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Chirality is a fascinating property manifesting on all size scales in the universe. At the nanoscale, interactions between circularly polarized light and chiral matter can result in chiroptical activity. Combined with the unique optical properties of ultrathin semiconducting nanocrystals, this creates a rich playground for the creation of novel chiral materials. However, many fundamental questions remain regarding the factors influencing chirality in inorganic nanoscale materials. This thesis aims to understand how chirality can be induced in ultrathin systems. This is achieved through electronic ligand-nanocrystal coupling, and by deforming ultrathin sheets into chiral shapes. The first chapter provides an introduction to relevant scientific concepts drawn from the literature. The second chapter demonstrates large magnitudes of circular dichroism and circularly polarized luminescence in methylammonium lead bromide perovskite nanoplatelets through ligand-induced chirality. Samples are prepared using a precise mixture of chiral and nonchiral ligands to optimize chiroptical signals. The competitive ligand binding is described using an equilibrium model, elucidating relationships between the surface ligands and chiroptical properties. The third chapter demonstrates structural chirality by controlling the conformation of helical CdSe nanoplatelets through temperature-dependent surface ligand stresses. By altering the ligand functional group and alkyl chain, the radius of curvature is changed in both magnitude and sign, resulting in nanoplatelet "shapeshifting". These changes are attributed to multiple factors including ligand binding configuration, ligand desorption and decomposition, and nanocrystal surface reconstruction. The fourth chapter searches for new ultrathin shapeshifting systems by understanding the interplay between surface chemistry, crystal structure, and conformation. First, patch-wise phosphonic acid ligand exchange is shown to flatten CdSe nanohelices. Other systems are explored: lead sulfide and lanthanide oxide nanoplatelets are prepared, the phase transformation of tungsten disulfide nanomonolayers is characterized, and lastly, the unrolling of indium sulfide nanocoils is demonstrated. This work advances the understanding of mechanics at the nanoscale, helping to elucidate the relationship between nanoplatelet deformation and surface-ligand stress. By uncovering the mechanisms behind ligand-induced chirality and nanoplatelet curvature, this work paves the way towards the rational design of ultrathin chiral nanocrystals.
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French Abstract

La chiralité est une propriété fascinante qui se manifeste à toutes les échelles de taille dans l'univers. À l'échelle nanométrique, les interactions entre la lumière polarisée circulairement et la matière chirale peuvent donner lieu à une activité chiroptique. Combinées aux propriétés optiques uniques des nanocristaux semi-conducteurs ultraminces, ces interactions constituent un riche terrain de jeu pour la création de nouveaux matériaux chiraux. Cependant, de nombreuses questions fondamentales subsistent quant aux facteurs influençant la chiralité au sein des matériaux inorganiques à l'échelle nanométrique. Cette thèse vise à comprendre comment la chiralité peut être induite dans des systèmes ultraminces. Ceci est réalisé par le couplage électronique ligand-nanocristal et par la déformation de feuilles ultrafines en formes chirales. Le premier chapitre présente une introduction aux concepts scientifiques pertinents tirés de la littérature. Le deuxième chapitre démontre l'obtention de grandes amplitudes de dichroïsme circulaire et de luminescence polarisée circulairement dans des nanoplaquettes de perovskite de bromure de méthylammonium de plomb grâce à la chiralité induite par les ligands de surface. Les échantillons sont préparés en utilisant un mélange précis de ligands chiraux et non chiraux pour optimiser les signaux chiroptiques. La liaison compétitive des ligands est décrite à l'aide d'un modèle d'équilibre, élucidant les relations entre les ligands de surface et les propriétés chiroptiques. Le troisième chapitre étudie la chiralité structurelle qui peut être obtenue en contrôlant la conformation des nanoplaquettes hélicoïdales de CdSe par des contraintes de ligands de surface dépendant de la température. En modifiant le groupe fonctionnel du ligand et la chaîne alkyle, le rayon de courbure est modifié à la fois dans son ampleur et dans son signe, ce qui entraîne un changement de forme des nanoplaquettes. Ces changements sont attribués à de multiples facteurs, notamment la configuration de liaison du ligand, la désorption et la décomposition du ligand et la reconstruction de la surface du nanocristal. Enfin, le quatrième chapitre présente la recherche de nouveaux systèmes à changement de forme ultraminces basée sur la compréhension de l'interaction entre la chimie de surface, la structure cristalline et la conformation. Tout d'abord, il est démontré que l'échange de ligands par des acides alkylphosphoniques permet d'obtenir des domaines de ligands et permet d'aplatir les nanohélices de CdSe. D'autres systèmes sont explorés : les nanoplaquettes de sulfure de plomb et d'oxydes de lanthanides sont synthétisées, la transformation de phase des nano-monocouches de disulfure de tungstène est caractérisée et, enfin, l'enroulement de nano-serpentins de sulfure d'indium est démontré. Ces résultats font progresser la compréhension de la mécanique à l'échelle nanométrique, en aidant à élucider la relation entre la déformation des nanoplaquettes et la contrainte exercée par le ligand en surface. En découvrant les mécanismes qui sous-tendent la chiralité induite par le ligand et la déformation des nanoplaquettes, ces travaux ouvrent la voie à la conception rationnelle de nanocristaux chiraux ultraminces.
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Introduction

The concept of symmetry has been a source of inspiration for artists throughout human history. For centuries, it has intrigued scientists and mathematicians, both through the presence of symmetry, or the lack-thereof. In particular, the geometric property of chirality is an ubiquitous phenomenon. An object is defined as being chiral if it is non-superimposable with its mirror image. Frequently, this is illustrated by the familiar concept of left and right hands. Innate symmetry applies to the human body, other animals, and indeed can be seen on all size scales: spiral galaxies have been framed as chiral enantiomers [START_REF] Capozziello | Spiral galaxies as enantiomers: Chirality, an underlying feature in chemistry and astrophysics[END_REF], cucumber tendrils of certain species have been observed to grow in chiral helices [START_REF] Wang | Hierarchical chirality transfer in the growth of Towel Gourd tendrils[END_REF], some species of snails with clockwise-spiraling shells can only reproduce with other like-handed snails [START_REF] Davison | Formin Is Associated with Left-Right Asymmetry in the Pond Snail and the Frog[END_REF], and flowers, animal shells, DNA, sugars, and proteins can all manifest chirality.

Two mirror-image chiral structures are referred to as enantiomers. Each enantiomer may interact differently with other chiral objects, just as a left hand interacts differently with left-and right-handed gloves. This interaction is critical for molecular recognition and replication processes, and is particularly prevalent in biological systems. In nature, one enantiomer is often found in excess over the other, referred to as enantiomeric excess. This can be seen, for example, in the near ubiquitous presence of left-handed amino acids or right-handed sugars. It is an open question of how one enantiomer might have come to dominate over the other, from what was presumably a racemic prebiotic world [START_REF] Blackmond | Cold Spring Harbor Perspectives in Biology[END_REF]. When we synthesize such molecules in a laboratory, they typically form as a racemic mixture; that is, with equal amounts of both enantiomers present. For a synthesis to achieve enantiomeric excess, or even enantiomeric purity, necessitates a symmetry-breaking step which will favour the formation of one enantiomer over the other.

As has been made clear, chirality in biological systems and organic materials is an important and well-established field of study. However, both the existence and study of chiral inorganic materials is far less common. Our understanding of chirality can thus be advanced by shifting our focus to inorganic materials, as we learn to understand how symmetry can be broken in such systems to create chiral structures. This is of interest in a broader, philosophical sense because a better understanding of how chirality can be induced in such systems can help to unravel the mystery of how biological homochirality first occurred on Earth [START_REF] Blackmond | Cold Spring Harbor Perspectives in Biology[END_REF][START_REF] Devínsky | Chirality and the Origin of Life[END_REF]. Furthermore, the practical importance of chirality in inorx ganic systems has only become apparent in recent years, due to the unique interaction of chiral materials with circularly polarized light [START_REF] Visheratina | Inorganic Nanostructures with Strong Chiroptical Activity[END_REF]. Such chiroptical activity depends on factors such as the degree of asymmetry of the chiral structure, as well as the size of the structure compared with the wavelength of light. As such, nanoscale structures exhibit strong interactions with visible light. Indeed, semiconductor and metallic nanoparticles show a dynamic polarizability several orders of magnitude larger than organic molecules, meaning large chiral effects are expected. This opens the door to many functional applications, creating an interest in chiral nanostructures from a practical point of view, as they offer new technological solutions to a diverse range of fields, including chiral catalysis, enantioselective separation, sensing, quantum computing, biomedical imaging, spintronics, mangeto-optics, and so forth [START_REF] Visheratina | Inorganic Nanostructures with Strong Chiroptical Activity[END_REF][START_REF] Ma | Chiral Inorganic Nanostructures[END_REF][START_REF] Yeom | Chiromagnetic nanoparticles and gels[END_REF][START_REF] Milton | The chiral nano-world: chiroptically active quantum nanostructures[END_REF][START_REF] Wang | Chiral CdSe nanoplatelets as an ultrasensitive probe for lead ion sensing[END_REF][START_REF] Bloom | Spin Selective Charge Transport through Cysteine Capped CdSe Quantum Dots[END_REF][START_REF] Naaman | Chiral-Induced Spin Selectivity Effect[END_REF].

Chirality can be induced in ultrathin inorganic systems in a number of ways. For instance, one could easily visualize how structurally chiral systems can be created by bending thin sheets into complex shapes like helicoids or spirals. Simply by applying forces at the surface of thin objects, many different shapes can be produced, and minute changes to these forces can induce dramatic "shapeshifting" between conformations. This can be realized on the nanoscale by using ligand monolayers at the surfaces of ultrathin nanocrystals. The ligand-induced stress can deform the nanocrystal below, impacting the shape of the nanocrystal as it changes shape to relax this mechanical constraint. A more abstract method of creating chiral systems involves coupling an already chiral organic system to a non-chiral inorganic system in order to impart new properties on the latter. In more tangible terms, this involves passivating a semiconducting nanocrystal core with chiral organic surface ligands to induce chiroptical activity. In both cases, ultrathin materials are of particular interest. Firstly, the high deformability of thin sheets creates a rich playground to engineer surface stresses, allowing such sheets to easily be deformed into new chiral geometries. Secondly, a direct consequence of the shape of thin materials is that a large portion of atoms exist at the surface, meaning that electronic interactions of these atoms with other molecules can be exploited to induce chirality.

The goal of this thesis is to explore different methods for inducing chirality in ultrathin colloidal nanocrystals. Firstly, a particular focus is made towards ligand-induced chirality through the coupling of nanoplatelets with chiral organic molecules. Secondly, structural chirality is explored to investigate how ligand-induced stress can be used to control the conformation of nanoplatelets. Through this work, the fundamental understanding of mechanics at the nanoscale is advanced, alongside the development of the synthetic chemistry of 2D materials. Motivation for this work lies in understanding the intricate interplay between surface chemistry, shape, and chiroptical properties that govern the emergence of chirality. By pursuing this fundamental research, we lay the groundwork for the rational design of chiral nanocrystals, ultimately seeking to establish an entirely new class of chiral compounds based on the twisting of nanosheets into complex shapes.

Chapter 1 serves to provide the scientific context for this thesis. This includes a rexi view of colloidal semiconductor nanocrystals, with an emphasis on ultrathin nanoplatelets. The surface chemistry that allows for their post-synthetic modification is explored in the context of surface ligands and binding motifs. The interactions of circularly polarized light with chiral nanostructures are discussed, as well as different methods for preparing such nanostructures. A particular focus is made towards ligand-induced chirality. In a second section, structural chirality is explored in the context of thin sheets. Curvature of different surfaces is reviewed, and the framework of incompatible elasticity is introduced to explain the polymorphism observed in CdSe nanoplatelets.

Chapter 2 investigates chiral perovskite nanoplatelets. A history of perovskite materials is first discussed before introducing the promising potential of these materials in chiroptical devices. Methylammonium lead bromide NPLs are prepared with mixed chiral and nonchiral ligands, and shown to exhibit circularly polarized luminescence. The effects of chiral ligand fraction upon the chiroptical signals are investigated.

Chapter 3 focuses on zinc blende CdSe nanohelices. The surface stress on these NPLs is engineered using different alkylthiolate and alkylcarboxylate ligands to control the conformation. Temperature is then used as an external stimulus to fine-tune the ligand-induced stress, thereby providing post-synthetic shape control of the nanoplatelet curvature.

Chapter 4 is dedicated to the exploration of other material systems, beyond the more commonly studied CdSe and perovskite systems. The objective of this chapter is to search for new shapeshifting systems by exploiting the link between surface chemistry, interfacial stress, and conformation. Thus, the focus is on the synthetic development of ultrathin colloidal nanocrystals to better understand the surface chemistry and crystal structures. Such systems include indium sulfide, lead sulfide, europium oxide, gadolinium oxide, tungsten disulfide, and cadmium selenide. This chapter attempts to develop a rational understanding of the factors governing the conformation of these materials, thus expanding the library of shapeshifting ultrathin nanoplatelets that can be used in the design of chiral systems. Colloidal semiconductor nanocrystals are hybrid organic-inorganic systems consisting of an inorganic crystalline core coated by an outer ligand shell. The semiconductor core is optically active, and plays the primary role in dictating the optoelectronic properties of the system. An ideal semiconductor crystal consists of a fully occupied ground state that is energetically separated from an unoccupied set of higher-energy electronic levels. These are referred to, respectively, as the valence band and the conduction band. An electron can transition from an occupied level in the valence band to a higher unoccupied level in the conduction band through electronic excitation. An empty level, or hole, then results in the previously-occupied conduction band, resulting in an electron-hole pair. This pair forms a bound state due to mutual Coulombic attraction, which is referred to as an exciton. The energy separation between the electronic states (the bandgap) becomes sizedependant below a characteristic length scale, which is given by the exciton Bohr radius. Depending on the specific semiconductor, this can range from 2 to 50 nm [START_REF] Rabouw | Excited-State Dynamics in Colloidal Semiconductor Nanocrystals[END_REF]. As the size of the NC approaches and goes below this length scale, quantum confinement effects begin to manifest with the appearance of discreet energy levels near the band edges, and with the bandgap increasing with decreasing NC size (Figure 1.1a). For semiconductors with an energy band gap around 1.4-3.0 eV, the energy transition to an excited state can be induced by visible light through the absorption of a photon [START_REF] Gómez | Optical properties of single semiconductor nanocrystals[END_REF]. Because the available energy levels of electrons and holes can be tuned through particle size, by extension, the absorption and emission properties are dependent on the particle size. This allows for the optical properties of the NCs to be tuned across a wide spectral window, without changing their composition (Figure 1.1b).

The exciton can be spatially confined in more than one direction. When confined in all three directions, a 0D material, or quantum dot (QD) is obtained. With two directions of [START_REF] Donegá | Synthesis and properties of colloidal heteronanocrystals[END_REF]). (c) Schematic illustration of the energy level in semiconductors confined in different dimensions. The density of states (DOS) gives the number of allowed electron (or hole) states per volume at a given energy, and changes depending on the NC morphology. Different morphologies are depicted for 2D, 1D, and 0D nanocrystals. Adapted from Ref. [START_REF] Rabouw | Excited-State Dynamics in Colloidal Semiconductor Nanocrystals[END_REF]. confinement, a 1D material such as a rod or wire is obtained. And with a single direction of confinement, a 2D material is obtained. It is the latter confinement regime in which structures such as nanoplatelets, nanosheets and nanoribbons can be categorized. While these structures can vary greatly in their aspect ratios, they all exhibit in-plane quantum confinement, and thus behave as quantum wells (Figure 1.1c). Ideally, the golden standard for such spatially confined systems is to create monodisperse nanocrystals with atomically precise dimensions. However, experimentally, atomically precise synthesis is an outstanding challenge [START_REF] Hens | Atomically Precise Nanocrystals[END_REF]. It is in principle synthetically possible to produce crystallites consisting of a precisely defined number of atoms, or "magic-sized clusters" (MSCs) [START_REF] Mule | Unraveling the Growth Mechanism of Magic-Sized Semiconductor Nanocrystals[END_REF]. More recently, MSCs have even been extended beyond what is commonly considered a "cluster", with sizes up to > 3 nm [START_REF] Pun | Understanding Discrete Growth in Semiconductor Nanocrystals: Nanoplatelets and Magic-Sized Clusters[END_REF][START_REF] Cossairt | CdSe Clusters: At the Interface of Small Molecules and Quantum Dots[END_REF]. However, as these particles are grown in solution, it is still possible for a size dispersion to develop. Achieving homogeneous size requires nanocrystals which grow in discreet steps, such that during the growth, NCs jump from one discrete size to the next. This is observed in two major classes of semiconductor nanocrystals: the aforementioned MSCs, as well as nanoplatelets. By varying the synthetic conditions of NPLs, it is possible to produce 2D nanocrystals with an atomically precise number of monolayers. Thus, while polydispersity can be a problem in quantum dots, NPLs can circumvent this as a result of their discreet growth in the thickness direction, resulting in NCs in which all crystallites have the same atomic thickness. This precise size-control leads to narrow emission, a property which is highly desirable for many optoelectronic applications. Some 2D materials are described as "ultrathin", a term which is, in itself, ill-defined, as it does not specify an explicit thickness. Instead, it is often used to indicate thicknesses down to a few atomic planes, or more specifically, sizes which are sufficiently small to induce strong quantum confinement [START_REF] Berends | Ultrathin One-and Two-Dimensional Colloidal Semiconductor Nanocrystals: Pushing Quantum Confinement to the Limit[END_REF]. In this work, the term "ultrathin" is used to denote atomically-precise thicknesses of d ≤ 2 nm. Numerous examples of ultrathin colloidal nanocrystals can be found in the literature, exhibiting a wide variation of morphologies and compositions [START_REF] Berends | Ultrathin One-and Two-Dimensional Colloidal Semiconductor Nanocrystals: Pushing Quantum Confinement to the Limit[END_REF]. Figure 1.2 shows examples of different ultrathin nanocrystals studied in this work, including europium oxide nanohelices [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF], indium sulfide nanocoils [START_REF] Wang | Self-Adjustable Crystalline Inorganic Nanocoils[END_REF], tungsten disulfide nanomonolayers [START_REF] Shahmanesh | 2D Monolayer of the 1T' Phase of Alloyed WSSe from Colloidal Synthesis[END_REF], cadmium selenide nanoplatelets [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF], perovskite nanosheets [START_REF] Shamsi | Colloidal Synthesis of Quantum Confined Single Crystal CsPbBr 3 Nanosheets with Lateral Size Control up to the Micrometer Range[END_REF], and lead sulfide nanoplatelets [START_REF] Akkerman | Ultrathin Orthorhombic PbS Nanosheets[END_REF].

A key feature of such ultrathin materials is their large surface area to volume ratio. Because of their shape, a significant fraction of the atoms exist at the surface of the NC. These surface atoms have lower coordination that those atoms in the bulk. Consequently, electronic states in the bandgap can trap photoexcited charges before they can radiatively recombine [START_REF] Owen | The coordination chemistry of nanocrystal surfaces[END_REF]. However, surface ligands can coordinate to these atoms, thereby strengthening their bonding and passivating these midgap states. Thus, the radiative recombination is improved, increasing the luminescence [START_REF] Hartley | Molecular-Level Insight into Semiconductor Nanocrystal Surfaces[END_REF]. So while the optoelectronic properties of the NC are primarily dictated by the semiconductor core, the outer shell of surface ligands plays an essential role in the system. Indeed, several aspects of colloidal nanocrystal chemistry are dependent on surface ligands, and thus a full picture of these materials necessitates an understanding of the layer of the surface ligands and their binding motifs.

Surface ligands and binding motifs

The rational design of nanocrystals necessitates a consideration of the choice of surface ligand. The shape and size of the inorganic core changes the properties of the nanocrystal, and the choice of ligands present during the synthesis has a strong influence over this morphology [START_REF] Yin | Colloidal nanocrystal synthesis and the organic-inorganic interface[END_REF]. In addition to morphological changes during synthesis, the surface ligands also impart colloidal stability and functionalization of the NCs. This surfactant coating allows structures to be processed further into more complex systems. High surface coverages can help to suppress nonradiative recombination centers and improve luminescence [START_REF] Hartley | Molecular-Level Insight into Semiconductor Nanocrystal Surfaces[END_REF][START_REF] Zito | The Future of Ligand Engineering in Colloidal Semiconductor Nanocrystals[END_REF]. Additionally, the ligand layer can be exchanged post-synthetically to impart properties such as chiroptical activity [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF], or even induce conformational changes in the nanocrystals [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF][START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF]. The precise geometry, binding motifs, and organization of the ligands on the NC surface can also influence the system's properties [START_REF] Kuznetsova | Effect of Chiral Ligand Concentration and Binding Mode on Chiroptical Activity of CdSe/CdS Quantum Dots[END_REF]. Differences can result between highly entropic ligands with low organization [START_REF] Yang | Entropic Ligands for Nanocrystals: From Unexpected Solution Properties to Outstanding Processability[END_REF], and well-ordered crystallized ligands [START_REF] Calvin | Observation of ordered organic capping ligands on semiconducting quantum dots via powder X-ray diffraction[END_REF]. For these reasons, an understanding of the ligand-nanocrystal interface is key for the synthetic development of these materials. Some of the most common ligand anchoring groups for semiconducting NCs include phosphine oxide (O --PR 3 ), thiol (SH), phosphonyl ( -PO(OR) 2 ), amine ( -NH 2 ) and carboxyl groups ( -COOH) [START_REF] Heuer-Jungemann | The Role of Ligands in the Chemical Synthesis and Applications of Inorganic Nanoparticles[END_REF]. This is not extensive list, however, as zwitterionic ligands [START_REF] Krieg | Colloidal CsPbX 3 (X = Cl, Br, I) Nanocrystals 2.0: Zwitterionic Capping Ligands for Improved Durability and Stability[END_REF], halide-ligand complexes [START_REF] Dufour | Halide Ligands To Release Strain in Cadmium Chalcogenide Nanoplatelets and Achieve High Brightness[END_REF], and many others can be employed. The covalent bond classification (CBC) can be used to classify the ligand-nanocrystal interaction by identifying the number and types of bonds between the anchoring group and the NC surface [START_REF] Green | A new approach to the formal classification of covalent compounds of the elements[END_REF]. This formalism is useful for the prediction and rationalization of ligand exchange and ligand displacement reactions. The CBC considers every bond as a 2-centre-2-electron interaction, and as such provides a general classification system for nanocrystal-ligand interactions [START_REF] De Roo | From ligands to binding motifs and beyond; the enhanced versatility of nanocrystal surfaces[END_REF]. Ligands are labelled depending on the number of electrons that the neutral ligand donates to the NC-ligand bond, with L-, X-, or Z-type ligands donating 2, 1, or 0 electrons, respectively. Because of the non-homogeneous elemental composition of most semiconductor nanocrystals, ligands can coordinate to different adsorption sites. The stoichiometry of the NC can thus influence the nature of the ligand shell. Typically, L-type ligands coordinate with surface metal atoms. L-type ligands can be viewed as Lewis bases (that is, containing a filled orbital with an electron pair not involved in bonding, but capable of forming a dative bond with a Lewis acid). Common L-type ligands include PR 3 and NH 2 R. Z-type ligands typically coordinate with surface nonmetal atoms, and can be viewed as Lewis acids (containing an empty orbital capable of accepting an electron pair). Examples of common Z-type ligands include Cd(O 2 CR) 2 , CdCl 2 , and Pb(SCN) 2 . X-type ligands can interact with either metal or nonmetal atoms, depending on affinity. Classic examples of the X-type ligand binding motif include CdSe[Cd(OOCR) 2 ], halides such as chloride and iodide, phosphonates, thiolates, and hydroxides [START_REF] Owen | The coordination chemistry of nanocrystal surfaces[END_REF][START_REF] De Roo | From ligands to binding motifs and beyond; the enhanced versatility of nanocrystal surfaces[END_REF]. A schematic representation of these different ligand-nanocrystal interactions is shown in Figure 1.3. Figure 1.3: Schematic representation of nanocrystal-ligand binding motifs using the covalent bond classification. Adapted from ref. [START_REF] De Roo | From ligands to binding motifs and beyond; the enhanced versatility of nanocrystal surfaces[END_REF] and ref. [START_REF] Anderson | Ligand Exchange and the Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-Carboxylate Displacement and Binding[END_REF] Surface ligands are present during the nucleation and growth of the nanocrystals, or they can also be post-synthetically exchanged. This allows access to a large library of possible surface chemistry for a given nanocrystal core. For instance, in a ligand exchange reaction, one X-type ligand can be exchanged with another X-type ligand. The equilibrium of the reaction is determined by the binding strength of the ligands, the acid base equilibrium, and the difference in solubility of the free ligands. However, many factors are at play in determining the stability of the ligand-NC system, and rational ligand engineering must consider the chemical equilibria at the NC surface.

A more complete picture of the NC-ligand interactions considers both the mechanisms of dynamic ligand binding/displacement on the NC surface, and the colloidal stability of NCs through dissolution/precipitation (Figure 1.4). There is an enthalpy cost associated to dismantling ligand-ligand interdigitation in the dispersion step, and an increase in intramolecular entropy in solution due to the ligands C-C bond rotation and bending. The concept of "entropic ligands" has been introduced by Yang et al. [START_REF] Yang | Entropic Ligands for Nanocrystals: From Unexpected Solution Properties to Outstanding Processability[END_REF]. The design of such ligands has the goal of interrupting crystalline ligand-ligand packing while simultaneously increasing conformational entropy in solution, for example through the use of irregularly branched chains [START_REF] Elimelech | Entropy of Branching Out: Linear versus Branched Alkylthiols Ligands on CdSe Nanocrystals[END_REF]. Doing so, Yang et al. have demonstrated significantly increased solubility of various nanocrystals by several orders of magnitude. [START_REF] Yang | Entropic Ligands for Nanocrystals: From Unexpected Solution Properties to Outstanding Processability[END_REF]. In addition to improving the NC solubility through conformational entropy, a second challenge is to simultaneously maximize surface coverage and achieve complete passivation of the nanocrystal surface. Consequently, an ideal scenario is that in which both the binding/displacement equilibrium is pushed towards the former, and the precipitation/dissolution of NCs is pushed towards the latter (Figure 1.4 center).

Ligands in the context of chirality

It is clear that surface ligands are essential in colloidal nanocrystal chemistry. As discussed, they play a crucial role in the synthesis. They can be post-synthetically exchanged to impart new functionalization, boost luminescence by eliminating trap states, shift excitonic emission, impart colloidal stability, and so forth [START_REF] Heuer-Jungemann | The Role of Ligands in the Chemical Synthesis and Applications of Inorganic Nanoparticles[END_REF]. In addition to all of these roles, surface ligands are of particular interest in the design of chiral nanoplatelets for two further reasons. Firstly, surface ligands can deform the crystalline lattice beneath them, resulting in the bending and shape-changing of ultrathin structures into chiral shapes. This is discussed in further detail under Section 1.4.4. Secondly, chiral organic surface ligands can couple to the electronic states of the nanocrystal, inducing chiroptical activity. This is discussed in detail under Section 1.3.1 after first reviewing the basics of light-matter interactions with circularly polarized light. 

Light-matter interactions 1.2.1 Interactions with circularly polarized light

The hallmark of chiral materials is their interaction with circularly polarized light. Understanding the basis of light absorption in terms of transition dipole moments can be used to explain this relationship. First, the interaction of a material with light can result in an excited state, and this electronic transition involves a spatial redistribution of the net charge. The incident electric field induces an electric transition dipole moment (ETDM, µ), which designates the net linear charge displacement of the transition, thus describing the polarization of the charge in the excited state [START_REF] Ma | Chiral Perovskites for Next-Generation Photonics: From Chirality Transfer to Chiroptical Activity[END_REF]. The intensity of the transition is proportional to the square of the ETDM, |µ| 2 , and describes the interaction of a given polarization state with light. For a forbidden transition µ = 0, and for an allowed transition µ > 0. In a similar manner, the circulation of charge for a given electric transition can also be defined by the magnetic transition dipole moment (MTDM, m), and the interaction with circularly polarized light is thus dependent on both the ETDM and MTDM interactions [START_REF] Ma | Chiral Perovskites for Next-Generation Photonics: From Chirality Transfer to Chiroptical Activity[END_REF]. As the incident circularly polarized light propagates through a chiral material, it induces a displacement of charge at each point along the helical path, creating an ETDM. This electronic transition can accompany a circulation of charge, thus creating a MTDM. Consequently, there is a helical redistribution of the electron cloud as the material interacts with left-or right-circularly polarized light. Mathematically, the absorption of circularly polarized light occurs if the dot product of the dipole transition moments is nonzero (⃗ µ • ⃗ m ̸ = 0) [START_REF] Ma | Chiral Perovskites for Next-Generation Photonics: From Chirality Transfer to Chiroptical Activity[END_REF][START_REF] Warnke | Circular dichroism: electronic[END_REF]. The degree of this light absorption (that is, the integral of the CD signal) is proportional to the dot product:

∆ϵ dν ∝ R ab ≈ |µ ab | • |m ab | • cos θ (1.2.1)
Where R ab is the rotational strength describing the electronic transition from state A to B, ∆ϵ is the difference of extinction coefficient between the left and right polarizations, and θ is the angle between the ETDM and MTDM. From this, it can be seen that R ab varies with the angle θ. Furthermore, the rotational strength for mirror-image configurations should appear equal in magnitude but opposite in sign.

A unique feature of chiral inorganic nanostructures over their biological and organicchemistry counterparts is their ability to exhibit high chiroptical activity [START_REF] Visheratina | Inorganic Nanostructures with Strong Chiroptical Activity[END_REF]. This is due to their high polarizability, α. There is a direct relationship between the electric dipole, µ, and the electric field, E, given by the polarizability, such that:

µ = α • E (1.2.2)
The polarizability describes how easily the charge distribution can be distorted. Organic molecules typically exhibit values on the order of 1-100 Å3 [START_REF] Smith | Static and Dynamic Polarizabilities of Conjugated Molecules and Their Cations[END_REF]. Comparatively, the polarizability of nanoparticles is significantly higher than that of organic compounds: semiconductor NPs range on the order of α ∼ 10 4 -10 5 Å3 [START_REF] Dakovski | Terahertz Electric Polarizability of Excitons in PbSe and CdSe Quantum Dots[END_REF], and metallic NPs can reach values of α ∼ 10 6 Å3 [START_REF] Chen | Effects on the polarizability of mesoscopic metallic nanoparticles[END_REF]. Consequently, it is expected that the interaction of incident photons with inorganic nanoscale materials should be greater than that of organic objects [START_REF] Visheratina | Inorganic Nanostructures with Strong Chiroptical Activity[END_REF]. This strong light-matter interaction between chiral inorganic nanostructures and circularly polarized light has many implications for real-world applications [START_REF] Ma | Chiral Inorganic Nanostructures[END_REF].

The interaction between electromagnetic waves (in the UV and visible region, 200-750 nm) and the electron cloud results in polarization according to the direction of the oscillating electric field. This redistribution of electrons from the ground state to the excited state results in an electronic transition, which can be detected through electronic circular dichroism (ECD or CD). At longer wavelengths in the infrared, the interaction between the oscillating electromagnetic wave and the atomic nuclei can result in molecular vibration which can be characterized through vibrational circular dichroism. A large number of additional spectroscopic techniques exist for the characterization of chiral compounds, including diffuse reflectance CD, fluorescence-detected CD, or Raman optical activity [START_REF] Visheratina | Inorganic Nanostructures with Strong Chiroptical Activity[END_REF]. However, the primary spectroscopic method for studying the chirality of semiconductor nanocrystals is circular dichroism, which is based on the preferential absorption of left or right circularly polarized light at a given wavelength. This differential absorption of light is commonly referred to as the Cotton effect, and is depicted schematically in Figure 1.6.

The CD, expressed in millidegrees, can be written as: Where ∆A = A L -A R is the difference in absorption of left-circularly polarized and right-circularly polarized light. This expression for CD is derived from the ellipticity of the polarization, dependent on the magnitudes of the electric field vectors. Thus, this prefactor of 32980 results by expressing the ellipticity in terms of the intensity (proportional to the square of the electric field vectors) and angle, substituting Beer's law and expanding the exponentials in a Taylor series. The circular dichroism is concentration-dependent for the sample being measured. To allow for inter comparison of different systems, the degree of chirality can be expressed through the absorbance anisotropy factor, g abs . This is defined as the ratio of CD to conventional absorption:

θ(mdeg) = ∆A( ln10 4 )( 180000 π ) ≈ ∆A × 32980 (1.2.3)
g abs = A L -A R (A L + A R )/2 = CD (mdeg) 32980 × A (1.2.4)
Possible values range between -2 and +2, where a value of -2 indicates the absorption of only right-circularly polarized light, and a value of +2 indicates the absorption of only left-circularly polarized light. As such, a value of 0 is indicative of equal absorptions. Typical values for small organic molecules are on the order of 10 -5 to 10 -3 , with chiral nanoparticles often reported with anisotropy factors exceeding those of natural biomolecules by 2-3 orders of magnitude, typically ranging between 10 -4 to 10 -2 [START_REF] Ma | Chiral Inorganic Nanostructures[END_REF]. In some instances, values as high as 10 -1 have been reached in strongly chiral nanocrystals [START_REF] Lee | Amino-acid-and peptide-directed synthesis of chiral plasmonic gold nanoparticles[END_REF][START_REF] Yeom | Chiral Plasmonic Nanostructures on Achiral Nanopillars[END_REF]. Furthermore, small organic molecules typically show signals in the UV, whereas the chiroptical response of NCs can be tuned to the visible spectrum. Just as absorption spectroscopy is analogous to circular dichroism, fluorescence spectroscopy is analogous to circularly polarized luminescence. The emission of CPL must first be preceded by the absorption of light, followed by the energy transfer or decay process to a luminescent state. This involves non-radiative energy loss, thus the energy of CPL emission is lower than the energy of CD, resulting in a Stokes shift between the signals. Similar to the absorbance anisotropy factor, the emission of circularly polarized luminescence can be expressed as the luminescence dissymetry g-factor:

g lum = I L -I R (I L + I R )/2 (1.2.5)
With I L and I R being the intensities of left-and right-circularly polarized light emitted. Small organic fluorophores typically exhibit g lum values on the order of 10 -4 to 10 -2 . [START_REF] Sanchez-Carnerero | Circularly Polarized Luminescence from Simple Organic Molecules[END_REF]. Reports of CPL in chiral inorganic nanostructures are less common, but typically of a similar order of magnitude [START_REF] Jiang | Circular Polarized Light Emission in Chiral Inorganic Nanomaterials[END_REF][START_REF] Zhang | Circularly polarized luminescence in chiral materials[END_REF]. Some of the highest g lum values are reported for chiral lanthanide complexes, reaching magnitudes of 10 -1 , with the highest reported value being g lum = 1.38 [START_REF] Lunkley | Extraordinary Circularly Polarized Luminescence Activity Exhibited by Cesium Tetrakis(3heptafluoro-butylryl-(+)-camphorato) Eu(III) Complexes in EtOH and CHCl 3 Solutions[END_REF]. While the emission of organic molecules typically fades with time, inorganic emitters show the promise for constructing long-lasting luminescent systems. Strong light-matter interactions at the nanoscale create the potential of producing nanocrystalbased materials with exceptional "chiral brightness".

Inducing chirality in inorganic systems

The spectrum of chiral inorganic nanomaterials has expanded rapidly, and thus the need has arisen for an organized classification system based on different physical origins of chi-rality. In addition to a number of different methods that have been proposed as means to induce chirality in nanomaterials, different classifications of these methods have also been proposed. Ben-Moshe et al. have suggested a classification system based on four categories: chiral shape, chiral assemblies, intrinsically chiral crystals, and ligand-induced chirality [START_REF] Ben-Moshe | Chirality and chiroptical effects in inorganic nanocrystal systems with plasmon and exciton resonances[END_REF]. Kuznetsova et al. have proposed an extended classification system of chiroptical activity induction which includes two main categories (structural chirality, and induced optical activity) and six sub-categories [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF]. Within the classification of structural chirality are: chiral crystal structure, chiral shape, and chiral defects. The classification of induced optical activity contains: chiral ligands, chiral metamaterials, and chiral assembly. These categories are summarized in Figure 1.7, and discussed in further detail below:

• Intrinsically chiral crystals. Intrinsically chiral crystals of compositions such as α-HgS, β-AgSe, and quartz. These belong to a chiral symmetry group, and the corresponding NCs have two enantiomers [START_REF] Ben-Moshe | Enantioselective Synthesis of Intrinsically Chiral Mercury Sulfide Nanocrystals[END_REF][START_REF] Wang | Cooperative expression of atomic chirality in inorganic nanostructures[END_REF].

• Chiral shape. Conversely, intrinsically achiral nanocrystals can be grown in a chiral shape [START_REF] Tepliakov | Optical activity of chirally distorted nanocrystals[END_REF]. Given enantiomeric excess of a chiral shape with sub-wavelength dimensions, chiroptical activity can arise. Examples include structures such as nanohelices [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF][START_REF] Liu | Photoluminescent Colloidal Nanohelices Self-Assembled from CdSe Magic-Size Clusters via Nanoplatelets[END_REF], nanoscrolls [START_REF] Tepliakov | Chiral Optical Properties of Tapered Semiconductor Nanoscrolls[END_REF][START_REF] Fang | Transforming Monolayer Transition-Metal Dichalcogenide Nanosheets into One-Dimensional Nanoscrolls with High Photosensitivity[END_REF], nanosprings [START_REF] Baimuratov | Optically Active Semiconductor Nanosprings for Tunable Chiral Nanophotonics[END_REF], as well as more complex, highindex-plane-exposed particles [START_REF] Lee | Amino-acid-and peptide-directed synthesis of chiral plasmonic gold nanoparticles[END_REF]. It is also possible to have a racemic mixture of chiral nanocrystals, in which case no chiroptical activity is observed. This is the case for such systems as 3 monolayer zinc-blende CdSe nanoplatelets [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF].

• Chiral defects. Defects in a chiral pattern in the crystal can also induce chirality in the system, as is the case for screw dislocation driven growth [START_REF] Meng | Screw Dislocation Driven Growth of Nanomaterials[END_REF][START_REF] Sung | Chirality-controlled crystallization via screw dislocations[END_REF], surface distortions [START_REF] Nakashima | Optical Activity and Chiral Memory of Thiol-Capped CdTe Nanocrystals[END_REF], or by introducing dopant ions [START_REF] Tepliakov | Engineering Optical Activity of Semiconductor Nanocrystals via Ion Doping[END_REF].

• Chiral assemblies. Achiral particles arranged in a chiral configuration close enough that inter-particle electronic coupling occurs can result in chiroptical activity. Examples can been seen in supramolecular assemblies [START_REF] Shen | Supramolecular Chiral 2D Materials and Emerging Functions[END_REF], assembly of CdSe nanoplatelets into chiral ribbons [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF], or NC configurations held together by DNA molecules [START_REF] Mastroianni | Pyramidal and Chiral Groupings of Gold Nanocrystals Assembled Using DNA Scaffolds[END_REF][START_REF] Chen | Strong Chiroptical Activities in Gold Nanorod Dimers Assembled Using DNA Origami Templates[END_REF].

• Metamaterials. Achiral quantum dots have also been shown to exhibit optical activity in the vicinity of plasmonic chiral metasurfaces [START_REF] Wang | Induced Optical Chirality and Circularly Polarized Emission from Achiral CdSe/ZnS Quantum Dots via Resonantly Coupling with Plasmonic Chiral Metasurfaces[END_REF]. Additionally, non-chiral molecules can be adsorbed onto non-chiral surfaces, resulting in chiral motifs, for instance through tilting configurations of the adsorbates, or through long-range ordering [START_REF] Ernst | Molecular chirality at surfaces: Molecular chirality at surfaces[END_REF].

• Ligand-induced chirality. In the case of ligand-induced chirality, the nanocrystal surface structure and core are achiral, and the chiroptical activity arises from electronic interactions between the surface ligands and the NC core. This can be seen in many systems, including quantum dots [START_REF] Ben-Moshe | Probing the Interaction of Quantum Dots with Chiral Capping Molecules Using Circular Dichroism Spectroscopy[END_REF], dot/rod nanocrystals [START_REF] Cheng | Optically Active CdSe-Dot/CdS-Rod Nanocrystals with Induced Chirality and Circularly Polarized Luminescence[END_REF], platelets [START_REF] Georgieva | Imprinting Chirality onto the Electronic States of Colloidal Perovskite Nanoplatelets[END_REF], and many other systems [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF]. In some cases chirality inversion has been demonstrated by changing the ligand's structure, indicating that the underlying nanocrystal is not responsible for the chiroptical signals [START_REF] Choi | Chirality Inversion of CdSe and CdS Quantum Dots without Changing the Stereochemistry of the Capping Ligand[END_REF].

Of course, these classifications of chirality-induction do not always exist in isolation, and one or more sources of chirality are possible in a single system. For instance, intrinsically chiral crystal structures which also exhibit chiral shape [START_REF] Wang | Cooperative expression of atomic chirality in inorganic nanostructures[END_REF], or chiral assemblies of chiral nanocrystals. In such complex systems, multiple factors can influence the optical activity simultaneously, and disentangling these contributions is not trivial. In some cases this classification system is ill-suited to describe certain systems, as in the example of the aggregation of surface ligands in a chiral pattern [START_REF] Forde | Induced Chirality in Halide Perovskite Clusters through Surface Chemistry[END_REF][START_REF] He | Spectroscopic studies of chiral perovskite nanocrystals[END_REF]. Many inorganic nanostructures have chiral symmetry manifesting through multiple geometric elements and size-scales at once. Thus, these classifications serve as only a starting point. Indeed, other methods of classification are possible and valid, and could be used complementarily [START_REF] Ma | Chiral Inorganic Nanostructures[END_REF]. It is expected that methods of classifying the origin of chiroptical activity will continue to evolve concurrently with the field, as a better understanding of the origin of chirality in inorganic systems is attained.

Ligand-induced chirality

Ligand-induced chirality has been shown as a method of creating chiroptical properties in semiconductor NCs [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF]. This involves the adsorption of chiral ligands onto the surface of the nanocrystal. For small organic molecules, these chiral ligands typically exhibit a CD signal into the UV. However, when coupled with the NC surface, new chiroptical signals appear at the wavelengths of excitonic transitions in the nanocrystal. This can manifest both as circular dichroism and as circularly polarized luminescence of the NC (Figure 1.8). Preparation of such materials can be performed either through direct synthesis of the NCs using chiral surfactants, or through post-synthetic ligand exchange thus replacing native ligands with chiral ligands. The general approach for the preparation of such NCs relies on the nucleation and growth in a liquid media in the presence of chiral surface ligands. This method can result in the chirality transfer from the organic ligands to the nanocrystal core. Often homochiral biomolecules such as amino acids, nucleotides, peptides, sugars, or lipids are used [START_REF] Ma | Chiral Inorganic Nanostructures[END_REF]. Additionally, post-synthetic ligand exchange can be used, in which native ligands are replaced with chiral ligands, resulting in ligand-induced chirality.

Proposed mechanisms of ligand-induced chirality

Many different theoretical models have been proposed to explain ligand-induced chirality of nanocrystals. The Discrete Dipole Approximation is a method that considers a chiral molecule with two polarizabilities for left-or right-polarized light: α L 1 and α R 1 , and an achiral nanocrystal of polarizability α 2 [START_REF] Zhou | Optical Coupling Between Chiral Biomolecules and Semiconductor Nanoparticles: Size-Dependent Circular Dichroism Absorption[END_REF]. Interaction between the chiral molecule and the NC lead to dipoles, p j , (j = 1, 2), showing that the effective polarizability of the NC is a mixture of bare polarizabilites for the NC and the chiral molecule. Because Figure 1.8: Schematic of ligand-induced chirality. Fluorescence-free chiral ligands adsorbed onto the surface of a luminescence NC induce new optical activity at the excitonic transitions of the nanocrystal. Modified from Gao et al. [START_REF] Gao | Perspective of Chiral Colloidal Semiconductor Nanocrystals: Opportunity and Challenge[END_REF].

the polarizability of the chiral molecule is dependent on the polarization of light, the polarizability of the NC is also due to coupling of the chiral molecule. This model considers that the strength of the CD signal is a product of α 2 and α L 1 -α R 1 . As such, the CD signal can be thought of as a combination of the optical activity of the chiral molecule alongside the strong absorption of the NC.

The nondegenerate coupled-oscillator (NDCO) model describes how CD signals result from coupling of electric dipole transition moments of different chromophores in a chiral molecule [START_REF] Gao | Distinct Excitonic Circular Dichroism between Wurtzite and Zincblende CdSe Nanoplatelets[END_REF]. Using this model, the nanocrystal and bound ligands are all considered as one single artificial "molecule", and the NC and chemical bonds are considered as the chromophores. The optical activity then results from the surface chiral molecules coupling with the NC, destroying the intrinsic symmetry of the NC. In this model, the sign of a given CD peak is determined by the location of the two coupled chromophores. The key factors influencing the CD signal include the electric dipole transition moment of both the ligands and the semiconductor, the relative location between them, and their relative transition energy [START_REF] Gao | Perspective of Chiral Colloidal Semiconductor Nanocrystals: Opportunity and Challenge[END_REF].

To conclude, the development of theoretical models to explain ligand-induced chirality in semiconductor nanocrystals is very much an active and ongoing research topic. Many parameters influence the chiroptical activity, including the semiconductor NC core, the ligand layer, and configuration and orientation of the ligands.

Chirality through shape

Perhaps the most intuitive class of chiral materials are those exhibiting structural chirality. At a fundamental level, chirality is a geometric property. As such, one way to create materials with chiral structure is to simply take a thin sheet and bend it into a chiral geometry. Furthermore, changing the shape of an optically active semiconductor can control the chiroptical properties [START_REF] Rukhlenko | Shape-induced optical activity of chiral nanocrystals[END_REF][START_REF] Nazir | Breaking the symmetry of colloidal 2D nanoplatelets: Twist induced quantum coupling[END_REF]. Such chiral light control is a highly attractive prospect for engineering optoelectronic and photonic devices [START_REF] Crassous | Materials for chiral light control[END_REF]. The focus of this section is thus to apply the theoretical framework governing the mechanical properties of thin sheets to the nanoscale. Doing so provides insight into the conformational changes observed in nanoscale objects, paving the way for the rational design of chiral ultrathin nanoplatelets.

Mechanical instability of thin sheets

Exploiting such mechanical instabilities allows a thin sheet to change from one conformation to another (Figure 1.9). For instance, the closure of the Venus flytrap occurs within a fraction of a second, and is one of the fastest movements in the plant kingdom. The reason for this fast closure results from a snap-buckling instability, due in part from the release of stored elastic energy [START_REF] Forterre | How the Venus flytrap snaps[END_REF]. Other examples can be seen in the rapid snap of a cycling wristband, which can transition between a flat strip to a coiled wristband with just a small initial stimulus, or a ribbon, which can be curled by running it over a sharp blade before wrapping a present [START_REF] Prior | Ribbon curling via stress relaxation in thin polymer films[END_REF]. The opening of bauhinia seed pods, which are initially flat pods that curl into chiral helices upon opening, is also the result of a mechanical instability [START_REF] Armon | Geometry and Mechanics in the Opening of Chiral Seed Pods[END_REF]. Different pasta shapes have been shown to undergo hydration-induced shape change during cooking [START_REF] Wang | Transformative Appetite: Shape-Changing Food Transforms from 2D to 3D by Water Interaction through Cooking[END_REF], and self-morphing ceramics have been designed which are shaped by internal material frustration during firing [START_REF] Blonder | Shaping by Internal Material Frustration: Shifting to Architectural Scale[END_REF]. To precisely articulate these specific geometries and conformational changes, an understanding of Gaussian curvature must first be established. 

Understanding curvature

To describe the different geometries that a flexible sheet can adopt, one can consider the Gaussian curvature. At any given point on a surface is a normal vector that is at right angles to the surface. It follows that the planes which contain this normal vector are denoted as the normal planes, and the intersection of a normal plane and the surface will form a curve called a normal section. For any given point on a surface, the normal sections with the maximum and minimum curvatures can be defined as the principal curvatures, κ 1 and κ 2 (Figure 1.10a). The Gaussian curvature is then defined as the product of these two principal curvatures, that is K = κ 1 κ 2 ; and the mean curvature is defined as the average between these two principal curvatures, H = 1/2(κ 1 + κ 2 ). If both principle curvatures are of the same sign, then K > 0, and the surface is dome shaped (Figure 1 A surface which has a constant zero Gaussian curvature is a developable surface; it can be flattened onto a plane without any stretching or compression. For instance, if a ribbon is considered as isometric (that is, it does not support elastic strain), then a chiral twist can be imposed by winding the ribbon over the surface of a cylinder. Conversely, if the ribbon is allowed to be stretched but forbids lateral bending along its axis, then the ribbon is restricted to the family of ruled surfaces [START_REF] Ghafouri | Helicoid to Spiral Ribbon Transition[END_REF]. This includes the helicoid shape (a twisted minimal surface with zero mean curvature; see Figure 1.11a), but now excludes the isometric spiral of the previous case (Figure 1.11b,c). Ghafouri et al. have described the transition between helicoid and spiral ribbon structures of chiral materials (Figure 1.11d) [START_REF] Ghafouri | Helicoid to Spiral Ribbon Transition[END_REF]. They then describe the ribbon energy minimum, E(w), as a function of the ribbon width, w. The authors introduce a parameter, γ, which is the dimensionless ratio of the stretching energy per unit area of the ribbon. They show that γ depends on the ribbon width as w 4 . The energy minimum in the plot demonstrates that a ribbon can adopt one of two stable states: the first being a helicoidal ribbon of finite width, and the second being an isometric spiral ribbon of width approaching infinity. This necessarily implies that spiral ribbons of finite width are unstable. Furthermore, a transition is seen from the helicoid state with smaller width, to a spiral ribbon state with larger width. There is a critical point, γ c , at which a singularity exists. Near this point the ribbon should be extremely flexible with a conformation that is subject to strong thermal fluctuations. Below this point is the helicoidal regime (γ(w) < γ c ), and above this point is the spiral ribbon regime (γ(w) > γ c ). Thus the authors conclude that near the point γ(w) = γ c , strong thermal fluctuations in the orientation of the ribbon should be very pronounced, and simulations could be repeated at higher temperatures to study such fluctuations. This highlights the need for real-world experimentation and more complex models to provide further insight into the mechanical instabilities of thin sheets.

Incompatible elasticity

To further understand morphological transitions in thin sheets, Armon et al. have both modeled and tested experimentally the process through which chiral bauhinia seed pods open under the mathematical framework of "incompatible elasticity" [START_REF] Armon | Geometry and Mechanics in the Opening of Chiral Seed Pods[END_REF][START_REF] Armon | Shape selection in chiral ribbons: from seed pods to supramolecular assemblies[END_REF]. These initially flat pods curl into chiral helices upon opening, which is the result of a mechanical instability. To understand this, one can consider two elastic sheets which are stretched uni-Figure 1.12: (a) Two elastic sheets stretched uniaxially and glued in perpendicular directions create a residually stressed compound sheet. (b) A thin strip cut from this sheet at a given angle will change conformation to release stress, depending on the angle cut. Adapted from Armon et al. [START_REF] Armon | Geometry and Mechanics in the Opening of Chiral Seed Pods[END_REF].

axially to the same extent, and glued together in perpendicular directions (Figure 1.12a). When released from external stretching, the two layers shrink uniaxially in perpendicular directions, creating a residually stressed compound sheet, as both sheets "want" to bend in opposite and perpendicular directions. Consequently, the sheet adopts a saddle-like configuration with a non-zero Gaussian curvature. The bilayer sheet thus cannot assume a stress-free configuration, and must contain residual stress. A key feature of residually stressed bodies is that their conformation will change when cut into smaller parts, due to the release of stored elastic energy. Consider now that a strip is then cut from this sheet. The resulting shape of the ribbon depends on only two parameters: the angle between the cut and the stretch direction, and a dimensionless width (Figure 1.12b). For a given angle of θ = 45 • , a wide strip will adopt the configuration of a cylindrical helix (spiral ribbon), whereas a narrow strip will adopt the configuration of a twisted helix (helicoid). For a strip cut at an angle of θ = 0 • , a circular shape will result with Gaussian curvature K = 0. As the angle is increased from 0 • to 45 • , the pitch increases and the radius decreases, with a pure twist obtained at θ = 45 • . Notably, the handedness of the strips is reversed for angles from 90 • to 180 • . The authors conclude that in this case the specific chirality of the helices is therefore not a bulk material property, but instead is dependent on the global geometry of the sample.

Extension to the nanoscale

This framework of the mechanical instability of thin sheets can be extended to the nanoscale. Because this notion relies on the fundamentals of geometry and mechanics, and not on the [START_REF] Bouet | Two-Dimensional Growth of CdSe Nanocrystals, from Nanoplatelets to Nanosheets[END_REF], (b) helicoids from Jana et al. [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF], and (c) spiral ribbons from Liu et al. [START_REF] Liu | Photoluminescent Colloidal Nanohelices Self-Assembled from CdSe Magic-Size Clusters via Nanoplatelets[END_REF]. Schematic depictions of the corresponding geometries are shown; the shadow below each object results from projection of each shape onto a surface, and thus is indicative of what is observed in transmission electron microscopy (TEM). Modified from Guillemeny et al. [START_REF] Guillemeney | Curvature and self-assembly of semi-conducting nanoplatelets[END_REF]. specific composition of the material itself, these concepts should be relevant to different size scales and contexts. However, the open question remains: to what extent is the theoretical framework governing the mechanics of thin bodies applicable at the nanoscale? This is one of the fundamental questions addressed in this work. Cadmium selenide serves as a good candidate for a model system to study the curvature and possible geometries of nanoplatelets. This is due to the vast polymorphism reported in the literature, including CdSe rolled tubes [START_REF] Bouet | Two-Dimensional Growth of CdSe Nanocrystals, from Nanoplatelets to Nanosheets[END_REF] (Figure 1.13a), twisted helicoids [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF] (Figure 1.13b), and spiral ribbons [START_REF] Liu | Photoluminescent Colloidal Nanohelices Self-Assembled from CdSe Magic-Size Clusters via Nanoplatelets[END_REF] (Figure 1.13c).

The zinc blende structure of CdSe NPLs are shown in Figure 1.14a. The cross-section consists of Cd and Se layers arranged in a zinc-blende crystallographic structure. The thickness is denoted in terms of Cd-Se monolayers, with a 3.5 monolayer thickness typically expressed simply as "3 ML", that is, cross-sectional layers consisting of Cd-Se-Cd-Se-Cd-Se-Cd with a thickness of 1.2 nm. The NPLs contain cadmium-rich [001] basal planes which are chemically equivalent, but oriented at a 90 • angle to one another. After synthesis, these facets are capped with surface ligands which exert stresses on the crystal lattice below them. This can be seen as analogous to heteroepitaxy, where the ligand head groups organize into a self-assembled monolayer which does not necessarily match the lattice parameter of the CdSe surface below. This stress deforms the underlying crystalline lattice, and indeed can propagate beyond just the surface layer. For sufficiently thin nanoplatelets, this results in Figure 1.14: (a) Zinc blende crystal structure in a 3ML CdSe nanoplatelet. Surface ligands exert orthogonal stresses on the top and bottom facets. Here, compressive stress from thiolate ligands is depicted with arrows. (b) The internal elastic energy is minimized as the NPL bends into spiral-ribbon geometry, characterized by the radius R at an angle Φ from the normal plane. Reproduced from Po et al. [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF]. deformation of the system as a whole: because the stresses exerted by the ligands are in a perpendicular fashion on the top and bottom planes, the nanoplatelet bends as a result of elastic strain in the system, much in the same manner as discussed previously in Section 1.4.3 under the framework of incompatible elasticity. Carboxylate ligands induce tensile stress on the underlying lattice, whereas thiolate ligands induce compressive stress [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF][START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF]. Furthermore, depending on the crystallographic orientation and lateral dimensions of the NPL, this results in bending into either rolled tubes, spiral ribbons, or helicoids. Figure 1.14b depicts the "wide-ribbon" regime in which the NPL curls into a spiral ribbon to minimize internal elastic energy. This structure can be defined by the radius, R, which is tilted by an angle Φ with respect to the normal plane. The Gaussian curvature is zero, and the structure exhibits a helical centerline rotating around the [110] axis.

The dimensions of the thin sheet can impact the shape, resulting in transitions from helicoids to spiral ribbons depending on NPL lateral dimensions. Such a phenomenon can be understood according to the framework discussed in Section 1.4.2, for helicoid to spiral ribbon transitions. Indeed, in the "narrow ribbon" regime, the ligand-induced mechanical stress can be estimated by considering the energy required to twist a plate by a given angle θ:

E t = 2 9 Gwe 3 θ 2 L (1.4.1) 1.5. SUMMARY
Where G is the shear modulus, e is the thickness, and w and L are the respective width and length (with L > w). Jana et al. have shown that for a CdSe NPL with dimensions of 7 × 22 nm, given a shear modulus of 17.25 GPa, the resulting energy is 12.5 eV/NPL [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF]. The ordering energy of long-chain alkanes is approximately 90 meV, and thus a concentration of 140 ligands per NPL is needed to match the twist energy. This corresponds to an approximate density of 1 ligand/nm 2 , a value much lower than the 0.6-4.6 ligands/nm 2 that is typically reported for semiconductor surfaces. They thus conclude that the physical origin of the twisted NPLs results from the strain induced by the surface ligands [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF].

The first reports of zinc blende CdSe nanoplatelets date from 2008 for square and rectangular NPLs [START_REF] Ithurria | Quasi 2D Colloidal CdSe Platelets with Thicknesses Controlled at the Atomic Level[END_REF][START_REF] Ouyang | Multiple Families of Magic-Sized CdSe Nanocrystals with Strong Bandgap Photoluminescence via Noninjection One-Pot Syntheses[END_REF]. Since then, much polymorphism has been reported in CdSe systems. Recently, post-synthetic shape control has also been demonstrated in a number of publications. For instance, in 2017 Jana et al. demonstrated the twisting of flat NPLs into helicoids, observing increased distortion upon the addition of excess ligands, proposing that the origin of these shape changes result from ligand-induced mechanical stress [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF]. In 2019, Dufour et al. showed that spiral-ribbon CdSe NPLs can be flattened upon exchanging the native ligands with halide X-L-type ligands [START_REF] Dufour | Halide Ligands To Release Strain in Cadmium Chalcogenide Nanoplatelets and Achieve High Brightness[END_REF]. In 2021, Martinet et al. showed that exchanging the native ligands for thiolate ligands also effects the radius of curvature of spiral-ribbon NPLs, demonstrating that short-chain alkylthiolate ligands result in more tightly coiled structures [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF]. Similarly, in 2022 Po et al. [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF] have proposed a mechanical model for this system to predict the radius of curvature based off misfit strain between the inorganic core and surface ligands [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF]. Recently in 2023, the transition between flat, edge-twisted, and helicoidal NPLs was investigated experimentally by Nazir et al. [START_REF] Nazir | Breaking the symmetry of colloidal 2D nanoplatelets: Twist induced quantum coupling[END_REF]. Very recently, Monego et al. used molecular dynamics simulations to demonstrate the transition between CdSe helicoids and helical ribbons at a critical width [START_REF] Monego | 1 Ligand-Induced Incompatible Curvatures Control 2 Ultrathin Nanoplatelet Polymorphism and Chirality[END_REF].

Summary

spiral-ribbon transitions were reviewed, thus providing the context necessary to understand the polymorphism observed in CdSe nanoplatelets. Finally, the mechanism was discussed through which ligand-induced stress can result in the shapeshifting of CdSe nanoplatelets into different conformations.

Chapter 2

Inducing Chirality in Perovskite Nanoplatelets

Abstract

Chiral halide perovskite nanocrystals have many applications in next-generation optoelectronic devices due to their interaction with polarized light. Through the careful selection of chiral organic surface ligands, control over the circular dichroism (CD) and circularly polarized luminescence (CPL) of these materials can be achieved. However, while recent developments of CD-active perovskites have seen significant advances, effective CPL remains 2.2. HISTORY AND BACKGROUND a challenge. Here, colloidal perovskite nanoplatelets are synthesized exhibiting room temperature CPL with dissymmetry factors up to g lum = 4.3 × 10 -3 and g abs = 8.4 × 10 -3 [START_REF] Hubley | Chiral Perovskite Nanoplatelets Exhibiting Circularly Polarized Luminescence through Ligand Optimization[END_REF]. Methylammonium lead bromide nanoplatelets are synthesized with a mixture of chiral dimethylbenzylammonium ligands and achiral octylammonium ligands, the precise ratio of which is shown to be critical to achieving high g-factors. The competitive binding of these surface ligands is investigated using 1 H NMR, and an equilibrium model is used to demonstrate the ligand affinity. The magnitude of CPL and CD is quantitatively shown to exhibit a linear correlation, such that g lum = 0.40 × g abs . Lastly, by screening several amines with close structures, it is shown that subtle differences in ligand structure have significant impact on the resulting nanoplatelets CD signal. These findings provide new insights for the effective design of perovskites exhibiting CPL and facilitate the development of high-performance devices based on circularly polarized luminescence.

History and background

The first report of metal halide perovskites is often attributed to H.L. Wells in 1893 [START_REF] Wells | Über die Cäsium-und Kalium-Bleihalogenide[END_REF]. Curiously, following this first report, this class of compounds received very little attention for nearly a century. It was only in the 1990s that the interest for perovskite materials began to grow, initially as light-emitting devices and transistors [100]. But the true "rise to fame" began in 2012, as the potential of perovskite materials in solar cells became apparent [101]. Since then, perovskite research has continued to increase due to their astounding optoelectronic properties. Additionally, affordability, solution processability, and the possibility for low-temperature synthesis have all helped to fuel this increasing interest in perovskite materials.

Bulk metal-halide perovskites are described as having a generic chemical formula of ABX 3 , with A being a small cation with +1 oxidation state, B a divalent metal cation with +2 oxidation state, and X a halide with a -1 oxidation state. The crystal can be viewed as a series of corner-sharing BX 6 octahedra, with A cations occupying the cubo-octahedral cavities.

The Goldschmidt tolerance factor, t, can then be used to predict the stability of bulk halide perovskite structures based on the size of the atomic radii (R i ). For the chemical formula ABX 3 , the Goldschmidt tolerance factor is given as:

t = R A + R X √ 2(R B + R X )
The tolerance factor treats all ions as rigid spheres considering a close packing configuration, and is such that t = 1 indicates a perfect fit. A tolerance factor above or below this value indicates a larger or smaller A-site cation, respectively, and can result in distortion due to tilting of the BX 6 octahedra. For a stable perovskite structure, a tolerance factor between 0.8 ≤ t ≤ 1.0 is typically required [102]. Typical A-site cations include cesium, methylammonium, and formamidinium. Incorporation of the latter two results in crystals commonly denoted as hybrid organic-inorganic perovskites (HOIPs); that is, they consist of both an organic A-site cation and an inorganic B-site metal.

Whereas bulk perovskites are geometrically restricted to A-site cations consisting of cesium, formamidinium, and methylammonium, the compositional variability can be increased by moving towards lower-dimensional structures. In 2D perovskites, much larger A-site cations can be incorporated into the crystal, often in the form of primary alkylammonium salts. These molecules can act as surface ligands, and give rise to an immense variability of structural complexity. Additionally, this improves the ability to fine-tune the optoelectronic properties of perovskite crystals by exploiting size-confinement effects. When combined with bandgap engineering through compositional tuning, this results in absorption and emission that can be tailored across the visible spectrum.

When speaking of colloidal perovskite nanoplatelets, the chemical formula ABX 3 can be re-written to describe the thickness of the structure in terms of the number of unit cells. In the formula L 2 [ABX 3 ] n -1 BX 4 , L represents the capping ligand, and n represents the number of metal halide octahedra layers in the nanoplatelet. As such, the number n=1 corresponds to the number of complete unit cells that can fit inside the thickness of a platelet. In this notation, a nanoplatelet of thickness n=2 corresponds to a single unit cell, and an n=1 nanoplatelet corresponds to the thinnest structure, which is an incomplete perovskite structure lacking the A-site cation.

Incorporation of chiral organic molecules into the perovskite framework was first reported by Billing and Lemmerer in 2006[103]. Their contributions continued with a series of different studies focused on single crystal synthesis, characterization, and phase transitions of perovskite structures containing chiral cyclic ammonium cations[104-106]. However, the chiroptical properties were not investigated in these early works. Instead, the first report of circular dichroism in HOIP perovskites was in 2017 by Ahn et al. concerning chiral perovskite thin films [107]. Since then, chiral perovskites have attracted considerable attention due to their flexible crystal structures and tunable compositions which allow for the incorporation of many different chiral ligands directly into the crystals. This enables the use of chiral perovskites in many different fields including chiroptoelectronic, ferroelectric, and chiro-spintronic applications [START_REF] Crassous | Materials for chiral light control[END_REF]108,109].

Introduction

Chiral materials exhibit preferential interactions with left-handed or right-handed circularly polarized light. The unequal absorption or emission of circularly polarized light is referred to as circular dichroism (CD) or circularly polarized luminescence (CPL), and leads to many practical technologies such as 3D displays, spintronics, quantum computing, drug screening, anti-counterfeiting, and photoelectric devices. [START_REF] Milton | The chiral nano-world: chiroptically active quantum nanostructures[END_REF][110][111][112][113][114] However, realizing such technologies requires the development of sources of circularly polarized light. Con-
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ventionally this involves filtering unpolarized light using an optical polarizer, the drawbacks of which include both a decrease in intensity, and the need for additional optical elements. Current methods seek to circumvent these issues by producing direct sources of CPL, leading to device miniaturization, lower production costs, lower energy consumption, and faster data processing rates.[115] Small organic chiral fluorophores can be used for this purpose, but typically suffer from weak CPL with luminescence dissymmetry values on the order of g lum = 10 -4 to g lum = 10 -2 . [START_REF] Sanchez-Carnerero | Circularly Polarized Luminescence from Simple Organic Molecules[END_REF]116] Additionally, many of these organic molecules show optical activity in the UV-range, whereas applications often require emission in the visible spectrum. One of the solutions is to couple chiral organic molecules with semiconductor nanocrystals (NCs), consequently achieving direct CPL in the visible spectrum.[117] Doing so, it is possible to achieve much stronger chiroptical signals. [START_REF] Ben-Moshe | Chirality and chiroptical effects in inorganic nanocrystal systems with plasmon and exciton resonances[END_REF]118] Ligand-induced chirality has been shown to induce optical activity in semiconductor nanocrystals. [119] This involves the incorporation of chiral ligands either directly in the synthesis of colloidal nanocrystals, or through post-synthetic surface treatment. [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF] This can result in new optical activity at the characteristic wavelengths corresponding to excitonic transitions of the NC, and both circular dichroism and circularly polarized luminescence can be observed. [START_REF] Gao | Perspective of Chiral Colloidal Semiconductor Nanocrystals: Opportunity and Challenge[END_REF] However, materials showing CPL are less common than those exhibiting CD. [START_REF] Ma | Chiral Perovskites for Next-Generation Photonics: From Chirality Transfer to Chiroptical Activity[END_REF] Furthermore, to produce high-performance CPL emitters through ligand-induced chirality requires both a chiral molecule compatible with the NC surface, and a NC with superior optoelectronic properties including narrow emission line width, high photoluminescence quantum yield, and a wide range of color tunability.

Hybrid organic-inorganic perovskite nanocrystals meet these optoelectronic prerequisites, making them ideal candidates for the development of next-generation chiroptical devices.

[108] In addition to excellent optoelectronic properties, these materials have the advantages of affordability, flexibility, and solution processability.[102, 120, 121] Furthermore, organic-inorganic perovskites are a good foundation for designing optically active NCs due to the wide variety of compatible chiral organic ligands available. Typically, these molecules consist of a chiral centre adjacent to a primary ammonium moiety which can be inserted into the perovskite framework.[109] A number of reports have shown that perovskites can be prepared directly in the presence of chiral ligands, resulting in optically active nanocrystals.[107, 122, 123] However, while significant progress has been made in the field of chiral perovskite materials, CPL in these materials has received few reports, particularly in the case of colloidal nanocrystals. [124,125] This is because the optical properties of these nanocrystals are strongly dependent on the surface chemistry, and the impact of chiral ligands remains poorly understood. Hence, this work aims to provide insight into the relationship between chiral organic surface ligands, and the resulting chiroptical properties in hybrid organic-inorganic perovskite nanocrystals.

Here, we report colloidal perovskite nanoplatelets exhibiting room-temperature CPL. Using a nonsolvent recrystallization process, we show that a precise ratio of chiral and achiral ligands is crucial for achieving high chiroptical responses. We develop an 1 H NMR method to establish a relationship between chiroptical properties and the ratio of chiral and achiral ligands, finding that an equilibrium model can be used to understand the competitive binding of chiral ligands on the NPL surface. The correlation between the absorption and luminescence dissymmetry factors is quantitatively investigated to elucidate a linear relationship between g lum and g abs . The effects of small differences in ligand structure on the CD signal at the NC excitonic transition are compared. These results lead to a better understanding of ligand-induced chirality in perovskite nanoplatelets, and help in the strategic design of tunable sources of circularly polarized light.

Results and discussion

Methylammonium lead bromide perovskite nanoplatelets (NPLs) were prepared using a ligand-assisted re-precipitation (LARP) approach (see Methods section for details). NPLs were synthesized with a stoichiometric ratio of precursors corresponding to the thickness of a single unit cell. This is denoted as n=2 in terms of the number of lead-bromide octahedra n, in the form L 2 [MAPbBr 3 ] n -1 PbBr 4 , whereby L represents the organic ligands. In this work, chiral perovskites were prepared using a ligand mixture of octylammonium (OctAm) bromide and either (R)-(+)-α,4-dimethylbenzylammonium (R-DMBA) bromide or (S)-(-)-α,4-dimethylbenzylammonium (S -DMBA) bromide. Typically, a molar fraction of [DMBA]/[OctAm] = 0.825 was used unless denoted otherwise. For simplicity, these chiral NPL enantiomers are hereby denoted as R-or S -DMBA NPLs. The achiral perovskites were prepared using only OctAm ligands. Fourier Transform Infrared Spectroscopy (FTIR) confirms the immobilization of alkylammonium moieties on the surface of the nanoplatelets (Figure 2.1).

Scanning transmission electron microscopy (STEM) images of the R-DMBA NPLs show well-dispersed nanoplatelets of roughly circular morphology and a mean diameter of 65±12 nm, with contrast homogeneity indicating a uniform thickness (Figure 2.2a). The corresponding powder X-ray diffraction (PXRD) pattern of this sample is shown in Figure 2.2b. Peaks resulting from periodic reflections of stacked nanoplatelets in the powder are indicated, corresponding to a stacking periodicity of 2.6 nm. A single MAPbBr 3 perovskite layer has a thickness of 1.2 nm.[126] Thus, the remaining 1.4 nm can be attributed to interdigitated OctAm and DMBA ligands which have respective lengths of 1.1 nm and 0.8 nm (Figure 2.2c). This is consistent with values reported previously in literature for n=2 methylammonium lead bromide nanoplatelets and for bulk perovskites. Figure 2.1: FTIR spectra of methylammonium bromide [1] , octylammonium bromide, (S)-DMBA-Br, and (S)-DMBA-NPLs prepared with a chiral ligand fraction of 0.825. The band at 815 cm -1 corresponds to the N-H wag of DMBA. C-N stretching vibrations from OctAm, characteristic of aliphatic amines, are observed at 1223 cm -1 . N-H bending is observed at 1571 and 1590 cm -1 , for OctAm and DMBA, respectively. 

Optimization of chiroptical signals

We systematically changed the molar ratio between chiral and achiral ligands in the synthesis, and observed that the magnitude of the CD signal strongly depends on this ratio, in accordance with previous reports for perovskite NCs.[124,129] We observed that the maximum CD signal was obtained at a molar fraction of [DMBA]/[OctAm] = 0.825. This is the composition that was chosen for optical and structural characterization. The circular dichroism and circularly polarized luminescence are shown alongside the corresponding absorption and fluorescence spectra of the chiral NPLs (Figure 2.4a,b). The exciton absorption maximum at 430 nm with fluorescence emission maximum at 438 nm indicate a NPL thickness of n=2.[127] The photoluminescence quantum efficiency (PLQE) of these chiral NPLs are 0.27%, with a Full Width at Half maximum (FWHM) of 14 nm. Comparatively, a PLQE of 3.63% and a FWHM of 11 nm is exhibited for the achiral samples synthesized with purely OctAm ligands, consistent with previous literature [127]. The chiral samples show a luminescence dissymmetry g-factor, g lum of 4.0 × 10 -3 calculated as:

g lum = 2 × (I L -I R )/(I L + I R )
, where I L and I R are the intensities of the left-and right-handed components of the emitted light at the 438 nm emission maximum. The corresponding g abs at the 430 nm absorption maximum is 8.4 × 10 -3 , defined as g abs = CD (mdeg) /(32980 × A), where CD mdeg is the circular dichroism signal in millidegrees, and A is the absorbance at the given wavelength. To the best of our knowledge, these g-values are the highest reported for colloidal perovskite NPLs to date. Figure 2.4c shows g abs over the full spectrum, with the corresponding absorbance. The feature observed in the region near 300 nm can be attributed to a ligand-NC charge transfer band, with the bisignate peak in the region of 400-450 nm corresponding to the perovskite excitonic transition. [START_REF] Bloom | Spin Selective Charge Transport through Cysteine Capped CdSe Quantum Dots[END_REF][START_REF] Georgieva | Imprinting Chirality onto the Electronic States of Colloidal Perovskite Nanoplatelets[END_REF] Spectra for the R-and S -DMBA NPLs appear as mirror images of one another for both CD and CPL. As expected, no chiroptical features are observed in the visible spectrum for either the R-or S -DMBA-Br ligands alone, or for the achiral NPLs synthesized with purely OctAm ligands (Figures 2.5).

Ligand affinity determination

It follows that the optical properties are highly dependent on the surface chemistry of the nanoplatelets, as ligand binding alters the electronic energy levels of surface atoms.[130] Therefore, to understand the role of the different ligands involved, a better understanding of the surface chemistry must be developed. Due to the structural differences between the ligands, it is expected that they would have different binding affinities for the surface of the nanoplatelets. [START_REF] Anderson | Ligand Exchange and the Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-Carboxylate Displacement and Binding[END_REF] Furthermore, only a small portion of the total ligands present are required to passivate the surface because the NPLs are synthesized in the presence of an excess of ligands. Therefore, the ligand composition at the surface of the nanoplatelets is not necessarily equal to the initial composition in solution. Thus, 1 H NMR was used to compare the relative concentration of free ligands to that of ligands bound to the nanoplatelet A detailed procedure for the relative concentration determination of ligands through 1 H NMR is described under Experimental Methods. In short, this involved centrifuging the platelets to remove unbound ligands before dissolving the precipitate in a polar deuterated solvent. When the NPLs are dispersed in a polar solvent, they dissolve into their constituent precursors because the initial formation of the platelets occurs as a result of a nonsolvent crystallization process. This allows for sharp signals from free ligands to be resolved in the 1 H NMR spectrum, as there is no peak broadening resulting from bound ligands.[131] Figure 2.7 compares the 1 H NMR spectra of bound and free ligands. Additionally, because excess ligands were removed during washing, an accurate quantification of only the ligands which were previously bound to the surface can be deduced. To do so, peaks from the 1 H NMR spectrum with no overlapping signals were used for relative concentration determination with the following equation: Where I is the integral of the signal, N is the number of nuclei giving rise to the signal, and M is the molar fraction of DMBA ranging between 0 and 1. The signals used for comparison were the alpha proton of DMBA (δ = 4.38 ppm) and the methyl protons of OctAm (δ = 0.87 ppm), as indicated in Figure 2.6. This procedure was repeated for samples synthesized with different molar fractions of chiral and achiral ligands, ranging from 100% (purely chiral DMBA, M = 1) down to 0% (purely OctAm, M = 0). From this, an equilibrium of the ligands with the NPL surface was thus established and correlated with the magnitude of g abs (Figure 2.8a,b).

M = I OctAm I DMBA × N DMBA N OctAm + 1 -1
The binding equilibrium between the different ligands and nanoplatelet surface can be expressed as follows:

[DMBA] + [NPL OctAm ] ⇌ [OctAm] + [NPL DMBA ]
The equilibrium constant K can then be written as:

K = [NPL OctAm ][DMBA] [NPL DMBA ][OctAm] = (1 -M ) M × x (1 -x)
Where x is the molar fraction of DMBA in solution, and again M is equivalent to the molar fraction of DMBA on the surface of the nanoplatelet. Therefore, K = 1 would be indicative of equal affinity of the ligands for the NPL surface. Fitting the experimental values using this equilibrium model results in K = 7.3 ± 3.2 and reveals the competitive binding between the ligands and the NPL surface, showing that OctAm has a much higher affinity than DMBA for the NPL surface, to such an extent that when 82.5% of ligands in solution consist of DMBA at the beginning of the synthesis, the percentage on the surface after the synthesis is only 33%. This composition corresponds to the ratio at which the maximum CD signal is observed. A chiral ligand fraction of 0.88 corresponds to equal amounts of both ligands on the surface of the NPLs, and this composition was used to evaluate the reproducibility of chiral signals (Figure 2.9).

Explanation of optimal chiral ligand fraction

The dependence of g abs on the fraction of chiral ligands at the 430 nm absorption maximum can be rationalized in a number of ways when considering both the ligand affinity to the nanoplatelet surface and the absorption spectra of samples synthesized with different ligand fractions (Figure 2.8c). As the ratio of chiral to achiral ligands is changed, the formation of different species is favoured. However, the equilibrium of ammonium ligands to the lead bromide surface is independent of the platelet morphology, and thus intercomparison of the different species is possible. In the presence of purely chiral ligands, an absorption maximum at 380 nm occurs, resulting from the formation of distorted lead-halide octahedra which can be attributed to a (110) perovskite with layered corrugated inorganic sheets.[132] Profile plot STEM images of stacked platelets show the presence of multiple thicknesses including n=1, which is confirmed by PXRD indicating the majority population has a stacking periodicity of 1.6 nm (Figure 2.10). After accounting for the 0.6 nm lead-bromide octahedra, the remaining 1.0 nm can be attributed to interdigitated ligands. A CD signal on the order of g abs = 10 -4 is observed in this region of 380 nm, as well as a smaller signal at 430 nm, resulting from the n=1 and n=2 layers, respectively (Figure 2.11a). This preferential formation of distorted n=1 species at high chiral ligand fraction is a result of the bulkyness of DMBA, because flexibility of the single lead bromide octahedra layers allows for a larger degree of distortion in the system, thus accommodating more ligands on the surface. Additionally, the absence of OctAm allows for increased π-π stacking of interdigitated DMBA, further favouring the formation of a layered Ruddlesden-Popper phase structure instead of well-dispersed individual NPLs. [133] The simultaneous formation of both the n=1 thickness (absorption at 398 nm) and the n=2 thickness (absorption at 430 nm) can result in the low magnitude of g abs due to competing CD signals from the different species. The preferential absorption of left or right circularly polarized light coincides with the redistribution of helical electron clouds for a specific excitonic transition. The CD spectrum is then constructed as differential spectra of the absorption values of the left-and right-handed components of polarized light as a function of the wavelength. Thus, for different excitonic transitions which occur at nearby wavelengths, opposite-signed CD signals can overlap and partially eliminate one-another. Figure 2.11b shows the absorption and g abs spectra for NPLs synthesized with a chiral ligand fraction of 0.6, in which both n=1 and n=2 species are present. Comparison of the CD bands between these two populations shows interfering signals. That is, the Cotton effect for S -DMBA NPLs in the direction of increasing wavelength is positive to negative at the n=1 transition, and negative to positive at the n=2 transition. Additionally, a correlation is seen between a decrease in the relative concentration of n=2 platelets and a decrease in g abs when comparing the NPLs synthesized with the opposite enantiomers. The simultaneous presence of multiple species in solution will result in a CD spectrum that is the sum of all individual signals from each population. Furthermore, the CD spectrum of one species is the sum of the differential absorption of left and right circularly polarized light. Hence, when excitonic transitions of two different species are close, the overlapping CD peaks can have cancelling effects since a positive CD signal of one population can be partially canceled by a negative signal of another thickness thus resulting in low overall signals for samples of polydisperse thickness.

The monodisperse populations of n=2 platelets at low molar fractions of chiral ligands (approaching 0%) exhibit low g abs -factors. In this case, it simply results from an insufficient amount of chiral molecules on the surface, as the small portion of DMBA is out-competed by OctAm, which has a much higher affinity for the surface.

Of interest is the composition for which the largest g abs magnitude is exhibited, corresponding to M=0.33. Assuming full passivation of the surface by the mixture of OctAm and DMBA, this means 1/3 of surface sites are passivated by chiral ligands. At this ratio, a single species of monodisperse n=2 platelets are formed. The dramatic increase in CD at this specific ratio of chiral and achiral ligands can possibly result from chiral amplification due to the "sergeants-and-soldiers" effect on the nanoplatelet surface. Such a phenomenon can arise at precise ratios of chiral and achiral units when a small number of chiral units ("sergeants") control a larger portion of achiral units ("soldiers"). [118,134] This collective arrangement of molecules on the surface can result in long-range ordering, and chirality can be amplified beyond what is observed for ratios at which no collective interactions occur. Chiral amplification is observed when the increase of CD is non-linear in chiral molecule concentration, as can be seen in Figure 2.12 showing the g abs maxima as a function of the fraction of chiral ligands on the nanoplatelet surface. Furthermore, the ligand concentration has influence over the geometry of the chiral molecules on the NPL surface, which can consequently affect the magnitude of the CD signal. [START_REF] Kuznetsova | Effect of Chiral Ligand Concentration and Binding Mode on Chiroptical Activity of CdSe/CdS Quantum Dots[END_REF] This cooperative ligand effect can result in the order of magnitude increase in g abs which is observed at the optimal ligand fraction. The large error associated with measurements of samples prepared near this optimal ligand fraction is a consequence of the small energetic barrier separating the formation of these different species and the different conformations of the ligands on the NC surface.

Previous reports for colloidal perovskites prepared with other chiral ligands theorize that incorporation of a small amount of achiral ligands is required because the chiral molecules cannot passivate the surface alone due to their large steric profiles. [START_REF] Georgieva | Imprinting Chirality onto the Electronic States of Colloidal Perovskite Nanoplatelets[END_REF]129] Figure 2.12: g abs at the 430 nm absorption maximum as a function of the chiral ligand fraction on the nanoplatelet surface expressed with (a) absolute magnitudes with logarithmic y-axis, (b) a linear y-axis. However, approximate calculations indicate that the packing density of chiral ligands is much greater than the density of available surface sites. The number of available surface sites for a MAPbBr 3 crystal is 2.8 nm -2 . The packing density of DMBA can be compared to similar aromatic chiral molecules by calculating the large-area coverage of single monolayers, arriving at an approximate density of 3.3 to 4.4 ligands nm -2 .[128, 135-137] Comparatively, a packing density of ∼4.9 ligands nm -2 is typically exhibited for crystalline alkane chains, or a density of 4.6 nm -2 for self-assembled monolayers (SAMs) on an Au(111) surface. [130,131] From this, we see that bulky chiral ligands alone are sufficient to achieve complete passivation, suggesting that the achiral ligands have a role beyond simple surface passivation, but may contribute to long-range ordering.

Relationship between CD and CPL

To elucidate the relationship between CD and CPL, the g lum value at the emission maximum was plotted against the g abs value at the absorption maximum for nanoplatelets prepared with different chiral ligand fractions (Figure 2.13). The plot gives a regression line of g lum = 0.4 × g abs (r 2 = 0.84). Negative CD and CPL signals are observed for R-DMBA NPLs, while the S -DMBA NPLs exhibit positive signals. A slight deviation to higher g lum values for R-DMBA NPLs in comparison to the S -enantiomer can be attributed to the enantiomeric purity of the ligand salts, which were synthesized using precursors obtained from different suppliers. The linear correlation between the g-factor magnitudes is consistent with previous reports showing that g lum is proportional to, and smaller than, g abs .[138] Evaluation of the chiral sensitivity of the experimental setup is shown in Figure 2.14, showing the g lum values for samples synthesized at different dilution factors.

Extension to other ligands

Nanoplatelets exhibiting high g lum values will consequently also exhibit high g abs values.

Thus, to screen for potential NPL compositions with high dissymmetry values, the CD signals were recorded for perovskites synthesized with a number of different chiral amines. We observed a dependence of g abs on the chiral to achiral ligand ratio for these NPLs prepared with different ligands, including (S )-and (R)-methylbenzylamine (MBA), (S )and (R)-ethylbenzylamine (EBA), and (S )-and (R)-cyclohexylethylamine (CHEA). In all cases, n=2 methylammonium lead bromide nanoplatelets exhibited an increased CD response when a small amount of OctAm ligands were included. The chiral ligand fraction was varied in increments of 0.02 to arrive at the optimal CD signal for each nanoplatelet, with the precise amount of OctAm required being unique to each ligand. Figure 2.15 compares the CD spectra of nanoplatelets synthesized with the R-enantiomer of each ligand. The NPL absorption spectra, the corresponding CD spectra of S -enantiomers, and the calculated g abs values are also shown. Interestingly, despite the structural similarities between each molecule and identical NC composition and thickness, significant differences are observed in the CD spectra. Simply removing the methyl group from DMBA to yield the structure of MBA results in a decrease of g abs by more than an order of magnitude, but preserves the sign of the CD signal. However, altering the ligand structure between DMBA and the isomer EBA results in both a decrease in g abs , and an inversion in the CD signal. Replacing the aromatic ring with cyclohexane results in a CD band with a more pronounced Cotton effect, unlike that of the previous ligands. Instead of a single positive (or negative) band, the CD response becomes bisignate and changes sign at the wavelength where it was maximum for amines bearing an aromatic moiety. Different ligands, depending on chemical structure and composition, can split the excitonic levels of the perovskite NC with different efficiency, resulting in different shape and intensity of the induced CD signal.[139] Even the same ligand can induce different CD spectra as a result of different geometrical configurations on the NC surface. [START_REF] Kuznetsova | Ligand-induced chirality and optical activity in semiconductor nanocrystals: theory and applications[END_REF] The chirality is dependent not only on the chemistry of the ligand involved, but also on the exact geometry of binding.[140] Thus, small differences in ligand structure can induce significant changes in the CD spectra, even for nanoplatelets of the same thickness and composition.

The extent to which subtle differences in ligand structure and orientation result in significant changes in CD shape and magnitude indicates that the mechanism of the optical activity observed is likely a result of chiral molecular dipole and transition dipole coupling. [START_REF] Forde | Induced Chirality in Halide Perovskite Clusters through Surface Chemistry[END_REF] Such chirality transfer originates from coupling of the static dipole of the chiral surface ligand to the transition dipole moment of the perovskite nanocrystal, and the resulting CD spectrum is dependent on the specific binding configuration of the ligand [START_REF] Forde | Induced Chirality in Halide Perovskite Clusters through Surface Chemistry[END_REF]. Changes to the electronic structure of the NPLs by altering either the A-site cation (Fig- Validation of the experimental setup can be seen in that the intensity of fluorescence and CPL is proportional to the dilution of the sample, but the g-value remains the same. For samples synthesized at a dilution factor of 10, the signal exhibits an increased amount of noise. ure 2.16) or halide composition (Figure 2.17) resulted in a decreased CD signal intensity, supporting this theory. The drastic difference in the magnitude of g abs between DMBA and other chiral ligands suggests that long-range ordering may be present for this ligand, resulting in a chiral amplification which is not observed for MBA, EBA, or CHEA. Each of these ligands requires a small portion of OctAm to improve the signal, suggesting that the methods used here are a generic approach applicable to a wide range of perovskite systems. However, these results also indicate that OctAm is not required simply to help passivate the surface alongside the bulky ligands, but that inter-ligand interactions play an additional role in the orientation of the chiral molecules, and inhibit the formation of layered Ruddlesden-Popper phases. Furthermore, dipole-dipole coupling between the chiral ligand to the nanocrystal show that the specific choice of chiral ligand is also important to achieve optimal signals. Thus, future studies may seek to further investigate subtle structural differences between ligands to optimize chiroptical responses.

Conclusion

In conclusion, we report chiral colloidal perovskite nanoplatelets exhibiting room temperature circularly polarized luminescence. A combination of chiral and achiral molecules containing a primary ammonium moiety are incorporated as surface ligands directly in the NPL synthesis. We show that the ratio of these ligands strongly affects the chiroptical properties of the nanoplatelets, and that the competitive binding of these ligands to the nanoplatelet surface follows an equilibrium model. When the molar fraction of chiral to achiral ligands is too high or too low, formation of polydisperse thicknesses and different ligand binding orientations result in a decrease in the chiroptical signals. This approach is 2.6. METHODS demonstrated to be applicable for a number of different chiral molecules. We further show that in order to optimize the magnitude of the signal, careful consideration must be given to the choice of ligand because minute structural differences result in significant changes in the magnitude and sign of the induced CD. We believe the insights provided here will help the systematic and rational development of perovskite NCs with strong chirality, leading to applications in chiroptical devices.

Methods

Reagents and Materials Used. Lead (II) bromide (PbBr 2 , 99.999%), methylammonium bromide (MABr, anhydrous, ≥99%), n-octylammonium bromide (OctAm-Br, ≥99%), hydrobromic acid (HBr, 48 wt% in water), (R)-(+)-α,4-Dimethylbenzylamine (R-DMBA, 99%), (S)-(-)-α-Methylbenzylamine (S-MBA, 98%), (R)-(+)-α-Methylbenzylamine (R-MBA, 98%), (S)-(+)-1-Cyclohexylethylamine (S-CHEA, 98%), N,N -dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide-d 6 (DMSO, 99.9 atom% D), toluene (anhydrous, 99.8%), ethanol (anhydrous), and diethyl ether (anhydrous, ≥99%) were purchased from Sigma-Aldrich and used as received. Oleic acid (OA, technical grade 90%) was purchased from Sigma-Aldrich and was dried for 1 hour at 120 • C under vacuum before storage and use in a glovebox. (S)-(-)-α,4-Dimethylbenzylamine (S-DMBA, 98% ee 99+%), (S)-(-)-α-Ethylbenzylamine (S-EBA, 99+%, ee 99%), (R)-(+)-α-Ethylbenzylamine (R-EBA, 99+%, ee 98%), and (R)-(-)-1-Cyclohexylethylamine (R-CHEA, 98%, ee 94+%) were purchased from Alfa Aesar and used as received.

Precursor preparation. Precursor salts of S -and R-DMBA-Br were synthesized as follows. The desired enantiomer of DMBA (37 mmol, 5 g) was dissolved in ethanol (anhydrous, 25 mL) in a round bottom flask. A water bath was placed around the flask for heat dissipation and HBr (38 mmol, 4.3 mL, 48wt%) was added dropwise under vigorous stirring. After 2 hours, the flask was transferred to a rotary evaporator and dried at 70 • C to remove volatile solvents. The resulting white crystals were transferred to a Büchner funnel and washed with cold diethyl ether (6 washing cycles) before being placed in an oven at 80 • C for 1 hour. The products were transferred to an oxygen and water-free glovebox for storage. The other chiral ammonium halide salts were synthesized in a similar manner.

Nanoplatelet synthesis. All synthesis was performed in an oxygen and water-free glovebox. Stock solutions were prepared by dissolving precursor salts (PbBr 2 , MABr, OctAm-Br, S -DMBA-Br, R-DMBA-Br) in DMF to produce 0.5 M solutions. A portion of these stock solutions were combined into a precursor solution, consisting of 20 µL MABr, 40 µL PbBr2, 100 µL OA, and 200 µL of ammonium ligands (for instance 165 µL of S-DMBA-Br and 35 µL of OctAm-Br). This corresponds to a stoichiometric ratio for n=2 nanoplatelets, with an excess of ligands for added stability. A small amount of this precursor solution (20 µL) was rapidly injected into 10 mL of toluene under vigorous stirring, 2.6. METHODS resulting in instantaneous NPL formation. For purification, platelets were centrifuged at 6000 rpm for 5 minutes before being redispersed in 10 mL of toluene.

Circular Dichroism Spectroscopy. CD was measured using a Jasco J-1700 Spectrometer. Samples were measured in toluene using a 1 cm quartz cuvette, a 2 second integration time, and a 1 nm bandwidth. Background was subtracted with a toluene blank, and all g abs -factors were calculated from absorbance data measured simultaneously.

Circularly Polarized Luminescence. CPL was performed at room temperature using a home-built spectrometer described elsewhere [116]. All g lum -factors were calculated from fluorescence data measured simultaneously. Samples were excited at a 45 degree angle using a 365 nm diode at 20 mA, with a 2100 ms integration time, a 2 mm slit width and 4 nm resolution.

Photoluminescence Quantum Efficiency. PLQEs were measured using an Edinburgh Instruments Spectrofluorometer FS5 equipped with an SC-30 integrating sphere. Samples were excited at 365 nm with a Xe lamp.

Powder X-Ray Diffraction. Samples prepared under inert atmosphere were centrifuged and redispersed in a minimal amount of toluene before being drop-cast onto an air-free sample holder. PXRD measurements were performed using an Malvern Panalytical Aeris X-ray diffractometer operating at 30 kV and 15 mA with a copper radiation source.

Fourier Transform Infrared Spectroscopy.

FTIR was performed using a PerkinElmer Spectrum 65 FTIR Spectrometer. NPLs were centrifuged into a pellet and dropcast onto a Universal ATR Sampling Accessory.

Transmission Electron Microscopy. Samples were prepared by dropcasting solutions onto an Ultrathin C film on lacey carbon support, 400 mesh, Cu. (Ted Pella, Inc.) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were obtained using a Jeol microscope (JEM-ARM200F Cold FEG NeoARM) at an operating voltage of 200 kV.

INTRODUCTION

external stimulus. We show that the radius of curvature can be controlled by modulating the temperature, and that the choice of surface functionalization enables tunability of both the magnitude and the sign of response. We attribute the shape change to different factors depending on the ligand functional group: carboxylates undergo a change in binding configuration, whereas thiolates undergo both ligand desorption, and ligand decomposition with subsequent CdS surface layer formation. Using small angle X-ray scattering, we follow the in situ shape-changing of these nanoplatelets to better understand the mechanics governing 2D materials at the nanoscale. This work furthers a fundamental understanding of the ligand-nanocrystal interface, and leads towards an advanced and rational design of chiral and stimuli-responsive nanomaterials.

Introduction

Applying a force at the surface of a thin object induces a mechanical stress resulting in deformation of the object. Doing so, it is possible to transform planar sheets into many new and interesting geometries such as chiral helices, twists, and rolls. Furthermore, by altering the magnitude or direction of these surface forces, it is possible to induce changes between different conformations. Such processes have been observed numerous times in nature, and they allow for the stimuli-responsive motion of thin sheets simply by exploiting underlying mechanical instabilities [START_REF] Forterre | How the Venus flytrap snaps[END_REF][START_REF] Prior | Ribbon curling via stress relaxation in thin polymer films[END_REF][START_REF] Armon | Geometry and Mechanics in the Opening of Chiral Seed Pods[END_REF][START_REF] Blonder | Shaping by Internal Material Frustration: Shifting to Architectural Scale[END_REF].

On the nanoscale, surface ligands have been shown to induce stress on the facets of nanocrystals, for instance through lattice mismatch of ligand functional groups with the underlying nanocrystal lattice, where the ligand head groups organize into a lattice which does not necessarily match the lattice parameter of the nanocrystal below them [141]. This can be seen as analogous to heteroepitaxy, where strain is present at the interface between atomic arrangements of different lattice parameters. Furthermore, stress can also be induced on the surface of the nanocrystal through ligand-ligand tail interactions. It has been shown that below a critical thickness and above a critical lateral dimension, van der Waals interactions are capable of significantly deforming particle shape [142]. Such interactions are influenced by solvation of the ligand shell, ligand surface coverage, chain saturation, and so forth, thus creating a rich and multi-dimensional playground for engineering surface stresses on nanocrystals. Of particular interest are ultrathin materials such as nanosheets, nanoplatelets, and nanoribbons, whose thicknesses are just a few atomic planes. For such thin materials, the surface stress imposed by the ligands provides a mechanical constraint, and relaxation of this strain impacts the shape of the material. It has been demonstrated by Jana et al. that the energy required to twist a nanoplatelet can be achieved with a modest ligand density of ∼1 ligand/nm 2 , a density much lower that what is typically reported for semiconductor surfaces of 0.6 to 4.6 ligands/nm 2 [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF]. In some cases, small changes to this surface stress can have significant impacts on the shape of the nanoplatelet [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF][START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF]. Thus, by exploiting the ligand's response to external stimuli, it is possible to engineer, in turn, NPLs whose shapes change in response to these external parameters.

Current nanocrystal synthesis suffers from a lack of post-synthetic shape control, highlighting the need for experimental protocols which provide this additional degree of freedom in rational NC design. This ability to fine-tune the shape after synthesis is important, as the shape of nanocrystals has been shown to directly impact optical activity [START_REF] Rukhlenko | Shape-induced optical activity of chiral nanocrystals[END_REF][START_REF] Nazir | Breaking the symmetry of colloidal 2D nanoplatelets: Twist induced quantum coupling[END_REF]. Furthermore, there are broader applications in the regulation of optical properties and assemblies of NCs [START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF]. Due to the rapidly growing field of materials for chiral light control, fine-tuning of the NPL shape can provide a highly sought-after degree of tunability over chiroptical signals [START_REF] Baimuratov | Optically Active Semiconductor Nanosprings for Tunable Chiral Nanophotonics[END_REF][START_REF] Crassous | Materials for chiral light control[END_REF]. Stimuli-responsive shape control can lead to in situ modulation of chiroptical signals. Such properties are highly attractive in the fields of sensors and actuators, and could eventually lead to the development of more complex systems such as nano-swimmers[143] and molecular machines [144]. Such post-synthetic shape control provides access to a library of nanocrystal geometries not accessible through conventional chemical synthesis.

Here, we report stimuli-responsive CdSe nanoplatelets whose radii can be adjusted in response to external temperature. The choice of surface ligand headgroup allows for the response to be tailored between opening or closing of the helice, and consideration of the ligand tail provides further control over the magnitude of the response. In situ X-ray scattering methods are developed and used to characterize the nanoplatelet shape, and to elucidate the strain and atomic scale structure of these nanoplatelets. The temperatureinduced shape change is attributed to multiple factors depending on the ligand surface group. For thiolates the driving factors are ligand desorption alongside ligand decomposition and the formation of a CdS surface layer. For carboxylates, the change is a result of different ligand binding configurations on the CdSe surface. Lastly, a relationship is developed between the surface stress, the surface ligand coverage, and the ligand binding configuration. This work helps to understand the theoretical framework governing the elasticity and mechanics of thin sheets, and paves the way towards the next generation of stimuli-responsive nanomaterials.

Results and discussion

Helical CdSe nanoplatelets

Cadmium selenide nanoplatelets were synthesized with zinc blende crystal structure to a thickness of 3.5 monolayers (3ML) using a protocol modified from Martinet et al. [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF]. A single parent batch of NPLs (herein denoted as native OA-CdSe NPLs) was used as a starting point for all experiments (Figure 3.1a). The nanoplatelets have average lateral dimensions of 65.5 ± 11.4 nm by 13.9 ± 5.3 nm, as measured through TEM, and exhibit an absorption maximum at 462 nm, with an emission maximum at 465 nm (Figure 3 and bottom facets are chemically equivalent but oriented at a 90 • angle to one another, as highlighted in Figure 3.1c. The NPLs are capped with ligands which induce orthogonal surface stress on these planes, and consequently, the NPLs bend as a result of energy minimization [START_REF] Bouet | Two-Dimensional Growth of CdSe Nanocrystals, from Nanoplatelets to Nanosheets[END_REF]145]. Geometrically, the nanoplatelets can be described as chiral spiral ribbons of zero Gaussian curvature which exhibit a folding direction along the [110] axis of the zinc blende structure. No CD signal was measured in the samples, as they are composed of a racemic mixture of left and right spirals (Figure 3.2). They can be characterized by their radius of curvature, R, which is the distance from the normal plane to the centre axis of curvature.

By performing ligand exchange with alkylthiolates and alkylcarboxylates of different chain lengths, the radius curvature of the NPLs was modified. These molecules replace native oleates in a two-step process involving proton exchange, binding as X-type ligands in a 1:1 exchange stoichiometry [146,147]. This exchange was accompanied by a change in radius of curvature, and in the case of thiolate ligands, a bathochromic shift of the exciton. Interestingly, no correlation was observed between the precise wavelength of maximum absorption and the radius of curvature, contrary to previous reports (Figure 3. 

Pair distribution function analysis

Carboxylate headgroups are known to induce tensile strain on the CdSe lattice whereas thiolate headgroups induce compressive strain [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF][START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF]. Thus, pair distribution function analysis (PDF) of the NPLs should yield insight into the atomic scale structure, strain, degree of crystallinity and local bonding [149]. The first-neighbour Cd-Se interatomic distance (r 0 ) is smaller in all the NPL samples compared to that of bulk CdSe, regardless of the functional group present (Figure 3.6). Previous literature has reported the nearest-neighbour distances in CdQ nanocrystals (Q=S, Se, Te) to be smaller than the bulk counterparts by 1%[149], with increasing deviations observed as the NP size decreases [150]. Here, this corresponds to a distance of 2.6 Å in the NPLs versus 2.69 Å in the bulk, resulting in a 3.3% decrease. Similarly, Masadeh et al. report a nearest-neighbour distance of 2.6353 Å for CdSe NPs, with a bond length that shortens as NP diameter decreases [149]. The peaks at 4.4 Å and 6.2 Å correspond to Cd-Cd interatomic distances. Due to NPLs having a large proportion of Cd atoms at the surface, broadening of these peaks when moving from oleate-capped particles to thiolate-capped particles can be attributed to a more distorted surface region, as a larger amount of stress is imposed by the thiolate head groups. When considering the peak at 4.4 Å, it can be seen that carboxylate samples show a larger relative Cd-Cd distance than thiolate samples, with respective average distances of 4.30 Å and 4.25 Å (Figure 3.6). Compared to the bulk value, this corresponds to a 2.3% decrease for carboxylate NPLs, and a 3.4% decrease for thiolate NPLs. As interatomic distances are reported to decrease with decreasing particle size[149, 150], these results are not in contrast with previous reports indicating that carboxylates induce tensile in-plane strain, while thiolates induce compressive in-plane strain [START_REF] Po | Chiral Helices Formation by Self-Assembled Molecules on Semiconductor Flexible Substrates[END_REF][START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF].

Experimental PDF was compared to models using atomic position data generated for several different geometric deformations of a flat CdSe nanoplatelet (Figure 3.7). Spiral ribbon geometries were considered with radius (R) and pitch (p) equivalent to both OA-CdSe NPLs (R= 12 nm, p = 60 nm) and OT-CdSe NPLs (R= 17 nm, p = 75 nm), as well as a helicoid of p = 75 nm. All deformations were considered as purely geometric (the volume was not preserved). When deforming, the longer dimensions were assumed to be equivalent to an arc length, implying the mid plane of the flat crystal was not stretched. Finally, it was assumed that perpendicular cross sections in the flat configuration remain perpendicular after deformation. As the model is purely geometric, it does not account for distortion of the surface atoms by ligands. Conversely, in the experimental cases, ligand binding to the surface results in large distortion, and indeed the surface region is often thought of as being highly amorphous[149]. This can be seen when comparing the modeled and experimental PDF for each scenario (Figure 3.8a-c), manifesting as a sharp nearest-neighbour peak, with diminishing and broadening higher-neighbour peaks. The differences observed between the experimental cases and models can likely be attributed to the ligand headgroups. For these ultrathin structures which are only a few atomic planes thick, significant distortion of the crystal can result from the ligand headgroups. Because the model does not consider the The nearest-neighbour interatomic distance is compared for the flat and spiral ribbon scenarios in Figure 3.8d. In the instance of a flat NPL, a single peak is observed at a value of r 0 = 2.64 Å . However, as the NPLs are deformed into spiral ribbons, this peak is shifted to a higher distance, with the emergence of two additional peaks at larger and smaller r (2.07 Å and 2.89 Å for the NPL of R=17 nm). As the deformation is increased, these peaks are shifted further to 2.03 Å and 3.13 Å (for NPL of R=12). These peaks result from the strain imposed on the NPL, as a greater deformation requires a larger displacement of atoms from the positions they would occupy in flat NPL, either through compression or expansion of the lattice. This ligand-imposed stress results in geometric frustration in the NPL, creating a residually stressed structure. Thus, by altering the ligand environment, minute changes to the ligand binding can induce changes in the imposed stress, consequently resulting in a change of conformation in the system. To achieve this, the temperature of the system was altered to allow for a temperature-modulated control of the NPL curvature. 

Temperature-modulated conformation control

To modify the radius of the NPLs and induce an in situ "shape-shifting", the temperature was modulated while simultaneously monitoring the curvature using SAXS (refer to Methods for experimental details). Upon heating, it was found that ligand functional group dictated the signage of the change in radius, either positive or negative. The radius of curvature was increased for all carboxylates (+∆R or "opening" of the helices) and decreased for all thiolates (-∆R or "closing" of the helices). Additionally, the ligand tail length was found to correlate with the magnitude of response, with a longer alkyl chain resulting in a greater change in radius. Interestingly, a hysteresis was observed such that once the radius had been modified, it did not revert back to initial values upon returning to room temperature (Figure 3.10). Such features allow for a target radius to be achieved as a function of temperature, providing a great degree of tunability over the system. As an example, Figure 3.9 shows TEM images of OA-CdSe and OT-CdSe before and after the temperature ramp, alongside the corresponding radius-temperature plot. The changes observed with other ligands are summarized in Table 3.1. In the instance of platelets with very large initial radii (namely HDT and ODT), the precise value of R i cannot be accurately measured with SAXS due to the very small q value for large radii, and due to the stacking tendency of flat platelets which obscure the oscillations at small q. For these samples, the exact radius could only be extracted at higher temperatures once the curvature became adequately pronounced. During the heating ramp, it can be seen that the rate at which R changes with temperature is not linear, and that the greatest change in radius occurs around 140 • C for OA-CdSe, and 175 • C for OT-CdSe. This change is accompanied by crystallographic changes observed in WAXS, beyond what can be explained by simple Figure 3.9: Changes to the NPL radius of curvature as a function of temperature for OA-CdSe and OT-CdSe, including before and after TEM images of each sample. thermal expansion, which is discussed as follows.

Lattice expansion with temperature (WAXS)

A specific sample of DDT-CdSe NPLs are shown before and after heating in Figure 3.11, alongside the corresponding SAXS and WAXS sequences. A radius-temperature plot overlaid with the (220) reflection expansion obtained from WAXS shows several interesting features. The lattice expansion can be expressed as a percentage as (q t -q b )/q b , where q t is the position of the peak at a given temperature, and q b is the position of the peak using the bulk lattice parameter of 28.6045 nm -1 (d=2.19657 Å) [151]. In the case of DDT, WAXS of the initial unheated NPLs shows compression in the (220) direction of 2.63%, with respect to values observed in the bulk material. This is in good correlation to the results obtained by PDF, which show a 3.1% decrease of the Cd-Se nearest neighbour interatomic distance and results obtained from PXRD which show a 4.4% decrease in the (220) spacing compared to the theoretical reflection observed in the bulk material (Figure 3.12). As the sample is heated, the WAXS peak shifts to lower q, indicating expansion of the crystal lattice. However, this shift is non-linear; the change abruptly decreases as the temperature reaches 175 • C, coinciding with the greatest magnitude of change in R of the sample. Additionally, the WAXS peak becomes narrower around this temperature indicating a higher degree of crystallinity of the sample. It is possible that this initial non-linear expansion may be attributed to ligand desorption, as a lower surface coverage of thiolates reduces the compression of the crystal lattice. Thus, the rate of expansion during the initial heating phase is greater than the rate of thermal expansion observed during cooling. Furthermore, this desorption of ligands is accompanied by a broadening of the absorption peak in addition to a hypsochromic shift by 25 nm (Figure 3.11c). As the temperature continues to increase, at around 180-190 • C, compression of the crystal lattice is observed. This results from the decomposition of thiolate ligands, and subsequent formation of a CdS surface layer compressing the crystal, and will be discussed in more detail in Section 3.3.5.

As the sample is cooled, the shift in q remains linear, indicating the changes during cooling are simply temperature-dependent thermal expansion of the crystal lattice. The thermal expansion coefficient, α v is calculated as:

α v = 1 ∆T ∆d d 0 (3.3.1)
Where ∆d is the change lattice spacing and ∆T is the change in temperature. Indeed, calculation of the in-plane linear thermal expansion coefficient obtained from the cooling phase of DDT-CdSe yields α = 2.8 × 10 -5 K -1 , a value approximately 1 order of magnitude greater than that expected for bulk CdSe (α v = 4 × 10 To further support the occurrence of ligand desorption and decomposition upon heating, the same heating ramp was performed with NPLs which had been completely flattened using a branched 2-ethylhexanethiolate ligand (Figure 3.17a). These flat NPLs have a strong tendency to form stacks in solution, initially corresponding to a spacing of 3.3 nm. This is in good accordance when considering a NPL of 1.2 nm thickness with two ligand monolayers of approximately 1 nm each. As the NPLs are heated, the stacking distance decreases, exhibiting a hysteresis similar to that observed for other thiolate NPLs (Figure 3.17h). After heating, no change in conformation is observed in the sample, indicating that the decrease in stacking distance of the NPLs observed upon heating is not resulting from shape change, but rather that it could result from desorption and decomposition of ligands, thus reducing inter-platelet spacing. Following the (220) plane expansion through WAXS shows a similar crystal lattice expansion as observed for other thiolates, despite no change in curvature occurring. This allows to deconvolute the different factors which result in changes to the crystal lattice: those which are a result of conformation change, and those which are a result of ligand desorption/decomposition. During the cooling phase, the thermal expansion coefficient is α v = 6.89 × 10 -5 K -1 . Indeed the initial expansion which occurs can thus be attributed to changes resulting from a decreased ligand coverage, and the region of compression between 100 • C and 175 • C can be attributed to ligand decomposition and the subsequent formation of a sulfide monolayer. Furthermore, after heating, the flat EHT-CdSe nanoplatelets also exhibit a hypsochromic shift in the exciton, despite no change in shape occurring (Figure 3.17c). Consequently, contributions to the exciton shift resulting from conformation changes can be ruled out, and instead these shifts must be attributed to exciton confinement change due to a loss of thiolate ligands. As complementary analysis to probe modifications to the surface chemistry of thiolate nanoplatelets, low frequency Raman spectroscopy was used to investigate changes in surface ligand coverage. 

Raman spectroscopy

Low frequency vibrations of the nanocrystal confined within the NPL can inelastically scatter light, appearing in the low-frequency Raman spectrum. The breathing vibrations of the NPLs, known as Lamb modes, depend on the mechanical properties of the system, and thus are affected by the presence of surface ligands. Small changes to the NPL surface chemistry can modify the frequency of these vibrations. The precise value of this peak depends on the ligand mass, binding group, and surface coverage, and has been reported for 3ML NPLs by Martinet et al. at a frequency shift of ∼36.5 cm -1 for OA ligands (with high surface coverage of 5.4 ligands per nm -2 ), to ∼37.5 cm -1 for OT, and gradually decreasing with increasing chain length to a value of ∼29 cm -1 for ODT [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF]. In this work, a similar frequency of 36.50 cm -1 was observed for native OA-CdSe NPLs (Figure 3.18a). After heating, the frequency shows a very modest increase (< 1 cm -1 , to 37.48 cm -1 ), indicating the surface coverage was slightly reduced during the temperature-modulation. Following the model proposed by Martinet et al., this corresponds to approximately a 2.4% decrease in weight of surface carboxylate ligands [START_REF] Martinet | Ligand-dependent nano-mechanical properties of CdSe nanoplatelets: calibrating nanobalances for ligand affinity monitoring[END_REF]. By contrast, the OT-CdSe NPLs show a significant shift (> 5 cm -1 ) before and after heating (from 36.5 to 41.9 cm -1 , respectively), indicating a significant reduction in surface ligand coverage during the temperature ramp. Other thiolates see shifts of similar magnitude. This indicates that upon heating, the ligand density is greatly reduced for thiolates, but not for carboxylates. These findings are consistent with the hypsochromic-shift observed in the UV-vis spectra for thiolate-NPLs, which is not present for carboxylate-NPLs.

Additional insight can be deduced from the longitudinal optical (LO) phonons. The peak present for all samples at ∼ 203 cm -1 corresponds to the CdSe LO phonon. However, a new peak appears for thiolate samples after heating, which manifests as a band at 275 cm -1 corresponding to CdS bonds [154]. Curiously, this band is not present before heating, indicating that the changes are a result of a more crystalline CdS surface layer forming as the sample is annealed. This is consistent with observation of the (220) peak which becomes sharper after heating for thiolate-NPLs indicating a more crystalline sample, whereas the peak width is unchanged for the oleate samples. Furthermore, thiolate ligands can decompose at high temperatures, leaving behind a CdS layer. The bond dissociation energies are less for C -S(H) than for C -O(H) by approximately 30 kcal/mol, and a C --S bond is significantly weaker than a C --O bond by approximately 40 kcal/mol [155]. Thus, the primary driving force in the conformational changes of the thiolate samples can be attributed to a combination of ligand desorption and ligand decomposition (Figure 3.18b). However, these phenomena cannot explain the conformational changes observed in the carboxylate samples as they do not exhibit any shifts in the UV-Vis spectra, nor do they exhibit significant changes to the Raman spectra or show signs of ligand decomposition. Thus, additional phenomena are required to fully explain the conformational changes observed, namely, alterations to the binding configuration of ligands. 

Binding configuration of ligands

Carboxylate ligands have been shown to exhibit different facet-dependent coordination structures on CdSe nanocrystals. In the case of a [100] basal plane, 3 configurations are identified including chelating, bridging, and tilted [156]. The most stable binding configuration on the {100} facets is the chelating configuration. Each Cd atom is coordinated with two Se atoms, and thus the carboxylate ligand provides two coordinating bonds to create a tetrahedral coordination of the Cd atom, bringing a negative charge to neutralize the positive charge of the Cd atom. Thus, the overall charge neutrality of the nanoplatelet is maintained. However, with the input of thermal energy into the system, it is possible that carboxylate ligand configuration changes between different binding modes. By measuring the IR signals of the carboxylate vibrations before and after the heating ramp, changes to the binding configuration can be observed (Figure 3.18c,d). The IR signals of the carboxylate group include asymmetric and symmetric stretching (at 1500-1575 cm -1 and 1400-1475 cm -1 , respectively) which can be used to determine the coordination of the carboxylate ligands [157]. The wavenumber difference (∆) between the asymmetric and symmetric stretching modes is characteristic for the carboxylate binding configuration, indicating a chelating, bridging, or tilting configuration. For carboxylate ligands on a CdSe nanocrystal, two dominant peaks appear around 1530 cm -1 and 1440 cm -1 alongside a number of smaller shoulder peaks and a CH 2 scissor vibration peak at 1460-1470 cm -1 [156]. In the case of the native OA-CdSe NPLs, these dominant peaks can be attributed to the chelating configuration on the {100} facets [156]. After the temperature ramp, the value of ∆ > 200 cm -1 can be attributed to a change to monodentate coordination. Interestingly, even when samples are stored under ambient conditions for several days, the binding configuration is not observed to revert back to that of the initial samples.

Entropic repulsion

The last factor to consider in the conformational changes observed is the entropic repulsion between ligand chains and solvents. Such entropic repulsion is key for colloidal stability, and can undergo temperature-dependent changes [147,158]. Thus, it follows that the degree of organization of the ligand coating can have a direct effect on the stress on the surface of the nanoplatelets. Minute changes in surface stress can result from factors such as whether the ligands are fully extended or bundled together, and is subject to the precise interface between the surface ligands and the solvent. Thus the NPL could be envisioned initially as a mixed system with disorder, and as it is heated it rearranges into a more energetically favourable configuration. Reorganization of the ligand shell upon heating has been observed in other systems. Widmer-Cooper et al. have shown that ligands coating nanocrystal facets can undergo temperature-dependent order-disorder transitions, reporting three distinct ordered states of ligand packing depending on factors such as the facet width, the ligand chain length, the temperature, and the ligand coverage [159].

Notably, octadecyl ligands on CdS nanoparticles in hexane are shown to order near room temperature on facets of dimensions of ∼ 20 nm. They find that as the ligand coverage (Θ) is reduced, the onset of ordering becomes less defined and shifts to lower temperature. Specifically, strong alignment persists up to 72 • C at Θ = 90%. This is reduced to 39 • C at Θ = 75%, at Θ = 65% and T= 17 • C the ligands order weakly, while at lower temperature and Θ = 50% no significant ligand ordering was observed [159]. Furthermore, decanethiol ligands on a Au(111) surface have been shown to form lying-down 'stripes' at low ligand coverage (Θ < 27%), disordered SAMs at high coverage and high temperature (Θ >∼ 50%; T>∼ 60 • C), and ordered SAMs at high coverage and low temperature (Θ >∼ 50%; T<∼ 60 • C) [160]. In general, the ordering temperature increases with chain length and increases with surface coverage. There is restricted conformation entropy for longer alkyl chains, as well as stronger van der Waals interactions for increasing chain length. For all the aforementioned examples, the magnitude of temperature at which ligand arrangement occurs is typically between 40-70 • C. Conversely, in the CdSe NPLs reported in this work the temperature at which the greatest changes occur is between 130-220 • C. Furthermore, the systems reported in this work see non-reversible changes upon heating. This stark difference in both the magnitude and range of temperature suggests that the primary driving force in the conformational changes is not ligand ordering, but rather alterations to ligand surface coverage and binding configuration, as mentioned previously. However, it is possible that the slight changes which occur at low temperature (< 70 • C) may be attributed to alkyl chain crystallization, since these changes are particularly prominent for longer-chain ligands, notably HDT and ODT.

Bending energy

The radius of the bending R can be calculated from Stoney's formula[141]:

R = Et 2 6σ(1 -ν) (3.3.2)
Where E is Young's modulus, σ is the surface stress acting on the platelet, t is the thickness of the platelet, and ν is the Poisson ratio. Considering a platelet of 1.2 nm thickness, and taking the mechanical properties of bulk CdSe as E = 40 GPa and ν = 0.35, this can be expressed as a function of the radius as:

σ = (1.48 • 10 -8 N) × 1 R (3.3.3)
Taking a native oleate-capped NPL of 17.5 nm radius, the necessary surface stress to bend the platelet is 846 mN/m. This is on the same order of magnitude as an alkanethiol SAM on a gold surface, as reported by Berger et al.[141]. After the heating ramp, the binding configuration of the oleate ligands is changed, opening the NPL to a radius of 21.0 nm, corresponding to a new surface stress of 705 mN/m. Taking a NPL of typical lateral dimensions 65 x 14 nm and considering a ligand density of 5.4 ligands/nm 2 , the associated ∆σ of the system for the change in binding configuration is thus 14 µN/m per ligand.

In addition, adsorbate-induced surface stress is dependent on the surface coverage. The functional dependence on the coverage Θ is expressed as[161]:

σ = aΘ + be c √ Θ (3.3.4)
From this, the radius of curvature can be expressed as a function of the ligand surface coverage:

R = (1.48 • 10 -8 N) aΘ + be c √ Θ (3.3.5)
A fit of this equation can yield insight into the radius evolution. However, the experimental reality deviates from this ideal model as additional factors must be considered alongside ligand surface coverage: a complete picture must also consider ligand binding configurations (in the case of carboxylates), and CdS surface layer formation (in the case of thiolates). Therefore, a theoretical model to predict the radius of curvature from these aforementioned parameters remains a topic for future investigations.

Conclusion

In conclusion, we report CdSe nanohelices whose conformation can be controlled by modulating the temperature of solution. The shape change is a result of fine-tuning the stresses exerted on the underlying NC by the surface ligands. We show that the choice of surface ligand functional group can allow for either opening or closing of the helices, and the ligand tail length can control the magnitude of the change in radius. Using in situ X-ray scattering techniques, we develop a method to follow the conformational changes of these particles in solution, and we probe the subsequent crystallographic changes that occur during this process. We attribute the adjustable radii to multiple causes depending on the surface ligand identity. In the case of thiolates, the driving factors are the decomposition of ligands and formation of an additional sulfide layer, as well as ligand desorption. In the case of carboxylate NPLs, a change in binding configuration is primarily responsible for the conformation changes observed. We believe these results provide a new level of tunability in the post-synthetic modification of colloidal nanocrystals, and that the insights herein contribute to the fundamental understanding of the mechanics governing ultrathin materials at the nanoscale.

METHODS

Methods

Reagents and Materials Used.

1-Dodecanethiol (DDT, 98%), 1-hexadecanethiol (HDT, 95%), 1-octadecanethiol (ODT, 98%), 1-octanethiol (OT, 98.5%), 2-ethylhexanethiol (EHT, 98%), cadmium(II) acetate dihydrate (98%), trioctylphosphine (TOP, 97%), acetic acid (AA, glacial, ≥99.7%), and octanoic acid (OctA, 99%) were purchased from Sigma Aldrich. Oleic acid (OA, 90%), 1-octadecene (ODE, 90%), and decanoic acid (DA, 99%) were purchased from Alfa Aesar. Selenium (99.99%) was purchased from Strem, and toluene (99.9%) from VWR. All reagents were used as received, with the exception of ODE which was degassed at 100 • C for 2 hours before use.

Preparation of TOPSe:

In an oxygen-and water-free glovebox, selenium (1.5792 g, 20 mmol) was combined with TOP (10 mL, 22 mmol). The mixture was left to stir at 50 • C for 3 hours, resulting in a 2 M solution of TOPSe.

Nanoplatelet Synthesis: In a 250 mL 3-neck flask, cadmium(II) acetate dihydrate (2.16 mg, 8.1 mmol), oleic acid (2.28 mL, 7.2 mmol), and ODE (168 mL) were combined. The mixture was degassed under vacuum at 70 • C for 1 hour. The mixture was then brought under argon and the temperature was set to 200 • C. When the reaction reached 200 • C, TOPSe (1.8 mL of 2 M solution; 3.6 mmol) was injected dropwise over the course of 30 seconds. The reaction was annealed for 20 minutes. At the end of the reaction, 24 mL of OA was injected and the solution was allowed to cool to room temperature.

For purification, the crude product was divided among 6 x 50 mL falcon tubes, and approximately 10 mL of ethanol was added to each tube. The reaction was centrifuged at 7000 rpm for 3 minutes before being redispersed in hexane. A small amount of ethanol was added, and the NPLs were centrifuged at 9000 rpm for 3 minutes. This process was repeated twice, before the NPLs were finally redispersed in toluene for storage. The final concentration was adjusted such that 20 µL of NPLs dispersed in 3 mL of toluene yielded an absorbance of 0.15 at 350 nm.

Ligand exchange from oleate to thiolate: 1.5 mL of as-synthesized NPLs in toluene were mixed with 7.5 mL of toluene. To this, 7.5 mmol of the desired alkanethiol was added, and the mixture was placed in an oven at 65 • C for 72 hours to allow complete ligand exchange to occur. After the exchange, the NPLs were washed 3 times with toluene and ethanol. The final product was dispersed in 1.5 mL of toluene for storage.

Ligand exchange from oleate to carboxylate: 1.5 mL of as-synthesized NPLs in toluene were mixed with 7.5 mL of toluene. To this, 7.5 mmol of the desired carboxylic acid was added. In the case of those which were solid at room temperature, a minimal amount of toluene was first added to the carboxylic acid before it was combined with the NPLs. Samples were left at room temperature for 20 hours before being washed 3 times. The final product was dispersed in 1.5 mL of toluene for storage.

Temperature-modulated conformational control: A typical heating ramp was performed as follows. First, ODE was used as a high-boiling point solvent, having been previously degassed under vacuum at 100 • C for 2 hours. Samples of NPLs were centrifuged at 9000 rpm for 3 minutes and redispersed in ODE. This process was repeated twice. The NPLs were then loaded into glass capillary tubes (Special Glass, 1.0 mm thickness with 0.01 mm wall thickness, Capillary Tube Supplies Ltd CTS). The samples were heated using a Linkam THMS600 Hotstage at a rate of 30 • C/min, pausing for 20 seconds after every 5 • C to allow the solution to reach equilibrium. The temperature was increased to 250 • C before being cooled in a similar manner to room temperature.

Determining radius of curvature from SAXS data: The radius of curvature can be determined from the SAXS data as follows. Analytical expressions for the small-angle scattering of colloidal objects that can be described as curved plates have been shown by D. Constantin[162]. This model assumes that the curvature is constant over the entire object, that the solution is dilute enough for particle interactions to be negligible, and that the particles are isotropically oriented. Furthermore, this approach assumes that the NPLs have a monodisperse radius. While in reality there is variation in the individual NPL radii, the assumption is made that the NPLs are sufficiently monodisperse for the formulas to be applicable. A cylindrically curved rectangular plate (barrel tile) is described in cylindrical coordinates. It is assumed that the thickness is negligible when compared to all other length scales involved. An analytical expression is evaluated to determine the location of the first oscillation in the form factor of a barrel tile as a function of its radius.

⟨| G(q r , η)| 2 ⟩ η = (dRϕ 0 ) 2 J 2 0 (q r R) + 2 ∞ k=1 a k J 2 k (q r R) (3.5.1)
Where R is the curvature radius, ϕ 0 is the opening angle of the tile, and the coefficients a k = sinc 2 (kϕ 0 /2) are independent of q r and of R. From this equation, the form factor of a barrel tile and the maxima in the oscillations of the intensity are plotted (Figure 3.19a).

The independent variable was normalized as Q = q r • R • ϕ 0 /2. Setting ϕ 0 = 2π results in a cylindrical surface, and the location of the first maximum is thus Q 1 = 12.05. To extend this to the experimental CdSe SAXS patterns, the data was first background-corrected and smoothed using a Savitzky-Golay filter, plotted as a Kratky plot (I(q)•q 2 vs q), and the first peak locations (q 1 ) were determined (Figure 3.19b). The conversion factor of Q 1 = 12.05 was then used as a conversion factor for determining the radius location of the first peak q 1 from subsequent experimental data such that:

R = Q 1 /(π • q 1 ) (3.5.2)
Taking the first peak location, the temperature-dependence can then be plotted for each q 1 (Figure 3.20c), or more tangibly, the nanoplatelet radius of curvature can then be expressed in terms of the temperature (Figure 3.19d).

To validate the aforementioned methods, the radius as determined through SAXS measurements was compared to the radius as determined through TEM measurements. For a given sample of OT-CdSe nanoplatelets, the determined radius using the X-ray scattering methods was R = 12.4 nm, whereas measurement through TEM arrived at a radius of R = (11.9 ± 1.9) nm (Figure 3.20). This slight discrepancy is easily rationalized by the fact that SAXS measurements probe a large ensemble of NPLs over a given volume in solution, and are representative of the sample as a whole. Conversely, TEM measurements are subject to selection bias, and the sample can be altered due to drying effects.

Absorbance Spectroscopy: Absorbance spectroscopy was performed using an Avantes AvaLight-DH-S-BAL spectrophotometer equipped with a deuturium halogen source. Samples were measured in a 1 cm quartz cuvette, with a 1.5 ms integration time over 1000 scans. Background was subtracted with a toluene blank.

Fluorescence Spectroscopy: Photoluminescence was measured using an Edinburgh Instruments Spectrofluorometer FS5 equipped with a SC-05 standard cuvette holder. Samples were excited with a Xe lamp at 350 nm using a 3 nm excitation bandwidth, a 1 nm step size, and 0.1 second dwell time.

Pair Distribution Function Analysis: Pair distribution function experiments were performed on the ID11 beamline of the European Synchrotron Radiation Facility (ESRF) at an energy of 88.0045 keV. The measured q-range was comprised between 27 Å-1 and 0.83 Å-1 . Concentrated samples of NPLs were loaded into borosilicate glass capillaries of 0.7 mm thickness (Hilgenberg GmbH). PDF data were obtained by converting X-ray scattering data using PDFgetX3 software. The data was background corrected from the corresponding solvent blank. PDF calculations of atomic position data were done using the DiffPy-CMI (Complex Modeling Infrastructure) software package. The PDF was obtained by the reciprocal-space Debye summation with a Fourier transform of the total scattering structure function (using the DebyePDFCalculator class).

Small Angle X-Ray Scattering: Time-resolved small-angle X-ray scattering was carried out on the ID02 beamline at the European Synchrotron Radiation Facility (ESRF). samples were loaded into 1.0 mm Special Glass Capillaries (CTS Capillary Tube Supplies Ltd) and the temperature was controlled using a Linkam THMS600 Hotstage (as per parameters previously described in Section 3.5. All SAXS and WAXS data were recorded simultaneously. In-house small-angle X-ray scattering measurements were carried out on a XENOCS Xeuss 3.0 instrument using a fixed tension of 50 kV, a current of 0.6 mA, and a sample-to-detector distance of 350 mm. The typical accessible range of scattering vector modulus q was 0.01 to 1 Å-1 , for q= (4π/λ)sin(θ), where 2θ is the scattering angle and λ = 1.54 Å is the wavelength. The intensity was averaged radially to yield intensity versus q data. Typical exposure time was 300 seconds, repeated over 6 scans before being averaged and background-corrected with a capillary filled with the corresponding solvent blank.

Transmission Electron Microscopy: Samples were prepared by dropcasting dilution solutions onto a 400-mesh carbon-coated copper grid (Ted Pella, Inc.). Images were obtained using a JEOL JEM-2100 transmission electron microscope equipped with an LaB 6 electron source operating at 200 kV.

Low Frequency Raman Scattering: Measurements were performed on a home-built spectrometer using a 532 nm laser, 5 mW power, and 60 accumulations of 1 second each. To prepare samples, concentrated solutions of NPLs in toluene were dropcast onto a copper substrate to quench luminescence.

Circular Dichroism and Linear Dichroism Spectroscopy: CD and LD were measured using a Jasco J-1700 Spectrometer. Samples were measured in toluene using a 1 cm quartz cuvette, a 2 second integration time, a 0.5 nm bandwidth, and were averaged over 3 scans. Background was subtracted with a toluene blank, and all g abs -factors were calculated from absorbance data measured simultaneously.

Powder X-Ray Diffraction: Samples were redispersed in a minimal amount of toluene before being drop-cast onto a low-background silicon sample holder. PXRD measurements were performed using an Malvern Panalytical Aeris X-ray diffractometer operating at 30 kV and 15 mA with a copper radiation source.

Fourier Transform Infrared Spectroscopy: FTIR was performed using a PerkinElmer Spectrum 65 FTIR Spectrometer. NPLs were centrifuged into a pellet and dropcast onto a Universal ATR Sampling Accessory. Samples were measured with a 2 cm -1 resolution, a 0.5 cm -1 data interval, and a 0.2 cm/s scan speed. Measurements were averaged over 8 accumulations.

INTRODUCTION

conformational changes, surface chemistry and interfacial stress must be exploited, necessitating controllable and reproducible syntheses of these materials. Here, we search for new systems capable of exhibiting these post-synthetic conformational changes. This is done by refining synthetic protocols for several different ultrathin colloidal systems to better comprehend the underlying parameters responsible for shape-change, including the surface chemistry and crystal structure. Specifically, we first investigate the patch-wise exchange of CdSe nanohelices using phosphonic acid ligands, probing the kinetics of the ligand exchange through absorbance spectroscopy, and demonstrating the conformational changes that occur. We then investigate the synthesis and crystal structure of lead sulfide nanoplatelets, and we touch on the world of lanthanide oxide nanocrystals, synthesizing and characterizing europium oxide nanoplatelets and investigating the polymorphism in related nanocrystals. We demonstrate the colloidal stability of tungsten disulfide nanomonolayers and study their transition from the metallic 1T' phase to the semiconducting 2H phase. Finally, we demonstrate the synthesis of indium sulfide nanocoils, elucidating the effects of water on their morphology and showing the possibility of controlling their conformation through ligand stresses. These results help to expand the library of ultrathin colloidal materials, and probe the common factors necessary to induce shapeshifting in these systems. This work aims to produce high-quality systems in which the surface chemistry can be modified to create novel chiral and addressable nanostructures.

Introduction

Many interesting shapes have been observed in a number of different colloidal nanocrystal systems. For instance, Wang et al. reported nanocoils of indium sulfide (InS), and demonstrated the possibility of self-assembling them into superlattices. Furthermore, flat hexagonal nanoplatelets of indium sulfide (β-In 2 S 3 ) have been reported by Park et al.[163], and (γ-In 2 S 3 ) nanoribbons with a giant aspect ratio have been reported by Guillemeney et al.[164]. The polymorphism of CdSe has been discussed at length in Section 1.4.4, with reports of helicoids [START_REF] Jana | Ligand-induced twisting of nanoplatelets and their self-assembly into chiral ribbons[END_REF], rolled tubes [START_REF] Bouet | Two-Dimensional Growth of CdSe Nanocrystals, from Nanoplatelets to Nanosheets[END_REF], and spiral ribbons [START_REF] Liu | Photoluminescent Colloidal Nanohelices Self-Assembled from CdSe Magic-Size Clusters via Nanoplatelets[END_REF]. Gadolinium oxide nanocrystals have been reported with a large variety of different morphologies, including nanohelices [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF], nanotripods and nanotriangles[165], nanoscrolls[166], nanorings and nanoplatelets [167].

Much of current nanocrystal synthesis is serendipitous in nature, and these different morphologies are obtained not through rational design, but through trial-and-error. Thus, important fundamental questions remain regarding the common factors dictating these different morphologies, such as the roles of crystal structure, surface chemistry, ligand-induced stress, and so on. Our current understanding of the factors governing post-synthetic conformation change in ultrathin nanocrystals is dependent on the interplay of surface chemistry, interfacial stress, and crystal structure. As discussed previously in Section 1.4.4, the ligand monolayer on the NC surface can result in deformation of the ultrathin nanocrystal below.

Relaxation of the mechanical constraint imposed by the ligand results in a shape change of the nanocrystal. More specifically, non-parallel ligand-induced surface stresses on opposite NPL facets result in geometric frustration, consequently impacting the conformation of the nanoplatelet. Because the origin of such shapeshifting is fundamentally a result of geometric and mechanical properties, it is independent of the chemical identity of the material, and is expected to be extensible to a wide range of different systems. Assuming a material meets the basic requirements of crystal asymmetry and interfacial surface stress, changing between different geometries by exploiting ligand-induced surface stress should be attainable. This chapter aims to expand the accessible library of shapeshifting systems. In practical terms, this can be achieved rationally through two routes: first, by taking a system which is known to undergo conformation changes, and exploring new mechanisms with different surface chemistry (as is the case with CdSe in Section 4.3 and indium sulfide in Section 4.7). Secondly, this can be probed by beginning with a system in which shapeshifting has not yet been observed, and searching for new ligands (demonstrated in Section 4.4 for Pbs, Section 4.5 for Eu 2 O 3 NPLs, and Section 4.6 for WS 2 nanomonolayers).

To access this potential repertoire of exotic shapes first necessitates reproducible, highquality, ultrathin nanocrystals. Thus, this section focuses on advancing the synthetic development of different ultrathin colloidal systems, to better understand the surface chemistry and crystal structure. The ultimate aim is to exploit the surface chemistry of these materials through ligand engineering to induce shape changes, consequently creating new addressable and chiral systems.

Patch-wise ligand exchange of CdSe platelets

Ligand-induced surface stresses have already been demonstrated as a means to control the conformation of 3ML CdSe zinc blende NPLs (refer to Chapter 3). This has been demonstrated in the instance of carboxylic acids and thiols. While Antanovich et al. investigated the exchange of phosphonic acids on CdSe NPLs, their work only focused on the changes in optical properties and crystal structure, with no mention of conformation changes [START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF]. Here, we demonstrate shape-control using phosphonic acids of varying chain length. These ligands displace the native carboxylates, binding as X-type ligands in the form of hydrogen phosphonate [146,168]. Figure 4.2 compares FTIR spectra of the native NPLs to those having undergone ligand exchange with thiols and phosphonic acids. Disappearance of the signals in the region of 1600-1300 cm -1 are indicative of the removal of metal-coordinated carboxylate compounds.

Upon exchange with phosphonic acids, the native CdSe nanohelices are flattened into planar nanoplatelets (Figures 4.2a-d, left). Surprisingly, this is true irregardless of the ligand tail length (for octyl-, decyl-, dodecyl-, and octadecylphosphonic acids). This shape change is accompanied by a bathochromic shift in the UV-vis spectra. Some groups have attributed this red-shift to a lattice transformation, in which lateral contraction results in perpendicular expansion of the quantum well [START_REF] Antanovich | A strain-induced exciton transition energy shift in CdSe nanoplatelets: the impact of an organic ligand shell[END_REF]. However, as previously discussed in Section 3.3.1, no correlation is observed between NPL conformation and the wavelength of maximum absorption. Instead, we attribute this shift to exciton delocalization resulting from the added thickness of the phosphonate head groups. That is, the thickness of the NPL can be considered as both the CdSe core plus a phosphonate group on either side.

Notably, this red-shift occurs in a step-wise fashion with a distinct intermediate state observed center). The second absorption maximum first shifts from an initial value of 462 nm, to 486 nm for the intermediate state, and finally 510 nm for the platelets fully passivated with phosphonate ligands. Each of these step-wise shifts corresponds to an increase in thickness by a half monolayer as the new ligands are adsorbed onto the surface. Curiously, there is a moment during this exchange process in which all the absorption peaks are present right). This suggests that there is a moment during the exchange in which the system can be said to contain regions with multiple different thicknesses. That is, a region of thickness corresponding to the CdSe core with carboxylate ligands on both sides, a region of CdSe core with phosphonate ligands on a single side, and finally a region of CdSe core with phosphonate ligands on both sides. The simultaneous presence of all these states during the exchange suggests that the NPLs retain a "patchy" ligand character during the intermediate state.

Speculation regarding the precise surface chemistry of the platelets is shown in Figure 4.3. It is possible that the exchange occurs due to proton transfer from neighbouring phosphonates, resulting in a propagation across the platelet. This is schematically depicted in Figure 4.3b considering either an exchange in which available surface sites are strongly influenced by their nearest-neighbours, or an exchange with a higher degree of randomness. Because of the step-wise character of the UV-vis spectra during the exchange, it is expected that the exchanged ligands are not randomly distributed on the NPL surface, but instead island formation occurs during the intermediate state. As an example, in the case of indium phosphide quantum dots, Calvin et al. have used isothermal titration calorimetry (ITC) to shown a complex exchange in which phosphonic acids temporarily displace more than one carboxylate ligand [START_REF] Calvin | Observation of ordered organic capping ligands on semiconducting quantum dots via powder X-ray diffraction[END_REF]. Indeed, they show that during the exchange, oleates are displaced to a greater degree than 1:1 from the surface, before eventually reaching the same native density for an overall 1:1 exchange. Furthermore, inter-ligand interactions and steric differences between saturated and unsaturated chains can result in ligand clustering and island formation [169,170] A second possible origin of the patch-wise exchange which can not be neglected results from the curvature of the initial platelets. That is, because of the helical shape of the initial platelets, one side should be more accessible for ligands than the other. As ligands adsorb onto the outer surface, the nanohelice could be flattened, thus allowing the inner surface to become sterically accessible only midway through the exchange. However, when considering the radius of curvature of the OA-CdSe NPLs (17 nm) to the approximate length of a 10 carbon chain ligand (1.5 nm), the shape is unlikely to have a significant effect on the steric accessibility of the interior of the helice. However, work from Zdobinsky et al. [172] and Browne et al.[173] has shown that the reactivity of self-assembled monolayers can be impacted by the curvature of the underlying substrates, and that regions of different curvature can translate into such "patchy" particles. Thus, the curvature of the NPL surface could impact the adsorption of ligands and contribute to the step-wise exchange mechanism observed.

In many ways, the intermediate state of these platelets share the qualities of Janus particles, whose asymmetric surfaces have two or more distinct properties [174]. By not allowing the ligand exchange to go to completion (adding less phosphonic acid than required to displace all carboxylates), this intermediate state can be isolated, resulting in patterned mixed ligand monolayers. Such a system is very appealing for designing anisotropic nanocrystals [170]. This presents many possibilities: for instance, the remaining oleate regions could then be exchanged for a different functional group without displacing the already-existing phosphonate regions. Or, phosphonates of different chains could be exchanged with the remaining oleates to create patterned mixed monolayers. Future work may seek to combine NMR with ITC. Coupling such techniques can probe the enthalpic and entropic effects contributing to the ligand exchange, and provide insights into inter- ligand interactions [147,175]. Additionally, elemental mapping of the intermediate state of single NPLs could be performed to confirm the patch-wise exchange process. Lastly, in-situ SAXS during the exchange could allow for the nanohelice shape change to be correlated with the ligand coverage.

Lead sulfide 4.4.1 Synthesis and characterization of PbS nanoplatelets

The synthesis of lead sulfide nanoplatelets was based on a modified protocol from Akkerman et al. [START_REF] Akkerman | Ultrathin Orthorhombic PbS Nanosheets[END_REF]. The detailed experimental protocol can be found under the Methods section. This reaction yields high-quality PbS nanoplatelets with thickness of 1.2 nm and lateral dimensions of 180 x 35 nm. The formation of these NPLs involves the decomposition reaction of lead thiocyanate (Pb(SCN) 2 ) in octadecene (ODE) in the presence of oleylamine (OAm) and oleic acid (OA). Upon heating in air, lead thiocyanate decomposes according to the following scheme:

Pb(SCN) 2 + 3 O 2 --→ PbS + SO 2 + 2 CO 2 + N 2 (4.4.1) 
The following generalizations can be made about the synthesis. Firstly, low reaction temperatures with fast quenching tends towards smaller nanoplatelets, and also results in lower yield. Additionally, these smaller NPLs are difficult to separate with centrifugation from the growth solution. Secondly, a high concentration of OA leads to polydisperse NPLs. And finally, high concentration of OAm produces a mixture of products (nanocubes; NPLs with "arrow-shape" corners). A high concentration of both OA and OAm results in the more common rock-salt structure. Visually, the colloidal suspensions appear as clear, dark brown solutions, with no distinct optical features observed in the region between 2000 -600 nm. A broad shoulder is noted with an onset around 800 nm (Figure 4.5a). FTIR indicates that the surface ligands are primarily thiocyanate, evidenced by a peak at 2040 cm -1 (Figure 4.5b). Small carboxylate signatures are also noted at 1520 and 1410 cm -1 , indicating the presence of oleates. An absence of carbonyl (C --O) signal from OA is seen, as well as the absence of oleylamine signatures at 790 and 970 cm -1 .

Pb(SCN) 2 is an MX 2 ligand according to the Covalent Bond Classification Method [START_REF] Anderson | Ligand Exchange and the Stoichiometry of Metal Chalcogenide Nanocrystals: Spectroscopic Observation of Facile Metal-Carboxylate Displacement and Binding[END_REF]. Possible surface ligand modification can occur through X-type ligand exchange (for instance with X = Cl, SR, O 2 CR, etc.): 

) FTIR spectrum. 2 H-X + NC-Pb(SCN) 2 --→ NC-Pb(X) 2 + 2 H-(SCN) (4.4.2) 
Additionally, Z-type ligand displacement (L-promoted) can modify the NC surface (for instance with L = PR 3 , NH 2 R, etc.):

2 L + NC-Pb(SCN) 2 --→ NC-L + L-Pb(SCN) 2 (4.4.3) 

Ligand exchange of PbS nanoplatelets

Ligand exchange was attempted with a number of different functional groups, including phosphonic acids, thiols, halide-amine complexes, and amines. The full experimental details are summarized under Methods. First, the ligand exchange attempted with octylphosphonic acid (OPA) resulted in digestive ripening of the NPLs, as evidenced in the TEM images of the NPLs before and after ligand exchange (Figure 4.6a,b). In the case of ligand exchange performed with alkylthiols, over the course of the exchange, the colour of the solution gradually lightened, becoming less brown-black, and more brown-yellow. TEM images of the sample treated with dodecanethiol show the appearance of small, irregularly-shaped particles with a mean diameter of 9 nm (Figure 4.6d). In the absence of DDT, a similar heating process was carried out on a sample of native NPLs in which the formation of such particles did not occur. This phenomenon of digestive ripening in the presence of alkylthiols has been previously reported in the case of Au NPs by Prasad et al.[176]. A further approach was investigated following similar work by Giansante et al. [177], which involves first reacting the alkylthiol with triethylamine before performing the ligand exchange. The resulting solutions again show signs of digestive ripening. Following this, ligand exchange was attempted with a variety of lead halides according to a similar procedure reported by Dufour et al. [START_REF] Dufour | Halide Ligands To Release Strain in Cadmium Chalcogenide Nanoplatelets and Achieve High Brightness[END_REF]. The mixtures containing Cl-OAm, Br-OAm, and I-OAm all resulted in severe degradation of the particles. Lastly, short-chain amines were investigated for ligand exchange, on the basis of potential presence of OAm in the FTIR spectrum. It would be expected that a less-bulky amine would have a higher affinity for the NPL surface due to decreased steric hindrance. As such, aliquots of native NPLs were combined with amines of various chain length, including propylamine, butylamine, and octylamine. The only one of these samples in which any change was observed was the ligand exchange with propylamine, which showed increased NPL stacking (Figure 4.6f). It is possible that the small size of propylamine reduces the inter-particle distance, thus increasing aggregation of the NPLs. However, it is unlikely that thiocyanate would be displaced using this approach.

In conclusion, the surface chemistry of the PbS nanoplatelets is not fully understood. It appears that thiocyanate is the primary ligand present; however, as it is an ambidentate ion, the exact coordination on the surface remains unclear. Additionally, evidence of both orthorhombic and rock-salt crystal structure appears in XRD patterns. The temperature and time sensitivity of the reaction results in low reproducibility, and the lack of distinct excitonic features in the visible region make following the reaction difficult. Harsh ligand exchange protocols resulted in severe degradation of the nanoplatelets, and should be explored more systematically in order to develop a gentle protocol which displaces the strongly-bound thiocyanate ligands without altering the nanocrystals. This could be achieved by varying the exchange parameters to reduce the concentration of ligands, finding a balance that can still push the ligand exchange equilibrium in the proper direction without destroying the NPLs. In doing so, a reproducible ligand exchange protocol may be developed which could then be exploited to investigate the effects of ligand-induced strain on the ultrathin PbS nanoplatelets.

Europium oxide nanoplatelets

Lanthanide-based luminescent nanocrystals are interesting materials due to their up-and down-conversion properties, and their promising biomedical imaging applications [178]. Synthetic strategies for the colloidal synthesis of lanthanide oxide nanomaterials often involve thermal decomposition reactions. Typically, lanthanide-based salts such as benzoylacetones, acetylacetonates [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF], and acetates [179][180][181] undergo decomposition reactions at elevated temperatures in high-boiling-point solvents such as ODE in the presence of OAm, and OA. The size and morphology of the nanocrystals can be adjusted by controlling such parameters as temperature, reaction duration, heating rate, and the concentration and identity of precursors. Indeed, the polymorphism of lanthanide oxide nanocrystals is of marked interest for studying conformational changes in thin objects. Gd 2 O 3 has been reported in a number of different morphologies including nanohelices [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF], nanoscrolls[166], nanotripods, nanotriangles, nanodisks and nanocoils [181]. A fundamental question remains regarding the possibility of transitioning between flattened and curved conformations by using such techniques as ligand-induced strain. A good model system to investigate this is europium oxide (Eu 2 O 3 ) which, in addition to the wide variety of different morphologies reported [166,178,179], also exhibits unique emission properties. In the case of chiral europium oxide nanostructures, this may lead to novel CPL emitters.

Proposed reaction mechanism of Eu 2 O 3 nanoplatelets

As a starting point, ultrathin europium oxide nanoplatelets were synthesized according to the protocol from Hudry et al. [179]. While the formation mechanism of ultrathin europium oxide nanoplatelets is not fully understood, it involves the thermal decomposition of Eu(acetate) 3 • xH 2 O in the presence of OA, N(Oct) 3 , and OAm (refer to Methods for the detailed synthesis protocol). The mechanism proposed begins first with the dissolution of Eu(CH 3 COOH) 3 • xH 2 O within a mixture of OA and N(Oct) 3 facilitated by ligand exchange between acetate and oleate anions. This ligand exchange generates either mixed europium acetate-oleate complex, or pure europium oleate. However, given the high temperature and the excess of OA, ligand exchange should be near complete: This is preceded by the nucleophilic attack of the carbonyl group by OAm, thus generating an unstable intermediate (Step 1). This complex undergoes an internal rearrangement resulting in the formation of a hydroxyl group bonded to a metal centre, and an amide is eliminated (Step 2). Finally, hydroxyl groups bonded to different metal centres undergo condensation reactions, generating metal-oxygen-metal bonds, and the consequent elimination of water: spectral emission lines are strongly enhanced in the NPLs compared to the bulk cubic or monoclinic structures. These transitions are pure ED transitions, and as such are strongly influenced by the Eu site symmetry and its surrounding environment. The 5 D 0 → 7 7F 1 emission line is a pure MD transition whose probability is independent of the surrounding matrix, however direct examination of its splitting gives information about the site symmetry. When the maximum splitting of three appears as seen here, the Eu 3+ ion is located in a low-symmetry environment. When the Eu 3+ cation is positioned in a higher symmetry environment containing an inversion center, the 5 D 0 → 7 7F 1 transition is predominant compared to the 5 D 0 → 7 7F 2 transition.

A TEM image of the resulting NPLs is shown in Figure 4.8a alongside the experimental PXRD pattern in comparison to the bulk cubic (Ia 3) and monoclinic (C2/m) structures. No clear crystal structure can be readily assigned, and indeed previous literature has used HR-TEM and PDF analysis to characterize the crystal structure of the NPLs, concluding that the ultrathin thickness dictates the crystalline structure, which can no longer be characterized by their bulk counterparts [179]. Distortion due to the bonding of the ligands and the ultrathin thickness is adequate to break down the symmetry, and prevent the NPLs from accommodating the bulk crystal phase. This complex crystal structure is of interest for conformation control, as ligand induced stresses are unlikely to be symmetric, creating the possibility of geometric frustration within the crystal. FTIR of the as-synthesized NPLs (Figure 4.8c) shows the presence of long alkyl chains (3100-2800 cm -1 ) as well as the presence of metal-coordinated carboxylate compounds (1600-1300 cm -1 ). An absence of free oleic acid is noted (1700 cm -1 ). However, these results cannot conclude definitively if the surface ligands are pure oleate, or a mixture of oleate and acetate. Indeed, many intermediates are present in the aforementioned reaction mechanism, and the surface chemistry remains ill-defined. Thus, 1 H NMR has been used to elucidate the surface of the NPLs.

The 1 H NMR spectrum of free oleic acid is notable due to the presence of a signal centered at 5.35 ppm (in CDCl 3 ) resulting from the vinylic protons. This allows for the detection of both free oleic acid, and bound oleate. In the case of the latter, the signal is shifted to higher ppm and significantly broadened due to the decreased relaxation time. The signal of free OA is shown at various concentrations in Figure 4.9a, thus establishing the lower limit of detection to be > 1 mM for the experimental parameters used. The NPLs were then measured at varying concentrations, with approximate oleate concentrations equal to 2.5 mM, 5 mM, and 10 mM. Lastly, a small amount of ethanol was added to induce aggregation, and the nanoplatelets were measured again (Figure 4.9b). No signal from vinylic protons was observed in any of the cases (typically at 5.75 ppm for bound oleate in toluene-d 8 ). This can possibly be explained by the very strong bonding of ligands to large NPLs resulting in very short relaxation times. Additionally, a large presence of acetate ligands would be difficult to detect due to the fast relaxation time, and may also explain the lack of signal. However, as the NPLs become increasingly concentrated, the appearance of a shifting peak can be noted. This peak is centered at 3.53 ppm for the most dilute sample, increasing to 3.77 ppm, and 3.98 ppm for the higher concentrations, respectively. Upon the addition of a small amount of ethanol to the high-concentration sample, this peak is further shifted to 4.1 ppm. This suggests that this peak is the result of bound molecules with a relaxation time dependent on the degree of aggregation of the NPLs, however, the precise origin remains to be identified.

Ligand exchange of Eu 2 O 3 NPLs

Subsequent ligand exchange was then performed on the native samples using different functional groups including thiols, carboxylic acids, amines, or phosphonic acids. These were added to the native samples in excess and left 24 hours at room temperature (details under Methods). Subsequent characterization through 1 H NMR and FTIR indicates that exchange was partially successful for thiols, carboxylic acids, and phosphonic acids (Figure 4.9c). A small signal at 5.5 ppm is noted for the sample exchanged with oleic acid, resulting from vinylic protons (Figure 4.9d). However, TEM analysis indicated that no conformational changes occurred in any of the samples, and in the case of phosphonic acids, the sample was completely digested.

These results highlight the need for more refined studies into the surface chemistry of Eu 2 O 3 NPLs. A better understanding of the surface chemistry and crystal structure will lead to more refined ligand exchange protocols, which can then be systematically investigated to understand the effect of ligand-induced stresses on the NPL shape.

Polymorphism of lanthanide oxide nanocrystals

An interesting feature of lanthanide oxide nanocrystals such as Eu 2 O 3 and Gd 2 O 3 is the wide variety of polymorphism that can be observed, even for a single synthesis. This can vary between flat, planar structures (nanosheets[178], nanotriangles[165], nanoplatelets [179]) or structures exhibiting curvature (nanoscrolls[166], nanohelices [START_REF] Liu | Colloidal Synthesis of Nanohelices via Bilayer Lattice Misfit[END_REF], nanorings [167]). Future work into this topic should seek to develop a reliable ligand exchange protocol for these fragile materials, as well as reproducible syntheses. This would open the path to systematically investigating the effect of surface chemistry on the conformation of these structures, with a final goal of changing between conformations using ligand-induced stresses.

Tungsten disulfide nanomonolayers

Transition metal dichalcogenides (TMDCs) are a class of lamellar materials consisting of monolayers of close-packed chalcogenide planes sandwiching a transition metal layer [182]. While they have numerous applications in diverse fields such as electronics, sensing, catalysis, photocatalytic processes, and so forth [183], the interest for this work is the possibility of producing high-quality, monodisperse nanosheets through colloidal synthesis. Indeed In this work, all samples of WS 2 nanomonolayers (NMLs) were supplied by A. Shahmanesh. Typical colloidal synthesis involved the use of long-chain thiols (ODT, HDT, or DDT) dissolved in OAm, which were reacted with WCl 6 and CS 2 at elevated temperatures. Lateral size control was achieved by varying the reaction conditions, producing NMLs with mean sizes from 10-60 nm. Here, the alkanethiols served as tungsten coordinating agents to regulate the reactivity of the tungsten precursor. As a result, the colloidal stability and yield of the reaction was improved.

Characterization was then performed to demonstrate the colloidal stability of these dispersions. SAXS patterns were acquired of different NMLs dispersed in toluene (Figure 4.11a). To these, controlled amounts of ethanol were added as an antisolvent to induce aggregation of the samples. Only with increasing EtOH concentration does a prominent peak appear at q = 0.23 Å-1 (d = 2.7nm), resulting from aggregation of the NMLs. This corresponds to a WS 2 layer of 0.6 nm, with the remaining 2 nm being attributed to an organic ligand layer.

To verify the role of alkanethiols in the synthesis and to exclude the possibility of their participation as surface ligands, thermogravimetric analysis (TGA) was performed (Figure 4.11b). Samples synthesized in the presence of ODT were compared to those synthesized with standard OAm. It can be seen that both samples show the same decomposition temperature, with a mass loss of approximately 20%. Furthermore, taking the first derivatives of the TGA curves shows that the greatest mass loss occurred at an identical temperature for both samples (312 • C), supporting the theory that both samples have the same surface ligands, and are stabilized with oleylamine/oleylammonium ligands.

The WS 2 NMLs synthesized here have controllable lateral dimensions, known surface chemistry, and a reproducible synthesis. As synthesized, they are in the metallic 1T' phase. However, the semi-conducting phase is more desirable particularly when considering their use in the constructing of ultrathin chiral systems. For this, the phase engineering of WS 2 is of interest. By controlling the phase of the material, different electronic and optoelectronic properties are accessible, and it is possible to transform between the as-synthesized metallic 1T' phase to the semiconducting 2H phase through thermal annealing. Figure 4.12a shows the transition from the 1T' to 2H phase of WS 2 , in which a transition from the 1T' "zigzag pattern" to the 2H "hexagonal pattern" can be observed through HAADF-HRSTEM. Differential scanning calorimetry is shown for NMLs of various mean sizes (Figure 4.12b). Two samples of distinct surface chemistry are compared: those containing the native oleylamine/oleylammonium ligands, and those which have undergone iodine treatment to remove the native ligands. Surprisingly, it is noted that the phase transformation temperatures of the NMLs are systematically higher than what has been previously reported for WS 2 monolayers achieved by lithium exfoliation (207 • C) [185]. This is a result of defects present in the NMLs which hinder the phase transformation. Larger nanosheets possessing more defects are thus more resistant to the phase change. Furthermore, the samples which retain ligands show a further increase in onset temperature of the phase transformation, a result of ligands stabilizing the phase. Now that high-quality methods of producing WS 2 NMLs have been established, future directions should seek post-synthetic modifications to induce chiral structures. This could be achieved through multiple approaches, for instance, through the controlled deformation of the NMLs by applying surface stress with bulky ligands. In this case, the 1T' structure is of interest due to the lower symmetry between the top and bottom facets. Another method to induce chiral structures would involve ligand exchange with chiral organic ligands to achieve ligand-induced chirality. For this method, the 2H phase is of interest due to the semiconducting properties. These studies remain as future investigations for possible methods to obtain new chiral materials from ultrathin colloidal systems. 

Indium sulfide nanocoils

Indium sulfide nanocoils were prepared using a simple solvothermal synthesis involving precursors of sulfur powder, indium acetate, and a solvent mixture containing octylamine and ethanol [START_REF] Wang | Self-Adjustable Crystalline Inorganic Nanocoils[END_REF] (Full details under Methods; Section 4.9). The shape of the resulting nanocoils can be described as Archimedean spirals, in which the curvature of the NCs is greater at the ends than at the middle, resulting in a nonuniform curvature along the length of the ribbon (Figure 4.13a). Furthermore, for NCs of adequate length, bending can result either from both ends curling in the same direction, or both ends curling in opposite directions. Dr. Lilian Guillemeney worked in our group to investigate this system in much detail during his PhD [186]. It has been shown that ligand exchange of the native nanocoils with oleylamine results in an irreversible uncoiling of the particles into flattened nanoplatelets (Figure 4.13b).

Effect of H 2 O on indium sulfide nanocoil morphology

The synthetic conditions of the nanocoils were found to be very sensitive to the amount of moisture present during the synthesis. Figure 4.14a shows TEM images of nanocrystals in which controlled amounts of water were added directly into the precursor mixtures. The resulting changes in morphology are apparent: square nanosheets are formed under purely anhydrous conditions, whereas even a brief exposure to ambient atmospheric moisture results in total suppression of the nanosheets, forming instead nanocoils (labeled as 0 eq. H 2 O). The formation of nanocoils persists with the addition of water ranging from 0 to 10 equivalents. Above this point (in excess of 20 equivalents) the appearance of oblong nanocrystals appears. In large excess of H 2 O (approaching 100 equivalents), the synthesis is dominated by the presence of these oblong nanocrystals, with near total suppression of any nanocoils. The identity of these oblong nanocrystals appearing at large excess of water could be oxide or oxysulfide nanocrystals [187]. Thus, oxygen-free reaction conditions could then be utilized to avoid the formation of indium oxides. In the presence of trace water, the thioamide will be hydrolyzed, resulting in the release of H 2 S: Excess octylamine can attack octanethioamide in a similar fashion to water, resulting in the formation of N '-octyloctanamidine and the release of hydrogen sulfide: Finally, the formation of α-thioketoamidine proceeds: 

Conclusion

In conclusion, we have explored the possibility of inducing shapeshifting in different systems of ultrathin colloidal nanocrystals. This involved the synthesis of several different colloidal nanocrystals including CdSe nanohelices, lead sulfide nanoplatelets, lanthanide oxide nanoplatelets and nanohelices, tungsten disulfide nanomonolayers, and indium sulfide nanocoils. Characterization of the surface chemistry and crystal structure was performed with the goal of providing a rational approach to induce conformational changes, via ligandinduced surface stresses. First, the patch-wise exchange of CdSe nanohelices was explored using phosphonic acid ligands, demonstrating shape changes accompanied by a step-wise exciton shift. We refined the synthesis of PbS nanoplatelets to produce samples of higher purity, and characterized the crystal structure and surface chemistry, proposing different possibilities for post-synthetic ligand exchange. Eu 2 O 3 nanoplatelets were synthesized and characterized both optically and structurally, and the polymorphism of different Eu 2 O 3 and Gd 2 O 3 structures was discussed. The colloidal stability of WS 2 nanomonolayers was demonstrated using SAXS, and the 1T' metallic to 2H semiconducting phase change was characterized through DSC. In the instance of InS nanocoils, we found that trace amounts of water have a strong effect on the morphology, altering the synthesis from nanosheets (under anhydrous conditions), to nanocoils (trace amounts of water), to spheroids (large excess of water). Finally, we have demonstrated the possibility of uncurling InS nanocoils using long-chain amines. These results provide a foundation for the future development of ultrathin systems. Although much work remains, these materials show a very bright outlook. Future studies should seek to elucidate their precise surface chemistry and crystal structures, advancing the overall understanding of these systems. This will allow for rational and systematic alterations to the surface chemistry, leading towards novel geometries and chiroptically active nanostructures. Ultimately, an understanding of the common factors governing the conformation of ultrathin objects can be developed, working towards a generalized picture of ligand-induced stress and chirality in ultrathin colloidal nanocrystals.

Methods

Synthesis

Reagents and Materials Used. 1-Dodecanethiol (DDT, 98%), 1-hexadecanethiol (HDT, 95%), 1-octadecanethiol (ODT, 98%), 1-octanethiol (OT, 98.5%), 2-ethylhexanethiol (EHT, 98%), cadmium(II) acetate dihydrate (98%), trioctylphosphine (TOP, 97%), triethylamine (99%), lead(II) iodide (99.99%), europium(III) acetate hydrate (99.9%), sulfur (9.998%, powder), gadolinium(III) acetate hydrate (99.9%), 1-octylamine (98.5%), indium (III) acetate (In(Ac) 3 , 99.99%), lead thiocyanate (99.5%), octylphosphonic acid (OPA, 97%), decylphosphonic acid (DPA, 97%), octadecylphosphonic acid (ODPA, 97%), tripropylamine (≥ 98%), lead (II) bromide (99.999%), N,N-dimethylformamide (99.8% anhydrous), toluene-d8 (99 atom % D), chloroform-d (CDCl 3 99.8 atom % D), (3-Bromopropyl)trimethylammonium bromide (97%), acetic acid (AA, glacial, ≥99.7%), and octanoic acid (OctA, 99%) were purchased from Sigma Aldrich. Oleic acid (OA, 90%), lithium hydroxide (98%, anhydrous), lead(II) bromide (99.99%), 1-octadecene (ODE, 90%), and decanoic acid (DA, 99%) were purchased from Alfa Aesar. Selenium (99.99%) and lead(II) chloride (99%) were purchased from Strem. Toluene (99.9%) was purchased from VWR, oleylamine (80-90%) from Acros, trioctylamine (N(Oct) 3 97%) from TCI, and gadolinium(III) acetylacetonate hydrate (99.9%) and dodecylphosphonic acid (DDPA, 95%) from Thermo Scientific. All reagents were used as received, with the exception of ODE, OA, and OAm which were degassed at elevated temperature before use.

Synthesis of InS nanocoils:

The synthesis of InS nanocoils is based on a modified protocol from Wang et al. [START_REF] Wang | Self-Adjustable Crystalline Inorganic Nanocoils[END_REF]. Inside an oxygen-and water-free glovebox, sulfur powder (5.6 mg, 0.175 mmol) was combined with indium (III) acetate (51.1 mg, 0.175 mmol, anhydrous), 1-octylamine (12.25 mL), and EtOH (1.75 mL, absolute) in a 20 mL Teflonlined autoclave. The octylamine used was purchased fresh and opened exclusively inside the glovebox. The mixture was sealed within the autoclave inside the glovebox and stirred for 30 minutes. In the case of non-anhydrous conditions, the autoclaves were removed from the glovebox and the desired amount of water was added (ranging between 1 equivalent or 3.1 µL up to 100 equivalents or 310 µL). The mixture was sealed and stirred for 30 minutes. The autoclaves were transferred to an oven at 240 • C under stirring. After 15 minutes, the temperature of the oven was reduced to 215 • C. After 15 additional minutes, a timer was set and the mixture was left heating in the oven for 12 hours.

To wash, the samples were removed from the oven and washed out of the autoclave with a minimal amount of octylamine. It should be noted that the bottle of octylamine used here was different from that used in the synthesis, as this octylamine was stored under ambient conditions. The samples were then centrifuged at 8000 rpm for 5 minutes, then redispersed in 5 mL of EtOH. The samples were centrifuged a second time for 5 minutes, followed by redispersion in 5 mL of toluene to which 3 mL of EtOH was added. After a 3rd centrifugation, the samples were again redispersed in 5 mL of toluene and 3 mL of EtOH. The samples were centrifuged a 4th time and redispersed in 5 mL toluene. Finally, after being centrifuged a 5th time, the samples were redispersed in 10 mL of toluene for storage.

Ligand exchange of InS nanocoils:

To perform ligand exchange, 1 mL of nanocoils in toluene were combined with 0.4 mL of oleylamine. The sample was heated at 80 • C for 24 hours. After heating, a minimal amount of ethanol was added before centrifuging at 8000 rpm for 5 minutes and redispersing in toluene.

Synthesis of PbS nanoplatelets:

The following protocol is modified from Akkerman et al. [START_REF] Akkerman | Ultrathin Orthorhombic PbS Nanosheets[END_REF]. A standard synthesis involved combining 32.3 mg (0.1 mmol) Pb(SCN) 2 , 0.25 mL (0.79 mmol) oleic acid (OA), 0.125 mL (0.38 mmol) oleylamine (OAm) in 10 mL of octadecene (ODE) in a round-bottom 3-neck flask. The flask was attached to a reflux condenser with the top left open to the atmosphere. The mixture was then heated at 110°C 4.9. METHODS with vigorous stirring for 15 minutes. During this time the mixture gradually turned a transparent yellow-orange in colour. The temperature was then rapidly increased by adjusting the heating mantle to the highest setting, resulting in a rate of increase approximately equal to 20°C/min. At an approximate temperature of 155 • C the solution turned a cloudy brown, rapidly becoming dark brown at around 160 • C. The flask was removed from heat at 165 • C, and immediately quenched with a cold water bath. The final reaction colour ranged from dark brown to black. Typically, a darker colour correlated to larger, less uniform nanoplatelets, and a slightly higher reaction temperature (i.e. 168 • C). A lighter colour generally correlated to smaller and more uniform NPLs alongside the presence of spherical particles, and a lower reaction temperature (i.e. 164 • C).

After being cooled to room temperature, the crude mixture was decanted and centrifuged at 6000 rpm for 5 minutes, then the precipitate redispersed in 7.5 mL of toluene. 2.5 mL of DMF was added to aid in the dissolution of unreacted Pb(SCN) 2 precursor, and the mixture was again centrifuged at 6000 rpm for 5 minutes, after which the supernatant was discarded. The precipitate was redispersed and stored in 10 mL of toluene.

Ligand exchange of PbS nanoplatelets: Ligand exchange was attempted with octylphosphonic acid. The products of one standard synthesis of PbS NPLs (10 mL in toluene) was combined with a portion of octylphosphonic acid (400 µg). The sample was left at room temperature for 30 hours, followed by a heating phase at 70 • C for 5 hours. The sample was then centrifuged at 6000 rpm and redispersed in 10 mL of toluene.

Ligand exchange was attempted with alkylthiols, particularly dodecanethiol (DDT). The products of one standard synthesis of PbS NPLs in toluene (10 mL) were combined with dodecanethiol (500 µL) and placed in an oven at 70 • C for 48 hours. This resulted in digestive ripening of the NPLs. A second approach involved first reacting the alkylthiol with triethylamine before performing the ligand exchange. In this case, DDT was combined with an equimolar amount of tripropylamine before being added to the native NPLs, followed by heating at 70 • C for 30 hours, again resulting in digestive ripening.

Ligand exchange was attempted with a variety of lead halides following a similar procedure reported by Dufour et al. [START_REF] Dufour | Halide Ligands To Release Strain in Cadmium Chalcogenide Nanoplatelets and Achieve High Brightness[END_REF]. To a 1 mL portion of NPLs in toluene, 20 µL of OAm was added. Following this, 60 µL of a 0.5 M Pb-halide solution in DMF was added. The solutions (Cl-OAm, Br-OAm, and I-OAm) were agitated to mix, and left to sit at room temperature for 3 days.

Lastly, ligand exchange was attempted with amines of different chain lengths. Aliquots of native NPLs were combined with propylamine, butylamine, and octylamine to produce respective solutions of 0.6 M, 0.5 M, and 0.3 M concentrations. The samples were left at room temperature for 3 days, before being washed and redispersed in toluene.

Synthesis of Eu 2 O 3 nanoplatelets:

The following protocol is adapted from Hudry et al. [179]. The following were combined in a 3-neck 50 mL flask europium acetate hydrate (Eu(CH 3 CHOO) 3 • XH 2 O (0.6 mmol, 197.5 mg), trioctylamine (N(Oct) 3 , 6 mmol, 2.623 mL), OA (6 mmol, 1.894 mL). The mixture was heated to 135 • C under argon to dissolve the 4.9. METHODS europium acetate. The white turbid solution turned optically clear and slightly yellowish within a few minutes. After 20 minutes, the temperature was decreased to 100 • C and OAm (15 mmol, 3.95 mL) was added. The mixture was purified under vacuum for 6-12 hours. The flask was then filled with argon, and glacial acetic acid (4.5 mmol, 257 µL) was added. The purified mixture was heated at 10 • C/min to 310 • C, and the temperature was maintained for 60 minutes. The heating mangle was then removed and the flask was left to cool naturally to RT. To wash, ethanol was added and the mixture was centrifuged. The clear supernatant was discarded, and the precipitate was redispersed in hexane. EtOH was added, the mixture was centrifuged again, and the precipitate was redispersed in toluene. This procedure was repeated 2 more times to remove all residual organics. Finally, a white turbid solution of nanoplatelets was obtained, and was dispersed in 10 mL of toluene for storage.

Ligand exchange of Eu 2 O 3 nanoplatelets: 1 mL of as-synthesized Eu 2 O 3 NPLs were combined with the desired ligands resulting in 0.5 M exchange ligand concentrations. These were agitated and then left at room temperature for 5 days before being centrifuged 3 times and redispersed in toluene.

Synthesis of Gd 2 O 3 nanohelices: Stock solutions of oleic acid, oleylamine, and ODE were prepared by drying under vacuum (110 • C for OA, 100 • C for OAm. 95 • C for ODE) for at least 2 hours. These solutions were transferred to a water-and oxygen-free glovebox for storage. Inside the glovebox, a 3-neck 50 mL flask was loaded with Gd(acac) 3 (0.75 mmol, 381.5 mg), LiOH (2 mmol, 47.9 mg) OA (1mL), OAm (4.5 mL), ODE (7.5 mL). The flask was connected to a Schlenk line and heated under vacuum to 110 • C and maintained for 8 hours at a vacuum level < 1.3×10 -1 mbar. Under argon, the temperature was increased to 290 • C at a rate of 18 • C/min. This temperature was maintained for 1 hour before being air-cooled to room temperature. To wash, the NCs were precipitated with EtOH and centrifuged at 4000 rpm for 2 minutes. They were redispersed in 10 mL toluene, to which 7.5 mL EtOH was added, and again centrifuged at 4000 rpm for 2 minutes to remove excess ligands and impurities such as lithium oleate. The NCs were redispersed in 20 mL of toluene before being centrifuged at 2000 rpm, the supernatant containing the nanohelices was transferred to a vial for storage, and the pellet containing larger NPLs was discarded.

Synthesis of Gd 2 O 3 nanoscrolls:

In a 3-neck 50 mL flask, gadolinium acetate hydrate (Gd(CH 3 CHOO) 3 • XH 2 O (1.5 mmol, 501.6 mg), (3bromopropyl)trimethylammonium bromide (4 mmol, 1.0 g), OAm (6 mL), OA (2 mL), and ODE (4 mL) were combined. The mixture was heated to 120 • C under vacuum for 1 hour. The transparent yellow solution was brought under argon atmosphere and heated to 260 • C, where the temperature was maintained for 1 hour. The heating mantle was removed and the flask was left to cool to room temperature. To purify, the white product was separated from the bulk solution through centrifugation at 9000 rpm for 10 minutes. The nanosheets were washed several times with cyclohexane and ethanol, before 4.9. METHODS being transferred to hexane for storage.

Synthesis of Gd 2 O 3 nanotripods/nanotriangles/nanodisks: In a 3-neck 50 mL flask, lithium hydroxide (2 mmol, 47.9 mg), OAm (4.5 mL), OA (3 mL), and ODE (7.5 mL) were combined. The mixture was heated to 110 • C under vacuum for 1 hour to remove water. The mixture was brought under argon atmosphere and gadolinium acetate hydrate (Gd(CH 3 CHOO) 3 • XH 2 O (0.75 mmol, 250.8 mg) was swiftly introduced. The mixture was brought under vacuum for an additional hour at the same temperature. Under argon, the temperature was increased to 290 • C. The morphology was then controlled by varying the reaction time, with 30 minutes yielding nanotripods, 50-60 minutes yielding nanotriangles, and 90 minutes yielding nanodisks. After the desired time, the reaction was rapidly cooled to room temperature through the addition of excess toluene. Samples were washed several times with toluene and ethanol, then transferred to toluene for storage.

CdSe ligand exchange from oleate to hydrogen phosphonate: CdSe NPLs were synthesized as previously described in Section 3.5. The purified NPLs (1.5 mL in toluene) were diluted with 7.5 mL of toluene. Meanwhile, a 75 mM solution of the desired phosphonic acid was prepared in toluene. In some cases, in order to ensure complete dissolution, the solution was gently heated and sonicated. 100 µL of the phosphonic acid solution was added to the NPL solution, and the mixture was agitated vigorously. The solutions were left to sit for 1 hour in the case of OPA, DPA, and DDPA, and for 4 hours in the case of ODPA. Finally, the NPLs were centrifuged and washed twice with toluene, before being redispersed in 1.5 mL of toluene for storage.

Characterization

Small-Angle X-Ray Scattering: Small-angle X-ray scattering (SAXS) measurements were carried out on a XENOCS Xeuss 3.0 instrument using a fixed tension of 50 kV, a current of 0.6 mA, and a sample-to-detector distance of 0.28 m. The typical accessible range of scattering vector modulus q was 0.01 to 1 Å-1 , for q= (4π/λ)sin(θ), where 2θ is the scattering angle and λ = 1.54 Å is the wavelength. The intensity was radially averaged to yield intensity versus q data. Typical exposure times were 300 seconds, repeated for 5 scans before being averaged and background-corrected with the corresponding solvent blank. For aggregated samples, colloidal dispersions were destabilized using varying amounts of ethanol (10%v/v, 20%v/v, or 50%v/v), and loaded into glass capillaries.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) measurements were performed on a Netzsch STA 409 PC Luxx thermogravimetric analyzer. Nanomonolayer samples were dried to a powder and portions of (10 ± 2) mg were loaded into an Al 2 O 3 crucible. Tungsten thiolates were dried similarly before being diluted to an approximate concentration of 10% in a matrix of powdered alumina. Samples were heated from 25 • C to 550 • C at a rate of 10.0 • C/min under flow of nitrogen gas.

Differential Scanning Calorimetry: Differential Scanning Calorimetry (DSC) measurements were performed on a Perkin Elmer DSC 8500 under the flow of argon gas (20 mL/min). Sample amounts of 5 mg were heated from 30.00 • C to 500.00 • C at a rate of 5.00 • C/min. The onset temperatures of thermal events were obtained from tangent lines determined from calculated first derivatives.

1 H NMR Spectroscopy: Measurements were taken on a Bruker 300 MHz spectrometer using a standard proton pulse, 16 scans, and a 2.7 second acquisition time.

Powder X-Ray Diffraction: Samples were centrifuged to wash, then redispersed in a minimal amount of solvent before being drop-cast onto a low-background silicon sample holder. PXRD measurements were performed using an Malvern Panalytical Aeris X-ray diffractometer operating at 30 kV and 15 mA with a copper radiation source.

Fourier Transform Infrared Spectroscopy: FTIR was performed using a PerkinElmer Spectrum 65 FTIR Spectrometer. NPLs were centrifuged into a pellet and dropcast onto a Universal ATR Sampling Accessory. Samples were measured with a 2 cm -1 resolution, a 0.5 cm -1 data interval, and a 0.2 cm/s scan speed. Measurements were averaged over 8 accumulations.

Transmission Electron Microscopy: Samples were prepared by dropcasting dilution solutions onto a 400-mesh copper grid. (Ted Pella, Inc.) Images were obtained using a JEOL JEM-2100 transmission electron microscope equipped with a LaB 6 electron source operating at 200 kV.

UV-Vis Spectroscopy: UV-Vis spectroscopy was performed using an Avantes AvaLight-DH-S-BAL spectrophotometer equipped with a deuturium halogen source. Samples were measured in a 1 cm quartz cuvette, with a 1.5 ms integration time over 1000 scans. Background was subtracted with the corresponding solvent blank.

Fluorescence and Photoluminescence Excitation Spectroscopy: Photoluminescence was measured using an Edinburgh Instruments Spectrofluorometer FS5 equipped with a SC-05 standard cuvette holder. Samples were excited with a Xe lamp at 350 nm using a 3 nm excitation bandwidth, a 1 nm step size, and 0.1 second dwell time.

Conclusions

This thesis has investigated different mechanisms of inducing chirality in ultrathin colloidal nanocrystals and has been largely divided into a first section focused on the chiroptical properties of perovskite nanoplatelets, a second section on the structural chirality of CdSe nanohelices, and a third section dedicated to the synthetic development of other ultrathin colloidal nanocrystals. Motivated by understanding the emergence of chirality, this work helps to unravel the interplay between surface chemistry, shape, and chiroptical properties. Ultimately, this work seeks to establish a new class of chiral compounds based on the twisting of nanosheets into complex shapes.

Chapter 1 has served as a review of the fundamental scientific concepts relevant to this work. Beginning with an overview of size-confined semiconductors, a particular focus was made towards colloidal nanocrystals with atomically precise thicknesses. The importance of surface ligands on these nanocrystal properties was reviewed, discussing the toolbox available for ligand exchange and post-synthetic modification. The interactions between chiral materials and circularly polarized light were discussed, emphasizing the high polarizability that distinguishes chiral inorganic matter from organic molecules. Different means of inducing chirality in inorganic systems were reviewed, highlighting mechanisms of ligand-induced chirality through which coupling occurs between chiral organic ligands and inorganic nanocrystal cores. Chirality through shape was discussed in the context of the deformation of thin sheets. Multiple examples of macroscale "shapeshifting" of thin sheets resulting from mechanical instabilities were explored, and their motion was explained using the theoretical framework of incompatible elasticity. Finally, the interplay between surface chemistry and NC shape was discussed in the context of ligand-induced stress.

Chapter 2 has focused on the chiroptical properties of perovskite nanoplatelets. Colloidal methylammonium lead bromide perovskite nanoplatelets have been prepared with a combination of chiral and achiral molecules incorporated as surface ligands directly into the synthesis. We have shown that the precise ratio of these ligands have a strong effect on the magnitude of circular dichroism and circularly polarized luminescence. We attribute the origin of the optical activity to coupling between the static dipole of the chiral surface ligand to the transition dipole moment of the perovskite nanocrystal, and thus the resulting CD spectrum is highly dependent on the specific binding configuration of the ligand. As such, a molar fraction of chiral to achiral ligands that is too high or too low results in formation of polydisperse thicknesses and different ligand binding orientations, consequently decreasing the chiroptical signals. Using 1 H-NMR we have demonstrated that the competitive binding of these ligands to the NPL surface follows an equilibrium model. Lastly, we have extended this protocol to other chiral ligands containing a primary ammonium moiety to show how the CD signal is highly dependent on the electronic structure of the surface ligand. Our results emphasize the extent to which careful consideration must be given to the choice of ligand, as minute structural differences result in significant changes in the magnitude and sign of the induced CD. Exploiting this knowledge will help the systematic and rational development of perovskite NCs with strong chirality.

However, research into the development of chiral perovskites is very much in its infancy. It is growing rapidly, and as this field develops, it is expected that more attention will be given to efforts seeking to realize the practical applications of these materials. Pioneering this research field necessitates new design strategies that circumvent the current challenges of stability and scalability. Particular focus should be made towards the selection of chiral ligands, alongside optimization of the synthesis parameters required to obtain reliable, high-quality structures. There is a vast and unexplored library of organic chiral molecules that, when applied as ligands, have the potential to create novel structures and open doors to the practical realization of these materials. Additionally, the arsenal of 2D chiral perovskites can be broadened by accessing higher layer thicknesses. To date, most efforts have focused on the more thermodynamically stable thicknesses (n < 4), with very little work dedicated to higher thicknesses (n > 5). Future studies may also seek to refine the optoelectronic responses and optimize the quantum efficiencies of these materials, for instance through post-synthetic surface repair. Maximizing the photoluminescent quantum yield has important implications for light-emitting devices. Lastly, extending these solution-processable colloids to other forms (such as thin films) can provide different means of accessing these chiroptical properties.

Chapter 3 has demonstrated CdSe nanohelices whose conformation can be controlled by modulating the temperature of solution. We show that the binding of the surface ligands is affected by the temperature change, consequently fine-tuning the stresses exerted on the underlying NC, resulting in a "shapeshifting" of the NPL. By changing the surface ligand functional group and the tail length, it is possible to tune the magnitude of the response, and to control between the opening or closing of the helices. Using in-situ X-ray scattering techniques, we were able to develop a method to measure the ensemble-averaged radius of the sample, and to probe the crystallographic changes that occur during the shape-changing. We attribute the adjustable radii to different factors depending on the surface ligand identity. For thiolates, both the desorption of ligands, and their decomposition and subsequent CdS surface layer formation are the driving factors. In the case of carboxylate nanoplatelets, a change in binding configuration drives the motion of the helices. These results have important implications for the post-synthetic modification of colloidal nanocrystals, leading towards a higher degree of tunability in NC design.

It is our belief that this work has contributed to the fundamental understanding of nanoscale mechanics governing ultrathin materials. However, much work remains to be done before a complete picture can be established. For example, fine-tuning of the ligand stresses can be taken further by exploring different ligand tails. The differences between entropic ligands versus highly crystalline ligand tails should provide a greater control to fine-tune the induced stress. Furthermore, different functional groups should be explored such as phosphonic acids, phosphinic acids, alkylammonium halide complexes, etc. Lastly, to exploit the chiral nature of these objects, enantiomeric separation of the racemic mixture can be undertaken, for example under either shear flow or local rotational motion in a fluid [189].

Ultimately, this research helps move closer to the goal of unifying the effects of ligand surface coverage, surface stresses, and incompatible elasticity to developing a comprehensive framework which can fully predict the conformation of ultrathin nanomaterials beyond CdSe.

Chapter 4 has explored the possibility of shapeshifting in other ultrathin colloidal nanocrystals, including CdSe nanohelices, lead sulfide nanoplatelets, lanthanide oxide nanoplatelets and nanohelices, tungsten disulfide nanomonolayers, and indium sulfide nanocoils. This was done through the synthesis and characterization of these different systems to better understand the factors governing NC shape, including surface chemistry and crystal structure. First, CdSe nanohelices were flattened by ligand exchange with different phosphonic acids. The kinetics of exchange were followed using absorption spectroscopy, suggesting a patchy exchange mechanism resulting in an intermediate state with regions of ligand "island formation". Many unanswered questions remain on this topic, and future work may seek to combine techniques such as NMR, ITC, and in-situ SAXS to provide a full picture of the interplay between structure, optical properties, and surface chemistry. PbS nanoplatelets were prepared, and the synthesis protocol was refined to yield higher purity samples. However, the strong binding of thiocyanate surface ligands creates difficulties when performing ligand exchange, as the samples are fragile and easily destroyed. Future work should seek to find the precise parameters necessary to displace native ligands without digesting the samples. Once this is accomplished, a repertoire of different bulky ligands can be tested to try inducing shape changes through surface stress, and chiral ligands can be tested to try inducing chiroptical activity. Eu 2 O 3 nanoplatelets were synthesized and polymorphism was observed ranging from nanocoils, nanoplatelets, nanohelices, and nanosheets. More advanced characterization should be performed to determine the crystal structure and surface chemistry of these different morphologies. Once this is established, attempts can be made to change between these different conformations by again exploiting surface stresses through ligand exchange. Semiconducting WS 2 has been characterized. These materials and other TMDCs may behave differently from II-VI semiconducting NPLs, as they can exist without the large surface ligand coverage that is necessary for CdSe. Thus, it is of interest to investigate the strain in these systems, as well as to study the chiroptical properties. Lastly, we have demonstrated that ligand-induced conformational changes can be produced in indium sulfide nanoribbons by exchanging the native ligands for long-chain amines, resulting in a flattening of the particles. However, the precise identity of ligands on the NCs remain elusive, and further characterization should be performed to provide a clearer understanding of the surface chemistry. Furthermore, the effect of trace amounts of moisture has been shown to have strong effects on the morphology, producing nanosheets, nanocoils, and nanospheroids depending on the concentration.

As has been demonstrated in this work, ligand-induced surface stress in conjunction with asymmetry in the crystal structure can lead to geometric frustration allowing for the design of novel structures. Through rational changes to the surface ligands, control over the conformation can be achieved. However, much work remains to be done in this field. While zinc-blende CdSe has been demonstrated as a model system for designing shapeshifting nanoplatelets, future work should aim to expand this approach to other systems. To do this, controlled synthesis of other ultrathin NCs should be targeted. Specifically, NCs with low symmetry in the crystal structure are of interest due to the possibility of asymmetric surface stresses induced by the ligands. As only NPLs which are sufficiently thin can be deformed by the surface ligand layer, by targeting the thinnest NPLs, the greatest deformations can be achieved. Fine-tuning of the ligand-induced stresses can be achieved by considering a number of parameters such as the mismatch between the NC lattice and the ligand head groups, the entropic repulsion of the ligand tails, and the ligand surface coverage. Furthermore, the NPL lateral dimensions are also important to the specific shape adapted. Thus, to achieve a wider variety of possible conformations, a higher degree of control over the lateral dimensions should be sought. Finally, an understanding of the emergence of chirality should be harnessed to achieve enantiomeric excess in these systems, leading towards implementation of these systems in practical applications.

The natural evolution of this field is to move towards stimuli-responsive NPLs: once an in-depth understanding of the mechanisms governing shape-control has been achieved, this concept can be pushed further to design materials whose conformation can be controlled using external stimuli. In this work we have succeeded in demonstrating temperature as an external parameter capable of fine-tuning surface stresses, consequently achieving a shape control sensitive to an external stimulus. However, many other molecules could still be explored as "molecular switches"; for example azobenzene, which shifts from trans to cis conformation under UV irradiation. The use of such concepts in the engineering of surface ligands could enable sensitivity of the ligands to an external stimulus, allowing for the fine tuning of surface stresses on the NPL, and consequently achieving stimuli-responsive shapeshifting.

To unlock new territory within the field of chiral nanoplatelets, an improved mechanistic understanding of synthetic protocols is essential. The global direction that future work should take is to determine how the underlying factors govern the conformation of nanosheets, thus developing a unified picture of the common denominator necessary to induce conformational changes and chirality in ultrathin nanocrystals.

  .1 A review of colloidal semiconducting nanocrystals

Figure 1 . 1 :

 11 Figure 1.1: Schematic representation of quantum confinement effects in semiconductor nanocrystals. (a) The bandgap increases with decreasing NC size, with discreet energy levels at the band edges, and (b) Photograph of CdSe quantum dot dispersions of decreasing size under the excitation of a UV-lamp (Adapted from [15]). (c) Schematic illustration of the energy level in semiconductors confined in different dimensions. The density of states (DOS) gives the number of allowed electron (or hole) states per volume at a given energy, and changes depending on the NC morphology. Different morphologies are depicted for 2D, 1D, and 0D nanocrystals. Adapted from Ref. [13].

Figure 1 . 2 :

 12 Figure 1.2: TEM images showing different compositions of ultrathin colloidal nanocrystals of various morphologies synthesized in this work. (a) Eu 2 O 3 nanohelices, (b) InS nanoribbons, (c) WS 2 nanomonolayers, (d) CdSe nanoplatelets, (e) CsPbBr 3 perovskite nanosheets, (d) PbS nanoplatelets.

Figure 1 . 4 :

 14 Figure 1.4: Schematic showing the binding/displacement of ligands (left) and the dissolution/precipitation of colloidal nanocrystals (right). NC is the unpassivated nanocrystal, L is the ligand, and [NC-L n ] is the nanocrystal passivated with n surface ligands. The ideal equilibrium should be pushed towards the center, containing fully passivated nanocrystals well-dispersed in solution. Modified from Zito et al.[30].

Figure 1 . 5 :

 15 Figure 1.5: (a) Schematic depiction of electric dipole transition by linear force, (b) magnetic dipole transition by rotational force, and (c) chirality resulting from the dot product of the electric and magnetic transitions. (d) Incident right-circularly polarized light propagating through a chiral material and interactions between ETDM and MTDM result in a helical redistribution of the electron cloud. Reproduced from Ma et al.[START_REF] Ma | Chiral Perovskites for Next-Generation Photonics: From Chirality Transfer to Chiroptical Activity[END_REF] 
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 16 Figure 1.6: (a) Schematic depiction of preferential absorption of circularly polarized light. (b) Equal absorption of both left and right polarizations at the same wavelength results in no CD signal; unequal absorption at different wavelengths results in bisignate peak in CD spectrum known as the Cotton effect. Reproduced from Ma et al.[43].
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 17 Figure 1.7: Different origins of induced chiroptical activity in semiconductor nanocrystals. Methods arising from structural chirality are shown on top (chiral crystal structure, chiral shape, chiral defects), and methods arising from induced optical activity are shown on the bottom (chiral assembly, chiral metamaterials, chiral ligands). Reproduced from Kuznetsova et al.[31].
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 19 Figure 1.9: Different systems in which thin sheets can change between two conformations. (a) Venus flytrap, (b) cycling band, (c) ribbon, (d) Bauhinia seed pods.

  .10b). If the principle curvatures are of different sign, then K < 0, and the surface is saddle shaped (Figure 1.10c). If one of the principle curvatures is zero, then K = 0 (Figure 1.10d).

Figure 1 . 10 :

 110 Figure 1.10: Schematic of the local curvature of 2D surfaces. (a) At the centre point in the saddle-like surface, tangent planes highlight the principal curvatures κ 1 and κ 2 in orange and purple, respectively. Possible 2D surfaces are shown in terms of Gaussian curvature for (b) principle curvatures of the same sign, (c) principle curvatures of opposite sign, and (d) one of the principle curvatures equal to zero. Figure modified from Reddy et al.[89].
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 111 Figure 1.11: Ribbon configurations including (a) helicoid, (b) isometric spiral ribbon, and (c) intermediate configuration between the two. (d) Ribbon energy minimum E(w) as a function of the ribbon width (w). The curves A and B correspond, respectively, to larger and smaller values of γ (the ratio of stretching energy per unit area). Modified from Ghafouri et al.[90].
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 113 Figure 1.13: Examples of polymorphism observed in CdSe nanoplatelets, including (a) nanotubes from Bouet et al.[92], (b) helicoids from Jana et al.[67], and (c) spiral ribbons from Liu et al.[58]. Schematic depictions of the corresponding geometries are shown; the shadow below each object results from projection of each shape onto a surface, and thus is indicative of what is observed in transmission electron microscopy (TEM). Modified from Guillemeny et al.[93].

  [127, 128] Additional STEM images of S -DMBA NPLs and achiral NPLs are shown in supplementary information (Figure 2.3a, b), including images showing the sample degradation which can occur as a result of radiolysis induced by the electron beam (Figure 2.3c, d). No apparent differences are observed between PXRD patterns of the S -and R-DMBA NPLs (Figure 2.3e).
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 22 Figure 2.2: (a) HAADF-STEM image of R-DMBA NPLs, (b) PXRD pattern of R-DMBA NPLs with diamonds at repeating intervals of 3.4 • indicating stacking periodicity of 2.6 nm, (c) schematic illustration of corresponding NPL composition with chemical structure of (R)-(+)-α,4-dimethylbenzylammonium ligand.

Figure 2 . 3 :

 23 Figure 2.3: (a) achiral n=2 NPLs synthesized with OctAm. (b) n=2 chiral NPLs synthesized with S -DMBA. (c, d) STEM images showing sample degradation between sequential images due to the high energy of the electron beam. In addition to the desorption of Br, the Pb 2+ ions are reduced to Pb 0 ions which diffuse and aggregate to form Pb clusters, appearing as white points indicative of beam damage. (e) PXRD pattern of S -DMBA NPLs.

Figure 2 .

 2 Figure 2.4: (a) CD and CPL in region of NPL excitonic transition, (b) corresponding absorption and fluorescence spectra, (c) g abs -factors and absorbance over full spectrum.

Figure 2 .

 2 Figure 2.5: (a) CD spectra of (S )-DMBA-Br, (R)-DMBA-Br and (b) OctAm-Br. (c) CPL and CD of achiral NPLs synthesized with pure OctAm in comparison to chiral NPLs synthesized with S -or R-DMBA. (d) Absorption and fluorescence of achiral NPLs.

Figure 2 .

 2 Figure 2.6: 1 H NMR spectrum indicating signals used for relative quantification of ligands. Ligand structure with indicated protons and corresponding peaks are highlighted for DMBA (orange) and OctAm (red). Spectra are shown for (a) solution containing dissolved NPL salts including both DMBA and OctAm, (b) solution containing only DMBA and OctAm salts, (c) solution containing octylammonium bromide, (d) solutions containing only (S)-DMBA-Br.
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 27 Figure 2.7: Comparison of S-DMBA-NPLs synthesized with chiral ligand fraction of 0.825. Samples have been either centrifuged and dispersed in toluene-d8 (blue) or dissolved in dimethyl sulfoxide-d6 (black). Peak shifting and broadening can be observed for the sample in toluene containing NPLs with bound ligands, in comparison to sharp peaks for the sample in DMSO containing free ligands. The effects become more pronounced for protons closer to the binding surface due to the decreased relaxation time.

Figure 2 .

 2 Figure 2.8: (a) g abs at the 430 nm absorption maximum for S -and R-DMBA NPLs, (b) equilibrium curve showing competitive binding of chiral and achiral ligands to NPL surface considering K = 7.3 (solid) and K = 1 (dashed), (c) absorption spectra for NPLs synthesized with increasing fraction of chiral ligands in solution, with pure DMBA NPLs indicated in yellow, pure OctAm NPLs in purple, and the ligand fraction used for primary optical and structural characterization indicated in red.
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 29 Figure 2.9: Comparison of the g abs spectra of different samples to evaluate the reproducibility of chiral signals. (R)-DMBA-NPLs prepared with a chiral ligand fraction of 0.88, the point at which the number of DMBA and OctAm ligands on the surface of the nanoplatelet are equal. The samples were synthesized over the course of 6 months, from different precursor solutions, each containing the same composition. The mean g-value at the absorption maximum is g abs = -3.47 ± 0.62.

Figure 2 .

 2 Figure 2.10: S -DMBA NPLs synthesized in the total absence of OctAm. PXRD pattern shows a stacking periodicity of 1.55 nm, in good accordance with STEM profile plot.

Figure 2 .

 2 Figure 2.11: (a) R-and S -DMBA NPLs synthesized in the total absence of OctAm. Cotton effect for S -DMBA-NPLs at n=1 transition is positive to negative with increasing wavelength. (b) R-and S -DMBA NPLs synthesized in the presence of a molar fraction of 0.6 chiral ligands. Cotton effect for S -DMBA-NPLs is negative to positive with increasing wavelength.

Figure 2 .

 2 Figure 2.13: Correlation of the luminescence versus absorption dissymmetry factors for NPLs prepared with different chiral ligand fractions.
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 214 Figure 2.14: Evaluation of the chiral sensitivity of the experimental setup. Fresh samples have been synthesized at three different concentrations. The fluorescence signals (a,c) and CPL signals (d) have been recorded simultaneously. The g lum values are calculated (b).Validation of the experimental setup can be seen in that the intensity of fluorescence and CPL is proportional to the dilution of the sample, but the g-value remains the same. For samples synthesized at a dilution factor of 10, the signal exhibits an increased amount of noise.

Figure 2 .

 2 Figure 2.15: CD spectra of n=2 methylammonium lead bromide nanoplatelets synthesized with the (R)-enantiomer of different chiral ligands including (a) (R)-(+)-α,4dimethylbenzylamine (DMBA), (b) (R)-(+)-α-methylbenzylamine (MBA), (c) (R)-(+)-αethylbenzylamine (EBA), and (d) (R)-(-)-1-cyclohexylethylamine (CHEA). Dashed lines indicate a wavelength of 430 nm. The chiral ligand fractions which gave the optimal responses are, respectively, 0.825, 0.75, 0.92, and 0.80, from top to bottom. The g abs factors at the absorption maximum are, respectively, 8.4 × 10 -3 , 0.28 × 10 -3 , 0.86 × 10 -3 , and 0.36 × 10 -3 from top to bottom.
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 216 Figure 2.16: CsPbBr 3 nanoplatelets of thickness n=2 prepared with DMBA and OctAm at a chiral ligand fraction of 0.825. These samples show g abs values nearly two orders of magnitude less than the equivalent nanoplatelets prepared with methylammonium cations.
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 217 Figure 2.17: Chiral MAPb(Br 1 -x I x ) 3 NPLs prepared with DMBA and OctAm at a chiral ligand fraction of 0.825. Samples consist of a) pure bromide NPLs, b) substitution of 17% iodide, c) substitution of 33% iodide, and d) substitution of 45% iodide. The magnitude of g abs decreases with increasing iodide percentage.

  Figure 3.1: (a) TEM image of OA-CdSe NPL parent batch, (b) corresponding absorption and emission. (c) Crystal structure of 3ML zinc blende platelets with Cd-rich [001] basal plane. Perpendicular directions on the top and bottom surfaces are highlighted in orange and yellow. Orthogonal surface stress on these planes results in bending of the nanoplatelet into a helical spiral ribbon which can be described by the radius of curvature, R.
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 32 Figure 3.2: Circular dichroism and linear dichroism spectroscopy for OA-CdSe NPLs at high concentration (red) and low concentration (blue). (a) g abs factor, (b) circular dichroism signal, (c) absorbance, and (d) linear dichroism. The change in signage of linear dichroism signals between high and low NPL concentrations indicates signals are a result of the anisotropic nature of the NPLs.

Figure 3 . 3 :

 33 Figure 3.3: Radius of curvature versus the wavelength of absorption maximum for different thiolate NPLs.

  3)[94]. TEM images and optical characterization are shown for different alkylthiolate (Figure 3.4) and alkylcarboxylate (Figure 3.5) nanoplatelets. Depending on the functional group and structure of the ligand, the exchanged NPLs range from completely flattened to tightly rolled, as seen in the case of the two structural isomers EHT and OT[148] (Figures 3.4e

  ,a).

Figure 3 . 4 :

 34 Figure 3.4: TEM images of thiolate-CdSe nanoplatelets including (a) octanethiolate, (b) dodecanethiolate, (c) hexadecanethiolate, (d) octadecanethiolate, and (e) 2ethylhexanethiol. (f-j) TEM images of the same samples after the heating ramp. (k-o) Corresponding absorption and emission spectra of initial and final samples.
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 35 Figure 3.5: TEM images of carboxylate-CdSe nanoplatelets including (a) oleate, (b) acetate, (c) octanoate, (d) decanoate, and (e) dodecanoate. (f-j) TEM images of the same samples after the heating ramp. (k-o) Corresponding absorption and emission spectra of initial and final samples.
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 36 Figure 3.6: (a) Pair distribution function analysis for NPLs with varying ligand chain length and functional group. Peak corresponding to Cd-Cd interatomic distance is indicated at 4.26 Å. (b) Thiolates show a greater decrease in interatomic Cd-Cd distance in comparison to carboxylates. No correlation between radius of curvature and distance of neighbouring cadmium atoms is observed.
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 37 Figure 3.7: Pair distribution functional analysis for deformed NPLs. (a) Flat nanoplatelet before deformation, (b) deformation into spiral ribbon considering the geometry of OA-CdSe NPLs, (c) spiral ribbon considering the geometry of OT-CdSe NPLs, and (d) helicoidal deformation.
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 38 Figure 3.8: Comparison of PDF for modeled and experimental NPLs. (a) Flat NPL in comparison to EHT-CdSe NPLs, (b) spiral ribbon in comparison to OA-CdSe NPLs, and (c) spiral ribbon in comparison to OT-CdSe NPLs. (d) Comparison of nearest-neighbour peak position for the different scenarios.

Figure 3 .

 3 Figure 3.10: OT-CdSe NPLs which have undergone heating ramps to specific temperatures before being cooled to room temperature, showing the non-reversible nature of the shape change. (a) Radius of curvature versus the wavelength of maximum absorbance, (b) radius of curvature versus the maximum temperature to which the sample was heated, (c) corresponding UV-Vis and fluorescence of samples after the heating ramp, and (d) corresponding SAXS first peak positions to determine the radius after returning to room temperature.

Figure 3 .

 3 Figure 3.11: TEM images of DDT-CdSe NPLs (a) before heating and (b) after heating. (c) Corresponding absorption and emission spectra for each sample. (d) SAXS and (e) WAXS sequences during heating; (f) SAXS and (g) WAXS sequences during cooling. (h) Radius-temperature plot overlaid with (220) reflection expansion.

Figure 3 .

 3 Figure 3.12: Experimental PXRD pattern of DDT-CdSe NPLs compared to simulated pattern of bulk zinc blende structure.

Figure 3 . 13 :

 313 Figure 3.13: Multiple heating cycles of OA-CdSe NPLs. (a) Calculation of the thermal expansion coefficient obtained for the cooling phase of the first cycle yields and heating phase of second cycle yields α = 7.0 × 10 -6 K -1 . (b) Corresponding radius-temperature plot demonstrating the non-reversible nature of the conformation change.

Figure 3 .

 3 Figure 3.14: TEM images of ODT-CdSe NPLs (a) before and (b) after heating ramp. (c) Corresponding absorption and emission spectra for each sample. (d,e) SAXS/WAXS sequences during heating and (f,g) SAXS/WAXS sequences during cooling. (h) Radiustemperature plot overlayed with (220) reflection expansion.

Figure 3 .

 3 Figure 3.15: TEM images of HDT-CdSe NPLs (a) before and (b) after heating ramp. (c) Corresponding absorption and emission spectra for each sample. (d,e) SAXS/WAXS sequences during heating and (f,g) SAXS/WAXS sequences during cooling. (h) Radiustemperature plot overlayed with (220) reflection expansion.

Figure 3 .

 3 Figure 3.16: TEM images of OA-CdSe NPLs (a) before and (b) after heating ramp. (c) Corresponding absorption and emission spectra for each sample. (d,e) SAXS/WAXS sequences during heating and (f,g) SAXS/WAXS sequences during cooling. (h) Radius-temperature plot overlayed with (220) reflection expansion.

Figure 3 .

 3 Figure 3.17: TEM images of EHT-CdSe NPLs (a) before and (b) after heating ramp. (c) Corresponding absorption and emission spectra for each sample. (d,e) SAXS/WAXS sequences during heating and (f,g) SAXS/WAXS sequences during cooling with magnified insets showing stacking peaks. (h) Radius-temperature plot overlayed with (220) reflection expansion.

Figure 3 .

 3 Figure 3.18: (a) Low-frequency Raman spectra for oleate-and octanethiolate-NPLs before and after heating. Shifts in the breathing vibration peak at 40 cm -1 result from changes in ligand coverage; appearance of band at 275 cm -1 corresponds to CdS LO phonon. (b) Change in NPL surface chemistry upon heating resulting from both thiolate desorption (top) and ligand decomposition and formation of CdS surface layer (bottom). (c) Schematic depiction of oleate binding configurations; full carbon tail omitted for clarity. (d) FTIR spectrum of OA-NPLs before and after heating showing a change from chelating to monodentate binding configuration.

Figure 3 .

 3 Figure 3.19: (a) Plot of the form factor of a barrel tile and the maxima in the oscillations of the intensity; (b) Kratky plot of the first peak q 1 for a range of different temperatures; (c) first peak locations versus temperature with initial peak at 0.32 nm -1 , and (d) OA-CdSe nanoplatelet radius as a function of temperature, with an initial value of R = 17.5 nm.
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 320 Figure 3.20: Radius determination of OT-CdSe nanoplatelets using (a) TEM measurement at indicated locations and (b) SAXS analysis.
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 41 Figure 4.1: FTIR spectra of oleate-CdSe (top), octylphosphonate-CdSe (middle), and octanethiolate-CdSe (bottom.) Disappearance of bands at 1600 and 1300 cm -1 after ligand exchange confirms the removal of oleate ligands.
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 42 Figure 4.2: TEM images of (a) OPA-CdSe, (b) DPA-CdSe, (c) DDPA-CdSe, and (d) ODPA-CdSe NPLs. The corresponding UV-vis spectra during the exchange process show a distinct intermediate state (center column). For each sample the corresponding exciton absorption maxima is plotted as a function of time for the duration of the ligand-exchange process (right column).

  . Similarly, Elimelech et al. have demonstrated the possibility of alkylthiols forming organized clustering patterns on CdSe nanocrystals[171]. They attribute the ordering to interligand interactions, showing that alkylthiol ligands with similar polarity and dissimilar length result in clustering, whereas mixed ligands of similar length and dissimilar polarity result in separation into segregated areas[171].

Figure 4 . 3 :

 43 Figure 4.3: Exchange from oleate-CdSe NPLs to decylphosphonate-CdSe NPLs. (a) UV-Vis spectra of the initial, intermediate, and final samples. (b) Schematic depiction of patch-wise exchange versus random exchange using Ising model. (c) Schematic depiction showing the surface chemistry of the initial sample, possible intermediate states, and the final sample. The corresponding TEM images are shown below for the native sample (left), the intermediate state (center), and final state (right).

Figure 4 .

 4 Figure 4.4 shows the PXRD patterns of the drop-cast NPLs in comparison to the simulated orthorhombic and rocksalt patterns, along with a TEM image of the corresponding sample. The presence of a broad peak at 49 • is present in the nanoplatelet PXRD pattern, and is indicative of the orthorhombic phase.
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 44 Figure 4.4: PXRD patterns of drop-cast NPLs in comparison to simulated orthorhombic and rocksalt patterns; the broad peak at 49 • shows no match with the rocksalt PbS structure, and is indicative of the orthorhombic phase. (b) Corresponding TEM image of PbS NPLs. (c,d) Rocksalt and orthorhombic crystal structures, respectively.
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 45 Figure 4.5: (a) Absorption spectrum of PbS NPLs with inset photograph of colloidal solution. No excitonic features observed in the region from 2000 to 1000 nm. (b) FTIR spectrum.

Figure 4 . 6 :

 46 Figure 4.6: TEM images of PbS NPLs before and after attempts of ligand exchange using (a,b) octylphosphonic acid, (c,d) dodecanethiol, and (e,f) propylamine. All scale bars 200 nm.

4. 5 . 2

 52 Optical and structural characterizationThe Eu 2 O 3 NPLs exhibit sharp luminescence spectra resulting from 5 D 0 → 7 7F 2 (J = 0, 1, 2, 3, 4) transitions (Figure4.7). The PLQY is 0.15% with excitation at 250 nm, and 1.97% with excitation at 383 nm. Although the spectral lines appear at the same energy for Eu 3+ emission in different matrices, the relative intensities and fine structure are different due to the local environment of the europium ion[179]. The 5 D 0 → 7 7F 2 and 5 D 0 → 7 7F 4

Figure 4 . 7 :

 47 Figure 4.7: Eu 2 O 3 NPL optical characterization showing (a) luminescence spectrum, and (b) photoluminescence excitation spectrum with inset photograph of colloidal NPL solution; no optical features are observed in the absorbance spectrum.
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 48 Figure 4.8: (a) TEM image of Eu 2 O 3 NPLs. (b) PXRD patterns of the bulk monoclinic and cubic structures in comparison to the NPLs. (c) FTIR spectrum showing presence of metal-coordinated carboxylate compounds.

Gd 2 O

 2 3 nanoscrolls were prepared according to the protocol from Wu et al[166] (Section 4.9.1 for details), shown in Figure4.10a. In their work, the authors demonstrate reversible behaviour of the scrolling, showing that removal of the bromoalkyl group through surface
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 49 Figure 4.9: (a) 1 H NMR spectra of free oleic acid in CDCl 3 to determine experimental detection limits. Signal from vinylic protons are shown at concentrations of 0.1 M, 0.01 M, and 0.001 M. (b) 1 H NMR spectra of NPLs with increasing oleate concentration. From top to bottom, [oleate] = 2.5 mM, 5 mM, 10 mM, and 10 mM (aggregated). (c) FTIR spectra of Eu 2 O 3 NPLs after ligand exchange with dodecanethiol, 2-ethylhexanethiol, oleic acid, oleylamine, and octylphosphonic acid. (d) Corresponding 1 H NMR spectra of samples after ligand exchange, with residual solvent signals indicated by asterisks.

Figure 4 .

 4 Figure 4.10: (a) Gd 2 O 3 nanoscrolls, (b) Gd 2 O 3 nanohelices with presence of nanosheets and nanotripods, (c) Gd 2 O 3 nanotriangles, (d) Eu 2 O 3 nanocrystals (concentrated NPLs, nanohelices, nanocoils, and curved nanosheets.)

  , Purcell-Milton et al. have demonstrated the possibility of producing chiroptically active MoS 2 through ligand-induced chirality[184]. Fang et al. have shown the possibility of rolling up triangular nanosheets of MoS 2 , thereby transforming them into spiral scrolls[60].

Figure 4 .

 4 Figure 4.11: (a) SAXS patterns demonstrating colloidal stability of WS 2 synthesized in the presence of ODT. Ethanol has been added as an antisolvent to toluene in increasing concentrations to induce stacking of the NMLs. (b) TGA curve of WS 2 synthesized with ODT compared to typical OAm synthesis (left), with the corresponding first derivatives showing an inflection point at 312 • C for both samples (right).

Figure 4 .

 4 Figure 4.12: HAADF-HRSTEM showing phase change from (a) 1T' "zigzag pattern" to (b) 2H "hexagonal pattern"; reproduced with permission from Shahmanesh et al. (c) DSC of NMLs with different mean sizes either with ligands (coloured curves), or having undergone iodine treatment to remove the ligands (black curves). (d) Plot of the onset temperature for phase transformation versus the diameter of NMLs for samples with or without ligands (coloured and black markers, respectively). The reference value for 1T' to 2H phase change of WS 2 is given at 207 • C[185].

Figure 4 .

 4 Figure 4.13: TEM images of native InS nanocrystals (a) before ligand exchange, and (b) after ligand exchange with oleylamine. Schematic representation of their uncoiling due to ligand-induced strain.

  It is possible that the presence of water can alter the reaction mechanism that dominates the nanocrystal formation. Thomson et al. have proposed four different formation mechanisms for metal sulfide nanocrystals resulting from sulfur-alkylamine solutions[188]. At elevated temperatures (130 • C), they propose that the reaction path first proceeds with the formation of octanethioamide:

Figure 4 .

 4 Figure 4.14: (a) TEM images of indium sulfide nanocrystals synthesized in the presence of controlled amounts of water ranging from anhydrous to 100 equivalents of H 2 O; inset showing photograph of colloidal dispersion; inset showing example of flattened NC with split end. All scale bars 100 nm. (b) FTIR spectra highlighting presence of peaks at 2160 and 2000 cm -1 for square nanosheets which are not present for the nanocoils. (c) PXRD patterns showing comparison of anhydrous nanosheets versus nanocoils.

  

  

  

  

  

  

  

  

  

Table 3 .

 3 1: Summary of changes to CdSe NPL radius with different ligands.

	Ligand	Chain Length	R i (nm) R f (nm) ∆R (nm)
	Acetate (AA)	C2	14.9	17.9	+3
	Octanoate (OctA)	C8	18.7	21.4	+2.7
	Decanoate (DA)	C10	18.7	22.6	+3.9
	Dodecanoate (DDA)	C12	19.5	25.1	+5.6
	Oleate (OA)	C18 (unsaturated)	17.5	21.0	+3.5
	Octanethiolate (OT)	C8	12.7	8.9	-3.8
	2-Ethylhexanethiolate (EHT)	C8 (branched)	0 (flat)	0 (flat)	0
	Dodecanethiolate (DDT)	C12	23	8.9	-13.8
	Hexadecanethiolate (HDT)	C16	> 30	12.3	> -15
	Octadecanethiolate (ODT)	C18	> 35	16.0	> -20

This chapter has provided scientific background for this thesis. First, a review of colloidal semiconductor nanocrystals was discussed, with a focus on ultrathin nanoplatelets. An overview of different surface ligands and binding motifs was introduced to better understand the surface chemistry that enables the post-synthetic modification of nanocrystals, highlighting such methods that can be used to create chiral nanoplatelets. The optical properties of semiconductor nanocrystals were discussed, beginning with the interactions between circularly polarized light and chiral nanostructures, and emphasizing the strong light-matter interactions between visible light and inorganic nanostructures. An overview of different methods of inducing chirality in inorganic systems was reviewed, paying particular attention to ligand-induced chirality. Structural chirality was then explored in the context of thin sheets, specifically through the deformation of ultrathin objects into new shapes. Relevant concepts of Gaussian curvature, incompatible elasticity, and helicoid to

H NMR Spectroscopy. To prepare samples, the typical synthesis was scaled up to involve the injection of 120 µL of precursor solution into

mL of toluene. After 5 minutes, samples were centrifuged at 6000 rpm for 5 minutes. The supernatant was discarded, and samples were left uncovered to evaporate any residual solvent overnight. The pellet was dissolved in dimethyl sulfoxide-d 6 (600 µL) and sonicated for 10 minutes before being transferred to a 5 mm NMR tube. Measurements were taken on a Bruker 300 MHz spectrometer using a standard proton pulse, 16 scans, and a 2.7 second acquisition time. The signals used for relative concentration determination were the alpha proton of DMBA (δ = 4.38 ppm) and the methyl protons of OctAm (δ = 0.87 ppm).
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Chapter 3

Shapeshifting CdSe Nanoplatelets

Abstract

Many interesting shapes such as helices, twists, and rolls can be created by simply applying forces at the surface of thin objects. On the nanoscale, surface ligands can be used to impose stress on ultrathin nanocrystals, consequently impacting their shape through relaxation of this mechanical constraint. Furthermore, minute changes to these forces can induce dramatic shape-shifting between conformations. However, an open question remains regarding the validity at the nanoscale of the theoretical framework pertaining to the elasticity and mechanics of thin sheets, begging the need for experimental studies. Here we demonstrate addressable CdSe nanohelices whose shape can be changed in response to an Chapter 4

A Search for New Shapeshifting Systems

Abstract

Ultrathin colloidal nanocrystals are an emerging class of materials with well-defined thickness on the atomic level. Due to their ultrathin character, forces applied at the surface of these objects can induce dramatic shapeshifting between geometries. Furthermore, their controllable thickness and solution-processability result in unique optoelectronic and mechanical properties that are not observed in their bulk counterparts. However, postsynthetic shape control in nanocrystal synthesis is severely lacking. In order to induce In this final step, N-H groups activate the α-methylene protons of octylamine to thioamide formation. However, deducing the reaction pathway of indium sulfide nanocrystals in anhydrous environments becomes difficult, as ethanol is present and can act as a proton donor. Changes are present in the FTIR spectra when comparing the anhydrous nanosheets to those containing small amounts of water (Figure 4.14b), particularly in the region between 2200-2000 cm -1 . This could possibly be attributed to isothiocyanate stretching (N --C --S at 2140-1990 cm -1 ). However, this is convoluted by the fact that carbodiimide stretching (N --C --N) can also manifest in the region from 2145-2120 cm -1 .

PXRD patterns comparing the square nanosheets to the nanocoils show that the main crystallographic structure is retained, however slight shifts in select peaks are visible due to strain in the crystal lattice (Figure 4.14c). This includes the (004) peak shifting from 33.7 • to 34 • (from anhydrous nanosheets to nanocoils, respectively), and the (200) peak shifting from 44.9 • to 44.5 • (from nanosheets to nanocoils, respectively). By using ligand exchange with long-chain amines, it is possible to gain further insight into the effect of varying amounts of water on the system, allowing for the nanocoils synthesized with varying equivalents (eq.) of H 2 O to be flattened, and for their lateral dimensions to be measured. Doing so reveals that the square nanosheets have an average edge length of 43.1 ± 13.8 nm (n=200). The average length of the NCs synthesized with trace amounts of moisture (0 eq. H 2 O) is 112.9 ± 31.3 nm (n=214), with an average width of 18.3 ± 6.0 nm, resulting in an aspect ratio (length/width) of 6.3. There is also a higher proportion of "twinned" NCs in this synthesis with split ends (Figure 4.14a, inset). The nicest and most uniform samples are those synthesized with 1/3 to 10 equivalents. When synthesized with 1 eq. H 2 O, the NCs are shorter than the 0 eq. sample, showing an average length of 97.0 ± 27.0 nm (n=200), with an average width of 12.7 ± 5.0 nm, resulting in an aspect ratio (length/width) of 7.7. Similarly, the presence of 10 eq. of H 2 O results in the formation of nanocoils with similar dimensions of length equal to 94.5 ± 23.8 nm (n=215) and width of 13.2 ± 3.2 nm, with corresponding aspect ratio of 7.1.