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General Introduction

Crystallization is a key operation in the manufacturing and purification of crystallized compounds. Physical chemical properties such as structural purity, crystal size distribution, occurrence of polymorphism, hydrate or solvate, can be significantly impacted and controlled by the crystallization step which includes nucleation, growth and agglomeration mechanisms. Since different crystalline forms (e.g. polymorphs or enantiomorphs) often have different (or opposite) physical chemical properties (such as solubility, thermal stability, bioavailability or bioactivity), it is very important to control the process to afford the desired material with satisfactory attributes.

In the field of pharmaceutical chemistry, crystallization based methods are used to resolve enantiomers when asymmetric synthesis or chiral chromatography are not feasible. Enantiomer resolutions via crystallization, i.e. by means of diastereomeric resolution, preferential crystallization (PC) or deracemization, give access to the pure enantiomer in solid phase. The advantage of deracemization over the other methods is the conversion of the unwanted enantiomer into the desired enantiomer by means of racemization at the solvated state, giving rise to a theoretical yield of 100%.

The deracemization mechanism is still matter of debate and is currently intensively studied using different model compounds under various conditions.

In the present manuscript, research is focused on the study of sodium chlorate (NaClO3) deracemization. NaClO3 is an achiral compound which exhibits supramolecular chirality, and which was originally used to prove the feasibility of deracemization. Due to the absence of chirality in the solvated state, racemization is not based on a chemical reaction, which is often a limiting factor in other deracemization processes. It is therefore a good candidate to focus investigations on other mechanisms involved in deracemization, mainly crystallization, dissolution, breakage and agglomeration processes.

Chapter 1 focuses on the necessary generalities concerning chirality and crystallization that are required for a good understanding of this work. The rest of the manuscript is divided in three parts: Chapter 2 is focused on the synthesis and on the solid state characterization of a crystalline compound: Sodium dithionate (Na2S2O6). This compound attracted our attention as it can be used as an achiral impurity in NaClO3 deracemization. After synthesis of the compound, thermal and chemical stability are investigated by means of complementary analyses in order to ensure the absence of reaction under deracemization conditions.

Chapter 3 is devoted to NaClO3 deracemization. Two different processes are studied and compared: (i) attrition-enhanced deracemization and (ii) temperature cycling-induced deracemization (TCID). The influence of Na2S2O6, as impurity is investigated for the TCID process and the results provide a better understanding of the mechanisms involved during the deracemization process via specific experiments of crystal growth and secondary nucleation estimates.

Chapter 4 is dedicated to the set-up of a new reactor, a Couette Taylor (CT) reactor, in order to perform NaClO3 deracemization. Indeed, from an industrial perspective, increasing productivity is challenging. The CT reactor gives the possibility to set a continuous process for deracemization (and/or more generally for other crystallization processes), which could considerably increase the productivity. After the implementation of the reactor, the feasibility of deracemization is investigated, then perspectives for optimization are proposed.

The general concern of this work is to reach a better understanding of the deracemization process, particularly for the TCID process. A general conclusion gathers results, proposes a general mechanism of deracemization for the TCID process and summarizes hopeful perspectives for the process in a CT reactor.

State of the Art Crystal Genesis, Chirality and Deracemization Crystal Genesis Crystalline State

There are three common states of matter: gas, liquid and solid. In the solid state, the constituents (molecules, atoms and/or ions) are close packed. According to their degrees of order, two kind of solids can be described. 1 In the crystalline state, the constituents are organized in a periodic array, i.e. a three dimensional and strict arrangement. The When two compounds A and B are involved, miscibility in the solid state exists when compound A is able to accept compound B in its crystal structure. This is possible if only a small change in the crystal packing of A is involved. Two miscible solids form a solid solution. According to the organization of pure A and pure B, two kinds of solid solutions can be described: (i) solid solutions by insertion ( By contrast, two compounds A and B can also form a new crystalline architecture that differs from their initial crystal structures (Figure I-5). This new compound AB (provided an equimolar ratio of A and B is involved) is called either a co-crystal, a stoichiometric compound or a defined compound. In the particular case where one of the components is a solvent, i.e. in liquid state at room temperature (T) and atmospheric pressure (P), the cocrystal is called a solvate. Even more specifically, if one of the components is water, the crystal is named a hydrate. 5,6 Salts are specific co-crystals where the packing is maintained by ionic bonds and proton transfer, as opposed to strong hydrogen bonds or Van Der Walls interactions found in common co-crystals. 7 

Figure I-5 : Schematic representation of two different crystals from two different compounds (a) A and (b) B forming (c) a new crystalline structure AB. This new crystal form AB is called a co-crystal or a solvate according to the state at which one of the co former (e.g. B) exists under ambient conditions. Additionally, if B is water, AB is called a hydrate.

Phase equilibria in the case of stoichiometric compound formations are represented in 

Crystallography

Crystallography is the science describing the packing of the matter in a crystal. The periodicity in all possible crystalline structures is described by the 230 space groups (SG).

They are the combination of one of the 14 Bravais lattices with one of the 32 point groups.

Although it should be noted that all possible combinations of the 14 Bravais lattices and the 32 point groups should be 448 space groups (32×14), but as some SG are isomorphic, the number of distinct SG is actually reduced to 230. 8 Among the 230 SG, three different classes are described as a function of the chirality and the centrosymmetry of the SG: 9 -92 SG are centrosymmetric and achiral: They present an inversion center as a symmetry element and are then compatible with a racemic mixture of enantiomers.

-65 SG are non-centrosymmetric and can contain chiral structures. Among them, 22 SG are chiral SG (11 enantiomorphic pairs). According to the Sohncke classification, those 65 SG contain only first class symmetry elements, such as rotation, translation or screw axis, which preserve the orientation and the handedness of the symmetry unit. Necessarily, pure enantiomers (see below) crystallize in one of these 65 non-centrosymmetric Sohncke types SG.

-73 SG are non-centrosymmetric but achiral: Even though they do not present inversion centers, they remain compatible with a mixture of enantiomers by means of glide mirrors or inverted axes.

Principle of Crystallization from Solution

Crystal genesis is the study of crystal formation, that is to say the process of crystallization. It is about how a crystalline long range order emerges from a less ordered medium (amorphous solid, liquid, gas state or dissolved compound in a solvent).

Crystallization proceeds in three steps: (i) first a driving force must be established, (ii) then formation of nuclei up to a suitable size and (iii) growth of nuclei, i.e. crystal growth.

In the present manuscript, almost every crystallization was performed from solutions.

Establishment of the Driving Force: The Supersaturation β

The amount of a component dissolved in a solvent is expressed by the concentration C, i.e. the mass (or the number of moles) of the component dissolved per weight (or volume) unit of the solvent. At a given temperature and pressure, the concentration of a given component in a given solvent has a limit: the solubility, C*.

The solubility is the maximal amount of compound which can be dissolved per weight (or volume) unit of the solvent, at fixed T and P (Figure I-7-solid line). However, this limit can be overcome in particular conditions (see below). Then, the system is supersaturated, and supersaturation is the driving force for solution crystallization. β is the ratio of supersaturation and is defined (Equation I-1 ) as the ratio of the concentration C by C*. *

Equation I-1

When:

• β < 1, the system is undersaturated • β = 1, the system is saturated • β > 1, the system is supersaturated.

A supersaturated solution is in a metastable state which can be achieved either by increasing the concentration, e.g. by solvent evaporation (Figure I-7-1), or by decreasing C*, e.g. by cooling or the addition of an anti-solvent (Figure I-7-2). 10 Crystallization of the excess amount in the liquid phase restores the stable equilibrium state. However, for low supersaturation, i.e. β slightly superior to 1, the driving force is sometimes not sufficient to induce spontaneous crystallization and the system can stay in this metastable state, until a certain limit of β. This limit has been described by Ostwald in 1897 and is now called the Ostwald limit (dashed line in Figure I-7). 11 Therefore, the metastable domain is defined by the metastable zone width (MSZW) between the solubility curve and the Ostwald limit (represented in grey in Figure I-7). In this domain, spontaneous crystallization is unlikely. 12 Therefore, the higher β, the more uncontrolled the crystallization. (1) by an increase of the concentration, that is to say, by solvent evaporation or (2) by a decrease of the solubility, that is to say, by a decrease of the temperature.

Figure I-7: Solubility curve (green solid line) of a compound in solution and Ostwald limit (blue dashed line). Crystallization is triggered

Nucleation

Nucleation is the second step towards crystallization. Two kinds of nucleation, primary or secondary, are described according to the origin of the formation of the nuclei. 13 • Primary nucleation Primary nucleation is the formation of nuclei from a solution where no crystalline particle of the solute compound is present. In a supersaturated solution, solvated particles tend to aggregate by forming bonds. The aggregates can either redissolve or grow further into nuclei. When such aggregation occurs without the assistance of a foreign substance (e.g. crystallizer sides, impurities…), this is homogeneous nucleation. 14 The free enthalpy of nucleation, ∆Gnucleation accounts for the free energy of the nucleus. Two opposite energetic contributions are involved in ∆Gnucleation: (i) the Gibbs free energy associated with crystallization, ∆gυ of the system, is a negative contribution, proportional to the nuclei volume and due to the decrease of free enthalpy (exothermicity of the nucleation) and of entropy (there is an increase of order upon aggregation) and (ii) a positive contribution due to the creation of a solid-liquid interface, therefore proportional to the nuclei surface and to the surface free energy γ (per unit area of the nucleus). Then, ∆Gnucleation is defined as Equation I-2. 13 

∆
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The evolution of ∆Gnucleation is schematically plotted in Figure I-8. The nucleus has to reach a critical size (r*) to be able to grow. Below r*, the contribution of the surface energy dominates, ∆Gnucleation is positive, the nucleus is unstable and the growth is unfavorable.

When the nucleus size reaches r*, i.e. ∆Gnucleation reaches the highest value, ∆G*, the growth of the nucleus is favorable as ∆Gnucleation will decrease. However, for r* < r < r0, ∆Gnucleation is still positive, thus, nucleus is thermodynamically metastable and kinetically stable as the re-dissolution of the nucleus would increase ∆Gnucleation. Afterwards, for r > r0, ∆Gnucleation becomes negative, the nucleus is thermodynamically stable. However, homogeneous nucleation is rare and is generally admitted at very high supersaturation. In most cases, primary nucleation is heterogeneous, 14,15 that is to say that aggregation occurs with the assistance of tiny foreign particles such as dust, or on an interface such as the wall of the reactor, the edges of stirrer, etc…. In the case of heterogeneous nucleation, ∆G* is lower than in homogeneous nucleation.

• Secondary nucleation

By contrast, in the case of secondary nucleation, nuclei form from existing crystals. 16,17 Different mechanisms have been proposed to describe secondary nucleation: 18 (i) fluid shear nucleation, 19,20 i.e. the shear forces applied by the solution to the crystal surfaces could be sufficient to detach minute amounts of crystalline matter that would in turn act as secondary nucleation sites, (ii) contact nucleation, i.e. minute amounts of crystalline matter are liberated by crystals scratching each other or against the reactor walls (or the stirrer), and act as support for the nucleation. 17 Since the energy required for secondary nucleation is much lower than for primary nucleation, secondary nucleation is favored over primary nucleation at low supersaturation. 16 • Seeding

Seeding consists of the voluntary addition of a small amount of crystals (usually as a powder) to a supersaturated solution in order to trigger its crystallization. This method ensures control of the nucleation and crystallization. By seeding a solution with suitable seeds, it is possible to control the crystal form or the polymorph produced during the process. Moreover, seeding significantly reduces the induction time for crystallization. 21 

Crystal Growth

The third step towards crystal formation is crystal growth, the process by which a nucleus grows to become a crystal. As soon as the energy barrier ∆G* is overcome, the nucleus grows by surface adsorption of the particles available in the solution, i.e. the growth units.

The solution supplies those particles until it is back to its saturation concentration.

Two different mechanisms were described for the adsorption of the growth units at the crystal solution interface:

• Two dimensional nucleation: 22 For a perfect crystal, i.e. without defects at the surface, there is no preferential adsorption sites at the growing crystal surfaces, the growth units mature together and form a two-dimensional nucleus at the crystal-solution interface, which grow in two dimensions, thus expanding the crystal. This mechanism is expected at high supersaturations.

• Spiral growth: 23,24 At lower supersaturation, crystal growth occurs via a screw dislocation (detailed in part I.E.) emerging from the crystal surface. This defect offers a preferential adsorption zone where the growth units can dock on. The adsorption of the growth units follows the dislocation which might result in the appearance of a spiral at the crystal surface.

Growth Kinetics

The rate of adsorption of the growth units at the crystal interface depends on intrinsic factors, such as the crystalline structure, the nature of the bonds, the presence of crystal defects, as well as on external factors related to experimental conditions such as the supersaturation (the higher the supersaturation, the faster the crystal growth, due to the higher probability of collisions between crystals and free particles), the temperature, the solvent or the presence of impurities. These factors directly influence the adsorption rate, i.e. the crystal growth rate. Also, due to these factors, crystal growth is not isotropic, which leads to a specific morphology of the final crystal via the appearance of faces. The growth rate of each crystal face (i.e., facial growth rate) is decisive for the morphology, as the slower the growth rate, the more visible is the face in the final morphology (Figure I-9). Face growth rates can be estimated by monitoring the development of a face along its normal direction for instance using a microscope. When the crystal growth becomes uncontrolled, e.g. in the case of very high supersaturation, the crystal surface becomes more and more rough. This phenomenon is called the roughening transition. 26 

Crystal Habit Prediction

Different mathematical models have been developed to predict crystal morphologies. 27 The first one is the Bravais Friedel Donnay Harker (BFDH) model, which is mainly focused on the geometry of the structure (intrinsic factors) to determine the crystal habit and relative growth rates of faces. The BFDH method assumes that the face growth is due to the addition of a molecular layer and that the face growth rate is proportional to 1/d(hkl) where d(hkl) is the distance between molecular layer. The thinner this layer, the faster the face growth because the addition of a molecular layer is easier and faster. In many cases, good approximations of crystal habits and identification of the most important faces formed during growth can be predicted by using the BFDH model. However, as there are no energetic considerations, the stronger the bonds in the crystal state, the less accurate the method.

The Attachment Energy method 28 is more accurate than the BFDH method as such energetic considerations are included. The attachment energy, Eatt is defined as the energy released when a slice of thickness dhkl is added to the (hkl) face of the growing crystal. Eatt is the energy of the slice attachment (Eslice) withdrawn from the energy of the lattice (Elattice) (Equation I-3). The lower Eatt, the slower the face growth rate.

Eatt = Elattice -Eslice

Equation I-3

The Hartman-Perdok method relies on the Periodic Bond Chains (PBCs) theory. It states that a crystal is more stable when a constituting unit can form long uninterrupted periodic chains. PBCs are constructed by means of a strong crystal bonds. A two-dimensional connected net is created by the intersection of non-parallel PBCs and constitute a stable face. According to the dimension of the PBCs formation, 0, 1 or 2 for two-dimensional nets correspond to K, S, and F faces respectively (Figure I-10). The higher the dimension of the PBCs formation, the more stable the corresponding face is and the slower its growth. 29 Then, F faces are the most visible whereas K faces are the least represented ones in the final habit of the crystal.

Growth Kinetics in the Presence of Impurities

As the face growth rate depends on the interaction with the environment, i.e. the solution, the presence of other compounds may change these interactions and modify the growth rate, the morphology and the crystal size distribution.

First, the presence of an impurity can change the interfacial energy, i.e. the affinity between the solute and the solvent. It may result in a solubility increase (or decrease) and possibly an increase of the metastable zone width defined by the Ostwald limit (Figure I-7). [30][31][32] The kinetics of the system could also be changed by a modification of the crystal growth rate. Indeed, adsorption of impurities at the crystal surface can block the growth sites which are no longer available for the growth unit. According to the impurity concentration and to the adsorption rate, the crystal growth can be slowed down or even stopped. 33 Two cases are encountered according to the affinity between impurity and solute: (i) the reversible adsorption, where the crystal growth rate is decreased and (ii) the irreversible adsorption, where additives are progressively included in the crystalline structure and can form a solid solution.

The affinity between impurity and solute, most often due to geometric similarities, along specific faces impacts their relative growth rate and, further, the whole crystal growth

(Figure I-11)
The resulting habit can therefore be considerably changed. Using this phenomenon, morphology or size can be controlled by the suitable use of a tailor-made impurity, called additives in this context. [34][35][36] 

Ostwald Ripening

By means of the dissolution -crystallization dynamic equilibrium occurring between the crystal and the saturated solution as well as diffusion, the crystals in a saturated solution undergo a ripening phenomenon where the smaller crystals are dissolved in favor of the growth of the larger ones. This is related to the Gibbs-Thomson effect which states that small particles have a higher solubility than large ones. Indeed, in order to minimize interfacial energy, smaller crystals are dissolved in the favor of the growth of larger crystals. 37,38 This phenomenon is called Ostwald ripening. 39 Ostwald ripening can also occur in dry conditions when two crystals are put in contact, although it is far less effective.

Defects in Crystals

During crystal growth, stacking faults may occur leading to defects and irregularities in the crystalline structure. Actually, a perfect single crystal almost does not exist and crystal defects are always present in a real crystal. The different types of defects are described according to their dimension.

Point defects (0D): These types of defects have the dimension of the crystal constituents.

It could be a "vacancy", where a growth unit is missing in the crystal structure. 40 In contrast, a "self-interstitial" is an additional constituent occupying an interstitial site of the crystalline structure. 40 The deformation of the structure and the associated energy caused by self-interstitial defects is more important than a vacancy, which makes them rare, especially in molecular crystals. Another type of point defect is the substitution of an atom, molecule or ion by a foreign substance, considered as an impurity. Such defects give rise to a solid solution. 41 Linear defects (1D): 42 Linear defects could be either "edge dislocations" or "screw dislocations". Concerning edge dislocations, a part of a crystallographic plane is missing.

The neighboring crystallographic planes loosen up to fill the space where the plane is missing. For screw dislocations, the dislocations shift the crystallographic plane perpendicular to the direction of the plane. Screw dislocations can initiate the spiral growth mechanism.

Surface defects (2D): These defects occurs at the surface of a crystal. The main surface defects are grain boundaries, stacking faults and twinning.

-Grain boundaries are the result of more or less important misorientation between two (or more) crystal sections, i.e. grains. Grains are linked by grain boundaries at which some particles belong to both grains. The lower the misorientation, the more particles are shared between the grains. 43 When the coherence between the different grains is high over the whole volume of the crystal, the term "crystal mosaicity" is sometimes used.

-Stacking faults are disruptions in the crystalline structure along molecular or atomic planes where the normal order of succession into atomic planes is not respected. 44 -A specific case is that of twin crystals, which are 'a symmetrical reorientation of parts or of a crystal as a whole.' 45 Two grains of the twin crystal share a common reticular plane and the symmetry of the packing is respected all along the twinning plane. 46 Inclusions (3D): During crystal growth, entrapment of macroscopic amounts of a foreign substance can occur. This foreign substance can be either gaseous matter or supersaturated solution (inclusions). The properties of the crystal is obviously affected by these inclusions. 47

Chirality Definition

From the Greek word 'kheir', meaning hands, chirality is the particular ability of one object to exist in two opposite configurations, mirror image related, such as our hands.

Molecules, or arrangements of molecules, presenting two mirror image related configurations are known as chiral and each configuration is an enantiomer. 48 Enantiomer Properties

Physical-Chemical Properties

Two enantiomers have the same scalar properties such as melting point, density, solubility (in achiral media), ability to present polymorphism, refractive index, spectra (IR, X-Ray, RMN…). 49 However, they have different vector properties, not in terms of magnitude, but in terms of sign. Indeed, their optical properties, notably the optical rotation of polarized light are strictly opposite. One enantiomer deviates the plane of polarized light to the right (clockwise), it is dextrogyre, noted d or (+). The counter enantiomer deviates the plan of polarized light, with the same deviation degree, to the left (anti-clockwise) and is levogyre, noted l or (-). Thus, based on the deviation of the plane of polarized light, the polarimetric methods, circular dichroism or polarized light microscopy, are good methods to distinguish enantiomers and to determine the proportions of each of them in a system. 49 

Biological Properties and API

The building blocks of biological organisms, i.e. all living things (made of proteins, sugars, amino acids…), are chiral. This makes them particularly sensitive to stereochemistry, as interactions between chiral compounds and chiral receptors are different according to the concerned enantiomer (Figure I-12). 50 Thus, the biological properties of two opposite enantiomers are often different. In this context, the Food and Drug Administration (FDA, USA) and authorities in Europe, China and Japan require the use of the active compound alone, i.e. the active enantiomer (also called the eutomer, designated as the desired enantiomer) for the commercialization of the active pharmaceutical ingredient (API) 51,52 since the counter enantiomer (the unwanted enantiomer, called the distomer) could be inactive or toxic. 53 Therefore, the distomer is now considered as an impurity and has to be eliminated.

Heterogeneous Equilibria between Enantiomers

Crystallization of a system composed of two enantiomers can lead to three main types of equilibria. 54 • Racemic compound (Figure I-13-a): In most cases (90-95%), crystallization of the two enantiomers results in a racemic compound, also named a racemate. This stoichiometric compound is made of the two enantiomers in equal proportions and presents a crystalline structure different from the crystalline structure of the pure enantiomer.

The term racemic composition should be differentiated from the term racemic compound.

Racemic composition corresponds to 50% of both enantiomers, whatever the crystallographic configuration. In the present work, the system investigated crystallizes as a conglomerate of enantiopure particles, although the situation is complexified by the loss of chirality in the liquid state or in solution (see below in Section C-4)

Enantiomeric Excess

The quantification of both enantiomers in a system is commonly described by the enantiomeric excess (ee). This value determines the percent deviation from the racemic mixture, for which the ee equals 0 %. Thus, the ee determines the absolute difference between the proportions of enantiomers, following Equation I-4, where nd and nl are the amount (in mol or mass) of d-crystals and l-crystals respectively. No sign is included in this equation, and the predominant enantiomer has to be identified. In order to avoid confusion, a sign of ee can be determined, following the modified Equation I-5. Using this equation, a positive ee means that d-enantiomer predominates and conversely. 

Classification of Chirality

Chirality in chemistry materializes differently. It could be directly related to the intrinsic molecular structure (configurational or conformational chirality) 56 or to the packing of several molecules.

Molecular Chirality due to the Presence of an Asymmetric Center

The most common type of chirality described in undergraduate textbooks is the chirality induced by the presence of a stereogenic atom in the molecule, and even more commonly (or (-)/(+)), is the only notation related to the optical deviation of the polarized light.

Diastereomery

When the molecule has more than one stereogenic center, the number of possible 

Atropisomery

Atropisomerism was discovered in 1922 by Christie and Kenner. 58 These authors described the 'optical activity due to axial chirality', and later on the term of "atropisomer" was coined by Kuhn in 1933. 59 Atropisomers are planar molecules whose conformation is hindered by the absence of free rotation around a single bond. 48 The interconversion from For instance, helical assemblies of achiral groups of molecules can afford chirality by means of clockwise or anticlockwise rotations. A good example of supramolecular chirality is quartz (SiO2). Indeed, β-quartz crystallizes either in the P6421 or P6221 SG depending on the handedness of the molecular arrangement around the 6-fold axis. The same holds for the low temperature form, α-quartz, which crystallizes either in the P3221 or P3121 SG. Two opposite enantiomorphs are therefore described for each polymorph. 60,61 While the difference between 62 and 64 or between 31 and 32 screw axes is easy to grasp, it is harder to recognize that a clockwise or anticlockwise rotation around a 21 screw axis can also give rise to a chiral supramolecular arrangement ( 

Access to Pure Enantiomers 1. Stereoselective Synthesis of the Desired Enantiomer

• Chiral pool synthesis: [START_REF] Nicolaou | A Chiral Pool Based Synthesis of Platensimycin[END_REF] Synthesis of a chiral compound using readily available chiral building blocks from a well-known set of natural chiral substances (the chiral pool), such as amino acids or sugars.

• Asymmetric synthesis: [START_REF] Lygo | A New Class of Asymmetric Phase-Transfer Catalysts Derived From Cinchona Alkaloids -Application in the Enantioselective Synthesis of a-Amino Acids[END_REF] Starting from an achiral precursor, the synthesis is enantioselective by means of a chiral environment, such as a chiral auxiliary or chiral catalyst, which is able to control the stereogenic center in the desired product.

When stereoselective synthesis is not possible, the synthesis is non-stereoselective and gives rise to a racemic mixture from which the enantiomers have to be resolved, i.e. separated.

Resolutions of Enantiomers

Resolution is the separation of enantiomers from a racemic or enantio-enriched mixture.

For this purpose, several methods can be envisaged.

• Chiral chromatography

Chiral chromatography was first used as an analytical method and then developed as a preparative method. The two enantiomers interact differently with the chiral stationary phase so that their retention times are different. Thus, enantiomers are separated at the end of the chromatographic column. [START_REF] Berthod | Chiral Recognition Mechanisms in Enantiomers Separations: A General View[END_REF] Alternatively, many resolution methods based on crystallization were developed, such as Pasteurian Resolution, Preferential Crystallization, Second Order Asymmetric Transformation, Preferential Enrichment and Deracemization.

• Pasteurian resolution

This method relies on the different physical-chemical properties between two diastereomers. By the addition of an enantiopure reagent, the two enantiomers form two different diastereomers. 64,[START_REF] Marchand | Diastereomeric resolution rationalized by phase diagrams under the actual conditions of the experimental process[END_REF] As they have different physical-chemical properties, and particularly a different solubility, they can be easily separated by a selective crystallization step. Diastereomers have to be transformed back into the enantiomers, usually by a salting out procedure. While the yield is never 100%, this method is reliable and workable either at the laboratory as well as at the industrial scale.

• Preferential crystallization (PC)

Efficiency of the preferential crystallization (PC) method relies on chiral discrimination in the solid state. The prerequisite for the establishment of PC is the presence of a stable conglomerate between the two enantiomers. Racemic compound or complete solid solution type systems are therefore excluded, but partial solid solutions and metastable conglomerates might be acceptable. This method relies on the kinetic stereoselective crystallization of one enantiomer from a supersaturated solution, triggered by suitable seeding. [START_REF] Secor | Resolution of Optical Isomers by Crystallization Procedures[END_REF][START_REF] Collet | Optical resolution by direct crystallization of enantiomer mixtures[END_REF] The enantiomer in excess crystallizes by entrainment and is collected. Three different methods were described based on this process: Seeded Isothermal Preferential Crystallization (SIPC), [START_REF] Secor | Resolution of Optical Isomers by Crystallization Procedures[END_REF][START_REF] Polenske | Potential of different techniques of preferential crystallization for enantioseparation of racemic compound forming systems[END_REF] Seeded Polythermal Programmed Preferential Crystallization (S3PC) [START_REF] Polenske | Potential of different techniques of preferential crystallization for enantioseparation of racemic compound forming systems[END_REF] and Auto-Seeded Polythermal Programmed Preferential Crystallization (AS3PC). [START_REF] Coquerel | Method of resolution of two enantiomers by crystallization[END_REF] The limit of PC is the yield; the theoretical maximum yield cannot exceed 50 % since, particularly in the context of the API production, the counter enantiomer is defined as an impurity and is not converted into the desired one. To tackle this problem, racemization in solution was considered in order to improve PC, which leads to the second-order asymmetric transformation.

• Second-Order Asymmetric Transformation (SOAT) [START_REF] Arai | Process for preparing an optical active ester of naphthylpropinic acid[END_REF] Resolution by SOAT combines PC and racemization in solution, i.e. the interconversion between enantiomers during the process. [START_REF] Collet | Optical resolution by direct crystallization of enantiomer mixtures[END_REF] During the crystallization of one enantiomer, the counter enantiomer, in excess in solution, is converted into the desired one. Since the enantiomeric excess in solution is continuously reset to 0 % by racemization, SOAT does not rely on a kinetic state which avoids the crystallization of the counter enantiomer.

SOAT was described by Jamison et al. [START_REF] Jamison | The inter-relation of first-and second-order asymmetric transformations[END_REF] for diastereomers and recently described for atropisomers by Oketani et al.. [START_REF] Oketani | Deracemization in a Complex Quaternary System with a Second-Order Asymmetric Transformation by Using Phase Diagram Studies[END_REF] By means of racemization in the liquid phase, the yield can be increased up to 100 % ee in the solid phase.

• Preferential enrichment (PE) [START_REF] Tamura | Mechanism of Preferential Enrichment, an Unusual Enantiomeric Resolution Phenomenon Caused by Polymorphic Transition during Crystallization of Mixed Crystals Composed of Two Enantiomers[END_REF] In the PE process, the liquid phase will be highly enriched during crystallization, while the deposited crystals will remain close to the racemic composition, conversely to other methods. [START_REF] Uchida | A Kinetic/Thermodynamic Origin of Regular Chiral Fluctuation or Symmetry Breaking Unique to Preferential Enrichment[END_REF][START_REF] Saint | Limitations of Preferential Enrichment: A Case Study on Tryptophan Ethyl Ester Hydrochloride[END_REF] It can be described as the opposite process of PC. [START_REF] Uchida | A Kinetic/Thermodynamic Origin of Regular Chiral Fluctuation or Symmetry Breaking Unique to Preferential Enrichment[END_REF] From a highly supersaturated solution (4 ≤ β ≤ 25), slightly enriched, PE occurs in stagnant conditions and requires a non-stoichiometric racemic compound, i.e a partial solid solution. A stereo oriented exchange occurs between the deposited crystals and the mother liquor, giving a high ee in the mother liquor and a slight ee of the counter enantiomer in the deposited crystals. [START_REF] Saint | Towards a deeper understanding of preferential enrichment. A case study: DL arginine fumarate in ethanol water 50/50 mixture[END_REF] • Deracemization

Deracemization is another process enabling access to 100 %ee in the solid phase. This method is detailed in the next section.

Deracemization and Spontaneous Symmetry Breaking

As for SOAT, deracemization combines racemization in solution and auto-amplification of slight enantiomeric imbalances in the solid phase. A pure enantiomer is collected in the solid phase and the composition of the liquid phase remains racemic by means of racemization. The significant difference with other crystallization methods is the presence of a racemic mixture of crystals in contact with a saturated solution at the beginning of the process.

Deracemization is only applicable to conglomerate forming systems and requires relatively fast racemization in solution. Racemization of chiral compounds can be performed by a chemical reaction (e.g. using a strong base) but can also be due to the achiral nature of the compound in case of supramolecular chirality. [START_REF] Havinga | Spontaneous formation of optically active substances[END_REF][START_REF] Noorduin | Complete Deracemization by Attrition-Enhanced Ostwald Ripening Elucidated[END_REF] 

Discovery of Spontaneous Symmetry Breaking in a Suspension

In 1954, Havinga [START_REF] Havinga | Spontaneous formation of optically active substances[END_REF] highlighted the possibility to perform symmetry breaking of chiral systems by crystallization, provided three required conditions are met: (i) no racemic compound formation between both enantiomers, (ii) the substance must be racemized in solution and (iii) crystal growth is faster than the formation of crystal nuclei.

In 1990 (one century after the description of the enantiomorphism of NaClO3 by Kipping and Pope) 64 , Kondepudi et al showed the possible stereoselectivity of the crystallization of sodium chlorate (NaClO3) under stirring -while unstirred solution gave rise to a perfect racemic mixture in the deposited crystals. [START_REF] Kondepudi | Chiral Symmetry Breaking in Sodium Chlorate Crystallization[END_REF] The mother crystal theory was put forward to explain this phenomenon: [START_REF] Kondepudi | Kinetic chiral symmetry breaking in NaClO3 crystallization[END_REF][START_REF] Kondepudi | Kinetics of chiral symmetry breaking in crystallization[END_REF][START_REF] Kondepudi | Secondary nucleation that leads to chiral symmetry breaking in stirred crystallization[END_REF] In this theory, the chirality of the first crystal appearing in the solution, i.e. the mother crystal, guides the chirality of all other crystals, i.e. daughter crystals. Kondepudi et al. and Martin et al. highlighted the importance of the stirring to enhance secondary nucleation for total symmetry breaking. [START_REF] Kondepudi | Stirring Rate as a Critical Parameter in Chiral Symmetry Breaking Crystallization[END_REF][START_REF] Martin | Chiral Symmetry Breaking in Crystal Growth: Is Hydrodynamic Convection Relevant?[END_REF] However, if the crystallization is performed in stagnant conditions, the occurrence of both enantiomorphs at the end of the process results from multiple nucleation events. NaClO3 fulfills Havinga's condition: (i) there is no racemic compound or solid solution formation, (ii) NaClO3 is instantaneously racemized in solution as there is no chirality in the liquid state and (iii) secondary nucleation is favored over primary nucleation by means of low supersaturation.

Later, Viedma showed that concerning crystallization of NaClO3 from highly supersaturated solution, the appearance of the mother crystal is not sufficient to decrease the supersaturation and cannot avoid primary nucleation elsewhere in the medium. These experiments resulted in racemic mixtures, due to uncontrolled primary nucleation in the process. However, he observed that if the obtained racemic suspensions are left two days under stirring, then the deposited crystals systematically become fully enantiopure.

Therefore, the theory of the mother crystal was reconsidered. [START_REF] Viedma | Experimental evidence of chiral symmetry breaking in crystallization from primary nucleation[END_REF] From these observation, Viedma performed experiments from racemic suspensions, i.e. crystals in equilibrium with saturated solution, of NaClO3 in water and showed the fast (i.e., <12h) total symmetry breaking when stirred in the presence of glass beads. [START_REF] Viedma | Chiral Symmetry Breaking During Crystallization: Complete Chiral Purity Induced by Nonlinear Autocatalysis and Recycling[END_REF] This experiment definitely invalidated the theory of the mother crystal as crystals of both chiralities were present at the beginning of the experiment. Then, total symmetry breaking occurs via matter exchange between crystals and the saturated solution. From there, deracemization was developed as a preparative process.

Attrition Enhanced Deracemization, Viedma Ripening

After Viedma's discovery of NaClO3 total symmetry breaking upon grinding the suspension, the technique of deracemization by attrition, i.e. attrition-enhanced deracemization, now called Viedma ripening, [START_REF] Sögütoglu | Viedma ripening: a reliable crystallisation method to reach single chirality[END_REF] has been successfully applied to many chiral organic compounds, [START_REF] Noorduin | Complete Deracemization by Attrition-Enhanced Ostwald Ripening Elucidated[END_REF][START_REF] Noorduin | Fast Attrition-Enhanced Deracemization of Naproxen by a Gradual In Situ Feed[END_REF] including stereoisomers [START_REF] Engwerda | Solid-Phase Conversion of Four Stereoisomers into a Single Enantiomer[END_REF] and atropisomers, [START_REF] Engwerda | Solid Phase Deracemization of an Atropisomer[END_REF] and to other achiral compounds crystallizing in chiral space groups. [START_REF] Mclaughlin | Viedma Ripening of Conglomerate Crystals of Achiral Molecules Monitored Using Solid-State Circular Dichroism[END_REF][START_REF] Azeroual | Mirror symmetry breaking and chiral amplification in foldamer-based supramolecular helical aggregates[END_REF] 

Principle

From racemic crystals in equilibrium with their saturated solution, matter exchanges between liquid and solid phases at the steady state are continuous. Spontaneous symmetry breaking occurs randomly due to local fluctuations of the ee or of the crystal size distribution (CSD) between enantiomers. [START_REF] Sögütoglu | Viedma ripening: a reliable crystallisation method to reach single chirality[END_REF] Total symmetry breaking occurs via an autocatalytic amplification of these slight stochastic imbalances towards an enantiopure end state. Ostwald ripening and attrition are interdependent factors favoring total symmetry breaking (Figure I-19). As a result of the Gibbs Thomson effect, [START_REF] Perez | Gibbs-Thomson effects in phase transformations[END_REF] Ostwald ripening leads to dissolution of smaller crystals in favor of the growth of the larger ones. Thus, from a CSD difference between enantiomers, small crystals (schematically represented as blue 

Principle

Controlled temperature cycles are repeatedly applied to a racemic mixture of crystals in equilibrium with their saturated solution. Upon oscillating temperature and from local fluctuations of ee or CSD (as in Viedma ripening) a slight stochastic imbalance occurs between enantiomers. During heating, crystals are partially dissolved and during cooling, crystal growth and/or secondary nucleation occur. Thus, cyclic dissolutionrecrystallization events provide an efficient crystal recycling and an overall similar autocatalytic effect as for Viedma ripening, where Ostwald ripening is enhanced by the repetitive heating and cooling steps. Incorporation of chiral clusters has been proposed to explain the autocatalytic character of the process, observed in TCID experiments, as in Viedma ripening. 112 Other authors suggested that the crystal growth rate dispersion of the two populations of crystals might be an important factor in the outcome of TCID. 113 So far, no fully satisfactory TCID mechanism has been proposed, however, the influences of parameters were studied such as the amplitude of the temperature oscillation, the cooling rate and the racemization rate. It has been shown that the amount of crystals dissolved per cycle has to be sufficient to trigger symmetry breaking. Therefore, temperature dependence of the solubility will determine the suitable temperature range, i.e. between the highest and lowest temperature of the cycle. 110 Study of the impact of cooling rate shows that the deracemization time is not necessarily reduced by faster cooling rates since more cycles are then required. 107 The racemization rate in the mother liquor also influences the time required for deracemization: the faster the racemization, the faster the deracemization. 109,111 It is also worth noting that damped temperature cycles can improve the efficiency of TCID. Indeed, once symmetry breaking is established, the duration of a temperature cycle can be decreased by damping its highest temperature while maintaining other parameters constant (heating/cooling rates and the lowest temperature). The required cycle number remains the same, but cycles are then faster, inducing faster deracemization. 114

Mathematical Models

Crystal growth and Ostwald ripening are central factors for TCID. Consequently, many mathematical models are focused on the difference of crystal growth rate between each enantiomer (e.g. due to initial formation of nuclei at different times) to describe the stochastic symmetry breaking. 113,115 While incorporation of chiral clusters was also considered as in Viedma ripening to explain the autocatalytic character of the mechanism, 112 stereoselective agglomeration should not be essential in TCID. 116 Mathematical models have confirmed the influence of the cooling rate 116 and initial asymmetry, in CSD or ee, which guides the direction of deracemization. [116][117][118] 

Other Methods

Other energy fluxes were investigated to deracemize a racemic suspension. Indeed, ultrasound 119,120 or microwave 121 are possible ways to induce total symmetry breaking.

Moreover, different methods have been investigated to improve and direct deracemization.

It was found that the addition of chiral impurities in a chiral system, in a TCID or Viedma ripening process, 122,123 enables a shift in deracemization towards the desired enantiomer.

A similar effect was discovered upon application of circularly polarized light. 124 Introduction Sodium dithionate (Na2S2O6) is an inorganic compound whose physico-chemical behavior remains largely unexplored and which is commonly confused with other sulfur compounds such as sodium dithionite (Na2S2O4). Our interest in this compound, in particular for its chemical preparation as well as its characterization, is related to the study devoted to its influence as a non-chiral tailor-made impurity on the deracemization of sodium chlorate (NaClO3). [1][2][3] This subject will be detailed in the third chapter. This chapter is focused on the synthesis of Na2S2O6 (the compound is not commercially available), and on the characterization of the product. Indeed, solid-state characterization of a crystallized material is of paramount importance for the design of new materials. Properties such as purity, thermal stability, crystal structure, the occurrence of polymorphism, 4 or the ability to form a hydrate or solvate 5 must be thoroughly investigated to establish suitable storage conditions. 6 After the synthesis of Na2S2O6 7 complementary analyses using X-ray diffraction, InfraRed spectroscopy, differential scanning calorimetry and dynamic vapor sorption were performed to characterize Na2S2O6 and to establish a clear picture of the solid-state landscape of this inorganic substance.

Inorganic Synthesis of Sodium Dithionate, Na2S2O6.

The synthesis of sodium dithionate (Na2S2O6) was first described by Schlessinger in 1962. 7 Starting from an aqueous solution of sodium sulfite (Na2SO3) and silver nitrate (AgNO3), a two step reaction occurs. First, an ion exchange reaction between Na2SO3 and AgNO3 occurs, giving rise to Ag2SO3 (Equation II-1). Then, a reduction-oxidation reaction between Na2SO3 and Ag2SO3 takes place, where silver is reduced from +I to 0 and sulfur is oxidized from +IV to +V (Equation II-2). Na2S2O6 crystallizes as a dihydrated form. The results of these different analyses led us to explore further the dehydration mechanism of this substance.

Solid State Characterization of Sodium Dithionate Thermal Analyses

The dehydration and decomposition of sodium dithionate dihydrate (Na2S2O6•2H2O) upon The first event happens at 56 °C and the second one at 255 °C with mass losses, calculated by gravimetry, of 14.5 % and 26.0 % respectively. The theoretical value for the loss of two molecules of water by Na2S2O6•2H2O is of 14.9 %mass. The first thermal event can thus be reasonably associated to the complete dehydration of the dihydrate form.

Concerning the second endothermic event, the asymmetric form and the considerable associated mass loss suggests a decomposition of the anhydrous product. Infrared spectroscopy (IR) is a sensitive method to detect the presence of water molecules.

Comparison of the IR spectra obtained with the synthesized product, Na2S2O6•2H2O (black line in and on a sample that was stored beforehand in a furnace at 80°C overnight (grey line in Figure II-3) gave a noteworthy proof of the dehydration. Indeed, water molecules absorb at a characteristic wavelength which is strongly dependent on their intramolecular interactions, especially when the water molecules are involved in hydrogen bonds.

In the spectrum of the dihydrate, the absorbance at 1620 cm -1 is typically associated with O-H bending in H2O molecules. 11 Bands between 3470 and 3560 cm -1 were assigned to stretching bands of O-H. While characteristic bands for O-H stretching are usually observed in the 3600-3700 cm -1 region, involvement of those hydrogen atoms in hydrogen bonds (between water and oxygen atoms bound to sulfur) increases the stiffness of the bonds and lowers the frequency of vibration below 3600 cm -1 . 12 Besides, absorption between 550 and 450 cm -1 were associated with S-S stretching while bands at 1200 and 990 cm -1 correspond to S=O stretching. 12,13 The latter were still observed in the spectrum of the anhydrous form, while the characteristic bands of water disappeared. The complete dehydration of Na2S2O6•2H2O above 56 °C, observed by TG-DSC, is confirmed. 

Relative Stability of Dihydrate and Anhydrous Forms of Na2S2O6 under Relative Humidity

Using dynamic vapor sorption (DVS) analysis at constant temperature, hydration and dehydration phenomena can be monitored as a function of relative humidity (%RH).

Indeed, adsorption and desorption of H2O by Na2S2O6 induce respectively gain and loss of mass that can be tracked during analysis. Thus, DVS analysis proved the full reversibility of the hydration and dehydration phenomena. Each form of Na2S2O6 has its own stability domain as a function of RH at room temperature, i.e. 25°C, and there is no behavior change at higher temperature, i.e.

at 43°C, closer to the dehydration temperature observed at 56 °C. Na2S2O6 is stable under 40 %RH while the dihydrated form is stable above 50%RH. The data presented in this work indicate that the network between water molecules and dithionate ions do not form slice or ribbon from which water molecules could leave the structure without total destruction of the scaffolding. 19 Water molecules are surrounded by dithionate ions, their departure requires a total destruction of the dihydrate structure, and conversely, the hydration probably requires a long process to build back the dihydrated form, which explains the large hysteresis in DVS analyses (Figure II-6). Thus, the departure of water molecules likely corresponds to a destructive mechanism. That is to say, the solid-solid transition from dihydrated form to the anhydrous form, i.e. the dehydration, occurs according to a two-step mechanism: (i) a complete destruction of the dihydrate structure resulting in an amorphous material and (ii) a nucleation and growth phenomenon leading to the crystallized anhydrous material. 19 This is in agreement with our experiment that thermal dehydration of one single crystal of Na2S2O6•2H2O does not generate a single crystal of the anhydrous form but led to a poorly crystallized fine powder of the anhydrous form.

Structural Role of Water and Mechanism of Dehydration

Unsolved Anhydrous Na2S2O6 Structure and Unexpected DMSO Solvate

Regarding the anhydrous Na2S2O6 structure, the most satisfactory powder pattern we could obtain has been indexed using procedures included in the Reflex module of Materials Studio 8.0 software 20 and similar unit-cell parameters to those found by Larson and Van Cleave were obtained, consistent with an hexagonal crystal system with unit cell dimensions of a = 9.08 Å and c = 5.91 Å. 14 Unfortunately, the structure of anhydrous Na2S2O6 is still unknown despite our efforts. The low solubility of Na2S2O6 in various solvents (acetone, ethanol, acetronitrile, toluene) prevents the obtention of satisfactory single crystals and the determination of the anhydrous Na2S2O6 structure. Dehydration of a dihydrate single crystal was unsuccessful and no XRPD pattern suitable for resolution by the powder method was obtained. Nevertheless, Second Harmonic Generation (SHG) analysis, a rapid and sensitive non-linear optical technique useful to detect noncentrosymmetric phases, 21 revealed that the anhydrous Na2S2O6 form crystallizes in a noncentrosymmetric space group, contrary to the dihydrate form crystallizing in the centrosymmetric space group Pnma. 8 Besides, new single crystals were obtained by crystallization via slow evaporation of a dimethylsulfoxide (DMSO) solution. The crystal structure has been determined from single crystal X-Ray diffraction. Due to the poor stability of the crystal under ambient conditions, the crystal was analyzed in a Lindeman capillary, in contact with the mother liquor.

Structure resolution revealed the occurrence of a solvate: Na2S2O6•3(C2H6SO). This new compound crystallizes in the monoclinic space group P21/n with the following parameters: 

Conclusion

As confirmed by X-ray diffraction, the synthesis of Na2S2O6, was successful with a satisfactory yield of 78 %. Complementary experimental tools were used for a full solid-state characterization. No polymorphic form of anhydrous Na2S2O6 was found, however the existence of a dihydrated form has been confirmed by our analyses. The relative stability of these two forms, dihydrated and anhydrous, has been studied as a function of temperature and RH. FTIR, TG-DSC and TR-XRPD analyses showed that the dihydrated form is the most stable form below 56 °C, and that the anhydrous form decomposes at 255 °C. DVS experiments highlighted the stability domain of each form as a function of relative humidity and that the transition RH is between 40 and 50 %.

Furthermore, insights about the dehydration mechanism could be obtained. Indeed, the large hysteresis between hydration and dehydration detected by DVS and the high energy associated with dehydration measured by DSC, proves that water plays an important role in the scaffolding of the crystal structure of Na2S2O6•2H2O. Therefore, all these experiments are in agreement with a destructive-reconstructive mechanism for the dehydration of the dihydrate.

The occurrence of a solvate has been higlighted in DMSO. The structure of Na2S2O6•3(C2H6SO) has been succesfully resolved in a capillary by single crystal X-ray diffraction.

Introduction

Chirality associated with sodium chlorate (NaClO3) was first described by Kipping and Pope. 1 In 1990, Kondepudi showed the possible spontaneous symmetry breaking under crystallization by means of quenching a supersaturated solution. 2 More recently, NaClO3 was used by Viedma as a model compound for the development of a new process of chiral resolution, now called Viedma ripening, based on a spontaneous symmetry breaking phenomenon. 3 Indeed, glass beads in a suspension afford important attrition to the crystals and small local fluctuations of the enantiomeric excess or of the crystal size distribution (CSD). Amplification of these fluctuations via the autocatalytic nature of the process and crystal recycling leads to total symmetry breaking. 3,4 Afterwards, other methods derived from Viedma ripening were reported using different types of energy input to hasten deracemization, such as temperature cycling, 5 ultrasound 6,7 or microwaves 8 . It is of note that all these methods have mostly been applied to organic chiral compounds, as the studies were mostly motivated by pharmaceutical aims. In particular, temperature cycling induced deracemization (TCID) drew attention due to the efficacy of the method to deracemize several organic chiral compounds and the absence of work-up. 5,[9][10][11] While deracemization via regular attrition has been largely investigated for NaClO3, [1][2][3]6,[12][13][14][15][16][17][18][19][20][21][22] , this inorganic substance has never been resolved by TCID, although Viedma and Cintas already suggested a possible deracemization via the spatial temperature gradient occurring in a boiling solution. 23 Process optimization of the deracemization of chiral compounds by addition of chiral impurities has been recently studied. [24][25][26] Studies showed that judicious addition of an enantiopure chiral impurity, with similar geometry as the studied chiral compound, can hamper the growth of the distomer (a term mainly used in a pharmaceutical context to designate the unwanted enantiomer) and hasten deracemization towards the eutomer (i.e. the desired enantiomer). This constitutes another hole in the state of the art for NaClO3 deracemization: to the best of our knowledge, there is no experimental data available concerning the impact of eventual impurities on NaClO3 deracemization.

The first part of this chapter is therefore devoted to the development of a TCID process for NaClO3, using the well-known Viedma Ripening process as reference, which was actually reproduced by ourselves, with our equipment. The second part of this work evaluates the influence of sodium dithionate (Na2S2O6) on the TCID process of NaClO3 since it has been reported that Na2S2O6 has a strong influence on the morphology of NaClO3 crystals, even in a molar ratio quantity as low as 1/1000. [27][28][29][30] Presentation of Sodium Chlorate (NaClO3)

Chirality of NaClO3

Sodium chlorate is an achiral compound, i.e. without a stereogenic center, crystallizing in the achiral cubic space group P213, with a = b = c = 6,5758Å. [31][32][33] However, the crystal packing of NaClO3 presents two mirror-image related arrangements due to their 21 screw axis (see Chapter I, II-4). Each enantiomorph deviates the plane of polarized light in opposite directions, therefore one enantiomorph is dextrogyre (deviation to the right), while the other one is levogyre (deviation to the left). 1,[33][34][35] As the compound is achiral and only presents chirality in the solid state, enantiomorphs are only distinguishable in the solid crystalline state. All information about the chirality are instantaneously lost when NaClO3 is in the liquid or solvated state. 36 Thus, the use of usual chiral analytical methods, such as chiral chromatography or polarimetry to determine the crystal enantiomeric excess (CEE) of a system is not possible for NaClO3.

By slow evaporative crystallization, NaClO3 crystals have a cubic habit and opposite enantiomorphs cannot be discriminated using their habit, contrary to quartz crystals, as no hemihedral faces are visible. 37 However, transparent single crystals placed against the cell of the polarimeter and crossed by the light beam deviate the plane of the polarized light and allow to determine the dextrogyre or the levogyre nature of those crystals. While this experiment did not give access to the specific rotation of NaClO3, it allows us to determine the dextrogyre or levogyre nature of NaClO3 crystals. Single crystal giving a positive (or negative) deviation, i.e. deviating the polarization plane of the light to the right (or left) is dextrogyre (or levogyre). Then, they serve as reference under polarized light microscope. Indeed, with a shift of 5° between the polarizer and the analyzer of the microscope, the levogyre single crystal appear brown (l-NaClO3 afterwards), and the dextrogyre single crystal appear blue (d-NaClO3 hereafter, Figure III-1). Moreover, NaClO3 crystals are isotropic due to the cubic space group of the structure: 38,39 the optical properties (as well as other physical properties) are identical in every direction of the single crystalline particle, which enables the determination of the enantiomeric excess of a mixture of NaClO3 crystals, whatever 

Morphology of NaClO3 Grown from Solutions Containing Sodium

Dithionate (Na2S2O6)

Evolution of the NaClO3 habit has been studied under the influence of many substances.

Firstly, Buckley et al. 42,43 explained that the impact of different RO4 type compounds is due to the similar geometry between the tetrahedron formed by the ClO3 -ions and by RO4 ions, and calculated the critical amount at which the NaClO3 crystal habit was modified.

Thus, SeO4 2-, ClO4 -, Cr2O7 2-, CrO4 2-, SO4 2-, S2O3 2-, B4O7 2-and S2O6 2-have an influence on the morphology of NaClO3 crystals. A deeper study on the influence of NaS2O6 on the NaClO3 habit was performed more recently by Ristic et al. 27 These authors estimated a critical value of 70 ppm of NaS2O6 above which the typical habit of NaClO3 crystals (Figure 3) is modified, and the higher the amount of NaS2O6, the larger the morphological index of {111} faces. In their second publication, 28 they measured the growth rate of the {111} faces in the presence of 120 ppm and 1200 ppm of NaS2O6, and described a strong decrease of the growth rate of these faces in the presence of the impurity. However, no comparison with the growth rate of other faces, such as the {100} faces, was performed. Lan et al.

brought experimental evidence of the influence of Na2S2O6 on the crystal habit of NaClO3. 29,30 Local structures of the crystals can be studied by Extended X-Ray Absorption Fine Structure (EXAFS) analyses and the environment around the impurity docked on the NaClO3 crystal surface has been described. The initial hypothesis of Buckley et al. 42,43 in which the habit change was due to the geometry of the ionic impurities has been confirmed: The O3 tetrahedral moiety of the S2O6 2-ion substitutes an ClO3 -anion at the {111} faces, consequently, the face growth rates and the morphology are changed. 29 Along these specific faces, the triangle formed by the oxygen atoms in the ClO3 -ions is parallel to the surface and the chlorine atom points outwards. Thus, the SO3 -tetrahedron (i.e. the moiety of the S2O6 2-) can substitute the ClO3 -ions. The face growth rates are strongly decreased by this substitution, the growth rates of the {111} and the {111 +++++ } faces are slower than the {100} face growth rate and the former are more represented in the final tetrahedral crystal morphology. 29 In addition, inversion twinning was observed in rare cases (Figure III-5). The twinning phenomenon has been described in the Chapter I.I.F. Inversion twinning is a particular case of twinning where domains on both sides of the twin boundary are linked through an inversion symmetry such as inversion point, mirror or inversion axes. 44,45 The inversion twinning of NaClO3 in the presence of Na2S2O6 was described by Lan et al. 29,30 

Figure III-5 : Photos of a) homochiral twinning and b) inversion twinning (heterochiral) of NaClO3

crystallized in water in the presence of a 1/1000 molar ratio of Na2S2O6. 29,30 The occurrence of possible co-crystals, solid solutions or chemical reactions in the 

Solubility of NaClO3 in Water

NaClO3 solubility in water has been largely investigated by many authors. 47,51 In order to have our own reference, we used refractometry to determine the solubility of NaClO3. The gravimetric method has been disregarded due to the easy and uncontrollable formation of liquid inclusion in crystals which leads to over-estimation of the solubility. 52 For a given compound in a given solvent, the refractive index is, almost linear as a function of the concentration. After establishing the calibration curve of the refractive index as a function of the concentration of NaClO3 in water, the refractometry method enables to determine the concentration of a saturated solution at a given temperature, i.e. the solubility C*. The temperature of the refractometer was set at 35°C and the calibration curve was established from 46% to 55%, expressed in %mass of NaClO3. In this range of concentration, the calibration curve is linear with a correlation coefficient (r²) of 0.9994 (Figure III-7). 

NaClO3 Deracemization Sample Preparations

Commercial NaClO3 (≥98%, Alfa Aesar) was recrystallized from pure water before using in experiments. Kondepudi's method has been used for the recrystallization in order to obtain pure homochiral populations of NaClO3 crystals: 2 A suspension with 180 g of NaClO3 crystals in 120 mL of pure water was heated at 90°C to obtain a clear solution.

This solution was filtered to remove impurities insoluble in hot water, seeded with a ground homochiral crystal of NaClO3 and cooled down to 0°C in an ice bath. By means of seeding, the crystallization is stereoselective and the powder obtained is enantiopure. The suspension was filtered and the powder was dried in a ventilated oven at 50°C overnight. This protocol was repeated with a single crystal of the opposite chirality. NaClO3 crystals were ground and sieved to limit difference of crystal size distribution between each enantiomorph, then the weighing of appropriate amounts of each homochiral population of sieved crystals affords rigorous control over the initial CEE of the powder used in the suspension of deracemization experiments.

For the following experiments, a stock of saturated solution at 20°C was prepared by mixing an excess of recrystallized NaClO3 in pure water at 20°C and filtering the supernatant. All Na2S2O6 used was synthesized as described in the previous chapter of this manuscript.

Deracemization of NaClO3 by Viedma Ripening 1. Experimental Conditions

Viedma Ripening experiments (VR hereafter) were performed in conditions close to the experiments performed by Viedma. 3 Indeed, these experiments were required to test our equipment and to have a reference situation to compare with temperature cycling induced deracemization experiments, described further in this chapter. Deracemization experiments by VR were performed in a 50 mL round-bottom flask thermostated at 20°C with:

• 5 g of NaClO3 crystals, either racemic or enantio-enriched on purpose.

• 20 mL of saturated solution at 20°C.

• 15 g of glass beads (1.5mm of diameter)

• Oval magnetic stirrer (PTFE coated, diameter: 0.5 cm, length: 1 cm)

• Stirring at 1000 rpm

To follow the deracemization kinetics, the evolution of the CEE was monitored by sampling a minimal amount of the suspension (~0.5mL) to identify the handedness of the crystals. 3 However the crystals were too small to be immediately observed under the polarized light of the microscope. A supplementary crystal growth step was required. Thus, crystals were filtered, placed in a fresh saturated solution at 20°C and the solution was allowed to slowly evaporate at 20°C (controlled with a thermostat) for 2 or 3 days.

When crystals were sufficiently large, chirality of a set of 500 to 1000 crystals was This growth method was validated using a powder with a known CEE in equilibrium with an aqueous saturated solution, ground for few minutes with glass beads and subjected to the growth step procedure described above. For an initial CEE of 10%, 50 and 80%, the CEE of the regrown particles were 13.4%, 50.5% and 79.9% respectively, which demonstrates that the global growth step favors essentially the crystal growth and strongly limits the secondary nucleation (i.e. there is no significant modification of the CEE).

Results

Recrystallization of NaClO3 before use in deracemization experiments has been revealed to be essential as we observed that if deracemization is performed using commercial (instead of recrystallized) NaClO3, the final CEE was systemically -100%, whatever the Therefore, the purity grade of the starting material seems to play a major role in this process and underlines how sensitive NaClO3 deracemization is to impurities. 14,53 Further deracemization experiments were thus performed with recrystallized NaClO3.

NaClO3 deracemization by VR was complete within 24 hours (Figure III-11). Results are consistent with Viedma's results. 3 They show that the initial CEE does not impact deracemization kinetics but controls the final CEE. Indeed, for +5 (or +10%) or -5% (or -10%), the final CEE was +100 or -100% respectively. For initial CEE of 0%, the final chirality of the suspension was stochastic. 

Temperature Cycling Induced Deracemization (TCID) of NaClO3

While deracemization of NaClO3 has been intensively studied by VR, Temperature Cycling Induced Deracemization (TCID hereafter) was never described for NaClO3.

Experimental Conditions

Although performed in the same 50 mL round-bottom flask as in VR experiments and from the same initial amount of NaClO3 crystals, TCID experiments required many attempts to find suitable temperature cycles for total symmetry breaking. Particularly, parameters such as the cooling rate and the percentage of crystal mass dissolved per cycles, directly related to the temperature gap (∆T) between the lower and the higher temperature during the cycles, were found to be determinant. Slow cooling rates (0.22 or 0.33°C/min) strongly enhanced crystal growth of both enantiomorphs and the crystals were too large to permit the total disappearance of one chirality. Also, in the case of small ∆T (such as 5 or 10°C), the crystal percentage dissolved per cycles was only 6.2% and 12.5% respectively. It was insufficient to induce any initial chiral bias in the crystal populations and to evolve toward an enantiopure state.

Therefore, suitable TCID experiments were performed as follows:

• 5 g of NaClO3 crystals, either racemic or enantio-enriched on purpose.

• 10 mL of saturated solution at 20°C.

• Oval magnetic stirrer (PTFE coated, diameter: 0.5 cm, length: 1 cm) 

•

Results

Results

Comparison of Viedma Ripening and TCID Processes

In previous deracemization processes, VR or TCID, an identical initial amount of NaClO3 crystals was used to permit an easy comparison between the methods in terms of productivity. While VR process rarely required more than 24 hours for total symmetry breaking (CEE = ±100%), the TCID process required at least 36 hours.

According to the S shape of the curves ( 

Influence of Na2S2O6 on NaClO3 TCID Process

The particular incidence of Na2S2O6 on NaClO3 crystallization has been investigated in the deracemization processes. Indeed, in the case of deracemization of some chiral compounds, 24,56 the use of chiral impurities displaying similar geometry has shown an improvement of the deracemization kinetics. While Na2S2O6 has a similar geometry to that of NaClO3, it is also worth to note the rare occurrence of inversion twinning of NaClO3 crystals in the presence of that compound (Figure III-5). This phenomenon can potentially obstruct deracemization since crystallization of twinned enantiomorphs give rise to almost racemic crystals: The requirement of a conglomerate forming system for deracemization is thus no more fully respected.

Small and increasing amounts of Na2S2O6 were added during deracemization experiments either using the VR or the TCID process. The added amounts were calculated in molar fraction as a function of the total mole number of NaClO3 in the deracemization processes.

In VR experiments, 5 g of NaClO3 crystals and 20 mL of saturated solutions at 20°C (corresponding to 13.8g of water and 14.4g of NaClO3) correspond to 0.182mol of NaClO3.

In TCID experiments, 5 g of NaClO3 crystals and 10 mL of saturated solutions at 20°C

(corresponding to 6.9g of water and 7.2g of NaClO3) correspond to 0.115mol of NaClO3.

The corresponding amounts of Na2S2O6,2H2O added are given in Table III-1. 

Deracemization of NaClO3 by Viedma Ripening in the

Presence of Na2S2O6

Unfortunately, this part of this work was quickly obstructed by the growth step required to enlarge the size of the sampled crystals during VR experiments. Indeed, as Na2S2O6 strongly reduces the crystal growth rate of NaClO3, 28 the slow evaporation of the sampled solution during the crystal growth step systematically gave rise to the nucleation of new smaller crystals.

Different attempts were performed in order to promote the growth of the crystals and to determine the CEE of the sampled fractions, such as washing the crystals with a fresh saturated solution, without Na2S2O6, to remove any mother liquor from the experiments or with undersaturated solutions to partially dissolve the surface of the crystals to ensure removal of S2O6 -2 ions docked at the NaClO3 crystal surface. Yet, efficient washing is difficult to attain due to the strong impact of Na2S2O6 even at quantities as low as 40 ppm. 41 In spite of our numerous attempts, the impact of Na2S2O6 on the deracemization by VR of NaClO3 crystals could not be established.

TCID of NaClO3 in the Presence of Na2S2O6 1. Experimental Conditions

Starting from a usual TCID experiment, i.e. 5g of NaClO3 crystals and 10 mL of saturated solution, 0.01% to 6% in of Na2S2O6 molar fraction, were added at the beginning of the experiments. The results show that the deracemization kinetics of NaClO3 were significantly impacted by the presence of Na2S2O6. Using small amounts of Na2S2O6 (i.e. 0.01%mol) deracemization kinetics were slightly slowed down and total deracemization was observed after 42 hours (compared to 36 hours without impurity). For larger amounts, it can be seen that the higher the amount of Na2S2O6, the longer the deracemization: a 2% mol ratio of the additive led to a process duration of 96 hours and for 6% mol ratio, the deracemization lasted more than two weeks (~20 days). As already detailed, the docking of a S2O6 2-anion can be responsible for the occurrence of inversion twins (see II.B.2) as reported by Lan et al. 29 Indeed, the opposite SO3 -moiety can act as a site for heterogeneous nucleation of the counter enantiomorph of NaClO3. This could be an obvious explanation to the reduction of the deracemization kinetics of NaClO3 

Results

Further Investigation on the Impact of Na2S2O6 on the Crystallization of NaClO3

From a saturated solution in equilibrium with crystals, the cooling of the system generates a supersaturation which is the driving force for the crystallization either via crystal growth or via secondary nucleation. In the case of a low supersaturation, the driving force is sometimes not large enough to produce crystallization and the system is able to stay in a supersaturated metastable state favoring crystal growth rather than secondary nucleation. However, when the supersaturation becomes higher, the nucleation is uncontrolled (see, primary nucleation, Chapter 1, part I-C-2). The ability to stay in a metastable state depends on the system, NaClO3 in pure water cannot bear high supersaturation and its metastable zone width (MSZW) is rather narrow. 47 We studied the influence of Na2S2O6 on the crystallization of NaClO3 in pure water by new investigations on the crystal growth and secondary nucleation rates via estimates of the supersaturation at different times during TCID experiments.

Influence of Na2S2O6 on the Growth Rate of NaClO3

Ristic et al. have investigated the influence of Na2S2O6 on the crystal growth of NaClO3. 28 In this work, new experiments were focused on crystal growth rate measurements of NaClO3 as a function of the percentage of Na2S2O6 and under a controlled cooling rate, close to that used in the TCID process. In these conditions, the cooling step used during TCID (in terms of supersaturation and temperature) could be imitated, even if the hydrodynamic or the abrasion between the crystals is not represented.

Experimental Conditions

Crystal growth rate measurement experiments were performed in a cylindrical quartz crucible (d = 13 mm and h = 1.3 mm). A small single crystal of NaClO3 (~0,5 mm²) was placed in the crucible under the microscope and warmed at 40°C using a temperature resolved setup (THMS600, Linkam) with an accurate control of the sample temperature (± 0.1°C). The cooling step was ensured by a nitrogen flux into the crucible controlled via an automatic pump. The crystal was covered with 5 µL of an aqueous saturated solution (Tsat=40°C) purposely doped with quantities ranging from 0 to 22.0 mg (i.e., 0 to 2 %mol) of Na2S2O6. The crucible was then swiftly covered with a thin glass slide. After few minutes of equilibration at 40°C, the system was cooled down to 26 °C at 1°C/min. Crystal growth rate measurements of the NaClO3 single crystal were performed by time lapse measurement of the distance between the center of the crystal and the middle of the face.

The monitored faces were {100} and {111}.

Results

The results are presented in Without Na2S2O6, the typical cuboid shape of NaClO3 is maintained and the {111 +++++ } faces grow too fast to be represented in the final habit. Their growth rate is therefore much higher than the growth rate of {100} faces, and a calculation gave the minimum value of growth rate equals to 0.317 µm/min, above which the {111 +++++ } faces are not observable in the final crystal shape (Figure III-19). This calculation was completed with the simulation of the morphology and by calculation of the face growth rate ratio via the SHAPE software. [START_REF] Natarajan | Numerical Characterization of Molecular Chirality of Organic Compounds[END_REF] With the smallest amount of Na2S2O6 (i.e., 0.1%mol) the growth rates of both {100} and {111 +++++ } faces were significantly decreased. This slowdown was even stronger for the experiment conducted with 0.5% of Na2S2O6, however, higher Na2S2O6 The delay of crystal growth in the presence of Na2S2O6 could generate higher supersaturation during the cooling step of TCID experiments. Therefore, supersaturation and then secondary nucleation rate of the system during TCID process was estimated with and without Na2S2O6.

Influence of Na2S2O6 on the Secondary Nucleation of NaClO3

It is established that the presence of impurities may also affect the rate of nucleation during a crystallization process. 58,59 In case of a TCID experiment, it can be assumed that the presence of an impurity impacts the deracemization kinetics by either reducing or improving the nucleation rate during the cooling step. In the present case, since Na2S2O6

increases deracemization time, it can be suspected that this impurity reduces the nucleation rate of NaClO3. To validate this hypothesis, experiments were performed so as to evaluate the secondary nucleation rate of NaClO3 with and without Na2S2O6 during a typical cooling step with the same stirring as usual TCID experiments. It consists in evaluating the remaining supersaturation at the end of a cooling step, without Na2S2O6 and with 1%mol.

Experimental Conditions

During the third cycle of a TCID experiment, the process was stopped at the end of the isotherm at 40°C. The suspension was filtered and crystals were weighted to determine the concentration (from which β was deduced) at 40°C. The clear solution was placed back in the round-bottom flask and 1 to 2 large single crystals with the same chirality (~5 mm²)

were added as seeds. The system was then cooled down to 26 °C at 0.78 °C/min (same cooling rate as in the TCID process) under stirring. At 26 °C, the suspension was filtered and the crystals were weighted to determine the remaining β at 26°C. The chirality of smaller crystals produced during the cooling was observed under the microscope. These experiments were performed without Na2S2O6 and then with 1%mol.

Results

The results of these experiments are in shown in Table III-3. As expected, it can be seen that with or without Na2S2O6, the solution is saturated at 40°C (β40°C is almost 1.000) in both cases. In contrast, at 26°C, while the solution without Na2S2O6 is in equilibrium with the crystals after cooling (β26°C almost = 1.000), the experiment performed in the presence of 1 %mol of Na2S2O6 remains supersaturated (β26°C = 1.151). For the experiment performed without Na2S2O6, the maximum crystalline mass attainable was reached during the cooling step, and the chirality of the produced crystal was identical to the chirality of seed crystals, which suggests that they were produced via secondary nucleation. However, with the experiment performed with 1 %mol Na2S2O6, the solution remained clear until the temperature reached 26°C. No secondary nucleation occurred at all during the cooling step. Crystallization occurred only after 1 hour at 26°C and we confirmed that β26°C, t + 1h = 1.000, produced crystals have the same chirality than seed crystals. It should be noted that in a usual TCID process performed in the presence of 1 %mol of Na2S2O6, the supersaturation at 26°C (estimated by a similar weighting procedure) is actually β26°C = 1.099 ± 0.028. This value is lower than β=1.151 obtained in the above experiments. This can be explained by the fact that in a regular TCID cooling, the powdered crystals in suspension provide many more sites for secondary nucleation than the single crystals used to seed the solution in the above experiments.

Discussion

Although secondary nucleation of NaClO3 is not completely inhibited during the cooling step of TCID, our experiments (Table III-3) prove that the system bears a higher supersaturation for a longer time in the presence of Na2S2O6 than without impurity.

Therefore, Na2S2O6 not only decreases the growth rate of NaClO3 crystals (Figure III-19) but also strongly impacts the MSZW of the NaClO3/water system. 59 It is also worth mentioning that in case of TCID of organic compounds exhibiting a regular stereogenic center, the introduction of enantiopure chiral impurities often permits the control of the final CEE. 24 This is due to the autocatalytic nature of deracemization in favor of the eutomer whose crystallization is enhanced by a decrease of the growth rate of the distomer. In the present case, Na2S2O6 delays the growth and the nucleation of both NaClO3 enantiomorphs equally. The autocatalytic character of the process is therefore not enhanced and is even slowed down as the crystal recycling is less efficient.

The incidence of several critical parameters for the TCID process (such as the temperature range, the cooling rate and the racemization rate 5,11,60 ) has been investigated but a unified mechanism has not been proposed yet. The experimental data obtained during this work can give valuable information to this end. In good agreement with recently published work, 61 the results highlight the importance of the secondary nucleation during TCID: 61,62 While local fluctuations of CEE or CSD induce symmetry breaking, secondary nucleation may be responsible for the autocatalytic nature of the TCID process. Indeed, the enantiomer in excess statistically produces more enantiomer of the same handedness during the cooling step and the CEE exponentially evolves toward an enantiopure state.

Accordingly, a mechanism of the TCID process can be proposed as schematized in Figure III-20. The supersaturation has to be controlled upon cooling to favor secondary nucleation over crystal growth and to avoid uncontrolled primary nucleation. 

Influence of Others Impurities on NaClO3 TCID Process

Sodium Sulfate (Na2SO4)

Buckley et al. 43 described the effect of sodium sulfate (Na2SO4) on the morphology of NaClO3 from a saturated aqueous solution containing 14%mol of Na2SO4. The geometry of the SO4 2-ion also forms a tetrahedron which explains the modification of the NaClO3 habit by adsorption at the crystal surface. Thus, Na2SO4 has been also studied as an impurity in the NaClO3 TCID process in the course of this thesis. (equivalent to 0.16 and 0.8g respectively) were added at the beginning of the experiments. While the geometry of the SO4 2-ions presents a SO3 tetrahedron, the attachment of this compound is far less effective than the docking of S2O6 2-ions.

Experimental Conditions

Results

Experiments

Other Sulfur Compounds as Impurity

Sodium bisulfite (NaHSO3), sodium dithionite (Na2S2O4) and sodium metabisulfite (Na2S2O5) are other sulfur compounds with an ion geometry including SO3 tetrahedra and were envisaged as impurities for the TCID process. However, due to the high oxidizing power of NaClO3 and the high reducing power of sulfur atoms, reduction-oxidation reactions occurred almost systematically when NaClO3 and sulfur compounds were mixed together in aqueous solution: HSO3 -was oxidized to sulfate ions (SO4 2-, Equation III-2), S2O4 2-was first oxidized in SO3 2-(Equation III-3), then oxidized to SO4 2-(Equation III-4)

Finally, Na2S2O5 was dissociated in HSO3 -(Equation III-5) then oxidized to SO4 2-(Equation III-2)

5HSO3 -+ 2ClO3 -→ 5SO4 2-+ Cl2(g) + 3H + + H2O Equation III-2 5S2O4 2-+ 2ClO3 -+ 4H2O → 10SO3 2-+ Cl2(g) + 8H + Equation III-3 5SO3 2-+ 2ClO3 -+ 2H + → 5SO4 2-+ Cl2(g) + H2O S2O5 2-+ H2O → 2HSO3 2-
Equation III-4

Equation III-5

Conclusion

This chapter was devoted to the deracemization of NaClO3 by temperature cycling-induced deracemization (TCID). This method has been described for many organic compounds, 5,9,11,63 and recently for sodium bromate (NaBrO3), 64 an inorganic compound sharing a strong similarity with NaClO3 in terms of crystallography. However, TCID has never been applied to NaClO3 despite its use as a model compound in the Viedma ripening process. 3,19 We report that TCID is almost as efficient as Viedma ripening to deracemize NaClO3. It is worth noting that the operating conditions of these two processes have not been optimized. However, during the search for suitable conditions, we evidenced that:

-The amplitude of the temperature variations must be large enough to repeatedly dissolve and crystallize a sufficient NaClO3 crystalline mass (a fact intrinsically related to the mild temperature dependence of NaClO3 solubility versus temperature).

-

The cooling rate has to be fast enough to favor secondary nucleation at the expense of the crystal growth.

We also showed that the kinetics of TCID experiments are strongly affected by the presence of Na2S2O6. Indeed, in case of NaClO3 TCID process performed with quantity as small as 0.01%mol of Na2S2O6, deracemization was significantly delayed and the higher the Na2S2O6 amount, the longer the process. It is demonstrated that Na2S2O6 decreases the growth rate of NaClO3 crystals and enlarges the MSZW of the system. It is thus concluded that the success of the TCID process relies on optimizing the balance between growth and secondary nucleation.

Therefore, the optimization of a TCID process requires a control over both crystal growth and secondary nucleation rates by a suitable adjustment of the temperature cycles (i.e. the ∆T and the cooling rate), especially when an impurity affecting crystallization is present.

Introduction

The critical attributes of a crystallized material, e.g. structural purity, crystal morphology and crystal size distribution (CSD), an enantiomeric purity in case of enantioseparative crystallization, are governed by the crystallization procedure and by how nucleation, crystal growth and eventually: attrition-agglomeration occured. 1 In the particular case of deracemization by crystallization, the process is based on the repetitive dissolution & recrystallization cycles either ensured by attrition 2 or by temperature cycling. 3,4 The majority of reported deracemization processes was designed for batch procedures and relies on a careful control of temperature during the process. Concerning Temperature Cycling Induced Deracemization (TCID) performed in batch, an important drawback arises from the fact that it is quite difficult to scale up such process due to heat transfer problems: 5 Temperature is therefore difficult to control, possibly giving rise to a marked departure from the targeted critical attributes of the final product. It is thus necessary to circumvent this issue in order to achieve easy scale up of TCID.

In 1977, Kataoka showed highly efficient heat and mass transfer phenomena in a Couette

Taylor (CT) reactor, i.e. a reactor in which a fluid circulates in the gap between two concentric cylinders. 6,7 Therefore, such reactors have a high potential in the field of continuous flow processes. 8 However, it is only recently that CT reactors have been considered for crystallization and deracemization processes. 9,10 Indeed, even though the first report of the occurrence of a unique periodic hydrodynamic fluid motion (i.e. Taylor vortex flow) in a CT reactor dates back from the end of the 19 th century, 11 the first studies on the influence of such fluid motion on crystallization were published 20 years ago. 12,13 Crystallization experiments performed in a CT reactor highlighted that Taylor vortex flow has a marked incidence on nucleation and growth mechanisms, crystal morphology, phase transformation, and on agglomeration. 10,12,[14][15][16][17][18] Moreover, even if the design of chemical reactions have been considered in CT reactors, 12,14,16,19 enantiomer resolutions via crystallization based methods in such reactors has been seldom investigated. 9 Thus, in order to further investigate TCID, a CT reactor has been implemented in the 

State of the Art History

In 1890 Couette considered the fluid flow between two concentric cylinders with a rotating outer cylinder. 11 Afterwards, numerous parameters were studied such as the outer cylinder rotation speed, the viscosity of the fluid, the cylinder radii, the gap width between the cylinders, the cylinder actually rotating (inner and/or outer), and, in case both cylinders were rotating, the respective direction of rotations (rotations in opposite or in the same direction). [21][22][23][24] All authors observed the occurrence of instability in the flow when the rotation speed was sufficient. Among them, Taylor theoretically and experimentally explained the nature of this instability by highlighting the development of specific vortices in the liquid. 24 Taylor described square vortices where size equals the gap size between Where:

• V: velocity of the fluid (m.s -1 )

• D: diameter of the cylinders (m)

• υ: the kinematic viscosity of the fluid (m².s -1 )

In a CT reactor, the flow is rather characterized by the Taylor number (Ta) and the peculiar flows involved in CT reactors are categorized according to Ta values. Ta is related to the centrifugal and the viscous forces, and is dependent on the geometry of the reactor, the rotation of the internal cylinder and on the dynamic viscosity of the fluid (Equation IV-2). 24 6 7 2 8 9 2 -2 8 : ;

Equation IV-2

Where :

• R1: the inner cylinder diameter (m)

• R2: the outer cylinder diameter (m)

• Ω: the rotation rate of the inner cylinder (s -1 )

• υ: the kinematic viscosity of the fluid (m².s -1 )

A critical value of Ta, Tac (Equation IV-3), has been described and delimits flow regimes.

This specific value is mainly dependent on the diameters of the cylinders. Equation IV-3

Flow Regimes

Different flow regimes in CT were described according to Ta and Tac, directly related to the rotation rate of the inner cylinder and to the cylinder radii of the CT reactor. In the case of an inner cylinder rotating and an outer cylinder at rest, these regimes are described as follows: 9 Couette flow: For low rotation speeds, Ta < Tac and the flow is established along symmetric rings around the rotation axis. This flow is laminar.

Taylor vortex flow: When Tac < Ta < 3Tac, although the flow is still laminar, first instabilities appear and produce toroidal vortices, called Taylor vortices, represented in Vortex cells are periodically arranged along the axial direction as the outer cylinder is fixed and the inner cylinder rotates. Boundaries between vortex cells are perpendicular to the cylindrical axis. 28 Two vortex cells side by side are counter rotating, heat and mass transfer/exchange are favored at those boundary layers. 6,7 Wavy vortex flow: For higher rotation rates, 3Tac < Ta < 18Tac a second instability is added to the flow. Vortices are slightly distorted by waves, boundaries are no longer perpendicular to the cylindrical axis. 28 When Ta further increases, wave frequencies increase until the occurrence of a chaotic wavy vortex flow.

Turbulent vortex flow: For 18Tac < Ta < 160Tac, previously described waves disappear and vortices are similar to Taylor vortices. However, speed fluctuations in vortices make the flow turbulent.

Turbulent flow: Flow is fully turbulent, Ta > 160Tac and the Taylor vortex structures are no longer observable.

Crystallization and Deracemization in Couette Taylor

Reactor

Concerning crystallization, the unique periodic flow properties of a Taylor vortex flow can provide a robust control of the structural purity, the morphology, the mean crystal size and the crystal size distribution (CSD), giving rise to a narrower and higher CSD, 8,29 of crystallized compounds. [10][11][12][13][14][15] Parameters, such as the temperature, the rotation speed, the reactor geometry, have to be mindfully determined from the purpose of the crystallization procedure.

A recent study showed that applying a temperature gap ∆T (thus generating a temperature gradient in the fluid) between the cylinders of the CT reactor, separately thermostated, provide a promising control over the CSD. 29 The authors found that the use of ∆T enlarges the mean crystal size and narrows the CSD. They also investigated the impact of the direction of the temperature gradient and have shown that the influence is even more marked for hot inner and cold outer cylinders.

Kim et al. 9 patented the use of the CT reactor to conduct deracemization of various compounds. Inventors also found that deracemization was hastened in non-isothermal mode in the CT reactor. Actually, by using different temperatures for the inner cylinder and the outer cylinder, crystals undergo billions of temperature cycles in the CT reactor, which might afford a similar (or maybe more effective) effect to that of the temperature cycling in batch process, i.e. TCID process. 

Technical Issues

The seal (yellow part in surface of the hot inner cylinder) and then to the cold surface (i.e. surface of the cold outer cylinder) which likely generates billions of temperature cycles for each individual crystal and should enhance the dissolution, crystallization and thus deracemization. 3,9,29 Parameters, such as the initial crystal size, the magnitude of ∆T and the rotation speed of the inner cylinder, were investigated to enhance deracemization in the CT reactor.

Sample Preparation

Commercial NaClO3 (≥98%, Alfa Aesar) was recrystallized via Kondepudi's method, 31 dried in a ventilated oven, ground and sieved before using in experiments, as described in To follow the deracemization kinetics, the evolution of the CEE was monitored by sampling a minimal amount of the suspension (~0.5mL) to identify the handedness of the crystals using the procedure described in Chapter III. 20 

Results

Influence of the Initial Crystal Size

At fixed ∆T = 10°C and Ω = 1200 rpm, two initial populations, 32 < ∅particles < 50 µm (Exp. For Exp. 0, the evolution of the CEE is slower than in Exp. I. Indeed, at 6 hours, the CEE gap between Exp 0 and Exp. I is 22% and is even more significant at 24 hours (40%). POM pictures of crystals from Exp. 0 at 24 hours (CEE = 42%) show large crystals of both chiralities and these crystals survived until the end of the experiment, locking the CEE around 67%. Furthermore, for Exp. I, at 24 hours, minor enantiomorphic crystals (blue crystals) are small and disappear at the end of the experiment giving rise to total deracemization. From these results, further experiments to assess the impact of the other parameters were performed using the smallest initial crystal size, 25 < ∅particles < 32 µm.

Influence of the ∆T and the Ω

Several ∆T (10, 20 and 30°C) and Ω (600 and 1200 rpm) values were investigated and the results of these experiments are gathered in Figure IV-9. IV) are the less efficient conditions, with the CEE quickly blocked around 23% (Figure IV-9). In addition, the higher Ω with the larger ∆T (Exp. V), did not induce total deracemization as the CEE was blocked at 70% (Figure IV-9). At a fixed Ω = 1200 rpm, deracemization is favored by lower ∆T. Indeed, Exp. I, II and V showed that the increase of ∆T from 10 to 30°C induced less efficient deracemization with final CEE at 98%, 84% and 70% respectively. Therefore, it can be supposed that mixing in the CT reactor is not powerful enough to break the agglomerates, which is further supported by the marked propensity of the crystals to grow up to a quite large size without breakage.

Influence of Na2S2O6 on the NaClO3 Deracemization in the CT Reactor

Similarly to the batch experiments performed and reported in Chapter 3, Na2S2O6 has been used as an impurity during deracemization experiments in the CT reactor. The main objective of this work was to assess the impact of Na2S2O6 under these conditions and to check if the specific flow properties of a CT reactor can speed up the deracemization procedure notwithstanding the antagonist effect of the impurity.

Experimental Conditions

Using the most efficient conditions previously identified (i.e. ∆T = 10°C and Ω = 1200 rpm), 0.5% mol of Na2S2O6 (i.e. 1,10g of Na2S2O6,2H2O), were added at the beginning of the experiment. The Na2S2O6 used in this part was synthesized as described in the second chapter of this manuscript. 

Results

POM

Discussion

Almost all experiments performed in the CT reactor using pure NaClO3 were characterized by a marked growth of the crystals. Since the average temperature was maintained constant (T = 20°C) during all experiments, it is reasonable to state that no significant supersaturation was generated in the CT reactor and that any form of primary nucleation was unlikely under our operating conditions. Thus, the marked growth in the CT reactor was mainly a consequence of Ostwald ripening. 33 This assertion is further supported by the fact that the mass transfer between liquid and solid phases is strongly improved in the Taylor vortices of the reactor. 15,17 The mass transfer here is the diffusion of solvated ions from the solution to the crystal surfaces, thus it is directly correlated to the crystal growth. 34 In the absence of crystal growth, i.e. in the presence of Na2S2O6 preventing the growth, chiral symmetry breaking cannot occur. Therefore, the evolution of the CEE in CT reactor is closely dependent on the crystal growth, i.e. Ostwald ripening.

Nonetheless, Ostwald ripening is required but is not sufficient to induce total chiral symmetry breaking, as shown in experiments IV and V of this work (Exp. IV and V, Figure IV-10) in which excessive crystal growth of both chiralities without restraint blocked CEE at a scalemic (i.e., no racemic) value. Actually, numerous studies focused on deracemization mechanisms, including experimental work and modelling, 3,20,[35][36][37][38] confirm that Ostwald ripening alone is not sufficient to induce total chiral symmetry breaking and evidence the necessity of a continuous formation of small chiral crystals (i.e. a crystal recycling) 36 . For attrition enhanced deracemization processes, the powerful mixing and abrasion ensure the continuous production of smaller crystals and chiral clusters 39 alike secondary nucleation in TCID experiments upon the cooling stage. 38,40,41 Thus, it is suspected that there is another phenomenon that takes place during experiments I and III (Figure IV-9), which provides the feed material to Ostwald ripening and which ensures almost total symmetry breaking. One can also note that total symmetry breaking occurred only for suitable combinations of ∆T and Ω, i.e. the smaller ∆T combined with the higher Ω or the larger ∆T combined with the lower Ω.

Wu et al. 29 evidenced a shift of the crystal size distribution (CSD) towards big crystals under non isothermal mode in the CT reactor. However, as highlighted by the authors, temperature cycles could have different effects according to the solubility curve and the metastable zone width (the Ostwald limit) of the compound in the solvent. Indeed, the temperature cycles, produced in Taylor vortex cells between the cold outer cylinder and the hot inner cylinder, could either enhance Ostwald ripening, improving crystallinity and crystal growth, if the system stays in the metastable zone upon cooling, close to the solubility curve (Figure IV-14, 'a' profile), 42 or produce nucleation when faster cooling rates (and/or higher ∆T) produce higher supersaturation (Figure IV-14, 'b' profile).

Figure IV-14 : Schematic representation of internal heating-cooling cycles, i.e. temperature cycles, in non-isothermal CT reactor, where A and B are solubility at the hotter and the colder temperature respectively and the blue point, the solubility at the temperature of the suspension. For the supersaturation following the 'a' profile, Ostwald ripening is enhanced, i.e. crystal growth, without nucleation and for the supersaturation following the 'b' profile, nucleation occurs. 29 Depending on other parameters such as the rotation speed or the gap size, Wu et al. described an experimental limit value of ∆T. Below this limit, the system stays in the metastable zone favoring the crystal growth with the larger the ∆T, the higher and narrower the CSD ('a' profile, Figure IV-14). Above this limit, secondary nucleation occurs and the larger the ∆T, the smaller the CSD ('b' profile, Figure IV-14). Also quite counterintuitively, the higher the Ω, the higher the ∆T limit which is explained by the enhancement of the mass transfer in CT reactors at higher Ω favoring crystal growth by Ostwald ripening over nucleation events. 6,7 For instance, they determined that this limit at 600 rpm is ∆T = 12.5°C whereas at 900 rpm, the limit is ∆T = 17.5°C 29 From our experiments, the results obtained at Ω = 600 rpm in the CT reactor are consistent with this observation: At the lower ∆T value of 10°C (Exp. IV), the system probably stays in the metastable zone and the temperature cycles favor the growth of the crystal at the expense of secondary nucleation. At the higher ∆T value of 20°C (Exp. III), secondary nucleation could occur, preventing excessive crystal growth, which favors deracemization.

Nevertheless, at higher Ω, here 1200 rpm, our results show that the higher the ∆T, the higher the mean CSD and the less efficient is deracemization (Exp I, II and V). It appears that the system stays in the metastable zone even at ∆T = 30°C: there is no, or not enough, secondary nucleation to ensure an efficient crystal recycling and deracemization is blocked by the growth of very large particles (see Figure IV-10). However, the total symmetry breaking occurring in the Exp. I, i.e. at ∆T = 10°C, suggests that an optimum combination of ∆T and Ω leads to total deracemization, thus, another phenomenon should happen to ensure the crystal recycling at lower ∆T. Therefore, other ∆T should be tested at high Ω, either close to zero to reduce mass transfer and to fully grasp the other involved phenomenon, or at very high ∆T (i.e., > 30°C) to favor secondary nucleation over crystal ripening. Indeed, at low Ω, here 600 rpm, and ∆T = 20°C, the effective temperature oscillations undergone by the crystals are logically much greater than that at 1200 rpm and ∆T = 10°C.

As deracemization did not occur at 1200 rpm and ∆T = 20°C or 30°C, we could surmise that two different mechanisms might be involved in deracemization by using CT reactor.

To summarize our hypotheses, crystal growth remains an essential factor for deracemization in the CT reactor since the presence of Na2S2O6 in the experiments showed that the hindrance of crystal growth prevents the evolution of the CEE. Therefore, there is a competition between the secondary nucleation and crystal growth which has to be controlled by the choice of a suitable ∆T and Ω. As in TCID process (see chapter 3), the success of deracemization is a balance between crystal growth and secondary nucleation. Another important phenomenon observed in these experiments is the agglomeration of crystals. Indeed, Taylor vortices enhance not only mass transfer but also aggregation of crystals. Crystals form aggregates under collisions and/or because of close parallel trajectories. They are converted to agglomerates by means of crystal growth. 17 Although NaClO3 crystals do not tend to agglomerate in usual crystallization/deracemization experiments, the peculiar fluid dynamics involved in the CT reactor favor NaClO3 crystal agglomerations. Mayra and Kim described an effective decrease of crystal agglomerations by reducing the gap size of the reactor. 17 Indeed, narrower gap size induced a higher shear forces and reduced the crystal size via breakage of crystals, which may be an advantage for deracemization.

In a collaborative work, Professor Kim's group 10 Then, after 10 hours for gap size of 2 mm and after 75 hours for a gap size of 4 mm, the average crystal size and the number of heterochiral agglomerations strongly decrease.

Finally, total deracemization occurs after 90 hours and 200 hours, for gap size of 2 mm and 4 mm respectively.

Unfortunately, technical issues with our reactor, i.e. leak of the seal (see part II.B), prevent longer experiment than 48 hours but those results suggest that deracemization is not fully blocked by the excessive crystal growth and heterochiral agglomeration, it could be simply a transient state. Indeed, deracemization curves present a slowdown of the CEE evolution, corresponding to the higher average crystal size, then deracemization is hastened and the average crystal size decreases (Figure IV-15) concomitantly. It appears that a phenomenon happens in the CT reactor and induces re-breakage of crystals and agglomerates, leading to the total symmetry breaking. While, this phenomenon might be related to a change in the fluid dynamics due to the important enlargement of crystals, further studies are required to determine the origin of this phenomenon. Thus, although preliminary, the results collected during this work showed the feasibility of NaClO3 deracemization in the CT reactor. Production-wise, the performance of the process could be improved by (i) recycling the enantiomerically enriched suspension at the end of the reactor, and (ii) by increasing the attrition between the crystals, e.g. by increasing fluid shear rates, which could inhibit excessive crystal growth and promote deracemization.

Perspectives Optimization of the process in the CT Reactor

Since the efficiency of deracemization depends on the balance between mass transfer (to ensure Ostwald ripening) and crystal recycling (i.e., the production of smaller crystals via attrition or secondary nucleation), further experiments should be performed in order to improve the process.

Inhibition of the Crystal Growth

In order to enhance deracemization of NaClO3, crystal growth has to be partially inhibited but not blocked, as highlighted in the experiment performed in the presence of Na2S2O6.

In the literature, it is reported that crystal growth can be inhibited using an isothermal mode (Tinner = Touter) or with the inversed non isothermal mode (i.e. where the inner cylinder is colder than the outer). 29 Therefore, several experiments can be envisaged from these observation: using ∆T = 0°C at 1200 rpm, an even larger ∆T value (i.e., > 20°C) at Ω = 600 rpm. Larger range of ∆T combined with a larger range of Ω should be investigated.

Besides, attrition in the CT reactor can be improved by using foreign particles, chemically inert, and added to the suspension to mimic the effect of glass beads in attrition enhanced deracemization process. 2

Modification of the Reactor Geometry

Different studies underlined the importance of the gap size and the radius of the inner cylinder. Indeed, smaller gap size and larger inner cylinder radius improve the fluid shear force inhibiting crystal growth and agglomeration. CSD is strongly decreased by decreasing the gap size and increase of the inner cylinder radius. 17,43 Modifications of the reactor geometry have more significant effect on the CSD control, i.e. on the crystal growth and agglomeration, than the change of rotation speed or temperature gradient. Indeed, while experiments performed by Professor Kim's group did not highlighted the advantage of larger inner cylinder radius, deracemization time was divided by two in their experiments when the gap size was divided by two, whereas not significant change was observed by changing the ∆T (from 10 to 20°C) or the Ω (from 600 to 1200 rpm) in our experiments.

Application to Organic Chiral Compounds

Deracemization of NaClO3 has the advantage of a total amnesia of the chirality in solution since NaClO3 molecules are achiral. Racemization of common chiral molecules could also be enhanced by Taylor vortices, as is the case for some other reported chemical reactions. 44 This would favor deracemization in the CT reactor and provide more efficient process compared to stirred tank crystallizer. 45,46 Suitable CT reactor geometry combined with the best parameters could give rise to faster and more robust deracemization processes than those performed in batch by using reactors, which makes CT reactors promising for deracemization.

Continuous Process

Couette Taylor reactor provides the possibility to work in a continuous flow, which could be a promising improvement for deracemization process and more generally, for crystallization processes. By means of a continuous feeding and collecting on opposite ends of the CT reactor, continuous deracemization could be implemented.

Up to now, the residence time required for total deracemization is of 48 hours. It is much too long to consider bringing the method to a continuous flow process and the process first require improvement of deracemization time to transfer it to a continuous process.

Nevertheless, Kataoka and Maron showed that the mass transfer in Couette Taylor reactors (i.e., related to the crystal growth) was considerably decreased when a sufficient axial flow was added to the Taylor vortex flow. 6,7 Implementation of a continuous flow of the suspension in the CT reactor will generate an axial flow, in addition of the Taylor vortex flow, which decrease the mass transfer and then should improve deracemization.

Besides, other enantiomeric resolutions processes via crystallization, such as preferential crystallization or SOAT processes, are generally faster than deracemization, 47,48 thus study of those processes in a continuous way should be considered in the CT reactor for possible great improvements in terms of productivity.

Conclusion

This chapter was focused on the implementation of a Couette Taylor (CT) reactor in order to investigate a new deracemization process. First experiments performed in this reactor were devoted to NaClO3 deracemization and revealed its feasibility. The mechanisms involved in the CT reactor have been discussed.

The peculiar fluid flow involved in a CT reactor, i.e. Taylor vortex flow, enhances the mass transfer between liquid and solid phases, which improves the crystal growth and the agglomeration of crystals. This phenomenon has been also observed in our experiments and is thought responsible for several deracemization experiment failures. Indeed, deracemization process is based on efficient crystallization/dissolution cycles, whereas NaClO3 crystals in suspension in the CT reactor often excessively grow (and/or agglomerate) which jeopardize total chiral symmetry breaking in absence of crystal recycling. 36 Nevertheless, a suitable combination of the right temperature gap (∆T) and rotation speed (Ω) showed the feasibility of the NaClO3 deracemization as NaClO3 deracemization was successfully achieved under 48 hours in several experiments.

Besides the geometry of the reactor (mainly the gap size and the radius of the inner cylinder) was suggested as a key factor to efficiently inhibit the crystal growth and agglomeration. 17 Studies showed that the smaller the gap size, the higher the fluid shear which reduces the propensity for crystals to grow. 29 Up to now, deracemization in CT reactor was not shown to be more efficient than standard batch procedure (i.e., via regular attrition or temperature cycling where deracemization occurred under 24 and 36 hours respectively) but potential improvements have been While improvements are required to consider a transfer to continuous, the feasibility of total symmetry breaking of NaClO3 has been evidenced in CT reactor. Crystal recycling has to be improved in CT reactor to enhance symmetry breaking. Indeed, growth, ripening and agglomeration of crystals are strongly favored by the large mass transfer existing in the CT reactor, and the recycling of crystals must be more efficient to lead to a robust deracemization process. Further experiments were thus suggested: (i) More effective temperature cycles could favor secondary nucleation or (ii) higher rotation speed of the inner cylinder could generate more attrition and enhance re incorporation of chiral clusters, as in Viedma ripening process. This Ph.D. work bring new reflections about the mechanism involved in TCID process and the key role of secondary nucleation, which is central in the achievement of deracemization in CT reactor. This new reactor is a promising device for continuous process of deracemization. 

Table I: Summary of linear regressions of the VR deracemization experiments (left) and TCID deracemization experiments (right)

NaClO3 deracemization experiments in the presence of Na2S2O6

Table II: Summary of linear regressions of the VR deracemization experiments (left) and TCID deracemization experiments (right)

  resulting macroscopic particle is called a crystal and presents a long range order (Figure I-1-a). By contrast, in the amorphous state, the solid presents only a short range order comparable to the arrangement found in the liquid state (Figure I-1-b).

Figure I- 1 : 3 Figure I- 2 :

 132 Figure I-1: Schematic organization of (a) a crystal with a regular arrangement of atoms, i.e. a long range order and (b) an amorphous solid characterized by a short range order.According to the interactions occurring between the constituents (covalent, metallic, ionic or hydrogen bonds), crystals are classified in different groups: ionic crystals, covalent crystals or molecular crystals.

  Figure I-3-a), where B particles occupy the interstitial sites of the A structure, and (ii) solid solutions by substitution (Figure I-3b) where B particles replace A particles at random, possibly giving rise to a complete solid solution between A and B. This kind of solid solution suggests that the crystalline structures of the pure components A and B are similar.4 

Figure I- 3 :

 3 Figure I-3 : Schematic representation of a solid solution (a) by insertion or (b) by substitution. Partial solid solutions and complete solid solutions give rise to specific phase equilibria represented in Figure I-4-a and Figure I-4-b respectively.

Figure I- 4 :

 4 Figure I-4 : Phase diagrams between compounds A and B with a) Partial solid solution of A and b) formation of a complete solid solution between A and B.

Figure I- 6

 6 Figure I-6-a. In addition to the situations described in Figure I-3 and I-4, it is also possible that no interactions occur between A and B: there is absence of solid state miscibility (Figure I-6-b).

Figure I- 6 :

 6 Figure I-6 : Phase diagrams between A and B a) with a stoichiometric compound AB and b) without formation of a stoichiometric compound.

Figure I- 8 :

 8 Figure I-8 : Schematic representation of the evolution of the nucleation free enthalpy ∆Gnucleation versus the nucleus radius (r) (black curve). The negative contribution linked to the volume energy and the positive contribution due to the surface energy are represented by blue and red curves respectively. Unstable, metastable and stable domains are colored in orange, grey and green respectively.

Figure I- 9 :

 9 Figure I-9 : From the left to the right, schematic representation of a crystal growth. Red faces grow faster (larger red arrows) than blue ones. The blue faces are prominent one the final habit. The Kossel model describes three kinds of crystal surfaces offering adsorption sites for growth units: (i) Kinked surfaces (K faces) with the highest number of adsorption sites, (ii) Stepped surfaces (S faces) and (iii) Flat surfaces (F faces) with lesser probability of adsorption (Figure I-10).25 

Figure I- 10 :

 10 Figure I-10 : Schematic representation of the Kossel Model with kinked faces (K), stepped faces (S) and flat faces (F).

Figure I- 11 :

 11 Figure I-11 : Schematic representation of impurity adsorption on the crystal surface. The crystal growth is impacted by the impurity alongside specific directions. Face growth not impacted and face growth hindered by the impurity are represented by solid arrows and dashed arrows, respectively.

Figure I- 12 :

 12 Figure I-12 : Schematic representation of the interaction between a chiral biological receptor (Biological target) and a chiral compound (enantiomers 1 and 2). The enantiomer 1 is compatiblewith the biological target, it is the eutomer (right), while the enantiomer 2 is not suitable, it is the distomer (left).

••

  Conglomerate (Figure I-13-b): In 5-10% of cases, both enantiomers do not crystallize together. Crystallization leads to a physical mixture of both enantiomers. Solid solution: If partial or total miscibility in the solid state between enantiomers is possible, then they form a solid solution by substitution, partial (Figure I-13-c) or complete (Figure I-13-d).

Figure I- 13 :

 13 Figure I-13 : Schematic representation of three main cases encountered in heterogeneous equilibria between enantiomers: a) the formation of a racemic compound (<l-d>), b) the conglomerate forming system, c) the formation of partial solid solutions (<ssl> and <ssd>) and d) the complete solid solution by substitution (sss) between enantiomers. The schematic crystals present at the racemic composition are represented below each case.

a

  stereogenic carbon which has four different substituents. Two arrangements of the four different substituents are possible: these are the two opposite configurations of the two enantiomers of the molecule (Figure I-14).The chirality is said to be "configurational", as a covalent bond between the chiral center and one of the four constituent has to be broken to obtain the second enantiomer.56 

Figure I- 14 :

 14 Figure I-14 : Both enantiomers of a chiral molecule with a stereogenic carbon bonded to four different substituents. Different notations are used to label each enantiomer. Enantiomers can be labelled either R (rectus) and S (sinister) according to the Cahn, Ingold and Prelog priority rules, or L and D (commonly used for amino acids), according to the Fisher projection's rule. L and D are not related to the levogyre / dextrogyre character of the molecule. 57 l and d (in lowercase)

  configurations, i.e. the number of stereoisomers is 2 n , with n, being the number of stereogenic centers. Stereoisomers with exactly opposed stereogenic centers are enantiomers, other configurations are diastereomers (Figure I-15).56 

Figure I- 15 :

 15 Figure I-15 : Relation between four stereoisomers of a molecule with two stereogenic centers.

  one to the second atropisomer does not require a chemical reaction, i.e no breakage of chemical bonds, a suitable energy flux such as temperature, can be sufficient to change the conformation of the molecule (Figure I-16).

Figure I- 16 :

 16 Figure I-16 : Atropisomers of 6,6'-dinitro-2,2'-dicarboxybiphenyl

Figure I- 17

 17 -a)-b))62,63 In this context, the supramolecular chirality occurring in the crystalline state for sodium chlorate (NaClO3), which crystallizes in P213, has been well known since the work of Kipping and Pope (Figure I-17-c)).64 

Figure I- 17 :

 17 Figure I-17 : Schematic representation of chirality generation via 21 assemblies of a) helix, b) bars and c) sodium chlorate crystal structure. To distinguish each supramolecular enantiomer it is necessary to perform the analyses in the solid state, as the chirality is entirely lost in the liquid or solvated state (Figure I-18).Different methods are feasible for the characterization of solid state chirality such as Xray single crystal analysis, careful observation of the morphology of the crystals (two macroscopic single crystals of two opposite enantiomorphs are mirror image related), circular dichroism (of a KBr pellet or Nujol mull) or polarized light microscopy (each enantiomorph will behave differently).[START_REF] Matsuura | Introduction to chiral crystallization of achiral organic compounds Spontaneous generation of chirality[END_REF] 

Figure I- 18 :

 18 Figure I-18 : Degenerated binary phase diagram of achiral compounds forming chiral crystals. Due to the absence of chirality at the liquid state, dashed areas are not accessible.

  crystals in Figure I-19) are dissolved, racemized at the solvated state and recrystallized as bigger crystals (schematically represented as red crystals in Figure I-19). Attrition ensures continuous production of smaller crystals feeding Ostwald ripening and chiral clusters which are re-incorporated stereo-specifically in bulk crystals. Indeed, attrition and Ostwald ripening ensure a continuous crystal recycling towards total deracemization.[START_REF] Viedma | Chiral Symmetry Breaking During Crystallization: Complete Chiral Purity Induced by Nonlinear Autocatalysis and Recycling[END_REF][START_REF] Saito | Complete Homochirality Induced by Nonlinear Autocatalysis and Recycling[END_REF] 

Figure I- 19 :

 19 Figure I-19: Schematic representation of deracemization mechanisms of chiral molecules, as a general case by Viedma ripening. *A very small enantiomeric excess of the opposite sign can exist inthe solution during the process.[START_REF] Havinga | Spontaneous formation of optically active substances[END_REF][START_REF] Spix | Persistent Reverse Enantiomeric Excess in Solution during Viedma Ripening[END_REF] 

  Na2SO3 (aq) + 2AgNO3 (aq) → Ag2SO3 (s) + 2NaNO3 (aq) Equation II-1 Ag2SO3 (s) + Na2SO3 (aq) → Na2S2O6 (aq) + 2Ag (s) Equation II-2 Synthesized product The yield of this synthesis was 78 %. It is limited, on one hand, by the solubility of the product, Na2S2O6 and on the other by the solubility of the by-product, NaNO3. X-Ray analysis of the synthesized product confirmed the crystallization of the dihydrate form, by comparison with Kiers et al. (Figure II-1). 8

Figure II- 1 :

 1 Figure II-1: Comparison of XRPD pattern of synthesized Na2S2O6•2H2O in black and the XRPD pattern of Na2S2O6•2H2O described by Kiers et al.8 in orangeAfter synthesis, the product was characterized by different solid-state analysis techniques in order to characterize the relative stability of the dihydrated and the anhydrous forms.

  Figure II-2, presents two endothermic events with mass loss associated to thermal events.

10

 10 

Figure II- 2 :

 2 Figure II-2: TG-DSC analysis of the synthesized sodium dithionate dihydrate. DSC signal in grey, and thermo-gravimetric signal in black. Specified percentages were calculated by gravimetric analysis compared to the initial mass of the sample.

Figure II- 3 :

 3 Figure II-3: Dihydrate (black line) and anhydrous (grey line) Na2S2O6 ATR-FTIR spectra.

Further

  Figure II-4) is different from the pattern at 25 °C. This is in agreement with our interpretation that Na2S2O6•2H2O undergoes dehydration at 56 °C. Furthermore the XRPD pattern collected at 101 °C has been compared to XRPD data from the literature 14 and confirmed the presence of the anhydrous form at this temperature. Concerning the XRPD analysis performed at 253 °C (light grey in Figure II-4), diffraction peaks of the anhydrous form were observed alongside new peaks. At 304 °C (black dashed line in Figure II-4), peaks of the anhydrous form of Na2S2O6 completely disappeared and XRPD peaks are assignable to the high temperature form of sodium sulfate (Na2SO4) (Figure II-5).15,16 

Figure II- 4 :

 4 Figure II-4: TR XRPD performed on synthesized Na2S2O6,2H2O at: room temperature (black line), 101 °C (dark grey line), 253 °C (light grey line), and 304 °C (black dashed line).

Figure II- 5 :

 5 Figure II-5 : Pattern of the synthesized Na2S2O6,2H2O, heated at 304 °C by TR-X-Ray (black line) and diffraction peak positions of Na2SO4, form I, high temperature described by Eysel 16 (red peak). This confirmed the hypothesis of a chemical decomposition of Na2S2O6 (Equation II-3) above 250 °C, associated with the second phenomenon observed in TG-DSC (Figure II-2) with a mass loss of 26.0 % corresponding to one molecule of sulfur dioxide, the SO2, in accordance with the theoretical value of 26.4 % mass. This mechanism is valid in the absence of oxygen.

  Figure II-6 shows the percentage of mass change in equivalent number of water molecules as a function of %RH, DVS analyses were performed at 25 °C and 43 °C, without different result. The black curves in Figure II-6, are the first desorption isotherm from 90 to 0 %RH and show that hydrated compound loses two molecules of H2O at RH between 10 and 0 %RH corresponding to dehydration of the dihydrate into the anhydrous form. Upon increasing RH, from 0 to 90 %RH, the sorption isotherm (grey curves in Figure II-6) shows that rehydration of the anhydrous form into the dihydrate occurs between 40 and 50 %RH.

Figure II- 6 :

 6 Figure II-6: Isotherm plots of Na2S2O6•2H2O at 25 °C (left) and 43 °C (right) with mass variation in equivalent number of H2O molecules as a function of relative humidity (RH) during desorption (in black), first step and then sorption (in grey).

  Large hysteresis between sorption, i.e. hydration occurs between 40 and 50 %RH, and desorption, i.e. dehydration occurs between 10 and 0 %RH, suggests that the departure of water molecules from the structure of the dihydrated form is delayed, indicating that water has an important role in the scaffolding of the crystal structure. This latter has been solved by Martinez et al. and was refined by different authors. 8,14,17,18 Na2S2O6•2H2O crystallizes in the orthorhombic space group Pnma with a = 10.65 Å, b = 10.76 Å and c = 6.41 Å. Selected orientations of the Na2S2O6•2H2O crystal structure are shown in Figure II-7 and highlight the H-bond network in this structure. Each S2O6 2-ion is linked to two water molecules by means of H-bond (Figure II-7 (a)). Other interactions are essentially non-directional ionic bonds with Na + ions which gives rise to a structure that can be described as an alternating sequence of S2O6 2-layers and Na + /H2O layers colored blue and orange respectively in Figure II-7 (b) and (c). Hydrogens bonds (blue dashed lines, Figure II-7) and ionic bonds interconnect those layers.

Figure II- 7 :

 7 Figure II-7: Projection of the Na2S2O6•2H2O crystal structure along [100] (a),(b) and along [001] (c). Hydrogen bonds are represented in blue dashed lines. S2O6 2-layers and Na + /H2O layers are colored in blue and orange respectively. The short length of 2.81 Å of those H bonds, measured between donor and acceptor oxygen atoms, and the high energy required to dehydrate Na2S2O6•2H2O (around 564 J.g -1 as measured by DSC Figure II-2) are consistent with an important role of water in the Na2S2O6•2H2O structure.

β = 96 .

 96 16°, a = 10.85 Å, b = 8.52 Å and c = 19.67 Å. Crystallographic data are given in Appendix A.8. The asymmetric unit is composed of two sodium cations, one dithionate anion, and three molecules of DMSO, the solvent of crystallization. One of these three molecules exhibits a statistical disorder (Figure II-8), with a ratio of 53%/47%. One position has been fixed to further describe the structure.

Figure II- 8 :

 8 Figure II-8: Asymmetric unit in thermal ellipsoidal representation of Na2S2O6•3(C2H6SO). The disordered DMSO molecule is circled. The Na + cations exhibit two types of environment: a trigonal bipyramid where the Na + ion forms ionic bonds with 5 oxygen atoms (green, Figure II-9), or an octahedron where the Na + ion forms ionic bonds with 6 oxygen atoms (blue, Figure II-9).

Figure II- 9 :

 9 Figure II-9 : Trigonal and octahedral environments of Na + ions represented in green and blue respectively. The apexes of the polyhedra are occupied by the oxygen atoms of the DMSO molecules or of the dithionate anion. The anion chelates the edges of the polyhedra, and ensures the connection from polyhedra to the adjacent ones along the b axis, generating columns in this direction.

Figure II- 10 :

 10 Figure II-10 : Projection of Na2S2O6•3(C2H6SO) crystal structure (a) along [101] and (b) and along [100]. Polyhedrals of Na + ion, trigonal and octahedron, are represented in green and blue respectively.The solvated crystal is efflorescent under room conditions. This instability is related to the presence of the disordered DMSO molecule in the structure (FigureII-8). The release of DMSO molecules from the solvated structure gives rise to a poorly crystallized powder of the Na2S2O6 anhydrous form which is quickly hydrated under room conditions. Therefore, desolvation was not considered to obtain crystal structure of the anhydrous form, either by single crystal X-ray or by XRPD.

  their orientation with reference to the polarizer. The CEE determination of a mixture of NaClO3 is only possible by observation under an optical microscope operating in cross polarization mode.

Figure III- 1 :

 1 Figure III-1 : Dextrogyre (d-NaClO3, right) and levogyre (l-NaClO3, left) NaClO3 crystals under polarized light microscopy.

Figure III- 2 :

 2 Figure III-2 : Typical cubic habitus of an NaClO3 crystal when grown from aqueous solution. Miller indexes are indicated on corresponding faces. The morphology has been calculated with Material Studio 8.0, by means of the morphology calculation tool and the Bravais Friedel Donnay Harker (BFDH) method.

  Thus, in the presence of Na2S2O6, the crystal habit of NaClO3 is tetrahedral with {111} faces predominating and {100} faces no longer observable. Experiments of NaClO3 crystallization by slow evaporation of the solvent (water), in the presence of a 1/1000 molar ratio of Na2S2O6, clearly showed the habit change (Figure III-3).

Figure III- 3 :

 3 Figure III-3 : Photos of NaClO3 crystals crystallized in water in the presence of 1/1000 molar ratio of Na2S2O6. It should be noted that the eight {111} faces are not symmetrically equivalent depending on the NaClO3 enantiomorph. As a function of the chirality of the crystal, two tetrahedral crystals are described: the dextrogyre crystal (d-NaClO3) presents the {111 +++++ } faces, i.e. (1 + 1 + 1 + , 11 + 1 , 1 + 11 and 111 + faces, and the levogyre crystal (l-NaClO3) presents the opposite {111} faces, i.e. 111 , 11 + 1 + , 1 + 1 + 1 and 1 + 11 + faces (Figure III-4). 29 Still, they cannot be distinguished from their habitus.

Figure III- 4 :

 4 Figure III-4 : Enantiomorph morphologies of d-NaClO3 (right) and l-NaClO3 (left) crystals crystallized in the presence of Na2S2O6. Miller indices are indicated on corresponding faces. These morphologies have been calculated with the Material Studio 8.0 software, by means of the morphology calculation tool and the Bravais Friedel Donnay Harker (BFDH) method. The position of the chlorate (ClO3 -) ions at the surfaces of these faces are different according to the chirality of the crystals. Dithionate (S2O6 2-) ions can replace chlorate ions at the {111} faces of levogyre crystals and at the {111 +++++ } faces of the dextrogyre crystals.

  : When a moiety of the S2O6 2-ion is docked on a surface of e.g. {111 +++++ } faces of the d-NaClO3 crystal, the second moiety can act as a nucleation site either for {111 +++++ } faces of another d-NaClO3 crystal, creating a homochiral twinning, without inversion in the crystallographic packing (Figure III-5-a), or for {111} faces of l-NaClO3 crystal, creating an inversion in the packing (21 screw axis is inverted) and then an inversion twinning (Figure III-5-b).

  NaClO3/Na2S2O6 system was checked by XRPD. Different compositions such as 20, 40, 50, 60 and 80% mol of Na2S2O6 were prepared by two different methods: (i) by manual mixing of both components and (ii) by dissolving the components in water and recrystallization upon complete slow evaporation. The two kinds of sample (mixed or recrystallized) were analyzed by XRPD with an internal standard (NaCl) and similar results were obtained in both cases. Results obtained for the recrystallized samples are presented in Figure III-6.No chemical reaction or new phase between NaClO3 and Na2S2O6 was evidenced by XRPD since only the signals of the two compounds were collected. Moreover, no solid solution was detected since no peak shifting was observed (at least within the detection limit of the XRPD patterns).

Figure III- 6 :

 6 Figure III-6 : XRPD patterns of samples recrystallized in water and analyzed with NaCl as internal standard: 100% NaClO3 (0% of Na2S2O6,2H2O) in black, 100% Na2S2O6,2H2O in red and different compositions in grey. Percentage of Na2S2O6 are indicated on respective XRPD patterns. Red stars indicate aligned peaks of the internal standard (NaCl).

Figure III- 7 :

 7 Figure III-7: Calibration curve of the refractive index as a function of the NaClO3 concentration in pure water, in mass percentage at 35°C.Saturated solutions were prepared by stirring for 12 hours a suspension of NaClO3 powder in water at given temperatures between 20°C and 40°C. Saturated solutions were filtered and analyzed by refractometry. For temperatures above 35°C, i.e. the analysis temperature in the refractometer, saturated solutions were diluted by the addition of a known amount of water. Concentrations of saturated solutions in %mass of NaClO3 were deduced from the refractive index and the solubility curve is shown in Figure III-8.

Figure III- 8 :

 8 Figure III-8 : Solubility curve of NaClO3 in pure water, determined by the refractometry method.

1 Figure III- 9 :

 19 Figure III-9 : Photo of VR experiment sample after the growth step, under polarized light microscopy. A single l-crystal and d-crystal are highlighted with blue and brown circles respectively. The CEE was calculated following Equation III-1

  FigureIII-10 shows that when starting from +10% CEE, the process evolved as expected in the first instance up to +70% CEE before a sharp and fast (actually faster than when starting from recrystallized materials) decrease toward -100% CEE.

Figure III- 10 :

 10 Figure III-10: Evolution of the CEE of the NaClO3 crystals as a function of time for deracemization experiments by Viedma Ripening using commercial NaClO3. The lines are guides to the eyes. Inlay indicates the initial % CEE.

Figure III- 11 :

 11 Figure III-11 : Evolution of the CEE of the NaClO3 crystals as a function of time for deracemization experiments by Viedma Ripening. Each point is the averaged CEE between at least 2 attempts at the considered time, error bars results from the standard deviation between attempts. The lines are guides to the eyes. Inlay indicates the initial % CEE.

  Figure III-12: Temperature cycles between 26°C and 40°C used in TCID experiments. Dashed line is the set temperature program and the solid line is the actual temperature of the suspension, measured by an internal temperature probe. Inlay shows the heating and cooling rates. With the solubility curve previously defined (Figure III-8), the crystals mass percentage dissolved per cycles was estimated. The solubility of NaClO3 in water at 26°C and 40°C is 50.3%mass and 53.4%mass respectively. Then, 0.97 g of NaClO3 crystals are dissolved per cycle, corresponding to 21% of the crystalline mass repeatedly dissolved and crystallized during each cycle.

Figure III- 13 :

 13 Figure III-13 : Microscopy picture of a TCID experiment sampled and observed by polarized light microscopy. Brown and blue circles point out respectively one l-crystal and one d-crystal. The CEE was calculated following Equation III-1.

  of TCID experiments are summarized in Figure III-14. Total symmetry breaking occurred within 36 hours, i.e. using 60 cycles. As in VR experiments, the initial CEE does not impact the kinetics but controls the final CEE. For initial CEE = 0%, the final CEE was stochastic, therefore the results are plotted against absolute value in Figure III-14. A blank experiment, i.e. under the same conditions except for the temperature which was constantly set at 20°C (∆T = 0°C), has been performed to demonstrate the efficiency of the temperature cycle. The CEE remained close to 0 during the whole experiment.

Figure III- 14 :

 14 Figure III-14: Evolution of the CEE of the NaClO3 powder as a function of time and cycle number for deracemization experiments by TCID. Each point is the average CEE between at least 2 attempts at the considered time, error bars result from the standard deviation between attempts. The lines are guide to the eyes. Inlay indicates the initial % CEE.

  Figure III-11 and Figure III-14), the results show a sigmoid evolution and suggest an autocatalytic nature of the processes. The plot of log (CEE) vs time displays a linear trend at the beginning of deracemization in all our experiments (Figure III-15).

Figure III- 15 :

 15 Figure III-15 : log(CEE) = f(t) for a) VR experiments and b) TCID experiments. The lines are guide to the eyes for the linear trend (detailed in appendix B.1). Inlay indicates the starting CEE.These observations, i.e. the S-shaped deracemization curve and linear trends of the logarithm plots, support the autocatalytic character of the deracemization experiments,54,55 whatever the process.

Figure III- 16

 16 Figure III-16 summarizes the results of the TCID experiments performed in the presence of increasing amounts of Na2S2O6 from 0 to 6%mol. Experiments were performed with an initial CEE of 0% and the results showed that the additive had no influence on the direction of the deracemization since the final CEE was not controlled. Therefore, for the sake of clarity, the results are plotted as a function of the absolute CEE value, |CEE| (%), in Figure III-16.

Figure III- 16 :

 16 Figure III-16: Evolution of the CEE of the NaClO3 suspension as a function of time and cycle number for deracemization experiments by TCID in the presence of Na2S2O6 from 0.01%mol to 6%mol. Each point is the average CEE between at least 2 attempts at the considered time, error bars results from the standard deviation between attempts. The lines are guides to the eyes. Inlay indicates the %mol of Na2S2O6. The plot of the time required for total deracemization as a function of the percentage of Na2S2O6 displayed an exponential relationship, as shown in Figure III-17.

Figure III- 17 :

 17 Figure III-17 : Time required for full deracemization in TCID experiments as a function of the %mol of Na2S2O6. Nonetheless, the TCID experiments in the presence of Na2S2O6 did not lose their autocatalytic nature since the plots of log(CEE) as a function of time (Figure III-18) show a linear trend.

Figure III- 18

 18 Figure III-18: log |CEE|(%) as a function of time for TCID experiments in the presence of Na2S2O6. Dashed lines are the guide to the eyes for the linear trend (detailed in appendix B.2). Inlay indicates the %mol of Na2S2O6.

(

  Figure III-16), however the formation of these twins was almost never encountered in our experiments. Further experiments were focused on the influence of Na2S2O6 on the crystallization mechanism of NaClO3, involving measurement of the crystal growth and evaluation of the secondary nucleation during the cooling step of the temperature cycling.

  Figure III-19-a for systems with and without Na2S2O6. In addition, POM images of NaClO3 single crystals at the beginning and at the end of the experiments (performed with or without Na2S2O6) are presented in Figure III-19-b and show the different evolutions of morphologies during growth experiments.

Figure III- 19

 19 Figure III-19 a) Growth kinetics of {100} and {111 +++++ } faces of NaClO3 crystals in µm/min as a function of mole percent of Na2S2O6 in solution. Initial and final shapes of NaClO3 crystals are schematically represented in the graph. b) Images of NaClO3 crystals during crystal growth rate experiments at b-1) t = 0 min, without Na2S2O6, b-2) t =15 min (end of the experiment) without Na2S2O6, b-3) t= 0 min, with 2%mol of Na2S2O6 and b-4) t =15 min (end of the experiment) with 2%mol of Na2S2O6.

  amounts did not lead to further significant decrease of the growth rate. The presence of Na2S2O6 implied a morphology change from typical cuboid shape with predominant {100} faces to round cuboid shape at the end of the growth rate experiments (Figure III-19-b). Actually, when the growth rate of {111 +++++ } faces becomes much lower than that of {100} faces, tetrahedral crystal can be obtained. A mechanism accounting for this phenomenon was proposed by Lan et al. (see II.B.2). 29 During crystal growth experiments, the crystal growth was estimated as a function of the %mol of Na2S2O6 by measuring the crystal surface difference between the beginning (Area initial) and the end (Area final) divided by the time of the experiment, i.e. the time required to cool from 40 to 26 °C, 15 min. The results shown in Table III-2 confirm that during the cooling step of a TCID experiment, the crystals grow slower and smaller in the presence of Na2S2O6 than without the additive.

  By enlarging the MSZW upon addition of Na2S2O6, the system undergoes less powerful crystallizationdissolution cycles, i.e. less powerful crystal recycling, and the results observed in our deracemization experiments (Figure III-16) likely result from a combination of reduced crystal growth rate and larger MSZW.

Figure III- 20 :

 20 Figure III-20 : Schematic representation of deracemization mechanisms of chiral molecules, as a general case by Temperature Cycling Induced Deracemization (TCID). *A very small enantiomeric excess of the opposite sign can exist in the solution during the process.

From

  usual TCID experiments, i.e. 5g of NaClO3 crystals, 10 mL of saturated solution and temperature cycles between 26°C and 40°C (Figure III-12), 1% and 5%mol of Na2SO4

  conducted in the presence of Na2SO4 are compared with the TCID experiment without impurity in Figure III-21. Similarly to Na2S2O6, the presence of Na2SO4 did not influence the final CEE and results were plotted as a function of the absolute value of %CEE. Deracemization of NaClO3 is weakly impacted by the presence of Na2SO4. The time for total deracemization is delayed by 5 hours in the presence of 5%mol of Na2SO4, compared to 20 days for 6%mol of Na2S2O6. Moreover, the autocatalytic nature of the process is not disturbed as curves still exhibit the characteristic S shape and linear trend on logarithm curves (Figure III-21-a and b).

Figure III- 21

 21 Figure III-21 : a) Evolution of the ee of the NaClO3 suspension as a function of time and number of temperature cycles in the presence of 0%, 1% and 5% of Na2SO4. Each point is the average CEE between at least 2 attempts at the considered time, error bars result from the standard deviation between attempts. The inlays indicate the %mol of Na2SO4. The lines are guides to the eyes. b) Evolution of the log |CEE|(%) as a function of the time of TCID experiments in the presence of Na2SO4. The lines are guides to the eyes.

  laboratory and used for NaClO3 deracemization. The selection of this compound, initially used as a model compound by Viedma, 20 enables to compare the results obtained in the CT reactor with those obtained in batch by attrition or by temperature cycling, presented in the third chapter.

  the cylinders. Two neighboring vortices have opposite rotation directions (Figure IV-1).

Figure IV- 1 : 27 FromFluid Dynamics in Couette Taylor Reactor 1 .

 1271 Figure IV-1 : Side view of vortices produced by the first instability in the flow between two concentric cylinders described byTaylor in 1923.24 Later on, when the rotation speed was further increased, Coles and Fenrstermacher highlighted the occurrence of further other instabilities, up to the turbulent flow regime.25- 27 

Figure IV- 2 .

 2 Figure IV-2.

Figure IV- 2 :

 2 Figure IV-2: Schematic representation of Taylor vortex flow in the CT reactor

Figure IV- 4 :

 4 Figure IV-4 : Photo of the whole Couette Taylor apparatus implemented in the laboratory.

Figure IV- 5 :

 5 Figure IV-5 : Photos of the Couette Taylor reactor a) closed and b) opened, where the reaction zone is visible.

  Figure IV-6) is made of Teflon and ensures sealing between the inner and the outer cylinder at the end of the reactor. The seal is mounted on the outer cylinder (Figure IV-6) and the inner cylinder rotates through the seal. Due to the mechanical stress generated by the rotation, the inner part of the seal is damaged after few hours of experiment and a leak was systematically observed in every experiment. The seal had to be changed after each experiment. This technical difficulty prevented experiment longer than 3 days.

Figure IV- 6

 6 Figure IV-6 : a) Photo of the inner cylinder without the outer cylinder, highlighting the yellow seal and b) photo of the disassembled seal.

  the third chapter of this manuscript. A stock of saturated solution at 20°C was prepared by mixing an excess of recrystallized NaClO3 in pure water at 20°C and filtering the supernatant. The suspension for deracemization experiments was prepared by weighting 25g of each homochiral population of sieved crystals to obtain 50g of racemic mixture (CEE = 0%) with controlled crystal size in 100mL of saturated solution. The suspension density corresponds to the suspension density used in the TCID processes of this work (See Chapter 3). The suspension of NaClO3 crystals in saturated aqueous solution was stirred in a beaker, withdrawn with a syringe and injected in the CT reactor via the inlet/outlet (Figure IV-5).Experimental ConditionsThree parameters (i) the initial crystal size (∅particles), (ii) the magnitude of the temperature gap between cylinders of the CT reactor (∆T) and (iii) the rotation rate (Ω) of the inner cylinder, were investigated during the deracemization experiments, as follows:• Initial crystal size, ∅particles: 25 < ∅particles < 32 µm or 32 < ∅particles < 50 µm (with ∆T and Ω fixed)• Temperature gap, ∆T= Tinner -Touter (the inner cylinder is hotter than the outer) :10°C, 20°C or 30°C• Rotation speed, Ω: 600 rpm or 1200 rpm.In order to maintain an average temperature of the suspension close to 20°C in the reactor for all experiments, the temperatures of the cylinders were set as a function of the desired ∆T and centered around 20°C, e.g. for ∆T = 10°C, the inner cylinder temperature was set at 25°C and the outer cylinder temperature at 15°C. A summary of the experiments performed is given in Table IV-1.

Table IV- 1 :

 1 Summary of deracemization experiments performed in the CT reactor according to the initial size of particles (∅particles), the ∆T and the Ω.

0) and 25 <

 25 ∅particles < 32 µm (Exp. I), were investigated for deracemization experiments in the CT reactor. Results are shown in Figure IV-7.

Figure IV- 7 :

 7 Figure IV-7 : Evolution of the absolute value of CEE of NaClO3 as a function of time for deracemization experiments in the CT reactor. The lines are guides to the eyes. Inlay indicates the initial particle crystal size. Total symmetry breaking occurred for the smaller initial population (25 < ∅particles < 32 µm) under 48 hours. However the CEE was blocked at 67% for the larger initial population (32 < ∅particles < 50 µm). Observation under polarized optical microscopy (POM) to determine the CEE of the samples showed a large increase of crystal size during the experiments, in particular during Exp. 0 (Figure IV-8).

Figure IV- 8 :

 8 Figure IV-8 : POM Pictures of NaClO3 crystals after 6, 24 and 48 hours in the deracemization experiments in the CT reactor for initial crystal size between 32 and 50 µm (top), and for initial crystal size between 25 and 32 (bottom). The inlays indicate the %CEE.

Figure IV- 9 :

 9 Figure IV-9 : Evolution of the absolute value of CEE of NaClO3 as a function of time for deracemization experiments in the CT reactor. The lines are guides to the eyes. Inlay indicates the rotation rate (ω) and the ∆T between set temperatures of cylinders. Experiments I and III presented similar deracemization kinetics and total chiral symmetry breaking occurred under 48 hours. At a fixed ∆T of 10°C, deracemization is favored by higher Ω (Exp. I and IV, Figure IV-9). At a fixed ∆T of 20°C, deracemization is favored by lower Ω (Exp. II and III, Figure IV-9). The lower Ω with the smaller ∆T (Exp.

  As for previous experiments (Exp. 0 and I), marked growth of the crystals in suspension was observed in all experiments (Figure IV-10).

Figure IV- 10 :

 10 Figure IV-10 : POM pictures of NaClO3 crystals after 6, 24 and 48 hours of deracemization experiments as a function of ∆T and Ω (conditions shown on the left side). The inlays indicate the %CEE. POM pictures of crystals during deracemization experiments (Figure IV-10) showed much larger crystals (600 < ∅ < 800 µm) for the less effective conditions (Exp. IV and V, Figure IV-10). In case of Exp. I, II and III, the final CEE is circa 90% and the crystals have roughly the same size (∅ < 400 µm). It is worth noting that, whatever the conditions, 100% CEE was never reached. This is explained by the systematic occurrence of particles presenting both chiralities (Figure IV-11). These particles were counted twice in the determination of the CEE, once as l-crystal and once as d-crystal.

Figure IV- 11 :

 11 Figure IV-11 : POM picture of crystals from Exp. I at 48 hours, crystals with both chiralities are circled in red. Even if such crystals remain minor in most experiments, we have experienced cases (not presented here) where almost every particle consisted of both chiralities (Figure IV-12).Such specific cases of heterochiral agglomeration obviously jeopardize the complete disappearance of one of the two chiralities.

Figure IV- 12 :

 12 Figure IV-12 : POM Pictures of NaClO3 crystals after 16 hours in the deracemization experiment in the CT reactor for initial crystal size between 32 and 50 µm (top), Ω = 1200 rpm and ∆T = 20°C.

  observation of the crystals during the experiment performed in the presence of 0.5% mol of Na2S2O6 (Figure IV-13) showed that the NaClO3 crystals almost did not grow during the experiment and that the CEE remained 0%.

Figure IV- 13 :

 13 Figure IV-13 : POM picture of NaClO3 crystals after 6, 24 and 48 hours of deracemization experiment in the presence of 0.5%mol of Na2S2O6. Inlays indicate the %CEE. In comparison, batch NaClO3 deracemization experiments performed in round-bottom flask with 0.5%mol of Na2S2O6 (see Chapter 3), showed a very sluggish increase of the CEE. In the CT reactor and under these conditions, deracemization of NaClO3 is fully prevented by the presence of 0.5%mol of Na2S2O6 (Figure IV-13).

  also performed deracemization experiments in their own CT reactor. Their reactor has larger radii and enables to change the inner cylinder to work with different gap sizes: 2 mm or 4 mm. Thus, we can consider the influence of the gap size on deracemization. For experiments presented hereafter, Professor Kim's group worked with the same density of suspension as our experiments, i.e. 50 g of racemic NaClO3 crystals in 100 mL of saturated solution, and with ∆T =20°C. Cylinder radii and experimental conditions are gathered in the Table IV-2. Results of experiments performed with a gap size of 2 mm and with a gap size of 4 mm are presented in Figure IV-15.

Table IV- 2 :

 2 Operating conditions (∆T and Ω) and dimensions of CT reactor used by Professor Kim's group for NaClO3 deracemization and used in our experiment for comparison.

Figure IV- 15 :

 15 Figure IV-15 : Results of NaClO3 deracemization experiments performed by Professor Kim's group in a CT reactor a) with a gap size of 4 mm and b) with a gap size of 2 mm. The CEE(%) (top), the average crystal size (middle) and the ratio of heterochiral agglomerates (over the total crystal number) (bottom) are presented as a function of the time (hours).

First

  , the large cylinder radii in their CT reactor increase the processing time of deracemization to 200 hours, compared to our experiments where deracemization occurred under 48 hours (Figure IV-9). However, as expected, deracemization is strongly influenced by the gap size. Indeed, results of Professor Kim's group showed that the required time for total deracemization is divided by more than 2, from 200 hours to 90 hours, when the gap size is divided by 2, from 4 mm to 2 mm (Figure IV-15). In both cases, i.e. gap sizes of 2 and 4 mm, large crystal growth and formation of heterochiral agglomerates of NaClO3 take place at early stages of the experiments, as in our experiments. For gap size of 4 mm, like in our reactor (Table IV-2), the average crystal size reaches ~450 µm (Figure IV-15-a), as in our experiments I, II and III (Figure IV-10).

  suggested and further experiments are required to fully assess the potential of this technique for chiral resolution. This work was dedicated to the crystallization mechanisms involved during deracemization of sodium chlorate (NaClO3) under temperature cycling (Temperature Cycling Induced Deracemization, TCID) and in Couette Taylor (CT) reactor. Solid state characterization of sodium dithionate (Na2S2O6) has also been a part of this work before using this compound as a non-chiral impurity in NaClO3 deracemization. Na2S2O6 is not commercially available and had to be synthesized then characterized by complementary experimental tools to describe the behavior of the anhydrous and the dihydrated forms as a function of temperature or relative humidity (RH). The dehydration of Na2S2O6•2H2O occurs at 56°C. At room temperature, reversible dehydration occurs between 40 and 50%RH. While we did not succeed in resolving the crystal structure of the anhydrous form, the various experiments performed to grow single crystals led to the discovery of a new solvate of dimethyl sulfoxide (DMSO). Thus, the crystal structure of the Na2S2O6•3(C2H6SO) has been resolved by single crystal-X-ray diffraction. While NaClO3 deracemization was intensively studied via Viedma ripening, TCID for this model compound is a novelty of this work. The mild temperature dependence of NaClO3 solubility and the high crystal growth rate of NaClO3 crystals required large temperature variations and fast cooling rate to complete deracemization. It has been shown that the success of the TCID process depends on the right balance between growth and secondary nucleation. Indeed, the study of the influence of Na2S2O6 on the NaClO3 TCID process revealed the importance of secondary nucleation in TCID. Deracemization of NaClO3 was exponentially delayed as a function of the Na2S2O6 amount due to the blockage of secondary nucleation and crystal growth of NaClO3 during the cooling steps. Whereas chiral impurities in regular chiral compound deracemization usually affects only one enantiomer which hastens deracemization towards the counter enantiomer, in our case, Na2S2O6 affects both enantiomers of NaClO3 which delays the whole deracemization process. This study introduced new reflections about deracemization mechanism via temperature cycles. While Ostwald ripening and re-incorporation of chiral clusters provide crystal recycling in Viedma ripening process, controlled secondary nucleation seems to ensure success of TCID process. The last part of this work was devoted to the implementation of a new reactor in order to develop a continuous process of deracemization. From an industrial perspective, development of a continuous process (Couette-Taylor) is desirable regarding the productivity. NaClO3 deracemization experiments were successful albeit optimizable.

Figure

  Figure III: Evolution of the log |ee|(%) as a function of the time of TCID experiments in the presence of Na2S2O6. The line is the linear regression, detailed in table II. Inlay indicates the starting %mol of Na2S2O6.

  

  

  

  In the case of a solid sample, the crystal enantiomeric excess (CEE) is determined with nd and nl correspond to the mass or the number of d-crystals and l-crystals respectively (Equation I-6).
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  27,[46][47][48][49][50] Steendam et al. and Hosoya et al. compared data and highlighted discrepancies.
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 III 

1: Molar percentage of Na2S2O6 and corresponding amounts of Na2S2O6,2H2O added in a) attrition-enhanced deracemization and b) TCID experiments.

Table III -

 III 2: Growth rate of NaClO3 crystals during growth rate experiments in contaminated saturated solution as a function of the %mol of Na2S2O6

Table III -

 III 

3 : Supersaturation, β, determined at different times of the temperature cycle during TCID experiments.
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In addition to the inlet/outlet, three ports at the top of the reactor are available to inject reactant, to sample the system, or to plug various probes (temperature, pH …).

General Conclusion Experimental Part 1. Infra Red Spectroscopy

Infra-red spectra were acquired using an ATR-FTIR spectrometer (Alpha FT-IR spectrometer, Bruker). The powdered samples were slightly ground before being deposited on the ATR. For each spectrum, a total of 64 scans were recorded at room temperature between 4000 and 400 cm -1 .

X-Ray Powder Diffraction (XRPD)

XRPD analyzes were performed using a D8-Discover diffractometer (Bruker, Germany) equipped with a goniometer of geometry (θ/θ). The incident X-ray beam consisted of the Cu Kα radiation (λ=1.5418 Å) with a tube voltage and amperage set at 40 kV and 40 mA respectively. The X-ray diffraction patterns were collected with a Lynx Eye® linear detector (Bruker, Germany). The X-ray diffraction patterns were recorded by steps of 0.02° over the angular 2θ range 15-40° with a counting time of 1s per step. The position of characteristic powder diffraction peaks are expressed in degrees 2-theta

Temperature Resolved X-Ray Powder Diffraction (TR-XRPD)

TR-X-Ray diffraction analyses were performed using a D5005 diffractometer (Siemens-Bruker). X-ray beam is generated by a sealed Cu Source (40 kV, 40 mA), and a Kβ filter (Ni). Patterns were measured with steps of 0.04° with a counting time of 4 seconds per step over an angular range 8-60°. Temperature of the chamber and sample holder of the diffractometer is controlled using a TTK 450 heating stage (Anton Paar). Diffraction patterns are collected at different temperatures (from room temperature to 304°C) to characterize the phases in the presence as a function of temperature.

Thermogravimetry Differential Scanning Calorimetry (TG-DSC)

TG-DSC analyses are carried out with a STA 409 PC instrument (Netzsch). The DSC and TGA signal are plotted against temperature. Around 10mg of Na2S2O6,2H2O were analyzed in aluminium sealed pierced crucible and heated at a rate of 5°C/min from 20°C to 300°C. Helium was used as a purging gas. Proteus® Software (Netzsch) was used for data treatment.

Dynamic Vapor Sorption (DVS)

DVS isotherms were performed on a DVS-1 automated water sorption analyzer (Surface Measurement Systems, Alperton, U.K.). 30mg of Na2S2O6,2H2O were analyzed from 90 to 0% relative humidity (RH) by steps of 10%RH, at an isothermal temperature of 25°C and 43°C. Steps were maintained as long as the relative mass variations dm/dt remained below 0.0005% for 10min. The maximum stabilization time was adjusted to 2000min. The partial vapour pressure was controlled with a precision of +/-0,5%. Mass variations were recorded with a precision of 0.1µg and plotted against RH

Microscopy

Optical microscopy pictures were obtained on a Nikon Eclipse LV100 optical microscope equipped with a pair of cross polarizers. NaClO3 crystals were observed with a +5° tilt between the polarizer planes, then, dextrogyre crystals (d-crystals) appear blue and levogyre crystals (l-crystals) appear brown.

ImageJ Software

ImageJ is a software to edit, analyze, process, save and print images. In order to determine the CEE of NaClO3 samples, crystal of each chirality were pointed and counted with ImageJ software. This software was also used for the measurement of the crystal growth by setting the scale and then measure the distance between the center of the crystal and the middle of the considered face along the growth experiment.

Structure Resolution of Single Crystal

• Single crystal X-ray diffraction:

The crystal structure of sodium dithionate DMSO solvate Na2S2O6, 3DMSO has been determined from single crystal X-Ray diffraction. The chosen crystal was placed in a capillary with mother liquor and mounted on the full three-circle goniometer of a Bruker SMART APEX diffractometer with a CCD area detector. Four sets of exposures (a total of 1350 frames) were recorded, corresponding to four ω scans (steps of 0.3°), for four different values of φ.

The cell parameters and the orientation matrix of the crystal were preliminary determined by using SMART Software i . Data integration and global cell refinement were performed with SAINT Software ii . Intensities were corrected for Lorentz, polarisation, decay and absorption effects (SAINT and SADABS Softwares) and reduced to FO 2 . The program package WinGX iii was used for space group determination, structure solution and refinement.

• Crystallographic data of the Na2S2O6,3(C2H6SO) structure:

The non-standard space group P21/n (n°14) was determined from systematic extinctions and relative FO 2 of equivalent reflections. The structure was solved by direct methods iv . Anisotropic displacement parameters were refined for all non-hydrogen atoms. Every Hydrogen atoms were located from subsequent difference Fourier syntheses and placed with geometrical constraints (SHELXL v ). The crystal data are collected in Table 1. 

Supplementary Curves and Tables on Deracemization of

NaClO3 via Attrition Enhanced Deracemization and TCID. 

NaClO3 deracemization experiments without Na2S2O6

Abtsract

In the field of pharmaceutical chemistry, crystallization based methods are used to obtain pure enantiomers. The advantage of deracemization is the conversion of the unwanted enantiomer into the desired enantiomer by means of racemization in liquid phase, giving rise to a theoretical yield of 100%. The mechanism of Temperature Cycling Induced Deracemization (TCID) process, still matter of debate, has been investigated in this thesis. Research was focused on the development of the TCID process for sodium chlorate (NaClO3). This model compound is achiral at the solvated state which enables to focus investigation on crystallization mechanisms involved during deracemization.

After the full solid state characterization of sodium dithionate (Na2S2O6), this compound has been used as a nonchiral impurity in the TCID process of NaClO3 and highlighted the key role of secondary nucleation in the process.

Thus, the success of the TCID process depends on the right balance between growth and secondary nucleation.

From an industrial perspective, the