMMs refer to species, which, below a certain blocking temperature, retain their magnetization after they have been magnetized by an external field. 13,14 In 2013, Polarz and coworkers have shown a remarkable multi-step self-assembly of a Dy 3+ containing surfactant to mm-sized dumbbells-shaped structures. 15 When using the diamagnetic Lu 3+ instead of Dy 3+ , structures of similar size or complexity were not observed. The presumably magnetically driven phenomenon cannot be explained by simple paramagnetism and remains poorly understood. The forced spatial proximity of Dy 3+ head groups, induced by the self-assembly of the surfactants, may lead to intermetallic crystal field interactions.

Meijer and coworkers have investigated Gd 3+ -containing dendrimers of different generations as MRI contrast agents. 16 For their largest dendrimer (5 th generation), they find unproportionally large ionic relaxivities. Without going into further detail, they hypothesize paramagnetic interactions between the ions in the periphery may lead to this observation.

Inspired by these findings, we aim to get an insight on the influence the incorporation of paramagnetic ions has on supramolecular assemblies in a more general context.

Therefore, we designed a novel, simplified system of symmetric naphthalene diimide (NDI)based paramagnetic monomers, which aggregate to one-dimensional supramolecular polymers through an isodesmic polymerization mechanism. We quantify the thermodynamics of the selfassembly process over a scope of eight para-and diamagnetic lanthanide ions.

Molecular design

The molecular design of the monomer M-NDI (Figure 2.1b) was selected with the aim to reduce the complexity in the paramagnetic surfactant assembly reported by Polarz and coworkers 15 .

To this end, naphthalenediimide (NDI) was chosen as the central and assembly driving unit. NDI derivatives are typically weak assemblers, with enthalpies of supramolecular polymerization ΔH of around -20 kJ/mol 16 , as compared to derivatives of other classic, and well-studied molecules such as perylene diimide 17 (PDI, ΔH ≈ -70 kJ/mol 18 ), benzene-1,3,5tricarboxamide 19 (BTA, ΔH ≈ -70 kJ/mol 20 ), porphyrin 23 (ΔH ≈ -60 kJ/mol 24 ), or hexabenzocoronene 21 (HBC, ΔH ≈ -200 kJ/mol 22 , all values roughly approximated). 25 This is to ensure that possible magnetic effects are not outcompeted by an overly dominant selforganization process. In order to enable the incorporation of paramagnetic lanthanide ions into NDIs, and thereby equip them with a permanent magnetic moment, 1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) units were introduced at both extremities. The octadentate, macrocyclic DOTA is known to form stable complexes with various lanthanide ions 12,26 in a capped square antiprismatic coordination geometry (coordination number 9). Thereby, a non-innocent water molecule completes the primary coordination sphere in the ninth coordination site. 27,28 The central NDI core and the DOTA chelators are connected via an aliphatic C4 spacing unit, completing the organic skeleton NDI.

The ligand NDI is then used to complex trivalent paramagnetic ions M 3+ (M = Gd, Tb, Dy, Ho, Er) to form the desired paramagnetic building block M-NDI (Figure 2.1b). The five ions are chosen due to their elevated magnetic moments (8-11 µB), and their different electron density distributions (isotropic, oblate or prolate, Figure 2.1c). 10 The latter has been shown to be decisive for the magnetic properties in crystal state. 

Synthesis and chemical characterization

The organic ligand NDI was prepared in four steps, using slightly modified literature procedures 32,33 , in a divergent synthetic approach starting from the central NDI core unit (see section 2.9.2 for more details). The commercially available naphthalene tetracarboxylic acid dianhydride 1 was reacted with the singly Boc-protected diamino-n-butane in an imidization reaction catalyzed by triethylamine. 32 The thereby obtained 2 was deprotected in acidic conditions, yielding 3, and then coupled to the three-fold tBu-protected DOTA chelator via a standard amide coupling with HBTU as a coupling reagent, yielding the protected ligand 4. The ligand NDI was obtained through acidic deprotection of the six carboxylic acid groups of 4. Unexpectedly, the coupling agent HBTU was incorporated in 4 after purification by column chromatography. The organic protons of the uronium moiety as well as the PF6 -counterion are detected in 1 H and 19 F-NMR, respectively. Diffusion-ordered NMR (DOSY) confirmed that the coupling agent is incorporated in the ligand and not molecularly dissolved. This can be a consequence of co-assembly, electrostatic interactions, or coordination. Upon deprotection, HBTU could be removed. 19 F-NMR of the deprotected ligand NDI showed a residual trifluoro acetic acid (TFA) signal, which could finally be removed by size exclusion chromatography.

For practical reasons, this was typically done within the final purification of M-NDI in a later step.

After purification, the ligand structure of NDI was confirmed by HPLC-MS and NMR (see section 2.9.2 and 2.9.3). The DOTA group is known to adopt various conformations of the ethylenic bridges and the acid-holding side arms, which leads to a coexistence of several conformational isomers. 34 Therefore, the 1 H-NMR at 298 K shows a broad and indistinctive spectrum in the region of 1-5 ppm. To resolve this inconvenience, the temperature was increased to 343 K, and the concentration was kept at 1 mg•mL -1 to avoid assembly-induced signal broadening. Under these conditions, the ligand could be fully characterized (see section 2.9.3).

NDI was then reacted with eight different M III Cl3 salts (M = Y, La, Dy, Tb, Gd, Er, Ho, Lu) under microwave irradiation 3 to obtain a library of five different paramagnetic monomers (M = Gd, Tb, Dy, Ho, Er) and three isostructural, diamagnetic analogues (M = Y, La, Lu) as control molecules. The characterization of these complexes turned out to be challenging, because their molecular design makes fundamental analytical techniques such as NMR and HPLC inadequate. A concurrence of their paramagnetic nature, their tendency to self-assemble in water-which leads to significant signal broadening as it can be observed for molecular polymers-and their poor solubility in organic solvents, does not allow reliable characterization by NMR spectroscopy. Moreover, the sensitivity of their self-assembly behavior to solvent changes, as well as their instability to TFA, which is present in most common mobile phases of HPLC systems, lead to uncertainty in HPLC analysis. As an alternative methodology, we had to rely on a combination of several other techniques complementing each other.

In an initial step, a successful coordination of the ligand NDI to Y 3+ was indicated by infrared (IR) spectroscopy (see section 2.9.4, Figure 2.13). Upon complexation, the C=O stretch vibration shifted from 1661 cm -1 to 1596 cm -1 , and the signals of the C-O stretch vibration at 1181 and 1132 cm -1 disappeared. These changes refer to a conversion of the free acid moieties of the ligand to the complex 15,16 Further evidence for the formation of the desired compounds was given by mass spectrometry. More specifically, the monomers M-NDI were analyzed by MALDI-TOF-MS in positive mode using CHCA as a matrix. The respective signal of the singly protonated species [M+H] + is predominant in the detection range of m/z 1000-2500 (Figure To assure that the complexation is complete using the standard method (15 minutes at 120 °C and 4 equivalents of salt), different reaction conditions were screened. For a negative control experiment using 1.5 equivalent of YCl3 to NDI, signals for both the fully complexed M-NDI (m/z 1353) and the mono-complex (m/z 1267) were detected by MALDI-TOF-MS. Even though mass spectrometry is not quantitative, the detectability of the mono-complex is reassuring and confirms that both the reaction conditions and the detection method are appropriate.

After the completion of the complexation reaction could be confirmed, residual salts were removed by size exclusion chromatography, after several attempts of dialysis had remained unsuccessful. For a final, quantitative characterization, the content of residual water in the obtained Gd-NDI powder was determined by thermogravimetric analysis (TGA, Figure 2.2c, usually 12-15 wt%). A typically observed TGA curve shows a three-step mass loss from 25 to 275 °C. The first, most dominant one is likely to correspond to unbound lattice water, reaching a plateau after around 150 °C. Two more, less pronounced weight loss steps are observed upon further heating, which stabilize at 275 °C and presumably correspond to coordinated water ligands. 36 Upon further heating (> 350 °C), the organic skeleton starts to decompose (not shown). The measured water content and the derived molecular composition was confirmed by CHN elemental analysis and considered accordingly (i.e., to accurately make stock solutions).

For other members of the family M-NDI, the water content was derived directly from CHN elemental analysis.

The compounds were obtained as yellow-brownish powders after lyophilization. Their density, water content, and morphology varied visibly from one to another, most likely, because the lyophilization conditions can vary from batch to batch. Nevertheless, in most cases their physical appearance showed signs of molecular pre-organization, as in fiber-, or more rarely, crystal-like structures (Figure 2.3). Unfortunately, single crystals of sufficient size for structural resolution by X-ray diffraction could not be obtained. 

Magnetic characterization

The magnetic nature of the compounds was characterized by electron paramagnetic resonance (EPR). Figure 2.4a shows electron paramagnetic resonance (EPR) spectra of Gd-NDI at concentrations of 50 and 500 µM in aqueous glycerol. The characteristic signal of the electron relaxation of Gd confirms the incorporation of the paramagnetic ion in the material. 37 Additionally, all compounds M-NDI were analyzed by SQUID magnetometry in bulk. The field-and temperature dependent measurements confirm paramagnetism in Gd-NDI (exemplarily shown in The obtained susceptibilities are, as expected, positive for all paramagnetic, and negative for all diamagnetic species. Quantitatively, the susceptibilities increase with the magnetic moment from 0.69•10 -3 to 1.21•10 -3 from Gd-NDI (µ = 7.94 µB) to Ho-NDI (µ = 10.6 µB) except for Dy-NDI (µ = 10.6 µB) yielding a slightly lower value of 1.01•10 -3 . The diamagnetic species exhibit susceptibilities of -0.3•10 -3 to -0.5•10 -3 . If we compare these values to the one of unsubstituted naphthalene (-0.17 •10 -3 perpendicular to the plane 10 ), it seems that in M-NDIin which the naphthalene is functionalized with electron withdrawing imine substituents to promote self-assembly-the conjugation due to π-π stacking reinforces the material's diamagnetism.

Temperature dependent plots show an increase of the magnetic moment upon cooling for paramagnetic M-NDIs (Figure 2.4c). A plot of the respective reciprocal temperature dependent magnetization M -1 (~χV -1 ) is expected to be linear. Yet, in the case of the magnetic M-NDIs this is not the case (blue circles in Figure 2.4d). If the signal of the diamagnetic reference species Y-NDI is subtracted to correct for the diamagnetism of the NDI core, however, we find a linear trend that follows the Curie-Weiss law (black squares and red line in Figure 2.4d, R 2 > 0.998).

For the other magnetic ions (M = Gd, Tb, Dy, Ho, Er), the corrected Curie-Weiss plot deviates slightly from linearity at temperatures below 100 K, which is most likely due to their magnetocrystalline anisotropy. 39 Therefore, linear regression was limited to a fitting range from 150 to 350 K (Figure 2.17 in the appendix). The slope of the linear fit allows to determine the material specific Curie constant (χ -1 =C -1 T). The extrapolated Weiss temperature θ, at which the reciprocal susceptibility is 0, is of around -20 K for Gd-NDI, and between -30 and -55 K for Tb-NDI, Dy-NDI, Ho-NDI, and Er-NDI. A negative θ indicates antiferromagnetic coupling between the magnetic ions. 10 For simple antiferromagnets, the absolute value of the Weiss temperature θ is expected to correspond to the material's Néel temperature TN. Thus, the observed antiferromagntism should vanish above 20 to 55 K.

For comparison, the Weiss temperature θ of a Gd-DOTA functionalized BTA (discussed in Chapter 4, section 4.3) is -0.7 K, so almost two orders of magnitude smaller than in the M-NDI system. It seems possible that the weaker self-assembly between the NDI cores, as well as the less directional supramolecular interactions allow for the magnetic complexes to orient themselves more freely with respect to each other.

The values of χV, C, and θ of all molecules M-NDI are summarized in Table 2.1. The found χT values of the paramagnetic ions M in M-NDI at 298 K are in accordance with the theoretical values 40 (see Figure 2.17 and Table 2.4 in the appendix), confirming the purity of the compounds. Minor deviations may stem from the estimated powder densities.

Spectroscopic characterization

NDI is a well-studied class of assemblers, and it is structurally and spectroscopically analogous to its larger, and more famous kin PDI (perylene diimide). It exhibits three characteristic absorption bands at 340, 362 and 384 nm, which correspond to the 0-2, 0-1 and 0-0 vibrations of the S1 ← S0 transition, respectively. 48,49 For both NDI and PDI it has been shown that the spectral properties are strongly correlated with their self-assembly. [41][42][43] This results in a change of the S0-S1(0-1) and S0-S1(0-0) absorbance ratio R, which increases with assembly. The R value for the monomeric state Rm is expected to be around 0.82, which is the R we measure for the intermediate 3, a charged and thus non-assembling NDI, at concentrations up to 1 mM. This evolution is typically accompanied by a decrease of intensity and a slight red shift of the absorption band. As compared to PDI, the spectral changes are considerably less pronounced due to a smaller S1 ← S0 transition dipole moment. 44 Figure 2.5 shows absorbance, excitation and emission spectra of Gd-NDI at concentrations of 100 µM (a), and 10 mM (b). The measured UV-Vis absorption spectrum of the more diluted Gd-NDI shows a typical S0-S1 absorbance pattern, with an absorbance ratio R of 0.92. The excitation spectrum exhibits the same maxima at a ratio R of 0.79. The emission spectrum, recorded at an excitation wavelength of 362 nm, presents itself as a mirror image to the absorbance (R = 0.88), with a slight Stokes shift of around 10 nm.

The same measurements for the 10 mM solution, so 100 times more concentrated, show an inversion of the S0-S1 peak intensities in the absorbance, with R = 1.18, as well as in emission, with R = 1.17 Absorbance and excitation spectra of all building blocks M-NDI at 100 µM and 10 mM are similar (Figure 2.18 in the appendix). The red-shifted emission band at 525 nm, however, varies in its intensity. For Y-NDI and Lu-NDI it is the most dominant signal and is the least pronounced for Gd-NDI. Presumably, the different intensities can arise from an overlap with the emission of the different ions. 46 In the following, R will be used as a spectroscopic merit number to quantify the self-assembly of M-NDI.

Thermodynamics of supramolecular polymerization

To investigate the supramolecular polymerization quantitatively, we determined thermodynamic parameters for the self-assembly processes of all eight molecules M-NDI in water, using a combination of concentration-and temperature dependent UV-Vis spectroscopy.

More specifically, we measured UV-Vis absorbance spectra over a concentration range of 2 µM to 100 mM at 25 °C (Figure 2.6a). For each spectrum, the ratio R of the intensities of the S0-S1(0-1) (~362 nm) over the S0-S1(0-0) (~384 nm) transitions was extracted and plotted as a function of concentration (Figure 2.6b). The data sets could be fitted to sigmoidal curves using a reported isodesmic model [START_REF] Bira | A Review of Magnetic Elastomers and Their Role in Soft Robotics[END_REF] , allowing for the determination of the equilibrium constant Keq and the Gibbs free energy of supramolecular polymerization ΔG (see section 2.9.9.1). This approach offers a valuable first overview over the self-assembly process, revealing the course of the sigmoidal curve over the entire aggregation process.

The isodesmic model was chosen over a two-constant nucleated assembly model (section 2.9.9.2) for (anti)cooperative mechanisms (see section 1.1.2) 19,47 Both the isodesmic and cooperative models yield a qualitatively well matching fit (see Figure 2.21 in the appendix), which seem identical at first glance. The cooperative model proposes a cooperativity factor σ of 1.3, indicating an anticooperative mechanism. To select the model that is more likely to be correct the Akaike Information Criterion 46 (AIC, section 0) was consulted. It estimates the relative quality of statistical models while penalizing a model for its number of free parameters (3 for isodesmic vs. 4 for anticooperative). From a set of models, the one with the minimum value will be preferred, which is the isodesmic model in our case (AIC 18 vs. 23).

To add more accuracy to our study, it was complemented with temperature dependent measurements. It allows the acquisition of a vast number of measurements to obtain an almost continuous data set. 33 UV-Vis spectra of four solutions between concentrations of 200 µM and 2 mM were recorded temperature dependently from 5 to 95 °C (Figure 2.6d). Thereby, a mild heating rate of 2 K•min -1 and three subsequent heating-cooling cycles were applied to ensure thermodynamic control. Indeed, we observe negligible or no hysteresis in our measurements. [START_REF] Coufal | Materials for Magnetic Data Storage: The Ongoing Quest for Superior Magnetic Materials[END_REF] Due to the required short pathlength of sealable cuvettes, the data acquisition of this otherwise powerful method is restricted to a concentration range of up to 2 mM for M-NDI. The enthalpy of supramolecular polymerization ΔH was obtained by fitting a van der Schoot isodesmic model 33 (see section 2.9.9.3) to the measured ratios R as a function of temperature (Figure 2.6d).

By combining concentration and temperature dependent measurements, we profit from the globality of the concentration dependent measurements, and the accuracy of temperature dependent measurements. This allows for a reliable analysis of the self-assembly mechanism and determination of the associated thermodynamic parameters. For both the concentration and temperature dependent data, the isodesmic model gives a well matching fit for all members of the family M-NDI, yielding Gibbs free energies ΔG (i.e., equilibrium constants Keq between 200 and 330 M -1 ) and enthalpies of supramolecular polymerization of -12 to -14 kJ•mol -1 . There is no significant difference between the obtained values of ΔG and ΔH greater than the 95% confidence interval (p ≤ 0.05) for any of the molecules M-NDI. These results suggest a negligible entropic contribution (-TΔS ≈ 0), which means that the enthalpy of supramolecular polymerization is directly equated to the Gibbs free energy ΔG = ΔH-TΔS ≈ ΔH -an assumption which is commonly made in supramolecular assembly.

A visual comparison of the fits and obtained thermodynamic contributions to the self-assembly is given in Figure 2.7. The numerical results for the equilibrium constants Keq, the Gibbs free energies ΔG, and the enthalpies ΔH are given in Table 2.2. M The described fitting procedure including the concentration dependent fit, and the van der Schoot model is well established and commonly applied to quantify the thermodynamics of supramolecular self-assembly. 47 The method is often completed with a so-called van't Hoff plot 19,47 , which is a linear fit of the logarithmic equilibrium constant Keq as a function of the reciprocal temperature, yielding a slope of -ΔH•R -1 and an intersect of ΔS•R -1 . In this way, the entropy of supramolecular polymerization can be determined directly (i.e., the entropy is not calculated from ΔG and ΔH). These models rely on the assumption that the enthalpy ΔH is temperature-independent, and that the equilibrium constant Ke scales exponentially with temperature.

Keq (M -1 ) ΔG° (kJ•mol -1 ) ΔH (kJ•mol -1 ) -TΔS° (kJ•mol -1 ) ΔS° (J•mol -1 •K -1 ) [c fit] [c fit] [T fit] [calc.] [calc
As recently pointed out by Würthner and coworkers, the mentioned assumptions of constant entropy-and enthalpy changes cannot be held in aqueous systems. Therefore, the van der Schoot and the classic van't Hoff model are insufficient to describe supramolecular selfassembly of (bola)amphiphilic molecules in water accurately. Instead, a Glew-Clark fit 12 , otherwise known as the "extended van't Hoff equation", is proposed. This model corrects for changes of enthalpy and entropy with temperature, that are typically observed in water, by including the heat capacity change ΔCp of the solution. 54 To apply the Glew-Clarke model (more details in section 2.9.9.4) to our system, the equilibrium constant Keq was determined as a function of temperature. To this end, the R values of four concentrations (200 or 300 µM, 500 µM, 1 mM, and 2 mM), taken from the previously described temperature dependent measurements (Figure 2.6d,e), were reassessed. The concentration dependent isodesmic model (Figure 2.6b and section 2.9.9.1) was fitted to the data for each temperature at a fixed Rp value (see Table 2.5). The resulting values of Keq were plotted as a function of temperature and fitted to the Glew-Clarke model (Figure 2.8a).

When the classic van't Hoff equation and the Glew-Clarke model are compared for our data of Gd-NDI using the Akaike Information Criterion (AIC, see section 0 in the appendix), the Glew-Clarke model is preferred by a factor of more than 100 (see section 2.9.9.5 for more details). This shows that the consideration of the heat capacity change as an additional, temperature dependent term does indeed help to describe the thermodynamics of our system more accurately.

The obtained values for the standard Gibbs free energy ΔG° (=ΔG298K), the enthalpy of supramolecular polymerization ΔH, and the entropic contribution -TΔS° (= -TΔS298K) for all molecules M-NDI are given in Table 2.3 and illustrated in Figure 2.8b. The fits of all molecules are given in Figure 2.23 (section 2.9.9.5 in the appendix). Surprisingly, the enthalpic and entropic contributions ΔH and -TΔS obtained from this method (Figure 2.8b) vary for the different ions. They are, however, adding up to the same Gibbs free energy ΔG of -13 to -14 kJ•mol -1 for all M-NDI within the 95 % confidence interval (Figure 2.8b, orange bars). As compared to the simpler, concentration-dependent isodesmic model (Figure 2.7b and section 2.9.9.1), there is no significant differences in the values of ΔG (i.e., within the 95 % confidence intervals). Regarding the enthalpies, however, differences of up to 60 % were found among the different M-NDIs. The molecules incorporating the two ions with the largest magnetic moments µ of the library, Dy 3+ and Ho 3+ (10.7 and 10.6 µB, respectively), yield the largest negative enthalpies ΔH of -21 and -18 kJ•mol -1 . The diamagnetic Y 3+ and La 3+ yield enthalpies of -13 and -15 kJ•mol -1 . As the free Gibbs energies ΔG are considered identical within the experimental error, the differences in ΔH translate directly to the entropic contributions -TΔS. For the paramagnetic Dy-NDI and Ho-NDI they are 7 and 5 kJ•mol -1 at 298 K, whereas they are -0.3 and 0.4 kJ•mol -1 for the diamagnetic Y-NDI and La-NDI. For the ions with intermediate magnetic moments, Gd 3+ , Tb 3+ and Er 3+ , enthalpies ΔH of around -17 kJ•mol -1 and entropic contributions -TΔS of 3-4 kJ•mol -1 were found. The Glew-Clarke fit for Lu-NDI yields an enthalpy of -15.4 kJ•mol -1 and an entropic contribution -TΔS 2.2 kJ•mol -1 , which is slightly larger than expected, but nonetheless within the 95 % confidence interval of Y-NDI, meaning that the deviation is statistically not significant at a significance level of 5 % (p ≤ 0.05, turquoise shaded area in Figure 2.8b). All other M-NDIs, on the contrary, are considered statistically significant under this criterion.

To rationalize these differences in the enthalpy/entropy balance, we can consider the following: i) different sizes of the chelated ions, and thus different sizes of the DOTA-ion moiety of the molecule (see section 1.2.3.3), or ii) differences in the magnetic moment of the ions.

Add. i: When comparing the ionic radii r8 and r9 (for 8-and 9 coordinate species, respectively) of the different lanthanides, one observes a decrease by about 15 % along the series from 57La 3+ to 71Lu 3+ , displaying the famous lanthanide contraction (see table in Figure 2.8b). Along with the ionic radii, the reported M-O coordination bond lengths dM-O of free lanthanides in water decrease by around 9 %. 49 The resulting steric effects can impact the coordination geometries of the respective ions in complexes. 44 More specifically, computational studies on the conformations of Ln(DOTA) -complexes in water indicated -in agreement with experimental data-that for Ln = La, Gd, and Ho there are two minima for 9-coordinate square antiprismatic and twisted square antiprismatic geometries. For Lu, instead, the 8-coordinate twisted square antiprismatic geometry (i.e., without a water molecule in the first coordination sphere) is preferred. 50 In our system, a smaller coordination sphere, resulting from a shorter ionic radius and a smaller coordination number, suggests a decreased bulkiness of the whole DOTA cage for 71Lu 3+ as compared to earlier lanthanides. If we consider 91La 3+ , on the other hand, with an ionic diameter of around 2.4 Å 48 , La-N and La-O bond lengths of 2.5 and 2.8 Å 50 in the DOTA complex, and a π-π stacking distance of typically 3-4 Å, the large DOTA cage could limit the π-π stacking distance sterically (see Figure 2.19 in the appendix). Reducing the bulkiness of the DOTA moieties would facilitate the assembly of the central NDI unit, and possibly allow for denser packing. Consequently, the polymeric species would be stabilized. However, our data does not follow the trend of the lanthanide contraction, which would predict the largest negative enthalpy for Lu-NDI, and the smallest for La-NDI.

Add. ii: Instead, we observe a trend relating the enthalpic and entropic contributions of the selfassembly to the magnetic moment µ of the ions. With an increasing magnetic moment µ, the enthalpy ΔH decreases, which means that the assembly becomes more and more enthalpically favored (Figure 2.8b, turquoise bars). To the same extent, the entropic contribution -TΔS (purple bars) seems to counteract, resulting in similar Gibbs free energies for all ions. For better illustration of these results, we can compare the self-assembly of Dy-NDI and Y-NDI as examples. The self-assembly of Dy-NDI is enthalpically more favored as compared to Y-NDI. Thus, we would expect larger assemblies for Dy-NDI. However, the more repeating units are grouped to an assembly in the polymerization process, the larger will be the entropy loss upon polymerization. The disfavoring entropy is so to say damping the enthalpic driving force in the Dy-NDI assembly. This phenomenon is known as enthalpy/entropy compensation. 49 Regarding the standard Gibbs free energy ΔG, the found results of the concentration dependent and the temperature dependent Glew-Clarke model are in good agreement and internally consistent. The values of ΔG° for all molecules M-NDI could be determined with high precision, and we find no significant difference greater the 95 % confidence interval (i.e., p > 0.05) between the different monomers. When considering the entropic and enthalpic contributions to the self-assembly separately, however, there are significant differences between the different ions if enthalpy-and entropy changes with respect to temperature are considered-an observation that a more conventional model fails to identify.

The most apparent factor distinguishing the different M-NDIs with respect to the observed enthalpy and entropy changes is the magnetic moment µ of the complexed ions M, which our study suggests as the key parameter. The incorporation of paramagnetic ions seems to stabilize the assembled species, which is expressed by a greater enthalpic contribution ΔH increasing by 60 % from around -13 kJ•mol -1 to around -21 kJ•mol -1 . This is very surprising and indicates that magnetic interactions between the ions alter the thermodynamics of self-assembly.

Conclusions

A family of eight different dia-and paramagnetic monomers M-NDI has been synthesized and characterized successfully. In aqueous medium, they self-assemble by an isodesmic polymerization mechanism with Gibbs free energies ΔG of polymerization of about -13 to -14 kJ•mol -1 . The thermodynamic parameters were obtained from spectroscopic data using three different isodesmic models. A concentration dependent model and the Glew-Clarke model, which is both concentration-and temperature dependent, yielded consistent values of the Gibbs free energies ΔG over the whole scope of eight monomers. Regarding the enthalpic and entropic contributions to the Gibbs free energy, significant changes were found applying the Glew-Clarke model. For aqueous systems, the latter is preferred over the more conventional van der Schoot model, as it takes the temperature-dependence of enthalpy and entropy into account.

We conclude that the magnetic nature of the ions M does not influence the Gibbs free energy ΔG of supramolecular self-assembly. In contrast, it does significantly change the proportion of the enthalpic and entropic contributions, showing an increase of the negative enthalpy ΔH by 60 % from around -13 kJ•mol -1 to around -21 kJ•mol -1 for M = Y 3+ and Dy 3+ with an increasing magnetic moment of M.

The presented work is the first quantitative study of its kind, and the change in the enthalpy of polymerization upon the incorporation of paramagnetic lanthanide ions is very surprising. It suggests magnetic interactions between the lanthanide ions, that are forced in spatial proximity by the π-π-stacking-and hydrophobicity driven supramolecular assembly. SQUID magnetometry of the bulk material exhibits a negative Weiss temperature of the magnetic M-NDIs of -20 to -50 K, which points at a weak antiferromagnetic coupling between the magnetic lanthanides.

Beyond this study, these results can help elucidate other poorly understood self-assembly phenomena, like in a Dy 3+ -containing surfactants system reported by Polarz 15 , or Gd 3+containing dendrimers shown by Meijer and coworkers 16 , and may be extrapolated to various other supramolecular systems. The possible magnetic interactions may represent a new directional force to precisely control and tune the auto-organization of monomers to supramolecular structures and complete the toolbox of non-covalent interactions in supramolecular assembly.
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measurements were taken at 25.0 °C. Solutions for concentration series were diluted starting from four different stock solutions (100 mM, 50 mM, 30 mM, 10 mM).

Luminescence spectroscopy. Excitation and emission spectra were recorded on a Horiba Fluorolog FL3-22 fluorescence spectrometer using a front-face geometry.

SQUID magnetometry. SQUID measurements were performed by Jérôme Robert at Institut de Physique et de Chimie des Matériaux de Strasbourg (IPCMS, UMR 7504, CNRS) on a MPMS3 magnetometer (Quantum Design). The temperature dependent magnetization was recorded in an AC field of 1 T at a sweeping rate of 5 K•min -1 . The field dependent magnetization was recorded at 300 K.

Synthesis

Synthesis of Bis(n-butylammonium) naphthalene diimide [3] The Boc procted bis(N-(tert-butoxycarbonyl)-1,2-diaminobutanyl) naphthalenediimide 2 was prepared following a modified literature procedure. 1 In a pressure-tight 10 mL microwave-vial 1,4,5,8-naphthalene-tetracarboxyldianhydride 1 (0.27 g, 1.0 mmol) and N-(tertbutoxycarbonyl)-1,2-diaminobutane (0.57 g, 3.0 mmol, 0.57 mL, 3.0 eq.) were suspended in DMF (4mL). Triethylamine (0.30 g, 3.0 mmol, 3.0 eq.) was added and the suspension was sonicated or mechanically stirred until it became homogeneous. The reaction mixture was heated for 10 min at 100°C under microwave irradiation. The solvent was removed under reduced pressure and the residue was taken up into MeCN/MeOH (10 mL 2:1 v/v). The solution was added to 1M HCl (120 mL). The resulting suspension was allowed to coagulate at 4 °C for 12 h. The precipitate was filtered off using a porosity 4 glass sintered funnel and washed with demineralized water. The residue was dissolved in chloroform and dried over MgSO4. The solvent was removed under reduced pressure to yield the compound as a brown powder (0.58 g, 0.94 mmol, 94 %).

To deprotect 2 (0.50 g, 0.82 mmol), TFA (3mL) and demineralized water (0.4 mL) were added to the compound. The reaction was kept stirring at 25 °C for 2 h and followed by LC-MS analysis. Upon completion, diethyl ether (200 mL) was added. The reaction mixture was allowed to coagulate for 12 hours at 4 °C. The precipitate was filtered off using a porosity 4 glass sintered funnel and washed with diethyl ether. The residue was dissolved in demineralized water and lyophilized to yield the TFA salt of 3 as a brown powder (0.50 g, 0.79 mmol, 96 %). 1 

Synthesis of the ligand NDI-C4-DOTA [NDI]

Tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (0.91 g, 1.6 mmol, 2.1 eq.) and HBTU (0.74 g, 2.0 mmol, 2.6 eq.) were dissolved in dry DMF (25 mL) under inert atmosphere. To this solution, DIPEA (1.4 mL, 1.0 g, 7.9 mmol, 11 eq.) and a solution of the TFA salt of 3 (0.48 g, 0.75 mmol, 1.0 eq.) in dry DMF (10 mL) were added and the reaction mixture was kept stirring for 3 h at 25 °C under inert atmosphere in the dark. After completion of the reaction, which was confirmed by LC-MS analysis, chloroform (150 mL) was added to quench the reaction. The reaction mixture was washed with saturated bicarbonate solution (3 x 50 mL) and brine (3 x 50 mL). The organic phase was dried over MgSO4 and the solvents were removed under reduced pressure. The obtained solid was dissolved in the minimal amount of MeOH and precipitated repeatedly in diethyl ether to remove residual DMF. The crude product was purified by column chromatography (SiO2, 0-2 vol% MeOH in CHCl3, Rf (5 vol% MeOH in CHCl3) = 0.4-0.1; TLC plates were analyzed using 254 nm UV light and KMnO4 stain) yielding 1.0 g (0.66 mmol, 88 %) of the t-butyl protected ligand 4.

For deprotection, TFA (3 mL) and demineralized water (0.3 mL) were added to 4 (0.55 g, 0.36 mmol). The reaction mixture was mechanically stirred at 25 °C for 12 h. After confirmation of complete deprotection by LC-MS analysis, diethyl ether (250 mL) was added and the and the resulting suspension was ultrasonicated before it was allowed to coagulate at -10 °C for 10 hours. The precipitate was collected by filtration over a porosity 4 glass sintered filter, dissolved in demineralized water, and lyophilized to yield L as a yellow powder (417 mg, 0,35 mmol, 98%). 19 F-NMR spectroscopy revealed residual TFA and HPF6, which were quantified using hexafluoroisopropanol (HFIP) as an internal standard. The remaining reagents were removed upon desalting in a later step (see purification of M-NDI). 

Synthesis of the target complexes [M-NDI]

In a pressure-tight 10 mL microwave-vial, a solution of NDI (0.10 g, 85 mmol, 1.0 eq.) in demineralized water (3 mL), the respective metal(III) trichloride hexahydrate (4 eq.) in demineralized water (2 mL) and aqueous KOH (1M, 0.64 mL, 15 eq.) were added. The reaction mixture was heated for 15 min at 120 °C under microwave irradiation and mechanical stirring. At 25 °C, solid NH4Cl (50 mg) was added and the mixture was kept stirring for 24 hours. If necessary, the pH was adjusted to 6-8 using aqueous KOH (1 M) before the solvent was removed by lyophilization. The solid residue was taken up in MeOH (10 mL) and centrifuged (3 x 5 min at 6000 G). The obtained solutions were combined, and the solvent was removed under reduced pressure at 25 °C. The crude complexes were desalted by filtration over Sephadex™ G-10 gel in aqueous medium. NDI containing fractions were identified by their fluorescence in response to a 405 nm laser pointer. Salt containing fractions were identified by testing the presence of (1) chloride ions and (2) free lanthanide ions. Therefore, 50 µL of the respective fractions were added to (1) 200 µL of aq. AgNO3 solution (0.1 M), leading to immediate precipitation in the presence of chloride-containing salts and (2) 100 µL of xylenol orange solution 50 (30 mg/mL in acetic acid buffer at pH 5.8), indicating the presence of free lanthanide ions by a color change from yellow to purple. The purified compounds M-NDI were lyophilized to yield the compounds as yellow-brownish powders (52-61 mg, 36-44 %). Residual water (typically around 12-17 wt%) was quantified by TGA and considered accordingly by correcting yields and sample masses when preparing solutions. For diamagnetic ions (Y 3+ , La 3+ , Lu 3+ ), the absence of TFA and HPF6 was confirmed by 19 2.9.7 Luminescence spectroscopy 2.9.8 3D structure simulations 2.9.9 Thermodynamic models 2.9.9.

NMR spectroscopy

SQUID magnetometry

Concentration dependent isodesmic model

Concentration dependent R plots were fitted non-linearly by applying a described theoretical model 5 following equation (2.i), using a non-linear least squared iteration (Levenberg-Marquardt algorithm).

𝛼 = 1 - 2 𝐾 • 𝑐 + 1 -4 𝐾 • 𝑐 + 1 2 𝐾 • 𝑐 (2.i)
Where α is the unitless degree of polymerization, Keq the equilibrium constant in M -1 , and c the concentration in M. The degree of supramolecular polymerization α is obtained by normalization of the respective variable that is used to quantify the aggregation process.

Consequently, α will be 1 if all the molecules are in polymeric state, and 0 if all molecules are in monomeric state. Here, α is derived from the ratio R of absorbance intensities of the S0-S1(0-1) and S0-S1(0-0) transitions, following equation (2.ii),

𝛼 = 𝑅 -𝑅 𝑅 -𝑅 (2.ii)
Combining equation (2.i) and ( 2.ii), we obtain the fitting function (2.iii) with the three parameters Keq, Rm, and Rp.

𝑅(𝑐) = 1 - 2 𝐾 • 𝑐 + 1 -4 𝐾 • 𝑐 + 1 2 𝐾 • 𝑐 • 𝑅 -𝑅 + 𝑅 (2.
iii)

The equilibrium constant Keq can be related to the free Gibbs energy ΔG, following equation (2.iv), where R = 8.314 J•mol -1 •K -1 is the gas constant and T the temperature in K (here T = 298 K). 7 ln 𝐾 = -Δ𝐺 R𝑇 (2.iv) Figure 2.20 shows concentration dependent R values and the respective fitted curves for all molecules M-NDI. The results for the fitted parameters are listed in Table 2.5. We observe slight variations in Rm and Rp values for the different ions (0.85-0.90 and 1.24-1.33, respectively). At first glance, this is surprising, as we are looking at transitions of the NDI core unit, which is identical for all molecules. Rm values are generally expected to be around 0.82 ± 0.01, which is the R we measure for the intermediate bis(n-butylammonium) naphthalene diimide 3, a charged and thus non-assembling NDI, at concentrations up to 1 mM. Nevertheless, the obtained equilibrium constants Keq and enthalpies ΔH, are in good agreement. The difference between the two values Rm and Rp is around 0.4 for all ions, which means that the spectra are uniformly shifted along the R axis. When normalized to the degree of supramolecular polymerization α, the curves are identical within the experimental error. Therefore, we assume that the discrepancies are not the result of the aggregation process, but of a spectral overlap of the NDI core absorbance and the absorbance of the respective complexed ions. In the examined concentration range, the absorbances of the salt solutions are below the detection limit. However, it has been reported that the absorbance of lanthanide ions can undergo an increase in intensity and a shift in wavelength as compared to free ions, depending on the ligand structure and their hydration. 8,9 Moreover it is possible, that the solutions are slightly photo-reduced, which causes irreversible assembly. 51 2.9.9.

Concentration dependent two-constant nucleated assembly model

In this cooperative model, two equilibrium constants for both the nucleation phase Knuc, and the elongation phase Ke are considered. Their ratio is given by the cooperativity constant σ.

𝜎 = 𝐾 𝐾 (2.v)
The degree of polymerization α is given by equation (2.vi). Note that for σ = 1 (Keq = Knuc = Ke, isodesmic), the expression simplifies to the isodesmic analog given in equation (2.iii) in section 2.9.9.1.

𝛼 = 1 - 2 𝐾 • 𝑐 + 𝜎 -4 • 𝜎 • 𝐾 • 𝑐 + 𝜎 2 𝐾 • 𝑐 (2.vi)
Considering the definition of the degree of supramolecular polymerization α (equation (2.ii) in section 2.9.9.1), we obtain the fitting function (2.x) with the four fitting parameters Ke, σ, Rm, and Rp.

𝑅(𝑐) = 1 - 2 𝐾 • 𝑐 + 𝜎 -4 • 𝜎 • 𝐾 • 𝑐 + 𝜎 2 𝐾 • 𝑐 • 𝑅 -𝑅 + 𝑅 (2.vii)
Figure 2.21 shows the resulting cooperative fit (blue line). The isodesmic fit (red, section 2.9.9.1) is added for comparison. Table 2.2 summarizes all fitted parameters and their standard errors. Temperature-dependent multi-concentration data was fitted non-linearly by applying a described theoretical model 6 following equation (2.viii), where α is the unitless degree of supramolecular polymerization, ΔH the enthalpy of supramolecular polymerization, T the temperature in K, R = 8.314 J•mol -1 •K -1 the gas constant, and Tm the concentration dependent melting temperature. The term "melting temperature", the temperature where α = 0.5, is used in analogy to physical phase transitions, if we consider the assembly process the transition of monomer to polymer or vice versa.

𝛼 = 1 1 + 𝑒 . • • (2.viii)
α was obtained from R following equation (2.ii). To collapse several data sets obtained for different concentrations in a single multi-fit, the absolute temperature T was transformed to the melting temperature Tm yielding the unitless reduced temperature Tr, as described by equation (2.ix).

𝑇 = Δ𝐻 𝑇 -𝑇 𝑅𝑇 (2.ix)

Using a custom MATLAB® algorithm (see section 2.9.10), we obtain ΔH, Tm for each concentration, and Rm as fitted parameters. As we can only trace fractions of the sigmoidal curves (generally α < 0.6), Rp was fixed individually for each ion to the respective Rp values obtained from concentration dependent fitting (see Table 2.5).

Figure 2.22 shows the resulting plots of α as a function of Tr, and the respective fitted curves for all molecules M-NDI. The results for the fitted parameters are listed in Table 2.7. Typically, R was determined as a function of temperature for the four concentrations 2 mM, 1 mM, 500 µM and 200 µM. In some cases, however, including 200 µM did not yield a satisfactory fit. 300 µM solutions were used instead. Unexpectedly, Rm seems to increase with temperature at low concentrations and elevated temperatures (above ~ 330 K). This can be a consequence of entropic effects or dilution induced aggregation. The latter is a phenomenon, which is commonly observed in protein folding 52 , and has been observed in multi-component supramolecular systems 53 . By diluting, a denatured protein will refold, as the concentration of the denaturant decreases. In our case, "renaturation" could be due to the increasing hydrophilicity of the solvent, which would drive the hydrophobic NDI core to assemble. For this reason, we consider Rm values from concentration dependent fitting more reliable, when comparing Rm values from concentration and temperature dependent fitting.

M ΔG / kJ•mol -1 Rm / - Tm / K c = 2mM Tm / K c = 1mM Tm / K c = 500µM Tm / K c = 300µM Tm / K c = 200µM Y - 13 

Glew-Clarke model

The Glew-Clarke model 44,54 was applied by non-linear fitting following equation (2.x), using a non-linear least squared iteration (Levenberg-Marquardt algorithm).

ln 𝐾 (𝑇) = ln 𝐾 (𝜃) + Δ𝐻(𝜃) R • 1 𝜃 - 1 𝑇 + Δ𝐶 (𝜃) R • 𝜃 𝑇 -1 + ln 𝑇 𝜃 (2.x)
It includes an arbitrarily chosen reference temperature θ, here θ = 298 K, and the gas constant R = 8.314 J•mol -1 •K -1 , yielding the enthalpy of supramolecular polymerization ΔH and the heat capacity change ΔCp as fitting parameters. The entropic contribution -TΔS will be the difference between the Gibbs free energy ΔG, which is directly obtained from the temperature-dependent equilibrium constants Keq according to equation (2.iv), and the enthalpy ΔH obtained from the Glew-Clark fit, equation (2.x). Temperature-dependent equilibrium constants Keq(T) were obtained from concentration dependent fits from 298 to 368 K in intervals of 1 K, for four concentrations (2 mM, 1 mM, 500 µM, and 300 or 200 µM) using equation (2.iii). 2.9.9.5 Van't Hoff model 

Introduction

Magnetophoresis describes the directed motion of magnetic particles in liquid media under the influence of an external magnetic field. 1 The term is inspired by electrophoresis, which is the analogous movement in an electric field. The phenomenon allows for real-time remote manipulation of nano-and micro-sized particles, which is particularly interesting in cell biology, and in clinical therapy and diagnostics. 2 So-called magnetic tweezers have been developed, in which an electromagnet is used to control the movement of micrometer sized superparamagnetic beads in three dimensional space. This technology can be used for delicate manipulations in biological tissue, as for instance to measure the stiffness of DNA 3 , or the viscoelastic properties of cytoplasm. 4 Moreover, with the availability of highly performant magnets, it is relatively easily scalable, 5,6 and can be incorporated in microfluidic systems. [5][6][7][8][9] This makes magnetophoresis attractive for preparative separation and lab-on-a-chip technology. The minimal invasiveness, the level of spatial and rotational control, and the scalability of magnetophoretic techniques make it a convenient alternative to other methods of nanoparticle control 2 , such as chemical affinity 7 or optical tweezers. 8,9 For magnetic colloids and nanoparticles in the hundreds of nanometer size range, the magnetophoretic effects are well understood. 1 However, quantitative analysis of the particle movement is space is often tricky, because of the interplay of magnetic forces, viscous drag, and Brownian motion. 2 All of these scale differently with the particle radius R, leading to a less pronounced magnetic force (Fmag ~ R 3 ) for smaller particles, as compared to the viscous drag force (Fvis ~ R) and the Brownian force (Ftherm ~ R 0.5 ). Majetich and coworkers have shown the magnetic manipulation of gold-coated, superparamagnetic 35 nm iron oxide cores, as an aqueous dispersion in a field gradient of 3000 T•m -1 . 2 A single magnetic tip is sufficient to collect and release the particles in a controlled manner. The trajectory of individual particles could be tracked in real time by dark field optical microscopy and was successfully deconvoluted into the different force components. For magnetic particles in the size range of 10-30 nm, the small magnetic moments are limiting the magnetic forces and thus the magnetophoretic effect. 2 In order to elucidate the role of particle size in magnetophoresis, we aim to study whether supramolecular assembly can be a tool to switch dynamically and reversibly between small, non-magneto reactive monomers or oligomers, and large, directable colloids.

Solvent induced colloid formation

The aggregation of magnetic monomers M-NDI, whose self-assembly in water was discussed in Chapter 2, was investigated in less polar solvent systems. To our surprise, a different type of assembly was observed in binary water / tetrahydrofuran (THF) mixtures. Upon the increase of the THF volume fraction φTHF, the UV-Vis spectrum undergoes a hypochromic shift, broadening with a loss of fine structure, and a shoulder appears at 395 nm, as shown in Figure 3.1a for a 100 µM solution of Dy-NDI. These assembly induced changes are similar to reported examples 10,11 of amphiphilic π-systems. Moreover, a gradual rise of the baseline hints at scattering due to the formation of a dispersion. We assume that this type of self-assembly is primarily directed by solvophobic effects, as opposed to the π-π stacking dominated selfassembly in water (Chapter 2).

Monitoring the absorption changes at 395 nm as a function of φTHF results in a sigmoidal rise with a rapid increase of absorbance from around 0.75 (i.e., 75 vol%) onwards to higher THF volume fractions (Figure 3.1b). The experimental data could be fitted to an isodesmic denaturation model 10,12 , yielding a Gibbs free energy ΔG of -123.2 ± 2.9 kJ/mol. The applied model is inspired from protein folding, where changes in aggregation typically occur upon the addition of a denaturing agent such as urea, for instance. For supramolecular polymers, the good solvent (here water) can be considered a denaturing agent, which leads to disassembly of the polymer that is assembled in the bad solvent (here THF). The overall Gibbs free energy of polymerization is expressed as the sum of the Gibbs free energy of supramolecular polymerization in the pure bad solvent and the volume fraction φ of the denaturalizing agent with the so-called denaturation potential m as the proportionality constant (see section 3.8.2 in the appendix).

The quantitative result of this fit, however, remains to be interpreted with caution considering the baseline increase due to scattering, and the fact that this model assumes the formation of one-dimensional supramolecular polymers. The observed scattering points at colloid formation, which is visible by the naked eye: an increased turbidity (inset of Figure 3.1b) and precipitation of solid material for φTHF above 0.9 suggest aggregation to increasingly large colloids with an increasing THF volume fraction. 

Colloid morphology and size

The presence of spherical colloids was confirmed by imaging on a microscopic scale, using confocal (Figure 3.2a) and atomic force microscopy (AFM, Figure 3.2b,c). Using different imaging techniques, a wide size range of colloids from tens of nanometers to tens of micrometers could be observed. Broad polymer size distributions are typically expected for unimodal, non-directional supramolecular polymerization as we find in our system. To quantify the colloid sizes, we performed dynamic light scattering (DLS) on 100 µM Dy-NDI at different volume fractions of THF. For each sample, the polarized electric field correlation function g (1) (q,), was recorded at 11 angles (ϑ = 30-130°), which are converted to the respective scattering vectors q (for more details see section 3.8.3), as a function of the relaxation time  (see Figure 3.2d). Using a single exponential fit, the mean relaxation time 𝜏̅ was determined. The slope of its reciprocal, the decay rate 𝛤 , as a function of q 2 yields the translational diffusion coefficient Dt (inset of Figure 3.2d), which can be related to the hydrodynamic radius Rh using the Stokes-Einstein equation. 13 The size distribution was estimated by a simulated Schultz distribution 14 including the mean RH and the normalized standard deviation σ, which could be determined by cumulant analysis. 15 When comparing dispersions at different φTHF, we find a significant increase of the mean particle radius from φTHF = 0.85 on, which peaks at 5.5 µm in φTHF = 0.90 as compared to around 2 µm for ≤ 0.80 (see Figure 3.2e). The found size evolution coincides well with the sigmoidal increase of the UV-absorbance at 395 nm (Figure 3.1b). At 0.95, the observed average size is a bit lower than expected, likely due to precipitation of large colloids over the measuring time of around 30 minutes.

The obtained translational diffusion coefficients, and hydrodynamic radii RH are summarized in Table 3.1. 

Magnetophoresis

When a commercial, permanent cube magnet was placed next to a cuvette containing dispersions of Dy-NDI (Figure 3.3a), an accumulation of solid material in its spatial proximity was observed by eye after around 30 minutes to one hour (inset of Figure 3.3b), suggesting a magnetophoretic movement of the dispersed colloids towards the magnet. In a first approach to quantify the accumulation of colloids in close to the magnet, the depicted, 3D-printed setup (Figure 3.3a) was placed in a UV-Vis spectrometer and the absorbance in the center of the cuvette was measured over time. A decrease of the intensity at 395 nm was expected, as the colloids are supposedly transported away from the center towards the magnet.

In some experiments (Figure 3.3b), the expected decrease was found to be of around 25 %. It remained, however, poorly reproducible.

Instead, the movement of the colloids was visualized by confocal microscopy 16 Therefore, a 0.5 cm commercial NdFeB cube magnet was placed in a sealable quartz cuvette of 1 cm path length and surrounded by a 100 µm Dy-NDI dispersion at 85 vol% THF. The magnet was fixed in its position, with the magnetic field direction along the cuvette (x direction in Figure 3.4, see also Figure 3.5a), from the outside using a second identical magnet. The speed and direction of the recorded particle movement could be analyzed using the particle tracking software Imaris® (Figure 3.4). Colloids of 10 µm diameter were tracked in a 0.4 per 1.4 mm region centered at 350 µm distance from the magnet corner towards its middle along y, over one minute. A complex flow pattern including different currents was observed. Up to about 750 µm from the magnet surface, we find a clearly directional flow towards the magnet (velocity angle X > 90°), that seems to be counteracted by a second stream with opposite flow direction (velocity angle X < 90°). Presumably, this second stream compensates for the concentration and density inhomogeneities caused by the magnetophoretic effect. Moreover, precipitation of colloids over time contributes to the overall motif. At the corner of the magnet, where the strongest field gradient is found 17 , the particle speed exceeded traceability.

The complex flow pattern likely causes the poor reproducibility of the UV-Vis measurements (Figure 3.3). As a result of the colloid motion towards the magnet, we find the formation of a 100 to 200 µM thick organic layer (Figure 3.5b) along the faces of the magnet, which is fluorescent and exhibits the typical orange NDI color (Figure 3.5c and d). The layer formation was studied systematically for various THF contents of Dy-NDI. Similar to the experimental setup described above, a 0.5 cm NdFeB cube magnet was placed in a sealable glass vial containing 5 mL of a solution or dispersion, respectively. The glass vial was then positioned horizontally, and the magnet was fixed on the vertical, short side of the vial by another magnet from the outside, with their magnetic field direction aligned (Figure 3.5a). The residual magnetic field of this setup is around 0.48 T in the center of the yz plane of the magnet in contact with the solution. After 4 h, the dispersion was removed with a pipette, and the magnet was placed on a stereomicroscope maintaining the same orientation as in the vial. For Dy-NDI samples containing THF volume fractions of 0.80 or more, the formation of an organic layer along the edges of the yz plane could be confirmed, whereas for smaller volume fractions of THF or analogous samples of Y-NDI no such change was observed (Figure 3.5e). The formed layers can be removed fast and easily by adding water to decrease φTHF and shaking the sample (Figure 3.8 in the appendix). Experiments over 12 h did not reveal any significant changes as compared to a 4 h experiment.

According to COMSOL® simulations of our experimental setup including two 0.5 cm cube N42 cube magnets, which are oriented with their magnetic field direction in line, and which are separated by 1 mm (i.e., identical to the magnetophoretic experiments), the magnetic field strength on the xy plane is distributed as illustrated in Figure 3.7b. If we compare this distribution to the layer we find experimentally (Figure 3.7a), its location mainly along the edges of the plane is coherent. The layer extends in an approximately 0.40 mm wide band from the edge to the center of the plane (Figure 3.7c). This area corresponds to the region with the strongest magnetic field of around 0.8-0.9 T (Figure 3.7d) according to the simulation (x = 0). The largest field that was measured with a Teslameter is of around 0.5 T (0 < x < 2 mm) 

Force considerations

The described observations are supported by the definition of the magnetic field gradient force Fmag for a particle dispersion in liquid medium, which is

𝐹 ⃑ = 1 2µ 𝑉 𝜒 -𝜒 𝐵∇ ⃑ 𝐵 (3.i)
with the vacuum permeability µ0, the particle volume V, the magnetic susceptibility χp of the particle, the magnetic susceptibility χm of the medium, the magnetic flux density B, and the field gradient ∇B. 18 At equal magnetic susceptibility, the magnetic force is directly proportional to the particle volume V (~R 3 ) as well as the magnetic field gradient ∇B. From the magnetic force, the average magnetophoretic velocity v can be derived. 2

𝑣 ⃑ = 𝐹 ⃑ 6𝜋𝜂𝑅 (3.ii)
The competing thermal force, on the other hand, is proportional to the square root of the particle radius R. 19 It can be described as

𝐹 ⃑ = 2k 𝑇(6𝜋𝜂𝑅) • 𝜔(𝑡) ⃑ (3.iii)
with Boltzmann's constant kB, the temperature T, the dynamic viscosity η of the surrounding fluid, the particle radius R, and a Gaussian white noise operator 0 < ω(t) < 1. 19 The thermal force Ftherm is proportional to the square root of the particle radius R, and also to the square root of the dynamic viscosity η. As opposed to the magnetic gradient field force Fmag, Ftherm is thus increasing less with a larger average particle radius R (Fmag ~ R³, Ftherm ~ R 0.5 ), and is moreover damped by the decrease of the dynamic viscosity η with φTHF (Table 3.4 in the appendix).

Table 3.2 shows calculated values of the magnetic force Fmag and the thermal force Ftherm for 100 µM Dy-NDI for THF volume fractions of 0.70-0.95 as well as their ratio β and the magnetophoretic velocity vmag. All values are approximated for a particle at 1 mm distance in all three spatial directions xyz from one corner of the yz plane (towards the center of the plane for x and y). Even though the values represent rough estimations, the trends are apparent. With an increasing particle radius from ≤ 2 to about 5 µm, the magnetic force Fmag increases more than 10-fold from < 1 to 16 pN. At a similar rate, the particle velocity increases from < 20 to around 240 µm•s -1 . The thermal force Ftherm, on the other hand, changes hardly. The values remain in between 15 and 25 fN over the studied range. Consequently, the values of β indicating the ratio of Fmag and Ftherm rise from < 50 to about 700. The latter means that the magnetic forces exceed the force of the thermal noise by a factor 700 at 298 K. Thus, the layer formation we observe for dispersions with particle radii larger than 3 µm is coherent.

For the cases of φTHF = 0.70-0.80 we only observe layer formation at 0.80, even though we find similar particle sizes (RH = 1.3-2.1 µm) within this range. The fact that β is indeed far smaller than for φTHF > 0.80, but still significantly larger than 1, implies that these particles can undergo magnetophoresis. Hence, we assume that not only the detected colloid size, but also the degree of polymerization α is decisive for layer formation. α increases from 0.00 to 0.15 for φTHF = 0.70-0.80 (Figure 3.1b), which refers to the proportion of aggregated and monomers in the respective samples. In other words, roughly 15 % of Dy-NDI is aggregated in φTHF = 0.80, as compared to less than 2 % in 0.75 and 0.7. This interpretation from UV-Vis spectroscopy complements our reasoning, as it measures -unlike DLS-the average signal over the entire sample. Moreover, the viscosity dependence of the thermal force (Ftherm ~ η 0.5 ) should be noted, which leads to a decrease of Ftherm with an increasing THF volume fraction at constant colloid size.

Table 3.2 | Magnetic and thermal forces. Values for Fmag, vmag and Ftherm have been calculated using equations (3.i-iii) using the mean hydrodynamic radii obtained from DLS (Table 3.1), χp = 1.00•10 -3 , χm = 0, T = 298 K, B𝛻B = 65 T²•m -1 , and ω(t) = 1. B𝛻B was estimated from the COMSOL® simulation for a colloid at 1 mm from the xy plane and at 1 mm in each y and z from the corner towards the plane center. Note that Fmag given in pN, Ftherm in fN (i.e., 10 -3 pN). Indicated errors are propagated from the error of RH. a no layer formation observed. b layer formation observed. 

φTHF (-) α (-) mean RH (nm) Fmag (pN) vmag (µm•s -1 ) Ftherm (fN) β = Fmag /Ftherm (-) 0.

Conclusions

We have shown that the magnetic building blocks M-NDI are prone to assemble into colloidal particles in water/THF mixtures. Whereas the supramolecular polymers form one-dimensional supramolecular polymers in water (Chapter 2), they from up to 10 micrometer sized spherical colloids in a water/THF system. The colloid size can be adjusted simply and reversibly by changing the solvent composition.

At elevated THF contents of φTHF = 0.8 or more, we reach magnetophoretic control over the supramolecular system using a single NdFeB magnet with B∇B ≤ 500 T 2 •m -1 in an experimentally simple and cheap setup at room temperature. When an originally homogeneous dispersion gets in contact with a permanent cube magnet, the aggregates move towards the surface of the magnet. There, they form an around 100 µm thick organic layer along the edges of the face of the magnet over a time span of up to 4 h.

To our knowledge, this is the first report of magnetophoresis in a supramolecular system. It allows for a second, solvent-triggered on/off-switch of the transport phenomenon, which is decoupled from the magnetic field. The simplicity and reversibility of this approach offers a new degree of dynamicity to magnetic spatiotemporal control over soft matter.

Magnetophoresis is commonly described for superparamagnetic or ferromagnetic nanoparticles with large induced magnetic moments. With our example, we extend the scope of magnetoresponsive materials to assemblies of paramagnetic coordination complexes as monomers.
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3.8. Appendix

Methods

Synthesis. The monomeric building blocks M-NDI were prepared following modified literature procedures as described in Chapter 2.

Sample preparation. Solutions and dispersions of M-NDI in a binary water / THF solvent mixture were prepared by dissolving the respective compound in water, before adding THF using a Harvard apparatus PHD 2000 programmable syringe pump at an infusion rate of 4.25 mL•min -1 under mechanical stirring at 250 rpm. Typical sample volumes were 3-8 mL.

Atomic force microscopy. AFM imaging was performed by means of a Bruker Dimension

Icon set-up operating in air, in tapping mode, by using tip model VESPA-V2 (tip stiffness k = 42 N/m). n-doped silicon substrates were dip-coated for 30 s, then dried under nitrogen and rinsed with isopropanol.

Confocal microscopy. Confocal images were acquired using a ZEISS LSM 710 confocal microscope. No fluorescent markers were used.

Stereomicroscopy. Stereomicroscopy was performed on a Nikon SMZ745T stereomicroscope.

Dynamic light scattering. Electric field correlation functions were measured on a homebuilt light scattering set-up with and ALV7002 digital correlator using a laser diode at λ = 639 nm at 11 scattering angles from 30° to 130° in 10° intervals.

3D-printing. The cuvette holder depicted in Figure 3.3 was 3D-printed in VeroClear using an Objet30 prime printer (both Stratasys).

Particle tracking velocimetry. Particle tracking was performed in 2D using Imaris ®. All shown results are based on a video of Dy-NDI at φTHF = 0.85 recorded with confocal microscopy. The tracking traces refer to 10 µm sized particles. The vector representation of the velocity angle is averaged over 57 s.

Magnetic field simulation. The magnetic field simulation for the custom setup was simulated using the commercial modelling software COMSOL Multiphysics®. The magnetic setup was specified by indicating the magnet material, shape, size, field direction, and position.

Solvent denaturation model

Solvent composition-dependent plots of the absorbance at 395 nm were fitted non-linearly to an isodesmic denaturation model using a non-linear least squared iteration (Levenberg-Marquardt algorithm). In analogy to the previously described concentration-dependent measurements, this model is based on the isodesmic equilibrium model 20 (cf. equation 2.i), where Keq is the equilibrium constant, and c the concentration.

𝛼 = 1 - 2 𝐾 • 𝑐 + 1 -4 𝐾 • 𝑐 + 1 2 𝐾 • 𝑐 (3.iv)
If we assume a linear dependence of the Gibbs free energy ΔG on the volume fraction φ of THF, as in protein denaturation models, Keq can be expressed as a function of φ, following equation 3.v. ΔG represents the overall Gibbs free energy of supramolecular polymerization, ΔG° the Gibbs free energy of supramolecular polymerization in the bad solvent (here THF), and m the denaturation potential. 12

𝐾 (𝜑) = 𝑒 ∆ = 𝑒 ∆ ° (3.v)
The degree of supramolecular polymerization α can be expressed as a function of the respective variable that is used to follow the self-assembly process. In this case, the absorbance intensity A at 395 nm, giving equation 3.vi. Am is the extrapolated absorbance for an exclusively monomeric state (α = 0), and Ap is its equivalent for a fully polymeric state (α = 1).

𝛼 = 𝐴 -𝐴 𝐴 -𝐴 (3.vi)

Combining equations 3.iv-vi, we obtain the fitting function 3.vii, which relates the measured absorbance at 395 nm A to the volume fraction φ of THF, including the four fitting parameters ΔG°, m, Ap, and Am.

𝐴(𝜑) = ⎣ ⎢ ⎢ ⎡ 1 - 2 𝑒 ∆ ° • 𝑐 + 1 -4 𝑒 ∆ ° • 𝑐 + 1 2 𝑒 (∆ ° ) • 𝑐 ⎦ ⎥ ⎥ ⎤ • 𝐴 -𝐴 + 𝐴 (3.vii) 
Table 3.3 summarizes all fitted parameters and their standard errors. 

Dynamic light scattering (DLS)

The polarized electric field correlation functions g (1) (q,), were recorded at 11 angles (ϑ = 30-150 °) in dependence of the relaxation time . They were fitted using a single exponential function 21 (equation 3.viii), with the amplitude A, the mean relaxation time 𝜏̅ , and a baseline correction factor B (B ≈ 0) as fitting parameters.

𝑔 (𝑞, 𝜏) = 𝐴 • 𝑒 + 𝐵 (3.viii)
The angles ϑ were converted to the scattering vectors q, following equation 3.ix, with the wavelength of the laser λ = 639 nm) and the refractive index of the solutions n. 22,23 

𝑞 = 4𝜋𝑛 • sin 𝜗 2 𝜆 (3.ix)
The reciprocal relaxation time  is the decay rate Γ=  -1 . In this manner, 𝜏̅ was converted to 𝛤 , plotted as a function of q², and fitted linearly. The obtained slope represents the rotational diffusion coefficient Dt in m -1 .

𝐷 = 𝛤 𝑞 (3.x) 
From the rotational diffusion coefficient, we can deduce the hydrodynamic radius Rh following the Stokes-Einstein equation (3.xi), where η is the dynamic viscosity of the solvent in Pa•s.

𝐷 = k 𝑇 6𝜋𝜂𝑅 (3.xi)
To evaluate the size distribution, a cumulant analysis was performed on g (1) (q,), following equation 3.xii. 15 𝑔 (𝑞, 𝜏) = 𝑒

• • µ •( ) (3.xii) 
The central moment µ can be converted to the normalized standard deviation σ, and to the Schulz distribution parameter z.

𝜎 = µ 𝛤 = 1 𝑧 + 1 (3.xiii)
Using the mean hydrodynamic radius RH and the normalized standard deviation σ, Schulz distributions (equation 3.xiv) were simulated for all samples. 14

𝐺(𝑅 ) = 𝐴 • 𝑧 + 1 𝑅 𝑅 • 𝑒 • • 1 (𝑧 + 1) -1 ! (3.xiv) with 𝑧 = 1 𝜎 -1 (3.xv) 
The dynamic viscosity η of binary water/THF mixtures does not change linearly with the solvent composition and was calculated for the respective mixtures using a previously described model. 24 Table 3.4. summarizes the used values of the refractive index n, and the dynamic viscosities η for the respective solvent mixtures at 298 K. 

Introduction

When talking about the control of supramolecular polymers, commonly used external stimuli are temperature 1 , enzymes [2][3][4] , mechanical forces 5,6 , light [7][8][9] , pH [10][11][12] or redox potential 13,14 (cf. Chapter 1.1.3). More rarely, electric fields, centrifugal gravity, or flow have been shown to affect the growth and orientation of supramolecular polymers due to the arising aligning forces. 15 The application of magnetic fields for this purpose offer many benefits, such as minimal invasiveness, easy modulation of the field strength an direction, and high directionality.

For nm scale assemblies of diamagnetic molecules, large fields of around 10 T or more are needed to achieve alignment. 16 Only at macroscopic scale, as in domain-forming peptide nanofibers 17 or liquid crystalline polymers 18 , fields of less than 1 T can be used. In these cases, the diamagnetic anisotropy of the system leads to alignment (see section 1.3.2.1). By introducing ferrimagnetic or paramagnetic species, the magneto-response is majorly facilitated (see section 1.3.2.2). At weak fields (mT to T), alignment of nano-and microstructures can be obtained, as for example of magnetite nanocrystals 19 , clay particles 20 , bicelles 21 , or selfassembled dumbells 22 . From an energetic perspective, the alignment of such self-assembled structures means that the incorporated paramagnetic ions do not act as individual magnetic moments, but collectively. As an illustrative example, let us look at a single paramagnetic Gd 3+ ion at room temperature in a uniform 1 T field (see section 1.3.1). The magnetic energy Emag is of -3•10 -25 J, which is four orders of magnitude smaller than the energy of Brownian motion Etherm, which is 6•10 -21 J.

The alignment of self-assembled structures implies a change in their morphology, which can be observed by microscopy. For quantification, the so-called fractal dimension dF can be used a reference parameter. It is a merit number that relates how detail in a pattern or shape changes with the scale at which it is measured. 23 It can be obtained from different scattering techniques (light, neutron, X-ray) 24 and is commonly used to describe the shapes of aggregated nanoparticles 25 or proteins 26 , gels 27 , and recently even molecules 28 . The values for dF are limited by a one-dimensional line, for which dF will be 1, and a perfect sphere (three-dimensional), with dF = 3. 29 In between the two limits, several fractions are possible (Figure 4.1). 30 Different morphologies can be obtained by controlled seeded growth. Bottom row: Two-dimensional, computed projections of selfassembled aggregates of 4096 particles for fractal dimensions dF of 1.2, 1.6, 2.0, 2.1, 2.3, and 2.5 (from left to right). 31 Figure reproduced from references [30] and [31] with permission from IOP publishing.

Here, we aim to investigate how the application of a uniform magnetic field influences the topology of a supramolecular assembly of a Gadolinium containing benzene-1,3,5tricarboxamide (BTA) in solution.

Network characterization

A previously studied, C3-symmetrical benzene-1,3,5-tricarboxamide (BTA) derivative was used (see Figure 4.2b) in this study. The ligand structure includes a BTA core unit, which is linked to 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) groups via a fluorinated L-phenylalanine spacer at each of its three extermities. 32 The octadentate, macrocyclic DOTA is known to form stable, isostructural complexes with various lanthanide ions in a capped square antiprismatic coordination geometry (coordination number 9). Thereby, a non-innocent water molecule completes the primary coordination sphere in the ninth coordination site. 33,34 The BTA ligand was then further functionalized by chelating paramagnetic Gd 3+ , or diamagnetic Y 3+ as a negative control, to form the monomer M-BTA (M = Gd, Y). It has been shown previously that Gd-BTA assembles into supramolecular rods in a cooperative nucleation-elongation mechanism (see section 1.1.2), with the nucleation-and elongation constants Knuc = 10 -4 and Ke 1.4•10 -6 M -1 . 32 Solutions of 100 µM Gd-BTA in 100 mM citrate buffer, which are used in this study, do not show any signs of macroscopic gelation, turbidity, or viscosity change with respect to the buffer.

The previously described system was studied in further detail, revealing that the self-assembled M-BTA rods form rod networks (simplistically represented by Knetw in Figure 4.2a) in a second assembly step. This can be observed by cryo-transmission electron microscopy (cryo-TEM, Figure 4.2c) and detected by dynamic light scattering (DLS) in solution. Figure 4.2d shows the vertical-vertical (vv) polarized electric field autocorrelation function g 1 (q,τ) versus the relaxation time τ (blue squares and red circles). From this function, the distribution function of relaxation times (blue and red lines) can be extracted using an inverse Laplace transformation. 35 For both molecules M-BTA, we find two distinct relaxation processes P1 (at τ1) and P2 (at τ2), corresponding to rods and rod networks, respectively. They differ by more than one order of magnitude. The respective decay rates 𝛤 , which is the reciprocal relaxation time τ, show q² dependence (see Figure 4.5a in the appendix), allowing us to determine their rotational diffusion constants Dt from the slope. The latter can be converted into the corresponding hydrodynamic radii RH using the Stokes-Einstein equation. 36 (d) Normalized polarized field correlation function g 1 (q,τ) of 100 µM M-BTA in 100 mM citrate buffer at pH, measured at a scattering vector q = 0.0288 nm -1 (hollow symbols), and the respective relaxation time distribution functions, showing a bimodal distribution in both cases (solid lines).

Table 4.1 lists the obtained hydrodynamic radii RH for both Gd-BTA and Y-BTA. Using a model described by Tirado et al. 37 , the rod lengths can be derived from the hydrodynamic radii RH,1 of the process P1. Thereby, the value of the rod radius was fixed to 3.1 nm, as extracted from cryo-TEM imaging (Figure 4.2c). The found rod lengths are of around 245 nm for Gd-BTA and of ~ 120 nm for Y-BTA. Even though a prior study 38 has shown that Y 3+ was a good control ion for Gd 3+ , with identical assembly behavior and size, in this case the rods of Y-BTA are about half as long as those of Gd-BTA. A reason for this discrepancy could be, that Y 3+ is often 8-coordinate, whereas Gd 3+ can be 8 or 9-coordinate, leading to the coordination of one or two non-innocent water-or citrate ions. Keeping this in mind, additional control experiments will be included. The difference in the rod size will be disregarded in the following. Static light scattering (SLS) provided more detailed information about the structure of the assemblies with respect to their morphology. The Rayleigh ratio R(q), which is obtained from the scattering intensity Isam of the sample solution (for more details see section 4.7.3.1), follows a 𝑅(𝑞) ∝ 𝑞 power law dependency (Figure 4.3a) including the fractal dimension dF.

For our Gd-BTA rod network, we find the fractal dimension dF to be of 1.7  0.2, which is in agreement with literature. 38,39 The values could be confirmed by box-counting analysis of cryo-TEM images of Gd-BTA (see section 4.7.3.2), yielding values of 1.77-1.85. In the following, dF will be used to describe the network topology, and the Rayleigh ratio R(q) to estimate the mass of M-BTA in the network.

Magnetically controlled network topology

After the topology of the rod network had been elucidated, we aimed to investigate the influence of an applied magnetic field on the system. To this end, the sample solution was analyzed by light scattering after exposure to a magnetic field of 1 or 2 T, in intervals of 2 h. More precisely, the sample was transferred to a light scattering cuvette, which was placed in between the pole pieces of an electromagnet. After 1 h, the cuvette was removed from the field and analyzed by light scattering during a measuring time of around 1 h. The cuvette was then placed back in the magnetic field, and this cycle was repeated 6 to 7 times (12 -14 h measuring time). While the hydrodynamic radii remained unaffected (see Figure 4.5b in the appendix), the fractal dimension dF of Gd-BTA changes from 1.7 ± 0.2 to 2.2 ± 0.2 in a 1 T field, or to 2.6 ± 0.2 in a 2 T field within one hour. It then remains constant for the residual measuring time (see Figure 4.6 in the appendix). This implies that the network structure undergoes a densification upon exposure to an increased magnetic field, transforming to randomly branched clusters at 2 T. 24,40,41 The Rayleigh ratio R(q) of the P2 process of Gd-BTA keeps increasing over time, until it stagnates after 10 to 12 h (see Figure 4.3b, full blue circles and squares). The final plateau values are 20 % or 35 % higher than the initial value in no field, for 1 T and 2 T respectively. This shows that with time more and more rods get incorporated in rod networks (P2), pointing at a magnetically induced increase in Knetw, which will be discussed in more detail in section 4.4. After removal of the field, the network relaxes back to the initial R value within one day.

The assembly of monomers into rods (P1) are not detectably influenced by the field, since their Rayleigh ratio R remains constant in time (see Figure 4.3b, hollow symbols). Without exposure to a magnetic field, no changes were observed for the R values of Gd-BTA rod networks P2 (gray shaded area in Figure 4.3b). Likewise, the Rayleigh ratios R of diamagnetic Y-BTA remained unaffected (triangles in Figure 4.3b).

So far, our light scattering data provides evidence for a qualitative interpretation. The magnetic field triggers the network topology to change fast (≤ 1 h), and additional rods to assemble into rod networks on a slower time scale of around 12 h, which is indicated by the observed changes of the fractal dimension dF, and the Rayleigh ratio R, respectively. It is known that aligning fields (including electric-, flow-, or gravitational/centrifugal fields) provoke elongation of isodesmic supramolecular polymers. 42 If the polymer is (partially) aligned in such a field, polymer elongation is entropically favored, in the sense that the entropy loss upon chain growth is reduced. A longer polymer, in turn, will show a stronger response to the field, resulting in an increased degree of alignment. This mutual dependency of alignment and chain growth provides positive feedback. We assume that a magnetic field acts analogously, favoring the assembly of rods into rod networks. For a more quantitative understanding, the magnetic properties of Gd-BTA and Y-BTA were compared. Firstly, the temperature dependent magnetic moment of the bulk material was measured using SQUID magnetometry (Figure 4.4a). Gd-BTA (blue squares) shows Curie-Weiss behavior (χ = C•(T-θ)) with a Weiss temperature of θ = -0.7 K, which indicates very weak antiferromagnetic coupling between Gd 3+ ions in the assembly (cf. Chapter 2, section 2.4). At room temperature, such weak coupling is negligible and cannot justify our observation. Y-BTA (red squares) shows diamagnetic behavior.

The samples were moreover subjected to a constant field of 5 T for up to 12 h while recording the magnetic susceptibility (Figure 4.4). For Gd-BTA, we find a decrease of the susceptibility by around 2 % with respect to the initial value χ0. Regarding the time scale, this trend coincides well with the decrease of the Rayleigh ratio R we find in light scattering experiments (Figure 4.3b). These results hint at a correlation of the demagnetization and the evolution of the supramolecular structure, indicating minor alignment of the Gd-BTA rods in the magnetic field. However, no changes were observed by optical birefringence at 1 or 2 T. Measurements of Y-BTA and buffer showed constant susceptibility over time (green and red data in Figure 4.4b) 

Energetic considerations

In our illustration in Figure 4.2a, the self-assembly of the rods to rod networks is governed by a single equilibrium constant Knetw. This representation is simplified, as a single equilibrium constant does not account for distributions of the rod length or size. With this in mind, Knetw can be expressed as

𝐾 = 𝑒 ° (4.i)
with the standard Gibbs free energy ΔG° at 298 K and 0 T, the gas constant R and the temperature T. The additional term ΔGm is a magnetic Gibbs free energy, which is induced by the magnetic field. It includes two components:

i) an isotropic term, based on the sum of all individual Gd 3+ ion contributions

𝑈 = - 1 2 𝑀𝐵 (4.ii)
with the magnetization M and the magnetic flux density B, and ii) an anisotropic free energy 43

𝑈 = 1 4 µ 𝑀 (1 -3𝑁) (4.iii)
including the effective demagnetization factor N (N = 0 for an axially magnetized long rod), the induced magnetization Ms, and the vacuum permeability µ0. In our case (rods with Ms = 600 A•m -1 , see section 4.7.4 in the appendix), the anisotropy energy is 0.17 J•m -3 . By equating UaV = kBT, the volume V of a supramolecular network whose structure can be modified by the applied field can be estimated. We find a volume V of 24•10 -21 m 3 , corresponding to an around 300 nm sized network. Mean scattering intensities Isam were measured for 7 angles ϑ from 30° to 120° in 15° increments. Every measurement was repeated four times. In the measurement in a 1 T field, an ND filter was used for the angles 30° and 45°.

The Rayleigh ratio R is obtained from the measured mean scattering intensity Isam following equation (4.iv)

𝑅 = 𝐼 -𝐼 𝐼 • 𝑅 • 𝑛 𝑛 (4.iv)
with the measured intensity of the background Ib, the measured intensity of the reference, which is toluene in this case, the Rayleigh ratio Rref of the reference (Rref = 1.35•10 -5 •cm -1 for toluene 46 ), the measured refactive index of the sample solution nsam = 1.338, and the refractive index nref of the reference toluene (nref = 1.497).

The angles ϑ were converted to the scattering vectors q, following equation (4.v), with the wavelength of the laser λ = 413 nm and the refractive index of the sample solutions nsam. 47,48 

𝑞 = 4𝜋𝑛 • sin 𝜗 2 𝜆 (4.v)
The mean logarithmic Rayleigh Ratio R over all 5 measurements was plotted as a function of the logarithmic scattering vector q under consideration of the respective standard deviations (as shown in Figure 4.3a). The fractal dimension dF is then obtained as the slope from linear regression. Figure 4.6 shows the obtained dF values for magnetic fields of 2 T, 1 T and 0 T over time. The values and standard errors are given in Table 4.2. For example, the image Figure 4.7a was analyzed using three different methods. In method A (Figure 4.7b), the original image (Figure 4.7b) is automatically converted by the software to produce a binary image, which is then analyzed. In method B (Figure 4.7c), this conversion was done manually. Method C (Figure 4.7d) is a grayscale option, in which the grid caliber is set in relation with the variation in average intensity of the Iε instead of Nε. where δIj,j,ε is the difference between the maximum pixel intensity and the minimum pixel intensity.

Three basic types of dF are reported, that differ in their way of accounting for the number of boxes or the intensity, respectively. For the determination of dB, the sum of all intensities Ij,j,ε are considered, whereas for dM it is the mean over all intensities Ij,j,ε. For dX, the average cover over all grids is calculated, and then processed as for dB. The methods apply analogously for binary images, for which dB and dM are inherently equivalent. To ensure that, at room temperature, the local dipolar fields play no role in the arrangement of the magnetic moments, we calculate the magnetic ground state for a magnetic assembly of length 𝑁 in an external magnetic field using a lattice sum approach:

1. Impose an external field 𝐁 = 𝐵 𝐱 + 𝐵 𝐲 + 𝐵 𝐳 .

2. Generate the positions of each rare earth atom in the BTA assemblies:

knowing that in a single monomer those positions are (𝑥, 𝑦, 𝑧) = (0, 𝑟,

, 0 where 𝑟 = 2.25 nm, that the stacking distance between monomers is 𝑑 = 0.35 nm, and that there is a helicity of 10˚ rotation per layer, which for the 𝑖 atom of the 𝑗 layer is: Other minimization approaches are possible, such as by fixing the magnitude of the magnetic moments and minimizing the energy cost function through a free rotation of each moment. A first, simpler cost function, takes a macro-spin approach, assigning one polar (𝜃) -azimuthal (𝜙) angle pair, with all atomic moments rotating coherently, which is minimized using the L-BFGS-B algorithm. The second allows the free rotation of each moment using basin hopping global optimization, with L-BFGS-B as the local optimizer. However, both approaches are slower than the L2 norm method presented above, particularly the global optimization method.

Results

First, as a reference value, we calculate the ideal magnetization of a rod. The cylindrical volume for NL = 100 monolayers is πr 2 dNL = 557 nm 3 , in which there are 300 Gd atoms, or therefore ~ 0.54 Gd per nm 3 . For fully aligned moments, with B = 2 T and T = 298 K, the effective magnetic moment is meff ~ 0.12 µB per Gd atom, and thus the magnetization is M = 0.12 µB•0.54 Gd per nm 3 = 600 A•m -1 . In other words, the induced M is 0.04 % the external field Bext = 2 T.

We find that for any external field B, the local magnetic moments are collinear with B in the ground state (Figure 4.8a and b). For a sum over an assembly of 1000 monomers, with B parallel to the fiber, (Bz = 2 T) the magnetization is M = 595.1 A•m -1 , while with B perpendicular to the fiber (B = 2 T) M = 594.8 A•m -1 , both marginally smaller than the ideal value of 600 A•m -1 arising from the demagnetizing field due to the local dipolar fields. Unlike the atomic moments, the local dipolar fields form complex helical patterns (Figure 4.8c and d). However, we find that their magnitude is ≈ 2 mT, three orders of magnitude smaller than the 2 T external field (Figure 4.9), and lead to the calculated magnetization being marginally smaller than the ideal case as expected for a very weak demagnetizing field. 

Introduction

After having studied lanthanide-containing supramolecular structures both in solution and as colloidal dispersions, the development of magneto-responsive materials is a major step towards future applications. Unidirectionally aligned supramolecular materials are desired in state-ofthe-art technologies in regenerative biomedicine [1][2][3] , and (opto-)electronics 4-6 . 7 This directionality can be achieved if fibers of a supramolecular material align during spin-coating, or in an electric or magnetic field. 8,9 Different types of magnetic and magneto-controllable supramolecular gels have been developed. First, it is possible to align diamagnetic gels in strong fields, as reported by Adams and coworkers in 2014. 10 Fibers of a naphthalene-derived FF dipeptide hydrogelator were aligned when gelling in a 9.4 T field. Similarly, an anthracene-based organogel showed fiber alignment in fields of up to 20 T, which was shown by the group of Maan. 11 In both cases, the conformation of the aligned gels is retained after removal of the magnetic field.

As previously discussed, paramagnetic structures are typically much easier to control regarding the required field strength. Paramagnetism in gels can be obtained from a precisely designed monomer, as for example in the TEMPO-radical based organogel presented by Ohkoshi and coworkers. 12 TEMPO, a stable nitroxide-radical, is coupled to an isoleucine-based gelator scaffold. The latter assembles to nanofibers in a β-sheet configuration. The spins of the unpaired ions are aligned one-dimensionally due to the well-defined structural order of the gel, and SQUID measurements have shown that the magnetization of the material is temperature dependent.

In another approach to obtain "supramolecular magneto-gels", as Castanheira and coworkers call it, fibers of supramolecular gels can be conjugated to magnetic nanoparticles. 13 This technique is especially interesting in drug delivery, where nanoparticles are exploited for magnetic hypothermia. Löwik et al. showed immobilization of magnetically aligned peptide amphiphile nanoribbons in a two-step approach. In the first step, the nanoribbons are prepared in very strong fields of up to 20 T. The obtained, highly organized structure is then transferred to a polymer backbone, which adapts to the directional structure of the nanoribbons, and allows its conservation. 14 In line with the previously reported systems, we aim to study the magneto-response of a lanthanide-containing supramolecular hydrogel, with a special interest in the bulk properties of the material. Such lanthanide containing hydrogels have already been reported, where iminodiacetic acid 15 , or terpyridine- 16 , or nucleoside-based 17 ligands were used to chelate to either Dy 3+ , Tb 3+ , Gd 3+ , or Eu 3+ . However, these systems were studied exclusively for their exceptional photoluminescence properties. The magnetic properties were not explored, which is unfortunate from our perspective.

We employ a naphthalene diimide (NDI)-based ligand, which forms supramolecular hydrogels through coordination of their carboxylate moieties with lanthanide ions. We use magnetorheology to study the kinetics and the mechanical properties of the obtained gels for three different magnetic lanthanides and two diamagnetic controls.

Lanthanide-containing supramolecular hydrogels

The lanthanide containing hydrogels are based on N,N'-bis (5-aminoisphthalic acid)naphthalene diimide (BINDI), which is a previously described pH-responsive supramolecular hydrogelator (Figure 5.1a). 18 The four carboxylic acid groups are available for coordination to the lanthanide ions M 3+ (M = La, Gd, Dy, Er) when deprotonated. Commonly, carboxylates coordinate as monodentate ligands, as in the previously discussed DOTA complexes (Chapter 2-4). More rarely, they chelate as bidentate ligands. 19,20 Self-supporting gels of M-BINDI were obtained at a concentration of 5 mg•mL -1 (0.5 wt%) and 4 equivalents of lanthanide ions, which were added as trichloride hexahydrate salts (see Figure 5.1b). The gels were prepared by dissolving the gelator in 1 M aqueous NaOH (6 eq.) and adding an aqueous solution of MCl3 (4 eq.) and Glucono-δ-lactone (GdL, 6 eq.). GdL is widely used in pH-triggered systems since upon addition of water it hydrolyzes slowly to gluconic acid (see section 5.7.3 in the appendix). Thereby, it enables a slow and controlled pH decrease. 21 The deprotonation of BINDI in aqueous NaOH (1 M, pH 14) is necessary to dissolve BINDI in water. At this basic pH, the metal salts precipitate reversibly as hydroxides 24 and can be resolubilized upon a pH decrease. The hydroxides M(OH)3 of the lanthanides that are used in this study resolubilize at pH 6.1 -6.3 for Dy, Gd, and Er, and at 7.5 for La. The pKa values of the two carboxylic acids of isophthalic acid are 3.5 and 4.5, respectively. 25 The optimal pH range for coordination is thus between 4.5 and 6 or 7.5. In this regime, the carboxylic acids are deprotonated, and the salts are in solution. As the sample is prepared, the basic solution of BINDI is diluted by a factor 20, reaching a pH within this window (pH 5.5-6.5).

The gel incorporates around 70 % of the solvent, leaving residual solution behind. If the proportion of solvent to BINDI is accordingly reduced by 30 %, 30 % of solution nevertheless remains. It is likely that the excess of salt (4 eq. DyCl3 per BINDI, 2 eq. of coordination sites per monodentate carboxylic acid) drives the gelation through a "salting out" effect 26 . This would imply that the solubility of BINDI decreases in a highly concentrated solution of DyCl3, inducing aggregation of the less hydrophilic BINDI. To ensure that the metal ions do not just salt out the gelator, but are incorporated in the gel network, IR spectroscopy was performed (see section 5.7.4 in the appendix). A shift of the C=O carboxyl stretch vibration from 1670 cm -1 to 1588 cm -1 implies coordination, as previously shown for Y-NDI (Chapter 2, Figure 2.13). 27,28 The signals corresponding to the C-O stretch vibration, which disappear upon complexation, cannot be identified in this case, because they overlap with the C-O vibrations of primary and secondary alcohols in GdL. A physical indication of complexation is given by the formation of a suspension upon the addition of BINDI (solubilized in 1 M aq. NaOH) to the aqueous salt solution. In the absence of BINDI (i.e., addition of 1 M aq. NaOH), the salt remains dissolved. This initial phase separation develops into a homogenous and translucent 3D structure over time 29 , following the ongoing network formation with a decreasing pH.

As a first step to characterize the gels, a Dy-BINDI gel was prepared following the described method, and its microstructure was imaged by scanning transmission electron microscopy of a drop-cast sample. It reveals a network of fine fibers (Figure 5.1c) with an average fiber thickness of 12 nm ± 5 nm.

The Dy-BINDI gel formation can be followed by rheology. To this end, the storage-and loss moduli G' and G" were recorded as a function of time at a constant shear strain of 0.1 % and an angular frequency of 10 rad•s -1 (black squares in Figure 5.1d). The kinetic measurement shows that gelation starts after 140 min, indicated by an increase of both moduli G' and G". After around 650 min, when the values of G' and G" stabilize at a plateau, the gel is completely formed. The corresponding measurements changing the shear strain or angular frequency (Figure 5.1e,f) confirm that these conditions (shear strain of 0.1 % and angular frequency of 10 rad•s -1 ) are within the linear viscoelastic region (LVER) of the gel. By using these parameters to follow the kinetics, we ensure that the gel properties are not altered or influenced by the rheological measurement.

After 140 min, which is when the gelation starts, the pH (pink circles in Figure 5.1d) has reached a value of 3.6. Thereafter, the pH keeps decreasing slightly, converging towards a plateau at pH 3.4, which coincides well with the first pKa of isophthalic acid (3.5).

Magnetically controlled gelation kinetics

Using a magnetorheological setup, homogenous magnetic fields of up to 0.78 T were applied during the gelation of Dy-BINDI gels. The magnetic field is perpendicular to the surface of the plate/plate rheological configuration. Figure 5.2a shows the respective time dependent storage and loss moduli G′ and G′′ at 0 T (black squares) and 0.78 T (red triangles). At 0.78 T, a plateau of the storage modulus G′ and the loss modulus G′′ indicate complete gelation after 340 min. This is around half of the time needed for the gel to form in 0 T (650 min). In both cases, the gels reach a final stiffness of around 1.3 kPa.

Intermediate field strengths of 0.13 and 0.52 T were also applied in separate gelation experiments (Figure 5.2b). In terms of half-times (i.e., time at which 50 % of the final stiffness is reached), the gelation was accelerated by 14 and 24 %, respectively. All gels formed in different fields exhibit a similar final strength, with critical shear strains between 1.1 and 1.4 % and crossovers of G' and G" at 10 to 15 % shear strain (see section 5.7.6, Figure 5.11).

In Figure 5.2b we observe variations of the initial G' plateau during the first 150 min. It should be noted that the data is represented on a logarithmic scale. The discrepancies are of around 20 Pa, which is only around 1 % of the final stiffness, and insignificant (i.e., within two standard deviations). Table 5.1 lists the starting times of gelation ts, the half times t1/2 at which 50 % of the final stiffness is reached, and the full gelation times tg of the gels at the different fields B. When these values tx are compared to their counterparts in absence of a magnetic field (t°x) to find the relative change (tx/ t°x), the observed ratios are in the same range for tx = ts, t1/2, and tg. This means that the influence of the magnetic field is affecting the whole gelation process similarly, which is surprising as we expect a stronger magneto-response for larger objects-in this case fibers, which will grow with time. Next, we studied the response of the system if the magnetic field is triggered after a certain time ttr (Figure 5.3). In this respect, the measurement in 0.78 T will correspond to ttr = t0, and the measurement in no field will be ttr = t∞ (Figure 5.3a). If the field is switched on after 150 min (ttr = 150 min, black squares in Figure 5.3b), once the gelation starts, the gelation rate is immediately accelerated. Full gelation is reached after 410 min, around 60 % earlier as compared to ttr = t∞. If we switch on the magnetic field after 300 minutes (ttr = 300 min, black squares in Figure 5.3c), which refers to approximately half of the gelation time in no field (ttr = t∞, red triangles), the gelation is completed after 470 min, 180 min (38 %) before the gelation completes in 0 T. If the field is turned on after ttr = 600 min, when the gel is almost fully developed, no significant changes can be observed (see Figure 5.12 in the appendix).

For all three depicted measurements (ttr = 0, 150, and 300 min), the gelation is accelerated by 86-92 % during the interval in which the magnetic field is turned on (grey shaded areas in Figure 5.3a-c). The corresponding values for gelation times tg and their ratios with respect to ttr = t∞ are listed in Table 5.2. The corresponding shear strain-and angular frequency dependent measurements of the fully formed gels do not show any significant differences for the different trigger times (Figure 5.13 in the appendix). These experiments show that the kinetics of the gelation in a constant magnetic field can be fine-tuned by switching the field on at different times during gelation (Figure 5.3d). The trigger time is thus, along the field strength, a second parameter that allows for targeted magnetoresponse of the system.

Encouraged by these findings, we aimed to study the gel properties and magneto-response of M-BINDI gels incorporating other magnetic lanthanide ions with different electron density distributions. Therefore, M-BINDI gels were prepared with Gd 3+ (isotropic) or Er 3+ (prolate) in addition to the previously described Dy 3+ (oblate). La 3+ serves as a diamagnetic control ion.

The gelation kinetics of the different gels were recorded in magnetic fields of 0 and 0.78 T (red triangles and black squares in Figure 5.4). Table 5.3 summarizes the respective half times t1/2 at fields of 0 T and 0.78 T and their ratios, as well as the final mechanical stiffnesses of the different gels.

The kinetic measurements reveal that the final mechanical stiffnesses of the M-BINDI gels vary depending on the incorporated ion. The final G' is around 1.5 kPa for Dy 3+ and Er 3+ , and 1.8 kPa for Gd 3+ . The stiffest gels are those made of La-BINDI, with G' values reaching 4.1 kPa (all values of G' for 0 T). La-BINDI is also the gel that forms the fastest, with a half time of 340 min, as compared to 390-410 min for Dy 3+ , Er 3+ , and Gd 3+ . The pH evolution (green in Figure 5.4, see also Figure 5.16a in the appendix) is nearly identical for all four gels. Without the addition of M 3+ ions, BINDI does not gel in these conditions. It precipitates after around 120 min, when a pH of 4.6 is reached (Figure 5.10a and Figure 5.16b in the appendix). These observations illustrate that coordination is a decisive interaction in the assembly.

The corresponding shear strain-and angular frequency dependent measurements show no significant changes as compared to Dy-BINDI (Figure 5.14 in the appendix).

STEM images of drop-cast samples of the different M-NDI gels exhibit similar morphologies and fiber thicknesses (see section 5.7.8). This could imply that the changes of the bulk properties result from differences at the molecular level. It is known that the ionic radius decreases (1.2-1.0 Å), and the average coordination number transitions from 9 to 8 along the lanthanide series (with an increasing atomic number). 30 A larger ionic radius can facilitate, and thus accelerate coordination sterically. Moreover, a higher coordination number enables more branching of the network on a molecular level. La 3+ being the first element in the series, it exhibits the largest ionic radius and average coordination number over this scope (CN ≈ 9), which will decrease in the order 57La > 64Gd > 66Dy > 68Er. The mechanical stiffnesses of the fully formed gels follow this trend. Regarding the magneto-response of the different gels, we find that the gelation times of all four systems can be reduced significantly by the application of the magnetic field. The acceleration is most pronounced for Dy-BINDI (95 %), followed by Er-BINDI (81 %), Gd-BINDI (70 %), and La-BINDI (48 %). At first glance, it is surprising that the gelation of the diamagnetic La-BINDI is affected by the field. This hints at a diamagnetic contribution of the large delocalized π-system of assembled BINDI (see Chapter 1, section 1.2.3.2). To rationalize why the gel formation is accelerated, we can draw a parallel to what has been observed in other aligning fields (electric fields or flow fields). 31 From a thermodynamic point of view, (partial) alignment of a supramolecular polymer favors further polymerization entropically. In other words, the entropy loss upon self-assembly is reduced, if the assembling units are field aligned. Consequently, the polymer is driven to elongate. Larger polymers will, in turn, align more. In this way, the co-dependency of alignment and chain growth provides positive feedback.

Quantitatively, the alignment would be considered in the magnetic Gibbs free energy ΔGm of the system, which includes an isotropic term Ui, which is proportional to the magnetization and the magnetic flux density, and anisotropic term Ua (as discussed for the Gd-BTA network in Chapter 4, section 4.4). The latter depends on the geometry-dependent effective demagnetization factor and is minimal for an infinitely long axially magnetized structure.

As discussed in section 1.3.1.4, individual ions would not respond to a magnetic field in these conditions (0.78 T field, 298 K, in solution or hydrogel). Therefore, the magnetic ions are assumed to act as a group, which are joint and immobilized in magnetic fibers through the chelation and assembly of the organic ligand.

Our experiments support these hypotheses, as they show a stronger field-induced acceleration for stronger fields and for ions with a larger magnetic moment µ. The trend appears to correlate the magneto-response with the magnetic moments of the ions, regardless of their (an)isotropic electron density distribution.

In the case of La-BINDI, we assume acceleration of the gelation process due to diamagnetic alignment. Through supramolecular assembly of the aromatic BINDI, its π-system is extended, and its diamagnetic anisotropy amplified (see Chapter 1, section 1.2.3.2). The axis of largest negative susceptibility, which is along π-π stacking direction, is expected to align perpendicular to the field. Considering the smaller susceptibility of the diamagnetic gelator as compared to the paramagnetic ions, a less pronounced magneto-response is conclusive.

So far, we could not confirm fiber alignment by STEM imaging, polarized optical microscopy, or linear dichroism. Possibly, the field-response translates to a slight deformation, rather than well-pronounced alignment. Scattering experiments (SANS/SAXS) or AFM microscopy [32][33][34] could give a more detailed insight about the size and morphology of the respective fiber structures.

To confirm the diamagnetic origin of the accelerated gelation process in La-BINDI, we aimed to study the gelation of the same BINDI gel without adding lanthanides. Unfortunately, no gel is formed in these conditions (see Figure 5.10a in the appendix). For this reason, the gelation conditions were adapted by increasing the GdL concentration, as will be discussed in the following section.

Magneto-response of an organic supramolecular hydrogel

With the aim to make a lanthanide-free BINDI gel, different conditions were tested. An increase of the GdL concentration from 6 to 10 equivalents leads to gelation at a BINDI concentration of 5 mg•mL -1 (Figure 5.5b). According to the pH evolution of BINDI at 10 eq. of GdL, the plateau of the pKa of around 4.5 is reached significantly earlier, namely after 80 min, as compared to 110 minutes for 6 eq. GdL (see Figure 5.16b in the appendix). In the latter case, the protonation of carboxylates seems to proceed too slowly to form a gel network, and the gelator precipitates. At a larger proportion of GdL, the protonation is accelerated, allowing for gel formation.

Surprisingly, the addition of 0.5 eq. DyCl3 inhibited gelation in these conditions (see Figure 5.10b in the appendix). The coordination of the gelator to a Dy 3+ ion might inhibit hydrogen bonding between free and protonated carboxylates. We assume that hydrogen bonding leads to the formation of one-dimensional chains along the long axis of BINDI. In parallel arrangement, the chain-like assemblies allow for π-π stacking of the BINDI cores. A coordinated ion, on the other hand, has a three-dimensional coordination sphere (CN 8-9). It is so to say a branching point on a molecular level. This branching can limit parallel alignment of the NDI moieties and thus weaken π-π interactions of the NDI moieties (see Figure 5.18 in the appendix for an illustrative representation). Moreover, the relatively large size of the lanthanide with respect to the NDI plane may inhibit further π-π stacking.

These observations suggest that the molecular order in the metal-free BINDI gels differs significantly from the M-BINDI gels that have been discussed previously. We expect a stronger impact of π-π stacking, which can favor the assembly into larger structures. Indeed, we find experimental evidence for significant differences in the kinetics of gelation (see Figure 5.15 in the appendix), the fiber morphology, and their macroscopic appearance. By STEM imaging (Figure 5.5c) we observe that the hydrogel is composed of around 50 nm thick fibrils (53 nm ± 23 nm, one example is highlighted in yellow in Figure 5.5c), but also fibrils that aggregate into fibers and bundles as thick as hundreds of nanometers (one example is highlighted in red in Figure 5.5c). The single fibers are larger than in the Dy-BINDI gel (Figure 5.1c). Macroscopically, the metal-free BINDI gel is more opaque than the previously shown gels of M-BINDI.

According to kinetic rheological measurements (black squares in Figure 5.5d), both the storageand loss moduli G' and G" start to increase after 80 min, and reach a plateau after 270 min. The gelation appears to be a two-step process, as we observe two subsequent sigmoidal-like increases of the storage-and loss moduli G' and G" after around 80 and 160 min, respectively. Likewise, the shear strain sweep shows that the gel structure is destroyed in a bimodal process, with a first critical shear strain of 0.32 %, and a second of around 14.5 %, respectively (Figure 5.5e). During the first step of gelation, the difference between the storage-and loss moduli G' and G'' is less than an order of magnitude. Thus, the system is not considered a gel, but a viscous solution with pronounced solid-like and liquid-like properties. During the second step, the difference between G' and G'' increases significantly, which indicates the formation of a gel. With time, the gel becomes stiffer until it reaches a plateau at around 1 kPa. Frequencyindependence of the gel at a shear strain of 0.1 % confirms that measurements are performed within the linear viscoelastic region of the material (Figure 5.5f).

The pH evolution over time (green circles in Figure 5.5d) reveals that a plateau at pH 4.5 is reached after around 80 minutes. This value coincides well with the second pKa if isophthalic acid, indicating that one of two electronically coupled carboxylates is protonated. After about 180 min, the pH decreases slowly by 0.2 within 200 min. The shift of the pH plateau by 1 from 4.5 in lanthanide-free BINDI gel to 3.5 in the M-BINDI gel (Figure 5.1d) is likely a result of coordination in M-BINDI. Upon chelation, the weakly basic carboxylates (pKb ≈ 10) are captured by the Lewis-acidic lanthanides, replacing either water (pKb ≈ 16) or chloride (pKb ≈ 20) ligands. Moreover, the complexation will alter the electronic state of the isophthalic acid moiety, in a similar way as would protonation.

Regarding the bimodal gelation process, we assume that in the first step of the assembly fibers are formed, which entangle and trap a part of the solvent. The network formation is then enhanced by a second process, resulting in a self-sustaining gel. As G' and G'' start increasing when the first of two carboxylates per isophthalic acid moiety is protonated (pH 4.5), we assume that complementary hydrogen bonding of two acid groups is the main driving force of this first assembly. The development of the gel network up to a full inclusion of the solvent will then be completed by π-π stacking of the NDI cores (2 nd process). With this reasoning, we find an analogy to the BTA network formation in solution, which was discussed in Chapter 4.

Just like for the M-BINDI gels, the magneto-response of the material was tested by magnetorheology. Strikingly, complete gelation was impeded upon exposure to a magnetic field of 0.78 T during the gelation phase (Figure 5.6a, black squares). What was first believed to be a failed experiment, could be reproduced reliably. While initially both storage-and loss moduli G' and G'' increase fast in a bimodal curve, the gel seems to collapse at a stiffness of around 700 Pa after 160 minutes. In analogy to the M-BINDI gels, the gelation starts 60 % earlier as compared to gelation in no field (Figure 5.6a, red triangles), being reduced from around 80 to 50 min. Intrigued by this observation, the gelation was monitored at different field strengths. Neither at 0.52 T nor at 0.67 T, the rheological measurements could be reproduced reliably (blue and purple symbols in Figure 5.6b). Nevertheless, we can observe general trends, such as an acceleration of the gelation process in 0.67 T, (Figure 5.6b, light blue diamonds). In one of the three measurements, the gel collapses after around 240 min. Two out of three measurements in 0.52 T (Figure 5.6b, light green circles), show unchanged gelation kinetics as compared to 0 T. In the third curve, we find an accelerated gelation process reaching the final stiffness after around 180 min. At these field strengths, the system seems to be weakened by the magnetic field, allowing the smallest deviations of the measuring conditions (possibly mechanical vibrations or temperature) to influence the gelation process. Only at 0.78 T (black squares), the BINDI sample breaks down after 150 minutes and does not form a hydrogel. While diamagnetic alignment in gels has been reported in strong fields (section 5.1), such a substantial impact of a weak magnetic field of 0.78 T was not expected. When comparing the kinetics at different fields, a trend towards faster gelation from 0.67 T becomes apparent. Therefore, we assume that the large, diamagnetically anisotropic π-system is-at least partlyaligned. This entropically favors further assembly and leads to an accelerated gelation process before the collapse.

Based on our rheological measurements alone, we cannot find a conclusive explanation for the observed collapse. It is possible that the fibers reach a critical size, at which their magnetic anisotropy will be large enough to make them align perpendicular to the field. In this case, the collapse would mark the transformation from a three-dimensional, entangled network structure of a self-sustaining material to unidirectionally aligned fibers. On the other hand, we might observe a local densification of the gel, similar to what we observe for Gd-BTA in Chapter 2. At a critical density of the system, we expect solvent expulsion, and thus a collapse of the gel.

Scattering experiments (SANS/SAXS) or real-time imaging of the gelation process in a uniform magnetic field could provide evidence to support our hypotheses. However, an experimental setup of a highly performing microscope with a magnetic field source seems tricky to implement. We were not able to observe any alignment by STEM imaging on gels which were formed in the magnetic field. Polarized optical microscopy did not show any birefringence. Due to the small and fine nature of the fibers and the low fluorescence of the NDI core, confocal imaging did not yield any revealing results. The use of fluorescent dyes like Thioflavin T or Congo Red may be helpful to overcome these difficulties.

Conclusions

We have presented two different supramolecular hydrogels based on the organic gelator BINDI. Through coordination of the carboxylate moieties of the gelator, paramagnetic lanthanide ions can be incorporated into the hydrogel. Upon exposure to uniform magnetic fields of up to 0.78 T, the gelation times of these gels can be reduced by up to 95 %, reaching a nearly identical final mechanical stiffness and strength. Even a weak field of 0.13 T, which is easily accessible in any research lab, can accelerate the gelation by around 14 %. The kinetic profiles can be tailored more precisely if the magnetic field is switched on at different times during gelation.

The acceleration of the gelation kinetics by up to 95 % most likely originates from partial alignment of assembled structures with the magnetic fields of 0.13 to 0.78 T. Alignment will promote faster gelation, as chain growth is entropically favored. In turn, longer chains will align more, which further promotes assembly. In this way, the co-dependency of alignment and chain growth provides positive feedback. By incorporating lanthanide ions in a supramolecular assembly, the ions do not act individually, but as a group with a collective magnetic moment. This amplification allows for magnetic manipulation in mild conditions (fields of 0.8 T, 298 K, in solution or hydrogel).

If diamagnetic La 3+ is incorporated, the acceleration of the gelation kinetics is less pronounced, but still significant (up to 48 %). In this case, we assume diamagnetic alignment of the conjugated π-system perpendicular to the field.

In line with this reasoning, we have shown that the gelation kinetics of a metal-free BINDI hydrogel, which is formed at a higher concentration of the pH trigger GdL, can be accelerated similarly. Supramolecular hydrogels are formed in fields of up to 0.67 T. At 0.78 T, the gelation is accelerated at first, before the system gets disrupted and collapses.

In both systems the gel-and fiber morphologies as well as the mechanisms of gel formation remain to be elucidated in more detail. The indications given from the bulk properties are intriguing, and further microscopic or scattering experiments may help to understand the process on a nano-and microscopic level. Even though the observed phenomena cannot yet be explained satisfactorily, the control over the system that can be achieved by uniform magnetic fields is striking-especially when considering the weak fields and the low magnetic susceptibilities of the components. Notably, the gelation of a diamagnetic, organic supramolecular hydrogel can be entirely impeded.
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Appendix

Materials and methods

All reagents were obtained from commercial sources (TCI, Sigma Aldrich, VWR) and used without further purification.

Nuclear magnetic resonance (NMR). Spectra were recorded in on a Bruker 400 MHz Ultrashield™ NMR spectrometer at 25 °C. Chemical shifts (δ) are given in ppm relative to tetramethylsilane (TMS).

Gel preparation. lanthanide containing gel (M-BINDI gel): GdL (9.1 mg) was dissolved in a mixture of 0.85 mL demineralized water and 99 µL of 0.17 M aqueous MCl3•6 H2O. To this solution, 51 µL of a 0.17 M BINDI solution in 1 M NaOH was added and the mixture was homogenized. lanthanide-free gel (BINDI gel): GdL (15.2 mg) was dissolved in 0.95 µL demineralized water and 51 µL of a 0.17 M BINDI solution in 1 M NaOH was added.

Infrared Spectroscopy (IR). FTIR spectra were collected in ATR mode on a Spectrum II spectrometer (Perkin-Elmer).

Rheology. Measurements were recorded on an MCR 302 Modular Compact Rheometer (Anton Paar) equipped with a PS-MRD magnetorheological cell, an PP/MRD/TI parallel plate, and a MAGNET-PHYSIK FH 54 Teslameter (Dr. Steingroever GmbH). All measurements were recorded using a PP20/MRD/TI parallel plate at a gap position of 1.000 mm and at 25 °C. Unless further specified, all measurements were recorded at a shear strain of 0.1 % and an angular frequency of 10 rad•s -1 . For frequency sweeps, the angular frequency was increased linearly from 1 to 100 rad•s -1 . For strain sweeps, the strain was increased logarithmically from 0.01 to 1000 %. For every measurement, 400 µL of a freshly prepared sample were pipetted on the rheometer.

Potentiometry. The pH evaluation of the samples was recorded using a SevenCompact pH meter S220 pH equipped with an LE422 electrode (both Mettler-Toledo).

Scanning Transmission Electron Microscopy (STEM).

A small portion of hydrogel was drop-cast on a copper grid (300 mesh, carbon film). After drying at open air, the samples were imaged under vacuum in a Quanta FEG 250 (FEI) system operating at 30 kV. Fiber diameters were quantified from the obtained images using ImageJ (NIH) and are expressed as mean and standard deviation over 100 fibers. BINDI was prepared following a literature procedure. 35 1,4,5,8-Naphthalene-tetracarboxyl dianhydride 1 (3.35 g, 12.5 mmol) was suspended in acetic acid (100 mL) and stirred at 25 °C for 30 mins. To the suspension, 5-aminoisophthalic acid (4.98 g, 27.5 mmol, 2.2 eq.) was added and the reaction mixture was refluxed for 18 h. The mixture was allowed to cool down to room temperature, and demineralized water (100 mL) was added. The precipitate was filtered off using a porosity 4 sintered filter and washed with acetic acid and ethanol. The crude product was dried in vacuo at 50 °C and recrystallized from DMF. The resulting compound was washed thoroughly with diethyl ether to yield the desired product as a yellow powder (5.26 g, 8.84 mmol, 71 %). 

Synthesis

GdL hydrolysis

Chapter 6. Overall conclusions and outlook

Since the development of supramolecular polymers in the 1980s, many aspects of their assembly processes and the resulting materials have been thoroughly studied and are well understood. There remains, however, room for further progress and extension of the field, in order to have applications of supramolecular materials to the same extent as seen currently for covalent polymers. 1 This thesis is focused on the magnetic control of supramolecular polymers. In comparison with more conventional stimuli, the magnetic stimulus is intriguing, because it is non-invasive, nondestructive, easily tunable in intensity and direction over space and time, and tolerates a wide range of materials, conditions, and atmospheres. Nevertheless, it is poorly explored in the domain of supramolecular polymers. This is mainly because the magnetic energies and forces decrease with the size of the magnetic object and tend to be outcompeted by Brownian motion on a (supra)molecular level. The state of the art of this unconventional and multidisciplinary field of research is laid out in Chapter 1.

Alongside certain other recent reports (Chapter 1.3), we have shown that a targeted molecular design opens possibilities for magnetic manipulation in easily accessible fields (≤ 2 T.) The presented Chapters 2-5 each focus on separate aspects with respect to the nature of the supramolecular system and the role of magnetism in the assembly process (Figure 6.1) No external field. Most fundamentally, Chapter 2 has shown that the incorporation of paramagnetic lanthanide ions in a naphthalene diimide (NDI)-based assembler influences the enthalpy/entropy balance of its supramolecular polymerization. At an equal Gibbs free energy, the enthalpy is decreased by up to 60 % for a Dy 3+ containing monomer with respect to an Y 3+ containing analog. The trend we find over a scope of eight lanthanides clearly follows the magnetic moments of the ions, rather than possible variations due to the lanthanide contraction. Calorimetric studies such as ITC 2,3 or DSC 4 may be useful to confirm these unexpected results with an independent method. Calorimetry would be especially interesting in this case because it measures heat evolution directly.

It seems that the order provided by supramolecular assembly limits the degrees of freedom of the ions sufficiently to instill an additional, magnetically induced ordering, which is measurable for solutions at room temperature and above through spectroscopic studies. Magnetometry of the bulk material reveals antiferromagnetic coupling between the paramagnetic ions, with Curie-Weiss temperatures θ of -10 to -30 K. If we assume simple antiferromagnetism 5 , these values correspond to the negative Néel temperatures -TN (TN = 10 to 30 K). We would expect the antiferromagnetic ordering to vanish above TN, which is more than 200 K below room temperature (298 K). Seeing an approximately linear trend of the enthalpy of assembly with the magnetic moment of the chelated ions at 298 K is thus particularly surprising.

If we regard the solid samples as maximally assembled polymer, we may use the SQUID measurements as a proxy for supramolecular packing. However, we need to consider that we have no information about the supramolecular order in the bulk material. The latter is obtained from lyophilization of aqueous solutions. In this process, the solutions are spontaneously frozen with liquid nitrogen (77 K), immobilizing the current state of the solution, which may be more or less assembled. Therefore, we assume that the molecular packing of the monomers may be less ordered in bulk than in solubilized assemblies. Moreover, SQUID magnetometry records the average magnetization over the sample and does not separate the monomeric and polymeric state. If our hypothesis is accurate, the antiferromagnetic coupling of the lanthanide ions should be well-pronounced in the assembly, but negligible or zero for monomers. To clarify these uncertainties, one needs to either analyze a purely polymeric sample, or ensure that the molecular packing of the sample is known. SQUID measurements of the material in its native solution state or the maximally ordered crystal state could clarify these uncertainties.

Crystalline M-NDI would additionally allow for X-Ray structure resolution, which would certainly help to grasp the assembly. So far, we were not able to obtain sufficiently large monocrystals. A larger batch size may facilitate crystallization.

Our finding is surprising and could help to elucidate other reported phenomena that were observed in lanthanide containing supramolecular assemblies. 6,7 It could provide a new approach towards a programmable and reversible interconversion of a paramagnetic system, which gets magnetized by an external field (monomeric state), to a field-inert antiferromagnet (assembled state).

Gradient field. In Chapter 3, the response of colloidal, lanthanide containing naphthalene diimide (NDI) derivatives in a binary water/THF system have been investigated. We find that the monomers assemble to µm-sized spherical colloids upon the increase of the THF proportion in the solvent mixture. The gradient field of a 0.5 cm commercial cube magnet is sufficient to induce directed movement of the colloids towards the high-field region of the gradient field (magnetophoresis). At the surface of the magnet, they form an around 100 µm thick organic layer, which can be removed easily upon addition of water. By means of supramolecular polymerization, single molecules are aggregated to structures that are large enough to experience directed motion from small field gradients (≤ 500 T•m -1 ).

The separation of magnetic particles from their solvent could open new pathways towards the recycling of rare earths, which remains a major economic and ecological challenge in today's era of technological development. 8 Our M-NDI system seems to qualify for the separation of magnetic lanthanides from a mixed solution of the latter and smaller ions (such as Na + , K + , or Mg 2+ ). Hypothetically, the large, multivalent lanthanides can be chelated selectively 9 , assembled to colloids by adding a bad solvent, and removed from the mixture through magnetophoresis. If the accumulation of compound is collected and treated with acid for decomplexation, the ions and the ligand may be recovered after physical separation (by size exclusion or adsorption chromatography, for instance). For this approach to work in the separation of similarly sized ions, one would need to verify that M-NDIs self-sort into colloids of only a specific lanthanide (i.e., not for example Y-NDI that co-assembles with Dy-NDI, which would impede separation).

Uniform field. Thirdly, and lastly, we have studied the effect of a uniform magnetic field of up to 2 T on two lanthanide-containing systems: (i) a benzenetricarboxamide (BTA)-based polymer network in solution (Chapter 4), and (ii) an NDI-based hydrogel (Chapter 5). For the supramolecular polymer network, we find evidence for a spontaneous change in the network topology from a rod-like structure to randomly branched clusters upon the application of a 2 T field. Moreover, the network density increases steadily by up to 35 % within 10-12 h due to minor alignment of the rods. Both the change in the network topology and the densification are reversible processes, and the system relaxes back to the initial state within one day.

The supramolecular gelation, on the other hand, represents an irreversible process. Upon the application of a 0.8 T field, the kinetics of gelation of a Dy 3+ -containing hydrogel are significantly accelerated, resulting in a decrease of the half-time by 50 %. In an analogous diamagnetic hydrogel, the extended π-system of the assembled gelator gives rise to a diamagnetic response to the field. The gelation times are reduced less pronouncedly, but still significantly, by around 30 %.

In both the rod network (Chapter 4) and the hydrogel (Chapter 5), we expect slight alignment of rods or fibers, respectively. The alignment, may it be of para-or diamagnetic origin, favors supramolecular assembly entropically, and more assembled structures will align to a larger extent. By this mutual dependence, positive feedback is provided (Figure 6.2). 10 So far, we have not been able to prove alignment by microscopy or birefringence experiments.

The assumed anisotropy may be detected indirectly by [START_REF] Pulidindi | Rare Earth Metals Market Size By Metal (Cerium, Dysprosium, Erbium, Europium[END_REF] Y-NMR ( 1 ∕2 nuclear spin, 100% abundance) for a Y-BINDI gel, similar to previous work by Adams and coworkers. 12 Perhaps SQUID measurements could confirm alignment, if we find magnetic anisotropy in a gel incorporating and isotropic lanthanide (Gd 3+ ).

Although we have a theoretical explanation to describe the accelerated gelation qualitatively, the magnitude and precision of the response are remarkable and unexpected. If we consider the high charge of magnetic ions (up to 4 ions per 590 Da ligand in M-BINDI vs. 3 ions per 1.3 kDa ligand in M-BTA), the larger fibers (around 10 nm vs 3 nm) in the system, it is plausible that the gel responds stronger to the field than the BTA network. If we look at a single fiber of Dy-BINDI (10 nm diameter and 500 nm length, which is roughly what we observe in STEM imaging) the magnetic energy exceeds the thermal energy by a factor 10 7 (β = Emag/Etherm ≈ 10 7 , rough estimation). Such a fiber is thus expected to react to the field. However, it is surprising that we observe an almost constant acceleration throughout the entire gelation process, starting from single ions. We assume that the latter may not be evenly distributed throughout the sample. Coordination seems to happen spontaneously, as we see precipitation when ligand and ions are first mixed. Homogenization is reached over a longer time scale, presumably following the pH decrease, which improves solubility and reduces electrostatic repulsion through charge compensation. The initial inhomogeneity of the sample may cause magneto-response of highly lanthanide-charged assemblies from the very beginning, whereas fibers with lower lanthanide content will react later, once they have reached a large enough fiber size. As the distribution is initially phase-separated (which was referred to as "inhomogeneity" before) but isotropic, we observe a macroscopically uniform gel.

In the lanthanide-free gel, on the other hand, we observe magneto-response of a purely diamagnetic system. For a significant response, stronger fields are required as compared to the paramagnetic gels. At 0.78 T, we observe an acceleration of the gelation process, which is in line with the observations in the BTA network (Chapter 4) and the paramagnetic gels. Yet, the collapse of the system is unique. At this point, we assume that the break-down is either caused by a rearrangement of the fibers from randomly oriented to aligned, or the expulsion of solvent due to a local densification of the fibers in the network. Further experiments, ideally in-situ imaging, are indispensable to identify the mechanism on a molecular or nanoscopic scale.

Aligned hydrogels find application in medical applications such as drug delivery 13 and regenerative medicine 14 , or (opto-)electronics [15][16][17] . 18 If our assumptions are correct, our system provides control over both the directionality and the kinetics of gelation using a single trigger.

Given the access to highly developed magnetic setups used for MRI technology, even an invivo gelation of a biocompatible, aligned hydrogel could be envisioned on the long term.

All in all, this thesis presents a variety of different scenarios, in which magnetism can be exploited as a stimulus to manipulate supramolecular polymerization. The studies cover different types of magnetic fields (uniform, gradient, 0-2 T), monomer species (diamagnetic and paramagnetic), and supramolecular structures (solution polymers, colloids, hydrogels). Our approach to multiply the magnetic properties of single molecules or ions through their assembly to larger structures allows for magnetic control in experimentally simple setups. In the context of a poorly explored field, our work gives a general overview of the possibilities a magnetic stimulus can offer to control supramolecular systems.

Over the last years, it has been shown that supramolecular polymers qualify as dynamic functional materials for applications in sustainable processing and recycling, electronics, medicine and cosmetics. 1 To embed these achievements in society, it will be necessary to further complete our understanding of these systems, and to then convert experimental systems into large-scale and easy-to-handle processes. In this thesis, we have shed light on the use of magnetic fields to this end and found a number of counterintuitive effects. With further study, magnets can aid in the structuring of future supramolecular (bio)materials to achieve more complex functionalities.
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 11 Figure 1.1 | Self-assembly from single compounds to a living cell. Schematic representation of the self-assembly of various (non-) natural compounds forming a cell. Figure reproduced from reference [4] with permission from Elsevier.

  Inspired by natural supramolecular polymers, like the previous examples collagen and DNA (Figure 1.2a,b), scientists have mimicked their assembly in synthetic systems. Stupp and coworkers have developed supramolecular polymers based on polypeptides, which assemble through hydrogen bonding to fibrous structures (Figure 1.2c). 15 Figure 1.2d shows an example by the group of Würthner, based on an aromatic perylenediimide (PDI) core, inducing supramolecular assembly through hydrophobic effects and π-π stacking.
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 12 Figure 1.2 | Natural and synthetic supramolecular polymers. (a) Illustration and SEM image of hierarchically self-assembled collagen fibers.16 (b) Illustration of the hierarchical self-assembly of the human DNA strains to a chromosome.17 (c) Self-assembled supramolecular fibers of a polypeptide, reported by Stupp and coworkers.15 The supramolecular polymerization is driven by hydrogen bonding. (d) Self-assembly of a perylene diimide-derivatives into fiber networks, reported by Würthner and coworkers.18 The polymerization is driven by π-π stacking and hydrophobic interactions. Figure adapted from references[16-18] with permission from Wiley.
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 13 Figure 1.3 | Supramolecular polymerization mechanisms. (a) Scheme depicting stepwise chain growth following an isodesmic (top), cooperative (middle), and anti-cooperative mechanism (bottom).The processes are described by the equilibrium constants Keq, the nucleation constant Knuc, and the elongation constant Ke. In an isodesmic polymerization, Knuc and Ke are equal. Consequently, there is a single equilibrium constant Keq. In this scheme, the nucleus is a dimer. The number of monomers in the nucleus was arbitrarily chosen and is system specific. (b) Schematic illustration of the concentration-and temperature dependent supramolecular polymerization for isodesmic, cooperative, and anti-cooperative mechanisms. σ is the cooperativity constant, giving the ratio of Knuc and Ke. (c) Schematic illustration of the polymer size distributions, expressed as number of monomers per aggregate, for isodesmic, cooperative, and anti-cooperative mechanisms.[22][23][24] 
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 14 Figure 1.4 | Thermally bisignate metalloporphyrin assembly. Schematic (top) and structural (bottom)representation of the metalloporphyrin assemblies. The monomer (Phase 2) polymerizes upon both cooling (transition to phase 1) and heating (transition to phase 3), mediated by variable hydrogen bonding of the alcohol moieties in the scavenger. Amide groups are highlighted/ illustrated in red, alcohols in turquoise. Blue, dashed bonds represent hydrogen bonding. Black, dashed bonds represent π-π stacking. Reprinted from reference[29] with permission from Springer Nature.
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 15 Figure 1.5 | Concentration-dependent, dynamic supramolecular self-assembly. (a) Schematic illustration of the self-assembly of a pillar[5]arene-biviologen (purple and blue, respectively) host-guest complex. (b-d) SEM images of assemblies at different concentrations of the guest-host complex: (b) spherical structures, with diameters of around 40 nm, at a concentration of 1mM, (c) dendritic tubular fibers, around 50 nm thick, in 2 mM. (d) regularly stacked layers, around 50 nm thick, in 5 mM. Figure adapted from reference [31] with permission of the Royal Society of Chemistry.
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 16 Figure 1.6 | Solvent induced supramolecular gelation. (a) Molecular structure of the NDI-based gelator. (b-e) AFM images of the assemblies in different solvents at a concentration of 2.5•10 -5 M: (a) methylcyclohexane, (b) n-hexane, (c) n-dodecane, and (e) a methylcyclohexane/n-decane mixture at a ratio of 1:3. Scale bars represent 1 µm. Figure adapted from reference [35] with permission from the Royal Society of Chemistry.
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 17 Figure 1.7 | Redox-driven reaction cycles. (a) Reaction scheme of the reversible reduction of the neutral perylenediimide (PDI) to the radical anion (PDI • -) and the dianion (PDI 2-). (b) Reaction cycle of the PDI system, including nucleation, elongation, reduction, and oxidation.44 (c) Sol-gel reaction cycle of the aldehyde saccharide hydrogelator SachCHO, which is reduced to the soluble α-hydroxy sulfonate SachSO3 -.45 Reproduced from references[44,45] with permission from Springer Nature and the American Chemical Society.
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 18 Figure 1.8 | The impact of magnetism from the formation of the earth to ancient and modern life. (a) Illustration of the Earth's magnetic field, showing the field lines from one pole to the other (orange and blue, respectively). 68 The Earth's magnetic field started developing in the Hadean eon (around 4 billion years ago). By deflecting solar winds, it makes Earth habitable. (b) A Chinese mariner's compass from the mid-1800s, exposed in the Museum of Applied Arts and Sciences, Sydney, Australia. 69 (c) Magnetic Resonance Image (MRI) of the human brain in sagittal (top) and coronal (bottom) planes reaching a resolution of 100 µm.[START_REF] Edlow | 7 Tesla MRI of the Ex Vivo Human Brain at 100 Micron Resolution[END_REF] 
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 19 Figure 1.9 | 2D simulations of the magnetic flux density generated by different arrays of magnets. 24,62 Left: heat map of the norm of the magnetic flux density. Black lines represent the magnetic field lines. Black arrows show the north-south orientation of the magnet. Grey areas are the magnets. Center and right: Norm of the magnetic flux density 𝐵 ⃑ (left axis) and the product of the norm and gradient of field 𝐵 ⃑ • 𝛻 𝐵 ⃑ (right axis) along the horizontal (yellow) and vertical (red) dashed line, respectively. (a-c) Single 1 cm x 1 cm N52 NdFeB magnet. (d-f) Two 1 cm x 1 cm N52 NdFeB magnets arranged in line, separated by 0.5 cm. (g-i) Four 1 cm x 1 cm N52 NdFeB magnets arranged in a quadrupole array. (j-l) Magnets arranged in a Halbach array creating a strong, homogeneous field. (m-o) Magnets arranged in a Halbach array creating strong field gradients. (p-r) An electromagnet creating a homogeneous field.
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 110 Figure 1.10 | Generation of magnetic fields. Illustrations of magnets and experimental setups generating magnetic fields of different strengths. From left to right: (a) The earth magnetic field, which is of around 30 µT at the equator. (b) Common refrigerator magnets, with field strength of around 10 mT. (c) Nd2Fe14B permanent magnets, which are commercialized as cubes, cylinders or spheres and generate fields up to 1 T. Arranged into Halbach arrays[START_REF] Halbach | Design of Permanent Multipole Magnets with Oriented Rare Earth Cobalt Material[END_REF][START_REF] Mallinson | One-Sided Fluxes -A Magnetic Curiosity[END_REF] , the field geometry and strength can be tuned with high precision. (d) Electromagnet, commonly available on a laboratory scale. (e) MRI scanner, routinely generating fields of around 3 T.[START_REF] Nowogrodzki | The Strongest Scanners[END_REF] High performance scanners can produce fields of up to 8 T. (f) NMR spectrometer, generating around 9 T at 400 MHz and around 12 T at 500 MHz.77 (g) A 38 T Bitter magnet, located in Nijmegen, the Netherlands.[START_REF] Wiegers | Design and Construction of a 38 T Resistive Magnet at the Nijmegen High Field Magnet Laboratory[END_REF]78 (h) A multi shot magnet, creating a 100 T field in pulses of few ms. It is the strongest known non-destructive field, located in Los Alamos, NM, USA.[START_REF] Service | Los Alamos Magnet Leads the Field[END_REF][START_REF] Sims | Commissioning and Operation of the NHMFL 100 Tesla Multi-Pulse Magnet System[END_REF][81] Weaker magnetic fields are generally simpler to generate, thus more easily and cheaply accessible.
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 111 Figure 1.11 | Molar magnetic susceptibility of the elements. Elements with a positive susceptibility are paramagnetic, elements with negative susceptibility are diamagnetic. The red circle highlights paramagnetic lanthanides, which exhibit the largest magnetic susceptibility among the elements. Figure adapted from reference [62].
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 112 Figure 1.12 | Classification of magnetic materials. (a) Magnetic dipole arrangement of diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materials in the absence (left) and presence (right) of an applied field. Hollow arrows represent the net magnetization. (b) Schematic illustrations of the fielddependent magnetization M. (c) Schematic illustration of the temperature-dependent magnetic susceptibility χ in a constant field. The dotted line refers to the Curie-and Néel temperatures TC and TN, respectively.[START_REF] Tarling | Magnetic Anisotropy of Rocks[END_REF][START_REF] O'handley | Modern Magnetic Materials Principles and Applications[END_REF][START_REF] Benenson | Handbook of Physics[END_REF][START_REF] Jeong | Superparamagnetic Colloids: Controlled Synthesis and Niche Applications[END_REF] 
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 113 Figure 1.13 | Clinically used MRI contrast agents based on Gd. (a-c) Gd-DOTA and derivatives. (d-i) Gd-DTPA and derivatives.[START_REF] Xiao | MRI Contrast Agents: Classification and Application (Review)[END_REF] 
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 1 Figure 1.14 | Predicted (an)isotropic electron-density distribution of the lanthanide series.Analytical simulations of the 4f electron density, which is perturbed by the crystal field effect. Ce 3+ , Pr 3+ , Nd 3+ , Tb 3+ , Dy 3+ and Ho 3+ are oblate ions (axially pressed); Pm 3+ , Sm 3+ , Er 3+ , Tm 3+ and Yb 3+ are prolate ions (axially elongated); Eu 3+ , Gd 3+ and Lu 3+ are isotropic ion (spherical). Figure reproduced from reference[96] with permission from the Royal Society of Chemistry.
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 115 Figure 1.15 | Magnetic deformation of diamagnetic sexithiophene-based nanocapsules. (a) Molecular structure of the sexithiophene monomer. (b) Illustration of the deformation upon the application of a 20 T field. (c,d) Scanning electron micrographs of spherical (c: 0 T) and deformed (d: 20 T) nanocapsules. The field direction is indicated by the arrow. Figure adapted from reference [104] with permission from the American Chemical Society.

Figure 1 . 16 |

 116 Figure 1.16 | Diamagnetic alignment of diphenylalanine nanotubes. (a-d) AFM topography images of diphenylalanine nanotubes in (a) 0 T, (b) 3 T, (c) 7 T, and (d) 12 T fields. Droplets of the dipeptides in aqueous HFIP were allowed to dry at room temperature in the magnetic field. (e-h) Polar histograms of the respective samples showing the distribution of a representative sets of FF tubes as a function of the angle relative to the field direction. The field direction is indicated by the arrow. Figure adapted from reference [108] with permission from Wiley.

Figure 1 . 17 |

 117 Figure 1.17 | Diamagnetic alignment of a liquid crystalline block-copolymer. (a) Molecular structures of the block copolymer PEO-b-PMA/LC (left) and the commercial mesogen RM257 (right). The latter is used as an additive to increase the size of the diblock domains. (b) TEM image of nonaligned neat PEO-b-PMA/LC. (c) TEM image of nonaligned PEO-b-PMA/LC with 18 mol% of RM257. (d) TEM image of field aligned (6 T) neat PEOb-PMA/LC. (e) TEM image of field-aligned (1 T) PEO-b-PMA/LC with 18 mol% of RM257. The direction of the magnetic field is indicated by the yellow arrows. All TEM images (b-e) are overlaid with false color mapping for visual guidance.Figure adapted from reference [113].

Figure 1 . 18 |

 118 Figure 1.18 | Field alignment of Dy-containing, dumbbell-shaped supramolecular assemblies. (a,b) Photographic images of randomly oriented dumbbells in the absence of a magnetic field (a) and field-aligned assemblies (b). Scale bars are 2.5 mm. (c-f) Polarization micrographs of one assembly and its alignment to a field at different field directions. The magnetic field direction is indicated by the white arrows. Arrow lengths are not quantitative. Scale bars are 100 µm. Figure adapted from reference [117] with permission from Wiley.

Figure 1 . 19 |

 119 Figure 1.19 | Magnetically directed self-assembly of an Fe(III)-containing block copolymer. (a) Molecular structure of the block copolymer. Paramagnetic iron ions are attached to the organic backbone via electrostatic interactions. (b) AFM image of randomly aligned polymer chains. (c) AFM images of parallelly packed cylindrical nanostructures along the field direction. (d) AFM image of parallelly and perpendicularly mixed nanostructures when the field is tilted by 45°. (e) Perpendicularly packed cylindrical nanostructures perpendicular to the magnetic field direction. The field direction is indicated by yellow arrows. The graphs on the bottom of each image represent the relative height profile along the white lines. Scale bars are 200 nm. Figure adapted from reference [118] with permission from Wiley.

Figure 1 .

 1 Figure 1.20 | Multi-layer field alignment of biomolecules decorated with Fe3O4 nanoparticles. (a,d) SEM image of field-aligned single-layer NP-flagellum (a) and NP-pilus (d) complexes. (b,e) Optical images of doubleorientation layered complexes in top view. (c,f) Tilt-view of intentionally broken double layers. Figure adapted from reference [119] with permission from Wiley.

Figure 1 . 21 |

 121 Figure 1.21 | Crystal structure of a Dy-DOTA crystal acting as a single molecule magnet. A square antiprism (light blue) comprises two planes, one that is formed by four nitrogen atoms (dark blue) and the other four oxygen atoms (red). The antiprism is capped by a water molecule and has a dysprosium ion (green) located in the center. The green rod represents the orientation of the magnetic anisotropy axis. Figure reprinted from reference [86] with permission from Springer Nature.

1 .

 1 22b), but perpendicularly with oblate Dy 3+ (Figure1.22d). Upon an increase of the lanthanide proportion in the vesicle, the deformation was more pronounced (Figure1.22c). Lanthanidefree vesicles remained unaffected by the exposure to an 8 T field. A similar system has previously been described by Prosser and coworkers.125,126 

Figure 1 . 22 |

 122 Figure 1.22 | Paramagnetic alignment depending on the magnetic anisotropy of lanthanide ions. 2D SANS patterns (left in each panel) and sectoral intensity (right in each panel) of lanthanide-containing DMPE-DTPA vesicles at 2.5 °C. (a) DMPE-DTPA-Tm 3+ (molar ratio 4:1:1) at 0 T. (b) DMPE-DTPA-Tm 3+ (molar ratio 4:1:1) at 8 T. (c) DMPE-DTPA-Tm 3+ (molar ratio 3:2:2) at 8 T. (d) DMPE-DTPA-Dy 3+ (molar ratio 4:1:1) at 8 T. Hollow and full circles represent the vertical and horizontal average at 15°, respectively. Incorporation of prolate Tm 3+ leads to alignment parallel to the field direction, oblate Dy 3+ to alignment perpendicular to the field direction. Arrows indicate the magnetic field direction. Figure adapted from reference[95] with permission from the American Chemical Society.

Figure 1 .

 1 Figure 1.23 | Magneto-responsive ionic liquids. (a) Droplets of [C10mim]Cl (SURF 1, left, diamagnetic anion) and [C10mim][FeCl4] (MILS 1, paramagnetic anion) next to a 0.4 T NdFeB magnet. The paramagnetic Fe 3+ containing IL MILS 1 droplet shows deformation towards the magnet. 133 (b) Effect of a moving magnet on 20 wt% aqueous surfactant solutions of [C10mim]Cl (SURF 1, left, diamagnetic anion) and [C10mim][FeCl4] (MILS 1, paramagnetic anion). In the case of the paramagnetic Fe 3+ containing IL MILS 1, phase inversion is achieved upon slow movement of a cylindrical NdFeB magnet. The diamagnetic control SURF 1 shows no signs of phase inversion. The sequence from left to right describes a movement during around 30 s. 133 (c) Magnetically guided movement of a dyed droplet of [DTA][GdCl3Br], in a 50 wt% emulsion in dodecane. The droplet is pulled against gravity (1-4) by a 0.37 T cylindrical magnet, and drops back upon removal of the magnet (5-8). 135 Figure adapted from references [ 133,135 ] with permission from the Royal Society of Chemistry and Wiley.

Figure 1 .

 1 Figure 1.24 | Ferrofluids. Photographic images of field-aligned ferrofluids. (a) Ferrofluid on top of a glass slide, following the field lines of the cube magnet below. 141 (b,c) Field-aligned commercial ferrofluids from HSMAG® and Applied Magnets®, respectively.

Figure 1 .

 1 Figure 1.25 | Helical superstructures assembled from cubic magnetite nanoparticles. (a) SEM images of belts at two different magnifications. (b) SEM image of a well-defined double-helix. Inset: TEM image of two belt wrapped around one another. (c) SEM image if an array of triple helices. Inset: End of a triple helix showing the three strains. Figure adapted from reference [150].

Figure 1 .

 1 Figure 1.26 | Self-assembly of smallest nanocubes. (a) SEM image of a 3D cuboid containing around 10 4 nanocubes. (b) Cryo-TEM image of the nanoparticle solution in toluene. (c) SEM image showing chains, ribbons, and sheets. Figure adapted from reference [147].
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 127 Figure 1.27 | Symmetry selection by rotation in a magnetic field. (a) Molecular structure of the porphyrin-based monomer TPPS3 and a schematic illustration of its self-assembly to helices. (b) Typical CD spectra showing the correlation between the handedness of the final aggregates, the spinning directions, and effective gravity Geff, with and without magnetic field. (c) The dissymmetry factor Δg measured for clockwise (CW) and anti-clockwise (ACW) spinning, with and without field, and different effective gravities Geff. Figure adapted from reference [152] with permission from Springer Nature.

Figure 1 . 28 |

 128 Figure 1.28 | Cargo transport by a combined magnetic and light stimulus. (a) Molecular structure of the motor amphiphile and a schematic illustration of the cargo-transport experiment. (b) Snapshots of the MA/NP string and the paper cargo. The initially separated paper and string (position A and B, 1) are reunited through magnetic direction of the string to position B (2). In position B, the paper cargo is captured by the MA/NP string as the latter is phot-irradiated (3). The cargo is transported to position C (4), where it is released upon photoirradiation(5). The MA/NP string is moved to position D(6). Figure adapted from reference[26] with permission from Wiley.
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 129 Figure 1.29 | Panoscopic self-assembly of a Dy-containing surfactant. (a) Molecular structure of the Dycontaining amphiphile. (b) Schematic illustration depicting the panoscopic multi-step assembly. (c,d) Optical (c) and polarization (d) microscopy images of the dumbshell aggregates. (e,f) SEM images at two different magnifications. (g) TEM image of fiber-like structures. Figure adapted from reference [117] with permission from Wiley.
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 130 Figure 1.30 | Migration of paramagnetic transition metal ions deposited on silica gel. The ions were spotted at the 0 mm position 100 mm from the field center. Figure adapted from reference [153] with permission from the American Chemical Society.
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 21 Figure 2.1 | Molecular design of paramagnetic monomers. (a) Scheme depicting self-assembly process of the magnetic building blocks to supramolecular polymers. (b) Molecular structure of the generalized monomeric building block M-NDI (M = Y, La, Gd, Tb, Dy, Er, Ho, Lu). (c) Simulated electron density distributions31 , electron configurations, and magnetic moments 10 µ of the magnetic ions M 3+ for M = Tb, Dy, Gd, Ho and Er. µ is given in µB = 9.274 • 10 -24 Am². Diamagnetic control ions (not depicted, M = Y, La, Lu) exhibit isotropic electron density distribution, noble gas configuration and µ = 0. Panel c partly reproduced from reference[31] with permission from the Royal Society of Chemistry.

Figure 2 . 2 |

 22 Figure 2.2 | Synthesis and characterization of magnetic monomers. (a) Reaction scheme of the five-step synthetic pathway to M-NDI. (b) Extract of the MALDI-TOF mass spectrum of Gd-NDI. (c) Normalized TGA curve of Gd-NDI and the corresponding temperature profile over time.

  2.2b). At elevated laser power, typical signal patterns are complemented by a fragmentation of m/z M-44 corresponding to a loss of CO2 [M+H-CO2] + , as well as the adducts [M+Na] + at m/z M+23, [M+K] + at m/z M+39, and occasionally [M+H+H2O] + at m/z M+17. MALDI-TOF mass spectra of all molecules M-NDI are collapsed in section 2.9.5 (Figure 2.14).
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 23 Figure 2.3 | Macroscopic morphologies of M-NDI. (a,b) Stereomicrographs of fiber-like morphologies in Gd-NDI and Tb-NDI. (c,d) Stereomicrographs of partially crystalline structures, reflecting in shades of yellow or orange, in Gd-NDI and Y-NDI.

Figure 2 .

 2 4b,c, see section 1.2.3.2), Tb-NDI, Dy-NDI, Ho-NDI and Er-NDI, as well as diamagnetism for Y-NDI, La-NDI, and Lu-NDI (see Figure2.15 and 2.16, section 2.9.6 in the appendix). From the slope of the H-dependent magnetization (Figure2.4b), the unitless volumetric magnetic susceptibility χV of the paramagnetic species could be obtained. The respective sample volumes were estimated using an approximation of the van der Waals volume of M-NDI (1.1•10 3 Å 3 ).38 

Figure 2 . 4 |

 24 Figure 2.4 | Magnetic characterization. (a) EPR spectra of 50 µM and 500 µM Gd-NDI in 10 vol% aqueous glycerol at 100 K. (b) H-dependent magnetization M of bulk Gd-NDI and the linear fit yielding the magnetic susceptibility χV. (c) T-dependent magnetization M and susceptibility χV of bulk Gd-NDI. Zero field cooling (ZFC, black squares) and field cooling (FC, red circles) curves show no hysteresis. (d) T-dependent plot of the reciprocal magnetization M -1 and susceptibility χV -1 of the raw data (blue circles). To identify the magnetic response of the lanthanide ions, the raw signal (blue circles) was corrected for the diamagnetic contribution of the NDI core unit by subtracting the Y-NDI signal. The corrected signal (black squares) shows Curie-Weiss behavior (red line).

  . The excitation spectrum (R = 0.74) and the Stokes-shift (around 10 nm) remain unchanged. The increase of R implies assembly of the Gd-NDI monomers at this concentration. Moreover, a broad, red-shifted signal arises at around 525 nm and suggest excimer emission of ground state aggregates.39,38 
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 25 Figure 2.5 | Spectroscopic characterization. Absorbance, excitation, and emission spectra (black full lines, black dotted lines, and red lines, respectively) of (a) 100µM and (b) 10 mM aqueous Gd-NDI. Excitation spectra were measured at an emission wavelength of 440 nm, emission spectra were recorded at an excitation wavelength of 362 nm.
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 26 Figure 2.6 | Self-assembly studies in water. (a) UV-Visible absorption spectra of Gd-NDI recorded at different concentrations. (b) Plot of the S0-S1(0-1) / S0-S1(0-0) absorbance ratio R as a function of concentration and the corresponding isodesmic fit (red line). Error bars represent standard deviations over three measurements. (d) UV-Visible absorption spectra of 1 mM Gd-NDI at 5-95 °C recorded at a heating rate of 2 K•min -1 . (e) Degree of supramolecular polymerization α as a function of the reduced temperature Tr, both obtained from the van der Schoot isodesmic model, and the corresponding best fit for Gd-NDI. The plot collapses data sets collected for 2 mM, 1 mM, 500 µM and 200 µM aqueous solutions of Gd-NDI.
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 27 Figure 2.7 | Fitting results for all ions M. (a) Normalized concentration dependent degree of supramolecular polymerization α for all molecules M-NDI. (b) Bar diagram of the Gibbs free energies ΔG (obtained from concentration dependent isodesmic fit), enthalpies ΔH (obtained from the van der Schoot isodesmic fit), and entropic contributions -TΔS (calculated from ΔG and ΔH) for all molecules M-NDI. Error bars represent 95 % confidence intervals (p ≤ 0.05). The ions M are sorted by their atomic numbers.Table 2.2 | Thermodynamic parameters for constant enthalpy and entropy changes. Equilibrium constants Keq, Gibbs free energies polymerization ΔG, and enthalpies ΔH of supramolecular polymerization of M-NDI obtained from concentration-and temperature dependent fits, as well as the derived values for the entropic contributions. The given errors represent 95% confidence intervals (p ≤ 0.05).
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 28 Figure 2.8 | Glew-Clarke model considering thermal fluctuations of enthalpy and entropy. (a) Temperature dependent equilibrium constant Keq and the corresponding Glew-Clark fit for θ = 298 K of Gd-NDI (red line), yielding an enthalpy of supramolecular polymerization ΔH = (-17.52 ± 0.52) kJ•mol -1 , a Gibbs free energy ΔG = (-14.197 ± 0.029) kJ•mol -1 , and a heat capacity change ΔCp = (-83 ± 24) J•mol -1 •K -1 . Dotted lines represent the 95% confidence bounds (p ≤ 0.05). Error bars represent standard errors from the concentration dependent fit. (b) Bar diagram of the Gibbs free energies ΔG, enthalpies ΔH (both obtained from the Glew-Clarke fit), and entropic contributions -TΔS (calculated from ΔG and ΔH) for all molecules M-NDI at 298 K. The ions M are sorted by their magnetic moments µ from 0 µB (M = Y, La, Lu) to 10.7 µB (M = Dy). Error bars represent 95% confidence intervals (p ≤ 0.05). Shaded areas represent the 95% confidence intervals of ΔH and -TΔS of Y-NDI (turquoise and purple, respectively). The table lists magnetic moments µ 10 in µB = 9.274 • 10 -24 Am², ionic radii 48 r8 and r9 of 8-and 9-coordinate species.

  1 H-NMR (500 MHz, D2O, 343 K) δ(ppm): 8,94 (s, 4 H), 4.44 (t, 4H), 4.08 (s, 8H), 3.84 (s, 4H), 3.83 (s, 4H), 3.75 (t, 8H), 3.71 (t, 8H), 3.56 (t, 4H), 3.42 (pt, 16H), 2.06 (quin, 4H), 1.96 (quin, 4H). 13 C-NMR (500 MHz, D2O, 343 K) δ(ppm): 25.07, 26.39, 39.47, 41.03, 48.66, 48.90, 50.19, 50.51, 55.05, 55.12, 55.76, 115.74, 118.06, 126.45, 131.39, 163.16, 164.42, 171.70 (m). HRMS(ESI+) for C54H76N12O18 (m/z): [M+H] + calc. 1181.5474, found 1181.5476; [M+2H] 2+ calc. 591.2773, found 591.2785.

Figure 2 . 9 |

 29 Figure 2.9 | HPLC. Chromatograms (0.5 mL/min, 2-100% ACN in water) of the ligand NDI with photo diode array (PDA, red line) total ion current (TIC, black line) detection. Intensities are normalized. The PDA signal is shifted by 1.5 for better visualization.

Figure 2 .

 2 Figure 2.10 | Variable temperature NMR. Extracts of 1 H NMR spectra of NDI (500 MHz, 1 mg/mL, D2O) at 298 K (blue, top) and 343 K (red, bottom).

Figure 2 .

 2 Figure 2.11 | Diffusion ordered 1 H-NMR. 1D DOSY of NDI (500 MHz, 1 mg/mL, D2O, 343 K). Grey letters are to attribute the proton signals. For clarity, only protons of one half of the molecule are assigned.

Figure 2 .

 2 Figure 2.12 | 2D-NMR spectroscopy. (a) COSY, (b) HMBC, and (c) HSQC spectra of NDI (500 MHz, 1 mg/mL, D2O, 343 K).
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 94 Figure 2.13 | Infrared spectroscopy. FT-IR spectra of NDI (red dotted line) and Y-NDI (black full line). Raw data was smoothed using a 5 pts Savitzky-Golay filter.
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 95 Figure 2.14 | MALDI-TOF mass spectrometry. For each molecule M-NDI, one spectrum over the whole recorded range of m/z 1000 to m/z 2000, and a zoom to the respective [M+H] + are shown. Spectra were recorded in positive mode using CHCA as a matrix. (a,b) Y-NDI. (c,d) La-NDI. (e,f) Gd-NDI. (g,h) Tb-NDI. (i,j) Dy-NDI. (k,l) Ho-NDI. (m,n) Er-NDI. (o,p) Lu-NDI.

Figure 2 .

 2 Figure 2.15 | Field dependent magnetometry. H-dependent magnetic moment for all ions M-NDI and the respective linear fit. The magnetic susceptibility is obtained from the slope.
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 216 Figure 2.16 | Temperature dependent magnetometry. T-dependent magnetic moment for all ions M-NDI. Black squares represent zero-field cooling (ZFC), red circles field-cooling (FC) curves.

Figure 2 .

 2 Figure 2.17 | Curie-Weiss fit and χT plots. Linear regression of the reciprocal volumetric susceptibility (red line and black squares, respectively) and temperature dependent χT values (blue squares) of (a) Gd-NDI, (b) Tb-NDI, (c) Dy-NDI, (d) Ho-NDI, and (e) Er-NDI. The raw data was corrected for the diamagnetic contribution from the NDI core as shown in Figure 2.4d.

Figure 2 .

 2 Figure 2.18 | Luminescence. Excitation and emission spectra (dotted and full lines, respectively) of 100µM (black lines) and 10 mM (red lines) aqueous solutions of all molecules M-NDI. Excitation spectra were measured at an emission wavelength of 440 nm, emission spectra were recorded at an excitation wavelength of 362 nm.

Figure 2 .

 2 Figure 2.19 | Simulated 3D structure of La-NDI. Three-dimensional molecular structure after an MM2 energy minimization in 10000 iterations, generated in Chemdraw 3D. The NDI core unit (yellow) and the La-DOTA cage (red) are highlighted by dashed circles in panel a. La 3+ was entered as 9-coordinate, including two bound water molecules per ion. The diameter of the DOTA cage measures approximately 8 Å.
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 220 Figure 2.20 | Concentration dependent isodesmic fits. Plot of the S0-S1(0-1)/S0-S1(0-0) absorbance ratio R as a function of concentration and the corresponding isodesmic fits (red lines) for all molecules M-NDI.

Figure 2 .

 2 Figure 2.21 | Two-constant nucleated assembly model. Plot of the S0-S1(0-1) / S0-S1(0-0) absorbance ratio R as a function of concentration and the corresponding cooperative (blue line) and isodesmic fit (red line). Error bars represent standard deviations over three measurements.
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 222 Figure 2.22 | Temperature dependent isodesmic fits. The degree of supramolecular polymerization α as a function of the reduced temperature Tr, obtained from the model, and the corresponding isodesmic fits for all molecules M-NDI.

Figure 2 .

 2 Figure 2.23 | Glew-Clarke fits. Plots of the equilibrium constants Keq as a function of temperature, and the corresponding Glew-Clarke fits for all molecules M-NDI. Error bars represent standard errors from the concentration dependent fit.
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 31 Figure 3.1 | Colloid formation. (a) UV-Visible absorbance spectra of 100 µM Dy-NDI in aq. THF at variable volume fractions φTHF recorded at 298 K. (b) Plot of the absorbance intensity at 395 nm (left ordinate: absolute values, right ordinate: normalized to the degree of supramolecular polymerization α) as a function of φTHF and the corresponding isodesmic denaturation fit. Error bars represent standard deviations over three measurements. Inset: Digital photograph of 100 µM Dy-NDI in water (φTHF = 0, left) and at φTHF = 0.85 (right).
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 32 Figure 3.2 | Colloid size and morphology. (a) Confocal micrograph (scale bar = 50 µm) of 100 µM Dy-NDI at φTHF = 0.90. (b) Atomic force micrograph (scale bar = 1.0 µm) of 30 µM Dy-NDI at φTHF = 0.75, dip-coated for 30 s. (c) Atomic force micrograph (scale bar = 400 nm) of 30 µM Dy-NDI at φTHF = 0.95, dip-coated for 30 s. (d) Normalized polarized field correlation function g (1) of 100 µM Dy-NDI at φTHF = 0.75 and 0.85 measured at q = 0.0116 nm -1 , shown by the hollow symbols, and the respective exponential fits (black lines). Inset: Mean decay rate 𝛤 as a function of q 2 and the respective linear fits for φTHF = 0.75 and 0.85. (e) Solvent composition dependent hydrodynamic radii RH of 100 µM Dy-NDI (black data points), and their respective Schulz distributions (grey lines). Error bars represent the standard error of the mean. The grey, dotted area represents precipitation. The sigmoidal black line is added to guide the eye.
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 33 Figure 3.3 | First magnetophoresis experiment. (a) Scheme depicting the first experimental setup, including an M-NDI containing quartz cuvette, a custom 3D-printed holder (blue), and a 1 cm NdFeB cube magnet whose North pole points inwards towards the cuvette. The setup can be placed in a UV-Vis spectrometer. (b) 395 nm absorbance of 100 µM Dy-NDI in the presence (black squares) and absence (red points) of a magnet over time. The data points represent single experiments. Inset: Digital photograph of 100 µM Dy-NDI in φTHF = 0.85 after 1 h, showing the accumulation of solid material in proximity of the magnet as a thin white layer.
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 34 Figure 3.4 | Particle tracking. (a) Space-resolved and color-coded snapshot with a representation of the velocity angle X from 0° (purple, positive x direction) to 180° (red, negative x direction). (b) Space-resolved and colorcoded snapshot with a representation of the particle speed from 0 µm•s -1 (purple) to 30 µm•s -1 (red). (c) Spaceresolved velocity angle X in a vector representation, averaged over 57 seconds. All results are based on 10 µm particles of Dy-NDI in φTHF = 0.85.
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 35 Figure 3.5 | Layer formation. (a) Scheme depicting the cross section of a typical experimental setup, including a commercial NdFeB cube magnet and a colloidal dispersion of M-NDI in a quartz cuvette or glass vial. d represents the spatial distance between the magnet and the solution and is 0 when the magnet is in direct contact with the dispersion. (b) Confocal micrograph of a 0.5 cm cube magnet in a 100 µM Dy-NDI dispersion at φTHF = 0.85 (d = 0) after 2 h, showing the formation of a well-distinguishable organic layer at the edge of the 0.5 cm cube magnet. (c) Digital photograph of the same layer through a 10x objective. (d) Digital photograph of the yz plane of a 0.5 cm cube magnet showing layer formation along the edges after a typical 4 h experiment at φTHF = 0.95. (e) Stereomicrographs of a 0.5 cm cube magnet in top view, after 4 h in 100 µM Dy-NDI (top row) and Y-NDI (bottom row) at φTHF = 0.70-0.95 (d = 0).
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 36 Figure 3.6 | Layer formation for different ions. Stereomicrographs (all scale bars = 250 µm) of a 0.5 cm cube magnet in top view, after 4 h in 100 µM M-NDI at 95 vol% THF (x=0) for all ions M = Y, La, Gd, Tb, Dy, Ho, Er, Lu. The values in parentheses are the respective magnetic moments of the M 3+ ions in µB = 9.274 • 10 -24 Am². The ions are sorted by their magnetic moment.
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 37 Figure 3.7 | Magnetic field simulation on the xy plane. (a) Digital photograph of the yz plane of a 0.5 cm cube magnet showing layer formation along the edges after a typical 4 h experiment at φTHF = 0.95. (b) COMSOL® simulation of the magnetic field strength over the xy plane. The limits of the organic layer (around 0.40 mm from the edge) are highlighted by white and black dashed lines in panel (c) and (d), respectively.
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 38 Figure 3.8 | Formation and removal of the organic layer. Scheme depicting the procedures to form and subsequently remove the organic layer. The layer of Dy-NDI is formed in φTHF = 0.95 (left). After 4 h, the layer is formed (middle). Upon the addition of water, the layer can be removed instantly by mechanically shaking the sample (right).
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 41 Figure 4.1 | Fractal dimension to quantify morphologies. Illustrative examples of different particle-and aggregate shapes. Top row: Colloidal silica, deviating gradually from prolates to spheres.30 Different morphologies can be obtained by controlled seeded growth. Bottom row: Two-dimensional, computed projections of selfassembled aggregates of 4096 particles for fractal dimensions dF of 1.2, 1.6, 2.0, 2.1, 2.3, and 2.5 (from left to right).31 Figure reproduced from references[30] and[31] with permission from IOP publishing.
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 42 Figure 4.2 | Self-assembly of M-BTA to rods and rod networks. (a) Scheme depicting the two-step assembly of monomeric M-BTA to rods in an elongation-nucleation mechanism, and the subsequent network formation with the respective equilibrium constants Knuc, Ke, and Knetw. (b) Molecular structure of the monomer M-BTA (M=Y, Gd). Only one of three arms is shown for compactness. (c) Cryo-transmission electron microscopy (cryo-TEM) image of the rods and the rod networks formed by 100 µM Gd-BTA in 100 mM citrate buffer at pH 6.(d) Normalized polarized field correlation function g 1 (q,τ) of 100 µM M-BTA in 100 mM citrate buffer at pH, measured at a scattering vector q = 0.0288 nm -1 (hollow symbols), and the respective relaxation time distribution functions, showing a bimodal distribution in both cases (solid lines).
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 43 Figure 4.3 | Quantification of rod network topologies under magnetic fields. (a) Rayleigh ratio R of Gd-BTA rod networks as a function of the scattering vector q at 0, 1, or 2 T. The slopes of the curves correspond to the fractal dimension dF. The values are given in the graph. Error bars are standard deviations over 5 measurements.(b) Rayleigh ratio R at q = 0.0288 nm -1 over time for rods (hollow symbols), and rod networks (filled symbols). 2 h of measurement include 1 h of exposure to a magnetic field followed by 1 h of light scattering experiments in the absence of a magnetic field. The gray shaded area represents the standard deviation around the mean of Gd-BTA at 0 T. Error bars show standard deviations over 50 measurements.
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 44 Figure 4.4 | Magnetic characterization of supramolecular rods and rod networks. (a) Temperature dependent magnetic moment m of Gd-BTA and Y-BTA in powder form (blue and red squares). Gd-BTA shows weak antiferromagnetic coupling at -0.7 K. Y-BTA shows diamagnetic behavior. (b) Time dependent magnetization of Gd-BTA and Y-BTA solutions (blue and red lines) and buffer (green lines) at room temperature in a 5 T field. Solid and dotted lines represent separate experiments.

4. 7 . 2 Figure 4 . 5 |

 7245 Figure 4.5 | Dynamic light scattering. (a) q²-dependent decay rate Γ and the respective linear fits for both processes τ1 (black squares) and τ2 (red circles), exemplarily shown for 100 µM Gd-BTA in 100 mM citrate buffer at 1 T after 12 h. Error bars represent σ from the Schulz distribution fit. (b) Hydrodynamic radii RH,1 and RH,2 of Gd-BTA over time upon exposure to a 1 T (red circles) and 2 T (black squares) field for the same samples shown in Figure 4.3. Hollow and full symbols represent τ1 and τ2, respectively. Error bars represent σ from the Schulz distribution fit. 2 h of measurement include 1 h of exposure to a magnetic field followed by 1 h of light scattering experiments in the absence of a magnetic field.
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 46 Figure 4.6 | Fractal dimensions from static light scattering. Fractal dimensions dF over time at 2 T, 1 T and 0 T fields. Error bars represent standard errors from the linear fit. The horizontal lines represent the mean values and the shaded area their standard deviation over 5 or 6 measurements. 2 h of measuring include 1 h of exposure to a magnetic field followed by 1 h of light scattering experiments in the absence of a magnetic field. The mean values and standard deviations are listed in Table 4.2.
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 47 Figure 4.7 | Fractal dimensions from box counting. (a) A typical cryo-TEM image. (b) Image obtained by automatic processing (method A). (c) Image obtained from manual generation of a binary image (method B). (d) Image obtained from the differential grayscale method (method C) and the respective intensity-coded legend. All error bars represent 50 nm. The numerical results are listed in Table 4.3.
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 48 Figure 4.8 | Simulated induced atomic moments. Normalized quiver plot of the induced atomic moments under an external 2 T field (a) along z, (b) along x, with the corresponding local dipolar fields in (c) and (d) for B // z and B // x, respectively. B // y is not shown but is identical to B // x.

Figure 4 . 9 |

 49 Figure 4.9 | Distribution of the magnitude of the dipolar magnetic fields. Distributions are shown for 100 monomers for a) B // z, and b) B // x. B // y is not shown but is identical to B // x.

Figure 5 . 1 |

 51 Figure 5.1 | Lanthanide-containing BINDI hydrogel at 6 eq. GdL. (a) Left: Molecular structure of the gelator BINDI. Right: Simulated electron density distributions 22 of the ions Dy 3+ , Gd 3+ , and Er 3+ , as well as their electron configurations and magnetic moments µ 23 . µ is given in µB = 9.274 • 10 -24 Am². The diamagnetic control ion La 3+ (not depicted) exhibits an isotropic electron density distribution, noble gas configuration and µ = 0. (b) Digital photograph of the inverted vial test of a Dy-BINDI gel. (c) STEM image of the fibrous nanostructure of a Dy-BINDI gel, drop-cast. (d) Kinetic rheological data (black) and pH evolution (pink) of a Dy-BINDI gel at 25 °C, measured in two parallel experiments. (e) Strain sweep, revealing a critical shear strain of 1.4 %. (f) Frequency sweep, showing frequency-independence of the gel (at 0.1% strain). Full squares represent the storage modulus G', hollow squares the loss modulus G". Error bars represent standard deviations over three measurements. Panel a partly reproduced from reference [22] with permission from the Royal Society of Chemistry.

Figure 5 . 2 |

 52 Figure 5.2 | Magnetoresponse of Dy-BINDI. (a) Kinetic rheological data of Dy-BINDI gels in the presence (black squares) and absence (red triangles) of a uniform 0.78 T magnetic field. (b) Time-dependent storage moduli G' of Dy-BINDI gels at 0.78 T (black squares), 0.52 T (blue circles), 0.13 T (violet diamonds), and 0 T (red triangles). Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent the standard deviations over three measurements.

Figure 5 . 3 |

 53 Figure 5.3 | Magnetic trigger profiles. Kinetic rheological data of Dy-BINDI gels (black squares), which were magnetically triggered by a 0.78 T magnetic field with different delays ttr: (a) ttr = 0 min, (b) ttr = 150 min, and (c) ttr = 300 min. (d) Time-dependent storage modulus G' of the different magnetic field profiles with ttr = 0 min (black squares), ttr = 150 min (blue circles), ttr = 300 min (purple diamonds), and ttr = t∞ (red triangles). Red triangles refer to gelation kinetics in no field. Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent the standard deviations over three measurements. The trigger times ttr are accentuated by the horseshoe illustration.

Figure 5 . 4 |

 54 Figure 5.4 | Magnetoresponse of M-BINDI gels incorporating different ions. Time-dependent rheological data of M-BINDI gels in the presence (black squares) and absence (red triangles) of a 0.78 T field for (a) M = Dy, (b) M = Gd, (c) M = Er, and (d) M = La. Full squares and triangles represent the storage modulus G', hollow squares and triangles the loss modulus G". Error bars represent the standard deviations over three measurements. Green circles refer to the pH evolution, which were measured in separate experiments.

Figure 5 . 5 |

 55 Figure 5.5 | Supramolecular BINDI hydrogel at 10 eq. GdL. (a) Molecular structure of the gelator BINDI. (b) Digital photograph of the inverted vial test. (c) STEM image of the fibrous nanostructure, drop-cast. (d) Kinetic rheological data of the gel at 25 °C (black) and pH measurement over time (green). (e) Strain sweep, revealing critical shear strains of 0.32 and 14.5 %. (f) Frequency sweep, showing frequency-independence of the gel. Full squares represent the storage modulus G', hollow squares the loss modulus G". Error bars represent the standard deviation over three measurements.

Figure 5 . 6 |

 56 Figure 5.6 | Magnetoresponse of BINDI gels using 10 eq. GdL. (a) Kinetic rheological measurements of BINDI gels in the presence (black squares) and absence (red triangles) of a 0.78 T magnetic field. (b) Time dependent storage modulus G' of Dy-BINDI gels at 0.78 T (black squares), 0.67 T (light blue circles), 0.52 T (light green diamonds), and 0 T (red triangles). Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent the standard deviations over three measurements. Data in 0.67 T and 0.52 T are poorly reproducible and therefore represented as single runs.
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 57 Figure 5.7 | Reaction scheme for the synthesis of BINDI.35

1 H

 1 -NMR (400 MHz, DMSO-d 6 ) δ(ppm): 13.48 (br s, 4 H, carboxylic acid), 8.74 (s, 4 H, NDI), 8.59 (t, 2 H, p-phenyl), 8.34 (d, 4 H, o-phenyl).

Figure 5 . 8 |Figure 5 . 9 |

 5859 Figure 5.8 | Controlled pH decrease. Reaction scheme of GdL hydrolysis to gluconic acid.21 

5. 7 . 5

 75 Inverted vial test

Figure 5 . 10 |

 510 Figure 5.10 | Vial inversion. Digital photographs of inverted vials. (a) Dy-BINDI, 6 eq. GdL with 0 eq. (left, no gel) and 2 eq. (right, gel) DyCl3. (b) BINDI, 10 eq. GdL, with 0 (left, gel) and 0.5 eq. (right, no gel) DyCl3.

5. 7 . 6 RheologyFigure 5 . 11 |

 76511 Figure 5.11 | Shear strain and angular frequency dependent rheological data at different fields. Strain sweeps (left) and frequency sweeps (right) of Dy-BINDI gels at 6 eq. GdL. (a,b) 0 T. (c,d) 0.13 T, (e,f) 0.52 T. (g,h) 0.78 T. Full squares represent the storage modulus G', hollow squares the loss modulus G". Error bars represent standard deviations over three measurements.

Figure 5 . 12 |

 512 Figure 5.12 | Magnetic trigger after 600 minutes. Kinetic rheological data of Dy-BINDI gels at 6 eq. GdL, which were magnetically triggered by a 0.78 T magnetic field 600 min after gelation started (black squares) and without magnetic field (red triangles). Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent the standard deviations over three measurements. The trigger time ttr = 600 min are accentuated by the horseshoe illustration.

Figure 5 . 13 |

 513 Figure 5.13 | Shear strain and angular frequency dependent rheological data at different trigger times. Strain sweeps (left) and frequency sweeps (right) of Dy-BINDI gels at 6 eq. GdL, in which the magnetic field was switched on at different times ttr. (a,b) ttr = 0 min. (c,d) ttr = 150 min. (e,f) ttr = 300 min. (g,h) ttr = 600 min. (i,j) ttr = t∞ (i.e. no trigger). Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent standard deviations over three measurements.

Figure 5 . 14 |

 514 Figure 5.14 | Shear strain and angular frequency dependent rheological data for different ions. Strain sweeps (left) and frequency sweeps (right) of M-BINDI gels (6 eq. GdL), at 0 T (red triangles) and 0.78 T (black squares). (a,b) M = La. (c,d) M = Gd. (e,f) M = Dy. (g,h) M = Er. Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent standard deviations over three measurements.

Figure 5 . 15 |

 515 Figure 5.15 | Gelation kinetics of different BINDI-based gels. Kinetic rheological data of the lanthanide-free BINDI gel (10 eq. GdL, black squares), and Dy-BINDI (6 eq. GdL, red triangles). Full symbols represent the storage modulus G', hollow symbols the loss modulus G". Error bars represent standard deviations over three measurements.

Figure 6 . 1 |

 61 Figure 6.1 | Overview over the reported phenomena. Simplistic illustrations of the observations described in Chapters 2-5, categorized by the respective type of supramolecular system (lines) and magnetic field (columns).

Figure 6 . 2 |

 62 Figure 6.2 | Mutual dependence of alignment and chain growth. (a) Schematic illustration of self-assembled rods and their response to an aligning field. 10,11 (b) Schematic illustration to visualize the influence of (partial) alignment on the entropy of supramolecular assembly.
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  [START_REF] Wiegers | Design and Construction of a 38 T Resistive Magnet at the Nijmegen High Field Magnet Laboratory[END_REF]78 (h) A multi shot magnet, creating a 100 T field in pulses of few ms. It is the strongest known non-destructive field, located in Los Alamos, NM, USA.[START_REF] Service | Los Alamos Magnet Leads the Field[END_REF][START_REF] Sims | Commissioning and Operation of the NHMFL 100 Tesla Multi-Pulse Magnet System[END_REF][81] Weaker magnetic fields are generally simpler to generate, thus more easily and cheaply accessible.

	1.2.3 Magnetic materials
	1.2.3.1 Characterization 62,82

Table 2 .

 2 Errors represent the standard errors obtained from linear regression. *preliminary value.

	M	µ per ion 10 (µB)	χV (10 -3 )	C (K)	θ (K)
	Y	0	-0.35 ± 4.7•10 -4	n/a	n/a
	La	0	-0.53 ± 2.7•10 -3	n/a	n/a
	Gd	7.94	+0.69 ± 2.9•10 -3	0.35 ± 1.1 •10 -4	-22.5 ± 0.08
	Tb	9.72	+1.16 ± 6.6•10 -4	0.52 ± 4.2 •10 -4	-37.1 ± 0.22
	Dy	10.7	+1.01 ± 1.6•10 -3	0.45 ± 1.2 •10 -4	-29.9 ± 0.07
	Ho*	10.6	+1.21 ± 3.3•10 -4	0.58 ± 5.9 •10 -4	-54.4 ± 0.29
	Er	9.58	+1.15 ± 4.3•10 -4	0.54 ± 2.3 •10 -4	-44.3 ± 0.12
	Lu	0	-0.29 ± 5.4•10 -4	n/a	n/a

1 | Magnetic characteristics of M-NDI. Found values of the magnetic susceptibility χV of all compounds M-NDI, as well as Curie's constants C, and the extrapolated temperatures θ of the paramagnetic compounds. Diamagnetic species do not follow Curie-Weiss behavior, therefore there are no values for C and θ.

Table 2 .

 2 3 | Thermodynamic contributions to the Gibbs free energy. Standard Gibbs free energies ΔG°, enthalpies of supramolecular polymerization ΔH, thermodynamic contributions -TΔS°, and the standard entropy ΔS° of M-NDI obtained from the Glew-Clarke model. All values are given for 298 K. Errors represent 95 % confidence intervals (p ≤ 0.05). Errors of ΔG were determined from the c-dependent isodesmic fit of four concentrations. a within the 95 % confidence interval of Y-NDI. b outside the 95 % confidence interval of Y-NDI.

	M	ΔG° (kJ•mol -1 )	ΔH (kJ•mol -1 )	-TΔS° (kJ•mol -1 ) ΔS° (J•mol -1 •K -1 ) ΔCp (J•mol -1 •K -1 )
	Y	-13.20 ± 0.98 a	-12.92 ± 1.75 a	-0.27 ± 2.00 a	0+0.9 ± 6.7 a	-287 ± 156
	La	-14.51 ± 1.10 a	-14.95 ± 0.66 a	+0.43 ± 1.28 a	0-1.4 ± 4.3 a	0-40 ± 610
	Gd	-14.20 ± 0.80 a	-17.52 ± 1.18 a	+3.32 ± 1.43 a	-11.1 ± 4.8 a	-83 ± 92
	Tb	-12.62 ± 1.24 a	-16.59 ± 1.03 b	+3.97 ± 1.61 b	-13.3 ± 5.4 b	-250 ± 116
	Dy	-13.95 ± 0.88 a	-20.59 ± 2.59 b	+6.65 ± 2.73 b	-22.3 ± 9.2 b	0-30 ± 188
	Ho	-13.42 ± 0.92 a	-18.43 ± 1.00 b	+5.01 ± 1.35 b	-16.8 ± 4.6 b	0-52 ± 139
	Er	-13.58 ± 1.05 a	-16.67 ± 0.64 b	+3.10 ± 1.23 b	-10.4 ± 4.1 b	-104 ± 690
	Lu	-13.21 ± 0.34 a	-15.43 ± 1.05 b	+2.22 ± 1.10 b	0-7.4 ± 3.7 b	0-16 ± 112

  F-NMR. M+H] + calc. 1453.31, found 1455.15. Elemental analysis calc. for La2C54H70N12O18 + 12.0 wt% H2O: %C = 39.28, %H = 5.62, %N = 10.18, found: %C = 39.00, %H = 5.67, %N = 10.49. M+H] + calc. 1493.35, found 1492.66. TGA (25-275 °C): weight loss 14.51 wt%. Elemental analysis calc. for Gd2C54H70N12O18 + 14.51 wt% H2O: %C = 37.22, %H = 5.68, %N = 9.64, found: %C = 36.92, %H = 5.41, %N = 9.82.

	Y-NDI
	Yield 29 %. HRMS(ESI+) for Y2C54H70N12O18 (m/z): [M+2H] 2+ calc. 677.1597, found
	377.1595; [M+3H] 3+ calc. 451.7756, found 451.7755. MS(MALDI+) for Y2C54H70N12O18
	(m/z): [M+H] + calc. 1353.31, found 1354.53. Elemental analysis calc. for Y2C54H70N12O18 +
	13.5 wt% H2O: %C = 41.47, %H = 6.02, %N = 10.74, found: %C = 41.10, %H = 6.06,
	%N = 10.78.
	La-NDI
	Yield 38 %. HRMS(ESI+) for La2C54H70N12O18 (m/z): [M+2H] 2+ calc. 727.1602, found
	727.1598; [M+3H] 3+ calc. 485.1092, found 485.1092. MS(MALDI+) for La2C54H70N12O18
	(m/z): [Gd-NDI
	Yield 41 %. HRMS(ESI+) for Gd2C54H70N12O18 (m/z): [M+2H] 2+ calc. 746.1759, found
	746.1775; [M+3H] 3+ calc. 497.7883, found 497.7885. MS(MALDI+) for Gd2C54H70N12O18
	(m/z): [

Table 2 .

 2 4 | χT values. Experimental and theoretical χT values per paramagnetic ion M in M-NDI at 298 K.

	M	χT (K)	χT (emu•K•mol -1 )	χT 40 (emu•K•mol -1 )
		[exp.]	[exp.]	[theor.]
	Gd	0.33	8.7	7.9
	Tb	0.46	12.1	11.8
	Dy	0.41	10.8	14.2
	Ho	0.49	12.9	14.1
	Er	0.47	12.4	11.5

Table 2 .

 2 

	M	Keq (M -1 )	Rm (-)	Rp (-)	ΔH (kJ•mol -1 )
	Y	253 ± 17	0.8514 ± 0.0030	1.2403 ± 0.0048	-13.71 ± 0.17
	La	249 ± 26	0.8553 ± 0.0048	1.2535 ± 0.0078	-13.67 ± 0.26
	Gd	228 ± 26	0.8898 ± 0.0050	1.2973 ± 0.0084	-13.45 ± 0.28
	Tb	215 ± 17	0.8622 ± 0.0035	1.2659 ± 0.0061	-13.31 ± 0.20
	Dy	203 ± 22	0.8929 ± 0.0050	1.3112 ± 0.0086	-13.16 ± 0.27
	Ho	324 ± 37	0.8913 ± 0.0051	1.2607 ± 0.0072	-14.32 ± 0.28
	Er	277 ± 30	0.8898 ± 0.0050	1.2806 ± 0.0077	-13.93 ± 0.27
	Lu	220 ± 15	0.9013 ± 0.0032	1.3256 ± 0.0054	-13.37 ± 0.17

5 | Concentration dependent fitting results. Fitted parameters of Keq, Rm, and Rp, and the derived parameter ΔH for all ions M in M-NDI and the corresponding standard errors.

Table 2 .

 2 6 | Two-constant nucleated assembly model. Fitted parameters Ke, σ, Rm, and Rp as well as the derived parameter Knuc and their standard errors.

	Ke (M -1 )	σ	Knuc (M -1 )	Rm (-)	Rp (-)
	219 ± 9668	1.25 ± 56	273 ± 24415	0.8232 ± 21	1.301 ± 0.0071
	2.9.9.3 Temperature dependent van der Schoot model	

Table 3 .

 3 1 | Dynamic light scattering. Translation diffusion coefficients Dt, mean hydrodynamic radii RH and their standard errors.

	φTHF (-)	Dt (10 -14 m -1 )	mean RH (µm)
	0.70	09.29 ± 0.32	2.061 ± 0.072
	0.75	14.97 ± 0.45	1.279 ± 0.038
	0.80	13.56 ± 0.53	1.677 ± 0.066
	0.85	08.18 ± 0.20	3.334 ± 0.083
	0.90	06.03 ± 0.30	5.324 ± 0.268
	0.95	10.53 ± 0.40	3.636 ± 0.139

Table 3 .

 3 

	ΔG° (kJ•mol -1 )	m (kJ•mol -1 )	Am (-)	Ap (-)
	-123.2 ± 2.9	121.1 ± 3.4	0.1930 ± 0.0040	1.3745 ± 0.0048

3 | Isodesmic denaturation fitting results. Fitted parameters ΔG°, m, Am, and Ap for 100 µM Dy-NDI and their standard errors.

Table 3 .

 3 4 | Parameters for DLS evaluation. Refractive index n and dynamic viscosities η of the different binary THF/water mixtures at 298 K. THF content is given as volume fraction φTHF and mole fraction xTHF, both unitless. Values of n are taken from literature23 , η was calculated using a previously described method24 . All calculations are based on η(THF, 298 K) = 0.46 mPa•s and η(H2O, 298 K) = 0.89 mPa•s.

	φTHF (-)	xTHF (-)	n (-)	η (mPa•s)
	0.95	0.81	1.40	0.57
	0.90	0.67	1.40	0.68
	0.85	0.56	1.40	0.80
	0.80	0.47	1.39	0.96
	0.75	0.40	1.39	1.14
	0.70	0.34	1.39	1.31

3.8.4 Reversibility of layer formation

Table 4 .

 4 1 | Dynamic light scattering results. Hydrodynamic radii RH of rods and the rod networks from dynamic light scattering and the respective rod lengths obtained from the Tirado model.37 

	species	RH,1 (nm)	rod length from RH,1 (nm)	RH,2 (nm)
		P1, rods	P1, rods	P2, rod network
	Gd-BTA	30.5 ± 4.5	245 (calc.)	348.2 ± 69
	Y-BTA	17.9 ± 1.5	120 (calc.)	503.7 ± 169.6

Table 4 .

 4 2 | Fractal dimensions from static light scattering. Mean values and standard errors of dF obtained from linear regression for 0 T, 1 T, and 2 T. The values are illustrated in Figure 4.6.The FracLac application of ImageJ (NIH) was used to calculate the fractal dimension from the obtained cryo-transmission electron images (cryo-TEM). The program works as follows: a series of grids of decreasing caliber ε, referring to the number of pixels per box, is laid over a binary image of the structure to be analyzed. The number of boxes N containing foreground pixels is recorded for every caliber. The fractal dimension dF is obtained from the slope of the linear regression of logarithmic N versus logarithmic ε.49 

	B (T)

Table 4 .

 4 3 | Fractal dimensions from box counting. Mean values and standard errors of dB, dM, and dX for the three different methods A, B, and C. All values were obtained from image analysis using the FracLac application. Method A refers to the automatic generation of a binary image provided by the application. Method B refers to a manual generation of a binary image using standard ImageJ commands. Method C is the differential gray scaling method divided by FracLac. The respective binary images are depicted in Figure4.7.

	method	𝑑 (a.u.)	𝑑 (a.u.)	𝑑 (a.u.)
	A (automatic binary)	1.85 ± 0.113	1.85 ± 0.113	1.85 ± 0.069
	B (manual binary)	1.79 ± 0.084	1.79 ± 0.084	1.79 ± 0.059
	C (grey differential)	1.77 ± 0.097	0.08 ± 0.065	1.76 ± 0.052
	4.7.4 Magnetic ground state calculations		
	4.7.4.1 Method			

  50 

  𝐁 𝐝𝐢𝐩 = 𝐵 , 𝐱 + 𝐵 , 𝐲 + 𝐵 , 𝐳 5. At each atomic site sum the external and dipole fields 𝐁 𝒕𝒐𝒕𝒂𝒍 = 𝐁 𝒆𝒙𝒕 + 𝐁 𝒅𝒊𝒑 6. Calculate a new moment 𝒎 𝒏𝒆𝒘 at each site using the local 𝐁 𝒕𝒐𝒕𝒂𝒍 7. Calculate the mean L2 norm for the difference between the updated and old moment vectors at each site

		|𝑚| =	𝑁	1	(𝑚	-𝑚 )
	8. Repeat 3 -7 with updated total field and moments until |𝑚| < threshold
	𝑥′		cos𝑗𝜃 -sin𝑗𝜃	1	𝑥
	𝑦′	=	sin𝑗𝜃 cos𝑗𝜃	1	𝑦
	𝑧′ ,		0			0	1	𝑧 + 𝑗𝑑 ,
	3. Calculate each local dipole moment using either a Curie-Law or Brillouin function (at
	T = 298 K the difference is negligible) giving and array of
			𝒎 = 𝑚 𝐱 + 𝑚 𝐲 + 𝑚 𝐳
	4. At each atomic site, calculate the dipolar field due to all other moments in the assembly
	using				
			𝐁(𝐫) =	𝜇 4𝜋	3𝐦(𝐦 ⋅ 𝐫 ) 𝑟	-	𝐦 𝑟
	which is the magnetic field at a point in space due to a magnetic dipole 42 , resulting in a
	matrix				

Table 4 .

 4 4 | Results of magnetic ground state calculations. The experimental magnetic moment m, magnetic energy per monomer Um, critical length Lc, and critical monomer number Nc (where the magnetic energy would become relevant as compared to thermal noise) for various transition metal and rare earth ions M in a M-BTA assembly, with B = 2 T and T = 298 K. Beware that these are calculated values and that we assume that the assemblies are all rod-like as those shown in the main text.

	M	m (µB)	Um (J•mol -1 monomer -1)	ΔG (J•mol -1 monomer -1 )	Lc (nm)	Nc (-)
	Ti 3+ , V 4+	1.7	-0.07	-0.04	11918	34052
	Ti 2+ , V 3+	2.8	-0.20	-0.10		12553
	V 2+ , Cr 3+	3.8	-0.36	-0.18		6816
	Cr 2+ , Mn 3+	4.9	-0.60	-0.30		4099
	Mn 2+ , Fe 3+	5.9	-0.88	-0.44	989	2828
	Fe 2+ , Co 3+	5.4	-0.73	-0.37		3375
	Co 2+ , Ni 3+	4.8	-0.58	-0.29		4272
	Ni 2+	3.2	-0.26	-0.13		9611
	Cu 2+	1.9	-0.09	-0.05		27261
	Ce 3+	2.5	-0.16	-0.08		15746
	Pr 3+	3.5	-0.31	-0.15		8034
	Nd 3+	3.4	-0.29	-0.15		8513
	Sm 3+	1.7	-0.07	-0.04	11918	34052
	Eu 3+	3.4	-0.29	-0.15		8513
	Gd 3+	8.9	-1.99	-1.00	435	1243
	Tb 3+	9.8	-2.42	-1.21	359	1025
	Dy 3+	10.6	-2.83	-1.41	307	876
	Ho 3+	10.4	-2.72	-1.36	318	910
	Er 3+	9.5	-2.27	-1.14	382	1091
	Tm 3+	7.6	-1.45	-0.73	596	

Table 5 .

 5 1 | Field-dependent gelation times. Starting times ts, half times t1/2, and full gelation times tg, as well as their ratios with respect to the values in no field (B = 0 T, see t°x values). ts, t1/2 and tg are read off manually and rounded to multiples of 10 minutes.

	B (T)	ts (min)	ts / t°s	t1/2 (min)	t1/2 / t°1/2	tg (min)	tg / t°g
	0	140 (= t°s)	1	410 (= t°1/2)	1	650 (= t°g)	1
	0.13	120	0.86	360	0.88	530	0.82
	0.52	110	0.79	330	0.80	500	0.77
	0.78	90	0.64	210	0.51	340	0.52

Table 5 .

 5 2 | Trigger time dependent gelation times. Gelation times from the trigger time ttr on (tg-ttr), and their ratios with respect to the values measured in no field (ttr = t∞).

	ttr (min)	tg (min)	tg -ttr (min)	(tg -ttr) / (t°g -ttr)
	0	340	340	0.52
	150	410	260	0.52
	300	470	170	0.49
	∞ (no field)	650 (=t°g)	n/a	n/a

Table 5 .

 5 3 | Ion-dependent half times. Half times of gelation t1/2 at fields of 0 T and 0.78 T, as well as their ratios for different ions. Their magnetic moment µ is given in µB = 9.274 • 10 -24 Am².23 Values for t1/2 are read off manually and rounded to multiples of 10 min.

	M	µ 23 (µB)	mean G'max (kPa)	t1/2 (min)	t1/2 (min)	t1/2 0.78 T / t1/2 0 T
			0 T	0 T	0.78 T	
	La	0	4.1	340	230	0.68
	Gd	7.9	1.8	390	230	0.59
	Er	9.6	1.5	380	210	0.55
	Dy	10.7	1.5	410	210	0.51

Si le Dy 3+ est remplacé par d'autres ions magnétiques de lanthanides (Gd 3+ , Er 3+ ), on retrouve des tendances similaires. Dans le cas du La 3+ diamagnétique, le temps de gélification est accéléré de 48 %, ce qui est surprenant car qu'il s'agit d'un système purement diamagnétique. Il est donc supposé qu'il y ait une influence diamagnétique venant de l'anisotropie diamagnétique du système π du BINDI assemblé. Pour vérifier cette hypothèse, un gel de BINDI a été préparé sans ions de lanthanide. Pour cela, la concentration du GdL a dû être augmentée. Cet ajustement suggère que les structures des deux gels diffèrent significativement. En effet, l'imagerie STEM du gel BINDI sans lanthanides montre des fibres plus larges, d'environ 50 nm de diamètre. Étonnamment, l'application d'un champ de 0,78 T sur ce second système empêche complètement la gélification. En effet, le système collapse après avoir atteint environ la moitié de la rigidité finale du gel formé à 0 T.
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The two models yield significantly different values for ΔH for five out of eight molecules (superscript a in Table 2.8). In these cases, the Glew-Clarke model is preferred by a factor of more than 100. For La-NDI, Dy-NDI, and Lu-NDI (superscript b), the respectively obtained values for ΔH are not significantly different from one another and the van't Hoff model is preferred by factors of 1 to 3. van't Hoff and Glew-Clark fits for all molecules M-NDI, as well as the respective Akaike weights, preferred models and preference factors obtained from the model comparison using the Akaike Information Criterion. Errors represent 95% confidence intervals (p ≤ 0.05). a within the 95 % confidence interval of the Glew-Clark fitting result. b outside the 95 % confidence interval of the Glew-Clarke fitting result.

M

ΔH° (kJ Judging from the Akaike weight values, the isodesmic model is 8.9 times more likely to be correct. Judging from the Akaike weight values, the Glew-Clarke model is 122 times more likely to be correct.

MATLAB® code

The following code is exemplarily for Gd-NDI. The bounds for Rp were adapted for every M depending on the mean as standard deviation obtained from concentration dependent fitting (values are given in Table 2.5).

2.9. Driven by a decrease of the solvent polarity, lanthanide-containing naphthalene diimide derivatives assemble into micrometer-sized colloids in a binary water / tetrahydrofuran solvent system. The colloid size is thereby controlled by the solvent composition. Colloidal assemblies of 3 µm or larger show magnetophoretic behavior in a simple and cheap experimental setup. When a commercial NdFeB cube magnet is placed in a colloidal dispersion, a ~100 µm thick organic layer is formed along the edges of the magnet face. In a selected region close to the magnet, the trajectory of single colloids could be visualized microscopically and traced using particle tracking velocimetry. In this system, supramolecular polymerization is used as a tool to create a dynamic, solvent dependent on/off switch of the magnetophoretic effect, while the magnetic field can remain applied.

Parts of this chapter contribute to a manuscript in preparation:

Schicho, Michaela K.; Formon, Georges J.M., Hermans, Thomas M. "Assembly and magnetophoresis of lanthanide-containing naphthalene diimide derivatives" Manuscript in preparation Chapter 4. Magnetic control over the fractal dimension of supramolecular BTA networks

Abstract

The impact of an external, uniform magnetic field of 1 or 2 T on the thermodynamic equilibrium of supramolecular assemblies based on paramagnetic Gd 3+ -containing benzene-1,3,5,tricarboxamide (BTA) derivatives is studied by light scattering and SQUID magnetometry. We find that the monomers assemble in a two-step process, and form rods, which then further assemble to networks of rods. Whereas the rods remain unaffected, the applied magnetic field leads to a reversible densification of the rod network. This conclusion is based on a change of the fractal dimension of the network from 1.7 to 2.6, and an increase of the scattering intensity by 35 % over 10 -12 h. Simultaneously, the magnetic susceptibility decreases significantly by 2 %. The presented concept can apply to a variety of other supramolecular or polymeric systems that contain magnetic ions and provide better control over dynamic materials.

Parts of this chapter have been published in:

Vincent Marichez, Akihiro Sato, Peter A. Dunne, Jorge Leira-Iglesias, Georges J.M. 

Conclusions

We have shown that a 1 or 2 T uniform magnetic field perturbs the equilibrium of the supramolecular assembly of Gd 3+ -containing BTA derivatives Gd-BTA. After identifying the two-step polymerization mechanism including a first assembly from monomers to rods, and a second from rods to rod networks, its response to an applied magnetic field was investigated.

Whereas the single rods remain unaffected according to static light scattering, we find pronounced changes in the network topology: when exposed to the field, the fractal dimension of the network increases spontaneously from 1.7 to 2.6, and the light scattering intensity increases by 35 % over 10-12 hours. Simultaneously, the magnetic susceptibility decreases significantly by 2 %. A theoretical model shows that the magnetic shape anisotropy contributes to the overall Gibbs free energy, which can lead to an alignment of the fibers, which then, in turn, serves as positive feedback for fiber growth.

Previously described studies using magnetic fields as an external stimulus focus on irreversible processes such as crystallization 43 , drying, pH-change 44 , cross-diffusion 17 in layered systems or orientation of pre-formed particles 45 . In our case, the observed topology change is reversible, and the system relaxes back to the initial state after removal of the magnetic field.

We have shown that the magnetic field has a significant influence on the supramolecular assembly of several hundred nanometer large structures. Our approach of magnetically guided structure formation and manipulation could apply to other supramolecular and coordination polymers containing paramagnetic ions. 
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Appendix

Methods

Synthesis. The monomers Gd-BTA and Y-BTA were prepared as previously described. 32 Cryo-TEM The cryoTEM experiments were performed on the TU/e CryoTitan (FEI), using a Gatan cryo-holder operating at ~ -170 °C (www.cryotem.nl). The TU/e CryoTitan is equipped with a field emission gun (FEG) operating at 300 kV. Images were recorded using a 2k x 2k Gatan CCD camera equipped with a post column Gatan Energy Filter (GIF). The sample vitrification procedure was carried out using an automated vitrification robot (FEI Vitrobot™ Mark III). CryoTEM grids, R2/2 Quantifoil Jena grids, were purchased from Quantifoil Micro Tools GmbH. Prior to the vitrification procedure the grids were surface plasma treated using a Cressington 208 carbon coater operating at 5 mA for 40 s.

Dynamic light scattering A Krypton ion laser (Spectra Physics) with a wavelength of 413 nm and a maximum intensity of 1 W was used at a laser power of 200 mW. A DRUSCH electromagnet with a 14 kW power supply with a pole distance of 38 mm was used to generate the magnetic field. Experiments involving the electromagnet were performed by repeating the following experimental cycle: (i) A 100 µM solution of M-BTA in 100 mM pH citrate buffer was immersed in a 25 °C thermostatted toluene bath and allowed to thermally equilibrate for 40 mins. (ii) The angle dependent correlation function was recorded at 7 scattering angles from 30° to 120° in 15° intervals at an integration time of 30 s per measurement. (iii) 60 consecutive correlcation functions were measured at an integration time of 60 s per measurement. (iv) The sample was placed in a uniform magnetic field of 1 or 2 T for one hour. The steps (iii) and (iv) were repeated until the recorded scattering intensity reached a plateau.

SQUID magnetometry. SQUID measurements were recorded on a Quantum Design MPMS XL 5 SQUID magnetometer on powders of M-BTA. For the relaxation measurements (see Figure 4.4b), 100 µM solutions of M-BTA in 100 mM pH 6 citrate buffer were placed in a cuvette in the center of the coil of magnetometer, and a 5 T field was applied. Magnetization and susceptibility were measured in situ.

Chapter 5. Magnetic control over supramolecular gelation kinetics Abstract

The focus of this chapter is on the development of magneto-responsive materials. We introduce a lanthanide-containing supramolecular hydrogel based on N,N'-bis (5-aminoisophthalic acid)naphthalene diimide, where gelation is triggered by coordination and a controlled pH decrease. By magnetorheology, we were able to follow the gelation kinetics in uniform magnetic fields. Surprisingly, the gelation time of a Dy 3+ -containing hydrogel is halved upon exposure to a field of 0.8 T. Even at weak fields of around 0.1 T, the gelation time can be reduced significantly. Unexpectedly, gelation can be inhibited by a magnetic field in a lanthanide-free, diamagnetic system of the same gelator. These surprising results lay a foundation for new approaches to magnetically control supramolecular gelation in both paraand diamagnetic systems. 

STEM imaging

Magnetic Control over Supramolecular Polymerization

Résumé Cette thèse vise à obtenir un aperçu général sur les possibilités qu'un stimulus magnétique peut offrir pour contrôler des systèmes supramoléculaires. L'objectif final est d'identifier les modes d'action magnétiques pouvant contribuer à l'ensemble des interactions supramoléculaires. Pour cela, quatre systèmes sont présentés, chacun se focalisant sur un aspect différent.

Nos études démontrent que l'incorporation d'ions magnétiques de lanthanides dans la structure moléculaire de monomères à base de naphthalène affecte la thermodynamique de leur assemblage. Sous forme de colloïdes microscopiques, l'application d'un gradient de champ magnétique permet de diriger leur mouvement dans l'espace (magnétophorèse). Un réseau supramoléculaire, ayant également comme base un monomère décoré d'ions magnétiques, subit un changement de topologie lors de l'exposition à un champ uniforme. De la même manière, la gélification d'un hydrogel supramoléculaire peut être accélérée.

Compte tenu de la nouveauté du sujet, les connaissances acquises servent de base solide pour de futurs études, qui peuvent s'étendre de la chimie supramoléculaire aux matériaux intelligents.

Mots-clés : Auto-assemblage, polymérisation supramoléculaire, magnétisme, magnéto-sensibilité, magnétophorèse, lanthanides.

Résumé en anglais

This thesis aims to provide a general overview over the possibilities a magnetic stimulus can offer to control supramolecular systems. Its final goal is to identify, whether magnetic interactions can complete the toolbox of non-covalent interactions in supramolecular self-assembly. To this end, four systems have been studied, which all focus on a separate aspect.

Our studies show that the incorporation of magnetic lanthanide ions into the molecular structure of a naphthalene-based monomer influences the thermodynamics of their supramolecular polymerization. If assembled to microscopic colloids, their movement can be directed by the application of a gradient magnetic field (magnetophoresis). Moreover, we find that a supramolecular network of lanthanidedecorated monomers undergoes a change in topology upon the application of a uniform magnetic field. Similarly, the gelation of a supramolecular hydrogel can be accelerated.