Prof Neso Sojic 
  
Dr Vincent Rodriguez 
  
Dr Sunpet Assavapanumat 
  
Dr Duangkamon Suttipat 
  
Dr Marisa Ketkaew 
  
Dr Somlak Ittisanronnachai 
  
Dr Jing Yu 
  
Ms Veronique Lapeyre 
  
Ms. Sudatip Mr Bertrand Phromaruk 
  
Mr Zikkawas Goudeau 
  
Mr Pasom 
  
Atithep Thassanant 
  
Likewise 
  
Keywords: Empreinte chirale, Métaux mésoporeux, Synthèse asymétrique, Discrimination énantiomérique Chiral imprinting, Mesoporous metals, Asymmetric synthesis, Enantiomeric discrimination

Titre : Synthèse hautement énantiosélective de molécules chirales sur des électrodes métalliques mésoporeuses modifiées Résumé : L'un des besoins humains fondamentaux est celui de médicaments efficaces. Pour les applications pharmaceutiques, les composés utilisés comme médicament sont très souvent des molécules chirales. Ils ont deux configurations image-miroir possibles (énantiomères), mais une seule d'entre elles montre généralement une activité biologique, tandis que l'autre est soit inactive, soit même toxique. Ainsi, le développement de méthodes pour obtenir sélectivement un énantiomère est d'une importance cruciale. Cela peut être réalisé soit par la séparation de mélanges racémiques, soit par une synthèse chirale sélective. Notre groupe a établi des électrodes métalliques mésoporeuses imprimées avec une information chirale et a démontré qu'elles peuvent être utilisées pour l'électrosynthèse énantiosélective. Ces matériaux permettent d'atteindre pendant l'électroréduction de composés achiraux un excès énantiomérique de plus de 90%. Cependant, le temps de réaction assez long et la durée de vie limitée des électrodes restreint pour le moment leur utilité pratique. Par conséquent, dans cette thèse, nous avons exploré différentes stratégies pour augmenter la performance de ces électrodes. Le premier chapitre présente une stratégie alternative pour fonctionnaliser la surface externe d'électrodes de platine mésoporeuses chirales avec des ligands organosoufrés. Cette modification vise à diminuer le degré de réactions indésirables. Les résultats ont révélé que l'enrobage d'une électrode de Pt avec un ligand thiol pouvait considérablement augmenter l'excès énantiomérique de la molécule désirée au-delà de 90%, tout en diminuant le temps de réaction. Ensuite, une nouvelle stratégie d'impression chirales dans des alliages métalliques mésoporeux a été étudiée. Un métal promoteur, l'iridium, a été associé au Pt pour générer un alliage platine-iridium. La formation de l'alliage a été confirmée par spectroscopie photoélectronique à rayons X (XPS), révélant une composition élémentaire 90:10 at% de Pt et Ir. III Le matériau conçu a été par la suite appliqué à la fois comme catalyseur hétérogène et comme électrocatalyseur pour la synthèse asymétrique via l'hydrogénation et l'électroréduction respectivement. Dans le cas de l'électrosynthèse, une énantiosélectivité de presque 100% a pu être atteinte, combiné avec une stabilité électrochimique exceptionnelle. L'alliage nanostructuré a aussi été utilisé comme catalyseur hétérogène pour l'hydrogénation asymétrique de cétones aromatiques simples. Dans ce cas, les films de Pt-Ir chiraux ont été déposés sur une mousse de nickel à haute surface, afin d'améliorer l'accessibilité des sites imprimés par les précurseurs moléculaires. Dans des conditions expérimentales optimisés, un degré très élevé d'énantiosélectivité allant jusqu'à 85% a été obtenu, même après plusieurs cycles catalytiques successifs. Enfin, la l'alliage a été testée comme matériau d'électrode pour la discrimination énantiomérique par électrochimiluminescence (ECL). La phénylalanine (PA), qui se présente sous forme de L-PA et de D-PA, a été étudiée comme un acide aminé modèle qui peut servir simultanément d'analyte cible et de coréactif, avec le luminophore [Ru(bpy)3] 2+ , pour générer des signaux ECL vingt fois plus élevés pour le bon énantiomère par rapport à son antipode. En résumé, cette thèse souligne que la conception de ces surfaces d'électrodes chirales ouvre des perspectives fascinantes dans le cadre global des technologies chirales, allant de la catalyse asymétrique utilisant des voies électrochimiques et chimiques à une discrimination énantiomérique efficace basée à la fois des méthodes électrochimiques traditionnelles et des stratégies d'analyse opto-électrochimiques.
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General Introduction

Over the past decades, the design and development of porous materials with well-ordered structures has gained a lot of attention due to their outstanding properties, such as high porosity and absorption capacity. These characteristics open many applications, particularly for adsorption, separation, and catalysis.

[1] Generally, porous substrates cover a large variety of pore dimensions. In the IUPAC recommendations, [START_REF] Mccusker | Nomenclature of structural and compositional characteristics of ordered microporous and mesoporous materials with inorganic hosts (IUPAC Recommendations 2001)[END_REF][START_REF] Zdravkov | Pore classification in the characterization of porous materials: A perspective[END_REF] as shown in For practical reasons, materials with a too small pore size often suffer from a lower performance in some applications, [START_REF] Simon | Materials for electrochemical capacitors. Nanoscience and technology: a collection of reviews from Nature journals[END_REF][START_REF] Chang | Microporous and mesoporous materials for gas storage and separation: a review[END_REF] even though the materials reveal an excellent selectivity, significant absorption capacity, and efficient catalytic properties. [START_REF] Wright | Microporous framework solids[END_REF] Since the discovery of ordered mesoporous silica in the 1990s, [START_REF] Kresge Ac | Ordered mesoporous molecular sieves synthesized by a liquid-crystal template mechanism[END_REF][START_REF] Beck | A new family of mesoporous molecular sieves prepared with liquid crystal templates[END_REF] this advanced material exhibits many positive aspects, which do not exist in microporous materials, because their unique characteristics like superior surface area, tunable pore size, and identical pore diameter distribution facilitate the accessibility of guest molecules and thus enhance reaction rates. [START_REF] Wu | Synthesis of mesoporous silica nanoparticles[END_REF][START_REF] Liang | Heterogeneous catalysis in zeolites, mesoporous silica, and metal-organic frameworks[END_REF] Apart from catalytic applications, mesoporous materials have also been employed in different other sectors, such as adsorption and separation of large species, [START_REF] Da'na E | Adsorption of heavy metals on functionalized-mesoporous silica: A review[END_REF][START_REF] Chew | Ordered mesoporous silica (OMS) as an adsorbent and membrane for separation of carbon dioxide (CO2)[END_REF] drug delivery, [START_REF] Knežević | Large pore mesoporous silica nanomaterials for application in delivery of biomolecules[END_REF][START_REF] Gou | Synthesis, structural properties, biosafety and applications of chiral mesoporous silica nanostructures[END_REF] sensors, [START_REF] Lashgari | Modification of mesoporous silica SBA-15 with different organic molecules to gain chemical sensors: a review[END_REF][START_REF] Rao | Mini review: Electroanalytical sensors of mesoporous silica materials[END_REF] functional electronic devices, [START_REF] Laskowski | Mesoporous silica-based materials for electronics-oriented applications[END_REF][START_REF] Gao | Interfacial assembly of mesoporous silica-based optical heterostructures for sensing applications[END_REF] and fuel cells. [START_REF] Yeung | Zeolites and mesoporous materials in fuel cell applications[END_REF][START_REF] Ying | Silica-related membranes in fuel cell applications: An overview[END_REF] In addition, many research efforts have been devoted to generalize the concept of mesoporous materials to different types of substrates, for example, carbons, [START_REF] Liang | Mesoporous carbon materials: synthesis and modification[END_REF] metals, [START_REF] Yamauchi | Rational design of mesoporous metals and related nanomaterials by a soft-template approach[END_REF] metal oxides, [START_REF] Ren | Ordered mesoporous metal oxides: synthesis and applications[END_REF] and hybrid materials. [START_REF] Wei | Synthesis of polymer-mesoporous silica nanocomposites[END_REF][START_REF] Shi | Nanocomposites from ordered mesoporous materials[END_REF] Among them, mesoporous metals reveal distinct physical and chemical properties, including high electrical and thermal conductivity or even significantly higher thermal and chemical stability against structural collapse during the synthesis or utilization. [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF][START_REF] Yamauchi | Rational design of mesoporous metals and related nanomaterials by a soft-template approach[END_REF] These advantages result in a wide range of implementations such as in electrochemical or photoelectrochemical catalysis, [START_REF] Yan | Mesoporous nanoarchitectures for electrochemical energy conversion and storage[END_REF][START_REF] Walcarius | Mesoporous materials and electrochemistry[END_REF][START_REF] Zhu | Recent advances on the synthesis of mesoporous metals for electrocatalytic methanol oxidation[END_REF][START_REF] Ismail | Mesoporous titania photocatalysts: preparation, characterization and reaction mechanisms[END_REF] surface-enhanced phonon scattering, [START_REF] Liu | Metal-semiconductor heterostructures for surface-enhanced Raman scattering: synergistic contribution of plasmons and charge transfer[END_REF] and highly sensitive biosensors. [START_REF] Yang | Mesoporous materials-based electrochemical biosensors from enzymatic to nonenzymatic[END_REF] Therefore, this thesis will propose and discuss the design of advanced mesoporous metals and some original perspectives for their practical use.

The design of mesoporous metals by using soft templates

To date, various approaches have been introduced for the rational design of mesoporous metals. Typically, an ordered mesoporous structure of metals can be achieved through nanoengineering their morphology by using templating approaches (i.e., hard or soft templating methods). [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF][START_REF] Yamauchi | Rational design of mesoporous metals and related nanomaterials by a soft-template approach[END_REF] The different shapes and sizes of the required morphologies can be successfully tuned by changing the experimental conditions. [START_REF] Malgras | Templated synthesis for nanoarchitectured porous materials[END_REF] For instance, when platinum metal (Pt)

precursors are mixed together with a high concentration of non-ionic surfactant (soft template) and water, lyotropic liquid crystalline (LLC) phases are obtained. [START_REF] Attard | Lyotropic liquid crystalline properties of nonionic surfactant/H2O/hexachloroplatinic acid ternary mixtures used for the production of nanostructured platinum[END_REF] This thesis strongly focuses on octaethyleneglycol monohexadecyl ether (C16EO8), a non-ionic surfactant containing a long alkyl chain as a hydrophobic part and a head group of ethylene oxides as hydrophilic part (Figure 1.2). [START_REF] Modh Yasin | Controlled electrodeposition of metal nanocentres for catalysis: University of Southampton[END_REF] The non-ionic surfactant is mixed with water to form the LLC phase, as shown in the phase diagram for the C16EO8/water system in Figure 1.3A. [START_REF] Bartlett | Electrodeposition of nanostructured films using selforganizing templates[END_REF] The different defined structures of the LLC significantly depend on both the composition and preparation temperature of the plating mixture. At low weight proportions of C16EO8 (wt%) in water, a spherical micellar structure is predominant, with the alkyl chains inside and the ethylene oxide groups on the outermost surface in contact with water, respectively. When the concentration of the non-ionic surfactant increases, the spherical micelles transform into well-packed long cylindrical micelles, resulting in a H₁ hexagonal phase. When the surfactant's concentration is continuously increased, the H₁ phase transforms into a V1 cubic phase, and then, at a very high concentration, a Lα lamellar phase is eventually formed. [START_REF] Attard | Lyotropic liquid crystalline properties of nonionic surfactant/H2O/hexachloroplatinic acid ternary mixtures used for the production of nanostructured platinum[END_REF][START_REF] Bartlett | Electrodeposition of nanostructured films using selforganizing templates[END_REF] Moreover, it should be noted that in the simultaneous presence of hexachloroplatinic acid in the LLC phase, the stability of the hexagonal H₁ phase can be remarkably enhanced. The higher stability of the H₁ phase is translated by a more pronounced curvature of the study. [START_REF] Attard | Lyotropic liquid crystalline properties of nonionic surfactant/H2O/hexachloroplatinic acid ternary mixtures used for the production of nanostructured platinum[END_REF] Thanks to numerous unique features of a mesoporous hexagonal close packed structure, combined with an easy preparation process of such a soft template, [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF][START_REF] Yamauchi | Rational design of mesoporous metals and related nanomaterials by a soft-template approach[END_REF] it will be used in this contribution for the elaboration of mesoporous metals with high porosity and controllable pore arrangement, for either monometallic metal structures or more complex alloys.

The formed LLC phase of non-ionic surfactant can be used as a mesoporogen during the reduction of metal precursor, generating mesoporous metal structures (Figure 1.4 A). [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF] It is noteworthy that the LLC geometrically confines the metal precursors in a limited three-dimensional space, thus altering the processes of nucleation and crystal growth of metals around templates. A systematic study using several in-situ characterization methods reported that the mesostructure formation occurs by following four steps; (i) reduction of structures. [START_REF] Liang | Formation process of mesostructured PtRu nanoparticles electrodeposited on a microemulsion lyotropic liquid crystalline template as revealed by in-situ XRD, SAXS, and XANES[END_REF][START_REF] Yamauchi | Unique microstructure of mesoporous Pt (HI-Pt) prepared via direct physical casting in lyotropic liquid crystalline media[END_REF] Recently, various studies have reported the design of monometallic mesoporous metals. Indeed, various noble metals, e.g., platinum (Pt), [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] palladium (Pd), [START_REF] Bartlett | The preparation and characterisation of H1-e palladium films with a regular hexagonal nanostructure formed by electrochemical deposition from lyotropic liquid crystalline phases[END_REF] ruthenium (Ru) [START_REF] Makino | Synthesis of electro-deposited ordered mesoporous RuOx using lyotropic liquid crystal and application toward micro-supercapacitors[END_REF] and rhodium (Rh), [START_REF] Jiang | Mesoporous metallic rhodium nanoparticles[END_REF][START_REF] Bartlett | Preparation and characterization of H1-e rhodium films[END_REF] have been successfully employed for the generation of monometallic mesoporous metals and their oxide forms. The first report on the preparation of a mesoporous metal has been demonstrated by Attard et al.,[START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] based on the reduction of chloroplatinic acid in the presence of soft templates via electrochemical deposition. Various conductive materials, for example, gold-coated substrates candidates by circle with ditch lines that can be employed for the synthesis of mesoporous metals. (Reproduced and modified from [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF] and [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] for the inserted-TEM image)

and indium tin oxide (ITO), can be used as solid supports for depositing mesoporous Pt films. Several parameters strongly affect the morphology of the final Pt film, such as temperature, deposition potentials, electrode surface area and solvent. [START_REF] Elliott | Nanostructured platinum (HI-ePt) films: effects of electrodeposition conditions on film properties[END_REF][START_REF] Yamauchi | Fabrication of mesoporous Pt inside micrometer channels via "solvent-evaporationmediated direct physical casting[END_REF] Furthermore, to extend the scope of electrodeposition of mesoporous metal films the synthesis of mesoporous Pd films [START_REF] Bartlett | The preparation and characterisation of H1-e palladium films with a regular hexagonal nanostructure formed by electrochemical deposition from lyotropic liquid crystalline phases[END_REF] and ordered mesoporous Ru oxide layers [START_REF] Makino | Synthesis of electro-deposited ordered mesoporous RuOx using lyotropic liquid crystal and application toward micro-supercapacitors[END_REF] has been reported. This demonstrated that this approach allows generating well-ordered mesoporous structures with superior electrochemical active surface areas (as high as 100 m 2 •g -1 ). Apart from precious metals, non-noble metals have also been elaborated for their mesoporous structures such as nickel (Ni) [START_REF] Nelson | Mesoporous nickel/nickel oxide a nanoarchitectured electrode[END_REF] and cobalt (Co); [START_REF] Bartlett | The electrochemical deposition of nanostructured cobalt films from lyotropic liquid crystalline media[END_REF] in particular, their mesostructured oxide or hydroxide revealed a high efficiency in supercapacitor applications. [START_REF] Zhao | Preparation of ordered mesoporous nickel oxide film electrodes via lyotropic liquid crystal templated electrodeposition route[END_REF][START_REF] Zhou | Effects of the electrodeposition potential and temperature on the electrochemical capacitance behavior of ordered mesoporous cobalt hydroxide films[END_REF] Moreover, electrodeposition or chemical deposition has also been successfully employed to prepare various types of well-ordered mesoporous metals, including mesoporous copper (Cu), silver (Ag), gold (Au), zinc (Zn), cadmium (Cd) and tin (Sn). [START_REF] Bender | Lyotropic liquid crystal templating of groups 11 and 12 metal films[END_REF] However, it still suffers due to the concern of disordered mesoporous metal structures. In addition, the stability of materials is still a very important feature. For example, mesoporous

Cu is easily further oxidized under ambient conditions, but Cd, Ni, and Sn were relatively stable. Furthermore, in some cases of the mesostructured design, it is difficult to form the uniform structure of several mesoporous materials i.e., Ag, Au, and Zn since metals intrinsically show a very fast crystallization rate with the rather slow rate of their mesostructured formation, resulting in achieving their nanoparticles instead of mesoporous structures. Nevertheless, this difficulty can be circumvented by improving the synthesis conditions, such as enlarging the area of the substrate for deposition, introducing the substituents in mesostructural templates, or diluting the plating mixture to reduce the crystal growth rate, eventually allowing the formation of mesostructures. [START_REF] Luo | Mesoporous Silver Films from Dilute Mixed-Surfactant Solutions by Using Dip-Coating[END_REF][START_REF] Lim | A universal approach for the synthesis of mesoporous gold, palladium and platinum films for applications in electrocatalysis[END_REF][START_REF] Chen | Tailored Alloying Extent and Structural Evolution of Mesostructured PtRu Nanoparticles on Microemulsion Lyotropic Liquid-Crystalline Phases with Varied Heptane Concentrations[END_REF] Apart from the above-mentioned deposition of monometallic metals with mesoporous structures, this synthesis approach has also been applied to form mesostructured multi-metals layers using the LLC phase as a mesoporous template (Figure 1.4 B). [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF] This strategy allows achieving unusual catalytic, mechanic, electronic, optical, and magnetic properties, interesting for various applications. [START_REF] Malgras | Nanoarchitectures for mesoporous metals[END_REF] Several mesoporous binary alloys have been synthesized by electrochemical co-deposition of two different metal sources with the LLC as mesoporogen, such as Pt-Au, [START_REF] Yamauchi | Electrochemical synthesis of mesoporous Pt-Au binary alloys with tunable compositions for enhancement of electrochemical performance[END_REF] Pt-Ru [START_REF] Attard | Mesoporous Pt/Ru alloy from the hexagonal lyotropic liquid crystalline phase of a nonionic surfactant[END_REF] and Pt-Ni. [START_REF] Yamauchi | Synthesis and characterization of mesoporous Pt-Ni (HI-Pt/Ni) alloy particles prepared from lyotropic liquid crystalline media[END_REF] In most cases, this enabled a good control of the ordered mesoporous structure with high electrochemical stability, showcasing a high impact on a wide range of applications, for example, in methanol electrooxidation and fuel cells.

Metal alloys

Apart from a single metal, the design of alloys containing various metals is also attractive, particularly when in combination with mesoporous structures.

Typically, there are two different strategies for making the alloys that have been proposed, namely the substitutional and interstitial solid case. For the substitutional situation, the impurities replace the host atoms in the lattice. In contrast, in the interstitial situation, the solute atoms firmly pack between the host atoms in the lattice (Figure 1.5). [START_REF] Callister | Materials science and engineering[END_REF] It should be noted that the initial crystal structure should be maintained in both cases.

Generally, the purpose of the alloying technique is to strengthen and harden metals, denoted as a solid-solution strengthening. High-purity metals encounter many demerits, like softer and weaker characteristics in comparison with their alloy analogs. Increasing the concentration of the impurities can Therefore, interactions between impurity atoms and host dislocations produce lattice strains that suppress lattice mobility. [START_REF] Callister | Materials science and engineering[END_REF] Among various types of metal alloys, platinum alloys seem to be promising candidates for many industrial implementations, such as in the automotive industry, as electrodes for energy storage, catalysis, and jewelry manufacturing. [START_REF] Highlights | Platinum alloys: A selective review of the available literature[END_REF] Platinum alloys will be further discussed in this contribution, particularly as catalytic systems, because monometallic Pt often suffers from lower stability and limited selective catalytic activity. Typically, by mixing platinum with a promotor, metals such as ruthenium (Ru), rhodium (Rh), iridium (Ir), and gold (Au) are used to form platinum alloys for enhancing the mechanical properties of platinum. [START_REF] Highlights | Platinum alloys: A selective review of the available literature[END_REF][START_REF] Livingstone | The Chemistry of Ruthenium, Rhodium, Palladium, Osmium, Iridium and Platinum[END_REF] Among them, Ir is one of the most outstanding promoters. Theoretically, Ir is approximately four or five times harder than monometallic Pt. [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF] Hence, when Pt and Ir are alloyed, the resulting matrix is noticeably more rigid and robust than pure Pt. In addition, introducing Ir into Pt results in a significant increase in their hardness and strength; [START_REF] Baumgärtner | The electrodeposition of platinum and platinum alloys[END_REF] for example, Pt-Ir with up to 30 wt% of Ir is extremely hardening the platinum alloy as shown by a sharp increase in the tensile strength, and the Brinell hardness (Figure

1.7).[57]

In addition, Ru also greatly impacts the hardness of a platinum alloy when using suitable amounts ranging from 10 to 20 wt%. [START_REF] Livingstone | The Chemistry of Ruthenium, Rhodium, Palladium, Osmium, Iridium and Platinum[END_REF][START_REF] Hyun | Mechanical behavior of Pt and Pt-Ru solid solution alloy thin films[END_REF] Although, the addition of 5 to 40 wt% Rh to platinum has a less observable effect on the mechanical properties compared to other metals, the Rh alloy normally provides the lowest resistivity in comparison to others, eventually leading to a superior catalytic activity. [START_REF] Livingstone | The Chemistry of Ruthenium, Rhodium, Palladium, Osmium, Iridium and Platinum[END_REF][START_REF] Baraka | Electrodeposition of platinum metal and platinum-rhodium alloy on titanium substrates[END_REF] Moreover, Pt containing a few percent of Au has a greater strength and a finer grain structure, and Pt-Au can enhance long-term stability in electrocatalysis. [START_REF] Livingstone | The Chemistry of Ruthenium, Rhodium, Palladium, Osmium, Iridium and Platinum[END_REF][START_REF] Hu | Bimetallic Pt-Au nanocatalysts electrochemically deposited on graphene and their electrocatalytic characteristics towards oxygen reduction and methanol oxidation[END_REF] 

Chirality

Chirality is the feature of an object or system for which the two mirror symmetric forms cannot be superimposed on each other, leading to distinct handedness (left or right) (Figure 1.8). [START_REF] Zaera | Chirality in adsorption on solid surfaces[END_REF] Chirality exists in various chemical compounds, especially in organic molecules containing at least one carbon atom bearing four different substituents. Accordingly, the two possible configurations with tetrahedral geometry, result in two distinct mirror-image forms, so-called enantiomers. [START_REF] Zaera | Chirality in adsorption on solid surfaces[END_REF] They play a crucial role due to their intrinsic specific features, in particular in chemical and biological systems. Indeed, chiral receptor sites interact with the two enantiomers in different ways. [START_REF] Maher | Review of chirality and its importance in pharmacology[END_REF] However, only one corresponding enantiomer frequently tends to be active, whereas the other one is inactive or even toxic with respect to pharmaceutical applications, resulting sometimes in dramatic effects in the human body. [START_REF] Kasprzyk-Hordern | Pharmacologically active compounds in the environment and their chirality[END_REF] For instance, in the case of a commercial pharmaceutical molecule such as thalidomide, (R)thalidomide seems to be safe and desirable for the calmative effect, while (S)thalidomide causes fetal damage to pregnant women. [START_REF] Tian | Enantiomerization mechanism of thalidomide and the role of water and hydroxide Ions[END_REF][START_REF] Vargesson | Thalidomide-induced teratogenesis: History and mechanisms[END_REF] Another good illustration is 3,4-dihydroxyphenylalanine or DOPA; (L)-DOPA is moderately effective in enhancing dopamine levels in the medical treatment of Parkinson's disease, whereas (D)-DOPA is biologically inactive. [START_REF] Ogawa | L-DOPA, a treatment for Parkinson's disease, and its enantiomer D-DOPA inhibit severe fever with thrombocytopenia syndrome virus infection in vitro[END_REF] Typically, a homogeneous mixture of enantiomers, a so-called racemate, is obtained during chemical synthesis. [START_REF] Pàmies | Combination of enzymes and metal catalysts. A powerful approach in asymmetric catalysis[END_REF] Even though enantiomers show the same chemical and physical properties, their optical activity is generally the opposite. [START_REF] Roos | Chapter 3 -Isomers and Stereochemistry[END_REF] This optical activity of chiral molecules, namely the chiroptical effect, is due to the fact that the refractive index and the extinction coefficient oppose left-and right-hand circularly polarized light. [START_REF] Valev | Chirality and chiroptical effects in plasmonic nanostructures: fundamentals, recent progress, and outlook[END_REF] The difference in refractive index gives rise to the in-plane optical rotation of linearly polarized light when the light interacts with chiral molecules. In contrast, the difference in extinction coefficient leads to circular dichroism, the measured different transmission between enantiomers upon interacting with left-and right-hand circularly polarized light. [START_REF] Valev | Chirality and chiroptical effects in plasmonic nanostructures: fundamentals, recent progress, and outlook[END_REF] The beneficial aspect of this chiroptical effect is that it can be used to quantify and classify substances, according to their chiral purity, and to calculate the enantiomeric excess. [START_REF] Valev | Chirality and chiroptical effects in plasmonic nanostructures: fundamentals, recent progress, and outlook[END_REF][START_REF] Xia | Chiral inorganic nanoparticles: origin, optical properties and bioapplications[END_REF] 1

.4 Preparation of chiral metal surfaces

Due to the many positive aspects of metal surfaces mentioned above, i.e., high conductivity and activity, it is very interesting to modify their surfaces for specific functions. Over the past decades, the engineering of chiral metal surfaces has been an attractive topic in various fields of research. The designed chiral metal surfaces might be potentially used in many applications ranging from pharmaceutical and cosmetic manufacturing, catalysis, and sensing to separation. [START_REF] Gellman | Chiral surfaces: accomplishments and challenges[END_REF][START_REF] Baiker | Reflections on chiral metal surfaces and their potential for catalysis[END_REF][START_REF] Mcfadden | Adsorption of chiral alcohols on "Chiral" metal surfaces[END_REF][START_REF] Zor | Chiral sensors[END_REF][START_REF] Horvath | Enantioselective separation on a naturally chiral surface[END_REF][START_REF] Sholl | Developing chiral surfaces for enantioselective chemical processing[END_REF] Concerning the rational design of chiral metal surfaces, several approaches have been successfully proposed for the preparation following mainly one of the three principal strategies: (i) modification of metal surfaces with ligands; [START_REF] Lorenzo | Creating chiral surfaces for enantioselective heterogeneous catalysis: R, R-tartaric acid on Cu (110)[END_REF][START_REF] Humblot | Chiral metal surfaces from the adsorption of chiral and achiral molecules[END_REF][START_REF] Hazen | Chiral selection on inorganic crystalline surfaces[END_REF] (ii) symmetry breaking of the bulk metal structures; [START_REF] Attard | Electrochemical studies of enantioselectivity at chiral metal surfaces[END_REF][START_REF] Yang | Chiral nanoparticles: Chiral ligand-free, optically active nanoparticles inherently composed of chiral lattices at the atomic scale[END_REF] (iii) molecular imprinting with chiral templates. [START_REF] Switzer | Enantiospecific electrodeposition of a chiral catalyst[END_REF][START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF][START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF][START_REF] Wattanakit | Encoding chiral molecular information in metal structures[END_REF] In the early stage of development, chiral information has been initiated by molecular adsorption on metal surfaces. [START_REF] Lorenzo | Creating chiral surfaces for enantioselective heterogeneous catalysis: R, R-tartaric acid on Cu (110)[END_REF][START_REF] Humblot | Chiral metal surfaces from the adsorption of chiral and achiral molecules[END_REF][START_REF] Schöck | Chiral close-packing of achiral star-shaped molecules on solid surfaces[END_REF] For example, Besenbacher and co-workers reported that chiral metal interfaces have been generated by the self-assembly of the achiral molecule 2,5,8,11,14,17-hexatert-butylhexabenzo[bc,ef,hi,kl,no,qr]coronene (HtB-HBC), adsorbed on a Cu(110) substrate. The resulting chiral surfaces depend on the rearrangement of the achiral molecules and their close-packed arrangement on the substrate. [START_REF] Schöck | Chiral close-packing of achiral star-shaped molecules on solid surfaces[END_REF] In another example, chiral surfaces were elaborated by the immobilization of chiral molecules on metal fringes. Baddeley C. J. et al.

demonstrated that adsorption of two-dimensional ordered (R,R)-tartaric acid on Cu(110) destroys all symmetry elements of the original metal on the interface, resulting in the creation of chiral surfaces. Interestingly, the obtained surfaces could be applied as a catalyst for heterogeneous enantioselective reactions, i.e., the asymmetric hydrogenation of methyl acetoacetate to the (R)-methyl 3hydroxybutyrate. [START_REF] Lorenzo | Creating chiral surfaces for enantioselective heterogeneous catalysis: R, R-tartaric acid on Cu (110)[END_REF] However, this concept encounters problems resulting from the ligand leaching during their utilization, leading to a loss of chirality. [START_REF] Izumi | Modified Raney nickel (MRNi) catalyst: Heterogeneous enantio-differentiating (asymmetric) catalyst[END_REF] To overcome the problem mentioned above, intrinsically chiral metal surfaces can be generated by exposing high-Miller-index surfaces, M(hkl). As a simple illustration in the case of the face-centered cubic (fcc) metal lattice shown in Figure 1.9, the bulk metal contains high symmetry crystal structures with low-Miller-index planes, e.g., (100), ( 110 Indeed, the fabrication of chiral metal surfaces relies on the symmetry breaking of the bulk metal structures achieved by several techniques. For instance, precisely cutting a bulk crystal along specific high-Miller-index planes can create chiral metal surfaces. [START_REF] Mcfadden | Adsorption of chiral alcohols on "Chiral" metal surfaces[END_REF][START_REF] Attard | Electrochemical studies of enantioselectivity at chiral metal surfaces[END_REF] The first attempt demonstrated the presence of chiral sites on kinked metal surfaces, as reported by Gellman J. and co-workers. [START_REF] Mcfadden | Adsorption of chiral alcohols on "Chiral" metal surfaces[END_REF] Interestingly, by introducing this approach, the two mirror crystal planes, Ag(643) R and Ag(643) S , have been successfully generated. However, enantiospecific desorption kinetics of (R)-and (S)-2-butanol from each chiral surface was not well pronounced due to the almost identical heat of desorption of alcohols and energy barriers for decomposition into alkoxide. On the contrary, the asymmetric Pt(643) R and Pt(643) S surfaces reported by Attard et al.

revealed significantly different rates for the enantioselective electrooxidation of (D)-and (L)-glucose on such chiral surfaces. [START_REF] Attard | Electrochemical studies of enantioselectivity at chiral metal surfaces[END_REF] Furthermore, the growth of chiral metal surfaces can be achieved by depositing metal layers onto chiral substrates. For example, pulsed laser deposition has been used for inducing an epitaxial growth of Pt thin films onto a low-symmetry-chiral surface of a SrTiO3(621) substrate. [START_REF] Francis | Chirally oriented heteroepitaxial thin films grown by pulsed laser deposition: Pt(621) on SrTiO3(621)[END_REF][START_REF] Francis | Chiral surfaces and metal/ceramic heteroepitaxy in the Pt/SrTiO3(621) system[END_REF] The results illustrate the influence of the chiral SrTiO3(621) surface on the generation of chiral Pt (621), confirmed by X-ray diffraction (XRD) and atomic force microscopy (AFM). This approach has been recently extended to other metals, including Ni, Cu, and Ag, deposited on chiral supports such as Si(643). [START_REF] Kelso | Epitaxial electrodeposition of chiral metal surfaces on silicon(643)[END_REF] Epitaxial electrodeposition of Au onto Si(643) or Si (`6`4`3), which are enantiomorphs of each other, has allowed creating chiral Au films. Other metals such as Pt, Ni, Cu, and Ag subsequently electrodeposited onto the as-prepared Au films, showed also low symmetry-crystal structures. The chiral characteristics of such metal surfaces (e.g., Ag/Au/Si(643)) and Ag/Au/Si(`6`4`3)) has been confirmed by the enantiospecific electrooxidation of (D)-and (L)-glucose. Notably, the developed approach allows generating chiral metal surfaces on various substrates, without the need of an expensive single-crystalline metal, as reported for cutting method.

One of the most successful processes for introducing chiral information on metal surfaces is imprinting chiral molecules in the reactive surfaces under symmetry-breaking conditions such as chiral solvents and reagents. Previously, a molecular imprinting approach using chiral molecules as templates was extensively applied for molecular imprinted polymers. [START_REF] Belbruno | Molecularly imprinted polymers[END_REF] In the frame of chiralencoded metals/metal oxides, Switzer et al. have described the electrodeposition of CuO onto Au(001) with a controlled chirality. [START_REF] Switzer | Enantiospecific electrodeposition of a chiral catalyst[END_REF] The successful synthesis of two minor crystal planes of CuO films with (1`1`1) and

(`1 1 1) orientations was obtained by the electrodeposition of copper in the presence of (S,S)-tartrate, and (R,R)-tartrate, respectively. In addition, the chiral CuO films showed enantioselective recognition of (S,S)-tartrate and (R,R)tartrate via their electrooxidation monitored by Linear Sweep Voltammetry (LSV). Apart from the chiral imprinting of metals by the electrodeposition technique, the elaboration of metals doped with organic compounds has been proposed via the chemical reduction of metal salts (e.g., Ag, Au, and Pd) in solutions containing chiral dopants. [START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF]100] The resulting metal nanoparticles having an embedded chiral fingerprint, expose their different handedness when interacting with clockwise-and anticlockwise-circularly polarized light. In the case of Pd nanoparticles imprinted with cinchona alkaloids, the chiral information can be preserved even after the removal of the chiral dopant.

However, only very modest enantioselectivity for the catalytic hydrogenation of ketone compounds was observed when using the doped Pd as a catalyst. [START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF] In order to increase the number of imprinted sites, which would result in a more pronounced enantiospecific reactivity, mesopores have been introduced into the bulk structure of metals such as Pt and Ni. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] As shown in phenylethanol, [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] and DOPA. 

Electrochemical deposition

Chemical and electrochemical deposition techniques have been widely used to elaborate micro-or nanoscale porous metals, which have been used for various applications ranging from catalysis, and energy storage to anticorrosion. [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF] Electrodeposition is considered the more controllable method to synthesize porous metals. Electrochemical deposition is a versatile technique that has many positive aspects, in particular the facile deposition on a support of thin-metallic layers with a thickness of a few microns or nanometers with a well-controlled smooth external surface. Therefore, in our case, the mesostructured metals have been synthesized by electrodeposition, allowing the generation of fine-tuned structures by optimizing several parameters, such as deposition temperature, pH of the deposition mixture, injected deposited charge density, and applied potential. [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF]103] In principle, the electrodeposition of metals occurs in an aqueous solution on the cathode by applying a potential more negative than the thermodynamic redox potential of the metal. Generally, the electrochemical deposition of metals occurs in several steps, related among others to the coordination chemistry of the metal complexes present in the plating bath. [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF]104] The electrodeposition mechanism of a simple ligand-coordinated metal system is summarized in In the present study, hexachloroplatinic (IV) acid or chloroplatinic acid (H2PtCl6) is used as Pt precursor for the electrodeposition of mesoporous Pt.

The platinum precursor is a strong acid, and consequently, the degree of hydrolysis is fast and quantitative. (Reproduced from [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF])

Concept of chiral catalysts

Initially, homogenous chiral catalysts based on organometallic compounds were proposed and studied extensively by William S. Knowles.[107] This allows obtaining a particular chiral molecule by catalysis, a complementary approach with respect to the selective crystallization or deracemisation processes which were widely used in the past. Catalysts also play a vital role in the asymmetric synthesis, allowing a transfer of their chiral features to a prochiral starting compound to generate a specific enantiomer. Figure 1.12 B illustrates the concept of the right action of handshake for the comparison with the interaction of such a chiral catalyst. [114] The right and left hands represent the catalyst and product, respectively. The handshake via the two right hands is more comfortable than different hands, and therefore, such an interaction is preferable, favorably producing one product compared to the other. During asymmetric transformations, the process is kinetically controlled by the difference in activation enthalpies (ΔG designer electrodes for the asymmetric synthesis of chiral compounds, a significant enantiomeric excess (%ee) can be obtained. For example, when (R)mandelic acid was imprinted in mesoporous Pt, the %ee values for the (R)enantiomer were enhanced after enantioselective electroreduction of phenyl glyoxylic acid to mandelic acid (Figure 1.14A). Its performance in terms of enantioselectivity can be tuned by adjusting the amount of chiral template, leading to a variation of the density of chiral cavities in the metal structure. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] The obtained enantioselectivity can be explained by the asymmetric environment in the imprinted cavities, allowing a side-selective electrohydrogenation of the prochiral starting compound (Figure 1.14B and C). Not only Pt, as an example for precious metals, but also low-cost metals like Ni can be successfully imprinted and applied to the stereoselective production of phenylethanol with a high %ee by electroreduction of acetophenone. [START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] However, the catalyst encounters major difficulties, such as electrochemical stability after several catalytic cycles. A modest yield of chiral products, as well as a competition of non-stereoselective reactions at non-imprinted sites of the electrode, were observed. Therefore, there is need to solve these problems in order to adapt the technology to real industrial applications.

Consequently, and considering all these promising outcomes from the previous literature, we aim to design and develop new materials based on chiral imprinted mesoporous metals with improved features in order to make them more suitable chiral technologies, i.e., asymmetric electrocatalysis, heterogeneous hydrogenation, and chiral sensing. Moreover, our studies not only target applications, but are also meant to gain more fundamental knowledge about how chiral information can be encoded in metal surfaces.

Therefore, these different aspects are addressed throughout this thesis in the following chapters:

Chapter 2 presents the asymmetric electrosynthesis of chiral compounds by using a conventional chiral-encoded mesoporous monometallic Pt, which is functionalized with an organosulfur ligand layer in order to improve its efficiency in terms of a shorter global synthesis time, as well as an enhanced enantiomeric 

Chapter 2

Chiral-imprinted mesoporous platinum surfaces protected by organosulfur ligands for highly enantioselective synthesis

Introduction

The biochemistry of life often uses a chiral molecule that acts as a key, together with a receptor playing the role of a lock, allowing the system to ensure biological processes, such as metabolism and neurotransmission.

[108]

Consequently, chiral compounds play significant roles in many areas, for instance, as active ingredients in pharmaceuticals and cosmetics or as additives in the food industry.

[127] In order to effectively use chiral molecules in their proposed applications, a well-controlled production of each enantiomer with high purity is required. Indeed, there are numerous strategies for the highly selective synthesis of chiral compounds, e.g., asymmetric synthesis, separation, resolution, and crystallization.[128-130] Among them, asymmetric synthesis has been used as one of the most promising strategies due to many positive aspects, among others a highly selective production and decrease of waste in the form of by-products.

[128] This chapter will illustrate the highly selective synthesis of chiral molecules via electrochemistry. This synthesis approach is considered a green process using electricity to drive a chemical reaction without adding further chemical reagents, reducing total operating costs. [131][132][133] However, this technique is usually associated with a modest control of the stereochemistry of the chiral products during the electroconversion, leading to a low yield of the desired species.

[134]

In order to overcome these drawbacks, the development of an electrocatalyst with a well-organized structure is the most challenging task to improve the efficiency of chiral electrocatalysis. Among various types of chiral electrodes, carbon-based materials have been applied as chiral materials for discrimination between specific enantiomers, such as derivatives of poly(pyrrole) [135] and chiral poly(3,4-ethylene dioxythiophene) (PEDOT) based electrodes. [136] Considering their ability to act as an electrocatalyst, poor stability and complex fabrication processes hinder their promoting for practical uses in asymmetric electrosynthesis. Thus, in a modern electrosynthesis, metals or metal oxides with intrinsic chiral features have been proposed as suitable alternative materials for asymmetric synthesis due to many promising aspects, such as an easy fabrication and a rigid structure leading to high stability. [START_REF] Gellman | Chiral surfaces: accomplishments and challenges[END_REF]137] [START_REF] Switzer | Enantiospecific electrodeposition of a chiral catalyst[END_REF]138] and palladium (Pd). [START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF] Notably, even after removing the chiral molecular template, chiral features are retained, confirmed by electrochemical methods such as differential pulse voltammetry (DPV) [START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF] and optical characterization with circular dichroism spectroscopy (CD).

[139] After confirming the chiral character inside the metals/metal oxides, the nanostructured materials have been used for various applications, for instance, as chiral sensors and actuators, as a stationary phase for chiral separation, and as a chiral catalyst for asymmetric synthesis.

These chiral imprinted metals/metal oxides can be used as an enantioselective matrix for asymmetric synthesis via either electrochemical or chemical catalytic approaches. [140,141] For example, Wattanakit et al. have proposed a new concept for elaborating chiral electrodes by combining chiralencoded metals with a mesoporous structure. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] The nanostructured metals have been successfully obtained by electrodeposition from metal precursors in the simultaneous presence of non-ionic surfactants assembled in a supramolecular hexagonal columnar structure and chiral molecules. The nonionic surfactants act as a mesoporous template, whereas chiral molecules serve as a chiral template, which interacts with the head group of non-ionic surfactants (-OH) by a hydrogen bond located at the outermost surfaces of the columnar structure to generate chiral recognition sites in the bulk metal structure. [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF][142][143][144] To date, several kinds of chiral templates have been employed using this strategy, i.e. 3,4-dihydroxyphenylalanine (DOPA), [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF]102] which is an essential pharmaceutical compound and neurotransmitter, mandelic acid (MA), [START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] and phenylethanol (PE), [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] which are active ingredients in cosmetics and food industry, respectively, and tryptophan (Trp), [101] which is one of the essential amino acids. These findings clearly demonstrated that it was possible to initiate various specific chiral structures in metal/metal oxides layers, opening a wide range of applications, for example, enantioselective recognition, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF] chiral actuators and separation,[101, 102] and asymmetric synthesis. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] Initially, a monometallic metal structure base on platinum (Pt) was proposed for encoding chiral information. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] Subsequently, a non-noble metal, e.g., nickel (Ni), was also used by Assavapanumat et al as a matrix to minimize the material costs. [START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] Extremely high enantioselectivities of over 90 %ee could be obtained when this advanced material was applied as an electrode for asymmetric electrosynthesis. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] The enhanced production of chiral molecules is due to the improved mass transport through the matrix having a very high active surface area. [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] In particular, using a pulsed electrosynthesis approach, based on many reaction cycles composed of a short reaction period and extended relaxation periods, allows improving the enantiomeric excess to a very high value due to the suppression of non-selective reduction at non-imprinted sites. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Although a superior enantiomeric excess could be achieved with pulsed electrosynthesis, the approach suffers from a long global synthesis time.

Moreover, as mentioned above, the main obstacle is the uncontrollable reaction at the non-imprinted sites, mainly located on the external surface. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Therefore, strategies for specifically blocking the outermost surface of chiral imprinted mesoporous metal electrodes should indeed be investigated. The most common way to do so is to functionalize metal surfaces with organic groups.

[145] Presently, there are many common functional groups that can be were used to functionalize Au NP as revealed by Zhang et al.[161] The activity and faradaic efficiency were increased to over 86%, due to a higher density of surface electrons on the Au NP from s-donation, and the limitation of proton diffusion through the more hydrophobic polymer chains. Furthermore, the formation of Au NP clusters was prevented by the strong covalent bond (goldcarbene bond) with the Au NP surface. Nevertheless, even though the unusual activity and resistance has been demonstrated in terms of electrochemical functionality, a complex preparation process is still the major hindrance for practical applications, because N-heterocyclic carbenes are air-sensitive compounds.

[159]

On the other hand, metal surface functionalization with organosulfurbased compounds has been widely used in the frame of catalysis of many reactions. [154][155][156] Primarily, linear alkanethiols are often used to generate a stable monolayer of organic moieties on metal surfaces. The success of this approach is due to several advantages, including an easy preparation process and the stability of the strong covalent bond between metal and sulfur atoms and the van der Waals interactions between the alkyl chains.

[157] A simple preparation approach for self-assembled monolayers (SAM) of alkanethiols on metal surfaces requires only the immersion of a metal surface in a thiol solution at room temperature for a certain time. must be optimized. Indeed, medium and long alkyl chains, such as hexanethiol (C6H13-SH) and dodecanethiol (C12H25-SH), respectively, immobilized on Pt NPs show a similar behavior for electrochemical durability in terms of desorption at very negatif reduction potentials (up to -1.8 V vs SCE). At the same time, the quality of SAM strongly depends on the length of the alkyl chain, e.g., a higher thiol coverage for a longer chain. [162,163] These observations imply that a medium alkyl chain length (no less than C6) of the thiol ligand should be enough to protect Pt surfaces in electrochemical applications.

Accordingly, in the present study, heptanethiol is chosen as a protecting agent of the unselective surface of chiral-imprinted mesoporous Pt electrodes to minimize undesired reactions and nevertheless preserve the electrochemical activity of the Pt electrode for asymmetric electrosynthesis. We expect the chiral product selectivity to increase and the global synthesis time to shorten due the blocking of non-imprinted sites by thiol layers. 

Experimental section

Substrate cleaning

In this contribution, a gold-coated glass slide was employed as a substrate for electrodeposition. In the typical procedure, a gold-coated glass slide was cut into pieces of 1 cm × 1 cm. Subsequently, the as-prepared substrate was cleaned by sonication in isopropanol for 15 min to remove organic impurities. Then, the cleaned substrate was rinsed with MilliQ water several times (a few minutes) to get rid of excess impurities, rinsed with alcohol and dried under nitrogen (N2) gas flow for removing adsorbed water. Before using the substrate for electrodeposition, the surface was connected with a standard wire by soldering. The active geometric area (0.25 cm 2 ) was defined by painting the inactive parts with nail varnish.

Synthesis of chiral-imprinted mesoporous platinum (Pt) by electrodeposition

Typically, a three-electrode system was set up, including Ag/AgCl (sat. KCl), Pt mesh, and a prepared gold-coated glass slide, used as the reference, counter, and working electrodes, respectively, for all electrochemical experiments. All experiments were performed using a potentiostat with the Metrohm µAutolab Type III model.

A precursor gel based on a lyotropic liquid crystal (LLC) phase was prepared following previous procedures for electrodeposition. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] The plating mixture is composed of 39 wt% of Brij ® C10, 28 wt% of chloroplatinic acid hydrates, 28 wt% of MilliQ water, and the chiral templates, (R)-or (S)-PE, with a weight ratio of PE/PtCl6 2-varying in the range of 0.0375 to 0.150. They were continuously mixed for 10 min and then heated at 40 °C in the oven for 20 min.

This preparation procedure was repeated three times until getting a homogeneous mixture. Moreover, (R)-or (S)-BrPE imprinted mesoporous Pt was also synthesized following the above strategy but using the BrPE with a weight ratio of 0.150 BrPE/PtCl6 2-. The electrodeposition was carried out on the substrate by chronoamperometry. The LLC gel was positioned on the surface of the substrate. Then, Pt was allowed to grow through the template by applying a reduction potential of -0.05 V with a deposition charge density of 4 C cm -2 .

The Pt electrode was rinsed and soaked in MilliQ water overnight to remove templates to obtain the final chiral-imprinted mesoporous Pt. In addition, a nonimprinted mesoporous Pt electrode was prepared by following the same procedure mentioned above, but without adding any chiral templates to the Pt precursor gel.

Surface functionalization of chiral-imprinted mesoporous Pt electrodes with organosulfur ligands

The synthesized Pt electrodes were modified with an organosulfur ligand, heptanethiol, to form a self-assembled monolayer (SAM) on the outermost surface of the Pt electrodes following two strategies, comprising selfassembly from solution and microcontact printing (µCP)

Self-assembly from solution

The freshly electrodeposited Pt electrodes were immediately rinsed with MilliQ water for approximately 15 min to remove the excess templates on the electrodes' external surfaces. Subsequently, the electrodes with the remaining templates inside the mesopores were immersed in 10 mM heptanethiol dissolved in ethanol for desired times varying from 30 min to 1, 2, and 4 h under ambient conditions. For the final stage, the functionalized Pt electrodes were cleaned with ethanol several times to remove the physisorbed heptanethiol species and stored in MilliQ water overnight to eliminate the remaining templates located inside the mesopores. The prepared electrodes were kept in the dark for the follow-up experiments.

Microcontact printing (µCP)

Initially, a commercial rubber stamp made out of polychelating amphiphilic polymers (PAP) was cut into pieces of 1 cm 2 (1 cm ×1 cm) size and directly used as a stamp for the thiol coating process. An ethanol solution containing 50 mM heptanethiol was loaded on top of the stamp with a loading density of 1 µl/cm 2 . The stamp was dried in ambient conditions for 60 s to evaporate the excess ethanol. Finally, the dried stamp was immediately gently pressed on the bare and cleaned Pt electrodes for 10 s. The process mentioned above of µCP was repeated for up to five cycles to investigate an optimal coating time. The Pt electrodes functionalized with heptanethiol were kept in the dark before using them in the next experiments.

Characterization

The topology and morphology of the Pt electrodes generated with a deposition charge density of 4 C cm The electrochemical surface areas of both standard flat and synthesized mesoporous Pt electrodes were measured and calculated by cyclic voltammetry in 0.5 M H2SO4 at 100 mV s -1 . [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF]164] The accessibility of the adsorbed heptanethiol-Pt electrodes was studied by cyclic voltammetry in 10 mM K4Fe(CN)6 dissolved in 1 M HNO3 at a scan rate of 100 mV s -1 .

Enantioselective electrosynthesis of 1-phenylethanol (1-PE)

Enantioselective electrosynthesis of the chiral compounds was conducted in a three-electrode system, with a potentiostat operating in the chronoamperometry mode ( 

Reusability test of the electrocatalysts

In order to investigate the efficiency of the thiol-functionalized chiral Pt electrodes in terms of recyclability, the modified chiral electrodes were isopropyl alcohol/92.5 heptane (v/v) was used as a mobile phase, with a flow rate of 0.5 ml min -1 . Furthermore, repeating the µCP strategy was also repeated for the catalyst regeneration to enhance the catalyst's efficiency in the subsequent catalytic cycles, using the procedure mentioned above.

Calculation of operational parameters

Various parameters related to the electrocatalytic performance of the chiral catalyst have been investigated, including (2.2.9.1) Catalytic conversion, (2.2.9.2) Enantiomeric excess (%ee), (2.2.9.3) Standard error of the mean of the enantiomeric excess (s.e.m.) and (2.2.9.4) Production rate of a chiral compound.

The degree of conversion

The overall conversion percentage of the reaction is calculated from the calibration curve in which mixtures of APE and 1-PE, representing 0, 5, 10, 15, and 20 % conversion of APE into 1-PE were prepared.

The curve shows a linear relationship: y = 0.0019x (R 2 = 0.9969), where y is the result obtained from the HPLC chromatograms (ratio of peak area of the desired product (1-PE) and reactant (APE)), and x is the degree of conversion (%).

Enantiomeric excess

The enantiomeric excess (%ee) is defined in equation (2.1):

Enantiomeric excess (%ee) = 3
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where (R)PE and (S)PE are the integrated peak areas of (R)-PE and (S)-PE in the HPLC chromatogram, respectively.

Standard error of the mean of the enantiomeric excess

The standard error of the mean of the enantiomeric excess (s.e.m) is expressed to represent an error range of the %ee, which is calculated by the following equation ( 2.2):

s. e. m. = ( √+ (2.2)
where S and n are the standard deviation and the number of repeated experiments, respectively.

Production rate of chiral compounds

The production rate of a specific enantiomer is defined in terms of the amount of a selectively produced chiral molecule in mol (moldesired chiral product) regarding the electrochemically active surface area (ECSA) of the chiral metal electrode, evaluated from the cyclic voltammograms of the electrodes measured in H2SO4 solution in the hydrogen adsorption/desorption region, and the global reaction time (t), as indicated by equation ( 2.

3):

The production rate of chiral compound 2 previously using a similar non-ionic surfactant as a mesoporogen to synthesize mesoporous metals. [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF][START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] In order to further verify the porous structure, the Similarly, in the case of µCP, the external surface of the Pt electrode is modified significantly after printing with the thiol even already after a single printing step (µCP 1 st ) and completely blocked when the number of printing cycles gets higher (µCP 5 th ) as displayed in 
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Results and Discussion

Enantioselective synthesis

The thiol-functionalized chiral-encoded mesoporous Pt has been employed as an electrocatalyst for asymmetric synthesis, by reducing acetophenone (APE), which involves an overall two-electron two-proton transfer, to produce either (S)-or (R)-Phenylethanol ((S)-or (R)-PE) (Scheme

2.2).

The potentiostatic reduction at -0.40 V for 13 h is carried out under where the chiral cavities are present. Hence, by fine-tuning the degree of blocking of the metal surfaces, the %ee can be optimized.

However, it is rather difficult to precisely control the degree of thiol surface functionalization when using the solution approach as the removal of mesoporogen is competing. Therefore, the alternative strategy of µCP of the thiol layer was studied because in this case the outermost surface of Pt can be protected without any passivation inside the mesopores. The results indicate that a very high %ee value of 90% ± 1.3 can be achieved, irrespective of the contact times or the number of contact cycles (Figure 2.7). The stability of the %ee is due to the fact that the thiol loading is already quite high after the first µCP cycle. Thus, even though the thiol coating is repeated several times, the surface density of thiol molecules is not increasing significantly, resulting in a quite similar stereoselectivity for different numbers of printing cycles. [170][171][172] This seems to confirm that thiol molecules are also adsorbed inside the mesopores when using the classical solution coating process. In contrast, when using the µCP approach, the thiol SAM is only present at the outermost surface of Pt. This is also illustrated by the CV curves in As expected, a racemic mixture of (R)-PE and (S)-PE was generated with no significant selectivity for one or the other enantiomer (Figure 2.9C (orange)).

The efficiency of the asymmetric synthesis was further studied for different (pink). The %ee values were calculated from the integrated peak area of HPLC chromatograms, and all thiol-modified on Pt electrodes were obtained by using the µCP approach with the single coating cycle.

To further verify the beneficial effect of using the thiol-protected electrodes as electrocatalysts for electroreduction, not only acetophenone but also an acetophenone derivative, 4-bromoacetophenone (4-BrAPE), has been studied to illustrate that the asymmetric electrocatalysis strategy can be also respect to the total volume of the electrolyte in the electrochemical cell is also an essential factor. Indeed, although all of these suggested parameters can be optimized in further studies, in the present proof-of-principle experiments, the primary focus has been to obtain the highest enantioselectivity. Therefore, although the total conversion using the present experimental set-up is relatively low, a high selectivity could be obtained in the case of the thiol functionalization, as demonstrated in Figure 2.11 and summarized in Table 2.1. One of the reasons for a relatively low conversion could be that in the case of using the current set-up, a simple three-electrode system, there is no separation between the anodic and the cathodic compartments. This situation implies that side products, due to a partial reoxidation at the anodic side, leading to a kind of electrochemical short-circuit, are observed. This consumes current without a net formation of the desired products. Consequently, the global yield decreases and consequently improvements, e.g., in the cell design, include introducing a membrane separating the anodic and cathodic compartments, which should allow a considerable increase in the overall yield. Although the %ee of non-coated thiol SAM is rather low, even when using pulsed electrosynthesis with a quite long-pulse time (60 s), [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] the %ee can be significantly improved when using the thiol-coated mesoporous Pt (> 90%) even via continuous synthesis with a global synthesis time of 13 h. The thiol coated electrode leads to a decrease in the global active surface area of the electrode, resulting obviously in a lower total conversion of acetophenone in comparison with the non-coated one. However, the production rate of chiral compounds is not significantly reduced and can be even further improved by almost 30% compared to the bare mesoporous Pt when using the thiol coated one (Table 2.1 entry 1 and 2.1). Although the obtained %ee and overall conversion values when using the solution coating and the µCP approaches are comparable (approximately 90% and 0.7%, respectively), the µCP approach enables a higher production rate ( compared to the solution coating approach (Table 2.1 entry 2.3 and 3.3). These results again confirm that the controlled formation of thiol layers by the µCP approach, mainly on the outermost interface of the mesoporous Pt electrode, can enhance the production efficiency of chiral compounds (Figure 2.8). It should be noted that the production rate of chiral molecules using pulse electrosynthesis is much lower due to the long global synthesis time (Table 2.1 entry 4). Compared with our previous study regarding pulse synthesis, [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF]173,174] this strategy of SAM protection shows an optimized performance in terms of a high %ee and a higher production rate of chiral molecules. To further investigate the stability and reusability of the thiol-SAM catalyst, the catalyst was rinsed after each catalytic cycle with MilliQ water overnight. Then it was immersed again in the new reaction solution for the next electrocatalytic cycle. Unfortunately, a certain decrease in enantioselectivity was observed due to the desorption of the SAM. However, the protective thiol layer can be regenerated by repeating the µCP with the already used chiral Pt electrode. Consequently, a high %ee of above 90% can be maintained in the next catalytic cycle (Figure 2.12).

Traditional metal catalysts are achiral, eventually producing racemic mixtures. However, in the present study we were able to introduce chiral information in the metal matrix allowing the selective production of one chiral molecule. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] It is therefore interesting to better understand the mechanism of how acetophenone can be converted into 1-phenylethanol on such chiral surfaces. [115,[175][176][177][178] As shown in Scheme 2.1C and according to our previous report, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] chiral features can be present in the metal and decorate the mesopore walls, generated by using the lyotropic liquid crystal phase combined with chiral molecules to control the metal structures. Typically, the hydrophilic part of the chiral template molecules interacts directly with the non-ionic surfactant at its outermost surfaces. Therefore, the Pt matrix grows around the aromatic unit of the chiral template and the hexagonal column of surfactant, resulting in the formation of specific chiral sites corresponding to the shape and size of the chiral templates. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] When this chiral electrode is then applied as an electrocatalyst, the prochiral reactants adsorb preferentially with the aromatic moiety located in the deeper part of the chiral site, eventually generating an asymmetric environment around the pore-mouth of the chiral cavity.

[177] Concerning the electroreduction of acetophenone, the hydrogenation of a carbonyl group to alcohol requires the addition of two electrons and two protons, forming the more favorable enantiomer of the chiral product, either (R)-or (S)-PE (Scheme 2.2), according to the preferential configuration of the chiral active site. As illustrated by the mechanism proposed in Scheme 2.4, after the specific adsorption of the prochiral molecule at the asymmetric site, the polarized carbonyl can accept an electron and a proton, producing a phenolic radical intermediate. [176] Typically, dimerization between the phenolic radical species tends to be easy, eventually producing by-products.

In this context, the pH of the electrolyte plays a crucial role in avoiding such a side reaction. [173,175] If the process is carried out under acidic conditions, the reaction preferentially leads to the chiral products due to a high concentration of protons in the supporting solution, which prevents the dimerization by "quenching" the radical species. [173,175] As this latter step occurs in a chiral environment, the proton and electron addition happens in a stereoselective way, eventually via hydrogen that is preabsorbed on the metal.

Conclusion

In clearly demonstrate that using different thiol-functionalization techniques, either self-assembly from solution or microcontact printing (µCP), the enantiomeric excess of the product mixture is remarkably improved to up to 90%, which is three-times higher than what can be obtained with a non-modified Pt electrode.

Moreover, this approach also significantly decreases the global reaction time from several days down to several hours. With these promising outcomes, the previously studied pulsed electrosynthesis concept is no longer needed; alternatively, conventional electrosynthesis can be used instead. Thus, the findings open up a novel era for highly controllable chiral electrosynthesis. After careful optimization of all experimental parameters, the approach might become a real alternative for asymmetric heterogeneous catalysis and photocatalysis, with elevated global yields. [START_REF] Lorenzo | Creating chiral surfaces for enantioselective heterogeneous catalysis: R, R-tartaric acid on Cu (110)[END_REF][START_REF] Humblot | Chiral metal surfaces from the adsorption of chiral and achiral molecules[END_REF][START_REF] Hazen | Chiral selection on inorganic crystalline surfaces[END_REF] breaking the symmetry of bulk metal crystals, [START_REF] Attard | Electrochemical studies of enantioselectivity at chiral metal surfaces[END_REF][START_REF] Yang | Chiral nanoparticles: Chiral ligand-free, optically active nanoparticles inherently composed of chiral lattices at the atomic scale[END_REF] and eventually molecular imprinting of the bulk of a solid structure. [START_REF] Switzer | Enantiospecific electrodeposition of a chiral catalyst[END_REF][START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF][START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF][START_REF] Wattanakit | Encoding chiral molecular information in metal structures[END_REF] Among these approaches, the molecular imprinting concept is promising as it allows a rational design of chiral structures, depending on the used chiral molecular templates. [START_REF] Switzer | Enantiospecific electrodeposition of a chiral catalyst[END_REF][START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF][START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF][START_REF] Wattanakit | Encoding chiral molecular information in metal structures[END_REF] Indeed, the molecular imprinting strategy has been successfully applied Recently, we have demonstrated the first proof-of-concept to elaborate advanced chiral metals, namely the Chiral-Imprinted Mesoporous Metals, based on the beneficial combination of the imprinting approach of chiral molecules into metal structures and mesoporous features of the metal. This material has been elaborated by the electrodeposition in the simultaneous presence of selfassembled non-ionic surfactant molecules and chiral templates. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] The quite versatile fabrication process of the mesoporous chiral metal has been applied not only for noble metals such as Pt, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] but also for non-noble metals like Ni. [START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] In addition, various types of chiral features have been successfully generated inside the mesoporous channels depending on the use of chiral template molecules, such as 3,4-dihydroxyphenylalanine (DOPA), [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] mandelic acid, [START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] and phenylethanol. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] Accordingly, the designed materials have been employed in a great variety of potential applications ranging from chiral recognition, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF] and enantioselective separation [101] to chiral actuators [102] and asymmetric synthesis. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] In the latter case, chiral encoded mesoporous metals were used as catalysts to produce selectively chiral compounds via electroreduction of prochiral precursors such as phenyl glyoxylic acid [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] and acetophenone. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] The designed chiral metal structures exhibit outstanding features, such as very high surface areas, favoring mass transport, and high enantioselectivity of up to 90 % when using pulsed electrosynthesis. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Even though a high enantiomeric excess (%ee) could be obtained using Pt, the limited stability of such chiral imprinted metals has been a disadvantage evidenced by a significant decrease of %ee after several electrocatalytic cycles. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Therefore, the further improvement of chiral metals to achieve higher structural stability is crucial for practical applications in chiral synthesis.

In order to enhance the structural stability of chiral encoded metals, i.e., avoiding a gradual loss of the chiral information, herein, the design of a metal alloy is one promising strategy.

[185] The more pronounced mechanical stability of metal alloys is attributed to the reduction of the lattice strain around the host atoms, due to the insertion of a promoter into the bulk metal structure, which leads to the canceling of the dislocation motion of metal atoms in their bulk structures. [START_REF] Callister | Materials science and engineering[END_REF] For instance, by introducing a promotor to the bulk Pt structure, platinum alloys can exhibit a greater hardness and strength compared to their pure forms. [START_REF] Livingstone | The Chemistry of Ruthenium, Rhodium, Palladium, Osmium, Iridium and Platinum[END_REF] Typically, various noble metals, such as ruthenium (Ru), rhodium (Rh), iridium (Ir), and gold (Au), can be integrated into Pt. However, Ir seems to be the most promising promoter to increase the hardness by up to four times higher compared to pure Pt when using Ir concentrations from 5 to 30 wt% in the Pt-Ir alloys. [START_REF] Highlights | Platinum alloys: A selective review of the available literature[END_REF][START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF] Typically, Ir has a similar lattice structure to Pt and can be reduced via electrodeposition in a similar range of potentials as Pt, between 0.0 to -0.1 V (vs Ag/AgCl), implying that Ir is readily incorporated in the alloy structure. [START_REF] Rao | Chemical and electrochemical depositions of platinum group metals and their applications[END_REF]186] To date, several bimetallic mesoporous Pt alloys, prepared by coelectrodeposition in the presence of a lyotropic liquid crystal (LLC), have been successfully fabricated, such as Pt-Au and Pt-Ru. 

Synthesis of mesoporous Pt-Ir alloys supported on Ni foams

The Pt-Ir alloys were synthesized by electrodeposition following the procedure mentioned above with some modifications, using an Autolab PGSTAT204 and a Ni foam (geometrical area of 1 cm 2 ) as a working electrode.

The electrochemical apparatus is illustrated in 

Results and Discussion

Preparation of plating gel for the synthesis of the mesoporous

Pt-Ir electrodes.

H2PtCl6 and H2IrCl6 can easily dissolve in water. 

Morphological and topological characterization of mesoporous Pt-Ir alloys supported on Au-coated glass slide

The electrodeposition rate of Pt is around four times higher than that of Ir. This relates to a very high ECSA measured from the peak in the region of hydrogen adsorption/desorption (below 0 V). [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF]164,186] The calculation of the ECSA is described in Table 3.1. It was found that when using more negative potentials for deposition, larger ECSA values are observed. The enhanced ECSA suggests that deposition at more negative potentials, a rougher external surface is generated (Figure 3.4A). Furthermore, the applied potential for Pt-Ir deposition also directly influences the Ir content. Ir is detectable when using -0.05 V as deposition potential (Table 3.1), measured by elemental analysis with a SEM equipped with an energy dispersive X-ray spectrometry (EDS-SEM). However, Ir cannot be determined in the remaining cases at higher negative potentials (-0.1 and -0.2 V). The different electrodeposition rates of Pt and Ir is the essential factor.

A B C

[186] In the case of Ir, the electrodeposition has the best charge efficiency for potentials between -0.1 and 0.0 V. However, for Pt, the more negative the potential, the faster the deposition rate. Therefore, deposition at a potential of -0.05 V is a reasonable compromise to synthesize Pt-Ir alloys.

Apart from fine-tuning the optimized applied potential, the surface thickness is another essential parameter to control the film composition and surface properties. It can be easily controlled by varying the deposited charge density. Layers of different thicknesses were obtained by varying the charge density from 6 to 10 C cm -2 , when applying -0.05 V for electrodeposition. In which is a function of deposition charge, but the at% of Ir decreases significantly (Table 3.1). The reason for a decrease in Ir content when increasing the deposition charge density, leading to a higher film thickness, relates to the fact that the Pt-Ir alloy is preferably formed at a lower part of the mesoporous Pt-Ir film, which is the interface between the gel precursor and the Au-coated slides.

In addition, EDS sensing is limited to the outermost regions of the electrodes, whereas the Pt-Ir alloy primarily originates in the interface with the gold electrodes. The small concentration of Ir in the initial precursor gel results in a gradual depletion of Ir salt in the plating gel when the electrodeposition is progressing, thus decreasing the Ir content in the upper parts of the Pt-Ir films.

Hence, to maintain a measurable Ir content, the charge density used for electrodeposition should not exceed 8 C cm -2 . 

Synthesis and characterization of chiral encoded mesoporous

Pt-Ir alloy supported on Ni foam

The fabrication of the chiral Pt-Ir layers on a 2D support such as the Au-coated glass slides may diminish the accessibility of guest molecules to the mesopores, especially for sensing and catalytic applications. Hence, an alternative material that has a more pronounced surface area was studied in this part of the work. In general, nickel (Ni) foams have been utilized as a solid template for a wide range of applications due to their porous structure, a high percentage of void space (up to 95%) versus its bulk structure, vast internal surface area, excellent stability as well as low production cost. [193,194] HR-TEM images were recorded, which confirm a highly ordered porous hexagonal structure with a pore diameter in the mesopore range of 6.52 ±0.35 nm either obtained by standard or scanning (STEM) modes, as shown in eV, correlating with the elemental standard tables. [173,192,195,197] The characteristic peaks of either Pt or Ir of the Pt-Ir samples, prepared with several deposition charge densities, are somewhat shifted to higher binding energies. 

Investigation of chiral features of mesoporous Pt-Ir surfaces by Secondary Harmonic Generation (SHG)

In a majority of our work, chiral features inside the mesoporous metals, a usually revealed with simple electrochemical techniques, such as differential pulse voltammetry (DPV), leading to signals with different intensities for the electrooxidation of each enantiomer. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF] However, these observations are rather indirect because they only provide information with respect to the different electron transfer kinetics observed for different enantiomers at the chiral metal interfaces. To further characterize the chiral character of the metal, an independent method to confirm the chiral features of the metal would be helpful. Second-harmonic generation (SHG) is one of the most powerful methods for gaining insights into the chiral features of solid surfaces because of its unique advantages with respect to other optical characterization techniques, e.g., the traditional circular-dichroism (CD). [198] SHG provides high sensitivity with respect to the difference in surface interactions between the left-and right-handedness of polarized light. [START_REF] Valev | Chirality and chiroptical effects in plasmonic nanostructures: fundamentals, recent progress, and outlook[END_REF] The interaction between material and electromagnetic field is typically described by the Hamiltonian (H) of equation 3.1 (3.1):

𝐻 = -𝜇 • 𝐸 -𝑚 • 𝐵 -𝑄 (3.1)
where E, B, and Q are the electric field, magnetic induction field, and electric quadrupole operators, respectively, and µ and m stand for the electric and magnetic dipoles, respectively, of the matter.

[199] The first, second, and third terms can describe electric, magnetic, and quadrupole interactions, respectively. However, only the first and second terms are considered for SHG.

The latter case is neglected due to the fact that (i) the electric quadrupole interaction is too weak compared to the electric-dipole interaction, and (ii) the magnetic interaction is preferable at chiral interfaces, even though the magnetic and quadrupole interactions are almost identical in terms of the symmetry properties. Therefore, the quadrupole interaction is already included in the magnetic interaction.

In the experimental set-up, a laser beam, composed of several optical fields of different frequencies (w), is illuminating a nonlinear medium, and second harmonic fields at new frequencies (2w) are generated due to nonlinear interactions in both reflection and transmission directions. via the nonlinear interactions. This figure is adopted from [199].

to the annihilation of a photon at the initial frequency of w (c eem ) or the generation of a photon at the second-harmonic frequency of 2w (c mee ).

In general, the second-harmonic response obtained by a nonlinear polarization can be expressed by the simply electric dipole approximation shown in equation 3.2 (3.2).

𝑃 , (2w) = c ,-. / 𝐸 -(w)𝐸 . (w) (3.2)
where the subscripts (ijk) refer to Cartesian indices. Nevertheless, magnetic dipole interactions should be included to explain the nonlinear polarization for specific chiral systems, depending on the structure of the materials. Up to the first order, the second-order nonlinear surface polarization and magnetization at the generated frequency of 2w can be described by equation 3.3 (3.3) and equation 3.4 (3.4), respectively:

𝑃 , (2w) = c ,-. 000 𝐸 -(w)𝐸 . (w) + c ,-. 001 𝐸 -(w)𝐵 . (w) (3.3) 𝑀 , (2w) = c ,-. 100 𝐸 -(w)𝐸 . (w) (3.4)
However, because chirality is related to the absence of reflection symmetry, the system which generates the single enantiomeric scenario will have no mirror planes. At the same time, racemic surfaces would have reflecting planes, and thus such a system is achiral and centrosymmetric. Consequently, the determination of the transformation of susceptibility tensors on chiral interfaces has to be particularly taken into account. [199,201] The symmetry of materials can also be affected by the number of independent components of all three tensors. Focusing on the most common illustration such as nonlinear optical responses of chiral isotropic surfaces (Figure 3.16), they demonstrate Cµ symmetry, and the non-vanishing elements of c eee , c eem , and c mee have four, seven, and four independent components, respectively, summarized in Table 3.4. In contrast, isotropic achiral surfaces, are categorized in Cµv symmetry and have only three, three, and one non-vanishing independent components of c eee , c eem , and c mee tensors, respectively (Table 3.

4).[201, 202]

Table 3. [START_REF] Simon | Materials for electrochemical capacitors. Nanoscience and technology: a collection of reviews from Nature journals[END_REF] The second-order susceptibility tensors (in the Cartesian coordinates)

for a macroscopically isotropic surface (x-y plane) of either achiral or chiral matter. The information is adopted from [202]. 

Susceptibility

Conclusion

As reported in the previous chapter, the modest stability of chiralimprinted mesoporous monometallic metals, even when using noble metals such as Pt, is a drawback for developing this kind of material for practical applications. To overcome this obstacle, designing alloys combining Pt with a small amount of metallic promoter is a suitable strategy. It is well-known that metal alloys can have an enhanced hardness due to the different sizes of the metal atoms, canceling out their movement at local atomic sites. In this chapter, Ir was selected as a promoter for an alloy with Pt. Mesoporous Pt-Ir alloys were 

Chapter 4

Chiral-imprinted mesoporous Platinum-Iridium (Pt-Ir) alloys for highly enantioselective electrosynthesis and asymmetric hydrogenation

Introduction

The production of enantiomerically pure compounds (EPC) via asymmetric electrosynthesis has gained much attention from both an academic and an industrial point of view. [122,132,179,180] Asymmetric electrosynthesis is an environment-friendly approach based on converting electricity into specific chemical reactions without the unessential addition of chemical reagents, allowing low-cost production of high added-value compounds for practical applications. [128,132,181] Consequently, the development of advanced welldesigned materials acting as catalysts to induce a particular stereochemistry of chiral compounds is an interesting challenge that is worth investigating. [134,140] Recently, we have successfully demonstrated the proof-of-the-principle to elaborate novel chiral materials, namely chiral-imprinted mesoporous metals. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] This concept has been adapted to several types of metals ranging from noble to non-noble metals. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] Synergistic properties of such chiral metals, their specific chiral features [START_REF] Shukla | Chiral metal surfaces for enantioselective processes[END_REF] together with improved mass transport capabilities due to the presence of mesopores, [START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] allow us to propose them for many practical applications, e.g., as electrochemically chiral sensors, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Enantioselective recognition of DOPA by mesoporous platinum imprinted with mandelic acid[END_REF]102] as a stationary phase for chiral separation,[101] and as catalysts for asymmetric synthesis. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] Because of the outstanding chiral characteristics of the designed mesoporous metals, they were successfully applied as electrocatalysts for several reactions such as the electroreduction of phenyl glyoxylic acid (PGA) to mandelic acid (MA), [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] and of acetophenone (APE) to ( 1)-phenyl ethanol (PE). [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF]206] However, in the initial stage of the development, only a moderate enantiomeric excess (%ee) of approximately 20 % of the desired chiral product could be achieved when using potentiostatic electrosynthesis. [START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF] As described in Figure 4. 1 (upper), due to the non-imprinted sites mainly located at the external surface of the electrode, a racemic mixture of enantiomers is obtained as a significant by-product. This uncontrollable reaction results in a decrease of the overall enantioselectivity in the case of steady-state electrosynthesis.

To overcome these drawbacks, pulsed electrosynthesis has been proposed instead of continuous electrosynthesis ( (S)-PE (blue and red dots, respectively) in the presence of hydrogen (green dots) using chiral-imprinted metal electrodes as electrocatalysts. The figure is adopted from [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF].

Under optimized conditions, pulsed electrosynthesis leads to a very high stereoselectivity of up to 90 %ee. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Nevertheless, in order to achieve such an outstanding value, either very short pulse times or excessive relaxation times must be employed. Consequently, the whole process requires a long time of synthesis. Moreover, in terms of stability and reusability, the enantiomeric excess values significantly decrease after several catalytic cycles, which is of primary concern for using this approach in practical applications. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] To further develop a more efficient chiral metal electrocatalyst, we intensively focused on improving the stability of the employed material, while keeping high enantioselectivity.

Indeed, the stability of metals can be improved when they are combined with a promoter. In particular, Ir has been selected as one of the most promising promoters to enhance the electrochemical stability of mesoporous Pt because Ir can tolerate rather harsh electrochemical conditions. As previously illustrated, alcohol oxidation and oxygen reduction efficiency can be improved when using a Pt-Ir alloy. [188,191,207] In fact, the improved electrocatalytic activity of Pt-Ir alloys can be explained by compressive surface strain induced by the lattice mismatch between Pt and Ir, which eventually alters the surface energy. [START_REF] Shukla | Chiral metal surfaces for enantioselective processes[END_REF]191,207] Therefore, using Pt-Ir alloys also for asymmetric synthesis seems to be quite promising.

In this chapter, the concept of chiral-imprinted mesoporous Pt-Ir alloys is adapted for asymmetric catalysis. The chiral-imprinted mesoporous Pt-Ir alloys can be synthesized via the co-electrodeposition of Pt and Ir salts in the simultaneous presence of lyotropic liquid crystals and desired chiral templates such as 1-PE. The chiral fingerprint can be preserved even after the removal of the templates, resulting in improved electrochemical durability during the asymmetric electrosynthesis of chiral molecules when compared to monometallic chiral Pt.

[173] It therefore constitutes an alternative approach to produce EPC. Heterogeneous chiral catalysts are generally composed of enantiospecific areas at the interface, allowing achieving a high %ee value and a quick recovery after the reaction. [START_REF] Baiker | Reflections on chiral metal surfaces and their potential for catalysis[END_REF] The generation of chiral features inside metal structures is a promising concept to elaborate heterogeneous chiral catalysts not only for electrocatalysis, [173] but also for the selective production of chiral compounds via chemical reactions. The Pt-Ir alloys were generated on Ni foam, and then the catalyst was employed to produce selectively aromatic alcohols via the hydrogenation of an aromatic ketone. In particular, applying a pulsed synthesis strategy enables high enantioselectivity, and enhances the production rate of a chiral target compound.

Experimental section

Chemicals

(R)-phenylethanol ((R)-PE), (S)-phenylethanol ((S)-PE), acetophenone, isopropyl alcohol, heptane, and ammonium chloride (NH4Cl)

were received from Sigma-Aldrich. Hydrochloric acid (HCl) and sulfuric acid (H2SO4) were obtained from Alfa. MilliQ water (18.2 MΩ cm) was used for all experiments. All chemicals were employed without further purification.

Preparation of chiral-imprinted mesoporous Pt-Ir alloy electrodes

Electrochemical experiments were carried out using a potentiostat (Metrohm µAutolab Type III) equipped with a three-electrode system including (i) Ag/AgCl (sat. KCl) as a reference electrode (ii) a Pt mesh (geometrical area for 1 cm 2 ) as a counter electrode and (iii) imprinted Pt-Ir alloy supported on either gold-coated glass slides (geometric area for 0.25 cm 2 ) or Ni foam (geometric area for 1 cm 2 ) as working electrodes. All signals were collected using Nova (version 1.11) program initially provided with the potentiostat.

The procedures to synthesize chiral-imprinted mesoporous Pt-Ir electrodes using (S)-PE or (R)-PE as chiral templates were adopted from the previous chapter and previous reports. [173] In the typical procedure, coelectrodeposition from H2PtCl6 and H2IrCl6 at -0.05 V with the desired charge density was performed by using the previously described plating gel, containing a weight ratio of 0.15 PE/(PtCl6 2-+IrCl6 2-).

Highly enantioselective electrosynthesis with PE-encoded mesoporous Pt-Ir alloys supported on Au-coated glass slides

The asymmetric electrosynthesis of a chiral compound was carried out via the electroreduction of the functional carbonyl group (-C=O) of acetophenone into alcohol (-OH) to produce (S)-or (R)-PE. All reactions were performed with 5 mM acetophenone in 1 M NH4Cl as a supporting electrolyte under stirring at 250 rpm. Moreover, the effect of the pH of supporting electrolyte was studied in the range from 5.0 to 2.0 by adjusting the pH with 1 M HCl.

Applied reduction potentials were also varied in the range from -0.4 to -0.3 V to optimize the enantiomeric excess.

[173] After the synthesis, the product solution was extracted with heptane and then analyzed by High-Performance Liquid Chromatography (HPLC), JASCO LC-Net II/ADC with a chiral column (CHIRALPAK IB N-5, 250 × 4.6 mm inner diameter) under the following conditions: a photodiode array (PDA) detector at a wavelength of 210 nm, a flow rate of 0.5 ml min -1 and a mixture of 8/92 (v/v) isopropyl alcohol/heptane as a mobile phase. All HPLC chromatograms were collected and analyzed using the chromNAV program.

Asymmetric hydrogenation with PE-imprinted Pt-Ir surfaces supported on Ni foam

Enantioselective synthesis of 1-PE was conducted with 1 mM acetophenone dissolved in MilliQ water, and the pH of the solution was carefully adjusted with 1 M HCl. The Pt-Ir alloy catalyst was pretreated by drying at room temperature for 1-day prior to the catalytic study. Then, the prepared catalyst was placed into 3 mL of prochiral solution. This precursor solution was homogeneously stirred for 15 min, allowing the penetration of the acetophenone into the porous structure of the Ni foam. After that, in the case of the continuous synthesis, H2 gas was continuously flown into the solution at 0.1 ml min -1 for 5 min. However, in the case of pulsed synthesis, the reaction medium was bubbled with H2 gas for either 3 or 5 min, and then the solution was purged with N2 gas for 15 min to remove the remaining H2 from the reaction mixture. This sequence was repeated for several cycles. Finally, the chiral Pt-Ir catalyst was removed from the solution mixture and cleaned several times by rinsing with MilliQ water. The product was extracted with 1 mL of heptane and subsequently analyzed using the High-performance Liquid Chromatography (HPLC), a Shimadzu LC-2030C3D, connected with a chiral HPLC column, CHIRALPAK IB, 250 ×4.6 mm inner diameter. For the HPLC analysis, 7.5:92.5 (v/v) of isopropyl alcohol and heptane, a flow rate of 0.5 ml/min, and the Photodiode Array Detector (PDA) with a tungsten (W) lamp at 215 nm were employed. All HPLC chromatograms were collected and analyzed using the Lab Solution software (Version 1.1).

Calculation and investigation of catalytic parameters

Enantiomeric excess (%ee) is defined as the product selectivity during the catalytic process as indicated in equation (4.1);

Enantiomeric excess (%ee) = 3

(")$% ' (()$% (")$%) (()$% 4 × 100 (4.1) 
where where 𝑆 represents the standard deviation and 𝑛 is the number of experiments.

In the case of asymmetric hydrogenation, pulsed chemisorption of hydrogen was applied to study the dispersion of catalytically active sites. The analysis was performed on a BELCAT II chemisorption analyzer equipped with thermal conductivity detectors (TCDs). The chiral imprinted Pt-Ir deposited on

Ni foam with a charge density of 8 C cm -2 was used for this analysis. To begin with, the catalyst surfaces were cleaned under Ar gas flow at 100 °C. Next, H2

gas diluted in Ar (2 %v/v) was pulse-injected at 35 °C until the H2 peak area became saturated since the H2 gas was chemisorbed on the entire metal surface. The procedure of this characterization is illustrated in ) until reaching full saturation, equation ( 4.3):

Vt = ∑ 𝑉 3, 4 ,56 (4.3) 
where N is the pulse cycle required to fully occupy the active metal sites, and

Vai is the volume of gas adsorbed during an individual cycle, calculated by the difference in the pulse signal of each cycle compared to the pulse area from the reference.

[208]

The catalytic efficiency of the asymmetric hydrogenation is defined by equation (4.4);

Catalytic efficiency = 178 &'()*+ -)./0&1 178 9 % × ; 2 × 178 &*1*+341 (4.4) 
In the present case, the catalytic efficiency is determined by the amount of chiral product (𝑚𝑜𝑙 <=,>38 ?>7@A</ ) in comparison with (i) the number of introduced H2

(𝑚𝑜𝑙 𝐻 B ), (ii) the amount of catalytically active sites which can be estimated from the total amount of metal (𝑚𝑜𝑙 <3/38CD/ ), and (iii) the metal dispersion value (𝐷 1 ) obtained from the pulsed chemisorption of hydrogen. For example, if the reaction occurs for 15 min, the calculated catalytic efficiency is 158.9

[ 𝑚𝑜𝑙 <=,>38 ?>7@A</ / 𝑚𝑜𝑙 𝐻 B • 𝑚𝑜𝑙 <3/38CD/ ] when using values for the amount of product, hydrogen, catalysts and the metal dispersity of 3.28 nmol, 67 μmol, 15.4 μmol, and 0.02, respectively. 

Results and Discussion

Highly selective chiral electrosynthesis with PE-imprinted mesoporous Pt-Ir alloys

As reported previously, although a high %ee could be obtained from asymmetric electrosynthesis at pure chiral-encoded Pt surfaces, the long global synthesis time and poor stability of monometallic Pt are still the main drawbacks. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] To circumvent these limitations, the designed chiralimprinted mesoporous Pt-Ir alloy was also tested for the asymmetric electrosynthesis of chiral compounds, hoping that the efficiency of chiral electrosynthesis might be improved in terms of both catalytic activity and stability. To illustrate these potential beneficial aspects, the electroreduction of ketone (C=O) into alcohol (-OH), has been carried out, with the transformation of acetophenone to (R)-PE or (S)-PE (Scheme 4.1) as a model reaction using the chiral imprinted Pt-Ir alloy as an electrocatalyst. In fact, acetophenone can be reduced to either 1-PE by gaining two electrons and protons or to 2,3diphenyl-2,3-butanediol by accepting an electron and a proton (Scheme

4.2).[175]

By optimizing the experimental conditions, highly selective production of PE should be observed. For example, the product selectivity should be shifted A suitable potential for the electroreduction of acetophenone was identified, by investigating the onset potential of the reduction of acetophenone, as being approximately -0.4 V (Figure 4.4). Although a more negative potential could induce faster reaction kinetics, the reaction should not proceed at too negative potentials to prevent the reduction of protons (1 M NH4Cl as a supporting electrolyte, pH of the solution at 5.0). As mentioned earlier, the reaction equilibrium is shifted to the preferential product of 1-PE at a lower pH.

Therefore, the pH of the reaction mixture was adjusted by 1 M HCl solution in a range from 5.0 to 2.0, and applied potentials were approximately increased by +60 mV per the decrease of pH unit following the theoretical relationship between potential and pH derived from Nernst's equation. [209] As summarized in Table 4.1, the results reveal that by decreasing the pH of the solution from 5.0 to 4.0, the enantiomeric excess (%ee) of PE remarkably increases from 28

% to 52 %, respectively. However, the enantiomeric excess dramatically decreases when the pH of the solution is lower (24% and 2% at pH 3.0 and 2.0, respectively). This might be due to the fact that the faster the reaction rate, the less selective the reaction because there is only a limited number of chiral sites available. To conclude, appropriate conditions for electrosynthesis with chiral As illustrated in the HPLC chromatograms (Figure 4.5A) and histograms (Figure 4.5B), the steady-state synthesis for 13 h shows, as expected, no enantioselectivity when using a non-imprinted mesoporous Pt-Ir as a working electrode. However, when performing the experiment with a (S)-PE imprinted mesoporous Pt-Ir electrode, an enantiomeric excess of 49% can be achieved. A mirror value of enantiomeric excess can be observed when using an electrode imprinted with (R)-PE (-52%). The opposite sign of enantiomeric excess demonstrates that the chiral imprinted Pt-Ir alloys can preferentially synthesize the corresponding enantiomers. Most importantly, the enantiomeric excess is much more pronounced compared to what was achieved with the monometallic structures (%ee for around 15% and 20% in the case of pure Pt and Ni, respectively). [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] The significantly improved activity in the case of alloyed Pt-Ir relates to a more asymmetric environment of bimetallic structures [185,210] and lower adsorption energy of protons (H + ) in comparison with monometallic Pt and Ir.

[189] Moreover, an enhancement in stereoselectivity when Ir is inserted in bulk Pt could also be explained by surface roughening.

Terraces, steps, or even kink sites present at the intersection of polycrystalline planes in alloy could play a major role in the activity enhancement. [START_REF] Shukla | Chiral metal surfaces for enantioselective processes[END_REF]207] To further enhance the enantiomeric excess, the recently developed pulsed electrosynthesis strategy was applied to suppress the competitive reactions at the non-imprinted sites. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] Firstly, a suitable condition for pulsed electrosynthesis was investigated, denoted by A-B s, where A and B represent pulse and relaxation times for each condition, respectively. As shown in Figure 4.6A and B, the pulse time is fixed at 30 s, but relaxation times are varied, ranging from 120 s to 60, 30, and eventually 15 s. By lowering the relaxation time, the %ee of the desired enantiomer is dramatically enhanced from 6% (30-120 s) to 31% (30-60 s) and is the highest for the 30-30 s condition (69%). These might be explained by the fact that the longer the relaxation time, the higher probability of accumulating reactants at non-imprinted sites, resulting in the formation of a higher portion of the racemic product. On the other hand, by shortening the relaxation time to 15s, the product selectivity is significantly decreased to 38%, due to a too short period for acetophenone to migrate into the mesopores and react at the chiral cavities. Therefore, the reaction is forced to occur mostly at the external surface of the electrode, and enantiomeric excess is consequently lower. Hence, the equal pulse duration and relaxation time of 30 s is the most suitable condition for this study.

The enantiomeric excess is significantly enhanced, up to an average of 72 ± 2%, when using the pulse synthesis (30 s) for the same global synthesis time as for the steady-state electrosynthesis (13h). Interestingly, an even better enantiomeric excess can be achieved (up to 95 ± 3%), when decreasing the total duration of the pulses to 9 h (Figure 4.5A and B). As reported previously, although a high enantiomeric excess of above 90% can be achieved with the monometallic chiral encoded Pt surfaces, a much longer synthesis time is needed; in contrast, when applying a similar situation with the pulse duration of 30 s, only 58 %ee could be observed. [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] This might be explained by a longer global synthesis time, allowing the gradual accumulation of by-products resulting from the dimerization (Scheme 4.2). Also, as alcohol compounds like the butanediol derivatives, prefer to adsorb on Pt surfaces, [211][212][213] a gradual deactivation of the chiral surfaces is initiated when prolonging the synthesis time, leading to a less pronounced enantioselectivity.

As the electrochemical stability of pure chiral imprinted metals is one of the most critical problems, [START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] additional experiments were carried out to investigate the stability and reusability of the chiral-imprinted mesoporous alloy metals as electrocatalysts for several catalytic cycles. HPLC chromatograms of products obtained by pulsed electrosynthesis were recorded when using the (S)-PE imprinted mesoporous Pt-Ir for three cycles, as shown in [217] Therefore it is interesting to study the conversion of aromatic ketones into the corresponding alcohols not only through catalytic electrosynthesis but also via processes that are largely already used in industry such as hydrogenation on heterogeneous catalysts, e.g., platinum black in the presence of excess hydrogen.

[218] However, in this case, it is mandatory and rather difficult to control stereochemistry during the catalytic process in order to prevent the formation of a racemic mixture of the resulting products. In this context, a number of well-designed metal surfaces have been used as catalysts for enantioselective hydrogenation.

[219] In addition, fine-tuning the synthesis conditions is an important issue. Although asymmetric electrosynthesis using chiral electrocatalysts, i.e., pure noble and non-noble metals such as Pt and Ni has been reported, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Yutthalekha | Asymmetric synthesis using chiral-encoded metal[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF] the Pt-Ir alloy described in the previous session demonstrated a better performance in terms of enantioselectivity and stability compared to monometallic catalysts. Nevertheless, using the catalyst as a planar film supported on a gold-coated glass slide restricts the accessibility of reactants, resulting in modest catalytic performances, e.g., low conversion and a slow production rate. In order to overcome this drawback, using support with high porosity, resulting in a large surface area, for the deposition of the chiral metal layers, should be a promising strategy. Hence, in this present case, high surface area Ni foam was selected as solid support for the synthesis of chiral Pt-Ir to allow a better mass transport of molecules to and from the active catalytic sites.

The designed chiral-encoded Pt-Ir alloy was explored as a heterogeneous catalyst for the production of chiral compounds via hydrogenation. As illustrated in The stability of the catalyst was further evaluated by using the chiral Pt-Ir alloy for several independent catalytic cycles and rinsing in water after each catalytical run. When hydrogenation is performed with different reaction times (5, 7, and 9 min), a decrease of enantioselectivity from 82.0 to 58.6 and 42.5 %ee, respectively, is observed for the initial catalytic cycle (Figure 4.13A and B (cases i, ii and iii)). However, in the following catalytic cycles enantioselectivity a lower catalytic efficiency than continuous synthesis. However, this reduction is compensated by the significantly improved enantiomeric excess (from 4 %ee to as high as 85 %ee). As illustrated in Table 4.4, conventional hydrogenation provides a modest yield of 0.11% together with a very low of 4 %ee; however, when applying the pulsed strategy with short pulse durations (3 or 5 min), enantioselectivity is dramatically enhanced to 85 %ee with a slightly diminished yield (0.09 %). Although these yield values are relatively low, there is a remarkable improvement with respect to recent work, reporting acetophenone reduction using a cinchonine-doped Pd (CN@Pd) catalyst with very low enantiomeric excess values (approximately 5 %ee). [START_REF] Pachón | Chiral imprinting of palladium with cinchona alkaloids[END_REF] Another beneficial aspect of the chiral imprinted Pt-Ir alloy supported on porous Ni is that this approach allows obtaining a similar catalytic efficiency in terms of both %yield and %ee values, compared to electrocatalysis.

[173] However, the global reaction time is much shorter than with the electrosynthesis approach, decreasing from several hours to only several minutes. These proof-of-principle experiments of asymmetric hydrogenation on chiral Pt-Ir alloy surfaces still need to be further improved in terms of catalytic efficiency, to meet the requirements of practical relevance. For example, it would be possible to design a flowthrough set-up, allowing a continuous switching of H2 gas flow.

Conclusion

This chapter demonstrated the benefits of the chiral-imprinted mesoporous Pt-Ir films, compared to the pure chiral Pt, showcasing excellent electrochemical durability for the asymmetric electrosynthesis of chiral Therefore, an interesting question to explore, is whether it is possible to use ECL in combination with the chiral-encoded mesoporous Pt-Ir alloy and benefit from its high structural and electrochemical stability to design an optoelectrochemical readout scheme of chiral information. In this case, the chiralimprinted mesoporous Pt-Ir alloy electrode is used as a working electrode, for the enantioselective electrooxidation of either the luminophore or the coreactant, in the case that at least one of them has chiral features. The peak areas of current density in the DOPA oxidation region were integrated, as demonstrated in Table 5.1, to verify once more the chiral recognition properties by calculating the ratios of peak areas, AL/AD or AD/AL, respectively. Acceptable chiral discrimination is achieved when these ratios are significantly higher than 1.0. On the other hand, using non-imprinted mesoporous Pt-Ir alloys as working electrodes (Figure 5.8A), a huge capacitive current is observed, due to the high active surface area, making it difficult to identify the faradaic currents. system. [247,248] Although DPV can be used for studying the enantioselective recognition of chiral compounds, [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] as explained in the previous section, it often suffers from low sensitivity and a less direct readout. The integrated DPV-ECL approach is proposed here as a more direct readout via the generated light emission. Freshly (L)-PA imprinted mesoporous Pt-Ir reveals remarkable chiral recognition properties, translated by a significantly higher ECL intensity for the the ECL analysis in the present case was carried out in a neutral phosphate buffer solution (PBS, pH at 7.3), and therefore the surface passivation can be more pronounced, leading to faster degradation of the enantiomeric discrimination efficiency.

Experimental section

Results and Discussion

Conclusion

Chiral-imprinted mesoporous Pt-Ir was successfully applied as a working electrode for chiral analysis using both classic electrochemistry and an approach based on electrochemiluminescence. DPV clearly demonstrates the existence of chiral information on the Pt-Ir alloy surfaces even after the removal of chiral templates. Most importantly, the chiral Pt-Ir retains its chiral features even after several enantiomeric detection cycles and after excursions to highly positive potentials. Such outstanding performance is a very significant improvement with respect to what was observed with chiral monometallic materials. In order to further enlarge the range of detection schemes, the material was also employed as a substrate for ECL analysis. In this case, the Chapter 6

Conclusions and perspectives

In summary, this thesis is devoted to the design, development and improvement of the performance of chiral-imprinted mesoporous metals, using two main strategies, i.e., molecular grafting of thiol molecules on their surfaces and replacing monometallic structures with metal alloys.

The elaborated materials have been studied in the frame of several scientific challenges such as (i) to use of the thiol-modified monometallic chiral Pt for stereoselective electrosynthesis, (ii) the nano-engineering of chiral Pt-Ir alloys, (iii) enantioselective electrosynthesis and asymmetric heterogeneous hydrogenation with the help of chiral Pt-Ir alloy surfaces;

(iv) advanced chiral discrimination of enantiomers via electrochemical and electrochemiluminescence approaches.

In order to enhance the selectivity of the formation of chiral products, during the enantioselective electrosynthesis with chiral monometallic electrodes, chiral-imprinted mesoporous Pt electrodes were modified with a selfassembled monolayer of thiol ligands. In this case, the thiol layer grafted on the non-selective Pt surface, mainly located at the outermost parts, could diminish the production of the racemate, typically occurring at the outermost electrode surface. This strategy eventually allows for achieving a very high enantiomeric excess above 90%, combined with a short global reaction time. These findings could be potentially used in practical applications, as a complementary strategy to classic asymmetric chemical synthesis. However, there are still some challenging aspects that need to be further developed. For example, a novel design of the electrochemical cell should be investigated to avoid crosstalk between cathode and anode, without slowing the rate of reaction to prevent the backward reaction. This should lead to an enhanced production rate of chiral molecules. Another crucial point is the reusability of the electrodes. Even though a renewal of the thiol layer has been proposed, tested, and shown to maintain the product selectivity in consecutive catalytic runs, this strategy could be repeated only a few times, and therefore there is still room for improvement. An alternative to protect the unselective surface with thiols could be, for example, a grafting of diazonium-based layers as they might show better stability at the negative potentials that have to be applied for the electro-organic reduction.

Another limitation concerning stability is the degradation of the metal structure itself. As mentioned earlier, chiral-encoded mesoporous monometallic Pt has only a limited lifetime, even though it is a noble metal. We therefore have explored the possibility of using chiral-imprinted mesoporous metal alloys instead of pure metal. It is well-known that alloying metals can improve the hardness of the bulk metal structure by decreasing atomic movement due to the presence of a promoter. In the present study, Ir was alloyed with Pt. The chiral Pt-Ir alloy could be simply synthesized by co-electrodeposition from dissolved metal precursors in the simultaneous presence of a lyotropic liquid crystal together with the chiral templates. The plating gel was efficiently used to elaborate chiral-imprinted mesoporous Pt-Ir films on 2D gold-coated glass slides and also on 3D Ni foam as supports. The resulting materials reveal a smooth outermost surface, as well as a dense and homogeneous Pt-Ir layer with mesopores having a hexagonal order with an Ir content of 10 at%. The chiral information inside the mesopores could be perfectly retained even after removing the chiral templates. This feature could be directly characterized by the secondary harmonic generation (SHG) spectroscopy, leading to an opposite signal for the two different chiral configurations of the Pt-Ir alloy films imprinted with opposite enantiomers. However, several parameters of the SHG characterization must be further optimized. One problem is, for example, that the light beam which hits the surface is generating local heat, which can lead to a reorganization of the surface atoms, and thus a loss of the chiral information.

It would also be quite important to study the SHG signal as a function of the thickness of the Pt-It films and the amount of chiral imprinted sites.

The improved features of the chiral-encoded mesoporous Pt-Ir alloys allow the material to be further applied as both electrocatalyst and heterogeneous catalyst for enantioselective electrosynthesis and conventional asymmetric synthesis, respectively. Due to this better structural and electrochemical stability, the enantioselectivity of up to 90 % could be reached, even after several electrocatalytic cycles. Apart from enantioselective electrosynthesis, the chiral mesoporous metals could also be used for the selective production of chiral molecules via simple hydrogenation. In this case, chiral Pt-Ir films were deposited on 3D Ni foam as support in order to further enhance the overall active surface area. The highly porous Pt-Ir films were employed as a heterogeneous catalyst for a selective chiral synthesis via hydrogenation in an aqueous solution. It was possible to achieve an enantiomeric excess of up to 85 % even after many consecutive catalytic cycles.

In the future, more information is still required to understand the impact of the alloying on the stability of chiral features, especially at the atomic level. For example, how the surface composition affects the strength of ion adsorption at specific sites could be studied more closely in order to come up with a mechanistic explanation of electroreduction reactions. In the case of asymmetric hydrogenation, the design of a novel flow-through reactor would be very beneficial in enhancing the production rate of chiral synthesis.

Apart from asymmetric synthesis, discrimination of enantiomers on the chiral mesoporous metals has also been examined. In this case, the chiral- Highly enantioselective synthesis of chiral molecules at modified mesoporous metal electrodes

Summary

Sopon BUTCHA

Chirality is an essential feature because it plays a key role in various areas of our daily life, ranging from biology to chemistry and physics, with specific applications going from materials and surface science to analytical chemistry and pharmaceutics. In the context of the latter two topics, specific chiral recognition is crucial, either to develop enantioselective sensors and separation concepts or to design catalytic systems that allow the highly stereoselective synthesis of chiral molecules.

Although the asymmetric synthesis of chiral compounds has been considered as one of the most promising strategies for producing enantiomerically pure compounds (EPC), it still suffers from a couple of drawbacks, such as an imperfect control of the stereochemistry or a complicated recovery of the catalyst after the reaction. Thus, there is still a strong need to develop alternative catalytic systems with good overall performance. In this thesis, mesoporous metals encoded with chiral information are proposed as materials showing excellent performances as heterogeneous (electro)catalysts in terms of enantiomeric excess, yield, and structural as well as electrochemical stability. Although chiral-imprinted mesoporous monometallic metals have been previously elaborated and tested as catalysts for the asymmetric synthesis of chiral compounds, they suffer from rather long reaction times and the interference of unspecific reactions at parts of their surface, eventually leading to low enantioselective excess.

In order to circumvent these drawbacks, the first chapter of this thesis presents an alternative strategy to functionalize the non-selective part of the surface of chiral-imprinted mesoporous platinum (Pt) electrodes with organosulfur ligands. This modification aims to diminish the degree of undesired reactions at the non-selective interface of the electrode. The results revealed that coating a Pt electrode with a thiol ligand could dramatically enhance the enantiomeric excess of the desired enantiomer above 90%. Most importantly, we could overcome in this way the limitation of the previous work that was using a pulsed electrosynthesis approach requiring reaction times of several days.

The new protection concept allows achieving high enantiomeric excess, even with steady-state electrosynthesis, in a few hours. Nevertheless, the somewhat limited structural and electrochemical stability of chiral-encoded monometallic Pt results in a decrease in its activity when using it for several electrocatalytic cycles.

To overcome this limitation, a novel strategy to encode chiral features on mesoporous metal alloys was also studied. In The designed material was further applied as both an electrocatalyst and a heterogeneous for asymmetric catalysis via electroreduction and hydrogenation, respectively. In the case of electrosynthesis, the enantioselectivity of almost 100% could be reached. Furthermore, the electrodes showed exceptionally electrochemical stability by preserving an enantiomeric excess of up to 90%, even after several catalytic cycles, which was not possible to achieve with the chiral mesoporous monometallic Pt reported previously. The nanostructured chiral encoded Pt-Ir alloy was further used as a heterogeneous catalyst for the asymmetric hydrogenation of simple aromatic ketones. In this case, the chiral Pt-Ir films were deposited on a high surface area of nickel foam, to improve the accessibility of the imprinted sites by guest molecules. A synergistic effect between the high porosity of the Nifoam, the mesoporous metal, and the chiral features allowed the designing of hybrid materials with promising features for asymmetrical catalysis. Under finetuned experimental conditions, particularly when combined with a pulsed hydrogenation approach, a very high degree of enantioselectivity of up to 85% has been obtained, even after several successive catalytic cycles. Even though the production rate (in terms of %yield) obtained from both electrosynthesis and heterogeneous asymmetric synthesis were very modest and still need to be further optimized, a remarkable improvement with respect to other recent work was achieved in terms of enantiomeric excess (%ee) which is generally higher than 80%.

Apart from the asymmetric synthesis of chiral compounds, enantiomeric discrimination is also a vital topic with respect to other potential applications, 
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 2124 Synthesis of non-imprinted and chiral-imprinted mesoporous platinum-iridium (Pt-Ir) alloy by electrodeposition supported on Aucoated glass slides 3.2.3 Synthesis of mesoporous Pt-Ir alloys supported on Ni foams 3.2.4 Characterization of the mesoporous platinumof LLC phases: A) Formation of the LLC phase in an aqueous system together with graphics of the non-ionic surfactant structures (C16EO8); B) Formation of the LLC phase in the presence mesostructure formation using the soft template strategy: A) Graphical explanation of the typical fabrication steps of mesoporous metals via the lyotropic liquid crystal (LLC) templating strategy; B) Fragmented periodic table indicating several promising candidates by circle with ditch lines that can be employed for the synthesis of mesoporous strain on a lattice of host atoms by substitution with a smaller impurity atom and B) imposing compressive strains on a lattice of host atoms by substitution with a larger impurity atom 1.7 Relationship between tensile strength and hardness of a Pt-Ir alloy as a function of percentages of Ir (wt%represented by the left and right hands and tetrahedral carbon molecules with four different substituents, demonstrating the two enantiomers are non-superimposable mirror images mesoporous metals: A) The precursor plating gel composed of a lyotropic liquid crystal, chiral templates, and metal salts in an aqueous solution; B) Generation of the mesoporous metal via electroreduction of metal salts around the templates; C) The model structures of the obtained chiral-encoded mesoporous metals after the extraction of mesoporous Pt electrode for asymmetric electrosynthesis: A) Reduction of phenyl glyoxylic acid to mandelic acid; B) Electrohydrogenation of the prochiral starting compound at the chiral cavity, (R)-mandelic acid imprinted site; C) the SAM formation of a linear alkyl thiol on Au(111); (i) Physisorption; (ii) Initial stage of chemisorption in a similar position; (iii) Phase transformation of alkanethiols from a horizontal to a vertical configuration; (iv) Dense packing of the thiol A) Top-view and B) Cross-sectional SEM images; C) TEM images of an ultra-thin mesoporous Pt film; D) Cyclic voltammograms of mesoporous Pt (red) in comparison with a flat Pt electrode (black) measured in 0.5 M H2SO4 at a scan rate of 100 mV s -Graphical illustration of the two thiol-coating strategies and the resulting surface blocking properties on mesoporous Pt electrodes: A) and B) Thiol coating via self-assembly from solution and microcontact printing (μCP), respectively; C) and D) Cyclic voltammograms of the solution-coated and μCP-coated mesoporous Pt electrodes in 10 mM K4Fe(CN)6/1 M HNO3 at a scan rate of 100 mV s -a non-coated mesoporous Pt electrode (black) in comparison with the thiol-coating on mesoporous Pt via μCP for five cycles (blue) and the classical solution coating for 4 h (red), recorded in 0.5 M H2SO4 solution at a scan rate of 100 mV s -1 2.9 Summary of enantioselective synthesis results: A) and B) HPLC chromatograms of the product mixtures performed with (S)-PE and (R)-PE imprinted mesoporous Pt electrodes, respectively, which are either bare or thiol-coated; C) HPLC chromatograms of the product solution when using different electrodes: non-imprinted mesoporous Pt (orange), and thiolfunctionalized (S)-PE imprinted mesoporous Pt electrodes synthesized by using different weight ratios of (S)-PE/PtCl62-(0.0375 (green), 0.0750 (dark blue)); D) Histogram illustrating the enantiomeric excess (%ee) of different electrodes: bare (S)-PE (black) and (R)-PE (red) encoded mesoporous Pt electrodes (0.150 weight ratio PE/PtCl62-), functionalized (S)-PE imprinted mesoporous Pt electrodes with different (S)-PE/PtCl62-weight ratios (0.0375 (green), 0.0750 (dark blue) and 0.150 (light blue)), and a functionalized (the product solutions, illustrating product selectivity when using (S)-PE imprinted mesoporous Pt electrodes without further thiol functionalization (black) and with thiol coating using the solution (red) or the microcontact printing (blue) strategy 49 2.12 Reusability test of the thiol-coated Pt electrodes: A) HPLC chromatograms of the products, obtained with (S)-PE imprinted mesoporous Pt modified with a single μCP step only at the beginning, for two sequential electrocatalytic runs; B) HPLC chromatograms of the products, obtained with (R)-PE imprinted mesoporous Pt for two electrocatalytic runs, but with a renewal of the μCP step after the first run; C) Histogram representating the enantiomeric excess for the two μCP strategies used in A) the mixture of H2PtCl6 and H2IrCl6; D) the precursor gel for electrodeposition composed of metal precursors (29 wt%), MilliQ water (29 wt%) and Brij ® C10 (42 wt%) 3.4 SEM images of mesoporous Pt-Ir films deposited at different potentials: A), B), and C) electrodeposition at -0.20, -0.10, and -0.05 V vs Ag/AgCl, a scan rate of 100 mV s -1 : A) mesoporous Pt-Ir alloys deposited with different charge densities of 6 (red), 8 (green), and 10 (blue) C cm -2 , respectively; B) mesoporous Pt deposited with 8 C cm -2 the mesoporous Pt-Ir electrodes: A) a cross-sectional SEM image of a mesoporous Pt-Ir film deposited with a charge density of 8 C•cm -2 (scale bar of 100 nm); B) TEM image of an ultrathin mesoporous Pt-Ir layer with wellstructures of the mesoporous Pt-Ir: A) XRD pattern of deposited Pt-Ir alloys obtained with 8 C cm -2 (blue) and 4 C cm -2 (red) compared to the standard cards of Pt (PDF #03-065-2868) (green) and Ir (PDF #01-088-2342) (purple); B) HR-TEM image of ultra-thin Pt-Ir labeled with the Pt-Ir crystalline planes together with the measured d-spacing values; C) calculated lattice parameters of Pt-Ir samples versus the reference lattice constants of Pt and Ir 3.9 XPS spectra of plain Pt-Ir electrodes with different thicknesses of 8 C cm -2 (blue) and 4 C cm -2 (red) plotted together with the standards of either Pt or Ir (black) in the binding energy regions of A) Pt and B) Ir, depth-profile analysis of the alloy Pt-Ir 8 C: A) and B) narrow-scan XPS spectra in the binding energy regions of Pt and Ir (black), respectively, with respect to a fresh electrode at an initial time of 0 s (blue) and after etching for 160 s (red); C) Depth-profile XPS spectra obtained by a wide scan as a function of etching time varying from 0 to 160 s 70 3.11 Graphical explanation of the electrodeposition process to synthesize a chiral imprinted mesoporous Pt-Ir alloy supported on Ni foam: A) Illustration of the ingredients, the non-ionic surfactant forming a hexagonal close packed columnar structure, the metal salts and chiral molecules on Ni foam prior to electrodeposition; B) The growth of metallic Pt-Ir alloy throughout the structural templates; C) The obtained chiral imprinted mesoporous Pt-Ir alloy supported on Ni foam after eliminating all templates 3.12 Surface morphology of a chiral imprinted mesoporous Pt-Ir alloy supported on a Ni foam characterized by the EDS-SEM technique: A) SEM image of a bare Ni foam at low magnification together with B) the EDS mapping of Ni (red); C) SEM image of a Ni foam at high magnification together with D) the EDS mapping of Ni (red); E) and F) SEM images of chiral encoded mesoporous Pt-Ir deposited on Ni foam at low and high magnification, respectively, G) and H) EDS mapping of Pt (green) and Ir (blue); I) SEM image at the junction between the bare Ni support and the deposited Pt-Ir layer together with the actual sample picture (inset), and J), K) and L) EDS mapping of Pt (green), Ir (blue) mesoporous Pt-Ir alloy supported on Ni foam prepared with different deposition charge densities; A), B), and C) Cross-sectional SEM images of mesoporous Pt-Ir alloy supported on Ni foam electrodes generated with 4, 8, and 12 C cm -2 , respectively; D) Cyclic voltammograms of the electrodes prepared with several deposition charge densities in comparison with flat Pt and the bare Ni foam (inset) measured in 0.5 M H2SO4 at a scan rate of 100 mV s -1 ; E) Relationship between electroactive surface area and the deposition charge density 3.14 Topology, crystallinity, and elemental composition of the mesoporous Pt-Ir alloy supported on Ni foam; A) and B) TEM images of mesoporous Pt-Ir alloy prepared by deposition on Ni foam electrodes with 8 C cm -2 , shown together with the selected area electron diffraction pattern (SAED) (inset) recorded in normal mode and STEM mode, respectively; C) XRD patterns of Pt-Ir (blue), Pt (green) and Ir (violet) on Ni foam; D) Selected area of the XRD pattern in the region of Pt(111) and Ir(111), for pure Pt (light green), and Pt-Ir alloys with different deposition charge densities of 4 (dark green), 8 (light blue) and 12 (dark blue) C cm -2 , together with pure Ir (violet) supported on Ni foam in comparison to the standard card of Pt (black) and Ir (red); E) and F) XPS spectra of Pt-Ir with 4 (red), 8 (green) and 12 (blue) C cm -2 compared to pure Ir and Pt (black) in the region of Ir and Pt binding energies, diagrams for tensors c eee , c eem and c mee and sum-frequency generation over the electric the external surface of mesoporous Pt electrodes generated by electrodeposition at -0.05 V vs Ag/AgCl with 4 C cm -2 of charge density for A) (D)-DOPA, a non-imprinted Pt electrode (Scale bar of 10 μm) 3.18 Second-Harmonic Generation (SHG) signals obtained by the reflection mode on chiral DOPA Pt samples at 1030 nm in the polarizer-analyzer configurations as A) YIN-POUT and B) YIN-SOUT. 83 3.19 SEM images revealing a topology of chiral mesoporous Pt-Ir alloys generated by electrodeposition at -0.05 V vs Ag/AgCl with 4 C cm -2 charge density and imprinting with A) D-DOPA, B) L-DOPA and C) DL-DOPA (a function of the azimuthal rotation angle. This result is an illustration of the effective averaged response (blue dot) and the simulation (red line) of the SHG intensity obtained from (L)the product solution after pulsed electrosynthesis of acetophenone (a pulse and relaxation time of 20 and 60 s, respectively, 39% conversion of acetophenone to PE) by using a non-imprinted porous Pt-Ir alloy as the working electrode 4.4 Cyclic voltammograms at a scan rate of 100 mV s -1 with a mesoporous Pt-Ir electrode in 1 M NH4Cl (red) and a solution containing 40 mM acetophenone (blue) at pH 5.0. 97 4.5 Products analysis after enantioselective electrosynthesis of (S)-or (R)-PE from acetophenone on chiral-imprinted Pt-Ir alloy surfaces as shown by A) HPLC chromatograms of the products obtained by either conventional electrosynthesis for 13 h or pulsed electrosynthesis with a pulse and relaxation time of 30 s, and B) Histograms of the enantiomeric excess (%ee) after electrosynthesis with non-imprinted Pt-Ir (black), (S)-PE (red) and (R)-PE (green) imprinted Pt-Ir electrodes, carried out by potentiostatic electrosynthesis, or (S)-PEimprinted Pt-Ir electrodes studied in pulsed electrosynthesis with a global synthesis duration of 13 h synthesis conditions (defined by pulse time-relaxation duration, respectively) for the electroreduction of acetophenone to (S)-PE illustrated by A) HPLC chromatograms of the products obtained with different pulse conditions and B) Histograms of the enantiomeric excess (%ee) after electrosynthesis by pulsed electroreduction with 30-120 s (black), 30-60 s (red), 30-30 s (green) and 30-15 s (dark blue) 4.7 Reusability test of a (S)-PE imprinted Pt-Ir electrode: A) HPLC chromatograms of the product solution obtained from pulsed electrosynthesis (30-30 s) when reusing the same electrode for three electrochemical runs; B) Comparative graph of the %ee obtained for three reaction cycles of a (S)-PE imprinted Pt-Ir electrode (orange) and a (S)-PE imprinted monometallic Pt electrode, the product solutions obtained with different hydrogenation methods and reaction times; A) Continuous hydrogenation for 5 (red), 10 (black), and 15 (green) min; B) Cyclic hydrogenation, with an intermediate cleaning step of 15 min, for 5 (blue), 10 (green) and 15 (red) min of total reaction time 4.13 Reusability test of the (R)-PE imprinted Pt-Ir catalyst performed with different reaction schemes: A) and B) HPLC chromatograms of chiral products and histograms summarizing the enantiomeric excess (%ee) obtained with a chiral Pt-Ir alloy imprinted with R-(PE) for three independent consecutive catalytic cycles in fresh educt solution for every cycle and rinsing in water after every full cycle: First catalytic cycle after a total reaction time of (i) 5 min (red), (ii) 7 min (orange), (iii) 9 min (light green); Second catalytic cycle after a total reaction time of (iv) 5 min (dark green), (v) 7 min (blue), (vi) 9 min (purple); (vii) Third catalytic cycle after a total reaction time of 5 with a chiral encoded Pt-Ir alloy supported on Ni foam: A) HPLC chromatograms of products obtained with R-(PE) imprinted mesoporous Pt-Ir in 1 mM acetophenone for continuous synthesis (black), pulsed asymmetric synthesis with a pulse time of 5 min (orange) and 3 min (purple) with a total synthesis time of 15 min; B) Relationship between the enantiomeric excess and catalytic efficiency comparing conventional and pulsed synthesis 5.1 Differential pulsed voltammograms of (L)-DOPA (black) and (D)-DOPA (red) obtained with different electrodes A) non-imprinted, B) and C) (L)-DOPA and (D)-DOPAimprinted mesoporous Pt-Ir alloys, respectively 117 5.2 Differential pulse voltammograms of (L)-DOPA (black) and (D)-DOPA (red) electrooxidation recorded with the different DOPA-imprinted metal electrodes: A) fresh (L)-DOPA imprinted monometallic Pt; B), C) and D) destroyed (L)-DOPA imprinted Pt, (L)-DOPA and (D)-DOPA imprinted Pt-Ir alloys, respectively, after erasing chiral information by CV in 0.5 M H2SO4 for 10 cycles in the potential window from -0of (L)-DOPA (black) and (D)-DOPA (red) electrooxidation performed with the destroyed (L)-DOPA (left column) and (D)-DOPA (right column) imprinted Pt-Ir electrodes: A) and B) the DPV signals of DOPA-imprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 20 cycles in the potential window from -0.2 to 1.2 V; C) and D) the DPV signals of DOPA-imprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 30 cycles in the potential window from -0.2 to 1.4 V; E) and F) the DPV signals of DOPA-imprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 40 cycles in the potential window from -0.2 to 1.8 V 5.4 SEM images (scale bars 20 μm) of A) porous Pt-Ir alloy and B) porous monometallic Pt electrode obtained by electrodeposition with a deposition charge density of 6 Vis spectra of the two PA enantiomers 125 5.7 Differential pulse voltammogram (black) and ECL intensity (red) of the analyte solution containing 10 mM (L)-PA and 1 mM [Ru(bpy)3] 2+ dissolved in 0.1 M PBS solution (pH 7.33), using a classical Pt disk as a working electrode 126 5.8 Control experiments showing the characteristics of activated mesoporous Pt-Ir alloys measured in different solutions and using different techniques: A) Cyclic voltammetry, demonstrating a high capacitive current, and the ECL signal using CV-ECL; B) ECL intensity, illustrating the influence of PA concentration using CV-ECL; C) ECL intensity obtained with various analyte solutions, emphasizing the role of PA as a co-reactant in order to generate an ECL signal using DPV-(D)-PA imprinted mesoporous Pt-Ir for the discrimination of PA enantiomers by ECL analysis, performed with the (L)-PA (red) or (D)-PA (black) / [Ru(bpy)3] 2+ system: A)-E) Normalized ECL intensities for five consecutive detection experiments. F) Histogram summarizing the relationship between the enantioselectivity of (D)-PA with respect to (L)-PA as a function of the detection cycle 2.1 Graphical illustration of the preparation process of chiral encoded mesoporous Pt; A) Chiral molecules as molecular templates used in the present work, (R)-and (S)-Phenylethanol ((R)-and (S)-PE); B) Supramolecular structure of adsorbed chiral templates around the external walls of a columnar-non-ionic surfactant structure surrounded by the Pt precursor; C) Growth of Pt metal by electrodeposition in the presence of the mesoporogen and chiral template; D) The final structure of the synthesized Pt electrode after template the procedure to synthesize a chiral-imprinted mesoporous Pt-Ir alloy: A) chiral molecular templates (S)-PE, (R)-PE, (L)-DOPA, and (D)-DOPA; B) formation of non-ionic surfactant columns with adsorbed chiral molecules in the presence of Pt and Ir salts; C) the growth of alloyed Pt and Ir around the selfassembled templates by co-electrodeposition; D) the obtained chiral-encoded mesoporous Pt-Ir alloy after the ECL generation in this study based on the PA/[Ru(bpy)3] 2+ system

Figure 1 . 1 ,[ 1 ]

 111 they are classified into three different classes: microporous materials with pore diameters less than 2 nm, such as zeolites and clay; mesoporous materials for those ranging between 2 and 50 nm, for instance, mesoporous silica; macroporous materials containing porous cavities with a diameter over 50 nm such as sponges and activated carbons.

Figure 1 . 1

 11 Figure 1.1 IUPAC recommendation classifying porous materials according to their pore sizes. (Reproduced from [1])

Figure 1 . 2

 12 Figure 1.2 Chemical formula and schematic structure of octaethyleneglycol monohexadecyl ether (C16EO8) bearing a hydrophilic head group and a hydrophobic alkyl chain. (Reproduced from [34])

Figure 1 . 3

 13 Figure 1.3 Illustration of LLC phases: A) Formation of the LLC phase in an aqueous system together with graphics of the non-ionic surfactant structures (C16EO8); B) Formation of the LLC phase in the presence of hexachloroplatinic acid (at a fixed concentration of 1.92 M). In the representative structures, blue, white, and yellow indicate the water domain, head groups of the hydrophobic ethylene oxide, and the hydrocarbon tails, respectively. (A and B reproduced from[START_REF] Bartlett | Electrodeposition of nanostructured films using selforganizing templates[END_REF] and[START_REF] Attard | Lyotropic liquid crystalline properties of nonionic surfactant/H2O/hexachloroplatinic acid ternary mixtures used for the production of nanostructured platinum[END_REF][START_REF] Modh Yasin | Controlled electrodeposition of metal nanocentres for catalysis: University of Southampton[END_REF], respectively)

Figure 1 . 4

 14 Figure 1.4 The concept of mesostructure formation using the soft template strategy: A) Graphical explanation of the typical fabrication steps of mesoporous metals via the lyotropic liquid crystal (LLC) templating strategy; B) Fragmented periodic table indicating several promising

Figure 1 . 5

 15 Figure 1.5 Simple schematic illustration of substitutional and interstitial impurity atoms in the solid alloy solution. (Reproduced from [56])

Figure 1 . 6

 16 Figure 1.6 Solid-solution strengthening accomplished by A) imposing a tensile strain on a lattice of host atoms by substitution with a smaller impurity atom and B) imposing compressive strains on a lattice of host atoms by substitution with a larger impurity atom. (Reproduced from [56])

Figure 1 . 7

 17 Figure 1.7 Relationship between tensile strength and hardness of a Pt-Ir alloy as a function of percentages of Ir (wt%). (Reproduced from [57])

Figure 1 . 8

 18 Figure 1.8 Illustration of chirality represented by the left and right hands and tetrahedral carbon molecules with four different substituents, demonstrating the two enantiomers are non-superimposable mirror images of each other. (Reproduced from [64])

Figure 1 . 9

 19 Figure 1.9 Graphical demonstration of chirally crystalline metal surfaces when breaking the symmetry of crystal planes. The triangle projection showcases all possible mirror planes of the fcc lattice with low-Miller-index planes, having a high symmetry, and being achiral. However, any point in the interior region of the triangle indicates a metal interface with high-Miller-index planes, low-symmetry, and thus chiral character. The purple atoms emphasize the separating terraces at microfacet intersections. (Reproduced from [95])

Figure 1 . 10 ,

 110 supramolecular structures composed of self-assembled non-ionic surfactants and the dopant molecules, acting as a mesoporogen and chiral template, respectively, are present in an aqueous solution containing the metal precursor (Figure 1.10 A). Electrodeposition of the metal from such a matrix allows the growth of the corresponding metals with chiral cavities around the oriented template (Figure 1.10 B). Finally, the generated internal mesopores and chiral active sites remain even after the extraction of the template molecules (Figure 1.10 C). Several chiral templates can be employed for this promising concept, ranging from essential amino acids to pharmaceutical and fine-

Figure 1 . 10

 110 Figure 1.10 Graphical illustration demonstrating the elaboration of chiralencoded mesoporous metals: A) The precursor plating gel composed of a lyotropic liquid crystal, chiral templates, and metal salts in an aqueous solution; B) Generation of the mesoporous metal via electroreduction of metal salts around the templates; C) The model structures of the obtained chiral-encoded mesoporous metals after the extraction of templates. (Reproduced from [87])

Figure 1 . 11 .[ 59 ]

 11159 Figure1.11.[59] In the first step (Step I), the formation of solvated metal ions in the electrolyte occurs. Subsequently, the formed complexes migrate from the bulk solution to the diffusion layer on the electrode surface, assisted by diffusion and convection (Step II). In the diffusion layer, the induced electric field from an external supply assists the complexes' alignment to liberate the free metal ion and facilitate its reaction in the Helmholtz layer (Step III). Owing to the high electric field strength in this layer, the hydrate ligands and metal ions are separated. Finally, at the interface occurs the electrodeposition of the released metal ions. Therefore, the ligand of the metal ions play an important role in the

Figure 1 .

 1 Figure 1.11 A simplified electrodeposition mechanism involving the coordination chemistry of the solvated metal ions in a plating bath.

Figure 1 . 12

 112 Figure 1.12 Illustration of chiral catalysis demonstrated by A) energy diagrams for a catalyzed or uncatalyzed reaction, B) symbolic explanation of the concept of chiral catalysis by a handshake and C) energy diagram of kinetically controlled asymmetric catalysis. (Figure 1.12 B and C are reproduced from [114] and [115], respectively.)

Figure 1 .

 1 Figure 1.14 Chiral-imprinted mesoporous Pt electrode for asymmetric electrosynthesis: A) Reduction of phenyl glyoxylic acid to mandelic acid; B) Electro-hydrogenation of the prochiral starting compound at the chiral cavity, (R)-mandelic acid imprinted site; C) Formation of the particular chiral product after the reaction. (This figure was taken from [89])

Figure 2 . 1

 21 illustrates the general process for forming a SAM of alkyl thiol on metal surfaces, such as Au(111).Physisorption (black dot symbolizes the thiol group) of the molecules parallel to the Au surface occurs within the first period. Subsequently, chemisorption takes place (red dot for the chemisorbed thiol). After that, a reorganization of the alkanethiol molecules from a parallel to a vertical configuration is observed for higher surface coverages. Finally, an ideal SAM is obtained after several hours.[157, 159] The electrochemical stability of SAMs on metal surfaces is one of the most critical parameters for modifying such materials. For example, a theoretical study of alkane thiolate-protected Pt nanoparticles (NPs) has been reported byAddato et al., confirming that adsorbed sulfur atoms on Pt surfaces are indeed stable against desorption even at high reduction potentials. Thus, thiolatemodified Pt NPs are promising for hydrogen storage or electrocatalysis.[162] Nevertheless, the metal-sulfur bond can become completely passivating if the alkyl ligand is too long, resulting in a significant slowing down or a complete shutdown of the electrocatalysis.[155] Therefore, such this crucial parameter

Figure 2 . 1

 21 Figure 2.1 Schematic explanation of the SAM formation of a linear alkyl thiol on Au(111); (i) Physisorption; (ii) Initial stage of chemisorption in a similar position; (iii) Phase transformation of alkanethiols from a horizontal to a vertical configuration; (iv) Dense packing of the thiol SAM. The figure is reproduced from [157].

2. 2 . 1 Chemicals

 21 Hexachloroplatinic acid hydrate (H2PtCl6•xH2O), polyethylene glycol hexadecyl ether (Brij ® C10), (R)-phenylethanol ((R)-PE), (S)phenylethanol ((S)-PE), acetophenone (APE), (R)-1-(4-bromophenyl) ethanol ((R)-BrPE), (S)-1-(4-bromophenyl) ethanol ((S)-BrPE), isopropanol, ethanol, CN)6•3H2O), heptanethiol (C7H15-SH) and nitric acid (HNO3) were obtained from the Merck, Sigma-Aldrich. Sulfuric acid (H2SO4) was purchased from Alfa. 4-bromoacetophenone (4-BrAPE) was adopted from the TCI. For all sample preparations and electrochemical experiments, MilliQ water (18.2 MΩ cm) was used, and all chemicals were directly utilized without further purification.

  -2 were investigated by scanning electron microscopy (SEM) with a Hitachi TM-1000 tabletop microscope with either top or cross-sectional views. The mesoporous structure of the Pt electrodes was characterized by transmission electron microscopy (TEM) with a JEOL JEM-2100 microscope at 200 kV. For the sample preparation for TEM measurements, the mesoporous Pt films were prepared by electrodeposition with a deposition charge density of 0.4 C cm -2 . Subsequently, the ultra-thin films were gently scraped off from the Au-coated glass slide, transferred into ethanol solution, and dropped onto TEM grids.

Figure 2 . 2 ).

 22 photodiode array (PDA) as a detector operating at 210 nm. The analysis was

Figure 2 . 2

 22 Figure 2.2 Apparatus for the asymmetric electrosynthesis composed of a potentiostat equipped with a three-electrode system, applying chronoamperometry, in a home-made electrochemical cell containing the stirred prochiral solution

2. 3 . 1

 31 Scheme 2.1 Graphical illustration of the preparation process of chiral encoded mesoporous Pt; A) Chiral molecules as molecular templates used in the present work, (R)-and (S)-Phenylethanol ((R)-and (S)-PE); B) Supramolecular structure of adsorbed chiral templates around the external walls of a columnar-non-ionic surfactant structure surrounded by the Pt precursor; C) Growth of Pt metal by electrodeposition in the presence of the mesoporogen and chiral template; D) The final structure of the synthesized Pt electrode after template removal.

  electrochemically active surface area of the mesoporous Pt electrodes is measured by cyclic voltammetry in 0.5 M H2SO4 in a wide potential window from -0.20 to 1.20 V vs Ag/AgCl (Figure 2.3D). The signal below 0 V represents adsorption (cathodic peak) and desorption (anodic peak) of hydrogen. In addition, Pt oxidation and PtO reduction appear with characteristic signals at 0.70 and 0.55 V, respectively.[87] Interestingly, mesoporous Pt (red line) shows a much more intense electrochemical signal compared to standard flat Pt (black line), with a calculated roughness factor of around 177.

Figure 2 . 3

 23 Figure 2.3 Morphological and electrochemical characterization of Pt electrodes; A) Top-view and B) Cross-sectional SEM images; C) TEM images of an ultra-thin mesoporous Pt film; D) Cyclic voltammograms of mesoporous Pt (red) in comparison with a flat Pt electrode (black) measured in 0.5 M H2SO4 at a scan rate of 100 mV s -1 . SEM and CV characterization data were obtained using the Pt electrodes deposited by charge density of 4 C cm -2 .

Figure 2 . 4

 24 Figure 2.4 Graphical illustration of the two thiol-coating strategies and the resulting surface blocking properties on mesoporous Pt electrodes; A) and B) Thiol coating via self-assembly from solution and microcontact printing (µCP), respectively; C) and D) Cyclic voltammograms of the solution-coated and µCP-coated mesoporous Pt electrodes in 10 mM K4Fe(CN)6/1 M HNO3 at a scan rate of 100 mV s -1 (black: uncoated electrode; blue: electrode with the final coating).

Figure 2 .

 2 4D.Due to the high active surface area of porous Pt electrodes, the capacitive current is dominating in all CV curves. Nevertheless, faradaic current can still be observed, but with only relatively small cathodic and anodic peaks (Figure2.4C and D). The blocking properties of the SAM are directly related to the adsorbed thiol molecules because the electron transfer between the redox couple and the Pt atoms is hindered.[163, 167] 

Scheme 2 . 2

 22 Scheme 2.2 Electrochemical reduction of acetophenone into the racemic mixture of (S)-and (R)-phenylethanol by two electrons and two protons mechanism.

Figure 2 . 5 Figure 2 . 5 .

 2525 Figure 2.5 HPLC chromatogram indicating the peak positions of acetophenone, (R)-and (S)-PE present in the product solution after potentiostatic electrosynthesis with (S)-PE imprinted mesoporous Pt. The supplementary peaks correspond to impurities that already exist in the starting substrate acetophenone.

Figure 2 . 6

 26 Figure 2.6 Asymmetric synthesis with (S)-PE encoded mesoporous Pt electrodes after functionalization with heptanethiol by self-assembly from solution; A) HPLC chromatograms and B) Histogram of enantiomeric excess (%ee) as a function of different thiol coating times for 30 min (black), 1 h (red), 2 h (green) and 4 h (dark blue). The s.e.m value is around 3.0.

Figure 2 . 8

 28 comparing the three different cases of (i) non-coated porous Pt; (ii) thiol-coating via the solution approach for 4 h; (iii) thiol-coating via microcontact printing for five cycles. A decrease in the faradaic current associated with the Hadsorption/desorption region (-0.2 to 0.0 V) of thiol-coated electrodes is observed compared to the bare mesoporous Pt. However, the impact on the active surface area (ECSA) is much more pronounced for the electrode coated by following the solution coating approach, compared to the one modified via

Figure 2 . 7

 27 Figure 2.7 Asymmetric synthesis with (S)-PE encoded mesoporous Pt electrodes after functionalization with heptanethiol by microcontact printing (µCP); A) HPLC chromatograms and B) Histogram of enantiomeric excess (%ee) as a function of the number of µCP cycles, once (black), three times (red) and five times (green). The s.e.m value is around 1.0.

Figure 2 . 8

 28 Figure 2.8 Cyclic voltammograms of a non-coated mesoporous Pt electrode (black) in comparison with the thiol-coating on mesoporous Pt via µCP for five cycles (blue) and the classical solution coating for 4 h (red), recorded in 0.5 M H2SO4 solution at a scan rate of 100 mV s -1 .

Figure 2 . 9

 29 Figure 2.9 Summary of enantioselective synthesis results: A) and B) HPLC chromatograms of the product mixtures performed with (S)-PE and (R)-PE imprinted mesoporous Pt electrodes, respectively, which are either bare or thiol-coated; C) HPLC chromatograms of the product solution when using different electrodes: nonimprinted mesoporous Pt (orange), and thiol-functionalized (S)-PE imprinted mesoporous Pt electrodes synthesized by using different weight ratios of (S)-PE/PtCl6 2-(0.0375 (green), 0.0750 (dark blue)); D) Histogram illustrating the enantiomeric excess (%ee) of different electrodes: bare (S)-PE (black) and (R)-PE (red) encoded mesoporous Pt electrodes (0.150 weight ratio PE/PtCl6 2-), functionalized (S)-PE imprinted mesoporous Pt electrodes with

  Scheme 2.3 Electroreduction of 4-bromoacetophenone to 1-(4-bromophenyl) ethanol via two electrons and two protons transfer mechanism at the electrode surface.

Figure 2 . 10

 210 Figure 2.10 Asymmetric electrosynthesis using a thiol SAM on (S)-BrPE and (R)-BrPE encoded mesoporous Pt electrodes: A) HPLC chromatograms of the product mixtures showing the enantiomers of (S)-BrPE (14.35 min) and (R)-BrPE (14.85 min) labeled in black and red colors respectively; B) Histogram illustrating enantiomeric excess values for the different working electrodes. The s.e.m value is around 2.4.

Figure 2 .

 2 Figure 2.11 HPLC chromatograms of the product solutions, illustrating product selectivity when using (S)-PE imprinted mesoporous Pt electrodes without further thiol functionalization (black) and with thiol coating using the solution (red) or the microcontact printing (blue) strategy.

Figure 2 . 12

 212 Figure 2.12 Reusability test of the thiol-coated Pt electrodes: A) HPLC chromatograms of the products, obtained with (S)-PE imprinted mesoporous Pt modified with a single µCP step only at the beginning, for two sequential electrocatalytic runs; B) HPLC chromatograms of the products, obtained with (R)-PE imprinted mesoporous Pt for two electrocatalytic runs, but with a renewal of the µCP step after the first run; C) Histogram representing the enantiomeric excess for the two µCP strategies used in A) and B). Retention time of the enantiomers for (R)-PE and (S)-PE are 11.15 and 11.80 min, respectively. The s.e.m value is around 1.0.

  this chapter, self-assembled monolayer protection of surfaces of chiral encoded Pt has been developed to promote high enantioselectivity during the electrosynthesis of chiral compounds. The observed beneficial effect originates from the passivation of the unselective outer surface of the electrodes, thus suppressing almost completely the non-stereospecific side-reaction. The results

Scheme 2 . 4

 24 Scheme 2.4 Proposed reaction mechanism for the electroreduction of acetophenone on Pt surfaces.

[ 1 ]

 1 photoelectron spectroscopy (XPS), have been employed to confirm the porous alloy structure. Most importantly, since the Pt-Ir alloy structure tends to improve

Figure 3 . 1 .

 31 Ni foam is elaborated with a mixture of Pt-Ir plating gel on both the top and bottom sides. A couple of Pt meshes (counter electrodes) are placed on the outsides of the plating gel.The reference electrode (Ag/AgCl sat. KCl) is connected to the system on the upper part. The plating gel, composed of the metal precursors (29 wt%), MilliQ water (29 wt%), Brij ® C10 (42 wt%), and the amount of optimized chiral Ir layer which is etched is around 400 nm after 160 s. Surface compositions are reported in atomic percentages (at %) and were quantitated using the relative integrated peak areas of the Pt (Pt4f7/2 and 4f5/2) and Ir (Ir 4f7/2 and Pt 4f5/2).For electrochemical characterization, cyclic voltammetry (CV) was applied in 0.5 M H2SO4 at a scan rate of 100 mV s -1 . The electrochemically active surface area (ECSA) of the electrodes was calculated from the hydrogen adsorption/desorption regions of the obtained CV curves following a previous report.[START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] 164] Detailed investigation of chiral features at chiral-imprinted mesoporous metals has been carried out by Secondary Harmonic Generation (SHG) (Figure 3.2) using various types of mesoporous Pt-Ir electrodes including (D)-DOPA, (L)-DOPA, racemic (DL-or rac-) DOPA and non-imprinted mesoporous Pt and Pt-Ir alloy electrodes obtained with a molar ratio between [Pt 2+ ] or [Pt 2+ + Ir 2+ ] salts and DOPA enantiomers of 12 and deposited with a charge density of 4 C cm -2 . The chiral metal samples were irradiated at a 70° angle of incidence (AOI), a pulsed laser beam at 1030 nm (2.9 ´ 10 14 Hz), a repetition rate at 80 MHz, and pulsed time at 250 fs. The SHG light was detected at 515 nm (5.8 ´ 10 14 Hz) using the reflected direction. In this case, polarization scans were adjusted manually. The second-harmonic light has been deconvoluted into P-and S-polarized components with an incident beam power of 1000 and 250 mW, respectively.

Figure 3 . 2

 32 Figure 3.2 Illustration of the experimental set-up for investigating chiral information by Secondary Harmonic Generation (SHG) on chiral imprinted mesoporous metal films.

Figure 3 .Figure 3 . 3 1

 3331 Figure 3.3 Optical photograph of metal solutions: A) H2PtCl6; B) H2IrCl6; C) the mixture of H2PtCl6 and H2IrCl6; D) the precursor gel for electrodeposition composed of metal precursors (29 wt%), MilliQ water (29 wt%) and Brij ® C10 (42 wt%).

  [186] Therefore, to achieve homogeneous incorporation of Ir into the Pt bulk structure, the effect of electrodeposition potential on the film morphology and elemental composition was investigated for a charge density of 10 C cm -2 . A rough surface is observed when applying a potential of -0.20 V vs Ag/AgCl, as shown in the scanning electron microscopy (SEM) image of Figure 3.4A. In contrast, a slower electrodeposition rate at potentials of -0.10 and -0.05 V vs Ag/AgCl leads to a smoother surface (Figure 3.4B and C, respectively). Cyclic voltammetry in sulfuric acid (H2SO4) solution was used in the potential window from -0.2 to 1.2 V to verify the electrochemical active surface area (ECSA) of the electrodes. As shown in Figure 3.5, a higher current density is observed when a more negative potential is applied for Pt-Ir electrodeposition.

Figure 3 . 4 Table 3 . 1 a

 3431 Figure 3.4 SEM images of mesoporous Pt-Ir films deposited at different potentials: A), B), and C) electrodeposition at -0.20, -0.10, and -0.05 V vs Ag/AgCl, respectively.

Figure 3 . 5

 35 Figure 3.5 Cyclic voltammograms of Pt-Ir electrodes in 0.5 M H2SO4 generated at a potential of -0.20 (black), -0.10 (red), and -0.05 (blue) V vs Ag/AgCl, respectively, measured with a scan rate of 100 mV s -1 .

Figure 3 .Figure 3 . 6

 336 Figure 3.6A, the cyclic voltammograms of mesoporous Pt-Ir electrodes with varying thicknesses are comparable to typical mesoporous Pt (Figure 3.6B).The CV curves show the Pt oxidation between 0.60 and 1.00 V, the PtO reduction peak in the region from 0.70 to 0.25 V, and the hydrogen adsorption/reduction signals by the cathodic/anodic peaks below 0.10 V.[START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF] 187] The bigger current intensities translate the increasing ECSA (Table3.1)
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 33738 Figure 3.7A shows a cross-sectional SEM image of a Pt-Ir film generated at -0.05 V with a charge density of 8 C cm -2 . It illustrates the uniform character of the Pt-Ir film grown on top of the Au-coated glass slide with a film thickness of 900 nm. To further confirm the mesoporous feature of the synthesized Pt-Ir, an ordered-hexagonal mesoporous structure with pore dimensions of approximately 5 nm is observed by transmission electron microscopy (TEM) (Figure 3.7B), similar to what has been described in the caseof monometallic Pt using the same type of surfactant.[START_REF] Attard | Mesoporous platinum films from lyotropic liquid crystalline phases[END_REF] 

Figure 3 .

 3 10 displays the depth-profile XPS spectra in the regions of the Pt and Ir binding energies from 90 to 55 eV, as a function of etching time from 0 to 160 s. The summary information of the fresh Pt-Ir (without etching) and the etched sample (Pt-Ir etching 160 s) is presented in the narrowscan XPS spectra (Figure 3.10A and B).
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 3393 Figure 3.9 XPS spectra of plain Pt-Ir electrodes with different thicknesses of 8 C cm -2 (blue) and 4 C cm -2 (red) plotted together with the standards of either Pt or Ir (black) in the binding energy regions of A) Pt and B) Ir, respectively.
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 311312253 Figure 3.11 Graphical explanation of the electrodeposition process to synthesize a chiral imprinted mesoporous Pt-Ir alloy supported on Ni foam: A) Illustration of the ingredients, the non-ionic surfactant forming a hexagonal close packed columnar structure, the metal salts and chiral molecules on Ni foam prior to electrodeposition; B) The growth of metallic Pt-Ir alloy throughout the structural templates; C) The obtained chiral imprinted mesoporous Pt-Ir alloy supported on Ni foam after eliminating all templates.
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 3313 Figure 3.14A and B, respectively. In addition, the crystalline structure of the Pt-Ir films was investigated using X-ray diffraction (XRD). As can be seen in Figure 3.14C, three prominent characteristic peaks of Pt and Ir are observed for the Pt-Ir on Ni foam (blue) compared to the pure Pt (green) and Ir (violet) on Ni foams, showcasing at 2θ of 40.0°, 41.0° and 46.5° for Pt(111), Ir(111) and Pt(200),

Figure 3 .

 3 Figure 3.14 Topology, crystallinity, and elemental composition of the mesoporous Pt-Ir alloy supported on Ni foam: A) and B) TEM images of mesoporous Pt-Ir alloy prepared by deposition on Ni foam electrodes with 8 C cm -2 , shown together with the selected area electron diffraction pattern (SAED) (inset) recorded in normal

Figure 3 . 15

 315 Figure 3.15 Illustration of photon diagrams for tensors c eee , c eem and c mee and sum-frequency generation over the electric and magnetic transition moment. wq and wp are representative of the input photons (w), whereas wp+wq is the output photon (2w) generated

  It is noteworthy that if the susceptibility components are nonvanishing for chiral surfaces, they are determined as chiral components; however, the components which are non-vanishing for both chiral and achiral surfaces are implied as achiral components.
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 3162333 Figure 3.16 Graphical illustration of an isotropic chiral thin film with Cµ symmetry. Rotation around the z-axis of the film is a symmetry operation. This figure is adopted from [199].
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 321 Figure 3.21 Relationship between the circular-difference response for Pt-Ir alloys imprinted with (D)-, (L)-and (DL)-DOPA

Figure 4 . 1

 41 (lower)). This strategy is based on the fact that the potential is applied only for a short period, alternating with a long relaxation time, and repeating both steps for many cycles.This allows for achieving a very high enantiomeric excess in the global reaction mixture, as the unwanted reaction at the outermost parts of the electrode is suppressed.[START_REF] Wattanakit | Pulsed electroconversion for highly selective enantiomer synthesis[END_REF] 

Figure 4 . 1

 41 Figure 4.1 Illustration of two electrosynthesis methods: conventional (upper) and pulsed (lower) asymmetric electrosynthesis. Herein, the achiral compound, acetophenone (yellow dots), is electro-converted into chiral products, (R)-and (S)-Phenylethanol, denoted as (R)-PE and

  𝑅)PE and (𝑆)PE indicate the integrated peak areas of (R)-PE and (S)-PE, respectively, obtained from the HPLC chromatogram. The error of the mean of the enantiomeric excess (s.e.m

Figure 4 . 2 .

 42 In this case, the pulsed chemical adsorption analysis was performed for 8 cycles to allow the system to reach saturation. The metal dispersion referring to the total amount of gas adsorbed on the catalyst surface (Vt) was estimated by the total amount of H2 adsorbed in a given cycle (∑ 𝑉 3, 4 ,56

Figure 4 . 2 A

 42 Figure 4.2 A simple explanation of the procedure for the pulsed hydrogen chemisorption on chiral encoded Pt-Ir deposited on Ni foam.

towards 1 -Scheme 4 . 1

 141 Scheme 4.1 Electrochemical reduction of acetophenone to (S)-or (R)phenylethanol.
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 4441 Figure 4.4 Cyclic voltammograms at a scan rate of 100 mV s -1 with a mesoporous Pt-Ir electrode in 1 M NH4Cl (red) and a solution containing 40 mM acetophenone (blue) at pH 5.0. The onset potential for the reduction of acetophenone is determined to be in the range from -0.3 to -0.4 V.
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 45 Figure 4.5 Products analysis after enantioselective electrosynthesis of (S)-or (R)-PE from acetophenone on chiral-imprinted Pt-Ir alloy surfaces as shown by A) HPLC chromatograms of the products obtained by either conventional electrosynthesis for 13 h or pulsed electrosynthesis with a pulse and relaxation time of 30 s, and B) Histograms of the enantiomeric excess (%ee) after electrosynthesis with non-imprinted Pt-Ir (black), (S)-PE (red) and (R)-PE (green) imprinted Pt-Ir electrodes, carried out by potentiostatic electrosynthesis, or (S)-PE-imprinted Pt-Ir electrodes studied in pulsed electrosynthesis with a global synthesis duration of 13 h (dark blue) and 9 h (light blue). The s.e.m. is 2.16 %ee.

Figure 4 . 6

 46 Figure 4.6 Investigation of pulsed synthesis conditions (defined by pulse timerelaxation duration, respectively) for the electroreduction of acetophenone to (S)-PE illustrated by A) HPLC chromatograms of the products obtained with different pulse conditions and B) Histograms of the enantiomeric excess (%ee) after electrosynthesis by pulsed electroreduction with 30-120 s (black), 30-60 s (red), 30-30 s (green) and 30-15 s (dark blue).
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 447432 Figure 4.7 Reusability test of a (S)-PE imprinted Pt-Ir electrode A) HPLC chromatograms of the product solution obtained from pulsed electrosynthesis (30-30 s) when reusing the same electrode for three electrochemical runs; B) Comparative graph of the %ee obtained for three reaction cycles of a (S)-PE imprinted Pt-Ir electrode (orange) and a (S)-PE imprinted monometallic Pt electrode, obtained from literature results (grey) [90].

Figure 4 .

 4 8A, when the reaction is continuously taking place, denoted as conventional hydrogenation, the chiral-imprinted sites on the Pt-Ir surface allow the initial adsorption of a prochiral molecule, which

Figure 4 . 8 Table 4 . 2 ,

 4842 Figure 4.8 Selective production of phenylethanol enantiomers via catalytic hydrogenation of acetophenone following two approaches: A) Conventional hydrogenation and B) Pulsed synthesis strategy at chiral encoded Pt-Ir alloy interfaces.

Figure 4 .

 4 Figure 4.10 HPLC chromatogram of the product solutions obtained from various reaction mediums with a pH of 1 (red), 3 (orange), 5 (green), and 7 (blue).

Table 4 . 2

 42 Effect of solution pH on the enantioselectivity of the hydrogenation of acetophenone using (R)-PE encoded Pt-Ir films supported on Ni foam. reaction time was varied to study its impact on product selectivity. As shown in Figure 4.12A, a lower degree of enantioselectivity is obtained for longer reaction times, decreasing from 79.6and 29.8 to 4.0 %ee for 5, 10, and 15 min, respectively. This might be explained that the chiral active sites are blocked by organic compounds after a prolonged time, leading to temporary passivation of the chiral surface.[220] This surface passivation can be overcome when after 5 min of hydrogenation the catalyst is rinsed in water for 15 min, then immersed again in the same solution for the next catalytic run, and repeating this process for three cycles. There is no significant difference between the %ee values for each catalytic cycle, with an average of
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 443 Figure 4.11 HPLC chromatograms of the product solutions obtained with different catalysts, including non-imprinted (black), (R)-PE (red), and (S)-PE (blue) encoded Pt-Ir alloys.

Figure 4 .Figure 4 . 13

 4413 Figure 4.12 HPLC chromatograms of the product solutions obtained with different hydrogenation methods and reaction times; A) Continuous hydrogenation for 5 (red), 10 (black), and 15 (green) min; B) Cyclic hydrogenation, with an intermediate cleaning step of 15 min, for 5 (blue), 10 (green) and 15 (red) min of total reaction time.

Figure 4 . 14

 414 Figure 4.14 Pulsed asymmetric catalysis with a chiral encoded Pt-Ir alloy supported on Ni foam A) HPLC chromatograms of products obtained with R-(PE) imprinted mesoporous Pt-Ir in 1 mM acetophenone for continuous synthesis (black), pulsed asymmetric synthesis with a pulse time of 5 min (orange) and 3 min (purple) with a total synthesis time of 15 min. B) Relationship between the enantiomeric excess and catalytic efficiency comparing conventional and pulsed synthesis. The retention times of 11.2 and 11.9 min correspond to R-(PE) and S-(PE), respectively.

  compounds. For example, (S)-PE imprinted Pt-Ir films show a high activity and electrochemical stability with enantioselective electroreduction yielding up to 90 %ee even after the third electrocatalytic cycle, which is much higher than the previous results obtained using a monometallic Pt electrode. Furthermore, chiral-imprinted mesoporous Pt-Ir alloys, supported on a 3-D matrix of Ni, revealed a synergy between the high porosity of Ni-foam and the mesoporous alloy, accompanied by the chiral features, resulting in a hybrid material with promising features for asymmetrical catalysis. Interestingly, the designed material can also be effectively used as a heterogeneous catalyst for the asymmetric hydrogenation of acetophenone to produce selectively phenylethanol enantiomers, depending on chiral recognition sites in the metal alloy. For instants, when pulsed synthesis and fine-tuned reaction conditions are used, a very high degree of enantioselectivity of up to 85 %ee can be achieved even after the use for several successive catalytic cycles. The significant improvements in terms of activity and stability of chiral-encoded alloy surfaces allow overcoming some of the mechanical, chemical, and even electrochemical difficulties of the pure metal counterparts. This allows envisioning their use as chiral sensors, heterogeneous chiral catalysts, or even in the frame of other applications like chiral photocatalysis to produce valuable chemicals from the natural feedstock. improved electrochemical and structural stability of the chiral Pt-Ir alloy should make this alloy also a promising candidate for enantioselective analysis.[173] The alloy's stability also potentially opens a promising perspective for using it not only for traditional electrochemical techniques, but also in the frame of other more recent electrochemical approaches. An electrochemical concept that has gained much attention as a straightforward electrochemical readout is electrochemiluminescence (ECL). ECL signals allow an ultrasensitive response due to the nearly zero background signal, enabling the detection of analytes at very low concentrations (down to femtomolar, fM).[229][230][231] This results in the possibility of imaging at the single-molecule level, and electroactive species can be investigated both at the qualitative and quantitative level, depending on the luminescence produced by a controllable electrochemical reaction at the electrode interfaces.[232][233][234] This versatile approach has been widely used and associated with other techniques for various clinical and biological applications, ranging from bioassays for immune-sensing to exploring (bio)chemical reactions by ECL imaging.[233][234][235][236][237] 
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 522523524 ) hydrate (H2IrCl6•xH2O), polyethylene glycol hexadecyl ether (Brij ® C10), sodium phosphate dibasic heptahydrate (Na2HPO4•7H2O), sodium phosphate monobasic monohydrate (NaH2PO4•H2O), and Tris(2,2′bipyridyl) dichlororuthenium (II) hexahydrate (Ru(bpy)3Cl2•6H2O) were received from Sigma-Aldrich. A 1 M phosphate buffer solution (PBS) with a pH of 7.33 was prepared from Na2HPO4•7H2O, and NaH2PO4•H2O dissolved in MilliQ water. Sulfuric acid (H2SO4) and hydrochloric acid (HCl) were obtained from Alfa. MilliQ water (18.2 MΩ cm) was used for all experiments. All chemicals were immediately used without further purification. Synthesis of chiral-encoded mesoporous Pt-Ir alloy electrodes All electrochemical experiments were carried out with a threeelectrode system, performed on a potentiostat (Metrohm µAutolab Type III) using Ag/AgCl (sat. KCl), Pt mesh (geometrical area as 1 cm 2 ), and the prepared Pt-Ir alloy electrodes (geometrical area as 0.25 cm 2 ) as the reference, counter and working electrodes, respectively. All results were analyzed with the Nova (version 1.11) program. Chiral-imprinted mesoporous Pt-Ir electrodes were prepared by a procedure reported by Butcha et al. with some modifications.[173] Typically, coelectrodeposition of H2PtCl6 and H2IrCl6 (28 wt%, containing 85 at% Pt and 15 at% Ir, respectively) was performed in the presence of the columnar structure of non-ionic surfactant (Brij ® C10, 28 wt%) dissolved in water (36 wt%), by using either DOPA or PA as chiral templates to adsorb at the external surface of the self-assembled surfactants columns. Chiral templates were added with molar ratios of 1 DOPA or PA per 12 (PtCl6 2-+ IrCl6 2-). All layers were generated on a cleaned gold-coated glass slide at -0.05 V with a charge density of 6, and 4 C cm -2 for DOPA and PA encoded Pt-Ir, respectively. Finally, all templates, including desired chiral molecule and surfactant, were entirely removed by rinsing several times and immersion overnight in MilliQ water. Chiral recognition by traditional electrochemistry using DOPAimprinted mesoporous Pt-Ir alloy electrodes To examine the chiral recognition ability of all the prepared chiral encoded Pt-Ir electrodes, two individual electrodes imprinted with (L)-DOPA and (D)-DOPA were used in parallel for this study. Chiral recognition was examined by the electrooxidation of DOPA on the DOPA-imprinted mesoporous Pt-Ir electrodes with a film thickness of 6 C cm -2 . Differential pulse voltammetry (DPV) was employed to increase the sensitivity of the faradaic DOPA oxidation signal with respect to the capacitive background signal.[87, 173] DPV was performed in a 4 mM solution of either (L)-DOPA or (D)-DOPA dissolved in a 50 mM HCl solution as a supporting electrolyte (pH 1.4). For DPV, a step potential of 10 mV, modulation amplitude of 50 mV, a modulation time of 50 ms and interval time of 500 ms were used. After the first scan, the chiral structure of the imprinted Pt-Ir electrodes was completely erased by cyclic voltammetry (CV), scanning the potential in the range between -0.20 to 1.80 V in 0.5 M H2SO4 solution. Then, the erased Pt-Ir electrodes were used further for control experiments. The alternating analysis of DOPA electrooxidation by DPV and erasing of chiral information by the CV was performed several times until there was no more significant recognition of the two enantiomers. Chiral discrimination by electrochemiluminescence (ECL) using PA-imprinted mesoporous Pt-Ir alloy electrodes The enantiomeric discrimination was performed by either DPV or CV combined with an electrochemiluminescence (ECL) set-up, denoted as DPV-ECL and CV-ECL, respectively. The DPV-ECL was carried out in a potential window from -0.1 to 1.3 V, with a step potential of 10 mV, modulation amplitude of 50 mV, a modulation time of 50 ms, and an interval time of 500 ms.In contrast, CV-ECL was studied in a potential window from -0.1 to 1.5 V, with a scan rate of 100 mV s -1 . Most of the analysis was done using 10 mM PA and 1mM [Ru(bpy)3] 2+ dissolved in 1 M PBS solution as supporting electrolyte(pH 7.33). Either a classic Pt electrode (1.6 mm of dimension) or the prepared chiralimprinted Pt-Ir electrodes were used as working electrodes. In addition, platinum mesh (geometrical area for one cm -2 ) and Ag/AgCl/KCl (sat. KCl) were employed as counter and reference electrodes, respectively, equipped with a µAutolab type III potentiostat. The classic Pt electrode was polished prior to analysis with a 0.25 μm diamond paste (Struers), followed by rinsing with acetone and MilliQ water several times. Surface regeneration of the electrodes was carried out by chronoamperometry at -0.1 V for 30 s in 1 M PBS solution. ECL responses were recorded in a homemade cell with a Hamamatsu R5070 photomultiplier tube (PMT detector) placed at a distance of around 3 mm in front of the working electrode. The PMT detector was held at -750 V with a Hamamatsu C9525 high-voltage power supply. The obtained signal was amplified by a Keithley 6485 Picoammeter, and the resulting signal was acquired via a second input channel of the μAutolab type III potentiostat. In practice, all electrodes were soaked in the solution containing only PA dissolved in PBS solution for an hour to allow the analyte to diffuse inside the mesopores. Then, these electrodes were put in the solution containing both PA and the [Ru(bpy)3] 2+ dissolved in PBS solution. ECL spectra were collected in a dark room immediately after the electrode was placed into the solution. Enantioselectivity between (L)-PA and (D)-PA for the ECL experiments was calculated following equation 5.1: IL and ID are the maximum ECL intensities, which were analyzed in (L)-PA and (D)-PA solutions, respectively.
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 31 Chiral recognition by traditional electrochemistry using DOPAimprinted mesoporous Pt-Ir alloy electrodes The electrooxidation of (D)-DOPA and (L)-DOPA was investigated at chiral encoded Pt-Ir surfaces imprinted by either (D)-DOPA or (L)-DOPA in the region of DOPA oxidation potentials ranging from 0.35 to 0.65 V using the DPV technique. This potential region was chosen because it allows only the characteristic of DOPA oxidation without interference from Pt oxidation.[87] As expected, in the case of the non-imprinted mesoporous Pt-Ir, there is no difference between (D)-and (L)-DOPA electrooxidation signals (Figure 5.1A). In strong contrast to this, the (L)-DOPA imprinted Pt-Ir film shows an excellent recognition of DOPA having the right-handedness, translated by a much higher amplitude of current density (Figure 5.1B). On the other hand, the (D)-DOPA imprinted Pt-Ir alloy preferably converts the (D)-DOPA enantiomer on its surface, as illustrated by a higher oxidation peak in (D)-DOPA solution compared to (L)-DOPA (Figure 5.1C). These observations confirm that chiral features of the Pt-Ir alloy surfaces are retained even after the elimination of the chiral template. Chiral imprinted monometallic Pt exhibits a less pronounced enantioselective recognition of DOPA enantiomers compared to the chiral imprinted Pt-Ir (Figure 5.2A). The stability of the chiral-imprinted mesoporous metal was tested by oxidizing it at higher positive potential regions (> 0.65 V vs Ag/AgCl). At this potential, monometallic Pt starts to get oxidized, eventually destroying the chiral information. To verify this hypothesis, the fresh DOPAencoded pure Pt or alloyed Pt-Ir electrodes were oxidized in 0.5 M H2SO4 from -0.20 to 1.20 V for ten cycles. As expected, the electrooxidation of (L)-and (D)-DOPA at the pure Pt encoded with (L)-DOPA is identical after destroying the chiral information by the afore-mentioned potential treatment (Figure 5.2B). In strong contrast to this, significant discrimination of (L)-and (D)-DOPA is preserved when retesting both oxidized (L)-and (D)-DOPA imprinted mesoporous Pt-Ir electrodes after ten cycles (Figure 5.2C and D). This illustrates again the significant improvement in the stability of chiral imprinted mesoporous Pt-Ir alloy with respect to pure Pt.

Figure 5 . 1

 51 Figure 5.1 Differential pulsed voltammograms of (L)-DOPA (black) and (D)-DOPA (red) obtained with different electrodes A) non-imprinted, B) and C) (L)-DOPA and (D)-DOPA-imprinted mesoporous Pt-Ir alloys, respectively.

  Most importantly, the highly efficient chiral-recognition properties of Pt-Ir are still observed, even after continuously erasing chiral information for 20 cycles (Figure 5.3A and B) and 30 cycles (Figure 5.3C and D) in the full range of potentials from -0.20 to 1.40 V. However, to confirm that there are no other artifacts interfering with the chiral recognition, the oxidation of the electrodes has finally been carried out under extreme conditions to destroy the chiral imprints. The electrodes were scanned in sulfuric solution for 40 cycles in an even further extended potential range from -0.2 to 1.8 V. Chiral features of the alloys are finally completely lost, indicated by the similar peak amplitudes for both enantiomers (Figure 5.3E and F).

Figure 5 . 2

 52 Figure 5.2 Differential pulse voltammograms of (L)-DOPA (black) and (D)-DOPA (red) electrooxidation recorded with the different DOPAimprinted metal electrodes: A) fresh (L)-DOPA imprinted monometallic Pt; B), C) and D) destroyed (L)-DOPA imprinted Pt, (L)-DOPA and (D)-DOPA imprinted Pt-Ir alloys, respectively, after erasing chiral information by CV in 0.5 M H2SO4 for 10 cycles in the potential window from -0.2 to 1.2 V.
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 5351 Figure 5.3 Differential pulse voltammograms of (L)-DOPA (black) and (D)-DOPA (red) electrooxidation performed with the destroyed (L)-DOPA (left column) and (D)-DOPA (right column) imprinted Pt-Ir electrodes: A) and B) the DPV signals of DOPA-imprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 20 cycles in the potential window from -0.2 to 1.2 V; C) and D) the DPV signals of DOPA-imprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 30 cycles in the potential window from -0.2 to 1.4 V; E) and F) the DPV signals of DOPAimprinted Pt-Ir alloys after erasing chiral information by CV in 0.5 M H2SO4 for 40 cycles in the potential window from -0.2 to 1.8 V
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 55657 Figure 5.5 Molecular structures of phenylalanine enantiomers. The chemical structures were calculated via Density Functional Theory (DFT), (6-31G(d,p) B3LYP), using the Gaussian program (09W)
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 56 Figure 5.6 The UV-Vis spectra of the two PA enantiomers. The results were obtained from the 1 mM of PA dissolved in phosphate buffer solution (PBS, pH 7.3).
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 57585965254510 Figure 5.7 Differential pulse voltammogram (black) and ECL intensity (red) of the analyte solution containing 10 mM (L)-PA and 1 mM [Ru(bpy)3] 2+ dissolved in 0.1 M PBS solution (pH 7.33), using a classical Pt disk as a working electrode.

  model amino acid phenylalanine ensures simultaneously the role of an analyte and of a co-reactant for the selective emission of ECL signals, depending on the configuration of the chiral recognition site imprinted in the metal structure. Most importantly, the results indicate that, whether fresh or activated, the Pt-Ir electrodes can be used for the first example of chiral ECL detection with a significantly improved enantioselectivity factor of up to 20. These results open up novel and promising perspectives for developing the molecularly encodedPt-Ir alloy with chiral discrimination features, which can be extended in the future not only to other amino acids but also to a variety of chiral molecules with more or less complex structures.

  imprinted mesoporous Pt-Ir was employed as a working electrode in combination with electroanalytical techniques, both classic ones, chiral-encoded Pt-Ir electrode revealed an excellent ability to discriminate between DOPA enantiomers using the DPV technique. It also showed exceptional electrochemical stability, even after several detection cycles. The chiral information of the Pt-Ir film could withstand even very high oxidation potentials of up to 1.8 V vs Ag/AgCl, which has not been possible with the previously reported monometallic analogs. Therefore, it was possible to employ the chiral metal alloy in order to explore an alternative readout approach based on electrochemiluminescence, which generally requires a high anodic potential. The studied amino acid, phenylalanine (PA), is acting in this case as a model analyte and also as a co-reactant when combined with the luminophore [Ru(bpy)3] 2+ . The selected PA enantiomer was electrochemically oxidized on the metal surface and reacted with the oxidized [Ru(bpy)3] 3+ , eventually yielding a very pronounced ECL signal. Under optimized conditions, the luminescence has up to 20 times higher amplitude for the imprinted enantiomer, compared to its stereochemical counterpart. Such well-pronounced discrimination has not been achieved with traditional electrochemical techniques. These findings open up perspectives for developing real chiral ECL sensors with high selectivity and sensitivity. Further studies should be directed towards an improvement of the stability of the light emission and try to expand the detection to other chiral compounds, especially those belonging to the family of amino acids, as they all have by definition an amino group, which is essential for the reaction mechanism.All in all, this thesis has allowed us to make an important step forward with respect to the design and development of novel materials based on chiralimprinted mesoporous metals by following several strategies, i.e., molecular grafting and alloying of metal, with many potential applications ranging from asymmetric synthesis to chiral recognition. The use of these sophisticated structures could be further expanded in the near future. For example, combining the chiral metal alloys with a semiconductor, forming a hetero-junction, could eventually allow enantiomeric discrimination based on photo-electrochemistry and even lead to the development of enantioselective photoelectrochemical synthesis. Recently, chiral features related to the chiral-induced spin selectivity effect (CISS) have been shown to have a significant impact on some extremely important reactions, such as the oxygen evolution reaction (OER) and water splitting.[254][255][256] Hence, an interesting route for future studies could be to test whether the developed chiral metals could equally promote this type of reaction, which are important for many current hot topics of research, such as the development of new generations of metal-air flow batteries or fuel cells, and in a more general sense the field of hydrogen technology. Synthèse hautement énantiosélective de molécules chirales sur des électrodes métalliques mésoporeuses modifiées Résumé Sopon BUTCHA La chiralité est une caractéristique très importante, car elle joue un rôle clé dans divers domaines de notre vie quotidienne, allant de la biologie à la chimie et à la physique, avec des applications spécifiques allant de la science des matériaux et des surfaces à la chimie analytique et à la pharmacie. Dans le contexte de ces deux derniers sujets, la reconnaissance spécifique de la chiralité est cruciale, soit pour développer des capteurs et des concepts de séparation énantiosélectifs, soit pour concevoir des systèmes catalytiques permettant la synthèse hautement stéréosélective de molécules chirales. Bien que la synthèse asymétrique de composés chiraux ait été considérée comme l'une des stratégies les plus prometteuses pour produire des composés énantiomériquement purs (EPC), elle souffre encore de quelques inconvénients, tels qu'un contrôle imparfait de la stéréochimie ou une récupération difficile du catalyseur après la réaction. Ainsi, il existe toujours un fort besoin de développer des systèmes catalytiques alternatifs présentant de bonnes performances globales. Dans cette thèse, des métaux mésoporeux encodés avec des informations chirales sont proposés comme matériaux présentant d'excellentes performances en tant qu'(électro)catalyseurs hétérogènes en termes d'excès énantiomérique, de rendement et de stabilité structurelle et électrochimique. Bien que des métaux monométalliques mésoporeux imprimés avec une information chirale aient déjà été élaborés et testés comme catalyseurs pour la synthèse asymétrique de composés chiraux, ils souffrent de temps de réaction plutôt longs et de l'interférence de réactions non spécifiques sur certaines parties de leur surface, conduisant finalement à un faible excès énantiomérique. Afin de contourner ces inconvénients, le premier chapitre de cette thèse présente une stratégie alternative pour fonctionnaliser la surface externe d'électrodes de platine (Pt) mésoporeuses chirales avec des ligands organosoufrés. Cette modification vise à diminuer le degré de réactions indésirables à l'interface externe de l'électrode. Les résultats ont révélé que l'enrobage d'une électrode de Pt avec un ligand thiol pouvait considérablement augmenter l'excès énantiomérique de la molécule désirée au-delà de 90%. Plus important encore, nous avons pu surmonter de cette manière la limitation des travaux précédents qui utilisaient une approche d'électrosynthèse pulsée nécessitant des temps de réaction de plusieurs jours. Le nouveau concept de protection permet d'atteindre un excès énantiomérique élevé, même avec une électrosynthèse en régime statique, en quelques heures. Néanmoins, la stabilité structurelle et électrochimique quelque peu limitée du Pt monométallique chiral entraîne une diminution de son activité lorsqu'il est utilisé pour plusieurs cycles électrocatalytiques. Pour surmonter cette limitation, une nouvelle stratégie d'impression de propriétés chirales dans des alliages métalliques mésoporeux a également été étudiée. Dans les chapitres 2 et 3, un métal promoteur, l'iridium (Ir), a été associé au Pt pour générer un alliage platine-iridium (Pt-Ir). L'alliage métallique mésoporeux à empreinte chirale a été synthétisé par co-électrodéposition à partir de précurseurs métalliques en présence simultanée de cristaux liquides lyotropes formant une phase hexagonale incluant les molécules chirales. En ajustant les conditions expérimentales telles que le potentiels déposés et densités de courant, l'alliage a présenté une surface externe relativement lisse, une couche homogène et dense, et une porosité élevée avec un arrangement hexagonal bien ordonné de mésopores. La formation de la structure de l'alliage a été confirmée par spectroscopie photoélectronique à rayons X (XPS), révélant une composition élémentaire 90:10 at% de Pt et Ir. De plus, deux types de matériaux, des lames de verre recouvertes d'or en deux dimensions (2-D) et des mousses de Ni poreuses en trois dimensions (3-D), ont été utilisés comme substrat pour le dépôt des alliages mésoporeux chiraux de Pt-Ir. Notamment, en raison de la stabilité structurelle accrue de l'alliage Pt-Ir chiral préparé, la génération de signaux optiques d'harmoniques secondaires (SHG) a montré des preuves indépendantes de la présence d'informations chirales par une réponse SHG significativement différente entre une lumière circulairement polarisée à gauche et à droite. Le matériau conçu a ensuite été appliqué à la fois comme catalyseur hétérogène et comme électrocatalyseur pour la catalyse asymétrique via l'hydrogénation et l'électroréduction respectivement. Dans le cas de l'électrosynthèse, une énantiosélectivité de presque 100% a pu être atteinte. De plus, les électrodes ont montré une stabilité électrochimique exceptionnelle en préservant un excès énantiomérique allant jusqu'à 90%, même après plusieurs cycles catalytiques, ce qui n'a pas pu être obtenu avec le Pt monométallique mésoporeux chiral rapporté précédemment. L'alliage Pt-Ir chiral nanostructuré a ensuite été utilisé comme catalyseur hétérogène pour l'hydrogénation asymétrique de cétones aromatiques simples. Dans ce cas, les films Pt-Ir chiraux ont été déposés sur une mousse de nickel à haute surface, afin d'améliorer l'accessibilité des sites imprimés par les précurseurs moléculaires. Un effet synergique entre la porosité élevée de la mousse de nickel, le métal mésoporeux et les caractéristiques chirales a permis de concevoir des matériaux hybrides avec des caractéristiques prometteuses pour la catalyse asymétrique. Dans des conditions expérimentales optimisés, en particulier lorsqu'elles sont combinées avec une approche d'hydrogénation pulsée, un degré très élevé d'énantiosélectivité allant jusqu'à 85% a été obtenu, même après plusieurs cycles catalytiques successifs. Même si les taux de production (en termes de rendement et de conversion) obtenus à partir de l'électrosynthèse et de la synthèse asymétrique hétérogène sont très modestes et doivent encore être optimisés, une amélioration remarquable par rapport à d'autres travaux récents a été obtenue en termes d'excès énantiomérique (%ee) qui est généralement supérieur à 80 %. Outre la synthèse asymétrique de composés chiraux, la discrimination énantiomérique est également un sujet essentiel en ce qui concerne d'autres applications potentielles, notamment dans les sciences analytiques. Par conséquent, les alliages mésoporeux de Pt-Ir chiral ont également été utilisés comme substrats pour la discrimination chirale. Il est intéressant de noter que les films d'alliage ont présenté une performance significativement améliorée en termes de reconnaissance énantiosélective de molécules chirales, par rapport au Pt monométallique chiral. Avec une technique électrochimique classique, la voltampérométrie différentielle à impulsions (DPV), une capacité remarquable de discrimination énantiosélective des deux énantiomères de la 3,4dihydroxyphénylalanine (DOPA) avec des valeurs de sélectivité autour de 14,0 a pu être obtenue, par rapport à une valeur de 1,5 pour les surfaces de Pt monométalliques. En outre, la stabilité électrochimique des alliages Pt-Ir chiraux s'améliore considérablement, ce qui a été confirmé par l'oxydation des électrodes en alliage Pt-Ir à des potentiels positifs relativement élevés pendant de nombreux cycles, puis par la réutilisation des électrodes comme substrat pour la discrimination chirale. Une stabilité électrochimique exceptionnelle de l'alliage chiral Pt-Ir a été observée même en exposant les électrodes à des potentiels positifs élevés pendant 40 cycles. En comparaison, les caractéristiques chirales des surfaces de Pt pur ont été entièrement effacées même après moins de 10 cycles d'oxydation. Toutes ces observations nous ont motivés à utiliser ces alliages mésoporeux Pt-Ir chiraux pour d'autres stratégies possibles d'analyse chirale. Dans ce travail, la surface de l'alliage a été testée comme matériau d'électrode pour la discrimination énantiomérique par électrochimieluminescence (ECL). La phénylalanine (PA), qui se présente sous forme de L-PA et de D-PA, a été étudiée comme un acide aminé modèle qui peut servir simultanément d'analyte cible et de coréactif, avec le luminophore [Ru(bpy)3]2+, pour générer des signaux ECL d'amplitude différente, en fonction de la stéréochimie des énantiomères. Les résultats ont démontré que des signaux de luminescence 20 fois plus élevés étaient obtenus pour le bon énantiomère par rapport à son antipode. En résumé, cette thèse souligne que la conception de ces surfaces d'électrodes chirales ouvre des perspectives fascinantes dans le cadre global des technologies chirales, allant de la catalyse asymétrique utilisant des voies électrochimiques et chimiques à une discrimination énantiomérique efficace utilisant à la fois des méthodes électrochimiques traditionnelles et des stratégies d'analyse opto-électrochimiques. Mots clés : Empreinte chirale, Métaux mésoporeux, Synthèse asymétrique, Discrimination énantiomérique

  chapters 2 and 3, a promoter metal, iridium (Ir), has been combined with Pt to generate a platinum-iridium (Pt-Ir) alloy. The chiral-imprinted mesoporous metal alloy has been synthesized by co-electrodeposition from metal precursors in the simultaneous presence of lyotropic liquid crystals forming a hexagonal phase together with the chiral templates. By fine-tuning the experimental conditions such as deposited potentials and current densities, the alloy exhibited a relatively smooth external surface, a homogeneous and dense layer, and a high porosity with a wellordered hexagonal arrangement of mesopores. The formation of the alloy structure has been confirmed by x-ray photoelectron spectroscopy (XPS), revealing an elemental composition of 90:10 at% of Pt and Ir. Moreover, two types of materials, two-dimensional (2-D) gold-coated glass slides and threedimensional (3-D) porous Ni foams, have been employed as substrates for the deposition of the chiral mesoporous Pt-Ir alloys. Notably, owing to the enhanced structural stability of the prepared chiral Pt-Ir alloy, Secondary Harmonic Generation (SHG) showed independent evidence for the presence of chiral information by a significantly different SHG response with left-and right-hand circular polarized light.

  especially in analytical sciences. Therefore, the developed chiral-encoded mesoporous Pt-Ir alloys were also employed as substrates for chiral discrimination. Interestingly, the alloy films exhibited a significantly improved performance in terms of enantioselective recognition of chiral molecules compared to the chiral encoded monometallic Pt. Initially, with a classic electrochemical technique, i.e., the differential pulse voltammetry (DPV), a remarkable ability to enantioselective discrimination of the two 3,4dihydroxyphenylalanine (DOPA) enantiomers with selectivity values around 14.0 could be obtained, compared to a value of 1.5 for monometallic Pt surfaces.Furthermore, the electrochemical stability of the chiral Pt-Ir alloys dramatically improves, confirmed by oxidizing the Pt-Ir alloy electrodes at relatively high positive potentials for many cycles and then using the electrodes again as a substrate for chiral discrimination. The outstanding electrochemical stability of the chiral Pt-Ir alloy was observed even when exposing them to high positive potentials for 40 cycles. In comparison, the chiral features of pure Pt surfaces were entirely erased even after less than 10 oxidation cycles.All these observations have motivated us to use such chiral mesoporousPt-Ir alloys for other possible chiral readout strategies. Herein, the alloy surface was tested as an electrode material for enantiomeric discrimination using electrochemiluminescence (ECL). Phenylalanine (PA), presenting in L-PA and D-PA forms, has been studied as a model amino acid that can simultaneously serve as a target analyte and as a co-reactant, together with the luminophore, [Ru(bpy)3] 2+ , for generating ECL signals of different amplitude, depending on the stereochemistry of the enantiomers. The results demonstrated that 20-fold higher luminescence signals were obtained for the proper enantiomer compared to its antipode.In summary, this thesis emphasizes that the advanced design of these chiral electrode surfaces opens up fascinating perspectives in the global frame of chiral technologies, ranging from asymmetric catalysis using electrochemical and chemical routes to efficient enantio-discrimination using both traditional electrochemical methods and opto-electrochemical readout strategies. Keywords: Chiral imprinting, mesoporous metals, asymmetric synthesis,

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

.12 C).[115, 116] 1.7 Electrosynthesis

  

	electrosynthesis can stand out as an upcoming synthetic pathway, and it is even
	expected to transform into commercial synthesis scales in the near future.
	1.8 Recent	progress	in	asymmetric	heterogeneous
	electrocatalysis			
	Asymmetric electrochemical synthesis is able to introduce the desired
	stereochemistry into target compounds, by using appropriate synthesis
	conditions controlled by several parameters summarized in Figure 1.13.[121] In
	# 1 -ΔG # 2) of this thesis, asymmetric synthesis will be mainly accomplished by using as
	the two competitive reaction pathways. This difference results in a couple of heterogeneous electrocatalysts the encoded mesoporous metals mentioned
	earlier as chiral electrodes for obtaining products with a controlled stereoselectivity. Over the past decades, numerous reports have described the progress controllable reaction products (Figure 1Since the 18 th century, the industrial revolution has caused excessive of asymmetric electrocatalysis based on several strategies.[122, 123] However,
	energy consumption, and this has become a global political issue.[117, 118] To asymmetric heterogeneous electrocatalysis based on chiral metal electrodes
	date, novel production technologies have been extensively developed with the will be presented in the following. Chiral features on electrode surfaces have
	goal to take into account also ecological aspects. Particularly, alternative been generated via the grafting or the adsorption of chiral auxiliaries onto metal
	energies such as electricity, in opposition to petroleum and coal, are gaining electrodes. For example, H.-P. Yang et al. reported electrochemically induced
	much attention, as they allow the development of greener processes to reduce adsorption of alkaloids on copper (Cu) nanoparticles, which were compacted
	greenhouse gas emissions and waste generation.[117] Consequently, this into a coin
	strategy is also worth exploring for organically chemical synthesis. Electro-
	assisted organic synthesis (electrochemical synthesis or electrosynthesis)
	proceeds by directly using electricity to generate the desired organic
	compounds. The process can be achieved by an exchange of electrons at the
	electrode/electrolyte interface via redox reactions involving organic molecules.
	This leads to the transformation of an initial substance into a valuable product
	via an electrogenerated intermediate species (e.g., radical, cation, and
	anion).[119] Most importantly, it is possible to synthesize selectively organic
	molecules under very mild conditions without using hazardous chemicals as
	reducing or oxidizing agents. Such a green electrochemical synthesis platform
	could allow maintaining or eventually enhancing atomic efficiency and
	minimizing waste production.[120] Therefore, in modern chemistry,

for asymmetric electro-hydrogenation.[124] Under mild conditions, moderate enantioselectivity, approximately 60%, with an excellent yield, was achieved. Furthermore, the introduction of chiral information into metal nanoparticles by encapsulation has been investigated. For example, alkaloids Figure 1.13 Important

  

	were entrapped in Cu nanoparticles, denoted as alkaloid@Cu, showing efficient
	electrocatalytic features in the frame of asymmetric hydrogenation with almost
	80% enantioselectivity and yield.[125] This entrapment concept of metal-
	alkaloid hybrid materials has also been applied to bimetallic Pt@Cu
	nanoparticles for enantioselective electro-hydrogenation. Nevertheless, only
	very modest enantioselectivity together with relatively low yields was
	obtained.[126] Apart from these chiral metal nanoparticles, the concept of
	encoding chiral templates into mesoporous metal surfaces, as mentioned
	previously, has also been used for stereoselective electrochemical catalysis.
	Chiral-imprinted mesoporous metals can provide a high active surface area,
	accompanied by a considerable amount of specific chiral reaction sites. The
	porous metal electrode allows the diffusion of educt to the chiral imprinted sites,
	resulting in an enhanced enantioselectivity during the formation of the desired
	chiral molecules. It has already been demonstrated that by applying such

parameters governing asymmetric electrochemical synthesis in batch-type. (This figure was taken from [121])

Table 2 .1 entry 2.2, 3.1, and 3.2).
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	Furthermore, while the thiol layers entirely blocked the non-selective surface of

the mesoporous Pt, confirmed by the disappearance of the faradaic current of the Fe 2+ /Fe 3+ redox couple as shown in Figures

2.4 C and D

, the rate of the selective production of chiral molecules is up to 20% higher when using µCP

Table 2 . 1

 21 Summary of efficiency for the bare mesoporous Pt and the different thiol-coated mesoporous Pt electrodes for both continuous and pulsed electrosynthesis.

	No.	Reaction conditions	ECSA (cm 2 )	Total reaction time (h)	%ee	%Conver sion	Production rate of a chiral molecule [µmol/m 2 h]
	1	Non-coated mesoporous Pt with continuous electrosynthesis	44	13	26.0	4.1	6.4
		Thiol-coated mesoporous Pt via					
	2.1	solution coating for 30 min with	42	13	93.3	1.5	8.8
		continuous electrosynthesis					
		Thiol-coated mesoporous Pt via					
	2.2	solution coating for 1 h with	36	13	89.0	0.7	4.7
		continuous electrosynthesis					
		Thiol-coated mesoporous Pt via					
	2.3	solution coating for 4 h with	25	13	78.6	0.4	3.6
		continuous electrosynthesis					
		Thiol-coated mesoporous Pt via					
	3.1	microcontact printing for once with	42	13	91.2	0.9	5.1
		continuous electrosynthesis					
		Thiol-coated mesoporous Pt via					
	3.2	microcontact printing three times	40	13	90.4	0.8	5.1
		with continuous electrosynthesis					
		Thiol-coated mesoporous Pt via					
	3.3	microcontact printing five times with	39	13	88.7	0.7	4.3
		continuous electrosynthesis					
		Non-coated mesoporous Pt with					
	4	pulse electrosynthesis (60-120 s)	44	39	38.3	0.4	0.3

Table 3 .
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	2. However, the most reliable value is

Table 3 . 2

 32 Summary of elemental analysis results obtained by quantitative analysis with EDS, XPS, and ICP-OES.

	Samples Elements Theoretical	at% from	at% from	at% from
			at%	EDS	XPS	ICP-OES
	Pt-Ir 4 C	Pt Ir	85.00 15.00	95.0 5.0	89.0 11.0	90.5 9.5
	Pt-Ir 8 C	Pt Ir	85.00 15.00	97.5 2.5	91.5 8.5	90.7 9.3

  This finding could indicate a charge transfer between Pt and Ir atoms, confirming the existence of the Pt-Ir alloy structure.[187] The principal component of the alloy structure is Pt, but Ir is the foreign atom embedded in the Pt matrix. Thus, the peak shifts of Ir are more pronounced (approximately 1.2 eV), compared to

	Deposition charge densities of the Pt-Ir (C cm -2 )	Elements	at% from EDS	at% from XPS	at% from ICP-OES
	4	Pt Ir	89.9 10.0	87.4 12.6	88.7 11.3
	8	Pt Ir	92.0 8.1	89.3 9.7	89.9 10.1
	12	Pt Ir	94.9 5.1	89.7 9.3	90.4 9.6

those of Pt (around 0.6 eV). Moreover, the proportion of elements in the Pt-Ir alloy was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES), indicating around 90 and 10 at% of Pt and Ir, respectively, summarized in Table

3

.3.

Table 3.3

Quantitative analysis of elements in the mesoporous Pt-Ir films supported on Ni foam obtained by EDS, XPS, and ICP-OES.

Table 4 . 4

 44 Summary of catalytic performance of chiral imprinted mesoporous Pt-Ir alloys comparing heterogeneous catalysis and electrocatalysis.

	Synthesis	Approaches Yield (%) Enantiomeric	Reaction
	methods			excess (%ee)	time (min)
	Heterogeneous catalysis	Conventional Pulse (3 min) Pulse (5 min)	0.11 0.08 0.09	4 80 85	15 15 15
	Electrocatalysis	Conventional Pulse	0.13 0.10	49 98	780 540

Table 5 . 1

 51 Calculated relative electrooxidation peak areas of the different chiral imprinted electrodes from DPV signals.
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Subsequently, the gel was positioned on the working electrode. A reduction potential at -0.05 V vs Ag/AgCl was applied, and a given charge density (C•cm - 2 ) which controls the thickness of the deposited Pt-Ir films. Removal of the excess plating gel after the electrodeposition was conducted by rinsing with MilliQ water several times, followed by immersion in MilliQ water for several days. The rinsed water must be regularly changed to ensure that the templates are removed entirely from the prepared metal structure.

Characterization of the mesoporous platinum-iridium (Pt-Ir) alloy electrodes

The surface morphology of the Pt-Ir electrodes was monitored by Scanning Electron Microscopy (SEM) operated on a Hitachi TM-1000 tabletop microscope. Additionally, SEM was also used for cross-sectional imaging. The composition and dispersion of elements were analyzed by the Energy Dispersive X-ray spectrometry (SEM/EDS) performed on a JEOL, JSM-7610F.

The topological properties and lattice fringes of Pt-Ir were characterized by Transmission Electron Microscopy (TEM) performed on a JEOL JEM-ARM200F microscope at 200 kV. Concerning the deposited Pt-Ir supported on an Au-coated glass slide, an ultra-thin Pt-Ir sample was prepared following the mesoporous Pt-Ir electrodeposition procedure with a current density of 4 C cm -2 . Subsequently, the deposited Pt-Ir layers were removed from the substrate by gentle mechanical scraping. The samples were dispersed in ethanol, and the prepared solution was finally dropped onto the Cu-TEM grids for analysis. For the deposited Pt-Ir layers supported on Ni foam, the Pt-Ir alloy films were removed from the support by manual scratching. The as-prepared samples were sonicated in ethanol (1 mL) for 5 min to peel off the small Pt-Ir pieces from the Ni foam. Then, the Pt-Ir samples were directly transferred onto a carbon-coated Cu TEM grid on a TEM sample holder and dried overnight.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) performed on an Agilent Technologies, 700 series, using an argon (Ar) plasma as the ionization source, was conducted for the elemental composition analysis. All deposited Pt-Ir samples were digested in aqua regia solution (the mixture of 1 M nitric acid (HNO3) and 3 M hydrochloric acid (HCl)) at 80 °C for 4 h, and the solution was diluted ten times by volume before analysis.

Calibration curves of Pt and Ir metals were measured by dissolving H2PtCl6 in aqua regia at 5, 10, 20, 40, and 60 ppm (R 2 = 0.999897, detection wavelength at 214.424 nm), and dissolving H2IrCl6 in aqua regia at 1, 5, 10, 20 and 40 ppm (R 2 = 0.999890, detection wavelength at 224.268 nm), respectively.

In order to confirm the alloy structure of Pt-Ir, an X-ray diffractometer (XRD) was used on a Bruker D8 ADVANCE instrument. The Pt-Ir electrode was placed in a sample holder. The experiment was carried out with Cu-Kα radiation with a wavelength of 1.54 Å, 40 kV, 40 mA, 2ϴ scan range from 30 to 60°, increment of 0.02°, and a scan speed of 0.2 s step -1 .

To investigate the metallic states and the elemental surface composition of the Pt-Ir films, X-ray Photoelectron Spectroscopy (XPS) was performed on a JEOL JPS-9010, coupled with a monochromatic Al Kα X-ray source (hv = 1486.6 eV) for the Pt-Ir deposits supported on the Au-coated glass slide and equipped with a monochromatic Mg Kα X-ray source (hn = 1253.6 eV) in the case of Pt-Ir films supported on Ni foam. The Pt-Ir electrodes were treated with a low-energy electron flood gun for sample pre-treatment. Positions of the XPS spectra were corrected by the reference carbon (C) 1s peak, at 284.7 eV.

XPS depth-profile analysis of the mesoporous Pt-Ir films was carried out by etching the Pt-Ir electrodes with argon (Ar) ion gun for desired times until 160 s with an etching rate of around 2.67 nm s -1 , meaning that the thickness of the Pt-In order to demonstrate a dependence of the SHG response on the handedness, the circular-difference response (∆Y) has been studied and simply described in linear optics by equation 3.5 (3.5): then further reacts with the hydrogen also present at the chiral Pt-It interface. The enantioselective hydrogenation is followed by the desorption of the chiral product. However, competitive reactions such as the production of racemic mixtures, mainly initiated at non-imprinted sites, seem to be unavoidable. During continuous synthesis, mass transport limitations inside the mesopores slow down product evacuation and the provision of fresh precursor molecules. This may result in only relatively modest enantioselectivity. In order to achieve a more significant enantiomeric excess, a promising alternative concept is pulsed asymmetric synthesis, illustrated in Figure 4.8B. This strategy allows the prochiral molecules to interact with the chiral surface for a specific time to undergo hydrogenation, followed by desorption of the chiral products during a certain relaxation time, during which hydrogen supply is stopped. This type of cycle is then repeated several times.

Conventional asymmetric synthesis of PE was conducted under a static hydrogen flow in an aqueous solution of 1 mM acetophenone. After the hydrogenation, the product mixtures were analyzed using the HPLC, with corresponding retention times of 9.6, 11.2, and 11.9 

Introduction

The enantiomeric discrimination of chiral molecules is vital for various applications. [START_REF] Zor | Chiral sensors[END_REF][221][222][223] Chiral recognition can be studied by various analytical techniques, but they often require advanced instrumentation, resulting in high costs for sample purification or derivation and time-consuming analytical processes. [224][225][226] Consequently, developing novel and eventually more straightforward strategies to discriminate between chiral enantiomers is still an important challenge. [227,228] Apart from chiral synthesis reported in the previous chapters, enantioselective analysis and chiral separation are still a very active field of research, targeting higher efficiencies and better performance in differentiating between chiral enantiomers. [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF]102] In addition, electrochemical concepts have several beneficial features, such as low detection limits and fast/real-time analysis. Therefore, in this context, the benefit of developed chiral metal structures will be demonstrated for enantiomeric discrimination based on electrochemical approaches. As exemplified with chiral monometallic Pt and Ni using differential pulse voltammetry (DPV), [START_REF] Wattanakit | Enantioselective recognition at mesoporous chiral metal surfaces[END_REF][START_REF] Assavapanumat | Synthesis, characterization, and electrochemical applications of chiral imprinted mesoporous Ni surfaces[END_REF]